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ABSTRACT OF THE DISSERTATION 

 

Structural and Biochemical Investigation of Gram-Positive  

Bacterial Surface Display Machinery 

by 

Brendan Rayhan Amer 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2017 

Professor Robert Thompson Clubb, Chair 

 

Many species of pathogenic Gram-positive bacteria have become resistant to commonly 

used antibiotics, creating a pressing need for the development of novel antimicrobial therapies. 

These pathogenic bacteria are surrounded by a complex peptidoglycan cell wall that is decorated 

with a range of macromolecules such as surface proteins, protein-based oligomeric pili, and 

surface glycopolymers. These structures enable the microbe to effectively interact with their 

environment, and in pathogenetic bacteria are frequently virulence factors that are involved in: 

immune system modulation, bacterial adhesion, nutrient acquisition, and spore formation. Two 

distinct enzyme superfamilies are primarily responsible for covalently attaching macromolecules 

to the Gram-positive cell wall: sortase enzymes that attach proteins and assemble pili, and LytR-

Psr-CpsA (LCP) enzymes that attach glycopolymers.  This dissertation presents my efforts to 
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discover a sortase inhibitor, structural and mechanistic investigations of both sortase and LCP 

enzymes, and the development of a new sortase mediated ligation technology. I describe our 

efforts to find inhibitors against the S. aureus sortase transpeptidase. We utilized both 

experimental and computational methods to discover potent inhibitor scaffolds. This led to 

structure-activity studies that not only improved inhibitor potency, but also yielded molecules 

that can inhibit bacterial protein display in vivo, and appear to be non-toxic to human cells. 

Sortase enzymes have also proven to be valuable biotechnological conjugation tools.  I describe 

the development of a novel sortase-mediated ligation tool. We demonstrate a 15-fold rate 

enhancement for existing sortase mediated ligation strategies. Additionally, I discuss studies on 

sortase pilus assembly and display. To gain insight into the molecular mechanism of sortase pilus 

assembly, we reconstituted an archetypal Gram-positive pilus assembly process in vitro. This has 

allowed us to generate molecular models of various intermediates of pilus assembly and define 

the molecular determinants of this assembly process. We have identified novel features on both 

the sortase and pilin precursor proteins that are essential for pilus covalent isopeptide assembly. 

In the concluding chapter of this dissertation, structural work characterizing the unique LCP 

enzyme that mediates surface protein glycosylation is presented. Work on this project reveals 

that LCP enzymes use a conserved phosphotransferase mechanism to attach glycopolymers to 

surface displayed proteins, and this may be a mechanism for actinobacteria wall teichoic acid 

display, a key macromolecule in the bacterial cell envelope. Combined, this work serves to 

further define the mechanism of Gram-positive bacterial macromolecular surface display, 

improved sortase-mediated bioconjugation strategies, and steps towards novel anti-infective 

sortase inhibitors.  
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Introduction: Attachment of Macromolecules to the Cell Wall of Gram 
Positive Bacteria  
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1.1 Overview 

Gram-positive bacteria have complex extracellular surfaces that enable them to effectively 

interact with their environment.  At the most simplistic level, their surfaces are composed of a 

single lipid bilayer that is surrounded by a peptidoglycan coating that is 30-100 nm thick. These 

surfaces serve as a platform to display a variety of macromolecules such as: surface proteins, 

protein-based oligomeric pili, and surface glycopolymers. In pathogenic bacteria, these displayed 

units are important virulence factors, as they play key factors in immune system modulation, 

bacterial adhesion, nutrient acquisition, and spore formation. Two distinct enzyme superfamilies 

are responsible for displaying macromolecules. The first and best characterized enzymes are 

sortases, which catalyze a transpeptidation reaction that attaches surface proteins to the cell wall, 

and synthesize protein-based pili that project from the cell surface. The second superfamily are 

LytR-Psr-CpsA (LCP) enzymes, which attach glycopolymers to the cell surface. Genetic 

elimination or chemical inhibition of members of each superfamily can render some bacterial 

pathogens avirulent, making both types of enzymes attractive drug targets.  
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1.2 Introduction to the Sortase Family of Transpeptidases 

Gram-positive microbes are classified by the presence of a thick cell wall composed of 

peptidoglycan. It functions to protect the cell from not only mechanical and osmotic strain and 

forces, but also as a scaffold for surface protein display1. Members of the sortase superfamily 

attach surface proteins to the cell wall or they assembly filamentous oligomeric protein-based 

pili. In both processes sortase enzymes catalyze a transpeptidase reaction2–5. For most sortase 

enzymes this transpeptidation reaction links a surface protein containing a 5 residue C-terminal 

cell wall sorting signal (CWSS) to a reactive nucleophilic group present on a lipid-II molecule, a 

precursor that is used cell envelope biosynthesis. However, other sortases also construct pili. 

These enzymes recognize not only a CWSS, but also a distinct lysine sidechain nucleophile 

present in a pilin motif within another protein. They then catalyze isopeptide bond formation 

between protein monomers, allowing for Gram-positive pili biogenesis.  

Based on their primary sequences there are at least 6 distinct classes of sortase enzymes. For 

the purposes of this introduction, only two classes, class A and C enzymes will be discussed in 

detail. In many bacterial species Class A enzymes function constitutively to attach a diverse 

array of proteins to the cell surface. Most Gram-positive bacteria harbor at least a single sortase 

A gene, while many contain several sortase family members. The class A sortase in colloquially 

referred to as the “housekeeping” sortase (SrtA), as it is the most industrious enzyme attaching 

the most diverse set of protein substrates. For example, the class A SrtA sortase in the pathogen 

Listeria monocytogenes can display 43 distinct protein substrates6. Many of these enzymes are 

particularly important in virulence, as genetic elimination of the SrtA in S. aureus and Bacillus 

anthracis abates infection in a mouse model7,8. Furthermore, deletion of SrtA greatly reduces the 

virulence of human pathogens L. monocytogenes, and Streptococcus pneumoniae, highlighting 
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the importance of studying these enzymes as drug targets9–12. Interestingly, genetic elimination 

of these enzymes in a majority of Gram-positive bacteria grown in the lab has no effect on 

viability, which may decrease the ability of the bacteria to develop resistance to sortase targeted 

chemotherapeutics. Because of their importance relating to human health and disease the sortase 

enzyme family, particularly members from the human pathogen S. aureus have been studied in 

detail. The class A sortase family was discovered first and much is known about its biology and 

biochemistry. Text presented here will discuss the S. aureus SrtA enzyme (SaSrtA) as an 

archetypal class A protein surface display sortase enzyme.  

SaSrtA contains an N-terminal transmembrane helix which presumably anchors the enzyme 

to the cell membrane, positioning the conserved sortase fold on the extracellular side of the cell 

surface3,13. Like all members of the sortase superfamily, SaSrtA contains a highly conserved 

catalytic His-Cys-Arg triad14,15. The first structure of SaSrtA was determined by solution-state 

NMR spectroscopy and revealed a canonical 8 strand β-barrel architecture16. In this structure, the 

soluble portion of the SaSrtA enzyme was studied, and residues 1-58, which presumably embed 

the protein in the bilayer were removed.  Subsequent structural studies of other sortases revealed 

that the core architecture observed in SaSrtA is  highly conserved13. Further biochemical and 

NMR studies revealed that the SaSrtA enzyme binds a Calcium ion (Ca2+) in a pocket 

sandwiched between the β3/β4 and β6/β7 loops in the protein. Binding of Ca2+ orders the β6/β7 

loop, which is disordered in the apo-structure. Ordering of this loop, which is adjacent to the 

active site may facilitate sorting signal binding, as Ca2+ induces a 5 fold increase in activity16,17. 

Although SaSrtA considered to be prototypical, its Ca2+ induced activity does not appear to be a 

globally conserved feature of the sortase superfamily.  
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SaSrtA and other class A sortase substrates are recognized through an invariant CWSS 

composed of a 5 residue, LPXTG sequence, where X is any amino acid. All sortase substrates 

are synthesized in the bacterial cytoplasm where they are directed to the Sec machinery by an N-

terminal signal peptide. Upon secretion and removal of the signal peptide the sortase A enzyme 

initiates catalysis by using its active site cysteine to nucleophilically attack the carbonyl carbon 

in the peptide bond present between the Thr and Gly residues in the CWSS (Figure 1). This 

results in the formation of a short-lived tetrahedral intermediate resulting in the formation of a 

thiol-acyl intermediate. This covalently links the sortase substrate directly to the enzymes active 

site cysteine13,18–20. The secondary substrate of the sortase enzyme is a primary amine 

nucleophile present on the cross-bridge peptide on the cell wall peptidoglycan precursor, lipid II. 

In S. aureus, the primary amine nucleophile is a pentaglycine cross-bridge. In the proposed 

mechanism, the primary amine present on pentaglycine nucleophilically attacks the substrate-

enzyme thiol-acyl intermediate, forming yet another tetrahedral intermediate resulting in the 

formation of a stable covalent bond between the sortase substrate and the cell wall precursor21,22. 

This is followed by incorporation of the covalent substrate-cell wall precursor via 

transpeptidation and transglycosylation pathways resulting in mature cell wall envelope.  

Unlike the class A sortase enzymes which covalently attach monomeric proteins to the cell 

wall envelope, class C sortases catalyze a polymerization reaction that assembles proteinaceous 

pili. The class C sortase, or pilin polymerase are often located in distinct genomic operons that 

also contain genes for pilin components, and a single microbe can contain display multiple, 

distinct pili each encoded by genes from different operons. The pilus assembly operon generally 

contains a few genes including: at least a single class C pilin sortase, a major pilin protein, and 

associated minor pilin proteins. Typically, the major pilin protein forms the pilus shaft, and it 
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contains both a canonical cell wall sorting signal, as well as a reactive lysine nucleophile housed 

in a pilin motif.  The minor pilin subunits are located at the tip of the pilus and some instances its 

base. These proteins  also contain CWSS, but may or may not contain reactive lysine 

nucleophile2,23,24. Interestingly, depending on the bacterial species the pilus is either assembled 

by the concerted effort of a single class C sortase, or multiple class C enzymes to build a single 

pilus. For example, in Corynebacterium diphtheriae, a single class C enzyme (called SrtA), 

assembles the major SpaA pilin protein to construct the shaft of the pilus, whereas in the 

pathogen S. pneumoniae, the RrgB pilus is assembled through the concerted effort of three 

distinct class C enzymes, that may act in a redundant or non-redundant manner19,25,26. 

Furthermore, in C. diphtheriae and other Gram-positive microbes that contain multiple types of 

pili appear to utilize a distinct sortase for each pilus type2,23,27–30. Pilus assembly in the human 

pathogen C. diphtheriae is best understood. This microbe displays three distinct pili encoded 

from pilin encoded in the SpaABC, SpaDEF, and SpaGHI gene clusters. Below I review what is 

known about the archetypal SpaA pilus assembly process.  
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1.3 Class C Sortase Enzymes That Assemble Pili  
 

Pili are long, thin protein fibers (3-5 µm x 1-5 nm) that project from the cell surface to 

mediate bacterial adhesion to a variety of surfaces31–36. Gram-positive pili are built on the cell 

surface by class C sortase enzymes that link, or polymerize, the protein subunits (pilins) together 

via a CWSS and lysine nucleophile present in the pilin motif via isopeptide bond (Figure 2). 

Pilus biogenesis has been demonstrated in the pathogen C. diphtheriae, which displays an 

archetypal SpaA-pilus (Figure 3)27,29,31,35,37–43. It is assembled by two sortases: SrtA, a class C 

pilin sortase “polymerase” and SrtF, the housekeeping sortase. These enzymes work in concert to 

covalently link three types of pilin subunits together: SpaA is the main pilin and forms the pilus 

shaft; SpaB, is at the base and is attached to the cell wall and; SpaC is positioned at the pilus tip 

where it mediates adherence to pharyngeal epithelial cells. Biogenesis is initiated when pilin 

proteins are produced in the cytoplasm, exported across the membrane by the general secretion 

machinery (Sec) and retained in the membrane by a CWSS. The CWSS consists of a 5 residue 

sortase recognition motif (LPLTG in SpaA and SpaC) that is followed by a hydrophobic domain 

and positively charged cytoplasmic anchor that retains the pilin in the membrane. The pilin 

polymerase SrtA then joins the SpaC tip protein to SpaA via an isopeptide bond. Prior to reacting 

with one another, the SpaA and SpaC pilins are thought to be each covalently linked to SrtA via 

a thioacyl bond to their CWSS. Both thioacyl intermediates form when their LPLTG sorting 

signal is cleaved between the threonine and glycine residues by SrtA, and SrtA’s active site 

cysteine residue becomes bound to the threonine carbonyl carbon. During tip addition, these 

thioacyl pilin-enzyme intermediates react with one another such that the free amine group 

originating from a lysine residue present in SpaA (Lys190) attacks the thioacyl bond in the 

SpaC-SrtA intermediate. This causes the dissolution of the SpaC-SrtA thioacyl bond and the 
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formation of an intermolecular SpaA-SpaC isopeptide bond in which the ε-amine group of 

Lys190 in SpaA is joined to the threonine carbonyl carbon atom in the CWSS of SpaC. Pilus 

polymerization ensues when additional SpaA proteins are progressively added to the pilus base. 

This process is mechanistically similar to the tip addition reaction, with SrtA joining the pilin 

motif lysine in SpaA via an isopeptide bond to the sorting signal threonine residue in an adjacent 

SpaA protein. This lysine is located within a conserved ‘pilin’ motif (residues 

WXXXVXVYPK) that is frequently found in the main pilin subunits of Gram positive bacteria 

pili. Pilus polymerization is terminated when SpaB is linked to the base of the pilus. It enters the 

assembly reaction as a thioacyl SpaB-SrtF intermediate in which it is bound via its unique 

LAFTG sorting signal to the SrtF sortase. The structure of SpaB is not known and it does not 

contain a canonical pilin motif, but SpaB is presumably joined to the CWSS of SpaA via a 

surface exposed lysine residue. This reaction acts as a “molecular switch”, terminating 

polymerization and transferring the assembled pilus from SrtA to SrtF. SrtF then attaches the 

CWSS in SpaB to the peptidoglycan crossbridge peptide, resulting in the covalent attachment of 

the pilus to the cell wall43. Significantly, sortase mediated lysine-crosslinking of pilins and the 

molecular switch – pilus polymerization followed by cell wall anchoring – are common features 

in the pilus assembly mechanism of many Gram-positive pathogens13,33,34. 

Notably, structures of the class C pilin sortase contain a conserved N-terminal region that 

binds a surface on the enzyme occluding the active site, this region has been termed the 

lid13,23,25,44–49. Interestingly, all known structures of pilin polymerizing sortases contain this N-

terminal lid, which contains an invariant lid motif, DP(F/W/Y). In many class C sortase 

structures this motif can be found buried in the active site making hydrogen bond contacts 

between the aspartate residue in the lid motif and the active site catalytic arginine residue. In 
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addition, aromatic stacking interactions are observed between the active site cysteine and the 

sidechain of the invariant aromatic residue found in the lid motif. These interactions, as well as 

others latch the lid into place. X-ray crystallographic evidence originally suggested that this lid 

region was flexible, allowing for substrate binding, however, subsequent in solution studies 

utilizing NMR showed this region to be relatively rigid in the S. pneumoniae class C 

enzyme25,44,47,49. Previous studies showed that mutations to the lid region in vivo did not result in 

higher enzymatic activity50,51. However, these mutations did lead to enzyme instability and 

increased hydrolytic activity, suggesting a regulatory role for the N-terminal lid. Outside of the 

lid region, the sortase adopts a canonical β-barrel sortase superfamily fold. Further work to 

define the role of the lid is necessary to uncover the mechanism of pilus biogenesis. Studies of 

the molecular recognition events required to assembly pili are therefore critical and will be 

discussed in Chapter 4.  
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1.4 Development of Sortase Inhibitors for Anti-Infective Therapeutics 
 

Sortases are an attractive target for antibiotic development. Structure-guided inhibitor 

development is an established method to improve inhibitor potency. At present, only four 

sortases inhibitor classes have been optimized using structure-based methods. These include the 

diarylacrylonitrile, aryl (β-amino)ethyl ketone, pyradazinone, and benzisothiazolinone scaffolds, 

which will be discussed in text below. Using a HTS fluorescence resonance energy transfer 

(FRET) based assay the Kim group discovered one of the first classes of SrtA inhibitors in 

200452. In this assay, the peptide contains the sortase substrate CWSS, LPETG sequence, linked 

to a fluorescent donor and quencher moiety on abutting sides of the peptide. Upon cleavage of 

the peptide between the Thr and Gly residues by the activity of SrtA results in the loss on the 

quencher moiety and in turn an increase in fluorescence signal (Figure 4). This readout is used to 

directly measure enzymatic activity and was employed to identify novel scaffolds that inhibit the 

SrtA enzyme. The Kim group identified a diarylacrylonitrile scaffold, and showed with SAR 

work that the nitrile group interacts with the active site Arg via modelling and that the two 

phenyl rings were necessary for inhibition and fit into the hydrophobic pocket within the active 

site52. Interestingly, the molecule does not appear to form an adduct with the active site cysteine 

a mode of action commonly observed in sortase inhibitors.  

The aryl (β-amino)ethyl ketones (AAEK) inhibitors were identified by the Schneewind 

group in 2007 using a similar FRET peptide cleavage HTS assay. Interestingly, the AAEK class 

of inhibitors exhibited broad spectrum sortase inhibition activity in staphylococci and bacilli 

species in the low micromolar range. Furthermore, structures of the AAEK inhibitor bound to the 

B. anthracis reveal that this inhibitor does indeed become covalently linked to the enzyme active 

site cysteine, and repositions catalytic residues within the active site preventing catalysis53. These 
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studies demonstrated that SAR is a valid approach towards sortase inhibitor design, as the 

inhibitor:sortase structure reveals potential binding sites to increase molecule selectivity and 

potency.  

To identify more potent and selective molecules the Clubb group performed a similar in 

vitro HTS method for further SAR studies. One promising lead molecule from these studies was 

the pyradazinone class which exhibited sub-micromolar inhibition of the S. aureus SrtA 

enzyme54. Docking and preliminary SAR work revealed regions of the pyradazinone scaffold 

necessary for inhibition, yielding more potent molecules. Docking studies using S. aureus SrtA 

revealed that the pyradazinone phenyl ring is buried in a structured hydrophobic pocket that 

houses sidechain residues from the β8 and β6/β7-strands. Interestingly, these same surfaces are 

disordered in the apo-sortase structure, and become rigid upon substrate binding55. Additional 

parts of the pyradazinone scaffold make contact with the active site catalytic triad54. 

Derivatization of the pyradazinone lead into a soluble analog allowed for NMR-based SAR 

analysis which is described in this text (Chapter 2).  

Recently, the Leonchiks group which also utilized a similar FRET based HTS screen to 

identify inhibitors against the S. aureus SrtA enzyme, validated their hits using two-dimensional 

NMR experiments56. In this work, they identified a benzisothiazolinone scaffold, which they 

subsequently determined the NMR structure of the enzyme-inhibitor complex. SAR work 

allowed them to derivatize the benzisothiazolinone scaffold creating low micromolar inhibitors 

of the S. aureus SrtA enzyme. They show that the molecules potency and mode of action is 

through covalently modification in which a benzisothiazolinone adduct inactivates the active site 

cysteine. This reaction chemistry was observed using 1D proton and 2D-TOCSY NMR 

spectroscopy and MALDI-TOF-Mass Spectrometry showing a change in molecular weight 
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expected with covalent modification of sortase with a benzisothiazolinone scaffold. It appears 

these molecules suffered from off target effects, expected from some potential cysteine based 

modifier drugs, as well as moderate cytotoxicity in human cell lines. However, this scaffold may 

prove useful for further experimentation or optimization56.  

Several groups have identified sortase inhibitors, which have not been optimized using 

structure-guided methods. These include natural product inhibitors, as well as molecules 

identified by virtual screening methods. Natural products inhibitors and their derivatives have 

recently shown to be potent inhibitors of the sortase enzyme. Sixteen natural product drug leads 

have been identified that inhibit the SrtA enzyme with IC50s in the micromolar range. For 

brevity, we will not discuss these molecules individually as they are summarized in the following 

review57 and original work58–71. However, this does not diminish their importance as several 

natural product leads show promise. Natural product leads such as morin, myricetin, quercetin, 

curcumin, bromodeoxytopsentin, and isoaaptamin exhibit dose-dependent response in a 

fibronectin binding inhibition assay, as sortases are responsible for anchoring fibronectin binding 

proteins on the cell surface62,63,69,70,72.  

Computational screening methods have also been employed to find potent inhibitors against 

the S. aureus SrtA enzyme. These techniques employ docking algorithms that can rank and score 

binding modes of virtually screened drug libraries. The Velu group was one of the first to 

employ this approach to discover novel inhibitors. They utilized the crystal structure of the S. 

aureus SrtA enzyme and screened approximately 150,000 compounds virtually using the FlexX 

docking software73. They then confirmed activity of their top lead molecules using the previously 

described FRET assay. Unfortunately, it appears their technique captured an unusual amount of 

false positives as only 8 of the top 108 molecules (~7.4%) exhibited reasonable IC50 values. 
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However, they did identify a potent ~50µM inhibitor of the S. aureus SrtA enzyme that may be 

further optimized as an anti-infective agent72,73.  

In the Clubb groups’ approach over 55,000 compounds were virtually screened against the 

NMR structure of the S. aureus SrtA enzyme and a smaller 500 molecule subset was screened 

utilizing the relaxed complex scheme to account for enzyme flexibility. This radically improved 

the success rate of identifying inhibitory compounds by virtual screening, yielding 24 lead 

molecules, with 8 of 19 the compounds verified (42.2%) through FRET and HPLC assays 

inhibiting the enzyme in the micromolar range. This work will be discussed in detail in Chapter 2 

of this text.  

In more recent work the Sharma group also used a similar approach where they used the 

NMR structure to virtually screen compounds using the LigandFit protocol in the Accelrys 

software package74. However, unlike the Clubb approach, their methodology does not account 

for receptor flexibility or dynamics, a key characteristic of sortase catalysis of transpeptidation. 

They identify two new lead scaffolds: 1-chloro-2-formyl indenes and tetralenes which show a 

dose-dependent inhibition of sortase-mediated fibronectin binding protein surface display74.  

The Yang group in collaboration with the Schneewind group also identified a novel 3-(4-

pyridinyl)-6-(2-sodiumsulfonatephenyl)[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole scaffold by 

virtual screening. Using the NMR structure of the S. aureus SrtA enzyme with the SHAFTS 

protocol and subsequent SAR work they developed a potent inhibitor against the enzyme that 

exhibited low micromolar IC50, inhibited sortase-mediated protein surface display, and protected 

mice against S. aureus infection75.  
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Structure-based HTS and virtual screening protocol are attractive approaches to identify and 

optimize potential sortase inhibitors. The abundance of sortase structural information, and 

developing molecular dynamics and virtual screening approaches aid in the search for molecules 

that account for critical enzyme dynamics relevant to catalysis. These HTS and virtual 

methodologies have identified many potent micromolar inhibitors of the sortase enzyme, in 

addition to providing useful platforms and scaffolds for additional anti-infective drug discovery 

efforts.  
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1.5 Sortases: A Powerful In vitro Biotechnological Tool 
 

The transpeptidation reaction catalyzed by sortases is of particular interest because it can be 

used to create novel bioconjugates. Sortase-mediated ligation is one of the most commonly used 

techniques for the site-specific modification of proteins. The most common form of sortase-

mediated ligation employs the S. aureus SrtA enzyme (SaSrtA) with an LPXTG-containing 

CWSS peptide and penta/triglycine substrates (Figure 5). To date a variety of bioconjugates have 

been made in vitro utilizing SaSrtA. These include the creation of: antibody-drug and nucleic 

acid-protein conjugates, cyclized proteins and peptides, PEGylation and glycosylation of 

proteins, protein-protein fusions for biochemical and structural studies, immobilization of 

proteins on solid supports, and creation of modified bacteriophages to name a few applications76–

88.  

Significant effort has been put into engineering and optimizing new reaction conditions and 

reagents to improve the efficiency of sortase-mediated ligation reactions. Several groups have 

improved the rate and efficiency of the SrtA-mediated ligation reaction. This is because the wild-

type SaSrtA enzyme when used in vitro has slow reaction kinetics and binds its substrates 

weakly. In particular, the SaSrtA enzyme has a weak binding affinity for the CWSS signal 

substrate (Km of ~7.3 mM) and pentaglycine nucleophile (Km ~196 µM) substrate, and its  kcat is 

only~0.28 s-1 89–91. Furthermore, studies have suggested that in vitro purified SaSrtA is mostly in 

its reverse-protonated state, in which 99.94% of the enzyme is inactive. It seems likely that the 

enzyme in vitro is grossly underperforming, as the in vivo rates of sortase mediated protein 

display are thought to be much faster. In intact cells it takes approximately 3 mins from the time 

of protein substrate expression for the SaSrtA to attach it to the cell wall.  
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The activity of the SaSrtA enzyme has also been improved using directed evolution 

methods. This yielded SaSrtA mutants that catalyzed ligation faster and more efficiently.  The 

first group to exploit directed evolution methods employed yeast-display methodology. They 

discovered a set of 5 mutations in SaSrtA, dubbed the pentamutant (5M), that  resulted in a 140-

fold increase in the rate of transpeptidation91.  Unsurprisingly, these mutations 

(P94R/D160N/D165A/K190E/K196T) lie within the surface exposed active site pocket that 

makes contacts with the CWSS substrate in the reported NMR structure of the SaSrtA-LPAT 

complex. Compared with wild-type SaSrtA, the pentamutant has a 120-fold higher kcat/KM and a 

20-fold higher Km for the nucleophile substrate.  

Building off of this work the Chen group utilized the 5M enzyme as a starting point for 

another round of directed evolution utilizing a FRET-based screening platform92. In their work, 

they identify several sets of mutations in addition to the 5M mutant that improved a variety of 

reaction parameters, including: utilization of substantially less enzyme material, optimization of 

non-canonical labelling strategies, and even further improvement of reaction rates. The improved 

SaSrtA mutants they identified may have utility in a wide-range of conjugation applications. In 

particular, a 5M/Y187L/E189R variant is effective for conjugating molecules to the C-terminus 

to both chains within an antibody, while a 5M/D124G variant they identified is superior for 

conjugations to the N-terminus of an antibody. Interestingly, the SaSrtA mutants they identified 

exhibit varying abilities to label the light chain vs heavy chain of the antibody, as well as well 

variations in their ability to modify either N or C-terminus. These differences are likely due to a 

combination of multiple factors, including differences in their affinity for the LPETG or GGG 

containing substrates, and differences in the steric accessibility around the modification sites. 

The role of steric hindrance is especially apparent when one compares the difference in labelling 
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efficiency seen between the heavy and light chains. In principle, when applying sortase mediated 

conjugation methods to modify other proteins, the availability of multiple SaSrtA variants with 

distinct substrate preferences may be useful to optimize labeling. 92. 

 In addition to optimizing SaSrtA mediated ligation using directed evolution methods, 

several groups have modified the ligation protocol to increase reactions rates and yields. In 2009 

the Inagaki group demonstrated that carrying out the SaSrtA ligation reaction coupled with  

membrane dialysis increased reaction rates and yields93. During the reaction, the substrate is 

cleaved between the Thr and Gly residue present in the CWSS. Not only does this result in the 

formation of a substrate:sortase enzyme thiol-acyl intermediate, but a peptide fragment from the 

sortase substrate containing a N-terminal Gly. Because this small fragment can compete with the 

second pentaglycine substrate, its removal by dialysis can improve reaction yields. The Sattler 

group has also recently introduced an improved ligation protocol. This process uses the improved 

SaSrtA 5M mutant discussed above, as well as centrifugal concentration to remove the small 

peptide fragment product to improve reaction yields and rates94.  

In Chapter 3 of this thesis I describe a new a substrate-fused sortase enzyme reagent that 

represents a novel strategy to improve enzyme activity.  In the reagent the pentaglycine 

nucleophile is appended to the N-terminus of a Small Ubiquitin-like Modifier protein (SUMO) 

that is expressed as a genetic fusion to the SaSrtA enzyme.  When reacted with a protein 

containing LPXTG at its C-terminus, the fusion has the effect of localizing the nucleophile 

substrate adjacent to the active site effectively increasing the local concentration of the substrate. 

The rates of modification observed in these studies are ~18-fold faster compared to the reaction 

carried out utilizing the non-substrate fused sortase enzyme.  
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Other mutants of SaSrtA have also been constructed to increase its utility. The creation of 

bio-orthogonal reaction chemistries could allow multiple, distinct sortase modification events on 

a single polypeptide substrate. Towards this goal the Streptococcus pyogenes SrtA enzyme  

(SpSrtA) has also been used to ligate peptides79,95,96. SpSrtA is unique as it ligates peptides 

containing LPXTA. Therefore, bio-orthogonal and dual modification of both the N and C termini 

of single substrate can be achieved using the SaSrtA and SpSrtA enzymes, which recognize 

LPXTG and LPXTA peptides within the protein, respectively. Additionally, unlike the SaSrtA 

enzyme, the SpSrtA enzyme is not dependent on Ca2+. This allows for more efficient in vivo 

sortase mediate ligation in mammalian cells where Ca2+ is limiting. However, both Ca2+ 

independent SaSrtA and SpSrtA exhibit even slower reaction kinetics than established SaSrtA 

reactions which can be problematic.  
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1.6 LytR-CpsA-Psr (LCP) Enzymes 
 

The LytR-CpsA-Psr (LCP) family of enzymes is present in almost all Gram-positive 

bacteria97. These enzymes have been shown to attach glycopolymers to the cell wall. In 

particular, many of these enzymes attach wall teichoic acids (WTAs) to the peptidoglycan that 

can account for approximately 50% of the mass of the cell wall98,99. WTAs are highly anionic as 

they are polymeric repeats of sugar moieties linked via phosphodiester bonds100–102. In a few 

microbes, such as S. aureus and Bacillus subtilis, they have been shown to be crucial for 

bacterial survival and pathogenesis as they regulate cell shape, division, surface-charge, and 

susceptibility to various β-lactam and cationic antibiotics97,100,101,103–105.  

The LCP proteins were originally misclassified as putative transcription regulators important 

in Streptococcus agalactiae biofilm formation, and as predicted penicillin binding protein (PBP), 

with no confirmed activity97. It wasn’t until 2008 when the Meier group using bioinformatic and 

genetic methods identified that the LCP family are indeed extracellular membrane proteins that 

contain an N-terminal transmembrane spanning region, followed by an extracellular LCP 

catalytic domain97. Later this same group showed that deletion of lcp genes in S. aureus resulted 

in a marked decrease in WTA content106.  Furthermore, the Meier group and others demonstrated 

that LCP enzymes in S. aureus and S. pneumoniae are expressed in rapidly growing and diving 

cells and are critical for normal cell morphology, cell separation, biofilm formation, and 

resistance to antibiotics107,108. Interestingly, they also showed that in bacteria that express 

multiple LCP enzymes often exhibit non-overlapping functional redundancy107,109–111. For 

example, in S. aureus, which contains three known LCP enzymes, deletion of a single LCP 

enzyme member will not result in abnormal cell wall morphologies. However, upon double 

knock-out, or triple knock-out strains exhibit defects in cell wall morphology107.  
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The next breakthrough in LCP biology occurred in 2011 when Kawai and colleagues 

demonstrated that LCP enzymes are involved in cell wall biosynthesis via co-localization with 

MreB, and that LCP encoding genes are located within the WTA biosynthetic operon. They 

showed that deletion of all three lcp genes in B. subtilis causes striking cell morphology changes, 

and decreased cell wall anchored WTA and phosphate content109. In the same published work an 

X-ray crystal structure was reported of the S. pneumoniae Cps2A LCP enzyme revealing that the 

protein co-purifies in E. coli with bound phosphorylated polyisoprenoids such as octa-cis 

decaprenyl-phosphate (dpr-P) and cis octaprenyl-pyrophosphate (opr-PP). These lipid molecules 

are bound to the enzyme and may mimic how LCP enzymes bind the C55-lipid-linked 

pyrophosphate glycopolymer that is transferred to cell wall peptidoglycan during WTA 

biosynthesis. Inspection of the structure reveals a conserved hydrophobic core that interacts with 

the lipid component, whereas conserved catalytic site arginine residues in the structure 

coordinate the negatively charged phosphate head groups of the lipids in a magnesium dependent 

manner. Further biochemical evidence supports the notion that members of the LCP family are 

phosphotransferases, since when the S. pneumoniae Cps2A LCP enzyme is incubated with 

pyrophosphate isoprenoids it releases phosphate112. This suggests that LCP phosphotransferase 

activity is responsible for anchoring lipid-linked pyrophosphate cell wall glycopolymers to cell 

wall peptidoglycan.  For LCP enzymes involved in WTA biosynthesis presumably the 

glyocopolymers are attached to the C6-hydroxyl present within N-muramic acid, a component of 

peptidoglycan (Figure 6). Very recently,  the Walker group at Harvard Medical School 

demonstrated that in vitro LCP proteins are capable of transferring chemoenzymatically derived 

WTA precursors to synthetic glycan analogs confirming that LCP enzymes are indeed cell wall 

ligases113. 
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Recently, Ton-That and colleagues discovered a new surface protein glycosylation pathway 

in the oral bacterium Actinomyces oris that surprisingly makes use of both sortase and LCP 

enzymes (Figure 7)114. In Chapter 5 of this thesis I will discuss structural and biochemical studies 

of the LCP from this pathway. In their seminal work describing this new glycosylation pathway, 

investigators originally set out to explore the function of the A. oris Sortase A (SrtA) enzyme. 

However, in their attempts to eliminate the srtA gene they discovered that it was essential for 

viability, a novel finding as sortase enzymes in other bacteria are dispensable for growth in the 

laboratory. Reasoning that a protein anchored to the cell wall by SrtA was essential for viability, 

they systematically eliminated genes encoding all of SrtA's fourteen putative protein substrates 

that harbored an appropriate cell wall sorting signal, but surprisingly they discovered that they 

were all dispensable. This result was quite perplexing. Why would srtA deletion be lethal if none 

of the proteins it anchors to the cell wall are essential for growth?  

To uncover the origin of the lethal phenotype, a bypass mutant screen of a conditional srtA- 

mutant was performed to search for lethality suppressor genes. Although five classes of 

suppressors were identified, the authors concentrated their efforts on genes within the acaC 

locus, as several independent Tn5 insertions at this site prevented srtA- lethality. Further 

dissection identified that the products of the acaC and lcp genes independently suppressed srtA- 

lethality. These genes encode AcaC, a protein of unknown function that is presumably anchored 

to the cell wall by SrtA as it contains an appropriate cell wall sorting signal, and LCP, a member 

of the LCP family of enzymes implicated in glycopolymer attachment.  

Cell fractionation and immunoblotting confirmed that the 32 kDa AcaC protein is a substrate 

of SrtA, and that when overexpressed and isolated from the cell wall it exists in higher-molecular 

weight forms with proteins that are glycosylated with masses ranging from ~64 to 115 kDa (as 
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determined by the periodic acid-Schiff detection method). They aptly renamed AcaC, 

glycosylated surface-linked protein A, or GspA. The surface display of the higher-molecular 

glycosylated forms of AcaC/GspA is dependent upon both the sortase and LCP enzymes, but its 

glycosylation is solely dependent on LCP. Thus, unlike previously characterized members of the 

LCP family that attach glycopolymers to the cell wall, the A. oris LCP protein is involved in 

protein glycosylation. Furthermore, by deleting the cell wall sorting signal in AcaC/GspA, the 

authors could conclude that srtA- toxicity is caused by the accumulation of glycosylated 

AcaC/GspA in the cell membrane (via ‘membrane-jamming’), which is overcome when either 

AcaC/GspA or LCP expression is eliminated. The authors propose that LCP and sortase enzymes 

in A. oris work together to glycosylate and display AcaC/GspA on the cell surface, this work 

lead to the studies that will be discussed in Chapter 5.  
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1.7 Figures  

Figure 1- Protein display by sortases. Precursor surface proteins containing an N-terminal 

signal peptide are directed to the Sec translocon for export (1), once exported the cell wall 

sorting signal (CWSS) retains the protein in the membrane before forming a (2) sortase-surface 

protein thiol-acyl intermediate. This intermediate is resolved when it is (3) nucleophilically 

attacked by the cross-bridge of the lipid-II precursor allowing for its eventual incorporation into 

the cell wall. Adapted from 115. 

 

Figure 2- Schematic of threonine-lysine isopeptide. Stick representation of intersubunit 

threonine-lysine isopeptide bond formed between CWSS threonine c-terminus and sidechain 

lysine present in SpaA pilin protein 
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Figure 3- Biogenesis of the SpaA-pilus. It occurs via a five-step process that is described in the 

introduction text above. 1) Pilin export and retention. 2) Tip addition by the pilin-polymerase 

SrtA (black), which joins the SpaA and SpaC pilins together via an isopeptide bond.  3)  Pilus 

polymerization of the shaft by SrtA to create a SpaC-(SpaA)n polymer. 4) Termination via a 

“molecular switch” in which the SrtA polymerase adds the SpaB protein and the pilus is 

transferred to the SrtF sortase (purple). 5) Attachment of the pilus to the cell wall by the SrtF 

sortase. All Gram positive bacterial pili are thought to be built through a similar mechanism. 
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Figure 4- Schematic of FRET high throughput assay for sortase inhibitor discovery. In this 

assay, the Abz-LPETG-Dnp SrtA substrate is excited by 335 nm light, if not quenced by Dnp 

(proccessed by SrtA) a signal is emitted at 420 nm. Reactions are monitored by tracking 

fluorescent signal over time to obtain percent inhibition, IC50, or kinetic data.  Active site cys 

highlighted in orange 

 

Figure 5- Sortase: a bioconjugation tool. Sortase has been used in industry and in academic 

labs to create a variety of bioconjugates. These include, but are not limited to, antibody-drug 

fusions, antibody-label (e.g. GFP or fluorophore) fusions, cyclic proteins, protein modified 

substrates, protein-nucleic acid fusions, protein-lipid and PEG fusions, as well as labeled phage 

particles. 
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Figure 6-Attachment of teichoic acid polymers to the cell wall by LCP enzymes. Teichoic 

acids are synthesized on the cytoplasmic face of the cell membrane on a lipid-bactoprenol carrier 

by glycosyltransferases that catalyze the addition of sugar moieties into the growing 

glycopolymer. Once the mature glycopolymer is synthesized it is exported from the cytoplasm 

by an ABC-dependent transporter where, (1) an LCP enzyme is believed to catalyze the 

attachment of WTAs to the C6-hydroxyl of N-muramic acid present in peptidoglycan. Adapted 

from115. 
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Figure 7-Newly identified glycosylation pathway that uses both sortase and LCP enzymes. 

(1 and 2) The glycopolymer used to glycosylate GspA is synthesized by a currently unidentified 

pathway and exported to the extracellular face of the cell membrane. This polymer could also be 

produced on the cell surface (not shown), (3) LCP catalyzes the transfer of the glycopolymer 

from its lipid linked precursor to GspA before (4 and 5) sortase covalently anchors GspA to the 

cell wall via lipid-II. Figured adapted from 115. 
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2.1 Overview 

 Staphylococcus aureus is the primary cause of hospital-acquired infections in the United 

States, killing approximately 11,000 people annually. The appearance of not only single-drug 

resistant, but multi-drug resistant strains of S. aureus has created a vital need to develop new 

antimicrobial agents. S. aureus uses its sortase A (SaSrtA) enzyme to display protein virulence 

factors, which suggests that compounds that inhibit its activity would act as antimicrobial agents.  

In this chapter I discuss my contribution to a multi-year collaborative effort designed to discover 

SaSrtA inhibitors.  First, I will discuss efforts utilizing a virtual screening platform approach that 

identified several inhibitors of SaSrtA (led by Dr. Albert H.W Chan). In this approach, we 

employ relax complex scheme (RCS), a method that accounts for protein flexibility when 

computing various docking-poses. Results obtained using a biochemical assay confirms that 

many of these compounds inhibit SaSrtA and structure-activity based studies are reported that 

improved a promising scaffold. My contribution to these efforts was to measure the activity of 

these compounds by IC50 assay. 

 In the second half of Chapter Two I discuss the NMR structure-based optimization of 

pyridazinone class SaSrtA inhibitors that were discovered in a high throughput screen (HTS) of 

several chemical libraries. Starting with a pyridazinone scaffold discovered in a HTS (conducted 

by Dr. Tom Suree) we developed a soluble analog that enabled the NMR structure of soluble 

pyridazinone compound bound to SaSrtA to be determined (completed by Dr. Ethan Weiner). 

Using this structural data and in silico approaches we discovered several compounds with 70-

fold improved IC50 values as compared to the lead molecule. These improved molecules exhibit 

dose-dependent inhibition of sortase mediated surface protein display as well as reduced toxicity 

in a human cell line. My contribution to this work was to measure: compound efficacy by IC50 
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assay, inactivation kinetics of SrtA inhibitors, and inhibition of SrtA activity in intact S. aureus 

cells.  

 This chapter is reformatted with permission from two peer-reviewed journal articles: 

“Discovery of Staphylococcus aureus Sortase A Inhibitors Using Virtual Screening and the 

Relaxed Complex Scheme.” Chan, A. H., Wereszczynski, J., Amer, B. R., Yi, S. W., Jung, M. 

E., McCammon, J. A., & Clubb, R. T. (2013). Chemical Biology & Drug Design, and “NMR 

structure-based optimization of Staphylococcus aureus sortase A pyridazinone inhibitors.” Chan, 

A. H., Yi, S. W., Weiner, E. M., Amer, B. R., Sue, C. K., Wereszczynski, J., ..., Clubb, R. T. 

(2017). Chemical Biology & Drug Design.  
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2.2  Discovery of Staphylococcus aureus Sortase A Inhibitors Using Virtual 

Screening and the Relaxed Complex Scheme 
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2.3 NMR Structure-activity Optimization of Pyridazinone Sortase A 

Inhibitors  
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3.1 Overview 

The transpeptidation reaction catalyzed by sortases is of interest because it can be used to 

create novel bioconjugates. Sortase-mediated ligation, is one of the most commonly used 

techniques for the site-specific modification of proteins. The most common form of sortase-

mediated ligation employs the S. aureus SrtA enzyme (SaSrtA) with an LPXTG-containing 

CWSS peptide and penta/triglycine substrates. A variety of bioconjugates have been made in 

vitro utilizing SaSrtA. These include the creation of: antibody-drug and nucleic acid-protein 

conjugates, cyclized proteins and peptides, PEGylation and glycosylation of proteins, protein-

protein fusions, immobilization of proteins on solid supports, and creation of modified 

bacteriophages to name a few applications. Significant effort has been put into engineering and 

optimizing new reaction conditions and reagents to improve the efficiency of sortase-mediated 

ligation reactions. In Chapter 3 of this dissertation I describe a new a substrate-fused sortase 

enzyme reagent that represents a novel strategy to improve enzyme activity.  In the reagent the 

pentaglycine nucleophile is appended to the N-terminus of a Small Ubiquitin-like Modifier 

protein (SUMO) that is expressed as a genetic fusion to the SaSrtA enzyme.  When reacted with 

a protein containing LPXTG at its C-terminus, the fusion has the effect of localizing the 

nucleophile substrate adjacent to the active site effectively increasing the local concentration of 

the substrate. The rates of modification observed in these studies are ~18-fold faster compared to 

the reaction carried out utilizing the non-substrate fused sortase enzyme.  

This chapter is reformatted with permission from a peer-review article “Rapid addition of 

unlabeled silent solubility tags to proteins using a new substrate-fused sortase reagent.” Amer, B. 

R., Macdonald, R., Jacobitz, A. W., Liauw, B. & Clubb, R. T. J. Biomol. NMR 64, 197–205 

(2016). 
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3.2   Rapid addition of unlabeled silent solubility tags to proteins using a 
new substrate-fused sortase reagent 
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4.1 Overview  

Corynebacterium diphtheriae, Streptococcus pneumoniae, Streptococcus pyogenes, 

Actinomyces oris and other Gram-positive pathogens use sortase transpeptidase enzymes to 

synthesize pili, proteinaceous structures that project from the cell surface to mediate bacterial 

adhesion to host tissues. These pili are built on the cell surface by sortase pilin polymerase 

enzymes that link the protein subunits (pilins) together via isopeptide bonds. In Gram-positive 

bacteria protein-based pili are arguably the most structurally complex surface macromolecules, 

but the molecular mechanism through which they are assembled is poorly understood. To gain 

insight into the mechanism we sought to reconstitute pilus assembly and display reactions in 

vitro using the archetypal C. diphtheriae SpaA system. In a collaborative effort, the structure of 

the C. diphtheriae sortase A (SrtA) pilin polymerase was determined by X-ray crystallography. 

Using the SrtA structural data as a guide we made strategic mutations in the ‘lid’ region of the 

enzyme that resulted in its in vitro activation. The new in vitro assay enabled determinants 

required for pilus assembly to be determined, as well as well as modeling of a key reaction 

intermediate.  

This chapter is written as a manuscript to be published. Much of the work described here 

is done in collaboration with Professor Hung-Ton That’s lab at UT-Houston, Dr. Jerzy Osipiuk 

at the Advanced Photon Source, and Professor Joseph Loo’s lab at UCLA. 

4.2 Introduction   

Gram-positive pathogens such as Corynebacterium diphtheriae, Streptococcus 

pneumoniae, Streptococcus pyogenes, and Actinomyces oris assemble pili on their cell surface. 

These pili are long, thin protein fibers (3-5 µm x 1-5 nm) that project from the cell surface to 
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mediate bacterial adhesion to a variety of surfaces, including interactions that frequently play 

critical roles in bacterial virulence1–6. Pilus biogenesis was originally discovered in the pathogen 

C. diphtheriae, which displays an archetypal SpaA-pilus1,5,7–15. The SpaA pilus is assembled 

using two types of sortase enzymes, and three distinct pilin proteins that make up the pilus tip, 

shaft and base. A class C sortase (called SrtA) polymerizes the protein subunits (pilins) together 

by joining via an isopeptide bond a cell wall sorting signal  (CWSS) present in one protein  to a 

lysine residue located in adjacent protein1,2,4,6,11,16–19. SrtA joins three distinct proteins together: 

SpaA is the major pilin and forms the pilus shaft; SpaB is at the base and is attached to the cell 

wall, and SpaC is positioned at the pilus tip where it mediates adherence to pharyngeal epithelial 

cells. Biogenesis is initiated when pilin proteins are produced in the cytoplasm, exported across 

the membrane by the general secretion machinery (Sec) and retained in the membrane by a 

CWSS. The CWSS consists of a 5 residue sortase recognition motif (LPLTG in SpaA and SpaC) 

that is followed by a hydrophobic domain and positively charged cytoplasmic anchor that retains 

the pilin in the membrane. The pilin polymerase SrtA then joins the SpaC tip protein to SpaA via 

an isopeptide bond. Prior to reacting with one another, the SpaA and SpaC pilins are thought to 

be each covalently linked to SrtA via a thioacyl bond to their CWSS. Both thioacyl intermediates 

form when their LPLTG sorting signal is cleaved between the threonine and glycine residues by 

SrtA, and SrtA’s active site cysteine residue becomes bound to the threonine carbonyl carbon. 

During tip addition, these thioacyl pilin-enzyme intermediates react with one another such that 

the free amine group originating from a lysine residue present in SpaA (Lys190) attacks the 

thioacyl bond in the SpaC-SrtA intermediate. This causes the dissolution of the SpaC-SrtA 

thioacyl bond and the formation of an intermolecular SpaA-SpaC isopeptide bond in which the ε-

amine group of Lys190 in SpaA is joined to the threonine carbonyl carbon atom in the CWSS of 
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SpaC. Pilus polymerization ensues when additional SpaA proteins are progressively added to the 

pilus base by the SrtA enzyme. SpaA polymerization is possible as the tri-domain protein 

contains two sortase reactive groups, a reactive lysine nucleophile is housed in the N-terminal 

domain, and a CWSS motif located in the C-terminal domain. These motifs are located on the 

same protein in distal N- and C-terminal domains that are separated by a well-ordered CnaA 

domain that may dissipate any mechanical shock sustained by the pili20. The SpaA 

polymerization reaction is mechanistically similar to the tip addition reaction, with SrtA joining 

the pilin motif lysine within SpaA via an isopeptide bond to the sorting signal threonine residue 

located in an adjacent SpaA protein. This lysine is located within a conserved ‘pilin’ motif 

(residues WXXXVXVYPK) that is frequently found in the main pilin subunits of Gram positive 

bacteria pili. Pilus polymerization is terminated when SpaB is linked to the base of the pilus. It 

enters the assembly reaction as a thioacyl SpaB-SrtF intermediate in which it is bound via its 

unique LAFTG sorting signal to the SrtF sortase15. The structure of SpaB is not known and it 

does not contain a canonical pilin motif, but SpaB is presumably joined to the CWSS of SpaA 

via a surface exposed lysine residue. This reaction acts as a “molecular switch”, terminating 

polymerization and transferring the assembled pilus from SrtA to SrtF. SrtF then attaches the 

CWSS in SpaB to the peptidoglycan stem peptide, resulting in the covalent attachment of the 

pilus to the cell wall15. Significantly, sortase mediated lysine-crosslinking of pilins and the 

molecular switch – pilus polymerization followed by cell wall anchoring – are common features 

in the pilus assembly mechanism of many Gram-positive pathogens3,4,21. 

Notably, structures of sortase pilin polymerase enzymes contain a conserved N-terminal 

region that binds a surface on the enzyme occluding the active site, this region has been termed 

the lid21–29. Interestingly, all known structures of pilin polymerizing sortases contain this N-
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terminal lid, which contains an invariant lid motif, DP(F/W/Y). In nearly all class C sortase 

structures this motif is buried within the active site making hydrogen bond contacts between the 

aspartate residue within the lid motif and the active site catalytic arginine residue. In addition, 

aromatic stacking interactions are observed between the active site cysteine and the sidechain of 

the invariant aromatic residue found in the lid motif. These interactions, as well as others latch 

the lid into place. X-ray crystallographic evidence originally suggested that this lid region was 

flexible, allowing for substrate binding, however, subsequent in solution studies utilizing NMR 

showed this region to be relatively rigid in the S. pneumoniae class C enzyme23,24,27,29. Previous 

studies showed that mutations to the lid region in vivo did not result in higher enzymatic 

activity30,31. However, these mutations did lead to enzyme instability and increased hydrolytic 

activity, suggesting a regulatory role for the N-terminal lid. Outside of the lid region, the sortase 

adopts a canonical β-barrel sortase superfamily fold. Further work to define the role of the lid is 

necessary to uncover the mechanism of pilus biogenesis. 

In work described in this chapter we report the crystal structure of the SrtA pilin 

polymerase. Gaining insight from structural data, we demonstrate that robust in vitro pilus 

assembly is achieved by activating the enzyme through the strategic mutation of residues within 

the conserved lid region. These activating mutations are required as the wild type SrtA enzyme is 

inactive in vitro, presumably because the lid occludes the active site. To gain insight into the 

mechanism of pilus assembly we reconstituted the polymerization step of the reaction, as well as 

the termination reaction. The ability to reconstitute these processes in vitro allowed us to dissect 

some of the molecular requirements needed for efficient pilus assembly. Mutational data and 

structural modeling allow us to propose a preliminary model for SrtA mediated pilus 

polymerization.  
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4.3 Results and Discussion 

4.3.1 Structure of the SrtA pilin polymerase from C. diphtheriae 

 The C. diphtheriae SrtA pilin polymerase links together proteins to form the SpaA pilus. 

It is a member of the poorly understood class C sortase family, and contains an N-terminal 

transmembrane signal peptide region, a central conserved sortase domain, and second C-terminal 

transmembrane domain that tethers the enzyme to the cell membrane. To gain insight into the 

mechanism of SpaA pilus formation we first characterized the structure of the SrtA enzyme. A 

soluble fragment containing only the catalytic domain of C. diphtheriae SrtA, (residues 37-257, 

termed SrtWT) was cloned, expressed, and purified and subjected to crystallization trails. SrtWT 

crystallizes as a homodimer is the P61 2 2 space group. Diffraction data was collected to 2.1 Å 

and phases were obtained by molecular replacement. Residues 37-248 were visible in the crystal 

structure, and the remaining C-terminal residues are missing due to presumed disorder.  

 The overall structure of SrtWT conforms to the typical sortase fold, containing a 7-

stranded core flanked by several 310 and alpha helices (Figure 1). Three additional alpha helices 

appear to cap the SrtWT enzyme, and form the presumed ‘lid’ that occludes that active site. The 

H1-helix mediates homo-dimerization in the crystal structure, and is generally removed from the 

body of the enzyme. Helix H2 and H3 are positioned just adjacent to the active site, and are 

connected by a loop that forms the so-called lid region. This loop contains a highly conserved 

DPW motif that mediates a variety of interactions with residues within the active site. Trp83 

appears to make aromatic stacking interactions with the active site Cys222 residue and potential 

interactions with the active site His160. Asp81 within the lid may interact with active site 

Arg231to regulate its positioning for catalysis, further suggesting a regulatory role of the lid in 
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sortase mediate pilin polymerization. The active site catalytic His-Cys-Arg catalyic triad is well 

resolved and Cys222 can be modeled in two positions with 50% occupancy both pointing 

towards and away from the active site. Overall, the structure of the SrtAWT enzyme reveals that 

C. diphtheriae uses a model class C sortase system to mediate pilus biogenesis.  

4.3.2 Robust in vitro reconstitution of archetypal C. diphtheriae pilus polymerization 

  To gain insight into the mechanism of sortase mediated pilus biogenesis we sought to 

reconstitute this process in vitro. We expressed a soluble form of SpaA encoding residues 30-

500, with truncations at the N-terminus that remove its predicted signal peptide, and at its C-

terminus so as to remove a presumed transmembrane region. Upon incubating wild-type SrtA 

(SrtWT) (100 µM) with soluble SpaA (300 µM), no high-molecular weight (HMW) SpaA 

polymers are formed. This suggests that purified SrtWT is enzymatically inactive. The crystal 

structure of the C. diphtheriae SrtA pilin polymerase demonstrated that residues from the lid 

occlude active site residues, suggesting that the lid maintains SrtA in an inactive state. We 

therefore introduced two mutations into the lid with the goal of unlatching it from this enzyme, 

D81G and W83G mutations. The mutant protein, called SrtA2G, when incubated with monomeric 

SpaA forms HMW protein polymers as observed by SDS-PAGE (Figure 2). Based on mass 

spectrometry, the HMW species correspond to isopeptide linked SpaA proteins. In particular, the 

mass spectra reveal the presence of an isopeptide bond between the carbonyl carbon of T494 and 

the sidechain amine of Lys190 (Figure 3, Table 1). Mass spectrometry also confirmed the 

presence of both SrtA2G and SpaA substrates in the reaction. An additional band that migrates 

faster than the HMW species is observed and presumed to correspond to the reaction 

intermediate in which SpaA is joined to SrtA2G via acyl-bond. Based on MS this band contains 

both SpaA and SrtA2G, but the thioacyl between these proteins was not observed, presumably 
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because the thioacyl bond is labile. Interestingly, MS analysis of the SpaA HMW bands revealed 

the presence of SrtA2G peptides, suggesting that the enzyme may be joined via a thioacyl bond to 

the SpaA polymers.  Densitometry analysis of the SDS-PAGE data allows us to quantify the 

efficiency of our in vitro SpaA polymerization reaction. The reaction appears to reach 

completion after 72 hours, with ~50% of monomeric SpaA substrate converted to HMW SpaA 

product (Supplemental Figure 1). On-going studies seek to learn why the reaction doesn’t go to 

completion.   

 In order to validate that the reconstituted reaction faithfully reproduced the chemistry of 

pilus assemble SpaA and SrtA mutants were tested for the ability to produce HMW SpaA 

polymers. As expected, when we mutate the catalytic cysteine that is responsible for SrtA 

activity, pilus assembly is completely abolished in vitro. Further, when we introduce an alanine 

mutation to Lys190, the nucleophile responsible for pilus elongation, in vitro pilus assembly is 

arrested (Figure 2). With a robust readout for SrtA activity we then sought to make additional 

mutations to both SrtA and SpaA to uncover novel molecular determinants of pilus assembly. 

Serendipitously, while trying to optimize a SrtA protein construct for NMR studies we 

discovered an N-terminal H1 helix that appears to be important in SrtA transpeptidase activity. 

Reasoning that the H1 helix, residues 37-54, far removed from the active site, is likely not 

required for enzymatic activity we created a ΔSrtA2G enzyme lacking this N-terminal helix in 

efforts to improve spectral quality and overlap. While the ΔSrtA2G enzyme is folded as 

demonstrated by 2D NMR, it is completely inactive in the pilus assembly reaction (Figure 2). In 

order to explain these results, we generated structural models of the SrtA-SpaA acyl intermediate 

polymerization attack complex, which we will discuss below.  

4.3.3 Simplified SpaA isopeptide conjugation  
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 In order to further probe the mechanism of SpaA pilus assembly we dissected the SpaA 

molecule into its two component parts. Since the N-terminal domain of SpaA, residues 30-194, 

houses the reactive lysine nucleophile found in the pilin motif, and the C-terminal domain, 

residues 350-500 contains the LPLTG CWSS we reasoned that expressing the domains 

separately may simplify the reaction as only a single isopeptide could potentially be formed. We 

expressed and purified the N-terminal domain (NSpaA) and the C-terminal domain (CSpa). After 

mixing the two respective domains at equal concentration (300 µM), we added our lid activated 

SrtA2Genzyme (100 µM). Remarkably, within 24 hours we demonstrate robust isopeptide linkage 

of these two domains as observed in SDS-PAGE results (Figure 4). We again confirm the 

presence of the expected threonine-lysine isopeptide by mass spectrometry (Table 1). 

Densitometry analysis reveals that we observe similar reaction efficiency with our simplified 

system using the individual domains of SpaA, as compared to the reactions using the full-length 

intact SpaA molecule.  

4.3.4 Reconstitution of SpaA-SpaB termination reaction 

 With our simplified in vitro SpaA assembly reaction, we further sought to see if we could 

recapitulate the termination reaction where SpaB is incorporated into the pilus. During pilus 

biogenesis, pilus polymerization is terminated when SpaB uses its non-canonical Lys139 

nucleophile to resolve the SrtA-SpaA-polymer acyl-intermediate. We reasoned that SrtA2G may 

be able to use SpaB as a nucleophile in vitro to generate SpaA-SpaB fusions. We first cloned and 

expressed a soluble fragment of SpaB, encoding residues 25-182, removing a predicted N-

terminal signal peptide and C-terminal hydrophobic region.  We mixed SpaB and CSpa in an 

equimolar ratio (300 µM) with the lid activated SrtA2G (100 µM). Within 24 hours we observe 

what appear to be isopeptide linked SpaB and CSpa by SDS-PAGE (Figure 5A). The linkage 
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between SpaA and SpaB has only been described in bacterial mutagenesis studies, and to our 

knowledge not identified or characterized biochemically. We again turned to mass spectrometry 

to identify the predicted SpaA-SpaB isopeptide. Mass spectra reveal an isopeptide between 

carbonyl carbon from residue T494 from CSpa and Lys139 in SpaB (Figure 5B, Table 1). These 

studies are the first robust biochemical characterization of the pilus termination reaction to date.  

4.3.5 Hydrolysis kinetics of SrtA pilin polymerase 

 Here we describe hydrolysis kinetics of the SrtA pilin polymerase. By monitoring the 

hydrolytic pathway of SrtA we gain kinetic insight into assembly of SpaA polymers, specifically 

the formation of the acyl-intermediate. To monitor SrtA hydrolysis kinetics we adapted a peptide 

HPLC hydrolysis assay from other kinetic studies of the S. aureus sortase enzymes32–36. For this 

assay, we generated a peptide that encodes the following C-terminal segment of SpaA: 

KNAGFELPLTGGSGRI (SpaApep), and monitored the ability of SrtA to hydrolyze this peptide 

by HPLC. Briefly, in this assay we saturate the SrtA protein with SpaApep (1:10 molar ratio), and 

monitor the loss of intact peptide overtime by HPLC separation. Here we report hydrolysis 

kinetics of several SrtA pilin polymerase enzymes. In saturating conditions the SrtAWT, lid-

activated SrtA2G, and ΔSrtA2G enzymes have Vmax of: 5.5 ± 0.5, 6.3 ± 1.1, and 6.3 ± 0.7 µM/hr 

respectively.  Interestingly, while both the SrtAWT and ΔSrtA2G enzymes were inactive in our gel-

based assays of transpeptidation, they actively cleave SpaApep (Figure 6).  It is expected that high 

concentration of SpaApep and smaller size of the peptide can overcome SrtAWT lid-inactivation. 

However, it was unclear to us why the ΔSrtA2G enzyme was capable of cleaving SpaApep, but 

largely unable to form HMW SpaA polymers in our SDS-PAGE based assay. Why would a N-

terminal helix far removed from the active site play a role in SrtA pilin polymerization? To 
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address this, we turned to structural modeling to visualize the SrtA-SpaA acyl intermediate and 

lysine-nucleophile polymerization attack complex.  

4.3.6 Modeling the SrtA-SpaA polymerization nucleophile attack complex 

 To gain insight into how the SrtA pilin polymerase enzyme recognizes its various 

substrates we turned to structural modeling. Using the crystal structure of the C. diphtheriae SrtA 

pilin polymerase (PDB: 5K9A) we positioned models of the C-terminal and N-terminal domains 

of SpaA derived from the crystal structure of full length SpaA (PDB: 3HR6) relative to each 

other. We first generated a model of the SrtA-SpaA acyl-intermediate, juxtaposing the C-

terminus of the C-terminal domain SpaA relative to the active site Cys222 in SrtA. The crystal 

structure of SpaA lacks the cell wall sorting signal that forms the acyl-intermediate with SrtA. To 

model the acyl-intermediate we placed the C-terminal domain of SpaA ~25 Å away from the 

active site cysteine to accommodate the 9 missing residues at the C-terminus (including the 

LPLT CWSS). We then positioned the model of the SpaA N-terminal domain that contains the 

reactive Lys190 nucleophile relative to the SrtA-SpaA acyl-intermediate (Figure 7). This is 

reasonable as the lysine nucleophile must come near the active site to resolve the SrtA-SpaA 

acyl-intermediate. By doing so we created a model of the so called SrtA-SpaA polymerization 

attack complex. What became immediately apparent is that N-terminal H1-helix bridges the two 

reactive domains of SpaA. Potentially facilitating interactions necessary for formation of SrtA-

SpaA polymerization attack complex. Further work, including molecular dynamics, and NMR-

PRE-experimentation, and mutational analysis is underway to validate this model.   

4.4 Materials and Methods 

4.4.1 Cloning, expression, and purification of SrtA, SpaA, SpaB proteins and mutants.  
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Genes encoding SrtAWT, SrtA2G, SrtA2G, and SpaB were obtained from genomic 

Corynebacterium diphtheriae DNA. Inserts were amplified using PCR and inserted into the pE-

SUMO (LifeSensors) expression vector using the Gibson assembly method (New England 

Biolabs)37,38. Plasmid sequence was verified and transformed into E. coli BL21 (DE3) cells. 

Briefly, LB media cultures are incubated at 37 °C until the OD600 reaches of 0.6 units, 

equilibrated to 17 °C, and induced with IPTG. Proteins were purified as a His6x-SUMO- fusion 

by IMAC using HisPure Co2+ resin (Thermo) per the manufacturer’s instructions in 50 mM 

Tris-HCl pH 7.5, 300 mM NaCl, and 5 mM CaCl2. The His6x-SUMO tag was removed by the 

addition of Ulp1 protease, and subsequent HisPure Co2+ purification. The full length SpaA 

plasmid was prepared by the Hung Ton-That lab, and generously provided to us. The spaA gene 

encoding residues 30-500 was cloned into a pMCSG7 vector. Individual SpaA subdomains were 

then subcloned from this plasmid into both pE-SUMO and pE-MAPLE (MBP-fusion) vectors. 

Expression and purification was carried out as described above, with the addition of a final 

Superdex75pg gel-filtration polishing step (GE Healthcare). Mutagenesis was carried out by the 

QuikChange method (Agilent).  

4.4.2 In vitro pilus assembly reactions 

In vitro reactions were carried out at room temperature and proteins were dissolved in assay 

buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM DTT). All reactions used a fixed 100 µM 

concertation of SrtA enzyme and 300 µM SpaA substrate (either full length, or each individual 

domain). Reactions were stirred gently by continuous rotation. Timepoints were taken at 0 hr, 24 

hr, 48 hr, and 72 hour respectively, and reactions were quenched by addition of two volumes of 

SDS-loading dye.  



105 
 

4.4.3 Mass-spectrometry of in vitro assembled species  

Gel bands containing proteins with isopeptide linkages were reduced with dithiothreitol (Sigma), 

alkylated with iodoacetamide (Sigma), and digested with trypsin (Thermo Scientific) followed 

by AspN (Thermo Scientific). Proteolytic peptides were separated online with an EASY 

nLC1000 high-performance liquid chromatograph (Thermo Scientific) coupled to a hybrid mass 

spectrometer (Q-Exactive, Thermo Scientific). We analyzed MS data using 2 approaches: 1. 

Predict masses of the proteolytic peptides containing isopeptide linkages and search for them 

from the MS peak lists39 2. Search for MSMS spectra containing characteristic ions of the 

ELPLT fragment (m/z 215.138; 225.122; 243.132; 294.18; 312.19; 322.174; 340.186). 

 

4.4.4 HPLC assay to measure SrtA hydrolysis kinetics  

In vitro hydrolysis reactions were performed based on the method developed by Kruger et al35. 

50 µM SrtA (wild-type or mutant) was incubated with 500 µM KNAGFELPLTGGSGRI 

(SpaApep) 100 µL assay at 37˚C for 24,48,72 hours. The reactions were quenched by adding 50 

µL of 1 M HCl and injected onto a Waters XSelect HSS C18 reversed phase HPLC column. 

Peptides were eluted by applying a gradient from 3 to 23% acetonitrile (in 0.1% trifluoroacetic 

acid) over 25 minutes at a flow rate of 1 mL/min. Elution of the peptides was monitored by 

absorbance at 215 nm. Peak fractions were collected and their identities confirmed by MALDI-

TOF mass spectrometry. 
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4.5 Figures and Table 

Figure 1- Structure of the C. diphtheriae SrtA polymerase showing the lid in blue, H1-helix 

(orange) required for transpeptidation and His-Cys-Arg active site in red. Lid anchoring residues 

W83 and D81 are labeled.  
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Figure 2- In vitro reconstitution of SpaA pilus polymerization. Purified SrtA2G and SpaA 

proteins are incubated, catalyzing the production of higher molecular weight (HMW) covalently 

linked SpaA multimers. The assay faithfully reproduces the polymerization step as mass 

spectrometry analysis of SpaA-SpaA dimer indicates that the proteins are linked via isopeptide 

bond and mutation of the conserved Lys190 nucleophile in SpaA to alanine abolishes product 

formation. Mutation of the SrtA catalytic Cys222 completely abolishes any higher molecular 

weight formations. Notably, the structure of SrtA contains a unique N-terminal H1 helix (orange 

Fig. 1), that when removed to create a ΔSrtA2G mutant disrupts transpeptidation activity. Time 

course shows 0, 24, and 48-hour data. 72-hour data is included for SrtA2G active mutant.  
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Table 1-List of isopeptide linkages identified by mass spectrometry 

Isopeptide linkages Calculated 
MH+ 

Mass 
accuracy 
(ppn) 

Retention 
time (min) 

Observed in Notes 

DVHVYPKHQALS :: 
ELPLT 
Proteolytic 
variations: 
DVHVYPK :: ELPLT 
DVHVYPKHQ :: ELPLT 
DVHVYPKHQALS :: 
NAGFELPLT 
DVHVYPKHQALSEPVK 
:: ELPLT 

1947.0334 
1410.7627 
1675.8802 
2336.2034 
2400.2922 

4.0 
2.8 
3.6 
4.7 
2.9 

24.4 
26.5 
22.9 
29.0 
23.3 

SpaA Full length 
reaction 
NSpaA and CSpaA 
isolated reaction 
 

Canonical SpaA-
SpaA isopeptide 
linkage 

PKLI :: ELPLT 1023.6448 11.9 36.5 CSpaA/ SpaB 
reaction 

Expected SpaA-
SpaB isopeptide 
linkage 

 

Figure 3- Mass spectrum identifying SpaA-SpaA isopeptide linkage. Predicted isopeptide 

linkages of SpaA-SpaA were confirmed by mass spectrometry. Representative spectra of the 

well-known SpaA-SpaA isopeptide.  
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Figure 4- Simplified SpaA isopeptide conjugation. SDS-PAGE results demonstrating that the lid 

activated SrtA2G enzyme can ligate CSpaA and NSpaA together. In this experiment, we left the 

purification tags on the individual domains (SUMO-NSpaA and MBP-CSpaA) to assist in 

downstream purification of ligation product, and to create a molecular weight marker for 

transpeptidation activity, as the NSpaA and CSpaA proteins are similar molecular weights (17 and 

16 kDa respectively). The gel shows a time course of 0-24 hours. Presence of isopeptide was 

confirmed by mass spectrometry (Table 1).  
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Figure 5- Reconstitution of SpaA-SpaB termination reaction. (A)SDS-PAGE results of reaction 

between lid activated SrtA2G and CSpaA with SpaB. This gel shows results that a time course 

from 0-24 hours, where we observe isopeptide linkage between cSpaA and SpaB, recapitulating 

the termination reaction.  (B) Mass spectra confirming isopeptide between the T494 from SpaA 

and K139 in SpaB. Representative spectra of CSpaA-SpaB isopeptide. Data also summarized in 

Table 1 
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Figure 6-Hydrolysis kinetics of SrtA pilin polymerase. (Left) Overlay of representative HPLC 

trace. (Pink) HPLC trace of intact SpaApep overlaid with HPLC trace (orange) of SpaApep treated 

with SrtA enzyme. (Right) Quantification of remaining SpaApep from HPLC trace. Data collected 

over 0-72 hours reported below.  
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Figure 7- Structural model of the SrtA-SpaA pilin polymerase attack complex. This complex 

was visualized and assembled in PyMol. The SpaA molecule is shown split into its two domains 

including (magenta) CSpaA and (blue)NSpaA. The SrtA enzyme is shown in green, and the H1-

helix potentially bridging interactions between the two SpaA domains is seen in orange.  
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Supplemental Figure 1- Quantification of Pilus Assembly. Using ImageJ we quantified the 

amount of SpaA remaining after various timepoints (0,24,48 hours). As no observable SpaA 

HMW species were observed in the SrtAWT reaction these are set to 100% SpaA remaining. 

SpaA amount normalized to each individual 0 hour reaction timepoint.  
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5.1 Overview  

The LytR-CpsA-Psr (LCP) family of enzymes is present in almost all Gram-positive 

bacteria. Recent efforts by many groups have demonstrated that these enzymes attach 

glycopolymers to the cell wall. More specifically, many of these enzymes attach wall teichoic 

acids (WTAs) to cell wall peptidoglycan. WTAs are highly anionic, polymeric repeats of sugar 

moieties linked via phosphodiester bonds, and in a few microbes, such as S. aureus and Bacillus 

subtilis, have been shown to be crucial for bacterial survival and pathogenesis. Recently, Ton-

That and colleagues discovered a new surface protein glycosylation pathway in the oral 

bacterium Actinomyces oris that surprisingly makes use of both sortase and LCP enzymes. In the 

newly discovered A. oris glycosylation pathway the surface protein, GspA, is modified by a 

LytR-CpsA-Psr-related enzyme called LCP. This is surprising as proteins in bacteria are 

generally glycosylated by oligosaccharyltransferase or glycosyltransferases, and because all 

previously characterized LCP enzymes only attach glycopolymers such as teichoic acid and 

capsular polysaccharide to the N-acetylmuramic acid component of peptidoglycan. In work 

described in this chapter of the dissertation I discuss structural-functional studies of the LCP 

enzyme from this new protein glycosylation pathway. Our studies reveal that this LCP functions 

as a phosphotransferase to attach glycopolymers to the cell wall anchored proteins. Structure-

function studies not only demonstrate residues that are critical in GspA glycosylation, but also 

identified important disulfide bonds for stable LCP surface protein display in actinobacteria. 

Preliminary microbiological studies indicate that the A. oris LCP attaches WTAs to GspA, and 

NMR data suggests that the two proteins interact in vitro. Our data as well as structural 

homology suggests that LCP enzymes role in protein glycosylation may be like Gram-positive 
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glycan glycopolymer display and may provide further insight in LCP mechanism and function as 

well as microbial surface glycosylation. 

This chapter is written in manuscript format to be submitted for publication. “Structure of 

the LCP enzyme that glycosylates surface proteins in the oral pathogen Actinomyces oris” 

Brendan R. Amer*, Sara D. Siegel*, Michael R. Sawaya, Michele D. Kattke, Janine Y. Fu, 

Brandon Liauw, Robert T. Clubb, and Hung Ton-That. * Denotes these authors contributed 

equally to this work 

 

5.2 Introduction  

A rigid peptidoglycan cell wall protects Gram-positive bacteria from mechanical and 

osmotic stress1. The cell envelope also serves as a strategic attachment point for a variety of 

macromolecules that enable the microbe to effectively interact with its surroundings. 

Glycosylated surface proteins play critical roles on the cell surface by modulating 

immunogenicity, host and bacterial surface interactions, protein stability, and motility2–4. In 

eubacteria, sugars are attached to surface proteins or their precursors through two basic 

mechanisms. Glycan polymers can be attached by oligosaccharyltransferase (OST) enzymes that 

transfer the polymer en bloc from a lipid-linked glycan donor that is embedded in the 

extracellular membrane2–5. Alternatively, individual sugars are sequentially added to the protein 

by glycosyltransferases located in the cytoplasm or on the cell surface. Depending on the type of 

enzyme, sugars or glycan polymers are covalently linked to the hydroxyl oxygen of a threonine 

or serine sidechain (O-glycosylation), or to the amide nitrogen atom in asparagine residues 

within the protein (N-glycosylation)2–4. Recently, we discovered a novel glycosylation pathway 
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in the oral bacterium Actinomyces oris, a key colonizer of the oral cavity that seeds dental plaque 

formation by forming a highly complex biofilm that can cause gingivitis and periodontitis6. In 

the pathway, a glycosylated GspA protein is displayed that may lower A. oris’s immunogenicity 

and thereby facilitate host colonization and/or interactions with other microbes4,7. The 

glycosylated surfaced displayed GspA may mediate adhesion to host and bacterial surfaces 

similar to well characterized serine-rich repeat proteins in Gram-positive bacteria that are 

glycosylated through a distinct pathway8.  

In the newly discovered A. oris glycosylation pathway the surface protein GspA 

(formerly known as AcaC) is modified by a LytR-CpsA-Psr-related enzyme called LCP9. This is 

surprising as proteins in bacteria have heretofore been shown to be glycosylated by OST or 

glycosyltransferases, and because all previously characterized LCP enzymes only attach 

glycopolymers such as teichoic acid and capsular polysaccharide to the N-acetylmuramic acid 

component of peptidoglycan10–13. LCP enzymes are potentially attractive drug targets as surface 

bacterial glycopolymers are important pathogenesis factors. For example, deletion of select LCP 

genes in multi-drug resistant pathogenic Staphylococcus aureus restores susceptible to β-lactam 

class molecules and induces the cell wall stress response machinery14,15. Additionally, in 

Streptococcus pneumonia genetic elimination of its LCP enzymes disrupts capsular 

polysaccharide display causing defects in biofilm formation and microbe viability11.  

In A. oris the accumulation LCP glycosylated forms of GspA causes lethal toxic 

glycostress when GspA isn’t properly attached to the cell wall by the SrtA sortase. Gram-

positive bacteria like A. oris employ sortase transpeptidase enzymes to covalently attach proteins 

to peptidoglycan16,17. These cysteine transpeptidases recognize C-terminal cell wall sorting 

signals in their protein substrates and catalyze a transpeptidation reaction that covalently joins 
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the protein to cross-bridge peptide of the cell wall. Cell fractionation and immunoblotting studies 

indicate that GspA is anchored to the cell wall by the A. oris SrtA sortase, consistent with the 

primary sequence of GspA containing a cell wall sorting signal. When isolated from the cell wall 

GspA exists in two main higher-molecular weight forms; proteins that are glycosylated with 

masses ranging from ~64 to 115 kDa (as determined by the periodic acid-Schiff detection 

method), and a smaller ~49 kDa species that does not appear to be glycosylated. The surface 

display of the higher-molecular weight forms of GspA is dependent upon both the sortase and 

LCP enzymes, but its glycosylation is solely dependent on LCP9. These results suggest SrtA 

sortase and LCP enzymatic machinery converge on the cell surface of A. oris to operate on 

GspA; the LCP enzyme glycosylates GspA and the sortase attaches it to the cell (the order of 

these events is not known). Interestingly, disrupting cell wall anchoring by genetically 

eliminating the SrtA sortase is lethal, but this phenotype can be suppressed by eliminating either 

the gspA or lcp genes. This indicates that the LCP glycosylation and SrtA cell wall anchoring 

reactions are tightly coupled, and suggests that when SrtA is absent toxic glycostress occurs 

when glycosylated forms of GspA accumulate in the membrane. Studies using strains that 

conditionally express the srtA gene at lower levels further support this idea, as these strains 

exhibit striking cell morphology defects and differential sensitivity to antibiotics. 

Here, we report structural, biochemical, and microbiological data in support of LCP 

function in glycopolymer display. A 2.5Å structure of LCP reveals molecular insight into a novel 

surface protein glycosylation pathway. Furthermore, structure-function and biochemical studies 

have highlighted catalytically crucial residues important in GspA surface glycosylation. Our data 

as well as structural homology suggests that LCP enzymes role in protein glycosylation may be 
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similar to Gram-positive glycan glycopolymer display and may provide further insight in LCP 

mechanism and function as well as microbial surface glycosylation. 

 

5.3 Results  

5.3.1 Structure of the LCP enzyme from Actinomyces oris  

To obtain insight into how A. oris glycosylates surface proteins we determined the 

structure of its LCP enzyme. An inspection of its primary sequence reveals a tripartite structure: 

(i) residues 1-54 presumably reside in the cytoplasm and are predicated to adopt helical 

secondary structure, (ii) residues 55-77 are non-polar and likely form a single transmembrane 

helix (TM), and (iii) residues 78-370 presumably reside on the extracellular surface and share 

primary sequence homology to LCP-type enzymes (Pfam family PF03816). The structure of the 

extracellular LCP domain (AOLCPΔTM, residues 78-370) was solved at 2.5Å resolution. Electron 

density was observed for residues 79-106 and 126-368, which form a single domain that has an 

α–β–α architecture. A seven‐stranded anti-parallel β‐sheet forms the core of the protein with a 

total of eight α‐helices flanking the sheet on both of its faces (Figure 1A). The structure of 

AOLCPΔTM is similar to that of previously reported LCP enzymes that attach polymers to the cell 

wall. It most closely related to the YwtF (TagT) enzyme from Bacillus subtilis based on a DALI 

analysis that indicates that they are related with a Z-score of 21.8; that backbone atoms can be 

superimposed with a root-mean-square deviation (RMSD) of 2.5Å. Interestingly, unlike other 

LCP enzymes, AOLCPΔTM contains a disulfide bond between residues Cys179 and Cys365, which 

functions to link the C-terminus to α-helix H2. This disulfide is presumably stabilizing, since it 

persists despite the presence of a reducing agent in the protein buffer used in the final 
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purification step (Figure 1B) and the cysteine residues are conserved in other LCP enzymes 

present in some bacteria in the Actinomycetales order. The importance of this disulfide linkage 

will be discussed further later in this text. Additionally, we have modeled a Co2+ atom at the N-

terminus of the protein that is coordinated by the indole rings of His79 and His295. This metal 

was placed at this site because it is present during purification and because strong anomalous 

scattering was observed that is consistent with their being Co2+ in the crystal. Co2+ binding is 

unlikely to be functionally important as the histidine residues are poorly conserved in other LCP 

enzymes and because they are located distal to the presumed active site.  

The presence of a hydrophobic tunnel leading into the active site suggests that AOLCPΔTM 

uses a lipid-based donor to glycosylate GspA. Members of the LCP superfamily contain three 

conserved arginine residues that are believed to mediate the phopshotransfer reaction that 

attaches glycopolymers. In AOLCPΔTM, these conserved residues (Arg128, Arg149, and Arg266) 

cluster together within a surface exposed pocket (Figure 1C). One surface of the exposed active 

site is formed by residues in strand β3 and helix H1, while the top and side of the pocket is 

formed by helix H4 and H5, respectively packing against the core β-sheet. Arg128 and Arg149 

in the pocket are positioned towards the surface and located in strands β3 and β4/ β5 loop, 

respectively. Helix H5 spans the length of the protein, and contains the third conserved active 

arginine (Arg266), which is located closer to the body of the enzyme where the pocket narrows. 

Electron density is observed between guanidino Arg128 and Arg149 sidechains and the modeled 

phosphate atom. The location of this atom has mechanistic implications that are described below. 

Interestingly, immediately adjacent to this conserved site is a hydrophobic tunnel that leads from 

the active site to the opposite face of the protein structure. The tunnel is ~23Å in length and is 

lined by residues located on the central β-sheet, helices H5, H6 and H7.  The tunnel varies in 
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width from ~6-14Å and is widest in the middle of the core of the protein. The surface of the 

tunnel contains many non-polar residues consistent with it interacting with lipid substrates. 

Interestingly, during refinement additional electron density was observed near the exit point of 

the tunnel, defined by helices H6 and H7, indicating that a ligand was bound. However, it was 

not possible to conclusively define the identity of this ligand using MALDI-TOF mass 

spectrometry and modeling the ligand as phosphate-isoprenoid molecule or other membrane 

associated lipid yielded poor refinement statistics. The best match to the data was obtained by 

modeling the ligand as a PEG-4000 molecule that was used as a precipitant during crystallization 

(Figure 1D). This ligand is bound with 50% occupancy and defines the exit point for the tunnel 

distal to the active site. Thus, AOLCPΔTM presumably glycosylates GspA using lipid-linked 

glycan donor substrate. It therefore is likely functionally similar to other members of the LCP 

superfamily that use lipid-linked glycan substrates to attach glycopolymers to the cell wall.   

5.3.2 AOLCPΔTM acts as a phosphatase in vitro 

 Recent work from the Walker group has shown that LCP enzymes involved in WTA 

biosynthesis in Staphylococcus aureus can function as ligases in vitro by exhibiting 

phosphotransferase activity in which a lipid linked TA glycopolymer is covalently attached to 

peptidoglycan18. We wondered whether AOLCP might also act as a phosphotransferase to transfer 

glycan strands to GspA using a lipid-linked glycan substrate. At present, the glycan donor used 

by AOLCP is not known.  We therefore used farnesyl pyrophosphate (FPP) as a substrate mimic. 

FPP was used as it is a reasonable mimic of the lipid diphosphate component of the actual 

AOLCP lipid-glycan donor substrate, however it lacks the glycan component. If FPP acts as a 

glycan donor substrate in vitro the AOLCP enzyme should hydrolyze the phosphoanhydride bond 

resulting in the release of phosphate into solvent. Incubating FPP with AOLCPΔTM results in the 
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release of phosphate from FPP. To investigate the importance of active site Arg residues in this 

process, we mutated Arg149 to alanine which resulted in compete loss of phosphate release from 

FPP. Interestingly, double mutation of the cysteines that form a disulfide linkage to alanine 

dramatically reduced the activity of the enzyme (Figure 2A). Using this assay, but varying the 

concentration of FPP substrate allowed us to obtain phosphate release kinetics of AOLCPΔTM 

which we report in Figure 2B and Table 2. Phosphate release data demonstrates that AOLCPΔTM 

does have phophotransferase activity which likely mediates the transfer of glycopolymers from 

lipid-linked substrates to GspA.  

5.3.3 Structure-Function studies of the A. oris LCP enzyme.  

In order to validate our structural model of AOLCPΔTM and further define the mechanism 

of LCP mediated protein glycosylation we conducted structure-function studies. We utilized 

AOLCP deletion A. oris strains and accompanying Western-blots of cell wall extracts to analyze 

GspA glycosylation. A deletion of the lcp gene was made in A. oris and then mutant AOlcp 

plasmids were introduced to examine the effects of lcp mutation on GspA glycosylation. We first 

sought to answer if conserved arginine residues found in the active site of AOLCPΔTM were 

necessary for GspA glycosylation. Mutating any of these conserved catalytic arginine residues 

(Arg128, Arg149, Arg242, Arg266) to alanine resulted in no observable glycosylation of GspA 

in vivo (Figure 3A). This is not a surprising result as these structurally conserved arginine 

residues have been shown to be crucial in other LCP enzyme homologs function10,19. This data 

suggests that AOLCP uses a conserved LCP mechanism to glycosylate GspA.  

Another structural feature observed in our model of AOLCPΔTM is a disulfide that appears 

to pack the C-terminus against the body of the enzyme. While the cysteine pair resulting in this 
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disulfide bond is conserved among actinobacteria, it is generally not present in the larger LCP 

family. A growing body of work has shown that cell-surface displayed proteins require disulfide 

bond-forming machinery within Actinobacteria, such as Corynebacterium diphtheriae and A. 

oris20–22. We speculated the disulfide we observed in our structure was important given the 

literature and thus created a mutant AOLCP plasmid harboring mutations to this disulfide. 

Interestingly, mutation of the cysteine residues that form a disulfide (Cys179 and Cys365) also 

resulted in striking defects in GspA glycosylation in vivo. To further investigate the reason for 

this defect we probed A. oris cell extracts for the AOLCP protein. We observed that this mutation 

significantly destabilizes the enzyme in vivo as observed by Western-blot. Further, Differential 

Scanning Fluorimetry (DSF), supported that AOLCPΔTM protein lacking this disulfide exhibited a 

lower thermal melting temperature, demonstrating the importance of this disulfide for enzyme 

stability. Our structure-functional data not only validates our model of AOLCPΔTM but gives us 

further insight into the requirements for stable enzyme display in actinobacteria.  

5.3.4 NMR studies suggest GspA and AOLCPΔTM weakly interact 

To further define the mechanism of surface protein glycosylation by LCP we investigated 

its interactions with its GspA substrate. We initially attempted to perform isothermal titration 

calorimetry (ITC) to obtain binding energies, however we failed to observe any detectable 

interaction. We however hypothesized that the interactions between AOLCPΔTM and GspA must 

be weak, as the evidence that AOLCPΔTM glycosylates GspA in vivo is strong. We turned to 

solution NMR spectroscopy as it can detect weakly interacting proteins and/or ligands. We 

produced 15N-isotopically enriched AOLCPΔTM and 14N-GspAΔTM, a truncation of GspA lacking 

it’s predicted N-terminal signal peptide and C-terminal transmembrane region, to perform 1H-

15N-HSQC titration studies. We acquired a series of 1H–15N HSQC NMR spectra of 15N-
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AOLCPΔTM with various amounts of the 14N-GspAΔTM. The various spectra of the 15N-AOLCPΔTM 

(up to1:4 15N-AOLCPΔTM-to-14N-GspAΔTM ratio) titrations is partially resolved, enabling for line-

shape, specifically peak-height, analysis. Spectra of 15N-AOLCPΔTM and 14N-GspAΔTM at a 1:8 

ratio respectively are completely broadened, either due to sample dilution or more likely spin-

diffusion caused by complex formation. Unfortunately, due to the low quality of the spectra site-

specific interactions or chemical-exchange equilibria cannot be estimated. However, analysis of 

43 resolved peaks revealed that 4 of these peaks with high signal-to-noise (approximately 20-

fold over background) did exhibit dose-dependent reduction in peak-height during the titration 

experiment (Figure 4). This suggests that AOLCPΔTM and GspA interact weakly in vitro. Further 

refinement of this interaction will help define the LCP mediated mechanism of glycopolymer 

transfer, and this data supports further studies of these interactions.  

5.3.5 GspA and LCP mutant A. oris strains exhibit reduced cell wall phosphate content 

Since LCP enzymes in other species of Gram positive bacteria attach wall teichoic acids 

(WTAs) to the peptidoglycan we determined if disruption of the GspA glycosylation pathway 

reduced display of WTA in A. oris10,13,15,18,23. This was achieved by quantifying the amount of 

cell wall associated phosphate content in several mutant A. oris strains as the majority of 

phosphate in the Gram-positive cell wall resides with WTA13,24. We constructed mutant strains 

of A. oris that lack GspA in a SrtA deletion background. WT and mutant A. oris strains were 

cultured until they reached mid-exponential phase, harvested and the cell wall fraction isolated. 

Cell wall phosphate was then released by acid treatment24–26 and the amount measured using an 

established colorimetric assay24,27. The results demonstrated that deletion to GspA in the srtA- 

background resulted in reduction of cell wall phosphate content (Figure 5). This suggests that 

AOLCP may have two distinct substrates. It is capable of glycosylating GspA on the cell surface, 
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while it is also able to attach phosphate containing polymers to the cell surface that likely 

correspond to WTA. Studies using single deletion of either the lcp or gspa gene are ongoing. 

 

5.4 Discussion 

Our studies reveal that AOLCP is a phosphotransferase enzyme that facilitates surface 

protein glycosylation of GspA, and likely the display phosphate rich glycopolymers on the 

surface of the oral pathogen A. oris. This allows us to suggest a plausible mechanism of the 

AOLCPΔTM mediated glycosylation of GspA. The presence of a hydrophobic tunnel suggest that 

the enzyme uses a pyrophosphate-lipid linked glycan donor. To gain insight into how this 

substrate bound we used the structure of the TagT enzyme bound to all cis octaprenyl‐

pyrophosphate (opr‐PP) (PDB 4DE9) to model the opr-PP: AOLCPΔTM complex.  This was 

achieved by superimposing the protein coordinates, as well as the coordinates of the phosphate 

proximal to the glycan strand in the structure of TagT and the active site phosphate atom present 

in the structure of AOLCPΔTM (Figure 6). The model suggests AOLCPΔTM catalyzes a phospho 

transfer reaction in which the pyrophosphate linkage joining the lipid to the sugar molecule is 

broken, presumably as a result of nucleophilic attack by an oxygen or nitrogen atom present an 

amino acid sidechain within the GspA protein. As a result, the proximal phosphate and glycan 

are transferred to GspA. In this reaction Arg128 and Arg149 may stabilize the phosphate leaving 

group, whereas Arg266 may favorable interact with the trigonal bipyramidal intermediate that 

likely forms during catalysis. The process is thermodynamically favorable, as breakage of the 

phosphoanhydride linkage in the substrate releases more free energy than is required to attach a 

sugar molecule to the protein (the Gibbs standard free energy for phosphoanhydride breakage in 
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the substrate is ~-7.3 kcal/mol, whereas only ~3.3 kcal/mol is required to form the 

phosphodiester bond that joins the sugar to the protein).  

It has been challenging to study the LCP family of enzymes as it is difficult to obtain 

cell-wall peptidoglycan precursors. Nevertheless, in elegant work by Walker and colleagues they 

demonstrated that LCP enzymes directly attach chemoenzymatically synthesized WTA 

substrates to lipid-II mimics in vitro28. We sought to uncover the mechanism by which AOLCP 

acts to glycosylate a surface protein GspA. Structural homology, conservation of lipid-binding 

and catalytic residues, and phosphotransferase activity suggest the mechanism of AOLCP surface 

protein glycopolymer display is similar to LCP mediated WTA display. While we did not 

reconstitute the phosphotransfer reaction in vitro, because the identity of the lipid-glycan 

substrate is unknown. We expect that upon identification and synthesis of a lipid-glycan analog, 

AOLCP-mechanistic studies can be carried out utilizing a protein, GspA substrate as opposed to a 

lipid-II analog, which is arguably cheaper and easier. These studies would not only be relevant to 

understanding LCP-mediated surface protein glycopolymer display, but likely extend to 

understanding the mechanism of general LCP-mediated WTA display in all Gram-positive 

bacteria.  

Additionally, our structural and functional data have highlighted the importance of 

catalytically important arginine residues, as well as a disulfide within AOLCP that is important of 

enzyme stability in vivo and activity both in vitro and in vivo. Fascinatingly, the importance of 

the disulfide in AOLCP enzymatic stability and activity, fits well with a growing body of work 

that demonstrates the importance of these stabilizing bonds in surface displayed enzymes and 

proteins in actinobacteria including A. oris20–22. While we have demonstrated that the disulfide is 

important for AOLCP activity, we do not know how this bond is formed in vivo. It may not 
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require thiol-disulfide oxidoreductase machinery; however, this seems unlikely, but further 

studies may reveal which if any thiol-bond forming chaperone systems are required. 

Nonetheless, this data supports the notion that actinobacteria bacteria use disulfide bonds to 

stabilize surface displayed proteins. 

Furthermore, our cell-phosphate quantification studies suggest a new mechanism of 

WTA display by GspA, which may be a mechanism by which actinobacteria display WTA. 

While our data seems to support this statement, as deletion of GspA reduced cell wall phosphate 

content, the identity of the glycan being attached to GspA by AOLCP is currently unknown. The 

function of GspA glycosylation remains unknown, however it may modulate a variety of 

functions including modulating immunogenicity, increasing protein stability, or serve as an 

additional platform for WTA display in A. oris. The studies presented here not only demonstrate 

the structure-functional role of AOLCP in GspA mediated glycopolymer display, but suggest that 

LCP enzymes share a general mechanism of glycopolymer display. And that these studies and 

system may provide a platform for further molecular dissection of LCP mediated glycopolymer 

surface display in all Gram-positive bacteria.  

 5.5 Materials and Methods 

Cloning, Protein Expression, and Purification. DNA encoding soluble LCP (AOLCPΔTM), 

residues 78−370, from the MG-1 strain of A. oris was cloned into the pE-SUMO vector 

(LifeSensors) using the Gibson assembly method (New England Biolabs)29,30. Selenomethionine-

labeled AOLCPΔTM were produced by expressing the proteins in M9 minimal media supplemented 

with Selenomethionine (Sigma). Briefly, the cultures are incubated at 37 °C until the OD600 

reaches of 0.6 units, equilibrated to 17 °C, and induced with IPTG. Native protein was produced 
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in a similar fashion, except LB media was used. Proteins were purified as a His6x-SUMO- 

AOLCPΔTM fusion by IMAC using HisPure Co2+ resin (Thermo) per the manufacturer’s 

instructions in 50 mM Tris-HCl pH 7.5, 250 mM NaCl, and 5 mM MgCl2. The His6x-SUMO tag 

was removed by the addition of Ulp1 protease, and subsequent HisPure Co2+ purification. A final 

gel-filtration purification step was carried out using a Superdex75pg column equilibrated in 50 

mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2, and 5 mM DTT. Purity and identity was confirmed 

by SDS-PAGE and MALDI-MS. DNA encoding a soluble fragment of GspAΔTM, residues 29-

295 was amplified from A. oris MG-1 bacteria and cloned into a pE-SUMO vector (LifeSensors) 

by Gibson assembly. Native GspAΔTM protein was produced and purified as described above.  

Crystallization and Diffraction Data Collection, Processing and Structure Determination. 

To produce suitable crystals for structure determination the selenomethionine and native 

AOLCPΔTM protein was concentrated to approximately 15 mg/ml. Crystals of AOLCPΔTM were 

obtained using the hanging-drop by mixing 15 mg/ml of protein 1:1 with 0.1M sodium citrate pH 

5.5, 25% PEG4000, 20% 2-propanol mother liquor. For X-ray data collection, no cryoprotection 

was needed or used for AOLCPΔTM. Diffraction data sets were collected at the Advanced Photon 

Source (APS) beamline 24-1D-C equipped with a Pilatus-6M detector. All data were collected at 

100 K. For MAD phasing data was acquired using three independent wavelengths, with 0.5° 

oscillations. Selenomethionine ΔTM‐LCP crystals diffracted to 2.67 Å resolution, whereas native 

ΔTM‐LCP crystals diffracted to 2.5 Å resolution. The XDS/XSCALE package was used to 

index, integrate and scale data in P212121 space group31. Phasing information was obtains using 

the SHELX package32. The asymmetric unit of the crystal contained a single protein molecule, 

yielding a Matthews coefficient of 1.87 Å/Da and a 34.16% solvent content in the crystal. Initial 

refinement used the Phenix software packages to complete refinement with all modeled ligands 
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we utilized BUSTER33,34. Model building was done using Coot35. A bound PEG4000 molecule 

was modeled with 50% occupancy. Complete refinement and structure statistics are reported in 

Table 1. The coordinates are deposited in the PDB under ascension code 5V8C. 

Phosphatase assay. This assay was adapted from previous LCP phosphatase assays in the 

literature10,23. Here we use 24-hour endpoint reactions of LCP combined with FPP to detect the 

amount of phosphate released. LCP concentration for all assays was kept at 3 µM and FPP 

substrate was titrated as indicated. The reactions were all mixed in 20 mM Tris-HCl (pH 8.0) and 

incubated for 24 hours at 30°C. Controls for LCP only and FPP only were included for each 

reaction. To detect released inorganic phosphate a Phosphate Fluorometric Assay Kit (Sigma) 

was used according to manufacturer instructions. The presence of inorganic phosphate leads to 

the conversion of sucrose to glucose-1-phosphate, via an enzymatic reaction. The gluose-1-

phophosphate is then oxidized and reacts with a probe, which results in the release of a 

fluorescent signal proportional to the amount of phosphate in the sample. The phosphate 

detection master mix was added to either a phosphate standard or the endpoint samples in a black 

96-well plate and then incubated in the dark for 1 hour. The fluorescence from each sample was 

measured by a Tecan microplate reader at λex = 535/λem = 587 nm. Results from the phosphate 

standards were used to generate a standard curve and included for each biological replicate. The 

zero standard was used to determine background fluorescence and this was subtracted from all 

readings. Linear regression analysis of the standard curve was used to determine the 

concentration of phosphate in the test samples. 

NMR data collection and analysis. All protein samples used for NMR experiments were 

concentrated and dialyzed into NMR buffer (50 mM Tris pH 6.5, 100 mM NaCl, 5 mM MgCl2, 

10% D2O). 1H–15N HSQC NMR spectra were recorded on a Bruker 500 MHz spectrometer at 
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room temperature equipped with a triple resonance cryogenic probe. Initial 15N-AOLCPΔTM data 

collected at 250 µM, with 128 scans and 256 points in the indirect nitrogen dimension.  Scan 

number was adjusted to account for sample dilution during titration. Data was processed using 

NMRPipe and spectra were analyzed in Sparky36,37.   

Cell wall phosphate content determination. A. oris strains were grown in BHI media to an 

OD600 of 0.5 and harvested at 4000 RPM for 15 mins. We then weighed the cell pellet and 

resuspended it in 50 mM Tris-HCl, pH 7.5 to make a 20% wet-weight solution. Resuspended cell 

pellets were then mixed 1:1 with 50 mM Tris-HCl, pH 7.5, 4% SDS and boiled at 100°C for 10 

mins. Cells were disrupted with a mini Bead Beater (BioSpec), beads were separated from the 

extract by flash spinning and washed with 50 mM Tris-HCl, pH 7.5 twice. Cell wall extracts 

were obtained by centrifugation (17,000 x g for 20 mins) and then treated with trypsin, DNase, 

and RNAase to further isolate the cell wall. This mixture is then spun down (17,000 x g for 20 

mins) to obtain cell wall fragments and resuspended in 50 mM Tris-HCl, pH 7.5. Resuspended 

cell wall fragments were then mixed 1:1 with extraction buffer containing 50 mM Tris-HCl, pH 

7.5, 6% SDS, 2mM EDTA, 50mM DTT and boiled for 10 mins and harvested at 17,000 x g for 

20 mins. To quantify cell wall phosphate content, it must be released from the cell wall. This is 

achieved by incubating the isolated cell wall fragments resuspended in water to an OD600 of 

approximately 0.8 with 10% trichloroacetic acid at 80°C for 16 hours. Inorganic phosphate 

released is detected with the BioMol green reagent (Enzo Life Sciences) and quantified by the 

absorbance at 630 nm and interpolation to a standard curve generated with KH2PO4. Adapted 

from24–26. 
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5.6 Figures and Tables 

Figure 1- The structure of A. oris LCPΔTM enzyme. (A) Schematic of A. oris LCP with two 

views (180° rotation) of the extracellular portion of A. oris LCPΔTM, are shown as a cartoon 

colored green. The PEG4000 present in the hydrophobic core is shown as a stick model, with 

carbon atoms colored yellow and oxygen in pink. The phosphate ion in the active site is shown 

as a stick model and the phosphorous is colored in orange and oxygen in red.  The proposed 

catalytic arg residues are shown as sticks and colored red. (B) A view of the likely conserved 

disulfide bond that binds the C-terminus (Cys365) to the second α-helix (Cys179) present in the 

LCP extracellular domain (C) A close view of the proposed A. oris LCPΔTM enzyme active site, 

with the conserved catalytic Arg (Arg128, Arg149, and Arg266) residues labeled in red, 

coordinating a modeled phosphate ion. (D) A surface transparency view of the modeled 

PEG4000 molecule exiting the proposed hydrophobic lipid binding site. Here hydrophobic 

residues within 4Å are highlighted in red. 
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Table 1- A. oris LCPΔTM enzyme crystallographic statistics 

  AOLCPΔTM Se- AOLCPΔTM 
Data collection         
Space group P212121 P212121     
Cell dimensions           
    a, b, c (Å) 40.85, 69.07, 82.01 40.92, 69.19, 81.95     
   a, b, g  (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00     
    Peak Remote Inflection 
Wavelength  0.97900 0.97900 0.97170 0.97930 
Resolution (Å) 2.51-52.83 2.67-52 
Rmerge,  0.051  
I/s(I) 2.06  
CC1/2 
Completeness (%) 

0.998 
98.90 

 

Redundancy 92.9  
          
Refinement         
Resolution (Å)  2.51       
No. reflections 52941 66067     
Rwork / Rfree 0.221/0.272       
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Figure 2- A. oris LCPΔTM has phosphatase activity in vitro. (A) Data from colorimetric 

phosphatase assay to probe the mechanism of AOLCP mediated surface protein glycosylation. 

Farnesyl pyrophosphate (FPP) was incubated with AOLCPΔTM for 24 hours and inorganic 

phosphate release was quantified using a fluorescent readout. Mutation of active site Arg149 

completely abolishes phosphate release, whereas mutation of the disulfide results in a marked 

decrease in phosphate release. (B) Phosphate release kinetics were obtained by using a fixed 

AOLCPΔTM concentration and varying FPP substrate concentration to measure phosphate release. 

Kinetic parameters are reported in Table 2. 

 

 

Table 2- AOLCPΔTM phosphate release kinetics 

 Vmax  (nM/hr) Km (µM) Kcat (hr-1) 

AOLCPΔTM kinetics 37.20 ± 2.583 15.78 ± 5.09 0.01234 ± 0.861 
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Figure 3- Structure-activity relationship studies. (A) Western Blot and cell fractionation 

analysis of A. oris showing mutations to conserved active site Arg residues block glycosylation 

of GspA. Western blot of media (M) or cell wall (W) fraction for the indicated strains reacted 

with an anti-GspA antibody. 

 

 

 

 

 

 

 

 

 

 



140 
 

Figure 4- NMR data suggests that AOLCPΔTM interacts with GspA weakly. (Left) Full 2D-1H-

15N-HSQC of 250 µM 15N-AOLCPΔTM with inset showing zoomed in representative data of 

overlaid 2D-1H-15N-HSQC titration spectra showing two isolated peaks, with high signal-to-

noise. Red spectra 1:0 molar equivalents of 15N-AOLCPΔTM to 14N-GspAΔTM. Orange, Yellow, 

Green, Blue, represent 1:0.5, 1:1, 1:2, and 1:4 spectra respectively. Peak 9 does not exhibit a 

dose-dependent decrease in peak height upon adding GspA, however Peak 20 exhibits drastic 

effects on peak height. (Right) Normalized plot of peak intensity of selected residues from 

titration experiment with high signal-to-noise. Intensity data was normalized to 1:0 titration peak 

intensities.  
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Figure 5- GspA mutant A. oris strains exhibit reduced cell wall phosphate content. LCP 

enzymes are typically responsible for linking WTAs to cell wall PG precursors. WTAs account 

for a vast majority of the Gram-positive cell wall phosphate content.   We determined if A. oris 

GspA null mutants have reduced cell wall phosphate content using an established cell wall 

phosphate quantification assay. Asterisk denotes P value = 0.002. 
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Figure 6-Model of Opr-PP bound to A. oris LCPΔTM. This model was created using electron 

density of the modeled phosphate ion to place the phosphate head groups of Opr-PP, and the 

electron density used to model PEG4000 to model the lipid component of the Opr-PP 

polyprenol. The model suggests AOLCPΔTM catalyzes a phosphotransfer reaction in which the 

pyrophosphate linkage joining the lipid to the sugar molecule is broken, as a result, the proximal 

phosphate and glycan are transferred to GspA. In this reaction Arg128 and Arg149 may stabilize 

the phosphate leaving group, whereas Arg266 may favorable interact with the trigonal 

bipyramidal intermediate that likely forms during catalysis. 

 

 

 

 



143 
 

5.7 References 

1. Silhavy, T. J., Kahne, D. & Walker, S. The bacterial cell envelope. Cold Spring Harb. 

Perspect. Biol. 2, a000414 (2010). 

2. Nothaft, H. & Szymanski, C. M. Protein glycosylation in bacteria: sweeter than ever. Nat. 

Rev. Microbiol. 8, 765–778 (2010). 

3. Tytgat, H. L. P. & Lebeer, S. The Sweet Tooth of Bacteria: Common Themes in Bacterial 

Glycoconjugates. Microbiol. Mol. Biol. Rev. 78, 372–417 (2014). 

4. Szymanski, C. M. & Wren, B. W. Protein glycosylation in bacterial mucosal pathogens. 

Nat. Rev. Microbiol. 3, 225–37 (2005). 

5. Lizak, C., Gerber, S., Numao, S., Aebi, M. & Locher, K. P. X-ray structure of a bacterial 

oligosaccharyltransferase. Nature 474, 350–355 (2011). 

6. Yeung, M. K. Molecular and genetic analyses of Actinomyces spp. Crit. Rev. Oral Biol. 

Med. 10, 120–38 (1999). 

7. Iwashkiw, J. A., Vozza, N. F., Kinsella, R. L. & Feldman, M. F. Pour some sugar on it: 

the expanding world of bacterial protein O-linked glycosylation. Mol. Microbiol. 89, 14–

28 (2013). 

8. Lizcano, A., Sanchez, C. J. & Orihuela, C. J. A role for glycosylated serine-rich repeat 

proteins in gram-positive bacterial pathogenesis. Mol. Oral Microbiol. 27, 257–69 (2012). 

9. Wu, C. et al. Lethality of Sortase Depletion in Actinomyces oris Caused by Excessive 

Membrane Accumulation of a Surface Glycoprotein. Mol. Microbiol. n/a-n/a (2014). 



144 
 

doi:10.1111/mmi.12780 

10. Kawai, Y. et al. A widespread family of bacterial cell wall assembly proteins. EMBO J. 

30, 4931–41 (2011). 

11. Eberhardt, A. et al. Attachment of capsular polysaccharide to the cell wall in 

Streptococcus pneumoniae. Microb. Drug Resist. 18, 240–55 (2012). 

12. Chan, Y. G.-Y., Kim, H. K., Schneewind, O. & Missiakas, D. The Capsular 

Polysaccharide of Staphylococcus aureus Is Attached to Peptidoglycan by the LytR-CpsA-

Psr (LCP) Family of Enzymes. J. Biol. Chem. 289, 15680–90 (2014). 

13. Chan, Y. G. Y., Frankel, M. B., Dengler, V., Schneewind, O. & Missiakas, D. 

Staphylococcus aureus mutants lacking the LytR-CpsA-Psr family of enzymes release cell 

wall teichoic acids into the extracellular medium. J. Bacteriol. 195, 4650–9 (2013). 

14. Hübscher, J. et al. MsrR contributes to cell surface characteristics and virulence in 

Staphylococcus aureus. FEMS Microbiol. Lett. 295, 251–60 (2009). 

15. Dengler, V. et al. Deletion of hypothetical wall teichoic acid ligases in Staphylococcus 

aureus activates the cell wall stress response. FEMS Microbiol. Lett. 333, 109–120 (2012). 

16. Spirig, T., Weiner, E. M. & Clubb, R. T. Sortase enzymes in Gram-positive bacteria. Mol. 

Microbiol. 82, 1044–59 (2011). 

17. Schneewind, O. & Missiakas, D. Sec-secretion and sortase-mediated anchoring of proteins 

in Gram-positive bacteria. Biochim. Biophys. Acta 1843, 1687–97 (2014). 

18. Schaefer, K., Matano, L. M., Qiao, Y., Kahne, D. & Walker, S. In vitro reconstitution 

demonstrates the cell wall ligase activity of LCP proteins. Nat. Chem. Biol. (2017). 



145 
 

doi:10.1038/nchembio.2302 

19. Eberhardt, A. et al. Attachment of capsular polysaccharide to the cell wall in 

Streptococcus pneumoniae. Microb. Drug Resist. 18, 240–55 (2012). 

20. Reardon-Robinson, M. E. et al. A Disulfide Bond-forming Machine Is Linked to the 

Sortase-mediated Pilus Assembly Pathway in the Gram-positive Bacterium Actinomyces 

oris. J. Biol. Chem.  290, 21393–21405 (2015). 

21. Reardon-Robinson, M. E. et al. A thiol-disulfide oxidoreductase of the Gram-positive 

pathogen Corynebacterium diphtheriae is essential for viability, pilus assembly, toxin 

production and virulence. Mol. Microbiol. 98, 1037–1050 (2015). 

22. Reardon-Robinson, M. E. & Ton-That, H. Disulfide-Bond-Forming Pathways in Gram-

Positive Bacteria. J. Bacteriol. 198, 746–54 (2015). 

23. Baumgart, M., Schubert, K., Bramkamp, M. & Frunzke, J. Impact of LytR-CpsA-Psr 

Proteins on Cell Wall Biosynthesis in Corynebacterium glutamicum. J. Bacteriol. 198, 

3045–3059 (2016). 

24. Bhavsar, A. P., Erdman, L. K., Schertzer, J. W. & Brown, E. D. Teichoic Acid Is an 

Essential Polymer in Bacillus subtilis That Is Functionally Distinct from Teichuronic 

Acid. J. Bacteriol. 186, 7865–7873 (2004). 

25. Kruyssen, F. J., de Boer, W. R. & Wouters, J. T. Effects of carbon source and growth rate 

on cell wall composition of Bacillus subtilis subsp. niger. J. Bacteriol. 144, 238–46 

(1980). 

26. MacDonald, K. L. & Beveridge, T. J. Bactericidal effect of gentamicin-induced membrane 



146 
 

vesicles derived from Pseudomonas aeruginosa PAO1 on gram-positive bacteria. Can. J. 

Microbiol. 48, 810–20 (2002). 

27. Chen, P. S., Toribara, T. Y. & Warner, H. Microdetermination of Phosphorus. Anal. 

Chem. 28, 1756–1758 (1956). 

28. Schaefer, K., Matano, L. M., Qiao, Y., Kahne, D. & Walker, S. In vitro reconstitution 

demonstrates the cell wall ligase activity of LCP proteins. Nat. Chem. Biol. 13, 396–401 

(2017). 

29. Gibson, D. G. in Synthetic Biology, Part BComputer Aided Design and DNA Assembly 

(ed. Enzymology, C. V. B. T.-M. in) Volume 498, 349–361 (Academic Press, 2011). 

30. Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several hundred 

kilobases. Nat Meth 6, 343–345 (2009). 

31. Kabsch, W. XDS. Acta Crystallogr. D. Biol. Crystallogr. 66, 125–32 (2010). 

32. Sheldrick, G. M. A short history of SHELX. Acta Crystallogr. Sect. A 64, 112–122 

(2008). 

33. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular 

structure solution. Acta Crystallogr. Sect. D 66, 213–221 (2010). 

34. Bricogne G., Blanc E., Brandl M., Flensburg C., Keller P., Paciorek W., Roversi P., Sharff 

A., Smart O. S., Vonrhein C., W. T. O. BUSTER. Glob. Phasing Ltd., Cambridge, UK 

35. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot. 

Acta Crystallogr. Sect. D Biol. Crystallogr. 66, 486–501 (2010). 



147 
 

36. Delaglio, F. et al. NMRPipe: a multidimensional spectral processing system based on 

UNIX pipes. J. Biomol. NMR 6, 277–93 (1995). 

37. Kneller, T. D. G. and D. G. SPARKY. Univ. California, San Fr. 

 


	BA_Thesis_Chapter0_TitlePage_FINALREV_16May17
	BA_Thesis_Chapter0_Title_FINALREVISED_2Jun17
	BA_Thesis_Chapter1_Intro_Revision_1June17
	BA_Thesis_Chapter2_SortaseInhibitors_17May17_FINAL
	BA_Thesis_Chapter3_Sortase_NMRTagging_17May17
	BA_Thesis_Chapter4_PilusAssembly_17May17_FINAL
	BA_Thesis_Chapter5_LCP_FINAL_17May17



