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 Leptospirosis, caused by pathogenic Leptospira spp., has been increasingly 

recognized as an emerging zoonosis worldwide. In human cases, clinical presentation can 

vary from a mild flu-like syndrome to severe multi-organ failure including hepatitis, 

nephritis and occasionally meningitis. Leptospiral surface proteins, serving as adhesion 

molecules, have been thought to facilitate the bacterial attachment to the host cells, thus 

promoting the systemic infection. These adhesins are often virulence factors but are also 

highly accessible to the host immune system. The exposed proteins offer an important 

opportunity to combat infectious agents by serving as recombinant antigens to enhance the 

efficiency of vaccines. A number of surface proteins specific to pathogenic strains of 

Leptospira have been identified. The Lig protein family, including LigA and LigB, has 

shown promise as a marker in typing leptospiral isolates for pathogenesis and as an antigen 

in vaccines. In this dissertation, we characterized the interactions of LigB and host 

extracellular matrix proteins (ECM) such as tropoelastin. Along with the structural 

information of LigB, we further engineered chimeric recombinant antigens to protect the 

hamsters from lethal leptospiral challenge. 

First of all, we solved the solution structure of the twelfth immunoglobulin-like (Ig-

like) repeat domain from LigB (LigB12) by NMR spectroscopy. LigB12 has been 

recognized as a ECM-binding hotspot. Similar to other bacterial Ig-like domains, LigB12 

is comprised mainly of b-strands that form a b-sandwich based on a Greek-key folding 



arrangement. The set of LigB models illustrated the electrostatic differences between the 

domains as well as the possible salt bridges connecting two neighboring domains. 

Understanding the structure of the extracellular portion of LigB and related proteins is 

important for developing diagnostic methods and new therapeutics directed toward 

leptospirosis. 

Human tropoelastin (HTE), the building block of elastin, confers resilience and 

elasticity to lung, skin and major arteries. Previously identified Ig-like domains of 

LigB, including LigB4 and LigB12, bind to HTE, which is likely to promote 

Leptospira adhesion to lung tissue. The LigB-binding site on HTE was further 

pinpointed to a N-terminal region of the 20th exon of HTE (HTE20N). HTE20N 

mutants (R360A, Y371A, F378A and F381A) significantly reduced binding to the 

LigB. Additionally, HTE-binding site was narrowed down to first β-sheet of LigB12. 

On this binding surface, residues F1054, D1061, A1065 and D1066 were critical for 

the association with HTE. Interestingly, the recombinant HTE truncates could 

diminish the binding of LigB12 to human lung fibroblasts, and could block the 

association of Lig-expressing spirochetes to lung cells.  

The coagulation system provides a primitive but effective defense against 

hemorrhage.  Soluble fibrinogen (Fg) monomers, composed of a, b and g chains, are 

recruited to provide structural support for the formation of a hemostatic plug. Fg binds 

to platelets and is processed into a cross-linked fibrin polymer by the enzymatic 

clotting factors, thrombin and Factor XIII (FXIII). The newly formed fibrin-platelet 

clot can act as barrier to protect against pathogens from entering the bloodstream. 

Further, injuries caused by bacterial infections can be confined to the initial wound 

site. Many pathogenic bacteria have Fg-binding adhesins that can circumvent the 

coagulation pathway and allow the bacteria to sidestep containment. Fg binding by 

leptospira might play a crucial factor in Leptospira-associated pulmonary hemorrhage. 

It is believed that LigB12 interacted with the C-terminus of FgaC (FgaCC). The 

binding site for LigB12 was furthered mapped to the final 23 amino acids at the C-



terminal end of FgaCC (FgaCC8). The association of FgaCC8 with LigB12 was 

reduced by mutations of both charged residues (R608, R611 and H614 from FgaCC8; 

D1061 from LigB12) and hydrophobic residues (I613 from FgaCC8; F1054 and 

A1065 from LigB12). Additionally, LigB12 was able to bind to FXIII and block the 

interaction of FXIII with its substrate, FgaCC. The LigB-FXIII interaction suggests a 

mechanism for the reduction of FXIII activity in the presence of LigB12, which could 

eventually abolish fibrin clot formation and might lead to uncontrolled hemorrhage.  

Last but not least, we generated a library of monoclonal antibodies (mAbs) 

against the Ig-like domains of LigB. The majority of anti-LigB mAbs were shown to 

possess great LigB binding affinity and the ability to bind to the surface of pathogenic 

Leptospira. Most of the mAbs elicited strong bactericidal activity over anti-leptospiral 

polyclonal antibodies. MAb interaction mapping for the domain specific binding site 

on LigB revealed extensive domain coverage and suggested a LigB structure with high 

accessibility to the host immune response. Using small angle x-ray scattering (SAXS), 

the 12 Ig-like domain region was determined to have an elongated structure, which 

explains the region’s high immunoreactivity. The β-sheet involved in the binding 

surfaces for mAbs against individual domains LigB5, LigB7, LigB10, and LigB12 

were identified using chimeras revealing that either half of the domain could 

potentially elicit an immune response. Finally, a chimera with accessible surfaces from 

LigB7 and LigB10 was used to develop a recombinant antigen based vaccine that 

greatly enhanced leptospiral protection over vaccination with parent LigB7 or LigB10 

domains. The combination of immunoreactivity and molecular structure studies 

provides complimentary methods that deepen our understanding of the LigB antigen’s 

overall exposure to host defense system, which should give a hint for optimizing the 

next generation of recombinant leptospirosis vaccines.  



iii
 

	

 

BIOGRAPHICAL SKETCH 

Ching-Lin Hsieh was born in Changhua, Taiwan on February 16th, 1984. He found 

himself interested in biological science since middle school, and then entered National 

Taiwan University to study Veterinary Medicine in 2002. During the senior year, he 

joined Dr. Ing-Cherng Guo’s lab and finished his bachelor’s thesis “the effect of 

quercetin on steroid biosynthesis in human adrenocortical cells.” In 2007, Ching-Lin 

fulfilled the internship in National Taiwan University Veterinary Hospital and became 

a certificated veterinarian. To continue higher education, he attended the graduate 

school in National Taiwan University majoring in Biochemistry under Dr. Po-Huang 

Liang’s supervision. He investigated the effects of glycosylation on structural variation, 

thermal stability and ligand specificities of Tachypleus plasma lectins, and earned his 

master degree in 2009. 

         In 2010, Ching-Lin was admitted in the graduate school at Cornell University and 

became a member of Dr. Yung-Fu Chang’s lab. Under the guidance of Dr. Chang and 

committee members (Dr. Oswald, Dr. Mao and Dr. McDonough), he successfully 

accomplished his Ph. D. degree major in Comparative Biomedical Science and minor in 

Biochemistry and Pharmacology.



v 	 	

 

ACKNOWLEDGMENTS 

It is never easy to complete a Ph.D. degree program in the U.S.; it is an even greater 

challenge to earn one from such a prestigious institution as Cornell University.  I am 

extremely grateful and appreciative of the many people who I have encountered in past 

six years. Thanks to them, I was able to complete my dissertation and to build a firm 

foundation for an academic career. 

First of all, I would like to thank my advisor, Prof. Yung-Fu Chang, who granted 

me tremendous latitude for exploring my area of interest. I found him to be very patient 

and supportive of my efforts, particularly when I felt frustrated with many challenges I 

faced during my studies. Dr. Chang thoroughly prepared me to tackle many difficult 

tasks in an academic career, including publishing, proposal drafting, and grant 

applications. Second, I want to express my gratitude to Prof. Robert Oswald for helping 

me on the development of experimental designs, building a potential models for my 

research, carefully scrutinizing my results and, most importantly, assisting me in 

performing and analyzing NMR spectra. Prof. Yuxin Mao was not only my advisor 

when I rotated in his lab but also helped to broaden my knowledge concerning protein 

crystallography. The guidance and lessons he passed on to me are still deeply engraved 

in my mind. Last but not least, I want to pay my great respects to Dr. Christopher Ptak, 

who served as my personal couch in my graduate life. Dr. Ptak, a father of four, 

generously devoted a tremendous amount of effort and time to ensure that my results 

were valid, my research original and meaningful, and that I was on the right track 

toward graduation. He provided valuable assistance in solving NMR structures and in 

uncovering the details of SAXS-derived results aimed at elucidating the nature of Lig 

protein mechanics. I will never forget the long hours we spent in CHESS or working 

hard together in responding to the torrent of reviewers’ comments.  I was also very 

honored to have Prof. Sean McDonough as my field-appointed member. He, as a board-

certificated pathologist, helped me formulate precise histopathological reports. He also 



v 	 	

read and edited my dissertation, giving me helpful advice along the way. 

I was very lucky to have many considerate and friendly labmates in Chang’s lab. 

Exchange students Yongguo Cao from China and Tepyuda Sritrakul (Peach) from 

Thailand gave me valuable advice on vaccine experiments.  I will always remember 

that they covered me when I was busy with schoolwork. Previous grad student Dr. Yi-

Pin Lin served as another mentor who constantly inspired me and assisted me in making 

reasonable hypothesis for my work, designing logical experiments to prove hypothesis 

and writing publishable papers. Postdoctoral research Dr. Chih-Jung Kuo provided 

valuable assistance, especially in the area of protein-protein interactions. Thanks also 

extended to previous lab members Weiwei and Yu-Chen for valuable 

discussions and technical support. In the past six years, I was fortunate enough to have 

six young talents, Eric Chang, Andrew Tseng, Christine Chow, Jessie Wu, Igor 

Suguiura and Ting Li working with me to purify numerous proteins. Without their 

selfless support, I would certainly not have been able to accomplish multiple projects 

in a timely fashion. Moreover, I am appreciated our technician Rafe who brought so 

much joy and fun things to my occasionally stressful life. Without his encouragement, 

it could be difficult for me to manage repetitive and sometimes tedious lab work. 

I appreciated all our collaborators who selflessly helped me produce meaningful 

research outcomes. Dr. Richard Gillilan from CHESS assisted me in generating and 

processing SAXS data. Prof. Matthew DeLisa kindly lent us time slots in the Biacore 

machine, for performing  kinetic studies on protein-protein interaction. Prof. Cynthia 

Leifer generously let us use luminometer to measure the luciferase activity. Prof. Brain 

Crane allowed us to use circular dichroism for monitoring structural changes of mutant 

proteins. Prof. Colin Parrish made the fluorescence spectrometer available, so we could 

understand the thermostability of the proteins.  I am also grateful that I could have 

Brazilian and Indian collaborators Breda and Rajeev to work on related research of Lig 

proteins and publish the papers together. Finally, without Dr. Alexander S. Maltsev’s 



v 	 	

help, we could not obtain such high resolution NMR structure of LigB12. 

Outside the academia, I am blessed to have several true friends who treated me 

sincerely and full of love. Fosheng Hsu, Ella Chang, Chieh-Yang Cheng and Pi-Chiang 

Hsu from biological sciences not only spent time doing some fun activities with me, 

but also gave me some valuable advices for my research. Tina Yuan, Nanyi Bi, Angel 

Liu are my best gal-friends.  Almost every Friday night, we got together to dine in 

decent restaurants and did grocery shopping afterward. Bunyarit Meksiriporn (Pao) and 

Nattakan Sukomon (Bee) from Thailand introduced me their distinct culture and also 

lent me their biochemical instruments for my research. My cousin Jessie Wu and Eric 

Fich took me to experience my first-time kayaking, gorge-swimming, skate-boarding 

and country-skiing. Thanks to them, my graduate life was colorful, fruitful and full of 

the adventure! Thanks also extended to Grace, Dr. Chang’s wife, because of her warm-

heartedly assistance in all respects, which helped me to adjust myself to this new 

country initially. In addition, I also want to thank Brenda Payne, the secretary in 

department office, helping me figure out lab material ordering process and giving me 

encouragement in overcoming setbacks I occasionally experienced during my study. 

Finally, I appreciate the technical support from Center for Animal Resources and 

Education (CARE) and Cornell High Energy Synchrotron Source (CHESS). 

Most importantly, none of this would have been possible without the love and 

patience of my family, my father Li-Kuo, mother Mei-Shiang, cousin Ching-Hong and 

aunt Chun-Hua. Due to their unconditional support for all these years, I could pursue 

my interest of research and eventually accomplish Ph.D. degree without financial 

pressure. Therefore, I would like to express my heartfelt gratitude and dedicate this 

dissertation to them because any of my accomplishment could not be completed without 

them.



vi 	

 
TABLE OF CONTENTS 

 
 

Biographical Sketch iii 

Acknowledgements  v  

Chap 1: Introduction and literature review 1 

Leptospiral surface adhesins    1 

Elastin-binding proteins         3 

Fibrinogen-binding proteins    7 

Vaccine for leptospirosis          11 

Bactericidal antibodies                14 

Structure-based vaccinology    16 

References                                  20 

Chap 2: NMR solution structure of the terminal immunoglobulin-like domain 

from the Leptospira host-interacting outer membrane protein, LigB   33 

Introduction                            33 

Materials and Methods      34 

Results      39  

Discussions      53 

References                         59 

Chap 3: Fine mapping of the interaction between tropoelastin and Leptospira 

immunoglobulin-like domain B (LigB)                                                    68 

Introduction                       68 

Materials and Methods      71 

Results                                82 



vi 	

Discussions                        99 

References                         106 

Chap 4: Leptospira immunoglobulin-like domain B (LigB) binds to both the C-

terminal 23 amino acids of fibrinogen aaC domains and factor XIII: 

insight into the mechanism of LigB-mediated blockage of fibrinogen aa 

chain cross-linking                                                                                  112 

Introduction                       112 

Materials and Methods     115 

Results                               121 

Discussions                       131 

References                         138 

Chap 5: Leptospira surface adhesin, LigB, adopts an extended structure with 

high bactericidal monoclonal antibody accessibility and implications 

for recombinant vaccine design                                                              145 

Introduction                       145 

Materials and Methods     148 

Results                               154 

Discussions                       183 

References                         191 
 

Chap 6: Conclusions                                                                                               199



	 1	

                       CHAPTER 1 

                           INTRODUCTION AND LITERATURE REVIEW 

 

Leptospira spp are infectious spirochetes causing diseases in both human and animals. The disease, 

leptospirosis, is prevalent in developing country with localized outbreaks in flooded areas, and has 

recently been reemerging in United States with 10%-15% mortality without prompt medical 

intervention (1,2). The bacteria invade the host body through broken skin or mucosa containing 

abundant extracellular matrix components (ECM), where bacteria could deploy their surface 

proteins to adhere and thrive. Several surface adhesins, so-called Microbial Surface Components 

Recognizing Adhesive Matrix Molecules (MSCRAMMs) for establishing the initial colonization 

step in the infection process have been identified in pathogenic Leptospira (3,4). Most of them are 

multifunctional receptors, binding to various ECM molecules (e.g. fibronectin, elastin, laminin, 

collagen) and clotting factors (e.g. fibrin, plasminogen), or hijacking complement components 

(e.g. C4BP, factor H) to evade from the attack of host immune system. The biochemical 

characteristics of these adhesins might explain the pathogenic mechanism of Leptospira and 

clinical manifestation of leptospirosis. Host adhesins in pathogenic Leptospira including LipL32, 

OmpA-like protein family and Lig proteins can mediate the bacterial attachment to host cells by 

directly binding to ECM components (5–10). LenA, LenB, LcpA and Lig proteins can entrap 

negative regulators of complement system (e.g. fH, fHL1, fHR1 or C4BP) on the surface of 

bacteria to deactivate complement-mediated humoral immunity. This has been thought to 

contribute to high survival rate of virulent species in complement-containing serum, further 

assisting hematogenous dissemination of the spirochete (11–14). Lp30, Lsa66 and LigB can 

interact with plasminogen or fibrinogen to interfere clotting pathway, which may be related to 
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acute pulmonary hemorrhage of severe leptospirosis (10,15–17). The host cell entry ability given 

by Mce and cytotoxicity effect of Loa22 in cultured renal cells may explain the renal failure 

associated with end-stage leptospirosis and persistent infection and shedding from rodent 

reservoirs (18,19). However, except for Loa22 and Mce, the majority of identified surface proteins 

were not required for the virulence of Leptospira. This may be due to the functional redundancy 

of adhesins in binding to identical physiological ligands, which makes their exact role in 

pathogenesis difficult to define. Lig proteins can interact with different types of ECM molecules 

(Fn, elastin, laminin and collagen), clotting factor and complement regulators. Although the 

inability the LigB knock-out to attenuate bacterial virulence (20), surface display of Lig proteins 

in non-pathogenic strain can largely enhance both their ECM-binding and cell-attaching ability, 

suggesting that LigA may provide functional rescue of adhesion properties for single gene knock-

out (21). The genes coding for Lig proteins only present in pathogenic Leptospira, and expression 

of Lig proteins can be specifically induced by a host-mimetic environment, such as increasing the 

temperature to 37°C (host body temperature), shifting to physiological osmolarity and growing the 

bacteria in the serum (22). In addition, Leptospira decreased its adherence to LigB-treated MDCK 

cells, and adding exogenous LigB can abolish the bacteria-ECM interaction (23). LigA and LigB 

are composed of 13 and 12 Ig-like repeats. The N-terminual six and a half are exactly identical, 

so-called Lig conserve region (LigCon). The rest of repeats following LigCon in LigA and LigB 

are similar with some divergence between them and are named the LigA variable region (LigAVar) 

and LigB variable region (LigBVar). In addition, LigB contains a 771 amino acid non-repeated 

region at its very C-terminus (Figure 1.1). In our past and current study, the Lig proteins were 

dissected into several functional units with various combinations of Ig-like repeats and non-

repeated region to investigate their interactions with binding partners and further define the 
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pathogen-host interface in structural detail.  

 
 
 

 

 

 

 

Figure 1.1 The schematic representation of Lig proteins and their host binding partners 

 

Elastin-binding proteins. Elastin, one of the major components of ECM, is predominately 

populated in lung, skin, major arteries, uterus and placenta. Given that inherent elasticity and 

resilience of elastin, these tissues were able to maintain the structural integrity during the process 

of periodically distension (24,25). The tropoelastin, the building block of the elastin, is composed 

of alternating hydrophobic domains and crosslinking domains. In the initial step of elastogenesis, 

known as coacervation, the hydrophobic domains of tropoelastin monomers associate with each 

other inter- and intra-molecularlly, giving rise to a oligomeric network. This proper orientation of 

aggregated tropoelastin along with microfibrils scaffolds facilitate the recruitment of lysyl 

oxidases for subsequent cross-linking process. Finally, multiple lysines located at unique positions 

of crosslinking domains undergo enzymatic oxidation and condensation, forming mature elastic 

fibers (24,26,27). 

Because of the universal prevalence of elastin on the cell surfaces of mammalian tissues, in 

bacterial pathogens including Leptospira, several MSCRAMMs have evolved to recognize elastin 

and therefore, facilitating the infection. Although there are many leptopsiral ECM-binding proteins 
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have been identified, only three adhesins, OmpL37, OmpL47 and LigB, exhibited the ability to 

bind to elastin (28,8,4). It is less possible that OmpL47 plays a role in establishing the leptospiral 

attachment to the host cells, because that OmpL47 bound to elastin with lower affinity and that its 

inability to be recognized by antisera from leptospira-infected patients (28). In contrast, OmpL37 

and LigB showed strong binding affinities (sub-micromolar KD) to elastin, and gene expression 

levels of these adhesins were highly up-regulated in infected hamsters and mice (29). In addition, 

both OmpL37 and LigB could be recognized by the anti-sera from the patients experiencing acute 

and convalescent leptospirosis, suggesting both are constantly expressed by pathogenic leptospira 

during the infection process and easily accessible by the host immune system. LigB only can be 

found in pathogenic Leptospira, while OmpL37 orthologs of saprophytic serovars exhibited large 

sequence discrepancy from of pathogenic serovars. Interestingly, the protein expression level of 

OmpL37 seems to vary dramatically among pathogenic Leptospira (e.g. low expression levels 

from serovar Pomona and Grippotyphosa), while the expression levels of LigB were comparatively 

similar regardless of the strains (30). This suggests that Lig proteins might play a more universal 

role in the pathogenesis of leptospira.  

OmpL37 and LigB might be functionally redundant because they both recognize elastin. However, 

the specificity of the tissue tropisms might account for their distinct roles in different stages of 

leptospirosis.  OmpL37 preferentially bound to skin and aorta elastin (28), which suggests that it 

might be more important during the early stage of infection. LigB, on the other hand, could interact 

with elastin from various types of tissues, including lung elastin (8). Therefore, it is likely that 

LigB not only involves in the initial bacterial attachment to the abraded skin and vasculature, but 

also participates in colonization of leptospira-targeted organs such as lung, uterus and placenta.  

Deciphering the detailed binding interfaces between bacterial adhesins and tropoelastin could not 
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only facilitate the deeper understanding of bacterial pathogenesis, but also give a hint on designing 

adhesin blockers as an alternative therapy for bacterial diseases. Thanks to recombinant DNA 

technology, researchers are able to identify the specific domains or unique modules critical for the 

pathogen-host interactions. On the bacteria side, only small regions of the bacterial adhesions seem 

to be enough to bind to elastin. For example, a short stretch, Thr-Asn-Ser-His-Gln-Asp, from 

elastin-binding protein of Staphylococcus aureus (EbpS) has been demonstrated to have ability to 

interact with tropoelastin (31). The elastin binding site for another staphylococcal adhesins, 

fibronectin-binding protein A (FnBPA), was also narrowed down to subdomain N2 and N3 (32). 

Likewise, we discovered that Ig-like repeats of Lig proteins (LigB4, LigB7 and LigB12) were the 

domains responsible for association with human tropoelastin (HTE) (8). More specifically, the 

major HTE-binding site was further fine-mapped into b strands A-C of LigB12 (chap 3). On the 

host side, the binding sites for bacterial adhesins could be widely distributed throughout the full-

length tropoelastin or just located at specific domains. Both FnBPA and mycobacterial antigen 85 

complex (Ag85) bound to multiple sites on HTE (33), while EbpS and LigB specifically interacted 

with HTE 9-10 and HTE 20 respectively (31). Unlike bacterial adhesins, the physiological elastin 

binding partners such as integrin and fibrillin are thought to be required multiple domains to 

achieve stable interactions with tropoelastin (34,35).  Provided that physiological binding partners 

often had greater affinities to elastin as opposed to bacterial adhesins, pathogens might rather 

evolve their adhesins differently and utilize distinct binding mechanism to associate with elastin. 

It is possible that bacterial adhesins develop tandem repeated elastin-binding motifs on a single 

molecule (e.g. LigB) to compete with physiological elastin binding partners (Lin et al., 2009). By 

establishing this multivalent interaction, the overall avidity of bacterial adhesin to elastin could be 

largely enhanced and thus possibly promote the infection process. 
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It is noteworthy that electrostatic forces seem to play a major role in the binding interface between 

tropoelastin and its interacting partners regardless of their originating from host or bacteria. This 

characteristics interaction might result from the inherent properties of crosslinking domains and 

C-terminal domain of tropoelastin which carry high density of lysines and arginines. A classical 

example is that host cell surface Integrin aVb3 can be recognized by 36th exon of tropoelastin 

containing tandem positively charged residues RKRK (36).  During the elastogenesis, fibrillin-1 

serves as a scaffold to direct the deposition of tropoelastin into microfibrils and then facilitates the 

elastic fiber formation. To be noted, the Lys residue from HTE4 is the main contact point to interact 

with fibrillin-1 (37). Similarly, the several bacteria adhesins also used surface negatively charged 

amino acids to associate with positively charged residues on tropoelastin. For example, a N-

terminal Asp (the 23rd residues) of EbpS was required for the binding to elastin (31). In our 

previous research, a C-terminal Glu (the 258th residues) from Ag85 complex was identified to 

participate in HTE binding. We also discovered a common Ag85-binding motif 

AAAKAA(K/Q)(Y/F) from cross-linking domain of HTE (33) where both Lys residues are critical 

for interacting with Ag85 complex. Moreover, both pH values and ionic strength of the buffers 

had great influence on the interaction of bacterial adhesins and tropoelastin (8,32,38), which 

further demonstrates that the critical role of charge-charge interaction in this specific pathogen-

host interface. Except for electrostatic forces, the hydrophobic interaction might in part contribute 

to bacterial adhesins binding to HTE. In Ag85-binding motif, the last Tyr or Phe residues from 

HTE played an equally important role as Lys residues in association with Ag85 (33). In the current 

study, we also identified three aromatic residues from HTE20 and one Phe from LigB12, all of 

which provided the hydrophobic forces for HTE-LigB interaction (Chap 3).    

To serve as potential adhesion blockers for treating bacterial diseases, the antibodies specific to 



	 7	

bacterial adhesins have to recognize the epitopes which also essential for interacting with host 

ECM molecules. Alternatively, if the minimal regions for binding to bacterial adhesins were 

identified, then the ECM mimetic peptides corresponding to these regions might be able to use as 

adhesion blockers. OmpL37 has been proved to have submicromolar affinity to elastin, which 

made it a potential target for developing adhesion blocker. However, in the presence of OmpL37-

specific antisera, the Leptospira-ECM interaction was surprisingly enhanced (28). Although it 

might suggest that the pathogen could take this advantage to survive in the blood stream and then 

establish the colonization, it is for sure that OmpL37-specific antibodies cannot serve as an 

adhesion blocker. On the other hand, researchers have shown that some adhesins-specific 

antibodies could extensively decrease the adhesion of bacteria to elastin (e.g. anti-FnBPA and anti-

Ebps antibodies). Likewise, the truncated recombinant bacterial adhesins which encompassed the 

ECM-binding sites could diminish the pathogen-host interaction (31,38). In the current study, we 

also found that both LigB4-specific monoclonal antibody and truncated HTE20 could partially 

block Leptospira attach to HTE-producing embryonic lung fibroblasts (WI-38 cells). Taken 

together, the more we understand how bacterial adhesins interacted with elastin, the higher chance 

we could possibly develop adhesion blockers as an alternative therapy for leptospirosis. 

Fibrinogen-binding proteins. Fibrinogen (Fg), a 340 kDa plasma glycoprotein, plays a critical 

role in coagulation cascade and platelet aggregation. The disulfide linkages assemble the two 

halves of Fg to form a homodimer and each protomer is composed of a, b and g chains linked 

together by intrachain disulfide bonds. The functional units of Fg can be defined, by 

physicochemical (plasmin digestion) and structural (electron microscope) techniques, as central E 

regions and distal D regions, each of which can be further divided into several folded domains and 

flexible linker regions. The E region is made up of two pairs of fibrinopeptide A and B (FpA and 
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FpB) and a half of triple helical coiled coil. The D region connected to E region by the other half 

of coiled coil contains two globular nodules, bC domain (b nodule) and gC domain (g nodule). 

Two aC domains extending from coiled connector fold back to interact with each other and contact 

with central E region. When the blood vessels suffered damage from pathogens, a series of clotting 

factors would be activated and the final step of coagulation cascade was accomplished by 

formation of insoluble fibrin clot that restricted the hemorrhage and potentially constrain the 

spread of the pathogens. The most indispensible factor for forming the fibrin clot is thrombin. It 

can bind to N-terminal of Fg and proteolytically remove the FpA and FpB sequentially, which 

expose the A knob and B knob in the E region. Then, A knob and B knob can interact respectively 

with a hole and b hole presented in gC and bC domain of another Fg molecule. These knob-hole 

interactions aggregate the fibrin monomer in a half-staggered manner, meaning the central E 

region of molecule binds to the distal D region of the adjacent molecule to produce a two-stranded 

protofibril (39–41). Conformational changes due to the knob-hole interaction also unveil cryptic 

plasminogen and tissue type plasminogen activator (tPA) binding sites, which allow the fibrin to 

be subject to fibrinolysis (42). Initially intramolecular linked aC domains will dissociate and re-

associate with adjacent aC domains to form an intermolecular bridge, resulting in lateral 

aggregation of protofibrils. The twisted, tri-directional protofibrils further create a branch point 

and thus produce a 3D fibrin network resembling a space-filling gel where the blood cells and 

platelets could be trapped or migrate. Finally, factor XIIIa cross-links the fibrin network by 

catalyzing the isopeptide bonds formation between aC domains and between gC domains, 

rendering a mechanical strength to fibrin clot for resisting physical and proteolytical assaults 

(39,40,43). The critical roles of Fg in coagulation pathway, platelet activation, tissue regeneration 

and even inflammatory & immune response make it a perfect target for many pathogens.  
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Several bacterial surface and secreted proteins have been deployed to hijack soluble Fg and 

insoluble fibrin, by which bacteria can modulate the biology of Fg and establish the disease in host 

body (Table 1.1). Clumping factor A (ClfA) and fibronectin binding protein A (FnbpA) both bind 

to FggC domain to block the platelet aggregation through occupying the integrin recognition site. 

They also inhibit the fibrin polymerization through interfering the B knob- b hole interaction 

(44,45). Serine-aspartate repeat protein G (SdrG) interacts with the N-terminal domain of the Fgb 

chain, the thrombin-targeting site, to inhibit the cleavage of FpB and thus abolish the fibrin clot 

formation (46,47). FgaC domain is a common target for clumping factor B (ClfB) and bone 

sialoprotein binding protein (Bbp). ClfB binds to N-terminal flexible region of aC domain 

(FgaCN), and Bbp interacts with C-terminal well-folded region of aC domain (FgaCC) (48,49). 

In addition to surface adhesins, N-terminal domain of extracellular fibrinogen-binding protein 

(Efb-N) is secreted to associate with D regions of Fg and involve in disturbing the host immunity 

by reducing the leukocyte adherence (50). Although these virulence factors target various sites on 

different Fg chains by diverse mechanisms, they all antagonize Fg function and allow the 

pathogens to spread through the blood circulation system. Except for Bbp binding to globular 

FgaCC domain, bacterial adhesins binding sites on Fg for all feature a short flexible region 

protruding from a well-folded domain. Walsh et al. suggested these Fg-binding proteins seemed 

to adopt a common binding model, so-called dock, lock and latch mechanism (47,51). The 

mechanism was initially proposed by Ponnuraj et al. who described how a flexible Fg fragment 

approached an open form bacterial adhesin by docking, how a linker region of adhesin locked the 

ligand by extensive hydrogen bonding, and how a disordered terminal region of adhesin latched 

the ligand by forming an additional b-strand sandwiched among a preexisted b-sheet, eventually 

generating a closed form adhesin-ligand complex (47). Strikingly, almost every Staphylococcal 
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adhesins with different ligand-binding specificities had two conserved motifs- one was found in 

latching tails and the other one, TYTFTDYVD motif, was located on the base of the binding 

trench. It seemed the side chains of small residues (e.g. G and S) on the latching tails evolved to 

accommodate the bulky side chains of Y and F presented in the back of the binding trench (47). 

Comparing the structures of SdrG-FgbN, ClfA-FggC and ClfB-FgaC complexes, the Fg ligands 

all formed extensive hydrogen bonds with main-chain atoms from adhesins in either anti-parallel 

or parallel orientation. Even though there was some ligand conservation between FggC and FgaC 

where two G residues can fit well with bulky W, Y or F surrounding the binding pockets (52), it 

seems a significant sequence variation presented in different Fg ligands. This could be the reason 

why bacteria have to evolve various kinds of adhesins to impede Fg function in many different 

ways.  

Several leptospiral adhesins have been thought to bind to clotting factors such as fibrinogen (Fg) 

(28,10,17,53). However, only few of them could inhibit thrombin-mediated fibrin formation in 

vitro (4). Leptospira immunoglobulin-like (Lig) protein B (LigB) is the only leptospiral adhesin, 

which could not only block the fibrin clot formation but also diminish platelets adhesion and 

aggregation (10). This Fg-LigB interaction suggested that LigB might play a role in leptospirosis-

associated pulmonary hemorrhage, which has been considered as a primary factor contributing to 

the lethality in humans (1,54). 
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                           Table 1.1 Bacterial Fg-binding proteins 

 

 

 

 

 

 

 

 

Vaccine for leptospirosis. Although the first successful killed vaccine against leptospirosis has 

been developed for almost 100 years (55), this type of whole cell bacterin vaccine remains the only 

one licensed for vaccinating human and animals. The major advantage of the killed vaccine is that 

the immunized hosts gained full protection against homologous leptospira infection. Also, the 

antisera from vaccinated animals could passively protect another unvaccinated one from lethal 

challenge (56). This suggests that protective antibodies generated by host humoral response are 

critical for combating the leptospirosis. However, the killed vaccine is highly serotype specific, 

meaning that it could not confer cross-protective immunity on animals against heterologous 

leptospira challenges. This serotypic restriction resulted from the inability of protective antibodies 

to recognize antigenically diverse lipopolysaccharide (LPS) from different serotypes. As a T-cell 

independent antigen, the O-antigen of LPS could not trigger the memory response, which also 

leads to the short duration of immunity conferred by killed vaccine. Recently, one study showed 

that the hamsters immunized with serovar Canicola completely survived from heterologous 

Copenhageni and Ballum infection (57), while this cross-protection has not commonly found in 
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other serotypes.  

Live attenuated vaccines could provide the hosts a longer protection and potential cross-protective 

immunity because most antigens in the vaccines should maintain their native structures. Until 

recently, only one defined, live attenuated strain has been developed as vaccine candidate for 

leptospirosis due to the genetically intractable characteristics of pathogenic leptospira. This 

attenuated spirochete (from serovar Manilae) is defective in LPS synthetic pathway and could 

confer 100% protection rate for hamsters and sterilizing immunity for mice (58,59). Furthermore, 

the hamsters immunized with this mutant survived from heterologous Pomona challenges (58). 

Interestingly, antisera from immunized hamsters had no reactivity to LPS from serovar Pomona, 

which suggested that the cross-protective immunity should be induced by protein antigens 

conserved among various serovars. This also consolidates the idea of using conserved protein 

antigens as vaccine candidates to achieve cross-protection against leptospirosis.  

With the advance of knowledge regarding whole genome sequences of pathogenic Leptospira and 

the techniques to identify leptospiral surface proteins or virulence factors, researchers are able to 

develop subunit vaccine candidates by taking advantage of reverse vaccinology. Using either 

virulence genes (DNA) conjugated with mammalian expression vectors or recombinant proteins 

produced by prokaryotic expression systems as main components for subunit vaccines has been 

examined in recent years. LipL32, the most abundant lipoprotein from pathogenic leptospira, was 

the first potential candidate to be tested for protection efficiency. However, the majority of the 

vaccine trials demonstrated low or no protection for hamsters (60,61), Gerbils  (62) and guinea 

pigs (63). One possible reason is that the sub-surface location of LipL32 hindered its accessibility 

to host immune system (64). As a result, LipL32-specific antibodies might not be able to recognize 

unexposed epitopes and then fail to opsonize the bacteria for complement-mediated killing. In 
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addition, LipL32 defective mutant still retained the virulence for the hamsters and established high 

colonization rate in the kidney of rates (65).  On the other hand, few studies showed the promising 

side of LipL32 in terms of the effective immune response LipL32 triggered. Mouse monoclonal 

antibodies against LipL32 could confer passive protection on hamsters challenged by heterologous 

Leptospira (66). In another study, LipL32 could trigger IFNg production from bovine T-cell and 

then activate cell-mediated immunity in cattle against Leptospira serovar Hardjo infection (67). 

Overall, it is likely that LipL32 could be used as a vaccine candidate under certain circumstances: 

the protective epitopes of LipL32 have to be well-exposed and the effective protective immunity 

induced by LipL32 might only take place in certain host species.  

 Lig protein family (LigA and LigB) is one of the surface adhesins meditating the bacterial 

attachment to the host cells by binding to several extracellular matrix (ECM) molecules (8,9,7). 

LigA is composed of 13 Ig-like domains, and LigB is consisted of 12 Ig-like domain plus a non 

Ig-like domain at the very extracelluar end. Although the sequence similarity among each Ig-like 

domain varies from 25 to 45%, different domains displayed various biological functionality toward 

host ECM proteins. They also modulate the hemostasis and innate immunity by interacting with 

clotting factor and complement regulators (68,69,13,14,10), which allowed pathogenic Leptospira 

to survive in the blood circulation. One study even shown that surface expression of LigB on the 

non-pathogenic L. biflexa could partially conferred its resistant to serum complements (70). Given 

that the surface accessibility of Lig proteins to immune system and the roles they played in 

pathogenesis, Lig proteins have been demonstrated to be among the most effective vaccine 

candidates against leptospirosis. In our group, we have used recombinant LigA conserved region 

(LigACon) and LigA variable region (LigAVar) with aluminum hydroxide to immunize the 

hamster, which protected all hamsters from Leptospira challenge (71). The recombinant LigAVar 
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incorporated with liposomes or microspheres also induced protective immunity and allowed 87.5% 

of hamsters to survive from lethal challenge (72). Other group also proved LigA8-13 provided 

66.7-100% protection rates in hamster model (73). A recent paper narrowed down the immune-

protective regions to three domain constructs, LigA10-12 and LigA11-13, which offered 100% 

protection for all challenged hamsters (74). DNA vaccine using LigA (75) or LigACon (76) also 

provided 62.5%-100% protection. Overall, LigA seems to be a promising vaccine candidate for 

leptospirosis, while none of the LigA constructs conferred sterilizing immunity. For the LigB, our 

group has used LigB variable region (domain 7-12) plus partial non-Ig-like domain and ECM 

binding domains of LigB (domain 4 fused with partial domain 11 and full domain 12) to immunize 

hamsters, which only offered 33-54% protection from lethality (61,77).  The observations lead to 

an intriguing hypothesis that the suboptimal efficacy of LigB might be the result of deploying 

constructs that were either only partially exposed to immune system or that the epitopes of those 

were masked by host binding partners. Therefore, LigB could be a promising vaccine candidate if 

one can optimize the protective epitopes of the protein. 

Bactericidal antibodies. Monoclonal antibodies (mAbs), with great scope of applications to 

various fields such as immunotherapy for different types of cancers (78,79), have been thought to 

be the last and the only hope for combating deadly infectious pathogens like Ebola virus (80). For 

viral diseases, the protective antibodies can neutralize the surface antigens and then prevent the 

virus from entering to the host cells. As for the pathogenic bacteria, the antibodies can activate 

complement-mediated bacteriolysis or facilitate the phagocytosis of macrophages after they 

deposit on the bacterial surface. Leptospira, as extracellular spirochetes are highly susceptible to 

host humoral response. Therefore, developing therapeutic mAbs specifically against leptospiral 

outer membrane proteins could be a promising substitute for traditional antibiotics therapy. It has 
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been shown that mAbs specific to LipL32 conferred passive immunity to hamsters and that 

humanized version of mAbs protected animals from heterologous Leptospira infection (66,81,82). 

Nevertheless, LipL32 as a vaccine candidate provided minimal or no protection to animals (60–

63). To date, the sole antigen among leptospiral surface proteins to exhibit great potential to 

provide protective immunity for animals is Lig protein. However, no Lig protein-specific antibody 

has yet been identified as having a bactericidal effect. One study characterized five different mAbs 

against conserved region of Lig proteins with nanomolar binding affinity (83). These mAbs have 

been demonstrated to have capacities of adhering to leptospira surface by interacting with Lig 

proteins. However, neither fine-mapping of mAb epitopes nor assessment of protective efficacy of 

those has been completed. Generating mAbs to select the epitopes with higher level of antigenicity 

has been demonstrated as a strategy to improve the efficacy of vaccine, which motivates us to 

produce a mAbs library specifically against LigB conserved region and variable region. Exploring 

the specificity of each mAb to various Ig-like domains of LigB might provide a better 

understanding of the host-pathogen interaction and also determine the immuno-dominant hot spots 

recognizing by bactericidal mAbs (Chap 5). Several surface proteins composed of bacterial Ig-like 

domains (BIG) have been demonstrated as good vaccine candidates and could induce protective 

anti-sera conferring passive immunity to animals.  Surprisingly, the protective epitopes were 

mainly located at the Ig-like domains which do not directly interact with host surface molecules. 

For example, the immunodominant regions of intimin were located at D1 and D2 domains but not 

the host receptor binding domain D3 (84). Additionally, RrgB is the major scaffold of 

pneumococcal pilus and could trigger protective antibodies against Streptococcus pneumoniae, 

while the main adhesive component of pilus is RrgA (85,86). Taken together, the detailed domain-

wise mapping for bactericidal mAb reveals the distribution of protective epitopes on LigB and 
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might give a hint on optimizing the vaccine candidate for leptospirosis. 

Structure-based vaccinology. On noble example of the protein chimeras inducing broad spectrum 

bactericidal antibodies against different variants of Neisseria meningitides is the structure-based 

design of protective antigen factor H binding protein (fHbp) (87). Firstly, the protective epitopes 

recognized by various mAbs against different fHbp variants were mapped on the surface of fHbp 

structures. Secondly, two complete epitope surfaces from fHbp variants were grafted on the top of 

another variant, generating a single fHbp displaying multiple protective epitopes. Finally, this 

chimeric fHbp was able to induce bactericidal antibodies against all antigenic variants of N. 

meningitides. Chimeric OspC is another example with eight different epitopes constructed on a 

single protein to generate protective immunity against different strains of Borrelia (88). One 

potential advantage of creating chimeric proteins as a novel candidate is to reduce the possibility 

to develop autoimmunity against the complex of bacterial protein and host binding partner. The 

chimera could loss the affinity to host binding partners but still maintain structural integrity of 

protective epitopes. Researchers have engineered several non-functional fHbp, which lost strong 

affinity to fH but still can induce the production of protective antibodies (89,90).   

For combating leptospirosis, producing effective neutralizing antibodies is more important than 

cell-mediated immunity because leptospira was a hematogenous extracellular pathogen. To 

generate the protective antibodies, presenting native and well-folded epitopes to immune system 

is critical since the antibodies usually recognize conformational epitopes rather than linear 

sequences. Based on the high resolution LigB12 structure, we were able to define three complete 

surface areas on single Ig-like domain, and each surface area could make a full conformational 

epitope encompassing 900 to 2000 Å2. We transplanted three different epitopes from most 

immunodominant regions, LigB7 and LigB10, on a single Ig-like domain. By building up various 
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epitopes on a homologous Ig-like scaffold, we also maintained the overall structural integrity of 

the antigenic surface. Through ELISA binding assay, we identified that the b strands A-C is the 

most antigenic surface, which could be recognized by many mAbs e.g.V10, V12 and V34. The 

immunodominancy of strands A-C might result from its structural accessibility to the environment. 

In the LigB12 structure, only partial strands A-C (mainly strand A’ and B’), are tightly packed 

with hydrophobic core, leaving majority of the strands (strand B and C) exposed to the 

environment. Among the chimeric constructs, LigB10-B7-B7 and LigB10-B7-B10 could interact 

with both mAb V3 and V10. This suggests these two LigB chimeras could present two different 

types of protective epitopes, which might trigger the production of bactericidal mAbs with various 

specificities. From this standing point, these LigB chimera displaying diversified eptiopes might 

have potential to serve as vaccine candidates. 

“Epitope-scaffolds”, using heterologous protein as a scaffold to present pathogen specific epitopes, 

not only eliminate the unnecessary parts of antigen, but also maintain the proper conformation of 

the epitope surface to be recognized by immunocytes. For example, gp41 of HIV conjugated with 

scaffold could be recognized by neutralizing mAb 2F5 (91). The appropriate scaffolds were chosen 

from entire Protein Data Bank by multiple selection processes, and only the proteins having 

backbone structures compatible with pathogen specific epitopes and the proteins having no steric 

hindrance to cognate antibodies could serve as scaffolds. Optimization were applied by orientating 

the epitope side chains to suitable locations of scaffolds along with additional mutations that 

enhanced the stabilities and epitope accessibilities to antibodies and minimized the nonepitope 

regions. The final epitope-scaffolds have to effectively trigger the antibody production in animal 

and strongly interact with corresponding antigen (92). Furthermore, a new computational method 

was developed for displaying two discontinue epitopes in a single scaffold. The first attempt was 
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to find the scaffolds which were structurally similar to the epitopes. If part of the scaffold fit one 

of the epitopes, then the same scaffold was examined for the second time under the circumstance 

that the rigid-body orientation of the first epitope was superimposed with the scaffold. Following 

two epitopes were both fit with the same scaffold, the nonepitope regions were modified to increase 

the stability, protein solubility and overall complementary of epitopes with cognate mAb (93). 

Taking this strategy, researchers were able to construct the fusion (F) peptide from respiratory 

syncytial virus (RSV) on the top of staphylococcal protein A. The crystal structure of this epitope-

scaffold (F peptide-protein A) in complex with cognate mAb showed that binding interface was 

very similar to that of original peptide with mAb. Specifically, the three critical hydrogen-bond 

and salt-bridge interactions were well preserved, suggesting the conformation of epitope-scaffold 

was well maintained. Interestingly, the binding affinity of epitope-scaffold to mAb was three-folds 

increased as opposed to the affinity of peptide to mAb. It was thought that epitope-scaffold already 

adopted the mAb-bound conformation (helix-turn-helix), while peptide as a random coil would 

require additional energy for conformational change to fit in the binding site on mAb. This elegant 

epitope-scaffold design successfully induced F epitope binding antibodies in mice, even though 

the antibodies failed to neutralize the RSV (93). The same research group further identified a 

supersite (antigenic site Ø) on F protein, which could be recognized by multiple neutralizing 

antibodies. This supersite was built on a scaffold called T4 fibritin-trimerization domain (foldon) 

and then cysteine residues were introduced to enhance the stability. Finally, the hydrophobic 

cavities nearby the mAb-binding site were filled and stabilized by substituting small amino acids 

with the ones having bulky side chains such as tryptophan and histidine. This structure-based 

design truly improved stability of the antigens and also effectively elicited the neutralizing 

antibodies in mice and macaques (94–96). 
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To advance the next-generation vaccine design in the field of leptospirosis, the goal is to make a 

set of LigB chimeras which encompass various immunodominant epitopes from different types of 

serovar without having binding ability to the host proteins. The idea of antigen minimization could 

be achieved by transplanting multiple protective epitopes on a single Ig-like domain scaffold and 

eliminating other nonepitope surface (97). To optimize the vaccine stability, the proper cysteine 

pairs will be introduced and other mutations will be made around the hydrophobic core. Based on 

our extensive knowledge on Lig-host proteins and Lig-mAbs interaction and the structural 

information provided in this study, we hope we can advance the filed in developing better vaccine 

for treating leptospirosis.   
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CHAPTER 2 

NMR SOLUTION STRUCTURE OF THE TERMINAL IMMUNOGLOBULIN-LIKE 

DOMAIN FROM THE LEPTOSPIRA HOST-INTERACTING OUTER MEMBRANE 

PROTEIN, LIGB 

Introduction 

Leptospira spp are pathogenic spirochetes that can cause multi-organ failure in both humans 

and animals (1). The associated neglected tropical disease, leptospirosis, is reemerging in the 

United States but is especially prevalent in developing nations (2,3). While the molecular details 

of leptospiral infection are poorly understood, the initial steps of host attachment are being 

uncovered (1,4). Host-interacting surface proteins from virulent bacteria have been implicated in 

pathogenesis (5); however, these same proteins offer an opportunity for the development of 

vaccine antigens, serological markers and attachment blockers. In the outer membrane of 

Leptospira spp., over 12 proteins have been shown to express at detectable levels (6), yet high-

resolution structures of only two leptospiral surface proteins, LipL32 and Lp49, have been solved 

(7-10). The occurrence of Leptospira immunoglobulin-like genes (Lig) is limited to the pathogenic 

subset of Leptospira species and is being developed for use as a marker for leptospirosis (11). Lig 

proteins are promiscuous adhesins and bind to a wide variety of extracellular proteins including 

fibronectin (Fn), elastin, laminin, collagen and fibrinogen (Fg) (12-18).The Lig protein family is 

composed of the outer surface proteins LigA, LigB (Fig.1A), and LigC, which contain 13, 12, and 

13 immunoglobulin-like (Ig-like) domains, respectively (19-21). The N-terminal 630 amino acids 

of LigA and LigB (LigCon), covering the first 6½ Ig-like domains, are highly conserved between 

the two Lig proteins but the remaining C-terminal domains are variable ((20,21); Figure 2.1A). In 

addition, a non-Ig-like region is located at the C-terminus of LigB and LigC. The modular Ig-like 
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domain repeats allow binding to a large number of host proteins since each Ig-like domain may 

exhibit different specificities. A host-interacting region of LigB is located within the LigBCen2 

construct (amino acids 1014-1165 of LigB), which contains part of the 11th and the entire 12th Ig-

like domain (LigBCen2R) as well as a disordered region from the non-Ig-like C-terminus 

(LigBCen2NR; (13,22). LigBCen2 binds to fibronectin (Fn), elastin, laminin, collagen, and 

fibrinogen (Fg) (13,15-18). The ability of LigBCen2 to impart variable host binding interactions 

suggests LigB plays an important role in Leptospira infections.   

Bacterial Ig-like (Big) domain-containing surface proteins have been identified in a number 

of pathogenic species and provide an evolutionarily tunable protein-binding functionality that is 

convenient for mimicking natural host interactions (23,24). Although the sequence identity among 

Big domains is quite low, the structures of intimin from E. coli and invasin from Y. 

pseudotuberculosis are similar and representative of the stably folded β-sheets that are 

characteristic of many Big domains (25-28). The Big domain β-sandwich is typically stabilized by 

a conserved hydrophobic core and a Greek key topology (29). Here, we report the NMR solution 

structure for LigB-12 and highlight features of the Ig-like domain structure from the Lig protein 

family. LigB-12 is the 12th and most C-terminal Ig-like domain from LigB and the only full Ig-

like domain in LigBCen2. In addition, we have identified LigB-12 as the physiologically relevant 

region involved in LigBCen2 binding to Fg. The LigB-12 structure is compared to the Ig-like 

domains from other pathogens’ surface proteins (26,28). The LigB Ig-like domains contribute the 

scaffold for the Lig family of surface proteins and should aid in the understanding of Leptospira-

host interactions as well as in the development of ways to treat and diagnose leptospirosis.   

Materials and Methods 

Cloning, Expression, and Purification—Histidine-tagged LigBCen2R (amino acids 1014-1123), 



	 35	

LigB-4 (amino acids 309-403), and LigB-12 (amino acids 1029-1123) were cloned from L. 

interrogans serovar Pomona (L. Pomona) as described previously (12,17). Histidine-tagged, sumo-

fused LigB-12 was constructed by inserting the PCR-amplified LigB-12 fragment into the vector 

pET28-His-Sumo (30) between the BamHI and HindIII sites (primers: 5'-

CGCGGATCCGCAGCAACCCTTTCT-3' and 5'-

CCCAAGCTTCTACGTGTCCGTTTTGTTTAC-3'). LigB-11 (amino acids 939-1033) was also 

generated in the same way as LigB-12 by using the forward primer 5’-

CGCGGATCCGCTGCCACGTTAGAT-3’ and the reverse primer 5’-

CCCAAGCTTCTAAAGGGTTGCTGCGCT. Amplified PCR product was digested by BamHI 

and HindIII and then ligated into pET28-His-Sumo vector. Similarly, two-domain construct LigB-

11,12 (amino acids 939-1123) was amplified and constructed by the same forward primer used for 

LigB-11 and the same reverse primer used for LigB-12. LigB-12 mutations (F1053C and 

P1040C/F1053C) were generated using the Quik Change protocol (Stratagene). The correct 

sequences for all constructs were confirmed at the Cornell DNA Sequencing Facility. His-tagged 

LigBCen2R, LigB-4, and LigB-12 protein constructs were purified using the protocols previously 

described (12,17). The protocols were modified slightly for the His-sumo protein constructs, LigB-

11, LigB-12, and LigB11,12. After isopropyl β-D-thiogalactopyranoside (IPTG) -induced protein 

expression in E. coli, the bacterial cells were harvested and lysed by high-pressure cell disruption 

systems (Constant Systems Ltd) at 20K psi. After removing cell debris by centrifugation, the 

soluble fraction was incubated with PBS-equilibrated Ni-NTA resin for 2 hrs. The resin was 

washed with aliquots of PBS buffer of increasing imidazole concentrations up to 30 mM, and His-

sumo-tagged LigB protein was then eluted with 200 mM imidazole-PBS buffer (pH 7.4). The sumo 

specific protease, His-tagged Ulp-1, was applied to remove the N-terminal His-sumo tag from the 
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LigB protein construct and digestion was allowed to proceed overnight at 4℃ with dialysis against 

PBS buffer (pH 7.4). Mixtures of His-tagged Ulp-1 and untagged LigB protein were separated by 

passing the sample over an additional Ni-NTA column. The untagged LigB protein was washed 

off of the column and concentrated. For NMR experiments, His-sumo-tagged LigB proteins were 

expressed in E. coli that were grown in isotopically enriched, vitamin-supplemented minimal 

media (31).  Stable isotopes were purchased from Cambridge Isotopes (Cambridge, MA). 

ELISA binding assays—The ability of LigB proteins to bind to human plasma fibrinogen (Fg) 

(obtained from Sigma-Aldrich) was assessed using an ELISA assay as previously described (18). 

Various concentrations (0, 0.31, 0.63, 1.25, 2.5, 5, 10, 20 µM) of histidine-tagged LigBCen2R 

(positive control), LigB-4 (negative control), and LigB-12 were added to microtiter wells coated 

with 1 µM of Fg or BSA (negative control, data not shown) in PBS buffer. Following 1 hr 

incubation at 37˚C, the wells were washed with PBS buffer containing 0.05% Tween 20 (PBS-T) 

to remove unbound LigB proteins. To detect the interaction of each LigB truncate with Fg, mouse 

anti-His tag antibody (1:500) and horseradish peroxidase (HRP) conjugated goat anti-mouse IgG 

antibody were used as primary and secondary antibody (Eugene). Finally, 100 µL of HRP 

substrates were applied to develop the color and then the plates were read at 630 nm by an ELISA 

plate reader (Biotek EL-312, Winooski, VT). To determine the end-point dissociation constant 

(KD), the binding curves were fit by the following equation using KaleidaGraph software 

(Abelbeck software, Reading, PA):  

protein][LigK
protein][LigmaxOD

OD
D

630
630 +

=  

Measurement of protein thiols (free Cys)—An Ellman’s reagent assay (32) was used to assess 

the presence of free Cys versus intramolecular disulfide bonds in LigB-12 cysteine mutants. 20 

µM of the LigB-12 wild type, F1053C, and P1040C/F1053C mutants were treated with 1 mM of 
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5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in Tris buffer (pH 7.4) containing 4 M urea for 5 min. 

The absorption intensity of reaction product, 2-nitro-5-thiobenzoic acid (TNB2-), was measured at 

412 nm, which indicated the relative amount of free Cys in each protein sample. In a 

complementary assay, the formation of intermolecular disulfide bonds was used to infer the 

presence of free Cys in LigB-12 wild-type and mutants.  Each set of protein samples were pre-

incubated with 100 µM of oxidized glutathione (GSSG) at room temperature for 1 hr. 

Subsequently, the protein samples were heated at 37°C, 60°C and 100°C for 10 min and then were 

run on the non-reducing SDS-PAGE gel. 5% β-mercaptoethanol was also added to wild type and 

mutant proteins to serve as a reducing condition counterpart. Proteins involved in intermolecular 

disulfides migrated with twice the molecular weight as expected for a monomer. 

NMR spectroscopy and Resonance Assignments—NMR spectra were acquired on a 500 MHz 

Varian spectrometer at 286 K. Spectral assignments were obtained from HNCOCA, HNCACO, 

HNCA, HNCO, CBCANH, HNCBCACO, CCONH, HCCONH, and TOCSY-NHSQC 

experiments performed on 15N-only and 15N & 13C-labeled protein. Distance constraints were 

generated using NOESY-15N-HSQC, NOESY-13C-HSQC, and aromatic NOESY-13C-HSQC. 

Additional secondary structural constraints were taken from stable hydrogen bonded amides 

determined from 1H,15N-HSQC spectra of hydrogen-deuterium exchanged protein. For residual 

dipolar coupling (RDC) measurements, 15N-labeled protein was aligned in 5% stretched 

acrylamide gels (33). Spectra were processed using NMRPipe (34) and analyzed using SPARKY 

(T. D. Goddard and D. G. Kneller, UCSF). Residue assignments were generated manually and 

confirmed with the PINE server v1.0 (35). The structure of LigB-12 was determined using NIH-

Xplor (36) with distance constraints, dipolar coupling constraints, hydrogen bond constraints, 

Promega-determined proline conformations (37), and dihedral angle restraints generated using 
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TALOS-N (38).   

Sequence analysis and modeling—The Ig-like domains from LigA, LigB, and LigC from L. 

Pomona were aligned with the LigB-12 construct sequence (Supplemental Figure 2.1) and residue 

conservation was determined and illustrated using the HMMER software suit (39). Homology 

models of LigB-1 through LigB-11 and LigB-11,12 were generated using Modeller (40) using the 

LigB-12 structure as a template. The pI for each Ig-like domain was computed using the ExPASy 

server (41) while electrostatic surfaces were calculated using Delphi (42). 

 
FIGURE 2.1 Ig-like domain, LigB-12, interacts with Fg. (A) A schematic showing the location 
of domains within the LigB protein. (B) Binding of LigB constructs to Fg. Increasing 
concentrations of His-tagged LigBCen2R (positive control), LigB-12, or LigB-4 (negative control) 
were added to microtiter plate wells coated with 1 µM of Fg. Bound proteins were detected by 
ELISA. 
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Supplemental Figure 2.1 Alignment of LigA, LigB, and LigC Ig-like domains from L. Pomona. 
Key residues are annotated: hydrophobic core Trp (green), residues aligned with the proposed 
LigC-2 disulfide (cyan), other residues that are important to the hydrophobic core (yellow), 
residues aligned with the proposed interdomain salt bridge (red). A plot of residue conservation 
(determined using the HMMER software suit) is positioned below the alignment.  

 

RESULTS 

LigBCen2R and LigB-12 Constructs—Initial attempts to gain structural insight into the Lig 

protein family focused on the previously characterized LigBCen2R construct which is composed 

of the last 15 residues of the 11th Ig-like domain and the entire 12th Ig-like domain (Figure 2.1A). 

NMR experiments performed on 15N-only and 15N & 13C-labeled LigBCen2R were used to identify 

preliminary 15N-1H backbone assignments (results not shown). The regions from partial domains 
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were not well structured and could not be assigned. The start of the LigBCen2R protein 

corresponding to the C-terminal end of the 11th Ig-like domain has homology to the final two 

predicted β strands in LigB’s 12th Ig-like domain. When the solvent was exchanged to deuterium 

oxide, the remaining 15N-1H backbone peaks corresponded to unexchanged hydrogen-bonded 

secondary structural elements and could be assigned to residues from the 12th Ig-like domain. The 

partial 11th Ig-like domain at the N-terminus of LigBCen2R probably does not contribute to 

hydrogen bonded secondary structural elements and may require additional β-strands to complete 

proper folding of its β-sheet.  

The construct, LigB-12, residues S1029-T1123 from LigB, was designed to remove the non-

structured regions and isolate the core Ig-like domain. The alignment of each unique Ig-like 

domain from LigA (6 common with LigB and 7 LigA-only), LigB (6 unique), and LigC (6 unique) 

suggests that the secondary structure of LigB-12 is shared by the family of 31 domains 

(Supplemental Figure 2.1). The sequence is well conserved for the predicted β-sheets, which 

comprise the major elements of Ig-like domain folds. The ability of LigB-12 to retain the binding 

affinity displayed by LigBCen2R for Fg was investigated using ELISA (Figure 2.1B). The KD of 

LigBCen2R and LigB-12 were similar (LigBCen2R, KD = 117 ± 11 µM; LigB-12, KD = 125 ± 20 

µM), suggesting that LigB-12 is the Fg-interacting Ig-like domain from the LigB protein. The 

negative control LigB-4 (residues T309-L403) does not bind to Fg. 

NMR solution structure of LigB-12—The 15N,1H-HSQC NMR spectrum of LigB-12 was well 

dispersed suggesting a folded Ig-like domain protein (Figure 2.2A; red spectrum). Chemical-shift 

derived dihedral angles, NOEs, RDCs, and deuterium exchange data from NMR spectra were used 

to determine the solution structure of the LigB-12 construct (Table 2.1). The LigB-12 structure 

displays the characteristic fold found in other Ig-like domains (Figs. 2B &C). The fold is composed 
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of β-strands, A-G, that form a β-sandwich based on a Greek key folding arrangement (Figure 

2.2D). Two layers of β-sheets close around a hydrophobic side-chain core. The more extensive 

layer is divided into Sheets 1a (β-strands A, B, and C) and 1b (β-strands B¢, D, and E) each 

containing a portion of β-strand B separated by a break and a slight twist but otherwise composed 

of distinct β-strands. Sheet 1b participates in forming the β-sandwich with Sheet 2 (β-strands C¢, 

F, and G) while Sheet 1a extends beyond the complementary surface with Sheet 2 leaving both 

surfaces solvent-exposed. The β-strands A, C, and G are also not continuous with each 

participating in two sheets. The break in β-strand C is almost a full helical turn allowing for the 

strand to interact directly with both layers of the β-sandwich. A single helical turn between β-

strands C and D is also present. 

Based on the identified LigB-12 domain, additional two additional constructs for LigB-11, the 

full homologous Ig-like domain neighbor preceding LigB-12, and for LigB-11,12, the double Ig-

like domain which includes both LigB-11 and LigB-12, were generated. The 1H,15N-HSQC spectra 

of LigB-11 (green) and LigB-12 (red) were overlaid onto the LigB-11,12 (black) spectrum (Figure 

2.2A). The high degree of spectral similarity between the isolated domains and the two domain 

construct suggests that the individual LigB-12 and LigB-11 constructs are representative of its Ig-

like domain structure in the context of the multiple linked domains found in the full length protein. 
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FIGURE 2.2 Structure of LigB-12 determined using NMR spectroscopy (PDB ID: 2MOG). (A) 
15N,1H-HSQC NMR spectra of LigB-11,12 (red), LigB-11 (green) and LigB-12 (black) obtained 
on a Varian 500 MHz NMR spectrometer at 13˚C. (B) Overlay of the 20 lowest energy structures 
of LigB-12 calculated from the NMR constraints. (C) The lowest energy NMR solution structure 
of LigB-12. (D) A schematic of the secondary structure of LigB-12 indicating the position of 
residues P1040, F1053, and W1073. The colors correspond to those in part (C). 
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Table 2.1 Structural Statistic for NMR structure of LigB-12 (PDB ID: 2MOG) (20 of 100) 
NMR distance and dihedral constraints  
Distance constraints  
    Total NOE 1504 
    Intra-residue 489 
    Inter-residue  
      Sequential (|i – j| = 1) 437 
      Medium-range (|i – j| <= 5) 137 
      Long-range (|i – j| > 5) 441 
    Hydrogen bonds 39 
Total dihedral angle restraints  
    f 85 
    y 81 
    χ1 36 
Total RDCs 50 
 
Structure statistics 

 

Constraint violations (mean and s.d.)  
    Distance constraints   
        Number > 0.2 Å  1.2 ±1.1 
        r. m. s. deviation (Å)     0.015±0.002 
    Dihedral angle constraints  
        Number > 5º 1.9 ±0.9 
        r. m. s. deviation (º)     0.857±0.110 
    RDCs  
        Number > 5 (Qa) 0.0 ±0.0 
        r. m. s. deviation (Qa)   0.174±0.052 
Deviations from idealized geometry  
    Bond lengths (Å)  0.002±0.000 
    Bond angles (º) 0.440±0.010 
    Impropers (º) 0.380±0.025 
Average pairwise r.m.s. deviation from average model (Å)    
   Residues 5-90  
       Backbone 0.397 
       Heavy 0.723 
 
Ramachandran statistics 

 

Favored (%) 90.32 
Allowed (%) 6.45 
Disallowed (%) 3.23 
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Hydrophobic Core—The residues located between the two layers of the LigB-12 β-sandwich 

form a hydrophobic core for LigB-12 (Figure 2.3A). The sequences from the β-strands that line 

the folded core are generally composed of alternating buried hydrophobic and surface-exposed 

hydrophilic residues. Aromatic residues from each of the layers, F1053 (Sheet 1) and W1073 

(Sheet 2), interact and contribute to a hydrophobic center (Figure 2.2D and 3A). In addition, the 

side chain NH of W1073 does not efficiently exchange with solvent as observed by NMR-based 

deuterium exchange experiments (Figure 2.3B and C). In the structure, the backbone carbonyl 

oxygen of T1068 points toward the W1073 side chain nitrogen and is in proximity to be its 

hydrogen-bonding partner (Figure 2.3A). The unique hydrogen bond provides an anchor for the 

twist in β-strand C that rotates almost a full helical turn at the break in Sheet 1.   



	 45	

 
FIGURE 2.3 Hydrophobic core of LigB-12. (A) Structure of LigB-12 showing the residues in the 
hydrophobic core. (B) A section of the LigB-12 15N-1H NMR spectrum (red) is shown overlaid 
with a spectrum of the same protein after replacing the solvent with D2O for 12 hr (blue). (C) H-
D Exchange data for the five backbone amide protons shown in (B). Note the slow exchange of 
the sidechain of W1073. 

 

Lig Protein Ig-like Domain Conservation—An alignment of the twelve LigB repeats reveals a 

high level of conservation for residues facing the hydrophobic core (Supplemental Figure 2.1). 

The degree of conservation for the 12 LigB domains was mapped onto the LigB-12 structure in 

Figure 4A. The residues surrounding the core tryptophan, W1073 (green surface), are well 

conserved. The high level of sequence consensus decreases as a function of distance from the 

central tryptophan residue (Figure 2.4B). The Ig-like domains from Lig proteins are likely derived 
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from a common evolutionary Ig-like domain through gene replication (43) and residue 

conservation across the domain set can provide clues to a residue’s importance. Conserved 

residues are clustered in the core of the Lig protein Ig-like fold suggesting that all 12 repeats have 

homologous structures and common folding pathways that are stabilized by a conserved 

hydrophobic core. 

 
                                     

 
FIGURE 2.4 Conservation of Lig Ig-like domains. (A) Residue conservation mapped onto the 
LigB-12 structure. The core tryptophan, W1073, is shown with a green surface, while atoms for 
the neighboring residues are also shown in stick representation. (B) The average residue consensus 
for aligned LigB domains plotted as a function of distance to the core tryptophan (W1073 in LigB-
12). (C) The disulfide seen in LigC-2 was transplanted to LigB-12 by making the P1040C/F1053C 
mutation of LigB-12. Shown is the model of the mutant protein (white) overlaid on the LigB-12 
structure (beige). (D) Absorption of the reaction product (TNB2-) at 412 nm after DTNB 
modification of a free cysteine for wild-type LigB-12 and the F1053C and P1040C/F1053C 
mutations. (E) A non-reducing SDS-PAGE gel was used to detect the formation of inter-domain 
disulfides at increasing temperatures. A significant increase in disulfide-trapped dimers was seen 
for the single cysteine but not the double cysteine mutant.  

 



	 47	

LigC-2 Disulfide—Among all of the 31 unique Lig protein Ig-like domains only three cysteines 

are present with two occurring in LigC-2. The two LigC-2 cysteines are positioned on neighboring 

β-strands, A and B, and are close enough to form a disulfide bond as suggested by a model of 

LigB-12 containing cysteine mutations (P1040C, F1053C) at the corresponding sites (Figure 

2.4C). When the mutations are modeled as a disulfide, the LigB-12 structure is left unaltered as 

illustrated by backbone RMSDs mapped onto the model. The potential for the internal disulfide to 

exist in LigC-2 and to be transplanted to LigB-12, a more divergent Lig Ig-like domain (43), was 

tested by generating the P1040C/F1053C mutant of LigB-12. 

LigB-12, the F1053C mutant, and the P1040C/F1053C mutant were reacted with 5,5¢-

dithiobis-(2-nitrobenzoic acid) (DTNB) to investigate the presence of free cysteines. Under 

denaturing conditions (4M urea), both the wild-type and P1040C/F1053C mutant exhibited little 

reactivity while the F1053C mutant reacted with DTNB (Figure 2.4D). In addition, when the three 

LigB-12 constructs were incubated at various temperatures under oxidizing conditions, disulfide 

cross-linked dimers were observable on a non-reducing coomassie blue-stained gel as the 

incubation temperature increased for the F1053C mutant (Figure 2.4E). A decrease in the F1053C 

mutant monomer band (10 kDa) corresponded to the increase in the dimer band (20 kDa) 

suggesting that a free cysteine (F1053C) was available for intermolecular crosslinking. Essentially 

no dimer was observed for the wild-type and P1040C/F1053C mutant. The inability to detect free 

cysteines for the P1040C/F1053C mutant in either assay suggests that an internal disulfide forms 

as predicted by the LigB-12 structure-based model.  
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FIGURE 2.5 Divergence of Lig Ig-like domains. (A) A surface showing and structure colored to 
show the divergence between LigB-12 and the consensus sequence for the LigB domains. The 
deviation occurs at a patch near the C-terminus that would be near the terminal non-Ig-like domain. 
(B) A set of 5 models of LigB-11,12 is shown illustrating the linker and potential interdomain 
interactions. The models depict a range of relative orientations that would allow for the formation 
of a domain-domain salt bridge. (C) The crystal structure of Invasin (1CWV) is depicted 

C 

D1                             D2  D3  

Invasin                             
(Hamburger, ZA, et al., 1999) 

Asp-Lys pairs                             
between Ig-like Domains 
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highlighting possible salt bridges between neighboring Big domains. 
 

LigB-12 Specific Divergence—The degree of conservation for the set of LigB Ig-like domains 

from Figure 4 was further analyzed for residue specific deviation of LigB-12 (Figure 2.5A). A 

patch of residues facing the non-Ig-like terminal domain and near to the C-terminus of LigB-12 

showed non-conserved changes at positions that are conserved for the other eleven Ig-like domain 

sequences. Specifically, a conserved stretch of three residues, A-K-G, is located in a loop between 

β-strands A and B for most of the LigB Ig-like domains; however in LigB-12, the corresponding 

AB loop sequence was unrelated, N1046-T1047-T1048. While the non-conserved surface provides 

a potential LigB-12 interaction site with the terminal non-Ig-like domain, the complementary 

conserved surface in other LigB domains likely interacts with the immediate Ig-like domain 

neighbor. The conserved lysine (in 15 of 19 LigA and LigB Ig-like domains) projects towards the 

neighboring C-terminal Ig-like domain. A model of LigB-12 and the preceding (11th) Ig-like 

domain was generated using Modeller (40) using the LigB-12 structure as a template (Figure 

2.5B). The conserved lysine from the 11th Ig-like domain, K957, is readily positioned towards a 

conserved aspartic acid, D1061, on the loop between β-strands B and C of the 12th Ig-like domain. 

The conservation of this lysine-aspartic acid pair suggests a possible salt bridge. Electrostatic 

interactions between similar positions are also present in between the three Big (Bacterial Ig-like) 

domains found in the Invasin (Yersinia pseudotuberculosis) structure (26) (Figure 2.5C).  
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FIGURE 2.6 Electrostatics of Lig Ig-like domains. (A) Electrostatic surfaces of modeled repeats 
of LigB, showing differences in surface charges. (B) A schematic diagram of the domains of LigA, 
LigB, and LigC (N-terminal anchor-yellow squares; Ig-like domains-red/blue beads; C-terminal 
domains-green diamonds). The Ig-like domains are colored by calculated pI values and blue/red 
arrows indicate positive/negative charges for a potential domain-domain salt bridge. (C) A plot of 
the calculated pI for each domain of LigA, LigB and LigC. 
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Ig-like Domain Surface Differences—The structural homology of the Lig protein Ig-like 

domains allows us to generate models of the protein set. A comparison of the modeled structures 

highlights potentially important differences between the Lig domains. Differences on the surface 

of the Lig domains are greater than within the hydrophobic core and may reveal regions that 

interact with host proteins. The calculated pI for the Lig protein domains are likely to be either 

acidic (pI = 4-5) or basic (pI = 8-10). Models of the LigB domains were aligned and the 

electrostatic surfaces (calculated using Delphi, (42)) are displayed in Figure 6A. The first four 

repeats are calculated to have an acidic pI and are characterized by patches of negative charge; 

whereas the next five repeats are much more basic, with corresponding positively charged patches. 

The distribution of charged domains is similar for both LigA and LigB; that is a stretch of 

negatively charged repeats near the membrane followed by a stretch of positively charged domains 

at the mid-section of the Ig-like domain stretch, and finally a stretch of negatively charged 

domains. In contrast, all of the domains of LigC are negatively charged. The arrangement of LigA, 

LigB, and LigC is summarized in Figures 6B and C. The difference in surface charges could 

represent points of electrostatic interaction with host proteins. 
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FIGURE 2.7 Comparison of structure of various Big domains (Invasin, 1CWV; Intimin, 1F00; 
BC Big_3, 2KPN; SP Big_3, 2L7Y), highlighting folding patterns and secondary structures. A set 
of structures illustrates the relationship between the position of the C and C¢ loop and the length 
of Sheet 2. The Greek key structure of Invasin, Intimin, and LigB-12 is colored yellow. Note the 
loss of the Greek key structure due to the absence of D and E β-strands in Big_3 domains. The 
length of the D-E loop is highly variable among Lig domains. An alignment of sequences for the 
illustrated structures is shown. 

 
 

 

Bacterial Ig-like Domain Fold Comparison—Insertion/deletions within the set of homologous 

  -----------------------------------------------------------------------------------------------------------------------  	
2KPN (Big_3) ETSDLEPKLTVPVGAT-IHVGDSFVPMAE-----VLA--IDKEDG--DLT---SKIKVDGEVDTTK-----------------------AGTYVLTYTVTDSKGHEVTAKQTVTVKVRE  	
2L7Y (Big_3)   SPKTILGIEVSQEPKKDYLVGDSLDLSEG--RFAVA----YSNDTMEEHSFTDEGVEISG-YDAQK-----------------------TGRQ--TLTLHY-QGHEVSFDVLVSPKAAL 	
LigB-12(Big_2) SAATLSSISISPIN---TNINTTV--SKQ---FFAVG--TYSDGTKADLT---SSVTWSSSNQSQAKVSNASET------KGLV-TGIASGNP--TIIATY--GSVSGNTILTVNKTDT 	
LigB Consensus TPATLTSIQI+PVN---+SIAKGL--TQQ---FKATG--IFSDNSNQDIT---DSVTWSSSNSSIASISNAS++------KGLA-T+LATG+S--TIKATY--GSISGS++LTVTPATL 	
Invasin (Big_1) KGTIAADKSTLAAVPT-SIIADGL-MAST---ITLELKDTYGDPQAGA------NVAFDTTLG---NMGVITDHNDGTYSAPL--TSTTLGVA--TVTVKV-DGAAFSVPSVTVNFTAD 	
Intimin (Big_1) --ASITEIKADKT----TAVANG--QAIT---YTVKV--MKGDKPVSNQ-----EVTFTTTLG---KLSNSTEKTDTNGYAKVTLTSTTPGKS--LVSARV-SDVAVDVKAPEVEFFTT 	
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Lig domains are positioned at the D-E and G-F loops and also the A-A¢ and C-C¢ transitions. 

The largest differences between Lig protein Ig-like domains can be seen in the variation in the 

loop between the D and E β-strands. Interestingly, these positions are located toward the middle 

of the domain near the interface between Sheets 1a and 2. Changes in the length of these loops can 

affect the extent to which Sheet 1a is exposed. Comparing the Lig protein Ig-like domain structure 

to other bacterial Ig-like (Big) domain structures illustrates the importance of the D-E and the C-

C¢ β-strands to the shape of the folded protein (Figure 2.7). Big_1 domains from Intimin 

(Escherichia coli) (1F00; (28)) and Invasin (Yersinia pseudotuberculosis) (1CWV; (26)) have long 

D-E β-strands with only three hydrogen bonds connecting the C β-strand with the B β-strand as a 

subtle hairpin within the loop before the strand analogous to the C¢ β-strand initiates a twist to 

Sheet 2. The resulting structure is almost a full β-sandwich with little of Sheet 1 uncovered. Big_3 

domain structures from a putative bacillolysin (Bacillus cereus) (2KPN; (44)) and a putative endo-

beta-N-acetylgluco-saminidase (Streptococcus pneumonia) (2L7Y; (45)) lack the equivalent D-E 

β-strands and the Greek key structure. The Big_3 domains are therefore narrower along the short 

axis. While both Bacillus cereus and S. pneumonia Big_3 domains have a turn connecting the C 

β-strand in Sheet 1 to the C¢ β-strand in Sheet 2, the Bacillus Big_3 domain has a full Sheet 2 

with a β-sandwich along the entire domain and the Streptococcus Big_3 domain has a short Sheet2 

with only two-thirds of the domain’s Sheet 1 participating in a β-sandwich. The LigB-12 structure 

is classified as a Big_2 domain and is somewhat intermediate between the Streptococcus Big_3 

domain and the Big_1 domains. The comparison across Big domains may yield a better 

understanding of Ig-like domains for design and bioengineering technologies. 

DISCUSSION 

Surface proteins from pathogenic bacteria offer novel opportunities for combating dynamic 
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and evolving disease threats. Lig proteins function as adhesins and are directly involved in the 

binding of numerous host cell matrix proteins. The individual Ig-like domains from LigA and LigB 

possess various affinities for different host proteins. Here, we show that the terminal Ig-like 

domain from LigB, LigB-12, binds to Fg. Protein constructs containing the LigB-12 domain also 

provide host protein interactions with Fn and tropoelastin (15-18). Fg, Fn, and tropoelastin are all 

accessible to invading pathogens and provide important contacts for initiating an infection. 

The structure of LigB-12 provides an important view of a surface-expressing Ig-like domain 

from leptospirosis-causing pathogens as well as insight into the overall architecture of the Lig 

protein family. Within Lig proteins, the oblong Ig-like domains are organized as multiple repeats 

of up to 13 homologous domains with only a few amino acids between neighboring domains. As 

the domains are tethered together near the antipodal points of its longest diameter, the multiple 

domains have the potential to form long extensions. Crystal structures of multiple Ig-like domains 

from various proteins, including fibronectin and invasin, adopt such a linear confirmation (26,46). 

For similar tandem Ig domains, dynamic conformations have also been shown to exist in solution 

(47). An outstretched extracellular Lig protein structure could explain the preference for the more 

C-terminal variable Ig-like domains to interact with host proteins (15,48). Associations between 

host proteins and the conserved Ig-like domains that are positioned closer to the N-terminal 

membrane-bound domain may confer special anchoring or cell invasion properties (17).  

While the main fold of Lig protein Ig-like domains is conserved, the LigB-12 structure can be 

used to compare differences between the domains that may play a role in pathogenesis. While 

residue conservation is an indication of importance to stability and function, deviation from this 

consensus can indicate a specific binding motif for a particular domain. The least conserved 

residues lie on the surface of the Ig-like domains, which are most likely to make protein-protein 
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interactions with the host ECM. Binding assays between LigB domains and ECM proteins reveal 

that LigB-4 and LigB-9 through LigB-12 have the highest affinity for host proteins (15-

18,22,48,49). Interestingly, the pI of LigB-5 through LigB-8 suggests that these domains are basic 

while the pI of host-interacting domains tends to be more acidic. Electrostatics are likely to play a 

role in the ECM interactions. In particular, LigB-4, the last negatively charged domain before a 

stretch of positively charged domains (Figure 2.6B & C) interacts electrostatically with exons 17-

27 of tropoelasin (17).  

In an attempt to identify potential protein interacting sites on LigB-12, a comparative analysis 

of LigB-12 against the consensus for LigB Ig-like domains was used to locate the residues that are 

generally conserved for the set of Ig-like domains but only diverge for LigB-12. A patch of surface 

residues that are specifically divergent for LigB-12 faces the non-Ig-like terminal domain of LigB 

(Figure 2.5A). While the difference in LigB-12 could be important for binding of a host protein, 

the position of the residues along the terminal surface are probably related to adaptive interactions 

with the non-repeat terminal domain. Currently, the structure of the non-repeat domain is not 

known, but it may interact directly with LigB-12 (12). Conversely, the conserved surfaces in the 

other LigB Ig-like domains face the neighboring Ig-like domains, suggesting that a domain-domain 

interaction may be maintained through selective pressure. A conserved lysine is flanked by two 

small flexible residues (A-K-G). The positive charge is positioned in a loop as to extend towards 

the neighboring Ig-like domain. A homology model of LigB-11 in tandem with the LigB-12 

structure reveals a potential electrostatic interaction between the conserved lysine (K957) on LigB-

11 and a conserved aspartic acid (D1061) on LigB-12 (Figure 2.5B). Along with the domain-

domain linker, the potential salt bridge offers a second point of contact between the Ig-like domain 

neighbors. A two-point interaction between domains would function to limit relative rotation of 
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neighboring domains but would be unlikely to limit a hinge motion. A domain-domain interaction 

network could allow for modulatory control of rigidity in the tandem Ig-like domains through 

environmental cues or host interactions. Interestingly, three Ig-like domains in the X-ray crystal 

structure of invasin have two domain-domain interfaces each of which has a salt bridge to the ones 

suggested between Ig-like domains of LigB (Figure 2.5C) (26). In tandem Ig domains from titin, 

a network of non-hydrophobic interactions has been demonstrated to impose rigidity on the relative 

domain orientation in solution (50). The dynamic aspects of tandem Ig and Ig-like neighboring 

domain interactions may be important for functional regulation of multi-repeat containing proteins. 

Calcium has been shown to bind to protein constructs containing LigB-12 as well as improve 

their Fn-binding ability (13). While the LigB-12 structure does not identify a bound calcium ion, 

it does allow for the evaluation of previously suggested calcium-binding locations. D1061 and 

D1066, two highly conserved negatively-charged residues, have been proposed to participate in 

calcium binding based on their location within the LigB consensus sequence, DxSxxDITxxVT 

(conserved in 9 of the 12 LigB domains) (51). Based on the LigB-12 structure, D1061 and D1066 

are positioned at opposite ends of β-strand C making it impossible for both negatively charged 

residues to coordinate the same calcium ion without a conformational rearrangement. Two separate 

binding sites are possible, although we suggest that D1061 is conserved because of a possible inter-

domain salt bridge with K957 from the 11th domain. D1066 is in proximity to E1088 and together 

could be involved in binding calcium. E1088 is in a loop along the least conserved stretch of LigB 

Ig-like domains with significant gaps. Although carboxylate side chains are preferred, carbonyls, 

water, and residues with hydroxyl side chains (S/T) or amino side chains (N/Q) can provide 

adequate oxygen sites for calcium binding (52) and, along with the negatively charged residues, 

oxygen containing side chains cover 65% of LigB-12’s exposed surface area. Additional insight 
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into calcium binding can be obtained from the structures of other bacterial Ig-like (Big) domains. 

NMR structures of Big_3 domains (from Bacillus cereus (2KPN; (44)) and Streptococcus 

pneumonia (2L7Y; (45)) have been analyzed in the presence and absence of calcium with 

observation of subtle chemical shift changes. The calcium ions are thought to be positioned near 

the N-terminal-facing end of Sheet 2. While the putative calcium binding site is located close to 

the N-terminus for the Bacillus cereus Big_3 domain (2KPN) and may regulate interactions with 

a neighboring domain (44), the site is much closer to the mid-section for the Streptococcus 

pneumonia Big_3 domain near the C-C¢ loop suggesting that calcium binding could trigger a 

bending motion within the domain itself (45). In addition, the crystal structure of tandem Big_3 

domains from Salmonella enterica (2YN5) have calcium ions positioned between neighboring 

domains (53). The bound calcium acts as a second point of contact between domain neighbors 

functioning to support a more rigid extended structure for cell-adhesion during pathogenesis.  

The β-sandwich anchored by a central Greek-key fold is thought to provide Ig and Ig-like 

domains with a simple and common folding pathway. Big domains represent a large Ig-like domain 

Pfam (54) fold family with many subgroups (e.g., Big_1, Big_2, and Big_3) and are often found 

in bacterial cell surface proteins (24). The comparison of Big domain folds and sequences shows 

that the Greek-key is one of the least conserved features and  is even simplified from 4 β-strands 

to 2 β-strands in a number of Big_3 domains. The 2 dispensable β-strands show the largest degree 

of insertions/deletion variability among Lig domains and are potential targets for engineering the 

size and shape of the Big domains.  

An important feature of all Big domain folds is the hydrophobic core. The residues comprising 

the hydrophobic core of LigB-12 were recently identified using tryptophan fluorescence 

spectroscopy for wild-type and aromatic residue mutants (55). The fluorescence of W1073 was 
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shown to be consistent with a hydrophobic environment. Additionally, an alanine mutation of a 

conserved phenylalanine residue, F1053A, decreases the hydrophobic environment surrounding 

the tryptophan as well as the stability of the fold. In agreement with fluorescence observations, the 

majority of the F1053 and W1073 aromatic rings are positioned within 7.5 Å of each other and 

buried within the hydrophobic core of the LigB-12 NMR structure. Tryptophan side chain 

hydrogen bonding, as observed for the W1073 side chain nitrogen, could also have an influence 

on the emission wavelength (56). For the Big domains with structures solved, the tryptophan-

phenylalanine core is unique but is also highly conserved among Lig protein domains. Within 

homologous proteins, conserved residues often play a role in fold stability or function. The 

tryptophan fluorescence studies (55) have been extended to support a hydrophobic tryptophan 

environment at the core of several Lig protein Ig-like domains with similar results.  

Core disulfides are commonly found in some Ig domain families where the disulfides connect 

the main β-sheets of the β-sandwich (24). The disulfide from LigC-2 is positioned within a single 

β-sheet and should provide stability near the fold’s N-terminus. The ability to transplant the 

disulfide to the LigB-12 domain provides additional evidence of structural homology among Lig 

domains. Future work directed at stabilizing Big domains for use in biotechnologies could 

incorporate disulfides at similar positions near the N-terminus.  

Ig-like domains are one of the most common extracellular fold types and tethering repeats of 

Ig-like domains produces a simple architecture with the potential for multiple tunable surfaces and 

rigidity control, features that are highly advantageous for an adhesion molecule. The structure of 

LigB-12 has, as expected, an Ig-like fold, but the details of the structure and comparison with other 

Big proteins provides insight into the function of the domains and their interaction with host 

proteins. 
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                                                            CHAPTER 3 

FINE MAPPING OF THE INTERACTION BETWEEN TROPOELASTIN AND 

LEPTOSPIRA IMMUNOGLOBULIN-LIKE PROTEIN B (LIGB) OF 

PATHOGENIC LEPTOSPIRA INTERROGANS  

 

Introduction 

Leptospirosis, a neglected yet serious infectious disease caused by pathogenic 

Leptospira, is considered the most widespread zoonosis in the world. This bacterial disease 

is especially prevalent in tropical nations and reemerging in the United States. Both humans 

and animals could contract leptospirosis by exposing eroded skin or mucosa to spirochete 

contaminated water or soils. As a result, outbreaks of the disease usually take place in 

frequently flooded areas or urban slums with poor sanitation (1, 2). After entering host 

circulation system, the bacteria can rapidly disseminate throughout the body and then reach 

the target organs such as liver, lung, kidney and occasionally brain, leading to devastating 

multi-organ failures. The clinical presentations vary from mild flu-like syndrome to liver 

dysfunction, renal failure and meningitis, also known as Weil’s disease (3, 4). In fatal cases 

of leptospirosis, particularly for patients who did not receive antibiotics treatment at the 

early stage of infection, pulmonary hemorrhage has been identified as a major contributing 

factor (5, 6).  

To establish the initial step of infection, most pathogenic bacteria adhere to host 

tissues by utilizing outer membrane proteins, which function as microbial surface 

components recognizing adhesive matrix molecules (MSCRAMMs). These adhesion 

molecules mediate the bacterial attachment to the host cells by interacting with a variety of 
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extracellular matrix components (ECM) (7). To date, a large number of leptospiral 

MSCRAMMs have been identified and thought to play multiple roles in binding to host 

ECM (8–12). However, it appears that individual ECM protein can be recognized by many 

different leptospiral adhesins in the in vitro settings. Because of functional redundancy of 

these adhesins, single gene knockout of Leptospira mutants might still retain the virulence 

in the animal models (13, 14). 

The Leptospira immunoglobulin-like (Lig) protein family belonging to leptospiral 

MSCRAMMs is exclusively presented on the outer membrane of pathogenic Leptospira. 

The family contains three paralogues of proteins LigA, LigB and LigC, which respectively 

consist of 13, 12, and 13 immunoglobulin-like (Ig-like) domains. The N-terminal six 

domains and half of seventh domain of LigA (amino acids 1-630) shares exactly identical 

sequences with LigB, while the remaining C-terminal domains of two Lig proteins are 

distinct (15, 16). Interestingly, each Ig-like domain was found to have diverse host binding 

partners and to likely participate in different stages of bacterial attachment to host tissues. 

For example, the 4th domain (LigB4) and the 12th domain (LigB12) of LigB could bind to 

tropoelastin (11), and LigB12 also recognized fibrinogen and fibronectin with 

physiological relevant binding affinities (12, 17). Although adherence of the L. interrogans 

ligB mutant to canine kidney cells exhibited no difference from wild type strains, it is likely 

that LigA complements the adhesion role that LigB was thought to play (14). Furthermore, 

expressing Lig proteins on the surface of L. biflexa allowed the non-pathogenic spirochetes 

to gain the ability to bind to ECM molecules and to associate with mammalian cells (18), 

which suggests Lig proteins might still be important for bacteria-host interactions. 

Elastin, one of the major components of ECM, is predominately populated in lung, 
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skin, major arteries, uterus and placenta (19, 20). Given that inherent elasticity and 

resilience of elastin, these tissues were able to maintain the structural integrity during the 

process of periodic distension. Tropoelastin, the building block of the elastin, is composed 

of alternating hydrophobic domains and crosslinking domains. In the initial step of 

elastogenesis, known as coacervation, the hydrophobic domains of tropoelastin monomers 

associate with each other inter- and intra-molecularly, giving rise to an oligomeric network. 

This proper orientation of aggregated tropoelastin along with microfibrils scaffolds 

facilitates the recruitment of lysyl oxidases for the subsequent cross-linking process. 

Finally, multiple lysines located at unique positions of crosslinking domains undergo 

enzymatic oxidation and condensation, forming mature elastic fibers (21).  Because of the 

universal prevalence of elastin on the mammalian cell surface, many bacterial pathogens 

have evolved several MSCRAMMs to recognize elastin in order to establish the infection 

(22–24). For pathogenic Leptospira, we firstly identified that Ig-like domains of LigB were 

responsible for binding to central region of human tropoelastin (HTE) (11). Other groups 

also found that Omp37 and Omp47 had similar roles to Lig proteins (9). However, the 

detailed binding mechanism and the key LigB-interacting residues of HTE have not yet 

been revealed. 

To this end, we pinpointed the critical binding residues for HTE-LigB interaction. 

First of all, we identified that proline-rich hydrophobic domains of HTE were the binding 

sites for LigB4 and LigB12. In addition, the 20th exon of HTE (HTE20) could bind to both 

Lig protein truncations with sub-micromolar affinity. The minimal binding site for Lig 

proteins was specifically narrowed down to N-terminal half of HTE20 (HTE20N) where 

the basic arginine and the aromatic amino acids played pivotal roles in binding to LigB4 
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or LigB12. Taking advantage of atomic resolution structure of LigB12, we generated a 

series of chimeric Lig proteins for fine-mapping the HTE-binding sites. All HTE truncates, 

HTE17-20, HTE20 and HTE20N interacted with β-sheet A-C from LigB12 where F1054, 

D1061, A1065 and D1066 were the most important residues for binding to HTE. Finally, 

the recombinant HTE truncates could diminish the binding of LigB to human lung 

fibroblasts (WI-38 cells) by 68%, and could block the association of Lig-expressing 

spirochetes to WI-38 cells by 62%. Overall, these findings might give a hint on designing 

adhesion blockers for combating leptospirosis. 

 

Materials and Methods 

 Bacterial Strains and Cell Culture-  Leptospira biflexa serovar Patoc ligA, a 

generous gift from Dr. Albert I Ko (18), was grown in Ellinghausen-McCullough-Johnson-

Harris (EMJH) medium at 30°C. Because L. biflexa serovar Patoc ligB was unable to 

express intact LigB, we used L. biflexa serovar Patoc  ligA instead (18).  The human 

embryonic lung fibroblasts, WI-38 cells (ATCC CCL-75), were cultured in Eagle’s 

minimum essential medium (EMEM) supplemented with 10% fetal bovine serum (FBS) 

(GIBCO) and were grown at 37°C in a humidified atmosphere with 5% CO2. Escherichia 

coli TOP10 and Rosetta (DE3) strains (Invitrogen and Novagen) were cultured in Luria-

Bertani broth (LB) with appropriate antibiotics at 37°C.  

 

Reagents and Antibodies-  Tropoelastin (purified from chicken aorta) was purchased from 

Elastin Product Co. (Owensville, MO). Sensor chip CM5, sodium acetate buffer, 1-ethyl-

3-(3-dimethylaminopropyl)- carbodiimide (EDC) and N-hydroxysuccinimide (NHS), 
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ethanolamine and glycine-HCl were purchased from GE Healthcare (Marlborough, MA). 

Rabbit anti-GST IgG antibodies conjugated with HRP was purchased from GenScript 

(Piscataway, NJ). HRP-conjugated goat anti-hamster IgG antibody and 3,3’,5,5’-

tetramethylbenzidine (TMB) peroxidase substrate were purchased from Kirkegaard & 

Perry Laboratories (Gaithersburg, MD). Polyclonal antibodies specifically against L. 

biflexa serovar Patoc ligA were generated by immunizing hamsters with the same 

spirochetes twice, and the anti-sera were collected from hamsters one week after second 

immunization.   

 
 
 
 
FIGURE 3.1. Schematic representation of human tropoelastin (HTE) and the 
truncated constructs used in this study.  
HTE is composed of alternating hydrophobic domains (glycine-rich or proline-rich 
domain) and crosslinking domains (KA or KP crosslinking domain). The truncated HTE 
used in this study are indicated. 
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Plasmid Construction and Protein Purification-  Truncated LigB genes, LigB4 (amino 

acids 307–403 in LigB) and LigB12 (amino acids 1047–1119 in LigB) were amplified 

based on the DNA sequences derived from GenBankTM (L. interrogans serovar Pomona, 

FJ030916) and further constructed into pGEX-6P-1 and pGEX-4T-2 vector (GE 

Healthcare) to express as GST-tagged proteins. LigB4 and LigB12 were also ligated into 

pET28-SUMO vector as previously described to express as His-Sumo tagged proteins (25). 

A series of human tropoelastin (HTE) truncates, as shown in Figure 3.1, including HTE17-

27 (17th to 27th exons of HTE), HTE17-20 (17th to 20th exons of HTE), HTE21-24 (21st 

to 24th exons of HTE), HTE25-27 (25th to 27th exons of HTE), HTE17-18 (17th to 18th 

exons of HTE), HTE19-20 (19th to 20th exons of HTE), HTE17 (17th exons of HTE), 

HTE18 (18th exons of HTE), HTE19 (19th exons of HTE) and HTE20 (20th exons of 

HTE) were amplified by PCR using the primers listed in Table 3.1 and using the construct 

HTE17-27/pGEX-4T-2 as a template (11). Similarly, HTE20N (the first 27 residues of 20th 

exon, amino acids 358-384 in HTE) and HTE20C (the last 28 residues of 20th exon, amino 

acids 385-412 in HTE) truncates were constructed using the primers listed in Table 3.1 and 

using the constructed HTE20 as a template. All amplified HTE fragments were digested 

with EcoRI and XhoI, and then inserted into pET28-SUMO vector cut with the same pair 

of restriction enzymes. For generating HTE20 mutants (R360A, Y371A, F378A and 

F381A), wild-type HTE20/pET28-SUMO was utilized as a template. Following the 

manufacturer’s instruction of QuickChange mutagenesis kit (Stratagene), the site-directed 

mutagenesis for each mutant was performed by using corresponding primers addressed in 

Table 3.1. Likewise, five LigB12 mutants (F1054A, D1061N, A1065K, D1066A and 

E1088A) were generated by using wild-type LigB12/pET28-SUMO as a template and by 
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using the primers listed in Table 3.1. Finally, all LigB truncations, wild-type HTE 

constructs and HTE20 mutants, LigB12 mutants were subjected to DNA sequencing to 

exclude any clone with undesired mutations. The sequence-confirmed constructs were then 

respectively transformed into E. coli Rosetta strains for protein expressions. After being 

cultivated in LB medium containing 1mM of IPTG at 20°C overnight, the bacterial cells 

were disrupted by French press instrument (AIM-AMINCO Spectronic Instruments) at 

12,000 psi. The cell lysates were centrifuged at 14,000 rpm for 30 minutes, and the cell-

free supernatants were loaded onto Ni2+-NTA affinity columns or glutathione agaroses for 

purifying the proteins with corresponding affinity tags. For GST-LigB4 or GST-LigB12, 

the glutathione agaroses pre-equilibrated with PBS buffer (pH=7.5) was used for 

purification as previously described (24). Additionally, His-SUMO tagged HTE 

truncations and Lig proteins were purified by the Ni2+-NTA resin, and the His-SUMO tag 

was further removed by the digestion with SUMO-specific protease Ulp-1 at 4°C overnight 

and by applying it to second Ni2+-NTA column. The tag free proteins were finally applied 

to size exclusion chromatography to gain higher purity for the following experiments. 

Table 1 
Oligonucleotides used for this study (Restriction enzyme sites are underlined and mutated 
sequences are highlighted in bold) 
 

Primer ID Sequence (5’ àà 3’) 

LigB4 fp CGGAATTCACTCCAGCAGCCTTA 

LigB4 rp CCGCTCGAGCTACAAAGCAGCTTGTGTAAC 

LigB5 fp CGCGGATCCACACAAGCTGCTTTG 

LigB5 rp CCCAAGCTTCTAGAGAACCGCAGGAAC 

LigB7 fp CGCGGATCCACAGCTGCAAAGCTT 

LigB7 rp CCGCTCGAGCTACAATTGTGCCGGAGTTAC 
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LigB10 fp CGCGGATCCACTGACTTAAAACTG 

LigB10 rp CCCAAGCTTCTATAACGTGGCAGCACT 

LigB12 fp CGCGGATCCGCAGCAACCCTTTCT 

LigB12rp CCCAAGCTTCTACGTGTCCGTTTTGTT 

HTE17-20 fp CCGGAATTCGGCGTTGGGACTCCA 

HTE17-20 rp CCGCTCGAGCTAGGAAATGCCAACTCC 

HTE21-24 fp CCGGAATTCCCCGAAGCTCAGGCA 

HTE21-24 rp CCGCTCGAGCTAAATGCCGGGAGCCAC 

HTE25-27 fp CCGGAATTCGGCCCTGGTGGAGTT 

HTE25-27 rp CCGCTCGAGCTAATATTTGGCTGCTTTAGC 

HTE17 fp Same as HTE17-20 fp 
HTE17 rp CCGCTCGAGCTAATACTTGGCTGCCTT 
HTE18 fp CCGGAATTCGGAGCTGCTGCAGGC 
HTE18 rp CCGCTCGAGCTATGGAACCGCAGCACC 

HTE19 fp CCGGAATTCGGGGTTGTGTCACCA 

HTE19 rp CCGCTCGAGCTAGTATTTGGCTGCCTT 

HTE20 fp CCGGAATTCGGGGCCAGGCCCGGA 

HTE20 rp Same as HTE17-20 fp 

HTE20N fp Same as HTE20 fp 

HTE20N rp CCGCTCGAGCTATCCGACACCAAAGCC 

HTE20C fp CCGGAATTCGTCGGAGGTATCCCT 

HTE20C rp Same as HTE20 rp 

HTE20R360A fp CCGAATTCGGGGCCGCGCCCGGAGTCG GAG 

HTE20R360A rp CTCCGACTCCGGGCGCGGCCCCGAATTCGG 

HTE20Y371A fp GAGGCATTCCTACTGCCGGGGTTGGAGCTG 

HTE20Y371A rp CAGCTCCAACCCCGGCAGTAGGAATGCCTC 

HTE20F378A fp TTGGAGCTGGGGGCGCTCCCGGCTTTGGTG 

HTE20F378A rp CACCAAAGCCGGGAGCGCCCCCAGCTCCAA 



	 76	

HTE20F381A fp GGGCTTTCCCGGCGCTGGTGTCGGAGTC 

HTE20F381A rp GACTCCGACACCAGCGCCGGGAAAGCCC 

B7/B10/1 GAAATATCCGCAGCCATTTACAATTCTATAAGCAG 

B7/B10/2 CTGCTTATAGAATTGTAAATGGCTGCGGATATTTC 

B7/B10/3 CCGATATTACAAATCAAGTGACCTGGTATTCTTC 

B7/B10/4 GAAGAATACCAGGTCACTTGATTTGTAATATCGG 

B7/B10/5 CAAGAAATTACGAATCTTGTTACTTGGAATTCCTC 

B7/B10/6 GAGGAATTCCAAGTAACAAGATTCGTAATTTCTTG 

B7/B10/7 TCCGACATCTATGCGCTCGGTTCAATCAAAAG 

B7/B10/8 CTTTTGATTGAACCGAGCGCATAGATGTCGGA 

B5/B12/1 ACGATTACCGCAACCTACGGTTCAGTATCTG 

B5/B12/2 CAGATACTGAACCGTAGGTTGCGGTAATCGT 

B5/B12/3 GGATATTACGGATCAAGTTACATGGTCCAGC 

B5/B12/4 GCTGGACCATGTAACTTGATCCGTAATATCC 

B5/B12/5 GGATATTACGGATCAAGTTACATGGTCCAGC 

B5/B12/6 AGAATTCCAAGTGACCGAAGAAGTTAAATCC 

B5/B12/7 ATAATCACAGCGACCTTAGGAAAAGTTGCAG 

B5/B12/8 CTGCAACTTTTCCTAAGGTCGCTGTGATTAT 

LigB12F1054A fp CCGTATCAAAACAATTCGCCGCGGTGGGAACGTATT 

LigB12F1054A rp AATACGTTCCCACCGCGGCGAATTGTTTTGATACGG 

LigB12D1061N fp GTGGGAACGTATTCGAATGGAACCAAAGCGGAT 

LigB12D1061N rp ATCCGCTTTGGTTCCATTCGAATACGTTCCCAC 

LigB12A1065K fp TCGGATGGAACCAAAAAGGATTTAACTTCTTCGG 

LigB12A1065K rp CCGAAGAAGTTAAATCCTTTTTGGTTCCATCCGA 

LigB12D1066A fp GATGGAACCAAAGCGGCTTTAACTTCTTCGGTTAC 

LigB12 D1066A rp GTAACCGAAGAAGTTAAAGCCGCTTTGGTTCCATC 

LigB12E1088A fp GTGAGTAACGCATCTGCAACGAAAGGATTGGTT 
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LigB12E1088A rp AACCAATCCTTTCGTTGCAGATGCGTTACTCAC 

 

Generating LigB5/LigB12 and LigB7/LigB10 chimeric constructs-  To generate a full set 

of LigB5/LigB12 and LigB7/LigB10 chimeric constructs, a series of overlapping extension 

PCR were conducted by using the primers listed in Table 3.1. Generally, each single 

domain was further divided into three segments, strand A-C, strand C’-F and strand C-G’. 

The strand boundaries were rationally determined based on the spatial arrangement of β-

sheets in the high-resolution structure of LigB12 [Ptak et al., 2014]. In the first run of the 

constructions, either one or two consecutive segments at N terminus or C terminus were 

swapped with corresponding segments from the other Ig-like domain, generating the 

chimeric amplicons LigB5-LigB5-LigB12, LigB5-LigB12-LigB12, LigB12-LigB12-

LigB5 and LigB12-LigB5-LigB5, LigB7-LigB7-LigB10, LigB7-LigB10-LigB10, 

LigB10-LigB10-LigB7 and LigB10-LigB7-LigB7. Subsequently, the central segments 

were swapped in the next run of the constructions, producing LigB5-LigB12-LigB5, 

LigB12-LigB5-LigB12, LigB7-LigB10-LigB7 and LigB10-LigB7-LigB10. BamHI and 

HindIII (or XhoI) restriction enzyme sites were artificially introduced to 5’ and 3’ end of 

all PCR amplicons to facilitate the ligations into pET28-Sumo vectors. Following 

transformation of ligated plasmids into TOP10 competent cells, the kanamycin resistant 

colonies from each LB plate were then screened by colony PCR. The selected positive 

constructs were further confirmed by DNA sequencing.  

Binding Assays by ELISA-  To examine the binding affinity of various HTE truncates to 

Lig proteins, 1µg of HTE17-20, HTE21-24, HTE25-27, HTE17-18, HTE19-20, HTE17, 

HTE18, HTE19 HTE20, HTE20N and HTE20C were coated on microtiter wells 

respectively in 0.1 M of NaHCO3 (pH 9.4) coating buffer at 4°C overnight. HTE17-27 (11) 
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and BSA were included in the binding assay as a  positive and a negative control 

respectively. To investigate the critical LigB interacting residues of HTE20, different 

HTE20 mutants R360A, Y371A, F378A and F381A were also individually immobilized 

on the microtiter wells using the same condition addressed above. All microtiter plates 

were blocked with PBS buffer containing 3% BSA at 37°C for one hour, and then a series 

two-fold dilutions of GST tagged Lig proteins (10 µM ~ 0.156 µM) were applied to HTE 

truncates coated wells for an additional one-hour incubation at 37°C. Between each step, 

the plates were washed with PBS buffer containing 0.05% Tween 20 (0.05% PBS-T) for 

three times to remove non-specific or unbound molecules. Subsequently, HRP-conjugated 

rabbit anti-GST IgG antibodies (1:2000) were added to detect the HTE-bound LigB 

proteins. After three times washes with 0.05% PBS-T, 100 µL of TMB substrates were 

added and allowed the reaction to develop the color for 10 min. Finally, the microtiter 

plates were read at 630 nm by an ELISA plate reader (Biotek EL-312, Winooski, VT). The 

similar procedure was utilized to fine-map the HTE-binding sites on LigB12 and LigB7. A 

total of twelve different tag-free LigB5/LigB12 and LigB7/LigB10 chimeras plus wild-

type LigB5, LigB12, LigB7 and LigB10 (control) were coated on the wells. For pinpointing 

the key HTE-binding residues on LigB12, five tag-free LigB12 mutants F1054A, D1061N, 

A1065K, D1066A and E1088A) and wild-type LigB12 were also immobilized on the wells 

respectively. Then, five micromolar of histidine tagged HTE17-20, HTE20 and HTE20N 

were applied to either Lig protein chimeras or LigB12 mutants coated wells. The binding 

of truncated HTE to chimeric Lig proteins or various LigB12 mutants were detected by 

anti-His antibodies. Each OD630 value shown in the figures represents the mean of three 

independently determinants ± the standard deviation from three replicates. The equilibrium 
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dissociation constant (KD) was calculated by the equation indicated below. 

   

 

Binding Kinetics Study by Surface Plasmon Resonance (SPR)-  To investigate the binding 

kinetics between Lig proteins and HTE truncations, SPR was performed by using a Biacore 

3000 instrument (GE Healthcare). In brief, 50 µg/mL tag free LigB4 and LigB12 in 10 mM 

acetate buffer (pH 4.0) were respectively immobilized on different flow cells of a CM5 

sensor chip until reaching a level of 1000 resonance units. The control flow cell was 

activated and blocked by the same reagents (NHS-EDC and ethanolamine) used for LigB-

coated cells except that no protein was added for the control cell. Serial concentrations of 

HTE truncates (0, 0.3125, 0.625, 1.25, 2.5 and 5µM of HTE17-20, HTE19-20, HTE20, 

HTE20N and HTE20C) were individually injected to the flow cells in PBS buffer at a flow 

rate of 30 µL/min. The chip surface was regenerated by removal of analyte with a 

regeneration buffer (10 mM glycine-HCl at pH 3.0). All sensogram data was recorded at 

25°C and normalized by subtracting the data from the control flow cell. To determine the 

kinetics parameters (kon and koff) and the binding affinity (KD) of LigB-HTE interactions, 

the binding sensograms were fitted by BIAevaluation software using one-step 

biomolecular association reaction model (1:1 Langmuir model) version 3.0 model, which 

gave the optimal mathematical fits with the lowest χ values.  

 

Binding Experiments by Fluorescence Spectrocopy-  Given that each single Ig-like domain 

of LigB contains only one tryptophan and that HTE truncates did not contain any 
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tryptophan, the binding of HTE20 or HTE20N to LigB proteins could be examined by 

steady state fluorescence intensity using Hitachi F4500 spectrofluorometer (Hitachi. San 

Jose, CA). The intrinsic tryptophan fluorescence of LigB proteins (2 µM) alone was 

monitored at 25°C by exciting the solutions at 295 nm and measuring the emission in the 

305- 400-nm regions. In the same spectrum mode, a series of two-fold dilutions of HTE20 

or HTE20N (10 µM ~ 0.625 µM) in PBS buffer were gradually titrated into LigB solutions, 

and the fluorescence intensity was individually recorded after 5 minutes of incubation. 

Additionally, the fluorescence intensity of each HTE20 or HTE20N without Lig proteins 

was also recorded and used to substrate the spectra from the corresponding HTE20 or 

HTE20N with Lig proteins. To calculate the dissociation constant (KD), the changes of 

fluorescence intensity of various concentrations of LigB-HTE mixtures were measured at 

315 nm and fitted with Equation shown below using Kaleida Graph software (version 2.1.3 

Abelbeck software),  

 

where Fmax is the fluorescence intensity of Lig proteins in the absence of HTE; Fmin 

indicates the fluorescence intensities of Lig proteins saturated with HTE. In addition, F is 

the fluorescence intensities of Lig proteins in the presence of various concentrations of 

HTE. All of the measurements were corrected for dilution and for inner filter effect.   

 

Adhesion assay-  To investigate if the recombinant tropoelastin truncations can block the 

binding of LigB4 or LigB12 to tropoelastin-producing WI-38 cells, the competitive ELISA 

binding assays were conducted. The WI-38 cells were seeded at the concentration of 105 
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cells/well in a 96-well tissue culture plate and incubated at 37°C overnight. After the cell 

monolayer developed, the culture supernatant was replaced with EMEM containing 10% 

FBS with no antibiotics for 1 hour. Fixed concentration (5 µM) of GST-LigB4 or GST-

LigB12 was pre-incubated with serial dilutions of HTE17-20, HTE20N and HTE20C (10 

µM ~ 0.156 µM) for 1 hour prior to addition to WI-38 cells for additional 3 hours incubation 

at 37°C. The unbound proteins were removed from cell surface by washing the plates with 

0.05% PBS-T for three times. Subsequently, HRP-conjugated rabbit anti-GST antibodies 

(1:1000) in PBS containing 1% BSA were used to detect the cell surface associated Lig 

proteins for 1 hour at 37°C. Finally, after three times washing, TMB substrates were added 

as previously described. For the bacterial adhesion assay, we initially test if LigA-

expressing L. biflexa (Patoc ligA) could adhere to cell surface of WI-38 cells. A series two-

fold dilution of spirochetes were added to overnight-grown WI-38 cells in microtiter plates 

for 3 hours incubation at 37°C. The unbound bacteria were removed by three times washes 

with 0.05% PBS-T, while bound bacteria were fixed by 4% paraformaldehyde for 30 

minutes. Fixatives were quenched by 125 mM of glycine and the quenching reagents were 

rinsed off with PBS. Finally, hamster anti- L. biflexa polyclonal antibodies (1:1000) and 

goat anti-hamster IgG antibodies conjugated with HRP (1:2000) were used as primary and 

secondary antibodies to detect WI-38 cells-bound spirochetes. To examine if the 

tropoelastin truncations can decrease L. biflexa (Patoc ligA) binding to WI-38 cells, a 

competitive bacterial adhesion assay was performed. Briefly, 107 cells/ml of Patoc ligA 

were pre-incubated with various concentrations of HTE17-20, HTE20N and HTE20C (10 

µM ~ 0.156 µM) for 1 hour before adding to overnight-grown WI-38 cells (105 /well) at 

37°C.  Following 3 hours incubation with WI-38 cells and then three times washes with 
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0.05% PBS-T, the cell-bound spirochetes were fixed 4% paraformaldehyde and quenched 

by 125 mM of glycine as preciously described. Similarly, hamster anti- L. biflexa 

polyclonal antibodies and HRP conjugated goat anti-hamster IgG antibodies were used to 

measure the cell binding levels of spirochetes. 

 

Results 

 The proline-rich hydrophobic domains of tropoelastin are the binding sites for 

LigB4 and LigB12-  Previously, our group had identified that LigB Ig-like repeats bound 

to 17th to 27th exon of human tropoelastin (HTE17-27). Based on the binding affinity to 

HTE, the repeated domains could be classified into three groups: strong binders (LigB4 

and LigB12), moderate binders (LigB7’-8 and LigB9) and weak binders (the rest of LigB 

repeats) (11). To further pinpoint the minimal binding site for LigB, the central region of 

HTE was truncated into three fragments: HTE17-20, HTE21-24 and HTE25-27 as 

indicated in Figure 3.1. The two strongest HTE-binding partners, LigB4 and LigB12, were 

added to microtiter wells coated with different HTE truncates including HTE17-27 

(positive control) and BSA (negative control). As expected, both LigB4 and LigB12 bound 

strongly to HTE17-27, while none of them interacted with BSA (Figure 3.2A and 2B). 

Among all HTE truncates, HTE17-20 was consistently recognized by both LigB12 and 

LigB4. This strong interaction between HTE17-20 and Lig proteins was 5.7-fold greater 

than negative control (p<0.05). HTE25-27 also showed comparable binding to LigB12 (3-

fold higher than negative control, p<0.05), but it did not interact with LigB4 at significant 

levels. In addition, there was no significant binding of HTE21-24 to either LigB4 or 

LigB12.  
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FIGURE 3.2. LigB Ig-like domains bind to proline-rich hydrophobic domains of 
HTE. 
A series of HTE truncates (1µg/well) or BSA (negative control) were immobilized on the 
microtiter plates, and then 5 µM of GST tagged LigB12 (A) and LigB4 (B) was 
individually applied to HTE-or BSA-coated wells. The binding of GST-tagged proteins to 
different HTE fragments were detected by ELISA using HRP-conjugated anti-GST 
antibodies. All experiments were conducted in three replicates, the mean +/- standard 
deviation of which were shown in bar charts. Asterisks indicate that binding of GST-
tagged LigB to HTE was significantly (P < 0.05 by Student’s t-test) greater than that to 
BSA. Pound signs indicate that binding of GST-tagged LigB to HTE20 was significantly 
(P < 0.05 by Student’s t-test) greater than that to HTE18. 
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proline-rich hydrophobic domains (HTE18, HTE20)-  To investigate whether the ability of 

LigB4 or LigB12 binding to different domains of HTE17-20 is distinct, the affinity of LigB 

proteins to respective single domain (HTE17, HTE18, HTE19 and HTE20) or double 

domain (HTE17-18 and HTE19-20) was measured by ELISA. As indicated in Figure 3.2A 

and 2B, HTE19-20 was strongly recognized by both LigB12 and LigB4, the binding of 

which were 4.5 to 5-fold higher than negative control (p<0.05). This tight interaction 

between HTE19-20 and LigB4 or LigB12 was only slightly weaker than that between 

HTE17-20 and LigB proteins. On the other hand, HTE17-18 was recognized by LigB12 

and LigB4 to a lesser extent, the interactions of which were 2.2 to 2.7 fold higher than 

negative control (p<0.05). For the single domain HTE truncations, HTE20 displayed the 

strongest binding to LigB12 and LigB4 (4.4-fold higher than negative control), while the 

binding affinity was no significantly different from the interaction between HTE19-20 and 

LigB proteins. This might explain the fact that HTE19 exhibited no binding affinity to both 

LigB12 and LigB4. Additionally, HTE18 showed distinguishable binding to either LigB12 

or LigB4 (2 fold higher than negative control, p<0.05), but this interaction was much 

weaker than HTE20-LigB interaction (p<0.05). Taken together, these findings indicated 

that both LigB12 and LigB4 recognized HTE17-20, HTE19-20 and more specifically 

HTE20, suggesting that proline-rich hydrophobic domains of HTE are the binding sites for 

LigB repeats. 
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FIGURE 3.3. LigB12 interacts with HTE17-20, HTE19-20 and HTE20 with 
submicromolar binding affinities. 
A-C, SPR analysis of LigB12-HTE interactions were conducted by flowing various 
concentrations of (A) HTE17-20 (B) HTE19-20 and (C) HTE20 at 0, 0.16, 0.32, 0.63, 
1.25, 2.5 and 5µM through LigB12-immobilized chip. The sensogram shown in each 
panel was a representative of three independent experiments. The KD, kon, and koff values 
of these interactions were shown in Table 3.2 and they were obtained from the average of 
these three experiments. D. A series of two-fold dilutions of HTE20 (10 µM ~ 0.625 µM) 
were gradually titrated into LigB12 (2µM), and the fluorescence intensity of LigB12 core 
Tryptophan was individually recorded at 305~400 nm. As inlet, the changes of 
fluorescence intensity of various concentrations of LigB-HTE mixtures were measured at 
315 nm and were plotted as function as HTE20 concentrations. The saturation curve was 
then fitted with the equation mentioned in materials and methods for calculating the 
dissociation constant (KD), which is shown in Table 3.2. Shown was a representative of 
six experiments performed on three separate occasions. 
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LigB12 binds to HTE17-20, HTE19-20 and HTE20 with submicromolar affinities-  To 

precisely characterize the real-time binding kinetics of LigB-HTE interactions, the 

aforementioned HTE truncates (HTE17-20, HTE19-20 and HTE20) were used to analyze 

the interaction with LigB12 by surface plasmon resonance (SPR). By flowing the 

individual HTE fragments through a LigB12-coated CM5 sensor chip, the association rate 

constants (kon) and the dissociation rate constants (koff) were obtained by fitting the 

sensograms with 1:1 Langmuir binding model, resulting in the equilibrium dissociation 

constant (KD). As shown in Table 3.2 and Figure 3.3A, HTE17-20 exhibited a strong 

binding to LigB12 with submicromolar affinity (kon =1.3 × 103 ± 0.3 M-1 s-1, koff =1.1 × 10-

3 ± 0.7 s-1, KD = 0.85 ± 0.04 µM). HTE19-20 (Figure 3.3B) and HTE20 (Figure 3.3C) also 

displayed comparable binding affinities to LigB12 with kinetic parameters kon =3.1 × 103 

± 0.7 M-1 s-1, koff =4.3 × 10-3 ± 0.5 s-1, KD =1.34 ± 0.06 µM for HTE19-20 and kon =3.4 × 

103 ± 0.7 M-1 s-1, koff =3.2 × 10-3 ± 0.3 s-1, KD =0.94 ± 0.04 µM for HTE20. In comparison 

with the affinity of HTE17-20 to LigB12, the smaller constructs (HTE19-20 and HTE20) 

had slightly lower affinities to Lig proteins and presented a fast association and fast 

Surface(Plasmon(Resonance Fluorescence(
Spectroscopy(

Analytes KD (µM). kon (M11.s11) koff (s11) KD (µM).
HTE17120 0.85.± 0.04. 1.3.× 103 ± 0.3. 1.1.× 1013 ± 0.7 n.d.*
HTE19120 1.34.± 0.06. 3.1.× 103 ± 0.7. 4.3.× 1013.± 0.5 n.d.*
HTE20 0.94.± 0.04. 3.4.× 103 ± 0.7. 3.2.× 1013 ± 0.3 0.97.± 0.03.
HTE20N 0.78.± 0.05. 2.7.× 103 ± 0.4. 2.1.× 1013 ± 0.2 0.82.± 0.06.

All values represent the mean ± SD of three experiments.
*n.d.=Not determined  

Table 3.2 Dissociation constants and kinetic data for different HTE truncations 
interacting with LigB12, as determined by surface plasmon resonance and fluoresce 
spectroscopy.
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dissociation kinetics. The binding affinity of HTE20 to LigB12 was also obtained by 

calculating the change of tryptophan fluorescence intensity as increasing concentrations of 

HTE20 was titrated into LigB12 (Table 3.2 and Figure 3.3D). In agreement with the SPR 

data, the measured KD was equal to 0.97 ± 0.03 µM. To sum up, HTE20, a single proline-

rich hydrophobic domain, retained the sub-micromolar affinity to LigB12. 

 
 
FIGURE 3.4 Both LigB4 and LigB12 specifically bind to the N-terminal region of 
HTE20 (HTE20N) 
A and B. ELISA was performed to examine the binding affinities of HTE20 truncates to 
LigB12 (A) or LigB4 (B). Various concentrations of GST tagged LigB proteins (0, 0.16, 
0.32, 0.63, 1.25, 2.5, 5 and 10µM) were applied to HTE17-20 (positive control), HTE20, 
HTE20N, HTE20C and BSA (negative control) coated wells respectively (1µg/well). The 
binding of LigB to HTE truncates was measured by ELISA. C. SPR analysis of LigB12-
HTE20N interaction was conducted by flowing the HTE20N (5µM ~ 0.31µM, 2-fold 
serial dilution) through LigB12-coated CM5 sensor chip. The sensogram shown was a 
representative of three independent experiments. The KD, kon, and koff values of this 
interaction was shown in Table 3.2 and it was obtained from the average of these three 
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experiments. D. Intrinsic fluorescence spectrum of LigB12 in the presence and absence of 
HTE20N. A various of concentrations (10µM ~ 0.625µM) of HTE20N were titrated into 
LigB12 (2µM), and the extent of the fluorescence quenching of LigB12 was monitored as 
Fig.S1D. As inlet, the changes of fluorescence intensity of various concentrations of 
LigB-HTE mixtures were measured at 315 nm and were plotted as function as HTE20 
concentrations. The saturation curve was then fitted with the equation mentioned in 
materials and methods for calculating the dissociation constant (KD), which is shown in 
Table 3.2. Shown was a representative of six experiments performed on three separate 
occasions. 
 

Amino terminal region of HTE20 (HTE20N) is the minimal binding site for LigB4 and 

LigB12-  To identify the minimal binding sites for LigB proteins, HTE20 was further 

truncated into two fragments, the N-terminal part (HTE20N) containing unique basic and 

aromatic amino acids and the C-terminal part (HTE20C) consisting of classic VPGVG 

repeats. The binding of each truncated HTE to LigB12 or LigB4 was analyzed by ELISA 

binding assay. HTE17-20, HTE20 and BSA were also included as positive and negative 

control. As expected, HTE17-20 showed the greatest binding affinity to either LigB12 or 

LigB4 (ELISA, KD= 0.81 µM), while there was no interaction between BSA and Lig 

proteins (Figure 3.4A and 4B). Interestingly, HTE20N exhibited comparable binding to 

both Lig proteins (ELISA, KD= 0.84 µM). These tight interactions were at similar levels to 

HTE20 binding to Lig proteins, which suggests HTE20N maintained a complete binding 

site for LigB12 and LigB4. In addition, HTE20C totally lost the capacity for recognizing 

Lig proteins. To gain more insight into the interaction of Lig proteins with HTE20N in 

label-free and liquid phase settings, LigB12 was chosen for characterization by SPR and 

steady state fluorescence spectroscopy. As shown in Figure 3.4C, HTE20N displayed a 

tight association with LigB12 as measured KD at 0.78 ± 0.05 µM, which is comparable to 

the binding affinity of HTE17-20 to LigB12. Rate constants kon (2.7 × 103 ± 0.4 M-1 s-1) 

and koff (2.1 × 10-3 ± 0.2 s-1) of HTE20N-LigB12 interaction were also similar to HTE17-
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20-LigB12 interaction. Consistent with SPR data, the binding affinity (KD) of HTE20N to 

LigB12 calculated from steady state fluorescence spectroscopy was 0.82 ± 0.06 µM (Figure 

3.4D). LigB12 only contains one tryptophan buried in the hydrophobic core. The 

continuous quenching of tryptophan fluorescence intensity due to gradually increased ratio 

of HTE20N to LigB12 suggests that the HTE binding sites might be in the proximity of 

core tryptophan. In summary, we pin down the minimal binding site, HTE20N, essential 

for binding to LigB with strong affinity.  

 
 
 
FIGURE 3.5. Basic residue R360 and aromatic residues Y371, F378 and F381 from 
HTE20 are the critical residues for association with LigB proteins. 
A. Sequence alignment of HTE18 and HTE20 was created by ClustalW and the non-
conserved residues were indicated by asterisks. B and C. The binding of wild type or 
four HTE20 point mutants to LigB12 (B) and LigB4 (C) were measured by ELISA. 5mM 
of GST tagged LigB were added to WT or HTE20 mutants coated wells (1µM/well). 
Binding is expressed relative to binding by wild type HTE20. Each bar represents the 
mean of three independent determinations ± the standard deviation. Asterisks indicate 
that binding was significantly (P < 0.05 by Student’s t-test) different from binding of 
wild type HTE to the respective LigB protein. 
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Basic and aromatic amino acids are the key residues for HTE20N recognized by LigB-  

Although both HTE18 and HTE20 could be recognized by LigB, the binding affinity of 

HTE20 to LigB is two times greater than HTE18 to LigB (p<0.05, Figure 3.2). To 

investigate the distinct LigB binding abilities of these two Pro-rich hydrophobic domains, 

we compared the amino acid sequences of HTE18 and HTE20 by ClustalW. As indicated 

in Figure 3.5A, HTE20 has a unique arginine at the 3rd position, while HTE18 has alanine 

at the corresponding site. Other bulky aromatic acids such as Y371, F378 and F381 also 

specifically present in HTE20 instead of HTE18. Given that the uniqueness of these 

characteristic amino acids in HTE20, we hypothesize that they might be involved in the 

interaction with LigB. To this end, we generated four HTE20 mutants R360A, Y371A, 

F378A and F381A and examined the abilities of these mutants binding to LigB12 and 

LigB4. Wild-type HTE20 (WT) was included in the ELISA binding assay, and the relative 

binding affinity (%) of each mutant was calculated in relation to WT. As shown in Figure 

3.5B, all HTE20 mutants partially lost the capacities for interacting with LigB12. Two 

weaker mutants, Y371A and F381A, only retained 35% of original binding affinity to 

LigB12, while F378A and R360A decreased the binding by 62% and 54% as opposed to 

WT. Likewise, the interaction between LigB4 and each HTE20 mutant was abolished 

(Figure 3.5C). Two weaker mutants R360A and F378A only had 32% and 35% of original 

binding affinity to LigB4. The binding of Y371A and F381A to LigB4 was also decreased 

by 61% and 54% compared to WT. Nevertheless, the binding level of each HTE20 mutant 

to LigB12 or LigB4 was not significantly different from each other. Overall, these results 

suggest that positive charged and aromatic amino acids on HTE20 are critical residues 

interacting with LigB12 and LigB4. 
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FIGURE 3.6 HTE17-20, HTE20 and HTE20N bind to first β-sheet of LigB12 
A. Amino acids sequence alignment of LigB12 and LigB5. The regions of three 
subdomain sequences (A-C, C’-F, G-G’) were enclosed in red, green and purple 
rectangles. B. High resolution structure of LigB12 showing three distinct solvent-exposed 
surfaces, composed of strands A-C (shown in red), strands C’-F (shown in green) and 
strands G-G’ (shown in purple). N-terminal end and C-terminal end of LigB12 structure 
was also indicated as N and C. C. (Top panel) Schematic representation of the chimeric 
LigB5/LigB12 constructs use in this study. (Bottom panel) The binding of LigB5/LigB12 
chimeras to HTE17-20 (top), HTE20 (middle) or HTE20N (bottom) was analyzed by 
ELISA. Sole LigB5 was also included as a negative control [Lin et al. J. Biol. Chem. 
2009]. Five micromolar of histidine tagged HTE17-20, HTE20 and HTE20N were 
applied to LigB5/LigB12 chimeras coated wells (1µM/well). The binding of truncated 
HTE to Lig proteins were detected by anti-His antibodies. All experiments were 
conducted in triplicates, Each bar represents the mean of three independent 
determinations ± the standard deviation. Asterisks indicate that binding was significantly 
(P < 0.05 by Student’s t-test) different from binding of HTE to the LigB5. 



	 92	

 
 
FIGURE 3.7 HTE17-20, HTE20 and HTE20N bind to first β-sheet of LigB7 
A-C. The binding of LigB7/LigB10 chimeras to HTE17-20 (A), HTE20 (B) or HTE20N 
(C) was analyzed by ELISA. Sole LigB10 was also included as a negative control [Lin et 
al. J. Biol. Chem. 2009]. Five micromolar of histidine tagged HTE17-20, HTE20 and 
HTE20N were applied to LigB7/LigB10 chimeras coated wells (1µM/well). The binding 
of truncated HTE to Lig proteins were detected by anti-His antibodies. All experiments 
were conducted in triplicates. Each bar represents the mean of three independent 
determinations ± the standard deviation. Asterisks indicate that binding was significantly 
(P < 0.05 by Student’s t-test) different from binding of HTE to the LigB10. D. Amino 
acids sequence alignment of HTE-binding Ig-like domains (LigB12, LigB7) and the 
domains without HTE-binding ability (LigB5, LigB10). The potential residues which 
might be responsible for binding to HTE are highlighted in red. Asterisk indicates that 
LigB7 has identical sequence as LigB4 in this region. 
 
 

HTE17-20, HTE20 and HTE20N bind to first β-sheet of LigB12-  The HTE binding sites 

within individual Ig-like domains was further investigated by designing chimeras of two 
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chimeric swapping points were used to establish three distinct regions: 1) β-strands A-C, 

2) β-strands C'-F, and 3) β-strands G-G' (Figure 3.6A and 6B). The first two regions of the 

chimeras were separated at the half helix break in β-strand C, effectively dividing the top 

and bottom halves of the Ig-like domain β-sandwich. The third chimera region was 

included to determine if an important surface is formed on the non-covalent edge of the β-

sandwich. Including the wild-type LigB5 and LigB12 domains, eight possible 

combinations of the three regions could be generated on single Ig-like domains (Figure 

3.6C). HTE17-20, HTE20 and HTE20N were subjected to an ELISA binding screen 

against the eight LigB5/LigB12 recombinant proteins. As expected, none of HTE truncates 

bound to wild-type LigB5, while both truncates strongly recognized wild-type LigB12. As 

for the chimeric proteins, both HTE truncates showed binding to only 3 of the 6 chimeras 

with a clear region-specific pattern (Figure 3.6C). Among these chimeras, LigB12-5-5 

maintained the full binding affinity to either HTE17-20 HTE20, or HTE20N, which has no 

significant difference from the binding of wild-type LigB12 to either HTE truncates (p > 

0.1). LigB12-12-5 and LigB12-5-12 also displayed great binding ability by retaining nearly 

90% and 80%, respectively, of wild-type LigB12 binding capacity to both HTE truncates. 

On the other hand, the other three chimeras, LigB5-5-12, LigB5-12-12 and LigB5-12-5 

completely lost the ability to interact with HTE17-20, HTE20 or HTE20N (in relation to 

negative binding control, p > 0.1). Intriguingly, all HTE truncates preferentially bound to 

wild-type LigB7, LigB7-7-10 and LigB7-10-10 as well as LigB7-10-7 (Figure 3.7A-C) but 

not to other LigB7/10 chimeras. All of these findings indicate the binding site for 

tropoelastin seems to locate at the first β-sheet (β-strands A-C) of LigB Ig-like domains. 

 



	 94	

 
 
 
FIGURE 3.8 Replacement mutations of F1054, D1061, A1065 or D1066 reduce the 
binding activity of LigB12 to HTE. 
A and B, The binding activity of LigB12 wild-type (WT) and four mutants located on a 
potential HTE-binding site of LigB (D1061N, D1066A, A1065K, and F1054A) to 
HTE20 was measured by ELISA. LigB-E1088A was also included as a negative control. 
His tagged HTE20 or HTE20N (0, 0.16, 0.32, 0.63, 1.25, 2.5, 5 and 10µM) were applied 
to LigB12 (positive control), LigB12 point mutants (F1054A, D1061N, A1065K, 
D1066A and E1088A), or BSA (negative control, data not shown) coated wells 
(1µg/well). The binding of HTE20 or HTE20N to different LigB12 constructs was 
measured by anti-His antibodies. All experiments were conducted in triplicates, the mean 
± the standard deviation of which were shown in binding curves.  
C. The potential HTE-binding surface on the structure of LigB12. Four critical residues 
(D1061, A1065, D1066, and F1054) of LigB12 involved in a potential HTE-binding site 
was highlighted in red. E1088, which is not located on the potential HTE-binding site 
was shown in black.  
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Phe1054, Asp1061, Ala1065 and Asp1066 are pivotal for the association of LigB12 and 

HTE-  Given that positively charged and aromatic amino acids of HTE20 might contribute 

to the HTE-Lig interaction, and that HTE specifically bound to the first β-sheet of LigB12, 

we hypothesized that the negatively charged and aromatic amino acids on the first β-sheet 

of LigB12 might be critical for HTE20 binding. To this end, a series of LigB12 mutants 

F1054A, D1061A, and D1066A were generated and the binding ability of these mutants to 

HTE17-20 (data not shown), HTE20 and HTE20N were examined by ELISA. In addition, 

E1088, an acidic residue from second β-sheet of LigB12, was chosen as internal control. 

As shown in Figure 3.8A and 8B, E1088A displayed a comparable strong binding to either 

HTE20 or HTE20N, the binding affinity (ELISA, KD = 0.87 µM) of which was no 

difference from that of wild-type LigB12 to HTE (p>0.1). Intriguingly, F1054A, D1061A 

and D1066A all lost the capacities to interact with either HTE truncate, presenting only 

15%, 32% and 26% of wild-type LigB12 binding capacities. Partial sequence alignment of 

LigB Ig-like domains revealed that unique small amino acids (e.g. Ala or Ser) are 

specifically present at HTE strong binders (position 615 of LigB7 and position 1064 of 

LigB12), while large polar residues (e.g. Lys or Gln) are located at the corresponding 

position of LigB5, LigB10 and other weak binders (Figure 3.7D). Thus, we generated 

A1065K and tested its binding ability to HTE truncates. As a result, this mutation largely 

diminished the binding of LigB12 to HTE17-20 (data not shown), HTE20 (Figure 3.8A) 

and HTE20N (Figure 3.8B). In conclusion, these results demonstrate that F1054, D1061, 

A1065 and D1066 play a major role in the association of LigB12 with HTE. The potential 

HTE-binding interface on LigB12 are also shown as Figure 3.8C. 
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FIGURE 3.9 HTE17-20 and HTE20N could partially inhibit the leptospiral adhesion 
to human embryonic lung cells.  
A. The binding of LigB12 (top panel) or LigB4 (botton panel) to human embryonic lung 
fibroblasts WI-38 cells in the presence or absence of exogeneous HTE truncates. Five 
micromolar of GST tagged LigB4 or LigB12 was treated with serial dilutions of HTE17-
20, HTE20N or HTE20C (10 µM ~ 0.156 µM) prior to be incubated with WI-38 cells. 
After 1 hour of incubation, the cell-binding activity of LigB was measured by ELISA. B. 
A high passage, non-infectious L. biflexa strain Patoc expressing LigA was treated with a 
serial dilution of HTE17-20, HTE20N or HTE20C (10 µM ~ 0.156 µM) prior to be 
incubated with WI-38 cells. After three hours of incubation, the binding of spirochetes to 
lung cells was measured by ELISA using hamster antisera against L. biflexa. All 
experiments were conducted in triplicates, the mean ± the standard deviation of which 
were shown in binding curves.  
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HTE17-20 and HTE20N abolish the binding of LigB Ig-like repeats to human lung cells-  

To examine the ability of LigB Ig-like repeats binding to mammalian cells, the 

tropoelastin-producing human embryonic lung fibroblasts (WI-38) were used in all of the 

LigB adhesion assays. GST-tagged LigB4 or LigB12 was individually applied to WI-38 

cell monolayer and the binding level was detected by anti-GST antibodies. As expected, 

GST protein alone did not show any detectable binding to WI-38 cells, while either GST-

LigB4 or GST-LigB12 exhibited a dose-dependent association to the cells (data not 

shown). Provided that the HTE-LigB interaction presented submicromolar binding affinity, 

we further investigated if this strong interaction could block the binding of LigB to 

mammalian cells. Either GST-LigB4 or GST-LigB12 were pre-treated with various 

concentrations of recombinant HTE17-20 or HTE20N prior to the addition to WI-38 cells. 

HTE20C treated LigB proteins were also included in the study as a negative control. As 

shown in Figure 3.9A, molar excessive amounts of HTE20C had no significant effect on 

the LigB adhesion to WI-38 cells. However, both HTE17-20 and HTE20N could partially 

abolish the LigB binding to the cells. The highest concentration of HTE17-20 could 

decrease 68% of LigB4 and 60% of LigB12 binding to WI-38 cells. Likewise, the highest 

concentration of HTE20N could decrease 54% of LigB4 and 51% of LigB12 binding to 

WI-38 cells. Taken together, these results suggest that LigB Ig-like repeats bind to human 

lung cells by interacting with cell surface tropoelastin.  

 

HTE17-20 and HTE20N block the adhesion of Leptospira to human lung cells-  To 

investigate whether Leptospira attachment to mammalian cells was mediated by LigB-HTE 

interaction, Lig-expressing L. biflexa (Patoc ligA) was used for cell adhesion assays, for 
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two reasons. First, this ligA knock-in strain has the ability to adhere to canine kidney 

(MDCK) cells (18). Second, the HTE-binding domains LigB4 is also present in the 

conserved region of LigA.  A serial dilution of Patoc ligA was applied to WI-38 cell 

monolayers, and the binding of the spirochetes to the cells was measured by anti- L. biflexa 

polyclonal antibodies. Wild-type L. biflexa was also included in the study as a negative 

control. As expected, wild-type bacteria showed nearly no binding to the WI-38 cells, while 

Patoc ligA displayed significant binding to the cells in a dose-dependent manner (data not 

shown). To reveal whether the adhesion of Patoc ligA to WI-38 cells was impacted by the 

interaction of surface expressing Lig proteins and tropoelastins, we pre-incubated Patoc 

ligA with exogenous HTE17-20 and HTE20N prior to the addition to WI-38 cells. The 

HTE20C treated Patoc ligA was also included in the same experimental setting. As 

expected, HTE20C could not inhibit the spirochetes binding to human lung cells at any 

significant level (Figure 3.9B). In contrast, both HTE17-20 and HTE20N could partially 

diminish the bacterial adhesion to WI-38 cells. The binding level of the spirochetes to the 

cells in the absence of exogenous HTE was normalized as 100% adhesion rate. Based on 

this normalization, the highest concentration of HTE17-20 could block 62% of spirochetes 

binding to the cells (p <0.05). Similarly, the highest concentration of HTE20N could inhibit 

58% of spirochetes binding to the cells (p <0.05). Overall, these findings indicated the 

adhesion of Leptospira to human lung cells was mainly mediated by binding of Lig proteins 

to extracelluar tropoelasin. Furthermore, the recombinant HTE17-20 and HTE20 could be 

potentially utilized as adhesion blockers to diminish the pathogen-host interaction. 
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Discussion 

Bacterial MSCRAMMs, functioning as adhesion molecules, play an important role in 

pathogenesis of bacterial diseases. A wide variety of pathogenic bacteria, such as 

Staphylococcus, Mycobacteria, Borrelia and Leptospira have developed several different 

kinds of surface adhesins to attach to the host cells by interacting ECM molecules including 

fibronectin, collagen and elastin (10–12, 27–30). The strong interactions between bacterial 

adhesins and host ECM have been thought to allow the pathogens to resist mechanical 

force and further establish successful colonization (31). It is likely that Leptospira could 

utilize similar strategy to adhere to broken skin where ECM is highly populated and to 

reach target organs (e.g. lungs) where ECM is abundant as well. In the severe form of 

leptospirosis, infected patients could present life-threatening pulmonary hemorrhage, 

which might be related to the ability of Leptospira binding to lung elastin. As previous 

research demonstrated, LigB might mediate the leptospiral attachment to host cell surface 

by interacting exons 17th to 27th of HTE (HTE17-27) (11). HTE is composed of distinct 

domain modules: Gly-rich hydrophobic domains, Pro-rich hydrophobic domains and 

crosslinking domains. LigB Ig-like repeats preferentially bound to central region of HTE, 

suggesting it is likely that the binding sites can be associated with a specific type of 

domains. 

To pinpoint the minimal binding sites for LigB on HTE, we further truncated the central 

region of HTE into three smaller constructs, each of which contains alternating crosslinking 

domains and hydrophobic domains. We found that both LigB4 and LigB12 preferentially 

bound to HTE17-20, the only construct encompasses two Pro-rich hydrophobic domains. 

As expected, both LigB repeats specifically recognized HTE20, and to a lesser extent, 



	 100	

HTE18, while had no affinity to crosslinking domains HTE17 and HTE19. To be noted, 

the binding level of LigB to HTE20 was only slightly lower than that to HTE17-20 and 

almost the same as that to HTE19-20 (p > 0.1). This suggests HTE20 is the minimal binding 

site for interacting with LigB Ig-like repeats. The small angle X-ray scattering revealed 

that full-length HTE is an asymmetric molecule, consisting of a N-terminal elongated, rod-

like coil region (exons 2-19), a protruded hinge region (exons 20-24), and a branching point 

(exons 25-26) bridged the main body of HTE with the C-terminal foot region (exons 27-

36) (32, 33). On the basis of the solution structure of HTE and the unique locations of 

lysine residues on exons 10, 19 and 25, a head-to-tail model for the assembly of monomeric 

HTE was proposed by Baldock et al (33). Interestingly, exon 20 (HTE20) seems to remain 

accessible to the environment in polymeric HTE. In agreement with our previous and 

current findings, LigB Ig-like repeats, specifically bound to HTE20, also interacted with 

full-length HTE and polymeric elastin (11).  It is likely that LigB binding to HTE20 not 

only mediates the bacterial colonization on elastin-rich tissues, but also block the 

elastinogenesis and proper tissue repair. This might further promote the invasion of 

pathogenic Leptospira during the process of infection. 

To establish successful attachment to host tissues, bacterial pathogens have developed a 

variety of surface adhesins to recognize tropoelastin or elastin. For example, Fibronectin-

Binding Protein A (FnBPA) from Staphylococcus aureus bound to HTE2-18, HTE17-27 

and HTE27-36 (22). Similarly, antigen 85 complex (Ag85) from Mycobacterium 

tuberculosis also recognized all three different regions of HTE (24). In both cases, it 

appears that HTE presents multiple binding sites to interact with bacterial MSCRAMMs. 

Provided that crosslinking domains of HTE contains high density of positively charged 
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residues, bacterial adhesins are thought to utilize the surface Asp or Glu to electrostatically 

bind to HTE. On the other hand, according to the results of binding assays, LigB 

specifically recognized Pro-rich hydrophobic domains instead of crosslinking domains. 

This indicates the LigB-HTE interaction might depend on distinct mechanism as opposed 

to other bacterial adhesins.  

To gain more insight into the interaction between LigB repeats and HTE truncates, LigB12 

was chosen to investigate the real time binding kinetics to HTE17-20, HTE19-20 and 

HTE20 by SPR. HTE17-20 exhibited greatest affinity to LigB12 (HTE17-20, KD= 0.85 ± 

0.04 µM), while HTE19-20 and HTE20 showed slightly weaker affinities to LigB (HTE19-

20, KD= 1.34 ± 0.06 µM; HTE20, KD= 0.94 ± 0.04 µM). The fast dissociation of smaller 

HTE constructs from LigB12; in other words, larger koff could be attributed to the weaker 

LigB-HTE interaction. This also suggests HTE18 might partially contribute to the binding 

to LigB. Furthermore, we used steady state fluorescence spectroscopy to characterize the 

HTE20-LigB12 interaction. Consistent with the KD measured by SPR, KD of HTE20 

binding to LigB12 was 0.97 ± 0.03 µM. This submicromolar affinity is comparable to the 

affinity of HTE27-28 binding to Ag85 (24). Therefore, it is likely that the HTE-LigB 

interaction is physiological relevant, and HTE20 might potentially serve as adhesion 

blocker to diminish the leptospiral attachment to the host cell surface. Each individual Ig-

like repeat of LigB contains only one tryptophan, which is tightly buried in the hydrophobic 

core as revealed by high resolution structure of LigB12 (26). The spectrum of LigB12 

presented a characteristic doublet maximum in 315 and 326 nm, while the fluorescence 

intensities of these two peaks were extensively quenched by adding HTE20. This suggests 

that HTE20 binding site on LigB12 might be in the close proximity of core tryptophan.  
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Among the hydrophobic domains of HTE, HTE20 is the longest domain containing unique 

basic and aromatic residues. Sequence alignment of HTE18 and HTE20 showed that these 

unique residues are mainly located at N terminal half of HTE20 (HTE20N). In contrast, 

the C-terminal half of HTE20 (HTE20C) is composed of VPGVG repeats, which is similar 

to other hydrophobic domains including HTE18. Interestingly, both LigB4 and LigB12 

specifically bound to HTE20N but not HTE20C. The affinity of HTE20N to LigB12 

measured by SPR and fluorescence spectroscopy was also comparable to that to HTE17-

20 (SPR, KD= 0.78 ± 0.05 µM; fluorescence spectroscopy, KD= 0.82 ± 0.06 µM). Based 

on these findings, we hypothesized that the unique residues R360, Y371, F378 and F381 

on HTE20N might play roles in binding to LigB. As a result, alanine substitutions of these 

specific residues all abolished the binding of HTE20 mutants to LigB4 or LigB12. Overall, 

we identified that HTE20N is the minimal binding site for LigB, and the positively charged 

and aromatic residues on HTE20N are critical for this interaction.   

According to the high resolution structure of LigB12 that we solved by NMR, single 

leptospiral Ig-like domain is mainly composed of three β-sheets orienting toward three 

different surfaces. Each surface encompasses around 1000~2000 Å solvent accessible area 

(calculated by UCSF Chimera) (34), which is large enough to make a complete binding 

surface for protein binding partner (35). To identify the HTE binding sites on LigB, we 

rationally designed a series of chimeric LigB based on the structural information of 

LigB12. In each construct of chimera, one or two β-sheets (strands A-C, strands C’-F 

and/or strands G-G’) from LigB12 was swapped with corresponding β-sheets from LigB5 

which had no affinity to HTE. These chimeras maintained the overall structural integrity 

(examined by CD, data not shown), suggesting that local conformation might also be well-
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folded to preserve the HTE binding sites on LigB. Intriguingly, the results showed that 

only the constructs (LigB12-B5-B5, LigB12-B12-B5 and LigB12-B5-B12) containing N 

terminal β-sheet (strands A-C) of LigB12 retained the ability to interact with HTE. Given 

that LigB7 could bind to HTE but not LigB10, we also tested the ability of LigB7/B10 

chimeras binding to HTE. Surprisingly, the HTE binding site on LigB7 is also located at 

the same position, strands A-C (Figure 3.7A-C). There findings suggest there might be a 

common motif on strands A-C of Ig-like domain, which is responsible for interacting with 

basic and aromatic residues on HTE20.  

Sequence alignment of LigB5, LigB7, LigB10 and LigB12 gave a hint on potential HTE-

interacting region within strands A-C. In this potential binding region, two highly 

conserved negatively charged residues (D1061 and D1066 of LigB12), one hydrophobic 

residue (F1054) and one small amino acid (A1065) were selected for making site-directed 

mutagenesis. The binding of D1061N or D1066A mutants to HTE was largely reduced by 

more than 5 times compared to wild-type LigB12, while the binding of F1054A and 

A1065K mutants to HTE was fully abolished. To be noted, F1054, A1065, D1061 and 

D1066 are in steric proximity and appear to form a complete binding surface (Figure 3.8C). 

In agreement with the fluorescence quenching we observed in Figure 3.3D and 4D, this 

HTE binding surface is truly close to the core tryptophan (W1073) of LigB12. Furthermore, 

the interaction between wild-type HTE and LigB12 was diminished when the buffer pH 

was more than 8 or NaCl concentration was above 300 mM (data not shown). Taken 

together, it is highly likely that these acidic and hydrophobic residues within the strands 

A-C of LigB12 are the critical hot spots for binding to HTE through electrostatic and 

hydrophobic interactions. 
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In recent severe cases of human leptospirosis, pulmonary hemorrhage has been considered 

as a major complication leading to lethality. Researchers suggested that the pathogenesis 

of leptospirosis associated severe pulmonary haemorrhage syndrome (SPHS) might be 

distinct from Weil’s disease (36, 37). In addition, high leptospiral burdens could be found 

in the lungs of SPHS patients, and different types of cells in leptospirotic lungs exhibited 

strong bacterial antigenicity (38). Given that elastin is one of the main ECM components 

in lungs, it is likely that Lig proteins play a role in mediating leptospiral attachment to the 

host cells through binding to lung elastin. To this end, we examined if the recombinant Lig 

proteins and Lig protein-expressing spirochetes could adhere to an elastin- secreting WI-

38 cells, human embryonic lung fibroblasts. The results showed that either Lig proteins 

produced in the recombinant form or displayed on the bacterial surface could bind to WI-

38 cells. Moreover, these pathogen-host adhesions could be partially inhibited in the 

presence of excess HTE17-20 or HTE20N. However, the highest concentration (10 µM) 

of exogenous HTE could not fully abolish the binding of Lig proteins or spirochetes to lung 

cells. In contrast, 250 µg/ml of HTE could almost completely block the interaction of Lig 

proteins with immobilized HTE (11). This indicates that Lig proteins, with the exception 

of recognizing elastin, might also interact with other receptors on the lung cells.  It is 

believed that LigA and LigB work complementary to mediate the adhesion of Leptospira 

to host cells. ligB knock-out strain still retained the ability to bind to MDCK cells (14), 

which suggests that only targeting one Lig protein would be inefficient for combating 

leptospirosis. Here, we identified a small region of HTE could not only recognize LigA 

and LigB, but also block the binding of both proteins to mammalian cells. Along with the 

detailed structural information of Lig-HTE binding interface, it is highly possible that 
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future optimizing this minimal HTE fragment could eventually block the spirochete-host 

interaction.  

In conclusion, we narrowed down the Lig proteins binding sites on HTE to a single Pro-

rich hydrophobic domain (HTE20) and identified the key LigB-interacting residues R360, 

Y371, F378 and F381 on HTE20N. A common motif, DXXX(A/S)D on strands A-C of 

Lig proteins could compose a complete interface to associate with HTE. In addition, both 

surface charge-charge and hydrophobic interactions play a role in Lig-HTE interaction. 

Excessive amount of HTE might have potential to serve as a blocker to diminish the 

bacterial adhesion to lung cells. This is the first report that deciphers the interaction 

between leptospiral surface protein and ECM in structural detail. Future work will 

continuously focus on identifying the atomic resolution of this pathogen-host binding 

interface. 
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CHAPTER 4 

LEPTOSPIRA IMMUNOGLOBULIN-LIKE PROTEIN B (LIGB) BINDS TO BOTH THE C-

TERMINAL 23 AMINO ACIDS OF FIBRINOGEN aaC DOMAIN AND FACTOR XIII: INSIGHT 

INTO THE MECHANISM OF LIGB-MEDIATED BLOCKAGE OF FIBRINOGEN aa CHAIN 

CROSS-LINKING  

Introduction 
 
Leptospira spp are pathogenic spirochetes that cause the most widespread zoonotic disease in the 

world [1,2]. Leptospirosis is reported regularly in tropical nations and is reemerging in the United 

States [3,4]. Numerous mammalian hosts, including incidental hosts like humans, can be infected 

by Leptospira at sites of exposed mucous membranes or eroded skin. Direct contact with 

Leptospira-contaminated water is the main transmission mechanism for endemic leptospirosis 

associated with flooded areas and populations suffering poor hygienic measures [5,6]. Once the 

spirochete invades the vasculature, it rapidly disseminates throughout the body, reaching target 

organs (e.g. liver, kidneys and lungs) if the host humoral response does not effectively prevent 

their spread. Symptoms vary widely from a mild flu-like syndrome to multi-organ failure such as 

hepatic dysfunction, interstitial nephritis and pulmonary hemorrhage, also known as Weil’s 

disease. If the infected individual does not receive prompt antibiotic and supportive treatment, 

fatality may result [7,8].  

Fibrinogen (Fg), a 340 kDa plasma glycoprotein, plays a critical role in the coagulation cascade 

and platelet aggregation. The coagulation pathway can be initiated by disruption of the endothelial 

lining due to damage by invading pathogens such as Leptospira [9]. Subsequently, the clotting 

factors enzymatically activate in a specific sequence, which finally leads to thrombin activation. 

Thrombin then proteolytically processes the N-terminal Fg a and b chains, resulting in the release 



	
113	

of fibrinopeptide A and B (FpA and FpB) and the exposure of the binding sites for the C-terminal 

Fg b chain (bC domain) and g chain (gC domain). Along with the interaction between the N-

terminus of Fg and the C-terminus of neighboring Fg, aC domains of Fg associate with each other 

intermolecularly to promote the lateral aggregation of protofibrils. Eventually, Factor XIII (FXIII) 

cross-links the a and g chains of Fg, solidifying the fibrin clot to restrict hemorrhage. Furthermore, 

the tight adhesion of fibrin to platelets can potentially constrain the spread of the pathogens [10]. 

However, the critical roles of Fg in coagulation, platelet activation, tissue regeneration and 

immune responses make it a perfect target for many pathogens [11,12]. 

To promote systemic infection, hematogenous bacteria, including Leptospira, have evolved a 

variety of surface proteins to cope with host coagulation and immune systems. For example, 

clumping factor A (ClfA) from Staphylococcus aureus inhibits platelet aggregation and fibrin clot 

formation [13,14]. Serine-aspartate repeat protein G (SdrG) from S. epidermidis also interferes 

with the thrombin-mediated coagulation pathway [15]. Several leptospiral adhesins bind to 

fibrinogen (Fg) and other molecules involved in clotting  [16–22]. However, only a few of them 

can inhibit thrombin-mediated fibrin formation in vitro [23]. Leptospira immunoglobulin-like 

(Lig) protein B (LigB) is the only leptospiral adhesin that can block fibrin clot formation and also 

diminish platelet adhesion and aggregation [17,20]. Previous studies have demonstrated that the 

Fg binding region is located at the C-terminal Ig-like domains of LigB [17,20]. The Fg-LigB 

interaction suggests that LigB might play a role in leptospirosis-associated pulmonary hemorrhage, 

which is a primary factor contributing to lethality in humans [24,25]. 

Previously, we utilized multifunctional LigB12 to search for potential binding sites in Fg and found 

that LigB12 binds to the C-terminal region of the FgaC domain (FgaCC) [17]. The binding of 

LigB to Fg can block fibrin clot formation and stifle platelet aggregation [17]. Importantly, the 
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FgaCC domain serves as a multifaceted receptor interacting with FXIII, integrin aIIbb3, 

plasminogen (PLG), tissue plaminogen activator (tPA), and even itself to maintain normal 

physiological processes [26]. Here, we fine-map the LigB-binding sites on FgaCC and the Fg-

binding region on LigB12. Based on secondary structure prediction and potential functionality of 

specific regions on FgaCC, we designed and expressed a set of constructs, FgaCC1 (392-426), 

FgaCC2 (426-507) and FgaCC3 (507-625). ELISA-based binding experiments showed that 

FgaCC3 retained the same LigB12-binding ability as full-length FgaCC. Additional truncations 

were generated to identify a minimal binding site, FgaCC8, a 23 amino acid fragment positioned 

at the C-terminus of FgaCC. The binding of LigB12 to FgaCC8 (KD= 0.959 µM) was mediated 

by electrostatic and hydrophobic interactions. Amino acids R608, R611, I613 and H614 of 

FgaCC8 and F1054, D1061 and A1065 of LigB12 all played roles in the LigB12-FgaCC8 binding 

interface. Furthermore, LigB12 interfered with the FXIII-Fg interaction and inhibited FXIII-

assisted cross-linking of Fg a chains. 
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FIGURE 4.1. Schematic representation of Fg aa chain and LigB protein. A. The dimeric Fg a chain is 
composed of N-terminal fibrinopeptide (FpA), central coiled coil, and C-terminal domain (FgaC). FgaC is 
further divided into a unstructured N-terminal connector (FgaCN) and a partially folded C-terminal domain 
(FgaCC). All FgaCC truncated constructs used in this study are shown as blue bars with starting and ending 
residues numbered relative to the mature Fg a chain. The sites for physiological Fg-binding partners 
(FXIIIa, plasminogen (PLG), and platelet integrin) are indicated as color boxes and labeled on FgaCC. The 
residues of FgaCC8 replaced by alanine for this study are bolded and underlined. B. The LigB bar depicts 
the twelve LigB Ig-like domains. The non Ig-like domain region (oval) extends from the terminal Ig-like 
domain (LigB12). The NMR structure of LigB12 is shown as a rainbow ribbon along with the highlighted 
residues that were mutated in this study. 
 

Materials and Methods 

Bacterial strains and reagents 

Escherichia coli TOP10 and Rosetta (DE3) strains (Invitrogen and Novagen) were cultured in 

Luria-Bertani broth (LB) with appropriate antibiotics at 37°C. MaxiSorp™ microtiter plates from 

NUNC were used for ELISA. Rabbit anti-GST IgG antibody conjugated with horseradish 

peroxidase (HRP) was purchased from GenScript (Piscataway, NJ). Peroxidase substrate 3,3’,5,5’- 

Tetramethylbenzidine (TMB) and solution were purchased from Kirkegaard & Perry Laboratories 

(Gaithersburg, MD). Biacore CM5 chips and amine coupling kit containing 1-ethyl-3-(3 

dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and 

ethanolamine-HCl were obtained from GE Healthcare (Pittsburgh, PA). Thrombin and FXIII were 

purchased from Haematologic Technologies, Inc. (Essex Junction, VT). Human plasma Fg was 

purchased from EMD Millipore (Billerica, MA).  

Table 4.1. Oligonucleotides used in this study (restriction enzyme sites are underlined and 
the mutagenesis sites are in red for site-directed mutagenesis primers.  
 
Primer name Sequence (5’ à 3’) 

FgaCC1 fp CGCGGATCCGGCACATTTGAAGAGGTG 

FgaCC1 rp CCCAAGCTTCTAACCAGTCCTGAGCTC 

FgaCC2 fp CGCGGATCCGGTAAAGAGAAGGTC 
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FgaCC2 rp CCCAAGCTTCTATCCAGTTGAGGCAGT 

FgaCC3 fp CGCGGATCCGGAAAAACATTCCCA 

FgaCC3 rp CCCAAGCTTCTAGGGGGACAGGGAAG 

FgaCC4 fp Same as FgaCC3 fp 

FgaCC4 rp 
CCCAAGCTTCTAACTTGAAGATTTACCACG 

FgaCC5 fp CGCGGATCCTACAGCAAACAATTTACT 

FgaCC5 rp Same as FgaCC3 rp 

FgaCC6 fp Same as FgaCC5 fp 

FgaCC6 rp CCCAAGCTTCTA TTTATAGCTCTTGCTTTC 

FgaCC7 fp CGCGGATCCATGGCAGATGAGGCC 

FgaCC7 rp CCCAAGCTTCTATCTCTTGGTGCTATG 

FgaCC8 fp CGCGGATCCGGGCATGCTAAATCT 

FgaCC8 rp Same as FgaCC3 rp 

LigB4 fp CGGAATTCACTCCAGCAGCCTTA 

LigB4 rp CCGCTCGAGCTACAAAGCAGCTTGTGTAAC 

LigB12 fp CGCGGATCCGCAGCAACCCTTTCT 

LigB12 rp CCCAAGCTTCTACGTGTCCGTTTTGTT 

FgaCC8 K606A fp 
GGATCCGGGCATGCTGCATCTCGCCCTGTCAGA 

FgaCC8 K606A rp 
TCTGACAGGGCGAGATGCAGCATGCCCGGATCC 

FgaCC8 R608A fp 
GGGCATGCTAAATCTGCCCCTGTCAGAGGTATC 

FgaCC8 R608A rp 
GATACCTCTGACAGGGGCAGATTTAGCATG CCC 

FgaCC8 V610A fp    
GCTAAATCTCGCCCTGCCAGAGGTATCCACACTTC 

FgaCC8 V610A rp    GAAGTGTGGATACCTCTGGCAGGGCGAGATTTAGC 

FgaCC8 R611A fp 
AAATCTCGCCCTGTCGCAGGTATCCACACTTC 
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FgaCC8 R611A rp 
GAAGTGTGGATACCTGCGACAGGGCGAGATTT 

FgaCC8 I613A fp 
CGCCCTGTCAGAGGTGCCCACACTTCTCCTTTG 

FgaCC8 I613A rp 
CAAAGGAGAAGTGTGGGCACCTCTGACAGGGCG 

FgaCC8 H614A fp 
CCTGTCAGAGGTATCGCCACTTCTCCTTTGGGG 

FgaCC8 H614A rp 
CCCCAAAGGAGAAGTGGCGATACCTCTGACAGG 

FgaCC8 L618A fp 
GTATCCACACTTCTCCTGCGGGGAAGCCTTCCCTG 

FgaCC8 L618A rp 
CAGGGAAGGCTTCCCCGCAGGAGAAGTGTGGATAC 

FgaCC8 K620A fp 
CTTCTCCTTTGGGGGCGCCTTCCCTGTCCC 

FgaCC8 K620A rp 
GGGACAGGGAAGGCGCCCCCAAAGGAGAAG 

LigB12 F1054A fp CCGTATCAAAACAATTCGCCGCGGTGGGAACGTATT 

LigB12 F1054A rp AATACGTTCCCACCGCGGCGAATTGTTTTGATACGG 

LigB12 D1061N fp GTGGGAACGTATTCGAATGGAACCAAAGCGGAT 

LigB12 D1061N rp ATCCGCTTTGGTTCCATTCGAATACGTTCCCAC 

LigB12 A1065K fp TCGGATGGAACCAAAAAGGATTTAACTTCTTCGG 

LigB12 A1065K rp CCGAAGAAGTTAAATCCTTTTTGGTTCCATCCGA 

LigB12 D1066A fp GATGGAACCAAAGCGGCTTTAACTTCTTCGGTTAC 

LigB12 D1066A rp GTAACCGAAGAAGTTAAAGCCGCTTTGGTTCCATC 

LigB12 E1088A fp GTGAGTAACGCATCTGCAACGAAAGGATTGGTT 

LigB12 E1088A rp AACCAATCCTTTCGTTGCAGATGCGTTACTCAC 

 

Plasmid construction and protein purification 

LigB12 (amino acids 1047–1119 in LigB) was amplified based on the DNA sequences derived 

from GenBankTM (L. interrogans serovar Pomona, FJ030916) and cloned into pET28-SUMO or 

pGEX-4T-2 vector (GE Healthcare) for expression as His-Sumo tagged or GST-tagged proteins 
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[27]. LigB4 (amino acids 307–403 in LigB) was also constructed and expressed in the same way. 

FgaCC (amino acids 392-625 in Fg a chain) and its various truncates (Fig 4.1), including FgaCC1 

(amino acids 392-426 in Fg a chain), FgaCC2 (amino acids 426-507 in Fg a chain), FgaCC3 

(amino acids 507-625 in Fg a chain), FgaCC4 (amino acids 507-559 in Fg a chain), FgaCC5 

(amino acids 560-625 in Fg a chain), FgaCC6 (amino acids 560-583 in Fg a chain), FgaCC7 

(amino acids 584-602 in Fg a chain) and FgaCC8 (amino acids 603-625 in Fg a chain) were 

amplified by PCR using the primers listed in Table 4.1 and the construct FgaCC/pGEX-4T-2 as a 

template [17]. All amplified FgaCC fragments were digested with BamHI and HindIII 

(Invitrogen), and then ligated into pET28-SUMO vector cut with the same pair of restriction 

enzymes. FgaCC8 was ligated into pET-THGT vector as well in order to express it as a GST 

tagged protein [28]. For generating FgaCC8 mutants (K606A, R608A, V610A, R611A, I613A, 

H614A, L618A, K620A), the corresponding primers (Table 4.1) were utilized to make site-

directed mutagenesis with wild-type FgaCC8 /pET28-SUMO serving as the template. As for 

LigB12 mutants (F1054A, D1061N, A1065K, D1066A and E1088A), the primers used for making 

site-directed mutagenesis are also listed in Table 4.1 and wild-type LigB12/pET28-SUMO was 

used as a template. Finally, LigB12, LigB12 mutants, wild-type FgaCC truncates and FgaCC8 

mutants were all subjected to DNA sequencing to exclude any clone with undesired mutations. 

The sequence-confirmed constructs were then respectively transformed into E. coli Rosetta strains 

for protein expression. After being cultivated in LB medium containing 1 mM of IPTG at 20 °C 

overnight, the bacterial cells were disrupted by French press (AIM-AMINCO Spectronic 

Instruments) at 12,000 psi. The cell lysates were centrifuged at 14,000 rpm for 30 minutes, and the 

cell-free supernatants were loaded onto Ni2+-NTA affinity columns or glutathione agarose to purify 

the proteins with corresponding affinity tags. For GST-LigB12 and GST-FgaCC8, glutathione 
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agarose  pre-equilibrated with PBS buffer (pH=7.5) was used for purification as previously 

described [29]. Additionally, His-SUMO tagged FgaCC truncations and Lig proteins were purified 

by the Ni2+-NTA resin, and the His-SUMO tag was further removed by digesting with the SUMO-

specific protease Ulp-1 at 4 °C overnight followed by application to a second Ni2+-NTA column 

[30]. The tag free proteins were eventually subjected to size exclusion chromatography to obtain 

higher purity proteins for the following experiments. 

ELISA binding assays 

To examine the binding affinity of various FgaCC truncates to Lig proteins, 1 µM of FgaCC1, FgaCC2, 

FgaCC3, FgaCC4, FgaCC5, FgaCC6, FgaCC7 and FgaCC8 were coated on microtiter wells  in 0.1 M  

NaHCO3 (pH 9.4) coating buffer at 4 °C overnight. Full length FgaCC and BSA were included in the 

binding assay as a positive and a negative control. To investigate the critical  residues of FgaCC8 mediating 

the interaction with LigB, different FgaCC8 mutants K606A, R608A, V610A, R611A, I613A, H614A, 

L618A and K620A were individually immobilized on the microtiter wells using the conditions stated above. 

All microtiter plates were blocked with PBS buffer containing 3% BSA at 37 °C for one hour, and then 

serial two -fold dilutions of GST tagged LigB12 (0, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM) were applied 

to FgaCC truncate coated wells for an additional one hour at 37 °C. To determine the critical FgaCC8-

interacting residues on LigB12, 1 µM of LigB12 mutants (F1054A, D1061N, A1065K, D1066A and 

E1088A) were individually immobilized on microtiter plates. Another mutant P1040C/F1053C [27] and 

BSA were also included as controls. Subsequently, various concentrations of GST-FgaCC8 (0, 0.094, 

0.188, 0.375, 0.75, 1.5 and 3 µM) were added to LigB12 mutant coated wells. To examine the effect of pH 

on LigB12 binding to FgaCC8, GST tagged LigB12 was prepared in phosphate buffers (150 mM of NaCl) 

with pH ranging from 5 to 9 and diluted into various concentrations (0, 0.156, 0.313, 0.625, 1.25, 2.5 and 

5 µM). For measuring the influence of ionic strength on LigB12-FgaCC8 interaction, different 

concentrations of GST tagged LigB12 (5 µM ~ 0.156 µM) was prepared in phosphate buffers with salt 
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gradients from 1200 mM, 600 mM, 300 mM, 150 mM to 75 mM NaCl. These pH- and salt-treated 

preparations of LigB12 were then individually applied to the wells which had been coated with anti-His tag 

antibody (1:500) and then saturated with His-Sumo tagged FgaCC8. To ensure that the immobilization 

level of His-Sumo tagged FgaCC8 from each well were equal, the anti-Sumo tag antibody was used for 

monitoring the amounts of FgaCC8 in control wells. Between each binding step, the plates were washed 

with PBS buffer containing 0.05% Tween 20 (0.05% PBS-T) for three times to remove non-specific or 

unbound molecules. For all experiments, HRP-conjugated rabbit anti-GST IgG antibodies (1:2000) were 

added to detect the FgaCC -bound LigB12 or LigB-bound FgaCC8. Following more washes with 0.05% 

PBS-T, 100 µl of 0.2 mg/ml TMB substrate was added to the reaction as a chromogen. Finally, the microtiter 

plates were read at 630 nm by an ELISA plate reader (Biotek EL-312). The equilibrium dissociation 

constant (KD) was calculated by fitting the data to a dose-response curve using the following binding 

equation:  

					Response	=	ResponseMAX	+	(ResponseMIN	-	ResponseMAX)/(1		+	(x/EC50)^Hillslope) 

The EC50 for ELISA binding assays was equivalent to the KD for the specific assayed binding interactions. 

Binding inhibition was calculated with the following equation: 

					%Inhibition	=	InhibitedResponseMAX	+	(100	-	InhibitedResponseMAX)/(1		+	(x/IC50)^Hillslope)	

Binding kinetics by surface plasmon resonance (SPR) 

To characterize the real-time binding events between LigB12 and FgaCC truncations, SPR was performed 

using a Biacore 3000 instrument (GE Healthcare). In brief, 50 µg/mL tag free LigB12 in 10 mM acetate 

buffer (pH 4.0) was immobilized on a flow cell of a CM5 sensor chip until reaching a level of 1000 

resonance units. The control flow cell was also activated and blocked by the same reagents (NHS-EDC and 

ethanolamine) used for the LigB12-coated cell except that no Lig protein was added. Serial concentrations 

of FgaCC truncates (0, 0.047, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM of FgaCC3, FgaCC5 and FgaCC8) 

in PBS buffer were individually injected into the flow cells at a flow rate of 30 µL/min. The chip surface 

was regenerated by removal of analyte with 10 mM glycine-HCl (pH 3.0). All sensograms were recorded 
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at 25 °C and normalized by subtracting the data from the control flow cell. To determine the kinetic 

parameters (kon and koff) and the binding affinity (KD) of LigB12-FgaCC interactions, the sensograms were 

fitted by BIAevaluation 3.1 software using one-step biomolecular association reaction model (1:1 Langmuir 

model), which gave the optimal mathematical fits with the lowest c values.  

Inhibition of FXIII-Fg interaction by LigB12 

To examine whether LigB12 could directly bind to FXIII, different concentrations of GST tagged LigB12 

(0, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM) were added to FXIII-coated microtiter plates. GST-tagged 

LigB4 at various concentrations were also applied to FXIII-coated wells as a negative control. After three 

washes with 0.05% PBS-T, bound LigB proteins were detected by anti-GST antibodies conjugated with 

HRP as mentioned above. To test whether LigB could affect the FXIII-Fg interaction, serial dilutions of 

LigB12 (0, 0.63, 1.25, 2.5, 5, and 10 µM) or LigB4 (negative control) were added to FXIII-coated wells for 

1 h at 37 °C. The unbound LigB proteins were then removed by three times washes with 0.05% PBS-T. 

His-Sumo tagged FgaCC (1 µM final) was added to each well for 1 h at 37 °C, and bound FgaCC was 

detected by anti-His antibodies conjugated with HRP. To calculate the relative binding of FgaCC to FXIII 

in the presence of LigB12, the binding level was normalized in relation to the binding of FgaCC to FXIII 

in the absence LigB.          

Inhibition of FXIII-mediated Fg crosslinking by LigB12 

To examine if LigB proteins could interfere with FXIII-facilitated cross-linking of Fg, different 

concentrations of LigB12 (15, 7.5, 3.75 µM) or LigB4 (15 µM) were pre-treated with 0.5 mg/ml of Fg and 

0.025 mg/ml of FXIII for 10 min at room temperature. The Fg-FXIII mixture without Lig proteins or with 

EDTA was also included as a positive and a negative control. Subsequently, 1U of thrombin was added to 

the mixtures for an additional 30 min at 37 °C. All reactions were incubated in 50 mM Tris buffer (pH=7.4) 

with 100mM NaCl and 5mM CaCl2. Finally, the reaction was stopped by boiling for 10 min in SDS-PAGE 

sample buffer containing 1% b-mercaptoethanol and 4 M urea. The samples were then subjected to 10% 

SDS-PAGE analysis as previously described [14,31]. 
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Statistical analysis 

GraphPad Prism 6.0 (GraphPad Software, Inc.) and ANOVA were used to analyze the data. 

 

Results 

The very C-terminal 23 amino acid residues of Fg a chain is the binding site for LigB12  

Previously, we identified that LigB12 binds to the C-terminus of Fg a chain (FgaCC) [17]. To 

further pinpoint the binding site for LigB12, FgaCC was truncated into three fragments based on 

previously reported structure [32,33]: FgaCC1, FgaCC2 and FgaCC3 as shown in Fig 4.1. GST-

tagged LigB12 was added to microtiter wells coated with different FgaCC truncates including the 

full-length FgaCC (positive control) and BSA (negative control). As expected, LigB12 bound to 

full-length FgaCC with the highest affinity (KD= 0.37± 0.05 µM), but not to BSA (Fig 4.2A). 

Among all FgaCC truncates, FgaCC3 was most strongly recognized by LigB12 with a calculated 

KD equal to 0.51± 0.07 µM. FgaCC2 interacted with LigB12 to a much lesser extent, but this 

interaction was still 2.5-fold greater than the negative control (p<0.05, 3µM of LigB12). In 

contrast, FgaCC1 showed no significant binding to LigB12 compared to the negative control 

(p>0.1).  
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FIGURE 4.2. Mapping the binding sites of LigB12 on FgaaCC. A series of FgaCC truncates (A) 
FgaCC1, FgaCC2, FgaCC3 and FgaCC (B) FgaCC3, FgaCC4, FgaCC5, FgaCC6, FgaCC7 and 
FgaCC8 (1µg/well) or BSA (negative control) were immobilized on microtiter plates. Then, various 
concentrations (0, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM) of GST tagged LigB12 was individually applied 
to FgaCC-coated or BSA-coated wells. The binding of LigB12 to different FgaCC fragments was detected 
by ELISA using HRP-conjugated anti-GST antibodies. All experiments were conducted in triplicate and 
the results illustrated as the mean +/- 1standard deviation. Positive binding regions were identified by 
comparing with BSA and statistically significant (P < 0.05) differences are marked by an asterisk.   
 

Given the binding of FgaCC3 to LigB12 was stronger than FgaCC2 and this binding was saturated 

, FgaCC3 was further divided into two fragments, FgaCC4 and FgaCC5 (Fig 4.1), based on 

secondary structure prediction server Jpred4 [34]. As indicated in Fig 4.2B, FgaCC5 bound to 

LigB12 with great affinity (KD= 0.58± 0.04 µM), while FgaCC4 exhibited no significant binding 

ability to LigB12 compared to the negative control (p>0.1, 3µM of LigB12). Both tPA and PLG 

bind to a region covered by FgaCC4 [35]. Interestingly, Lin et al. [17] found that LigB12 does not 

compete with the binding of tPA or PLG to Fg. In agreement with those findings, we demonstrated 

that LigB12 preferentially binds to FgaCC5, which is not the binding site for tPA and PLG.  

To fine map the minimal binding site, FgaCC5 was eventually truncated into three small 

fragments, FgaCC6, FgaCC7 and FgaCC8 (Fig 4.1). As opposed to the binding of FgaCC3 or 

FgaCC5 to LigB, saturation binding was almost reached for the FgaCC8-LigB12 interaction with 

KD equal to 0.76± 0.06 µM. The interaction between FgaCC8 and LigB12 was weaker than the 

interaction between FgaCC3 and LigB12 (p<0.05). On the other hand, neither FgaCC6 nor 

FgaCC7 could be recognized by LigB12, the interactions of which was not different from the 

negative control (p>0.1, 3µM of LigB12). FgaCC6 encompassed the RGD motif for the 

association with platelet integrin aIIbb3. Consistent with our previous work [17], LigB12 did not 
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directly bind to the RGD motif within FgaCC6. The findings demonstrate that the very C-terminal 

23 amino acid residues of Fg a chain (FgaCC8) is the smallest Fg-derived peptide able to make a 

significant contribution to the binding site for LigB12. 

LigB12 binds to FgaCC truncations with submicromolar affinities 

To accurately characterize the real-time binding kinetics of LigB-FgaCC interactions, the binding 

of LigB12 to FgaCC truncations (FgaCC3, FgaCC5 and FgaCC8) was analyzed by surface 

plasmon resonance (SPR). Each FgaCC fragment at different concentrations was passed through 

a LigB12-coated CM5 sensor chip. The association and dissociation curves were then obtained to 

calculate association (kon) and dissociation rate constants (koff) by fitting the sensograms with the 

1:1 Langmuir binding model. As shown in Fig 4.3A and Table 4.2, FgaCC3 presented a fast 

association followed by a fast dissociation with LigB12. The binding affinity of the FgaCC3-

LigB12 interaction (kon = 4.81 × 104 ± 0.15 M-1 s-1, koff = 3.39 × 10-2 ± 0.22 s-1, KD = 0.704 ± 0.14 

µM) was 1.8-fold weaker than the interaction between full-length FgaCC and LigB12 (Table 4.2). 

The decrease in affinity might be attributed to the loss of the minor LigB12 binding site (FgaCC2) 

on FgaCC3. In addition, FgaCC5 exhibited a fast-on yet slow-off binding pattern to LigB12 with 

kinetic parameters kon =3.69 × 104 ± 0.67 M-1 s-1, koff =3.84 × 10-2 

± 0.14 s-1, KD =1.04 ± 0.21 µM (Fig 4.3B). On the other hand, the smallest LigB12-binding 

construct, FgaCC8, displayed an even slower dissociation to LigB12 with kon =3.72 × 104 ± 0.16 

M-1 s-1, koff =3.57 × 10-2 ± 0.08 s-1, KD =0.959 ± 0.05 µM (Fig 4.3C).  Although the binding affinity 

of FgaCC8 to LigB12 was lower than full-length FgaCC, the affinity was still within the sub-

micromolar range. Overall, we showed that the minimal binding site (FgaCC8) on Fg a chain 

maintained a great affinity to LigB12. 
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FIGURE 4.3. Characterization of binding kinetics of LigB12-FgaaCC interactions. SPR analysis of 
LigB12-FgaCC interactions was conducted by flowing (A) FgaCC3 (B) FgaCC5 and (C) FgaCC8 at 0, 
0.047, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM through LigB12-immobilized CM5 sensor chip. The 
measured kon, koff, and KD values for LigB12-FgaCC3 interaction are 4.81 × 104 ± 0.15 M-1 s-1, 3.39 × 10-2 
± 0.22 s-1, 0.704 ± 0.14 µM, respectively. The kinetic parameters of LigB12-FgaCC5 interaction were 
measured as 3.69 × 104 ± 0.67 M-1 s-1, 3.84 × 10-2 ± 0.14 s-1, 1.040 ± 0.21 µM. For LigB12-FgaCC8 
interaction, the parameters of binding kinetics were measured as kon, 3.72 × 104 ± 0.16 M-1 s-1, koff, 3.57 × 
10-2 ± 0.08 s-1, KD, 0.959 ± 0.05 µM.  
 
Table 4.2. Kinetic parameters of LigB12-Fg interactions 	

 
All values represent the mean ± 1 standard deviation of three independent experiments. 
#The kinetic data of FgαCC-LigB12 interaction is cited from Lin et al., 2011 [17]. 
*The dissociation constants (KD) of FgαCC3-LigB12 interaction derived from SPR and ELISA are both 
significantly higher than KD of FgαCC-LigB12 interaction (ANOVA test, p< 0.05). 
**The dissociation constants (KD) of FgαCC8-LigB12 interaction obtained from SPR and ELISA are both 
significantly higher than KD of FgαCC-LigB12 interaction (ANOVA test, p< 0.05). 
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SPR ELISA
Kon (M-1 s-1) Koff (s-1) KD (µM) KD (µM)

FgαCC# 5.03 × 104 ± 0.03 1.88 × 10-2 ± 0.26 0.385 ± 0.09 0.37 ± 0.05 

FgαCC3 4.81 × 104 ± 0.15 3.39 × 10-2 ± 0.22 0.704 ± 0.14* 0.51 ± 0.07* 

FgαCC5 3.69 × 104 ± 0.67 3.84 × 10-2 ± 0.14 1.040 ± 0.21 0.58 ± 0.04 

FgαCC8 3.72 × 104 ± 0.16 3.57 × 10-2 ± 0.08 0.959 ± 0.05** 0.76 ± 0.06** 
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The LigB12-FgaCC8 interaction is mediated by electrostatic and hydrophobic forces 

The theoretical pI of 12.02 for FgaCC8 (calculated using the Protein Calculator version 3.4 

(Putnam, C.D., 2013, http://protcalc.sourceforge.net/)) is high due to the four positively charged 

side chains and absence of negatively charged side chains. The theoretical net charge of FgaCC8 

and LigB12 at pH 5, 6, 7, 8, and 9 were calculated and plotted in S1 Figure. The largest charge 

difference (>4) between the two proteins was found at pH 6.  To determine if the LigB12-FgaCC8 

interaction is mediated by charge-charge interactions, we tested the binding of LigB12 to FgaCC8 

in phosphate buffers with different pH values by ELISA (150 mM NaCl). Interestingly, the binding 

affinity of LigB12 to FgaCC8 reached the maximum (KD= 0.47 µM) at pH 6 (Fig 4.4A). At pH 7 

or pH 5, the LigB12-FgaCC8 interaction was weaker (KD= 0.82 µM at pH 7; KD= 1.83 µM at pH 

5) but still indicated prominent binding. An increase in the pH to 8 or 9 resulted a drop in the 

binding of LigB12 to FgaCC8 to near basal level (similar to the binding of LigB12 to BSA at pH 

7, Fig 4.2). The ELISA LigB12-FgaCC8 interaction response is highly pH-dependent suggesting 

that electrostatic forces contribute to the LigB12-FgaCC8 interaction. To determine whether the 

ionic strength also had an effect on the interaction, we further assayed the binding of LigB12 to 

FgaCC8 in buffers containing various salt concentrations. At pH 7 (Fig 4.4B), the greatest binding 

affinity of LigB12 to FgaCC8 appeared when NaCl concentration was 75 mM (KD= 0.46 µM). In 

addition, at the 150mM NaCl concentration, LigB12-FgaCC8 interaction was slightly weaker 

(KD= 0.62 µM) than the affinity in the buffer containing 75mM NaCl. As the salt concentration 

further increased, the binding affinity gradually dropped and reached its weakest point in the buffer 

containing 1200 mM NaCl (KD= 6.61 µM) (Fig 4.4D). Unexpectedly, at pH 6 (Fig 4.4C), the 

binding affinity was greater in high salt conditions (KD= 0.22 µM, 1200 mM NaCl). Then, the 
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interaction gradually weakened with decreasing salt concentrations. The affinity reached the 

minimum (KD= 1.29 µM) when the NaCl concentration was 75 mM (Fig 4.4D). To be noted, the 

structure of LigB12 was not affected in the buffers at different pH or various salt conditions (S2 

Figure A and B). All these findings suggested that not only electrostatic forces but also 

hydrophobic interactions contribute to the binding of LigB12 to FgaCC8. 

 

 

FIGURE 4.4. Effect of different pH conditions and salt concentrations on the binding of LigB12 to 
FgaaCC8. For all experiments, anti-His monoclonal antibody was immobilized on each well to provide a 
specific binding site for His-Sumo tagged FgaCC8 and to allow FgaCC8 to be fully accessible to LigB12. 
A. Various concentrations of GST tagged LigB12 (0, 0.156, 0.313, 0.625, 1.25, 2.5 and 5 µM) in 0.1 M of 
potassium phosphate buffer at different pH values (5, 6, 7, 8 and 9) were applied to FgaCC8-immobilized  
wells (1 µg/well). B and C. Various concentrations of GST tagged LigB12 (0, 0.156, 0.313, 0.625, 1.25, 
2.5 and 5 µM) in 0.1 M of potassium phosphate buffer at (B) pH=7 or (C) pH=6 were prepared under 
different salt conditions (0.075 M, 0.15 M, 0.3 M, 0.6 M and 1.2 M of NaCl), and then added to FgaCC8-
immobilized wells. The binding affinity of GST-LigB12 to FgaCC8 was subsequently detected by ELISA 
using HRP-conjugated anti-GST antibodies. D. The binding affinity of LigB12 to FgaCC8 (KD) at pH 7 
(in yellow) and pH 6 (in green) were graphed for each NaCl concentration. The dissociation constants (KD) 
were calculated by fitting the binding curves from (B) and (C) with the equation described in materials and 
methods. The mean +/- 1 standard deviation shown in the graph was derived from three independent 
experiments. 
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Charged residues and nonpolar residues are critical for LigB12-FgaCC8 interaction 

Based on our buffer screening, the key amino acids responsible for the LigB12-FgaCC8 

interaction are likely to either be charged or hydrophobic in nature. From FgaCC8, five basic 

amino acids (K606, R608, R611, H614 and K620) and three aliphatic amino acids (V610, I613 

and L618) were targeted in the construction of single alanine mutants. The FgaCC8 mutated 

fragments maintained a theoretical pI close to 12 (similar to wild-type (WT) FgaCC8) with the 

exception of R608A and R611A (pI=11.17) (S2 Figure A). In addition, the alanine mutants of the 

five basic amino acids had an increase in hydropathicity and the alanine mutants of the three 

aliphatic amino acids had a decrease in hydropathicity from WT FgaCC8 (S3 Figure A). All these 

mutations had similar secondary structures as WT FgaCC8 (S4 Figure A). ELISA binding assays 

were performed with all of the alanine mutants immobilized on microtiter plates to examine the 

effect of replaced side chain on the LigB12-FgaCC8 interaction. Various concentrations of GST-

tagged LigB12 were applied to FgaCC8 mutant-coated wells and the binding was assayed by 

ELISA. The binding of LigB12 to WT FgaCC8 or BSA was also included as positive and negative 

controls, respectively. As shown in Fig 4.5A, R608A and R611A showed dramatic abolishment of 

LigB12 binding ability (>60% reduction). H614A also had 50% reduction of binding to LigB12. 

On the other hand, the binding of LigB12 to K606A and K620A was only slightly decreased (20-

23% reduction) compared to WT. Similar to H614A, I613A showed 47% reduction of binding to 

LigB12 (Fig 4.5A). In contrast, L618A only reduced the binding by 12% compared to WT, and 

V610A did not decrease the binding to LigB12 to any significant degree (p>0.1). In summary, the 

binding results suggest that R608, R611, I613 and H614 are important for the interaction of 

FgaCC8 with LigB12.  

Considering that three positively charged residues of FgaCC8 were important for the LigB12-
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FgaCC8 interaction, we postulated that the three negatively charged residues within the main 

LigB12 domain might be involved in this interaction. The three LigB12 mutants (D1061N, 

D1066A and E1088A), which increased the theoretical pI to 9.25 from 8.5 for WT LigB12 (S3 

Figure B), were coated on microtiter wells to test for FgaCC8 binding ability through ELISA. The 

binding of FgaCC8 to WT LigB12 or BSA was also included as controls. Interestingly, D1061N 

was the only mutant showing >30% reduction of binding to FgaCC8, while D1066A and E1088A 

had minor reductions (10~12%) of binding (Fig 4.5B). Taking advantage of the high resolution 

structure of LigB12 [27], we were able to identify neighboring residues of D1061 with highly 

surface accessible side chains that might also contribute to FgaCC8 binding. Two residues located 

on the surface near D1061, F1054 and A1065, are not present in the other eleven LigB domains 

that lack the ability to bind FgaCC8. Mutations, F1054A and A1065K, were chosen from residues 

present at the homologous location in other LigB domains.  In addition, the core-facing F1053 was 

included in the mutagenesis study as a control. Instead of using the poorly-thermostable F1053A 

mutant, we performed the binding experiment with the P1040C/F1053C mutant which was 

previously shown to be properly folded and to have thermostability near WT [27,36]. The 

theoretical pI and hydropathicity for all of the LigB12 mutants is plotted in S3 Figure B. In 

addition, all LigB12 mutations had similar secondary structures as WT LigB12 (S4 Figure B). As 

expected, the binding of P1040C/F1053C to FgaCC8 was not significantly different from WT 

(p>0.1) (Fig 4.5B). Both F1054A and A1065K showed a decrease in binding to FgaCC8 (51% 

and 46% reduction). In conclusion, our ELISA analysis using the surface mutants of LigB12 

suggests that D1061, F1054 and A1065 play a major role in the interaction of LigB12 with 

FgaCC8. 
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FIGURE 4.5. Identification of key amino acids contributing to the LigB12-FgaaCC8 interaction. A. 
The binding affinities of FgaCC8 wild-type (WT) and eight FgaCC8 mutants to LigB12 were measured 
by ELISA. 5 µM of GST tagged LigB12 were added to WT or FgaCC8 mutants or BSA (negative control) 
coated wells (1 µM/well). The relative binding (%) of LigB12 to each FgaCC8 mutant was calculated in 
relation to FgaCC8 WT. B. The binding affinities of LigB12 wild-type (WT) and six LigB12 mutants to 
FgaCC8 were measured by ELISA. 5 µM of GST tagged FgaCC8 were added to WT or LigB12 mutants 
or BSA (negative control) coated wells (1 µM/well). The relative binding (%) of FgaCC8 to each LigB12 
mutant was calculated in relation to LigB12 WT. The mean +/- 1 standard deviation shown in the graph 
was derived from three independent experiments. For (A) and (B), the mutants that significantly reduced 
binding as opposed to WT are marked by an asterisk (ANOVA test, p<0.05).   
 
LigB12 interferes with FXIII binding to Fg and FXIII-mediated cross-linking of Fg 

LigB12 inhibits blood clot formation by interfering with the lateral aggregation of fibrin [17]. At 

this stage of fibrin clot formation, the aC domain of Fg tends to associate with another aC domain 

on a neighboring Fg, which provides a proper conformation for subsequent cross-linking catalyzed 

by FXIII [37]. FXIII is converted to its active transglutaminase form, FXIIIa, by thrombin (in the 

presence of Ca2+). FXIIIa catalyzes the formation of covalent peptide bonds between Lys and Gln 

side chains from Fg. Eventually, the cross-linked Fg a and g chains form an insoluble fibrin 

network to stop the hemorrhage [38]. In addition, Smith et al. [39] showed that FXIII could bind 

to FgaCC with submicromolar affinity. Based on these previous results, we hypothesized that 

LigB12 might directly interact with FXIII and thus impair FXIII-Fg interaction. To this end, the 

direct ELISA binding assay was performed by applying LigB12 to FXIII-coated microtiter wells. 
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LigB12 was also added FgaCC8- or BSA-coated wells as a control. As expected, LigB12 was 

strongly bound by FgaCC8 but not BSA (Fig 4.6A). FXIII exhibited an even stronger binding 

affinity to LigB12 (KD= 0.15 ± 0.015 µM). To investigate whether the tight binding of LigB12 to 

FXIII could interfere with the FXIII-Fg interaction, different concentrations of LigB12 were 

applied to FXIII-coated wells. LigB4, which does not bind to either FXIII or FgaCC (S5 Fig.), 

was included as a negative control. After the unbound LigB proteins were removed, the ability of 

GST-tagged FgaCC binding to FXIII was examined. As shown in Fig 4.6B, LigB4 produced a 

maximal inhibited response of 92.7 ± 2.9% (a reduction of only 7.3 ± 2.9%) suggesting that the 

presence of LigB4 had almost no effect on the binding of FgaCC to FXIII. In contrast, the binding 

of FgaCC to FXIII gradually decreased as the concentration of LigB12 increased and could be 

described with a dose inhibition curve. The maximal inhibition of	FXIII-Fg interaction by LigB12 

was 43.3 ± 8.2%. (a reduction of 56.7 ± 8.2%). This indicated that LigB12 exhibits a dose 

dependent block of the FgaCC-binding site on the immobilized FXIII. Finally, we examined 

whether Lig proteins could affect FXIII-mediated cross-linking of Fg. LigB12 or LigB4 (negative 

control) was pre-incubated with FXIII and soluble Fg before being mixed with thrombin to initiate 

the cross-linking. The reaction was conducted at 37 °C for 30 min in CaCl2 containing buffer and 

then boiled for SDS-PAGE analysis. The reaction mixtures without LigB proteins (positive 

control) or without CaCl2 (negative control) were also included. In the positive control, both a and 

g chains were fully cross-linked and migrated as high molecular weight a- multimers and g-dimers, 

while the inert b chain stayed as a monomer (Fig 4.6C). In the negative control, the cross-linking 

reaction was completely blocked by EDTA. As a result, all a and g chains migrated in their 

monomeric forms. Notably, LigB12 could partially inhibit polymerization of a chains but could 

not significantly decrease the dimerization of g chains. On the other hand, LigB4 did not reduce 
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either a- multimer or g-dimer formation. To sum up, we have found that LigB12 inhibits fibrin 

clot formation by interfering with the cross-linking of Fg a chains. 

 

FIGURE 4.6 Binding of LigB12 to FXIII/Fg interferes with FXIII-mediated Fg cross-linking. A. 
Various concentrations of GST tagged LigB12 (0, 0.094, 0.188, 0.375, 0.75, 1.5 and 3 µM) were added to 
FXIII (green), FgaCC8 (positive control; red) and BSA (negative control; gray) immobilized wells. The 
binding of LigB12 to FXIII was measured by ELISA. B. Different concentrations (0, 0.63, 1.25, 2.5, 5, and 
10 µM) of LigB12 (blue) or LigB4 (orange) were added to FXIII-coated wells. After the unbound LigB 
proteins were removed, His-SUMO-tagged FgaCC (1µM) was added to the well for a 1 hr incubation. The 
binding of FgaCC to FXIII was then detected by anti-His antibodies conjugated with HRP. The relative 
binding affinity (%) of FgaCC to FXIII in the presence of Lig proteins was calculated in relation to the 
binding of FgaCC to FXIII in the absence LigB proteins. For (A) and (B), experiments were conducted in 
three independent trails and the mean +/- 1 standard deviation are shown in the graph.  C. The effect of 
LigB proteins on FXIII-assisted Fg cross-linking. Various concentrations of LigB12 (15, 7.5, 3.75 µM) or 
LigB4 (15 µM) were pre-treated with 0.5 mg/ml of soluble Fg and 0.025 mg/ml of FXIII for 10 min prior 
to the addition of 1U of thrombin. The reaction was conducted at 37 °C for 30 min in 50 mM Tris buffer 
(pH=7.4) containing 100 mM NaCl and 5 mM CaCl2. Mixtures without LigB protein (positive control) or 
without CaCl2 (negative control) were also included. The SDS-PAGE analysis shown here is a 
representative of three independent experiments.  
 
Discussion 

The animal coagulation system is one of the major defense systems to help cope with microbial infections. 

This primitive system is highly conserved from invertebrates to humans; for example, a clottable protein 
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functioning like Fg is preserved in horseshoe crabs [40]. Once pathogen induced damage to the vasculature 

occurs, clotting factors are rapidly activated, eventually resulting in fibrin clot formation to wall off the 

invading microbes. Among all clotting factors, Fg is the primary building unit of the fibrin clot and plays 

the central role of recruiting thrombin, FXIII and platelets to initiate the clotting cascade. Fg also triggers 

the activation of the fibrinolytic system by bringing tPA and PLG together. The check and balance of 

hemostasis and fibrinolysis needs to be well orchestrated; otherwise, the resulting hemorrhage or 

thrombosis may lead to detrimental consequences [12]. Notably, Fg is primary synthesized by the liver, but 

it can also be secreted by alveolar type I pneumocytes during lung infections [41]. A hemorrhagic lung 

provides a perfect niche for leptospira to thrive in. Although there was no direct evidence showing the up-

regulation of Fg synthesis from leptospira-associated pneumonia, microscopic lesions from leptospira 

infected patients did reveal multifocal fibrin deposition and severe hemorrhage [11,42,43] 

Bacterial pathogens have evolved a variety of adhesins to interact with hemostatic factors including Fg.  

Bacterial adhesins, depending on their mechanism of bacterial surface attachment, can be categorized into 

two groups: Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs) or  

Secretable Expanded Repertoire Adhesive Molecules (SERAMs) [11,43]. Fg-interacting proteins can target  

distinct sites on different chains of Fg, but they all antagonize Fg function leading to blockage of the normal  

coagulation cascade. ClfA and fibronectin binding protein A (FnBPA) both bind to the gC domain to block  

platelet aggregation by occupying the integrin recognition site. Both proteins also inhibit fibrin 

polymerization through interference with B knob- b hole interaction [13,44]. SdrG interacts with the N- 

terminal b chain, the thrombin-targeting site, to inhibit the cleavage of FpB and thus abolish fibrin clot  

formation [15,45]. The aC domain is a common target for clumping factor B (ClfB) and bone sialoprotein  

binding protein (Bbp). ClfB binds to the N-terminal flexible region of the aC domain (FgaCN), while Bbp  

interacts with the C-terminal globular region of the aC domain (FgaCC) [46,47]. One example of a  

SERAM is the extracellular fibrinogen-binding protein (Efb), which associates with the Fg a chain to  

reduce leukocyte adherence, thereby disrupting host immune responses [48]. Recently, many leptospiral  
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Fg-binding proteins have been identified [16,18,19], but the specific minimal binding sites on Fg for these  

adhesins have not yet been elucidated. The leptospiral MSCRAMM, LigB, contains an Ig-like domain  

structure that is common in many Fg-binding adhesins and has a high affinity for FgaCC [27]. In this study,  

we further identified that the very C-terminal 23 residues of FgaCC (FgaCC8) can be recognized by  

LigB12 (Fig 4.2). Based on the solution structure of FgaCC determined by NMR, FgaCC8 should be a  

fairly flexible region protruding from a well-folded aC domain [32,33]. The inherent flexibility of FgaCC8  

may lead to structural differences in the context of FgaCC and may also be responsible for the weaker  

binding affinity of FgaCC8 for LigB12. Interestingly, dynamic, unstructured features of Fg are the most  

common ligands for bacterial adhesins. We also showed that the LigB12 binding site on FgaCC did not  

overlap with tPA, PLG or platelet integrin targeting site (Fig 4.2), which is consistent with our previous  

findings [17]. Previously, a study by another group identified that Fg binding site on the 9th through 11th Ig- 

like domains of LigB [20]. While results from our group agree that the 1st through 7th Ig-like domains of  

LigB have little to no affinity for Fg, our results disagree in the specific Fg-binding sites within the final  

four LigB Ig-like domains [17,20–22]. One potential reason for the discrepancy could be that the LigB gene  

used in this study was cloned using serovar Pomona chromosomal DNA while the other study used a LigB  

gene cloned from serovar Copenhageni chromosomal DNA. The amino acid sequences differ slightly  

between these two serovars, which could affect the interaction with Fg.  

The Fg concentration in plasma ranges between 5.8 to 11.6 µM under normal physiological conditions [49]. 

To tightly associate with Fg, most bacterial adhesins bind to Fg with sub-micromolar affinity [17,20,45]. 

Using ELISA and SPR, we demonstrated that the KD of FgaCC8 binding to LigB12 was ~0.76 - 0.96 µM 

(Fig 4.2B and 3C).  This affinity is comparable to other adhesin-Fg interactions and implies that the LigB12-

FgaCC is physiologically relevant during infection [11,15,44,47,48]. Furthermore, the LigB12-FgaCC 

interaction is mediated by both electrostatic and hydrophobic forces (Fig 4.4) and is supported by previous 

isothermal titration calorimetry data showing that LigB12-FgaCC interactions are driven by both enthalpy 

and entropy [17]. Local inflammation is frequently associated with extracellular acidosis [50]. For example, 
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in Pseudomonas induced pneumonia, lactic acidosis developed in hemorrhagic lung [51]. Local acidosis 

favors an inflammatory response leading to the suppression of the coagulation system [52]. Inflammation-

induced lung acidosis might be the reason that LigB12 evolved to bind much stronger to FgaCC8 at low 

pH (Fig 4.4A). Three positive residues from FgaCC8 (R608, R611 and H614) took part in the association 

with LigB12 (Fig 4.5A). Particularly, the involvement of H614 in the interaction should explain the strong 

affinity occurring at pH 6. The pKa of the histidine sidechain is approximately 6, which implicates that 

FgaCC8 could carry relatively more positive charge when pH is below 6. This positively charged histidine 

sidechain could interact with aromatic residues and also form hydrogen bonds with polar residues [53,54], 

resulting in the enhancement of binding to LigB in a pathologically low pH environment. Likewise, a 

negatively charged amino acid D1061 from LigB12 contributed to the binding as well (Fig 4.5B). 

Therefore, the LigB12-FgaCC interaction is less likely to adopt the typical “dock, lock and latch” binding 

mechanism of SdrG-Fg interaction in which the hydrophobic residues play a main role [15,55]. On the other 

hand, I613 from FgaCC8, F1054 and A1065 from LigB12 are the major residues responsible for 

hydrophobic interaction. D1061 is thought to participate in the binding to human tropoelastin (HTE), 

another host binding partner of LigB, suggesting that Fg and HTE might share the same binding region on 

LigB12 [28]. Future studies will aim to clarify this competitive interaction between host factors and LigB.  
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FIGURE 4.7 Coagulation cascade with the steps affected by LigB. The coagulation cascade is initiated 
by blood vessels damage and eventually leads to activation of factor Xa (FXa) which enzymatically 
processes prothrombin into thrombin. Subsequently, thrombin removal fibrinopeptide A/B (FpA/B) from 
fibrinogen yields fibrin. The cross-linking of fibrin polymers is catalyzed by thrombin-activated factor XIII 
(FXIIIa). The possible mechanisms of LigB-mediated disruption of the coagulation pathway are indicated 
by red (´́)s. LigB inhibition of fibrinogen (Fg) binding to platelet integrin would block platelet aggregation. 
In addition, LigB interference with the FXIII-Fg interaction would block FXIII-mediated cross-linking of 
Fg, thus reducing the fibrin clot formation. LigB has not been shown to affect the fibrin degradation 
pathway.  
 
FXIII is a transglutaminase circulating in the plasma as fibrin stabilizing factor. Following the lateral 

aggregation of Fg, the proper orientation of a and g chains allows FXIII catalyzed cross-linking to occur, 

which stabilizes the fibrin clot thereby becoming resistant to chemicals and mechanical force [38]. LigB 

could interfere with clot formation at the later stage [17] by affecting Fg cross-linking. Here, we showed 

that LigB12 binds to FXIII and thus suppresses the FXIII-FgaCC interaction (Fig 4.6A and 6B). The 

interaction of LigB12 with FXIII is a potential mechanism of how LigB can disrupt the FXIII-mediated 

cross-linking of Fg a chains (Fig 4.6C and 7). Recently, the FgaCC1 region has been identified to contain 

the FXIII-binding site [39]. In the current study, the LigB12-binding site on the Fg a chain was mapped to 

the C-terminus of FgaCC (defined as FgaCC8), a site that is distinct from the FXIII-binding site. Given 

the higher affinity of LigB12 for FXIII than for Fg, LigB12-dependent block of the FXIII-FgaCC 

interaction was assessed using the tighter LigB12-FXIII interaction as the blocking interaction for the 

FXIII-FgaCC complex.  The ability of LigB12 to reduce maximal FgaCC binding to FXIII by more than 

50% in this assay suggests that LigB12 and Fg compete with each other for the same binding region on 

FXIII. One potential working model is that LigB from the surface of Leptospira interacts with both FXIII 

and Fg in order to disrupt the coagulation pathway (Fig 4.7). After being hijacked by Leptospira, FXIII 

loses some ability to cross-link Fg polymers, which further blocks the fibrin clot formation. LigB targeting 

to a specific site on the Fg a chain could have a negative impact on FXIII-mediated retention of red blood 

cells, which destabilize the thrombus and might further facilitate the dissemination of Leptospira [56]. 

Previously, LigB was shown to reduce platelet adhesion and aggregation by interfering with the Fg-integrin 

interaction [17]. Several groups have also found that Leptospira could diminish the fibrin clot by either 
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inhibiting thrombin activity or by activating fibrinolysis system, although this abolishment per se was 

mediated by different leptospiral adhesins [18,57]. Taken together, multiple steps of the blood coagulation 

pathway could be modulated by leptospiral surface proteins, which should promote the systemic spreading 

of spirochetes and potentially lead to fatal pulmonary hemorrhage. 

In conclusion, we demonstrated that FgaCC8 was the minimal binding site for LigB12. For the first time, 

the critical residues contributing to the association of leptospiral adhesins with Fg were revealed. In 

addition, we showed a potential mechanism of LigB interference with fibrin clot formation. Taken together, 

this study provides a better understanding of host-pathogen interaction and has the potential to aid the 

development of future leptospirosis therapies. 
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CHAPTER 5 

LEPTOSPIRA SURFACE ADHESIN, LIGB, ADOPTS AN EXTENDED STRUCTURE WITH 

HIGH BACTERICIDAL MONOCLONAL ANTIBODY ACCESSIBILITY AND IMPLICATIONS 

FOR RECOMBINANT VACCINE DESIGN 

 

Introduction 

Pathogenic Leptospira is the etiology of leptospirosis, a neglected bacterial disease that is re-emerging 

in the United States and is also prevalent and endemic in tropical nations. Leptospirosis can lead to severe 

clinical presentations in both human and animals [1, 2]. The bacteria typically invade their hosts through 

abraded skin or mucous membrane which has been exposed to contaminated water or soils. Leptospira 

rapidly enters the blood stream to cause leptospiremia and then disseminates throughout the body to the 

liver, kidney, lung and brain, resulting in devastating multi-organ failures [3, 4]. In rodent carriers, chronic 

leptospiral infections are quarantined to the kidneys allowing the host to remain asymptomatic while high 

concentrations of pathogen are shed through the urine [5]. Unfortunately, infected livestock, pets, and 

humans can develop severe cases of leptospirosis, known as Weil’s disease in humans, and often present 

symptoms of liver dysfunction, renal failure, severe vasculitis, myocarditis and occasionally meningitis [6]. 

If no antibiotic or supportive intervention is undertaken, Weil’s disease is associated with a high mortality 

rate [7].  

To promote the progression of systemic disease from early stages of leptospiremia to late stages of 

disease manifestations, Leptospira must survive in the bloodstream and then disseminate to distal tissues. 

Effective host humoral immune response is thought to provide the primary mechanism by which Leptospira 

invaders are controlled in the bloodstream [4]. The first line of the humoral response is the complement 

system, a set of serum proteins involved in pathogen recognition and attack [8]. By binding to antigens, the 

pathogen-specific antibody recruits the complement factors to trigger the formation of pores through the 
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cell membrane, which eventually kills the pathogens including Leptospira [8-10]. To escape from killing 

and promote bacteremia, pathogenic Leptospira produce a variety of surface proteins that can bind to 

complement regulators and inhibit the activation of the complement system [9-14]. Along with LenA and 

LcpA, the Leptospira immunoglobulin-like (Lig) proteins, LigA and LigB, have been shown to bind to 

multiple complement regulators. Lig proteins are also versatile adhesins that can enhance virulence and 

tissue colonization by binding to several extracellular matrix molecules (ECMs) on the surface of host cells 

[15-19]. Further supporting the role of Lig proteins in infection, expression of both LigA and LigB is 

induced by osmotic changes associated with host invasion [15]. 

Lig proteins directly contribute to several host interactions involved in pathogenesis and, as a 

consequence, are exposed to the host’s antibody-mediated immune response. Vaccines containing 

recombinant proteins derived from LigA and LigB are among the most protective against leptospirosis. 

Interestingly, ligB has been observed in all pathogenic Leptospira strains, but ligA is only present in some 

of them [20]; therefore, LigB-containing vaccines are most likely to provide the broadest cross-strain 

protection. Immunization of hamsters with a combination of different truncated LigB-derived antigens 

provides only moderate protection from lethality (~50%) [21, 22]. Improvements in LigB-based vaccines 

would greatly increase their potential to protect against leptospirosis. For several recombinant vaccines, the 

redesign of antigens to display the epitopes with the highest levels of antigenicity is currently being explored 

as a strategy to improve vaccine efficacy [23, 24]. The modular Lig protein structure is composed of 

repeating homologous immunoglobulin (Ig)-like domains thereby providing opportunities for reengineered 

vaccine optimization aided by comparative analysis strategies.  

In the context of rational vaccine development, the molecular details of how the surface antigens are 

exposed to the host’s defenses is highly relevant. Our understanding of Lig protein structure is limited to 

the NMR structure of the individual Lig protein Ig-like domain [25]. Both LigA and LigB are attached to 

the leptospiral outer surface by a short N-terminal anchor, which is followed by a stretch of 13 (LigA) or 

12 (LigB) consecutive Ig-like domains. The first 6½ Ig-like domains (conserved region) are nearly identical 

between LigA and LigB, while the rest of the Ig-like domains (variable region) are distinct with LigB (but 
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not LigA) containing an additional non-Ig-like domain at its C-terminus (Figure 5.1). Most host interactions 

with Lig protein have been identified within the Ig-like domain regions and LigB-based vaccines have also 

utilized the Ig-like domain region [14-19, 21, 22].  

In this study, we develop our understanding of the most antigenic surfaces of the LigB Ig-like domains 

by generating a library of monoclonal antibodies (mAbs) against recombinant LigB-derived antigens for 

both the conserved (LigB1-7) and variable (LigB7-12) domains within the Ig-like domain region. 

Characterization of the mAb set identified eight mAbs with sub-micromolar and five with low micromolar 

binding affinities to LigB antigens. The mAbs were able to adhere to the surface of pathogenic Leptospira 

and to further kill these bacteria in the presence of serum complements. The combined mAb sets had a high 

degree of domain specificity and covered the length of LigB with no more than single domain immune-

reactivity gaps suggesting a highly accessible LigB structure. Small angle X-ray scattering (SAXS) was 

used to generate a low resolution structure of the full LigB Ig-like domain structure, which confirmed the 

extended nature of the multi-domain region. Finally, we pinpointed the binding surfaces for seven mAbs 

using two sets of Ig-like domain chimeras. To illustrate the potential for rationally engineered antigens, a 

vaccine containing the chimera LigB10-B7-B7, which displays identified mAb-interacting surfaces from 

LigB7 and LigB10, is able to offer improved protection over LigB7 and LigB10 against leptospiral lethal 

challenge in hamsters. These findings provide a blue print for optimizing the epitopes to improve the 

efficacy of LigB vaccines as well as recombinant vaccines from other pathogens. 
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Figure 5.1 Schematic of LigB. Depiction of LigB truncations that were used in this study. 
 

 

Materials and Methods 

Cloning, protein expression and purification 

A series of single (LigB1 to LigB12), double (LigB1-2 to LigB11-12, excluding LigB5-6), five-

domain (LigB1-5 to LigB8-12), and multiple (LigB1-7, LigB7-12, and LigB5-12) Ig-like domains of LigB 

from Leptospira interrogans serovar Pomona (GenBankTM, FJ030916) were respectively constructed on 

the vector pET28-Sumo as previously described [17, 51, 52]. The constructed plasmids containing LigB 

genes were transformed to E. coli Rosetta strain and the protein expression was induced with 1 mM IPTG 

at 20 ˚C for 16 h. After the cells were lysed using a high-pressure cell disruptor, the cell lysates were spun 

down and the supernatants were purified by Ni-NTA resin (Qiagen). The His-Sumo tagged LigB proteins 

were eluted by PBS buffer containing 300 mM imidazole and then digested with Sumo protease Ulp-1 

while dialyzing against PBS buffer at 4 ˚C overnight [51]. Afterwards, the digested proteins were applied 

to a second Ni-NTA resin to remove the His-Sumo tag, and the untagged proteins were collected in the 

flow-through fraction. To gain higher protein purity, the untagged Lig proteins were further separated from 



	
149	

other contaminates by size exclusion chromatography (SEC) Superdex75 (GE Healthcare), resulting in only 

one major species migrating on SDS-PAGE. LigB5/LigB12 and LigB7/LigB10 chimeric constructs were 

created by overlapping extension PCR to produce all 6 possible swapped genes from three protein segments 

(Figure 5.7). The three segments, strand A-C, strand C’-F and strand G-G’, and specific residue boundaries 

were rationally determined based on the spatial arrangement of β-sheets in the high-resolution structure of 

LigB12 [25] and the sequence alignment of parent domains.  BamHI and HindIII (or XhoI) restriction 

enzyme sites were artificially introduced to 5’ and 3’ end of all PCR amplicons to facilitate the ligations 

into pET28-Sumo vectors. The selected positive constructs were isolated from kanamycin resistant colonies 

and confirmed by DNA sequencing. 

 

Monoclonal antibody (mAbs) production  

A total 5 mg of LigB1-7 and LigB7-12 were used to immunize and boost the antibody productions 

from five BALB/c mice. Standard ELISA assay were used to screen the hybridoma clones producing 

positive supernatants as previously described [53]. Eventually, we generated 24 clones of IgG-type mAbs 

against LigB1-7 and 36 clones of IgG-type mAbs against LigB7-12. All mAbs were purified by protein 

A/G chromatography (Pierce) through the same procedure with minor modification suggested by 

manufacturer [54]. First, the hybridoma supernatant was dialyzed against the binding buffer (100 mM 

potassium phosphate, 150 mM sodium chloride, pH 8.0) overnight at 4 ˚C. Second, the dialyzed sample 

was applied to a protein A/G column (pre-equilibrated with binding buffer). After washing with 10-15 ml 

of binding buffer to remove the unbound fraction, the bound mAb was eluted with 100 mM glycine at pH=3 

and neutralized immediately with 1 M Tris at pH=9. The eluate containing mAb was dialyzed against PBS 

buffer at pH=7.0, concentrated to 3-4 mg/ml and stored at -80 ˚C. 

ELISA binding assay 

To select the mAbs with high affinities to LigB proteins, ELISA was performed for initial screening 

[17, 27].  Briefly, 1µg of LigB1-7 or LigB7-12 was coated on the microtiter plates (Nunc MaxiSorp, 

ThermoFisher Scientific) in coating buffer (0.2 M NaHCO3, pH=9.4) at 4 ˚C overnight. After blocking with 
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3% BSA in PBS buffer for 1 h, a series of 2 fold dilutions of hybridoma supernatants (1/250~1/16000) were 

individually applied to LigB-coated wells. Between each step, PBS containing 0.05% Tween-20 (PBS-T) 

was used to wash the plates for three times.  Subsequently, anti-mouse IgG antibody conjugated with HRP 

(1:5000, Invitrogen) was added to detect the binding of mAbs presented in hybridoma supernatants. Finally, 

100 µl of TMB peroxidase substrate (KPL) was applied to each well, the optical density of which was 

recorded at 630 nm by ELx808™ Absorbance Microplate Reader (BioTek). OD630 values represent the 

mean of three independent determinants ± the standard deviation from three replicates.  

ELISA screening was further utilized to identify the domain epitopes recognized by mAbs, an array 

of single- or double Ig-like domains were used for examining the specificities of mAbs. At a fixed 

concentration (1 µg/well), single domain LigB fragments (LigB1 to LigB12), double domain LigB 

fragments (LigB1-2 to LigB11-12, excluding LigB5-6), positive control (LigB1-7, LigB7-12), or negative 

control (BSA) were coated on the ELISA plates. Each mAb against LigB1-7 or LigB7-12 was then added 

to corresponding single-domain or double-domain LigB coated wells. For binding analysis of each chimera, 

the set of 6 chimeric LigB proteins plus the 2 parent LigB proteins were coated on the ELISA plates (1 

µg/well). Each mAb with activity against either of the 2 parent LigB proteins was screened for binding 

activity on the LigB coated wells. For measuring the antibody responses triggered by LigB-based 

recombinant vaccines, sera from hamsters immunized with LigB7, LigB10 and LigB10-7-7 were collected 

at different time points (pre-immunization, post-immunization and post-booster). Then, these serum 

samples (1:500) were added to corresponding LigB Ig-like domain coated wells (1 µg/well), and also 

applied to LigB12 coated wells (negative control). Finally, anti-hamster IgG antibody conjugated with HRP 

(1:1000, KPL) was used to detect the LigB-bound antibodies from hamster sera.   

Surface Plasmon Resonance (SPR) for binding kinetics  

To measure the binding affinity of mAbs to the respective antigens, SPR was conducted as 

previously described [27] but modified for the BIAcore 3000 (GE Healthcare). The antigens, LigB1-7 and 

LigB7-12, purified by Ni-NTA and size exclusion chromatography, were immobilized on the separate flow 
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cells of a CM5 chip by amine coupling method. Control flow cell was immobilized with only running 

buffer, HBS-EP (0.01 M HEPES pH 7.4, 0.15 M NaCl, 3 mM EDTA, 0.005% v/v Surfactant P20), and the 

unoccupied chip surfaces were blocked by 1 M ethanolamine-HCl. A series of concentrations of mAbs 

against LigB1-7 or LigB7-12 (2 fold serial dilutions from 2000 nM to 15.625 nM) were then injected across 

the control flow cell and the cell coated with corresponding LigB protein at 20 µl/min. After each binding 

event, the chip surface was regenerated by glycine-HCl at pH=3.0. The binding sensograms of mAbs to 

LigB1-7 or LigB7-12 were subtracted from control and then fit by using a 1:1 Langmuir binding model to 

determine the association rate constant (kon), dissociation rate constant (koff) and equilibrium constant (KD).  

Surface binding of mAbs to live leptospira by flow cytometry 

Leptospira interrogans freshly harvested from hamsters challenged with serovar Pomona or 

overnight NaCl-treated low passage Leptospira were prepared in PBS buffer containing 5 mM MgCl2 at 

108 cells/ml. Various mAbs against LigB1-7 and LigB7-12 were individually applied to the bacterial 

suspension at 1:500 dilution. After a 1 h incubation at room temperature, the bacteria-mAbs mixtures were 

spun down at 2,000 g for 7 min and then washed with PBS containing 1% BSA. Subsequently, anti-mouse 

antibodies conjugated with FITC (1:1000) were used for secondary antibodies for probing the bacteria 

bound mAbs. After another PBS-BSA wash, the bacteria-mAbs mixtures were fixed by 0.5% formaldehyde 

in PBS. The non-pathogenic Leptospira biflex, which does not express LigB, was subjected to the same 

procedure by incubating with selected mAbs for the control experiments [18]. Another negative control 

was conducted by treating the pathogenic Leptospira with unrelated mouse IgG, the isotypic mouse IgG 

purchased from ThermoFisher Scientific. Flow cytometry was performed with BD LSR-II using the 

excitation laser at 488 nm and the emission wavelength at 525/50 nm. All data were compared in a series 

of histogram by using Cytobank [55]. 

Serum bactericidal assay 

To examine if the mAbs were effective for killing the bacteria in vitro, the serum bactericidal 

activity (SBA) assay was conducted. 108 cells/ml of low passage, high virulent L. interrogans seorvar 

Pomona and Manilae strain M1307 are prepared in PBS buffer containing 2 mM MgCl2 and 1 mM CaCl2, 
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and then mixed with respective mAbs, plus 25% of normal human serum (ImmunoReagents) as a 

complement source. The mixtures were incubated at 37 °C for 1 h, and the viability of the bacteria were 

examined under the dark-field microscopy. The percentage survival rate of the bacteria was calculated as 

the number of motile (alive) cells in every 100 counts. The viability of the leptospira was also accessed by 

the luminescence emitted by metabolically active L. interrogans Manilae strain M1307 [26]. The same 

preparations were examined at different time points (0 min, 30 min, 60 min and 90 min), and the 

luminescence intensity of each sample was measured by GloMax® 96 Microplate Luminometer (Promega).  

The percentage survival rate of the bacteria was calculated by the intensity at a certain time point divided 

by the intensity at 0 min. In addition, a series of dilutions of mAbs (100 µg/ml to 3.125 µg/ml) were 

evaluated for dose dependent bactericidal efficacy of antibodies. 

Small Angle X-ray Scattering 

 LigB-derived proteins were exchanged into PBS buffer (pH 7.4) and concentrated to 10~15 mg/ml. 

SAXS data was measured at 1´, 2/3´, and 1/3´ protein concentrations after dilution with PBS buffer and 

centrifugation at 14,000 rpm for 10 min. Capillary cells were robotically loaded with 30 µL samples from 

a 96 well-plate maintained at 4 °C [56]. Between each sample, the capillary cell was thoroughly washed 

with detergent and water and then dried with air. All SAXS experiments were collected at the Cornell High-

Energy Synchrotron Source (CHESS)’s F2 and G1 beamline using a dual Pilatus 100K-S SAXS/WAXS 

detector. Background subtraction of SAXS buffer and data analysis were performed using the free open-

source software, RAW [56]. Idealized curves were used to generate ab initio models with DAMMAVER 

and DAMMIF programs from the ATSAS suite [57]. 

Hamster challenge 

Hamsters (Harlan Sprague Dawley Laboratory) were housed in isolation units approved by the 

University Animal Care and Use Committee. They were allowed to run free in the cage, were fed a 

commercial ration, and were provided water ad libitum as previously described (Kunjantarachot et al., 

2014). Vaccine trials were performed in 5-week-old Golden Syrian Hamsters. Six hamsters each were 
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vaccinated subcutaneously for each LigB-based recombinant vaccine containing adjuvant 2% Alhydrogel 

(Invivogen) at 3-week intervals for a total of 2 injections. The control group was injected with adjuvant 

only. Three weeks after the final vaccination, all animals were challenged with L. interrogans seorvar 

Pomona through the intraperitoneal route as previously described (Kunjantarachot et al., 2014). Kidney, 

liver, and urinary bladder were biopsied from hamsters within 1 h after euthanasia. Leptospiral loads found 

in livers, kidneys and urinary bladders from all immunization groups were examined by real-time RT-PCR 

[58]. The total RNA was firstly extracted from those targeted tissues and then reverse transcribed to cDNA. 

Subsequently, the Leptospira specific gene, LipL32, representing the tissue bacterial loads, was amplified 

and fluorescence detected by 7500 Fast Real-Time PCR system. Histopathological tissue slices were fixed 

with 10 % neutral buffered formalin and stained with hematoxylin and eosin. Tissue samples were imaged 

and scored by light microscopy.   
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Results 

Creation of mAb libraries with high affinities to LigB  

To develop the tools for studying Lig protein-mAb interactions and to provide potential therapeutic 

agents for leptospirosis, two purified LigB truncations, LigB1-7 and LigB7-12 (Figure 5.1), were used to 

generate two sets of hybridoma cells, mAb library C (Conserved region of LigA and LigB) and V (Variable 

region of LigA and LigB) respectively. Using ELISA, library C (24 mAbs) and library V (36 mAbs) were 

qualitatively screened for the ability to bind to their respective LigB truncations. For each library, over ten 

mAbs were capable of efficiently binding to the LigB truncated protein (Figure 5.S1), while poorly binding 

mAbs (represented by C22 and V33) were generally inefficient at producing an ELISA response. To more 

accurately characterize the specific Lig protein-mAb interactions, the binding affinity (KD) of ten mAbs 

from each library was quantitatively measured by SPR (Figure 5.2 and Table 5.1). The full set of twenty 

high affinity mAbs were categorized into three similarly-sized groups according to affinity: strongest (0.04 

µM < KD < 0.5 µM), intermediate (0.5 µM < KD < 20 µM), and weakest (20 µM < KD < 500 µM). 

Interestingly, the strongest binders contained only mAbs from library C (C1, C5, C6, C7, C9, C13, C23), 

while the intermediate binders were only from library V (V2, V3, V10, V12, V13, V34). The weakest 

binders were a mix of mAbs from libraries C and V (C10, C12, C14, V1, V9, V11, V26). The quantitative 

KDs obtained using SPR are consistent with the qualitative ELISA binding data (Figure 5.S2). Also 

consistent with the results obtained from ELISA, mAbs C22 and V33 displayed no binding activity (Figure 

5.2). Overall, twenty mAbs against the Ig-like domain regions of LigB were identified with micromolar to 

submicromolar binding affinity.  



	
155	

	
	
	
Figure 5.S1 Characterization of binding ability of mAbs against LigB by ELISA. Hybridoma 
supernatants containing mAbs against LigB1-7 (upper panel) or LigB7-12 (lower panel) or cell culture 
medium RPMI-1640 (negative control) were individually applied to LigB1-7 (1µM, upper panel) or LigB7-
12 (1µM, lower panel) coated microtiter plates. The binding of mAbs to the respective LigB antigens were 
detected by rabbit anti-mouse IgG antibody conjugated with HRP (1:5000) and then TMB substrate was 
added to develop the colorimetry. The levels of binding were measured by ELISA reader at the wavelength 
of 620 nm. For ELISA experiments, each value represents the mean +/- standard deviation (S. D.) of three 
trials in triplicate samples. The binding levels of each sample were compared with corresponding negative 
supernatant (C22, upper panel; V33, lower panel) or medium only (both panels), the differences showing 
statistically significance (P < 0.05) are indicated by an asterisk or palm. 
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Figure 5.2 Characterization of binding affinity of mAbs against LigB by SPR. SPR analysis for mAb-LigB 
interaction was conducted by BIAcore 3000. LigB1-7 (upper panel) and LigB7-12 (lower panel) were immobilized 
on the two separate flow cells individually, while the reference cell was coated with HBS-EP buffer only.  A set of 
mAbs against LigB1-7 (upper panel) or LigB7-12 (lower panel) at various concentration (2 fold serial dilutions from 
2000 nM to 15.625 nM) were flowed through the reference cell and the cells immobilized with respective LigB 
antigen. The binding curves obtained from different mAbs concentrations were used to calculate the on rate (kon), off 
rate (koff) and resulting dissociation constant (KD). All the experiments were duplicated to gain the mean values and 
corresponding S.D.  
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Table	5.1	The	dissociation	constants	of	the	mAbs-LigB	interactions	determined	by	SPR.	A	set	of	mAbs	
against	LigB1-7	(left)	or	LigB7-12	(right)	at	various	concentration	(2	fold	serial	dilutions,	from	2000	nM	to	
15.625	nM)	were	flowed	through	the	reference	cell	and	the	cells	immobilized	with	respective	LigB	antigen.	
The	binding	curves	obtained	from	different	mAbs	concentrations	was	fit	based	on	1:1	Langmuir	model	for	
calculating	the	on	rate	(kon),	off	rate	(koff)	and	resulting	dissociation	constant	(KD).	All	the	experiments	were	
duplicated	to	gain	the	averaged	values	and	corresponding	S.D.	(n.b.	stands	for	no	binding).	The	strongest	
and	intermediate	interactions	from	each	group	were	highlighted	in	bold.	
	

mAbs	to	 
LigB1-7 

K
D	
(μM) mAbs	to	 

LigB7-12 
K

D	
(μM) 

C1 0.21±0.06 V1 440±2.92 

C5 0.046±0.07 V2 0.71±0.05 

C6 0.31±0.23 V3 2.3±0.13 

C7 0.17±0.12 V9 36±1.42 

C9 0.045±0.08 V10 2.7±0.18 

C10 48±0.65 V11 52±3.51 

C12 210±1.78 V12 4.9±0.23 

C13 0.19±0.11 V13 9.6±1.60 

C14 81±1.52 V26 89±0.61 

C23 0.22±0.18 V34 2.5±0.22 

C22 n.b V33		 n.b 
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Figure 5.S2 Comparison of mAb-LigB binding measurements by ELISA and SPR. ELISA and SPR 
measurements were plotted against each other to illustrate the correlation between methods for determining 
relative mAb binding affinity. C9, C10, V1, and V11 were treated as outliers and the fit to the solid circles 
yielded an R² = 0.702.  
	
 

High affinity LigB mAbs bind to the surface of live Leptospira.  

The highest affinity mAbs against recombinant LigB truncations were tested using fluorescence-

based flow cytometry for the ability to recognize native proteins on the surface of Leptospira. The 

spirochetes were isolated from previously infected hamsters and incubated individually with 100 µg/ml of 

each mAb. A second incubation with FITC-conjugated anti-mouse antibodies was used to fluorescently tag 

the spirochetes that had been recognized by our set of anti-LigB mAbs. The fluorescently-labeled 

Leptospira cells were then counted by flow cytometry and the efficiency of mAb binding was inferred 
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based on the mean fluorescence index (MFI) from the fluorescence intensity gated region (Figure 5.3). As 

shown in Figure 5.3A, high affinity mAb (C5)-incubated L. interrogans serovar Pomona cells were likely 

to exhibit a strong fluorescence signal, while PBS-incubated cells failed to generate a fluorescence signal 

after the FITC-conjugated anti-mouse antibody incubation. For two additional negative controls, the 

binding of a poorly binding mAb (C22) with L. interrogans serovar Pomona cells and the binding of a high 

affinity mAb (C5) with L. biflexa cells (a species which lacks the ligA and ligB genes) were tested and 

found to exhibit a fluorescence signal that was only modestly greater than the PBS control (Figure 5.S3). 

Besides the two poorly binding mAb controls (C22 and V33), only the mAbs categorized as strongest and 

intermediate binders by SPR (0.04 µM < KD < 20 µM) were measured for Leptospira surface binding 

character. All of the high affinity mAbs produced a fluorescence signal count over 3.0-fold higher than the 

PBS control (Figure 5.3B). Consistent with the KDs determined by SPR, mAbs from library C were again 

the strongest binders with 4.5 to 6.5-fold higher MFI than the PBS control. The mAb C7 was the only 

library C mAb to fall in the same fluorescence signal range as the intermediate binders from library V with 

3.0 to 4.5-fold higher MFI than the PBS control. The flow cytometry data supports the presence of mAb-

accessible Lig protein Ig-like domains on the surface of Leptospira cells.  
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Figure 5.3 Binding of mAbs to the surface of pathogenic Leptospira by flow cytometry. A) The 
representative light scatter plots of the Leptospira stained by goat anti-mouse antibodies conjugated with 
FITC (1:1000) in the presence or absence of selected mAbs (100 µg/ml). The low passage, pathogenic L. 
interrogans Pomona was treated with PBS (negative control, upper  panel) or with mAb C5 (lower panel) 
for 1h at room temperature, and then the bound mAbs were detected by FITC conjugated anti-mouse 
antibodies. The x-axis indicates the intensity of fluorophores emitted by FITC-positive cells which is 
highlighted in red for the gated region. The y-axis stands for the intensity of the light from 575 nm, serving 
as a control for compensating the FITC signals. The mean fluorescence index (MFI) of FITC-positive cells 
from each experiment is displayed in the gated region. B) The mean of FITC-positive (MFI) from duplicated 
trials were averaged and plotted in a bar chart with S.D. indicated by error bars. Statistically significant (P 
< 0.05) differences (indicated by an asterisk or palm) are calculated from the comparisons between bacteria 
bound mAbs and corresponding weakly bound mAbs (C22, upper panel; V33, lower panel) or PBS control 
(both panels). 



	
161	

	
	

Figure	S3.	Negative	controls	for	binding	of	mAbs	to	the	surface	of	Leptospira	by	flow	cytometry.	The	
representative	light	scatter	plots	of	the	Leptospira	stained	by	goat	anti-mouse	antibodies	conjugated	with	
FITC	(1:1000)	in	the	presence	or	absence	of	selected	mAbs	(100	μg/ml).	The	low	passage,	pathogenic	L.	
interrogans	 Pomona	 was	 treated	 with	 mAb	 C22	 (negative	 control,	 upper	 panel)	 for	 1h	 at	 room	
temperature,	and	then	the	bound	mAbs	were	detected	by	FITC	conjugated	anti-mouse	antibodies.	The	
lower	panel	is	the	non-pathogenic	L.	biflexa	treated	with	mAbs	C5,	serving	as	another	negative	control.	
The	x-axis	indicates	the	intensity	of	fluorophores	emitted	by	FITC-positive	cells	which	is	highlighted	in	red	
for	the	gated	region.	The	y-axis	stands	for	the	intensity	of	the	light	from	575	nm,	serving	as	a	control	for	
compensating	 the	 FITC	 signals.	 The	 mean	 fluorescence	 index	 (MFI)	 of	 FITC-positive	 cells	 from	 each	
experiment	is	displayed	in	the	gated	region.		
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LigB mAbs exhibit strong and broad spectrum serum bactericidal activity 

To efficiently trigger the classical pathway of the complement-mediated immune response, pathogen-

specific antibodies must be stably deposited on the bacterial surface to promote cell lysis [11]. Because the 

antigen-antibody complex initiates activation of the classical complement pathway, high affinity mAbs are 

likely to exhibit bactericidal activity. To test this hypothesis, mAbs C5 and V10, which efficiently recognize 

L. interrogans surface proteins (Figure 5.3), were incubated with live L. interrogans serovar Pomona cells. 

Leptospira were treated with PBS only, as a negative control, or with anti-leptospiral hamster polycolonal 

antiserum (pAb), shown to possess bactericidal ability (manuscript in preparation), as a positive control. 

The motile pretreated and motile mAb-treated bacteria were counted under dark-field microscopy to 

calculate the survival rate at different time points. As expected, the PBS only condition was unable to 

effectively kill the live Leptospira cells with 84% survival at 120 min post treatment (Figure 5.4A). The 

hamster-derived pAb treatment of Leptospira cells led to an enhancement of bactericidal activity with only 

63% survival at 120 min post treatment. Leptospira incubated with high affinity C5 or V10 mAbs showed 

only a 2 to 3% survival rate (a >20-fold improvement over pAb-incubated spirochetes p < 0.05) (Figure 

5.4A). The bactericidal potency of high affinity anti-LigB mAbs illustrates their improved potential to 

eliminate Leptospira. 

Because bactericidal assays that involve counting motile leptospira under the microscope are low-

throughput, we adapted a high-throughput luciferase-based methodology for screening the bactericidal 

activity of the twenty SPR-characterized mAbs. The assay measures the luminescence intensity from the 

expression of the light-generating lux cassette proteins in L. interrogans serovar Manilae to accurately 

report the viable cell count [26]. The LigB proteins from L. interrogans serovar Manilae and L. interrogans 

serovar Pomona share 96% identity suggesting that the high affinity LigB (Pomona) mAb library from the 

current study should be effective at killing L. interrogans serovar Manilae. Bioluminescent L. interrogans 

serovar Manilae were incubated with 100 µg/ml of Abs (or a PBS only control) and the survival rate was 

determined by measuring the luminescence intensity of metabolically active Leptospira relative to that from 

the spirochetes prior to Ab-incubation. Two negative controls, PBS only and non-specific mouse IgG1, 
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were both unable to effectively kill L. interrogans serovar Manilae leaving a 95% and 83% survival rate, 

respectively, at 120 min. post incubation (Figure 5.4B, left panel). In agreement with the dark-field 

microscope assay for L. interrogans serovar Pomona, hamster-derived pAb treatment of Leptospira cells 

led to a modest enhancement of bactericidal activity with 65% L. interrogans serovar Manilae survival after 

120 min. Incubation with each of the LigB-specific mAbs, with the exception of mAb C23, individually 

decreased the number of metabolically active Leptospira cells to less than 10% after a 120 min. incubation 

period (Figure 5.4B, Figure 5.S4). While the LigB-specific mAbs were highly effective at eliminating 

Leptospira after 120 min., the bactericidal effect was time-dependent and differences in mAb effectiveness 

were apparent at 60 min. The bactericidal activity of mAbs at 60 min. fell into three major groupings from 

the most bactericidal mAbs (11-35% survival), mid-range bactericidal mAbs (51-54% survival), and least 

bactericidal mAbs (68-76%). Again, mAb C23 was the exception with a 90% survival rate at 60 min. 

(Figure 5.S4). The differences in bactericidal activity of mAbs at 60 min. suggested that the rate of mAb 

action differed but that each of the LigB-specific mAbs had the potential to kill greater than 90% of the 

active Leptospira cells after a sufficient exposure time. 

The dose-dependent bactericidal activity for each of the LigB-specific mAbs and the control conditions 

was investigated using 120 min. incubations of 25, 50 and 100 µg/ml mAb doses. Again, the percent 

survival of Leptospira was determined by measuring the luminescence of light-generating Leptospira 

interrogans serovar Manilae relative to that from the spirochetes prior to Ab-incubation (Figure 5.4B, 

Figure 5.S5). The non-specific mouse IgG1 (unrelated Ab) as well as the hamster pAb failed to kill more 

than 50% of L. interrogans serovar Manilae at the highest dose of mAb (100 µg/ml) for the 120 min. 

incubation (Figure 5.4B, right panel). In the dose-dependent bactericidal activity assay, each of the LigB-

specific mAbs were able to effectively decrease the number of metabolically active Leptospira cells to less 

than 50% with a dose value (BC50) between 5 and 30 µg/ml.  
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Figure 5.4 Serum bactericidal activity of mAbs. A) Dark-field microscopy. Selected mAbs (C5, V10 at 
100 µg/ml), pooled polyclonal antibodies from hamster (pAbs, 1:5) and PBS only (negative control) were 
incubated with low passage, pathogenic Leptopsira in the presence of human serum complements at 37 ˚C. 
At various time points (60, 90, 120 min), the mixtures were taken out to examine the survival rate of the 
bacteria under dark-field microscope. Statistically significant (P < 0.05) differences, indicated by an 
asterisk or palm, are calculated from the comparisons between mAbs treated groups and control group or 
between mAbs treated groups and pAbs group at specific time point. B) Luminometer. In time-dependent 
experiments (left panel), selected mAbs (C5, V3, V10, and V34) or pAb from hamsters at 100 µg/ml were 
individually incubated with NaCl-treated, bioluminance-producing L. interrogans Manilae in the presence 
of human serum complements. The survival rate of bacteria were measured by GloMax® 96 Microplate 
Luminometer at different time points (60, 90, 120min). The PBS-only group (Control) did not include any 
antibody, and the isotypic mouse IgG (unrelated Ab) was used as a second negative control experiment. In 
dose-dependent experiment (right panel), the same set of mAbs (C5, V3, V10, and V34) or pAb were used 
for treating the bacteria at various concentrations (100, 50, 25 µg/ml). At 120 min post treatment, the 
survival rate of bacteria were examined by the same bioluminance assay. All the experiments were 
conducted three times and the values of the mean +/- S.D. were shown in the figure. Statistically significant 
(P < 0.05) differences, indicated by an asterisk or palm, are calculated from the comparisons between mAbs 
treated groups and control group or between mAbs treated groups and pAbs group at the same experimental 
setting. 
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Figure 5.S4 Time-dependence of mAb serum bactericidal activity. The mAbs against LigB1-7 (upper 
panel) and mAbs against LigB7-12 (lower panel) at 100 µg/ml were individually incubated with NaCl-
treated, bioluminance-producing L. interrogans Manilae in the presence of human serum complements. The 
survival rate of bacteria were measured by GloMax® 96 Microplate Luminometer (materials and methods) 
at different time points (60, 90, 120 min). The PBS-only group (Control) did not include any antibody, and 
the isotypic mouse IgG (unrelated Ab) was used as a second negative control experiment. 
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Figure 5.S5 Dose-dependence of mAb serum bactericidal activity. A series of dilutions of mAbs (100, 
50, 25µg/ml) against LigB1-7 (upper panel) and mAbs against LigB7-12 (lower panel) were used to 
incubate with NaCl-treated, bioluminance-producing L. interrogans Manilae in the presence of human 
serum complements. At 120 min post treatment, the survival rate of bacteria were measured by GloMax® 
96 Microplate Luminometer. The PBS-only group (Control) did not include any antibody, and the isotypic 
mouse IgG (unrelated Ab) was used as a second negative control experiment.  
	
LigB mAbs bind specifically to single/double Ig-like domains with extensive coverage across the 

twelve Ig-like domains 

To investigate the domain-level specificity of individual high affinity LigB mAbs, we generated a 

comprehensive set of single Ig-like domain LigB truncates and tandem (double) Ig-like domain LigB 

truncates (except LigB5-6) based on the NMR structure of the single domain, LigB12 (Figure 5.1) [25]. 

The LigB-derived antigens were immobilized on microtiter plates and tested for mAb binding specificity 

using an ELISA binding assay. The ELISA results for individual mAbs were generally able to localize 
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binding to a specific double and/or single Ig-like domain. For example, the mAb C5 (against LigB1-7) 

could bind to LigB4-5 and more specifically to LigB5 (Figure 5.5, upper panel). Using the same scheme, 

the binding site for mAb V10 (against LigB7-12) could be pinpointed to LigB10-11 and more specifically 

to LigB10 (Figure 5.5, lower panel). A more comprehensive survey of domain-level epitope mapping for 

different mAbs against LigB1-7 are summarized in Table 5.2 and graphed in Figure 5.S6. Of the ten mAbs 

tested, five (C1 > C7 > C13 > C14 > C9) recognize LigB1-2 with various binding affinities where the two 

strongest mAbs, C1 and C7, also show single domain binding ability, recognizing LigB2 and LigB1 

respectively. Five mAbs (C12 > C5, C6 > C13 > C10) can bind to LigB4-5. Among which, C5 and C6 

further recognize LigB5, while C12 interacts with LigB4 and, to a lesser extent, LigB6. Additionally, 

LigB2-3 is one of the binding sites for three mAbs (C1 > C23 > C12). None of the mAbs recognized the 

double domains, LigB3-4 and LigB6-7, or the single domain, LigB3. For the ten mAbs against LigB7-12 

(Table 5.3 and Figure 5.S7), five mAbs (V3, V13 > V34 > V11 > V12) recognize LigB7-8. V11 and V13 

bind to LigB8, while V3, V12 and V34 interact with LigB7 instead. Unexpectedly, both V12 and V34 also 

recognize LigB9. Immunogenic hot spots, LigB9-10 and LigB10-11, were both binding sites for four mAbs 

(V1, V9, V10 and V26), where V1 and V10 had the ability to also recognize LigB10. Additionally, three 

mAbs (V2, V11 > V3) interact with the terminal double domain LigB11-12, and both V2 and V11 further 

recognized LigB12. Only one double domain, LigB8-9, and one single domain, LigB11, lack 

immunogenicity for the set of tested mAbs. For the LigB1-7 antigen-derived library, immunoreactivity of 

mAbs was weighted towards LigB1-2 and LigB4-5 regions, while for the LigB7-12 antigen-derived library, 

mAbs were preferentially generated against LigB7-8 and LigB10-11 regions. While mAbs have not been 

identified that can react to each of the individual Ig-like domains, immune-reactivity gaps are no more than 

a single domain; therefore, a library of LigB mAbs has been generated that covers the length of LigB, which 

includes all Ig-like domains as either part of a reactive double domain or a specific single domain. 
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Figure 5.5 Domain-level epitope mapping of mAbs determined by ELISA. A representative example 
of domain-level epitope mapping for mAb against LigB1-7 (C5, upper panel) and mAb against LigB7-12 
(V10, lower panel). A variety of multiple, double and single domains of LigB1-7 or LigB7-12 constructs 
were immobilized on the microtiter plates. MAb C5 (upper) or mAb V10 (lower) at 1 µM was then 
individually applied to the wells coated with different LigB truncates. The binding levels of the mAbs were 
detected by rabbit anti-mouse IgG antibody conjugated with HRP (1:5000), and the colorimetry was 
developed by adding HRP substrate. Optical density was measured by ELISA plate reader at the wavelength 
of 620 nm. All experiments were conducted in three trials, the mean +/- S.D of which were shown in bar 
chart. 
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Table 5.2 Domain-level epitope mapping of mAbs against LigB1-7 determined by ELISA. An array of 
double (a) and single (b) Ig-like domains of LigB1-7 (1 µg/well) were coated on the microtiter plates for 
epitope mapping of mAbs. Fixed concentration (1 µM) of selected mAbs were applied to the LigB-coated 
wells, and then the binding levels of the mAbs were measured by rabbit anti-mouse IgG antibody 
conjugated with HRP (1:5000). Positive binding domains were identified by comparing with BSA and 
statistically significant (P < 0.05) differences were marked as “+”(c). The unbound domains were identified 
by the same way, and the binding level showing no statistically significant differences compared to BSA 
control were marked as “-”(d).  
 
	

		 mAbs	

		 C1	 C5	 C6	 C7	 C9	 C10	 C12	 C13	 C14	 C23	

B1-2
a
	 +

c
	 -

d
	 -	 +	 +	 -	 -	 +	 +	 -	

B2-3	 +	 -	 -	 -	 -	 -	 ±	 -	 -	 +	

B3-4	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	

B4-5	 -	 +	 +	 -	 -	 +	 +	 +	 -	 -	
B6-7	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	

B1
b
	 -	 -	 -	 +	 -	 -	 -	 -	 -	 -	

B2	 +	 -	 -	 -	 -	 -	 -	 -	 -	 -	

B3	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	

B4	 -	 -	 -	 -	 -	 -	 +	 -	 -	 -	

B5	 -	 +	 +	 -	 -	 -	 -	 -	 -	 -	

B6	 -	 -	 -	 -	 -	 -	 ±	 -	 -	 -	

B7	 -	 -	 -	 -	 -	 -	 -	 -	 -	 -	
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Table 5.3 Domain-level epitope mapping of mAbs against LigB7-12 determined by ELISA. An array 
of double (a) and single (b) Ig-like domains of LigB7-12 (1 µg/well) were coated on the microtiter plates 
for epitope mapping of mAbs. Fixed concentration (1 µM) of selected mAbs were applied to the LigB-
coated wells, and then the binding levels of the mAbs were measured by rabbit anti-mouse IgG antibody 
conjugated with HRP (1:5000). Positive binding domains were identified by comparing with BSA and 
statistically significant (P < 0.05) differences were marked as “+”(c). The unbound domains were identified 
by the same way, and the binding level showing no statistically significant differences compared to BSA 
control were marked as “-”(d). 
 
	

	 mAbs 

	 V1 V2 V3 V9 V10 V11 V12 V13 V26 V34 

B7-8
a
 -

d
 - + - - + + + - + 

B8-9 - - - - - - - - - - 

B9-10 +
c
 - - + + - - - + - 

B10-11 + - - + + - - - + - 
B11-12 - + + - - + - - - - 

B7
b
 - - + - - - + - - + 

B8 - - - - - + - + - - 
B9 - - - - - - + - - + 
B10 + - - - + - - - - - 
B11 - - - - - - - - - - 

B12 - + - - - + - - - - 
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Figure 5.S6 Domain-level epitope mapping of mAbs against LigB1-7 determined by ELISA. An array 
of double (upper panel) and single (lower panel) Ig-like domains of LigB1-7 (1 µg/well) and BSA (negative 
control) were coated on the microtiter plates for epitope mapping of mAbs. Fixed concentration (1 µM) of 
selected mAbs were applied to the LigB-coated wells, and then the binding levels of the mAbs were 
measured by rabbit anti-mouse IgG antibody conjugated with HRP (1:5000). All experiments were 
conducted in three trials, the mean +/- S.D. of which were shown in bar charts. Positive binding domains 
were identified by comparing with BSA and statistically significant (P < 0.05) differences were marked by 
an asterisk and indicated in Table 5.2.   
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Figure 5.S7 Domain-level epitope mapping of mAbs against LigB7-12 determined by ELISA. An array 
of double (upper panel) and single (lower panel) Ig-like domains of LigB7-12 (1 µg/well) and BSA 
(negative control) were coated on the microtiter plates for epitope mapping of mAbs. Fixed concentration 
(1 µM) of selected mAbs were applied to the LigB-coated wells, and then the binding levels of the mAbs 
were measured by rabbit anti-mouse IgG antibody conjugated with HRP (1:5000). All experiments were 
conducted in three trials, the mean +/- S.D. of which were shown in bar charts. Positive binding domains 
were identified by comparing with BSA and statistically significant (P < 0.05) differences were marked by 
an asterisk and indicated in Table 5.3.   
 
 
 

 

 

Extended structure of the LigB Ig-like domain region  
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Because the anti-LigB protein mAb library binds most LigB Ig-like domains with only short gaps 

and all exhibit a significant enhancement in bactericidal activity over polyclonal anti-LigB Abs, the full 

LigB Ig-like domain region is likely to be highly accessible to the host immune system. The twelve 

sequential Ig-like domains comprise the main central region of LigB and are positioned between an N-

terminal lipobox anchor and a C-terminal domain of unknown function (Figure 5.1). A molecular level 

understanding of the individual homologous Ig-like domains has been established from the high resolution 

structure of the single LigB Ig-like domain, LigB12 [25]. To further establish the structural arrangement of 

the twelve Ig-like domain stretch, small angle X-ray scattering (SAXS) experiments were conducted on 

LigB multi-length Ig-like domain constructs in solution. Initial constructs corresponding to 2, 5, and 8 

domains were generated to identify the optimal domain number required to obtain useful SAXS-derived 

envelopes (Figure 5.S8). The 8 domain long construct (LigB5-12) failed to generate envelopes with distinct 

domain regions representative of possible 8 domain structures. SAXS envelopes derived from 2 or 5 

sequential domains were generally comprised of distinct domain regions and accurately reflected the 

number and size of expressed domains. Of the 2 and 5 domain structures, only the envelopes of 5 sequential 

domains provided the relative orientation of multiple neighboring domains. Because the 5 domain length 

contains 4 domain-domain linkers, the 5 domain structure proved to be sufficient to define the relative angle 

of 2 neighboring domain-domain joints with 1 additional joint on each end.  

The full 12 domain structure was explored by sliding a 5 domain window along the length so that 

all eight possibilities of neighboring 5 domain protein constructs (LigB1-5 to LigB8-12) were analyzed 

with SAXS. The simulated fits to the experimental SAXS curves for the eight 5 domain constructs (Figure 

5.6A and S9) were used to generate the atomic distance distribution for the molecules (Figure 5.6B). The 

longest atomic distance is indicative of the length of the 5 domain proteins. The expected length of a fully 

extended arrangement of 5 folded LigB Ig-like domains is only slightly longer than the atomic distribution 

for most of the eight 5 domain proteins and their corresponding envelopes (Figure 5.6B and S10). Each of 

the eight 5-domain SAXS envelopes exhibited distinct structures with a variety of domain-domain angles. 
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The stretch of domains between LigB3-6 is particularly straight (Figure 5.S10). Slight bending in the angle 

between domains in the final 5 domain stretch produces a gentle spiral shape. A significant degree of 

bending is present between the first 3 domains. By aligning the bends in the four shared domains of 

neighboring 5 domain regions, a best fit structure was generated for the full twelve Ig-like domains of LigB 

(Figure 5.6C). Overall the LigB1-12 structure is only 16% shorter than a fully extended model structure of 

twelve folded domains. The SAXS-derived structure of LigB1-12 provides additional confirmation that the 

Ig-like domain region exhibits a high degree of exposed surface area and is likely to be highly accessible 

to host interactions.  

	
	

	
	
	
Figure 5.S8 SAXS atomic distance distributions. Pair distance distributions, P(r), for 8, 5, 2, and 1 
domain constructs were calculated from SAXS plots using GNOM. The P(r) was normalized at the first 
peak (15-20 Å) for each of the distributions. 
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Figure 5.6 Full LigB Ig-like domain region (LigB1-12) determined from experimental SAXS data of 
5 domain constructs. A) The experimental scattering data for LigB12 (black) is shown with the simulated 
fit (red). B) The pair distance distributions, P(r), were calculated from SAXS plots of all possible 5 domain 
LigB Ig-like domains using GNOM. A representation of the 5 domain constructs is shown in the inset. An 
estimate of construct length based on the longest atomic distances at 20%, 15%, and 10% max population 
height are shown. C) DAMFILT envelopes were combined to create a representative envelope of the 12 Ig-
like domains. Construct LigB5-9 was not included because the maximum distance distribution exceeds the 
expected length of a 5 domain construct. 
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Figure 5.S9 Experimental SAXS data for all LigB Ig-like domain 5 domain constructs. The 
experimental scattering data (black line, error bars) are shown for solutions containing LigB1-5, LigB2-6, 
LigB3-7, LigB4-8, LigB5-9, LigB6-10, LigB7-11, and LigB8-12. A simulated curve (red line) was fit to 
the data. 
	 	



	
177	

	
	

	
	
Figure 5.S10 SAXS-determined envelopes for all LigB Ig-like domain 5 domain constructs. A) Curves 
fitted to the SAXS data were used to generate ab initio models for all possible 5 domain stretches of LigB 
Ig-like domains with DAMMIF. DAMAVER/DAMFILT envelopes, DAMFILT envelopes, and dots 
depicting domain positions are arranged in rows for the 5 domain constructs. Envelopes were positioned to 
draw attention to the most significant bends within the stretch of domains. Arrows indicate positions where 
bending is occurring on the dot representations. B) The angles created from three neighboring dots within 
the dot representations were averaged and illustrate the degree to which the neighboring domains deviate 
from a linear (180°) arrangement.    
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LigB Ig-like domain chimeras identify epitopes on each side of the 3-D fold 

To locate the binding epitope within individual Ig-like domains, chimeric LigB Ig-like domains 

were designed to differentiate interactions specific to the surface residues of major folding units. Based on 

the homologous LigB12 structure [25], two chimeric swapping points were used to establish three distinct 

regions: 1) β-strands A-C, 2) β-strands C'-F, and 3) β-strands G-G' (Figure 5.7A and B). The first two 

regions of the chimeras were separated at the half helix break in β-strand C, effectively dividing the top and 

bottom halves of the Ig-like domain β-sandwich. The third chimera region was included to determine if an 

important surface is formed on the untethered edge of the β-sandwich. Four single domain proteins that 

have been recognized to contain mAb-specific epitopes (Table 5.2 and 5.3) were paired based on matching 

length to generate two sets of chimeras (LigB5/LigB12 and LigB7/LigB10). Including the wild-type 

domains, 8 possible combinations of the three regions could be generated on single Ig-like domains (Figure 

5.7C and D).        

Three LigB7-specific mAbs and two LigB10-specific mAb were subjected to an ELISA binding 

screen against the 8 LigB7/LigB10 recombinant proteins (Figure 5.7C). All mAbs showed binding to only 

4 of the 8 proteins with a clear region-specific pattern. LigB7-specific mAb V12 and mAb V34 could bind 

specifically to the 4 proteins with LigB7 residues at the N-terminal β-strands A-C, while LigB10-specific 

mAb V1 and mAb V10 could bind only to the 4 proteins with LigB10 residues at β-strands A-C. The only 

mAb of the five able to bind to a different region, the LigB7-specfic mAb V3, interacted with proteins that 

contained β-strands C'-F from LigB7. Again using an ELISA screen, two LigB5-specific mAbs and two 

LigB12-specific mAbs were tested for binding to the 8 LigB5/LigB12 recombinant proteins (Figure 5.7D). 

The LigB12-specific mAb V2 was able to bind to the 4 proteins with LigB12 residues at the N-terminal β-

strands A-C. The LigB5-specfic mAb C5 could bind only to 4 proteins that contained β-strands C'-F from 

LigB5. Unique to the LigB5/LigB12 mAb set, mAb V11 and mAb C6 required both the β-strands C'-F and 

the terminal β-strands G-G' from LigB12 and LigB5, respectively. The mAb binding patterns demonstrate 

that the surface contribution of both β-strands A-C and β-strands C'-F (or C'-G') can provide distinct 

epitopes for direct mAb targeting. 
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Figure 5.7 Dissection of mAb binding surfaces using chimeras. A) Sequence alignment of LigB Ig-like 
domains used for generating chimeras. The chimeric swap regions are divided into colored boxes. B) The 
structure of LigB12 is correspondingly colored by chimeric swap regions.  C) The set of LigB7 & LigB10 
chimeric constructs which cover all variations for the three swapped regions (schematic representation 
shown) were tested for binding to mAbs with LigB7-binding specificity (V34 and V3) or LigB10-binding 
specificity (V10) using an ELISA assay. D) The set of LigB5 & LigB12 chimeric constructs also covering 
all variations for the three swapped regions (schematic representation shown) were tested for binding to 
mAbs with LigB5-binding specificity (C5 and C6) or LigB12-binding specificity (V2 and V11) using an 
ELISA assay. The ELISA binding values correspond to the chimeric construct representation at the top of 
the column. 

 

Chimera LigB10-B7-B7 confers enhanced protection against Leptospira lethal challenge 

The ultimate goal of combining structural and immunoreactivity studies of antigens is to develop 

improved vaccines. A chimeric LigB Ig-like domain was evaluated for the potential to elicit an immune 
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response to multiple regions of LigB and to thereby enhance vaccine protection against leptospiral infection. 

The chimera LigB10-B7-B7 (β-strands A-C: B10 and β-strands C'-G': B7) was chosen as the best candidate 

for animal studies because the chimeric domain possesses the ability to bind highly bactericidal mAbs 

specific to each parent domain. Additionally, LigB10-B7-B7 was similar to wild-type LigB7 and LigB10 

in protein expression levels and in overall secondary structure (circular dichroism analysis, data not shown). 

To generate a protective response, hamsters were immunized with 50 µg of LigB7, LigB10, LigB10-B7-

B7, or PBS (as a negative control) for two times at 3-week intervals, and then challenged with 2.5 X 102 of 

triple passages of L. interrogans Pomona (Figure 5.8A). On day 8, the leptospiral challenge was lethal for 

five of six hamsters inoculated with PBS group, three of five hamsters inoculated with wild-type LigB7, 

and four of five hamsters inoculated with wild-type LigB10. By day 10, all of the wild-type LigB7 and 

LigB10 immunized hamsters had either died or were euthanized due to severe clinical signs.  In contrast, 

all five of the hamsters that had been inoculated with LigB10-B7-B7 and subsequently challenged with 

leptospira survived until the end of the experiment (day 21 post infection). The survival rate of the LigB10-

B7-B7 group is significantly higher (100%) than either control group (17%) or individual wild-type domain 

groups (0%) (p<0.05). 

Serological fluids collected during the hamster studies were tested for the ability of the 

immunizations to generate an effective humoral response using a direct ELISA binding assay. The sera 

from LigB domain immunized hamsters provided a strong antibody response against the corresponding 

immobilized recombinant LigB domain (Figure 5.S11). LigB7, LigB10, and LigB10-B7-B7 boosters were 

able to further enhance the antibody response. The Anti-LigB10-B7-B7 sera was also reactive with wild-

type LigB7 and LigB10 but failed to react with the negative control, LigB12. The serological tests indicate 

that targeted antibodies can be effectively generated by vaccines based on individual LigB Ig-like domains 

and chimeric domains.  

Several complementary methods were employed to test for the vaccine’s ability to reduce bacterial 

burdens of host tissue. Liver, kidney, and urinary bladder tissue from all immunization groups were 

examined by real-time RT-PCR to identify the Leptospira specific gene, LipL32 (Figure 5.8B). All tissues 
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from the PBS-immunized hamster control group carried large quantities of leptospiral burdens between 105 

to 107 bacteria per mg tissue. Immunization with wild-type LigB7 or LigB10 only modestly reduced the 

bacterial loads to 103 to 105 leptospiroses/mg tissue (data not shown). The hamster group that received 

immunizations containing recombinant chimeric protein, LigB10-B7-B7, exhibited a significant reduction 

in leptospiral burden to 101 to 102 leptospiroses/mg tissue. Notably, some hamsters from the LigB10-B7-

B7 group even contained no detectable bacteria in kidneys and urinary bladders. The immunized hamsters 

were further examined for histopathologic changes of livers, kidneys and lungs. Except for one hamster 

from PBS group behaving normal, all other hamsters from PBS, LigB7 and LigB10 immunization groups 

presented severe clinical signs and prominent macroscopic lesions on spirochete-targeted organs (e.g. 

multifocal pulmonary ecchymoses, icteric liver and enlarged kidney) (PBS group, Figure 5.8C-E; LigB7 

and LigB10 groups, not shown). Lung lesions included thickening of alveolar septa due to edema, 

interstitial leukocytes infiltration, endothelial cell swelling, and extensive hemorrhage (Figure 5.8C). 

Leptospira-infected livers were infiltrated by various inflammatory cells, indicating moderate to severe 

hepatitis. Focal necrosis was also found in parenchymal hepatocytes, leading to loss of normal tissue 

integrity (Figure 5.8D). Severe tubulointerstitial nephritis with locally extensive hemorrhage in uriniferous 

spaces and tubules was present in Leptospira-infected kidneys (Figure 5.8E). Furthermore, greater than 

50% of renal tubules were lost and replaced by lymphoplasmacytic cells infiltration and severe fibrosis. In 

contrast, all hamsters immunized with chimeric LigB10-B7-B7 presented no visible 

macroscopic/microscopic lesions in livers, kidneys or lungs (Figure 5.8F-H). In agreement with high 

survival rate of LigB10-B7-B7 immunized hamsters, vaccines containing the chimeric antigen provide 

superior protection and potentially sterilizing immunity for the animals from leptospiral infection. 
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Figure 5.8 Leptospira lethal challenge of hamsters immunized with LigB Ig-like domains. A) Hamster 
survival rates are shown for the 3 weeks post leptospiral challenge. Inoculations and boosters with specific 
LigB Ig-like domains occurred 3 and 6 weeks prior to leptospiral infection. B) The leptospiral load was 
measured within tissue of the indicated biopsied organs from post-challenged hamsters immunized with 
PBS (control) or LigB10-B7-B7. C-H) Post-challenged hamster tissues that are targets for spirochete 
infection were fixed by formalin and stained by hematoxylin and eosin. PBS (control) immunized hamster 
tissue exhibited C) multifocal lung hemorrhage, D) liver inflammation and necrosis, and E) severe 
tubulointerstitial nephritis in the kidneys. F-H) Tissue from the LigB10-B7-7 immunized group were all 
within normal limits. 
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Figure 5.S11 Detection of humoral response. The serological fluid of hamsters immunized with 
recombinant LigB Ig-like domain vaccines showed strong antibody generation against the corresponding 
domain antigens in an ELISA assay (orange, after immunization; gray, after booster). Anti-LigB10-B7-B7 
sera exhibited additional immunoreactivity against LigB7 and LigB10 but not LigB12 (negative control). 
 
 
Discussion 
 

Leptospira, like other pathogenic bacteria, have evolved a wide variety of disease-related surface 

proteins to initiate colonization, to combat host defense systems and to reach a final destination based on 

tissue-specific tropism. The Lig protein family (LigA and LigB) contributes to pathogenesis by acting as 

both a surface adhesin to meditate attachment to host extracellular matrix (ECM) molecules [16, 17, 27] 

and a recruiter of complement regulators to evade attack by the host’s innate immune system [14, 28]. In 

addition, LigA and LigB are currently two of the strongest recombinant protein-based vaccine candidates 

in protecting hamsters from lethal challenges [21, 22, 29-31]. This study provides new information 

regarding the architecture and accessibility of the main host-interacting region of LigB. The elongated 

structure presents insight into the mechanism of Lig protein adhesion but more importantly an analysis of 

the mAb exposed regions has provided guidance for the optimization of recombinant leptospirosis vaccines 

using homologous Lig protein domains.   

The set of high affinity mAbs against LigB were comprehensively characterized for antigen binding 
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affinity, bactericidal activity, and specificity towards individual Ig-like domains. The mAbs with sub and 

low micromolar LigB binding affinity were further tested for cell surface binding. The properties for each 

mAb have been summarized in plots of SPR determined binding affinity (KD) or FACS cell surface binding 

vs. bactericidal activity (Figure 5.9). The percentage of Leptospira that had survived after 60 min of the 

time-dependent assay (Figure 5.S4) provided the largest range of bactericidal activity and was therefore 

selected for comparison. Binding affinity was divided into strongest (A1, B1), intermediate (A2, B2), and 

weakest (A3, B3). Cell surface binding was divided into strongest (A1, B1) and intermediate (A2, B2) while 

the mAbs with weakest KDs were not measured with FACS. The bactericidal activity was divided into high 

(A1, A2, A3) and low (B1, B2, B3) based on the 60 min survival rate. For both plots, each region contained 

2-5 mAbs and all of the mAbs, except C7, remained in the same region in both plots. The mAbs with the 

strongest binding affinity also had the strongest cell surface binding capability suggesting a relative 

correlation between KD against multi-domain LigB protein and binding to LigB on the surface of pathogenic 

Leptospira.  

Generally, antibodies that can bind to bacterial surface antigens with the strongest binding affinities 

have the best chance of triggering complement-mediated bacterial lysis [32, 33]. While the strongest LigB-

binding mAbs are more likely to have high bactericidal activity (5:2 from KD) than the intermediate or 

weakest LigB-binding mAbs (5:8 from KD), the overall correlation between LigB binding and bactericidal 

activity is relatively weak suggesting that other factors are likely to play a role in the ability of the mAb to 

mediate killing of Leptospira. In Figure 5.9, the ability of a single domain from LigB to be identified as a 

binding partner for each mAb is signified (*). MAbs against LigB1-7 (library C) have a higher bactericidal 

activity when a specific binding partner was found in the single domain ELISA screen. The same specificity 

property does not appear to effect the bactericidal activity of mAbs against LigB7-12 (library V).  
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Figure 5.9 Summary of anti-LigB mAb properties. For the set of mAbs, the SPR-determined KD (left 
panel) and cell surface FACS binding (right panel) are plotted against the % survival of Leptospira from 
the bioluminance assay for 100 µg/ml mAbs at 60 min. Data points are labeled by individual mAb and an 
asterisk was added for mAbs with a significant level of individual Ig-like domain binding. Points for mAbs 
are colored according to the major identified interacting domain (legend).  

 

The specific LigB-binding region identified for each mAb appears to play a role in mAb 

bactericidal activity (Figure 5.9, indicated by data color). The correlation between binding affinity and 

bactericidal activity was influenced by the position of the target domain in the original antigens used to 

generate the mAb libraries, LigB1-7 and LigB7-12. The mAbs with highest and intermediate binding 

affinity against domain regions, LigB4-5 and LigB10-11 (Figure 5.9, blue), that are positioned towards the 

center of the original multi-domain antigens possess high bactericidal activity. The mAbs with a binding 

preference for the terminal domain regions of the original multi-domain antigens, LigB1-2, LigB7-8 and 

LigB12, exhibited a poor correlation between binding affinity and bactericidal activity. The terminal 

domains of the original antigens are more exposed to the host while the surface residues near the N- and C-

terminal ends of the starting antigens are normally covered by a neighboring domain in the full length cell 

attached LigB antigen. MAbs against the terminal domains show a reduction in leptospiral surface binding 

relative to their LigB binding affinity when compared to LigB5 or LigB10 binders. The SAXS structure of 
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LigB1-12 also suggests that the N- and C-terminal ends of each oblong Ig-like domain (mainly loops) make 

the most significant inter-domain contacts, while the β-sheet surfaces with more surface area are more 

accessible for immunoreactivity. The choice of starting antigen for generation of the mAb library is highly 

important in the resulting coverage map of the final mAb set and in the bactericidal activity of the mAb. 

Using LigB4-10, as a starting antigen may have yielded a better correlation between bactericidal activity 

and binding affinity for LigB7-specific domains. In future mAb studies, the most bactericidal mAbs could 

be determined from a combination of screens for high affinity and specificity to domains with a native 

assemblage of neighboring domains present in the original library-generating antigen.   

The broad mAb accessibility of LigB Ig-like domains suggests that the twelve sequential Ig-like 

domains are organized in a somewhat linear arrangement. Because the starting antigen slightly biased the 

frequency at which mAbs were generated for each domain, several domains were noticeably absent or 

poorly represented as mAb targets. The overall domain arrangement of LigB1-12 was confirmed by solving 

the low resolution SAXS structure. The structure is the first example of using a walking window of medium 

length, 5 domain constructs to generate much longer 12 domain structure. The advantage of using a walking 

window is that the high level of redundancy within the 5 domain structures allows for an increased accuracy 

in orienting and positioning the segments relative to each other. While several domain stretches are linear 

(including the LigB3-6 segment), several regions of the LigB1-12 exhibit bending, which may impact mAb 

accessibility and affinity. Modest bending occurs between each domain in LigB8-12 creating a slight spiral 

shape and making the final stretch the shortest 5 domain segment. While the mAbs corresponding to LigB1-

7 (C library) include all of the strongest affinity binders, the highest affinity LigB7-12 generated mAbs (V 

library) only reach the intermediate affinity level. The additional domain-domain angles in LigB8-12 likely 

decrease mAb accessibility as well as binding affinity. LigB3 is near the only sharp bend in the LigB1-12 

structure. Coincidentally, LigB3 was represented in the mAb library only by C23 which binds to LigB2-3 

and is the least bactericidal in the entire library despite having strong binding affinity. The LigB1-2 domains 

are the closest to the leptospiral surface. Whether these domains interact with the surface is unknown; 

however, discrepancies in bactericidal activity for strong affinity binders specific to LigB1-2 may be able 
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to improve our understanding of this anchoring region. The sequence of domains LigB1-6½ is identical to 

LigA domains 1-6½ so the SAXS structure provides a partial structure of the LigA Ig-like domain region. 

The SAXS-derived LigB1-12 structure provides a visual depiction that complements the more 

therapeutically applicable mAb accessibility. 

An extended Ig-like domain structure provides opportunities for host protein recruitment for 

exploitation by Leptospira. While the extended LigB1-12 segment could potentially lay flat along the 

leptospiral surface, the function of LigB as a multi-protein adhesin would be best facilitated with an 

outstretched orientation and a long reach away from the bacterial surface. Tandem Ig-like domain 

containing adhesins from other pathogens are also thought to be extended to optimize host-binding 

capabilities [34, 35]. In addition, the rigidity of the adhesin can, in some cases, be regulated by signals from 

the host environment suggesting dynamic changes in the structure of LigB are possible during infection 

[36]. Intriguingly, LigB regions that lack strong immunogenicity overlap well with the potential ECM-

binding domains [16, 17, 27]. Potentially, ECM binding domains of LigB are cryptically hidden until 

specific host factors initiate a straightening of the regions.  

For combating leptospirosis, producing effective neutralizing antibodies is more important than 

cell-mediated immunity because Leptospira is considered to be a hematogenous extracellular pathogen. 

Recombinant antigen-based vaccine technologies are the most promising avenue for the development of 

optimized protective strategies against leptospirosis. In recombinant antigen design, the basic antigen 

scaffold must present a native and well-folded epitope to the immune system while a minimized antigen 

can eliminate nonessential, disruptive features [37]. The single Ig-like domain is utilized by both 

prokaryotes and eukaryotes as a reliable extracellular fold [38]. Based on the high resolution LigB12 

structure, each surface of the three chimeric segments encompassed 900 to 2000 Å2 and could potentially 

make a full conformational epitope [25]. While only two of three LigB chimeric segments were able to 

present as a full epitope experimentally, the third segment was required for binding by several of the mAbs 

suggesting that a redesigned chimera could harbor 3 separate epitopes on a single LigB Ig-like domain 

scaffold. By incorporating various epitopes onto a homologous scaffold, the overall structural integrity of 
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the antigenic surface can be maintained. Indeed, the LigB10-B7-B7 chimera used in the pilot vaccine trial 

has a higher thermostablility than LigB7 because LigB10 is the most thermostable LigB Ig-like domain 

(manuscript in preparation). Interestingly, the single domain LigB10-B7-B7 provides better protection to 

hamsters than two longer constructs, LigB7-12 (which provided poor protection) and LigB1-7 (which 

provided good protection) [21]. Thermostability and exposure of epitopes hidden by conformational 

restrictions or blocked by host factor (i.e., ECM or serum proteins [14, 16, 17, 27]) may enhance the 

efficiency of LigB10-B7-B7. 

While this study exploits highly antigenic sites on homologous domains within a single protein, 

chimeras are also useful for the generation of antigens that exhibit cross-species protection. One notable 

example of a chimeric antigen inducing broad spectrum bactericidal antibodies is the structure-based design 

of factor H binding protein (fHbp) for a recombinant vaccine against different variants of Neisseria 

meningitides [24]. In the study, the protective epitopes recognized by various mAbs against different fHbp 

variants were mapped on the surface of the fHbp structure. Then, two complete epitope surfaces from fHbp 

variants were grafted on the top of another variant to generate a single multi-epitope displaying fHbp. The 

final chimeric fHbp was able to induce bactericidal antibodies against all antigenic variants of N.  

meningitides. In a second example, a chimeric OspC was constructed with eight different epitopes on a 

single protein to generate protective immunity against different strains of Borrelia [23]. Another potential 

advantage of creating chimeric proteins as a novel candidate is to reduce the possibility to develop 

autoimmunity against the complex of bacterial protein and host binding partner. With fewer host-interacting 

domains, a chimera based on a single domain is likely to lose some affinity for host binding partners but 

still maintain structural integrity of its protective epitopes. Researchers have engineered several non-

functional fHbp, which lost strong affinity to fH but still can induce the production of protective antibodies 

[39-41]. Two future goals of LigB recombinant vaccine studies will be to further optimize the chimeric 

antigens for cross-species protection against different serovars and also to consciously limit the 

functionality of host-interacting sites. 
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As a positive outgrowth, the current study produced a set of well characterized mAbs including 

four mAbs with submicromolar LigB binding affinity, high cell surface binding, high bactericidal activity, 

and identifiable antigen interaction sites (C1, C5, C6, C13). The top-performing mAbs against LigB could 

be useful in the initial stage of therapeutic mAb development to combat infection by Leptospira. 

Therapeutic mAbs exhibit a wide scope of applications to various fields such as immunotherapy for 

different types of cancers [42] and are thought to be the last and the only hope for combating deadly 

infectious pathogens like Ebola virus [43, 44]. For the viral diseases, the protective antibodies can neutralize 

the surface antigens and then prevent the virus from entering to the host cells. As for the pathogenic bacteria, 

the antibodies can activate complement-mediated bacteriolysis or facilitate the phagocytosis of 

macrophages after they deposit on the bacterial surface. Leptospira as extracellular spirochetes are highly 

susceptible to host humoral response; therefore, developing therapeutic mAbs specifically against 

leptospiral outer membrane proteins could be a promising substitute for traditional antibiotics therapy, 

particularly if the infection has progressed to Weil’s disease. LipL32-specific mAbs can confer passive 

immunity to hamsters, and the humanized version of these mAbs protected animals from heterologous 

Leptospira infection [45, 46]. However, LipL32 as a vaccine candidate can only provide minimal or no 

protection to animals [22, 47-49]. In contrast, Lig proteins have been the sole leptospiral surface proteins 

to exhibit a strong potential to provide protective immunity for animals. In a previous study, five different 

mAbs with submicromolar binding affinity for the conserved region of Lig proteins were generated [50]. 

Although these mAbs were demonstrated to have the capacity to adhere to the leptospiral surface by 

interacting with Lig proteins, none of the Lig protein-specific antibodies were tested for the ability to kill 

Leptospira or for the specificity to individual Ig-like domain. Our mAbs (C1, C5, C6, C13) have undergone 

an even more robust characterization and are strong candidates for future therapeutic development. We also 

found that the screening of therapeutic mAbs should consider both antigen binding affinity and specificity 

to natively exposed domain from the library-generating antigen. 

Extensive advancements in our knowledge of Lig protein structure, Lig-host protein interactions, 

and Lig-mAb interactions have been elucidated by this study and other recent studies.  The field of 
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leptospirosis is poised to take advantage of the new insights and could make significant improvements in 

vaccines and other treatments to reduce the agricultural and human impact of the pathogen, Leptospira.  
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 CHAPTER 6 

CONCLUSIONS 

          Leptospirosis, caused by pathogenic Leptospira spp., is among the most widespread 

zoonosis in the world, having a huge impact on human health and agriculture industry. This 

spirochete can infect humans and animals by invading abraded skins or mucous membranes when 

the hosts are exposed to contaminated water or soils. To establish the successful colonization, 

Leptospira has evolved a variety of adhesins, so-called MSCRAMM or SERAM, to mediate the 

attachment to host extracellular matrix (ECM). To further promote the systemic dissemination, 

some leptospiral adhesins also cope against serum clotting factors or complement proteins to help 

bacteria evade from host immune system. Previously, our laboratory discovered a group of 

leptospiral outer surface proteins, named Leptopsira immunoglobulin-like protein (Lig), that 

includes LigA, LigB, and LigC. We also demonstrated that Lig proteins could mediate the 

bacterial attachment to the host cells by interacting with fibronectin (Fn) and inhibit the 

coagulation system by binding to fibrinogen (Fg). Particularly, the terminal Ig-like domain of 

LigB (LigB12) was thought to be a multifunctional receptor for Fn, Fg, tropoelastin (HTE) and 

C4-binding protein (C4BP). However, the molecular mechanism between this pathogen and host 

binding interface has not been fully elucidated.  On the other hand, Lig proteins have been 

considered as the most promising vaccine candidates for preventing leptospirosis. The conserved 

region of LigA and LigB (Ig-like domain 1 to 7) provided much better protection for hamsters 

than variable region of Lig proteins. Given that LigB is the only pathogenic-specific paralog 

among Lig protein family, it should have greater potential to impart protective immunity for 

animals against different virulent strains challenges. To answer these questions, we firstly solve 

the high-resolution structure of LigB12 by NMR. Taking advantage of the structural information, 

we further explore the binding mechanisms of LigB-HTE and LigB-Fg interactions. Secondly, 

we use small angle X-ray scattering (SAXS) to generate a whole picture of full-length Ig-like 

domains from LigB. Thirdly, a set of bactericidal monoclonal antibodies (mAb) were generated 
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to fine-map the immunodominant regions throughout LigB. Combining NMR, SAXS data with 

immunodominant map probed by mAbs, we are able to engineer a chimeric LigB by constructing 

multiple protective epitopes on a single Ig-like domain scaffold. Furthermore, this optimized 

recombinant vaccine candidate provide a much better protection against lethal leptospiral 

challenges in hamster model than its parental LigB domains.  

          We used NMR spectroscopy to solve the solution structure of the LigB12. The fold is 

similar to that of other bacterial Ig-like domains, and comprised mainly of b-strands that form a 

b-sandwich based on a Greek-key folding arrangement. Based on sequence analysis and 

conservation of structurally important residues, homology models for the other LigB Ig-like 

domains were generated. The set of LigB models illustrates the electrostatic differences between 

the domains as well as the possible interactions between neighboring domains. Understanding 

the structure of the extracellular portion of LigB and related proteins is important for developing 

diagnostic methods and new therapeutics directed toward leptospirosis. 

          Human tropoelastin (HTE), the building block of human elastin, confers resilience and 

elasticity to lung, blood vessels and other tissues. The ability of LigB12 to interact with HTE is 

likely to promote Leptospira adhesion to lung tissue, which might be related to pulmonary 

hemorrhage in severe cases of leptospirosis. Thus, it is important to decipher the underlying 

mechanism that mediates the LigB12-HTE interaction. Using ELISA and surface plasmon 

resonance (SPR), we identified that LigB12 bound to N-terminal region of the 20th exon of HTE 

(HTE20N) with sub-micromolar binding affinity. Alanine mutants of specific basic and aromatic 

residues on HTE20N significantly reduced binding to the LigB12. Taking advantage of atomic 

resolution structure of LigB12, HTE-binding site was narrowed down to β-strands A-C, the first 

β-sheet of LigB12. On this binding surface, residues F1054, D1061, A1065 and D1066 were 

critical for the association with HTE. Most importantly, the recombinant HTE truncates could 

diminish the binding of LigB12 to human lung fibroblasts by 68%, and could block the association 
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of Lig-expressing spirochetes to lung cells by 62%. These findings should expand our 

understanding of leptospiral pathogenesis and also assist in the future development of alternative 

therapeutics for leptospirosis. 

          The coagulation system, one of the most primitive defense systems, can rapidly respond to 

invading pathogens and can further confine the invaders to the infection site by forming a 

hemostatic plug. Fibrinogen (Fg) is the central player in this system, polymerizing into a stable 

fibrin clot with the assistance of thrombin and Factor XIII (FXIII). Up-regulated Fg expression 

during lung infection could create a perfect niche for bacteria producing Fg-binding adhesins. Fg 

binding by leptospira is thought to play a crucial factor in Leptospira-associated pulmonary 

hemorrhage. It has been shown that LigB12 interacts with C-terminus of FgaC domain (FgaCC). 

In the current study, the very C-terminal 23 amino acids of FgaCC (FgaCC8) were identified to 

be the minimal binding site for LigB12. The association of FgaCC with LigB12 (ELISA, KD= 

0.76 µM; SPR, KD= 0.96 µM) was mediated by both charged residues (R608, R611 and H614 

from FgaCC8; D1061 from LigB12) and hydrophobic residues (I613 from FgaCC8; F1054 and 

A1065 from LigB12). Additionally, LigB12 was able to bind to FXIII (KD= 0.14 µM) and inhibit 

the FXIII- FgaCC interaction, which further diminished the cross-linking of Fg a chains. For the 

first time, the detailed binding mechanism of a leptospiral adhesin to a host hemostatic factor was 

characterized, which might provide an insight into designing a potential anti-coagulant.   

          Lastly, we generated a library of monoclonal antibodies (mAbs) against the main LigB 

region comprised of twelve sequential Ig-like domains. The majority of anti-LigB mAbs were 

shown to possess sub to low micromolar LigB binding affinity and the ability to bind to the surface 

of pathogenic Leptospira. Most of the mAbs elicited strong bactericidal activity over anti-

leptospiral polyclonal antibodies. MAb interaction mapping for the domain specific binding site 
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on LigB revealed extensive domain coverage and suggested a LigB structure with high 

accessibility to the host immune response. Using SAXS, the twelve Ig-like domain region was 

determined to have an elongated structure, which explains the region’s high immunoreactivity. 

The β-sheet involved in the binding surfaces for mAbs against individual domains LigB5, LigB7, 

LigB10, and LigB12 were identified using chimeras revealing that either half of the domain could 

potentially elicit an immune response. Finally, a chimera with accessible surfaces from LigB7 and 

LigB10 was used to develop a recombinant antigen based vaccine that greatly enhanced leptospiral 

protection over vaccination with parent LigB7 or LigB10 domains. The combination of 

immunoreactivity and molecular structure studies provides complimentary methods that deepen 

our understanding of the LigB antigen’s overall exposure to identification by the host’s defenses. 

Improvements in our understanding of Lig proteins will allow for the optimization of the next 

generation of recombinant leptospirosis vaccines.  

          In conclusion,	 the	current	study	of	the	 interactions	of	LigB	and	its	host	binding	partners	(ECM)	

should	help	advance	our	knowledge	in	the	pathogenesis of leptospirosis.	The	strategy	of	structure-based	

vaccinology	 should	 also	 set	 a	 blueprint	 for	 developing	 next	 generation	 vaccines	 to	 provide	 better	

protection	for	animals	and	humans.	However,	the	in	vivo	role	of	Lig	proteins	for	contributing	the	disease	

progress	is	still	largely	unknown.	The	in	vivo	imaging	technologies	such	as	intravital	microscopy	are	needed	

to	 investigate	 the	 importance	of	adhesins	during	host	 infections.	The	binding	affinity	of	LigB	and	ECM	

components	 is	 not	 strong	 enough	 to	 potentially	 develop	 adhesion	 blockers	 or	 anticoagulants.	 Higher	

resolution	structures	of	LigB-ECM	complexes	are	required	to	further	optimize	this	pathogen-host	binding	

interfaces.	 Similarly,	 the	 structural	 detail	 of	 LigB	 and	mAb	 interaction	 should	 help	 us	 design	 a	 better	

vaccine	candidate.	The	ultimate	goal	will	be	generating	a	recombinant	antigen	with	multiple	epitopes	to	

offer	cross-serovars	protection	for	mammalian	hosts. 
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