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ABSTRACT OF THE DISSERTATION 

 

The Kinetic and Structural Investigation of Pilus Assembly  

and the Development of Sortase Inhibitors for Gram-Positive Bacteria 

by 

Christopher Kenji Sue 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2022 

Professor Robert Thompson Clubb, Chair 

 

Pathogenic multidrug resistant bacteria cause a range of serious infections in humans. 

These bacteria have developed mechanisms to counteract the lethal effects of currently used 

antibiotics, creating a need for novel therapeutics. Gram-positive bacteria display a wide 

assortment of cell surface proteins that are important for bacterial survival and host-pathogen 

interactions. These key surface structures included pili, proteinaceous fibers that assist in 

microbial survival by mediating adhesion to host tissues and aid in the formation of biofilm. A 

large number of gram-positive bacterial species assemble pili and append surface proteins to 

the cell wall using sortase cysteine transpeptidase enzymes. These enzymes link the 

components of the pilus together via covalent lysine isopeptide bonds which confer enormous 

tensile strength. This dissertation describes my investigation of the assembly mechanism of the 
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archetypal SpaA-pilus from Corynebacterium diphtheriae. It also describes my contributions to 

develop small molecule sortase inhibitors that could function as anti-infective agents and my 

work towards exploiting the activity of sortase enzymes as a protein engineering tool.   

This thesis focuses on sortase enzymes and can be divided into two major sections: 

studies to determine how sortases construct pili (Chapters 2-4) and work designed to discover a 

small molecule inhibitor for the Staphylococcus aureus Sortase A enzyme (Chapter 5). All of the 

studies have been published in peer reviewed papers, with the exception of work detailed in 

Chapter 4. Chapter 2 describes the NMR solution structure of the lysine isopeptide bond 

interface that connects the pilin components of the pilus. This structural information combined 

with biophysical and cellular analyses led to the formulation of the “latch” mechanism of pilus 

assembly. Chapter 3 describes an enzyme kinetic study of the sortase enzyme from C. 

diphtheriae (CdSrtA) which catalyzes the formation of lysine isopeptide bonds between 

components of the SpaA pilus. In this study, the rate-limiting step of catalysis was determined 

and variants of CdSrtA with improved activity were discovered. Chapter 4 describes research 

that employed biochemical and structural approaches to investigate how the incorporation of the 

SpaB pilin subunit terminates pilus assembly. Key differences were observed between the 

reaction that terminates assembly and the process of polymerization that builds the shaft of the 

pilus. Chapter 5 describes efforts to discover a small molecule inhibitor of the Staphylococcus 

aureus Sortase A enzyme that has the potential to be a therapeutically useful anti-infective 

agent. The first half of Chapter 5 describes the work done to improve the activity of previously 

discovered pyridazinone-based molecules using computational and synthetic chemistry 

methods. The second half describes the implementation of a novel cell-based screen to identify 

sortase inhibitors. This work leveraged the unique sortase-dependent growth phenotype of 

Actinomyces oris to screen for sortase inhibitors. Over 200,000 small molecules were screened 

for their ability to impair A.oris’s growth, which led to the identification of three molecular 
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scaffolds that inhibit sortase activity in vitro. In totality, my thesis research has shed light on how 

sortase enzymes assemble pili in gram-positive bacteria, led to improved variants of CdSrtA 

sortase that can be used in protein engineering, and helped identify new small molecule sortase 

inhibitors with potential therapeutic applications.    
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Introduction: The Roles of Sortase Enzymes in Bacterial Pilus 
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1.1 Overview 

The evolution of multidrug resistance among pathogenic bacteria threatens to destabilize 

our current arsenal of antibiotic treatments.1 Due to overuse in agriculture and patient care, 

bacteria have gained resistance and become immune to almost all known antibiotic 

treatments.2–4 By 2050, antibiotic-resistant bacterial infections are forecasted to cause more 

fatalities than cancer.5 An example of this growing threat is the methicillin-resistant 

Staphylococcus aureus (MRSA), which in the United States causes more than 320,000 

infections and 11,000 deaths annually.6 In addition to the growing resistance to commonly used 

antibiotics, the number of new antibiotics developed and approved has slowed.4 From 1980 to 

1990, 30 new antibiotics were introduced for medical use, while only 13 were approved by the 

FDA between 2000 and 2014. Moreover, the majority of these “new” antibiotics are analogs of 

existing drug classes, so resistance mechanisms may still impart some immunity to these 

“novel” treatments.4 Due to the lack of newly discovered antibiotic classes and growing 

resistance to currently used antibiotics, antibiotic resistant bacteria are a serious threat that 

needs to be addressed.4 To combat this growing threat, there needs to be more study and 

development of antibiotics that target alternative pathways. 

 

1.2 Introduction to Sortase Transpeptidase Enzymes 

Many clinically important pathogens are gram-positive bacteria that use sortase 

enzymes to elaborate their surfaces with protein virulence factors.7 Amongst the most alarming 

strains of antibiotic resistant bacteria according to the CDC are the ESKAPE pathogens.8 Three 

of these: MRSA, β-lactam-resistant Streptococcus pneumoniae, and vancomycin-resistant 

Enterococcus faecium have been classified by the World Health Organization as high priority 

pathogens that require the development of new antibiotics.9 These microbes and other gram-

positive bacteria possess a single membrane that is surrounded by a cell wall containing a thick 
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peptidoglycan layer which protects the cell from extracellular stressors.10 This organelle also 

protects these organisms from osmotic lysis while allowing for the passage of essential nutrients 

and serves as a scaffold for various proteins and glycopolymers.11 In pathogens, these 

embedded proteins can function as virulence factors and have roles in nutrient acquisition, 

immune system modulation, and bacterial adhesion.12 

Gram-positive bacteria in the Firmicutes and Actinobacteria phyla utilize sortase-

dependent pathways to display surface proteins.13 Sortases catalyze a transpeptidation reaction 

that either attaches surface proteins to the cell wall or assembles filamentous protein pili 

(Figure 1.1).  Sortases that attach proteins to the cell wall link together a five residue C-terminal 

cell wall sorting signal (CWSS) and a reactive nucleophilic group found in lipid-II, a precursor 

used in cell envelope biosynthesis.14 After sortase-mediated attachment to lipid-II, proteins are 

displayed on the surface when lipid-II is incorporated into the cell wall. Pilus assembly sortases 

operate through similar mechanisms by reacting with proteins containing a CWSS, but are 

distinct because they employ a nucleophilic lysine sidechain that is located within another 

protein as their second reactant. These unique sortases link together protein subunits to 

construct pili, long filamentous structures attached via covalent lysine isopeptide bonds, 

resulting in structures that have enormous tensile strength.15  

Based on their primary sequences, there are at least eight types of sortase enzymes, 

designated as class A, B, C, D1, D2, E, F, and Marine sortases.16,17 This introduction will 

primarily focus on class A and C sortases, which are the main focus of the research described 

herein. Class A enzymes attach proteins to the cell wall. Many of these sortase-attached 

surface proteins are classified as members of the microbial surface components recognizing 

adhesive matrix molecules (MSCRAMM) family and are virulence factors.18,19 A diverse range of 

gram-positive bacteria within the Firmicutes phylum contain at least one class A sortase that 

acts as a house-keeping enzyme, attaching a large number of distinct proteins to the cell 
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surface.16,20–22 In a number of pathogens, class A enzymes have been shown to be important for 

infectivity in mouse models, but eliminating sortase’s activity does not affect bacterial growth in 

cell cultures.23–28 Meanwhile, class C sortases polymerize pili on the surface of gram-positive 

bacteria by linking together protein subunits through lysine isopeptide bonds.29 Removal of pili-

catalyzing sortases results in diminished adherence to host cells. Furthermore, pili are potential 

vaccine targets due to their exposure on the surface.30,31 Therefore, sortases are attractive 

targets for the development of anti-infectives that work by disrupting the ability for the microbe to 

establish an infection, but otherwise do not affect microbial growth outside the host. These anti-

infective therapeutics could result in less selective pressure for evolutionary adaptations and 

create a new class of antibiotic therapies.32  

There have been many excellent reviews on sortase enzymes.13,29,33–35 In this introduction, I 

review what is known about two archetypal sortase enzymes, the class A sortase from 

Staphylococcus aureus (SaSrtA) and the class C sortase from Corynebacterium diphtheriae 

(CdSrtA), respectively. I also review recent research to discover sortase inhibitors. 

1.3 Class A Sortase Enzymes Append Proteins to the Cell Wall 

The first discovered and most well studied sortase is the class A enzyme from S. aureus 

(Figure 1.1A).36 The catalytic mechanism of SaSrtA currently forms the basis for our 

understanding for the sortase family (Figure 1.2). SaSrtA substrates are transported through the 

inner membrane through the Sec translocon, which targets an N-terminal signal peptide 

consisting of 15 to 20 hydrophobic residues.37 After translocation, signal peptidases cleave the 

signal peptide from the substrate, resulting in the substrate folding into its mature 

conformation.38 Sortase substrates remain tethered to the membrane via a transmembrane helix 

within their CWSS, which also contains an exposed LPXTG peptide sequence that is 

recognized by sortase. Sortase catalysis occurs via a two-step process of thioesterification 

followed by peptide bond formation. During the first step, SaSrtA recognizes the LPXTG 
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sequence and uses its catalytic cysteine residue (C184) to nucleophilically attack the carbonyl 

carbon between the threonine and glycine residues.39 This results in the transient formation of 

an oxyanion tetrahedral intermediate that has been proposed to be stabilized by a nearby 

arginine residue (R197).40 The catalytic histidine residue (H120) has then been postulated to 

donate a proton to the leaving group facilitating peptide bond cleavage and tetrahedral 

intermediate collapse into a longer-lived thio-acyl intermediate. In the semi-stable thio-acyl 

intermediate, the threonine at the C-terminal end of the protein is linked to the cysteine residue 

in sortase. Peptide bond formation then occurs when the primary amine group located on lipid-II 

cell wall intermediate enters the active site and nucleophilically attacks the thio-acyl linkage. In 

this reaction, H120 is thought to deprotonate the amine to facilitate its attack on the carbonyl 

carbon within the thio-acyl intermediate.41,42 This creates a second tetrahedral intermediate that 

resolves into the final protein:lipid-II product of the reaction. If water nucleophilically attacks the 

containing the thio-acyl intermediate instead of attack by lipid-II, sortase acts as a protease 

cleaving the LPXTG sequence between the threonine and glycine residues via hydrolysis.  

Insight into the molecular basis of SaSrtA-mediated catalysis has been revealed by the 

determination of atomic structures of the enzyme in its free and peptide-bound states.43–45 The 

enzymes in these structures are missing the N-terminal transmembrane helix which likely 

anchors the enzyme to the cell membrane and positions the catalytic domain towards the 

extracellular surface.43,46 The catalytic domain of SaSrtA and other sortases contains a closed 

eight-stranded β-barrel structure (Figure 1.3A). In the solution NMR structure of SaSrtA the 

coordinates of the catalytic domain are precisely defined, except for 19 amino acids within a 

flexible loop that connects strands β6 to β7 (β6/β7 loop). This unstructured loop transitions from 

an open to closed conformation in the presence of its CWSS peptide substrate, and has been 

shown to be important for substrate recognition. Ca2+ has also been shown to be important for 

SaSrtA activity in vitro as its presence increases both hydrolysis and transpeptidation activity.47 
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NMR experiments show that Ca2+ binds to a pocket generated by the β3/β4 and β6/β7 loop 

regions. This binding quenches β6/β7 loop motions and stabilizes it in the active configuration, 

explaining why the presence of Ca2+ increases activity. The SaSrtA active site is composed of a 

triad of cysteine (C184), arginine (R197), and histidine (H120) residues positioned adjacent to 

one another within the active site.48,49 The NMR structure of SaSrtA bound to a sorting signal 

mimic revealed that the substrate binds to a groove proximal to the active site cysteine. Stands 

β4 and β7 compose the floor of the groove and the loops β6/β7, β7/β8, β3/β4, and β2/H1 form 

the walls.13,45 A chimeric enzyme was constructed that swapped in the β6/β7 loop from sortase 

B from Staphylococcus aureus for the loop region in SaSrtA and changed the specificity SaSrtA 

from LPXTG to sortase B’s NPQTN CWSS.50 This modification allowed cleavage of the NPQTN 

CWSS, but did not alter specificity for the nucleophile. Thus, β6/β7 loop is an important 

determinant for dictating the enzyme’s sorting signal specificity.  

1.4 Pilus Assembly by Class C Sortases 

Pili (also called fimbriae) are long filamentous structures found on the surface of 

bacteria.34,51,52 They mediate interactions with the extracellular environment and are frequently 

essential for attachment to host cells and intra- and inter-species bacterial interactions.53 

Bacteria in the Firmicutes and Actinobacteria phyla use class C sortase enzymes to build pili, 

which covalently crosslink the protein subunits of the pilus (called pilins) via lysine isopeptide 

bonds (Figure 1.1B).54 These bonds confer high tensile strength allowing pili to endure 

significant forces.55–57 Disruption to pilus formation in C. diphtheriae results in diminished 

adherence to host epithelial cells.30 Pili have also been found to be essential for the formation of 

biofilms which are self-produced matrices of extracellular polymeric substrates.58 These biofilms 

are important for host colonization by aiding in immune evasion and protection from 

antibiotics.59,60 Studies in the gram-positive organism Enterococcus faecalis showed that 

mutations which prevented pilus formation result in reduced biofilm formation in cells and 
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attenuated virulence in a rat animal model of infection.58 Pili components are also considered to 

be attractive antigens to produce vaccines to prevent infections as some pili are surface 

exposed and important for bacterial survival and host colonization.61 For example, studies in 

which mice exposed to several hundred individual recombinant proteins from group B 

Streptococcus showed that immunization with pilin-derived antigens resulted in immunological 

protection against 12 GBS strains.31 

The work described in this thesis focuses on the assembly of the SpaA pilus in the 

pathogen C. diphtheriae, which causes pharyngeal diphtheria. C. diphtheriae displays three 

distinct pili: SpaA-pili formed from SpaA, SpaB and SpaC pilins; SpaD-pili formed from SpaD, 

SpaE, and SpaF pilins; and SpaH-pili formed from SpaH, SpaG, and SpaI pilins.15,62,63 Each 

type of pilus is assembled with one or more dedicated sortase enzymes that are co-expressed 

with the pilin components and are pilus-specific (e.g. sortases that build the SpaA pilus cannot 

assemble SpaH-pili and vice versa).63,64 However, each type of pili is attached to the cell wall by 

the action of the same class A sortase, SrtF.   

 The archetypal SpaA pilus forms long (1-2 µm) and thin (1-2 nm in diameter) fibers, and 

functions to assist in binding to pharyngeal cells.15 It is composed of three subunits: (i) a tip pilin, 

SpaC, (ii) a main shaft pilin, SpaA, and (iii) a basal anchor pilin, SpaB. The SpaA pilus is 

assembled by the class C sortase (CdSrtA) which catalyzes the formation of isopeptide bonds 

between pilins.30,65 The assembly of the SpaA pilus begins with the Sec-dependent secretion of 

its pilins (SpaA, SpaB and SpaC) which remain bound to the extracellular surface via the 

membrane-spanning helix within their CWSS (Figure 1.4).12 CdSrtA begins polymerization when 

the sortase recognizes the LPLTG sorting signal found in the CWSS on the SpaC pilin. CdSrtA 

cleaves the peptide bond between the threonine and glycine residues to form a thio-acyl CdSrtA-

SpaC intermediate. This intermediate then reacts with a second CdSrtA-SpaA thio-acyl 

intermediate that is formed in a similar manner. In this reaction, the SpaA K190 lysine within the 
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CdSrtA-SpaA thio-acyl intermediate nucleophilically attacks CdSrtA-SpaC, cleaving the thioester 

bond such that the K190 side chain in SpaA is joined to the C-terminal threonine residue in 

SpaC. The SpaC subunit is transferred to form a CdSrtA-SpaA-SpaC thio-acyl complex. After 

this step, SpaA proteins are progressively added to the base of the pilus in a similar manner in 

which the K190 nucleophile originating from a CdSrtA-SpaA thio-acyl intermediate attacks the 

thio-acyl linkage between another CdSrtA enzyme and the growing pilus. This process occurs 

100-250 times in cells.62 Polymerization is terminated when SpaB enters the reaction, 

presumably as a CdSrtF-SpaB acyl intermediate. In this reaction, SpaB’s lysine K139 side chain 

is used as a nucleophile by the CdSrtA enzyme within the thioacyl intermediate that contains the 

nearly assembled pilus (CdSrtA-(SpaA)n-SpaC, where “n” represents the number of SpaA 

proteins that form the shaft of the pilus).66,67 This final step transfers the pilus to the SrtF 

enzyme to create a SrtF-SpaB-(SpaA)n-SpaC intermediate. SrtF is capable of recognizing the 

diaminopimelic acid moiety within the cell wall precursor lipid II, using it as a nucleophile to 

create covalently linked Lipid II-SpaB-(SpaA)n-SpaC product.68 Lipid II is a precursor for cell wall 

synthesis, such that transglycosylation and transpeptidation reactions that build the cell wall 

incorporate the pilus into the peptidoglycan mesh where it is covalently attached to the 

diaminopimelic group.69 In cells lacking SrtF most of the pili are secreted into the milieu because 

they are not attached to the cell wall.66 However, a small fraction does appear to be attached 

suggested that the CdSrtA can perform this function, albeit less efficiently than SrtF. Assembly of 

the SpaD- and SpaH-pili are believed to occur in a generally similar manner as the SpaA pilus. 

However, the shaft of these pili is constructed using two pilus sortases and attached to the cell 

wall by SrtF.70 

The structure of SpaA pilin has been determined and is composed of three tandem Ig-

type domains: the N-domain (residues 54-192), the M-domain (residues 193-351), and the C-

domain (residues 352-484).71 (PDB: 3HTL) The M- and C-domains contain stabilizing internal 
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isopeptide bonds between lysine ε-amino groups and the carboxyamide groups of asparagine 

(K199 and N321 in the M-domain and K363 and N482 in the C-domain), which have also been 

observed in other pilin structures.24 The lysine and asparagine are located in a hydrophobic 

environment that favors a nonprotonated lysine and protonated asparagine and are positioned 

adjacent to a conserved glutamate residue that likely catalyzes the formation of the internal 

isopeptide bonds.71 One of these catalytic glutamates (E446) in the C-domain of SpaA is 

contained in an E-box motif (YxLxETxAPxGY) which is conserved in many pilin proteins. 65,71 In 

addition, E446 has been shown to be essential for the attachment of SpaB and SpaC to the 

pilus, but the reason for this remains unknown.65 SpaA’s N-terminal domain does not contain an 

internal isopeptide bond but is present in other pilins, such as the N-terminal domain in the 

BcpA pilin from Bacillus cereus.72 Based on studies of the S. pyogenes spy0128 pilin, it is 

generally believed that the function of these internal isopeptide bonds is to increase the tensile 

strength of pilins, as well as their thermostability and resistance to proteolysis. The reactive 

lysine (K190) in SpaA is part of a highly conserved pilin sequence motif (WxxxVxVYPK) that is 

found in many pilin proteins.54,65 Chapter 2 discusses how residues in the pilin motif form a 

binding groove for the LPXTG sorting signal and how mutations in this sequence element 

affects rate of crosslinking in vitro and in cells. 

In the SpaA pilus, incorporation of the SpaB pilin is thought to terminate pilus assembly 

and promote its attachment to the cell wall.73 The SpaB primary sequence does not contain 

many of the key motifs found in other pilins, such as SpaA, that were thought to be essential for 

ligation to a specific lysine residue.67 Yet despite lacking these motifs, SpaB has been found to 

make a specific lysine isopeptide bond with its K139 residue to a CWSS. It currently remains 

unclear how CdSrtA recognizes SpaB and forms isopeptide bonds. Furthermore, EM studies 

from the Ton-That group (UCLA) have shown that SpaB is infrequently incorporated into the 

shaft of the pilus.62 This is believed to be important in allowing host cell adhesion as SpaB and 
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SpaC have been shown to mediate adherence to pharyngeal epithelial cells.30,74 If SpaB is 

present throughout the pilus, the SpaA pilus can potentially have multiple points that can adhere 

to host cells. The interspersed SpaB may facilitate a zippering mechanism to bring bacteria 

closer to the host cell surface. As such, further work on understanding how SpaB’s K139 is 

recognized and how SpaB is incorporated into the pilus is described in Chapter 4. 

The structure of the CdSrtA shows a characteristic beta barrel fold similar to that found in 

the class A sortase from S. aureus (Figure 1.3B).43,67 However, CdSrtA and many other class C 

sortases are unique because they contain a N-terminal “lid” region that obscures the active site, 

as well as a C-terminal transmembrane helix. In many of the structures of class C enzymes the 

lid structure contains a DPW amino acid sequence that interacts with the active site (PDB: 

5K9A).67 In the crystal structure of CdSrtA, the tryptophan residue (W83) participates in aromatic 

stacking with the active site cysteine (C222) and histidine (H160) residues, while the aspartic 

acid residue (D81) interacts with an active site arginine residue (R231). When both W83 and 

D81 are substituted with glycine, transpeptidation activity is observed in vitro. This is 

presumably because these mutations destabilize the structure of the lid, consistent with the 

absence of electron density for these atoms in the crystal structure of the mutant enzyme (PDB: 

6BWE). Current models of its function suggest that the lid has an inhibitory function by masking 

the enzymes active site and binding surface for CWSS. The W83G and D81G substitutions 

destabilize the lid structure, thereby allowing substrate access and enabling CdSrtA lysine 

isopeptide forming activity to be reconstituted in vitro. Work discussed in Chapter 3 reveals that 

the enzyme can be further activated by introducing additional destabilizing mutations into the lid. 

These mutants were also employed to gain insight into the structure of the crosslinked interface 

in the SpaA pilus (chapter 2).  
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1.5 Sortase Inhibitors 

After the initial discovery of penicillin, a large arsenal of antibiotics have been developed 

to treat bacterial infections.75,76 After decades of use, bacteria have evolved resistance to 

antibiotics, creating a pressing need for new therapeutics.76,77 As previously mentioned, 

sortases are attractive drug targets because they are found in a wide range of gram-positive 

bacterial pathogens and have been shown to be important virulence factors. The S. aureus 

sortase A (SaSrtA) has been the primary focus of inhibitor screening efforts because of the 

clinical importance of MRSA and other multi-drug resistant strains of S. aureus.8,78 Therefore, 

many drug discovery studies have been conducted to identify a SaSrtA inhibitor. Because 

sortase inhibitors have been screened for many years, this introduction will review the most 

common methods and approaches in discovering a SaSrtA inhibitor over the past 5 years, and 

how they differ from the cell-based approach described in chapter 5.78,79 Below I also provide a 

few examples in which these approaches were used. Many additional screens have also been 

performed and have been reviewed.78–80 

The main strategies for discovering compounds that inhibit SaSrtA have been high 

throughput screening using a Förster resonance energy transfer (FRET) assay, the creation of 

reactive peptide mimics, in silico computational screening, and cell-based screening using  

Actinomyces oris.78 The majority of screens that have been published so far use a FRET assay 

to test sortase activity.81 The FRET assay involves the use of a fluorophore and quencher pair 

that is separated by a peptide sequence corresponding to CWSS for SaSrtA. When sortase is 

uninhibited, the linkage between the pair is hydrolyzed releasing the fluorophore and quencher 

resulting in an increase in fluorescence. The first published FRET-based screen was performed 

by the Kim group (Seoul National University) and identified an inhibitor containing a 

diarylacrylonitrile scaffold out of 1000 tested molecules.81 Using structure-activity relationship 

(SAR) analyses they improved the potency of the original hit molecule from an IC50 of 231 ± 
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6.530 µM to 9.244 ± 0.474 µM. They then conducted computational docking to simulate the 

optimized molecule and found that it preferred to bind to a large hydrophobic binding pocket 

adjacent to the active site of the enzyme, and that it did not directly interact with the catalytic 

C184 residue in the enzyme. The Clubb group also utilized the FRET assay to screen ~30,000 

molecules for SaSrtA inhibitors.82 Three molecules containing pyridazinone or pyrazolethione 

scaffolds were inhibitory, with Ki values in the micromolar range. Docking studies showed that 

pyridazinone molecules bound to a structured hydrophobic pocket that contains residues from 

the β6/β7 loop and the β8 strand. The inhibitors were not bactericidal and also inhibited 

sortases from Bacillus anthracis, suggesting that they could be general sortase inhibitors. Work 

described in Chapter 5 of this dissertation describes the use of structural information to improve 

the potency of these pyridazinone-based inhibitors. These efforts led to molecules that were 70-

fold more potent than the initial lead molecule.  

Other groups have attempt to create reactive peptide mimics of the CWSS substrate in 

order to inhibit the enzyme.83 The McCafferty group (Duke) developed a phosphinate-containing 

peptidomimetic NH2-YALPE-AlaΨ{PO2H–CH2}Gly-EE-NH2 . The peptidomimetic exhibited very 

poor inhibition of enzyme (IC50 = 10 mM), presumably because it did not accurately mimic the 

transition state. Peptide macrocycles have also been explored as SaSrtA inhibitors and can bind 

the enzyme active sites with high affinity.84 The Heinis group (Ecole Polytechnique Fédérale de 

Lausanne) developed a bicyclic peptide containing a Leu-Pro-Pro which attempted to imitate the 

LPXTG motif.85 Their best bicyclic peptide (ACPLLPPCSLDCG) had an impressively low KI 

value of 1.5 ± 0.4 µM based on FRET measurements, but when tested in vivo using a 

fluorescein-labeled LPETG substrate it was far less potent (IC50 of 167 µM). Its low potency was 

suggested to be caused by insufficient diffusion through the bacterial cell wall to the membrane 

where SaSrtA is located.  



13 
 

Computational screening methods which virtually dock potential inhibitors to a portion of 

SaSrtA structure have also been used to identify and optimize sortase inhibitors. The first in silico 

screen for sortase was conducted by the Velu group (University of Alabama at Birmingham). 

They screened 150,000 compounds from Maybridge and Chembridge compound libraries 

against sortase’s active site using the FlexX software package integrated into SYBYL.86 This 

docking program identified 108 compounds as potential inhibitors, and using the FRET 

enzymatic assay the pool was narrowed to eight compounds with potentially strong inhibitor 

activity. Using SAR analysis, their best lead molecule was optimized and improved from an IC50 

of 75 ± 4.1 µM to 58 ± 4.9 µM. The Ng group (Singapore Institute of Food and Biotechnology) 

also screened a computational library that contained mostly natural products from the A*STAR 

Natural Organism Library.87 They identified two promising compounds, N1287 and N2576, 

which had fairly low IC50 values of 24 ± 2.1 µM to 47 ± 4.2 µM, respectively. The molecules also 

prevent biofilm formation, but the minimum inhibitory concentrations of N1287 and N2576 are 

lower than their IC50 values, which suggests that they may be inactivating processes other than 

SaSrtA activity.  

Due to the complexity of the bacterial cell wall, the FRET assay or in silico screening 

methods may be unable to accurately model the sortase system in its natural state. Thus, when 

these inhibitors are incubated with pathogenic organisms in a host animal, the molecule is 

unable to effectively inhibit the enzyme. Recently, Actinomyces oris, an oral bacterium, was 

found to require a functional sortase enzyme (AoSrtA) in order to be viable in cell culture.88,89 This 

is an unusual phenotype, and presumably occurs because the AoSrtA specifically anchors a 

glycosylated surface protein to the cell wall. Elimination of AoSrtA activity causes the 

accumulation of glycosylated proteins in the membrane leading to cell death via glycol-related 

stress. Using this unique growth dependence on AoSrtA, we created an in vivo screen and 

counter-screen for inhibitors of AoSrtA that worked by monitoring their effects on the growth 
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A.oris. Screening >200,000 molecules, we found three novel SaSrtA inhibitors. Further 

discussion of this work is provided in Chapter 5. 
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1.6 Figures 

 

Figure 1.1 Overview of class A and class C sortases. (A) Substrates are first secreted 

across the cytoplasmic membrane through the SEC translocon. Class A sortases (blue) 

recognize proteins (pink) containing an LPXTG motif on their C-terminus and forms a thiol-acyl 

intermediate with the CWSS. Class A sortases then catalyze a reaction between the CWSS and 

a primary amine group found on a cell wall precursor, lipid II (purple). (B) Class C sortases (red) 

recognize pilin subunits (orange) containing an LPXTG CWSS, then a specific lysine residue 

found on the subunits, and link the CWSS to the lysine side chain’s amine group. This process 

is repeated resulting in the polymerization of pili. 
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Figure 1.2 The proposed molecular mechanism of class A Sortase enzymes from S. 

aureus. Sortase transpeptidation follows a “ping-pong” mechanism where the catalytic cysteine 

residue recognizes a unique sorting signal motif and nucleophilically attacks the carboxyl group 

between the threonine and glycine of the CWSS forming a tetrahedral intermediate that is 

potentially stabilized by a positively-charged arginine residue via an oxyanion hole. The 

tetrahedral intermediate then collapses when the proton from histidine is transferred to the 

glycine forming a semi-stable thio-acyl intermediate between the cysteine and the threonine 

residue. Lipid II is the second substrate and contains an amine group that enters the active site. 

Histidine then deprotonates the amine group which helps to facilitate the substrate’s nucleophilic 

attack on the thio-acyl bond. This forms a second tetrahedral intermediate which collapses to 

create a new peptide bond. (Figured adapted from reference 13 with permission) 
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Figure 1.3 Representative class A and C sortase structures. All sortase structures contain 

an eight stranded beta barrel motif. (A) Structure of the class A Staphylococcus aureus Sortase 

A (PDB:2KID) showing three protein loops that control substrate recognition. (B) The structure 

of the class C Corynebacterium diphtheriae Sortase A (PDB: 5K9A). It has a similar fold as the 

class A enzyme, but contains a unique lid motif (colored in orange) that covers the active site 

and has previously hindered in vitro studies. Class C enzymes also contain a unique C-terminal 
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transmembrane helix (not shown). The active sites of both structures are composed of a 

histidine (colored in purple), an arginine (colored in blue) and a cysteine (colored in gold). 
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Figure 1.4 Pilus polymerization is catalyzed by sortase enzymes in Corynebacterium 

diphtheriae. (1) Pilin subunits containing an N-terminal signal peptide are directed and 

transported to the Sec translocon for secretion. The N-terminal signal peptide is cleaved by 

signal peptidases and pilin subunits are partially secreted but remain attached to the cell 

membrane via a transmembrane helix. (2) A pilin sortase (CdSrtA) recognizes SpaC through its 

extracellular 5-residue LPLTG motif. The cysteine residue on CdSrtA cleaves the LPLTG 

resulting in the formation of a thio-acyl intermediate. (3) A nearby SpaA molecule resolves the 

acyl-intermediate by nucleophilically attacking with its ε-amine group on a reactive lysine 

(K190). This results in the formation of an isopeptide linkage between SpaA subunits and this 

process is repeated 100 to 250 times. (4) A SpaB subunit completes polymerization through the 

formation of a final isopeptide bond and is later ligated to the cell wall by SrtF, the housekeeping 

sortase.   
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2.1 Overview 

 Many gram-positive bacteria have long, filamentous pili on their surface that assist in 

host colonization by mediating microbe-microbe interactions and host tissue adhesion. These 

pili are constructed by linking individual subunits and covalently crosslinking them together via 

lysine-isopeptide bonds. Sortase enzymes catalyze these bonds by recognizing and joining a 

cell wall sorting signal with a specific lysine residue found on pilin subunits. Although many 

individual structures of isolated pilin subunits have been discovered, there have been very few 

structural studies of cross-linked stabilized pilin structures. Using a reconstituted pilus assembly 

system from Corynebacterium diphtheria, we studied the N-terminal domain of the SpaA pilus 

subunit SpaA (NSpaA) when it was crosslinked to a peptide containing the LPLTG sorting signal. 

Our work uncovered the solution structure and dynamics of the crosslinked interface and 

showed that when SpaA pilins are linked together that they form a ridged interface. This sheds 

light on the way sortase recognizes the reactive lysine found on NSpaA. We propose that 

ligation between SpaA pilins requires the use of a latch mechanism involving the highly mobile 

AB loop. We show that the AB loop becomes rigid upon binding the sorting signal. Based on our 

structural and biochemical studies, we postulate that the AB loop mediates interactions between 

C. diphtheria’s sortase and the SpaA pilus subunit and functions as a key structural motif for the 

identification of the reactive lysine residue in SpaA. My contributions to this paper were assisting 

the HPLC kinetic measurements of NSpaA mutants and measuring the resistance to proteolysis 

from trypsin of NSpaA mutants conjugated to C-terminal domain of the SpaA pilin.  

This chapter is reformatted with permission from a peer-reviewed journal article: 

Sortase-assembled pili in Corynebacterium diphtheriae are built using a latch mechanism. 

McConnell, S.A., McAllister, R.A., Amer, B.R., Mahoney, B.J., Sue, C.K., Chang, C.,Ton-That, 

H., and Clubb, R. T. Proc. Nat. Acad. Sci. USA. 118,(12). Mar 2021. 
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2.2 Sortase-assembled pili in Corynebacterium diphtheriae are Built Using a 

Latch Mechanism 
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Kinetics and Optimization of the Lysine-Isopeptide Bond-Forming 
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3.1 Overview 

 The cell wall of many gram-positive pathogens such as Corynebacterium diphtheriae, 

Streptococcus pyogenes, Actinomyces oris, and Streptococcus pneumoniae has proteinaceous 

pili structures on the surface that mediate bacterial adhesion to host tissue. These gram-positive 

bacteria use a sortase transpeptidase enzyme to assemble these pili by linking protein subunits 

(pilins) together via lysine isopeptide bonds. Previous studies of the pilus assembly enzyme 

from Corynebacterium diphtheriae (CdSrtA) found a lid motif that obscures the active site and is 

the reason for its inability to reconstitution the enzyme’s in vitro activity. Two residues found in 

this lid motif, D81 and W83 were found to be interacting with the active site residues through 

electrostatic interactions and aromatic stacking. (PDB: 5K9A) Mutations of these residues to 

glycines resulted in the reconstitution of activity and the ability to study the enzyme in vitro. 

Previous in vitro studies of CdSrtA involve the use of sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis which monitored the reactions between pilin subunits but prevented accurate 

quantification of CdSrtA’s kinetics. To overcome this challenge, we developed an HPLC assay 

that separated and quantified the reaction catalyzed by CdSrtA. This allowed the monitoring of 

the ligation reaction between a peptide that contained an LPLTG cell wall sorting sequence 

motif and the N-terminal domain of SpaA (NSpaA) from C. diphtheriae. To gain a greater 

understanding of the purpose of CdSrtA’s lid motif, we deleted the lid motif from CdSrtA to see if it 

would have any effect on its activity. We surprisingly found that this modified version of the 

CdSrtA’s lid, which we have named CdSrtA∆ is 7-fold more active than previously CdSrtA enzymes. 

To understand why CdSrtA∆ is more active, we used liquid-chromatography mass spectrometry 

and found that the formation of the CdSrtA-peptide acyl-intermediate was the slow step in the 

reaction. A comparison between CdSrtA∆ and other CdSrtA enzymes found that CdSrtA∆ is faster at 

forming this acyl-intermediate and we postulate that this is the reason for its improved activity. 

My contributions to this paper were measuring the Michaelis-Menten Kinetics, testing the 
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hydrolysis activity of the enzyme, and monitoring acyl-intermediate formation through liquid 

chromatography-mass spectrometry.  

This chapter is reformatted with permission from a peer-reviewed journal article: Kinetics 

and Optimization of the Lysine-Isopeptide Bond Forming Activity of the Pilin Sortase from 

Corynebacterium diphtheriae. Sue, C. K., McConnell, S.A., Ellis-Guardiola, K., Muroski, J., 

McAllister, R. A., Yu, J., Alverez, A., Ogorzalek Loo, R. R., Loo, J. A., Ton-That, H. and Clubb, 

R. T. Bioconjugate Chemistry. May 2020.  

 

3.2 Kinetics and Optimization of the Lysine-Isopeptide Bond Forming Activity of 

the Pilin Sortase from Corynebacterium diphtheria 
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Chapter 4 

 

 

Unique Structural and Kinetic Features of the Terminating Pilin 

Subunit from Corynebacterium diphtheriae 
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4.1 Overview 

 Gram-positive bacteria utilize long filamentous pili on their surfaces to form biofilms and 

to adhere to host issues, abiotic surfaces, and other bacteria. These pili are made of individual 

subunits called pilins and are linked together through a sortase-dependent mechanism that 

connects the pilins via lysine isopeptide bonds. Previous studies have explored how sortases 

crosslink SpaA pilins, which compose the majority of the pilus shaft. Here, using a reconstituted 

pilus assembly system from Corynebacterium diphtheriae and NMR, we have investigated how 

SrtA adds SpaB pilins to the pilus, which terminates pilus assembly resulting in the transfer of 

the pilus to the cell wall. 

We have discovered that: (i) CdSrtA terminates pilus assembly by catalyzing the 

formation of an isopeptide bond between K139 on SpaB and T494 on SpaA, (ii) CdSrtA 

catalyzes the formation of the bond between SpaB and SpaA more slowly than it creates 

isopeptide bonds that form the shaft of the pilus (kcat values of 7.0 ± 0.4 and 40.0 ± 0.1  (10-5 (s-

1)) for SpaB and SpaA, respectively, (iii) SpaA and SpaB sortase substrates adopt similar 

atomic structures despite sharing 17% of sequence homology (iv) both SpaA and SpaB contain 

a disordered AB loop that is expected to reside at the enzyme-substrate interface. However, the 

loops are distinctly positioned on the surfaces of the pilin suggesting that the AB loop may be a 

key determinant for controlling the rate of reactivity with CdSrtA and (v) we present evidence that 

SpaB has a high affinity for CdSrtA, suggesting that even though it is less reactive, on the cell 

surface it may act to inhibit pilus polymerization to promote pilus assembly termination. 

Combined, this work provides mechanistic insight into pilus assembly by shedding light on how 

the reaction is terminated. Research in this chapter will be published in the future.  
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4.2 Introduction 

Adhesive protein polymers called “pili” or “fimbriae” project from the surface of bacteria 

and are frequently used as virulence factors that have a wide range of functions, including 

among others mediating initial host-pathogen interaction, twitching motility, conjugation, and 

immunomodulation.1–3 Gram-positive bacteria such as Actinomyces oris, Enterococcus faecalis, 

and Bacillus cereus, use sortase enzymes to build long (1-5 micron) and thin (1-5 nm) pili.4–6 

Sortases catalyze the formation of unique lysine-isopeptide bonds between pilin subunits and 

these bonds confer extensive tensile strength and resistance to proteolysis.7,8 Microbes with 

impaired pilus assembly exhibit diminished adherence to host tissues and attenuated bacterial 

virulence.9,10 Due to this key functionality and surface accessibility, the pilus assembly reaction 

is a potential drug target for novel antibiotic therapeutics. Despite the presence of pili on a wide 

variety of gram-positive commensal and pathogenic bacterial species, the molecular basis 

through which pili are assembled remains poorly understood.11 

The most well understood pilus assembly system is from Corynebacterium diphtheriae, 

the main cause of pharyngeal diphtheria, and displays three types of pili: SpaA, SpaD and 

SpaH.12–14 Of these three pili, assembly of the SpaA pilus that mediates adherence to the 

pharyngeal epithelium is best understood.1,15 The SpaA pilus is constructed from three types of 

pilin subunits: the main shaft pilin SpaA, the tip pilin SpaC, and the basal pilin SpaB, whose 

incorporation terminates the polymerization reaction to promote pilus attachment to the cell 

wall.12,16 The sortase A (CdSrtA) enzyme assembles the SpaA pilus which builds the shaft of the 

pilus by catalyzing a repetitive, irreversible transpeptidation reaction that joins a C-terminal cell 

wall sorting signal (CWSS) located on the C-domain of a SpaA pilin to a conserved lysine side 

chain (K190) located on the N-domain of another SpaA protein. The enzyme uses similar 
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chemistry to attach the SpaC and SpaB proteins to the tip and base of the pilus. The details of 

this process are described in Chapter 1.  

Work described in this chapter focuses on the SpaB pilin, whose incorporation into the 

pilus terminates the assembly reaction and controls the length of the pilus.15 In the termination 

reaction, the CdSrtA enzyme recognizes SpaB’s K139 and adds it to the base of the growing 

pilus shaft.15 This process is stoichiometrically controlled, as a SpaB knockout strain of C. 

diphtheriae exhibits extra-long pili and excess amounts of SpaB result in truncated pili.15 SpaB 

has also been found to be interspersed within the shaft of the pilus through an unknown 

mechanism.17 SpaB and SpaC are required for adherence to pharyngeal cells and a previous 

study by the Ton-That lab found monomeric pilins of SpaB and SpaC and heterodimer 

complexes composed of SpaB-SpaC on the cell surface.18 In their study, they hypothesize that 

these monomeric and dimeric pilins mediate close contact to C. diphtheriae after longer pili 

initiate contact. SpaB spaced throughout the pilus may serve a similar purpose by providing 

multiple points of contact for C. diphtheriae to bind to its host surface.16 In order to further 

understand the termination reaction, we probed the kinetics of CdSrtA catalyzing a reaction of 

SpaB to the CWSS of SpaA, and determined the solution structure of SpaB. These results 

expand our understanding of the role SpaB in pilus biogenesis and suggest that the pilus may 

be flexibly linked to the cell wall.  

4.3 Results and Discussion 

Reactive lysine residue and its recognition by sortase 

 Sortase catalysis is composed of a two-step process with an acyl-intermediate formation 

step between CdSrtA and the LPLTG CWSS, and a transpeptidation step linking the threonine 

on the CWSS to the reactive lysine residue found on SpaA or SpaB.19 It is currently unclear how 

sortase crosslinks the SpaB pilin to base of the pilus. Previously reported in vivo and in vitro 

studies suggested that SpaB is crosslinked to SpaA via an isopeptide bond between the side 
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chain of K139 within SpaB and the C-terminal T494 residue within SpaA.20,21 However, the 

kinetics of this process or the enzyme’s selectivity for K139 are poorly understood. To 

investigate this, we purified SpaB (residues Q25-V150) which contains the reactive lysine 

(K139) residue and a construct that contains the knockout of the K139, SpaB-K139A. The SpaB 

constructs lack the N-terminal residues that contain the signal peptide and the C-terminal 

sorting signal of LAFTG. They were expressed in Escherichia coli and purified by metal affinity 

chromatography. Reactions were set up by mixing together SpaB (300 µM) or SpaB-K139A 

(300 µM) with CdSrtA∆ (100 µM), a sortase from C. diphtheriae where the residues N37-Q257 

are expressed and the amino acids I78 to A88 are deleted, and CSpaA (300 µM), the C-terminal 

domain of SpaA from residues 350 to 500 which contains the CWSS LPLTG motif.22 A control 

using NSpaA (300 µM), the N-terminal domain of SpaA from residues 30 to 194, which contains 

the K190 nucleophile, was also setup with CdSrtA∆ (100 µM), and CSpaA (300 µM). The 

reactions were incubated at 25°C and timepoints were taken after 0, 24, and 48 hours of 

incubation and stopped by the addition of SDS-containing sample buffer. Timepoints were then 

separated and analyzed by SDS/PAGE and Coomassie staining. In the reaction containing 

SpaB, CSpaA, and CdSrtA∆, a strong band formed around the 30 kDa weight marker after 24 

hours. This mass approximately corresponds to CSpaA-SpaB ligated together, while the reaction 

containing SpaB-K139A did not contain a band at a similar weight for the CSpaA-SpaB-K139A 

complex. (Figure 4.1A) To ensure that no other lysines were potentially reacting with CSpaA, we 

mutated the other lysine residues found in SpaB (SpaB-K53A and SpaB-K115A) and incubated 

them with CSpaA and CdSrtA∆ in an identical manner as before. (Figure 4.1B) Similar to the 

SpaB containing no mutations, we saw a band that corresponded to a SpaB-CSpaA product. 

Working with Janine Fu from the Loo Lab at UCLA, the linkage was further verified through the 

use of LC-MS/MS which was able to detect the specific linkage of SpaB’s K139 to the LPLTG. 
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(Figure 4.1C) Thus, we have demonstrated that K139 is the nucleophilic lysine residue 

responsible for ligation between SpaB and SpaA.  

Kinetics of SpaB’s lysine-isopeptide bond formation compared to NSpaA 

We have previously characterized CdSrtA’s kinetics with NSpaA and a peptide that 

contained SpaA’s CWSS (FELPLTGGSG), hereafter called the LPLTG peptide.22 To investigate 

if there were any differences in kinetics between NSpaA and SpaB, identical transpeptidation 

reactions were created with SpaB. We used identical conditions to our previously reported 

kinetic data in Chapter 3 and incubated SpaB at varying concentrations with 1 mM of LPLTG 

peptide and 25 µM CdSrtAΔ.22 10 µL aliquots of each reaction were taken after 3 hours of 

incubating at 25°C and frozen with liquid N2 to stop the reaction. The reactants and products 

were readily separated by reverse phase HPLC where we monitored the conversion of reactant 

(SpaB) into the product (SpaB-LPLT). The identity of the reactants and products was confirmed 

by LC-MS/MS. Michaelis-Menten kinetics were obtained with SpaB concentration varied from 

62.5 to 500 µM (Figure 4.2A). The measurements revealed that CdSrtAΔ has a KM of 32 ± 2 µM 

and a kcat of 7.0 ± 0.4 x 10-5 s-1 (Table 4.1) when SpaB is used as a substrate. Comparing the 

kcat between NSpaA and SpaB, SpaB is around 5.7 times less reactive than NSpaA.22 This 

slower reactivity makes sense in light of SpaB’s purpose as the terminating pilus. If SpaB had a 

faster or equivalent kcat to SpaA, it would most likely result in extremely short pili that may be 

unable to mediate adhesion to host tissues. Therefore, the slower kinetics of SpaB must be 

essential in modulating the length of the pilus and preventing the accidental early termination of 

pilus assembly.  

To investigate the SpaB-LPLT complex for structural studies, we wanted to see if SpaB 

incubated over a longer period with LPLTG peptide and SrtA would generate >90% product 

similar to NSpaA.22,23 We mixed SpaB with CdSrtAΔ and 4 mM of the LPLTG peptide and 

incubated it at 25°C for more than 24 hours. Taking samples from these reactions and injecting 
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them onto the HPLC, we found that only 50-70% of SpaB is ligated to the LPLTG peptide 

compared to nearly 90-95% of NSpaA (Figure 4.2B). Since we initially expected it to modify to 

similar levels as NSpaA, we investigated to see if the lack of modification was due to the removal 

of the inhibitory lid region (residues I78 to A88) on CdSrtA. The inhibitory lid on CdSrtA has been 

previously shown to inhibit activity in vitro and its true purpose has yet to be elucidated.20 We 

therefore used another construct CdSrtA3M (residues N37-Q257 of CdSrtA with three mutations 

D81G/W83G/N85A) which contains the lid region but has three mutations in the lid region that 

reconstitute in vitro activity.23 Testing with CdSrtA3M under identical conditions as before, we 

attempted to react SpaB with LPLTG peptide and found no major differences between when we 

used CdSrtA3M and CdSrtAΔ. Also, to ensure that the enzymes were not unfolded, we conducted 

SYPRO Orange thermostability assays similar to what was done in Chapter 2 (Table 4.2). At 

present, we are unsure what is preventing full peptide modification to NSpaA by CdSrtA3M.  

Previously in Chapter 3, I was able to show that the first step in sortase catalysis was the 

slow step when NSpaA and the LPLTG were used as substrates. This was done by using liquid 

chromatography-mass spectrometry (LC-MS) which tracked the formation of the acyl-

intermediate complex (CdSrtA-LPLT) between CdSrtA and the LPLTG peptide. Our results show 

that when NSpaA was introduced, CdSrtA-LPLT concentration remained very low and we believe 

that NSpaA’s lysine residue immediately reacts with CdSrtA-LPLT when it was present. This 

provided evidence that the formation of the acyl-intermediate was the slow step in the reaction. 

Due to SpaB having lower kcat compared to NSpaA, we wanted to test and see if the first step 

continued to be the slow step in the reaction. The assay was replicated as before, 25 µM of 

CdSrtAΔ with 1mM of the LPLTG peptide and either SpaB (250 µM), NSpaA (250 µM), or buffer 

was added (Figure 4.2C). The reactions were then incubated at 25°C and 10 µL time points 

were taken out at 5, 30, 60, and 180 minutes. Similar to our findings before, we found that when 

SpaB or NSpaA is present, acyl-intermediate formation remains around 4-5% for three hours, 
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but when SpaB is absent, acyl-intermediate concentration increases over time. This agrees well 

with our previous finding that acyl-intermediate formation is the rate limiting step in the reaction.  

 

Comparing CdSrtA reaction preference of between NSpaA and SpaB 

 Since SpaB and NSpaA both contain a highly specific lysine that reacts with the same 

CWSS, we wanted to test if CdSrtAΔ had a particular preference for SpaA or SpaB’s lysine 

nucleophile.20,21 We therefore constructed a reaction that contained NSpaA and SpaB at equal 

molar concentrations of 200 µM, and 1 mM of the LPLTG peptide (Figure 4.3A). Reactions 

were initiated when CdSrtAΔ (25 µM) was added and were separated using reverse phase HPLC 

on a C4 column. Controls were run containing either NSpaA or SpaB and LPLTG peptide and 

CdSrtAΔ at identical concentrations as above and additional buffer. The amount of SpaB-LPLT 

product generated in either the presence or absence of NSpaA showed only small differences 

within the first three hours (Figure 4.3B). This is in stark contrast to the amount of NSpaA-LPLT 

produced when SpaB is also present in the reaction. When SpaB is present, the formation of 

NSpaA-LPLT initally slows down (Figure 4.3C). This suggests that SpaB preferentially reacts 

with CdSrtA-LPLT as compared to NSpaA. We then wanted to see if SpaB containing a lysine 

knockout mutation (K139A) also slowed NSpaA-LPLT product formation. After setting up 

identical reactions as above, but with SpaB-K139A, we found that NSpaA-LPLT formation was 

also slowed as compared to reactions that only contained NSpaA, CdSrtAΔ, and the LPLTG 

peptide. We conclude that when both SpaA and SpaB are present that SpaB is more reactive 

than SpaA. This is consistent with enzyme’s lower KM value for SpaB as compared to NSpaA. 

This suggests that SpaB binds to the sortase enzyme in a way that limits the activity of sortase 

toward NSpaA, such that SpaB acts as a competitive inhibitor.  
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NMR structure of SpaB  

To gain a greater understanding of the differences between SpaB and NSpaA, 

heteronuclear multidimensional NMR spectroscopy was used to determine the atomic structure 

of SpaB. The structure was determined using 1,273 experimental restraints (Table 4.3). The 

structure’s backbone was defined between N28-D142 to an average structure with an RMSD of 

0.5 ± 0.05 Å. The structure of SpaB consists of a single domain and adopts a CnaB-type fold. 

(Figure 4.4A) The CnaB-type fold contains a core β-sandwich which is composed of a set of 

three beta sheet strands (GAD), a set of four beta sheet strands (CBEF), and a single α-helix 

(Figure 4.4B, C). It has many similar features found on CnaB-type folds like NSpaA, such as an 

AB loop and the location of the reactive lysine residue found on the last βG loop.24 As expected, 

K139 is found on the surface as a solvent-exposed lysine. Heteronuclear NOE data suggest that 

the structure is well-ordered with the exception of the N and C-terminal tails and the AB Loop 

spanning residues 38 to 50 (Figure 4.4D). This loop is similar to the one found on NSpaA and 

other CnaB folded pilins subunits, but it is notably positioned further away from the SpaB’s 

K139. We have previously shown in Chapter 2 that the AB loop on NSpaA is mobile and flexible 

when not bound to a CWSS, but becomes rigid and ordered in the peptide-bound complex.  

A DALI analysis was performed to identify structural homologues to SpaB.25 The results 

are shown in Table 4.4. Generally, a DALI Z-score above 2 indicates a similar fold, whereas 

scores >~5 indicate a much higher-level structural homology. Our analysis reveals that SpaB 

shares only limited structural homology to proteins in the data base with the most closely related 

structural homologs having Z-scores ranging from 4.5-6.5. Interesting, all but one of the closet 

structural homologs correspond to the N-terminal domain of a pilin proteins that serve as 

substrates for a sortase enzyme.  Moreover, all of the homologous structures adopt CnaB type 

fold, but differ radically in loop positioning causing lower structural homology scores. There are 

five previously solved basal pilin structures: RrgC (PDB: 4QQ1) from Streptococcus pneumonia 
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that contains three-domains FctB (PDB: 3KLQ) from Streptococcus pyogenes, GBS52 

(PDB:3PHS) from Streptococcus agalactiae, Lactobacillus rhammosus GG’s SpaB (PDB:7CBS 

and SpaE (6JCH).25–29 Of these only two (PDB:7CBS and 6JCH) are most structurally 

homologous to SpaB. Collectively, our results indicate that there is great variability the in the 

structures basal subunits within Gram-positive pili.  

Current understanding of lysine recognition in pilin subunits is thought to be dependent 

on two key factors found in SpaA: (1) the presence of the pilin motif, WxxxVxVYPK, a highly 

conserved sequence of amino acids, and (2) the AB loop which mediates the ternary complex. 

SpaB only contains the conserved proline and lysine residue found in the pilin motif.14,30 Based 

on our solved structure, the residues that would typically correspond to the pilin motif in SpaB 

do not appear to line any significant groove region found in NSpaA. NSpaA’s AB loop is believed 

to help mediate the linkage between pilin subunits by aiding in the identification of NSpaA’s K190 

residue and stabilizing the structure. At this time, it is currently unclear if SpaB’s AB loop is 

positioned in a way that allows for a similar complex to occur. The loop is just as flexible, but 

does not appear to be able to position itself over K139 in a similar fashion to NSpaA’s AB Loop. 

This difference may be part of the reason for why SpaB’s lysine is less reactive than NSpaA and 

could be part of how SpaB unproductively binds to CdSrtA inhibiting the enzyme. Future work will 

be required into investigating and seeing if mutations to the AB loop result in dramatically alter 

activity.  

 

SpaB does not need the pilin motif for lysine recognition 

Previous studies have found that many pilin subunits that form lysine isopeptide bonds 

contain a highly conserved pilin motif.14,31 This pilin motif contains the lysine residue which acts 

as a nucleophile for the transpeptidation reaction and has been previously thought to be 

important for recognition.20,32 Structural data of NSpaA found that the pilin motif lines a nonpolar 
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groove region in NSpaA which the LPLTG peptide sits above (Figure 4.5A). Residues within the 

pilin motif have been shown in Chapter 2 to interact with the CWSS and mediate its binding 

between this groove region. Mutations that target the pilin motif and residues within the groove 

in NSpaA were previously found to disrupt catalytic activity both in vitro and in vivo.30 SpaB 

notably lacks the conserved residues found in other C. diphtheriae pilins such as SpaA, SpaH, 

and SpaD, and the structure does not appear to contain a groove region (Figure 4.5B and 

Figure 4.4C). The lack of groove appears to be due to a different positioning of βF and βG 

which are spaced further apart from one another compared to NSpaA. Further analysis of the 

electrostatics of SpaB and NSpaA show that NSpaA contains a positive charge that lines the 

groove all the way to K190 (Figure 4.5C).33 Areas proximal to K139 appear to also contain this 

positively charged surface, but with negatively charged regions closer than on NSpaA. Similar 

analysis of CdSrtA reveal those surface areas close to C222 contain a highly negative charge 

(PDB: 5K9A).20 These opposing electrostatic charges between pilin subunits and CdSrtA may aid 

in the recognition the lysine residue. 

Despite SpaB’s differences to NSpaA, SpaB is able to form the lysine isopeptide bond 

with K139. Therefore, we attempted to see if the insertion of the pilin motif into SpaB would 

cause any changes in activity with CdSrtA. To test this hypothesis, we inserted the missing 

conserved residues into SpaB’s pilin motif region and created a SpaB tetramutant, SpaB4M 

(T130W, M134V, L136V, and R137Y). We then tested the reactivity of SpaB and SpaB4M 

(300µM) with CdSrtA∆ (100 µM) and CSpaA (300µM) and took timepoints at 0, 24, 48, and 72 

hours. The reactions were stopped by the addition of an SDS-containing buffer. Comparing 

SpaB and SpaB4M, there does not appear to be any difference between the two SpaB variants. 

(Figure 4.5D) We then wanted to see if there would be a noticeable difference when the LPLTG 

peptide was used instead of CSpaA, so we incubated SpaB and SpaB4M (300 µM) with CdSrtA∆ 

(100 µM) and LPLTG peptide (300 µM). (Figure 4.5E). These reactions were incubated for 72 
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hours, after which quantification by HPLC appeared to show that only 40% of SpaB or SpaB4M 

was catalyzed into SpaB-LPLT product. These results show that the pilin motif which was found 

to be important in SpaA, does not affect the formation of the isopeptide bond between SpaB and 

the CWSS when conserved residues are inserted into SpaB.  

 

SpaB incorporation throughout the pilus 

 Previous data from the Ton-That lab showed that in addition to SpaB’s traditional role as 

the terminating pilin, SpaB subunits can be found throughout the length of the pilus.14,34 We 

have hypothesized two potential methods of SpaB incorporation throughout the pilus. The first 

method is the house-keeping sortase enzyme CdSrtF in C. diphtheriae, which recognizes SpaB’s 

CWSS (LAFTG). CdSrtF typically links SpaB and the completed pili to cell wall precursors. 

Because the reaction between SpaB and the cell wall precursors are similar, CdSrtF could 

potentially ligate SpaB to SpaA’s lysine residue and would explain why SpaB is found 

throughout the pilus. In order to test this, we created a SpaBFL-K139A (Q25-L182) construct 

containing both its CWSS (LAFTG) and lysine knockout (K139A) which would prevent any 

homotypic reactions with SpaB’s lysine. A reaction containing SpaBFL-K139A (300 µM), NSpaA 

(300 µM) and either CdSrtA∆, CdSrtA3M, or CdSrtF, (a sortase where residues A57-G273 were 

expressed and contained an N-terminal His6x tag) (100 µM) were mixed together and incubated 

at 25°C. (Figure 4.6A) Aliquots of the reaction were taken at 0,24, 48, and 72 hours were taken 

and quenched by the addition of SDS-containing sample buffer. Samples were separated out on 

an SDS-PAGE gel. Analysis of the gel did not show any formation of NSpaA- SpaBFL-K139A 

complex. (Figure 4.6B) As of the writing of this thesis, it remains unclear as to why we do not 

see any activity and we propose that future experiments in trying to uncover this mechanism 

test the activity of CdSrtF with peptides instead of the full SpaB pilin subunit.   
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The second potential method for how SpaB is incorporated throughout the pilus is 

through the ligation of SpaB-K139 to SpaA’s E446 residue or nearby residues. Previous data 

from the Ton-That lab show in vivo that SpaA residue E446 is essential for the insertion of SpaC 

and SpaB into the pilus.14 E446 is part of a conserved sequence motif known as the E-box motif 

(YxLxETxAPxGY) which contains a highly conserved glutamate. Mutations of E446 to an 

alanine or arginine prevent SpaB insertion into the pilus in vivo.14 Structural studies of SpaA 

suggest that E446 helps to catalyze an internal isopeptide bond between K363 and N482 

(Figure 4.7A). It is inferred that the structural stability created by this internal isopeptide bond is 

key to the insertion of SpaB and SpaC into the pilus.14 To further study the E-box motif, we 

created and expressed a CSpaA-E446A mutant and tested it in vitro by reacting it with NSpaA 

and SpaB and SpaBFL (Figure 4.7B). Interestingly, SpaB and SpaBFL were able to react with 

CSpaA-E446A according to our SDS-PAGE results. This data seems to contradict the previous 

in vivo data, so we wanted to see if the inability for ligation to SpaB is related to CSpaA stability. 

To do so, we used an SYPRO Orange thermostability assay to test the overall stability of CSpaA 

with and without the E446A mutation (Figure 4.7C, D). CSpaA-E446A had two separate Tm 

values at 56.2 ± 0.4 °C and 74.6 ± 0.2 °C while CSpaA only had one at 74.4 ± 0.2 °C. There are 

two potential possibilities for why CSpaA-E446A has two separate unfolding events. The first is 

that a portion of CSpaA-E446A first unfolds before the entire domain unfolds. The second is that 

there are two populations of CSpaA-E446A where some form an internal isopeptide bond 

between K363 and N482 and some do not. Whatever the reason, the instability or lack of 

internal isopeptide bond, may prevent SpaA’s CWSS from being ligated to SpaB as it disrupts 

CdSrtA’s ability to recognize SpaB’s lysine residue. Our experiments unfortunately have not 

solved the mystery of how SpaB is inserted throughout the pilus. Future experiments that focus 

on CdSrtF may be the key to understanding how SpaB is incorporated.  

 



94 
 

Conclusions 

 This work lays the foundation for further understanding the termination of pilin 

polymerization. Using our recently developed HPLC method and structural biology methods, we 

have further elucidated the termination mechanisms behind the formation of the SpaA pilus. 

This work reveals that the CdSrtA sortase has a lower kcat when SpaB is ligated to a LPLTG 

peptide compared to NSpaA. Through the use of LC-MS, we determined that sortase’s slowest 

step remains the formation of the CdSrtA-LPLT acyl-intermediate. Our work also showed us that 

CdSrtA preferentionally links SpaB’s lysine residue over over NSpaA’s. SpaB can also bind to 

CdSrtA in a non-productive manner that prevents NSpaA from binding. This posits a potentially 

new method of pilus polymerization length control where high concentrations of SpaB modulate 

the activity of CdSrtA, resulting in pili of a specific length.  

 By solving the structure of SpaB, we have found that despite a large difference in 

primary sequence, SpaB has a similar topology to NSpaA. This topological similarity may be the 

primary reason why CdSrtA recognizes both SpaA and SpaB’s lysine residues, as SpaB does 

not contain nor require the pilin motif which is conserved in many other pilin subunits. 

Furthermore, our experiments show that insertion of the pilin motif into SpaB showed no 

changes in the reactivity of SpaB with CSpaA or LPLTG peptide. This warrants further work to 

uncover how CdSrtA recognizes K139 and if the AB loop, which differs in SpaB, is involved in 

this recognition mechanism.  

 Despite our efforts to understand how SpaB is inserted throughout the pilus instead of 

solely at the base, it remains unclear how this occurs. Our initial attempts to use CdSrtF as the 

catalyst in ligating SpaB’s LAFTG CWSS to NSpaA’s lysine have found no evidence of the 

formation of a NSpaA-SpaB dimer. We are unsure if this lack of dimer formation is due to CdSrtF 

being inactive in vitro, or if CdSrtF is unable recognize NSpaA’s lysine residue. We then 

investigated to see if SpaA’s conserved E box residue E446 is involved in SpaB’s insertion into 
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the pilus by mutating E447 in a CSpaA construct. Our results show that mutation of SpaA’s E446 

does not prevent ligation to SpaB in vitro which differs from previously reported in vivo data.14 

We reason that this discrepancy from the in vivo results is most likely due to structural 

disruptions from either the lack one of the internal isopeptide bonds. Our work sets the 

foundation for understanding pilin polymerization termination and may aid in the fight against  

gram-positive bacteria.  

4.4 Materials and Methods  

Expression of protein reagents  

All protein constructs were cloned and expressed using standard methods as described 

in (20). CSpaA constructs contain an N-terminal 6xHis tag in a pMAPLE4 expression vector. All 

other protein constructs contained an N-terminal small ubiquitin-like modifier (SUMO) solubility 

domain with a 6xHis tag in the pSUMO expression vector. Proteins were expressed in 

Escherichia coli BL21 (DE3) cells. Cultures were grown in miller LB broth (Thermo Fisher) and 

were supplemented with 50 µg/mL of kanamycin sulfate (GoldBio), and cultures were grown at 

37°C in a shaking incubator to the log growth phase (OD600 of 0.6 to 0.8) before being induced 

with 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) (GoldBio). Cultures were then moved 

to low temperature orbital shakers and incubated at 17°C for 16 hours. For isotopically labeled 

samples, cell pellets were exchanged into M9 media supplemented with 13C-labeled glucose 

and 15N-labeled ammonium chloride before being induced with IPTG. Cells were then pelleted 

by spinning in a centrifuge at ~8,500 x g for 15 min. Pellets were then redissolved in 50 mM 

Tris-HCl and 300 mM NaCl, at pH 8.0 (Buffer A). Subsequently, the cells were lysed using high-

pressure emulsification and then fractionated via centrifugation at ~23,000 x g for 50 min. 

Afterward, the cell lysate was purified via IMAC-Co2+ purification. Proteins were eluted from the 

resin using a lysis buffer supplemented with 200 mM imidazole. The 6xHis-SUMO tags were 

removed via treatment by 6xHis-Ulp1 protease at 1 mg/mL and subsequent purification by 
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IMAC-Co2+. Afterward, the protein was purified by size exclusion chromatography using an 

AKTA Pure FPLC system (GE) and a column packed with Superdex 75 PG resin. Protein purity 

was confirmed by SDS-PAGE. pE-SUMO expression plasmids were created using standard 

molecular biology methods and confirmed by nucleotide sequencing. All purified enzymes were 

stored at -20 °C in buffer A supplemented with 40% glycerol. The FELPLTGGSG peptide 

(LPLTG peptide) used in the transpeptidation and hydrolysis assays was synthesized by 

Peptide 2.0. 

 

SDS-PAGE Transpeptidation Assay  

Gel-based assays were conducted in a similar manner to references 20 and 23. In this 

assay, CSpaA containing a CWSS was ligated to either SpaB or NSpaA by CdSrtAΔ and reactions 

were separated by SDS-PAGE. Reactions were performed in 100 μL volumes and contained 

100 µM of CdSrtAΔ, DTT (5 mM), 200 µM of CSpaA, and 200 µM or SpaB or NSpaA. All 

components were dissolved in buffer A, and reactions were initiated by adding the CdSrtAΔ. 

Reactions were conducted at 25 °C and timepoints were taken at 0, 24, 48, and 72 hours. 

Samples were then separated by SDS-PAGE.   

Samples containing CdSrtF were conducted in a similar manner as above except that 

CdSrtF was used instead of CdSrtAΔ and CSpaA was replaced with a SpaB construct containing a 

CWSS (LAFTG) and a K139A mutation. 

 

HPLC transpeptidation assay 

An HPLC-based assay was developed to quantify the kinetics of CdSrtA when SpaB is 

used as a substrate. In this assay, SpaB containing the reactive lysine is ligated to a 

FELPLTGGSG peptide (LPLTG peptide) by CdSrtAΔ and reactions were quantified using a 

Phenomenex C4 column (5 µm, 4.6 x 150 mm). Reactions were performed in 100 μL volumes 
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and contained 25 µM of CdSrtAΔ, DTT (5 mM), 1 mM of LPLTG peptide, and variable amounts of 

SpaB (62.5 to 500 μM). All components were dissolved in buffer A, and reactions were initiated 

by adding the CdSrtAΔ, incubated for 3 h at 25 °C and then flash-frozen with liquid N2 and stored 

at -20 °C. The reactions were analyzed using a Phenomenex C4 column (5 μm, 4.6 × 150 mm) 

and with an initial dwell time of 3 min at 30% acetonitrile/0.1% TFA followed by a linear gradient 

from 30% to 40% CH3CN/0.1% TFA for 23 min at 1 mL/min. The column was subsequently 

flushed with high concentrations of CH3CN/0.1% TFA at 1 mL/min. SpaB containing peaks were 

detected at 215 nm and the amount of substrate converted to product was calculated by 

integrating the area under the HPLC traces. The identity of each peak in the HPLC 

chromatogram was confirmed via LC-MS. All HPLC experiments were performed on an Agilent 

1100 HPLC. Reactions’ kinetic parameters were obtained by fitting the data with SigmaPlot 

12.0. 

 

Acyl-Intermediate Detection using LC-MS 

LC-MS reactions to compare acyl formation with and without the presence of SpaB and 

NSpaA were performed in buffer A and contained a total volume of 100 μL: sortase (25 μM), 

DTT (5 mM), LPLTG (1 mM), and NSpaA (250 μM) or buffer. All reactions were incubated at 25 

°C and 10 μL time points were removed and frozen with liquid N2 before being stored at −20 °C. 

An experiment containing only the enzyme (no peptide added) was performed to provide an 

external standard for the amount of unmodified enzyme in the mass spectrum. Because the 

CdSrtA-LPLT acyl intermediate cannot readily be separated from unmodified CdSrtA by 

chromatography, its amount in the assay is estimated from the mass spectrometry data by 

assuming that the acyl-intermediate and unmodified enzyme ionize to similar extents. Before 

being run on the LC-MS system, samples were diluted with 90 μL of 200 mM L-tryptophan 

(internal standard) and then measured on a Zorbax 300SB-C3 (3.5 μm, 3.0 × 150 mm) with an 
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Agilent 6530 QTOF and Agilent 1260 Infinity HPLC with a gradient of 30− 99% of water to 

acetonitrile over 6 min at 0.8 mL/min. The data was analyzed with Agilent MassHunter 

Qualitative Analysis. The amount of enzyme and acyl-intermediate was calculated by integrating 

each peak. 

 

Competition experiment 

Reactions were conducted in 100 µL volumes with 1 mM FELPLTGGSG, 25 uM CdSrtAΔ, 

200 µM either NSpaA, SpaB-APNV, and/or SpaB-K139A, 5 mM DTT in buffer A. Reaction 

samples were taken after 1, 3, 6, and 24 hours and quenched by freezing at -20 °C to be 

analyzed by HPLC. To analyze the samples, a Phenomenex C4 column (5 μm, 4.6 × 150 mm) 

was used with a 3-minute dwell time of 30% CH3CN/0.1% TFA and subsequent linear gradient 

from 30% CH3CN/0.1% TFA to 44% CH3CN/0.1% TFA applied over 28 minutes with a flow rate 

of 1 mL/min. The column was then flushed with high concentrations of CH3CN/0.1% TFA to 

remove any remaining protein. Peaks corresponding to NSpaA and SpaB were detected at 215 

nm and were quantified by integration. 

 

NMR structural determination 

Structure determination followed a similar protocol to reference 30. NMR spectra were collected 

at 298 K on Bruker Avance III HD 600 MHz and Avance NEO 800MHz spectrometers equipped 

with triple resonance probes. NMR data were processed with NMRPipe (35), and analyzed 

using CARA (36) (version 1.8.4), XIPP (37) (version 1.19.6 p0), and NMRFAM-Sparky (38). 1H, 

13C, and 15N protein chemical shifts were assigned using the following experiments: 15N-HSQC, 

13C-HSQC, HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO, HBHA(CO)NH, HNHA, HNHB, 

CC(CO)NH, H(CCCO)NH, HCCH-COSY, HCCH-TOCSY, and 15N-TOCSY.  
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Identification of the isopeptide bond in SpaB by mass spectrometry  

Protein digestion and isopeptide bond identification were performed according to previous 

protocols (39). SpaB reactions were prepared in volumes of 100 µL by incubating 200 µM of 

SpaB,100 µM of CdSrtAΔ, 4 mM of the LPLTG peptide and 5 mM DTT in buffer A. Samples were 

allowed to incubate at 25°C for 48 hours before a 10 µL sample was taken. Reactions were then 

evaluated as described in the HPLC transpeptidation reaction to ensure that ligation had taken 

place. Samples were then refrozen in -20°C. Mass spectrometry samples were analysis similar 

to reference 20. 

Differential Scanning Fluorimetry 

The melting temperatures were extracted from Differential Scanning Fluorimetry data by 

a method described previously (30). Briefly, proteins were diluted to 100 μM in buffer A, 

supplemented with 15x SYPRO Orange (Sigma-Aldrich) at a total volume of 20 μL. Thermal 

denaturation reactions were run on a CFX Connect qPCR system (Bio-Rad). A heating rate of 

0.2 °C/min was employed from 4 to 95 °C, and fluorescence measurements (excitation at 525 ± 

10 nm, detection at 570 ± 10 nm) were acquired after each 0.5 °C step increase. The melting 

temperature for each protein was determined by the first derivative method after averaging the 

three replicate measurements. The Tm is defined as the midpoint of the transition from folded to 

unfolded state and is identified spectroscopically as the temperature where the rate of 

fluorescence increases with respect to temperature is greatest. The Tm was then used to 

calculate the equilibrium constant of unfolding, as previously described (40).  
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4.5 Figures 

 

Figure 4.1 In vitro testing of lysine specificity of SpaB (A) In vitro reconstitution of SpaB and 

NSpaA reaction to CSpaA. When K139 of SpaB was mutated to alanine (K139A), formation of 

CSpaA-SpaB was abrogated. The reaction samples were carried out at 25°C and analyzed by 

SDS/PAGE and blue silver staining after 0, 24, and 48 hours of incubation. (B) Reactions of 

additional SpaB lysine mutants K53A and K115A with CSpaA show complex formation similarly 

to wild-type SpaB. (C) The isopeptide bond between the SpaB K139 and the LPLTG peptide 

was identified by LC-MS/MS. Data shown is the m/z tandem mass spectrum of the linked 

peptide to SpaB K139 (sequence shown in insert). 
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Figure 4.2 Measurement of activity CdSrtA of SpaB. (A) A Lineweaver-Burk plot graphing the 

initial velocities versus the increasing concentrations of SpaB from 62.5 µM to 500 µM. kcat and 

KM were estimated from a linear trend line fit. (n=3) Insert depicts a velocity vs substrate graph. 

(B) A representative trace showing the overall product formation of NSpaA versus SpaB when 

CdSrtA3M or CdSrtA∆ are used after 24 hours. The percent amount of SpaB modified after 24 

hours is approximately 60-70%. (C) A comparison of the amount of acyl-intermediate formed 

with CdSrtA∆ in the presence of the LPLTG peptide or in the presence of the LPLTG peptide and 
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NSpaA or SpaB. (n=3) When CdSrtA∆ is incubated with LPLTG peptide, a complex of CdSrtA∆-

LPLT peptide complex forms and is detectable with LC-MS. In the absence of NSpaA or SpaB, 

CdSrtA∆-LPLT concentration increases over time to more than 30%. When NSpaA or SpaB are 

present CdSrtA∆-LPLT concentration remains below 5%.  
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Figure 4.3 Competition Reaction between NSpaA and SpaB with CdSrtA∆. (A) A diagram 

depicting the competition reaction between NSpaA (200 µM) and SpaB (200 µM) with LPLTG 

peptide (1 mM) and CdSrtA∆ (25 µM). CdSrtA∆ catalysis results in either the formation of NSpaA-

LPLT linked at its lysine residue (K190) or SpaB-LPLT linked at its lysine (K139). (B) The 

amount of SpaB-LPLT in the absence (blue) or presence (red) of NSpaA over a period of 24 

hours. (n = 3) The amount of SpaB-LPLT when NSpaA is present does not appear to differ until 

after 3 hours. (C) The amount of NSpaA-LPLT in the absence (blue), presence of SpaB (red) or 

SpaB-K139A (green) over a period of 24 hours. NSpaA-LPLT is not detected during the first hour 

of reaction when SpaB was present. After 3 hours, NSpaA-LPLT product formation is 3.8 times 

lower when SpaB is present, and 2.1 times lower when SpaB-K139A is present.  
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Figure 4.4 Structure of the SpaB pilin. (A) Schematic representation of the fold topology of 

SpaB compared to the fold topology of NSpaA. β strands are designated A through G and the 

lone α-helix is labeled as 1. (B) A bundle of the 20 lowest energy structures of SpaB. Tan color 
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represents the backbone of the SpaB, and the reactive lysine residue K139 is colored cyan. The 

green color highlights the AB loop located between β-sheet stands A and B. The SpaB’s AB 

loop appears perpendicular to the LPLT peptide. (C) One of the SpaB structures represented in 

a surface view. (D) Heteronuclear NOE data is graphed as a function of primary sequence for 

SpaB. Flexible residues are located below the dashed lined at 0.6. The AB loop residues (38 to 

50) are found beneath the 0.6 value and are therefore thought to be highly flexible.  
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Figure 4.5 Biochemical study of the pilin motif in SpaB. (A) The NMR structure of NSpaA 

(PDB: 7K7F). The pilin motif is colored in red and lines the groove region that is formed by βF 

and βG. The AB loop is colored green and covers the reactive lysine. (B) Multiple sequence 

alignment of the pilin motif of SpaA, SpaD, SpaH and SpaB pilin proteins from C. diphtheriae. 

Residues that have been found to be conserved are highlighted in red and the reactive lysine 
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residue is highlighted in blue. (C) The electrostatic surface potentials were calculated with APBS 

Electrostatics from one of the SpaB structures, NSpaA (PDB:7K7F), and CdSrtA (PDB:5K9A). 

The groove region found in NSpaA is lined by a highly positive charge. SpaB does contain a 

positively charged region proximal to K139, but it is notably missing any groove region. Partial 

negative charge regions are also found where a groove would be located in SpaB. CdSrtA 

contains a negative charge region proximal to the C222. (D) Reactions of CSpaA with SpaB, 

SpaB4M, and NSpaA were run on an SDS-PAGE gel with timepoints taken at 0, 24, 48, and 72 

hours. There does not appear to be any major difference between SpaB with and without the 

pilin motif. (E) Reactions containing SpaB and SpaB4M were incubated at 25°C for 72 hours. 

Samples were then taken and injected onto the HPLC. SpaB4M showed no major difference in 

the amount of SpaB-LPLT product formed compared to samples without the pilin motif.  
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Figure 4.6 SpaB does not appear to ligate to NSpaA through its CWSS. (A) A schematic 

depicting how SpaB may get ligated to NSpaA through SpaB’s CWSS. (B) Samples attempting 

to ligate SpaB’s CWSS with NSpaA with three different sortases. Timepoints were taken at 0, 24, 

48, and 72 hours and run on an SDS-PAGE gel. There did not appear to any peaks that 

corresponded to a ligation between NSpaA and SpaBFL. 
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Figure 4.7 Investigating how mutation to the CSpaA E-box affects SpaB incorporation. (A) 

The internal isopeptide bond of SpaA between K363 and N482 and the E446 residue (PDB: 

3HR6). (B) Reactions of CSpaA-E446A with NSpaA, SpaB, and SpaBFL were run on an SDS-

PAGE Gel with timepoints taken at 0, 24, 48, and 72 hours. CSpaA-E446A was able to react 

with all three substrates. (C) Three traces of fluorescence intensity versus temperature of 

CSpaA. It has one main inflection at 74.4 ± 0.2 °C (D) Three traces of fluorescence intensity 

versus temperature of CSpaA-E446A. There appears to have two separate inflections with two 

separate thermal shifts at 56.2 ± 0.4 °C and 74.6 ± 0.2 °C. 
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4.6 Tables 

Table 4.1. Kinetics of CdSrtA∆ Catalysis between Pilin Subunits  

 
kcat x 10-5 (s-1) KM x 10-5 (s-1)a kcat x 10-5 (s-1)b kcat/KM (s-1 M-1) 

NSpaAc 40 ± 0.1 1.6 ± 0.4 20 ± 0.4 2.5 ± 0.6 
SpaBe 7.0 ± 0.4 0.32 ± 0.02 n/ad 2.1 ± 0.1 

 

All kinetics are approximations.  

a Refers to transpeptidation kinetics when either NSpaA or SpaB concentrations are varied and 

the FELPLTGGSG concentration was held constant at 1 mM.  

b Refers to transpeptidation kinetics when the FELPLTGGSG concentration was varied and 

NSpaA was held constant at 500 µM.  

cValues are reported from Sue et al (2020) 

dn.d., not determined because SpaB concentration was held constant when FELPLTGGSG 

concentration was varied.  

eTranspeptidation steady-state kinetics parameters for CdSrtAΔ  were determined by the 

monitoring rate at which the enzyme ligated an FELPLTGGSG peptide to the SpaB via a lysine-

isopeptide bond. 
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Table 4.2. SYPRO Orange Thermostability of Sortase Proteins 
 

CdSrtAWT CdSrtA2M CdSrtA3M CdSrtAΔ 
Melting 

Temperature (°C) 44.0 ± 0.5 37.6 ± 0.2 36.7 ± 0.3 26.8 ± 0.3 
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Table 4.3. Structural statistics of the solution structure of SpaB 

 ⟨SA⟩a 
Root mean square deviation  

NOE Interproton distance restraints (Å) b  
All (1277) 0.036 ± 0.003 

Dihedral angles restraints (°)c (192) 0.73 ± 0.08 
Deviation from idealized covalent geometry  

bonds (Å) 0.0110 ± 0.00004 
angles (°) 0.73 ± 0.01 
impropers (°) 0.036 ± 0.02 

PROCHECK results (%) d  
most favorable region 71.5 ± 2.8 
additionally allowed region 24.4 ± 3.5 
generously allowed region 4.01 ± 0.7 
disallowed region  0.0 ±  0.0 

Coordinate Precision (Å) e  
Protein backbone 0.56 ± 0.06 
Protein heavy atoms 1.51 ± 0.35 

 

a ⟨SA⟩a represents an ensemble of the 20 best structures calculated by simulated annealing. 
The number of terms for each restraint is given in parentheses. None of the structures exhibited 
distance violations greater than 0.5 Å, dihedral angle violations greater than 5°, coupling 
constant violations greater than 2 Hz  
b Distance restraints: 410 sequential, 131 medium (2 ≤ residue separation ≤ 4) and 412 long 
range (>4 residues apart)  
c The experimental dihedral angle restraints were as follows: 95 φ, and 97 ψ, angular restraints  
d PROCHECK-NMR1 data includes residues 28-142 of SpaB. For the structured regions of the 
protein and peptide, 98 ± 0.1 % of the residues were in the favored or allowed regions of the 
Ramachandran plot  
e The coordinate precision is defined as the average atomic root mean square deviation (rmsd) 
of the 20 individual SA structures and their mean coordinates. These values are for residues 28-
142 of SpaB. Backbone atoms refers to the N, Cα, and C′ atoms  
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Table 4.4 DALI Analysis of SpaB 

 
Chain Z-score RMSD Alignment 

Length (aa) 
No. of 

Residues 
(aa) 

Sequence 
Identity (%) PDB Description 

1 A 6.4 4.1 101 449 17 3uxf Structure of the fimbrial protein 
FimP from Actonomyces oris 

2 A 6.3 3.2 99 470 17 4p0d 
Structure of the T6 backbone 

pilin of serotype M6 
Streptococcus pyogenes 

3 A 5.8 3.8 92 143 14 7k7f 
Structure of the Corynebacterium 

diphtheriae SpaA Pilin-Signal 
Peptide Complex 

4 A 5.8 3.6 93 132 17 7cbs Structure of SpaB basal pilin from 
Lactobacillus rhamnosus GG 

5 A 5.1 3.3 70 522 21 6fwv Structure of the Bacillus anthracis 
TIE protein 

6 A 5 3.2 92 331 11 4oq1 
Structure of the Ancillary Pilin 

RrgC of Streptococcus 
pneumoniae 

7 E 5 3.4 73 202 11 4fxt 
Structure of a DUF3823 family 

protein from Bacteroides ovatus 
ATCC  

8 A 4.8 3.6 75 242 16 4eiu 

Structure of a DUF3823 family 
protein (BACUNI_03093) from 
Bacteroides uniformis ATCC 

8492 

9 B 4.5 3.4 80 161 13 4gqz 

Structure of the periplasmic 
copper-binding protein CueP 

from Salmonella enterica serovar 
Typhimurium 

10 A 4.5 4.4 96 327 14 6jch Structure of SpaE basal pilin from 
Lactobacillus rhamnosus GG 
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Chapter 5 

 

 

The Search for Sortase Inhibitors  
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5.1 Overview 

 Antibiotic resistant gram-positive bacteria are one of the many growing threats to 

modern medicine. One of the most dangerous of these bacteria is the methicillin resistant strain 

of Staphylococcus aureus which is one of the main hospital-acquired infections and causes 

around 11,000 deaths a year. Therefore, there is a vital need to develop new antimicrobial 

agents that can combat these infections. A promising target for therapeutic development is the 

Sortase A (SaSrtA) enzyme in Staphylococcus aureus, which appends protein virulence factors 

to its cell wall. Knockout of SaSrtA has resulted in the inability for the bacteria to establish animal 

infections. In this chapter, I describe my contribution to a collaborative effort to discover sortase 

inhibitors. First, I will talk about my contribution to the optimization of pyridazinone-based 

sortase inhibitors led by Dr. Albert Chan. Starting from a previously discovered pyridazinone 

scaffold, we developed a soluble analog inhibitor. This analog inhibitor was incubated with the 

SaSrtA enzyme and we determined the solution structure of SaSrtA bound to the pyridazinone 

inhibitor. Using this structural data and in silico simulations, we created several analogs and 

tested their ability to inhibit sortase with a Förster resonance energy transfer (FRET) assay. One 

of these analogs showed a ~70-fold increase in activity compared to the original lead molecule. 

My contribution to these efforts was to measure the half maximal rate of inhibition of these 

compounds by a FRET assay. 

 In the second half of Chapter Five, I discuss my contribution to a novel high throughput 

screen that utilized a cell-based screening approach led by Jason Gossachalk. This method 

involved the use of Actinomyces oris, a Gram-positive bacterium that colonizes the human oral 

cavity and generates biofilm layers. A. oris utilizes a SrtA (AoSrtA) which anchors glycosylated 

surface protein A (GspA) to the cell wall. Recently, the Ton-That lab discovered that the viability 

of A. oris was dependent on the activity of AoSrtA and it is believed that cell death was caused 

due to the accumulation of glycosylated GspA in the membrane. As of this writing, A. oris is 
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believed to be the only known organisms that exhibits any sortase-dependent growth 

phenotype. Utilizing this phenotype, we developed a cell-based assay that screened for sortase 

inhibitors with wild type A.oris and a ∆srtA/∆gspA strain. Small molecules were screened 

against the WT strain and inhibition growth defects were then counter screened against the 

∆srtA/∆gspA strain. Subsequent hits were then screened against an in vitro half maximal 

inhibitor compound against AoSrtA and SaSrtA enzymes and protein display in A.oris cells. My 

contributions involved running the preliminary screen and the counter screen and testing the hit 

validation method for both the IC50 against the Staphylococcus aureus SaSrtA FRET assay.  

This chapter is reformatted with permission from a peer-reviewed journal articles: NMR 

structure-based optimization of Staphylococcus aureus sortase A pyridazinone inhibitors. Albert 

H. Chan, Sung Wook Yi, Ethan M. Weiner, Brendan R. Amer, Christopher K. Sue, Jeff 

Wereszczynski, Carly A. Dillen, Silvia Senese, Jorge Z. Torres, J. Andrew McCammon, Lloyd S. 

Miller, Michael E. Jung, and Robert T. Clubb. Chemical Biology and Drug Design. February 

2017. and A Cell-based Screen in Actinomyces oris to Identify Sortase Inhibitor. Jason E. 

Gosschalk, Chungyu Chang, Christopher K. Sue, Sara D. Siegel, Chenggang Wu, Michele D. 

Kattke, Sung Wook Yi, Robert Damoiseaux, Michael E. Jung, Hung Ton-That and Robert T. 

Clubb. Scientific Reports. May 2020.  

 

 

 

 

 



121 
 

5.2.1 NMR structure-based optimization of Staphylococcus aureus sortase A 

pyridazinone inhibitors 
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5.2.2 Supplementary Information 

 

Figure 5.2.S1 Overlay of the in vitro dose-response curves of 2-10 (red), 2-17 (orange), 2-

54 (green) and 2-62 (blue).  
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Synthetic procedures of pyridazinone analogues 

1. Chemistry 

Materials were obtained from commercial suppliers and were used without purification. 

All moisture sensitive reactions were conducted under an argon atmosphere using oven-dried 

glassware and standard syringe/septa techniques. Most of reactions were monitored by silica 

gel TLC using UV light followed by visualization with a p-anisaldehyde or ninhydrin staining 

solution. Some reactions were monitored by the crude 1H NMR spectrum. 1H NMR spectra were 

measured at 400 MHz in CDCl3 unless stated otherwise and data were reported as follows in 

ppm (δ) from the internal standard (TMS, 0.0 ppm): chemical shift (multiplicity, integration, 

coupling constant in Hz.). 2D-NMR experiments (NOESY, COSY and TOCSY) were performed 

at 500 MHz to confirm the regioselectivity of the substitution reactions. Melting points of solid 

compounds were determined on a Thomas Hoover capillary melting point apparatus. The purity 

of the new compounds was assessed by several methods:  high-field proton and carbon NMR 

(lack of significant impurities), Rf values on TLC (lack of obvious impurities), melting point, and 

mass spectrometry. 

O

OH

O

Cl

Cl

+

H
N

H2N
R HCl

H2O
80 °C

3-5 hrs

N R
N

O
Cl

Cl

N R
N

O
R1O

Cl

1,4 dioxane

R1ONa

R = H, F, CH3, OCH3, Br
R1 = Et, CH2CH2OH,         CH

2CH2CH2OH
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NaSH
N R
N

O
R1O

HS

MeOH

Air oxidation

NR
N

O
OR1

S
N R
N

O
R1O

S

Figure 5.2.S2 General scheme 
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1.1 General Procedure for the Synthesis of 2-substituted-4,5-dichloropyridazin-3-ones, 

e.g., 2-Phenyl-4,5-dichloropyridazin-3-one.  

O

OH

O

Cl

Cl
H2O,

reflux, 4 hr
N
N

O

Cl

Cl

H
N

H2N+

HCl

85~95%

R = H, F, Br, CH3, OCH3
,

R R

 

To a solution of phenylhydrazine (2.9 mL, 30 mmol) in dilute HCl (4 M, 60 mL) was added 

mucochloric acid (5 g, 30 mmol) at 25 °C.  The solution was refluxed for 3 h. The resulting 

suspension was filtered and washed three times with water. The solids were dried under high 

vacuum to give 7 g of the yellowish white solid, 94%.  R = H mp 158 °C. 1H NMR 7.91 (1H, s), 

7.57 (2H, m), 7.48 (2H, m), 7.42 (1H, m); 13C NMR 156.15, 140.86, 136.39, 136.14, 135.33, 

128.95, 128.89, 125.17. 

1.2 General Procedure for the Synthesis of 2-Substituted 4-Ethoxy-5-chloropyridazin-3-

ones, e. g., 5-Chloro-4-methoxy-2-phenylpyridazin-3-one.  

NaOEt

1,4-Dioxane, 
0 °C to 25 °C

N
N

O

Cl

EtO

70~96%

N
N

O

Cl

Cl
R

R = H, F,  Br, CH3, OCH3

R

 

To a solution of 4,5-dichloro-2-phenylpyridazin-3(2H)-one (200 mg, 0.809 mmol) in 6 mL of 1,4-

dioxane was added 1 mL of freshly generated NaOEt (0.8 M) in EtOH at 0 °C. The suspension 

was stirred for 2 h as the solution was slowly warmed to 25 °C. The suspension was 

concentrated and the mixture was subjected to flash column chromatography on silica gel to 

give 189 mg of the desired product, 92%. R = H mp 78 °C. 1H NMR 7.84 (1H, s), 7.54 (2H, m), 
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7.48 (2H, m), 7.41 (1H, m); 4.68 (2H, q, J = 7.2 Hz), 1.42 (3H, t, J = 7.2 Hz); 13C NMR 157.15, 

151.36, 140.96, 138.17, 128.89, 128.56, 125.46, 123.62, 69.34, 15.94.  For the other 

analogues, the yields varied from 70-96%. 

1.3 General Procedure for the Synthesis of 2-Substituted 4-hydroxyalkoxy-5-

chloropyridazin-3-ones, e.g., 5-chloro-4-(3-hydroxypropoxy)-2-phenylpyridazin-3(2H)-one.   

1,4-Dioxane, 
0 °C to 25 °C

N
N

O

Cl

O

60-74%

N
N

O

Cl

Cl R

R = H and F.

R

HO
OHn

HO
n

n = 1, 2.
 

To a solution of 2-42 (3 g, 12.4 mmol) in 50 mL of dioxane was added 6.2 mL of sodium 3-

hydroxypropan-1-olate (2 M) at 0 °C. The suspension was stirred for 2 h as it was allowed to 

warm to 25 °C. The suspension was concentrated and the mixture was subjected to flash 

column chromatography on silica gel to give 2.38 g of desired product, 65%.  R = H, n = 2. 1H 

NMR 7.89 (1H, s), 7.52 (2H, m), 7.47 (2H, m), 7.42 (1H, m), 4.61 (2H, m), 3.88 (2H, m), 3.06 

(1H, t, J = 6.3 Hz), 2.03 (2H, m); 13C NMR 157.60, 151.62, 140.75, 138.29, 128.94, 128.78, 

125.41, 125.11, 70.15, 58.79, 32.63. For the other analogues, the yields varied from 60 to 74%.  

1.4 General Procedure for oxidation of primary alcohols to carboxylic acids, e.g., 3-((5-

chloro-3-oxo-2-phenyl-2,3-dihydropyridazin-4-yl)oxy)propanoic acid.  

N
N

O

Cl

O
R

R = H and F.

HO
n

n = 1, 2.

N
N

O

Cl

O
RHO

n

H5IO6, CrO3

0 °C
Wet CH3CN

(0.75 v% H2O)
O

68-85 %
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To a solution of 5-chloro-4-(3-hydroxypropoxy)-2-phenylpyridazin-3(2H)-one (80 mg, 0.28 mmol) 

in 5 mL of wet acetonitrile (0.75 % water by volume) was added 2 mL of H5IO6/CrO3 solution at 

0 °C (1). After stirring for 30 min, the suspension was concentrated and the mixture was 

subjected to an acid-base work up. After extracting with Et2O from aqueous layer and 

concentration, the crude was subjected to flash column chromatography on silica gel to give 55 

mg of desired product, 65%. R = H, n = 2). 1H NMR 7.86 (1H, s), 7.54 (2H, m), 7.48 (2H, m), 

7.42 (1H, m), 4.86 (2H, t, J = 6.0 Hz), 2.87 (2H, t, J = 6.0 Hz), 2.17 (1H, bs); 13C NMR 175.16, 

157.12, 151.01, 140.77, 138.24, 128.95, 128.74, 125.44, 124.07, 68.33, 35.20. 

1.5 General procedure for primary amide synthesis 

n = 1, 2.

N
N

O

Cl

O
H2N

n

CDI, NH4OH

CH2Cl2
0 °C O

N
N

O

Cl

O
HO

n
O

60-70%  

To a solution of 3-((5-chloro-3-oxo-2-phenyl-2,3-dihydropyridazin-4-yl)oxy)propanoic acid (100 

mg, 0.34 mM) in dichloromethane (5 mL), was added CDI (1.2 eq) at 0 °C. The reaction mixture 

was stirred for 30 min and then NH4OH (1.1 eq) was added dropwise. The reaction mixture was 

stirred for an hour and then concentrated. The crude  mixture was subjected to flash column 

chromatography on silica gel to give 70 mg of the desired amide product, 3-((5-chloro-3-oxo-2-

phenyl-2,3-dihydropyridazin-4-yl)oxy)pro-panamide, 70%. n = 2. 1H NMR 7.90 (1H, s), 7.54 (2H, 

m), 7.49 (2H, m), 7.44 (1H, m), 7.02 (1H, bs), 5.41 (1H, bs), 4.69 (2H, t, J = 5.5 Hz), 2.77 (2H, t, 

J = 5.5 Hz); 13C NMR 172.28, 157.69, 151.11, 140.60, 138.24, 129.04, 128.94, 125.65, 125.34, 

68.75, 36.79. 

1.6 Procedure for Pd(II) catalyzed amidine synthesis. N-(tert-butyl)-3-(4-chloro-5-ethoxy-6-

oxopyridazin-1(6H)-yl)benzimidamide 
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N
N

O

Cl

EtO
N
N

O

Cl

EtO
Br

NHt-Bu

NHPd(dppf)2Cl2, Cs2CO3
t-BuNC, t-BuNH2

Toluene
80 °C  

To a suspension of 2-(3-bromophenyl)-5-chloro-4-ethoxypyridazin-3(2H)-one (105 mg, 0.32 

mmol), t-butylisocyanide (60 uL), t-butylamine (100mg), and Cs2CO3 (150 mg) in 3 mL of 

toluene was added 15 mg of Pd(dppf)2Cl2 (2). The resulting suspension was purged with argon 

and stirred for 5 h at 80 oC.  The crude product was concentrated and subjected to flash column 

chromatography on silica gel to give 40 mg of desired product, 36%. 1H NMR 7.88 (1H, t, J = 

2.0 Hz), 7.85 (1H, s), 7.77 (1H, m), 7.67 (1H, m), 7. 51 (1H, t, J = 8.0 Hz), 5.97 (1H, bs), 4.66 

(2H, q, J = 7.0 Hz), 1.46 (9H, s), 1.42 (3H, t, J = 7.0 Hz). 13C NMR 165.71, 157.11, 151.41, 

141.05, 138.48, 136.95, 129.05, 127.96, 126.91, 123.88, 123.83, 69.46, 51.86, 28.83, 15.93.  

1.7 General Procedure for the Synthesis of 2-Substituted 4-Alkoxy-5-mercapto-pyridazin-

3-ones, e.g., 4-ethoxy-5-mercapto-2-phenylpyridazin-3-one, 2-10.  

N
N

O

HS

R'O
N
N

O

Cl

R'O
RR

NaSH

DMF

R= H, F, CH3, OCH3
,

NH

NHt-Bu
R' = Et, CH2CH2OH, CH2CH2CH2OH       CH

2CO2H, CH2CH2CO2H        CH
2CONH2, CH2CH2CONH2

25 °C
45-90%

 

To a solution of 5-chloro-4-ethoxy-2-phenylpyridazin-3(2H)-one (63 mg, 0.25 mmol) in 2 mL of 

DMF was added 70 mg of NaSH at 25 °C. After TLC showed complete consumption of starting 

material, the solution was concentrated under high vacuum and diluted with 10 mL of water. The 

aqueous layer was washed with ethyl acetate and then the pH of the aqueous layer was 

adjusted to 5~6 by addition of 1 M HCl (aq). Ethyl acetate (20 mL, two 10 mL portions) was 

added to the aqueous layer to extract the desired compounds. The organic layers were 
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combined and dried over magnesium sulfate and concentrated to give the crude product, which 

was subjected to flash column chromatography on silica gel to give 45 mg of 2-10 as a white 

solid, 73%. R = H, R’ = Et. mp 101 °C. 1H NMR 7.72 (1H, s), 7.54 (2H, m), 7.46 (2H, m), 7.38 

(1H, m), 4.63 (2H, q, J = 7.2 Hz), 4.04 (1H, s), 1.42 (3H, t, J = 7.2 Hz); 13C NMR 155.76, 148.54, 

141.16, 137.02, 128.80, 128.30, 125.51, 125.47, 68.73, 16.12. For the other analogues, the 

yields varied from 40-91%. 

1.8 General Procedure for the synthesis of disulfide dimers, e.g., Bis(4-ethoxy-2-phenyl-

5-pyridazyl)disulfide, 2-17.   

N
N

O

S

R'O
SN

N

O OR'Air [O]

MeOH
 25 °C

N
N

O

HS

R'O
R

R

R75-99%
2-10 2-17  

A solution of 2-10 (10 mg, 0.028 mmol) in 2 mL of MeOH was stirred vigorously with the system 

open to the air.  The progress of the reaction was monitored by TLC analysis. The solution was 

stirred for 3 h and the concentrated crude material was subjected to flash column 

chromatography on silica gel to give 11.9 mg of 2-17, 85%. R = H, R’ = Et. 1H NMR 8.13 (1H, s), 

7.55 (2H, m), 7.48 (2H, m), 7.39 (1H, m), 4.73 (2H, q, J = 7.2 Hz), 1.43 (3H, t, J = 7.2 Hz); 13C 

NMR(DMSO) 155.36, 150.61, 141.44, 136.57, 128.97, 128.57, 126.09, 121.58, 68.81, 16.03. 
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1.9 Procedure for the Synthesis of 3,3'-(disulfanediylbis(5-ethoxy-6-oxopyridazine-

4,1(6H)-diyl))dibenzimidamide, 2-54.  

N
N

OS
EtOS

N
N

O
OEt

NHt-BuHN

t-BuHN NH

N
N

OS
EtOS

N
N

O
OEt

NH2HN

H2N NH

TFA

CH2Cl2

2-54

3,3'-(disulfanediylbis(5-ethoxy-6-oxopyridazine-4,1(6H)-
diyl))bis(N-(tert-butyl)benzimidamide)  

To a solution of the tert-butyl protected amidine (110 mg, 0.16 mmol) in dichloromethane, was 

added trifluoroacetic acid (2 mL). The reaction mixture was heated to 50 oC (oil bath) and stirred 

for 12 h. The reaction mixture was concentrated and subjected to flash column chromatography 

on silica gel to give 50 mg of desired product, 2-54, 54%. 1H NMR 8.27 (1H, s), 8.06 (1H, t, J = 

1.75 Hz), 7.93 (1H, dd, J = 7.5, 1.0 Hz), 7.74 (1H, dt, J = 7.5, 1.0 Hz), 7.59 (1H, t, J = 7.5 Hz), 

4.65 (2H, q, J = 7.0 Hz), 3.35 (2H, bs) 1.41 (3H, t, J = 7.0 Hz); 13C NMR 169.63, 155.84, 151.64, 

141.39, 136.26, 134.54, 128.72, 128.67, 127.25, 126.42, 124.81, 69.23, 14.82 

1.10 Procedure for the Synthesis of the salt of the mercaptan, 2-Salt 

N
N

O

HS

EtO

NaOH

2-10

H2O
N
N

O

NaS

EtO

2-Salt  

To a aqueous solution of NaOH (0.1 M, 1 mL) was added 2-10 (50 mg, 0.2 mmol) at 22 °C. The 

suspension was stirred for 1 min and EtOAc was added to extract the non-salt compounds from 
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the water-layer. The remaining aqueous solution containing the salt, 2-Salt (~0.1 M), was used 

without further purification. 
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5.3.1 A Cell-based Screen in Actinomyces oris to Identify Sortase Inhibitors 
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5.3.2 Supplementary Information 

 

Figure 5.3.S1 Full Length Gels for Figure 4. Presented are the original, uncropped images 

used to generate Figure 4 presented in the main text. 
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