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Abstract 

Gram-positive pathogens, such as Streptococcus pyogenes and Staphylococcus 

aureus, are etiological agents of a large array of human diseases. Unfortunately, our 

ability to treat these infections is increasingly limited due to the development of 

bacterial resistance to many existing therapies. Thus, novel targets for antimicrobial 

development are urgently needed. An attractive candidate for a new class of anti-

virulence chemotherapeutics is the sortase class of enzymes. Sortases are extracellular 

transpeptidases unique to Gram-positive bacteria. Their function is to covalently attach 

secreted virulence factors to the bacterial cell wall. Deletion or inhibition of sortases 

results in severe attenuation of bacteria for infection. In order to develop novel effective 

antimicrobial agents, a robust understanding of the biological and chemical mechanisms 

of the target are required. To this end, this dissertation endeavors to further illuminate 

the biochemical mechanism of sortase enzymes and to extend the current knowledge of 

the roles of sortases and their substrates during infection. 

Through steady-state kinetics, active site reactivity measurements, three-

dimensional structure determination via X-ray crystallography, and computational 

modeling of substrate binding, the basic enzyme mechanism of S. pyogenes sortase A 

(SrtA) has been revealed. In general, S. pyogenes SrtA displays many of the same 

mechanistic characteristics as previously studied sortases, including a reverse 



 

 

v

protonation mechanism, a conserved tertiary structure arrangement, and utilization of 

similar substrate binding interfaces and conserved active site residue functions. These 

findings suggest a general sortase mechanism, conserved among classes and species. 

Initial steps have also been taken to characterize S. pyogenes sortase C (SrtC). SrtC 

enzymes are unique in that they covalently polymerize secreted proteins, rather than 

attach them to peptidoglycan. Full length and truncation mutant constructs of SrtC and 

its substrate, T3, and peptide substrate mimics have been produced in soluble form for 

use in kinetic assays. Additionally, initial crystallization conditions have been identified 

for S. pyogenes SrtC towards the goal of three-dimensional structure determination. A 

homology model of the structure has also been produced, displaying many of the 

general features observed for other sortase enzymes. 

Additionally, a computational analysis of the mechanism of isopeptide bond 

formation in S. pyogenes SPy0128, a substrate of S. pyogenes SrtC, has been performed. 

Isopeptide bonds have previously been found in structural studies of Gram-positive 

bacterial adhesins in each domain of these multi-domain proteins. The bonds are 

typically formed between conserved lysine and asparagine residues, and formation is 

likely catalyzed by adjacent conserved glutamates. A direct nucleophilic attack 

mechanism, starting from an inverse protonation state, is supported in this study. Of 

note, there appears to be temporal regulation of isopeptide bond formation in the 
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different domains of S. pyogenes SPy0128, with the C-terminal domain isopeptide bond 

forming prior to or simultaneously with the N-terminal domain isopeptide bond. 

Previous studies suggest that SrtA activity is required for S. aureus to survive 

phagocytosis by a macrophage. The production of reactive oxygen species by 

professional phagocytes could lead to inhibition of SrtA via oxidation of a conserved 

nucleophilic cysteine residue in the active site. Through determination of inhibition 

kinetics, identification of oxidative modifications, reduction potential measurements, 

and analyses of SrtA in vivo activity in the presence of reactive oxygen species, it has 

been demonstrated that S. aureus SrtA is resistant to oxidative inhibition. These findings 

support SrtA activity inside the phagolysosome of a professional phagocyte and likely 

contribute to the ability of S. aureus to evade the innate immune system. 

The roles of sortases and their substrates during S. aureus survival inside 

professional phagocytes have not been thoroughly investigated. Through analysis of the 

regulation of these surface proteins under phagolysosomal conditions and macrophage 

phagocytosis survival assays, initial characterization of the functions of sortases and 

their substrates in this environment has been completed. Previous studies have 

suggested a role for SrtA and its substrate, Protein A, and these genes and two other 

sortase-substrates were upregulated in response to phagolysosomal conditions. 

However, neither sortases nor their substrates demonstrated a direct function in 

phagocytosis survival. These findings imply a complex interplay between S. aureus and 
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professional phagocytes. Further studies are necessary to delineate the direct activities of 

surface anchored proteins during phagocytosis of S. aureus by professional phagocytes. 



 

 

viii

Dedication 

I dedicate this work in loving memory of my grandfather, Everette “Bud” 

Clarence Abram. His example of what it means to be a truly good and loving person will 

inspire me always. 

 



 

 

ix

Contents 

Abstract ......................................................................................................................................... iv 

Contents ......................................................................................................................................... ix 

List of Tables ................................................................................................................................ xv 

List of Figures .............................................................................................................................xvi 

List of Abbreviations ............................................................................................................ xxviii 

Acknowledgements ................................................................................................................. xxxi 

1. General Introduction ................................................................................................................ 1 

1.1 Bacterial Pathogenesis...................................................................................................... 1 

1.1.1 Bacterial Infections ...................................................................................................... 1 

1.1.2 Bacterial Resistance to Antibiotics ............................................................................ 2 

1.1.3 Gram-Positive Bacteria ............................................................................................... 4 

1.2 Sortase Transpeptidases .................................................................................................. 8 

1.2.1 Targeting Sortase Enzymes ........................................................................................ 8 

1.2.2 Sortase Function and Biology .................................................................................. 10 

1.2.3 Transpeptidation Mechanism .................................................................................. 18 

1.2.4 Sortase Structure ........................................................................................................ 23 

1.3 Substrates of Sortase Enzymes ..................................................................................... 27 

1.3.1 S. aureus Cell Wall-Anchored Proteins ................................................................... 27 

1.3.2 S. pyogenes Cell Wall-Anchored Proteins ............................................................... 30 

1.3.3 S. pyogenes Sortase C and Pilus Biogenesis ............................................................ 32 



 

 

x

1.4 Immune Response to Bacterial Infection ..................................................................... 36 

1.4.1 Initial Immune Response .......................................................................................... 36 

1.4.2 Innate Immune System ............................................................................................. 37 

1.4.3 Adaptive Immune System........................................................................................ 42 

1.4.4 Evasion of the Immune Response by S. aureus...................................................... 44 

1.5 Thesis Objectives ............................................................................................................ 49 

1.5.1 Structural and Mechanistic Characterization of S. pyogenes Sortase A .............. 50 

1.5.2 Preliminary Studies of S. pyogenes Sortase C ......................................................... 50 

1.5.3 Resistance of S. aureus Sortase A to Oxidative Inhibition .................................... 51 

1.5.4 S. aureus Survival of Phagocytosis .......................................................................... 52 

2. Mechanistic and Structural Characterization of Streptococcus pyogenes Sortase A......... 53 

2.1 Background ..................................................................................................................... 53 

2.2 Materials and Methods .................................................................................................. 57 

2.2.1 Gene Cloning ............................................................................................................. 57 

2.2.2 Protein Expression and Purification ....................................................................... 58 

2.2.3 S. pyogenes SrtAΔN81 Transpeptidation Activity ..................................................... 59 

2.2.4 Alkylation of S. pyogenes SrtAΔN81 Cys208 .............................................................. 63 

2.2.5 S. pyogenes SrtAΔN81 Crystallization ......................................................................... 64 

2.2.6 Data Collection and Structure Determination ....................................................... 65 

2.2.7 Modeling of the Enzyme-Substrate Complex ....................................................... 69 

2.3 Results .............................................................................................................................. 69 

2.3.1 Protein Design and Production ............................................................................... 69 



 

 

xi

2.3.2 S. pyogenes SrtAΔN81 is an Active Transpeptidase .................................................. 70 

2.3.3 S. pyogenes SrtAΔN81 Cys208 can be Alkylated ........................................................ 74 

2.3.4 Overall Structure of S. pyogenes SrtAΔN81 ................................................................ 76 

2.3.5 Active Site Architecture of S. pyogenes SrtAΔN81 .................................................... 79 

2.3.6 Structural Changes On Cys208 Oxidation In S. pyogenes SrtAΔN81 ...................... 80 

2.3.7 Molecular Modeling of Substrate Binding to S. pyogenes SrtAΔN81 ..................... 83 

2.4 Discussion ........................................................................................................................ 85 

3. Preliminary Studies of Streptococcus pyogenes Sortase C .................................................... 95 

3.1 Background ..................................................................................................................... 95 

3.2 Materials and Methods ................................................................................................ 103 

3.2.1 Gene Cloning ........................................................................................................... 103 

3.2.2 Protein Expression and Purification Studies ....................................................... 109 

3.2.3 Peptide Substrate Production ................................................................................ 115 

3.2.4 S. pyogenes SrtC Transpeptidation Activity ......................................................... 115 

3.2.5 Alkylation of S. pyogenes SrtC-1ΔN30 Cys221 ......................................................... 116 

3.2.6 Crystallization of S. pyogenes SrtC-1ΔN30 ............................................................... 117 

3.2.7 Homology Modeling of S. pyogenes SrtC-3ΔN31 .................................................... 118 

3.3 Results ............................................................................................................................ 119 

3.3.1 Protein Design and Production ............................................................................. 119 

3.3.2 S. pyogenes SrtC is Not a Highly Active Transpeptidase In Vitro ...................... 121 

3.3.3 S. pyogenes SrtC-1ΔN30 Cys221 can be Alkylated ................................................... 126 

3.3.4 Structural Studies of S. pyogenes SrtC ................................................................... 128 



 

 

xii

3.4 Discussion ...................................................................................................................... 134 

4. Biochemical Analysis of Staphylococcus aureus Sortase A Oxidation ............................. 142 

4.1 Background ................................................................................................................... 142 

4.2 Materials and Methods ................................................................................................ 146 

4.2.1 Protein and Peptide Production and Purification .............................................. 146 

4.2.2 S. aureus SrtAΔN24 Inhibition Kinetics .................................................................... 146 

4.2.3 S. aureus Minimal Inhibitory Concentration Measurement .............................. 149 

4.2.4 Preparation of Samples for LC/MS Analysis of Oxidation ................................ 153 

4.2.5 LC/MS Data Collection ........................................................................................... 153 

4.2.6 LC-MS/MS Data Interpretation ............................................................................. 154 

4.2.7 Electrochemical Determination of Reduction Potentials ................................... 157 

4.2.8 Analysis of S. aureus Protein A Anchoring .......................................................... 158 

4.3 Results ............................................................................................................................ 159 

4.3.1 Reactive Oxygen/Nitrogen Species Inhibition of S. aureus SrtAΔN24 ................. 159 

4.3.2 Effects of Reactive Oxygen Species on S. aureus Protein A Anchoring ........... 167 

4.3.3 Electrochemical Determination of the Reduction Potential of S. aureus SrtAΔN24

 ............................................................................................................................................. 170 

4.4 Discussion ...................................................................................................................... 173 

5. Role of Cell Wall-Anchored Proteins In Staphylococcus aureus Survival of Phagocytosis
 ..................................................................................................................................................... 183 

5.1 Background ................................................................................................................... 183 

5.2 Materials and Methods ................................................................................................ 191 

5.2.1 Bacterial Strains and Mammalian Macrophages ................................................ 191 



 

 

xiii

5.2.2 RNA Extraction From S. aureus and cDNA Synthesis ....................................... 193 

5.2.3 RT-qPCR Analysis of Gene Expression ................................................................ 194 

5.2.4 Reactive Oxygen Species Minimal Inhibitory Concentration Measurement .. 198 

5.2.5 S. aureus Escape From Mammalian Macrophages .............................................. 198 

5.2.6 S. aureus Persistence In Mammalian Macrophages ............................................ 199 

5.3 Results ............................................................................................................................ 200 

5.3.1 Regulation of Sortase and Sortase-Substrate Genes Under Phagolysosomal 
Conditions ......................................................................................................................... 200 

5.3.2 Minimal Inhibitory Concentrations of Reactive Oxygen Species for S. aureus 
and Sortase Deletion Mutants......................................................................................... 202 

5.3.3 S. aureus Survival In and Escape From Mammalian Macrophages .................. 204 

5.4 Discussion ...................................................................................................................... 210 

6. Conclusions and Future Directions .................................................................................... 218 

6.1 Sortase Enzyme Mechanism and Structure .............................................................. 219 

6.2 Sortases and Pili ............................................................................................................ 222 

6.3 Staphylococcal Surface Proteins and Professional Phagocytes .............................. 226 

Appendix A. Reaction Mechanism of Streptococcus pyogenes SPy0128 Isopeptide Bond 
Formation ................................................................................................................................... 231 

A.1 Background .................................................................................................................. 231 

A.2 Materials and Methods ............................................................................................... 234 

A.2.1 Computational Methods for QM/MM Simulations ........................................... 234 

A.2.2 Computational Construction of the Initial Reactant Structure ........................ 236 

A.2.3 Molecular Dynamics Simulations of S. pyogenes SPy0128 ................................ 237 



 

 

xiv

A.2.4 QM/MM-MFEP Simulations of Isopeptide Bond Formation ........................... 237 

A.3 Results ........................................................................................................................... 238 

A.3.1 Normal vs. Inverse Protonated Initial States ...................................................... 238 

A.3.2 Reaction Mechanism of Isopeptide Bond Formation ........................................ 246 

A.3.3 Timing of Isopeptide Bond Formation ................................................................ 262 

A.4 Discussion ..................................................................................................................... 267 

References .................................................................................................................................. 273 

Biography ................................................................................................................................... 293 

 



 

 

xv

List of Tables 

Table 1. Functional Classes of Sortase Enzymes. .................................................................... 14 

Table 2: Staphylococcus aureus Strain Newman Cell Wall Anchored Surface Proteins. ..... 29 

Table 3: Streptococcus pyogenes Strain SF370 Cell Wall Anchored Surface Proteins. .......... 31 

Table 4. S. pyogenes SrtAΔN81 Transpeptidation Reaction Products. ND, not determined. 62 

Table 5. S. pyogenes SrtAΔN81 X-ray Data Collection, Refinement Statistics, and Model 
Analysis. Data in parentheses correspond to values for the highest resolution shell, as 
listed. ESU, estimated standard uncertainty. .......................................................................... 67 

Table 6. Apparent Kinetic Parameters for S. pyogenes SrtAΔN81 and S. aureus SrtAΔN2453. 
NA, not applicable. ..................................................................................................................... 73 

Table 7. Raw Peak Intensities From LC/MS Analysis of SrtAΔN24 Cys184 Oxidation. ..... 156 

Table 8. S. aureus SrtAΔN24 Inhibition Kinetics and Minimal Inhibitory Concentrations for 
Hydogen Peroxide, Sodium Hypochlorite, and Nitrosocysteine. ND, not determined. 162 

Table 9. RT-qPCR Primer Sequences Used for Analysis of mRNA Levels of Sortase and 
Sortase-Substrate Genes In S. aureus Strain Newman. ........................................................ 196 

Table 10. S. aureus Minimal Inhibitory Concentrations for Hydogen Peroxide and 
Sodium Hypochlorite. .............................................................................................................. 203 

 

 



 

 

xvi

List of Figures 

Figure 1. Exterior of a Gram-Positive Bacterium. The exterior of a Gram-positive 
bacterium consists of a phosholipid cell membrane (shown in light blue), a thick 
peptidoglycan cell wall (shown in yellow/white), teichoic acid (shown in brown), and 
occasionally a polysaccharide capsule (shown in white). Various proteins are localized to 
these layers to facilitate interactions with the extracellular environment. Some proteins 
are anchored in the peptidoglycan or bound to teichoic acid (shown in blue), while 
others are situated in the lipid membrane (shown in green). ................................................. 5 

Figure 2. S. aureus Virulence Factors. S. aureus employs various classes of virulence 
factors during infection of a host to evade the immune response. Cell wall-anchored 
proteins are attached to peptidoglycan by sortase enzymes. Secreted Enzymes and 
toxins can modulate host cell signaling, induce host cell death, and facilitate 
staphylococcal invasion. Efflux pumps can transport antimicrobial substances out of the 
bacterium. Antioxidant enzymes and pigments can detoxify reactive oxygen and 
reactive nitrogen species. Teichoic acid and polysaccharide capsule can inhibit 
recognition and phagocytosis by the host immune system. ................................................... 7 

Figure 3. Sortase-Substrate Domain Structure. Sortase substrates are composed of an N-
terminal secretion signal, a functional domain, and a C-terminal cell wall sorting signal. 
The tripartite CWSS motif consists of a five amino acid recognition sequence, followed 
by a hydrophobic region that spans the phospholipid membrane, and ends in a 
positively charged region that localizes the protein to the membrane prior to sortase 
recognition. .................................................................................................................................. 11 

Figure 4. S. aureus Iron-Responsive Surface Determinant Genomic Region. This iron 
deprivation response operon is induced under low-iron conditions. SrtB is the sortase 
responsible for anchoring IsdC, a heme binding protein, into the peptidoglycan. IsdA 
and IsdB are heme binding proteins and are substrates for SrtA. IsdE is a hemin binding 
lipoprotein, IsdF is a ferrichrome permease, and IsdG is a heme oxygenase. ................... 15 

Figure 5. The FCT Regions of S. pyogenes. S. pyogenes strains have variable FCT regions. 
Two prominent regions in pathogenic strains, FCT-2 and FCT-3, are shown. RofA, Nra, 
and MsmR are transcriptional regulators of the FCT operon. SrtC-1 and SrtC-3 are SrtC 
class enzymes responsible for pilus biogenesis. Cpa is a collagen-binding adhesive tip 
pilin. Spy0128 and T3 are backbone pilins. Spy0130 and OrfB are anchor/branch pilins. 
SipA1 and SipA2 are signal peptidase/chaperone proteins. The production of these 
proteins results in pilus biogenesis. ......................................................................................... 16 



 

 

xvii

Figure 6. Sporulation Operon in B. anthracis. SrtD is the sortase responsible for anchoring 
BasH and BasI into the cell wall during sporulation. BasH and BasI are involved in B. 

anthracis sporulation. SctR and SctS form a two-component regulatory system that 
regulates expression of the operon. .......................................................................................... 17 

Figure 7. S. aureus Sortase A Chemical Reaction Mechanism. SrtA is shown covalently 
attaching a typical secreted protein substrate to Lipid II, highlighting the roles of the 
conserved cysteine and histidine residues in the active site52. The covalently connected 
product is subsequently incorporated into the cell wall via transglycosylases and 
transpeptidases. Box 1 shows the reverse protonation mechanism employed by S. aureus 
SrtA. Box 2 illustrates the hydrogen bonding interaction of the conserved arginine 
residue with the peptide backbone of the cleavage substrate. ............................................. 20 

Figure 8. S. aureus SrtA•LPAT Complex Structure. Solution structure of S. aureus SrtA 
bound to a peptide substrate mimic (PDB ID 2KID)52. The residues of the substrate are 
labeled in red, the conserved catalytic residues and important specificity-determining 
contacts provided by the β6/β7 loop are labeled in white, and the calcium ion in the rear 
of the active site is shown in blue. ............................................................................................ 22 

Figure 9. Comparison of the Sortase Structural Classes. Sortase enzymes share a 
conserved uneven β-barrel core fold and general active site architecture. The conserved 
cysteine, histidine, and arginine active site residues in each enzyme are highlighted in 
blue, the substrate binding contacts in the β6/β7 loop are highlighted in pink, the 
calcium binding residues in SrtA are highlighted in yellow, the helical regions in SrtB 
and SrtC are highlighted in green, and the lid region in SrtC is highlighted in orange. (a) 
S. aureus SrtA (PDB ID 2KID). (b) S. aureus SrtB (PDB ID 1NG5). (c) S. pneumoniae SrtC-1 
(PDB ID 2W1J). ............................................................................................................................ 26 

Figure 10. Model of an Extended Pilus. The Gram-positive bacterial pilus contains three 
subunits: a backbone, an adhesive tip, and an anchor. The anchor is shown in blue (PDB 
ID 3KLQ), the backbone is shown in yellow (PDB ID 3B2M), the tip is shown in pink 
(PDB ID 2XID), and the nucleophilic lysine residues where covalent polymerization is 
catalyzed by SrtC enzymes are shown in green and highlighted with black arrows. ...... 33 

Figure 11. S. pyogenes Major Backbone Pilin. Structural model of the S. pyogenes backbone 
pilin, SPy012818-307, solved by X-ray crystallography (PDB ID 3B2M chain B). The 
structure consists of two immunoglobulin-like domains. Stabilizing isopeptide bonds 
are highlighted in yellow, and the lysine utilized by SrtC for polymerization is 
highlighted in green. .................................................................................................................. 35 



 

 

xviii

Figure 12. Innate Immune Response to Bacterial Infection. Resident macrophages and 
complement proteins serve to attack invading bacteria and recruit neutrophils and NK 
cells from the blood stream. Macrophages, neutrophils, and NK cells produce 
cytoplasmic granules containing toxic compounds that are released into the phagosome 
upon fusion to kill the pathogen. Bacteria are in gold, complement proteins are in pink, 
vascular epithelial cells are in red, DNA is in blue, cytoplasmic granules are in black, 
macrophages are in green, NK cells are in orange, and neutrophils are in gray. .............. 38 

Figure 13. Killing Mechanisms Utilized by Professional Phagocytes. Professional 
phagocytes produce granules, enzymes, and lysosomes which contain degradative 
enzymes, antimicrobial peptides, H+ transporters, Cl- channels, NADPH oxidases, and 
inducible nitric oxide synthases. The phagosome contains the pathogen and fuses with 
the granules and lysosomes to kill the pathogen. A phagocytosed bacterium is shown in 
gold. .............................................................................................................................................. 40 

Figure 14. S. pyogenes SrtA Steady-State Enzyme Kinetics. A plot of initial rates vs. 
substrate concentration for S. pyogenes SrtAΔN81 in the absence (filled circles) and 
presence (open circles) of 5 mM CaCl2, fit to the Michaelis-Menten equation for steady-
state kinetics with substrate inhibition, as described under “2.2.3 S. pyogenes SrtAΔN81 
Transpeptidation Activity.” Estimates of the kinetic parameters kcatapp, KMapp, and 
the inhibition constant Kiapp are listed in Table 6. ................................................................ 72 

Figure 15. Determination of the pKa of S. pyogenes SrtA Cys208. (a) Fluorescence vs. time 
plot for reaction of Badan with S. pyogenes SrtAΔN81 used to obtain rates of reaction at 
various pH (open circles- pH 5.0, filled circles- pH 5.5, open squares- pH 6.0, filled 
squares- pH 6.5, open hexagons- pH 7.0, filled hexagons- pH 7.5A, open inverted 
triangles- pH 7.5B, filled inverted triangles- pH 8.0, open diamonds- pH 8.5, filled 
diamonds- pH 9.0, open triangles- pH 9.5, filled triangles- pH 10.0). (b) Rate of S. 

pyogenes SrtAΔN81 Badan alkylation vs. pH plot used to obtain an approximate pKa of 7.6 
± 0.2 for the conserved nucleophilic Cys208. .......................................................................... 75 

Figure 16. Overall Structure of S. pyogenes SrtAΔN81. (a) Stereoview showing the 
arrangement of active site residues (Cys208, His142, and Arg216) in the structure of S. 

pyogenes SrtAΔN81. The final σ-weighted 2 Fobs-Fcalc·φFcalc map contoured at 1.2σ is shown 
in mesh representation. (b) Stereoview showing the overlay of S. pyogenes SrtAΔN81 (in 
gray) with S. aureus SrtAΔN59 (PDB ID 1T2P, in blue). Secondary structure motifs and the 
positions of important active site residues are labeled (carbon atoms of active site 
residues are colored dark gray and yellow for S. pyogenes SrtAΔN81 and S. aureus SrtAΔN59, 
respectively). The β6/β7 and β7/β8 loops are colored red/green in S. pyogenes SrtAΔN81 



 

 

xix

and cyan/magenta in S. aureus SrtAΔN59, respectively. (c) Surface representation of S. 

pyogenes SrtAΔN81 showing the active site cleft (in red). Active site residues are labeled: C, 
Cys208; H, His142; R, Arg216. The region to the left of the highlighted residues 
represents the LPXTG binding site. To the right is the region predicted to bind the 
extended protein substrate and/or the branched crossbridge of the peptidoglycan 
precursor. ..................................................................................................................................... 78 

Figure 17. S. pyogenes SrtAΔN81•Cys-ox Active Site Conformational Changes. (a) Electron 
density and model of S. pyogenes SrtAΔN81•Cys-ox  active site residues. (b) Stereoview 
showing the relative position of important active site features in the structures of S. 

pyogenes SrtAΔN81 (in light gray, red, green) and S. pyogenes SrtAΔN81•Cys-ox (in blue, 
cyan, magenta, and with carbon atoms of the residues in yellow) as described in the text.
 ....................................................................................................................................................... 82 

Figure 18. Model of S. pyogenes SrtAΔN81 Bound to LPSTG. (a) Overlay of S. pyogenes 

SrtAΔN81 structure (in white) and S. pyogenes SrtAΔN81•LPSTG model (in orange and blue). 
(b) Stereoview depicting the molecular model of the LPSTG peptide (carbon atoms in 
cyan, sequence from left to right) bound to S. pyogenes SrtAΔN81. Cα trace of S. pyogenes 
SrtAΔN81 is shown in light gray with carbon atoms of highlighted residues, as described 
under “2.3.7 Molecular Modeling of Substrate Binding to S. pyogenes SrtAΔN81” and under 
“2.4 Discussion” in the text, in dark gray. ............................................................................... 84 

Figure 19. Comparison of S. pyogenes SrtAΔN81 and S. aureus SrtAΔN59 Structures and Their 
Peptide Complex Structures. (a) Comparison of unliganded S. aureus SrtAΔN59 solution 
structure (PDB ID 1IJA chain 1, in blue) and S. pyogenes SrtAΔN81 crystal structure (PDB 
ID 3FN5 chain A, in white). (b) Comparison of S. aureus SrtAΔN59•LPAT solution 
structure (PDB ID 2KID in blue, LPAT peptide in purple) and S. pyogenes 
SrtAΔN81•LPSTG computational model (3FN5•LPSTG in white, LPSTG peptide in red). 
The calcium ion in the S. aureus SrtA•LPAT complex structure is in green. (c) 
Comparison of peptide substrate binding conformations in the SrtA active sites (LPAT 
in purple, LPSTG in red). ........................................................................................................... 94 

Figure 20. S. pyogenes Major Backbone Pilin. Structural model of the S. pyogenes backbone 
pilin, SPy012818-307, solved by X-ray crystallography (PDB ID 3B2M chain B). The 
structure consists of two immunoglobulin-like domains. Stabilizing isopeptide bonds 
are highlighted in yellow, and the lysine utilized by SrtC for polymerization is 
highlighted in green. .................................................................................................................. 98 

Figure 21. Sortase-Substrate Domain Structure. Sortase substrates are composed of an N-
terminal secretion signal, a functional domain, and a C-terminal cell wall sorting signal. 



 

 

xx

The tripartite CWSS motif consists of a five amino acid recognition sequence, followed 
by a hydrophobic region that spans the phospholipid membrane, and ends in a 
positively charged region that localizes the protein to the membrane prior to sortase 
recognition. In an anchor or a backbone pilin, the functional domain contains a specific 
lysine residue that is attached to the recognition sequence of a second pilin protein by a 
SrtC enzyme. ................................................................................................................................ 99 

Figure 22. The FCT Regions of S. pyogenes. S. pyogenes strains have variable FCT regions. 
Two prominent regions in pathogenic strains, FCT-2 and FCT-3, are shown. RofA, Nra, 
and MsmR are transcriptional regulators of the FCT operon. SrtC-1 and SrtC-3 are SrtC 
class enzymes responsible for pilus biogenesis. Cpa is a collagen-binding adhesive tip 
pilin. Spy0128 and T3 are backbone pilins. Spy0130 and OrfB are anchor/branch pilins. 
SipA1 and SipA2 are signal peptidase/chaperone proteins. The production of these 
proteins results in pilus biogenesis. ....................................................................................... 101 

Figure 23. Model of an Extended Pilus. The Gram-positive bacterial pilus contains three 
subunits: a backbone, an adhesive tip, and an anchor. The anchor is shown in blue (PDB 
ID 3KLQ), the backbone is shown in yellow (PDB ID 3B2M), the tip is shown in pink 
(PDB ID 2XID), and the nucleophilic lysine residues where covalent polymerization is 
catalyzed by SrtC enzymes are shown in green and highlighted with black arrows. .... 102 

Figure 24. Purified Recombinant S. pyogenes Proteins. Coomassie Blue-stained SDS-
PAGE gels of recombinant S. pyogenes SrtC and T3 constructs purified from E. coli 
extracts. (a) SrtC-1ΔN30 N-terminally His6 tagged. (b) SrtC-3ΔN31 N-terminally His6 tagged. 
(c) SrtC-3ΔN31 C-terminally His6 tagged. (d) T3ΔN28 N-terminally His6 tagged. (e) T329-315 N-
terminally His6 tagged. BenchMark Pre-Stained Protein Ladder markers are labeled in 
molecular mass units of kDa. T3 proteins electrophorese at ~33 kDa and SrtC proteins 
electrophorese at ~24 kDa. ....................................................................................................... 120 

Figure 25. SrtC Enzyme Activity With Peptide Substrates. Representative HPLC traces of 
SrtC activity assays. Reactions were run for 17 h at 37 °C. (a) 1 mM H-Dap(DNP)-
TQVPTGV-NH2, 2 mM Ac-TDVKKPVN-NH2. (b) 10 µM SrtC-1ΔN30, 1 mM H-Dap(DNP)-
TQVPTGV-NH2, 2 mM Ac-TDVKKPVN-NH2. (c) 10 µM SrtC-1ΔN30, 1 mM H-Dap(DNP)-
TQVPTGV-NH2, 1 mM NH2OH. (d) 1 mM H-Dap(DNP)-TQVPTGV-NH2, 2 mM Ac-
TDVKKPVN-NH2. (e) 3.5 µM SrtC-3ΔN31, 1 mM H-Dap(DNP)-TQVPTGV-NH2, 2 mM Ac-
TDVKKPVN-NH2. (f) 3.5 µM SrtC-3ΔN31, 1 mM H-Dap(DNP)-TQVPTGV-NH2, 2 mM 
NH2OH. The peak at 1800 seconds corresponds to the H-Dap(DNP)-TQVPTGV-NH2 
substrate peptide. ...................................................................................................................... 123 



 

 

xxi

Figure 26. SrtC Enzyme Activity With Protein Substrates. SDS-PAGE gel shift assays of 
S. pyogenes T3 polymerization by SrtC. (a) N-terminally His6 tagged S. pyogenes SrtC-1ΔN30 
and SrtC-3ΔN31 activity towards T3ΔN28 overnight in 300 mM Tris pH 7.5, 150 mM NaCl. 1- 
T3ΔN28, 2- SrtC-1ΔN30, 3- SrtC-1ΔN30 + T3ΔN28 (37 °C), 4- SrtC-1ΔN30 + T3ΔN28 + 50 mM DTT (37 
°C), 5- SrtC-3ΔN31, 6- SrtC-3ΔN31 + T3ΔN28 + 50 mM DTT (25 °C), 7- SrtC-3ΔN31 + T3ΔN28 + 50 
mM DTT (37 °C). (b) C-terminally His6 tagged S. pyogenes SrtC-3ΔN31 activity towards 
T3ΔN28 overnight in 300 mM Tris pH 7.5, 150 mM NaCl. 1- SrtC-3ΔN31 + T3ΔN28 (37 °C). (c) 
C-terminally His6 tagged S. pyogenes SrtC-3ΔN31 activity towards T329-315 overnight in 300 
mM Tris pH 7.5, 150 mM NaCl. 1- SrtC-3ΔN31 + T329-315 (4 °C), 2- SrtC-3ΔN31 + T329-315 (25 °C). 
BenchMark Pre-Stained Protein Ladder markers are labeled in molecular mass units of 
kDa. Monomeric T3 proteins electrophorese at ~33 kDa and SrtC proteins electrophorese 
at ~24 kDa. .................................................................................................................................. 125 

Figure 27. Determination of the pKa of S. pyogenes SrtC-1ΔN30 Cys221. (a) Fluorescence vs. 
time plot for reaction of Badan with S. pyogenes SrtC-1ΔN30 used to obtain rates of reaction 
at various pH (open circles- pH 4.5, filled circles- pH 5.0, open squares- pH 6.0, filled 
squares- pH 7.0, open triangles- pH 7.5, filled triangles- pH 8.5, open diamonds- pH 9.5). 
(b) Rate of S. pyogenes SrtC-1ΔN30 Badan alkylation vs. pH plot used to obtain an 
approximate pKa of 6.3 ± 0.4 for the conserved nucleophilic Cys221. ............................... 127 

Figure 28. Purified S. pyogenes SrtC-1ΔN30 Used for Crystallization. Coomassie Blue-
stained SDS-PAGE gel of purified S. pyogenes SrtC-1ΔN30 concentrated to 18.4 mg/mL and 
used in screening for crystallization conditions. BenchMark Pre-Stained Protein Ladder 
markers are labeled in molecular mass units of kDa. .......................................................... 129 

Figure 29. S. pyogenes SrtC-1ΔN30 Crystals. Purified S. pyogenes SrtC-1ΔN30 was 
concentrated to 18.4 mg/mL and crystallized in 100 mM Tris pH 8.5, 30% (w/v) PEG 
3000, 200 mM lithium sulfate. Pyramidal crystals about 40 µm across were produced at 4 
°C in 2-3 weeks. ......................................................................................................................... 130 

Figure 30. Alignment of S. pyogenes Serotype M3, Strain AM3 SrtC-3 and S. aureus Strain 
N315 SrtB Genes. Alignment was performed using ClustalΩ. The enzymes have 33% 
identity and 55% similarity. ..................................................................................................... 132 

Figure 31. Homology Model of S. pyogenes SrtC-3ΔN37. The structural model was 
produced with SWISS-MODEL Alignment Mode based on an ClustalΩ alignment of S. 

pyogenes SrtC-3 with S. aureus SrtB (PDB ID 1NG5 chain A). The enzyme displays the 
typical sortase core fold, as well as helical regions characteristic of the SrtB structural 
class. The conserved active site residues His128, Cys224, and Arg232 are shown. ........ 133 



 

 

xxii

Figure 32. S. pyogenes SrtC-3ΔN37 Homology Model Comparison with S. pyogenes SrtC-
1ΔN35 Crystal Structures. (a) S. pyogenes SrtC-3ΔN37 homology model (in white) overlayed 
with S. pyogenes SrtC-1ΔN35 (PDB ID 3PSQ chain A, in orange). (b) S. pyogenes SrtC-3ΔN37 
homology model (in white) overlayed with S. pyogenes SrtC-1ΔN35 (PDB ID 3PSQ chain B, 
in teal). The β6/β7 and β7/β8  loops of S. pyogenes SrtC-3ΔN37 are highlighted in pink and 
in red, respectively. ................................................................................................................... 141 

Figure 33. S. aureus Sortase A Chemical Reaction Mechanism. SrtA is shown covalently 
attaching a typical secreted protein substrate to Lipid II, highlighting the roles of the 
conserved cysteine and histidine residues in the active site52. The covalently connected 
product is subsequently incorporated into the cell wall via transglycosylases and 
transpeptidases. Box 1 shows the reverse protonation mechanism employed by S. aureus 
SrtA. Box 2 illustrates the hydrogen bonding interaction of the conserved arginine 
residue with the peptide backbone of the cleavage substrate. ........................................... 144 

Figure 34. S. aureus ΔbNOS In-Frame Deletion Mutant. Agarose gel of PCR amplification 
of bNOS region of S. aureus strain Newman and ΔbNOS mutant strains. Expected PCR 
product sizes: Newman- 3294 basepairs, ΔbNOS- 2229 basepairs. Lanes: 1- 1 Kb Plus 
Ladder (Invitrogen), 2- S. aureus ΔbNOS, 3- S. aureus strain Newman. DNA ladder sizes 
are given on the left in basepairs. ........................................................................................... 152 

Figure 35. IC50 Plots of Reactive Oxygen and Nitrogen Species for S. aureus SrtAΔN24 
Inhibition. (a) Hydrogen peroxide IC50. (b) Sodium Hypochlorite IC50. (c) Nitrosocysteine 
IC50. .............................................................................................................................................. 160 

Figure 36. Time-Dependent Inhibition Kinetics of S. aureus SrtAΔN24 by Reactive Oxygen 
Species. vi/v0 vs. time graphs were fit to obtain kobs values, and kobs vs. [ROS] graphs were 
fit to obtain apparent KI and kinact values. H2O2 concentrations were 1 mM, 10 mM, 25 
mM, 50 mM, 75 mM, and 100 mM. NaOCl concentrations were 500 µM, 1 mM, 2.5 mM, 
5 mM, 7.5 mM, and 10 mM. (a) H2O2 kinetic data. (b) H2O2 kobs fit. (c) NaOCl kinetic data. 
(d) NaOCl kobs fit. Kinetic inhibition parameters are given in Table 8. .............................. 161 

Figure 37. Oxidation of a Cysteine Residue. (a) Oxidation states of cysteine. Double 
arrows indicate physiologically reversible steps. PTP1B uses a sulfenyl amide214 and 
AhpC uses a disulfide213 to protect against irreversible sulfinic and sulfonic acid 
formation. Sulfinic acid formation has only been found to be reversible in a few specific 
cases when catalyzed by the enzyme sulfiredoxin226. S. aureus SrtAΔN24 oxidation by ROS 
results in irreversible sulfonic acid formation. (b) Electron density and model of active 
site residues (His142, Cys208, and Arg216) of S. pyogenes SrtAΔN81 crystal structure with 
Cys208 oxidized to a sulfenic acid (PDB ID 3FN6). ............................................................. 165 



 

 

xxiii

Figure 38. LC-MS/MS Analysis of S. aureus SrtAΔN24 After Oxidation by H2O2 and NaOCl. 
The percent of Cys184 oxidized to the sulfonic acid form was calculated based on the 
sum of all peak intensities containing reduced Cys 184 or Cys184 oxidized to a sulfonic 
acid for each of the treatment conditions (water, 1 mM H2O2, or 1 mM NaOCl for 2 h at 
37 °C). Cys184 showed no oxidation by water, only 6% by H2O2, and 63% oxidation by 
NaOCl. ........................................................................................................................................ 166 

Figure 39. S. aureus SrtA Anchoring of Protein A After Treatment with Reactive Oxygen 
Species. S. aureus strain Newman was grown at 37 °C in TSB to mid-log phase in the 
presence of water, H2O2, or NaOCl. Bacteria were fixed on slides, and Protein A and 
DNA were stained with a fluorescent IgG and DAPI, respectively. (a) H2O treatment. (b) 
1 mM H2O2 treatment. (c) 1 mM NaOCl treatment. (d) S. aureus ΔSrtA. .......................... 168 

Figure 40. S. aureus SrtA Anchoring of Protein A In Various pH Media. S. aureus strain 
Newman was grown at 37 °C in TSB to mid-log phase at various pH. Bacteria were fixed 
on slides, and Protein A and DNA were stained with a fluorescent IgG and DAPI, 
respectively. (a) pH 7 media. (b) pH 5 media. (c) pH 9 media. .......................................... 169 

Figure 41. Cysteine Reduction Potential Determination. (a) Representative cyclic 
voltammogram of L-cysteine (blue) and SrtAΔN24 (red) at pH 5 used to determine 
reduction potentials. (b) Pourbaix diagram showing pH-dependence of the measured 
reduction potential of L-cysteine (blue filled Δ) and SrtAΔN24 (red ●) in 50 mM phosphate 
buffered solution over pH 3-11 at 4 °C. ................................................................................. 172 

Figure 42. Model of SrtA Oxidation During Phagocytosis of S. aureus52. Oxidation of SrtA 
(to sulfenic, sulfinic, or sulfonic acid) inside professional phagocytes results in inhibition 
of SrtA and killing of S. aureus. If SrtA is resistant to oxidation and maintains activity, S. 

aureus can survive within and escape from the phagocyte. ................................................ 175 

Figure 43. Model of S. aureus-Induced Apoptosis in Macrophages. S. aureus can regulate 
signaling in host macrophages. A pro-apoptotic pathway can be induced. Factors 
involved in this pathway are shown in red and the pathway is highlighted with blue 
arrows. S. aureus activates a TLR2 pathway that leads to caspase 3 activation and 
inhibition of NF-κB signaling, resulting in macrophage apoptosis. .................................. 185 

Figure 44. Model of S. aureus-Induced Survival in Macrophages. S. aureus can regulate 
signaling in host macrophages. An anti-apoptotic pathway can be induced. Factors 
involved in this pathway are shown in green and the pathway is highlighted with 
orange arrows. S. aureus activates a TLR2/NOD2 pathway that leads to activation of NF-
κB signaling and macrophage survival. ................................................................................ 187 



 

 

xxiv

Figure 45. Regulation of S. aureus Sortases and Their Substrates Under Phagolysosomal 
Conditions. (a) Genes that were upregulated at least two-fold. (b) Genes that were 
downregulated at least two-fold. (c) Genes for which transcription levels were 
unchanged by the treatment conditions. Data presented is representative of three 
biological replicates. ................................................................................................................. 201 

Figure 46. S. aureus Escape from U-937 Macrophages. Intracellular and extracellular S. 

aureus CFU/mL counts over time are plotted. All strains tested demonstrated similar 
abilities to induce rapid cell death in macrophages. ............................................................ 206 

Figure 47. S. aureus Escape from RAW 264.7 Macrophages. Intracellular and extracellular 
S. aureus CFU/mL counts over time are plotted. All strains tested demonstrated similar 
abilities to induce rapid cell death in macrophages. ............................................................ 207 

Figure 48. S. aureus Escape From Murine Bone Marrow Derived Macrophages. 
Intracellular and extracellular S. aureus CFU/mL counts over time are plotted. All strains 
tested demonstrated similar abilities to induce rapid cell death in macrophages. ......... 208 

Figure 49. S. aureus Persistence In U-937 Macrophages. Intracellular and extracellular S. 

aureus CFU/mL counts over time are plotted. All strains tested demonstrated similar 
abilities to persist in macrophages. ........................................................................................ 209 

Figure 50. S. aureus Virulence Factors Contributing to Survival In a Professional 
Phagocyte. S. aureus produces a diverse collection of virulence factors involved in 
survival of phagocytosis. Virulence functions include induction of cell death in host 
cells, neutralization of the effects of reactive oxygen/nitrogen species, modification of the 
surface of the bacterium to avoid damage from degradative enzymes and antimicrobial 
peptides, and maintenance of normal intracellular pH. Ahp- alkyl hydroperoxidase, 
bNOS- bacterial nitric oxide synthase, dltABCD- operon responsible for modifying 
teichoic acid, Hla- staphylococcal α-hemolysin, Hlg- staphylococcal γ-hemolysin, Kat- 
catalase, LDH-1- lactate dehydrogenase, LukED- leukotoxin ED, LukGH- leukotoxin 
GH, MprF- multiple peptide resistance factor, NADH DH- NADH dehydrogenase, PGN 
O-AT- peptidoglycan O-acetyltransferase, Pigment- staphyloxanthin, PVL- Panton 
Valentine leukocidin, SOD- superoxide dismutase. ............................................................ 215 

Figure 51. Two Possible Protonation States of the Active Site Prior to Isopeptide Bond 
Formation. The three conserved residues (Asn, Glu, Lys) are labeled in blue. The ESP 
charges on the nitrogen atom in the Lys ε-amino group and the Cγ atom in the Asn 
group are shown in red for both protonation states. ........................................................... 240 



 

 

xxv

Figure 52. Potential of Mean Force of the Transformation From Normal to Inverse 
Protonated States for Active Site A. Transformation of the active site from the normal to 
the inverse protonation state requires 7.5 kcal/mol. ............................................................ 241 

Figure 53. The Reactant Geometry of Active Site A Optimized by the QM/MM-MFEP 
Method. The optimization started from the last snapshot of the 640 ps MD simulation 
without any restraints. Carbon atoms are in green; hydrogen atoms are in white; 
nitrogen atoms are in blue; oxygen atoms are in red. The red dashed lines represent 
hydrogen bonds between oxygen and hydrogen atoms. .................................................... 242 

Figure 54. The Pilin Isopeptide Bond Active Sites Are Surrounded by Aromatic Amino 
Acids. The hydrophobic environment created by these residues allows the active sites to 
transform to the inverse protonation state. ........................................................................... 244 

Figure 55. The Potential of Mean Force Changes During Direct Nucleophilic Attack of 
Nitrogen of the Protonated Lys ε-amino Group on Cγ of the Asn. .................................... 245 

Figure 56. A Typical MD Snapshot for Active Site A (shown in stick-and-ball style) 
Compared to the Crystal Structure With the Isopeptide Bond (shown in black lines). MD 
simulations were carried out in the normal protonation state without any restraints. 
Both Active Sites A and B show large fluctuations. ............................................................. 247 

Figure 57. Isopeptide Bond Formation Reaction Mechanism for SPy0128 Active Site B. (a) 
The reactant geometry of Active Site B optimized by the QM/MM-MFEP method. (b) 
The geometry details of the transition state for two inter-residue proton transfers of 
Active Site B. (c) The geometry difference between the final product state (shown in the 
stick-and-ball style) and the original crystal structure of the pilus (shown in black lines) 
for Active Site B. Carbon atoms are in green; hydrogen atoms are in white; nitrogen 
atoms are in blue; oxygen atoms are in red. The red dashed lines repesent hydrogen 
bonds between oxygen and hydrogen atoms. ...................................................................... 248 

Figure 58. Potential of Mean Force of Isopeptide Bond Formation for Active Site B. The 
complete isopeptide bond formation reaction of Active Site B requires 14.7 kcal/mol to 
proceed. ...................................................................................................................................... 251 

Figure 59. Putative Direct Nucleophilic Attack Reaction Mechanism for Isopeptide Bond 
Formation in a Pilin Subunit. The first step is a nucleophilic attack on Cγ of the Asn 
sidechain by the nitrogen from the unprotonated Lys ε-amino group. The second step 
involves two concerted inter-residue proton transfers to release ammonia. ................... 252 



 

 

xxvi

Figure 60. Comparison of Wild-Type Pilin and Pilus_Cut Model Active Site A 
Geometries. (a) The reactant geometry of Active Site A optimized by the QM/MM-MFEP 
method in the inverse protonated state of the wild-type pilin. (b) The reactant geometry 
of Active Site A optimized by the QM/MM-MFEP method in the inverse protonated 
state of Pilus_Cut. The initial geometry was generated from restrained MD simulations. 
The reactant geometry of Active B (shown in Figure 57) was aligned to Active Site A 
from the Pilus_Cut model and its backbone is shown in purple. ...................................... 254 

Figure 61. Potential of Mean Force of Isopeptide Bond Formation for Active Site A. The 
complete isopeptide bond formation reaction for Active Site A requires far more energy 
than the reaction for Active Site B. ......................................................................................... 255 

Figure 62. The Crystal Structure of the S. pyogenes Backbone Pilus, Spy0128 (PDB ID 
3B2M Chain A). The conserved Lys, Asn, and Glu residues in both actives sites are 
shown. ......................................................................................................................................... 256 

Figure 63. An Alternate Reaction Mechanism Studied in This Work. The first step is a 
nucleophilic attach on Cγ of the Asn sidechain by the nitrogen from the unprotonated 
Lys ε-amino group while the proton is transferred from Glu to Asn to generate a stable 
intermediate. The second step involves two proton transfers to release ammonia. One of 
these transfers is intra-residue, which leads to a very high energy barrier (>50 kcal/mol, 
as shown in Figure 64) to form ammonia in our simulations. ............................................ 258 

Figure 64. Potential of Mean Force of Isopeptide Bond Formation for Active Site A Using 
the Scheme in Figure 63. The intra-residue proton transfer required by the scheme 
shown in Figure 63 necessitates a much larger amount of energy for the complete 
isopeptide bond formation reaction to proceed. .................................................................. 260 

Figure 65. The Structure of Pilus_Cut Created by Removing the C-Terminal Domain and 
the N-Terminal 16 Residues. The Pilus_Cut model includes the residues from 30-171 in 
the original crystal structure (PDB ID 3B2M chain A). ........................................................ 263 

Figure 66. Potential of Mean Force of Isopeptide Bond Formation for Active Site A In 
Pilus_Cut. Isopeptide bond formation for Active Site A in the absence of Active Site B is 
more thermodynamically favorable than in the presence of Active Site B. ...................... 266 

Figure 67. Asparagine Can Form a Cyclic Succinimide Intermediate and Release 
Ammonia. The hydrophobic environment in pilin proteins might protect this 
intermediate from hydrolysis. The isopeptide bond between Asn and Lys can be then 
generated later. In this scenario, ammonia is first released before isopeptide bond 



 

 

xxvii

formation. The conserved pilin Glu residues may also be involved in intermediate 
succinimide formation or isopeptide formation. .................................................................. 272 

 

 



 

 

xxviii

List of Abbreviations 

AmBic- Ammonium bicarbonate, NH4CO3 

APC- Antigen presenting cell 

Badan- 6-Bromoacetyl-2-dimethylaminonaphthalene 

BCR- B cell receptor 

CFU- Colony forming unit 

CTL- Cytotoxic T lymphocyte 

CWSS- Cell wall sorting sequence 

Dap- Diaminopropionic acid 

DNP- 2,4-Dinitrophenyl 

ESI-MS- Electrospray ionization-mass spectrometry 

ESP- Electrostatic potential 

HIV- Human immunodeficiency virus 

HPLC- High performance liquid chromatography 

IFN- Interferon 

Ig- Immunoglobulin 

IL- Interleukin 

LC/MS- Liquid chromatography/mass spectrometry 

LC-MS/MS- Liquid chromatography-mass spectrometry/mass spectrometry 



 

 

xxix

LPS- Lipopolysaccharide 

MALDI-TOF- Matrix assisted laser desorption/ionization-time of flight mass 

spectrometry 

MD- Molecular dynamics 

MHC- Major histocompatibility complex 

MIC- Minimum inhibitory concentration 

MM- Molecular mechanics 

MRSA- Methicillin resistant Staphylococcus aureus 

MSCRAMM- Microbial surface component recognizing adhesive matrix molecules 

NEB- Nudged-elastic-band 

NK- Natural killer cell 

NMR- Nuclear magnetic resonance 

PBS- Phosphate buffered saline 

PCR- Polymerase chain reaction 

PDB ID- Protein data bank identification code 

PBS- Phosphate buffered saline 

PCR- Polymerase chain reaction 

PMA- Phorbol-12-myristate-13-acetate 

PMF- Potential of mean force 

QM- Quantum mechanics 



 

 

xxx

QM/MM- Quantum mechanics/molecular mechanics 

QM/MM-MFEP- Quantum mechanics/molecular mechanics-minimum free energy path 

QSM- Quadratic string method 

RNS- Reactive nitrogen species 

ROS- Reactive oxygen species 

RT- Room temperature 

SCV- Small colony variant 

SDS-PAGE- Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

TCR- T cell receptor 

Th- Helper T cell 

TNF- Tumor necrosis factor 

Treg- Regulatory T cell 

TSB- Bacto Tryptic Soy Broth 

VISA- Vancomycin intermediate-resistance Staphylococcus aureus 

  



 

 

xxxi

Acknowledgements 

I have many people to thank for helping me reach this point. A special thank you 

to Dr. Dewey McCafferty for giving me a lab to call my home for all these years. I will 

always be grateful to you for allowing me the freedom to ask, and attempt to answer, 

the questions that were most interesting to me. My experiences in your lab will be an 

incredible benefit to me throughout my career. 

Thank you also to my committee members, Dr. Raphael Valdivia, Dr. Meta 

Kuehn, and Dr. Pei Zhou. I am very appreciative of all the constructive criticism, advice, 

and support you provided throughout the years. In addition, thanks to all the members 

of the Duke Scholars in Infectious Disease program, especially Dr. Pat Seed, Dr. Andy 

Alspaugh, and Dr. Ravi Jhaveri, for broadening my horizons in such a profound way. 

Thanks to all my labmates and coworkers through the years for helping me 

through this process. Thanks to Dr. Matt Bentley for giving me valuable advice and 

serving as a great example of how to be successful in graduate school. Special thanks to 

Dr. Maria Bednar and Dr. Julie Pollock for making grad school fun and for the many 

conversations about science, food, and sports, and also to Dr. Carlos Goller and Andy 

Manning for being constant resources and great friends. 

My greatest thanks go out to my family. Thanks Dad for providing invaluable 

advice and support and for exemplifying what it takes to be a successful scientist. 

Thanks Mom for all of the love and support, and of course, all the positive thoughts. 



 

 

xxxii

Thanks Jay for being there to commiserate with throughout this entire process, for all the 

lost-in-translation conversations about biology and chemistry, and for being an 

awesome big brother. 

Most of all, thanks to my wonderful wife Jen. Your dedication and passion is 

such an inspiration to me and has been instrumental in helping me achieve this goal. 

The joy you bring to my life propels me to succeed every day. Thank you for so much 

love and support and your eternal optimism for me. I would not be here without you.



 

1 

1. General Introduction  

1.1 Bacterial Pathogenesis 

1.1.1 Bacterial Infections 

Infectious diseases are a major cause of morbidity and mortality in both 

developed and developing nations. Hospital-acquired infections represent a major 

burden on the healthcare system, contributing to increased morbidity and mortality, 

length of healthcare stay and costs1. Bacteria are responsible for a major portion of 

infectious diseases, with the remainder being caused by pathogenic viruses, fungi, 

parasites, and, in rare cases, proteinaceous particles (prions). 

Humans are persistently colonized by microorganisms, especially bacteria. 

Bacteria outnumber our cells ~10:1 and make up ~2% of our biomass, living on skin, 

mucosal surfaces, and in the gastrointestinal tract2. However, only a small percentage of 

these bacteria are capable of causing disease as most bacteria are not inherently 

pathogenic, the host compartmentalizes commensals, and the host immune system 

maintains constant defensive pressures against infection. The proportion of organisms 

capable of becoming pathogenic rises in cases in which the host immune system 

becomes compromised, such as occurs during breach of host barriers during injury or 

implantation of foreign materials, in patients on immunosuppressant therapy for asthma 

symptoms or after organ transplant, or due to conditions such as diabetes mellitus, 

chronic granulomatous disease, acquired immune deficiency syndrome, or severe 
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combined immunodeficiency. Thus, the line between pathogenic and commensal 

microorganisms is blurred3. Even some traditionally pathogenic bacteria, such as 

Staphylococcus aureus, can chronically colonize mucosal membranes such as the 

nasopharynx without causing disease4,5. Unfortunately, studies tracking bacterial strains 

during the course of infection indicate that colonization serves as a reservoir for invasive 

disease when the immune system is weakened due to injury or development of 

immunodeficiency6. 

Once the opportunity arises, bacteria can cause diseases ranging from mild 

skin/soft tissue infections to severe invasive and metastatic infections in all major organ 

systems. Chronic infections are typically characterized by development of abscesses, 

biofilms, or intracellular bacterial populations whereby the bacterial community is 

recalcitrant to clearance by the immune system and antibiotic therapy. 

1.1.2 Bacterial Resistance to Antibiotics 

The discovery and deployment of multiple classes of antibiotics over the past 80 

years has drastically reduced morbidity and mortality due to bacterial infections; 

however, emergence of bacterial resistance to antibiotic therapy has begun to restrict the 

utility of many classes of antibiotics in the clinic7. For example, the emergence of 

methicillin-resistant Staphylococcus aureus (MRSA) and, more recently, vancomycin-

resistant Staphylococcus aureus (VRSA)8 is leaving physicians with few proven courses of 

action to treat staphylococcal infections. MRSA has even become widespread in the 
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greater community, causing disease in otherwise healthy individuals, and is no longer 

viewed as a primarily nosocomial pathogen9. Indeed, community-acquired MRSA (CA-

MRSA) strains such as USA300 seem to be more virulent than hospital-acquired MRSA 

(HA-MRSA) strains such as USA10010. Combined with the limited number and diversity 

of currently approved antibiotics and the vast reduction in research and development of 

new antibiotic structural classes with unique mechanisms of action11, the rise in 

antibiotic resistance is becoming a major public health threat. To address this 

burgeoning healthcare issue, efforts must be made to identify, characterize, and 

effectively inhibit novel antibiotic targets. 

Pathogens employ virulence factors to circumvent host immune defenses. 

Virulence factors are gene products that afford a fitness advantage to a pathogen during 

interaction with a host, but have little or no effect on normal proliferation in the 

environment. Targeting virulence factors for antibacterial development is an idea that is 

gaining traction as a mechanism to limit the development of resistance due to the milder 

selective pressures invoked by such compounds (compared to traditional antibiotics that 

target essential life processes), along with the possibility for use in combination 

therapies and as milder prophylaxis that would not overly disturb preexisting 

microbiota12. For these reasons, study of bacterial virulence factors is warranted and 

timely. 
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1.1.3 Gram-Positive Bacteria 

Gram-positive bacteria are a subset of bacterial species that can be visualized 

with a Gram stain that binds to the peptidoglycan matrix of a very thick extracellular 

cell wall13. Gram-negative bacteria have a much thinner peptidoglycan layer that is 

surrounded by a phospholipid membrane, thus blocking Gram staining. The exterior of 

a bacterium is the site of interaction with their environment, and Gram-positive bacteria 

have multitudes of methods for communicating with the extracellular milieu. These 

mechanisms include anchoring of proteins in the plasma membrane or the cell wall, 

secretion of extracellular enzymes, presentation of teichoic acid in the cell wall, and 

assembly of an extracellular capsule (Figure 1). This class of pathogens includes genera 

such as Bacilli, Listeria, Staphylococci, and Streptococci. Bacillus anthracis, Listeria 

monocytogenes, Staphylococcus aureus, Streptococcus pyogenes (Group A Streptococci, GAS), 

Streptococcus pneumonia, and Streptococcus agalactiae (Group B Streptococci, GBS) are 

Gram-positive species responsible for serious human illnesses. 
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Figure 1. Exterior of a Gram-Positive Bacterium. The exterior of a Gram-positive 

bacterium consists of a phosholipid cell membrane (shown in light blue), a thick 

peptidoglycan cell wall (shown in yellow/white), teichoic acid (shown in brown), and 

occasionally a polysaccharide capsule (shown in white). Various proteins are 

localized to these layers to facilitate interactions with the extracellular environment. 

Some proteins are anchored in the peptidoglycan or bound to teichoic acid (shown in 

blue), while others are situated in the lipid membrane (shown in green). 

  



 

6 

S. aureus can cause all manner of disease, from minor skin/soft tissue infections, 

to bacteremia, abscess formation, pneumonia, endocarditis, and toxin-based 

syndromes14. S. aureus is a very successful pathogen due to its many virulence factors 

(Figure 2), including secretion of degradative enzymes and toxins that can modulate 

host responses and allow bacteria to traverse between host compartments and obtain 

nutrients, production of pigments and radical scavenging enzymes that act as 

antioxidants to resist oxidative damage, extracellular presentation of multitudes of 

surface adhesion factors to form protective biofilm communities and to attach to and 

invade host cells, secretion of effector proteins that can activate aberrant host responses 

that benefit the bacteria, and production of an extracellular polysaccharide capsule and 

multiple surface proteins that aid in resisting antibody recognition, opsonization, and 

phagocytosis15. Naturally, in order to interact with the host environment, almost all of 

these factors must be secreted or surface components. 
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Figure 2. S. aureus Virulence Factors. S. aureus employs various classes of virulence 

factors during infection of a host to evade the immune response. Cell wall-anchored 

proteins are attached to peptidoglycan by sortase enzymes. Secreted Enzymes and 

toxins can modulate host cell signaling, induce host cell death, and facilitate 

staphylococcal invasion. Efflux pumps can transport antimicrobial substances out of 

the bacterium. Antioxidant enzymes and pigments can detoxify reactive oxygen and 

reactive nitrogen species. Teichoic acid and polysaccharide capsule can inhibit 

recognition and phagocytosis by the host immune system. 
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S. pyogenes is a Gram-positive bacteria best known for its ability to cause 

pharyngotonsillitis, otitis media, and sinusitis14. However, it is also capable of forming 

peritonsillar and retropharyngeal abscesses and is a causative agent of diseases such as 

cervical adenitis, of severe invasive diseases such as necrotizing fasciitis, myositis, and 

streptococcal toxic shock syndrome, and of major sequelae such as glomerulonephritis 

and rheumatic fever14. S. pyogenes produces multiple virulence factors that aid in its 

ability to cause infection, including production of an extracellular hyaluronic acid 

capsule, surface proteins and pili to avoid phagocytosis, secretion of various enzymes 

and toxins to aid in invasion, and extracellular presentation of multiple surface proteins, 

pili, and teichoic acid to mediate adherence to host surfaces16. All of these factors are 

either secreted or surface-associated factors and thus able to interact with the 

extracellular environment. 

1.2 Sortase Transpeptidases 

1.2.1 Targeting Sortase Enzymes 

Gram-positive bacteria are the causative agents of multiple diseases, ranging 

from mild to life-threatening clinical presentations. Pathogens are infectious through the 

action of their many virulence factors. In order to interact with the host environment, 

almost all of these factors must be secreted or surface components. A key step in the 

presentation of many surface proteins is being anchoring into the peptidoglycan layer, a 

function performed by sortase enzymes in Gram-positive bacteria.  
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Sortase enzymes are extracellular membrane-associated transpeptidases almost 

exclusively found in Gram-positive bacteria. Their role is to covalently anchor secreted 

proteins to the peptidoglycan cell wall so that these proteins may effectively interact 

with the extracellular environment without diffusing away from the cell surface17. As 

such, almost all known functions of their substrates involve virulence activities, 

including adhesion to host structures/cells, aggregation/biofilm formation, iron 

acquisition, manipulation of host cellular processes, pili biogenesis, and evasion of 

adaptive and innate immune responses (Table 2, Table 3)18. Pathogenic species and 

strains have more sortase-substrates than non-pathogenic species or strains19. 

Additionally, highly virulent and antibiotic resistant strains have obtained additional 

sortase-substrates that may increase their virulence through acquisition mobile genetic 

elements20. These findings suggest that sortases and their substrates are important for 

pathogenicity of Gram-positive bacteria. Accordingly, deletion of sortase genes 

invariably results in decreased virulence in animal and human models of infection21-30. 

Thus, sortase enzymes can be characterized as Gram-positive bacterial virulence factors. 

The multiple roles during pathogenesis, the attenuation of sortase-mutant strains in 

animal infection models, the extracellular localization, and the unique presence of 

sortases in Gram-positive bacteria combine to make these enzymes an attractive target 

for novel anti-infective development31. Therefore, understanding the chemistry, 

structure and biology of sortase enzymes is of great biomedical relevance. 
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Thus far, sortase enzymes have been demonstrated to be recalcitrant to many 

different classes of inhibitors that would otherwise be expected to perform adequately31. 

Neither natural product/chemical library screening nor rational design has produced a 

high quality selective lead compound to date, though some low quality leads have been 

identified31,32. A greater understanding of the mechanism of these enzymes and the roles 

they play during infection is essential to the development of effective anti-infective 

agents. 

1.2.2 Sortase Function and Biology 

Sortase substrates are characterized by the presence of an N-terminal secretion 

signal and a C-terminal tripartite cell wall sorting sequence (CWSS) (Figure 3)33. The 

CWSS includes a C-terminal cluster of positively charged amino acids preceded by a 

region of hydrophobic amino acids which combine to locate the secreted protein to the 

cell membrane until encounter with a sortase enzyme. The third region is a five amino 

acid motif which immediately precedes the hydrophobic domain and corresponds to the 

recognition sequence specific to each class of sortase enzyme. This sequence binds to its 

corresponding sortase enzyme and is cleaved at the peptide bond between the fourth 

and fifth amino acids by a conserved nucleophilic cysteine residue in the sortase active 

site, forming a thioester intermediate. The N-terminal part of the protein is then 

transferred to peptidoglycan through a nucleophilic attack on the thioester by the 

peptide crossbridge of a peptidoglycan precursor, Lipid II. 
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Figure 3. Sortase-Substrate Domain Structure. Sortase substrates are composed of an N-terminal secretion signal, a functional 

domain, and a C-terminal cell wall sorting signal. The tripartite CWSS motif consists of a five amino acid recognition 

sequence, followed by a hydrophobic region that spans the phospholipid membrane, and ends in a positively charged region 

that localizes the protein to the membrane prior to sortase recognition. 
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The functional classes of sortase enzymes play different roles in pathogenesis 

(Table 1)34. Sortase A (SrtA) enzymes are the “housekeeping” sortases found in all Gram-

positive bacteria and are responsible for anchoring a wide variety of substrates to the 

cell wall, with all of their substrates carrying an LPXTG recognition sequence17. The 

other characterized classes of sortase enzymes (B-D) have more specialized roles, are 

encoded for in the genome adjacent to their substrates, and recognize unique CWSS. 

SrtB and SrtC enzymes are found primarily in pathogenic Gram-positive bacterial 

species. Sortase B (SrtB) enzymes anchor a protein involved in iron acquisition which 

carries a NP(Q/K)T(N/G) recognition sequence (Figure 4)35. Sortase C (SrtC) enzymes are 

known as Gram-positive pilin polymerases for their role in polymerizing pilin 

monomers into an extended pilus (Figure 5). They catalyze a transpeptidation reaction 

between two pilin subunits, using a lysine residue from a pilin protein, instead of the 

peptide crossbridge of Lipid II, as the nucleophile to break the thioester enzyme-

substrate intermediate formed in the first step of the transpeptidation reaction36,37. 

Sortase D (SrtD) enzymes are only found in sporulating Gram-positive bacteria and 

anchor multiple proteins involved in spore formation which carry a LPXTA CWSS 

(Figure 6)38-40. Each sortase class has been shown to possess incredible specificity for its 

corresponding CWSS with virtually no cross-reactivity for sorting motifs of the other 

classes41,42. However, it is thought that since the chemistry performed by each class is 

constant, a mechanism-based inhibitor could potentially achieve broad-spectrum 
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applicability as an anti-infective therapy and be capable of inhibiting multiple classes of 

sortase enzymes. 
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Table 1. Functional Classes of Sortase Enzymes. 

Class 

Substrate 

Recognition 

Sequence 

Substrate Functions Bacterial Species 

A LPXTG 
Adhesion, aggregation, 
immune evasion, iron 
acquisition, pili, etc. 

Almost all Gram-positive bacteria 

B NP(Q/K)T(N/G) Iron acquisition Bacillus, Listeria, Staphylococcus 

C LPXTG Pili 
Actinomyces, Corynebacterium, 

Enterococcus, Streptococcus 

D LPXTA Sporulation 
Bacillus, Clostridium, 

Streptomyces 
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Figure 4. S. aureus Iron-Responsive Surface Determinant Genomic Region. This iron deprivation response operon is induced 

under low-iron conditions. SrtB is the sortase responsible for anchoring IsdC, a heme binding protein, into the peptidoglycan. 

IsdA and IsdB are heme binding proteins and are substrates for SrtA. IsdE is a hemin binding lipoprotein, IsdF is a 

ferrichrome permease, and IsdG is a heme oxygenase. 
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Figure 5. The FCT Regions of S. pyogenes. S. pyogenes strains have variable FCT regions. Two prominent regions in 

pathogenic strains, FCT-2 and FCT-3, are shown. RofA, Nra, and MsmR are transcriptional regulators of the FCT operon. SrtC-

1 and SrtC-3 are SrtC class enzymes responsible for pilus biogenesis. Cpa is a collagen-binding adhesive tip pilin. Spy0128 

and T3 are backbone pilins. Spy0130 and OrfB are anchor/branch pilins. SipA1 and SipA2 are signal peptidase/chaperone 

proteins. The production of these proteins results in pilus biogenesis. 
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Figure 6. Sporulation Operon in B. anthracis. SrtD is the sortase responsible for anchoring BasH and BasI into the cell wall 

during sporulation. BasH and BasI are involved in B. anthracis sporulation. SctR and SctS form a two-component regulatory 

system that regulates expression of the operon. 
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1.2.3 Transpeptidation Mechanism 

The sortase catalytic mechanism has been primarily deduced from studies of 

recombinant Staphylococcus aureus SrtA, the first sortase enzyme discovered17. Over a 

decade of research on this enzyme has resulted in thorough kinetic and structural 

analyses, identification of the roles of each of the conserved active site residues, and 

elucidation of the basis of cleavage substrate recognition and specificity. However, the 

impact of the lipid environment of the plasma membrane on sortase activity, the 

influence of interactions with other members of the protein secretion machinery on 

sortase activity43-46, and the basis of acceptor substrate recognition and nucleophilic 

attack remain to be determined. 

Early on, it was realized that S. aureus SrtA required Ca2+ for maximum activity. 

It was determined through a series of studies that this requirement was due to Ca2+ 

binding in the back of the active site47. Ca2+ binding involves a rearrangement of the 

β6/β7 loop, as one of the residues in this loop (Glu171) provides coordination contacts. 

The rest of the coordinating residues are in the β3/β4 loop. This binding event also 

greatly reduces the dynamic nature of the β6/β7 loop, which is involved in substrate 

binding48. Thus, Ca2+ binding was theorized to affect SrtA activity through alteration of 

substrate binding kinetics. 

The kinetic mechanism was deduced by Frankel et al. in 2005 (Figure 7)49. A pH 

rate profile of the enzyme displayed two ionizations corresponding to the equilibrium of 
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thiol/thiolate and imidazole/imidazolium for the conserved cysteine (Cys184) and 

histidine (His120), respectively. The two pKa values obtained were 6.3 and 9.4. His120 

was presumed to protonate the peptide bond of the cleavage substrate while Cys184 was 

thought to execute nucleophilic attack on the peptide bond, inducing cleavage. Thus, a 

reasonable arrangement for the enzyme would be for the higher pKa to correspond to the 

ionization of His120 and the lower pKa to correspond to the ionization of Cys184. 

However, the pH dependence of inactivation by iodoacetamide demonstrated that the 

pKa of Cys184 was 10.2. Similar values for the pKa of His120 and Cys184 had also 

previously been assigned by Clubb and coworkers50. Thus, it was determined that S. 

aureus SrtA utilizes a reverse protonation mechanism where His120 has a pKa of 6.3 and 

Cys184 has a pKa of 9.4. This finding means that only 0.06% of the enzyme population is 

in the correct protonation state for catalysis at physiological pH, as Cys184 must be in 

the thiolate (deprotonated and charged) form and the His120 must be in the 

imidazolium (protonated and charged) form in order to catalyze the transpeptidation 

reaction. This arrangement results in slow in vitro apparent kinetic parameters. 

Interestingly, pulse-chase assays of Protein A anchoring in S. aureus reveal relatively 

rapid sortase activity, suggesting that the lipid/protein environment of the 

staphylococcal membrane may affect sortase activity51. 
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Figure 7. S. aureus Sortase A Chemical Reaction Mechanism. SrtA is shown covalently 

attaching a typical secreted protein substrate to Lipid II, highlighting the roles of the 

conserved cysteine and histidine residues in the active site52. The covalently 

connected product is subsequently incorporated into the cell wall via 

transglycosylases and transpeptidases. Box 1 shows the reverse protonation 

mechanism employed by S. aureus SrtA. Box 2 illustrates the hydrogen bonding 

interaction of the conserved arginine residue with the peptide backbone of the 

cleavage substrate. 
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In 2008, Bentley et al. clarified the role of Arg197 and identified key residues in 

the walls of the active site responsible for substrate specificity53. Arg197 was shown to 

interact with the peptide backbone of the substrate through hydrogen bonding 

interactions, rather than electrostatics, by replacement with the isosteric uncharged 

residue citrulline. Val168 and Leu169 were shown to be important hydrophobic contacts 

for substrate binding through alanine scanning mutagenesis, confirming the role of the 

β6/β7 loop in substrate specificity. Structural studies later supported these roles for 

Val168 and Leu169 along with the identification of an additional contact, Val166 (Figure 

8)54. 
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Figure 8. S. aureus SrtA•LPAT Complex Structure. Solution structure of S. aureus SrtA 

bound to a peptide substrate mimic (PDB ID 2KID)52. The residues of the substrate 

are labeled in red, the conserved catalytic residues and important specificity-

determining contacts provided by the β6/β7 loop are labeled in white, and the calcium 

ion in the rear of the active site is shown in blue. 
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Few subsequent publications have appeared investigating the enzyme sortase 

mechanism, thus there are many outstanding questions about sortase enzymology. S. 

aureus SrtB has been shown to function similarly to SrtA in vitro41, although a thorough 

kinetic characterization has not been performed. In silico studies of the S. aureus and L. 

monocytogenes SrtA enzymes support the role of the active site arginine, the reverse 

protonation mechanism, and the previously identified β6/β7 loop contacts with the 

substrate55,56. Additionally, reverse protonation states for the active site histidine and 

cysteine were found to be the most favorable for catalytically-competent binding of the 

substrate. The B. anthracis SrtA enzyme also appears to operate through a reverse 

protonation mechanism57. The lack of additional mechanistic studies is at least partially 

due to an apparent absence of in vitro enzyme activity for many sortase enzymes. 

1.2.4 Sortase Structure 

Multiple structures have been solved of SrtA, SrtB, and SrtC enzymes. Currently, 

there are no structural models of a SrtD enzyme. As with kinetic characterization, S. 

aureus SrtA was the first enzyme to have a structure determined, with a solution model 

published by Clubb and coworkers in 200147. Sortase enzymes display a characteristic 

uneven eight-stranded β-barrel core fold known as the “sortase-fold.” One side of the 

barrel contains a groove that is the substrate binding site/active site (Figure 8). The walls 

of the groove are formed by the loops connecting the β3/β4, β6/β7, and β7/β8 strands. 

The floor of the active site (β7 strand) contains a TXLTC motif that is conserved in all 
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sortase enzymes and contains the catalytic cysteine (Cys184). The β4 strand contains the 

conserved histidine (His120) and the β8 strand contains the conserved arginine 

(Arg197). These three residues are in close proximity to one another at one end of the 

active site such that they are all able to interact with the substrate during 

binding/catalysis, but not with each other. In the S. aureus SrtA enzyme, the β3/β4 loop 

creates a binding pocket for Ca2+ and Glu171 in the β6/β7 loop also provides a 

coordination contact47,48. However, this role for Ca2+ binding has not been observed in 

other sortases and may be a phenomenon unique to the S. aureus enzyme. 

The biochemical observations previously described in the above section were 

supported through determination of a SrtA-substrate complex structure by Suree et al. in 

2009 (Figure 8)54. The NMR model demonstrated a hydrogen bonding interaction 

between Arg197 and the peptide backbone of a LPAT peptide substrate mimic, as well 

as critical contacts between LeuPro in the substrate and Val166, Val168, and Leu169 in 

the β6/β7 loop. Ca2+ binding was also confirmed and suggested to be essential for 

inducing 310 helix formation in the β6/β7 loop that is necessary to provide the proper 

contacts with the substrate (Figure 8). Titration with polyglycine identified a binding site 

around the β7/β8 loop which is the probable binding site for Lipid II, the peptidoglycan 

precursor to which SrtA attaches its substrates. 

SrtB enzyme structures are very similar to those of SrtA enzymes58,59. As with all 

sortases, they contain the conserved core “sortase-fold.” However, they also contain 
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more α-helical content in the loop regions (Figure 9). SrtB enzymes also have more 

hydrophilic residues in the part of the β6/β7 loop that contacts the substrate. These 

residues account for most of the differences in substrate specificity41, with these 

hydrophilic residues interacting with an asparagine and proline in the NPQTN CWSS of 

IsdC, the substrate of SrtB, contrasting with a leucine and proline in LPXTG-containing 

substrates of SrtA. Additionally, the SrtB β6/β7 loop has a preformed helix with which to 

appropriately contact the substrate that circumvents the requirement for Ca2+ seen in the 

S. aureus SrtA enzyme. 
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Figure 9. Comparison of the Sortase Structural Classes. Sortase enzymes share a conserved uneven β-barrel core fold and 

general active site architecture. The conserved cysteine, histidine, and arginine active site residues in each enzyme are 

highlighted in blue, the substrate binding contacts in the β6/β7 loop are highlighted in pink, the calcium binding residues in 

SrtA are highlighted in yellow, the helical regions in SrtB and SrtC are highlighted in green, and the lid region in SrtC is 

highlighted in orange. (a) S. aureus SrtA (PDB ID 2KID). (b) S. aureus SrtB (PDB ID 1NG5). (c) S. pneumoniae SrtC-1 (PDB ID 

2W1J). 
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SrtC enzymes also display the conserved core “sortase-fold,” with one interesting 

difference. Most SrtC enzymes contain a “lid” domain in the amino acid sequence prior 

to the β1 strand (Figure 9)60-65. The lid has residues that mimic the substrate CWSS 

sequence and make contacts with the conserved active site residues. This architectural 

feature might account for how SrtA and SrtC can both recognize similar substrates but 

perform different functions. While these lid domains have not been extensively studied, 

it has been postulated that they allow for regulation of SrtC enzymes to control the 

dynamics of their interactions with their pilin substrates and the rest of the cell wall-

anchoring machinery, especially SrtA. However, some SrtC enzymes, such as those in S. 

pyogenes, do not contain a lid region52,65,66. It is possible that in these species, SrtC only 

catalyzes polymerization of some of the pilin monomers, while SrtA recognizes a single 

pilin that is used as an anchor, and SrtC is not able to recognize this anchor pilin as a 

substrate. As with SrtB, there does not appear to be a Ca2+ binding site in SrtC enzymes, 

and the β6/β7 loop seems to adopt a preformed helix to present the necessary residues 

for interaction with the substrate recognition motif. 

1.3 Substrates of Sortase Enzymes 

1.3.1 S. aureus Cell Wall-Anchored Proteins 

Sortases play a vital role in the presentation of virulence factors during infection 

(Table 2), including functions such as adhesion, aggregation/biofilm formation, iron 

acquisition, and immune evasion18. Staphylococcal Protein A (Spa), the clumping factors 
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(ClfA and ClfB), and the fibronectin binding proteins (FnbA and FnbB) are well 

characterized for their contributions to staphylococcal virulence, mostly through their 

adhesive and immune evasion properties67-73. The iron-responsive surface determinant 

proteins (IsdA, IsdB, IsdC, and IsdH) anchored by SrtA and SrtB are all involved in 

acquisition of iron from the host environment as well as adhesion to host surfaces18,74,75. 

The serine-aspartate repeat proteins (SdrC, SdrD, SdrE) have been briefly characterized, 

with functions involved in adhesion and aggregation76,77. The most recent 

characterization of a staphylococcal cell wall-anchored protein was performed by 

Schneewind and coworkers on adenosine synthase A (AdsA, formerly SasH), which is 

involved in suppression of the host immune response78,79. However, there are still many 

proteins of unknown function and likely to be more functions yet to be attributed to 

currently characterized proteins80. 
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Table 2: Staphylococcus aureus Strain Newman Cell Wall Anchored Surface Proteins. 

Sortase 

Substrate 
Known Function(s) 

Recognition 

Motif 

Sortase 

Isoform 

FnbA Fibronectin, fibrinogen, elastin binding LPETG A 
FnbB Fibronectin, fibrinogen, elastin binding LPETG A 
ClfA Fibrinogen, keratin, CCP factor I binding LPDTG A 
ClfB Fibrinogen, keratin binding LPETG A 
Spa Ig, von Willebrand Factor binding LPETG A 
SdrC Adherence to host molecules LPKTG A 
SdrD Adherence to host molecules LPETG A 
SdrE Platelet aggregation LPETG A 
SasA Unknown LPDTG A 
SasB Unknown LPDTG A 
SasC Aggregation, biofilm formation LPNTG A 
SasD Unknown LPAAG A 
SasF Unknown LPKAG A 
SasG Adherence, aggregation, biofilms LPKTG A 
SasK Unknown LPKTG A 
AdsA/SasH Adenosine synthase LPKTG A 
IsdA/SasE Heme acquisition LPKTG A 
IsdB/SasJ Hemoglobin, heme acquisition LPQTG A 
IsdH/SasI Haptoglobin acquisition LPKTG A 
IsdC Heme acquisition NPQTN B 
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1.3.2 S. pyogenes Cell Wall-Anchored Proteins 

S. pyogenes also has many sortase substrates, including important virulence 

factors such as GRAB, M protein, and three pilin proteins (Table 3). Many of the sortase 

substrates in S. pyogenes are of unknown or putative function, although some have 

homology to S. aureus cell wall anchored proteins. M protein has been fairly well 

characterized and shown to bind various host molecules, such as plasminogen, 

fibrinogen, and immunoglobulins, as well as aid in S. pyogenes ability to avoid 

phagocytosis81,82. PrtS/ScpA is thought to be an enzyme involved in cleavage of host 

immune effector molecules, IL-8 and complement component C5A83,84. 
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Table 3: Streptococcus pyogenes Strain SF370 Cell Wall Anchored Surface Proteins. 

Sortase 

Substrate 
Known/Putative Function(s) 

Recognition 

Motif 

Sortase 

Isoform 

S. aureus 

Homolog 

GRAB α2M binding LPTTG A - 
Emm1 Plasminogen, fibrinogen binding LPSTG A - 
PulA Pullulanase LPKTG A - 
PrtS IL-8 peptidase LPSTG A - 
ScpA C5A peptidase LPTTN A - 
SclA Adherence to host molecules LPATG A - 
SclB Adherence to host molecules LPATG A - 
SPy0747 Endo-/exo-nuclease, phosphatase LPKTG A - 
SPy0843 Cell surface protein LPRTG A - 
SPy0872 5'-Nucleotidase LPITG A AdsA 
SPy1494 Unknown LPQTG A - 
SPy2009 Fibronectin binding LPSTG A ClfB 
FctB Anchor/branch pilin LPSTG A,C - 
FctA Major structural pilin EVPTG C - 
Cpa Tip pilin, collagen binding VPPTG C - 
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1.3.3 S. pyogenes Sortase C and Pilus Biogenesis 

The pilin proteins are also relatively well-characterized in S. pyogenes. Gram-

positive bacterial pili contribute to aggregation, biofilm formation, and adhesion to host 

molecules85. There are typically three pilin proteins encoded for in the genome of a 

Gram-positive pathogen: a primary backbone pilin, an adhesive tip pilin, and an 

anchor/branching pilin37,86,87. The pilin proteins are polymerized by SrtC enzymes; 

however, the S. pyogenes SrtC does not contain the lid domain typical of SrtC enzymes in 

other species and therefore is structurally classified as a SrtB37,66. As with other sortase 

substrates, the pilin proteins contain an N-terminal secretion signal and a C-terminal 

CWSS. In addition, the backbone pilin and the anchor/branch pilin contain specific 

lysine residues that serve as the nucleophile of the second substrate in the 

transpeptidation reaction catalyzed by SrtC, allowing polymerization of the pilin 

monomers into an extended pilus (Figure 10). The sortase-recognition motifs of the 

backbone pilin and the tip pilin in S. pyogenes are slightly different from the typical 

LPXTG sequences found in pilin molecules in bacteria that have SrtC enzymes that 

contain lid domains. The anchor pilin contains a classical LPXTG sequence, indicating 

that it is indeed a substrate for SrtA in this species87. Thus, SrtC can attach an adhesive 

tip pilin to a backbone pilin, polymerize backbone pilins to extend the pilus, and attach 

an anchor pilin to a backbone pilin. At this point, SrtA can anchor the polymerized pilus 

in the cell wall by attaching the anchor pilin to the peptidoglycan. 
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Figure 10. Model of an Extended Pilus. The Gram-positive bacterial pilus contains 

three subunits: a backbone, an adhesive tip, and an anchor. The anchor is shown in 

blue (PDB ID 3KLQ), the backbone is shown in yellow (PDB ID 3B2M), the tip is 

shown in pink (PDB ID 2XID), and the nucleophilic lysine residues where covalent 

polymerization is catalyzed by SrtC enzymes are shown in green and highlighted 

with black arrows. 
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The pilin monomers typically have two or more domains composed of 

immunoglobulin-like folds (Figure 11). As they are involved in adherence to host 

structures, they must be able to handle extreme shear forces found in environments like 

the nasopharynx and bloodstream due to the mucociliary escalator and blood flow, 

respectively88,89. Since these proteins reside in the extracellular realm where there is no 

maintenance of the redox environment, disulfide bond structural stabilization is not a 

viable option. Instead, a recently appreciated alternative stabilization mechanism is 

utilized, whereby a lysine and asparagine/glutamine react to form a new intramolecular 

isopeptide bond and evolve ammonia (Figure 10)90-93. In some extracellular adhesion 

proteins, such as in the CnaB2 domain of S. pyogenes fibronectin binding protein (FbaB)94 

and the S. pyogenes adhesive tip pilin (SPy0125)91, the isopeptide bond is formed between 

a lysine and a glutamate/aspartate, evolving water. In rare cases, a different bond is 

formed between a cysteine and a glutamine, forming an intramolecular thioester bond 

and contributing to adhesion to host cells91. Every pilin protein studied to date has 

displayed the presence of one or more intramolecular isopeptide bonds (typically one 

isopeptide bond per domain), and these bonds have been shown to play a role in 

structural stabilization and may be required efficient for polymerization of the pilus89,95. 

However, how these interesting bonds form is a question that has yet to be conclusively 

answered. 
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Figure 11. S. pyogenes Major Backbone Pilin. Structural model of the S. pyogenes 

backbone pilin, SPy012818-307, solved by X-ray crystallography (PDB ID 3B2M chain B). 

The structure consists of two immunoglobulin-like domains. Stabilizing isopeptide 

bonds are highlighted in yellow, and the lysine utilized by SrtC for polymerization is 

highlighted in green. 
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1.4 Immune Response to Bacterial Infection 

1.4.1 Initial Immune Response 

The human body has roughly 400 m2 of surface area to defend against attack by 

microorganisms, including skin and mucous membranes of the digestive, respiratory, 

and reproductive tracts. When bacteria bypass these physical barriers of the body, 

through injury or immunosuppression, a complex set of events occurs as the immune 

system and the bacteria begin to wage battle96. Improper breach of a physical barrier is 

first recognized through activation of circulating complement proteins and resident 

macrophages, dendritic cells and mast cells. Complement degradation products and 

cytokines secreted by macrophages recruit neutrophils to the site of infection. 

Neutrophils attempt to kill the bacteria through phagocytosis. Next, lymphocytes (B and 

T cells) and additional macrophages and dendritic cells arrive at the site of infection. 

Macrophages and dendritic cells also phagocytose and kill bacteria, after which they 

present processed bacterial antigens via major histocompatibility complex proteins 

(MHC). The presentation of these epitopes is recognized by T cells, which leads to 

induction of the adaptive immune response. The adaptive immune system begins to 

mount a pathogen-specific response with antibodies produced by B cells, T cell 

responses, and upregulation of the innate immune response. The two arms of the 

immune system therefore reinforce and activate each other until the pathogen is cleared. 
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However, successful pathogens produce a multitude of dedicated virulence factors 

which function to inhibit many of the steps in this coordinated process. 

1.4.2 Innate Immune System 

 The innate immune system is composed of three components: complement 

proteins, professional phagocytes, and natural killer (NK) cells (Figure 12)96. 

Complement proteins can be activated via various pathways and serve multiple 

functions. Degradation of complement protein C3 by C3 convertases (either 

nonspecifically or targeted by antibodies or lectins) leads to deposition of C3b on the 

surface of a pathogen, degradation of complement protein C5, and release of C3a and 

C5a, which serve as chemoattractants and activators for other immune system 

components. C3b deposition can either lead to recruitment of C5 to form pores in the 

membrane of the pathogen or to opsonization of the pathogen for phagocytosis. 
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Figure 12. Innate Immune Response to Bacterial Infection. Resident macrophages and 

complement proteins serve to attack invading bacteria and recruit neutrophils and 

NK cells from the blood stream. Macrophages, neutrophils, and NK cells produce 

cytoplasmic granules containing toxic compounds that are released into the 

phagosome upon fusion to kill the pathogen. Bacteria are in gold, complement 

proteins are in pink, vascular epithelial cells are in red, DNA is in blue, cytoplasmic 

granules are in black, macrophages are in green, NK cells are in orange, and 

neutrophils are in gray. 
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Professional phagocytes include macrophages, neutrophils, and dendritic cells96. 

These cells produce cytoplasmic granules and lysosomes that contain cytotoxic species 

such as antimicrobial peptides and lactoferrin, degradative enzymes such as lysozyme, 

enzymes that produce reactive oxygen and nitrogen species (NADPH oxidase, 

myeloperoxidase, and inducible nitric oxide synthase), and channels and transporters 

that transfer chloride and hydrogen ions into pathogen-containing phagosomes (Figure 

13). Once a bacterium is phagocytosed, phagocytes recognize the pathogen through Toll-

like receptors (TLRs), nucleotide-binding oligomerization domain-containing protein 

(NOD)-like receptors (NLRs), and retinoic acid-inducible gene protein (RIG)-like 

receptors (RLRs)97. The specific subtypes and combinations of activated receptors drive 

the cellular response to the pathogen. Generally, the pathogen-containing phagosome is 

fused with the lysosome and granules to form a phagolysosome in an attempt to kill the 

pathogen. Macrophages and dendritic cells also serve the purpose of antigen 

presentation for T cell stimulation. Activated B cells can also present antigens to T cells. 
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Figure 13. Killing Mechanisms Utilized by Professional Phagocytes. Professional 

phagocytes produce granules, enzymes, and lysosomes which contain degradative 

enzymes, antimicrobial peptides, H+ transporters, Cl- channels, NADPH oxidases, and 

inducible nitric oxide synthases. The phagosome contains the pathogen and fuses 

with the granules and lysosomes to kill the pathogen. A phagocytosed bacterium is 

shown in gold. 
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 Macrophages and dendritic cells are the first to encounter the pathogen, as they 

are stationed throughout host tissues96. Macrophage precursors, monocytes, circulate in 

the bloodstream and can be recruited to the site of infection. During transit through the 

tissues, monocytes differentiate into macrophages. Macrophages can be activated by 

C3b, interferon-γ (INF-γ), and lipopolysaccharide (LPS), increasing their ability to kill 

bacteria and present antigens. Once activated, they secrete cytokines (immune 

regulatory molecules) and some of the complement proteins. Ingestion of pathogens 

leads to release of digested components, such as N-formylmethionine-containing (f-Met) 

peptides. Cytokines and f-Met peptides serve to activate other immune system 

components. Mast cells (another type of leukocyte) can also phagocytose opsonized 

bacteria and secrete cytokines to recruit other immune system components. 

Neutrophils circulate in the blood until they detect selectin expressed by 

epithelial cells96. Selectin expression is induced by cytokines that are secreted by 

activated macrophages at the region of infection. The presence of C5a or LPS, also 

present at sites of infection, causes neutrophils to express integrin on their surface. The 

combination of surface expression of selectin by epithelial cells and integrin by 

neutrophils results in the arrest of neutrophils in the blood stream by a rolling 

mechanism across the blood vessel wall. The presence of C5a and f-Met peptides at the 

site of infection causes subsequent movement of neutrophils into the tissues. f-Met 
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peptides and cytokines produced by macrophages activate the neutrophils so they are 

poised to kill the pathogen when they arrive. 

NK cells have various roles during the immune response to infection96. They are 

able to kill pathogens as well as induce apoptosis in infected host cells. In addition, they 

produce INF-γ, a major activator of macrophages. They themselves are activated by 

various cytokines produced by other immune cells. 

1.4.3 Adaptive Immune System 

 The adaptive immune system is composed of two main varieties of cells: B cells 

and T cells96. B cells are responsible for the production of antibodies. Naïve B cells 

produce a generic CD40 receptor and a single B cell receptor (BCR) that is different from 

the BCR expressed on any other B cell. The BCR is essentially an antibody with the 

addition of a membrane anchor. If this BCR binds to a cognate antigen, the B cell 

becomes activated. B cells also express a complement protein receptor that acts as a co-

receptor to the BCR, increasing the signal transmitted by a BCR binding to its cognate 

antigen. A second signal, CD40 ligand (CD40L) from helper T (Th) cells or IFN-γ from 

NK cells, completes activation of the B cell, resulting in the expression of interleukin-2 

(IL-2) receptor on the B cell surface. IL-2, produced by activated NK cells, induces 

proliferation, resulting in maturation of the B cell line. Maturation includes further 

somatic hypermutation of the BCR genes to produce higher affinity antibodies, 
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switching of the antibody class, and differentiation into memory and plasma (antibody-

producing) B cells. These events are coordinated by interaction with helper T cells. 

 T cells come in three varieties: killer, helper, and regulatory96. Regulatory T 

(Treg) cells serve to keep killer T and Th cells from becoming self-reactive against host 

molecules. The primary function of killer T cells, or cytotoxic T lymphocytes (CTLs), is to 

survey all host cells by using their T cell receptors (TCRs) to scan class I major 

histocompatibility complex (MHC I)-presented antigens. MHC I are produced in all host 

cells and present antigens produced in the intracellular environment. CTLs look for 

signs of intracellular turmoil, such as an intracellular infection, that is manifest by 

presentation of pathogen-specific antigens by MHC I. CTLs can then induce apoptosis in 

infected cells. Th cells survey the extracellular environment via scanning of MHC II 

presented by antigen-presenting cells (APCs): macrophages, dendritic cells, and B cells. 

Dendritic cells constantly phagocytose extracellular fluid, sampling the 

environment96. They can be activated by LPS from pathogens or cytokines from 

activated macrophages, causing them to stop phagocytosis and travel to the lymph 

nodes where they present the antigens they have acquired through infection or 

phagocytosis via MHC I and MHC II. Activated dendritic cells also secrete cytokines 

that cause additional monocytes to enter the tissues and differentiate into more dendritic 

cells. Macrophages re-stimulate the activated T cells that travel to the site of infection via 
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MHC II antigen presentation. Activated B cells also produce high levels of MHC II and 

are thus capable of phagocytosing pathogens and presenting their antigens to T cells. 

Activated Th cells express CD40L which is used to activate B cells and further 

activate APCs96. Additionally, activated Th cells secrete IL-12, which activates NK cells 

and APCs, and IL-2, which stimulates growth in NK cells, B cells, CTLs, and Th cells. 

When activated Th cells travel to the site of infection and interact with more MHC II on 

APCs presenting the cognate antigen to their TCR, they begin to produce IL-2, IFN-γ, 

and TNF or IL-4, IL-5, and IL-10, depending on the subtype of the Th cell (Th1 or Th2, 

respectively). This allows the adaptive immune system to tailor the immune response to 

the offending pathogen, as the cytokines produced by the different classes of Th result in 

variable effects on the other components of the immune system. 

1.4.4 Evasion of the Immune Response by S. aureus 

The host immune system is a sophisticated network of cells and factors that can 

adapt to any foreign pathogen and eliminate it. This system includes multiple 

components: a physical barrier, complement proteins that can kill invaders and opsonize 

them for phagocytosis, sentinel cells that perceive a breach of the barrier and activate 

both the innate and adaptive immune responses, cells that produce specific antibodies 

that opsonize the pathogen for phagocytosis, professional phagocytes that engulf 

pathogens and kill them, cytotoxic cells that can induce apoptosis in infected host cells, 

and regulatory cells that secrete cytokines to tailor the immune response to the specific 
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pathogen. However, successful pathogens are able to counter many of these 

mechanisms. 

S. aureus is a very successful pathogen due to the multitude of virulence factors it 

can bring to bear against the host immune system. The known functions of these factors 

include inhibition of complement deposition, inhibition of neutrophil recruitment to the 

site of infection, resistance to phagocytosis by professional phagocytes, suppression of 

the immune response, induction of apoptosis of host cells, and survival in host cells. 

S. aureus has the ability to modulate a variety of host immune cells. 

Staphylococcal Protein A (Spa) binds BCRs on B cells to induce apoptosis98. S. aureus 

MHC class II analog protein (Map/Eap) binds TCRs on T cells to induce apoptosis99. 

Secretion of various toxins such as the leukocidins (LukDE, LukGH, LukPV) and α- and 

γ-hemolysin (Hla, Hlg) can cause apoptosis and lysis of host cells, including 

professional phagocytes100,101. S. aureus can also suppress the immune response to 

infection through its production of adenosine, a natural immunosuppressant, via AdsA, 

a SrtA substrate78,79. The modulation of the adaptive immune system by S. aureus 

precludes the development of an effective, lasting protective antibody and specific 

cellular response. This phenomenon is evidenced by the persistence and recurrence of S. 

aureus infections and the inability of vaccination to protect a host against further 

challenge with S. aureus102,103. Thus, the innate immune response against S. aureus is of 

the utmost importance for control and clearance of an infection. 
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Inhibition of the complement cascade is a primary virulence strategy of S. aureus. 

The staphylococcal complement inhibitor (SCIN) protein inhibits C3 convertases, 

inhibiting C3b deposition and C3a release to attract/activate other components of the 

immune response104,105. S. aureus binder of IgG (Sbi) and extracellular fibrinogen binding 

protein (Efb) can bind C3 in a nonproductive fashion to inhibit activation by C3 

convertases106-108. Staphylokinase (Sak) binds host plasminogen to the S. aureus surface, 

which degrades C3b when it is deposited109. Clumping factor A (ClfA, a SrtA substrate) 

degrades deposited C3b to iC3b, which inhibits C5 activation and deposition71. 

In addition to mechanisms to avoid C3b deposition (and therefore opsonization 

by complement), S. aureus also has multiple mechanisms to avoid opsonization by 

antibodies. Spa, a SrtA substrate, binds to the Fc region of IgG, which blocks interaction 

with Fc receptors on phagocytes and inhibits activation of the complement cascade by 

the Fc region of IgG110. Staphylococcal superantigen-like protein SSL7 binds IgA, 

blocking the interaction of the Fc region with Fc receptors on phagocytes111. Sak binds 

host plasminogen to the S. aureus surface, which degrades IgG when it is deposited109. 

Fibronectin binding proteins (FnbA, FnbB, SrtA substrates) mediate uptake by 

nonprofessional phagocytes through α5β1 integrin binding, which allows S. aureus to 

temporarily persist intracellularly and avoid phagocytosis by professional phagocytes112. 

Clumping factors (ClfA, ClfB) and FnbA and FnbB (all SrtA substrates) bind fibrinogen, 

which inhibits the deposition of opsonins and their recognition by phagocytes, and may 
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be involved in a phenotypic switch to a small-colony (SCV) variant form that displays 

increased survival in host cells18,113. These proteins and SasG, another SrtA substrate, also 

contribute to biofilm formation, which inhibits phagocytosis by host cells18,114. The 

production of an extracellular polysaccharide capsule inhibits recognition by opsonins 

and therefore phagocytosis115. 

S. aureus has multiple mechanisms to inhibit neutrophil recruitment. 

Staphylococcal superantigen-like proteins SSL5 and SSL11 bind to the selectin receptors 

on neutrophils, blocking their interaction with selectin on epithelial cells that is required 

to slow down circulating neutrophils116-118. Eap/Map binds to the integrin receptors on 

epithelial cells, blocking their interaction with integrin on neutrophils that is also 

required to recruit neutrophils from the blood stream119. Chemotaxis inhibitory protein 

of S. aureus (CHIPS) and formyl peptide receptor-like 1 inhibitory protein (FLIPr) bind to 

chemoattractant receptors on neutrophils, blocking their binding with their cognate 

chemoattractants and activators120,121. 

The ability to avoid killing by phagocytosis is central to the success of S. aureus as 

a pathogen. S. aureus produces a pigment (staphyloxanthin)122,123 and antioxidant 

enzymes (alkyl hydroperoxide reductase, catalase, superoxide dismutase, and 

methionine sulfoxide reductase) to combat ROS produced by the host124-126. 

Staphyloxanthin also contributes to tolerance of increased temperatures127. Iron 

acquisition proteins (IsdA, IsdB, IsdC, and IsdH, all sortase substrates) also bind heme 
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and heme-containing proteins and block the iron in heme from participating in Fenton 

chemistry to produce the potent oxidizing agent, hydroxyl radical128. Additionally, IsdA 

can bind and inactivate lactoferrin129, one of the toxic molecules released by phagocytes 

into the phagosome. Evolution of bacterial nitric oxide produced by a bacterial nitric 

oxide synthase (bNOS) may also protect against irreversible oxidative damage of 

susceptible biomolecules130-132. Additionally, production of an L-lactate dehydrogenase 

(LDH-1) allows S. aureus to adjust its metabolism to avoid reactive nitrogen species 

(RNS) toxicity133. S. aureus is also able to modulate the structure of its cell surface, 

changing the charge and structure of the cell wall through alterations in the wall teichoic 

acid (WTA), proteins presented in the cell wall, and in the peptidoglycan itself to avoid 

damage due to antimicrobial peptides and degradative enzymes134-138. S. aureus also 

produces multiple ATP binding cassette (ABC) transporters capable of pumping out 

antimicrobial peptides and exporting staphylococcal enzymes and proteins such as 

aureolysin and Sak that can inactivate extracellular antimicrobial peptides139-141. S. aureus 

counters low pH in the phagolysosome by increasing export of protons and urease 

activity142. S. aureus nuclease can degrade neutrophil extracellular traps (NETs) to avoid 

extracellular killing by neutrophils143. 

While S. aureus has been demonstrated to perform all the above functions to 

circumvent the host immune response, there are likely many more virulence activities 

yet to be discovered. One area of host-pathogen interactions during S. aureus infection 
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that has not yet been extensively studied is the importance of sortase-anchored proteins 

during phagocytosis and phagosomal maturation. The Isd proteins may contribute to 

intracellular survival through inhibition of Fenton chemistry128, and IsdA inactivates 

lactoferrin129. The clumping factors (ClfA, ClfB) and fibronectin binding proteins (FnbA, 

FnbB) may be involved in a phenotypic switch demonstrated to be important for 

survival in nonphagocytic cells113. A recent study suggested that SrtA and Spa are 

essential for S. aureus survival in macrophages, though their functions in this 

environment are unclear144. Thus, it is likely that surface anchored proteins play a role in 

S. aureus survival of phagocytosis, but the mechanisms by which they do so and the 

roles of individual proteins remain unclear. 

1.5 Thesis Objectives 

The overall goals of this thesis are to extend our understanding of the mechanism 

of sortase enzymes, further characterize the substrates of sortase enzymes, and better 

define the role of sortases and their substrates during bacterial infection. These aims are 

all necessary advancements en route to discovery and production of novel therapeutics 

targeting these vital virulence factors. Towards these goals, we have revealed the 

structure and mechanism of Streptococcus pyogenes SrtA, made efforts to study the 

structure and mechanism of S. pyogenes SrtC, modeled the formation of isopeptide bonds 

in the S. pyogenes SPy0128 pilin, assessed the interaction between Staphylococcus aureus 
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SrtA and ROS, and begun to elucidate the role of S. aureus sortases and their substrates 

during phagocytosis by host macrophages. 

1.5.1 Structural and Mechanistic Characterization of S. pyogenes 
Sortase A 

To date, the only sortase enzyme to have its mechanism studied in detail is S. 

aureus SrtA. To assess the generality of the proposed S. aureus SrtA mechanism to other 

sortase enzymes, we set out to structurally and kinetically characterize S. pyogenes SrtA 

in collaboration with Drs. Mark J. Banfield and Matt A. Kehoe. Chapter 2 reviews our 

findings. Briefly, we solved a high resolution structure of S. pyogenes SrtA solved by X-

ray crystallography and performed an initial in vitro kinetic characterization of the 

enzyme. We found that S. pyogenes SrtA shares many characteristics with S. aureus SrtA, 

including the overall fold and arrangement of the active site of the enzyme, a relatively 

high pKa of the active site cysteine, and relatively slow in vitro steady-state kinetics. 

1.5.2 Preliminary Studies of S. pyogenes Sortase C 

SrtC enzymes have been under intense scrutiny over the past half-decade. 

Discovered in 2002, these enzymes polymerize pilin monomers, rather than anchor them 

to peptidoglycan like other sortase isoforms145. It is thought that they perform the same 

transpeptidation chemistry, merely trading the terminal amine on a lysine side chain on 

a pilin for the terminal amine of the crossbridge peptide of peptidoglycan to use as the 

second nucleophile in the reaction. However, in vitro analysis is required to confirm 

these hypotheses. In collaboration with Drs. Mark J. Banfield and June R. Scott, we 
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sought to clone, express, purify, and characterize the SrtC enzyme and its substrates 

from S. pyogenes. These efforts are described in Chapter 3. Briefly, we were able to 

produce various soluble purified SrtC constructs as well as various soluble purified 

backbone pilin constructs and peptide substrate mimics. Additionally, we identified 

initial crystallization conditions for S. pyogenes SrtC. 

1.5.3 Resistance of S. aureus Sortase A to Oxidative Inhibition 

 S. aureus has intimate interactions with professional phagocytes during the 

infection process. It is thought that sortase enzymes are essential to S. aureus survival 

during these encounters144. However, sortase enzymes are extracellular and their active 

sites are exposed to the toxic environment created inside a phagocyte. Considering 

sortases require a thiolate at their conserved cysteine for activity, we set out to 

understand how SrtA activity is affected by ROS such as are produced by phagocytes. In 

Chapter 4, we demonstrate that SrtA is highly resistant to oxidative inhibition in vitro 

and in vivo. However, the conserved active site cysteine is capable of being oxidized at 

high ROS concentrations, albeit with slow inactivation kinetics. We hypothesize that this 

resistance is partially achieved through the use of a reverse protonation mechanism, 

which results in an elevated reduction potential of the active site cysteine and delayed 

oxidation kinetics. 
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1.5.4 S. aureus Survival of Phagocytosis 

 Controversy exists surrounding the ability of S. aureus to survive inside of a 

phagocyte in a prolonged manner. Multiple studies suggest that the majority of S. aureus 

engulfed by phagocytes induce apoptosis to quickly kill the phagocytes and avoid being 

killed146-148. However, there is some evidence that a portion of the population is able to 

survive long-term inside of a macrophage, indeed suppressing apoptosis144,149. To 

address this paradox, we studied S. aureus in the intracellular environment of 

macrophages. In Chapter 5, we demonstrate that S. aureus induced rapid apoptosis in 

the macrophages and that deletion of the sortase enzymes or their various substrates did 

not affect this phenomenon. However, we found that some of the substrates were 

upregulated in response to phagolysosome-like conditions. Thus, the importance of 

surface anchored proteins in S. aureus survival in macrophages may be obscured under 

the experimental conditions tested, and the upregulated substrates may play a role in 

the context of macrophage encounter during host infection. 
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2. Mechanistic and Structural Characterization of 
Streptococcus pyogenes Sortase A 

This chapter is adapted from work published on March 13, 2009 on pages 6924-

6933 in Journal of Biological Chemistry, volume 284 (issue 11) under the title “Crystal 

Structure of Streptococcus pyogenes Sortase A: Implications for Sortase Mechanism” by 

Paul R. Race, Matthew L. Bentley, Jeffrey A. Melvin, Allister Crow, Richard K. Hughes, 

Wendy D. Smith, Richard B. Sessions, Michael A. Kehoe, Dewey G. McCafferty, and 

Mark J. Banfield. Copyright 2009 the American Society for Biochemistry and Molecular 

Biology150. 

Contributions: Members of the DGM lab (JAM, MLB) conceived, designed, 

performed, and analyzed the kinetic characterization of the enzyme and wrote the 

paper. Members of the RSB, MAK (PRR, WDS), and MJB (AC, RKH) labs conceived, 

designed, performed, and analyzed the structural characterization of the enzyme and 

wrote the paper. 

2.1 Background 

Cell wall-anchored proteins play critical roles in the virulence of Gram-positive 

bacterial pathogens by acting as adhesins or invasins and/or interfering with various 

arms of the host innate or specific immune defenses18,76,78,86,114. Many of these virulence 

proteins are retained at the bacterial surface after secretion by a mechanism that involves 

the covalent linkage of target proteins to the peptidoglycan layer of the cell wall. This 

linkage is catalyzed by membrane-associated transpeptidases called sortases151,152. 
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Proteins destined for cell-surface attachment contain a sorting signal recognized by these 

enzymes. As these enzymes are essential virulence factors and this mechanism is unique 

to Gram-positive pathogens, inhibiting the reaction is an attractive target for the 

development of novel antibacterials31,153. 

The sorting signal that targets proteins for cell surface attachment is located at 

the C-terminus of substrates and comprises a pentapeptide motif, typically LPXTG 

(where X is any amino acid), followed by a hydrophobic region and a tail of positively 

charged residues that localizes the substrate to the plasma membrane following 

secretion152,154. In the current model of sortase-dependent transpeptidation, the LPXTG 

motif is specifically recognized by the enzyme41, and the thiolate group of an essential 

conserved active site Cys attacks the scissile Thr-Gly bond151,155. Two additional 

absolutely conserved residues are located in the active site, a His and an Arg59,156. The 

His acts as a general acid to protonate the tetrahedral intermediate, thus facilitating 

collapse of the transition state and formation of an acyl-enzyme intermediate. 

Meanwhile, the Arg is thought to either stabilize the short-lived oxyanion-transition 

state157 or to be involved in substrate recognition via a hydrogen bond53,56. This 

mechanism of catalysis, involving a Cys thiolate nucleophile and a His imidazolium 

general acid, remains somewhat controversial as the pKa values of the Cys and His in 

Staphylococcus aureus SrtA (the most extensively studied sortase enzyme) have been 

measured as ~9.4 and 6.2-7.0, respectively49,50. Additionally, in existing structures of S. 
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aureus SrtA (initially determined by NMR47 and then X-ray crystallography156) the two 

residues are not positioned in an orientation that would support this chemistry. It has 

been suggested that active S. aureus SrtA (containing the Cys184 thiolate and His120 

imidazolium forms) may only represent a minor percentage of total enzyme present at 

physiological pH49, and this reverse protonation arrangement would negate detection of 

the charged state by either biochemical or structural techniques. The acyl-enzyme 

intermediate formed during the reaction158 is resolved through nucleophilic attack by an 

amino group (deprotonated by the conserved His) of a branched chain peptidoglycan 

precursor49,159, anchoring the substrate protein in the cell wall. Recombinant S. aureus 

SrtA catalyzes the in vitro transpeptidation of LPXTG-containing peptides to 

pentaglycine49,160, the branched side chain of S. aureus Lipid II, the cell wall precursor to 

which sortase substrates are attached161,162. 

In addition to providing the first molecular structure of a sortase enzyme47, NMR 

has also been used to probe the dynamics of S. aureus SrtA and determine the overall 

binding orientation of the sorting signal peptide to the enzyme48,163. These studies 

revealed that Ca2+ acts as an allosteric activator by stabilizing the structure of the β6/β7  

loop in S. aureus SrtA in a closed, substrate-binding state and that the binding site for the 

LPXTG sorting signal comprises residues from the β4 and β7 strands and the β3/β4 and 

β6/β7 loops. A crystal structure of S. aureus SrtA bound to the same peptide and recent 

mutational studies are also consistent with the proposed binding site156. Detailed 
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mechanistic studies of SrtA-type enzymes have continued to focus on S. aureus SrtA in 

attempts to rationalize the extensive kinetic and structural data17,41,49,50,53,154,155,157,158,160,164,165. 

Although a single sortase (known as a “housekeeping” sortase) is responsible for 

attachment of the majority of cell surface proteins containing a sorting signal, searches of 

Gram-positive bacterial genome sequences frequently reveal the presence of one or more 

additional sortases166. Genes encoding SrtA and its substrate proteins do not appear to 

be closely linked in bacterial genomes, but genes encoding functionally related but 

distinct sortases tend to be clustered with their substrate proteins and can have 

divergent sorting motifs35,145,167. 

The serotype M1, SF370 strain of the important human pathogen S. pyogenes 

expresses two distinct sortases, SrtA (SPy1154) and SrtC (SPy0129). S. pyogenes SrtA is 

the general housekeeping sortase and is responsible for anchoring all proteins 

containing the LPXTG sorting signal to the cell wall, including various key virulence 

proteins such as M-protein, protein G-related α2M-binding protein (GRAB), and 

streptococcal C5a peptidase (ScpA)145,168. The second sortase (SrtC) catalyzes the 

polymerization of cell surface pilin proteins that mediate S. pyogenes adhesion to 

clinically relevant human tonsil and skin cells169,170. Recent studies suggest that S. 

pyogenes SrtA is responsible for anchoring these pili into the cell wall after they have 

been polymerized by SrtC87. The role of sortases in the mechanism of pili assembly 

appears to be conserved in all piliated Gram-positive bacteria, as similar systems have 
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been described in Actinomyces naeslundii, Bacillus anthracis, Bacillus cereus, 

Corynebacterium diphtheria, Streptococcus agalactiae, and Streptococcus pneumoniae37,42,171-173. 

To further understand structure/function relationships and the role of these 

enzymes in pathogenesis, the three-dimensional structure of SrtA from S. pyogenes SF370 

has been determined by X-ray crystallography, and its transpeptidase activity with 

functionally relevant substrates has been demonstrated. The structure has been 

determined in two states, one in which the conserved active site Cys208 is reduced and 

one where it is oxidized to its sulfenic acid derivative. A long cleft in the structure, with 

the catalytic Cys208 at its center, forms the binding site for the sorting signal and, likely, 

the branched side chain of Lipid II that acts to resolve the acyl-enzyme intermediate 

through nucleophilic attack and amide formation. Furthermore, the conformation of the 

loops surrounding the active site are all well defined in the structure (including the 

β6/β7 loop), providing for the first time a complete atomic description of the active site 

and substrate binding regions in a SrtA enzyme. In addition, initial kinetic 

characterization of S. pyogenes SrtA supports the general sortase reaction mechanism 

proposed from work on the S. aureus sortase enzymes41,49. 

2.2 Materials and Methods 

2.2.1 Gene Cloning 

The DNA sequence encoding S. pyogenes SrtA (SPy1154) residues Val82-Thr249 

(SrtAΔN81) was amplified from serotype M1 S. pyogenes strain SF370 genomic DNA using 
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the primers 5’-CTTAGGATCCGTCTTGCAAGCACAAATGG-3’ (forward) and 5’-

ATGTTCTCGAGCTAGGTAGATACTTGGTTATAAGA-3’ (reverse). This construct 

removes the predicted secretion signal and membrane anchor sequence (residues Met1-

Ala43) and other predicted disordered regions at the N terminus (Arg44-Ser81), and also 

introduces appropriate restriction sites for subsequent cloning (BamHI and XhoI sites, 

underlined). The polymerase chain reaction (PCR) product was digested with BamHI 

and XhoI and cloned directly into a modified version of pET28a (cut with the same 

enzymes, vector originally from Novagen) in which the nucleotides between the NdeI 

and BamHI restriction sites are removed. This construct introduces an N-terminal 

hexahistidine (His6) tag and a thrombin cleavage site between the tag and the enzyme. 

The resulting construct was verified by DNA sequencing and transformed into 

Escherichia coli BL21 (DE3) cells for protein expression. 

2.2.2 Protein Expression and Purification 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes SrtAΔN81•pET28a vector 

were grown in 1 L of Luria-Bertani (LB) media supplemented with kanamycin (50 

µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. Protein expression was 

induced by the addition of isopropyl 1-thio-β-D-galactopyranoside (IPTG) to a final 

concentration of 1 mM. Cells were grown for a further 3-4 h before harvesting by 

centrifugation. Cell pellets were resuspended in 50 mM HEPES pH 7.5, 150 mM NaCl,  

10 mM imidazole, supplemented with 5 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride 
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hydrochloride (AEBSF) and lysed by sonication. The lysate was centrifuged, and the 

supernatant was applied to two pre-equilibrated 5 mL Hi-Trap chelating columns 

(loaded with nickel, GE Healthcare) joined sequentially. S. pyogenes SrtAΔN81 was eluted 

with an imidazole gradient (10–500 mM) over 15 column volumes. Fractions containing 

S. pyogenes SrtAΔN81 (as identified by SDS-PAGE) were pooled and concentrated. The 

protein was then injected onto a Hi-Load 16/60 Superdex 75 column pre-equilibrated in 

20 mM Tris-HCl pH 7.5, 150 mM NaCl. Eluted fractions containing S. pyogenes SrtAΔN81 

were pooled and subjected to a repeat metal chelation purification step (as above), 

which was necessary to remove traces of contaminating protein. Pure S. pyogenes 

SrtAΔN81 was then exchanged into 20 mM Tris pH 7.5, 150 mM NaCl, and concentrated to 

20 mg/mL by ultrafiltration before further study. 

2.2.3 S. pyogenes SrtA∆N81 Transpeptidation Activity 

S. pyogenes SrtAΔN81 activity was determined using an HPLC-based assay 

previously developed for S. aureus SrtA157,160. For initial activity determination, 5 µM S. 

pyogenes SrtAΔN81 was incubated with 1.0 mM Abz-LPETGG-Dap(DNP)-NH2 and 2.0 mM 

H-Ala2-OH in assay buffer (300 mM Tris pH 7.5, 150 mM NaCl, 5 mM CaCl2). Alanyl-

alanine dipeptide (Ala2) is the simplest form of the cross-bridge between subunits in the 

peptidoglycan layer of S. pyogenes, equivalent to pentaglycine (Gly5) in S. aureus174. 

Reactions were performed at 37 °C (total volume 100 µL) and quenched by removal into 

a half-volume of 1.2 M HCl (final HCl concentration = 0.4 M). Samples were purified by 
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reverse-phase HPLC using an analytical C18 column (4.6 × 250 mm, 3 µm, Vydac, Inc.) 

mounted on an Agilent 1200 HPLC system equipped with a fraction collector. The 

quenched reaction (64 µL) was injected onto the column, and the reaction products were 

separated using a linear gradient from 0 to 45% acetonitrile (Sigma), 0.1% trifluoroacetic 

acid (TFA, Sigma) over 25 min at a flow rate of 1 mL/min. 2,4-Dinitrophenol (DNP)- and 

anthranilic acid (Abz)-containing peaks were detected using UV absorption (λmax = 355 

nm) and fluorescence (excitation λ = 318 nm, emission λ = 420 nm), respectively. Putative 

reaction products eluted at retention times of 14.5 min (detected by UV absorbance), 18.2 

min (detected by fluorescence), and 24.1 min (detected by UV absorbance and 

fluorescence) and were collected using a fraction collector. The measured area under the 

both the substrate (Abz-LPETGG-Dap(DNP)-NH2) and product (H-GG-Dap(DNP)-NH2) 

peaks was used to determine the concentration of product. Linearity of activity was 

established out to 2.5 h. 

The identity of the transpeptidation product was determined by electrospray 

ionization-mass spectrometry (ESI-MS) using an Agilent 1100 MSD Trap SL mass 

spectrometer in positive ion mode. The nebulizer pressure was set at 20.0 p.s.i., dry gas 

flow was set at 7 L/min, and dry temperature was set to 325 °C. The mass range was set 

between 120–1200 m/z, with a target mass of 750 Da. Samples were infused at 20 mL/h. 

Data were collected for 2 min and then averaged to provide the total signal. The 
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molecular weight of the compounds corresponding to the retention times is listed in 

Table 4. 
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Table 4. S. pyogenes SrtAΔN81 Transpeptidation Reaction Products. ND, not 

determined. 

Reaction Product 
Retention 

Time 
Observed 

m/z 

Theoretical 

m/z 

Detection 

Method 

H-GG-Dap(DNP)-NH2 14.5 min ND 383.1 Abs355 
Abz-LPETAA-OH 18.2 min 720.3 719.3 λem318, λex420 

Abz-LPETGG-Dap(DNP)-NH2 24.1 min 943.3 942.3 
Abs355 

λem318, λex420  
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To determine steady-state kinetic parameters, assay length and enzyme 

concentration were chosen to yield product conversions of 1–10%. 5 µM S. pyogenes 

SrtAΔN81 was incubated with 2 mM H-Ala2-OH, whereas the concentration of Abz-

LPETGG-Dap(DNP)-NH2 was varied from 62.5 µM to 8 mM. Reactions were initiated by 

the addition of enzyme. After incubation for 150 min at 37 °C, the reactions were 

quenched and analyzed by HPLC as described above. All data points were collected in 

triplicate, and the overall assay was run in duplicate. To determine the effects of Ca2+ on 

the reaction, the assay was repeated in assay buffer as above, but with Ca2+ omitted. Raw 

data were fitted to a modified version of the Michaelis-Menten equation175 incorporating 

substrate inhibition (Equation 2.1) using GraFit Version 4.03 (Erithacus Software), where 

Vmax is the apparent maximal enzymatic velocity, KM is the apparent Michaelis constant, 

and Ki is the apparent inhibitor dissociation constant. Data fit to this equation produced 

χ2 values of 2.89 × 10-7 (5 mM Ca2+) and 1.27 × 10-6 (no Ca2+). 

(2.1)	v0=
Vmax×[S]

KM+[S] �1+ [S]
Ki
�
 

2.2.4 Alkylation of S. pyogenes SrtA∆N81 Cys208 

The haloalkylating reagent 6-bromoacetyl-2-dimethylaminonaphthalene (Badan) 

reacts with free accessible thiols (and preferentially with ionized thiolate anions) 

forming a stable covalent thioether bond176. The reaction generates a significant increase 

in fluorescence emission intensity at λ = 525 nm. To determine whether S. pyogenes 
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SrtAΔN81 contains a reactive thiol group, the protein was incubated with Badan for 1 h at 

pH 7.0. The change in fluorescence intensity at 525 nm (excitation λ = 380 nm) over this 

time was monitored. To map the location of any modifications, the intact mass of the 

resulting sample was determined by matrix-assisted laser desorption/ionization time of 

flight (MALDI-TOF) mass spectrometry followed by peptide mass-fingerprinting, 

cleaving the protein with trypsin (Proteomics facility, John Innes Centre). To obtain an 

approximate pKa of the reactive cysteine, the rate of increase in fluorescence was 

measured over a range of pH from 6-10. Two triple buffer systems were used to measure 

alkylation rates: 50 mM acetate, 50 mM MES, 100 mM Tris, 150 mM NaCl for pH 6-7.5 

and 50 mM MES, 100 mM Tris, 50 mM CAPS, 150 mM NaCl for pH 7.5-10. Raw data 

were background subtracted and fit to a first order rate equation with an offset in GraFit 

Version 4.03 (Equation 2.2). 

(2.2)	At	=	A∞	1	-	e-kt
	+	X 

Rates obtained from these fits were plotted vs. pH and fit to a single ionization 

curve in GraFit Version 4.03 (Equation 2.3). Rates fit to this equation with a χ2 value of 

2.2 × 10-7. 

(2.3)	y = Limit1	+ 
(Limit2- Limit1)•10	pH	-	pKa


1	�	10	pH	-	pKa

 

2.2.5 S. pyogenes SrtA∆N81 Crystallization 

Conditions supporting the growth of S. pyogenes SrtAΔN81 crystals were initially 

identified at 20 °C utilizing commercially available crystallization screens. Protein 
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solution (1 µL) was mixed with precipitant solution (1 µL) and equilibrated over the 

well solution using the hanging drop method of vapor diffusion. Diffraction quality S. 

pyogenes SrtAΔN81 crystals were grown using 100 mM Tris pH 6-7, 20-30% (w/v) 

polyethylene glycol 8000 (PEG 8000), and 200 mM sodium acetate. Crystals grew to their 

maximum dimensions in 4-5 days, at which point they were harvested for data 

collection. 

2.2.6 Data Collection and Structure Determination 

For data collection, crystals were cryoprotected by transferring into 100 mM Tris 

pH 6-7, 35% (w/v) PEG 8000, and 200 mM sodium acetate before plunging into liquid 

nitrogen. Diffraction data were collected using either a Home-Lab system (R-AXIS IV++ 

detector with X-rays from a Rigaku Micromax007 generator focused with Osmic optics) 

or at the Diamond Light Source, UK (station I03 equipped with an ADSC Q315 3 × 3 

CCD detector) as shown in Table 5. Crystals were maintained at cryogenic temperatures 

during data collection. Data were processed with MOSFLM177 and scaled with SCALA 

(Reference 178178, as implemented within the CCP4 suite179). 5% of the data were set 

aside for the calculation of Rfree. The initial structure of S. pyogenes SrtA was determined 

in space group P21212 by molecular replacement using PHASER (Reference 180180, as 

implemented in the CCP4 suite), with the S. pyogenes SrtAΔN81•Cys-ox dataset (the first 

dataset collected, see Table 5); this structure contains one molecule per asymmetric unit. 

The search model comprised a monomer of the crystal structure of S. aureus SrtA (PDB 
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entry 1T2P), pruned to Cγ atoms in non-conserved regions using CHAINSAW181. The 

structure was manually rebuilt and refined with iterative cycles of COOT182 and 

REFMAC5183 to produce a final model (subsequently called S. pyogenes SrtAΔN81•Cys-ox). 

In this structure, Cys208 was found to be oxidized to a sulfenic acid form (R-S-OH). To 

produce unmodified (reduced) S. pyogenes SrtA, crystals were soaked in cryoprotectant 

solution supplemented with 10 mM dithiothreitol (DTT) overnight before freezing in 

liquid nitrogen. The resulting dataset from this crystal (S. pyogenes SrtAΔN81•Cys-red, see 

Table 5) was also in spacegroup P21212. Finally, a single crystal was further soaked in 

fresh reducing cryoprotectant solution containing 10 mM DTT and 100 mM LPSTG 

peptide (Peptide Specialty Laboratories GmbH) for 24 h. The resulting dataset revealed a 

different crystal form (called S. pyogenes SrtAΔN81, in spacegroup P21; Table 5).
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Table 5. S. pyogenes SrtAΔN81 X-ray Data Collection, Refinement Statistics, and Model 

Analysis. Data in parentheses correspond to values for the highest resolution shell, as 

listed. ESU, estimated standard uncertainty. 

 
S. pyogenes 

SrtAΔN81•Cys-ox 

S. pyogenes 

SrtAΔN81•Cys-red 

S. pyogenes 

SrtAΔN81 

Data Collection    

Instrumentation Home-Lab Home-Lab Diamond-I03 
Wavelength (Å) 1.542 1.542 0.970 
Space Group P21212 P21212 P21 
Resolution Range (Å) 69.84-1.90(2.00-1.90) 29.85-1.70(1.79-1.70) 32.27-1.50(1.58-1.50) 

Unit Cell Parameters (Å) 
a=65.95, b=69.80, 

c=39.87 
a=66.03, b=69.89, 

c=40.15 
a=39.28, b=59.46, 

c=65.11, β=101.96° 
No. of Unique Reflections 15111(2170) 21140(3039) 44430(6387) 
Redundancy 4.7(4.7) 13.4(12.4) 3.3(3.4) 
I/σ(I) 19.7(5.3) 27.6(5.6) 12.9(2.7) 
Completeness (%) 100.0(100.0) 100.0(100.0) 94.7(93.7) 
Rmerge (%) 6.4(25.8) 5.8(37.9) 7.8(34.0) 

Refinement    

Resolution (Å) 69.84-1.90(1.95-1.90) 29.85-1.70(1.80-1.70) 32.27-1.50(1.54-1.50) 
Rfactor (%) 18.7(21.3) 19.6(22.4) 14.6(19.3) 
Rfree (%) 22.7(27.3) 23.9(24.6) 19.0(28.3) 
R.M.S.D. Bond Lengths (Å) 0.017 0.016 0.016 
R.M.S.D. Bond Angles (°) 1.59 1.55 1.59 
No. of Non-Hydrogen Atoms 1504 1519 2902 
Average B-factor (Protein, Å2) 23.1 28.3 18.0 
Average B-factor (Ligands, Å2) 33.8 38.3 32.7 
ESU (Based on Max. Likelihood, Å2) 0.095 0.079 0.051 
Ramachandran Favored (%) 97.1 97.7 98.5 
Ramachandran Outliers (%) 0 0 0 
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The S. pyogenes SrtAΔN81•Cys-ox structure was used as the search model to solve 

the S. pyogenes SrtAΔN81•Cys-red and S. pyogenes SrtAΔN81 datasets (again using PHASER), 

and repeated cycles of COOT and REFMAC5 generated final models (subsequently 

referred to as S. pyogenes SrtAΔN81•Cys-red and S. pyogenes SrtAΔN81). During the final 

stages of refinement, anisotropic B-factors were refined for S. pyogenes SrtAΔN81•Cys-red 

and S. pyogenes SrtAΔN81; an isotropic B-factor model was used for S. pyogenes 

SrtAΔN81•Cys-ox. The final model of S. pyogenes SrtAΔN81•Cys-ox comprises residues 82–

211 and 214–249 of the native sequence and 159 water molecules (residues 73–81 in the 

structure are derived from the vector used for expression); S. pyogenes SrtAΔN81•Cys-red 

comprises residues 82–210 and 214–249 of the native sequence and 108 water molecules 

(residues 73 - 81 in the structure are derived from the vector used for expression); S. 

pyogenes SrtAΔN81 comprises residues 89–249 in one molecule of the asymmetric unit, 87–

249 in the second molecule of the asymmetric unit, 1 molecule of HEPES, and 351 water 

molecules. Final refinement statistics are given in Table 5. For analysis, MOLPROBITY184 

and LSQMAN185 were used to generate Ramachandran plots and superimposed 

structures from which root-mean-square deviations (R.M.S.D.) based on Cα atoms were 

determined, respectively. Protein structure figures have been prepared with PyMOL186 

and Chimera187. The coordinates and structure factors for S. pyogenes SrtAΔN81, S. pyogenes 

SrtAΔN81•Cys-ox, and S. pyogenes SrtAΔN81•Cys-red have been deposited with the Protein 

Data Bank with accession codes 3FN5, 3FN6, and 3FN7, respectively. 
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2.2.7 Modeling of the Enzyme-Substrate Complex 

A model of the S. pyogenes SrtAΔN81•LPSTG complex was generated by docking 

the peptide into the refined crystal structure using (1) recent mutagenesis data from S. 

aureus SrtA41,53, (2) known features of sequence conservation within the LPXTG motif, 

and (3) the requirement for the scissile peptide bond to be positioned appropriately in 

the active site as guides. Hydrogen atoms were added consistent with pH 7, and the 

complex was soaked in a 10 Å layer of water. The system energy was minimized using 

DISCOVER Version 2.98 (Accelrys) for a total of 3000 steps with a harmonic tethering 

potential applied between the protein backbone atoms and their initial coordinates (the 

tethering potential was scaled between 100 and 0.5 kcal per Å2 during the minimization). 

Non-covalent interactions were truncated using a switching function at 15 Å. Interactive 

model manipulation used InsightII (2005). 

2.3 Results 

2.3.1 Protein Design and Production 

S. aureus SrtAΔN59, a construct lacking the N-terminal 59 residues, catalyzes the 

cleavage of LPXTG-containing peptides and subsequent transpeptidation to triglycine 

(Gly3) and pentaglycine (Gly5) in vitro47. Sequence alignments (not shown) revealed the 

equivalent catalytic domain in S. pyogenes SrtA comprises residues 82–249. 

Recombinantly expressed and purified S. pyogenes SrtAΔN81 was examined by liquid 

chromatography/mass spectrometry (LC/MS) using a Thermo LTQ-FT mass 
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spectrometer (PINNACLE Lab, Newcastle University), revealing a molecular mass of 

20,325.3 Da compared with the theoretical mass of 20,326.0 Da, which assumes the N-

terminal methionine is lost (in a small proportion of the sample the N-terminus 

displayed an α-N-6-phosphogluconyl modification, an increase in mass of 178 Da, as has 

been observed for other proteins with equivalent His6 tags188). 

2.3.2 S. pyogenes SrtA∆N81 is an Active Transpeptidase 

The catalytic activity of S. pyogenes SrtAΔN81 was tested using an assay established 

previously for S. aureus SrtA but using Ala2 as the transpeptidation substrate rather than 

Gly3 or Gly5, reflecting the different cell wall crossbridges in the different bacterial 

species. Plots of initial rates for both the assays with and without Ca2+ vs. substrate 

concentration are shown in Figure 14 (with the appropriate fit), and the derived steady-

state kinetic parameters are summarized in Table 6 (values for S. aureus SrtAΔN24 are also 

given for comparison53). As S. pyogenes SrtAΔN81 is not activated by Ca2+ (Figure 14), the 

results of the assays in the absence of this ion are further described here. Relative to S. 

aureus SrtAΔN24, S. pyogenes SrtAΔN81 has an 80-fold reduction in apparent kcat (kcat
app) and a 

10-fold reduction in apparent KM (KM
app), leading to an apparent kcat/KM (kcat

app/KM
app) that is 

8-fold lower (Table 6). Overall apparent poor catalytic efficiency is a general property of 

sortases in vitro35,66 and is attributable to the substrates used being poor mimics of true in 

vivo substrates (the sorting motifs are part of a larger protein, and the transpeptidation 

substrate is part of a cell wall precursor), the truncation of the N-terminal region of the 
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enzyme, and to the absence in vitro of the native lipid and protein environment of the 

cell membrane where sortases and their substrates reside. The poor efficiency is also a 

reflection of the reverse protonation catalytic mechanism, where a small fraction of the 

enzyme is in the catalytically competent protonation state. Interestingly, S. pyogenes 

SrtAΔN81 is subject to substrate inhibition at peptide concentrations >4 mM, a feature not 

observed for S. aureus SrtA; however, this phenomenon is not expected to be 

physiologically relevant. Formation of the correct transpeptidation product was 

determined by analysis of the reaction products by ESI-MS. The predominant peak in 

the HPLC fractions corresponding to the product was 720.3 Da, the +1 charge state of 

Abz-LPET-AA-OH (theoretical molecular mass of 719.3 Da). 
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Figure 14. S. pyogenes SrtA Steady-State Enzyme Kinetics. A plot of initial rates vs. 

substrate concentration for S. pyogenes SrtAΔN81 in the absence (filled circles) and 

presence (open circles) of 5 mM CaCl2, fit to the Michaelis-Menten equation for 

steady-state kinetics with substrate inhibition, as described under “2.2.3 S. pyogenes 

SrtAΔN81 Transpeptidation Activity.” Estimates of the kinetic parameters kcat
app

, KM
app

, 

and the inhibition constant Ki
app

 are listed in Table 6. 
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Table 6. Apparent Kinetic Parameters for S. pyogenes SrtAΔN81 and S. aureus SrtAΔN2453. 
NA, not applicable. 

 
S. pyogenes 

SrtAΔN81, no Ca2+ 
S. pyogenes 

SrtAΔN81, 5 mM Ca2+ 

S. aureus 

SrtAΔN24, 5 mM Ca2+ 
kcat (s–1) 0.0136 ± 0.0011 0.0070 ± 0.0003 1.10 ± 0.06 
KM (mM) 0.83 ± 0.11 0.53 ± 0.05 8.76 ± 0.78 
kcat/KM (M–1s–1) 16.4 ± 2.5 13.2 ± 1.4 125.0 ± 18.0 
Ki (substrate, mM) 6.8 ± 1.2 16.7 ± 2.7 NA 
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2.3.3 S. pyogenes SrtA∆N81 Cys208 can be Alkylated 

To investigate whether S. pyogenes SrtAΔN81 contains a reactive thiol group, the 

protein was incubated with Badan. An increase in fluorescence during incubation (λem = 

525 nm) was suggestive of an alkylation event. MALDI-TOF mass spectrometry was 

used to compare the intact mass of S. pyogenes SrtAΔN81 pre- and post-incubation with 

Badan and revealed an increase in weight of 214.1 Da, supporting modification of the 

protein at a single site (the expected increase in molecular mass for each covalently 

attached Badan is 211 Da). To characterize the site of protein modification, pre- and post-

Badan-incubated S. pyogenes SrtAΔN81 samples were digested with trypsin, and the 

resulting peptides were analyzed by MALDI-TOF mass spectrometry. A peptide 

comprising residues EVTLVTCTDIEATER changes by a mass of 211 Da post-incubation 

with Badan. Under these experimental conditions, the only Badan-reactive group in this 

peptide is the side chain of Cys208. Since Badan reacts more readily with thiolates than 

thiols, the rate of alkylation over a pH range was measured to ascertain an approximate 

pKa for S. pyogenes SrtAΔN81 Cys208 (Figure 15), yielding a pKa of 7.6 +/- 0.2. 
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Figure 15. Determination of the pKa of S. pyogenes SrtA Cys208. (a) Fluorescence vs. time plot for reaction of Badan with S. 

pyogenes SrtAΔN81 used to obtain rates of reaction at various pH (open circles- pH 5.0, filled circles- pH 5.5, open squares- pH 

6.0, filled squares- pH 6.5, open hexagons- pH 7.0, filled hexagons- pH 7.5A, open inverted triangles- pH 7.5B, filled inverted 

triangles- pH 8.0, open diamonds- pH 8.5, filled diamonds- pH 9.0, open triangles- pH 9.5, filled triangles- pH 10.0). (b) Rate of 

S. pyogenes SrtAΔN81 Badan alkylation vs. pH plot used to obtain an approximate pKa of 7.6 ± 0.2 for the conserved nucleophilic 

Cys208. 
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2.3.4 Overall Structure of S. pyogenes SrtA∆N81 

Except where noted, the structure of S. pyogenes SrtAΔN81 (P21 form) is used as the 

reference model for further discussion as this model likely represents the active 

structure in solution and has been determined to the highest resolution. The two 

molecules in the asymmetric unit of S. pyogenes SrtAΔN81 overlay with an R.M.S.D. of 0.2 

Å (all 161 Cα atoms from residues 89-249) and can, therefore, be considered essentially 

identical. An example of the final electron density map, including the active site 

residues, is shown in Figure 16. 

The structure of S. pyogenes SrtAΔN81 adopts the 8-stranded β-barrel fold unique to 

sortases. The overall structure is very similar to that of S. aureus SrtAΔN5947,156 despite only 

sharing 24% sequence identity in the core catalytic domain (not counting the 19 residue 

C-terminal extension in S. pyogenes SrtA); see an overlay in Figure 16. The average 

R.M.S.D. for the overlay of 107 equivalent Cα atoms is 1.54 Å (S. pyogenes SrtAΔN81 chain 

A on the 3 molecules of the asymmetric unit of S. aureus SrtAΔN59 (PDB code 1T2P)). 

Although the core of the β-barrel fold is very well conserved, there are significant 

differences in the connecting loop regions and the N- and C-termini. The largest of these 

variances is located in the active site region and includes the loop connecting β6/β7 and 

β7/β8 (Figure 16); there are also shifts in the position of the β2/β3 loop, β3, and the β3/β4 

loop, which are close to the catalytic center. Of note, the β3/β4 and β6/β7 loops do not 

seem to be involved in Ca2+ binding in S. pyogenes SrtA, as is seen in S. aureus SrtA47,48. 
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Based on structural alignment, S. pyogenes SrtAΔN81 has an additional 23 residues at the 

C-terminus compared with S. aureus SrtAΔN59. These residues form an extension to β8, a 

turn, and a short α-helix which lies across the external face of the β-sheet formed by 

β1/β2β5/β6 before proceeding toward the active site end of the molecule where they 

contribute to the structure of the extended active site cleft (Figure 16) along with the 

loop immediately after β4 (which contains a three-residue insertion compared with S. 

aureus SrtAΔN59). 
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Figure 16. Overall Structure of S. pyogenes SrtAΔN81. (a) Stereoview showing the 

arrangement of active site residues (Cys208, His142, and Arg216) in the structure of S. 

pyogenes SrtAΔN81. The final σ-weighted 2 Fobs-Fcalc·φFcalc map contoured at 1.2σ is 

shown in mesh representation. (b) Stereoview showing the overlay of S. pyogenes 

SrtAΔN81 (in gray) with S. aureus SrtAΔN59 (PDB ID 1T2P, in blue). Secondary structure 

motifs and the positions of important active site residues are labeled (carbon atoms of 

active site residues are colored dark gray and yellow for S. pyogenes SrtAΔN81 and S. 

aureus SrtAΔN59, respectively). The β6/β7 and β7/β8 loops are colored red/green in S. 

pyogenes SrtAΔN81 and cyan/magenta in S. aureus SrtAΔN59, respectively. (c) Surface 

representation of S. pyogenes SrtAΔN81 showing the active site cleft (in red). Active site 

residues are labeled: C, Cys208; H, His142; R, Arg216. The region to the left of the 

highlighted residues represents the LPXTG binding site. To the right is the region 

predicted to bind the extended protein substrate and/or the branched crossbridge of 

the peptidoglycan precursor. 
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The core structure of S. pyogenes SrtAΔN81 is also similar to SrtB from S. aureus and 

Bacillus anthracis58. S. aureus SrtB overlays on S. pyogenes SrtAΔN81 with an R.M.S.D. of 1.57 

Å (103 equivalent Cα atoms). As with the comparison to S. aureus SrtAΔN59, the structure 

of many connecting loops between the core β-strands of S. pyogenes SrtAΔN81 and S. 

aureus SrtB differ, and in this case many of these variances will be due to the different 

substrates that these proteins recognize. 

The structure of S. pyogenes SrtA has also been determined in two states in a 

P21212 crystal form. In the first of these models, S. pyogenes SrtAΔN81•Cys-ox, additional 

electron density extending from the sulfur atom of the active site Cys208 is consistent 

with the sulfenic acid form of this residue. After overnight soaking of a crystal in 

cryoprotectant solution supplemented with 10 mM DTT (resulting in the structure S. 

pyogenes SrtAΔN81•Cys-red) this extended density is no longer observed. Overall, the 

three crystal structures of the protein are virtually identical (R.M.S.D. <0.41 Å for all 

overlays using Cα atoms of residues 92-207 and 216-247). However, some 

rearrangements in the active site region are observed, as discussed below. 

2.3.5 Active Site Architecture of S. pyogenes SrtA∆N81 

Previous studies with S. aureus SrtA identify Cys208, His142, and Arg216 as the 

key catalytic residues in S. pyogenes SrtA52. In the structures of S. pyogenes SrtAΔN81, these 

three residues are clustered at the center of a long cleft (~32 Å in length, see Figure 16), 

which could readily accept a protein substrate harboring an appropriate pentapeptide 
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sorting signal. The orientation of these residues is consistent with the model of reverse 

protonation suggested from biochemical studies of S. aureus SrtA49. Cys208 appears well 

positioned to attack an incoming scissile Thr-Gly bond, and Arg216 may be involved in 

orienting the substrate. In a charged state (predicted for His142 in the acylation step of 

the transpeptidase reaction), His142 is primed to facilitate collapse of the tetrahedral 

intermediate by protonating the leaving-group amide of the scissile bond. In contrast to 

other sortase structures that have been determined, the side chain of His142 is 

appropriately positioned to perform this role without significant structural 

rearrangements. In vivo, the acyl-enzyme intermediate is resolved by the nucleophilic 

attack of an amino group of an Ala2 or AlaSer moiety (H-Ala2-OH is shown in this study 

to be active in vitro). A possible binding site for this molecule is discussed below. 

2.3.6 Structural Changes On Cys208 Oxidation In S. pyogenes 
SrtA∆N81 

Coincident with modification of Cys208 to its sulfenic acid form (as observed in 

S. pyogenes SrtAΔN81•Cys-ox) the β4/β5, β6/β7, and β7/β8 loops undergo significant re-

arrangements compared with S. pyogenes SrtAΔN81. Most significant are the changes to 

the β7/β8 loop (between residues Thr207 and Ile217), where a reorientation in the 

backbone dihedral angles between Thr207 and Cys208 results in the position of the 

sulfur atom of Cys208 shifting by ~5.4 Å. The side chain of His142 appears to rotate 145° 

around χ2 (although the plane of the histidine in the density is difficult to definitively 

assign), and the position of Arg216 also changes (Figure 17). This oxidized Cys can be 
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reduced in the crystal as shown by the structure of S. pyogenes SrtAΔN81•Cys-red. 

Residual electron density in the region of the β7/β8 loop in the S. pyogenes SrtAΔN81•Cys-

red structure is best accounted for by building an alternate conformation for residues 

Thr207 to Glu215. One of these conformations is that found in S. pyogenes SrtAΔN81; the 

other is that found in S. pyogenes SrtAΔN81•Cys-ox. These two structures show there is 

some structural plasticity in the active site of S. pyogenes SrtA, although the relevance of 

the conformational changes between S. pyogenes SrtAΔN81 and SrtAΔN81•Cys-ox is 

unknown as the enzyme with Cys208 oxidized will be inactive. 
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Figure 17. S. pyogenes SrtAΔN81•Cys-ox Active Site Conformational Changes. (a) 

Electron density and model of S. pyogenes SrtAΔN81•Cys-ox  active site residues. (b) 

Stereoview showing the relative position of important active site features in the 

structures of S. pyogenes SrtAΔN81 (in light gray, red, green) and S. pyogenes 

SrtAΔN81•Cys-ox (in blue, cyan, magenta, and with carbon atoms of the residues in 

yellow) as described in the text. 
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2.3.7 Molecular Modeling of Substrate Binding to S. pyogenes 
SrtA∆N81 

Despite being soaked in high concentrations (100 mM) of LPSTG peptide, no 

electron density for this peptide was observed in the structure of S. pyogenes SrtAΔN81. A 

similar result was obtained in studies with S. aureus SrtAΔN59156. Although attempts to 

crystallize a C208A mutant of S. pyogenes SrtAΔN81 proceed (in the apoenzyme form and 

in complex with a peptide substrate), a molecular model of the S. pyogenes 

SrtAΔN81•LPSTG complex has been constructed and is discussed below (Figure 18). 
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Figure 18. Model of S. pyogenes SrtAΔN81 Bound to LPSTG. (a) Overlay of S. pyogenes 

SrtAΔN81 structure (in white) and S. pyogenes SrtAΔN81•LPSTG model (in orange and 

blue). (b) Stereoview depicting the molecular model of the LPSTG peptide (carbon 

atoms in cyan, sequence from left to right) bound to S. pyogenes SrtAΔN81. Cα trace of S. 

pyogenes SrtAΔN81 is shown in light gray with carbon atoms of highlighted residues, as 

described under “2.3.7 Molecular Modeling of Substrate Binding to S. pyogenes 

SrtAΔN81” and under “2.4 Discussion” in the text, in dark gray. 
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2.4 Discussion 

Sortases are transpeptidases that reside on the extracellular side of the cell 

membrane and catalyze the covalent linkage of proteins containing a specific recognition 

sequence to the cell surface. Sortase A, the product of open-reading frame SPy1154 in 

serotype M1 S. pyogenes strain SF370 (S. pyogenes SrtA), catalyzes the linkage of various 

proteins (such as M protein and GRAB) and protein complexes (such as pili) to the cell 

wall in this organism. Sortase substrate proteins are frequently associated with 

pathogenesis, and therefore, sortases are required for virulence of Gram-positive 

pathogens22,23,145,167,189-192. As sortase enzymes are attractive targets for the design of novel 

anti-infectives, a thorough understanding of their structure and mechanism of action is 

essential. 

Comparison of the observed kinetic parameters for S. aureus SrtAΔN24 (with Ca2+) 

and S. pyogenes SrtAΔN81 (without Ca2+) reveals an 80-fold decrease in the kcat
app	for S. 

pyogenes SrtAΔN81. Although this difference in rates was unexpected, the difference in 

rates may be attributable to the assay conditions, which have been optimized for S. 

aureus SrtA (even taking into account the differences in Ca2+ concentration). For example, 

S. pyogenes SrtA may require more of the branched Lipid II molecule than simply two 

alanines for maximal activity. S. aureus SrtA has been shown to require two to three 

glycines in the acceptor substrate for maximal activity in vitro158. However, not enough is 

known about binding of the second substrate to sortase to infer anything about whether 
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S. pyogenes SrtA has similar recognition requirements for the length of the second 

substrate from the structural differences between the S. aureus and S. pyogenes SrtA 

enzymes alone. Future studies will identify whether changes in assay conditions or 

substrate mimics result in an improved rate of product formation by S. pyogenes SrtAΔN81 

and a correspondingly higher kcat
app. In contrast, KM

app
 of S. pyogenes SrtAΔN81 for the 

synthetic peptide Abz-LPETGG-Dap(DNP)-NH2 was much improved at 830 µM 

compared with 8.8 mM for S. aureus SrtA. For S. aureus SrtA (which utilizes a ping-pong 

kinetic mechanism), it has previously been demonstrated that in the presence of an H-

Gly5-OH nucleophile, acylation of the LPXTG substrate is the rate-limiting step in the 

overall reaction49,158. Although it has not yet been demonstrated that the same holds true 

for S. pyogenes SrtA, it is reasonable to assume that it operates by similar kinetic and 

catalytic mechanisms. 

Ca2+ stimulates the activity of S. aureus SrtA ~8-fold by binding to a pocket on the 

protein surface and modulating the structure and dynamics of the β6/β7 loop47,48. The 

Ca2+ is bound predominantly by two Glu residues and an Asp on the β3/β4 loop and a 

Glu on the β6/β7 loop. In contrast to S. aureus SrtA, we have shown in this work that the 

activity of S. pyogenes SrtAΔN81 is not stimulated by Ca2+ (Figure 14). If anything, the 

presence of this ion actually mildly inhibits turnover (~2-fold reduction in kcat
app). 

Comparison of the structures of S. pyogenes SrtAΔN81 and S. aureus SrtAΔN59 in the region 

of the S. aureus SrtA Ca2+
 binding pocket reveals they adopt very different 
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conformations. Although this variance complicates direct comparison on a residue-per-

residue basis, it is worth noting that at least two of the amino acids involved in Ca2+ 

binding to S. aureus SrtA do not have a structural equivalent in S. pyogenes SrtAΔN81 

(E171T, E105K, S. aureus SrtA numbering). In fact, the side chain of Lys126 in S. pyogenes 

SrtAΔN81 (the structural equivalent of S. aureus SrtA Glu105) occupies the Ca2+ position 

observed in S. aureus SrtA. Additionally, the purpose of Ca2+ binding to S. aureus SrtA 

seems to be to initiate rearrangement and stabilization of the β6/β7 loop. S. pyogenes SrtA 

has a less dynamic β6/β7 loop (according to B-factors of the Cα atoms: 19.57 for S. 

pyogenes SrtA187-198 vs. 69.43 for S. aureus SrtA165-174) and has a preformed 310 helix in the 

substrate binding region of the loop. Thus, it appears that S. pyogenes SrtA has no need 

for Ca2+ binding to achieve full activity, and this finding may partially explain the lower 

KM
app found in this enzyme. 

The most complete model describing the catalytic mechanism of sortases comes 

from studies of S. aureus SrtA. Early investigations identified a key role for 

Cys18451,151,155,193. Structural studies of sortases suggested that formation of the acyl-

enzyme intermediate may include the conserved Cys as part of a Cys-His-Asn47 or Cys-

His-Asp58,156 catalytic triad. However, in these structures the His is too far removed from 

the active site to enable chemistry without significant reorientation of side chains and 

movement of the main chain. The latter has been considered unlikely as the putative 

catalytic residues are anchored onto β-strands within a rigid β-sheet156. These 
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observations led to the proposal of a Cys-Arg dyad (with the Arg acting as a general 

base, modulating the ionization state of the Cys59,156) and relegated the role of the His to 

maintaining the structure of the active site but not participating in catalysis. This role is 

not consistent with kinetic and mutagenesis studies, which predict a critical role in the 

catalytic mechanism for a His residue (to protonate the leaving group) and suggest that 

the Arg acts not as a general base, but either stabilizes the transient tetrahedral oxyanion 

intermediate157 or is important for substrate binding and orientation53,56. 

In contrast to these apparent discrepancies, the structure of S. pyogenes SrtAΔN81 

reveals a novel arrangement of these critical active site residues, which is consistent with 

the S. aureus SrtA kinetic and mutagenesis studies. In S. pyogenes SrtAΔN81 the Cys-His-

Arg side chains adopt a conformation with Arg216 on one side of the Cys208 side chain 

and His142 on the other; the Nδ1 atom of His142 is oriented toward Cys208. These 

residues appear to occupy ideal positions to enable their roles in the chemistry of the 

reaction (Arg216 to orient the substrate or stabilize the oxyanion intermediate and 

His142 to protonate the leaving group on acyl-enzyme formation). n this conformation, 

the protein appears receptive to LPXTG-containing proteins, and the catalytic residues 

are appropriately positioned to enable chemistry. 

S. pyogenes SrtAΔN81 contains one reactive thiol group, the side chain of Cys208, as 

determined by modification with Badan (Figure 15). The rate of Cys208 alkylation by 

Badan over a range of pH revealed a pKa for Cys208 of 7.6. However, determining 
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whether S. pyogenes SrtA does indeed operate by the same reverse protonation 

mechanism along with a full evaluation of the function and charge state of the active site 

residues requires monitoring during catalytic turnover. Nonetheless, all indications are 

that S. pyogenes SrtA operates by a mechanism similar to S. aureus SrtA. 

Unexpectedly, in addition to the S. pyogenes SrtAΔN81 structure (where Cys208 is 

reduced), the structure of the enzyme with Cys208 oxidized to its sulfenic acid 

derivative has also been determined (S. pyogenes SrtAΔN81•Cys-ox, Figure 17). Although 

possibly no more than an artifact, this form may have some physiological relevance. 

Sortases are cell surface virulence factors and as such are potentially targets for host 

immune responses. It is interesting to speculate that reactive oxygen species produced 

by cells of the innate immune system could inactivate sortase enzymes of invading 

bacteria by oxidation of the active site Cys, limiting their potential to establish an 

infection. There is some evidence that SrtA activity is required for some bacterial species 

to survive encounters with professional phagocytes144. Furthermore, despite the 

structure of S. pyogenes SrtAΔN81•Cys-ox clearly being that of an inactive enzyme, it is 

notable that in this structure Cys208 adopts a similar orientation to Cys184 in S. aureus 

SrtA and suggests that modification of this residue can induce structural rearrangements 

in the active site, at least in S. pyogenes SrtA (Figure 17). Realignment of active site 

residues has also been observed upon acylation of S. aureus SrtB with inhibitors and 

metal ion binding in S. pyogenes SrtC58,59,66. Such rearrangements could be important in 
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forming a binding site for the second substrate, a region that may be located to the 

elongated cleft adjacent to the active site of S. pyogenes SrtAΔN81 (Figure 16). The 

equivalent region in S. aureus SrtA and SrtB and B. anthracis SrtB has been predicted to 

bind such molecules54,58. Understanding whether structural rearrangements are indeed 

relevant in the sortase mechanism requires further structural studies, likely in the 

presence of polypeptide and/or peptidoglycan substrates to trap functionally relevant 

states. 

The β6/β7 loop of sortases is important in determining substrate selectivity, and 

therefore, this region is important for enzyme activity41,53. In the early structures of S. 

aureus SrtAΔN59, this loop is disordered (high B-factors or not modeled in crystal 

structures156 or mobile in NMR structures47,48,163). As previously mentioned, the dynamics 

of this loop in S. aureus SrtA are affected by Ca2+. Mutagenesis and NMR studies of S. 

aureus SrtA have suggested Val168 and Leu169 (present on the β6/β7 loop) are important 

for binding the Leu-Pro region of the LPXTG peptide48,53. In the S. pyogenes SrtAΔN81 

structure reported here, the β6/β7 loop is well defined in the electron density, and the B-

factors are comparable with the core regions of the structure. The structure of S. pyogenes 

SrtAΔN81 provides the first housekeeping sortase structure with a defined position for the 

amino acids lining the active site and, therefore, a sound basis for investigating cleavage 

substrate interactions. 
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In the absence of an S. pyogenes SrtAΔN81•peptide complex crystal structure, a 

computational model has been constructed (as described under “2.2 Materials and 

Methods”) in an attempt to understand how the sorting signal might bind to the enzyme 

(Figure 18). Although this model is only a prediction of a possible structure, a number of 

interesting features are apparent. In the model, hydrophobic residues located to the 

β6/β7 loop (Val191, Val193, and Ile194), along with residues Met125, Val186, Val206, 

Ile218 and the side chain of Arg216 interact with the Leu-Pro moiety of the LPXTG 

motif, a region known to be critical for binding specificity to S. aureus SrtA41,53,164. The 

Thr-Gly moiety is oriented such that the scissile peptide bond faces the side chains of 

Cys208 and His142. In the structural model of the S. aureus SrtAΔN59(C184A)•LPETG 

complex156, the carbon atom of the scissile bond is ~11 Å away from the N1 atom of 

His120 (the His142 equivalent), and access to the substrate is blocked by a cluster of 

hydrophobic residues, which is not consistent with the mechanism for catalysis 

presented here. Analysis of the submitted coordinates and original experimental data 

(both are available from the PDB entry 1T2W) reveals very high B-factors for the peptide 

in the S. aureus SrtAΔN59(C184A)•LPETG complex and very little electron density to 

account for the position described, although a different protocol for map generation has 

been followed (however, maps calculated by the Electron Density Server194 also confirm 

this observation). 
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Since the completion of this work, a S. aureus SrtAΔN59•LPAT covalent complex 

structure that mimics the enzyme-acyl intermediate has been determined by NMR by 

Clubb and coworkers54. Comparison of an overlay of an apoenzyme S. aureus solution 

structure with the apoenzyme S. pyogenes SrtAΔN81 crystal structure and an overlay of the 

S. aureus SrtAΔN59•LPAT solution structure with the S. pyogenes SrtAΔN81•LPSTG model 

illustrates the preformed nature of the S. pyogenes SrtA substrate binding site (Figure 19). 

S. aureus SrtA undergoes drastic changes in the various loop structures surrounding the 

active site upon substrate binding, while S. pyogenes SrtA remains vastly unchanged 

except minor movement to accommodate the presence of a peptide in the binding cleft 

(Figure 18). The combination of Ca2+ and substrate binding are required to induce the 

required changes in S. aureus SrtA structure for competent binding48,54. Although S. 

aureus SrtA has been viewed as the prototypical sortase enzyme, our studies and the 

recent structures of other sortase enzymes suggests that this element of the sortase 

mechanism is an exception found only in S. aureus SrtA as most sortase enzymes seem to 

contain preformed substrate binding pockets58,61,64-66. 

In both complexes, many similar residues are used to contact the substrate.  

These contacts include Met125, Val191, Val193, Ile194, and Val206 (S. pyogenes SrtA 

numbering). However, the peptides adopt different conformations and orientations in 

the two models (Figure 19). It is possible that the S. pyogenes SrtA-peptide complex 

representatives an early step in substrate binding, while the S. aureus SrtA-peptide 
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complex displays a state after stable binding has been established and the initial 

nucleophilic cleavage has taken place. Based on this assumption, the first steps of 

substrate binding and catalysis would proceed as follows: the pyrrolidine ring of the Pro 

and the sidechain of the Leu of the substrate make initial contact with the β6/β7 loop of 

SrtA. The Pro then swings deeper in the substrate binding cleft, the Leu side chain slips 

to the underside of the β6/β7 loop, and the conserved Arg216 binds to the carbonyl 

oxygen of the peptide bonds of the Leu or Pro, essentially locking the substrate in place 

for catalysis. This movement positions the substrate appropriately for protonation of the 

amide carbonyl by the conserved His142 and nucleophilic attack on the carbonyl by the 

conserved Cys208. While progress has been made in elucidating the subsequent steps in 

the reaction mechanism, much work has yet to be done to identify the binding site of 

Lipid II. The rearrangements that take place in the enzyme to allow for nucleophilic 

attack on the enzyme-substrate intermediate by the crossbridge peptide of Lipid II and 

release of the transpeptidation product from the enzyme require further study. As such, 

the molecular model of the S. pyogenes SrtAΔN81•LPSTG interaction will be a valuable 

tool for targeting residues for site-directed mutagenesis to further probe substrate 

specificity and catalysis in this enzyme family. 
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Figure 19. Comparison of S. pyogenes SrtAΔN81 and S. aureus SrtAΔN59 Structures and Their Peptide Complex Structures. (a) 

Comparison of unliganded S. aureus SrtAΔN59 solution structure (PDB ID 1IJA chain 1, in blue) and S. pyogenes SrtAΔN81 crystal 

structure (PDB ID 3FN5 chain A, in white). (b) Comparison of S. aureus SrtAΔN59•LPAT solution structure (PDB ID 2KID in 

blue, LPAT peptide in purple) and S. pyogenes SrtAΔN81•LPSTG computational model (3FN5•LPSTG in white, LPSTG peptide 

in red). The calcium ion in the S. aureus SrtA•LPAT complex structure is in green. (c) Comparison of peptide substrate 

binding conformations in the SrtA active sites (LPAT in purple, LPSTG in red). 
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3. Preliminary Studies of Streptococcus pyogenes 
Sortase C 

Contributions: Conceived and designed the experiments: JAM, DGM. Performed 

the experiments: JAM. Analyzed the data: JAM, DGM. Contributed 

reagents/materials/analysis tools: MJB, JRS. 

3.1 Background 

Cell wall-anchored proteins play critical roles in the virulence of most Gram-

positive bacterial pathogens by acting as adhesins or invasins and/or interfering with 

various arms of the host innate or specific immune defenses18,76,78,86,114. Many of these 

virulence proteins are retained at the bacterial surface after secretion by a mechanism 

that involves the covalent linkage of target proteins to the peptidoglycan layer of the cell 

wall. This linkage is catalyzed by membrane-associated transpeptidases called 

sortases151,152. Proteins destined for cell-surface attachment contain a sorting signal 

recognized by these enzymes. 

Although a single sortase (SrtA, known as the “housekeeping” sortase) is 

responsible for attachment of the majority of cell surface proteins containing a sorting 

signal, searches of Gram-positive bacterial genome sequences frequently reveal the 

presence of one or more additional sortases166. While genes encoding SrtA and its 

substrate proteins do not appear to be closely linked in bacterial genomes, genes 

encoding functionally related but distinct sortases tend to be clustered with their 

substrate proteins and can have divergent sorting motifs35,145,167. 
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The important human pathogen S. pyogenes expresses two distinct sortases, SrtA 

(SPy1154) and SrtC (SPy0129). S. pyogenes SrtA is the general housekeeping sortase and 

is responsible for anchoring all proteins containing the LPXTG sorting signal to the cell 

wall, including various key virulence proteins, such as M protein, protein G-related 

α2M-binding protein (GRAB), and streptococcal C5a peptidase (ScpA)145,168. The second 

sortase (SrtC) catalyzes the polymerization of cell surface pilin proteins that mediate S. 

pyogenes adhesion to clinically relevant human tonsil and skin cells169,170. Recent studies 

suggest that S. pyogenes SrtA is responsible for anchoring these pili into the cell wall after 

they have been polymerized by SrtC87. The role of sortases in the mechanism of pili 

assembly appears to be conserved in all piliated Gram-positive bacteria, as similar 

systems have been described in Actinomyces naeslundii, Bacillus cereus, Corynebacterium 

diphtheria, Streptococcus agalactiae, and Streptococcus pneumoniae37,42,171-173. 

A piliated Gram-positive bacterium typically encodes for three pilin proteins in a 

pilus biogenesis operon86. Pilin proteins are usually composed of two or more similar 

domains. Each domain displays an immunoglobulin-like fold (Figure 20). The C-

terminal domain contains the typical tripartite cell wall sorting sequence (CWSS) that 

allows sortase enzymes to recognize it as a substrate (Figure 21). The N-terminal domain 

of the backbone and anchor pilins contains a nucleophilic lysine reside to which sortases 

attach the C-terminal domain of another pilin protein. The N-terminal domain of the 

adhesive tip pilin does not contain such a lysine, requiring that the pilus terminate with 
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the addition of this adhesin. Instead, the N-terminal domain of this pilin often has a 

divergent structure91,195 and exhibits the adhesive properties that account for many of the 

virulence properties of Gram-positive bacterial pili87,169. In addition, each domain of a 

pilin protein contains an unusual intramolecular isopeptide bond between a lysine and 

an asparagine/glutamine or aspartate/glutamate (Figure 20)91-94,196. The formation of this 

bond is reliant on the presence of a catalytic aspartate/glutamate. In rare cases, a bond is 

formed between a cysteine and a glutamine, forming an intramolecular thioester bond 

and contributing to adhesion to host cells91. These isopeptide bonds provide structural 

stability to the pilus in the extracellular environment where reliable maintenance of 

disulfide bonds and other stabilization techniques is difficult89,95. 
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Figure 20. S. pyogenes Major Backbone Pilin. Structural model of the S. pyogenes 

backbone pilin, SPy012818-307, solved by X-ray crystallography (PDB ID 3B2M chain B). 

The structure consists of two immunoglobulin-like domains. Stabilizing isopeptide 

bonds are highlighted in yellow, and the lysine utilized by SrtC for polymerization is 

highlighted in green. 
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Figure 21. Sortase-Substrate Domain Structure. Sortase substrates are composed of an N-terminal secretion signal, a functional 

domain, and a C-terminal cell wall sorting signal. The tripartite CWSS motif consists of a five amino acid recognition 

sequence, followed by a hydrophobic region that spans the phospholipid membrane, and ends in a positively charged region 

that localizes the protein to the membrane prior to sortase recognition. In an anchor or a backbone pilin, the functional 

domain contains a specific lysine residue that is attached to the recognition sequence of a second pilin protein by a SrtC 

enzyme. 
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Many strains of S. pyogenes contain a fibronectin-binding, collagen-binding T 

antigen (FCT) region in their genome197. There is a fair amount of diversity in this region, 

with six major subtypes represented across sequenced S. pyogenes strains. The FCT 

region encodes for three pilin subunits, a SrtC enzyme, transcriptional regulators, and a 

putative signal peptidase/chaperone198. The serotype M1, SF370 strain contains an FCT-2 

region and the serotype M3, AM3 strain contains an FCT-3 region (Figure 22). The SrtC 

enzyme polymerizes the backbone pilin (SPy0128 in SF370, Tee3/FctA in AM3), attaches 

the collagen-binding tip (SPy0125/Cpa in SF370, Cpa in AM3) to the backbone pilin, and 

attaches the extended pilus to the anchor pilin (SPy0130 in SF370, OrfB/FctB in AM3) 

(Figure 23)87. SrtA then attaches the whole pilus to the peptidoglycan layer via the 

anchor pilin. It is unclear whether the anchor pilin is also able to act as a branching pilin 

along the pilus backbone. However, this dual role would require attachment to an 

alternate lysine on the backbone pilin, which has not yet been observed.



 

 

101 

 

Figure 22. The FCT Regions of S. pyogenes. S. pyogenes strains have variable FCT regions. Two prominent regions in 

pathogenic strains, FCT-2 and FCT-3, are shown. RofA, Nra, and MsmR are transcriptional regulators of the FCT operon. SrtC-

1 and SrtC-3 are SrtC class enzymes responsible for pilus biogenesis. Cpa is a collagen-binding adhesive tip pilin. Spy0128 

and T3 are backbone pilins. Spy0130 and OrfB are anchor/branch pilins. SipA1 and SipA2 are signal peptidase/chaperone 

proteins. The production of these proteins results in pilus biogenesis. 
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Figure 23. Model of an Extended Pilus. The Gram-positive bacterial pilus contains 

three subunits: a backbone, an adhesive tip, and an anchor. The anchor is shown in 

blue (PDB ID 3KLQ), the backbone is shown in yellow (PDB ID 3B2M), the tip is 

shown in pink (PDB ID 2XID), and the nucleophilic lysine residues where covalent 

polymerization is catalyzed by SrtC enzymes are shown in green and highlighted 

with black arrows. 
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To further understand structure/function relationships and the role of these 

enzymes in pathogenesis, pilins and SrtC enzymes from S. pyogenes serotype M1, SF370 

strain and serotype M3, AM3 strain have been studied. Initial steps towards structural 

and kinetic characterization of the S. pyogenes SrtC enzyme have been taken. These 

efforts include production of multiple E. coli expression vectors capable of expression of 

pure, soluble proteins corresponding to multiple SrtC and pilin constructs from S. 

pyogenes SF370 and AM3 strains and production of corresponding peptide substrates for 

use in in vitro enzyme activity assays. However, these recombinant SrtC enzymes and 

substrates did not display in vitro enzyme activity under the conditions tested. 

Additionally, attempts to crystallize SrtC resulted in initial screening hits, but further 

optimization did not produce diffraction-quality crystals. Nonetheless, these results 

form a basis for future studies to probe the catalytic mechanism and substrate specificity 

of this critical family of enzymes in an important human pathogen. 

3.2 Materials and Methods 

3.2.1 Gene Cloning 

The DNA sequence encoding S. pyogenes SrtC residues Gly31-Glu237 (SrtC-1ΔN30) 

was amplified from S. pyogenes serotype M1, strain SF370 genomic DNA by the 

laboratory of Dr. Mark J. Banfield. The PCR product was digested with the appropriate 

enzymes and cloned directly into a modified version of pET28a (cut with the same 

enzymes, vector originally from Novagen) in which the nucleotides between the NdeI 
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and BamHI restriction sites are removed. The resulting construct was obtained from Dr. 

Mark J. Banfield, verified by DNA sequencing, and transformed into Escherichia coli BL21 

(DE3) cells for protein expression. 

The DNA sequences encoding S. pyogenes SrtC residues Met1-Glu239 (SrtC-3FL), 

Gly29-Glu239 (SrtC-3ΔN28), and Asp32-Glu239 (SrtC-3ΔN31) were amplified from S. 

pyogenes serotype M3, strain AM3 FCT-3 region DNA in plasmid pEU7657. pEU7657 

was created and provided by the laboratory of Dr. June R. Scott198. SrtC-3FL was 

amplified using the primers 5’-CACCATGACAATTGTACAGGTTATCAATAAAGC-3’ 

(forward) and 5’-TTATTCTTGAATAGTACCGACAACGATAACACG-3’ (reverse). This 

construct introduces the appropriate recombination site for subsequent cloning (TOPO 

recognition site, underlined). The PCR product was incubated with the TOPO enzyme 

and cloned into the pENTR/TEV/TOPO vector (Invitrogen). The resulting construct was 

transformed into E. coli TOP10 cells and confirmed by DNA sequencing. This vector was 

then recombined with pDEST/MBP/peri/His6 (generous gift from Dr. David S. Waugh) 

to yield an expression vector containing an N-terminal Maltose Binding 

Protein/periplasmic secretion signal/hexahistidine tag199 following manufacturer 

instructions (Invitrogen). The resulting construct was verified by DNA sequencing and 

transformed into various E. coli expression strains for protein expression. 

The DNA sequence encoding S. pyogenes SrtC residues Gly29-Glu239 (SrtC-3ΔN28) 

was amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 
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using the primers 5’-CACCTTTGGTTTGTGGGATTCTTATCATCTC-3’ (forward) and                   

5’-TTATTCTTGAATAGTACCGACAACGATAACACG-3’ (reverse). This construct 

removes the predicted secretion signal and membrane anchor sequence (residues Met1-

Phe28) at the N-terminus and also introduces the appropriate recombination site for 

subsequent cloning (TOPO recognition site, underlined). The PCR product was 

incubated with the TOPO enzyme and cloned into the pENTR/TEV/TOPO vector. The 

resulting construct was transformed into E. coli TOP10 cells and confirmed by DNA 

sequencing. This vector was then recombined with pDEST17 or pDEST/peri/MBP/His6 to 

yield expression vectors containing an N-terminal hexahistidine (His6) tag or an N-

terminal periplasmic secretion signal/Maltose Binding Protein/His6 tag, respectively, 

following manufacturer instructions (Invitrogen). The resulting constructs were verified 

by DNA sequencing and transformed into various E. coli expression strains for protein 

expression. 

The DNA sequence encoding S. pyogenes SrtC residues Asp32-Glu239 (SrtC-3ΔN31) 

was amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 

using the primers 5’-TATAGCTAGCGATTCTTATCATCTCTATCAACAAGC-3’ 

(forward) and 5’-TATAAAGCTTTTATTCTTGAATAGTACCGACAACGA-3’ (reverse). 

This construct removes the predicted secretion signal and membrane anchor sequence 

(residues Met1-Trp31) at the N terminus and also introduces appropriate restriction sites 

for subsequent cloning (NheI and HindIII sites, underlined). This vector was digested 
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with the NheI and HindIII (New England Biolabs), and the inserts were purified via 

QIAquick Gel Extraction Kit (Qiagen) and cloned directly into pET28b (Novagen). The 

resulting construct was verified by DNA sequencing and transformed into E. coli BL21 

(DE3) cells for protein expression. 

Another S. pyogenes SrtC-3ΔN31 construct compatible with a C-terminal His6 tag 

was also produced with primers                 

5’-TATACCATGGCGGATTCTTATCATCTCTATCAACAAGCAGAC-3’ (forward) and 

5’-CTCGAGTTCTTGAATAGTACCGACAACGATAACACG-3’ (reverse). This construct 

removes the predicted secretion signal and membrane anchor sequence (residues Met1-

Trp31) at the N terminus and also introduces appropriate restriction sites for subsequent 

cloning (NcoI and XhoI sites, underlined). The PCR products were cloned into pCR-

BluntII-TOPO via the ZeroBlunt cloning system (Invitrogen). This vector was digested 

with the NcoI and XhoI (New England Biolabs), and the inserts were purified via 

QIAquick Gel Extraction Kit and cloned directly into pET28b. The resulting construct 

was verified by DNA sequencing and transformed into E. coli BL21 (DE3) cells for 

protein expression. 

The DNA sequence encoding S. pyogenes Tee3 residues Glu29-Ala344 (T3ΔN28) 

was amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 

using the primers 5’-GCTAGCGAGACGGCAGGAGTGTCCGAAAA-3’ (forward) and 

5’-GAATTCTTAAGCTTTTTTACGTTTTGTAATATAGATAACTCCCAC-3’ (reverse). 
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This construct removes the predicted secretion signal (residues Met1-Ala28) at the N-

terminus and also introduces appropriate restriction sites for subsequent cloning (NheI 

and EcoRI sites, underlined). The PCR product was cloned into pCR-BluntII-TOPO via 

the ZeroBlunt cloning system. This vector was digested with NheI and EcoRI (New 

England Biolabs) and the insert was purified via QIAquick Gel Extraction Kit and cloned 

directly into pET28b. The resulting constructs were verified by DNA sequencing and 

transformed into E. coli BL21 (DE3) cells for protein expression. 

The DNA sequence encoding S. pyogenes Tee3 residues Glu29-Thr315 (T329-315) 

was amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 

using the primers 5’-GCTAGCGAGACGGCAGGAGTGTCCGAAAA-3’ (forward) and 

5’-GAATTCTTAGGTGCCTACAACACCAGTTGG-3’ (reverse). This construct removes 

the predicted secretion signal (residues Met1-Ala28) at the N-terminus and the C-

terminal hydrophobic anchor and also introduces appropriate restriction sites for 

subsequent cloning (NheI and EcoRI sites, underlined). The PCR product was cloned 

into pCR-BluntII-TOPO via the ZeroBlunt cloning system. This vector was digested with 

NheI and EcoRI enzymes and the insert was purified via QIAquick Gel Extraction Kit 

and cloned directly into pET28b. The resulting constructs were verified by DNA 

sequencing and transformed into E. coli BL21 (DE3) cells for protein expression. 

The DNA sequence encoding S. pyogenes Tee3 residues Met1-Ala344 (T3FL) was 

amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 
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using the primers                   

5’-CACCATGAAAAAAAACAAATTATTACTTGCTACTGCAATCTTAGC-3’ (forward) 

and 5’-TTAAGVTTTTTTACGTTTTGTAATATAGATAACTCCACC-3’ (reverse). This 

construct introduces appropriate recombination sites for subsequent cloning (Att, 

underlined). The PCR product was cloned into pENTR/TEV/D-TOPO via the Gateway 

cloning system. The resulting construct was verified by DNA sequencing and 

transformed into E. coli BL21 (DE3) cells for protein expression. 

The DNA sequence encoding S. pyogenes Tee3 residues Glu29-Ala183 (T3N) was 

amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 

using the primers 5’-CACCGAGACGGCAGGAGTGTCCGAAAATGC-3’ (forward) and 

5’-TTATGCAAACGAGTTGTTAAAATTAACTGGTTTTTTGACG-3’ (reverse). This 

construct removes the N-terminal secretion signal and the C-terminal domain and 

introduces appropriate recombination sites for subsequent cloning (Att, underlined). 

The PCR product was cloned into pENTR/TEV/D-TOPO via the Gateway cloning 

system. LR recombination was used to transfer the construct to pDEST17. The resulting 

construct was verified by DNA sequencing and transformed into E. coli BL21 (DE3) cells 

for protein expression. 

The DNA sequence encoding S. pyogenes Tee3 residues Thr184-Ala344 (T3C) was 

amplified from S. pyogenes serotype M3, strain AM3 FCT-3 region DNA in pEU7657 

using the primers 5’-CACCACTACTTCGTTAAAAGTTAAGAAGAATGTATCGGGG-3’ 
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(forward) and 5’-TTAAGCTTTTTTACGTTTTGTAATATAGATAACTCCACC-3’ 

(reverse). This construct removes the N-terminal domain and introduces appropriate 

recombination sites for subsequent cloning (Att, underlined). The PCR product was 

cloned into pENTR/TEV/D-TOPO via the Gateway cloning system. LR recombination 

was used to transfer the construct to pDEST17. The resulting construct was verified by 

DNA sequencing and transformed into E. coli BL21 (DE3) cells for protein expression. 

3.2.2 Protein Expression and Purification Studies 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes SrtC-1ΔN30•pET28a vector 

were grown in 1 L of Luria-Bertani (LB, Novagen) media supplemented with kanamycin 

(50 µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. Protein expression was 

induced by the addition of isopropyl 1-thio-β-D-galactopyranoside (IPTG, Sigma) to a 

final concentration of 1 mM. Protein expression was allowed to proceed overnight at 20 

°C before harvesting by centrifugation. Cell pellets were resuspended in 50 mM Tris pH 

7.5 (Sigma), 150 mM NaCl (Sigma), 5 mM imidazole (Sigma) and lysed by emulsification. 

The lysate was centrifuged, and the supernatant was applied to a pre-equilibrated 

Chelating Sepharose Fast Flow (GE Healthcare) column preloaded with nickel. The 

column was washed with two column volumes of lysis buffer, followed by two column 

volumes of lysis buffer with 50 mM imidazole, and S. pyogenes SrtC-1ΔN30 was eluted with 

an imidazole gradient (50-500 mM) over 10 column volumes. Fractions containing 

purified S. pyogenes SrtC-1ΔN30 (as identified by SDS-PAGE) were pooled and 
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concentrated with an Amicon stirred cell concentrator equipped with a 10 kDa 

regenerated cellulose filter (Millipore). The concentrated protein was then injected onto 

a HiPrep 26/60 Sephacryl S-200 HR (GE Healthcare) column pre-equilibrated in 50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol (Sigma), 0.1% β-mercaptoethanol (β-ME, 

Sigma). Eluted fractions containing S. pyogenes SrtC-1ΔN30 were pooled, concentrated with 

an Amicon stirred cell concentrator equipped with a 10 kDa regenerated cellulose filter 

to ~8 mg/mL, and the protein identity was confirmed by electrospray ionization-mass 

spectrometry (ESI-MS) analysis of a trypsin digest. A sample of S. pyogenes SrtC-1ΔN30 

was treated with thrombin to remove the N-terminal affinity tag. Cleaved protein was 

subjected to another round of gel filtration and again concentrated with an Amicon 

stirred cell concentrator equipped with a 10 kDa regenerated cellulose filter to ~4.5 

mg/mL. 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes SrtC-

3FL•pDEST/peri/MBP/His6 vector were grown in 100 mL of LB media supplemented 

with ampicillin (100 µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. 

Cultures of E. coli BL21 (DE3) CodonPlus-RIL harboring the S. pyogenes SrtC-3FL•pDEST 

vector were grown in 100 mL of LB media supplemented with ampicillin (100 µg/ml) 

and chloramphenicol (34 µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. 

Protein expression was induced by the addition of IPTG to a final concentration of 0.1 

mM or 1 mM. Cells were grown at 15-37 °C for 3 h to overnight before harvesting by 
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centrifugation. Cell pellets were resuspended in BugBuster (Novagen). Protein 

expression and solubility was assessed by SDS-PAGE electrophoresis. 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes SrtC-3ΔN28•pDEST17 

vector were grown in 100 mL of LB media supplemented with ampicillin (100 µg/ml) at 

37 °C with shaking to an OD600 between 0.4 and 0.6. Cultures of E. coli BL21 Star (DE3) 

(Invitrogen) harboring the S. pyogenes SrtC-3ΔN28•pDEST17 vector were grown in 100 mL 

of LB media supplemented with ampicillin (100 µg/ml) at 37 °C with shaking to an OD600 

between 0.4 and 0.6. Cultures of E. coli BL21 (DE3) pLysS (Promega) harboring the S. 

pyogenes SrtC-3ΔN28•pDEST17 vector were grown in 100 mL of LB media supplemented 

with ampicillin (100 µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. 

Cultures of E. coli BL21 (DE3) CodonPlus-RIL harboring the S. pyogenes SrtC-

3ΔN28•pDEST/peri/MBP/His6 vector were grown in 100 mL of LB media supplemented 

with ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml) at 37 °C with shaking to an 

OD600 between 0.4 and 0.6. Cultures of E. coli Arctic Express Competent Cells (Stratagene) 

harboring the S. pyogenes SrtC-3ΔN28•pDEST17 vector were grown in 100 mL of LB media 

supplemented with ampicillin (100 µg/ml) at 37 °C with shaking to an OD600 between 0.4 

and 0.6. Protein expression was induced by the addition of IPTG to a final concentration 

of 0.1 mM or 1 mM. Cells were grown at 20-37 °C for 3 h to overnight before harvesting 

by centrifugation. Cell pellets were resuspended in BugBuster (Novagen) or SDS-PAGE 
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gel loading dye. Protein expression and solubility was assessed by SDS-PAGE 

electrophoresis. 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes SrtC-3ΔN31•pET28b vector 

with an N-terminal His6 tag were grown in 1 L of LB media supplemented with 

kanamycin (50 µg/ml) at 37 °C with shaking to an OD600 between 0.4 and 0.6. Cultures of 

E. coli BL21 (DE3) harboring the S. pyogenes SrtC-3ΔN31•pET28b vector with a C-terminal 

His6 tag were grown in 1 L of LB media supplemented with kanamycin (50 µg/ml) at 37 

°C with shaking to an OD600 between 0.4 and 0.6. Protein expression was induced by the 

addition of IPTG to a final concentration of 1 mM. Protein expression was allowed to 

proceed overnight at 20 °C before harvesting by centrifugation. Cell pellets were 

resuspended in 50 mM Tris pH 7.5, 150 mM NaCl, 5 mM imidazole, 50 mM arginine, 50 

mM glutamic acid and lysed by emulsification. The lysate was centrifuged, and the 

supernatant was applied to a pre-equilibrated Chelating Sepharose Fast Flow column 

preloaded with nickel. The column was washed with two column volumes of lysis 

buffer, followed by two column volumes of lysis buffer with 50 mM imidazole, and S. 

pyogenes SrtC-1ΔN31 was eluted with an imidazole gradient (50-500 mM) over 10 column 

volumes. Fractions containing purified S. pyogenes SrtC-1ΔN31 (as identified by SDS-

PAGE) were pooled and concentrated with an Amicon stirred cell concentrator 

equipped with a 10 kDa regenerated cellulose filter. 



 

113 

Cultures of E. coli BL21 (DE3) harboring the S. pyogenes T3ΔN28•pET28b vector 

were grown in 1 L of LB media supplemented with kanamycin (50 µg/ml) at 37 °C with 

shaking to an OD600 between 0.4 and 0.6. Protein expression was induced by the addition 

of IPTG to a final concentration of 0.1 mM. Protein expression was allowed to proceed 

overnight at 20 °C before harvesting by centrifugation. Cell pellets were resuspended in 

50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM imidazole and lysed by 

emulsification. The lysate was centrifuged, and the supernatant was applied to a pre-

equilibrated Chelating Sepharose Fast Flow column preloaded with nickel. The column 

was washed with two column volumes of lysis buffer, followed by two column volumes 

of lysis buffer with 50 mM imidazole, and S. pyogenes T3ΔN28 was eluted with an 

imidazole gradient (50-500 mM) over 10 column volumes. Fractions containing purified 

S. pyogenes T3ΔN28 (as identified by SDS-PAGE) were pooled and concentrated with an 

Amicon stirred cell concentrator equipped with a 10 kDa regenerated cellulose filter. A 

second nickel-affinity purification and concentration step was performed to remove 

contaminating proteins. The protein was then injected onto a SP Sepharose (Sigma) 

column pre-equilibrated in 50 mM HEPES, 50 mM NaCl and eluted with a gradient to 50 

mM HEPES, 500 mM NaCl. Fractions containing purified S. pyogenes T3ΔN28 (as identified 

by SDS-PAGE) were pooled and concentrated with an Amicon stirred cell concentrator 

equipped with a 10 kDa regenerated cellulose filter to 15.3 mg/mL (409 µM). The protein 

identity was confirmed by ESI-MS analysis of a trypsin digest. 
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Cultures of E. coli BL21 (DE3) harboring the S. pyogenes T329-315•pET28b vector 

were grown in 1 L of LB media supplemented with kanamycin (50 µg/ml) at 37 °C with 

shaking to an OD600 between 0.5 and 0.7. Protein expression was induced by the addition 

of IPTG to a final concentration of 0.1 mM. Protein expression was allowed to proceed 

overnight at 16 °C before harvesting by centrifugation. Cell pellets were resuspended in 

50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 5 mM imidazole and lysed by 

sonication. The lysate was centrifuged, and the supernatant was applied to a pre-

equilibrated Chelating Sepharose Fast Flow column preloaded with nickel. The column 

was washed with two column volumes of lysis buffer, followed by two column volumes 

of lysis buffer with 50 mM imidazole, and S. pyogenes T329-315 was eluted with an 

imidazole gradient (50-500 mM) over 10 column volumes. Fractions containing purified 

S. pyogenes T329-315 (as identified by SDS-PAGE) were pooled and concentrated with an 

Amicon stirred cell concentrator equipped with a 10 kDa regenerated cellulose filter. The 

protein was then injected onto a HiPrep 26/60 Sephacryl S-200 HR column pre-

equilibrated in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% β-ME. 

Fractions containing purified S. pyogenes T329-315 (as identified by SDS-PAGE) were 

pooled and concentrated with an Amicon stirred cell concentrator equipped with a 10 

kDa regenerated cellulose filter to ~21 mg/mL. 
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3.2.3 Peptide Substrate Production 

 Various peptide substrates were synthesized for use in in vitro transpeptidation 

assays using a CEM Liberty microwave-assisted automated solid phase peptide 

synthesizer according to manufacturer recommendations. H-Dap(DNP)-TQVPTGV-NH2 

and Abz-DTQVPTGVV-NH2 mimics the SrtC recognition sequence of T3 and                 

Ac-TDVKKPVN-NH2 mimics the region containing the acceptor lysine reside of T3, 

Lys173. Abz-DFEVPTGVA-NH2 mimics the SrtC recognition sequence of SPy0128. 

3.2.4 S. pyogenes SrtC Transpeptidation Activity 

S. pyogenes SrtC activity was assessed using an HPLC-based assay previously 

developed for S. aureus SrtA160. For initial activity determination, 1-100 µM N-terminally 

His6 tagged S. pyogenes SrtC-1ΔN30 or SrtC-3ΔN31 was incubated with 10 µM-1.0 mM         

H-Dap(DNP)-TQVPTGV-NH2 and 200 µM-2.0 mM hydroxylamine, lysine, or                

H-TDVKKPVN-NH2 in assay buffer (300 mM Tris pH 7.5, 150 mM NaCl). In some 

experiments, the pH was varied to 6.5 or 8.5 and excess tris carboxyethyl phosphine 

(TCEP, Sigma) was added to ensure that SrtC was fully reduced. Reactions were 

initiated by the addition of enzyme (total volume 100 µL). Reactions were performed at 

25, 37, or 42 °C for 3, 5, or 17 h and quenched by removal into a half-volume of 1.2 M 

HCl (final HCl concentration = 0.4 M). Reaction were analyzed by reverse-phase HPLC 

using an analytical C18 column (4.6 × 250 mm, 5 µm, Vydac, Inc.) mounted at 40 °C on an 

Agilent 1200 HPLC system equipped with a fraction collector. The quenched reaction (64 
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µL) was injected onto the column, and the reaction products were separated using a 

linear gradient from 2 to 50% methanol (Sigma), 0.1% trifluoroacetic acid (TFA) over 40 

min at a flow rate of 1 mL/min. DNP-containing peaks were detected using UV 

absorption (λmax = 355 nm). The identity of the collected fractions was determined by 

ESI-MS. 

S. pyogenes SrtC activity was also assessed using protein substrates in an 

electrophoretic mobility shift assay.T3ΔN28 or T329-315 was added to SrtC-1ΔN30 or C- or N-

terminally His6 tagged SrtC-3ΔN31 in 300 mM Tris pH 7.5, 150 mM NaCl, with or without 

50 mM dithiothreitol (DTT) to ensure that SrtC was fully reduced. Reactions were 

allowed to proceed at 4, 25, or 37 °C for 18 h and analyzed by SDS-PAGE and Coomassie 

Blue staining. Protein size was assessed by comparison to BenchMark Pre-Stained 

Protein Ladder (Invitrogen). Monomeric T3 proteins run ~33 kDa and SrtC proteins run 

~24 kDa. 

3.2.5 Alkylation of S. pyogenes SrtC-1∆N30 Cys221 

The haloalkylating reagent 6-bromoacetyl-2-dimethylaminonaphthalene (Badan) 

reacts with free thiols (and preferentially with ionized thiolate anions), forming a stable 

covalent thioether bond176. The reaction generates a significant increase in fluorescence 

emission intensity at λ = 525 nm. To determine whether S. pyogenes SrtC-1ΔN30 contains a 

reactive thiol group, 1 µM SrtC-1ΔN30 was incubated with 20 µM Badan at RT over pH 

range 4-9.5. To obtain an approximate pKa of the reactive cysteine, the rate of increase in 
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fluorescence was measured the pH range. Two triple buffer systems were used to 

measure alkylation rates: 50 mM acetate, 50 mM MES, 100 mM Tris, 150 mM NaCl for 

pH 4-7.5 and 50 mM MES, 100 mM Tris, 50 mM CAPS, 150 mM NaCl for pH 7.5-9.5. The 

change in fluorescence intensity at 525 nm (excitation λ = 380 nm) over 15 min was 

monitored. Raw data were background subtracted and fit to a first order rate equation 

with an offset in GraFit Version 4.03 (Erithacus Software) (Equation 3.1). 

(3.1)	At	=	A∞	1	-	e-kt
	+	X 

Rates obtained from these fits were plotted vs. pH and fit to a single ionization 

curve in GraFit Version 4.03 (Equation 3.2). Rates fit to this equation with a χ2 value of 

9.5 × 10-8. 

(3.2)	y = Limit1	+ 
(Limit2- Limit1)•10	pH	-	pKa


1	�	10	pH	-	pKa

 

3.2.6 Crystallization of S. pyogenes SrtC-1∆N30 

Purity of protein samples used for crystallization studies was determined by 

SDS-PAGE. Conditions supporting the growth of S. pyogenes SrtC-1ΔN30 crystals were 

initially identified using the sitting drop method of vapor diffusion at 4 °C. Various 

crystallization conditions were screened using commercially available crystallization 

screens, such as the Classics Suite, Anions Suite, Cations Suite, JCSG I-IV Core Suites, 

PEGs Suite, and PEGs II Suite (Qiagen). 0.2-0.4 µL of 18.4 mg/mL S. pyogenes SrtC-1ΔN30 

solution was mixed with 04.-0.2 µL of precipitant solution. Initial crystals were grown to 

about 40 µm using 100 mM Tris pH 8.5, 30% (w/v) polyethylene glycol (PEG) 3000, and 
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200 mM lithium sulfate. This condition was further optimized using the hanging drop 

method of vapor diffusion and various ratios of protein:precipitant solutions. Three 

additional initial crystallization conditions were identified: (1) 100 mM Tris pH 8.5, 30% 

(w/v) PEG 4000, and 200 mM sodium acetate, (2) 20% (w/v) PEG 3350 and 200 mM 

lithium chloride, and (3) 20% (w/v) PEG 3350 and 200 mM calcium acetate. Crystals 

grew to their maximum dimensions in 2-3 weeks. 

3.2.7 Homology Modeling of S. pyogenes SrtC-3∆N31 

S. pyogenes SrtC-3 has high homology with S. aureus SrtB. The two enzymes have 

33% identity and 55% similarity. This resemblance is why SrtC enzymes in S. pyogenes 

are phylogenetically considered to be class B sortases37. Although S. pyogenes SrtC 

performs the class C sortase function of pilin polymerization, it shares more homology 

with SrtB enzymes than with SrtC enzymes in other species. Multiple crystal structures 

of S. aureus SrtB have been solved58,59. Thus, a homology model of S. pyogenes SrtC-3 was 

constructed based on S. aureus strain N315 SrtB from PDB ID 1NG5 chain A58. Protein 

sequence alignment was performed using ClustalΩ200. The homology model was 

produced using the ClustalΩ alignment coupled with SWISS-MODEL Alignment 

Mode201. Protein structure figures have been prepared with PyMOL186 and Chimera187. 
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3.3 Results 

3.3.1 Protein Design and Production 

Multiple constructs of SrtC and backbone pilin proteins (including full length 

and truncated proteins, removing signal sequences, disordered regions, and 

hydrophobic membrane spanning domains) were successfully cloned, expressed, and 

purified in a soluble form (Figure 24). Expression of these genes from pET28b produced 

the greatest amount of soluble protein, as compared to expression from Gateway vectors 

pDEST17 and pDEST/peri/MBP/His6 (data not shown). Additionally, expression in E. coli 

BL21 (DE3) produced more soluble protein than any of the other expression strains 

tested (data not shown). 
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Figure 24. Purified Recombinant S. pyogenes Proteins. Coomassie Blue-stained SDS-

PAGE gels of recombinant S. pyogenes SrtC and T3 constructs purified from E. coli 

extracts. (a) SrtC-1ΔN30 N-terminally His6 tagged. (b) SrtC-3ΔN31 N-terminally His6 

tagged. (c) SrtC-3ΔN31 C-terminally His6 tagged. (d) T3ΔN28 N-terminally His6 tagged. (e) 

T329-315 N-terminally His6 tagged. BenchMark Pre-Stained Protein Ladder markers are 

labeled in molecular mass units of kDa. T3 proteins electrophorese at ~33 kDa and 

SrtC proteins electrophorese at ~24 kDa. 
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The catalytic domain in S. pyogenes SrtC-1 (also known as SPy0129 or SrtC1, from 

FCT-2 containing strains) and SrtC-3 (also known as SrtC2, from FCT-3 containing 

strains) comprises residues Gly31-327 and Asp32–239, respectively. The first 

approximately 30 residues serve as an N-terminal signal sequence and hydrophobic 

helical membrane anchor, and these amino acids were removed to increase solubility. S. 

pyogenes T3 is the major backbone pilin in S. pyogenes FCT-3 containing strains. The N-

terminal 28 amino acids comprise the secretion signal and hydrophobic helical 

membrane anchor, and these residues were removed to produce a protein that is similar 

to what is presented to sortases in vivo. Expressed and purified S. pyogenes SrtC-1ΔN30 and 

T3ΔN28 were digested with trypsin and examined by liquid chromatography/mass 

spectrometry using an Agilent 1200 LC/MS to confirm the identity of the protein. 

3.3.2 S. pyogenes SrtC is Not a Highly Active Transpeptidase In Vitro 

The catalytic activity of S. pyogenes SrtC-1ΔN30 was tested using an HPLC-based 

assay established previously for S. aureus SrtA160. Modifications included using H-

Dap(DNP)-TQVPTGV-NH2 as the CWSS of the major pilin rather than Abz-LPETGG-

Dap(DNP)-NH2 and using hydroxylamine, lysine, or Ac-TDVKKPVN-NH2 as the 

transpeptidation substrate rather than H-GGG-OH or H-GGGGG-OH, reflecting the 

different cleavage and acceptor substrates recognized by the different classes of sortase 

enzymes. The catalytic activity of S. pyogenes SrtC-3ΔN31 was tested using H-Dap(DNP)-

TQVPTGV-NH2 as the CWSS of the major pilin and lysine or Ac-TDVKKPVN-NH2 as 
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the transpeptidation substrate. No cleavage or transpeptidation of any of these 

substrates was observed under the experimental conditions (Figure 25). These 

conditions included the presence and absence of reducing agents to ensure the 

conserved nucleophilic active site cysteine was reduced, variation of the pH from 6.5 to 

8.5, and variation of the temperature from 25 °C to 42 °C. 
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Figure 25. SrtC Enzyme Activity With Peptide Substrates. Representative HPLC traces 

of SrtC activity assays. Reactions were run for 17 h at 37 °C. (a) 1 mM H-Dap(DNP)-

TQVPTGV-NH2, 2 mM Ac-TDVKKPVN-NH2. (b) 10 µM SrtC-1ΔN30, 1 mM H-

Dap(DNP)-TQVPTGV-NH2, 2 mM Ac-TDVKKPVN-NH2. (c) 10 µM SrtC-1ΔN30, 1 mM 

H-Dap(DNP)-TQVPTGV-NH2, 1 mM NH2OH. (d) 1 mM H-Dap(DNP)-TQVPTGV-

NH2, 2 mM Ac-TDVKKPVN-NH2. (e) 3.5 µM SrtC-3ΔN31, 1 mM H-Dap(DNP)-

TQVPTGV-NH2, 2 mM Ac-TDVKKPVN-NH2. (f) 3.5 µM SrtC-3ΔN31, 1 mM H-

Dap(DNP)-TQVPTGV-NH2, 2 mM NH2OH. The peak at 1800 seconds corresponds to 

the H-Dap(DNP)-TQVPTGV-NH2 substrate peptide. 
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Due to the covalent nature of pilin polymerization, S. pyogenes SrtC enzyme 

activity was also tested using recombinant backbone pilin proteins via SDS-PAGE 

electrophoretic mobility shift assays. Enzyme activity was tested with a T3ΔN28 construct 

from which the N-terminal signal sequence had been removed and a T329-315 construct 

from which both the N-terminal signal sequence and C-terminal hydrophobic anchor 

domain had been removed. However, no detectable polymerization was observed under 

the experimental conditions (Figure 26). These conditions included the presence and 

absence of reducing agents to ensure the conserved nucleophilic active site cysteine was 

reduced and variation of the temperature from 4 °C to 37 °C. 
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Figure 26. SrtC Enzyme Activity With Protein Substrates. SDS-PAGE gel shift assays 

of S. pyogenes T3 polymerization by SrtC. (a) N-terminally His6 tagged S. pyogenes 

SrtC-1ΔN30 and SrtC-3ΔN31 activity towards T3ΔN28 overnight in 300 mM Tris pH 7.5, 150 

mM NaCl. 1- T3ΔN28, 2- SrtC-1ΔN30, 3- SrtC-1ΔN30 + T3ΔN28 (37 °C), 4- SrtC-1ΔN30 + T3ΔN28 + 50 

mM DTT (37 °C), 5- SrtC-3ΔN31, 6- SrtC-3ΔN31 + T3ΔN28 + 50 mM DTT (25 °C), 7- SrtC-3ΔN31 

+ T3ΔN28 + 50 mM DTT (37 °C). (b) C-terminally His6 tagged S. pyogenes SrtC-3ΔN31 

activity towards T3ΔN28 overnight in 300 mM Tris pH 7.5, 150 mM NaCl. 1- SrtC-3ΔN31 + 

T3ΔN28 (37 °C). (c) C-terminally His6 tagged S. pyogenes SrtC-3ΔN31 activity towards T329-

315 overnight in 300 mM Tris pH 7.5, 150 mM NaCl. 1- SrtC-3ΔN31 + T329-315 (4 °C), 2- 

SrtC-3ΔN31 + T329-315 (25 °C). BenchMark Pre-Stained Protein Ladder markers are labeled 

in molecular mass units of kDa. Monomeric T3 proteins electrophorese at ~33 kDa 

and SrtC proteins electrophorese at ~24 kDa. 
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Overall apparent poor catalytic efficiency is a general property of sortases in 

vitro35,66 and is attributable to the substrates used being poor mimics of true in vivo 

substrates, the lack of a native lipid/protein membrane environment, and is a reflection 

of the reverse protonation catalytic mechanism of sortase enzymes where a small 

fraction of the enzyme is in the catalytically competent protonation state at physiological 

pH49. S. pyogenes SrtC enzymes were also observed to be relatively unstable in solution, 

possibly contributing to the lack of observable activity (data not shown). Storage for 

multiple days at room temperature or 4 °C resulted in slow precipitation of S. pyogenes 

SrtC, which did not seem to be due to degradation as analyzed by SDS-PAGE (data not 

shown). 

3.3.3 S. pyogenes SrtC-1∆N30 Cys221 can be Alkylated 

To investigate whether S. pyogenes SrtC-1ΔN30 contains a reactive thiol group, the 

protein was incubated with Badan. An increase in fluorescence during incubation (at 525 

nm) was suggestive of an alkylation event. The rate of alkylation over a range of pH 

from 4-9.5 was measured to ascertain an approximate pKa for S. pyogenes SrtC-1ΔN30 

Cys221 (Figure 27). An apparent pKa of 6.3 ± 0.4 was obtained, supporting an accessible 

nucleophilic cysteine in the active site of S. pyogenes SrtC-1ΔN30. The depressed pKa of 

Cys221, relative to S. aureus SrtA Cys18449, is consistent with the lower pKa observed for 

S. pyogenes SrtA Cys208150.
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Figure 27. Determination of the pKa of S. pyogenes SrtC-1ΔN30 Cys221. (a) Fluorescence vs. time plot for reaction of Badan with 

S. pyogenes SrtC-1ΔN30 used to obtain rates of reaction at various pH (open circles- pH 4.5, filled circles- pH 5.0, open squares- 

pH 6.0, filled squares- pH 7.0, open triangles- pH 7.5, filled triangles- pH 8.5, open diamonds- pH 9.5). (b) Rate of S. pyogenes 

SrtC-1ΔN30 Badan alkylation vs. pH plot used to obtain an approximate pKa of 6.3 ± 0.4 for the conserved nucleophilic Cys221. 
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3.3.4 Structural Studies of S. pyogenes SrtC 

Purified S. pyogenes SrtC-1ΔN30 in 3.3 mM Tris pH 7.5, 10 mM NaCl, 0.7% glycerol 

concentrated to 18.4 mg/mL was screened for initial crystallization conditions at 4 °C 

(Figure 28). In all, around 3,000 conditions from commercially available crystallization 

screens were tested. While four initial conditions were identified, further screening 

proved unable to produce diffraction quality crystals. The best crystallization condition 

identified was 100 mM Tris pH 8.5, 30% (w/v) PEG 3000, and 200 mM lithium sulfate, 

producing pyramidal crystals about 40 µm across in 2-3 weeks (Figure 29). Similar 

conditions with other salts also produced smaller crystals (as described in “3.2 Materials 

and Methods”). Lack of production of high quality protein crystals may have been due 

to relatively low stability of S. pyogenes SrtC-1ΔN30 in solution, as described above. 
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Figure 28. Purified S. pyogenes SrtC-1ΔN30 Used for Crystallization. Coomassie Blue-

stained SDS-PAGE gel of purified S. pyogenes SrtC-1ΔN30 concentrated to 18.4 mg/mL 

and used in screening for crystallization conditions. BenchMark Pre-Stained Protein 

Ladder markers are labeled in molecular mass units of kDa. 
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Figure 29. S. pyogenes SrtC-1ΔN30 Crystals. Purified S. pyogenes SrtC-1ΔN30 was 

concentrated to 18.4 mg/mL and crystallized in 100 mM Tris pH 8.5, 30% (w/v) PEG 

3000, 200 mM lithium sulfate. Pyramidal crystals about 40 µm across were produced at 

4 °C in 2-3 weeks. 
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As of the time of this work, no structural data for the SrtC functional class had 

been produced. In the absence of diffraction quality crystals, a homology model of S. 

pyogenes SrtC was produced to identify key residues likely to be involved in substrate 

binding and catalysis. In future studies, the importance of these residues can be 

confirmed through mutagenesis and biochemical studies. SrtC-3 (S. pyogenes SrtC2) was 

modeled on the S. aureus SrtB crystal structure(PDB ID 1NG5 chain A)58, as this enzyme 

was the most homologous protein for which a structure had been produced (Figure 30). 

ClustalΩ200 was used to create an protein sequence alignment of S. pyogenes SrtC-3 and S. 

aureus SrtB, and SWISS-MODEL Alignment Mode201 was used to produce the homology 

model. The resulting structure is shown in Figure 31. 
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Figure 30. Alignment of S. pyogenes Serotype M3, Strain AM3 SrtC-3 and S. aureus 

Strain N315 SrtB Genes. Alignment was performed using ClustalΩ. The enzymes 

have 33% identity and 55% similarity. 
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Figure 31. Homology Model of S. pyogenes SrtC-3ΔN37. The structural model was 

produced with SWISS-MODEL Alignment Mode based on an ClustalΩ alignment of 

S. pyogenes SrtC-3 with S. aureus SrtB (PDB ID 1NG5 chain A). The enzyme displays 

the typical sortase core fold, as well as helical regions characteristic of the SrtB 

structural class. The conserved active site residues His128, Cys224, and Arg232 are 

shown. 
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The arrangement of the conserved active site residues and the orientation of 

surrounding loops is similar to that seen in other sortase enzymes54,58,150. The core 

structure resembles the common uneven β-barrel that is referred to as the “sortase-fold.” 

The conserved Arg232 and His128 residues flank the conserved Cys224 residue at one 

end of the active site, positioned to interact with a substrate lying in the substrate 

binding groove created by the floor of the β-barrel and the β3/β4 and β6/β7 loops. The 

β6/β7 loop contains an extended α-helix that is likely involved in stabilizing the rest of 

the loop for optimal substrate binding. Overall, the structural model implies that S. 

pyogenes SrtC-3 functions in a similar fashion to other sortase enzymes. 

3.4 Discussion 

Gram-positive bacteria are a major cause of infectious disease. As with all 

pathogens, their success hinges on the production of effective virulence factors. In 

Gram-positive bacteria, many of these factors reside within the peptidoglycan cell wall. 

Sortase enzymes are responsible for anchoring these proteins to the extracellular 

matrix17,18. Without functional sortases, pathogens are severely attenuated for infection52. 

One of the more recent discoveries in this field is the production of pili by Gram-

positive bacteria202. Pili are responsible for multiple virulence activities, including 

aggregation, adhesion to host surfaces, evasion of immune defenses, and biofilm 

formation86,203,204. It was noted that biogenesis of these polymeric protein structures 

required the presence of functional sortase enzymes. Interestingly, contrary to all other 
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cell wall anchored proteins, pili are produced through the combined action of two 

classes of sortases, SrtA and SrtC. 

The discovery of SrtC enzymes coincided with the identification of pili 

biogenesis islets in Gram-positive pathogen genomes197,205. SrtC enzymes are encoded for 

in genomic region containing the genes of their pilin substrates as well as regulatory 

proteins and other proteins (Figure 22)198,206. Pilin proteins consist of multiple 

immunoglobulin-like domains that can be polymerized to form long hair-like structures 

(Figure 23)207. These structures are stabilized by unusual intramolecular isopeptide 

bonds (Figure 20)94,196. The tips of pili typically consist of an adhesive pilin that binds to 

host extracellular matrix proteins such as collagen, the backbone usually consists of a 

single pilin protein, and the anchor is often a distinct pilin protein that may also be 

involved in branching of pili205,206. 

S. pyogenes harbors an FCT region that contains SrtC, a backbone pilin, an anchor 

pilin, an adhesive pilin, regulatory proteins, and a signal peptidase/chaperone198,206. 

There is substantial diversity in some of these genes, leading to variable FCT regions in 

different strains197. S. pyogenes serotype M1, strain SF370, for example, contains an FCT-2 

region while S. pyogenes serotype M3, strain AM3 contains an FCT-3 region (Figure 22). 

The pilin assembly genes in FCT-2 are: SPy0128 (backbone pilin), SPy0129 (SrtC), 

SPy0130 (anchor pilin), and Cpa (adhesive pilin). The pilin assembly genes in FCT-3 are: 
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Tee3 (backbone pilin), SrtC2 (SrtC), FctB/OrfB (anchor pilin), Cpa (adhesive pilin), and 

SipA2 (a signal peptidase/chaperone). 

In this work, we produced multiple recombinant SrtC enzymes and multiple 

peptide and recombinant protein substrates. We were able to produce soluble, pure S. 

pyogenes SrtC-1ΔN30 (from S. pyogenes serotype M1, strain SF370) and SrtC-3ΔN31 (from S. 

pyogenes serotype M3, strain AM3). We produced multiple peptides for use in HPLC-

based activity assays (Figure 25) and soluble, pure S. pyogenes T3ΔN28 and T329-315 (from S. 

pyogenes serotype M3, strain AM3) for use in electrophoretic mobility shift assays (Figure 

26). 

Under the conditions tested, neither SrtC-1ΔN30 nor SrtC-3ΔN31 was observably 

active against these substrates. This inactivity may be due to observed instability of 

these proteins in the form of slow precipitation during storage at 4 °C and room 

temperature. It is possible that a shortened N-terminal region could add stability to 

these enzymes, as S. pyogenes SrtA required 81 N-terminal amino acids to be truncated in 

order to produce soluble, active protein150. With the T3 substrates, it is also possible that 

polymerization did occur at low levels undetectable by SDS-PAGE gel Coomassie Blue 

staining. Other groups have shown in vitro activity of SrtC enzymes, but only using 

more sensitive techniques such as immunoblotting and mass spectrometry36,62,63,208. 

Another possibility is raised by the presence of the putative signal peptidase/chaperone 

protein (SipA) that is coexpressed from the FCT islet of some S. pyogenes strains. Recent 
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studies demonstrated a requirement for SipA for efficient pilus biogenesis198. Thus, SipA 

may be required to observe in vitro activity for S. pyogenes SrtC. Nevertheless, this work 

provides a framework from which to focus attempts to measure in vitro activity of this 

important class of enzymes. 

Interestingly, the active site cysteine of purified recombinant S. pyogenes SrtC 

appears to be reactive as evidenced by reaction with Badan, which produced an 

approximate pKa of 6.3 ± 0.4 (Figure 27). This result suggests that a similar reaction 

mechanism is conserved across sortase classes, as SrtA and SrtB enzymes also utilize a 

nucleophilic cysteine to cleave peptide bonds in their substrates. Of note, the conserved 

cysteines of the two sortases in S. pyogenes, SrtA and SrtC, display depressed pKa relative 

to S. aureus SrtA Cys18449,150. However, the pKa for the conserved cysteines of the S. 

pyogenes sortases have been determined in the absence of substrate via reaction rates 

with the haloalkylating agent, Badan. Future assay development is required to further 

probe the ionization state of the conserved cysteine and histidine in the active site of this 

enzyme during catalytic turnover in order to assign a definitive pKa and reaction 

mechanism. 

Based on sequence alignments, there is a fair amount of structural diversity in 

the SrtC class of sortase enzymes (data not shown). Some SrtC enzymes contain lid 

regions in the N-terminal amino acid sequence prior to the β1 strand that covers the 

substrate binding site in the absence of substrate62. While S. pyogenes SrtC performs the 
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same pilin polymerization function as all other SrtC enzymes, it does not contain a lid 

region. S. pyogenes SrtC does not recognize SrtB-type substrates, but rather typical SrtC-

type substrates. As such, more structural data is needed on this diverse group. While 

diffraction quality crystals of S. pyogenes SrtC-1ΔN30 were not achieved in this study, a 

number of initial crystallization conditions were identified, with the best conditions (100 

mM Tris pH 8.5, 30% (w/v) PEG 3000, and 200 mM lithium sulfate) producing 40 µm 

pyramidal crystals in 2-3 weeks (Figure 29). Further recombinant enzymes should be 

produced with additional truncations to determine the minimal catalytic mutant, 

focusing on the N-terminus of the protein. This may increase the stability of the enzyme 

and reduce conformation entropy that opposes crystallization. 

In lieu of an experimental structure, a homology model has been constructed for 

S. pyogenes SrtC-3. Using SWISS-MODEL Alignment Mode, SrtC-3ΔN37 was modeled 

based on a ClustalΩ protein sequence alignment with S. aureus strain N315 SrtB58, the 

most homologous sortase to SrtC-3 for which a structure had been solved (Figure 30). 

The model displays a similar overall fold and characteristics of sortase enzymes for 

which structures have been experimentally determined (Figure 31). The presence of the 

unique “sortase-fold” β-barrel core structure and the arrangement of the connecting 

loops to form the walls of the substrate binding site readily identifies S. pyogenes SrtC-

3ΔN37 as a sortase enzyme. The arrangement of the conserved catalytic residues (His128, 

Cys224, Arg232) is in agreement with previously solved structures. Interestingly, the 
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β6/β7 and β7/β8 loops seem to lack defined secondary structure in the absence of 

substrate, supporting the notion that these loops are the dynamic regions of the protein 

involved in substrate binding54,150. 

Since the time of this study, a crystal structure has been solved for S. pyogenes 

SrtC-1ΔN35 (SPy0129ΔN35) by Kang et al.66. The presence of 200-250 mM zinc in the 

crystallization buffer was essential for production of crystals. Residues 36-51 were not 

observed in the structure, supporting the hypothesis that these residues are disordered 

in vitro and may contribute to instability of the enzyme in solution. Of note, SrtC-1ΔN35 

also did not show any in vitro activity towards peptide substrates or SPy0128 (the 

backbone pilin of S. pyogenes serotype M1, strain SF370, equivalent to T3 in S. pyogenes 

serotype M3, strain AM3)66. 

It is of some interest to compare our homology model to the crystal structure 

(Figure 32). Chains A and B (the two structures in the asymmetric unit) of S. pyogenes 

SrtC-1ΔN35 overlay with an R.M.S.D. of 0.45 Å for 134 equivalent atoms (0.95 Å for 169 

equivalent residues66). Our homology model and chain A of the crystal structure of S. 

pyogenes SrtC-1ΔN35 overlay with an R.M.S.D. of 1.17 Å for 129 equivalent atoms, and our 

homology model and chain B of the crystal structure of S. pyogenes SrtC-1ΔN35 overlay 

with an R.M.S.D. of 0.93 Å for 130 equivalent atoms. The similarity between the SrtC-

3ΔN37 homology model and the SrtC-1ΔN35 crystal structure is remarkable, considering one 

is a theoretical model based on a SrtB enzyme from another species. The major 
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differences are found in the β4 strand and the β6/β7 and β7/β8 loops. The variable 

regions of the structures contain the major substrate contacts during binding and 

catalysis, including the essential conserved catalytic His, Cys, and Arg residues. While 

the variation observed may be attributed to a limitation of our model, these differences 

may alternatively highlight the dynamic nature of these substrate binding regions as 

these are the same regions that vary between chains A and B of the S. pyogenes SrtC-1ΔN35 

crystal structure66. These regions were stabilized in the crystal by zinc binding and 

crystal packing and displayed high B-factors66. Along with the necessity of zinc for 

crystallization66, these findings further support the dynamic nature of these loops. 

Similar changes were seen in S. pyogenes SrtA when comparing a structure where the 

conserved nucleophilic cysteine was oxidized to a structure where it was reduced150. 

Mobility was also noted in this region in the solution structures of S. aureus SrtA and B. 

anthracis SrtA47,54,57. Further biochemical and structural analysis of this functional class of 

sortase enzymes is required to understand the roles these areas play during interaction 

with pilin substrates. 
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Figure 32. S. pyogenes SrtC-3ΔN37 Homology Model Comparison with S. pyogenes SrtC-1ΔN35 Crystal Structures. (a) S. pyogenes 

SrtC-3ΔN37 homology model (in white) overlayed with S. pyogenes SrtC-1ΔN35 (PDB ID 3PSQ chain A, in orange). (b) S. pyogenes 

SrtC-3ΔN37 homology model (in white) overlayed with S. pyogenes SrtC-1ΔN35 (PDB ID 3PSQ chain B, in teal). The β6/β7 and 

β7/β8  loops of S. pyogenes SrtC-3ΔN37 are highlighted in pink and in red, respectively.
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4. Biochemical Analysis of Staphylococcus aureus 
Sortase A Oxidation 

This chapter is adapted from work published on August 3, 2011 on pages 7591-

7599 in Biochemistry, volume 50 (issue 35) under the title “Staphylococcus aureus Sortase A 

Contributes to the Trojan Horse Mechanism of Immune Defense Evasion with Its 

Intrinsic Resistance to Cys184 Oxidation” by Jeffrey A. Melvin, Christine F. Murphy, 

Laura G. Dubois, J. Will Thompson, M. Arthur Moseley, and Dewey G. McCafferty. 

Copyright 2011 American Chemical Society209. 

Contributions: Conceived and designed the experiments: JAM, CFM, JWT, DGM. 

Performed the experiments: JAM, CFM, LGD. Analyzed the data: JAM, LGD, JWT. 

Contributed reagents/materials/analysis tools: MAM, TP, VF. Wrote the paper: JAM, 

CFM, LGD, JWT, DGM. 

4.1 Background 

As previously noted in Chapter 1, Gram-positive bacteria are a primary cause of 

infectious disease, posing a serious healthcare threat. Staphylococcus aureus is a major 

human pathogen, responsible for pathologies such as blood stream infections, surgical 

site infections, prosthesis infections, skin infections, and pneumonia9,210. Antibiotic 

resistance among pathogenic bacteria, like methicillin-resistant Staphylococcus aureus 

(MRSA), is steadily becoming more prevalent, with few new antibacterials expected in 

the near future211. As such, new antibiotic targets are needed to combat this growing 

epidemic. The strategy of targeting virulence factors produced by pathogens has gained 
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interest as a way to reduce potential resistance to new antibiotics, as well as the 

possibility for use in combination therapies12.  The Gram-positive bacterial extracellular 

transpeptidase, sortase, may be an attractive target for anti-virulence chemotherapeutics 

for treatment of Gram-positive bacterial infections. 

Sortase enzymes are localized to the outer surface of the Gram-positive bacterial 

membrane. These transpeptidases recognize secreted proteins with a cell wall sorting 

sequence, including virulence factors such as Microbial Surface Components 

Recognizing Adhesive Matrix Molecules (MSCRAMMs) and pilin proteins, and 

covalently attach the proteins to cell wall peptidoglycan substrates85,212. Sortase A (SrtA), 

the “housekeeping” sortase, recognizes a conserved LPXTG sequence in its substrates, 

where X is any amino acid. 

Utilizing a reverse protonation mechanism (Figure 33), the peptide bond 

between the threonine and glycine of the substrate is protonated by a conserved 

histidine imidazolium and cleaved by nucleophilic attack from a conserved cysteine 

thiolate49. The resulting thioester intermediate is resolved by a deprotonated amine of 

the crossbridge peptide in branched Lipid II, covalently attaching the protein substrate 

to the cell wall precursor33. This product is then incorporated into the peptidoglycan by 

transpeptidases and transglycosylases such that the anchored protein is displayed to the 

extracellular environment. 
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Figure 33. S. aureus Sortase A Chemical Reaction Mechanism. SrtA is shown 

covalently attaching a typical secreted protein substrate to Lipid II, highlighting the 

roles of the conserved cysteine and histidine residues in the active site52. The 

covalently connected product is subsequently incorporated into the cell wall via 

transglycosylases and transpeptidases. Box 1 shows the reverse protonation 

mechanism employed by S. aureus SrtA. Box 2 illustrates the hydrogen bonding 

interaction of the conserved arginine residue with the peptide backbone of the 

cleavage substrate. 
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The tertiary structures of sortases are remarkably similar despite their highly 

varied substrate specificity52. There is a conserved core structure containing the substrate 

binding cleft and conserved active site cysteine, histidine, and arginine residues47. We 

previously observed in a recent crystal structure of Streptococcus pyogenes SrtA that the 

catalytic Cys208 in the active site (Cys184 in S. aureus SrtA) was oxidized to a stable 

sulfenic acid150. Based on the importance of this residue for catalysis, the enzyme’s 

extracellular location, and the fact that pathogens encounter high concentrations of 

reactive oxygen and nitrogen species (ROS, RNS) during the host immune response to 

infection, we hypothesized that this modification might bear physiological relevance. 

Oxidation of some proteins is a normal process that regulates enzyme activity213,214. 

However, in the case of extracellular enzymes, there are no redox systems to reduce 

oxidized residues, implying that oxidation of SrtA is a form of damage that will inhibit 

the enzyme to the detriment of the pathogen. 

It is well established that subpopulations of S. aureus are able to survive 

phagocytosis, and building evidence suggests that this survival is important for 

staphylococcal pathogenesis144,148,215-217. Intracellular survival within nonphagocytic cells 

as well as professional phagocytes has been demonstrated, which could provide a 

vehicle for S. aureus to remain cloaked from the immune system and antibiotics, as well 

as disseminate throughout the host.144,216,218 However, without a functioning sortase this 

ability is lost144. To investigate whether oxidative modification of SrtA is important 
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during the clearance of an infection by phagocytes, we assessed the ability of ROS to 

inhibit S. aureus SrtA in vitro and in vivo. We determined that SrtA is highly resistant to 

oxidative inhibition by hydrogen peroxide (H2O2) and sodium hypochlorite (NaOCl), 

prevalent ROS in the phagolysosome, beyond concentrations where staphylococcal 

growth becomes inhibited. The combination of the high reduction potential of cysteine 

in the thiol form and the reverse protonation mechanism provides SrtA with a 

mechanism to resist oxidation, conferring activity to SrtA in the phagolysosomal 

environment. Accordingly, S. aureus SrtA function in vivo was not observably affected by 

high concentrations of ROS. The data presented here demonstrate that S. aureus SrtA 

Cys184 is intrinsically resistant to oxidation, which might contribute to the ability of S. 

aureus to survive phagocytotic killing. 

4.2 Materials and Methods 

4.2.1 Protein and Peptide Production and Purification 

Recombinant S. aureus SrtAΔN24 was expressed and purified as previously 

described with minor alterations53. An Abz-LPETGG-Dap(DNP)-NH2 peptide substrate 

was synthesized and purified as previously described41, except synthesis was performed 

using a CEM Liberty microwave-assisted automated peptide synthesizer. 

4.2.2 S. aureus SrtA∆N24 Inhibition Kinetics 

S. aureus SrtAΔN24 activity was measured using a previously developed HPLC-

based assay160. Briefly, dose-response inhibition assays (IC50 determination) were 
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performed as follows: 1 µM SrtA and various concentrations of oxidant (0-100 mM) 

were pre-incubated for 2 h in 150 mM NaCl, 5 mM CaCl2, 300 mM Tris pH 7.5 (final 

concentrations) at 37 °C. Nitrosocysteine (Cys-NO) was produced by adding 500 µL 1 M 

NaNO2 to 500 µL 1 M L-cysteine in 1 M HCl on ice in the dark. Cys-NO was pre-

incubated with SrtA for 1 hr. Oxidant concentrations were determined 

spectrophotometrically. NaOCl (Sigma) has an extinction coefficient of 350 M-1cm-1 at 

290 nm, H2O2 (Sigma) has an extinction coefficient of 43.6 M-1cm-1 at 240 nm, and Cys-

NO has an extinction coefficient of 900 M-1cm-1 at 334 nm19,219,220. The reaction was 

initiated by addition of Abz-LPETGG-Dap(DNP)-NH2 (1 mM, final concentration) and 

H-(Gly)5-OH (2 mM, final concentration) to obtain a final reaction volume of 100 µL. In 

the case of hypochlorite, sodium bisulfite (equal concentration as NaOCl) was also 

added to scavenge residual hypochlorite to prevent reaction with the substrates. The 

reaction was quenched after 10 min by transfer into half volume of 1.2 M HCl. Reactions 

were run on an Agilent 1200 HPLC with a Vydac reversed-phase C18 column (4.6 X 50 

mm, 3 µm). Cleavage product and substrate peaks were measured using UV absorption 

of the DNP group (λmax = 355 nm). Peaks were integrated with PeakFit v4.11 (Systat 

Software Inc). Reaction rates were calculated and fit in GraFit 6.0.1 (Erathicus Software 

Limited) to obtain an IC50 value using equation 4.1175: 

(4.1)			percent activity	= 
100

1+ � [I]
IC50

�
s 
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Time-dependent inhibition kinetics experiments to determine KI and kinact were 

performed as follows: 1 µM SrtAΔN24 and various concentrations of oxidant (0-100 mM) 

were pre-incubated at 37 °C for various amounts of time (0-150 min) and the reaction 

was initiated as above by addition of Abz-LPETGG-Dap(DNP)-NH2 and H-(Gly)5-OH 

(and sodium bisulfite for NaOCl assays). Reactions were quenched after 10 min with 1.2 

M HCl and analyzed by HPLC by the above method. Reaction rates were calculated and 

fit in GraFit 6.0.1. Due to the non-specific and complex reactions that ROS undergo with 

proteins, exact kinetic mechanism determination is extremely difficult. Thus, a more 

general approach to curve-fitting was employed. The first equation utilized is a shifted 

inverse logistic function (Equation 4.2): 

(4.2)			 v

v0
	=	 exp(-kobs(t-x))

1	+	exp(-kobs(t-x)) 

Where v is the velocity of the reaction, v0 is the velocity of the uninhibited 

reaction, kobs is the apparent first order rate constant for the interconversion of vuninhibited 

and vinhibited, t is pre-incubation time, and x is a time offset. This equation was used to 

account for the sigmoidal shape of time-dependent inhibition of SrtA seen with H2O2 

and NaOCl. The origin of the lag phase seen in these experiments is likely multifaceted 

and due to some combination of low levels of oxidation of Cys184 prior to assay 

initiation, conversion of Cys184 between thiol and thiolate, conversion of NaOCl 

between hypochlorite and hypochlorous acid, and protein dynamics inherent in the SrtA 

active site. The 100 mM H2O2 sample was instead fit to a shifted exponential decay 
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function (Equation 4.3) because the inhibition at this concentration was too rapid to 

observe a lag phase and accurately fit to the above logistic function: 

(4.3)		 v

v0
	=	exp-kobs(t-x) 

Where the variables are the same as above175. The kobs values obtained for each 

oxidant concentration were then plotted vs. oxidant concentrations and fit in GraFit 6.0.1 

to: 

(4.4)			kobs	=	 kinact�I�
KI

app	+	�I� 

Where kinact is the rate of inactivation of the enzyme by the inhibitor, [I] is the 

concentration of inhibitor, and KI
app is the apparent concentration of the inhibitor 

required to reach half maximal rate of inactivation of the enzyme175. 

4.2.3 S. aureus Minimal Inhibitory Concentration Measurement 

The minimal inhibitory concentrations (MIC) of H2O2 and NaOCl were 

determined for S. aureus strain Newman (generous gift from Dr. Vance Fowler221) and an 

isogenic ΔbNOS knockout strain. Bacto Tryptic Soy Broth (TSB, BD Biosciences) cultures 

(5 mL) were inoculated with 50 µL of an overnight stationary-phase culture. The 

cultures were grown to mid-log phase, shaking at 37 °C until OD600 = 0.7. The culture (10 

µL) was diluted into 190 µL of TSB in a covered 96-well plate with final concentrations 

of oxidant varying from 0-10 mM. Cultures were grown at 37 °C in a humidified shaker 
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and checked for growth at 24 and 48 h. The MIC was defined as the lowest concentration 

of ROS at which no bacterial growth was observed. 

An in-frame deletion of the bacterial nitric oxide synthase (bNOS) gene 

(NWMN_1852) in S. aureus strain Newman was constructed using the pKOR1 

plasmid222, removing the entire gene except for the first two codons and the last codon 

and stop codon. Genomic DNA was isolated from S. aureus strain Newman. The 

upstream genomic region was amplified using the primers 5’-

GGGGACAAGTTTGTACAAAAAAGCAGGCTACAAGTTTATATACTGCACCTAATG

CTGG-3’ (forward) and 5’-TAACATTAACAACACCTCGCTTTATATTATAGTC-3’ 

(reverse). The downstream genomic region was amplified using the primers           

5’-CATTAAGTTAGTAGAGGTGTAGCATATGC-3’ (forward) and 5’-

GGGGACCACTTTGTACAAGAAAGCTGGGTATTGATATAAATCAACCACTGCCAT

TG-3’ (reverse). These constructs introduce the appropriate recognition sites for 

subsequent recombination (AttB sites, underlined). The PCR products were ligated 

together and recombined into pKOR1. The pKOR1•ΔbNOS plasmid was transformed 

into E. coli DH5α cells for plasmid amplification, and E. coli transformants were selected 

for on LB plates with ampicillin (100 µg/mL). Purified pKOR1•ΔbNOS was then 

passaged through S. aureus RN4220 cells before transformation into S. aureus strain 

Newman. S. aureus transformants were selected for on Bacto Tryptic Soy Agar (TSA, BD 

Biosciences) plates with chloramphenicol (10 µg/mL). Plasmid excision mutants were 
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selected for on TSA plates with anhydrotetracycline (100 ng/mL). Deletion was 

confirmed via PCR amplification of the ΔbNOS gene region and DNA sequencing 

(Figure 34). 
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Figure 34. S. aureus ΔbNOS In-Frame Deletion Mutant. Agarose gel of PCR 

amplification of bNOS region of S. aureus strain Newman and ΔbNOS mutant 

strains. Expected PCR product sizes: Newman- 3294 basepairs, ΔbNOS- 2229 

basepairs. Lanes: 1- 1 Kb Plus Ladder (Invitrogen), 2- S. aureus ΔbNOS, 3- S. aureus 

strain Newman. DNA ladder sizes are given on the left in basepairs. 
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4.2.4 Preparation of Samples for LC/MS Analysis of Oxidation 

Recombinant SrtAΔN24 was treated with excess Cleland’s ReductacrylTM Reagent 

(Calbiochem) at 37 °C for 45 min to ensure Cys184 was fully reduced. ReductacrylTM was 

then removed by centrifugation. Samples were adjusted to 150 mM NaCl, 5 mM CaCl2, 

300 mM Tris pH 7.5 and 1 mM H2O2 or 1 mM NaOCl, and incubated at 37 °C for 2 h to 

oxidize Cys184. Catalase beads and equimolar sodium bisulfite were added at 37 °C for 

30 min to remove excess H2O2 and NaOCl, respectively. Free thiols were blocked with 20 

mM iodoacetamide at ambient temperature in the dark for 1 h to prevent further 

reaction. Samples were buffer exchanged into 50 mM NH4CO3 pH 8 (AmBic) and 

concentrations were determined by Bradford assay (Bio-Rad) using bovine serum 

albumin (BSA) as calibration standard. Aliquots (10 µg) from each sample treatment 

were removed, and the volumes were normalized with AmBic. Waters RapiGest® MS 

compatible surfactant was added to 0.1% w/v final for solubilization. Promega trypsin 

(sequencing grade) was added at 50:1 protein:trypsin, and proteins were allowed to 

proteolytically digest at 37 °C overnight. Trifluoroacetic acid (TFA) and acetonitrile 

(ACN) were added to each digest the following morning to yield 1% TFA/2% ACN final 

concentrations. 

4.2.5 LC/MS Data Collection 

 Peptide digests obtained from each of the treatments were analyzed using a 

nano-Acquity UPLC system coupled to a Synapt G2 HDMS mass spectrometer (Waters 
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Corp, Milford, MA). Approximately 5 ng of peptide material in 1 µL was first trapped at 

5 µL/min for 3 min in 99.9 % water with 0.1 % v/v formic acid on a 20 µm x 180 mm 

Symmetry C18 column. Separations were then performed on a 75 µm × 250 mm column 

with 1.7 µm C18 BEH particles (Waters) using a 60 min gradient of 5 to 40% ACN with 

0.1% formic acid at a flow rate of 0.4 µL/min and 55 °C column temperature. We 

conducted one data-dependent analysis (DDA) per sample in sensitivity mode (~15,000 

Rs) using a 0.6 sec MS scan followed by MS/MS acquisition on the top 3 ions with charge 

greater than 1. MS/MS scans for each ion used an isolation window of 2.3 Da, a 

maximum of 3 seconds per precursor, and dynamic exclusion for 120 sec within 1.2 Da.  

4.2.6 LC-MS/MS Data Interpretation 

Raw LC-MS/MS data were processed in Mascot distiller v2.3.2.0 (Matrix Science, 

Inc) and then submitted to the Mascot v2.2 search engine. Data were searched against 

the NCBInr database with eubacteria taxonomy with variable modifications set to 

carbamidomethyl (C); deamidation (NQ); single, double, and triple oxidation (C); 

pyroglutamic acid (N-term); and oxidation (M). Data were searched with 10 ppm 

precursor mass tolerance and 0.04 Da mass tolerance for product ions. The maximum 

number of missed cleavages was set at 2 and enzyme specificity was trypsin. Database 

search results and spectra have been uploaded as a Scaffold 3 file (Proteome Software, 

Inc) at the following link 

https://discovery.genome.duke.edu/express/resources/1794/1794_042011_final.sf3.  Peak 
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intensities were manually extracted from the raw data using MassLynx 4.1 (Waters) with 

a 20 ppm window around precursors of interest, and plots were generated within 

Microsoft Excel (Table 7). 
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Table 7. Raw Peak Intensities From LC/MS Analysis of SrtAΔN24 Cys184 Oxidation. 

 Reduced Cys184 

QLTLITCDDYNEK 
QLTLITCDDYNEK 

+ carbamidC 
Pyro-Q N-term 

QLTLITCDDYNEK 

Pyro-Q N-term 
QLTLITCDDYNEK + 

carbamidC  

Treatment m/z = 778.37 m/z = 806.88 m/z = 769.86 m/z = 798.37 

H2O 0 38700 1030 135000 
H2O2 440 23600 2480 99300 

NaOCl 2690 1760 12600 7110 
  

 Oxidized Cys184 
 QLTLITCDDYNEK + TrioxCys 

Pyro-Q N-term  
QLTLITCDDYNEK + TrioxCys 

Treatment m/z = 802.36 m/z = 793.83 
H2O 105 215 

H2O2 1550 6670 
NaOCl 3200 37400 
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4.2.7 Electrochemical Determination of Reduction Potentials 

Electrodes for reduction potential measurements were prepared as described 

previously223. Briefly, a glassy carbon stick electrode (Bioanalytical Systems) was 

polished with 0.3 µm alumina, sonicated in water and isopropanol, and primed with a 

dilute solution of single-walled carbon nanotubes (CNTs, NanoC) in water and 

dihexadecylphosphate surfactant (Sigma) that increases electrode surface area, resulting 

in signal enhancement. Diffusional cyclic voltammetry was used to measure the 

reduction potential of L-cysteine. A 5 mM solution of L-cysteine in 50 mM sodium 

phosphate (pH 3-11) was used to fill the three-electrode electrochemical cell, utilizing 

Ag/AgCl as reference electrode, Pt as auxiliary electrode, and CNT-modified glassy 

carbon as working electrode. Electrochemical analysis was performed using a PAR 273A 

potentiostat/galvastat (Princeton Applied Research, Oak Ridge, TN). Buffers were 

degassed prior to use. Measurements were done at scan rates of 50 mV/s in the oxidative 

direction with a scan range of 0 V to +1.3 V at 4 ± 2 °C to observe conversion of cysteine 

thiol to cysteine radical. Electrode potentials were recorded vs. the reference Ag/AgCl 

and reduction potentials were reported relative to the standard reference of normal 

hydrogen electrode, +0.197 V. 

For SrtA reduction potential determination, recombinant SrtAΔN24 was mixed 

with CNTs and applied to electrodes prepared as above. SrtAΔN24 has only a single 

cysteine, the conserved active site nucleophile, Cys184. After drying at -20 °C, electrodes 
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were sealed with 5% Nafion in methanol, which does not disrupt native protein 

structure224. After drying again at -20 °C, measurements were performed in a three-

electrode electrochemical cell as above. Data presented are representative of three 

measurements for each pH. 

4.2.8 Analysis of S. aureus Protein A Anchoring 

S. aureus strain Newman or ΔSrtA was grown in TSB media overnight. The 

ΔSrtA strain was a generous gift from Dr. Olaf Schneewind23. Cultures were diluted 

1:100 in TSB that was adjusted to 1 mM H2O2, 1 mM NaOCl, pH 5, pH 7, or pH 9. 

Cultures were allowed to grow to mid-log phase, OD600 = 0.6, before harvesting. The 

concentration of H2O2 was confirmed via an Amplex Red hydrogen peroxide peroxidase 

assay and was not found to be significantly affected by the TSB media over the course of 

the experiment. Cells were pelleted, washed with phosphate buffered saline (PBS), and 

resuspended in PBS. Dilutions were plated on lysine-coated glass slides, spread, flamed, 

and allowed to dry. Slides were rinsed with PBS, blocked with 2% BSA in PBS, and 

rinsed again with PBS. Finally, samples were incubated with 1:1000 dilution of Alexa 

Fluor 555 goat anti-mouse IgG (Invitrogen) in 2% BSA for 1 h in the dark, rinsed with 

PBS, and allowed to dry. Slides were mounted with Dapi-Fluoromount-G 

(SouthernBiotech) and examined with a Zeiss Axio Imager widefield fluorescence 

microscope. Ms. Tiffany Prest provided technical assistance with microscopy. 
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4.3 Results 

4.3.1 Reactive Oxygen/Nitrogen Species Inhibition of S. aureus 
SrtA∆N24 

To assess the effects of the phagocyte oxidative burst on SrtA activity, purified S. 

aureus SrtAΔN24 was examined for sensitivity to reactive oxygen species (Figure 35, Figure 

36). The kinetic inhibition values obtained can be found in Table 8. Somewhat 

surprisingly, SrtAΔN24 is resistant to inhibition by ROS with a KI
app of 145 mM and 11.8 

mM for H2O2 and NaOCl, respectively. Both ROS were found to be slow time-dependent 

inhibitors with kinact values of 5.2×10-3 and 5.1×10-2 s-1 for H2O2 and NaOCl, respectively. 

Additionally, the KI value of 11.8 mM for NaOCl is in the same range as its MIC of 7.5 

mM for S. aureus, implying that S. aureus growth would be halted before detrimental 

inhibition of SrtA occurred (Table 8). Conversion of NaOCl and ambient O2 into NaO3Cl 

could potentially contribute to inhibition seen by NaOCl. However, it was found that up 

to 5 mM NaO3Cl had no effect on SrtAΔN24 activity even after 30 min (data not shown), 

indicating that inhibition was most likely entirely due to NaOCl. The KI for H2O2 is 

orders of magnitude higher than its MIC of 2.5 mM, as well as the micromolar 

concentrations that can be found in the phagosome225. Likewise, the IC50 values for these 

ROS imply that H2O2 is not a relevant physiological inhibitor, and NaOCl is able to 

inhibit SrtA at physiological concentrations, but only after a prolonged incubation 

period (Figure 35, Table 8). 
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Figure 35. IC50 Plots of Reactive Oxygen and Nitrogen Species for S. aureus SrtAΔN24 Inhibition. (a) Hydrogen peroxide IC50. (b) 

Sodium Hypochlorite IC50. (c) Nitrosocysteine IC50. 
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Figure 36. Time-Dependent Inhibition Kinetics of S. aureus SrtAΔN24 by Reactive 

Oxygen Species. vi/v0 vs. time graphs were fit to obtain kobs values, and kobs vs. [ROS] 

graphs were fit to obtain apparent KI and kinact values. H2O2 concentrations were 1 

mM, 10 mM, 25 mM, 50 mM, 75 mM, and 100 mM. NaOCl concentrations were 500 

µM, 1 mM, 2.5 mM, 5 mM, 7.5 mM, and 10 mM. (a) H2O2 kinetic data. (b) H2O2 kobs fit. 

(c) NaOCl kinetic data. (d) NaOCl kobs fit. Kinetic inhibition parameters are given in 

Table 8. 
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Table 8. S. aureus SrtAΔN24 Inhibition Kinetics and Minimal Inhibitory Concentrations 

for Hydogen Peroxide, Sodium Hypochlorite, and Nitrosocysteine. ND, not 

determined. 

 H2O2 NaOCl Cys-NO 
KI (mM) 145.0 ± 74.2 11.8 ± 3.1 ND 
kinact (s–1) 5.2 ± 1.7 × 10-3 5.13 ± 0.83 × 10-2 ND 
kinact/KI (M–1s–1) 3.5 ± 2.3 × 10-8 4.3 ± 2.7 × 10-6 ND 
IC50 (mM) 4.3 ± 0.3 3.63 ± 0.34 × 10-2 2.22 ± 0.11 × 10-1 
MICNewman (mM) 2.5 7.5 ND 
MICΔbNOS (mM) 1 10 ND 
    
  



 

163 

Interestingly, an RNS, nitrosocysteine (Cys-NO), was capable of inhibiting S. 

aureus SrtAΔN24 with an IC50 of 222 µM (Figure 35, Table 8). High levels of nitric oxide are 

produced by activated phagocytes via inducible nitric oxide synthase (iNOS), and 

nitrosylation of S. aureus SrtA in vivo would result in inhibition that would likely be 

detrimental. Nitrosothiols, such as Cys-NO, are secondary RNS produced via nitric 

oxide production. However, nitrosylation of SrtAΔN24 Cys184 by Cys-NO is a substitution 

reaction, not an oxidation reaction. Thiols are nucleophilic and therefore adept at 

participating in substitution reactions, so it is not surprising that Cys-NO is a capable, if 

not potent, inhibitor of SrtAΔN24. Whether or not nitric oxide or other RNS are capable of 

inhibiting SrtA in vivo remains to be determined. 

Cysteines can be oxidized to a number of states, including sulfenic, sulfinic, and 

sulfonic acid forms (Figure 37). Our recent crystal structure of Streptococcus pyogenes 

SrtAΔN81 displayed a stable sulfenic acid at Cys208 (Cys184 in S. aureus SrtA) (Figure 

37)150. To support our hypothesis that the inhibition of S. aureus SrtA is due to direct 

oxidation of Cys184, we incubated recombinant SrtAΔN24 with 1 mM H2O2 or 1 mM 

NaOCl for 2 h and analyzed the tryptic digest by LC/MS. Sulfonic acid formation was 

observed at Cys184, implying oxidation at the active site cysteine can occur and is likely 

the cause of inhibition (Figure 38). NaOCl converted a higher fraction of Cys184 to 

sulfonic acid (~63%) than H2O2 (~6%), while a control sample showed no oxidation 

under these conditions. This result supports a low rate of oxidation of Cys184 and a 
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model of SrtA inhibition by Cys184 oxidation in the presence of NaOCl, with H2O2 being 

a largely ineffective physiological inhibitor. No sulfenic or sulfinic acid formation was 

observed under these conditions. While a stable sulfenic acid was discovered at S. 

pyogenes SrtA Cys208 (Figure 37)150, this modification was likely an artifact of 

crystallization, and the fully oxidized cysteine observed at S. aureus SrtA Cys184 in this 

study is expected for oxidation of an unprotected cysteine. Of note, we did not observe 

any disulfide formation, discounting the possibility of intermolecular Cys184-Cys184 

dimerization artifacts during treatment or analysis contributing to inhibition. 
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Figure 37. Oxidation of a Cysteine Residue. (a) Oxidation states of cysteine. Double 

arrows indicate physiologically reversible steps. PTP1B uses a sulfenyl amide214 and 

AhpC uses a disulfide213 to protect against irreversible sulfinic and sulfonic acid 

formation. Sulfinic acid formation has only been found to be reversible in a few 

specific cases when catalyzed by the enzyme sulfiredoxin226. S. aureus SrtAΔN24 

oxidation by ROS results in irreversible sulfonic acid formation. (b) Electron density 

and model of active site residues (His142, Cys208, and Arg216) of S. pyogenes SrtAΔN81 

crystal structure with Cys208 oxidized to a sulfenic acid (PDB ID 3FN6). 
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Figure 38. LC-MS/MS Analysis of S. aureus SrtAΔN24 After Oxidation by H2O2 and 

NaOCl. The percent of Cys184 oxidized to the sulfonic acid form was calculated based 

on the sum of all peak intensities containing reduced Cys 184 or Cys184 oxidized to a 

sulfonic acid for each of the treatment conditions (water, 1 mM H2O2, or 1 mM NaOCl 

for 2 h at 37 °C). Cys184 showed no oxidation by water, only 6% by H2O2, and 63% 

oxidation by NaOCl. 

  



 

167 

4.3.2 Effects of Reactive Oxygen Species on S. aureus Protein A 
Anchoring 

In order to examine the effect on ROS on SrtA activity in vivo, we investigated the 

ability of H2O2 and NaOCl to inhibit SrtA activity in S. aureus strain Newman. An Alexa 

Fluor 555 conjugated IgG was used to detect the presence or absence of Protein A (Spa) 

on the surface of S. aureus. NaOCl and H2O2 had no observable effect on Spa anchoring, 

supporting our hypothesis that SrtA resistance in vitro may be paralleled by resistance to 

oxidation in vivo during infection (Figure 39). However, lack of a functional sortase 

abrogated anchoring of Spa to the surface of S. aureus. Of note, SrtA activity also did not 

appear to be affected by pH, another component of phagocytic killing (Figure 40). 
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Figure 39. S. aureus SrtA Anchoring of Protein A After Treatment with Reactive 

Oxygen Species. S. aureus strain Newman was grown at 37 °C in TSB to mid-log phase 

in the presence of water, H2O2, or NaOCl. Bacteria were fixed on slides, and Protein A 

and DNA were stained with a fluorescent IgG and DAPI, respectively. (a) H2O 

treatment. (b) 1 mM H2O2 treatment. (c) 1 mM NaOCl treatment. (d) S. aureus ΔSrtA. 
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Figure 40. S. aureus SrtA Anchoring of Protein A In Various pH Media. S. aureus 

strain Newman was grown at 37 °C in TSB to mid-log phase at various pH. Bacteria 

were fixed on slides, and Protein A and DNA were stained with a fluorescent IgG and 

DAPI, respectively. (a) pH 7 media. (b) pH 5 media. (c) pH 9 media. 
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4.3.3 Electrochemical Determination of the Reduction Potential of S. 
aureus SrtA∆N24 

To understand why SrtA is resistant to ROS inhibition in vitro and in vivo even 

though Cys184 is a solvent-accessible cysteine, we measured its reduction potential by 

cyclic voltammetry. At pH 5 (phagolysosomal pH), L-cysteine has a reduction potential 

of 1.18 V, and SrtAΔN24 has a reduction potential of 1.27 V (Figure 41). The measured 

reduction potential of SrtAΔN24 is likely in part due to Cys184, although deconvolution of 

the contribution to the reduction potential of different residues in SrtA is difficult. 

However, cysteines are typically the only residues with a reduction potential in the 

range scanned. Indeed, the reduction potential of L-cysteine supports a reduction 

potential in this range for SrtAΔN24 Cys184. The measured reduction potentials at pH 7 

(physiological pH) were 1.13 V for L-cysteine and 1.14 for SrtAΔN24, supporting that the 

observed reduction potential for SrtAΔN24 is due to Cys184. 

H2O2 has a reduction potential of 1.77 V and hypochlorous acid (HOCl) has a 

reduction potential of 1.50 V at pH 5227. Since, in general, a compound with a higher 

reduction potential is energetically favored to oxidize a compound with a lower 

reduction potential, both NaOCl and H2O2 should be thermodynamically capable of 

oxidizing L-cysteine and SrtAΔN24 at this pH. However, inhibition assays (described 

above) were performed at pH 7.5, which is the pKa of hypochlorite228. Hypochlorite (-

OCl) is a much less powerful oxidant than hypochlorous acid (HOCl), with a reduction 

potential of 0.89 V229. With that low of a reduction potential, oxidation of Cys184 of S. 
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aureus SrtA by hypochlorite would be thermodynamically unfavorable. However, 

inhibition assays at pH 6.5 and 8.5 showed no significant change in the IC50 of NaOCl 

compared to pH 7.5, implying that this fact does not fully account for the slow rate of 

inhibition (data not shown). 
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Figure 41. Cysteine Reduction Potential Determination. (a) Representative cyclic 

voltammogram of L-cysteine (blue) and SrtAΔN24 (red) at pH 5 used to determine 

reduction potentials. (b) Pourbaix diagram showing pH-dependence of the measured 

reduction potential of L-cysteine (blue filled Δ) and SrtAΔN24 (red ●) in 50 mM 

phosphate buffered solution over pH 3-11 at 4 °°°°C. 
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Part of the explanation for the resistance of SrtA to inhibition by oxidation may 

lie in the nature of cysteine and its intrinsic redox potential. The pH dependence of the 

reduction potential observed in this study is expected as cysteine transitions from 

thiolate to thiol (Figure 41). Thus, the pKa of a thiol corresponds to the reduction 

potential. S. aureus SrtAΔN24 Cys184 has a pKa of 9.4 and L-cysteine has a pKa of 8.2, 

implying that the higher reduction potentials observed for SrtAΔN24 Cys184 compared to 

L-cysteine in this study are appropriate (Figure 41). 

The rate of oxidation of a thiol is also known to depend on the protonation state 

of the sulfur atom230-232. Due to the increased reactivity of thiolates, they are more 

kinetically prone to oxidation than thiols. Accordingly, H2O2 and NaOCl are both two-

electron oxidants, and for this class of oxidants, the rate of oxidation is more indicative 

of physiological oxidation probability227. While the kinact values for both NaOCl and H2O2 

inhibition are slow (Table 8), NaOCl has a kinact that is ten times greater than H2O2. This 

analysis predicts that NaOCl more rapidly oxidizes SrtAΔN24 Cys184 than H2O2, which is 

consistent with our observations (Figure 36) and published data233,234. 

4.4 Discussion 

Treatment of Staphylococcus aureus infections is complicated by issues of 

antimicrobial resistance and metastases in a significant portion of cases due to 

persistence103,235. Persistence of S. aureus infections is linked to survival of intracellular 

subpopulations of bacteria, most notably within phagosomal compartments of 
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phagocytes. Once inside a host cell, S. aureus is believed to undergo phenotypic 

switching to a small-colony variant (SCV) persistent form215,216, which is associated with 

increased anchoring of fibronectin-binding proteins and clumping factors on the 

bacterial surface113. These proteins are SrtA substrates, suggesting a requirement for an 

active sortase in order for a switching strategy to be effective. 

Accordingly, deletion of sortase enzymes results in drastically reduced virulence 

in multiple Gram-positive bacterial species152. While S. aureus sortase activity is already 

known to be important at various stages of infection, its contribution to and the 

importance of phagocytosis survival has only recently become apparent15,144. In a recent 

study by Kubica et al., a SrtA knockout strain of S. aureus showed severely impaired 

ability to survive phagocytotic killing by macrophages144. The anchoring of more than 

sixteen cell-surface substrates by SrtA in S. aureus appears to play a direct role in this 

phenomenon, but it is not known whether a single or a combination of surface anchored 

protein(s) is essential for survival. Coupled with our observation of a stable Cys208 

sulfenic acid in a recent crystal structure of the S. pyogenes SrtAΔN81 enzyme (Figure 37)150, 

we postulated that the interaction of reactive oxygen species produced by professional 

phagocytes and SrtA Cys184 within the phagolysosome might influence the intracellular 

survival of S. aureus (Figure 42). 
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Figure 42. Model of SrtA Oxidation During Phagocytosis of S. aureus52. Oxidation of 

SrtA (to sulfenic, sulfinic, or sulfonic acid) inside professional phagocytes results in 

inhibition of SrtA and killing of S. aureus. If SrtA is resistant to oxidation and 

maintains activity, S. aureus can survive within and escape from the phagocyte. 
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In this study, we investigated the effect that the hostile environment of the 

phagolysosome has on S. aureus SrtA activity. LC/MS analysis of ROS-treated S. aureus 

SrtAΔN24 supported our hypothesis that oxidation of Cys184 can be forced to occur, 

confirming sulfonic acid formation at Cys184 when treated with H2O2 or NaOCl (Figure 

38). However, only ~6% of the H2O2-treated sample and about ~63% of the NaOCl-

treated sample demonstrated oxidation, implying that oxidation of S. aureus SrtAΔN24 by 

these ROS does not occur readily. 

SrtAΔN24 was found to be highly resistant to inhibition by the ROS H2O2 and 

NaOCl (Table 8), with a KI of 145.0 mM and 11.8 mM, respectively. The KI for these ROS 

are significantly higher than their MIC for S. aureus, rendering SrtA effectively resistant 

to oxidation by these species at physiological concentrations (Table 8). Interestingly, S. 

pyogenes SrtAΔN81 also appears to be resistant to oxidative inhibition, with IC50 values for 

H2O2 and NaOCl higher than 100 µM (data not shown). Of note, the MICs of these ROS 

for S. aureus strains lacking a SrtA or SrtB are not changed compared to the wild-type 

strain, implying that sortases and their substrates do not play a vital role in direct 

resistance to oxidative killing (data not shown). 

In addition, inhibition of S. aureus SrtAΔN24 by ROS is a slow reaction, with kinact of 

5.2 × 10-3 s-1 and 5.1 × 10-2 s-1 for H2O2 and NaOCl, respectively. kinact/KI is often used as a 

measure of the potency of an irreversible time-dependent inhibitor. By this measure, 

NaOCl is a 120-fold better inhibitor than H2O2, with an apparent kinact/KI of 4.3 × 10-6      
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M-1s-1. For comparison, these values are 4-6 orders of magnitude less potent than phenyl 

vinyl sulfones, irreversible inactivators of SrtA236, while the IC50 values are very similar. 

These results underscores the slow rate at which ROS are able to inhibit S. aureus SrtA. 

The IC50 value of 36.3 µM for NaOCl indicates that given enough time, NaOCl is capable 

of inhibiting SrtA at a physiologically relevant concentration. Of note, NaOCl is the 

predominant ROS in the phagosome, reaching intracellular concentrations capable of 

killing S. aureus225. However, S. aureus treated with 1 mM NaOCl showed no observable 

defect in SrtA activity in vivo (Figure 39), while S. aureus treated with 7.5 mM NaOCl 

were unable to grow (Table 8). It is not yet clear whether phagosomal NaOCl 

concentrations are maintained at or beyond the timeframe required by kinetic studies to 

oxidize SrtA at levels that affect its function in vivo. In addition, we observed that H2O2 

also had no appreciable effect on SrtAΔN24 activity in vivo (Figure 39). These findings are 

supported by LC/MS analysis, demonstrating that NaOCl was able to partially convert 

Cys184 to the sulfonic acid form (~63%), whereas H2O2 was largely unable to do so (~6%) 

(Figure 38). Thus, we conclude that NaOCl is a possible, if inefficient, inhibitor in the 

phagosome, while H2O2 most likely is ineffectual. 

Reactive nitrogen species (RNS) are another weapon used by phagocytes to kill 

engulfed pathogens. We found that the IC50 for a nitrosothiol, Cys-NO, was 222 µM, 

implying that high concentrations of nitric oxide (NO•) would have to be produced to 

inhibit SrtA in vivo. There is speculation that S. aureus utilizes nitrosylation as a 
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protective strategy to nitrosylate free thiols, a reversible modification130. This tactic 

would preclude oxidation by ROS, which produce irreversible modifications of thiols 

when in high concentrations, as well as stop thiols from participating in Fenton 

chemistry which produces the potent ROS hydroxyl radical (HO•). Many Gram-positive 

bacteria have genes encoding bacterial nitric oxide synthase (bNOS) enzymes akin to the 

nitric oxide synthases produced by humans237. However, deletion of this gene did not 

affect the MIC of either H2O2 or NaOCl for S. aureus (Table 8). 

In addition to the resistance SrtA displays toward oxidation, S. aureus has many 

mechanisms to deal with ROS, including the production of catalase, alkyl hydroperoxide 

reductase, and superoxide dismutases to detoxify hydrogen peroxide and superoxide 

anion126,238. S. aureus also produces a pigment molecule, staphyloxanthin, capable of 

scavenging ROS122,123. Additionally, the thick peptidoglycan layer, especially pronounced 

in vancomycin-resistant strains239, and the multitude of proteins in the cell wall and 

membrane provide many targets more susceptible to oxidation than SrtA, in essence 

titrating and diluting the killing potential of ROS by reducing their concentrations 

within the phagosome. Collectively, these data point to the maintenance of SrtA activity 

in phagolysosomal environments. 

Previous studies of the oxidation of enzymes with solvent exposed cysteines 

have focused on enzymes whose functions are regulated by ROS or involved in redox 

homeostasis. These proteins, such as PTP1B214 and AhpC213,240, are highly susceptible to 
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oxidation but have intrinsic protection mechanisms to avoid irreversible oxidation, such 

as forming an intramolecular sulfenyl amide or disulfide (Figure 37). Other cysteine 

hydrolases (e.g. caspases) are often potently inhibited by H2O2, sometimes with IC50 

values in the low micromolar range241. Accordingly, ROS exposure can inhibit cellular 

apoptosis through redox control of caspases via direct oxidation of the catalytic cysteine 

nucleophile242. 

In contrast, the catalytic residue Cys184 of SrtA appears to be unusually resistant 

to oxidation compared to related cysteine thiol-containing enzymes, even though 

structural data show Cys184 to be readily accessible to solvent and the extracellular 

environment47. We believe that this resistance is partially achieved by an unusually high 

reduction potential of Cys184 created by the unique protein environment. The measured 

reduction potential at pH 7 of free L-cysteine (1.13 V) and of SrtAΔN24 (1.14 V) are almost 

identical, implying that the reduction potential of Cys184 is not depressed, as is the case 

with nucleophilic cysteine residues in many other enzymes. While this reduction 

potential makes Cys184 more difficult to oxidize, it should be noted that the reduction 

potentials of 1.0-1.3 V observed for SrtAΔN24 across the physiological pH range do not 

thermodynamically preclude oxidation by physiological oxidants, many of which have 

reduction potentials higher than 1.3 V. However, whereas Cys184 is thermodynamically 

capable of oxidation by H2O2 and NaOCl, it is clearly kinetically limited on meaningful 
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physiological time scales for concentrations that do not drastically affect S. aureus 

viability (Table 8). 

It is interesting to note that catalytic cysteines that are easily oxidized tend to 

have an abnormally low pKa. The pKa of the nucleophilic cysteine of AhpC is 5.8240, the 

pKa of the nucleophilic cysteine of PTP1B is 5.6243, and the nucleophilic cysteines of 

caspases appear to have pKa around 6.5244. This observation means that at physiological 

pH most catalytic cysteines are predominantly in the thiolate form, increasing their 

nucleophilicity and activity, but also making them more susceptible to oxidation230,231. 

This observation has two consequences for the current study. First, it is part of 

the explanation for the inverse relationship of pH and reduction potential for cysteines, 

which predisposes them to resist oxidation by ROS under normal conditions. Second, it 

supports our hypothesis that SrtA needs to be resistant to oxidation in order to survive 

in toxic host environments even though it has a solvent accessible catalytic cysteine. This 

resistance is partially accomplished through the unusual reverse protonation mechanism 

employed by SrtA, where the catalytic cysteine (Cys184) has a pKa of 9.4 and the 

conserved histidine (His120) has a pKa of 6.249. Thus, Cys184 is predominantly in the 

thiol form under physiological conditions and therefore maintains a high reduction 

potential across a pH range (Figure 41). Thiols are also oxidized with slower rates than 

thiolates, which is essential for resistance to oxidation by two-electron oxidants such as 

H2O2 and NaOCl227,230-232, two of the primary ROS produced in the phagolysosome. 
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Incidentally, this mechanism also contributes to enzyme activity over a broad range of 

pH, another trait important for activity in multiple host environments including the 

phagosome. Indeed, S. aureus SrtA activity seems to be unaffected by pH changes in vivo 

(Figure 40). 

Our results provide for the first time a biochemical basis for the contribution of 

SrtA activity to S. aureus phagocytotic survival. SrtA has acquired a combination of 

architectural and mechanistic elements that coordinately protect the enzyme from 

biological inhibition. Indeed, SrtA is intrinsically resistant to concentrations of ROS that 

approach or greatly exceed those that cause bacterial cell death in vitro, and S. aureus 

gains an evolutionary advantage by maintaining SrtA activity in the acidic and oxidative 

environment of the phagolysosome in order to remodel the cell wall as part of an 

intracellular phenotypic switch. This remodeling is likely essential to the ability of S. 

aureus to persist intracellularly. It is unclear the scope to which phenotypic switching is 

beneficial, but nonetheless this survival behavior likely plays a role in avoidance of 

immune detection, protection against antibiotic exposure, and access to host cell 

nutrients. Certainly, many viruses such as HIV and bacteria such as Mycobacterium 

tuberculosis persist long term within host immune defense cells, so it is not surprising 

that S. aureus may adopt a qualitatively similar persistence mechanism. With sortases 

like S. aureus SrtA playing such a critical role in Gram-positive bacterial virulence 

through cell wall protein anchoring of MSCRAMMs and virulence factors, resistance to 
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phagocytotic killing, and putative phenotypic switching, this enzyme takes on 

additional importance as an anti-virulence antimicrobial target. 
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5. Role of Cell Wall-Anchored Proteins In 
Staphylococcus aureus Survival of Phagocytosis 

Contributions: Conceived and designed the experiments: JAM, DGM. Performed 

the experiments: JAM. Analyzed the data: JAM, DGM. Contributed 

reagents/materials/analysis tools: CG, YWH, OS, TJF. 

5.1 Background 

Staphylococcus aureus is a successful Gram-positive bacterial pathogen, primarily 

due to its wide array of effective virulence factors. During infection, the ultimate goal of 

these virulence factors is to acquire nutrients and counteract the host immune system. 

These proteins affect the immune system through suppression of the immune response, 

induction of apoptosis, survival within host cells, and inhibition of complement 

deposition, neutrophil recruitment, and phagocytosis and killing by professional 

phagocytes15. 

Perhaps most critical to the success of S. aureus is the ability of the pathogen to 

circumvent the antimicrobial activities of the innate immune system, especially those of 

professional phagocytes. S. aureus possesses many well-documented methods of 

avoiding phagocytosis all together, including biofilm formation, polysaccharide capsule 

production, inhibition and degradation of deposited complement proteins, invasion of 

host cells, and nonproductive binding of antibodies15. Many of these activities are 

dependent upon a functional sortase enzyme, as they are mediated by cell wall anchored 

proteins. The ability to survive an encounter with a phagocyte also contributes to S. 
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aureus pathogenesis101,144,146,217,245. Survival appears to include induction of apoptosis in 

phagocytes before they can harm S. aureus as well as survival within the phagocyte 

coupled with inhibition of apoptosis101,144,148. The role of sortases and their substrates in 

this aspect of pathogenesis is not well understood. 

S. aureus is capable of rapidly inducing apoptosis in host cells15,101. Some studies 

indicate that S. aureus is able to rapidly induce apoptosis in macrophages148,246-248. This 

phenomenon seems to be partially mediated by activation of the TLR2/MAPK pathway 

(Figure 43). Activation of JNK enzymes leads to apoptosis through recruitment of 

activated Bax to the mitochondrial membrane, cytochrome C release, and caspase 3 

activation148. Simultaneously, the PI3K/Akt pathway is manipulated by S. aureus, 

resulting in inhibition of NF-κB activation, and suppression of anti-apoptosis factors 

such as TRAF1, cIAP1/2, XIAP, survivin, Bcl-2, and Bcl-xL148. Activation of caspase 3 in 

the pro-apoptosis pathway also inhibits NF-κB function, adding to the suppression of 

anti-apoptosis factors. 
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Figure 43. Model of S. aureus-Induced Apoptosis in Macrophages. S. aureus can 

regulate signaling in host macrophages. A pro-apoptotic pathway can be induced. 

Factors involved in this pathway are shown in red and the pathway is highlighted 

with blue arrows. S. aureus activates a TLR2 pathway that leads to caspase 3 activation 

and inhibition of NF-κB signaling, resulting in macrophage apoptosis. 
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Extended S. aureus survival in macrophages has also been demonstrated144,149,249. 

Interestingly, Potempa and coworkers observed inhibition of apoptosis by S. aureus in 

human monocyte-derived macrophages (hMDMs)144. S. aureus induced upregulation of 

anti-apoptotic factors Bcl-2 and Mcl-1 and inhibited caspase 3 activation. Infected 

hMDMs and RAW 264.7 murine macrophages were also resistant to butyric acid- and 

staurosporine-induced apoptosis149. 

The difference in survival and cell death induction is perhaps due to the multiple 

pathways that can be affected by host receptor recognition of bacterial molecules. 

Binding of pathogen associated molecular patterns (PAMPs) to TLRs or NOD-like 

receptors (NLRs) can lead to MyD88 activation and induction of the NF-κB pathway via 

TRAF6, resulting in anti-apoptosis signaling (Figure 44). This pathway seems to require 

phagocytosis and phagosome acidification, indicating that S. aureus is surviving in a 

mature phagolysosomal environment in this scenario250. 
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Figure 44. Model of S. aureus-Induced Survival in Macrophages. S. aureus can regulate 

signaling in host macrophages. An anti-apoptotic pathway can be induced. Factors 

involved in this pathway are shown in green and the pathway is highlighted with 

orange arrows. S. aureus activates a TLR2/NOD2 pathway that leads to activation of 

NF-κB signaling and macrophage survival. 
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One possibility is that the multiple heterodimeric complexes that TLR2 forms 

with other TLRs are capable of inducing separate signaling pathways. The ligands from 

S. aureus that bind to these TLR2 complexes thus may be capable of differential 

induction of the macrophage. This variability may depend on the degree of phagosome 

maturation, which may result in variable release of S. aureus ligands. For example, S. 

aureus lipoproteins, peptidoglycan, and Panton-Valentine leukocidin (PVL) bind to TLR2 

and TLR1 or TLR6251. The cognate TLR may partially determine which signaling 

pathway becomes activated. Alternatively, other TLRs have different S. aureus ligands: 

for example, nucleic acids binding to TLR7/TLR9. The signaling that these binding 

events activate may influence the outcome of TLR2 stimulation. Additionally, NLR 

signaling may modulate TLR-mediated pathways252. NOD2 binds to S. aureus 

peptidoglycan and α-hemolysin253. Thus, the various activated receptors and the origin 

and prior activation state of the phagocyte may combine to result in differential 

outcomes of phagocytosis of S. aureus. 

The study by Potempa and coworkers that revealed S. aureus survival in hMDMs 

also indicated a role for SrtA and its substrate Protein A (Spa)144. Aureolysin and α-

hemolysin were also required for S. aureus survival and escape. Similar phenomena have 

been observed for Bacillus anthracis in J774A.1 murine macrophages254. Deletion of either 

the SrtA or SrtB gene in B. anthracis results in drastically reduced survival in 

macrophages. However, the timescale of B. anthracis survival and survival in this study 
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was similar to that seen in studies where S. aureus was able to induce rapid apoptosis. 

Previous studies of S. aureus survival in phagocytes have not distinguished between the 

pathogen’s ability to induce apoptosis (thus avoiding maturation of the phagosome) and 

the ability of S. aureus to persist in the harsh conditions found in a fully formed 

phagolysosome. 

Many cell wall anchored proteins have functions in combatting the immune 

response to bacterial infection, the quintessential example being Spa from S. aureus. Spa 

has many known functions, including binding to von Willebrand factor and, most 

notably, binding to the Fcγ region of immunoglobulins and the Fab region of V(H)3-type 

B cell receptors (BCRs)235. Binding to BCRs by Spa induces proliferation of B cells and 

apoptosis, severely affecting the ability of the host to produce a protective memory 

response. Spa binding to IgG and von Willebrand factor inhibits the deposition of 

complement and the ability of professional phagocytes to phagocytose S. aureus. 

Importantly, these functions have implications for the ability of the host immune system 

to clear S. aureus infection and the ability to develop effective vaccines against S. aureus. 

Interestingly, recent work by Schneewind and coworkers indicates that specific 

mutation of recombinant Spa is necessary and sufficient for the production of a 

protective acellular vaccine102. 

Other surface anchored proteins with known functions in immune response 

evasion include IsdA, AdsA, ClfA, and ClfB. Along with the other iron-responsive 
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surface determinant (Isd) proteins, IsdA is a heme binding protein upregulated by iron 

deprivation. The capacity to bind heme provides Isd proteins with the ability to inhibit 

Fenton chemistry (reaction of hydrogen peroxide with Fe2+ to form hydroxyl radical and 

Fe3+), which may contribute to S. aureus survival inside phagocytes128. Additionally, IsdA 

can bind and inactivate lactoferrin, a toxic molecule used by phagocytes to kill 

pathogens129. 

AdsA is an adenosine synthase which hydrolyzes ATP, ADP, and AMP to 

adenosine78,79. The production of high concentrations of adenosine serves to suppress the 

immune response by binding to receptors on a wide variety of immune cells. Thus, 

adenosine production by AdsA can affect virtually every major cell type involved in the 

innate and adaptive immune responses, making AdsA a powerful virulence factor235. 

Clumping factor A (ClfA) can bind complement control protein factor I (CCP 

factor I), inducing cleavage of deposited C3b to iC3b and inhibiting the complement 

cascade71. ClfA and ClfB can also adhere to fibrinogen, fibronectin, and cytokeratin-10, 

and these binding events can facilitate invasion of nonphagocytic host cells and 

inhibition of phagocytosis18,255. The clumping factors also mediate aggregation and 

biofilm formation of S. aureus18. Additionally, S. aureus survival in nonphagocytic host 

cells is dependent on a phenotypic switch to a small-colony variant form256, and this 

switch is associated with increased anchoring of clumping factors and fibronectin 

binding proteins by SrtA113. 



 

191 

In order to determine what roles S. aureus cell wall anchored proteins play 

during phagocytosis, S. aureus strain Newman was subjected to a phagocytosis assay 

with the human macrophage cell line, U-937 cells. Various surface protein knockout 

strains of S. aureus were compared for their ability to rapidly escape from macrophages 

as well as persist intracellularly. The expression of the S. aureus sortase enzymes and 

their substrates under phagolysosomal conditions was also determined to assess the 

response of S. aureus to phagocytosis by a professional phagocyte. While the gene 

expression data support the contention of previous studies that SrtA, Spa, ClfB, and 

IsdA may contribute to S. aureus intracellular survival, the macrophage infection assays 

suggest that surface proteins may not play a direct role in S. aureus survival under 

certain conditions. 

5.2 Materials and Methods 

5.2.1 Bacterial Strains and Mammalian Macrophages 

Staphylococcus aureus strain Newman is the wild-type background strain used in 

all studies (generous gift from Dr. Timothy J. Foster221). Of note, it has recently been 

determined that S. aureus strain Newman has a premature stop codon in the fibronectin 

binding proteins (FnbA and FnbB) which results in abrogation of cell wall anchoring 

and secretion into the extracellular environment257. The sortase deletion mutation strains 

(ΔSrtA, ΔSrtB, and ΔSrtAB)23 were generously provided by Dr. Olaf Schneewind and the 

substrate deletion mutation strains (ΔClfA71, ΔClfB76, ΔSpa258, ΔSdrCDE258, ΔIsdH106, and 
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ΔFnbAB258) and insertional mutation strain (ΔIsdA259) were generously provided by Dr. 

Timothy J. Foster. S. aureus strains were grown at 37 °C in Bacto Tryptic Soy Broth (TSB, 

BD Biosciences) supplemented with appropriate antibiotics. 

The human histiocytic lymphoma cell line, U-937 (ATCC CRL-1593.2260), was 

purchased from the Duke Cell Culture Facility. U-937 monocytes were differentiated 

into macrophages via 100 nM phorbol-12-myristate-13-acetate (PMA, Sigma) treatment 

for >24 h prior to infection.  Additional activation was also attempted by addition of 10 

ng/mL human CD40 ligand (CD40L, Enzo Life Sciences) for >24 h in some experiments. 

U-937 cells were grown in RPMI medium 1640 with L-glutamine (Gibco) supplemented 

10% fetal bovine serum (FBS, Sigma F2442), 4.5 g/L glucose (Sigma), 10 mM HEPES 

(Gibco), and 1 mM sodium pyruvate (Gibco). The murine Abelson murine leukemia 

virus transformed macrophage cell line, RAW 264.7 (ATCC TIB 71261), was also 

purchased from the Duke Cell Culture Facility. RAW 264.7 cells were grown in DMEM 

with 1 g/L glucose, L-glutamine, sodium bicarbonate, and pyridoxine HCl (Sigma) 

supplemented with 10% FBS. 

Murine bone marrow-derived macrophages (BMDMs) were obtained from 

C57BL/6 mice. Cells were isolated and differentiated by Dr. Claire Gordy in the 

laboratory of Dr. You-Wen He262. Femurs and tibiae were flushed with RPMI medium 

1640 using a 10 mL syringe and 27-gauge needle. Bone marrow cells were centrifuged, 

and cell pellets were resuspended in ACK buffer to lyse red blood cells. After red blood 
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cell lysis, the supernatant was removed, and pelleted cells were resuspended in 30 mL 

RPMI medium 1640 supplemented with 10% FBS, 30% L929 conditioned medium, β-

mercaptoethanol, penicillin, streptomycin, 1 mM sodium pyruvate, and MEM 

nonessential amino acids (Gibco). Resuspended cells were filtered through 90 µm nylon 

mesh, and transferred to two 10 cm tissue culture plates. Cells were cultured at 37 °C in 

the presence of 5% CO2 for 4-6 days. On day 3, the medium was replaced by removing 

the used medium, adding fresh RPMI medium 1640 supplemented with 10% FBS and 

30% L929 conditioned medium to each plate, centrifuging the used medium, and 

returning the pelleted cells to each plate. On day 4-6, the medium was removed from 

each plate, and plates were washed 3 times with RPMI medium 1640. After washing the 

plates, 8 mL RPMI medium 1640 was added to each plate, and BMDMs were harvested 

by scraping. BMDMs were activated with 1 µg/mL lipopolysaccharide (LPS, Sigma) for 

>24 h prior to infection. All cells were maintained in a humidified incubator at 37 °C in 

5% CO2. 

5.2.2 RNA Extraction From S. aureus and cDNA Synthesis 

S. aureus strain Newman was grown shaking in 2 mL TSB at 37 °C to mid-log 

phase (OD600 ~0.6). Gene expression was induced by adjustment of the media to 1 mM 

NaOCl (Sigma), 250 µg/mL lysozyme, and pH 5 or addition of water for the control 

condition. Gene expression was allowed to proceed while shaking at 37 °C for 1 h. 

RNAprotect Bacterial Reagent (Qiagen) was added to each sample, vortexed, and 
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incubated at RT for 5 min. Samples were pelleted by centrifugation and resuspended in 

100 µL 10 mM Tris pH 7.5 supplemented with 1 mg/mL lysozyme (Sigma), 1 mg/mL 

AMBICIN L (lysostaphin, AMBI), and 0.5 mg/mL Proteinase K (G Biosciences). Samples 

were lysed at 37 °C for 1 h. Aurum Total RNA Mini Kit (Bio-Rad) Lysis Solution (350 µL) 

was added, samples were vortexed, and bacteria were allowed to continue lysing for 1 h 

at 37 °C. Insoluble material was removed by centrifugation, and the supernatant was 

transferred to an Aurum Total RNA Mini Kit spin column. The Aurum Total RNA Mini 

Kit isolation protocol was then followed, with a doubling of the amount of DNase I used 

and the amount of time the DNA digestion was performed. RNA was eluted in 35 µL of 

Aurum Total RNA Mini Kit Elution Buffer, and the RNA concentration was measured 

via OD260 measurement. RNA of each sample (0.5 µg per 10 µL reaction) was converted 

into cDNA using the iScript cDNA Synthesis Kit (Bio-Rad) according to the 

manufacturer’s recommendations. Samples were held at 25 °C for 5 min, followed by 42 

°C for 30 min, and 85 °C for 5 min to synthesize cDNA from the isolated RNA. 

5.2.3 RT-qPCR Analysis of Gene Expression 

cDNA samples were diluted 1:20 with nuclease-free water. To assess changes in 

gene expression, real time-quantitative polymerase chain reaction (RT-qPCR) was 

conducted for each of the sortase and sortase-substrate genes in S. aureus strain 

Newman. iQ SYBR Green Supermix (Bio-Rad) was used according to manufacturer 

recommendations. RT-qPCR was performed using a 96-well Bio-Rad iCycler iQ Real 
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Time PCR Detection System. The primers used are listed in Table 9. Data was analyzed 

in iCycler iQ version 3.1 (Bio-Rad). CT values were evaluated using the 2-ΔΔCT method, 

using GyrA as the internal control (reference) gene and the water-treated sample as the 

untreated control sample263. Similar results were obtained if GyrB was used as the 

reference gene. All data points were collected in triplicate, and the overall assay was run 

in triplicate. 
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Table 9. RT-qPCR Primer Sequences Used for Analysis of mRNA Levels of Sortase 

and Sortase-Substrate Genes In S. aureus Strain Newman. 

Gene Primer Sequence 

GyrA Forward 5’-GGCAACGAATATTCCACCAC-3’ 
GyrA Reverse 5’-AGTCCAGCAGTTGGGAAATC-3’ 
GyrB Forward 5’-TATGACTGATGCCGATGTGG-3’ 
GyrB Reverse 5’-TTATACAACGGTGGCTGTGC-3’ 
SrtA Forward 5’-AATCGAAAGTGGCAGGCTAT-3’ 
SrtA Reverse 5’-TCTTCTGCAAAGCTTACACCTC-3’ 
SrtB Forward 5’-GAACGCGCAAATTATGCGAA-3’ 
SrtB Reverse 5’-TTCAAGTGATTCAAATTGTGGTC-3’ 
IsdA Forward 5’-TGGCTCTTCAGAGAAGTCACA-3’ 
IsdA Reverse 5’-TGATGCATTGTTTAACACGGT-3’ 
IsdB Forward 5’-AGCAGCTGAAGAAACAGGTG-3’ 
IsdB Reverse 5’-CTACTGGTTTAGTTTCTGGAGCTTT-3’ 
IsdC Forward 5’-GCCATTCAAATATGACCATCA-3’ 
IsdC Reverse 5’-TCGTTCCATCAGATCCTTTG-3’ 
IsdH Forward 5’-TCAATCAAGTTCAGTCGCAAG-3’ 
IsdH Reverse 5’-TTTGGTTGTGCAGGTTGACT-3’ 
AdsA Forward 5’-GCAACCAACGTATCAGCATC-3’ 
AdsA Reverse 5’-AGATGGTGCGTTGGATGTTA-3’ 
Spa Forward 5’-CGGCACTACTGCTGACAAAA-3’ 
Spa Reverse 5’-AACGCTGCACCTAAGGCTAA-3’ 
ClfA Forward 5’-TCCTGAACAACCTGATGAGC-3’ 
ClfA Reverse 5’-CTGAATTAGAATCGCTGCCA-3’ 
ClfB Forward 5’-TGGAAGTGCTGATGGTGATT-3’ 
ClfB Reverse 5’-GTCTGGACTTGGTTCTGGGT-3’ 
SasA Forward 5’-AAGCCAAAGTGCCTCAAACT-3’ 
SasA Reverse 5’-ACGTTGATGTCGATGTGGAT-3’ 
SasB Forward 5’-TGTAGATCAGGCGAAAGACG-3’ 
SasB Reverse 5’-TTTGATTTAACCGCTGTTGC-3’ 
SasC Forward 5’-TGCAGCTATTGACCAAGCTC-3’ 
SasC Reverse 5’-CACGTGCAGCTGGTTTAACT-3’ 
SasD Forward 5’-CGAATGTAGATGCAAATGGTG-3’ 
SasD Reverse 5’-ATGTGTGGCTGTTGGTTCAT-3’ 
SasF Forward 5’-ATCGTGTTCGACAATGATGG-3’ 
SasF Reverse 5’-TGACGAATTGCCTTGTCAAC-3’ 
SasG Forward 5’-AAACAATAGCGCCAGGTCAT-3’ 
SasG Reverse 5’-GGCGGTCTAACTACGTCTCC-3’ 
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Table 9 (continued). RT-qPCR Primer Sequences Used for Analysis of mRNA Levels 

of Sortase and Sortase-Substrate Genes In S. aureus Strain Newman. 

Gene Primer Sequence 

SdrC Forward 5’-TTTGGGCAACTTCAAGTGAT-3’ 
SdrC Reverse 5’-CTGGACGGAAATATTGACCA-3’ 
SdrD Forward 5’-CCAACACTTGTTCAAATGGC-3’ 
SdrD Reverse 5’-CTCCGCCACTTTGGTTATTAG-3’ 
SdrE Forward 5’-GTGGCGACGGTACTGTTAAA-3’ 
SdrE Reverse 5’-ACCGTCCGGGTAAGTTAATG-3’ 
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5.2.4 Reactive Oxygen Species Minimal Inhibitory Concentration 
Measurement 

The minimal inhibitory concentrations (MIC) of hydrogen peroxide (H2O2) and 

sodium hypochlorite (NaOCl) were determined for S. aureus strain Newman (generous 

gift from Dr. Vance Fowler221) and isogenic sortase deletion mutation strains ΔSrtA and 

ΔSrtB (generous gifts from Dr. Olaf Schneewind23). TSB cultures (5 mL) were inoculated 

with 50 µL of an overnight stationary-phase culture. The cultures were grown to mid-

log phase shaking at 37 °C until OD600 = 0.7. The culture (10 µL) was diluted into 190 µL 

of TSB in a covered 96-well plate with final concentrations of oxidant varying from 0-10 

mM. Cultures were grown at 37 °C in a humidified shaker and checked for growth at 24 

and 48 h. The MIC was defined as the lowest concentration of ROS at which no bacterial 

growth was observed. 

5.2.5 S. aureus Escape From Mammalian Macrophages 

To assess the ability of S. aureus to induce rapid cell death in macrophages, a 

typical phagocytosis escape assay was performed. S. aureus strains were grown in TSB 

supplemented with appropriate antibiotics to stationary phase at 37 °C. S. aureus were 

pelleted by centrifugation and washed with phosphate buffered saline (PBS, Gibco). 

Bacteria were resuspended in cell culture media and opsonized at 37 °C for 30 min. 

Macrophages were then infected with opsonized bacteria with a multiplicity of infection 

(MOI) of ~10. S. aureus was phagocytosed for 30 min at 37 °C. Phagocytosis was halted 

by removal of the media and washing with PBS. Media was replaced, with the addition 
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of 50 µg/mL gentamycin sulfate (Calbiochem) and 10 µg/mL lysostaphin. Extracellular 

bacteria were killed for 30 min at 37 °C. Antibiotic-containing media was then removed, 

cells were washed with PBS, and normal growth media was replaced. At the collection 

timepoints, media was transferred from the wells to tubes. Macrophages were washed 

with PBS, and water was added to lyse the cells for 45 min. The lysed samples were then 

transferred to tubes as well. The media (extracellular) and lysed (intracellular) samples 

were serially diluted and plated in triplicate on TSB agar plates to determine Colony 

Forming Units (CFU)/mL of S. aureus in the respective samples. Plates were incubated 

overnight at 37 °C before counting of colonies. The infections were performed in 

duplicate and mixed before serially dilution. 

5.2.6 S. aureus Persistence In Mammalian Macrophages 

To assess the ability of S. aureus to survive inside macrophages, a typical 

phagocytosis survival assay was performed. S. aureus strains were grown in TSB 

supplemented with appropriate antibiotics to stationary phase at 37 °C. S. aureus were 

pelleted by centrifugation and washed with PBS. Bacteria were resuspended in cell 

culture media and opsonized at 37 °C for 30 min. Macrophages were then infected with 

opsonized bacteria with a multiplicity of infection (MOI) of ~10. S. aureus was 

phagocytosed for 30 min at 37 °C. Phagocytosis was halted by removal of the media and 

washing with PBS. Media was replaced with the addition of 50 µg/mL gentamycin and 

10 µg/mL lysostaphin. Extracellular bacteria were killed for 24 h at 37 °C. Antibiotics 
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were then removed, cells were washed with PBS, and normal growth media was 

replaced. The extracellular and intracellular CFU/mL were determined as above. The 

infections were performed in duplicate and mixed before serially dilution. 

5.3 Results 

5.3.1 Regulation of Sortase and Sortase-Substrate Genes Under 
Phagolysosomal Conditions 

Since virulence factors that are involved in pathogenesis are generally 

upregulated in response to host environments20,142,199,264,265, we measured the expression 

of the genes encoding the sortases and their substrates in S. aureus under 

phagolysosome-like conditions. Under the combination of low pH, high oxidative stress, 

and cell wall degradative stress, nine genes were differentially regulated. SrtA, IsdA, 

Spa, and ClfB were all upregulated and AdsA, ClfA, SasD, SasG, and SdrC were all 

downregulated, while the rest of the genes were unchanged by the conditions tested 

(Figure 45). These findings imply that SrtA, IsdA, Spa, and ClfB may be important 

during phagocytosis. Interestingly, these genes have been implicated for S. aureus 

intracellular survival in previous studies113,128,129,144. 
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Figure 45. Regulation of S. aureus Sortases and Their Substrates Under Phagolysosomal Conditions. (a) Genes that were 

upregulated at least two-fold. (b) Genes that were downregulated at least two-fold. (c) Genes for which transcription levels 

were unchanged by the treatment conditions. Data presented is representative of three biological replicates.
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5.3.2 Minimal Inhibitory Concentrations of Reactive Oxygen Species 
for S. aureus and Sortase Deletion Mutants 

 To determine if cell wall anchoring of S. aureus secreted proteins is important for 

staphylococcal resistance to oxidative stress, we measured the minimal inhibitory 

concentration (MIC) of H2O2 and NaOCl for S. aureus Newman and isogenic ΔSrtA and 

ΔSrtB deletion mutants. The MIC of the ROS were not changed in the mutant strains 

(Table 10), implying that surface anchoring of proteins does not directly contribute to 

resistance to oxidative stress in S. aureus. 
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Table 10. S. aureus Minimal Inhibitory Concentrations for Hydogen Peroxide and 

Sodium Hypochlorite. 

 H2O2 NaOCl 

MICNewman 2.5 mM 7.5 mM 
MICΔSrtA 2.5 mM 10 mM 
MICΔSrtB 2.5 mM 10 mM 
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5.3.3 S. aureus Survival In and Escape From Mammalian 
Macrophages 

 In order to investigate the role of sortases and their substrates during 

phagocytosis of S. aureus by a macrophage, we measured extra- and intracellular 

CFU/mL over time during a U-937 human macrophage infection assay. S. aureus strain 

Newman was compared to various sortase and sortase-substrate knockout strains to 

identify defects in S. aureus pathogenesis. Two separate populations of engulfed S. 

aureus were observed: a population capable of inducing rapid cell death in macrophages 

and escaping into the extracellular environment and a second population capable of 

prolonged survival in macrophages which eventually induces cell death. To investigate 

both of these populations, we utilized the length of antibiotic treatment in the media to 

conduct two separate assays. For the first assay, we removed the antibiotics rapidly, 

allowing only enough time for killing of non-phagocytosed bacteria. In the second assay, 

we allowed the antibiotics to remain in the media long enough to kill the initial wave of 

S. aureus escaping from the macrophages but removed the antibiotics before the 

prolonged-survival group killed the macrophages. 

In the rapid-escape group, S. aureus was able to induce cell death in U-937 cells 

between 4-16 h post-phagocytosis (Figure 46). Essentially no difference was observed 

between wild-type and knockout strains of S. aureus. This result was true for all S. aureus 

strains tested in murine RAW 264.7 cells and BMDMs as well (Figure 47, Figure 48). S. 

aureus persistence in macrophages also does not seem to be dependent on sortases or 
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their substrates under the conditions tested. For all strains tested, S. aureus was also able 

to survive in U-937 cells for periods of greater than 24 h and able to escape from the 

intracellular environment between 24-48 h (Figure 49). S. aureus ΔSrtB displayed a slight 

temporal defect in eventual escape from U-937 cells. This result is not statistically 

significant due to the low number of experimental replicates. Additionally, SrtB is only 

responsible for anchoring a single substrate (IsdC) in S. aureus. IsdC has a relatively 

redundant function with the other Isd proteins that are anchored to the cell wall by SrtA 

in terms of resisting oxidative killing. Thus, this effect is most likely due to randomness 

or polar effects due to the deletion of the SrtB gene from the Isd operon. Combined, 

these results suggest that S. aureus is in most cases able to avoid maturation of the 

phagosome and cause rapid cell death, and even if escape from the phagosome does not 

occur, S. aureus is still able to persist in a mature phagolysosome and induce cell death at 

a later time. Neither of these phenomena appears to be directly dependent on S. aureus 

surface proteins. 
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Figure 46. S. aureus Escape from U-937 Macrophages. Intracellular and extracellular S. aureus CFU/mL counts over time are 

plotted. All strains tested demonstrated similar abilities to induce rapid cell death in macrophages. 
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Figure 47. S. aureus Escape from RAW 264.7 Macrophages. Intracellular and extracellular S. aureus CFU/mL counts over time 

are plotted. All strains tested demonstrated similar abilities to induce rapid cell death in macrophages. 
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Figure 48. S. aureus Escape From Murine Bone Marrow Derived Macrophages. Intracellular and extracellular S. aureus 

CFU/mL counts over time are plotted. All strains tested demonstrated similar abilities to induce rapid cell death in 

macrophages. 
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Figure 49. S. aureus Persistence In U-937 Macrophages. Intracellular and extracellular S. aureus CFU/mL counts over time are 

plotted. All strains tested demonstrated similar abilities to persist in macrophages. 
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5.4 Discussion 

S. aureus is a major human pathogen primarily because of the wide array of 

activities that its virulence factors perform during infection. One of the most important 

functions is the ability of S. aureus to defend itself against professional phagocytes. Much 

is known about how S. aureus is able to inhibit recruitment of phagocytes and inhibit 

phagocytosis when phagocytes do reach the site of infection, but less is known about 

what happens once phagocytosis of S. aureus occurs. Mounting evidence suggests that a 

significant population of S. aureus is able to survive in this deadly environment and kill 

the phagocyte. This phenomenon seems to be true in both neutrophils and macrophages, 

the primary killers of S. aureus during infection144,148,217,248,249. 

Surface proteins are often involved in virulence by virtue of their ability to 

interact with the extracellular environment. Sortase enzymes are responsible for 

anchoring many secreted proteins to the cell wall of Gram-positive bacteria, and are thus 

responsible for extracellular presentation of multiple virulence factors18. Many of these 

factors are known to play a role in the ability of S. aureus to fight off the onslaught of 

professional phagocytes128,129,144,235. Of note, the MIC of H2O2 and NaOCl for S. aureus 

strains lacking a SrtA or SrtB are not altered, implying that sortases and their substrates 

do not play a vital role in resistance to oxidative killing (Table 10). What roles they play 

in survival inside a professional phagocyte is unknown. 
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Phagocytes use many strategies to kill pathogens, including lowering the pH, 

production of high concentrations of reactive oxygen species, and deployment of 

degradative enzymes255. Thus, if sortases and their substrates are involved in surviving 

this bombardment, they would likely be upregulated in response to these stresses. In 

this study, we measured the transcription levels of the S. aureus sortase enzymes and 

their substrates under phagolysosome-like conditions (pH 5, 1 mM NaOCl, 250 µg/mL 

lysozyme) relative to controls treated with only water. SrtA and three of its substrates 

(IsdA, Spa, and ClfB) were upregulated in response to the phagolysosomal conditions 

(Figure 45). Each of these proteins is known to be involved in staphylococcal virulence. 

SrtA has been previously shown to be essential for S. aureus to survive inside 

human macrophages144. Since SrtA can be inhibited by high concentrations of NaOCl209, 

upregulation of SrtA is appropriate in order to maintain its function inside the 

phagosome. The upregulation of multiple SrtA substrates also suggests the need for an 

active SrtA in this environment. However, the roles of the substrates of SrtA in this 

environment are mostly unknown. 

IsdA has been postulated to be important for intraphagosomal survival partially 

due to its role as an iron acquisition protein. By binding heme, IsdA sequesters iron and 

precludes it from participating in Fenton chemistry, which produces the powerful 

oxidant hydroxyl radical from hydrogen peroxide128. IsdA is also able to bind and 

inactivate lactoferrin, one of the toxic proteins released into the phagosome129. 
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Spa has been previously shown to be essential for S. aureus survival within 

macrophages144, although its role in this environment is unknown. Interestingly, Spa is 

able to maintain structural integrity even in very low pH such as is found in a 

phagolysosome (personal communication, Dr. Terry Oas), supporting a possible role for 

Spa in the intracellular environment. Spa is best known for its abilities to bind IgG, 

BCRs, and von Willebrand factor235. These binding events contribute to the ability of S. 

aureus to avoid recognition and phagocytosis by the immune system. 

ClfB has many known activities, including adhesion, aggregation, and biofilm 

formation15. A possible intracellular role for ClfB is the development of a small-colony 

variant phenotype, which has been shown to contribute to intracellular survival in 

various host cell types and persistence of staphylococcal infection113,256. The upregulation 

of each of these proteins is also potentially a defense mechanism against further 

phagocytosis since many these proteins are known to inhibit the ability of phagocytes to 

phagocytose S. aureus. 

Survival of phagocytosis could be attributed to two distinct mechanisms. First, 

induction of apoptosis in the host cell before full maturation of the phagolysosome 

occurs would confer survival to S. aureus. Second, the ability to withstand the killing 

mechanisms employed by phagocytes for a prolonged period of time would also 

translate as survival. However, it is likely that different factors are involved in these two 

phenomena. To try to dissect S. aureus phagosomal escape from persistence, we 
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performed two different phagocytosis experiments in U-937 cells. The first experiment 

compared the ability to rapidly induce cell death in macrophages of S. aureus strain 

Newman to various isogenic surface protein mutants. None of the mutants tested 

displayed defects in inducing cell death in macrophages (Figure 46). This result was 

mirrored in murine BMDMs and RAW 264.7 macrophages (Figure 47, Figure 48). 

The second experiment compared the ability to survive for greater than 24 h 

inside macrophages of S. aureus strain Newman to various isogenic surface protein 

mutants. Likewise, none of the mutants had major defects in survival in macrophages 

(Figure 49). Surprisingly, none of the S. aureus strains with mutations in cell wall 

anchored proteins, including those that were upregulated by phagolysosomal conditions 

(SrtA, IsdA, Spa, and ClfB), showed major defects in either escape from or persistence in 

macrophages. 

The lack of a defect in phagocyte escape or intracellular persistence by the 

various S. aureus mutants could be attributed to a number of possibilities. Survival may 

depend on the origin of the macrophages used, the level of macrophage activation prior 

to challenge, the state of virulence factor expression in S. aureus, and/or the strain of S. 

aureus. Additionally, the most important surface proteins for this phenotype may not 

have been tested or combinations of mutations may be required to reveal the 

redundancies of certain proteins. However, a possible scenario is that importance of 

sortases and their substrates may not be paramount to S. aureus during phagocytosis. 
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Other factors involved in defense against phagocytic attack, such as oxidative stress 

responses (staphyloxanthin, alkyl hydroperoxidase, bacterial nitric oxide synthase, 

superoxide dismutase, catalase, lactate dehydrogenase, etc.), cell wall modifications 

(wall teichoic acid (WTA) changes, peptidoglycan structural changes, etc.), and 

maintenance of a normal internal pH (urease, NADH dehydrogenase, etc.), may play a 

larger role in S. aureus survival inside a professional phagocyte (Figure 50). Production 

of leukotoxins (Hla, Hlg, LukED, LukGH, PVL, etc.) may be the biggest contributor to 

the induction of host cell death which allows S. aureus to escape15,101,248. Perhaps 

identifying roles for sortases and their substrates requires a system where some of these 

dominant factors have been abolished.  
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Figure 50. S. aureus Virulence Factors Contributing to Survival In a Professional 

Phagocyte. S. aureus produces a diverse collection of virulence factors involved in 

survival of phagocytosis. Virulence functions include induction of cell death in host 

cells, neutralization of the effects of reactive oxygen/nitrogen species, modification of 

the surface of the bacterium to avoid damage from degradative enzymes and 

antimicrobial peptides, and maintenance of normal intracellular pH. Ahp- alkyl 

hydroperoxidase, bNOS- bacterial nitric oxide synthase, dltABCD- operon 

responsible for modifying teichoic acid, Hla- staphylococcal α-hemolysin, Hlg- 

staphylococcal γ-hemolysin, Kat- catalase, LDH-1- lactate dehydrogenase, LukED- 

leukotoxin ED, LukGH- leukotoxin GH, MprF- multiple peptide resistance factor, 

NADH DH- NADH dehydrogenase, PGN O-AT- peptidoglycan O-acetyltransferase, 

Pigment- staphyloxanthin, PVL- Panton Valentine leukocidin, SOD- superoxide 

dismutase. 
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Additionally, evaluating the survival of S. aureus during different phases of 

growth may shed light on the relative importance of these virulence factors. Previous 

studies suggest that surface proteins, such as MSCRAMMs, are predominantly 

expressed during mid-log phase growth, while secreted proteins and pigments, such as 

toxins and staphyloxanthin, are predominantly expressed during stationary phase127,210. 

However, there may be variability in this paradigm in different S. aureus strains266. As 

the phagocytosis assays performed in this study were conducted with S. aureus at 

stationary phase, the importance of secreted proteins and pigments may have been 

exaggerated compared to surface proteins. Stationary phase S. aureus has previously 

been shown to be more resistant to human neutrophil killing267. However, previous 

studies demonstrating the importance of SrtA and Spa to S. aureus survival of 

phagocytosis were also performed with S. aureus at stationary phase144. 

Alternatively, the intracellular activity of sortase enzymes and their substrates 

may only be apparent if the macrophages are appropriately activated. If the 

macrophages are not properly prepared to encounter S. aureus, the necessity for 

staphylococcal surface proteins may not be as severe. Accordingly, interferon-γ (INF-γ) 

stimulated macrophages were able to kill S. aureus more efficiently in previous studies144. 

Of note, addition of CD40L to U-937 macrophages did not affect the intracellular 

survival or the ability to induce cell death of S. aureus (data not shown). Even so, the 

correct state of activation appears to be critical to illuminating which factors promote 
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staphylococcal survival, perhaps INF-γ stimulation in particular. INF-γ is a primary 

activator of macrophages in vivo96 and thus may be required to accurately assess the 

contributions of S. aureus surface anchored proteins during phagocytosis. 
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6. Conclusions and Future Directions 

In spite of the clinical deployment of hundreds of antimicrobials, Gram-positive 

bacteria remain a serious health care threat in both the developed and developing 

worlds. With the rise of antibiotic-resistant strains of some of the most pathogenic Gram-

positive species, the need for new antibiotic targets is dramatically increasing. 

Methicillin resistant Staphylococcus aureus (MRSA) is a pathogen of particular interest 

due to its recent ability to cause infection in both community and nosocomial 

environments, even in otherwise healthy patients with no obvious risk factors7. 

Alarmingly, S. aureus strains resistant to vancomycin (VISA) have been observed in the 

clinical setting8. If widespread MRSA strains attain vancomycin resistance, S. aureus 

infections may become virtually untreatable. 

One recently proposed strategy for the design of novel antimicrobials is to target 

virulence factors of pathogens12. The potential benefits of this tactic include reduced 

selective pressures due to the fact that inhibition of virulence factors may not interfere 

with essential life processes, the possibility of use in combination therapies because their 

effects should be at least additive, and the fact that these targets are often unique to 

pathogenic bacteria, potentially resulting in less severe side effects. One of the major 

virulence factors of Gram-positive bacteria is the sortase class of enzymes. These 

enzymes are extracellular transpeptidases responsible for covalently anchoring secreted 

proteins to the bacterial cell wall17. Virtually all substrates of sortase enzymes are 



 

219 

themselves virulence factors, implying that inhibition of a sortase would result in severe 

attenuation of the bacteria. Various animal and human models of infection with sortase 

knockout and sortase-substrate knockout strains have supported this hypothesis21,24,26,28-

30. However, inhibition of these enzymes has proved an elusive goal. 

Since their discovery by Schneewind and coworkers in 1999, sortase enzymes 

have engendered an entire field of study17. Much has been learned about the enzyme 

mechanism and role these enzymes play during pathogenesis. However, many 

questions remain to be answered, both in terms of the generality of the enzyme 

mechanism and structure and the function of the substrates of sortases during infection. 

6.1 Sortase Enzyme Mechanism and Structure 

Most of what is known about how sortases function is derived from studies of 

the SrtA enzyme from S. aureus. A few key points are generally accepted: (1) there are 

three conserved residues in the active site required for catalysis (His120, Cys184, Arg197, 

S. aureus numbering)163, (2) for the enzyme reaction to proceed, the conserved histidine 

must be in the imidazolium form and the conserved cysteine must be in the thiolate 

form49, (3) the conserved histidine and cysteine have unmodified pKa (the enzyme 

utilizes a reverse protonation mechanism) such that most of the enzyme population is in 

an inactive state at physiological pH49,50, (4) the conserved arginine contributes to 

catalysis through hydrogen-bonding to the substrate peptide backbone to help orient it 

correctly for catalysis53,56, (5) the enzyme displays a unique “sortase-fold” core structure 
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which is composed of an uneven eight-stranded β-barrel with connecting loops forming 

the walls of the active site47, (6) the β6/β7 loop lies along the back of the substrate 

binding cleft and confers most of the specificity to the enzyme for the cleavage substrate 

(a secreted protein containing a cell wall sorting sequence (CWSS)) through binding to 

the N-terminal residues of the five amino acid substrate recognition motif41,47, (7) the 

β3/β4 loop and the β6/β7 loop bind Ca2+ to lock the β6/β7 loop in place for optimal 

substrate binding48, (8) Ca2+ and substrate binding to the β6/β7 loop results in formation 

of a short helix in the β6/β7 loop that allows optimal specificity-determining contacts to 

be made with the substrate recognition motif54, (9) the β7/β8 loop appears to be involved 

in recognition of the acceptor substrate, Lipid II54, and (10) the dynamics of the β6/β7 

and β7/β8 loops are important for substrate binding and catalysis47,48,54. Studies of sortase 

enzymes from other Gram-positive bacterial species have demonstrated similar 

properties55,57,59. However, there are still unanswered questions about the enzyme 

mechanism of sortases that require further studies of S. aureus SrtA and, importantly, 

studies of other sortase enzymes as well. 

Chapter 2 describes the initial studies of Streptococcus pyogenes SrtA. Many of the 

above features of S. aureus SrtA appear to be general features of sortase enzymes. 

Accordingly, S. pyogenes SrtA displayed similar reaction kinetics and a relatively high 

pKa of the conserved nucleophilic cysteine (Cys208), suggesting that the enzyme also 

utilizes a reverse protonation mechanism. The structure of the enzyme also displayed a 
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similar overall fold and arrangement of the conserved histidine, cysteine and arginine 

residues. However, some differences were discovered as well. S. pyogenes displayed no 

requirement for Ca2+ for efficient substrate binding and contained a preformed helical 

region in the β6/β7 loop. S. aureus SrtA appears to be an outlier, rather than the 

prototype, in terms of stimulation of enzyme activity by Ca2+ binding. This observation 

has been made in other sortase enzymes as well63. 

While the work presented in Chapter 2 is the most comprehensive 

characterization of a sortase enzyme other than S. aureus SrtA, several of the general 

enzyme features described above were not addressed in this study. Further studies of S. 

pyogenes SrtA should confirm the role of the conserved arginine as a hydrogen-bond 

donor to the substrate, determine the pKa of both the conserved histidine and cysteine 

during catalytic turnover, rigorously define the substrate specificity of S. pyogenes SrtA 

for both the cleavage and the acceptor substrates, optimize the in vitro assay conditions, 

and identify the regions of the enzyme involved in recognition of the acceptor substrate. 

Additional mechanistic studies of other sortase enzymes are necessary to support 

the broad spectrum applicability of inhibitors designed against this enzyme class for 

therapeutic use. Confirmation that the reverse protonation mechanism is utilized in all 

sortase enzymes would allow for the design of mechanism-based inhibitors. While 

multiple structural models have been produced over the past decade, structural data of 

the substrate-enzyme complex is severely lacking. The comparison of various sortase 
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enzymes bound to substrates would definitively delineate the important contacts that 

could be exploited for successful inhibitor design. Additionally, a structure bound to the 

acceptor substrate would identify the basis of substrate recognition in this half of the 

reaction. This information might provide alternate avenues to efficient inhibition of 

these enzymes. 

Importantly, the applicability of in vitro data needs to be confirmed in a native 

sortase environment. To date, no mechanistic studies have been performed in the setting 

of a full-length enzyme in a lipid membrane. It is likely that sortases interact with other 

members of the protein secretion apparatus43-46 and are functionally modulated by these 

interactions. Characterization of the effects of a lipid environment on sortase activity 

and identification of interactions with other secretion apparatus proteins could 

revolutionize the current thinking on the mechanism of sortase enzymes. 

6.2 Sortases and Pili 

There are multiple classes of sortase enzymes. The enzymes can be classified in 

various ways, but the functional classification system is the most biologically relevant. 

There are four functional classes: SrtA, SrtB, SrtC, and SrtD34. SrtA enzymes are capable 

of anchoring many different proteins into the cell wall17,18. SrtB enzymes anchor a single 

coexpressed substrate that is involved in iron acquisition35. SrtC enzymes polymerize 

multiple coexpressed substrates that are the components of pili in Gram-positive 

bacteria86. SrtD enzymes anchor multiple substrates that are involved in sporulation38-40. 
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SrtC enzymes and their substrates have been intensely studied over the past few 

years. However, there is much yet to be learned about this class of sortases. The enzyme 

mechanism of SrtC has not been elucidated, the full details of the roles of the different 

pilin proteins have not been conclusively clarified, and the interactions between SrtA 

and SrtC enzymes have also not been adequately explored. Thus, many questions about 

this interesting class remain to be answered. 

Chapter 3 describes our initial studies of Streptococcus pyogenes SrtC. There are 

many Gram-positive pathogens that express SrtC enzymes and pilin substrates, each 

with advantages and disadvantages as a model system to make general conclusions 

about this class of sortases. S. pyogenes is a good model system because it only expresses 

one SrtC enzyme that by default must responsible for all polymerization of pilin 

proteins in this organism206. One of the drawbacks to studying S. pyogenes is that SrtC in 

this species is not in the same structural class as other SrtC enzymes37. S. pyogenes SrtC is 

structurally classified as a SrtB enzyme, primarily due to the lack of an N-terminal lid 

domain in the amino acid sequence prior to the β1 strand that is characteristic of the 

SrtC structural class62. Nonetheless, illuminating the mechanism of S. pyogenes SrtC 

would be of great benefit to the sortase field. 

Two parallel endeavors were explored to determine the mechanism of S. pyogenes 

SrtC: in vitro kinetic characterization and structure determination by X-ray 

crystallography. Towards these goals, multiple constructs of S. pyogenes SrtC, its primary 
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substrate (T3), and peptide substrate mimics where created. Multiple truncated versions 

of the proteins were successfully expressed in high yield in E. coli expression systems. 

Multiple constructs of SrtC and its substrates were efficiently purified and determined to 

be soluble. However, none of the various SrtC constructs demonstrated observable 

activity towards any of the peptide or protein substrates under the conditions tested. S. 

pyogenes SrtC initial crystallization conditions were also successfully determined, 

although initial optimization of these conditions did not produce diffraction quality 

crystals. 

Preliminary steps towards the characterization of S. pyogenes SrtC have been 

achieved. Further studies should focus on determining the minimum catalytic unit for S. 

pyogenes SrtC. Removing additional disordered regions may increase the in vitro activity 

and stability of the enzyme and reduce conformational entropy, lowering the barriers to 

crystallization of the protein. The constructs created in this study did not display 

adequate stability in solution due to precipitation over time, which may have 

contributed to the lack of observable activity. However, apparent low in vitro activity of 

sortase enzymes is a common occurrence38,57,66. In vitro SrtC activity has mostly been 

demonstrated by using protein substrates and Western blotting techniques36,62,63,208, 

demonstrating that under current in vitro conditions high levels of assay sensitivity are 

required. This fact is likely partially due to the reverse protonation mechanism 

employed by sortase enzymes, which reveal low apparent catalytic activity49. Thus, 
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optimization of the in vitro assay conditions for different sortase classes is paramount to 

obtaining accurate kinetic measurements, including determination of the optimal 

cleavage and acceptor substrates such that appropriate substrate mimics can be utilized. 

However, it may be that SrtC enzymes require interactions with other members of the 

secretion machinery or a lipid environment in order to achieve higher activity levels. 

Interactions between sortase enzymes and the rest of the secretion apparatus 

have been proposed44-46, but there is as yet no definitive evidence of such connections. 

SrtC enzymes are one of the best systems to address this question. The fact that SrtA and 

SrtC enzymes interact with some of the same substrates suggests that there must be 

coordinated regulation of the activity of the two enzymes, likely through protein-protein 

interactions in the plasma membrane. Although in some cases it appears that SrtA and 

SrtC enzymes are able to distinguish between the different CWSS of the various pilin 

proteins such that one of them is recognized by SrtA as the anchor pilin and thus 

excluded from polymerization by SrtC, the CWSS sequences are extremely similar in all 

pilin proteins produced by any one strain of Gram-positive bacteria. Regardless, due to 

the unidirectional nature of sortase-catalyzed pilin polymerization, SrtA must be 

impaired from anchoring the pilus until SrtC has completed extension. Thus, the lid 

domain of many SrtC enzymes has been proposed to play a regulatory role, allowing 

SrtA to shut off SrtC activity so that SrtA can anchor the extended pilus to the cell wall, 

though this function of the lid domain has not been conclusively demonstrated62,63. 
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Identifying interacting proteins could potentially lead to novel avenues of modulating 

sortase activity to control infection. 

6.3 Staphylococcal Surface Proteins and Professional 
Phagocytes 

The ability of S. aureus to survive phagocytosis by neutrophils and macrophages 

is a harrowing observation144,146,148,217,245. The combination of the ability to preclude 

development of protective immunological memory responses, the ability to circumvent 

clearance by the innate immune system, and rising resistance to current frontline 

antibiotics marks S. aureus infections as a major human health issue. Understanding the 

interaction of the many virulence factors of S. aureus with the host during infection is 

paramount to the production of novel antimicrobial strategies. One promising target for 

development of anti-infective therapies is the sortase class of enzymes. 

Recent findings by Potempa and coworkers suggest that sortase enzymes and 

their substrates may play a role in S. aureus intracellular survival in professional 

phagocytes144. In particular, SrtA and its substrate Spa have been demonstrated to confer 

survival during phagocytosis by human monocyte-derived macrophages (hMDMs). In 

Chapter 4, we show that S. aureus SrtA is resistant to inhibition by oxidation, one of the 

primary killing mechanisms employed by professional phagocytes. This resistance is 

likely partially due to the reverse protonation reaction mechanism by which SrtA 

operates. The conserved nucleophilic cysteine in the active site of SrtA has an 

unmodified pKa, which corresponds to ≥99% of the enzyme population being in the thiol 
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form under physiological conditions49,50. While this arrangement decreases the amount 

of active enzyme, it increases the amount of SrtA Cys184 with a high reduction potential 

and with slow oxidation kinetics, resulting in resistance to oxidation by both one- and 

two-electron oxidants. Additionally, the reverse protonation mechanism allows SrtA to 

maintain activity over a broad range of pH, another benefit for maintenance of activity 

inside a phagolysosome. 

The ability of S. aureus to survive inside host cells seems partially dependent on a 

phenotypic switch to a small-colony variant (SCV) form216. This switch has been shown 

to be associated with increased anchoring of adhesion factors to the cell wall, specifically 

the clumping factors and fibronectin binding proteins113. Thus, a role for SrtA during 

intracellular survival may be to aid in development of a SCV phenotype. However, SCV 

formation has not yet been analyzed in professional phagocytes. SCVs are difficult to 

study as they are the result of changes in gene expression rather than mutations or 

acquisition of novel genetic elements. At present, S. aureus SCVs are often studied in the 

artificial context of a mutation in a hemin biosynthesis gene, HemB268. However, SCVs 

are commonly isolated in the clinical setting as well256. SCVs have also been shown to 

contribute to antibiotic resistance269, perhaps suggesting a role for sortase activity in 

development of antibiotic resistance as well. 

In Chapter 5, we investigated the contribution of the various surface anchored 

proteins produced by S. aureus to phagocytosis survival. We found that some proteins 
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(SrtA, Spa, IsdA, and ClfB) were upregulated in response to phagolysosomal conditions. 

These findings imply that cell wall anchored proteins are important during 

phagocytosis. However, under the experimental conditions tested, S. aureus surface 

protein knockout strains showed no difference in intracellular survival in macrophages 

compared to wild-type. There are a number of possibilities for the discrepancy between 

our findings and those found by Potempa and coworkers144. The origin and activation 

state of the macrophages may play an important role in the ability of S. aureus to 

survive. Macrophages from different tissues and at different levels of activation display 

variable ability to kill pathogens. Accordingly, S. aureus was no longer able to survive 

inside hMDMs stimulated with IFN-γ144. 

The mechanism of S. aureus uptake by phagocytes may also play a role in 

survival. Different uptake pathways result in confinement to alternative vacuolar 

compartments270,271. Combined with the origin and activation state of the phagocyte, the 

mechanism of uptake may lead to alternate encapsulation S. aureus in dissimilar 

phagosomes. This variance may lead to S. aureus manipulation of the phagosomal 

maturation process. S. aureus were opsonized prior to phagocytosis, which typically 

results in evolution of the phagosome into a mature phagolysosome with full pathogen 

killing potential270. However, S. aureus has many mechanisms to inhibit opsonization15. 

Determining whether the phagosome fuses with lysosomes and cytoplasmic granules to 

release cytotoxic species, produce reactive oxygen species, and lower the pH of the 
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phagolysosome during S. aureus phagocytosis will provide valuable information about 

how S. aureus is able to survive inside of and escape from a professional phagocyte. 

While our studies suggest that S. aureus surface anchored proteins do not play a 

major role in either persistence inside or escape from a macrophage, this may be 

partially attributable to the growth phase of the bacteria upon phagocytosis. S. aureus is 

known to express adhesion proteins (surface anchored proteins) during mid-log phase 

and secreted proteins (toxins and enzymes) during stationary phase210. The phagocytosis 

assays in this study were performed with S. aureus in stationary phase, which was the 

case in previous studies by Potempa and coworkers as well144,149. Secreted virulence 

factors, especially leukotoxins, are known to aid S. aureus during escape from host 

cells15,101,144. Antioxidant pigments such as staphyloxanthin are also highly expressed 

during stationary phase127. Thus, the contribution to survival and escape of surface 

anchored proteins may be obscured in these assays by high expression levels of pigment 

production machinery and secreted toxins and enzymes. Analysis of the regulation of 

these genes under phagolysosomal conditions may be insightful. 

To delineate the interactions between S. aureus and professional phagocytes 

during phagocytosis, a more general approach may be warranted. Microarray and 

proteomic studies of gene expression by professional phagocytes in response to 

challenge with wild-type S. aureus compared to surface protein knockout strains may 

yield insight into the different immune responses generated by S. aureus strains with 
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and without surface anchored proteins. It may also be informative to perform 

microarray and proteomic gene regulation studies on the various strains of S. aureus to 

determine if deletion of surface anchored genes induces compensatory expression of 

other virulence genes. 
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Appendix A. Reaction Mechanism of Streptococcus 
pyogenes SPy0128 Isopeptide Bond Formation 

This appendix is adapted from work published on December 13, 2010 on pages 

478-485 in Journal of the American Chemical Society, volume 133 (issue 3) under the title 

“Autocatalytic Intramolecular Isopeptide Bond Formation in Gram-Positive Bacterial 

Pili: A QM/MM Simulation” by Xiangqian Hu, Hao Hu, Jeffrey A. Melvin, Kathleen W. 

Clancy, Dewey G. McCafferty, and Weitao Yang. Copyright 2010 American Chemical 

Society272. 

Contributions: Conceived and designed the experiments: XH, JAM, DGM, WY. 

Performed the experiments: XH, HH. Analyzed the data: XH, JAM, DGM, WY. 

Contributed reagents/materials/analysis tools: HH, WY. Wrote the paper: XH, JAM, 

KWC, DGM, WY. 

A.1 Background 

Pili are hair-like polymeric proteins that play important roles in the biological 

functions of many bacteria. These filamentous, multisubunit proteins reside 

extracellularly and can be involved in adherence to host tissues, transfer of genetic 

material, induction of signaling in host cells, twitching motility, and other critical aspects 

of colonization273. Pili of pathogenic bacteria are often also major virulence factors and 

important vaccine candidates. As such, studying the structure and the formation of the 

pilus is vital for gaining an understanding of pilus biogenesis and may influence the 

discovery of new drugs or suitable vaccines in the fight against virulent bacteria. 
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For Gram-negative organisms, the structures and functions of pili have been 

extensively studied. For instance, type I and type IV pili, which are long (1-4 µm), thin 

(5-8 nm), and flexible, have been well-characterized in terms of their structures and 

assembly mechanisms274-279. However, the covalent and three-dimensional structure of 

Gram-positive pili and the mechanism of their assembly have remained a mystery until 

recently90,95,155,202,273,280-283. Compared to Gram-negative pili, the Gram-positive pili 

assembled by sortases (bacterially encoded transpeptidase enzymes) are extremely thin 

(2-3 nm) because the Gram-positive pilin polymer chain is composed of many covalently 

bonded copies of a single backbone pilin. Gram-positive bacteria employ intramolecular 

isopeptide bonds to stabilize folded structures that are displayed extracellularly, as an 

alternative to disulfide bonds used to stabilize intracellular protein structures89,91-93,95. For 

example, Streptococcus pyogenes infects the human throat and skin cells with the aid of 

adhesive pili, potentially causing major sequelae such as necrotizing fasciitis, rheumatic 

fever, and streptococcal toxic shock syndrome14. The structure of the serotype M1 pilin 

subunit SPy0128 from S. pyogenes strain SF370 [also known as group A Streptococcus 

(GAS)] indicates that the pilin is stabilized by two unique intramolecular isopeptide 

bonds per subunit90,95. SPy0128 mutants lacking isopeptide bonds exhibit lowered 

trypsin-resistance, thermal stability, and mechanical stability89,95. Other stabilizing bonds 

have been observed in extracellular bacterial adhesion proteins91,94. 
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In SPy0128, one intramolecular isopeptide bond is formed between conserved 

residues Lys36 and Asn168 in the N-terminal domain and the other between conserved 

residues Lys179 and Asn303 in the C-terminal domain. Interestingly, both isopeptide 

bonds form naturally without the aid of any cofactor or enzyme. In the SPy0128 

structure, an autocatalytic conserved Glu residue sits proximal to each Lys-Asn 

isopeptide bond and has been shown by mutational analyses to be essential for 

generation of these bonds90,95. The Glu residue is closely associated with each bond, 

forming hydrogen bonds to the isopeptide C=O and NH groups. The hydrogen bonding 

implies that both conserved glutamic acids, Glu117 and Glu258, are protonated in the 

final bonded state. The atomic packing of the Lys, Asn, and Glu residues within a 

hydrophobic pocket lined with aromatic residues suggests an elevation of the pKa of the 

Glu carboxylate group and a reduction of the pKa of the Lys ε-amino group. As such, a 

direct attack mechanism for isopeptide bond formation has been proposed. The 

protonated Glu polarizes the C=O bond of the Asn side chain and increases the 

electrophilicity of the amide carbon. Then, nucleophilic attack on Asn Cγ by nitrogen of 

the deprotonated Lys ε-amino group generates the isopeptide bond. We denote this 

state as “inverse protonated,” referring to the state whereby protonated Glu and 

deprotonated Lys are the catalytically competent protonation states of these side chains. 

In this work, we studied the reaction mechanism of intramolecular isopeptide 

bond formation using ab initio quantum mechanics/molecular mechanics (QM/MM) 
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simulations and revealed a probable reaction mechanism in atomic detail. We suggest 

that if the direct attack mechanism occurs as hypothesized, the reaction must proceed 

from the inverse protonated state. Our simulations also demonstrated that concerted 

transfer of two protons during formation of the intramolecular isopeptide bond is vital 

to release ammonia, completing the reaction. Moreover, this reaction is catalyzed by the 

key Glu residue functioning as a proton relay medium during the concerted proton 

transfers. We also conducted comparative studies on both isopeptide bond locations 

(Lys36-Asn168 and Lys179-Asn303). The computed reaction barriers for both isopeptide 

bonds suggest that the isopeptide bond in the N-terminal domain (Lys36-Asn168) may 

be formed prior to or simultaneously with the isopeptide bond in the C-terminal domain 

(Lys179 and Asn303). This temporal restriction is shown to be an effect of protein 

domain-domain interactions. 

A.2 Materials and Methods 

A.2.1 Computational Methods for QM/MM Simulations 

In this work, all of the QM/MM simulations employed the recently developed 

QM/MM-minimum free energy path (MFEP) method. The details of the QM/MM-MFEP 

approach have been discussed in previous publications284-286. The key ingredient of the 

QM/MM-MFEP is that the geometry of the QM subsystem is optimized on the potential 

of mean force (PMF) surface of the subsystem conformations284-286. For the MM energy 

EMM(rQM,rMM), all of the MM atoms are described by the CHARMM force field287 and 
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TIP3P water model288. All of the QM energy calculations were performed at the 

B3LYP/6-31+G* 289-292 level using the locally-modified Gaussian 03 program293. The 

QM/MM interaction energy EQM/MM(rQM,rMM) includes the classical point charge and 

Lennard-Jones interactions between the QM and MM subsystems. The QM charges are 

fitted from the electrostatic potential (ESP) of the frozen QM geometry284,285,294 and are 

used to calculate the point charge interactions in EQM/MM(rQM,rMM) without consideration 

of the charge polarization effect295. The covalent interactions between the QM and MM 

subsystems are characterized by the pseudobond approach296. In this work, a new set of 

pseudobond parameters, fitted with amino acids as the training set, was used297. 

The reaction path on the PMF surface can be readily optimized with the 

QM/MM-MFEP method. Both the nudged-elastic-band (NEB)298 and quadratic string 

methods (QSM)299,300 were used. In both algorithms, the full QM degrees of freedom 

were used to construct a discrete reaction path from the reactant state to the product 

state. The QM/MM-MFEP method can be combined with NEB or QSM smoothly. The 

optimization procedure284,285 is the following: (i) the discrete reaction path is optimized 

using NEB or QSM in a fixed and finite MM ensemble; (ii) the new MM ensemble is 

generated by molecular dynamics (MD) simulation with the fixed QM conformation; (iii) 

go to step (i) until the convergence criteria on the PMF and path differences and the 

normalized gradients of the entire path are satisfied. The iterative sampling and 

optimization algorithm reduce the computational cost of QM/MM simulations 
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dramatically and with high accuracy, and this scheme has been successfully applied to 

studies of the reaction mechanisms of several enzymes301,302. Moreover, the QM/MM-

MFEP approach has been further extended to calculate solution redox free energies for 

metal complexes and organic molecules303. 

A.2.2 Computational Construction of the Initial Reactant Structure 

The S. pyogenes SPy0128 crystal structure from the protein data bank (PDB ID 

3B2M chain A) at 2.2 Å resolution is shown in Figure 62 and was used to build the initial 

reactant structure90,95. This protein includes 340 amino acid residues, but the first 16 

residues were removed in our work since they are disordered in the structure and are 

excluded from the isopeptide bond-containing domains. The pilin crystal structure has 

an elongated two-domain structure (i.e., N- and C-terminal domains). Each domain has 

one unique intramolecular isopeptide bond: between Lys36 and Asn168 in the N-

terminal domain and between Lys179 and Asn303 in the C-terminal domain. The N-C 

isopeptide bond linking the Lys ε-amino group and Asn for each domain was broken to 

construct the initial state of the protein. The missing NH2 group was added back to 

Asn168 and Asn303 for each isopeptide bond with the program Molden304. All of the 

hydrogen atoms were added using the web service MolProbity305. The entire protein was 

solvated in a rectangular box of size 66 × 84 × 130 Å3. The total number of water 

molecules was 20,820, including 136 crystalline water molecules. 
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A.2.3 Molecular Dynamics Simulations of S. pyogenes SPy0128 

The geometry of the entire system was first optimized with MM force fields, and 

then the water molecules were gradually warmed up to 300 K. The entire system was 

warmed up through an 800 ps MD simulation in which the atoms of the protein 

backbone were restrained by a harmonic force of 40 kcal/mol/Å2 and then subjected to a 

320 ps MD simulation using the same restraint with a harmonic force of 20 kcal/mol/Å2. 

The multiple-time step algorithm306 was used, in which the integration step sizes were 2 

fs for short-range forces, 4 fs for medium-range forces, and 8 fs for long-range 

electrostatic forces. The PME method was used for computing long-range electrostatic 

interactions307. All bonds of water molecules were constrained by the SHAKE 

algorithm308. An 8 Å and 12 Å dual cutoff was employed to generate the nonbonded pair 

lists, which were updated every 32 fs. The temperature and pressure of the system were 

maintained at 300 K and 1 bar with the Berendsen thermostat and manostat309. 

A.2.4 QM/MM-MFEP Simulations of Isopeptide Bond Formation 

X-ray crystallographic and mutagenesis studies show that Glu117 and Glu258 

play vital roles in isopeptide bond formation at both locations90,95. Two active sites were 

studied: Lys36, Asn168, and Glu117 as the QM subsystem A (Active Site A), and Lys179, 

Asn303, and Glu258 as the QM subsystem B (Active Site B). All of the Cα atoms on the 

side chains as the boundary atoms between the QM and MM subsystems were modeled 

by the pseudobond approach296,297 with the parameters in Reference 297297. The total 
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number of atoms in each QM subsystem is 36. For single-point geometry optimizations 

(for instance, the reactant geometry and the discrete geometries generated by the 

coordinate driving approach to construct the initial reaction path), the modified 

“Gau_external” script in Gaussian 03293 combined with the QM/MM-MFEP method was 

used. 80 ps of MD sampling were used to calculate the QM free energy perturbations 

and free energy gradients (see equations 1 and 2 in Reference 284284). For reaction path 

optimization, the coordinate driving approach was used to generate the initial reaction 

path. 40 ps of MD sampling with NEB were performed to optimize the path, and then 80 

ps were used in the late stage. 160 ps of MD sampling were also performed to verify that 

80 ps were sufficient to converge the reaction path optimizations. A dual cutoff of 9 Å 

and 15 Å was used for the QM/MM-MFEP calculations284. The SHAKE algorithm was 

only used on water molecules. The integration time steps were 1 fs for short-range 

forces, 4 fs for medium-range forces, and 8 fs for long-range electrostatic forces. 

A.3 Results 

A.3.1 Normal vs. Inverse Protonated Initial States 

Two different protonation states of the side chains of Lys and Glu in active sites 

A and B from SPy0128 are shown in Figure 51: the normal zwitterionic protonation state, 

in which Lys is protonated (with one positive charge) and Glu is deprotonated (with one 

negative charge), and the inverse protonated state, in which both Lys and Glu side 

chains are charge neutral. We first simulated the proton transfer reaction from normal to 
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inverse protonated state for Active Site A. The initial geometry was obtained from the 

last snapshot of the 640 ps molecular dynamics (MD) simulation without any restrained 

forces. Then, the geometry of Active Site A in the normal protonation state was 

optimized by QM/MM-minimum free energy path (MFEP) as shown in Figure 53, and 

the distance difference (d0 - d1 shown in Figure 53) between H-N in Lys36 and H-O in 

Glu117 was used to drive the protonation state from the normal to the inverse 

protonated state. The profile of potential of mean force (PMF) during this proton 

transfer was plotted in Figure 52. The free energy difference between the normal and 

inverse states is 5.4 kcal/mol and the transition barrier is only 7.5 kcal/mol for Active Site 

A. Note that the optimized bond distances of H-N in Lys and H-O in Glu for both active 

sites do not vary with different initial geometry preparation or the choice of the active 

site. This arrangement suggests that the proton-transfer step between two different 

protonation states is not the rate limiting step for both active sites. 



 

240 

 

Figure 51. Two Possible Protonation States of the Active Site Prior to Isopeptide Bond 

Formation. The three conserved residues (Asn, Glu, Lys) are labeled in blue. The ESP 

charges on the nitrogen atom in the Lys ε-amino group and the Cγ atom in the Asn 

group are shown in red for both protonation states. 
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Figure 52. Potential of Mean Force of the Transformation From Normal to Inverse 

Protonated States for Active Site A. Transformation of the active site from the normal 

to the inverse protonation state requires 7.5 kcal/mol. 
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Figure 53. The Reactant Geometry of Active Site A Optimized by the QM/MM-MFEP 

Method. The optimization started from the last snapshot of the 640 ps MD simulation 

without any restraints. Carbon atoms are in green; hydrogen atoms are in white; 

nitrogen atoms are in blue; oxygen atoms are in red. The red dashed lines represent 

hydrogen bonds between oxygen and hydrogen atoms. 
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We further optimized the geometry of Active Site A in the gas phase and 

aqueous solution (simulated by polarizable continuum models) in the absence of 

surrounding protein structure using Gaussian 03293. Our results show that the normal 

protonation state is only stable in aqueous solution, while the inverse protonated state is 

very stable in gas phase. Within the SPy0128 structure, we found that many aromatic 

amino acids surround both active sites (Figure 54). This hydrophobic protein 

environment can thus stabilize the inverse protonated state similar to the situation in the 

gas phase. Moreover, when the active site is in the inverse protonated state, as shown in 

Figure 51, the ESP charge of the nitrogen atom in the Lys ε-amino group becomes 

partially negatively charged to -0.58 as compared to -0.32 in the normal protonated state. 

The more negatively charged nitrogen atom facilitates the next reaction step, the 

nucleophilic attack on Cγ of the Asn group. We also demonstrated that the direct 

nucleophilic attack in a normally zwitterionic state seems unlikely because the 

calculated transition barrier is too high (>35 kcal/mol in Figure 55) as opposed to the 

mechanistic model involving the inverse protonated reactant state. Therefore, we 

conclude that isopeptide bond formation within a direct acylation mechanism catalyzed 

by proximal glutamates likely occurs in the inverse protonated state for both active sites. 

This result is consistent with the postulated mechanism on experimental mutation 

studies of the glutamates90,95. 
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Figure 54. The Pilin Isopeptide Bond Active Sites Are Surrounded by Aromatic 

Amino Acids. The hydrophobic environment created by these residues allows the 

active sites to transform to the inverse protonation state. 
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Figure 55. The Potential of Mean Force Changes During Direct Nucleophilic Attack of 

Nitrogen of the Protonated Lys ε-amino Group on Cγ of the Asn. 
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A.3.2 Reaction Mechanism of Isopeptide Bond Formation 

The active site structures of pilins without isopeptide bonds are not well 

maintained95. In the absence of the isopeptide cross-link, the structures show large 

conformational fluctuations during simulations compared to the crystal structure of the 

mature cross-linked SPy0128 pilin (Figure 56). Note that these large fluctuations support 

the view that isopeptide bonds are critical to stabilizing the global protein structure90,95. 

As such, the initial reactant geometry of Active Site B was generated from the 320 ps MD 

simulation with restraints (i.e., a harmonic force of 20 kcal/mol/Å2) on the heavy atoms 

of the protein backbone in order to study the subtle reaction process of isopeptide bond 

formation. This geometry was further optimized by the QM/MM-MFEP method in the 

inverse protonated state without any restraints and is shown in Figure 57 along with the 

driving coordinates dCN for the nucleophilic attack step and d’CN for ammonia formation. 

  



 

247 

 

Figure 56. A Typical MD Snapshot for Active Site A (shown in stick-and-ball style) 

Compared to the Crystal Structure With the Isopeptide Bond (shown in black lines). 

MD simulations were carried out in the normal protonation state without any 

restraints. Both Active Sites A and B show large fluctuations. 
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Figure 57. Isopeptide Bond Formation Reaction Mechanism for SPy0128 Active Site B. (a) The reactant geometry of Active Site 

B optimized by the QM/MM-MFEP method. (b) The geometry details of the transition state for two inter-residue proton 

transfers of Active Site B. (c) The geometry difference between the final product state (shown in the stick-and-ball style) and 

the original crystal structure of the pilus (shown in black lines) for Active Site B. Carbon atoms are in green; hydrogen atoms 

are in white; nitrogen atoms are in blue; oxygen atoms are in red. The red dashed lines repesent hydrogen bonds between 

oxygen and hydrogen atoms.  
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The optimized reaction path of isopeptide bond formation for Active Site B is 

shown in Figure 58. The reaction mechanism in Figure 59 was revealed for Active Site B: 

(1) the activation barrier of the nucleophilic attack step is low (10.2 kcal/mol), and (2) the 

ammonia formation step can also occur with a low energy barrier (14.7 kcal/mol). At the 

nucleophilic attack step, the deprotonated Lys179 ε-amino group rotates to attack the Cγ 

of Asn303 due to strong electrostatic attraction90,95. In the second step, the protonated 

Glu258 transfers its proton to the amino group of Asn303. Simultaneously, another 

proton from the Lys179 ε-amino group is transferred to Glu258. The geometry of the 

transition state for the inter-residue proton transfer step is depicted in Figure 57. For the 

second transition state, one proton is transferred to the amino group of Asn303. 

Ammonia is formed and is then ready to exit the active site (the bond distance between 

C and N in Asn303 becomes 1.69 Å). The other proton forms a weakened O-H bond with 

Glu258 (the bond distance between O and H in Glu258 is 1.25 Å). The long distance (1.54 

Å) of the isopeptide bond indicates that the bond is still weak. As shown in Figure 57 for 

the product state, the isopeptide bond becomes much stronger (the bond distance is 1.34 

Å) and the ammonia remains in the active site (the distance between C in Asn303 and 

NH3 is 2.76 Å). In addition, the product geometry is very similar to the original crystal 

structure (illustrated by the black line in Figure 57). The major geometry difference is the 

position of the carboxyl group in Glu258, which is influenced by the presence of 
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ammonia in the product state of our model. This result suggests that the optimized 

reaction path can produce the correct product geometry. 
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Figure 58. Potential of Mean Force of Isopeptide Bond Formation for Active Site B. 

The complete isopeptide bond formation reaction of Active Site B requires 14.7 

kcal/mol to proceed. 
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Figure 59. Putative Direct Nucleophilic Attack Reaction Mechanism for Isopeptide 

Bond Formation in a Pilin Subunit. The first step is a nucleophilic attack on Cγ of the 

Asn sidechain by the nitrogen from the unprotonated Lys ε-amino group. The second 

step involves two concerted inter-residue proton transfers to release ammonia. 
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We further studied Active Site A using the last snapshot of the above 320 ps MD 

simulation with restraints on the protein backbone. The reactant geometry was 

optimized by the QM/MM-MFEP method in the inverse protonated state and is shown 

in Figure 60. The reactant geometry of Active Site A includes two hydrogen bonds 

between Glu117 and Asn168. Compared to the reactant geometry of Active Site B in 

which there is only one weak hydrogen bond (Figure 57), the carboxyl group of Glu117 

of Active Site A is oriented differently. Following the same driving schemes for Active 

Site B to obtain the initial reaction path, the reaction path of isopeptide bond formation 

for Active Site A was optimized and is shown in Figure 61. Overall, the final isopeptide 

bond geometry and formation through nucleophilic attack are very similar for Active 

Sites A and B. However, the activation barrier of the second step for the inter-residue 

proton transfer from Glu117 to Asn168 in Active Site A (31.4 kcal/mol) is much higher 

than in Active Site B (14.7 kcal/mol). We show in the following section that this barrier 

difference between active sites A and B is caused by the reactant geometry differences 

arising from the different locations of the active sites in the pilus (Figure 62). 
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Figure 60. Comparison of Wild-Type Pilin and Pilus_Cut Model Active Site A 

Geometries. (a) The reactant geometry of Active Site A optimized by the QM/MM-

MFEP method in the inverse protonated state of the wild-type pilin. (b) The reactant 

geometry of Active Site A optimized by the QM/MM-MFEP method in the inverse 

protonated state of Pilus_Cut. The initial geometry was generated from restrained 

MD simulations. The reactant geometry of Active B (shown in Figure 57) was aligned 

to Active Site A from the Pilus_Cut model and its backbone is shown in purple. 
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Figure 61. Potential of Mean Force of Isopeptide Bond Formation for Active Site A. 

The complete isopeptide bond formation reaction for Active Site A requires far more 

energy than the reaction for Active Site B. 
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Figure 62. The Crystal Structure of the S. pyogenes Backbone Pilus, Spy0128 (PDB ID 

3B2M Chain A). The conserved Lys, Asn, and Glu residues in both actives sites are 

shown. 
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An alternate reaction mechanism shown in Figure 63 was also studied. When the 

QM/MM-MFEP geometry optimizations of the reactant state started from the last 

snapshot of the 640 ps MD simulation without any restraints, Active Site A (shown in 

Figure 53) forms a very strong hydrogen bonding network among Asn168, Lys36, and 

Glu117 while Active Site B forms only one hydrogen bond between Asn303 and Glu258. 

The geometry difference between active sites A and B is due to the different protein 

environments found in the two sites. Active Site B is at the end of the C-terminal domain 

and thus might be more flexible than Active Site A. Due to domain-domain interactions, 

Active Site A is more rigid than Active Site B (see Figure 62 for the positions of Active 

Sites A and B in the pilus). 
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Figure 63. An Alternate Reaction Mechanism Studied in This Work. The first step is a 

nucleophilic attach on Cγ of the Asn sidechain by the nitrogen from the unprotonated 

Lys ε-amino group while the proton is transferred from Glu to Asn to generate a 

stable intermediate. The second step involves two proton transfers to release 

ammonia. One of these transfers is intra-residue, which leads to a very high energy 

barrier (>50 kcal/mol, as shown in Figure 64) to form ammonia in our simulations. 

  



 

259 

For Active Site A, the driving coordinate for the nucleophilic attack step is the 

distance (dCN) between Cγ of Asn168 and nitrogen of the unprotonated Lys36 ε-amino 

group. The driving coordinate for releasing ammonia is the distance H-N in the intra-

residue proton transfer with the distance (d’CN) between Cγ and nitrogen of Asn168. The 

optimized reaction path of isopeptide bond formation for Active Site A is shown in 

Figure 64, including the transformation from the normal to inverse protonated state. 
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Figure 64. Potential of Mean Force of Isopeptide Bond Formation for Active Site A 

Using the Scheme in Figure 63. The intra-residue proton transfer required by the 

scheme shown in Figure 63 necessitates a much larger amount of energy for the 

complete isopeptide bond formation reaction to proceed. 
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During the path optimization, the proton in the neutral Glu117 group was 

transferred to the oxygen atom of the carbonyl group of Asn168. This simultaneous 

proton transfer occurs to form the stable tetrahedral intermediate (shown in the second 

step of Figure 63). The oxygen atom in Asn168 has a high negative charge (around -0.8) 

after the isopeptide bond is formed. The entire reaction follows the scheme in Figure 63. 

Although the activation barrier for nucleophilic attack is low (~23 kcal/mol including the 

first step and ~16 kcal/mol for this step), the last step to release the ammonia through the 

intra-residue proton transfer from -OH to -NH2 of the Asn in the tetrahedral 

intermediate state is forbidden due to an extremely high activation barrier (~54 kcal/mol, 

Figure 64).  

This reaction path calculation indicates that: (1) the activation barrier for the 

protonation state transformation is low and the nucleophilic attack step is always likely. 

Thus the reaction path optimizations in our work will always start from the inverse 

protonated state; (2) the intra-residue proton transfer to form ammonia cannot occur 

because of the high activation barrier. Several different driving coordinates were used to 

generate the initial paths and avoid forming the tetrahedral intermediate state. 

However, when the reaction path optimizations were performed and fully relaxed, the 

tetrahedral intermediate state is always formed. This indicates that the reaction 

mechanism in Figure 63 is not plausible. This reaction mechanism is not supported in 

this work because of the high energy barrier obtained. 
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A.3.3 Timing of Isopeptide Bond Formation 

Although different reactant geometries and reaction schemes were tested for 

Active Site A, none of them appear to be plausible because of high energy barriers (see 

Figure 61 and Figure 64). The explanation resides in the specific protein environment of 

Active Site A. According to the pilin crystal structure shown in Figure 62, Active Site B is 

at the end of the C-terminal domain and Active Site A is located at the interface between 

the N-terminal and C-terminal domains. We hypothesized that this protein domain-

domain interaction may significantly influence the geometry of Active Site A and thus 

the reaction barriers of isopeptide bond formation. To verify this hypothesis, we 

removed the C-terminal domain and used only the N-terminal domain of the pilus 

(which comprises residues 30 to 171 in the crystal structure of SPy0128, PDB ID 3B2M 

chain A) in the QM/MM simulations of isopeptide bond formation for Active Site A 

(Figure 65). 
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Figure 65. The Structure of Pilus_Cut Created by Removing the C-Terminal Domain 

and the N-Terminal 16 Residues. The Pilus_Cut model includes the residues from 30-

171 in the original crystal structure (PDB ID 3B2M chain A). 

  



 

264 

Denoted Pilus_Cut, this abbreviated structure only includes the N-terminal 

domain and thus contains only Active Site A. The initial geometry of Active Site A was 

obtained from a 320 ps MD simulation with restraints on the protein backbone. The 

reactant geometry was then optimized by the QM/MM-MFEP method in the inverse 

protonated state and is shown in Figure 60. Indeed, compared to the superimposed 

reactant geometry of Active Site B shown in the purple line of Figure 60, the backbone of 

Active Site A in the Pilus_Cut structure is very similar to that of Active Site B. This result 

suggests that the excised C-terminal domain can directly influence the structure of 

Active Site A. Compared to the reactant geometry of Active Site A in the full length pilin 

in Figure 60, Active Site A of Pilus_Cut only forms one hydrogen bond with a less 

ordered structure. In contrast, when the C-terminal domain is present in the full length 

pilus, Active Site A is apt to form hydrogen bond networks that order the structure (see 

Figure 60 and Figure 53). Hence, the domain-domain interactions in the pilus can affect 

the reactant geometry of Active Site A dramatically. 

To examine the effects of domain-domain interaction on the reaction barriers, we 

optimized the reaction path of isopeptide bond formation for Active Site A of Pilus_Cut 

using the previous coordinate driving procedure. As shown in Figure 66, nucleophilic 

attack becomes the rate limiting transition for Active Site A in Pilus_Cut with the barrier 

lowered to 24.5 kcal/mol. This barrier is significantly lower compared to 31.4 kcal/mol 

for Active Site A in the full length pilin. Although the total activation barrier for Active 
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Site A in Pilus_Cut still appears high compared with that for Active Site B in the wild-

type pilus, Pilus_Cut is only one model for the N-terminal domain to show how the 

domain-domain interactions influence the reaction barrier in pilins. The N-terminal 

domain may fold to another state during the assembly of a pilus in order to carry out the 

reaction. Particularly, for Pilus_Cut, the carboxyl group of Glu117 and amino groups of 

Asn168 and Lys36 need to rotate their hydrogen atoms into the appropriate positions in 

order to allow nucleophilic attack on Cγ of Asn168 by the nitrogen of Lys36. These extra 

rotations increase the activation barrier of the nucleophilic attack step more than 10 

kcal/mol compared to that for Active Site B. However, the relative activation barrier for 

the second reaction step in Active Site A for Pilus_Cut to generate ammonia is lowered 

significantly. As shown in Figure 66, the relative barrier to the intermediate state after 

the nucleophilic attack step is only 5.4 kcal/mol, compared to 19.8 kcal/mol for Active 

Site A in the full length pilin (Figure 61). This proton transfer step still involves the same 

two inter-residue proton transfers as in Active Site B for the full length pilin. In short, by 

removing the C-terminal domain, the overall activation barrier of Active Site A drops by 

7 kcal/mol. This result suggests that domain-domain interactions between the N- and C-

terminal domains can significantly influence isopeptide bond formation in Active Site A. 
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Figure 66. Potential of Mean Force of Isopeptide Bond Formation for Active Site A In 

Pilus_Cut. Isopeptide bond formation for Active Site A in the absence of Active Site B 

is more thermodynamically favorable than in the presence of Active Site B. 
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A.4 Discussion 

Isopeptide bonds occur in many proteins, but most are formed intermolecularly 

with the assistance of enzyme catalysts acting on nascent folded polypeptides. Such is 

seen in the case of ubiquitination of proteins by ubiquitin lyases310 and 

transglutamination protein cross-linking via transglutaminases311,312. Autocatalytic 

isopeptide bond formation has been observed in relatively few proteins outside pilin 

subunits, such as in the bacteriophage HK97 where capsid subunits are covalently cross-

linked between Lys and Asn residues to form interlocked intermolecular catenated 

rings313,314. Similar to SPy0128 and other pilins, the HK97 capsid shares a similar 

requirement for a Glu residue to facilitate autocatalytic isopeptide bond formation. 

However, HK97 capsid subunit cross-linking is initiated post-assembly into the pro-

capsid particle and can be triggered by exposure to 6 M urea. In contrast, SPy0128 

expressed in the heterologous host organism E. coli are isolated fully cross-linked. This 

observation suggests that isopeptide bonds can form soon after protein expression and 

may not be due to recruitment to the membrane or encounter with late stage pilin 

polymerization machinery, including the SrtC transpeptidase responsible for pilin 

polymerization and the housekeeping SrtA transpeptidase responsible for covalent 

attachment of pili to peptidoglycan. 

There is no evidence that extracellular proteins containing intramolecular 

isopeptide bonds are secreted by any mechanism other than through the general Sec 
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pathway. This mechanism would seem to preclude intracellular formation of isopeptide 

bonds since proteins must be completely unfolded to be secreted through the normal Sec 

machinery. Thus, it seems likely that a chaperone may keep these proteins in an 

unfolded state until they have been secreted. This function may in fact be the role of the 

proposed pilin chaperone/signal peptidase protein, SipA2, found coexpressed with the 

pilin proteins and SrtC in some S. pyogenes strains198. 

Within the autocatalytic direct nucleophilic attack mechanism of isopeptide bond 

formation, energy barrier comparison between the two active sites of S. pyogenes 

SPy0128 strongly suggests that the isopeptide bond at Active Site A in the N-terminal 

domain may be formed earlier than, or simultaneously with, the isopeptide bond at 

Active Site B in the C-terminal domain. This temporal regulation is due to 

intramolecular domain-domain interactions, which have a significant adverse impact on 

isopeptide bond formation at Active Site A in the N-terminal domain. Similarly, 

domain-domain interactions might further influence the rate of amidation and thus 

translate into timing differences for cross-linking. These observations could support a 

modular cross-linking reaction from N- to C-terminal domains as the protein folds and 

is polymerized in the extracellular environment. Alternatively, the protein may adopt a 

conformation that becomes optimal for autocatalytic amidation as it encounters factors 

that may alter global or local protein structure within the extracellular milieu. 
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The mechanisms of autocatalytic isopeptide bond formation may be generalized 

among proteins that exhibit a requirement for a catalytically essential Glu. There are 

multiple mechanisms one can evoke to create an isopeptide connection within a protein. 

In this work, we have compared two plausible direct nucleophilic attack mechanisms 

assisted by Glu protonation and suggest that within these mechanistic postulates, the 

inverse protonation pathway is markedly energetically favored. A direct attack 

mechanism is also supported by inspection of the highly organized structure of the 

hydrophobic active sites and mutagenesis studies that validate an essential role for Glu 

in catalyzing isopeptide bond formation between their respective Lys/Asn pairs. 

Bacteriophage HK97 capsid assembly is similar to pilin cross-linking in that it requires 

the presence of a similar ensemble of residues positioned closely within a defined 

hydrophobic active site313. This hydrophobic environment likely alters the pKa and 

nucleophilicity of the Lys and Asn residues in HK97 as we predict occurs in SPy0128. 

Schwarz-Linek and coworkers reported a biophysical and computational 

analysis of spontaneously formed Lys-Asp isopeptide bonds in the CnaB2 domain of the 

fibronectin-binding protein (FbaB) of invasive S. pyogenes strains94. They concluded that 

isopeptide bonds in this protein increase the folded stability of the protein and, through 

simulation, have provided insight into a possible mechanism of Lys-Asp isopeptide 

formation that can be related in a supportive manner to this study. Although not a pilin 

and composed of a Lys-Asp vs. a Lys-Asn cross-link, a similar reaction mechanism is 
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supported: the Lys-Asp isopeptide bond formation is predicted to occur with side chains 

in neutral protonation states, and two proton transfers are required to release one water 

molecule through a Glu residue near the active site. However, a distinguishing feature 

of the SPy0128 system is that isopeptide bond formation in the two domains of SPy0128 

is influenced by domain-domain interactions. Nevertheless, elements of the isopeptide 

bond formation mechanism proposed for SPy0128 can likely be generalized to other 

systems, such as the CnaB2 domain of S. pyogenes FbaB. 

It is important to note that at least one additional mechanism could be evoked to 

produce isopeptide bonds in pilus subunits315, while appearing to be autocatalytic based 

on analysis of the reaction products. Asparagine side chains within peptides and 

proteins can form cyclic succinimide intermediates (Figure 67) by condensation with 

neighboring residues within the chain316. Typically initiated by conformation or by pH, 

intramolecular condensation of Asn residues with the peptide backbone yields cyclic 

succinimide intermediates concomitant with the release of ammonia. Within a 

hydrophobic environment, an intermediate succinimide might be sufficiently protected 

from hydrolysis, and available to react with a nucleophilic Lys side chain amine to 

generate an isoamide link. Within this context, the role of the conserved pilin Glu 

residues could be to assist in the intermediate succinimide formation or in its 

breakdown following condensation with a Lys residue. Of note, a succinimide C=O is 

more electrophilic than an amide C=O, reducing the barrier for nucleophilic attack by 
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the Lys amine. However, succinimide formation would significantly reduce flexibility of 

the amide C=O, which could increase the overall energy required for isopeptide 

formation. Our group is presently examining more elaborate mechanistic possibilities 

using QM/MM-MFEP approaches for comparison to the Glu-catalyzed direct 

nucleophilic mechanism. 
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Figure 67. Asparagine Can Form a Cyclic Succinimide Intermediate and Release 

Ammonia. The hydrophobic environment in pilin proteins might protect this 

intermediate from hydrolysis. The isopeptide bond between Asn and Lys can be then 

generated later. In this scenario, ammonia is first released before isopeptide bond 

formation. The conserved pilin Glu residues may also be involved in intermediate 

succinimide formation or isopeptide formation. 
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