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Thiazole/Oxazole Modified Microcins (TOMMs) represent a large, widely 

distributed family of ribosomally encoded natural products. This family of enzymes 

selectively modify cysteine, serine and threonine amino acid residues to five-

membered heterocyclic rings. A diverse set of bacterial organisms have utilized the 

TOMM biosynthetic pathway to create a multitude of natural products with a wide 

range of activities. 
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Chapter II describes how the TOMM family was created using bioinformatic  

searches to expand the known set of natural product biosynthetic gene clusters from 

four to over 250, each encoding a different natural product. Included in this new 

family is streptolysin S (SLS) a virulent toxin produced by human pathogenic bacteria 

Streptococcus pyogenes. We showed through in vitro analysis that SLS is a 

heterocycle containing TOMM natural product.  

In Chapter III we used biochemical studies to identified the precursor peptide 

residues that were essential for SLS hemolytic activity. From this information we were 

able to generate artificial precursor peptides that had hemolytic activity upon TOMM 

posttranslational modification. It was shown that SLS biosynthesis relies on the same 

substrate binding motif as microcin B17 

In Chapter IV a SLS-like TOMM cluster in Clostridium botulinum was 

characterized. Mass spectrometry was used to identify sites of heterocyclization in 

SLS as well as in its close relative clostridiolysin S.  

Chapter V described the generation of an E. coli based bioengineering strategy 

for reconstituting SLS activity ex vivo, the first example of an active SLS analog being 

produced in another organism outside of the firmicutes phylum. This represents a 

method for generating high yields of TOMM natural products in a high throughput 

manner 

In Chapter VI we validated the expression of the unannotated TOMM 

precursor peptides identified in Chapter II. RT-PCR, gene knockouts and in vitro 

activity assays were used to demonstrate expression. 
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Natural products as drugs 

Throughout human history, natural products have been at the origin of most 

therapeutic drugs (19). Advances in chemical purification techniques have allowed the 

traditional medicinal practices of tinctures and salves to give way to the purified 

pharmaceutical drugs that we have today (13). Starting with the isolation of morphine 

from poppy seeds in the early 1800’s, scientists have relied predominantly on the “find 

and grind” method of natural product drug discovery. In this method, organic material 

with a desired biological activity is collected, mechanically homogenized, and 

fractionated by solubility, size and charge among other parameters. Biological activity 

assays guide the fractionation process to follow the natural product from crude extract 

to purified product. Typically plants have lead the way as the source for most of the 

early drugs owing to their widespread use in traditional medicine and the sheer mass 

of material that can be harvested. Recent development of undersea exploration 

techniques has added to the natural product discovery pipeline. With the advent of 

microbiology in the past century, microorganisms have replaced plants and animals as 

the most promising source of medically relevant natural products. This is due to the 

vast genetic diversity present among single celled organisms, however only a small 

minority of the microbial species have been successfully cultured on a large scale 

suitable for natural product discovery (11).  

The need for new drugs, particularly those with antibiotic activity, has never 

been higher. Unprecedented use of antibiotics medically and in the modern meat 

production industry has caused antibiotic resistance to evolve in many strains of 
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pathogenic bacteria. One estimate puts the cost of treating patients affected by 

antibiotic resistant bacteria at $7 billion dollars annually (33). The discovery of new 

natural products with antimicrobial activity is very important as these molecules are 

commonly used as lead compounds from which medically useful analogues are 

developed. This study reports on the discovery of a new, widely distributed, class of 

natural product biosynthetic pathway and investigates whether “find and grind” 

natural product discovery can be complemented by a genome mining based drug 

discovery approach. 

Secondary metabolism  

The most commonly utilized biosynthetic pathway for producing molecules is 

ribosomal polypeptide biosynthesis, common to all living organisms (28). In this 

system, genetic information encoded by nucleotide chains directs the biosynthesis of 

an amino acid polymer in a highly controlled fashion. However, only 20 amino acids 

can be drawn upon to build the polypeptide chain, and the ribosome can only add 

those amino acids with one allowable linkage. In order to expand the chemical 

possibilities provided by ribosomal peptide synthesis, organisms have developed 

alternative biosynthetic pathways for creating useful secondary metabolites. The two 

most common classes of secondary metabolites are nonribosomal peptides and 

polyketides. Nonribosomal peptide synthesis (NRPS) is controlled by an operon of 

genes encoding a series of biosynthetic modules (43). The type and order of these 

modules dictate the molecular structure of the resultant natural product. Natural 

products formed in this way can be branched or cyclic and can contain a mixture of 
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natural and unnatural amino acids, vastly expanding the possible chemical space 

compared with ribosomally encoded peptides (16). Examples include bacitracin (12), 

gramicidin (42) and actinomycin (15). Polyketide synthesis (PKS) enables the 

formation of fatty acid chains using enzymes and proteins encoded by gene clusters 

similar to NRPS operons (e.g. erythromycin (40), tetracycline (24) and pikromycin 

(22)). Like in NRPS systems, control over the products of the biosynthesis pathway 

resides in the order of genes present in the operon. Because of their architectural 

similarity, NRPS and PKS modules are commonly combined together to form NRPS-

PKS hybrid natural products (e.g. cyclosporine (1), polymyxin (17), and bleomycin 

(5)). NRPS and PKS biosynthetic systems allow for the production of diverse 

secondary metabolites at a cost of devoting megabase stretches of the genome to each 

molecule produced.  

Ribosomally encoded bacteriocins 

While the majority of biological cytotoxic compounds are produced through 

NRPS or PKS pathways, ribosomally encoded toxins, called bacteriocins, are widely 

produced and serve important functions for many organisms (10). Their small genetic 

footprint lowers the metabolic cost of production and increases the likelihood that the 

complete biosynthetic gene cluster will be transferred during horizontal gene transfer 

events (18).  

Bacteriocins are produced with varying peptide length and posttranslational 

modification frequency, however they are structurally distinct from other peptides due 

to their higher backbone rigidity and increased resistance to proteolysis (23). The three 
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most common architectures that impart these traits on bacteriocins are disulfide bonds, 

thioether bonds, and aromatic heterocycles, which are commonly found in defensins, 

lantibiotics, and thiazole-oxazole modified microcins, respectively. Defensins 

constitute a large class of small, cysteine-rich peptides produced by eukaryotes (35). 

Defensins are typically 30-40 amino acids in length with three to four disulfide bond 

linkages. These molecules are believed to bind and insert themselves into cell 

membranes, causing ion leakage and cell death. Human neutrophils produce defensins 

locally in response to bacterial infection. (26). Lantibiotics are small peptides, 

typically 15-35 amino acids in length, produced by gram-positive bacteria containing 

alanine moieties linked by a thioether bond (23). The lantibiotic precursor peptide 

gene is bordered by a gene cluster that encodes the tailoring enzymes, exporters, and 

immunity proteins required for biosynthesis. Nisin, produced by Lactococcus lactis, is 

the most commonly studied lantibiotic and is widely used as a food preservative in the 

dairy industry (26). Finally, thiazole-oxazole modified microcins (TOMMs) are 30-70 

amino acid molecules with cysteines, serines or threonines that have been 

heterocyclized into five-membered rings (25). These heterocycles add rigidity to the 

peptide backbone and makes an amide bond inaccessible to proteolysis. The 

prototypical and best studied TOMM natural product is microcin B17 (14). 

Microcin B17 

Microcin B17 (MccB17) is a DNA gyrase poison produced by Escherichia coli 

harboring the pMccB17 plasmid. The MccB17 operon is made up of 7 genes 

(mcbABCDEF) that are all necessary for MccB17 production (2, 29, 30, 39). The 
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precursor peptide, McbA, is a 69 amino acid peptide with a 26 residue amino terminus 

that is required for substrate binding and a 43 residue carboxyl terminus which 

contains 8 heterocycles in the active natural product (38). A trimeric complex of 

McbBCD binds McbA and selectively installs heterocycles before an unknown 

protease cleaves off the amino terminus (20). Each protein in the trimeric complex is 

responsible for a different step in the posttranslational processing. Heterocycles are 

preferentially installed at cysteine, serine and threonine residues that have a preceding 

glycine. The preceding glycine lacks steric hindrance, enabling higher rotational 

freedom around the amide bond into the correct orientation for heterocycle formation 

(32). In this reaction, the -SH or -OH group of cysteine and serine respectively attacks 

the carbonyl carbon from the preceding glycine residue forming an oxazoline or 

thiazoline moiety (20). Then a flavin containing dehydrogenase aromatizes these five-

membered rings to oxazoles and thiazoles, respectively. The function of McbD is not 

yet fully understood, however it likely plays a role in passing the thiazolines and 

oxazolines from McbB to McbC as the complex moves down the prepropeptide from 

the N-terminus to the C-terminus (3). Once the heterocycles are installed and the 

signal peptide has been removed, McbE and McbF then export the active MccB17 

peptide outside of the cell where it is taken up by nearby rival enterobacteria. MccB17 

causes double stranded breaks in the chromosomal DNA of bacteria that do not harbor 

the mcbG immunity gene (39).  

When we began our bioinformatic studies to assemble the TOMM family, only 

three other known microcin B17 like natural products were known. Intriguingly, even 
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this small sample size represented great diversity in host species and molecular 

structure. One TOMM family member, goadsporin is a linear peptide natural product 

with six heterocycle modifications produced by Streptomyces sp., an actinobacterium 

(27). The remaining two natural products, patellamide (31) and trichamide (34) were 

found in cyanobacteria. These natural products contained multiple heterocycles and 

were also macrocyclized into a ring structure. This diversity led us to believe that 

many more family members were yet to be discovered. 

Streptolysin S 

One TOMM biosynthetic gene cluster was found in Group A Streptococcus 

(GAS), one of the most prevalent human pathogens responsible for over 500,000 

deaths a year (7, 9). The hallmark of GAS is the ability to clear a lytic zone around 

colonies plated on blood agar media.  The toxin attributed to this phenotype, 

streptolysin S (SLS) allows the bacteria to develop a niche in tissue and fend off 

autoimmune responses; however, to date its chemical structure remains elusive (21).    

Streptolysin S (SLS) is a ribosomally encoded, cytolytic virulence factor 

secreted by the leading human pathogen, Group A Streptococcus. SLS has been shown 

to be necessary and sufficient for the light colored zone of erythrocyte clearing by 

GAS grown on blood agar plates. This activity, known as the beta-hemolytic 

phenotype, contributes to the ability of GAS to evade the human immune system (8, 

21). GAS infection in humans most commonly manifests itself as pharyngitis or 

impetigo; however, in some cases, GAS can become invasive resulting in serious 

diseases such as rheumatic fever, necrotizing fasciitis, and toxic shock syndrome (4, 
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6). Currently GAS is treated with -lactam antibiotics, which are still effective at 

controlling the infection in most cases. In the developing world, where access to 

antibiotics is limited, rates of invasive GAS infection are markedly higher, and GAS 

related death is common. Alternative GAS therapies are becoming increasingly 

important, even in western nations, due to a combination of -lactam allergies and 

emerging resistance of GAS to common antibiotics (36). SLS is an attractive target for 

GAS-specific therapeutics because the factor itself contributes to virulence. 

Furthermore, because SLS expression has no effect on the viability of GAS cells, the 

development of resistant strains is unlikely (41). The activity of SLS has been well 

studied since its discovery in the 1930’s; however, its structure and biosynthetic 

mechanism had not been determined (37). As reported in the second chapter of my 

thesis, my colleagues and I showed that SLS is a ribosomally encoded peptide with 

heterocycle posttranslational modifications (PTMs) at cysteine and serine residues. 

Structural determination of SLS would be an important step toward the rational design 

of a chemical vaccine against GAS.   
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Introduction 

Streptolysin S (SLS), from the human pathogen Streptococcus pyogenes, is a 

ribosomally synthesized, secreted toxin responsible for the classical β-hemolytic 

phenotype of bacterial colonies grown on blood agar media (4, 17). S. pyogenes is 

associated with a wide spectrum of diseases ranging from simple pharyngitis to life-

threatening necrotizing fasciitis. The expression of SLS promotes virulence in animal 

models of invasive infection (4, 9). The molecular structure of SLS has remained 

elusive for more than a century; however, SLS is known to be an oxygen-stable, non-

immunogenic, cytolysin (16). The gene locus responsible for SLS biosynthesis 

(streptolysin S-associated genes, sag) was recently identified through transposon and 

targeted mutagenesis coupled with heterologous expression (2, 12, 17, 27). The sag 

locus consists of nine genes (A-I) and allelic exchange mutagenesis has shown sagA-G 

to be essential for the cytolytic phenotype of S. pyogenes. The first gene, sagA, 

encodes a 53 amino acid protoxin (Fig. 2.1A). SagA is followed by a set of three genes 

(sagBCD) exhibiting low sequence identity to three genes found in the E.coli mcb 

gene cluster that produces the DNA gyrase inhibitor, microcin B17 (MccB17, Fig. 2.5) 

(12, 20). SagBCD encode a cyclodehydratase (SagC; 13% identical to McbB), 

dehydrogenase (SagB; 22% identical to McbC), and a “docking” protein (SagD; 18% 

identical to McbD) (Figs. 2.6-2.9). The final genes in each cluster are dedicated ATP-

binding cassette (ABC) transporters. 

Analogous to the sag locus, the first open-reading frame (orf) of the MccB17-

producing gene cluster, mcbA, encodes a 69-amino acid precursor protein (5, 28). 
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Walsh and colleagues have shown that McbA is extensively posttranslationally 

modified by the McbBCD synthetase complex (12). These modifications convert four 

serines and four cysteines into oxazole and thiazole heterocycles, respectively (Fig. 

2.1B and Fig. 2.5). Unmodified McbA exhibits no effect on DNA gyrase (14). 

 

Results and Discussion 

Heterocycle formation by SagBCD 

Given similarities in organization of the mcb and sag gene clusters and the 

observed homology of SagBCD to McbBCD, we hypothesized that the SagBCD 

synthetase complex would serve to posttranslationally modify a toxin precursor in the 

same manner as McbBCD. The sagBCD genes were cloned individually and purified 

as fusions to maltose-binding protein (MBP).  Because numerous attempts to observe 

SagA by mass spectrometry failed, we employed McbA, which is amenable to mass 

spectrometry, to detect and confirm heterocycle formation by SagBCD (11). After 

removal of the MBP tag, recombinant McbA has a calculated molecular mass of 6293 

Da due to addition of Gly-Ser-His to the N-terminus.  For each heterocycle formed, a 

loss of 18 Da (oxazoline/thiazoline) or 20 Da (oxazole/thiazole) is expected from the 

parent peptide (Fig. 2.1B). Treatment of McbA with recombinant SagBCD resulted in 

the formation of four new masses differing from the precursor peptide by multiples of 

20 Da (Fig. 2.1C-D). These masses are within error for linear mode matrix assisted 

laser desorption/ionization (MALDI) mass spectrometry and correspond to 

heterocycle formation at four residues of McbA. The fourth heterocycle was not 
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visible when the synthetase concentration was reduced (data not shown) and only 

unmodified McbA was observed when SagBCD was omitted from the reaction. These 

results provide the first evidence that SagBCD functions in a manner analogous to 

McbBCD.  

SagBCD converts SagA into a cytolysin 

Since recombinant SagBCD was active in vitro, we next sought to confirm that 

SagA could be transformed into an active cytolysin in a SagBCD-dependent manner. 

SagA was produced as an MBP-fusion protein and then subjected to modification by 

the addition of SagBCD in an in vitro synthetase reaction. Following this reaction, 

samples were tested for lytic activity against sheep erythrocytes. In this assay, SLS 

extracted from S. pyogenes cultures caused rapid hemolysis (data not shown). The 

addition of SagA alone failed to induce lysis, but robust hemolysis was observed after 

treatment with SagBCD (Fig. 2.2A). All three synthetase proteins were required for 

the lytic phenotype, indicating a cooperative role in toxin maturation.  

To determine whether SagBCD-treated SagA exhibited a broader cytolytic 

phenotype characteristic of the native SLS toxin, reaction mixtures were applied to 

HEK293a cells. Cells treated with samples containing both SagA and all of the 

synthetase components progressively lost their focal contacts and eventually detached 

from the tissue culture wells (Fig. 2.2B). Actin staining revealed massive cytoskeletal 

collapse consistent with severe membrane damage. HEK cells incubated with 

solutions missing any component of the synthetase complex, or the protoxin precursor, 

were indistinguishable from untreated cells (Fig. 2.2B). Lactate dehydrogenase (LDH) 

release into the media provided quantitative confirmation that cytotoxicity required 
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both the SagA substrate and the SagBCD complex (Fig. 2.2C). SagA contains seven 

cysteines that serve as potential sites for thiazole formation by SagBCD. Mutation of 

all seven cysteines to serine (SagA-panC/S) completely abolished cytolytic activity, 

indicating that SagA-panC/S is either not recognized as a substrate by SagBCD or that 

the membrane damaging phenotype requires cysteine modification. Taken together, 

these experiments describe the first in vitro reconstitution of SLS activity. 

Furthermore, we demonstrate that SagBCD functions similarly to McbBCD by 

installing heterocycles on a peptidic toxin precursor.  

The sagBCD gene clusters are widely distributed among prokaryotes 

The similarities between the SLS and MccB17 biosynthetic operons were 

intriguing, given that (i) SLS is produced by a Gram-positive organism whereas 

MccB17 is from a Gram-negative organism and (ii) Microcins have heretofore been 

classified as unique to Gram-negative bacteria (22). This suggested that other 

prokaryotes could use related machinery to introduce Ser/Thr/Cys-derived 

heterocycles into a wide variety of ribosomally produced peptides. We therefore 

initiated a comprehensive survey of the public genomic databases to identify related 

biosynthetic gene clusters (1). This search revealed that similar gene clusters are 

widespread among prokaryotes, most of which are not associated with a function (Fig. 

2.3A). The genes encoding the SagB-like dehydrogenase (Fig. 2.6), SagC-like 

cyclodehydratase (Fig. 2.7), and SagD-like protein (Fig. 2.8) were present as adjacent 

orfs in a diverse group of prokaryotic organisms spanning six phyla. The SagC and 

SagD orthologs were also sometimes found fused as a single orf (Fig. 2.9). 
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Of particular interest is the fact that gene clusters that highly resemble sagA-I are 

present in major mammalian pathogens such as Clostridium botulinum, Listeria 

monocytogenes, and Staphylococcus aureus RF122 (Fig. 2.3A). Similar gene clusters 

are also found in distantly related prokaryotes, such as cyanobacteria (21, 26) and 

archaea (e.g. Pyrococcus furiosus DSM 3638). Other family members are found 

throughout proteobacteria. For instance, a gene cluster identical in arrangement to E. 

coli mcbA-G is present in the plant symbiont, Pseudomonas putida KT2440 (22). P. 

putida colonizes the nutrient-rich rhizosphere of plants and induces plant growth while 

secreting antibiotics to limit the growth of competing soil bacteria (6, 15). 

Furthermore, two other plant symbionts, Bacillus amyloliquefaciens FZB42 (Bam) 

and Bradyrhizobium japonicum USDA110, encode analogous synthetase proteins. 

Bacillus thuringiensis harbors a similar operon; although not a plant symbiont, B. 

thuringiensis is of agricultural interest owing to its ability to secrete toxins that are 

effective against a variety of pests, such as moths, butterflies, flies, mosquitoes, and 

beetles (3). The conservation of this synthetase gene cluster across prokaryotes- in 

particular, amongst both pathogenic and symbiotic bacteria- suggests that these gene 

products play an important role in the establishment of a survival niche for these 

organisms.  

Presence of protoxins across prokaryotic lineages 

McbA and SagA encode protoxins of 69 and 53 residues, respectively (Fig. 

2.3B). These are extremely short orfs, which many gene-identification algorithms do 

not always recognize. For this reason, manual orf searches were performed in the 

intergenic regions for each biosynthetic cluster identified. Short orfs encoding proteins 
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of 50-70 residues that are rich in Cys/Ser/Thr were present in all organisms containing 

sagBCD-like genes as adjacent orfs (Fig. 2.3B). Although the functions of these 

potential protoxins are not known, based on similarity to McbA and SagA, we 

speculate that some will function as membrane damaging agents (e.g. S. aureus and L. 

monocytogenes) or DNA gyrase poisons (P. putida). Secondary metabolites produced 

by biosynthetic clusters such as these have historically been an abundant source of 

pharmaceuticals. The bacterial products of these gene clusters are potential candidates 

for novel antibiotic design as well as promising targets for vaccine development.  

Most of the gene clusters identified contain orfs encoding additional modifying 

enzymes, suggesting that in addition to heterocycle formation, these protoxins will 

undergo further modification. For example, clusters containing acetyltransferases and 

lantibiotic dehydratases, such as the goadsporin-producing organism Streptomyces sp. 

TP-A0584 (18), will likely produce toxins with acetylated and dehydrated amino acids 

(Fig. 2.5). Furthermore, methylated toxins are expected from gene clusters with 

methyltransferases. There are also gene clusters containing radical S-

adenosylmethionine (SAM)-like proteins, which catalyze the formation of many types 

of chemical linkages in complex natural products (25). Inclusion of these ancillary 

enzymes is expected to dramatically increase the chemical diversity of the toxins, 

perhaps for niche purposes. The cyanobacteria Prochloron didemni (21) and 

Trichodesmium erythraeum IMS101 (26) have been previously identified as sources of 

cyclic peptides with Ser/Thr/Cys-derived heterocycles (Fig. 2.5). The sag-like 

biosynthetic clusters of T. erythraeum and P. didemni harbor an additional gene 

encoding a putative serine protease (Fig. 2.3A). Although the exact function of this 
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protein is unclear, it is proposed to catalyze a head-to-tail macrocyclization reaction by 

using the N-terminus of a peptide, instead of water, to hydrolyze the acyl-enzyme 

intermediate. After this reaction, the volume occupied by the toxin is much smaller 

and may eliminate the need for an elaborate export system. The lack of ABC 

transporters in these gene clusters supports this notion (Fig. 2.3A). Based upon a 

similar arrangement of genes, we hypothesize that Rhodobacter sphaeroides, Lyngbya 

sp. PCC 8106, and Microcystis aeruginosa will also form macrocyclized peptides.  

The heterocycle synthetase complex displays functional promiscuity 

A gene cluster that is highly similar to the sag cluster was found in the 

pathogenic bacterium, Clostridium botulinum (Fig. 2.3A). The organization and amino 

acid sequence of proteins present in the C. botulinum cluster, closA-I, displays the 

highest similarity to sagA-I. The protoxin, which we have designated ClosA, shares 

many characteristics with SagA (39% identical) including the presence of numerous 

adjacent cysteines, other conserved heterocyclizable residues, and a putative protease 

site for removal of a leader peptide (Fig. 2.3B). To explore the possibility that closA 

encodes an SLS-like cytolysin, recombinant MBP-ClosA was prepared and subjected 

to in vitro synthetase assays with SagBCD. Hemolysis was only observed in samples 

containing both ClosA and the SagBCD synthetase complex (Fig. 2.4A). Microscopy 

revealed that cytotoxicity in HEK cells treated with ClosA + SagBCD was identical to 

cells treated with SagA + SagBCD (Fig. 2.2B and 4A). These data demonstrate 

SagBCD accepts substrates beyond its cognate peptide, SagA.  

Given the ability of SagBCD to accept McbA and ClosA as alternative 

substrates, we assessed whether other synthetases were permissive in their substrate 
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selectivity. To this end, the heterocycle-forming synthetases from E. coli (McbBCD) 

and the thermophilic archaeon, P. furiosus (PagBCD, identity to corresponding Sag: 

17-24%), were prepared as MBP fusions. SagA and ClosA were then tested for 

erythrocyte lytic activity after reaction with McbBCD and PagBCD. The PagBCD 

complex efficiently converted both SagA and ClosA into a hemolysin (Fig. 2.4B). In 

contrast, the McbBCD complex converted only ClosA into a potent lytic species. It is 

intriguing that McbBCD accepted and converted an alternate substrate into a cytolytic 

factor given that its biological function is to produce a DNA gyrase inhibitor (8). 

Therefore, we conclude that the mechanism of toxin action is governed by the 

protoxin amino acid sequence and that the synthetase proteins are functionally 

redundant. The extent of substrate tolerance and the kinetics and selectivity of ring 

formation are currently under investigation.  

In sum, our bioinformatic survey has uncovered the presence of sag-like gene 

clusters in a myriad of prokaryotes, leading us to define a new class of bacteriocin. 

This class is characterized by a biosynthetic gene cluster that encodes a small protoxin 

and three adjacent synthetase proteins that endow an organism with the ability to 

cyclize Ser/Thr/Cys residues from a ribosomally synthesized protoxin scaffold. The 

finding that the heterocycle synthetase genes are exclusively found as adjacent orfs 

will facilitate the identification of orthologous biosynthetic clusters in emerging 

genomes. Using the protoxin and synthetase proteins from the human pathogen S. 

pyogenes, we demonstrate the first in vitro reconstitution of streptolysin S (SLS) 

activity. Furthermore, we show that the synthetase enzymes are functionally redundant 

and catalyze heterocycle formation on alternative substrates, despite their significantly 
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distinct evolutionary lineages. Our data suggest that all of the newly identified gene 

clusters are responsible for the production of bacteriocins containing at least one 

Ser/Thr/Cys-derived heterocycle. Many of the gene clusters encode ancillary 

modifying enzymes that will install further modifications onto the bacteriocin, thus 

increasing the chemical diversity of this family. Further insights into this bacteriocin 

family will lead to the identification of novel targets for antibiotic and vaccine 

development. 

 

Materials and Methods 

Bioinformatics.  

The amino acid sequences of SagBCD from S. pyogenes (17) and McbBCD 

from E. coli (19) were initially used as a BLAST query against the non-redundant 

protein sequence database of the National Center for Biotechnology Information (1). 

Highly similar proteins were identifiable in the firmicutes phylum, specifically in C. 

botulinum, S. aureus RF122, and L. monocytogenes. The surrounding orfs for each 

identified gene were analyzed for the presence of all three synthetase enzymes using 

the Genomic Context feature of Entrez Gene and the SEED tool from The Fellowship 

for the Interpretation of Genomes. Gene clusters that contained all three synthetase 

enzymes were also found to contain other bacteriocin-type operon components, such 

as a probable protease, immunity protein, and ABC transporters. In cases where the 

automatic annotation algorithms do not identify the smaller toxin structural genes (e.g. 

Listeria, ListA), manual inspection of all predicted orfs in the local intergene region 
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was performed and these were subsequently scored using ClustalW alignment to 

known toxin structural genes from S. pyogenes and E. coli. S. iniae has been shown to 

contain a nearly identical gene cluster to S. pyogenes and was therefore not used for 

bioinformatics searching (7, 13). Furthermore, another Streptococcus species, S. 

dysgalactiae sp. equisimilis, contains a SagA and SagB homolog (9). Due to an 

incomplete genome sequence, we cannot confirm the presence of SagC-I at this time. 

Wider subsequent searches of the non-redundant protein sequence database 

(nr, NCBI) were initiated using all proteins confirmed to have a sag-like gene locus 

(with bcd genes located directly adjacent to or within a few orfs of each another). A 

lower limit of 30% amino acid similarity was chosen as a threshold to assign a 

candidate protein as being homologous (BLOSUM30 matrix). This second search 

identified gene clusters from three other organisms that produce a heterocycle-

containing bacteriocin with a known structure (Fig. 2.5), Streptomyces sp. TP-A0584 

(goadsporin) (10), P. didemni (patellamide A/C) (21), and T. erythraeum IMS101 

(trichamide) (26) and from additional organisms. 

Mass Spectrometry 

Sample Preparation. Recombinant MBP-McbA (110 µL at 40 µM) was 

proteolytically digested with 50 NIH units of thrombin (Sigma-Aldrich) for 4 h at 

room temperature in thrombin cleavage buffer: 50 mM tris (pH 7.8) and 10 mM 

CaCl2. During the course of the reaction, cut McbA precipitates (pI ~ 7) as a white 

solid. Precipitated McbA was subsequently harvested by centrifugation and washed 

with deionized water (2-3 x 100 µL) to remove the majority of buffer, salts, detergent, 

cut MBP, and uncut MBP-McbA. This precipitate was then resolubilized in 60% 
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MeCN / 2% formic acid (40 µL). Samples of MBP-McbA that were treated with BCD 

synthetase complex (Sag and Pag) were first reacted, as described in “In vitro 

synthetase assay”, before thrombinolysis. 

The MALDI target (stainless steel, Applied Biosystems) was prepared by 

allowing a saturated solution of sinapic acid (Sigma-Aldrich) in 50% MeCN / 0.1% 

TFA to fully dry on the target (1.5 µL per sample, in duplicate). The precipitated 

McbA sample was then diluted (1:1) in the saturated matrix solution before spotting 

on top of the dried spot (1 µL in duplicate).  

Instrument Settings. Matrix-assisted laser desorption ionization time-of-flight 

(MALDI-TOF) mass spectra were acquired on a Voyager DE-STR instrument 

(Applied Biosystems) in linear positive mode. Specific settings were typically as 

follows: 2000-2100 laser power, 93% grid, 0.12% guide wire, 400 nsec delay, mass 

window 3000-18000 Da. 

In vitro Synthetase Assay.  

Synthetase reactions using MBP-tagged SagA and SagBCD, and other fusion 

proteins were performed in a manner described earlier (23, 24). Reaction mixtures 

consisted of MBP-SagA (10 µM) and MBP-SagBCD (2 µM each) in a total volume of 

100 µL synthetase buffer (50 mM Tris HCl, pH 7.5, 125 mM NaCl, 20 mM MgCl2, 2 

mM ATP, 10 mM DTT). Reactions were allowed to proceed at 37 °C for 16 h unless 

otherwise stated. These reactions were used for hemolytic assays and LDH release 

assays to quantify membrane damage. Omission of either ATP or DTT resulted in loss 

of hemolytic activity (data not shown).    
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Hemolytic Assay.  

Fresh defibrinated whole sheep blood was obtained from Hemostat laboratories 

(San Diego, CA). Whole blood was washed 3x in PBS and diluted to a final 

concentration of 1:25 v/v in PBS. Prepared whole blood (100 µL) was then placed into 

individual wells of a flat bottom 96 well microtiter plate (Costar, Corning, Lowell, 

MA). Reactions from in vitro synthetase assays were then added directly to the wells 

and the mixture was reacted for 16 h at 37 °C unless otherwise noted. Following 

incubation, plates were centrifuged at 500 x g for 10 min and an aliquot of supernatant 

(100 µL) was placed in a separate microtiter plate for measuring hemoglobin 

absorbance at 450 nm on a Victor3 microplate reader (Perkin Elmer, Waltham, MA). 

Phylogenetic Tree Assembly 

Phylogenetic trees were constructed using the ClustalW server located at 

http://align.genome.jp. Slow/accurate pairwise alignments were used. All other 

parameters were the default options. The trees were visualized by selecting ‘‘unrooted 

N-J tree.’’ 

Cloning  

The genes encoding SagA (locus tag, Spy_0738), SagB (Spy_0739), SagC 

(Spy_0740), and SagD (Spy_0741) were previously amplified from Streptococcus 

pyogenes genomic DNA and cloned into the group A streptococcal expression vector, 

pDCerm (1). For recombinant expression of these proteins in E. coli, the SagA-D 

inserts were amplified by PCR using the following primers (IDT), which contain 5’ 

BamHI and 3’ NotI restriction endonuclease sites (left to right, 5’ to 3’): SagA_fwd, 
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GAG GGATCC ATG TTA AAA TTT ACT TCA AAT ATT TTA G; SagA_rev, 

ACA GCG GCC GCT TAT TTA CCT GGC GTA TAA CTT CC; SagB_fwd, CGG 

ATC CAT GTC ATT TTT TAC AAA GG; SagB_rev, AAA AGC GGC CGC CTA 

TTG AGA CTC CTT AGT TCC; SagC_fwd, AAA AGG ATC CAT GAA ATA TCA 

ACT TAA TAG TAA TG; SagC_rev, AAA AGC GGC CGC TCG ATT ACT CGT 

CAA GGA G; SagD_fwd, AAA AGG ATC CAT GTT ATA CTA TTA TCC TTC 

TTT TAA TC; SagD_rev, AAA AGC GGC CGC GAA TTC TAA GGC ATT GG. 

The amplified inserts were purified by using a 1% agarose gel, excised, and 

gel-extracted (Invitrogen). Purified inserts and a modified pET28 vector (EMD 

Chemicals) containing an N-terminal maltose-binding protein (MBP) fusion with 

thrombin and TEV protease sites were double digested (BamHI/NotI; NEB) as per the 

manufacturer’s instructions. Digested vector was treated with calf intestine alkaline 

phosphatase (CIP; Promega) for 30 min at 37°C before purifying digested inserts and 

vector on a 1% agarose gel. Digested plasmid and insert were gel-extracted and ligated 

by using T4 DNA ligase (NEB) before transformation into chemically competent 

DH5α. Plasmid DNA was isolated by miniprep kit (Invitrogen) and sequenced at Eton 

Bioscience using the T7 forward, T7 reverse, and MBP forward (5’-ATG AAG CCC 

TGA AAG ACG-3’) primers to verify the presence of the gene and to ensure no 

mutations were introduced during the cloning. The gene encoding ClosA, locus tag 

CLI_0566 (2), from Clostridium botulinum F str. Langeland was chemically 

synthesized (Genscript). The construct was provided as a GST fusion in the pGS21a 

vector. ClosA was then subcloned into the pET28-MBP vector and sequenced, as 

described above, using the following primers: ClosA_fwd, AAG GAT CCA TGC 
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TGA AAT TTA ACG AAC ATG TGC TGA CC; ClosA_rev, AAG CGG CCG CTT 

AGT TGC CGC CCT GAC CCG C. Genes encoding the synthetases from Pyrococcus 

furiosus (PagB locus tag is PF0001, PagC is PF0003, and PagD is PF0002) amplified 

from genomic DNA (American Type Culture Collection) and inserted into an MBP-

modified pET15 vector (3, 4). 

This vector is similar to pET28-MBP but lacks the hexahistidine tags and TEV 

protease site. The primers used were as follows: PagB_fwd, AAG GAT CCA TGG 

TTC ATT ATT TTG TGA AGG TAA C; PagB_rev, AAG CGG CCG CTC ACA 

CTA ATT TAC CCA TTC CTC C; PagC_fwd, AAA AGC TTG GAT CCA TGG 

CAA ATT CAA AAA GGA AGA ATG CAC G; PagC_rev, AAG CGG CCG CTC 

ATT TAA ACC ACC TCC CCT CAC AGA CAT TAC; PagDfwd, AAG GAT CCA 

TGA GGA TAA ATT GTC ATG TTA GCA ATA TTG AAG; PagD_rev, AAG CGG 

CCG CTT ATG GAT ATG GAT GAG GAA TAC ACC TTA GC. 

Expression and Purification of Recombinant Proteins 

Constructs containing confirmed sequence were transformed into 

BL21(DE3)RIL cells under selection with 50 µg/ml kanamycin (or 100 µg/ml 

ampicillin) and 35 µg/ml chloramphenicol. A starter culture (10 ml) was grown 

overnight and used to inoculate 2 × 1 liter of LB medium for each protein. These cells 

were grown at 37°C to an OD600 of 0.7. Cultures expressing the protoxins were 

induced with 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) for 3–4 h at 37°C. 

Cultures expressing the BCD synthetase enzymes were lowered to 22°C before 
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inducing expression with 0.4 mM IPTG for 16 h. The cells were harvested by 

centrifugation, and the pellets were stored at -80°C until purification. 

Cell pellets were resuspended in MBP lysis buffer [50 mM Tris, pH 7.5/0.5 M 

NaCl/2.5% (vol/vol) glycerol/0.1% (vol/vol) Triton X-100] along with 5 mg/ml 

lysozyme and EDTA-free Complete Protease Inhibitor Mixture Tablets (Roche) for 45 

min at 4°C. The resuspended cells were lysed by three rounds of sonication at 4°C. 

Centrifugation for 40 min at 40,000 × g yielded supernatant that was immediately 

gravity-loaded onto a column packed with 8 ml of amylose resin (NEB) and 

prequilibrated with MBP lysis buffer. The loaded column was washed with 10–15 

column volumes of ice-cold wash buffer A: 50 mM Tris (pH 7.5), 0.4 M NaCl, 0.5 

mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP), 2.5% glycerol, and 0.1% 

Triton X-100. A second wash step included 1 column volume of ice-cold wash buffer 

B (lacks Triton X-100) before elution with 5 column volumes of 50 mM Tris (pH 7.5), 

0.15 M NaCl, 0.5 mM TCEP, 10 mM maltose, and 2.5% glycerol. Elution fractions 

containing a band of the correct molecular weight, as determined by Coomassie-

stained SDS/PAGE, were pooled, buffer-exchanged, and concentrated by using 50-

kDa molecular mass cutoff concentrators (Millipore). The final storage buffer was 50 

mM 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (Hepes, pH 7.5), 50 mM 

NaCl, 0.25 mM TCEP, and 2.5% glycerol. All proteins containing the N-terminal 

MBP fusion tag overexpressed to sufficient levels to yield ~95% pure protein after 

single column purification. The fractions containing homogeneous proteins were then 

aliquoted and stored at -80°C until needed. Concentrations were assessed by using the 

Bradford method (BSA standard) and denatured absorbance at 280 nm (6M guanidine 
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HCl). Typical yields: protoxin, 50 mg/liter; dehydrogenase 30 mg/liter; 

cyclodehydratase, 10 mg/liter; docking protein, 15 mg/liter. 

Cell Culture and Treatments  

Human embryonic kidney cells (HEK293) were maintained in a 5% CO2, 

water-saturated atmosphere at 37°C in DMEM with glutamine (Gibco) supplemented 

with 5% FBS, penicillin (100 units/ml), and streptomycin (100 µg/ml). Cytotoxicity 

Assay. Lactate dehydrogenase (LDH) levels were determined by using a colorimetric 

assay (Roche). HEK293a cells were grown to 70–80% conf luence in 24-well 

microtiter plates (Falcon, BD Biosciences) as described above. Cells were washed 

three times in assay medium consisting of phenol-red free DMEM (Mediatech), and 

treated with in vitro synthetase reactions for 10 h unless otherwise stated. Cells were 

treated with Triton X-100 (Sigma–Aldrich) (1%, vol/vol, in medium) for 15 minutes 

as a positive control. Culture supernatants were prepared as per the manufacturer’s 

instructions, and the absorbance at 490 nm was recorded (n = 3). Background was 

subtracted from control reactions; all readings were averaged and plotted as the mean 

± standard deviation. 

Cell Microscopy  

HEK293a cells were grown to 50% confluence on BIOCOAT fibronectin-

coated coverslips (BD Biosciences) and treated with synthetase reactions for 4–6 h. 

The coverslips were washed three times with PBS, fixed in paraformaldehyde (4% in  

PBS, wt/vol) for 20 min at 22°C, and permeabilized with isotonic PBS containing 

normal goat serum (3% vol/vol; Gibco, Invitrogen) and Triton X-100 (0.2% vol/vol) 
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for 1 h. The samples were subsequently treated with rhodamine phalloidin (1:1,000 in 

PBS; Molecular Probes) for 10 min to visualize actin filaments and anti-vinculin 

antibody (1:3,000) for cytoplasmic staining. Samples were washed extensively with 

PBS before mounting in Gelvatol. Images were acquired by using a ×40 objective on a 

Zeiss Axiovert System. The images were subsequently exported to Adobe Photoshop 

7.0 for image preparation. 
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Figure 2.1 Conservation of toxin biosynthesis operons in S. pyogenes and E. coli.  
(A) Genetic organization of the streptolysin S-associated gene cluster (sagA-I) from S. 
pyogenes and the E. coli microcin B17 gene cluster (mcbA-G). (B) Through the action of a 
trimeric synthetase complex, oxazole and thiazole heterocycles are incorporated into a 
peptidic protoxin scaffold (black) and are active in vitro. Chemical transformations carried out 
by SagC/McbC (green, cyclodehydratase) and SagB/McbC (yellow, dehydrogenase) orthologs 
are shown. Molecular weight change for each reaction is shown in Daltons. SagD/McbD 
(blue) serves as an enzymatic scaffold and facilitates substrate binding. (C) Heterocycle 
formation on E. coli McbA by S. pyogenes SagBCD.  Calculated (calcd) and observed (obsd) 
molecular masses for MBP-McbA after reaction with SagBCD and thrombinolysis. Formation 
of a single thiazole/oxazole leads to the loss of 20 Da from the mass of the peptide.  Linear 
mode MALDI-TOF mass spectrum of McbA treated with SagBCD. The number of 
heterocycles on the protoxin peptide is indicated above their respective mass (singly charged 
species). 
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Figure 2.2 Cytolytic activity of in vitro synthetase reactions.   
(A) Hemolytic assays of SagA + SagBCD synthetase reactions in microtiter wells containing 
defibrinated sheep blood. Bars indicate lysis normalized to a positive control (triton X-100).  
Levels indicated are 1:1, 3:4, 1:2 and 1:4 ratios of synthetase reaction to blood (left to right) of 
16 h reactions (n = 3). Samples: 1. SagA + SagBCD, 2. SagA alone, 3. SagBCD alone, 4. 
SagA + SagBC, 5. SagA + SagCD, 6. SagA + SagBD, 7. vehicle. Inset demonstrates typical 
appearance of lytic (L) and nonlytic (N) reactions. (B) Fluorescence microscopy and DIC 
images of HEK293a cells treated as indicated. Actin filaments (red) and cytoplasm (green) are 
merged in the upper panels, and DIC images are in the lower panels. C, LDH release assay of 
HEK293a cells treated with SagA  + SagBCD. Lysis is measured as A490 normalized to 
positive control (triton X-100). Samples: 1. SagA + SagBCD, 2. SagA alone, 3. SagA + 
SagBC, 4. SagA + SagCD, 5. SagA + SagBD, 6. SagBCD alone, 7. SagA-panC/S + SagBCD.  
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Figure 2.3 The biosynthetic operon for producing thiazole/oxazole-containing toxins is 
widely distributed.  
(A) Gene clusters from organisms containing SLS- and MccB17-like bacteriocins. Members 
are sorted by prokaryotic phylum. Relative gene length and directionality are shown (scale for 
actinobacteria and cyanobacteria is reduced by 50%). Each gene cluster contains a protoxin 
(“A”, black), dehydrogenase (‘B”, yellow), cyclodehydratase (“C”, green), and a docking 
scaffold (“D”, blue). These genes produce both single domain and fusion proteins (e.g. S. 
wolfei and C. luteolum CD). Numerous ancillary enzymes are included and increase the 
chemical diversity of the toxin family. (B) Select protoxin amino acid sequences. Predicted 
leader peptide cleavage sites are denoted with an asterisk. Hyphens indicate a known cleavage 
site. Potential sites of heterocyclization are indicated in blue and known sites of heterocycle 
formation are indicated in red. Green text signifies conversion to dehydroalanine. Toxins 
similar to SagA (top) are predicted cytolysins. 
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Figure 2.4 Disparate heterocycle synthetases accept substrates from related and distant 
prokaryotes.  
(A) The S. pyogenes synthetase SagBCD accepts the C. botulinum protoxin and produces a 
cytolytic toxin. Left, Hemolytic assay; Right, Fluorescence microscopy and DIC images of 
HEK293a cells treated as indicated. (B) Hemolytic assay of SagA and ClostA treated with the 
synthetase complex from E. coli (McbBCD) and the hyperthermophile, P. furiosus (PagBCD). 
Recombinant MBP-McbD must be first treated with thrombin (thr) before synthetase activity 
is observed. 
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Figure 2.5 Molecular structures of compounds synthesized by a sag-like gene cluster.  
Posttranslational modifications are indicated. Dehydroalanines and thiazoles are derived from 
cysteine, oxazole from serine, and methyloxazole from threonine. Patellamide A contains two 
reduced heterocycles: a methyloxazoline and oxazoline. These are derived from threonine and 
serine, respectively, and are not labeled for clarity.  
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Figure 2.6. Multiple sequence alignment and phylogenetic analysis of the dehydrogenase.  
(A) The chemical transformation carried out by SagB orthologs. Oxazoline (X = O) and 
thiazoline (X = S) heterocycles are oxidized by two electrons to oxazole and thiazole, 
respectively. During this oxidative aromatization reaction, oxidized flavin mononucleotide 
(FMN) is reduced by two electrons to FMNH2. Molecular oxygen restores the flavin to the 
fully oxidized state in vitro; in vivo, the oxidant remains unknown. (B) ClustalW alignment of 
~30 SagB orthologs (includes S. dysgalactiae). Because of divergence at the N and C termini 
of the proteins, only 200 of the more highly conserved residues are shown in this alignment 
for each protein. This region contains several positions that contain nearly invariant tyrosines 
(yellow boxes). FMN binding sites are diverse, but usually the cofactor is π-stacked between 
Y or W. There are also invariant arginine residues, which may play a role in coordinating the 
phosphate group of FMN. Note that the S. aureus protein is annotated as multiple ORFs 
(SAB1378c, SAB1377c, and SAB1376c). C, Phylogenetic analysis of ClustalW aligned SagB 
homologs reveals evolutionary clustering. The labels are sorted by phylum and are colored as 
follows: red, firmicutes; green, proteobacteria; blue, cyanobacteria; brown, actinobacteria; 
black, other.  
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Figure 2.7 Multiple sequence alignment and phylogenetic analysis of the 
cyclodehydratase.  
(A) The chemical transformation carried out by SagC orthologs. The cyclodehydratase 
catalyzes the conversion of serine to oxazoline (X = O), cysteine to thiazoline (X = S), and 
threonine to methyloxazoline with loss of water from the parent peptide. (B) ClustalW 
alignment of 16 SagC orthologs (the others are encoded as a fusion protein to SagD). Because 
of divergence at the N and C termini of the proteins, only ~160 of the more highly conserved 
residues are shown in this alignment for each protein. This region contains several positions 
that contain two nearly invariant CXXC motifs (green boxes) that likely serve to tetrahedrally 
coordinate a structural Zn2+. The Streptococcal orthologs are the exception—they contain two 
nearby DXXE sequences (D, aspartic acid; E, glutamic acid), a known metal-binding motif. 
One of the DXXE sequences can be seen on the given alignment. C, Phylogenetic analysis of 
ClustalW aligned SagC proteins reveals evolutionary clustering. The labels are sorted by 
phylum and are colored as follows: red, firmicutes; green, proteobacteria; black, other. The 
cyanobacteria, actinobacteria, and bacteriodetes phyla have a tendency to fuse SagCD and are 
shown in a separate figure.  
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Figure 2.8 Multiple sequence alignment and phylogenetic analysis for the docking 
protein.  
(A) ClustalW alignment of 16 SagD orthologs (the others are encoded as a fusion protein to 
SagC). Because of divergence at the N-terminus, the ~400 C-terminal residues are shown in 
this alignment. This region contains several invariant positions and a proline (P)-rich C-
terminus. (B) Phylogenetic analysis of ClustalW aligned SagD proteins reveals evolutionary 
clustering and a conserved proline-rich C-terminus (blue boxes). The labels are sorted by 
phylum and are colored as follows: red, firmicutes; green, proteobacteria; black, other. The 
cyanobacteria, actinobacteria, and bacteriodetes phyla have a tendency to fuse SagCD and are 
shown in a separate figure. 
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Figure 2.9 Multiple sequence alignment and phylogenetic analysis for the fused 
cyclodehydratase/docking protein.  
(A) ClustalW alignment of 14 fused SagCD orthologs (the Salinospora clusters contain two 
copies of this protein). Because of divergence at the N-terminus, the ~700 C-terminal residues 
are shown in this alignment. The N-terminal part of this region contains invariant CXXC 
motifs that comprise a zinc-tetrathiolate (cyclodehydratase domain, green boxes). The C-
terminal part of this alignment reveals a proline-rich region (docking domain, blue boxes). (B) 
Phylogenetic analysis of ClustalW aligned SagD proteins reveals evolutionary clustering. For 
S. arenicola and S. tropica, 1 designates the SagCD ortholog at the beginning of the operon 
and 2 represents the ortholog at the end of the operon. The labels are sorted by phylum and are 
colored as follows: brown, actinobacteria; green, proteobacteria; blue, cyanobacteria; red, 
firmicutes; black, bacteriodetes.  
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Introduction 
 
Streptolysin S (SLS) is secreted by the human pathogen Streptococcus 

pyogenes, the causative agent of diseases ranging from pharyngitis to necrotizing 

fasciitis (27). SLS is a potent cytolysin that is ribosomally synthesized, extensively 

post-translationally modified, and exported to exert its effects on the target cell (7, 20). 

The expression of SLS promotes virulence in animal models of invasive infection and 

accounts for the hallmark zone of b-hemolysis surrounding colonies of these bacteria 

grown on blood agar (7, 28). An intriguing feature of SLS is its non-immunogenic 

nature (32). This characteristic is likely due to its small size and its capacity to lyse 

cells involved in both innate and adaptive immunity (13, 29). The b-hemolytic 

phenotype of S. pyogenes has been studied since the early 1900s but the molecular 

structure of SLS has remained elusive (25).  In the last decade, transposon 

mutagenesis studies identified the gene encoding the SLS toxin precursor (sagA, for 

SLS-associated gene) and eight additional genes in an operon required for toxin 

maturation and export (5). Targeted mutagenesis of the sag operon yields non-

hemolytic S. pyogenes mutants with markedly diminished virulence in mice (7). More 

recently, it was demonstrated that the protein products of sagA-D are sufficient for the 

in vitro reconstitution of cytolytic activity (20). The first gene product, SagA, serves 

as a structural template that after a series of tailoring reactions, matures into the active 

SLS metabolite (Fig. 3.1A). A trimeric complex of SagBCD catalyzes these tailoring 

reactions, which results in the conversion of cysteine, serine, and threonine residues to 

thiazole, oxazole, and methyloxazole heterocycles, respectively (20).  
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A DNA gyrase inhibitor, microcin B17, is produced by an orthologous 

biosynthetic cluster (mcb) found in a subset of E. coli strains (22, 38, 39). Microcin 

B17 contains four thiazole and four oxazole heterocycles, which are indispensable for 

biological activity. By analogy to microcin B17 and the lantibiotics, the heterocycles 

of SLS are formed on the C-terminus of SagA while the N-terminus serves as a leader 

peptide (8, 24, 35). The installation of thiazole and methyl- (oxazole) heterocycles 

restricts backbone conformational flexibility and provides microcin B17 and SLS with 

rigidified structures. The SLS heterocycles are formed via two distinct steps: SagC, a 

cyclodehydratase, generates thiazoline and (methyl)-oxazoline heterocycles while 

SagB, a dehydrogenase, removes two-electrons to afford the aromatic thiazole and 

(methyl)-oxazole (20, 26, 34). SagD is proposed to play a role in trimer formation and 

regulation (Fig. 3.1A). The final genes in the genetic cluster encode a predicted leader 

peptidase/immunity protein (SagE), a membrane-associated protein of unknown 

function (SagF), and three ABC transporters (SagGHI). 

It is now appreciated that many other prokaryotes harbor similar genetic 

clusters for the synthesis of thiazole and (methyl)-oxazole heterocycles (6, 9, 20). 

Additional important mammalian pathogens such as Listeria monocytogenes, 

Staphylococcus aureus, and Clostridium botulinum, contain sag-like gene clusters that 

produce SLS-like cytolysins. These toxins are expected to promote pathogen survival 

and host cell injury during infection, but this has only been conclusively shown for S. 

pyogenes and L. monocytogenes (6, 7). Like E. coli, many other prokaryotes harbor a 

sag-like genetic cluster but are not known to produce cytolysins. Some examples are 

the goadsporin-producing organism, Streptomyces sp. TP-A0584 and cyanobactin 
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producers such as Prochloron didemni (15, 31, 36). The molecular targets of these 

secondary metabolites remain to be elucidated, but it is known that goadsporin 

exhibits antibiotic activity and the cyanobactin, patellamide D, reverses multiple-drug 

resistance in a human leukemia cell line (37). As genetic loci containing sagBCD-like 

genes have been widely disseminated in prokaryotes (20), nature appears to have 

found a preferred route to synthesizing such secondary metabolites. 

In this work, we build upon our initial report on the in vitro reconstitution of 

SLS biosynthesis to uncover the requisite features of substrate selectivity and cytolytic 

activity. The impetus for defining substrate tolerance arose from earlier results 

showing that SagBCD accepts alternate substrates in vitro (20), as evidenced by two 

key experiments. First, SagBCD converted a non-cognate substrate, ClosA (C. 

botulinum), into a cytolytic entity. Second, mass spectrometry revealed heterocycle 

formation on the McbA (E. coli) peptide after SagBCD treatment (20). Here, we 

dissect the N-terminal leader peptide and C-terminal protoxin of SagA to define the 

residues necessary for conversion into SLS.  

Experimental Procedures 

In Vitro Synthetase Reactions 

Protein preparation and synthetase reactions employing maltose-binding 

protein (MBP)-tagged substrate and SagBCD were performed as described earlier 

(20). Membrane damage was quantified by the erythrocyte lysis assay. In every case, 

omission of the substrate or the SagBCD synthetase resulted in no detectable 

hemolytic activity (data not shown). 
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Cytolytic Activity Assay 

The in vitro and genetic reconstitution assays described below were performed 

at least three times for each substrate tested. Due to lot-to-lot variation in commercial 

blood sources and prep-to-prep variation in the specific activity of the synthetase 

complex, we have elected to report activity semi-quantitatively. In vitro hemolytic 

activity equal to wild-type SagA treated with SagBCD is reported as three plus signs 

(+++). Cytolytic activity that is approximately 30-70% of wild-type SagA is given as 

(++). Detectable activity that is less than 30% of SagA is thus a single plus sign (+) 

and non-detectable activity is a single minus sign (-). The cytolytic activity of mutant 

substrates tested via genetic reconstitution was scored in an analogous manner. All 

assays were internally normalized and baseline adjusted using two positive controls 

(triton X-100 and wild-type SagA treated with SagBCD) and two negative controls 

(substrate and SagBCD alone).  

Transformation and Verification of S. pyogenes M1 sagA Mutants 

The sagA allelic exchange mutant of S. pyogenes M1 was made 

electrocompetent using a previously published glycine/sucrose method (7). 

Maxiprepped pDCerm constructs (3 µg and 12 µg) were incubated with 

electrocompetent S. pyogenes M1 DsagA and electroporated using an Eppendorf 2510 

electroporator set to 1.5 kV. These cells (50 µL and 150 µL) were then plated on 

Todd-Hewitt agar plates supplemented with 2 µg/mL erythromycin. Typically, 5-15 

colonies would appear ~40 h post transformation. The insert size was evaluated by 

screening transformants by colony PCR. Clones harboring an appropriately sized 

insert were initially screened for cytolytic activity by streaking bacteria on blood agar 
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plates (Hardy Diagnostics). All clones were verified to be S. pyogenes (Group A 

Streptococcus) by using the BBL Streptocard Enzyme Latex Test (BD Diagnostics). 

Cytolytic Assay of Genetically Reconstituted Mutants 

Due to the possibility that non-physiological concentrations could lead to 

artifactual activity in vitro, the cytolytic activity of the peptide substrates were also 

tested using genetic reconstitution. This method requires that endogenous SagBCD 

accept the substrate. The method described below does not involve lysing the bacteria. 

Therefore, mutant substrates must also be proteolytically processed and accepted by 

the SagGHI export apparatus (ABC transporters). Due to toxicity in E. coli and 

transformation difficulties, intrinsically lytic SagA mutants were not tested by genetic 

reconstitution. Extracts containing BSA-stabilized SLS were prepared in the following 

manner. Overnight cultures (10 mL) of S. pyogenes M1 DsagA containing pDCerm-

sagA plasmids were grown to OD600 ~0.6 in Todd Hewitt broth containing 2 µg/mL 

erythromycin. Cultures were treated with BSA (10 mg/mL) for 1 h at 37 °C and then 

centrifuged (6,000 x g, 10 min) before passing the supernatant through a 0.2 µm 

acrodisc syringe filter (Pall Corporation). These samples were centrifuged again 

(6,000 x g, 10 min) and the supernatants were assayed for hemolytic activity by 

addition to defribinated sheep blood (in V-bottom microtiter plates at 1:25 and 1:50 

dilutions). The blood was treated for 2-4 h before assessing hemolytic activity as 

previously reported (20).  

Assessment of SLS Mutants in a Murine Skin Infection Model 

Experiments were performed using models reported previously (5, 14, 28). S. 

pyogenes M1 ΔsagA complemented with sagA-WT, sagA-S39A, and sagA-7C/S were 
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grown to log phase, harvested by centrifugation, washed, resuspended in PBS, and 

mixed 1:1 with Cytodex beads (1 mg/mL, Sigma). An inoculum of (1 x 107 colony-

forming units in 100 µL) of S. pyogenes ΔsagA complemented with either sagA-S39A 

or the sagA-7C/S mutant was then injected subcutaneously into the right flank of 4-

week-old male hairless crl:SKH1(hrhr)Br mice (n = 8 per group). S. pyogenes ΔsagA 

complemented with sagA-wt was injected into the left flank of the same animal for 

identical comparison. Animals were monitored daily for development of necrotic 

ulcers. At 4 d post-infection, all animals were sacrificed. Biopsies were performed on 

injection sites for histopathologic assessment (hematoxylin/eosin staining) after 

measuring the size of tissue ulcers.  

Generation of 35S-Met-SagBCD 

Radioactive synthetase was prepared using maxiprepped pET28-MBP-

SagBCD and in vitro transcription/translation (TNT) under T7 promoter control. 

Rabbit reticulocyte extract (RR, Promega) gave superior yield and purity to wheat-

germ (WG) and S30 extracts. A typical 50 µL reaction was set up as follows: 1-3 µg 

of plasmid DNA was added to a master mix containing 2 µL of TNT buffer, 25 µL RR 

extract, 1 µL RNAsin, 1 µL minus Met amino acid mix, 1 µL of T7 RNA polymerase, 

10 µCi of 35S-Met (NEN), and DNAse/RNAse-free water. A small aliquot (0.5 µL) of 

the radiolabeled product was separated by SDS-PAGE, dried, and visualized by 

autoradiography using a Kodak BioMax low energy isotope intensifying screen (20 h, 

-80 °C). 
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Peptide Array 

Immobilized peptides were synthesized on cellulose membranes using a 

MultiPep Autospot synthesis robot following the manufacturer’s instructions (Intavis 

AG). Irradiation with 254 nm (UV) light gave an indication of the relative amount of 

peptide per spot. 35S-Met-SagB, -C, and -D were allowed to bind to the array for 15 h 

at 4 °C in TBS/tween 20 (0.1% v/v) supplemented with 2.5% non-fat milk and 2.5% 

BSA (both w/w). The array was then extensively washed with TBS/tween (4 x 10 min, 

23 °C) before exposing film with a Kodak BioMax low energy isotope intensifying 

screen (20 h, -80 °C). Under these conditions, SagB and SagD did not bind tightly to 

the array, as indicated by a weak radioactive signal, even after longer exposure times 

(4 d). Using SagBCD together led to a substantial amount of “radioactive 

precipitation” on areas of the cellulose membrane that did not contain peptide. 

Therefore, later experiments were carried out using SagC alone. 

E. coli Plasmid Construction 

The genes for the ClosA, StaphA, ListA, SagA-StaphA, SagA-ListA, SagA-

inverse, and SagA-scramble substrates were chemically synthesized at Genscript. 

These genes were provided on a pUC cloning vector and subcloned into the previously 

described pET28-MBP vector using 5’-BamHI and 3’-NotI restriction sites (20). Point 

mutations of SagA were introduced using the Stratagene Quikchange site-directed 

mutagenesis method as per the manufacturer’s instructions. Positive clones were 

verified by DNA sequencing (Eton Biosciences) and transformed into chemically-

competent BL21(DE3)RIPL E. coli for recombinant expression. 
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S. pyogenes Plasmid Construction 

DNA encoding the protoxin substrates were originally prepared in the pET28-

MBP vector as described above. The substrate inserts were PCR amplified using PFU 

polymerase and primers containing 5’-XbaI and 3’-BamHI restriction sites. The 

amplified inserts were verified by separating the DNA using a 1% agarose gel and 

staining with ethidium bromide. After a PCR-clean up step (Qiagen), the S. pyogenes 

compatible vector pDCerm (erm, erythromycin resistance) and inserts were digested 

with XbaI (16 h, 37 °C) and then with BamHI (1 h, 37 °C) in Buffer 3 (NEB) 

supplemented with BSA. Ligation reactions were carried out using T4 ligase (NEB) 

for 16 h at 16 °C. The ligation products were then transformed into chemically-

competent DH5a E. coli. A two-hour outgrowth was required to obtain transformed 

bacteria, which became visible on LB/erm agar plates approximately 36 h post 

transformation. Single transformants were grown to saturation (~36 h) in 10 mL of LB 

supplemented with 500 µg/mL erythromycin and miniprepped. Positive clones were 

verified by DNA sequencing (primer: 5'-CGG CAT AAA TCG CTC AGA ACA AGC 

TC-3'), grown to saturation in 1 L of LB with 500 µg/mL erythromycin, and 

maxiprepped (Invitrogen). Typical DNA yield was ~1 mg, as determined by 

absorbance measurement on a Nanodrop spectrophotometer.  

Surface Plasmon Resonance 

Surface plasmon resonance analysis was performed at 23 °C on a Biacore 

T100 (GE Healthcare) using SensorChip NTA at a flow rate of 25 µL/min. The 

running buffer was: 10 mM MOPS (pH 7.4), 150 mM NaCl, 50 µM EDTA, 0.005% 

(v/v) triton X-100, sterile-filtered, and degassed. Hexahistidine-tagged wild-type SagA 
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leader peptide (SagA-WT), F4A/I8A (SagA-FIA), and T17A/Q18A/V19A (SagA-

TQV) mutants were synthesized at Genscript. Peptide sequences were: 

MLKFTSNILA TSVAETTQVAPGGHHHHHH (3.16 kDa, 86% pure by HPLC), 

MLKATSNALA TSVAETTQVAPGGHHHHHH (3.04 kDa, 94% pure by HPLC) and 

MLKFTSNILA TSVAETAAAAPGGHHHHHH (3.04 kDa, 88% pure by HPLC). 

These peptides were dissolved in running buffer at 200 nM. At this concentration, a 30 

s injection gave a response of ~110 units on flow cells preloaded with Ni2+ (50 s 

injection of 500 µM NiCl2 dissolved in the running buffer). A non Ni2+-loaded flow 

cell was used as a negative control and served as a reference subtraction. Non His-

tagged SagB, SagC, and SagD (from the pET15 vector) were then injected 

(individually and in combination) onto the flow cells  (0.125 – 2.5 µM) loaded with 

each leader peptide. Association and dissociation curves were recorded in duplicate 

for 120 s and 240 s, respectively, with a 0.1 s data acquisition rate. At the end of each 

run, the Ni-NTA surface was stripped with a 50 s injection of regeneration buffer (350 

mM EDTA in running buffer). Biacore evaluation software (BIAevaluation, version 

3.2) was used to fit the association and dissociation curves of all injectants using a 1:1 

binding model. Due to very slow off-rates, it was important to normalize the data to 

account for dissociation between Ni-NTA and the His tag. This was accomplished by 

adding a straight line with a slope equal to the dissociation rate of Ni-NTA:His6 to the 

entire sensorgram (0.025-0.060 RU/s). The slope was determined using linear 

regression from the recorded response data, over the course of 100 s, before the 

analyte was injected.  This adjustment was performed on all samples. Curve fitting 

analysis was performed after this baseline correction. 
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Results 

The SagA Leader Peptide Provides Substrate Recognition 

The precursor peptide from Clostridium botulinum, ClosA, shares significant 

amino acid sequence similarity with SagA (62%) and was converted to a cytolysin by 

recombinant SagBCD (20). The microcin B17 precursor, McbA, is only moderately 

similar (32%) but was also accepted as a substrate by SagBCD. Therefore, we 

hypothesized that SagBCD would accept numerous non-cognate substrates (Fig. 

3.1B). To demonstrate that the permissive behavior of SagBCD on ClosA was not 

limited to in vitro biochemical studies with purified proteins, genetic complementation 

studies were performed using a sagA deletion mutant produced in an M1 serotype 

strain of S. pyogenes (DsagA). By transforming this strain with a plasmid encoding the 

desired peptide substrate, the in vivo selectivity of endogenous SagBCD was probed. 

b-hemolysis on blood agar was restored when either the wild-type sagA or closA gene 

was provided to the S. pyogenes DsagA mutant bacteria. To increase sensitivity, we 

adopted a liquid phase hemolysis assay. Here, the SLS is extracted from the S. 

pyogenes lipoteichoic acid layer using bovine serum albumin (BSA) as a 

carrier/stabilizer. This sample is mixed with sheep’s blood and the amount of 

hemoglobin released from lysed erythrocytes is quantified by absorbance. Using this 

assay, we confirmed ClosA was converted to a cytolysin by endogenous SagBCD, but 

calculated the level of activity to be reduced by approximately 1/3 relative to that of 

SagA (Fig. 3.1B). 
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Interestingly, the related peptide substrates from Staphylococcus aureus 

(StaphA) and Listeria monocytogenes (ListA) did not exhibit detectable hemolytic 

activity with purified recombinant proteins or in genetically complemented S. 

pyogenes DsagA (Fig. 3.1B). Cotter and colleagues have recently shown that the sag-

like genetic cluster from Listeria monocytogenes synthesizes an SLS-like cytolytic 

factor (6). Therefore, the lack of activity in our assays must originate at the level of 

substrate recognition or enzymatic tolerance. Previous work from the Walsh 

laboratory has shown that the N-terminal leader peptide of McbA is required for 

substrate recognition (24). The most important residues implicated in this process are 

McbA-F8 and -L12, which are proposed to lie on the same face of an alpha-helix (35). 

Alignment with other substrates shows that a similar motif (FxxxB, where x is any 

amino acid and B is a branched chain amino acid) is found in the leader peptides of 

SagA and ClosA but is lacking in StaphA and ListA (Fig. 3.1B). This finding 

prompted the construction of a double alanine mutant of the FxxxB motif (SagA-FIA) 

and chimeric substrates comprised of the SagA leader peptide fused to the StaphA and 

ListA C-terminus (Fig. 3.1C). If the SagA leader peptide contains adequate substrate 

recognition information, then activity should be restored upon treating the chimera 

with purified SagBCD. Furthermore, if the FxxxB motif is required for substrate 

recognition, then cytolytic activity should be reduced for similarly treated SagA-FIA. 

A full restoration of in vitro cytolytic activity was observed for both the SagA-ListA 

and SagA-StaphA chimera. In contrast, genetic complementation revealed that only 

SagA-StaphA retained activity, indicating that either the endogenous rules of cytolytic 

conversion are more restrictive or that the SagA-ListA substrate is not efficiently 
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exported. Enzymatic promiscuity could theoretically be amplified in vitro by the 

presence of large amounts of purified SagBCD. This is supported by the observation 

that SagA-FIA has detectable activity using purified enzymes but not under genetic 

reconstitution conditions (Fig. 3.1C).  

Unnatural SagA analogs were prepared to shed light on the positional 

requirements of heterocycle formation. We first designed an artificial substrate, SagX, 

in an attempt to assess the minimum features for the formation of a cytolysin. Four 

criteria were used to design this potential substrate: i. the SagA leader peptide to 

provide recognition, ii. a stretch of contiguous heterocyclizable residues adjacent to 

the leader peptide cleavage site, iii. 30% glycine evenly distributed through the C-

terminal half and, iv. a serine flanked by two glycine residues.  Akin to SagA-ListA, 

this artificial substrate gave activity equal to SagA in the in vitro assay but no activity 

upon complementation of the DsagA mutant of S. pyogenes. The region of SagA 

between the cysteine-rich region and the last heterocyclizable residue 

(33FSIA…GSYT50) was further probed by designing two additional unnatural 

substrates. SagA-inverse simply inverted residues 33-50 of SagA, while in SagA-

scramble this region was reordered in a randomized fashion. Despite having the 

highest protoxin similarity to wild-type SagA, the SagA-inverse substrate did not yield 

lytic activity in either assay. SagA-scramble was active in vitro but did not 

complement hemolytic activity in S. pyogenes DsagA. These data show that the leader 

peptide, especially the FxxxB motif, is important for substrate acceptance and that 

heterocyclizable positions must be available at precise positions in order to allow 

creation of an SLS-like cytolytic factor. Additionally, these data indicate that even 
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though SagBCD accepts artificial substrates, there is a limit to the enzymatic 

promiscuity. These limits are more pronounced during genetic complementation 

experiments most likely because substrate recognition and enzymatic tolerance are 

bypassed to an extent when using purified SagBCD. An alternative explanation is that 

the unnatural substrates are secreted from S. pyogenes with differing efficiencies. 

Analysis of SagA Leader Peptide Binding Requirements 

Because the above activity assays measure both substrate binding and 

heterocycle formation in a simultaneous and indirect fashion, peptide arrays were 

synthesized to directly evaluate binding. Based on a perceived importance of the 

FxxxB motif in SagBCD substrate acceptance, the first array consisted of a panel of 

leader peptides that contain the FxxxB motif. Next to each wild-type (WT) sequence, 

the FxxxB double alanine mutation was synthesized for SagA, ClosA, McbA, and a 

substrate from Pyrococcus furiosus, designated PagA (Fig. 3.2A). Equal peptide 

loading was confirmed by irradiating the array with UV (254 nm) light. To assess 

binding, 35S-Met labeled SagBCD was prepared by in vitro transcription/translation 

(Fig. 3.5) and allowed to interact with the peptide array as described in the methods. 

Initially, the SagBCD complex was tested for binding in approximately a 1:1:1 ratio, 

as judged by the number of methionines and the intensity of exposure. Unfortunately, 

this led to a substantial amount of precipitation that could not be removed from the 

cellulose membrane and rendered the binding information unreliable. Therefore, 

SagB, SagC, and SagD were tested individually for binding. SagB and SagD did not 

bind tightly to the leader peptide array and were washed off before exposing the film 

(data not shown). SagC, however, bound with high affinity to the array. For the WT 
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sequences, SagC binding was highest to SagA, followed by ClosA and PagA (Fig. 

3.2A). Binding to McbA was the weakest, as measured by autoradiographic intensity. 

Importantly, binding to each FxxxB mutant was reduced in comparison to the 

corresponding WT leader peptide.   

The FxxxB Leader Motif is Necessary but not Sufficient for SagC Recognition 

Although the FxxxB motif is an important determinant for directing SagC 

substrate binding, it does not contribute all of the interaction energy. This is illustrated 

by the observation that SagC bound to the SagA-WT leader peptide more efficiently 

than the other WT peptides (Fig. 3.2A). Furthermore, simple incorporation of FxxxB 

into the StaphA and ListA leader peptide did not provide sufficient affinity to detect 

SagC binding by this method (data not shown). These observations led to the 

hypothesis that additional residues of SagA contribute to SagC binding. 

To elucidate these binding determinants, a second array was synthesized that consisted 

of an alanine scan of the SagA leader peptide (Fig. 3.2B). Each residue of SagA that is 

not naturally found as alanine was individually mutated to alanine and tested for SagC 

binding as above. As expected, mutation to alanine did not disrupt SagC affinity at 

every location. However, binding levels were significantly reduced when residues 

comprising the FxxxB motif were mutated (F4 and I8). It was also found that residues 

adjacent to the FxxxB sequence (L2, K3, and L9) and another binding site (T17, Q18, 

V19) were also critical for SagC binding (Fig. 3.2B).  

An additional array was used to ascertain the contribution of each interaction 

site found in the leader peptide, and to also assess if the C-terminal region of SagA 

plays a role in binding. A panel of fourteen 10-mer peptides were included in the array 
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which scan the full length of SagA, except for the oxidatively prone, and synthetically 

challenging, cysteine-rich region (Fig. 3.2C). After binding SagC to this array, it was 

found that only the first peptide was capable of providing enough binding information 

to retain SagC through the washing steps. Peptide 1 comprises residues 1-10 of SagA 

and not only contains the FxxxB motif but also the important adjacent residues (L2, 

K3, F4, I8 and L9). Peptide 5 contains I8 and L9 but only the first residue of the TQV 

site (T17). This peptide is insufficient at retaining SagC. Taken together, these 

findings demonstrate that separate sites within the N-terminal leader peptide synergize 

to provide SagC with a high affinity binding site.  

Binding parameters for the SagA-WT, SagA-FIA (FxxxB double alanine 

mutant), and SagA-TQV (triple alanine mutant) leader peptides with SagC were then 

measured by surface plasmon resonance to quantify the contribution of each binding 

motif. Using a C-terminal hexahistidine tagged version of SagA-WT, -FIA, and -TQV, 

the rates of association (ka) and dissociation (kd) were first measured with SagC (Table 

1). A typical sensorgram and curve-fitting analysis are provided in Fig. 3.6. As 

expected from the peptide array data, the effects of FxxxB and TQV mutation were 

substantial. Compared to SagA-WT, SagC bound to the SagA-FIA peptide ~16-fold 

less tightly. The reduction in affinity was accounted for by an increased kd (ka was 

unchanged). SagC affinity for SagA-TQV was also reduced (~24-fold). The major 

factor in the SagA-TQV mutant’s reduction in affinity is an increased kd; however, 

there is also a slight decrease in ka (<2-fold) upon comparison to SagA-WT (Table 1).  

We next determined if the rules of substrate recognition applied to other 

cyclodehydratases.  ClosC and McbB, from C. botulinum and E. coli respectively, 
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were tested for SagA binding. Relative to SagC, binding to the SagA-WT leader 

peptide was reduced with both ClosC and McbB (~12-fold and ~130-fold, 

respectively, Table 1). This trend correlates with the degree of amino acid similarity to 

SagC (59% for ClosC; 28% for McbB). Mutation of the SagA FxxxB and TQV motifs 

led to additional losses of affinity in the same manner as for SagC binding (i.e. both 

the FxxxB and TQV mutants effect kd; the ka is only slightly affected by the mutation 

of TQV). This suggests that although each cyclodehydratase is likely fine-tuned for a 

single endogenous substrate, the substrate binding mechanism is conserved across 

species. 

Mutational Analysis of Heterocyclizable Residues of SagA 

Numerous attempts at identifying sites of heterocycle formation on SagA by 

mass spectrometry have failed. As a result, a site-directed mutagenesis approach was 

initiated to determine functionally important residues of SagA with the assumption 

that the lack of cytolytic activity by particular SagA point mutants is suggestive of 

heterocycle locations. To begin this study, every heterocyclizable residue (cysteines, 

serines, and threonines) located on the protoxin half of SagA (residues 24-53) was 

individually mutated. Cysteines and serines were mutated to alanines while threonines 

were mutated to valines, a closer structural mimic. The lytic activity of these proteins 

was assessed in vitro after treatment with purified SagBCD and through genetic 

complementation of S. pyogenes DsagA. Each mutation was classified as having no 

effect (mutant SLS was fully active), a contributing effect (reduced activity), or a 

critical effect (inactive). Using these two independent assays, key functional residues 

of SLS were identified. It is important to note that our method of testing the cytolytic 
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activity of SagA point mutants though genetic complementation measures activity and 

secretion in a simultaneous fashion.  

Compiled results are overlaid on the amino acid sequence of SagA (Fig. 3.3A) 

and also provided in table form (Fig. 3.3B). This analysis revealed that not all sites of 

potential heterocycle formation were important for activity but most mutations had a 

measurable impact on function. Two mutations, C32A and S39A, completely 

abolished the cytolytic activity of SLS in both assays and are thus highly likely sites of 

thiazole/oxazole formation. Moreover, it was found that serine and cysteine could 

substitute for one another at these two critical sites (C32S and S39C) with a small 

reduction of in vitro activity. However, serine cannot be used to replace multiple 

adjacent cysteines as indicated by the lack of activity in C31S/C32S (2C/S), 

C26S/C27S/C28S (3C/S), and a total serine (7C/S) mutant (Fig. 3.3B). Similarly, 

valine cannot completely replace threonine (4T/V). 

Overall, the activities measured by in vitro reconstitution and genetic 

complementation agreed. The one case were the assays did not concur was with the 

C24A mutation. We observed substantial lytic activity in vitro but no activity in 

genetically complemented bacteria (Fig. 3.3B). This residue is predicted to flank the 

leader peptide cleavage site. We have previously shown that leader peptide removal is 

not required for in vitro activity (20). Thus, a reduction of activity in genetic 

complementation experiments may result from reduced leader peptide processing 

and/or secretion. These results confirm that many residues within SagA are important 

for activity and predict that SLS is highly post-translationally modified. 
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Proline Can Substitute for Thiazoles and Oxazoles in the SagA Propeptide 

We rationalized that since thiazoles and oxazoles are 5-membered, nitrogen-

containing heterocycles that restrict peptide backbone conformation, proline may be 

capable of serving as a structural mimic. Therefore, the SagA-C32P and -S39P 

mutants were prepared and treated with purified SagBCD. These yielded substantial in 

vitro lytic activity (Fig. 3.3B) and encouraged the construction of SagA mutants that 

were cytolytic in the absence of SagBCD. Thus, proline was systematically 

incorporated into select heterocyclizable sites of SagA that were previously 

determined to be important for activity (positions 32, 34, 39, 46, 48). This proline-

substituted SagA panel was then tested for lytic activity in the absence of SagBCD 

(Fig. 3.3C). Wild-type SagA and two single substituted proline mutations (C32P and 

S39P) did not exhibit intrinsic lytic activity. In contrast, two double proline substituted 

mutants showed dose-dependent activity without SagBCD treatment (C32P/S39P and 

S34P/S39P) (Fig. 3.3C and Fig. 3.7). A triple mutant, C32P/S34P/S39P, predicted to 

further enhance lytic activity, killed E. coli upon induction of protein expression and 

yielded no protein. Likewise, additional permutations revealed that if either C32 or 

S34 are substituted in combination with S39, S46, and S48, E. coli toxicity was 

encountered. To support the claim that toxicity arose due to SLS-like activity, a 

synthetic peptide comprised of the C-terminal 21 residues of SagA was synthesized 

with prolines at positions 34, 39, 46, and 48. This peptide, although devoid of 

cysteine, was intrinsically lytic in a dose-dependent manner (Fig. 3.3C and Fig. 3.7). 

The observation that select proline mutations endow SagA with intrinsic lytic activity 

bolsters the conclusion that the above sites are heterocyclized in SLS. 
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Key Heterocycles of SLS are Required for S. pyogenes Virulence in Mice 

To determine the importance of heterocyclic conversion of SLS for disease 

progression, mice were subcutaneously injected with S. pyogenes M1 ΔsagA mutant 

complemented with either sagA-WT, sagA-S39A, or sagA-7C/S. Seven of eight mice 

infected with the sagA-WT complemented strain developed significant necrotic ulcers 

and swelling, while no change was observed in any infections of sagA-S39A (Fig. 

3.4A) and sagA-7C/S (data not shown). Histological examination of tissues from WT 

and the mutant infections shows that WT infections exhibit more extensive tissue 

disruption and a higher infiltration of neutrophils (Fig. 3.4B). These results 

demonstrate that a single SagA point mutation predicted to interfere with heterocycle 

formation markedly reduces the virulence of S. pyogenes in a murine model of skin 

infection. 

 

Discussion 

In order for SagA to be converted into the active SLS cytolysin, the SagBCD 

synthetase complex must first recognize the SagA substrate. Heterocycles must then 

be installed at the proper locations in order to elicit biological activity. By using two 

independent assays, we analyzed the substrate permissivity of SagBCD using in vitro 

biochemical assays and genetic reconstitution. The substrate tolerance of SagBCD was 

initially assessed using substrates from other members of the firmicutes phylum that 

were suspected of producing SLS-like cytolysins. To begin, we chose the substrate 

from Clostridium botulinum, which harbors the most highly related sag-like genetic 
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cluster (closA-I) known outside of the Streptococcus genus. SagBCD accepted ClosA 

as a non-cognate substrate in vitro and in genetically complemented S. pyogenes 

DsagA bacteria, but the activity was reduced relative to SagA (Fig. 3.1A). This could 

stem from a number of possibilities. The most likely explanation, in light of our 

binding data, is that SagBCD process ClosA more slowly due to a lowered substrate 

affinity. In vitro, ClosA treated with purified SagBCD resulted in activity equal to 

SagA. However, under the conditions employed, non-physiological concentrations of 

synthetase and substrate could easily result in an elevated level of substrate 

permissivity. Other explanations for reduced ClosA activity upon genetic 

reconstitution could be that on a molar basis, SLS is more potent or that the leader 

peptidase and/or export machinery process the toxin more slowly. If the latter was 

true, toxicity would be an expected outcome but analysis of growth curves indicated 

that this is not the case (data not shown).  

Since ClosA and McbA were both known in vitro substrates of the SagBCD 

synthetase (20), we were initially surprised when SagBCD rejected potential substrates 

more similar to SagA than McbA (i.e. StaphA and ListA, Fig. 3.1B). However, 

chimeric substrates consisting of the SagA leader peptide coupled with the StaphA or 

ListA protoxin were fully active in vitro after treatment with recombinant SagBCD. 

This indicated that the SagA leader peptide conferred substrate recognition. Later 

experiments showed that a partially conserved motif in the SagA leader peptide, 

FxxxB, played a major role in efficient cytolytic conversion (Fig. 3.1C) and SagC 

affinity (Fig. 3.2 and Table 1). Additionally, the SagA leader peptide can be fused to 

properly designed artificial protoxins to yield cytolysins after treatment with SagBCD. 
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Peptide array binding experiments uncovered that in addition to the FxxxB 

motif and some adjacent residues, SagC also recognizes another site (TQV) on the 

SagA leader peptide (Fig. 3.2). Given that the KD was measured to be in the low nM 

range, multiple binding sites on SagA would be presumed necessary to drive such an 

avid interaction (Table 1). Mutation of the SagA-TQV site led primarily to an 

increased kd with a modest decrease of ka relative to SagA-WT (Table 1). This is in 

contrast to the SagA-FIA mutant, which only led to an increased kd. These binding 

trends also held for the SagA binding interaction with the cyclodehydratases from a 

closely related organism (C. botulinum, ClosC) and a distantly related organism (E. 

coli, McbB, Table 1). We hypothesize this relationship will be true of all sag-like 

clusters that harbor substrates with FxxxB motifs in the leader peptide. 

Elucidation of the SagC substrate recognition requirements was undertaken to 

judge why certain substrates are accepted by the SagBCD synthetase and why others 

are not. Earlier studies have demonstrated that the SLS precursor from a fish pathogen, 

Streptococcus iniae, was able to complement the hemolytic activity of S. pyogenes 

ΔsagA (10, 23). Upon comparison to SagA from S. pyogenes, the S. iniae leader 

peptide has a single mutation in the leader sequence (K3Q). Thus, it should not be 

surprising that SagA from S. iniae was an efficient substrate of S. pyogenes SagBCD. 

We conclude that ClosA was accepted by recombinant and endogenous SagBCD due 

to a complete FxxxB site (LKF and VL) and a partial TQV site (V19). Previous results 

has also shown that SagBCD accepts McbA as a substrate (20). This is supported by 

the present work that demonstrates SagC directly binds to the McbA leader peptide 

(Fig. 3.2A). Relative to SagA, the SagC binding to McbA was greatly reduced but the 
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data provide a satisfactory explanation: the leader peptide of McbA contains partial 

SagC binding sites. The FxxxB sequence is present but the important surrounding 

residues are non-conservatively mutated. Also, the “Q” of the TQV site is present 

(Fig. 3.2A).  

The identification of the TQV site helps explain why simple inclusion of 

FxxxB into the StaphA and ListA leader peptides did not result in high affinity SagC 

binding. Residues adjacent to the FxxxB motif (LKF and IL) also contribute to this 

interaction. Out of a total 23 residues in the predicted SagA leader peptide, eight are 

directly involved in driving substrate affinity. This implies that upon SagC binding 

SagA, nearly the entire length of the leader peptide will be associated, possibly buried, 

in a SagC binding site. Undoubtedly, the extended recognition capability of SagC acts 

to prevent the synthetase complex from processing unwanted peptides/proteins. 

Perhaps this affinity is also a protective measure employed by S. pyogenes. Our work 

has demonstrated that pro-SLS (Fig. 3.1A) is highly active and it is possible that a 

tightly bound synthetase complex will cage the activity until the metabolite is ready 

for export.   

SLS has historically been recalcitrant to isolation and characterization. 

However, the early work of Bernheimer (1, 3, 4) and Koyama (17-19) shed important 

light on the nature and action of SLS. Using gel filtration analysis on partially purified 

SLS, Bernheimer predicted that the molecular weight of the polypeptide would be 2.8 

kDa (2). This is quite remarkable, given that a modern calculation of 2.7 kDa is based 

on modifications to SagA, a peptide discovered over 30 years later. Our results suggest 

that in the mature structure of SLS, oxazoles will be formed from SagA residues S34, 
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S39, S46, and S48 (Fig. 3.3B). The work of Kolter and Walsh on microcin B17 

provides a literature precedent for heterocycle formation when the preceding residue is 

glycine (S39, S36, S48) (16, 22, 33, 38, 39). Presumably, the increased flexibility in 

the peptide backbone at these locations facilitates the orbital alignment required for 

cyclodehydration. Oxazole formation at the abovementioned sites is further supported 

by the creation of proline substituted SagA mutants that exhibit intrinsic cytolytic 

activity (Fig. 3.3C).  

Our mutagenesis data confirm a previous study identifying SagA-C24 and -

C27 as residues important for the activity of SLS on blood agar plates (7). Despite 

this, the fate of the cysteine-rich region (C24-C32) remains speculative. Given the 

observation that C32S and C32P were cytolytic, we expect C32 to be converted to a 

thiazole. However, serine cannot simultaneously substitute for multiple adjacent 

cysteines. This implies that there is either a polythiazole-specific electronic 

contribution to cytolysis or that another type of modification is present in the mature 

structure of SLS. Our current data cannot distinguish between these two possibilities, 

which will require extensive methodology improvements. We hypothesize that it is 

unlikely free thiols, disulfides, or lanthionines will be present in the final SLS 

structure. This is because SLS is known to be oxygen-stable (11, 12) and cystine was 

not detected in an amino acid analysis study (17). Moreover, the sagA-I cluster, which 

is sufficient to confer SLS production to a heterologous bacterial species (28), does 

not harbor the appropriate dehydratases and cyclases to form lanthionine linkages (21, 

28, 30).  
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 The murine infection study supports our previous data that SLS heterocycle 

formation is required for the virulence of S. pyogenes. Furthermore, we show that a 

single amino acid change, SagA-S39A, renders this pathogen avirulent in a skin 

infection model (Fig. 3.4). Without active SLS, the bacteria exhibit undetectable 

pathogenicity and are efficiently cleared by the murine immune system. It is 

conceivable that in such a setting, antibodies could be raised against inactive SLS 

mutants. Whether this represents a viable strategy for vaccine development remains to 

be seen but with the tactical role SLS-like toxins play in pathogenesis, further study is 

warranted. 

This study has elucidated the requisite features of SagBCD substrate 

recognition and SagA residues of functional importance. We conclude that although 

the C-terminus of SagA undergoes enzymatic conversion, only the N-terminal leader 

peptide substantially contributes to substrate recognition. Conceivably, these 

principles could be used to guide the design of other artificial toxins for antibiotic or 

anticancer applications. Additionally, our study has yielded a wealth of structure-

activity data on a conserved family of bacterial virulence factors and lays the 

foundation for the development of a structure-based vaccine. 
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Table 3.1 Contribution of SagA interaction sites to cyclodehydratase binding kinetics  
 

 
 
Surface plasmon resonance was performed using leader peptides of SagA with a C-terminal 
His6-tag as the immobilized ligand. The sequence of each peptide is given in the lower section 
of the table. The red residues indicate a SagC binding motif. The analytes tested for binding 
were the cyclodehydratases from S. pyogenes (SagC), C. botulinum (ClosC), and E. coli 
(McbB). The association rates (ka, M-1s-1) and dissociation rates (kd, s-1) were recorded in 
duplicate at two concentrations and used to calculate the dissociation constant (KD). Error is 
reported as standard deviation of the mean. Chi-squared (c2) values are given as an assessment 
of curve-fitting accuracy. 
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Figure 3.1 SagBCD substrate recognition is provided by the SagA leader peptide 
(A) SagA is converted into an active cytolysin, pro-streptolysin-S (pro-SLS), by the actions of 
SagBCD (a trimeric oxazole/thiazole synthetase). Heterocycles are schematically represented 
as shaded pentagons. A marginally conserved motif in the SagA leader peptide, FxxxB (where 
B is a branched-chain amino acid), is highlighted in red. Individual reactions catalyzed by 
SagC (cyclodehydratase) and SagB (FMN-dehydrogenase) are shown. (B) Representative 
amino acid sequences and cytolytic activity of SagA-like substrates. Shown in red are leader 
peptide residues that comprise the FxxxB motif. The putative leader peptide cleavage sites are 
shown as asterisks, except for McbA, where the site is known (hyphen). In blue are sites of 
potential heterocycle formation (for McbA, known sites are blue). Percent amino acid 
similarity to full-length SagA (as determined by ClustalW alignment) is given. The cytolytic 
activity was tested for these substrates in vitro using purified proteins and in vivo using the 
SLS-deficient strain, S. pyogenes DsagA, complemented with the desired substrate. Activity 
equal to wild-type SagA is designated as (+++); activity that is 30-70% of wild-type SagA is 
(++); detectable activity that is less than 30% of SagA is noted as (+); while non-detectable 
activity is (-). The activity for McbA is not applicable (n.a.) because this secondary metabolite 
is a DNA gyrase inhibitor, not a cytolysin. (C) Sequences and lytic activity of mutant 
substrates. All substrates contain the wild-type SagA leader peptide, except for the first entry 
(FxxxB mutant, SagA-FIA). The percent amino acid similarity to the protoxin half of SagA is 
shown. The second and third entries are SagA leader peptides fused to the protoxin of StaphA 
and ListA. SagX is an artificially designed toxin while the inverse and scrambled substrates 
manipulate the sequence of SagA between residues 33-50 (underlined). 
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Figure 3.2 Elucidation of the SagC binding determinants 
(A) Using a peptide array synthesizer, the given sequences were generated with C-terminal 
attachment to a cellulose membrane. The FxxxB motif was left intact (WT) and mutated to 
Ala for the substrates from S. pyogenes (SagA), C. botulinum (ClosA), E. coli (McbA), and P. 
furiosus (PagA). 35S-Met-SagC was allowed to bind to the array before extensive washing and 
exposure to film. The relative binding of SagC to the array is indicated by the 
autoradiographic exposure. Equal peptide loading is confirmed by UV irradiation (254 nm). 
(B) The SagA leader peptide alanine scan array was synthesized to obtain positional 
contributions to SagC binding. The putative leader peptide of SagA contains three alanines 
(3/23); therefore 20 mutants of SagA were tested in this assay. The residue number, amino 
acid mutated to alanine, relative binding of 35S-Met-SagC (autoradiography), and peptide 
loading control (UV) are aligned. Positions found to be important for binding are shown in 
red. Positions 2-4 and 8-9 contain the FxxxB motif; positions 17-19 comprise the TQV motif. 
(C) A peptide array comprised of fourteen 10-mer peptides of SagA was prepared to evaluate 
the binding contributions of each interaction site within the leader and the protoxin C-
terminus. The entire length of SagA is represented, except for the middle cysteine-rich region. 
Relative binding and peptide loading are demonstrated as above. 
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Figure 3.3 Identification of SagA residues necessary for cytolytic activity 
(A) Compilation of the cytolytic data for SagA point mutations after reaction with SagBCD. 
Residues that are C-terminal to the predicted leader peptide cleavage site (vertical line) of 
SagA (24-53) are shown. Positions that contribute to cytolytic activity are shown in light blue. 
Positions critical for cytolysis are dark blue and underlined. (B) The activity of each SagA 
mutant was tested by the erythrocyte lysis assay in vitro using purified proteins and in vivo by 
genetic complementation. Activity scoring is as in Fig. 3.1B. a Multiple sites were mutated. 
2C/S, C31S/C32S; 3C/S, C26S/C27S/C28S; 7C/S, all seven cysteines mutated to serine; 
4T/V, all four threonines mutated to valine. (C) The intrinsic activity of SagA substituted with 
proline was tested using purified protein. No SagBCD was used in this assay. Toxicity (tox) 
was observed for some SagA proline mutants, which prevented recombinant expression. A 
synthetic peptide was prepared to test proline substitution at each serine found to be important 
for SagA activity.  
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Figure 3.4 Ser39 of SagA is required for virulence in a mouse infection model 
(A) Four week-old hairless crl:SKH1(hrhr)Br mice were challenged subcutaneously with 107 
colony-forming units of S. pyogenes M1 ΔsagA complemented with sagA-WT (left flank) and 
sagA-S39A (right flank). Gross appearance of a typical mouse and lesion size (mm2) are 
shown at 4 d post inoculation. Left insets show closer view of injection site. A necrotic ulcer 
is visible with sagA-WT. No lesions are visible with sagA-S39A. (B) Histological evaluation 
(hemotoxilyn/eosin staining) of excised tissue from site of injection. Magnification is given at 
40X and 100X.  
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Figure 3.5 In vitro transcription/translation (TNT) of SagBCD 
TNT reactions were carried out using maxiprepped plasmid for pET28-MBP-SagB, pET28-
MBP-SagC, and pET28-MBP-SagD using kits available from Promega. Here, the results from 
using the extracts rabbit reticulocyte (RR) and wheat-germ (WG) are shown. S30 extract was 
also tested but led to formation of numerous truncation products. 35S-Met was used to label 
these proteins during TNT and film was exposed using standard autoradiography techniques. 
The molecular weights, as indicated on the left side of the figure, are the expected size for 
each MBP-tagged protein. The protein produced from RR was used for the peptide array 
binding experiments. 
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Figure 3.6  Quantification of Leader Peptide Binding to SagC 
Surface plasmon resonance (Biacore T100, NTA sensor chip) was used to quantify the rate of 
association (on-rate) and rate of dissociation (off-rate) between various cyclodehydratases and 
hexahistidine-tagged SagA leader peptides. (A) Representative sensorgram for the interaction 
of SagA and SagC. SagA-WT-His ligand was immobilized (110 RU) on the NTA sensor chip 
and various concentrations of SagC analyte (125 – 2500 nM) were flowed over the surface. 
(B) Based on the magnitude of the response in panel a, 1000 nM SagC was chosen to evaluate 
the contribution of the FxxxB motif. SagA-WT-His (black) and SagA-FIA-His (red) were 
immobilized in separate runs, as described, and SagC binding was measured. The data were fit 
to a 1:1 binding model after accounting for a minor baseline drift (dissociation of Ni-NTA and 
the His-tagged ligand). Residuals are shown in the lower panel, along with the respective Chi-
squared values, as calculated by the BiaEval software package. (C) Results of the curve fitting 
(BiaEval). As can been seen by visual inspection of the sensorgram, mutation of FxxxB 
affects only the dissociation rate (~16-fold). Values obtained with the SagA-TQV mutant and 
other cyclodehydratases (ClosC and McbB) are given in Table 1 of the main text. 
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Figure 3.7 Dose-dependent activity of SagA-proline mutants 
A panel of recombinant MBP-tagged SagA proline mutants was tested for intrinsic (SagBCD-
independent) lytic activity (Fig. 3.3C). A single mutation at each critical residue (C32P and 
S39P) did not produce an intrinsic cytolysin. A dose-response for C32P is shown (blue 
diamonds). However, a double mutation (C32P/S39P) was cytolytic in the absence of 
SagBCD-treatment (red circles). As more sites of suspected heterocycle formation were 
replaced with proline, toxicity arose. A synthetic peptide comprised of the C-terminal 21 
residues of SagA, with prolines replacing four serines (S34P/S39P/S46P/S48P), was also 
intrinsically active (green squares). No cysteines are present in this peptide. 
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Introduction 

 Microbial virulence and survival are often defined by metabolic output. 

Among the many molecular species used to give a competitive advantage are 

hydrogen peroxide, genetically encoded small molecules, siderophores, proteins, and 

bacteriocins (30) (26). Streptolysin S (SLS) is a well known hemolytic/cytolytic, 

ribosomally encoded bacteriocin and virulence factor group A Streptococcus (GAS) 

(4, 8, 18). To this day, the characteristic β-hemolytic phenotype observed on blood 

agar plates is used as a clinical diagnostic tool for GAS identification. GAS is best 

known as the agent of acute pharyngitis (strep throat) but also may cause invasive 

infections, including necrotizing fasciitis and toxic shock syndrome. In the 100-year 

history of our knowledge of streptococcal bacteria, the precise chemical structure of 

this toxin has remained elusive, although the discovery of its biosynthetic gene cluster 

more than a decade ago (18) has guided investigations into its post-translational 

modification and likely heterocyclic nature (12, 16).  

 Through recent comparative genomic analysis, an SLS-type gene cluster was 

identified in clostridia species including Clostridium botulinum and Clostridium 

sporogenes, two disease-causing bacteria known to endanger food supplies (6, 23, 25). 

Similar gene clusters were found in Staphylococcus aureus RF122, Bacillus 

thuringiensis, Streptococcus iniae, and Listeria monocytogenes 4b. The L. 

monocytogenes 4b strain is the primary serotype and causative agent for outbreaks of 

listeriosis (3). The S. aureus RF122 strain is responsible for bovine mastitis. S. iniae is 
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a cytotoxic fish pathogen. This suggests that a shared metabolic output of these 

pathogens including SLS-like toxins may contribute to their pathogenic potential (3).  

Each of these SLS family gene clusters contains a similar set of genes. For 

instance, in C. botulinum and C. sporogenes, the closA–I genes are related by 

sequence to sagA–I from GAS (see Fig. 4.1A). Of these genes, ClosF is a protein of 

unknown function. ClosG, -H, and -I are ABC transporters and therefore are likely to 

be responsible for exporting the mature hemolytic product. ClosA is the prepropeptide 

(structural peptide) that is post-translationally modified to form the propeptide. ClosE 

has been annotated as an immunity protein but is similar to the CaaX protease 

superfamily in sequence. Thus, ClosE may be the enzyme responsible for proteolytic 

processing of the post-translationally modified propeptide to the mature biotoxin. 

ClosBCD resembles the McbBCD-modifying proteins found in the Escherichia coli 

microcin B17 system and the Prochloron didemni patDG genes of the patellamide 

biosynthetic gene cluster. This family of natural product toxins was recently shown by 

several groups to include the thiopeptides, which are nearly ubiquitous in soil-

dwelling Bacillus and Streptomyces bacteria (11, 15, 17, 24, 29). In the microcin B17 

system, McbB, -C, and -D were shown to be necessary and sufficient for the 

installation of heterocyclic moieties on C-terminal serine and cysteine residues of the 

McbA substrate. Chemical transformations installed on the McbA substrate were 

assayed by mass spectrometry and were shown to result in the loss of multiples of 20 

Da (see Fig. 4.3A). Based on the comparative genomics with the above-mentioned 

clusters, ClosBCD also are likely involved in the post-translational conversion of 

serine, threonine, and cysteine residues of ClosA to their corresponding thiazole and 
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methyloxazole heterocycles to generate a modified propeptide. BLAST analysis 

indicates that ClosB is similar to a FMN-dependent oxidase, ClosC is similar to the 

ATP-dependent enzymes E1, ThiF, and MoeB, which contain a structural zinc that is 

not involved in catalysis (5, 10). The E1/ThiF/MoeB protein family utilizes ATP to 

activate the C-terminal end of ubiquitin or an ubiquitin-like protein. ClosD belongs to 

a biochemically uncharacterized protein family YcaO (DUF181).  

 In this paper, we characterize the SLS-type toxin from C. botulinum and C. 

sporogenes. We demonstrate that the gene clusters in clostridia are functionally 

equivalent to the SLS biosynthetic pathway by complementing targeted GAS SLS-

operon knock-outs with the corresponding Clostridium genes. Once the genome 

became available (10), plasmid integrational mutants of the closA and closC gene 

products also were generated in C. sporogenes to verify that the clostridiolysin S gene 

cluster was indeed responsible for a hemolytic phenotype. Hemolytic activity of this 

gene cluster was reconstituted in vitro, allowing the direct mass spectral confirmation 

that the clostridial toxin is post-translationally modified to contain heterocyclic 

moieties and that this process required structural zinc bound to the putative 

cyclodehydratase, ClosC. Finally, we demonstrate that the synthetase enzymes install 

heterocyles on ClosA using nanocapillary LC-MS/MS in conjunction with the mass 

spectral data analysis programs InSpecT (27) and Spectral Networks (1), to establish 

that the nontoxic precursor peptide (ClosA) is converted into the final post-

translationally modified toxin, clostridiolysin S.  
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Results 

Comparative Bioinformatics of Clos and Sag Locus 

 Previously, we and others (12) (25) (24) have identified a large, conserved 

family of bacteriocin gene clusters present across six phyla of microorganisms. These 

were identified by similarity to the microcin B17 (14, 31, 32) biosynthetic gene cluster 

and include the important human pathogens GAS, L. monocytogenes, S. aureus, and 

C. botulinum. Comparison of the gene clusters between the SLS biosynthetic operon 

in GAS and its ortholog in C. botulinum, displayed high levels of similarity both in 

gene content and organization (Fig. 4.1A). The SLS gene cluster contains the gene 

encoding the SLS precursor peptide, designated SagA, as well as genes encoding the 

SLS thiazole/oxazole synthetase (SagB–D), a putative immunity protein (SagE), a 

protein of unknown function (SagF), and three proteins containing homology to ATP-

dependent binding cassette (ABC) transporters (SagG–I). All of these genes are 

present in the gene cluster of C. botulinum (ATCC 3502) in identical gene order and 

orientation to the SLS gene cluster, which we hereby refer to as the clostridiolysin S 

gene cluster.  

ClosA–D Genetic Complementation Studies in Group A Streptococcus 

 To determine whether the clostridiolysin S genes are biochemically equivalent 

to the sag gene cluster in GAS, genetic complementation studies were performed 

using the sagA–D deletion strains of GAS NZ131 (M49 serotype) (ΔsagA, ΔsagB, 

ΔsagC, and ΔsagD) (4). We transformed these strains with a plasmid containing the 
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corresponding wild-type copies of the clos genes (closA, closB, closC, and closD), to 

determine the extent of genetic tolerance between GAS and C. botulinum. The ability 

of the complemented strains to lyse erythrocytes was quantified by measuring the 

amount of hemoglobin released into the supernatant by measuring the absorbance at 

450 nm (Fig. 4.1B). These were compared with the hemolytic activity of wild-type 

GAS, ΔsagA complemented with pDCerm-sagA, and ΔsagA–D complemented with 

the pDCerm plasmid alone. The closA, closC, and closD complemented strains were 

able to lyse erythrocytes, whereas complementation of the GAS ΔsagB mutant with a 

plasmid containing the closB gene was not sufficient to produce a hemolytic 

phenotype, even though ClosB is 60% similar to SagB. Of the genes that were able to 

reconstitute the hemolytic phenotype, closC partially complemented, whereas the 

closA and closD complemented strains restored, near wild-type levels of hemolysis. 

This experiment produced the initial indication that the orphan clostridium gene 

cluster indeed is functionally equivalent to the SLS cluster. During our investigations 

into the function of the SLS-like gene cluster from C. botulinum, the genome sequence 

of C. sporogenes became available (25). C. sporogenes, an opportunistic foodborne 

disease-causing bacteria, also contains the SLS-like gene cluster. In C. sporogenes, 

this gene cluster is 85–98% identical to the gene cluster found in C. botulinum. 

Because C. sporogenes is a BSL1 level organism, it was possible to generate 

integrated plasmid mutants of this gene cluster within our laboratories, enabling the 

direct assessment of the involvement of this gene cluster in the generation of an SLS-

type toxin. Indeed, when closA and closC were inactivated, C. sporogenes no longer 

retained its hemolytic activity (Fig. 4.1C). Results of both the complementation of 
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GAS with the C. botulinum genes and the targeted mutagenesis in C. sporogenes 

confirm that the SLS-like gene clusters from clostridia are involved in the biogenesis 

of a hemolysin. 

In Vitro Reconstitution of Clostridiolysin S Activity 

 Because the above genetic complementation experiments indicated that the C. 

botulinum gene cluster is functionally equivalent to the SLS gene cluster, we 

attempted to reconstitute hemolytic activity in vitro. To determine whether the 

precursor protein from C. botulinum ClosA could be transformed into an active 

cytolysin in a synthetase-dependent manner, ClosA was produced as an MBP-fusion 

protein for solubility and then subjected to post-translational modification by the 

addition of ClosBCD. Incubating ClosA with purified ClosBCD did not produce a 

lytic product (data not shown). The individual enzymes were analyzed and ClosB, the 

flavin mononucleotide (FMN)-dependent oxidoreductase, did not exhibit a yellow 

color upon purification. Several attempts to purify an active ClosB (yellow) failed 

under different affinity purification systems. The anticipated yellow color is indicative 

of FMN-binding proteins and adding FMN to the assay also failed to reconstitute the 

hemolytic activity. We surmised that the ClosB, as purified, was in an inactive 

apoprotein and hypothesized that this enzyme may undergo an additional processing 

event that could not be reconstituted in an E. coli system. Based on genetic 

complementation studies and insertional mutants, ClosB is active in vivo. We 

hypothesize that in vitro, despite an overall similarly score of 60%, SagB and ClosB 
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diverge enough that one is purified as an active holoprotein, whereas the other is 

purified in an inactive apoform.  

 Previous studies showed ClosA was converted readily to an active hemolytic 

toxin in vitro by the SagBCD-modifying enzymes (12). SagB is 60% similar to ClosB, 

and additionally, recombinant expression of SagB yielded holoprotein, as indicated by 

a bright yellow color (12). Therefore, to overcome the inability to purify holo-ClosB, 

we substituted the ClosB ortholog SagB into the reaction. When ClosA was incubated 

with SagB, ClosC, and ClosD, robust hemolysis was observed. Omitting ClosA, SagB, 

ClosC, and ClosD, in any combination, resulted in the abolishment of hemolysis, 

demonstrating the in vitro reconstitution of a hemolytic SLS-like biotoxin from C. 

botulinum. To gauge the relative in vitro hemolytic activity of the CLS system, 

reconstitution of SLS activity was assayed in parallel. Based on in vitro hemolysis, 

CLS and SLS have comparable bioactivities (Fig. 4.2A). This observation is supported 

by the genetic complementation studies as the closD and closA genes produced a 

natural product with potency at near wild-type levels. To provide additional 

confirmation of the in vitro-reconstituted reaction, we set out to characterize ClosC in 

further detail.. 

 Sequence alignments of McbB, E1, MoeB, ThiF, and MccB (Fig. 4.3B), 

suggest that ClosC is related to the ThiF/MoeB/E1 superfamily of proteins (13, 21, 

22). MoeB, ThiF, and E1 are proteins that adenylate the C-terminus of ubiquitin-like 

proteins, whereas MccB is responsible for activating the C-terminal glutamine end of 

microcin C7. In clostriodiolysin S, an amide carbonyl undergoes activation, as is the 
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case for microcin B17, patellamide, goadsporin, and the recently described thiopeptide 

family (9, 15, 29). However, sequence alignments of ClosC with the E1-type family of 

proteins, displays that ClosC contains two conserved CxxC motifs that typically bind 

Zn2+ (Fig. 4.3B). In the microcin system, Zn2+ was originally proposed to serve as a 

Lewis acid, activating the amide carbonyl for cyclodehydration (31). However, that 

mechanism was later amended to have a general acid attack the carbonyl to form a 

leaving group for the final elimination reaction (19). The crystal structures of ThiF, 

MoeB, and MccB support this second mechanism, showing a tertracysteine 

coordinated Zn2+ 20 Å away from the active site pocket where ATP binds (13, 21). In 

addition to the CxxC motifs, the crystal structures of ThiF and MoeB resolved the 

amino acid residues critical for ATP binding. Of these residues, 43% are conserved in 

ClosC, indicating that it requires ATP for catalysis, which is in agreement with the 

requirement of ATP in the in vitro reconstitution assay (12). Based on the structural 

arguments, we predict that the tetracysteine coordinated Zn2+ in ClosC plays a 

structural role rather than a catalytic role. We therefore anticipated that the addition of 

EDTA could disrupt the structure of ClosC. The addition of EDTA did not affect the 

structure of ClosC as judged by CD nor did it kill the hemolytic activity (Fig. 4.6), 

similar to the observations by the homolog McbB in the microcin B17 pathway (31). 

Therefore, we determined the effect of the cysteine mutations on the Zn2+ content, in 

vitro reconstitution, and structural integrity of ClosC.  

 Point mutations in the CxxC motifs resulted in the abolishment of hemolytic 

activity and minimal levels of Zn2+ binding compared with wild-type ClosC (Fig. 4.2B 
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and Fig. 4.7). CD measurements indicated that wild-type MBP-ClosC had two distinct 

negative minima at 215 and 225 nm, indicative of α-helical content. Based on the 

molar ellipticity at 222 nm, the helical content of MBP-ClosC was determined to be 

49%, in close agreement with the predicted content of 38–42%. The ClosC CxxC 

mutants, lacking the ability to bind Zn2+, showed the loss of the negative minima at 

215 and 225 nm (Fig. 4.2C). The resulting CD spectra obtained by the CxxC mutants, 

indicating the striking loss of α-helical integrity, were unexpected results because the 

dramatic loss of α-helical integrity was caused by a single amino acid point mutation 

on the ClosC portion of the MBP-ClosC construct. The amylose resin purification of 

the MBP-ClosC CxxC mutant proteins was verified by SDS-PAGE (Fig. 4.8). 

Experiments were performed to rescue hemolytic activity by zinc titration of the CxxC 

proteins. Addition of zinc did not restore a hemolytic phenotype. Zinc titration 

experiments of the CxxC proteins were also assayed by CD. The CD showed a minor 

restoration of α-helical content, but the extent was not sufficient for hemolytic 

reconstitution (Fig. 4.9). These findings indicate that the tetracysteine coordination of 

Zn2+ is required for a properly folded ClosC, which can function in vitro and further 

solidify the in vitro reconstitution of a hemolytic toxin.  

Detection of Heterocyclized ClosA Peptides via Off-line Separation and LC-

MS/MS Methods 

 From the first reports of SLS activity in the early 1900s, structural 

characterization attempts have failed, and all attempts to characterize other hemolytic 

biotoxins from Listeria, Streptococci, or Clostridia have met the same fate (2, 3, 12, 
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16, 28). Therefore, any direct structural insight into a SLS-type toxin would be a major 

advancement. For the past three years, we also were unsuccessful when attempting to 

analyze this toxin by traditional approaches. Using intact protein mass spectrometry, 

observation of the ClosA protein by Fourier transform-ion cyclotron mass 

spectrometry was successful. However, upon addition of the synthetase enzymes 

(SagB, ClosC, and ClosD), the ClosA protein only could be observed as a 

heterogeneous species of overlapping ions in the Fourier transform-ion cyclotron mass 

spectrum, which provided little insight into the modified structure (Fig. 4.10). One of 

the limitations of intact protein mass spectrometry, especially when there are many 

forms of one protein, is that the signal is dispersed over a large number of different 

and overlapping masses, which are difficult, if not impossible, to characterize. Tandem 

mass spectrometry also consistently failed to identify the toxin portion of this protein. 

For other proteins of this size or larger such as BSA, GFP, a freestanding AT domain 

on the Group B Streptococcus hemolytic pathway, it was possible to observe the intact 

proteins with relative ease, indicating that our problem most likely was due to the 

troublesome biophysical properties of SLS-like biotoxins. In the case of clostridiolysin 

S, the overlap of heterologous isotopic distributions hindered the assignment of an 

accurate mass, rendering the top-down data uninterpretable. Therefore, we set out to 

capture the modifications on ClosA by a bottom-up mass spectrometry strategy.  

 Traditional proteomic approaches, such as iodoacetamide alkylation, trypsin 

digestions, and capillary LC-MS/MS analysis also failed to recover any of the peptides 

covering the C-terminal end of the protoxin. We assumed that the modified peptides 
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(ClosA and SagA) were hydrophobic, and therefore, we applied approaches usually 

reserved for membrane proteins, such as dissolving in 75% formic or acetic acid. This 

too failed to recover any of these peptides. Because ClosA and SagA have an array of 

contiguous cysteines within the primary sequence (CCCCSCCCC), another approach 

was taken based on some classic enzymological studies carried out on acetoacetate 

decarboxylase (7). This particular enzyme decarboxylates acetoacetate via the 

formation of an imine with an active site lysine. One approach used to determine that 

the lysine was critical for the activity of acetoacetate decarboxylase was to replace it 

with a cysteine. This rendered the protein inactive. However, upon 2-bromoethylamine 

treatment, the cysteine is converted to S-aminoethyl cysteine, an unnatural side chain 

with sterics and electronics complimentary to lysine. To observe heterocycles on 

ClosA and SagA, alkylation of the cysteines with BrEA was performed. BrEA 

alkylation has three significant advantages: it 1) improves water solubility; 2) 

improves the ionization by introducing an amine, which is positively charged under 

our conditions; and 3) enables tryptic digestion after the modified cysteine, generating 

a ladder of peptides. Because the SLS proteins were available in large quantities, we 

first optimized this protocol using the in vitro reconstitution hemolytic activity of 

SagA with SagBCD. The in vitro-reconstituted sample was alkylated with 2-

bromoethylamine, then trypsin-digested, and analyzed by nanocapillary LC-MS/MS. 

The resulting data were subjected to the tandem mass spectral processing algorithms, 

InSpecT, and Spectral Networks (1, 27). Examination of the reconstituted system, 

consisting of SagA and SagBCD, uncovered a peptide containing two oxazole 

moieties observed at positions Ser46 and Ser48 (see Fig. 4.5B, peptide 2), which were 
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absent in the control samples that lacked SagBCD or a reaction mixture that excluded 

one of the three synthetase proteins. Indeed, as demonstrated in previous mutational 

analyses in the SLS system, these identified sites of heterocyclic residues contribute to 

the hemolytic properties of the toxin in vitro (16).  

 Similarly, the in vitro-reconstituted system containing ClosA, digested, and 2-

bromoethylamine-alkylated, was subjected to nanocapillary LC-MS/MS analysis on an 

LTQ instrument. Spectral Networks processed 576,339 total spectra and identified 

133,435 clusters. Of the identified clusters, 42 were observed in the protoxin-

encoding, C-terminal half of ClosA (CCVSVS region; the N-terminus is a leader 

peptide). Using this approach, Spectral Networks and InSpecT identified several 

reoccurring peptides as containing −20 Da losses that were absent in the control 

assays. The identification of −20 Da species in both the Sag and Clos in vitro-

reconstituted samples represents the first direct information that SLS-type protoxin 

substrates accept the installation of heterocycles by the synthetase enzymes (Fig. 4.4). 

In the clostridiolysin S-reconstituted system, peptides with modifications at Thr11, 

Thr12, and Thr46 (Fig. 4.5B, peptide 1; Figs. 4.11 and 4.12) were identified as a 

heterogeneous mixture, in agreement with top-down mass spectrometry data. 

Although the data do not provide a complete structure, the post-translationally 

modified peptides confirm that the clostridiolysin S precursor undergoes extensive 

post-translational modification in vitro and contains a series of methyloxazole motifs. 

Because a heterocycle was identified at Thr46 (Fig. 4.5B, peptide 1) within ClosA, 

which follows the classical paradigm in the microcin B17 system of C-terminal amino 
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acid residue heterocyclization, a mutant bearing an individual point mutation was 

generated to assess the importance of heterocyclic conversion at this residue on the 

overall cytolytic properties of clostridiolysin S.  

 In vitro synthetase reactions using the purified ClosA point mutant (T46A) and 

the synthetase enzymes were assessed for hemolytic activity. Substitution of an 

alanine at Thr46 had a dramatic effect on the in vitro hemolytic phenotype (Fig. 4.5A). 

In a similar fashion to in vitro reconstitution experiments in microcin B17 system, 

where an additional heterocycle was produced relative to the known structure (32), we 

believe heterocycles at positions Thr11 and Thr12 on the leader peptide are results of 

excessive in vitro processing because they are found on the proposed leader peptide of 

the protoxin (20).  

Discussion 

 Based on the striking genetic and functional similarities with the key GAS 

virulence factor SLS, we demonstrate that two clostridial species produce a related 

hemolytic factor. This article has provided evidence that pathogenic bacteria utilize 

synthetase enzymes to produce chemical changes in ribosomally encoded precursors 

to biosynthesize biologically active toxins, which gain activity from the installation of 

heterocyclic moieties. Given the functional similarities and equivalent potencies, it is 

likely that the metabolic output of clostridiolysin S by C. botulinum can play a role in 

host tissue injury and contribute to clostridial virulence. While recognizing its broader 

classification as a bacteriocin-like peptide, it also could be fruitful to explore whether 
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clostridiolysin S may aid C. sporogenes, a known component of the human gut 

microbiome, to establish a competitive niche within the vast number of microbes 

comprising the gut microflora. The mass spectrometry approach outlined herein is the 

first step toward the characterization of this class of hemolytic/cytolytic toxins. 

Preliminary results on the structural characterization of the SLS biosynthetic pathway 

have further solidified the described mass spectral method to be significant and 

reproducible for this family of toxins. Our findings on the structure/function of the 

ClosC subunit are likely to extend to other cyclodehydratases from this family of 

bacteriocin synthetase enzyme complexes. Because targeting virulence factors is 

becoming an attractive anti-infective strategy, selective inhibition of this family of 

enzymes may well become an attractive therapeutic target or could be used as an 

approach to prevent future food spoilage.  

Experimental Procedures 

Plasmid Integrational Mutagenesis of closA and closC 

 PCR was used to amplify the central regions of C. sporogenes closA and closC 

genes. PCR products were recovered by T-A cloning in the vector pCR2.1-TOPO 

(Invitrogen) and then subcloned into the temperature-sensitive erythromycin (ErmR) 

plasmid, pHY304. The knock-out plasmids were introduced by electroporation into C. 

sporogenes, and transformants were recovered on THA-Erm 500 µg/ml. Single 

recombination events were identified by shifting to the nonpermissive temperature (37 

°C) while maintaining Erm selection and were later confirmed by PCR. Intragenic 
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plasmid integrational mutants were streaked onto blood agar plates (5% sheep blood, 

Hardy Diagnostics) to assess hemolytic activity.  

Cloning and Protein Purification of closA, closB, closC, closD, and sagB 

 Single synthetic gene copies of closA–D subcloned into pGS-21a KpnI/HindIII 

restriction enzyme sites were purchased from GenScript Corp. The pGS-21a vectors 

harboring the closA–D genes contain a GST tag and His6 tag at the N-terminus of each 

clos gene for affinity purification purposes, followed by an enterokinase cleavage site. 

Using the closA–D/pGS-21a vectors as templates, closA–D were PCR-amplified with 

BamHI/NotI flanking sequences. The closA–D PCR amplicons were verified by 

agarose (1%) gel electrophoresis. Positively identified closA–D amplicons were then 

excised and purified using the Qiagen QIAquick PCR purification kit. The purified 

amplicons and the pET28 vector containing an N-terminal maltose-binding protein 

(MBP) tag were then sequentially digested by allowing the NotI digest to proceed 

overnight followed by a 2-h BamHI digestion at 37 °C (New England Biolabs). 

Following the BamHI/NotI digest of the pET28-MBP-modified vector, a calf intestine 

phosphatase reaction was performed (New England Biolabs). The digested amplicons 

and vector were then separated by agarose gel electrophoresis, excised, and purified 

with a Qiaquick gel extraction kit. Purified closA–D amplicons were then ligated into 

the similarly digested vector using a rapid ligation kit (Roche Applied Science). 

Ligation products of MBP-closA–D were then transformed into one-shot Top10 DH5a 

chemically competent cells (Invitrogen) and plated on Kan50 Luria Broth (LB) plates. 

Single colonies of each transformant were picked and grown overnight in preparation 
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for plasmid recovery. The recovered closA–D plasmids were then verified by PCR 

amplification and sequenced by Eton Biosciences (La Jolla, CA). The validated 

plasmids were then transformed into Invitrogen E. coli BL21(DE3) cells by heat shock 

and recovered in super-optimal broth with catabolic repression (SOC) medium for 1 h 

(Invitrogen). Cells were harvested by centrifugation at 13,000 rpm for 1 min and then 

plated on Kan50 LB agar plates at 37 °C overnight. Single colonies were picked and 

verified for the presence of the closA–D genes by colony PCR. Colonies that contained 

the closA–D genes were grown and then stored at −80 °C until used in the 

hemolytic/cytolyic assays. Preparation of the MBP-SagB inducible construct was 

described previously (12).  

Protein Purification of MBP-ClosA–D and MBP-SagA–D 

 All MBP-tagged proteins used in the in vitro hemolytic assays were purified as 

described previously (12). Upon purification, all proteins were immediately stored at 

−80 °C until further use.  

In Vitro Synthetase Reactions to Test Cytolytic Activity 

 Protein preparation and synthetase reactions employing MBP-tagged substrate 

ClosA and the BCD synthetases were performed as described previously for the in 

vitro reconstitution of SLS activity (12). In every case, omission of the substrate or the 

synthetase resulted in no detectable hemolytic activity. All assays were internally 

normalized and baseline-adjusted using two positive controls (Triton X-100 and wild-
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type SagA treated with SagBCD) and two negative controls (substrate and SagBCD 

alone).  

Preparation of GAS ΔsagA–D Strains complemented with closA–D  

 The construction of GAS ΔsagA, ΔsagB, ΔsagC, and ΔsagD allelic exchange 

mutants in GAS strain NZ131 (M49 serotype) was described previously (4). To 

introduce the individual closA–D genes in trans to the corresponding sagA–D allelic 

exchange mutants, closA–D were individually PCR-amplified with XbaI/BamHI 

flanking sequences from pGS-21a closA–D gene containing vectors (GenScript). Each 

PCR amplicon was verified on a 1.0% gel, and the positively identified closA–D 

amplicons were then excised and purified using a Promega PCR purification wizard 

kit. Sequential restriction enzyme digests, BglII/XbaI for the pDCerm plasmid (4) and 

BamHI/XbaI for the closA–D amplicons followed (New England Biolabs). Restriction 

enzyme products were separated on a 1.0% agarose gel, excised, and purified by the 

use of a Promega gel extraction wizard kit. Ligation was performed by the use of a 3:1 

insert to vector ratio with a ligation kit (Roche Applied Science). The resulting 

ligation product was then transformed into E. coli MC1061 competent cells via 

electroporation and then plated onto LAerm500 plates. Single colonies of each 

transformant were then picked and grown overnight in preparation for plasmid 

recovery. The recovered pDCerm-closA–D plasmid was then verified by PCR 

amplification and sequenced by Eton Biosciences. The validated pDCerm-closA–D 

plasmids were then transformed into the corresponding GAS ΔsagA–D strains via 

electroporation and plated on THBerm5 plates (Todd Hewitt Broth). Single colonies 
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were picked and verified for the presence of the closA–D genes by colony PCR. 

Complementation of the constructed GAS ΔsagA–D harvesting pDCerm-closA–D was 

assessed by quantification of SLS-like hemolytic activity.  

Growth and Quantification of GAS ΔsagA–D + closA–D  pDCerm Strains 

 Extracts containing BSA-stabilized SLS or SLS-like products were prepared in 

the following manner. Overnight cultures (10 ml) of Streptococcus pyogenes M1 

mutants containing the appropriate pDCerm plasmids for complementation were 

grown to A600 ∼ 0.6 in THB containing 2 µg/ml erythromycin. Cultures were treated 

with BSA (10 mg/ml) for 1 h at 37 °C and then centrifuged (6000 × g for 10 min) 

before passing the supernatant through a 0.2-µm acrodisc syringe filter (Pall Corp.). 

These samples were centrifuged again (6000 × g for 10 min), and the supernatants 

were assayed for hemolytic activity by addition to defribinated sheep blood (in V-

bottom microtiter plates at 1:25 and 1:50 dilutions). The blood was treated for 2–4 h 

before assessing hemolytic activity as reported previously (12). Genetic 

complementation was assayed in both the Dixon and Dorrestein laboratories on 

multiple occasions and resulted in similar, consistent results.  

Site-directed Mutagenesis of ClosC 

Preparation of ClosC CxxC Mutants 

 A Stratagene QuikChange kit was used to create the closC CxxC mutants using 

pET28b-MBP closC plasmid as a template for PCR. The PCR product was then mixed 
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with 1 µl of DpnI (Stratagene) and allowed to digest at 37 °C for 1 h. Following 

digestion of the parental template, 1 µl of each PCR product was transformed into 

Invitrogen One-shot DH5α chemically competent cells by heat shock at 37 °C. 

Following the transformation, the DH5α cells were SOC recovered at 37 °C for 1.5 h 

then plated on Kan50 plates and incubated overnight at 37 °C. Single colonies were 

picked and inoculated into 8 ml of LB Kan50 for 16 h. The plasmid was recovered 

using a Qiaquick miniprep kit. Each CxxC plasmid was then sequenced by Eton 

Biosciences (La Jolla, CA). Once the sequences were correctly verified, 20 ng of 

plasmid for each CxxC mutant was transformed into BL21 competent cells 

(Invitrogen).  

Protein Purification of CxxC Mutants 

 All ClosC CxxC proteins were MBP-tagged and purified as previously 

described (12). Upon purification, all proteins were immediately stored at −80 °C until 

needed.  

ICP-MS Analysis of wt ClosC and ClosC CxxC Mutants 

 30 µm of ClosC, ClosC_C242A, ClosC_C245A, ClosC_C332A, 

ClosC_C335A, and ClosC_C242A_C245A were prepared and sent to Ted Huston 

(University of Michigan Department of Geological Sciences, W. M. Keck Elemental 

Geochemistry Laboratory) for metal content analysis. ICP-MS experiments on MBP-

ClosC and CxxC mutants were performed in duplicate with two different protein 

preparations.  
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Circular Dichroism of ClosC CxxC Mutants 

 Circular dichroism measurements were performed on a Jasco J-815 

spectropolarimeter. The temperature in the sample container was maintained using a 

Jasco PFD temperature stabilizer. Freshly purified MBP-ClosC and MBP-ClosC CxxC 

mutants were buffer-exchanged into 10 mm phosphate buffer using equilibrated PD-

10 columns (GE Healthcare). Thereafter, MBP-ClosC and all MBP-CxxC mutants 

were prepared to a final protein concentration of 1.2 mg/ml. Before running the 

samples on a CD spectrometer, the machine was flushed with nitrogen gas for 1 h. 

Once the CD spectrometer was equilibrated, each sample was scanned 10× within a 

wavelength range of 185–300 nm. Data were processed by applying baseline 

subtraction, deconvolution, and noise reduction using Spectra Manager® (version 2). 

A xenon lamp was used as the light source. Sensitivity of the machine was set at 100 

millidegrees. The scanning method was set to step fashion with a response time of 2 s. 

Bandwidth was set at 1, and two open channels, CD and dynode voltage, were 

operated. CD data were verified by repeating each experiment with different protein 

preparations, which resulted in consistent data. The CD results were expressed as a 

molar ellipticity ([θ]) in degrees cm2 dmol−1, as defined: [θ] = θobs/10nlCp, where θobs is 

the CD in millidegrees, n is the number of amino acids, l is the path length of the cell 

(cm), and Cp is the mole fraction. The [θ] value obtained at θ222 was used to calculate 

the helical content using the following equation: % helix = ([θ]222 − 4000)/(33,000 − 

4000) × 100. The following secondary structure prediction programs were used to 
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obtain a theoretical value of helical content for comparative purposes: PSIPRED, 

SOPMA, and nnPredict.  

Detection of Heterocyclized ClosA and SagA Peptides via Bottom-up Mass 

Spectrometry Analysis 

Sample Preparation 

 In vitro ClosA and synthetase samples, with the ability to lyse red blood cells, 

first were chemically derivatized by the addition of 50 mm 2-bromoethylamine 

(BrEA) in 200 mm Tris buffer (pH 8.8). The BrEA-lytic sample reaction was allowed 

to proceed for 16 h, at which time the samples were desalted by passing 70 µl of 

reaction mixture through a Bio-Rad Spin6 column. 50 µl of the flow-through was then 

trypsin-digested for 10 min, 20 min, 1 h, 4 h, and overnight by the use of a trypsin 

singles proteomic grade kit (Sigma).  

HPLC 

 Tryptic fragments were separated off-line by the use of an Agilent 1200 HPLC 

system equipped with an analytical C4 resin column. HPLC grade acetonitrile/0.1% 

TFA (Fisher) and water/0.1%TFA were used as solvents in the 70-min gradient that 

ran from 10–85% acetonitrile. Thirty-five 1.5-ml fractions were selectively collected 

starting at the 10 min time point within the LC run and then lyophilized overnight. 

Fractions 1–8, 9–12, 13–25, and 26–35 were pooled into three separate tubes and then 
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stored at −80 °C until mass spectral analysis. Pooled fractions 1–8 and 9–12 contained 

the identified heterogeneous mixture of modified and unmodified protoxins.  

Nanocapillary LC-MS/MS 

 Nanocapillary columns were prepared by drawing 360-µm outer diameter, 

100-µm inner diameter deactivated, fused silica tubing (Agilent) with a Model P-2000 

laser puller (Sutter Instruments) (heat: 330, 325, 320; velocity, 45; delay, 125) and 

were packed at 600 psi to a length of ∼10 cm with C18 reverse-phase resin suspended 

in methanol. The column was equilibrated with 90% of solvent A (water, 0.1% AcOH) 

and loaded with 10 µl of trypsin digested lytic sample (ClosA, SagB, ClosC, and 

ClosD) by flowing 90% of solvent A and 10% of solvent B (CH3CN, 0.1% AcOH) at 

2 µl/min for 5 min, 7 µl/min for 3 min, and 10 µl/min for 12 min. At 20 min, the flow 

rate was increased to 200 µl/min and infused into a split-flow so that ∼200–500 

nL/min went through the capillary column, whereas the remainder of the flow was 

diverted to waste. A gradient for eluting trypsin-digested peptides was established 

with a time-varying solvent mixture and directly electrosprayed into a calibrated 

Thermo Finnigan LTQ-XL (source voltage, 2.0 kV; capillary temperature, 200 °C). 

Note that in all occasions, for heterocycle identification, LTQ-MS was tuned and 

calibrated to achieve a background signal NL < 4.5E3.  

LC-MS/MS Acquisition 

 Seven different MS/MS acquisitions methods were used to compile >500,000 

spectra of the ClosA and synthetase lytic samples. Methods M1 and M2 use data-
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dependent acquisition with varying cut-offs on the exclusion list capacity and time. 

Methods M3–M7 select the 1–25th most abundant ions for fragmentation by collision-

induced dissociation using data-dependent acquisition. The identified peptides, in a 

reoccurring fashion, for the SLS and CLS systems were observed in M1 

(fragmentation of the first through fifth most abundant ions), M2 (data-dependent list 

capacity cut) and M3 (fragmentation of the first through tenth most abundant ions).  

MS/MS Data Processing 

 All collected data files (RAW) were processed with a DOS command line 

version of InSpecT software (University of California, San Diego). Relevant input 

search parameters included the following: (i) post-translational modification search, 

−18 Da (Cys, Ser, and Thr for cyclodehydration), −20 Da (Cys, Ser, and Thr for 

cyclodehydration and dehydrogenation), and +43 Da (Cys, Ser, and Thr, for BrEA); 

(ii) database, Clostridium genome (The Sanger Institute), Clostridium genome 

“reversed” or “phony database,” and common contaminants database; (iii) PTM 

allowed per peptide = 6; (iv) Δm b- and y-ion tolerance = 0.5 Da; and (v) parent mass 

tolerance = 1.5 Da.  

 The acquired RAW files were converted to mzXML files and then processed 

by Spectral Networks. Peptides that InSpecT and Spectral Networks identified as 

having PTM of −20 Da were further processed manually by de novo sequencing of the 

spectrum. Specifically, the mass error of the parental ion fragmented and the b- and y-

ion series were verified.  
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Point Mutation Analysis of Identified Heterocyclized Site on Clostridiolysin S 

Preparation of ClosA Ala Mutant at Identified Heterocycle 

 A QuikChange kit was used to create the ClosA mutants using pET28b-MBP 

closA plasmid as a template for PCR. Further processing of the construct follows the 

standard preparation described for CxxC mutants.  

Protein Purification of MBP-ClosA Ala Mutants 

 ClosA mutant was MBP-tagged and purified as described previously (12). 

Upon purification, the protein was immediately stored at −80 °C until needed for 

assays.  

Additional description of Mass Spectrometry  

 

 To observe the C-terminal end of ClosA, the digested 2-bromoethylamine 

alkylated samples were subjected to nanocapillary–LCMS/MS analysis on an LTQ 

instrument. Because of the heterologous nature of the converted ClosA substrate 

observed in the top down analysis, it was expected that similar heterologous mixtures 

of modified and unmodified peptides would result in the bottom-up approach. 

Therefore the data was subjected to the tandem mass spectral processing program 

Spectral Networks. Spectral Networks processed 576,339 total spectra and identified 

133,435 clusters. Of the indentified clusters 42 were observed in the C-terminal 

portion of ClosA (CCVSVS region). In conjunction with Spectral Networks, the 
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tandem MS/MS data was analyzed by InSpecT. The resulting MS/MS data analysis of 

ClosA outputted a series of sequence tags, which covered the C-terminal ends in a 

ladder type fashion that had a -20 and/or +43 Da modification. All residues in the 

ClosA primary sequence were annotated except C26 and C27. Each of the peptides 

identified to contain a 20 Da loss were manually confirmed. With exception of an -18 

Da modification on T11 and the expected +43 Da modifications on Cys, Ser, Thr that 

were found, no other modifications were recovered in this search. We believe that the 

18 Da loss found in the ClosA sample was due to a low level of source fragmentation 

as this ion is found to be nearly undetectable species in the broadband scan.  

 Figure 4.4 shows the tandem mass spectrum of a CLS peptide with a (methyl)-

oxazole at position T46. Manual inspection of the PTM peptide shows the parental 

mass fragmented has a Δm= 0.42 Da (230 ppm mass error) relative to the theoretical 

mass. The b and y-ion series ppm error range from 5 ppm-200 ppm. Within the b and 

y-ion series 14/22 y-ions were annotated with 7 contingent y-ions capturing the -20 Da 

modification. The b-ion series annotated 7/22 with 5 contingent b-ions capturing the -

20 Da modification. Because the y12/b11 ions were not annotated and y13/b10 were 

annotated, we infer the 20 Da loss is localized at T46 and thus represents 

methyloxazole formation. Our conclusion is supported by the chemistry which takes 

place upon methyloxazole formation, since the amide bond between S45 and A44 

would have been lost upon heterocyclization and therefore y12/b11 would be 

nonexistent. In addition to the PTM peptide, the unmodified peptide was also captured 

with a Δm= 0.52 (288 ppm mass error) and b and y-ion series ppm error range from 5 
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ppm-300 ppm. Furthermore, the analysis of the tandem mass spectrometry data 

identified several other peptides with multiple 20 Da losses. The first localizes 

heterocyclized residues at positions: T11 and T12 (Peptide 3 Fig. 4.11). The parent 

mass of the fragmented peptide with heterocycles at T11 and T12 had a mass error of 

260 ppm mass error and a b and y-ion series with ppm error ranging from 10 ppm-250 

ppm. The identified peptide displayed 9 contingent y-ions all of which contained the 

modification. The b-ion series annotated 7/14 ions. Peptide 4 is a similar peptide as 

Peptide 3 but has one less heterocycle. The mass error of this peptide was 333 ppm. 

Our method was able to identify an SLS peptide with a 40 Da loss relative to the 

unmodified peptide (installation of two oxazoles by SagBCD enzymes). The identified 

peptide (Peptide 2) had a mass error of 71 ppm.  

Primers used in studies  

Intergrational mutagenesis of closA and closC  

(i) ClosA_For_EcoRI  

GCGGAATTCTAATGAACACGTACTGACAACTAC)  

(ii) ClosA_Rev_BamHI  

GCCGGATTCGCTGCTCCGCCCACCTGTT .  

ClosC_For_EcoRI 

GCGGAATTCGCGGAATTCGCCCCAAAAAGTATTATTTTATATCAG  
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(iii) ClosC_Rev_BamHI  

GCCGGATTCCACTCTAGACATCCCGTTTTAGG  

Cloning and protein purification of ClosA, ClosB, ClosC, ClosD, SagB  

 (i) ClosA(ForBamHI) AAG GAT CCA TGC TGA AAT TTA ACG AAC 

ATG TGC TGA CC ClosA(RevNotI) AAG CGG CCG CTT AGT TGC CGC CCT 

GAC CCG C (ii) ClosB(ForBamHI) AAG GAT CCA TGC TGC TGA AAA ACC 

TGA AAA AAC AGA AAG TC ClosB(RevNotI) AAG CGG CCG CTT AAT CAC 

CCT GTT CCC AGC CCA CG (iii) ClosC(ForBamHI) AAA GGA TCC ATG AAA 

AAT AAT ACC ATC TAT CGT CTG AGC ClosC(RevNotI) AAA GCG GCC GCT 

TAG CTA TTA ATA TCT TCC AGA ATA CCA TCG (iv) ClosD(ForBamHI) AAA 

GGA TCC ATG ATC AAA TTT AGT CCG TCA TTT AAT AAT ATT CTG G 

ClosD(RevNotI) AAA GCG GCC GCT TAT GGC ATC GGA TGC GGG TAT TC.  

In vivo Lytic activity: Clos single-gene complementation into Group A Streptococcus 

(GAS) ΔsagA-D strains  

 (i) ClosA (ForXbaI) TAA TCT AGA TAA ATG CTG AAA TTT AAC GAA 

CAT GTG CT ClosA(RevBamHI) TAA GGA TCC TAA TTA GTT GCC GCC CTG 

ACC CGC CGC CGC A (ii) ClosB (ForXbaI) TAA TCT AGA TAA ATG CTG CTG 

AAA AAC CTG AAA AAA CAG A ClosB(RevBamHI) TAA GGA TCC TAA TTA 

ATC ACC CTG TTC CCA GCC CAC GAC T (iii) ClosC (ForXbaI) TAA TCT AGA 

TAA ATG AAA AAT AAT ACC ATC TAT CGT CTG A ClosC(RevBamHI) TAA 
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GGA TCC TAA TTA GCT ATT AAT ATC TTC CAG AAT ACC A (iv) ClosD 

(ForXbaI) TAA TCT AGA TAA ATG ATC AAA TTT AGT CCG TCA TTT AAT 

ClosD (RevBamHI) TAA GGA TCC TAA TTA TGG CAT CGG ATG CGG GTA 

TTC GTT.  

Sited Directed Mutagenesis of ClosC CxxC mutants  

 (i) ClosC_C332A TTC CGT TTT GTC CGG CGG CCG GCA ATA TTA 

GCA AAG C ClosC_C332A GCT TTG CTA ATA TTG CCG GCC GCC GGA CAA 

AAC GGA A (ii) ClosC_C329A TCT GCT GCG CGT TCC GTT TGC TCC GGC 

GTG C ClosC_C329A GCA CGC CGG AGC AAA CGG AAC GCG CAG CAG A 

(iii) ClosC_C245A GAA AAC CGG GTG CCT GGA AGC TTT TGA GCA GCG 

TAT TCT G ClosC_C245A CAG AAT ACG CTG CTC AAA AGC TTC CAG GCA 

CCC GGT TTT C (iv) ClosC_C242A GCC GCC GAA AAC CGG GGC CCT GGA 

ATG TTT TGA G ClosC_C242A CTC AAA ACA TTC CAG GGC CCC GGT TTT 

CGG CGG C ClosC_C242A_C245A GCC GCC GAA AAC CGG GGC CCT GGA 

AGC TTT TGA GCA GCG TAT T ClosC_C242A_C245A AAT ACG CTG CTC 

AAA AGC TTC CAG GGC CCC GGT TTT CGG CGG C (v) ClosC_C329A_C332A 

GAT CTG CTG CGC GTT CCG TTT GCT CCG GCG GCC GGC AAT ATT A 

ClosC_C329A_C332A TAA TAT TGC CGG CCG CCG GAG CAA ACG GAA 

CGC GCA GCA GAT C.  

Point mutation analysis of identified heterocyclized sites on clostriodiolysin S  
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 (i)T46A_fwd GCA GCG CGA GCG CCG GTG GTG GT T46A_rev ACC 

ACC ACC GGC GCT CGC GCT GC 
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Figure 4.1 Comparison of the streptolysin S-associated genetic cluster (Sag) with 
the SLS-like clostridiolysin S genetic cluster in Clostridium botulinum 
(A) the Sag cluster in GAS contains a SLS precursor sequence (SagA), which is 
modified by the SagBCD synthetase complex. SagE and -F are potentially involved in 
immunity function. SagG–I have homology to ABC transporters. The clostridiolysin S 
gene cluster contains genes similar to the Sag locus, in identical order, and is present 
in C. botulinum ATCC 3502, and C. sporogenes ATCC 15579. B, shown is the genetic 
complementation of Clos genes in GAS M1 Sag mutants. BSA-stabilized extracts 
were assayed for lytic activity. Bar 1, M1wtGAS; bar 2, M1 GAS ΔsagA and wtsagA; 
bar 3, M1 GAS ΔsagA and wtclosA; bar 4, M1 GAS ΔsagB and wtclosB; bar 5, M1 
GAS ΔsagC and wtclosC; bar 6, M1 GAS ΔsagD and wtclosD; bar 7, M1 GAS 
ΔsagA and plasmid alone; bar 8, M1 GAS ΔsagB and plasmid alone; bar 9, M1 GAS 
ΔsagC and plasmid alone; and bar 10, M1 GAS ΔsagD and plasmid alone. Hemolytic 
activity was normalized against a Triton X-100 positive control. C, C. sporogenes 
exhibits a strong β-hemolytic phenotype when grown on blood agar plates. ΔclosA and 
ΔclosC C. sporogenes allelic exchange mutants lose the ability to lyse erythrocytes. 
Bacteria were grown for 36 h at 37 °C under anaerobic conditions.  
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Figure 4.2 Hemolytic activity of clostridiolysin is detectable in vitro 
(A) in vitro reconstitution of ClosA hemolytic activity. Synthetase reactions using 
MBP-ClosA and SagB/ClosC/ClosD produce a hemolytic toxin. Hemolytic activity 
was normalized against a Triton X-100 positive control. Bar 1, wt SagA and SagBCD; 
bar 2, wt ClosA and SagB/ClosC/ClosD; bar 3, wt ClosA only; bar 4, 
SagB/ClosC/ClosD only; bar 5, wt ClosA and SagB/ClosC; bar 6, wt ClosA and 
ClosC/ClosD; bar 7, wt ClosA and SagB/ClosD; bar 8, SagA alone. (B) in vitro 
reconstitution of ClosA hemolytic activity using CxxC mutants as wild-type ClosC 
surrogates. Bar 1, wt ClosA and SagB/ClosC/ClosD; bar 2, wt ClosA and 
SagB/ALEC/ClosD wt; bar 3, ClosA and SagB/CLEA/ClosD; bar 4, wt ClosA and 
SagB/APAA/ClosD wt; bar 5, ClosA and SagB/APAC/ClosD; bar 6, wt ClosA and 
SagB/CPAA/ClosD. Hemolytic activity was normalized against a Triton X-100 
positive control. (C) CD spectra of MBP-ClosC and MBP-tagged CxxC mutants. ■, 
CD spectra of MBP-ClosC (a negative minimum at 215 and 225 nm confirms α-
helical integrity); □, CD for CPAA mutant; ▵, CD for CLEA mutant; ×, CD for APAC 
mutant; *, CD for APAA mutant; ○, CD for ALEC mutant. CD was repeated three 
times with different protein purifications and resulted in consistent results.  



 112 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.3 Alignment of ClosC in C. botulinum ATCC 3503 and MoeB/ThiF and 
proposed mechanisms             
A mechanisms for the formation of thiazole or methyloxazole. B, sequence alignments 
of ClosC, MccB, E. coli MoeB, and E. coli ThiF. Blue highlighted boxes show conserved 
ATP binding residues determined by the crystal structures of ThiF and MoeB. Green 
highlighted boxes show the residues involved in zinc-tetrathiolate formation. 
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Figure 4.4 Detection of heterocyclized ClosA peptides via nanocapillary LC-
MS/MS method 
Mass spectra of C-terminal peptides identified as being heterocyclized in the SLS and 
CLS in vitro systems. A detailed description of mass spectral annotations is supplied in 
the materials and methods section.  
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Figure 4.5 Hemolytic activity of MBP-ClosA T46A and structures of identified 
PTM peptides 
(A) synthetase reactions using MBP-ClosA T46A and SagB/ClosC/ClosD. Hemolytic 
activity was normalized against a Triton X-100 positive control. Lane 1, wt ClosA and 
SagB/ClosC/ClosD; lane 2, SagB/ClosC/ClosD only; lane 3, ClosA T46A and 
SagB/ClosC/ClosD. (B) peptide 1, CLS peptide containing a methyloxazole at 
position Thr46; peptide 2, SLS peptide containing two oxazoles at positions Ser46 and 
Ser48.  
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Figure 4.6 Effect of zinc on ClosC circular dichroism 
MBP-ClosC was incubated with 1:1 and 1:100 protein-to-EDTA molar ration then 
buffer exchanged (BE). The CD shows the MBP-ClosC remains unperturbed by the 
EDTA and is active in the bioassays (insert, y-axis shows OD450 monitoring heme 
release upon erythrocyte lysis). 
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Figure 4.7 ICP-MS data of wt ClosC versus CxxC mutants 
ICP-MS data is reported in order: 1. ClosC 2. ALEC 3. CLEA 4. APAC 5. CPAA. 
ICP-MS experiments were performed in duplicate with two separate protein 
preparations. 
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Figure 4.8 SDS-PAGE of the proteins used for CD analysis  
Proteins were concentrated (40kDa cut-off) and buffer exchanged. Molecular weight 
of MBP-ClosC is ~89kDa. 1. ALEC 2. CLEA 3. APAC 4. CPAA. 
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Figure 4.9 Effect of zinc on ClosC circular dichroism 
CxxC proteins CLEA and APAC were incubated with zinc at a 1:1 and 1:100 protein-
to-zinc molar ratio then buffer exchanged (BE). The CD shows the zinc could not 
restore alpha-helical content comparable to wt. MBP-ClosC. Insert shows bioactivity 
of the CxxC proteins upon zinc incubation (y-axis shows OD450 monitoring heme 
release upon erythrocyte lysis). 
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Figure 4.10 HPLC of modified ClosA 
HPLC purified recombinantly expressed ClosA was introduced into the FTICR-MS 
and visualized at 21ppm. Incubating ClosA with the BCD synthetase complex, 
followed by HPLC produced a series of overlapping ions. Manual annotation of the 
resulting spectra produced ambiguous mass assignments; therefore a bottom-up 
approach was taken to visualize the PTM occurring on ClosA. 
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Figure 4.11 Tandem mass spectrometry of T11/T12 heterocyclic peptide 
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Figure 4.12 Tandem mass spectrometry of T12 heterocyclic peptide 
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Introduction  

Group A Streptococcus pyogenes (GAS) is a leading human pathogen that can 

progress to dramatic invasive syndromes such as necrotizing fasciitis and toxic shock 

syndrome (2). A hallmark of GAS infection is a clear zone of hemolysis surrounding 

colonies grown on blood agar media. The ability of GAS to lyse blood cells is due to a 

powerful cytolysin known as streptolysin S (SLS) (1, 10). SLS production by GAS 

results in infections with invasive and severe outcomes (5). Furthermore, recent 

studies have shown that streptolysin S can inhibit neutrophil recruitment and impair 

immunity (7, 9). SLS has also been implicated in facilitating transepithelial spread of 

GAS (15). These findings demonstrate that SLS is likely to contribute to the 

pathogenesis of GAS infections by multiple strategies, making it a critical virulence 

factor for study. Genetic analyses have shown that SLS biosynthesis is mediated by a 

nine-gene cluster (streptolysin S-associated gene, sag) in the GAS chromosomal 

genome (11). 

Though previous attempts to identify the streptolysin S structure have not been 

successful, we have demonstrated the first in vitro reconstitution of the activity of SLS 

activity (6). Using the purified forms of the precursor peptide and modifying complex 

from S. pyogenes, we have demonstrated that SLS is a small, ribosomally produced 

bacteriocin-like toxin in the thiazole-oxazole modified microcins (TOMMs) family. 

An inactive peptide precursor is expressed by GAS that then undergoes heterocyclic 

addition at specific residues to confer hemolytic activity. Our in vitro studies revealed 

that three candidate enzymes, SagBCD, are necessary and sufficient to convert the 
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SLS precursor Sag A into a hemolytic molecule. The biosynthetic gene cluster that is 

responsible for the synthesis of SLS is highly conserved and widespread, and its 

presence spans multiple phyla, including Cyanobacteria and Euryarchaeota (6). 

SLS is closely related to other hemolytic TOMM natural products from 

firmicutes phyla organisms including Clostridium botulinum, Listeria monocytogenes 

and Staphylococcus aureus, however other TOMM natural products such as microcin 

B17 have unique bacterial targets (4, 17). Thus, many of these undiscovered 

heterocyclic peptide compounds, classified as bacteriocins, are likely to be important 

and powerful antibiotics that bacteria use to establish and maintain their environmental 

niche. It is likely that the discovery of similar peptidic antibiotics will rapidly expand 

as more genomes are sequenced. Importantly, these new peptide antibiotics are 

produced ribosomally, and thus are amenable to genetic engineering strategies. 

Finally, many gene clusters resembling Microcin B17 and SLS are present in 

microorganisms that are difficult to isolate, maintain, and study (12, 14). Therefore, 

heterologous approaches using model organisms such as E. coli would offer a marked 

advantage in studying the biosynthetic process behind many of these novel 

bacteriocin-like compounds. Gene complementation studies using Streptococcus 

pyogenes have demonstrated that insertional inactivation of each of the nine genes 

located in the sag gene cluster can be complemented in trans using plasmid-based 

single gene complementation methods (3). However, previous data have shown that 

not all of the complemented genes can restore wild type levels of toxin activity using 

this approach. 

The limitations inherent in GAS recomplementation experiments make it 
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difficult to perform detailed studies, such as assessing the role of particular domains in 

overall function of the SLS synthetases. Heterologous expression trials with various 

components of the SLS biosynthetic gene cluster have been attempted. Nizet et al. 

cloned the entire nine-gene region of the Sag gene cluster and introduced a plasmid 

containing this region into the non-hemolytic Gram-positive coccus Lactococcus lactis 

(11). Using the pSagLocus plasmid, Nizet demonstrated that the nine-gene sag cluster 

was sufficient to confer a significant amount of hemolytic activity when introduced 

heterologously into Lactococcus lactis. However, a major limitation of this method is 

the inability to control the expression of the individual genes that are introduced into 

the non-native host. Indeed, introduction of the pSagLocus plasmid into the Gram-

negative host E. coli did not result in hemolytic activity as reported by the same 

authors. This is likely due in part to the incompatibility of promoters between the 

Gram-positive Group A Streptococcus and the Gram-negative E. coli. To overcome 

the existing limitations with heterologous expression of SLS and other bacteriocins 

from divergent microorganisms, we describe herein an E. coli-based multigene 

expression system for the biosynthesis of the SLS toxin. This system allows for all of 

the genes necessary in the natural product biosynthesis pathway to be individually 

added as independent open reading frames into the expression host plasmid. All of the 

genes necessary for the production of the natural product can be added or removed by 

means of simple cloning procedures into robust E. coli expression sites. Our 

expression system also allows mutagenesis studies to be rapidly performed by PCR-

based methods, because the genes are located on easily isolated plasmids. Finally, our 

heterologous expression system can be utilized to rapidly insert similar genes from 
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other similarly produced bacteriocins, such as those from the TOMM family (8). 

Importantly, our E. coli based heterologous expression method will be especially 

applicable for investigating the biosynthesis of ribosomally derived compounds from 

microorganisms for which genomes have been sequenced, but for organisms that have 

been difficult to culture in sufficient yields for study. 

 

Materials and Methods 

Plasmid Construction 

The expression plasmids, listed in table 5.1, were all constructed using the 

Duet family of co-expression vectors (EMD4Biosciences) in a sequential fashion by 

adding to the first MCS then the second. SagB was subcloned from MBP-pET-28b 

SagB (the construction of which we have previously reported {Lee, 2008 #107}) into 

the first MCS of pET-DUET-1 using EcoR I/Not I restriction sites. Cloning was done 

in this fashion to create a TEV/thrombin protease cleavable His 6x fusion tag on the 

amino terminus of SagB . Next, SagC was amplified by PCR using primers in table 

5.2 (IDT) and ligated into the second MCS position using Nde I/Xho I restriction sites.   

SagB was inserted into pET-Duet using the BamHI/NotI restriction sites to create an 

amino terminal His 6x tag fusion. SagDA pACYCDuet-1 was constructed by first 

amplifying SagC by PCR then ligating it into the first MCS position of pACYCDuet-1 

using Nco I/Not I restriction enzymes. Next, SagA was inserted into the second MCS 

position an amino terminal maltose binding protein tag by subcloning the MBP-SagA 

gene from the previously created pET-28b MBP vector (PNAS).  All inserts and 
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vectors were double restriction digested using NEB enzymes as per the manufacturer’s 

instructions. The digested DNA was then purified using a 1% agarose gel, excised, gel 

extracted (Qiagen), and ligated using T4 DNA ligase (NEB).  The resulting constructs 

were transformed into chemically competent DH5α E. coli cells for amplification, 

purified using the Invitrogen miniprep kit and validated by DNA sequencing (ETON) 

using the pETUpstream, DuetDOWN1, DuetUP2, and t7 terminator primers (table 

5.2). 

Co-expression and Hemolytic tests 

The two combinations of SagABCD expression vectors were co-transformed 

into BL21-DE3 cells (Invitrogen) and plated on LB agar plates with 100 µg/mL 

ampicillin and 35 µg/mL chloramphenicol. The resulting colonies were then tested for 

their ability to produce a hemolytic molecule. 10 mL LB cultures with 100 µg/mL 

ampicillin and 35 µg/mL chloramphenicol and grown overnight at 37°C with shaking. 

3 10 mL LB cultures were inoculated with each of these cultures and grown to OD600 

0.7. Two of the cultures were induced with 0.8 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) and BSA was added to one of the induced cultures. An 

aliquot was removed at 2, 4, and 6 hours for hemolytic assay testing. 

 

Results 

We developed a multi-plasmid based expression strategy as a means to 

successfully reconstitute SLS activity by heterologous expression in lab strains of E. 
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coli using a pETDUET based protein expression system. This is a pET-derived E. coli 

expression system that contains two unique cloning sites for the simultaneous 

expression of two genes off of a single plasmid. The pETDUET expression system can 

be extended such that up to four expression plasmids can be introduced into a single 

bacterium, each with an independent origin of replication and two cloning sites. In this 

manner, up to eight proteins can be expressed simultaneously, under individual 

inducible control. This system has been used previously in other systems to 

characterize protein complexes in eukaryotic systems (13, 16). The overall 

organization of the plasmids used for heterologous reconstitution of SLS in E. coli is 

depicted in Figure 5.1. Our previous in vitro reconstitution studies demonstrated that 

the precursor protein SagA and the synthetase complex SagBCD are necessary and 

sufficient to convert the SagA precursor into an active hemolysin. Thus we reasoned 

that cloning of these four genes into pETDUET vectors would drive sufficient 

expression of the minimal products necessary to produce a functional SLS-like toxin 

in E. coli. These plasmids, designated pETDUET-1-SagBC and pACYCDuet-1- 

SagDA were transformed into E. coli expression strain BL21-DE3 (Invitrogen), and 

positive transformants were selected by plating on LB agar plates containing 

appropriate antibiotics. As a safety measure, antibiotic selection pressure ensures that 

SLS production by E. coli is reversed when antibiotics are not present in growth 

media. To test the ability of pETDUET-SLS E. coli to produce a hemolytic molecule, 

we induced E. coli containing SagABCD by 0.8 mM isopropyl-β-D-

thiogalactopyranoside (IPTG); BSA was added to one of the induced cultures as a 

stable carrier protein for active SLS. Supernatants were collected and processed for 
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SLS activity measurement by a microtiter hemolysis assay. Figure 5.2A demonstrates 

levels of hemolytic activity present after protein induction and SLS production by E. 

coli. SLS activity from E. coli supernatants was also strictly concentration dependent, 

as characteristic of an active hemolysin. Taken together, these findings represent the 

first heterologous expression of SLS activity using E. coli-based bioengineering 

methods. One substantial advantage of our bioengineering strategy is the ability to 

rapidly screen enzyme mutants for activity in a high-throughput fashion. We 

performed mutagenesis studies to examine the importance of putative conserved 

residues present in the amino acid sequence of one of the candidate synthetase 

enzymes, SagC. Based on sequence homology of SagC in Streptococcus pyogenes to 

SagC-like genes in the closely related pathogens Streptococcus iniae, Staphylococcus 

aureus, and Clostridium botulinum, we probed the functional importance of several 

candidate residues using our pETDUET SLS system. Quikchange site-directed PCR 

mutagenesis was used to generate point mutants in SagC (Invitrogen). Figure 5.2B 

shows a partial alignment of the SagC amino acid sequences from Streptococcus 

pyogenes, Streptococcus iniae, Staphylococcus aureus, and Clostridium botulinum, 

and depicts the selected conserved residues that were probed for function. Hemolytic 

assays performed on supernatants of pETDUET SLS SagC mutants demonstrated that 

mutation of many of these conserved residues greatly lowered SLS-toxin production 

(Figure 5.2C). Importantly, these initial findings demonstrate that our pETDUET-SLS 

system can be used to quickly probe structure/function relationships that can be 

investigated further by biochemical approaches. 
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Discussion 

We have reported here the first successful multi-plasmid system for the 

expression of the SLS biosynthetic gene cluster in E. coli. This method holds promise 

for investigating the biosynthesis of ribosomally-derived compounds from 

microorganisms that are difficult to culture in sufficient yields for natural product 

extraction and identification. We are currently using this system to characterize 

several other TOMM family members. Finally, it has already been demonstrated that 

natural products derived from posttranslationally modified bacteriocins such as 

TOMMs can have a range of medically useful activities (8). This system will allow 

researchers to probe a vast chemical space in a high-throughput manner by producing 

libraries of enzyme combinations and unnatural precursor peptides. We are currently 

using this system to explore the potential of the pETDUET E. coli system to produce a 

library of novel heterocyclic bacteriocins to screen for medically relevant, active 

compounds. 

 

Acknowledgements 

 We thank Clayton Thomas and the members of the Dixon Lab for helpful 

comments. Research was supported by 5R01GM 903 28-07. ALM was supported by 

the Ruth L. Kirschstein National Research Service Award NIH/NCI T32 CA009523. 

 

 

 



  135 

Table 5.1 pETDUET Construct Information  
 
 
 
 
 

Name Vector Genes Inserted 
SagBC pET-DUET1 His-SagB, Untagged SagC 
SagDA pACYCDuet-1 Untagged SagD, MBP-SagA 
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Table 5.2 List of oligonucleotide primers used in this study 

 
Name Sequence 5’ to 3’ 

SagC_for AAAAAAAACATATGAAATATCAACTTAATAGTAATG 
SagC_rev AAAACTCGAGTCGATTACTCGTCAAGGAG 

SagD_for 
AAAAACCATGGGATCCATGTTATACTATTATCCTTCTTTTAATCATATTTTTGAT

G 
SagD_rev AAAAGCGGCCGCGAATTCTAAGGCATTGG 

pet Upstream ATGCGTCCGGCGTAGA 
DuetDown1 GATTATGCGGCCGTGTACAA 

DuetUP2 TTGTACACGGCCGCATAATC 
T7 Terminator GCTAGTTATTGCTCAGCGGT 
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Figure 5.1 Overview of the SLS expression cluster and expression strategy.  
(A) Architecture of the Group A Streptococcus SLS expression operon. sagA encodes 
the substrate peptide SLS precursor, sagB, sagC, and sagD encode the heterocyclic 
modification enzymes for SLS maturation. (B) Flowchart depicting cloning strategy 
for pETDUET-SLS plasmid construction and gene expression. Overall organization of 
the plasmids used for heterologous reconstitution of SLS in E. coli is indicated. The 
genes were inserted into the pETDUET expression plasmid sequentially either by 
subcloning (SagA and SagB) or PCR amplification (SagC and SagD). Once the clones 
were made they were both transformed into BL21 DE3 cells under double selection 
for protein expression using the T7 promoter system. 
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Figure 5.2 Hemolytic activity of the E. coli pETDUET-SLS system.  
(A) Hemolytic activity of the produced toxin is concentration dependent (Left bars). 
Dilution indicates ratio of induced culture supernatant to PBS containing defibrinated 
sheep blood. Hemolytic activity at 1:1 dilution is almost identical to activity produced 
by wt GAS as indicated by the line indicating normalized 100% lysis. Uninduced 
cultures (right bars, -IPTG) do not express genes needed to biosynthesize toxin, and do 
not produce hemolytic toxin (levels of uninduced cultures are near background levels). 
(B) Partial alignment of SagC amino acid sequences from S. pyogenes, S. iniae, S. 
aureus, C. botulinum, showing candidates used for mutagenesis studies. Each residue 
was mutated to alanine in the inserted pETDUET-SLS genes using Quikchange 
mutagenesis kit. C. Hemolytic activity of the wt pETDUET-SLS toxin and SagC 
mutants for comparative study. Bars indicate OD600 values as relative measures of 
hemolysis. 
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Introduction 

Previous bioinformatic efforts have identified over 250 new thiazole/oxazole-

modified microcin (TOMM) natural product gene clusters widely distributed among 

prokaryotes (7). By definition, all TOMM gene clusters have a precursor gene, 

referred to as gene (A), as well as genes encoding a cyclodehydratase (B), 

oxidoreductase (C), and, in most cases, a scaffolding protein (D). The TOMM 

modifying enzymes bind to the N-terminus of the precursor peptide and modify 

cysteine, serine, and threonine residues on its C-terminus (11). The substrate binding 

region is then cleaved off by a protease leaving the modified, active C-terminal natural 

product (8). Compared to the surrounding gene cluster, the C-terminus of the 

precursor gene constitutes a hyper-variable region, which codes for in a diverse set of 

substrate peptides (4). Because of its small size and variable sequence, the precursor 

gene was incorrectly annotated in approximately one-third of the gene clusters and had 

to be identified through manual searches of the genomic DNA (Fig. 2.1) (7). Precursor 

peptide genes were identified by searching for small open reading frames encoding 

between 50 and 100 amino acids with an α-helical N-terminus and Cys/Ser/Thr/Gly-

rich C-terminus (12, 15). The peptide genes normally are found within 5 kb of the 

cyclodehydratase, although some TOMMs precursor genes have been found more than 

a megabase away (6, 7). 

This study seeks to validate the expression of these ORFs and show that the 

peptide products are TOMM substrates. Five diverse TOMM gene clusters were 

chosen, each with an unannotated ORF. Reverse transcriptase PCR (RT-PCR) analysis 
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of Bacillus amyloliquefaciens, Pseudomonas putida, KT 2440 and Bradyrhizobium 

japonicum USDA 110 demonstrated transcript expression. A fifth organism, the 

thermophile Pyrococcus furiosus, could not be cultured because of its extreme and 

stringent growth conditions. A knockout of the substrate gene of Pseudomonas putida 

was then constructed as a control and to aid in the search for the TOMM natural 

product. 

 

Materials and Methods 

Growth and reverse transcription 

Cultures of B. amyloliquefaciens and P. putida were grown overnight in 10 mL 

LB media cultures of at 37°C with shaking. B. japonicum was grown in AG media at 

30°C for 72 hours. The optical density of the cultures was then taken at 600 nm, and 1 

volume of cells at OD600 = 1 was added to 2 volumes of Bacterial Protect solution 

(Qiagen). The solution was incubated at room temperature for 5 min and then spun 

down at 5000 × g. A Qiagen RNA extraction kit was used in extracting the transcript 

RNA from the cell pellet according to the manufacturer’s protocol for bacterial cells. 

Before elution, the remaining DNA was removed by using a Qiagen RNAse Free 

DNAse Set. The purified RNA was then eluted in 30 µL RNAse free water. A 

Superscript III kit (Invitrogen) was used to carry out reverse transcription according to 

the manufacturer’s protocols. 
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RT-PCR 

The expression of every gene in each of the three TOMM natural product gene 

clusters was tested by RT-PCR reactions. The primers used for these PCR reactions 

are shown in Table 6.1. Each 25 µL PCR reaction included 10 ng of the bacterial 

cDNA, Ex Taq buffer (TaKaRa), 8% DMSO, 400 nM primers, 400 µM dNTP, and 

0.25 µl Taq polymerase. 30 cycles of RT-PCR were carried out under the following 

conditions: denaturation (94 °C, 30 s); annealing (52 °C, 60 s); elongation (72 °C, 45 

s). 

Insertional inactivation of P. putida precursor peptide 

The pJQ200sk suicide vector system was used for the allelic exchange (13). 

The strains constructed for these experiments are listed in Table 6.2. Rifampicin-

resistant isolates of P. putida were produced by sequentially plating P. putida KT2440 

on LB agar plates containing rifampicin concentrations increasing from 10 µg/mL to 

50 µg/mL (2). In each plating round, individual colonies were picked, PCR tested for 

the presence of the P. putida TOMM genes, and then streaked on a plate containing a 

higher concentration of rifampicin. The PutidaA pJQ200sk suicide vector was 

assembled by amplifying 1-kb fragments of the P. putida genome immediately 

upstream and downstream of the putidaA gene using the PutidaA upstream and 

PutidaA downstream primer pairs shown in Table 6.1. The first and last 15 base pairs 

of putidaA were included in the upstream and downstream allelic exchange regions, 

respectively. Not I/BamHI endonucleases were used to insert the PutidaA upstream 

amplified region into plasmid pJQ200sk; then the BamHI/Xho I endonuclease pair 

was used to insert the PutidaA downstream amplified region into the plasmid. Finally, 
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the kanamycin resistance gene was amplified and inserted (primers, Table 6.1) into the 

BamHI restriction site. Each cloning step was validated by DNA sequencing (ETON 

Biosciences). The resulting suicide vector was transformed into E. coli DH5α (called 

ppuApJQ200sk). RifR P. putida, E. coli ppuApJQ200sk, and E. coli SM10 helper cells 

were grown overnight 37 °C with shaking in LB media containing Rif, Kan, and Kan 

antibiotics, respectively. Aliquots from these cultures were then sequentially spread on 

LB agar plates without selection and allowed to grow overnight. The plates were 

scraped, and the bacteria were resuspended in 1 mL of LB. 25 µL of this mixed 

bacterial culture was then spread onto each of 40 plates containing 25 µg/mL 

kanamycin and incubated overnight at 37 °C. Single crossover colonies were selected 

with putidaoutside, putidaA and kantoputidaB primer pairs (Table 6.1). Positive 

colonies were then grown up in LB with 25 µg/mL kan (overnight, 37 °C) and then 

spread on LB agar plates with 25 µg/mL Kan and 5% sucrose. Colonies harboring 

double crossover recombinations were identified by PCR tests and DNA sequencing 

(ETON Biosciences). 

Recomplementation of putidaA on plasmids 

PutidaA was amplified from P, putida genomic DNA by using the PutidaAwt 

and PutidaAFLAG primer pairs shown in Table 6.1 and inserted into the pBBRMCS5 

expression plasmid (9) by means of Kpn I/Xho I endonucleases. The plasmids were 

then transformed into P. putida RifR ΔppuA by electroporation and grown on LB agar 

plates with 25 µg/mL kan. 5% sucrose and 10 µg/µL gentamycin. RT-PCR 

experiments were carried out on P. putida RifR ΔppuA, P. putida RifR ΔppuA +ppuA 

and P. putida RifR ΔppuA + ppuA-FLAG as above. 
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PagA cloning and expression 

PagA_for and PagA_rev primers (Table 6.1) were used to amplify the 

Pyrococcus furiosus gene pagA from genomic DNA; then BamHI/Not I restriction 

endonucleases were used to insert the amplified gene into the pET-28b MBP 

expression plasmid. The resultant ligated plasmids were transformed into E. coli 

DH5α cells and plated on LB agar with 50 µg/µL kanamycin. Several colonies were 

picked and grown overnight in LB with 50 µg/µL kanamycin before the plasmids were 

isolated by miniprep (Qiagen). The plasmids were checked by DNA sequencing 

(ETON Biosciences). MBP-PagA protein was expressed and purified as described 

previously for MBP-SagA (7).  

Hemolytic assays 

 MBP-PagB, C and D, as well as SagA, B, C and D, were expressed and 

purified as previously described (7). In vitro synthetase assays were performed on 

PagA+PagBCD, PagA+SagBCD, SagA+PagBCD, and SagA+SagBCD. PagA, SagA, 

PagBCD, and SagBCD were each added to the synthetase reaction solution 

individually as a negative control for hemolytic activity as previously described (7). 

After the 16 h reaction, an aliquot of each sample was added to defibrinated sheep 

blood (Hemostat Laboratories) and placed at 37 °C for 8 h (7). 
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Results 

RT-PCR experiments showed that the transcripts for the B. amyloliquefaciens, 

P. putida and B. japonicum precursor peptide genes were all amplified (Figure, 6.2). 

In order to better understand the architecture of the TOMM operons, all genes in the B. 

amyloliquefaciens gene cluster were tested for transcript expression (Figure 6.3 A). 

Primer pairs were also chosen spanning pairs of sequential genes to test whether the B. 

amyloliquefaciens gene cluster was expressed as polycystronic mRNA (Figure 6.3 B). 

As expected, all genes in the cluster were expressed. It was also determined that the 

processing and export genes of the cluster were expressed as two polycystronic 

mRNA transcripts, F−I and J−E. Despite repeated experiments, attempts to amplify a 

cDNA containing portions of the I and J genes were unsuccessful. 

The P. putida TOMM gene cluster was chosen for validation in this study due 

to the fact that its architecture is very similar to the microcin B17 gene cluster. 

However, with the exception of ppuD, none of the genes in the cluster had been 

annotated. RT-PCR experiments identified transcript mRNAs for all genes in the 

cluster (Figure 6.4 A). A knockout of the ppuA TOMM precursor peptide gene in P. 

putida was created in an attempt to identify a corresponding phenotype. As expected, 

the P. putida ΔppuA strain failed to show precursor peptide expression by RT-PCR 

(Figure 6.4 B). The ppuA knockout did not substantially change transcript expression 

for the other genes in the cluster (Figure 6.4 B and data not shown). Finally, the ppuA 

gene recomplemented into the ΔppuA strain on a plasmid both in a wild type form and 

with a C-terminal Flag tag. RT-PCR experiments on these bacteria showed ppuA 
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expression in each. Western blot experiments probing of P.putida ΔppuA + ppuA-Flag 

with α-Flag antibodies did not yield any signal in the correct size range for ppuA-Flag 

(data not shown). 

Finally, the unannotated P. furiosus TOMM precursor peptide, PagA, was 

shown to have robust hemolytic activity, similar to the SLS precursor peptide, SagA 

(Figure 6.5). These data complement our previous work showing that PagBCD can 

modify SagA to a hemolytic molecule (7). 

Discussion 

All unannotated TOMM substrates tested were transcribed 

 TOMM substrate gene mRNA transcripts were identified in the three 

organisms tested in this study. These data suggest that our methodology for 

identifying TOMM precursor peptide genes is correct. All genes in the B. 

amyloliquefaciens and P. putida clusters were shown to be expressed by RT-PCR, 

despite the fact that none of genes in the P. putida TOMM cluster had been previously 

annotated, except for ppuD. The B. amyloliquefaciens TOMM gene cluster was found 

to contain two distinct polycystronic regions. The P. putida cluster was not analyzed 

for polycystronic regions. As expected, knockouts of ppuA led to loss of the mRNA 

signal. The transcript signal was restored when ppuA was recomplemented on a 

plasmid. 

The P. putida and B. japonicum TOMM natural products have not yet been 

identified. 

 Repeated efforts to identify the P. putida and B. japonicum TOMM natural 
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products were unsuccessful. Extraction efforts were made more difficult by the fact 

that no activity could be traced to the TOMM natural products in either organism. I 

centered my identification efforts on the P. putida TOMM because of its similarity to 

microcin B17 and the relatively low number of cysteines in its precursor peptide 

sequence compared to the SLS precursor peptide. I carried out multiple natural 

product extractions on the wildtype and ΔppuA P. putida under conditions used to 

extract microcin B17 (5, 14) and used differential mass spectrometry to identify 

potential TOMM ions. Ions identified in these experiments were either shown not to 

be TOMM natural products or were not found in subsequent extractions (data not 

shown). A Flag tag fusion peptide gene was constructed and transformed into the 

ΔppuA strain in an attempt to find the resultant natural product by western blot using 

Flag antibodies, however no signal was found (data not shown). This could be because 

the additional amino acid residues in the Flag-tag blocked peptide acceptance by the 

posttranslational modification enzymes or transporters. Walsh and others found that 

certain C-terminal modifications of the microcin B17 precursor peptide abrogated its 

ability to be exported (10). The remote possibility remains that the P. putida and B. 

japonicum TOMM precursor peptide genes are transcribed but not translated. Western 

blots using antibodies specific for these peptides would be the best way to test for 

translation. 

The Pyrococcus furiosus TOMM has hemolytic activity 

 Repeated attempts to grow P. furiosus in the lab were unsuccessful, probably 

because it is an obligate anaerobe that only grows at temperatures above 80 °C (1). As 

a result, I was unable to obtain RT-PCR data showing PagA expression. Because the 
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stretch of consecutive cysteines followed by a downstream heterocyclizable residue in 

PagA fit our model for SLS like natural products, I decided to investigate the gene 

cluster further. Indeed, despite the evolutionary divide between S. pyogenes and P. 

furiosus, both PagBCD and SagBCD can convert PagA to a hemolytic molecule. This 

result complements our previous data showing that PagBCD can modify SagA to a 

hemolytic molecule (7).  

Recent supporting studies 

 During the time in which these experiments were undertaken two studies have 

been published adding more evidence that our previous bioinformatic searches 

identified the correct substrate genes. Cotter et. al. (3) identified the unannotated 

Listeria monocytogenes TOMM substrate gene as the precursor for listeriolysin S, a 

hemolytic natural product similar to Streptolysin S in backbone sequence and activity. 

More recently Scholz et. al. (16) linked a previously unknown B. amyloliquefaciens 

toxin, called plantazolicin, to the TOMM gene cluster studied in this report. The 

mechanism of toxicity was determined, but plantazolicin was shown to have an 

inhibitory effect on most Gram positive Bacilli surveyed. This type of preferential 

activity toward related species is common among TOMM natural products. The 

authors were unable to determine the structure of plantazolicin by mass spectrometry, 

however MALDI-TOF analysis of cell surface extracts showed that plantazolicin has a 

molecular mass of 1336 Da corresponding to a 14 amino acid processed peptide 

(RCTCTTIISSSSTF) (16). 
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Conclusion 

This study provides support for our methodology for identifying TOMM 

substrate genes, regardless of whether they have been shown to be genes by annotation 

programs. The largest goals of this study, linking the P. putida and B. 

amyloliquefaciens TOMM substrates to new natural products, have not yet been 

accomplished. The fact that two of the five TOMM clusters investigated in this study 

have been assigned to new natural products indicates that our previous bioinformatic 

searches have identified the true TOMM substrate peptides. Furthermore, the P. 

furiosus gene cluster was shown to be capable of modifying the unannotated precursor 

peptide, PagA, into a hemolytic molecule in vitro. Further testing needs to be done on 

the P. putida and yet unconstructed B. japonicum wild type and knockout strain pairs 

in order to identify phenotype differences and isolate compounds for characterization 

by mass spectrometry. In order to prove that the B. japonicum and P. putida TOMM 

enzymes can install heterocycles on their corresponding substrate peptides, I have 

constructed BradyA-I and PutidaA-F petDUET expression plasmid sets. Fusion tagged 

BradyA and PpuA will be affinity purified from the E. coli BL21 expression cells for 

analysis by GC-MS-MS. As was the case with the vast majority of previous natural 

product characterizations, the listeriolysin S and plantazolicin identifications reported 

on above both had the luxury of starting with a known active compound and linking 

that activity to the TOMM gene cluster. It is hoped that my work will help lead the 



 152 

way in being able to identify transient or poorly expressing natural products from a 

biosynthetic gene cluster identified through bioinformatic searches. 
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Table 6.1 List of oligonucleotide primers used in this study 
 

 
 
 
 

Primer Name Primer Sequence 5’ to 3’ Primer 
Use 5' PutidaA RT GGAATTGGCTTCCGATACAC RT 

3' PutidaA RT TACCGGGTCGTTGTTAATGC RT 
5' PutidaB RT CGCCTGCACTAAACTTAGCC RT 
3' PutidaB RT GGTGACTCCAGTCTCCAGGT RT 
5' PutidaA Outside RT ATTCTTCGGAGCATGCTGAT RT 
3' PutidaA Outside RT GTGTATCGGAAGCCAATTCC RT 
5' PutidaC RT CACACCCGCTACGAAGAAAT RT 
3' PutidaC RT CTCAAGCGGTAGCCTCGATA RT 
5' PutidaD RT GACCCAGCGCAGTAAATCAT RT 
3' PutidaD RT GCAACCGCATGTGTCTCTAA RT 
5' PutidaE RT CCTCGACCTATACCGCTTCA RT 
3' PutidaE RT GTGTATCCGGAGACCAGCAT RT 
5' PutidaF RT AAGCGGGCAAGCTTATCAC RT 
3' PutidaF RT CCATGAACTGTCCACCACTG RT 
5' Putida AB RT TGGTTGTGGTGGTAGTGGTG RT 
3' Putida AB RT AAGTTCATAGCGCTGGAAGG RT 
5' PutidaA Top Long AAAAAGCGGCCGCGACCCGGTCAAGGCCCTG RT 
3' PutidaA Top AAAAGGATCCATATTGATTTTCCATATAGGTGTCTCCTTG RT 
5' PutidaA Bottom AAAAGGATCCCCGGTAACCCTGTAACAAAAAGCG RT 
3' PutidaA Bottom Long AAAACTCGAGAAAGCCAATGTCTCATCCATGACCTC RT 
pJQ200-sk Upstream CAAAAGCTGGAGCTCCAC Seq 
pJQ200-sk Downstream CGCGTAATACGACTCAC Seq 
Kan Sequen Forw ACAAGGGGTGTTATGAGCC Seq 
Kan Sequen Rev TGGCTCATAACACCCCTTG Seq 
5' Putida A Kpn I +1 AAAAGGTACCAATGGAAAATCAATATGGTATTAGCGTC Cloning 
3' Putida A Xho I AAAACTCGAGTTACAGGGTTACCGGGTCGTTG Cloning 
3' Putida A FLAG Xho I AAAACTCGAGTTATTTATCGTCATCGTCCTTGTAGTCCAGGGTTACCGGGTCGTTG Cloning 
PagA_for AAAGGATCCATGGTGGAAGGATTTAAATTTGAGATATTTGAG Cloning 
PagA_rev AAAGCGGCCGCCTAAGGATTGGGTTTAGTTGAGAAGATTTTCC Cloning 
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Table 6.2 List of bacterial strains and plasmids used in this study 
 

 
 
 

Bacterial strain or plasmid 
name 

Description Reference or source 

Bacterial strain   
B. japonicum USDA 110  ATCC 
   
B. amyloliquefaciens FZB42  ATCC 
   
P. putida   
KT2440  ATCC 
KT2442 KT2440 isolates that are RifR This study 
ΔppuA KT2442 with ppuA replaced with the 

kanamycin resistance gene 
This study 

   
E. coli   
SM10 K-12 thi thr leu tonA lacY supE 

recA::RP4-2Tc::Mu KmR λpir 
(17) 

DH5α recA1 Laboratory stock 
   
Plasmids   
pJQ200sk GmR, sacB, suicide vector  
pJQ200sk-ppuA pJQ200sk derivative with 1kb regions 

flanking ppuA KanR 
This study 

pBBRMCS5 GmR broad-host-range vector [Kovach, 1995] 
pBBRppuA pBBRMCS5 with ppuA wild type This study 
pBBRppuA-Flag pBBRMCS5 with ppuA C-terminal Flag 

tag 
This study 
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Figure 6.1 Anatomy of annotated and unannotated TOMM substrate sequences. 
TOMM precursor peptides have an α-helical N-terminus and a C-terminus rich in 
glycine and heterocyclizable residues. Amino acid residues shown to be 
heterocyclized are colored red; in precursor peptides where the natural product 
structure is not known, possible sites of heterocyclization are colored blue. About one-
third of all TOMM clusters found to date had an unannotated precursor peptide gene 
(underlined); we identified these on the basis of their similarity to known precursor 
peptides and proximity to the modifying enzymes. 
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Figure 6.2 TOMM precursor peptide RT-PCR data. 
RT-PCR data showing mRNA transcript expression of B. amyloliquefaciens, B. 
japonicum and P. putida unannotated precursor peptide genes. Genomic DNA 
contamination was assessed from the reverse transcriptase (-) control. 
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Figure 6.3 Bacillus amyloliquefaciens TOMM cluster and RT-PCR data. 
(A) Genetic architecture of the B. amyloliquefaciens TOMM gene cluster. Notable 
genes in the cluster include: the precursor peptide, A; oxidoreductase, B; 
cyclodehydratase, C; docking scaffold, D; zinc protease, E; methyltransferase, L; ABC 
transporters, GH; and a putative immunity gene, F. (B) Top: RT-PCR showing 
transcription of genes in the B. amyloliquefaciens TOMM gene cluster. Bottom: RT-
PCR data showing that portions of the B. amyloliquefaciens TOMM gene cluster are 
transcribed in polycystronic groups. The genes F−I share an mRNA transcript as do 
J−E. 
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Figure 6.4 Pseudomonas putida gene cluster, RT-PCR data, and knockouts. 
(A) Relative architecture of the microcin B17 and P. putida TOMM gene cluster. The 
color convention is maintained throughout the dissertation: black, precursor peptide; 
green, cyclodehydratase; yellow, oxidoreductase; blue, scaffolding; light blue, 
immunity; red, export. The (#) symbols denote genes that were previously 
unannotated. (B) RT-PCR analysis of the P. putida TOMM gene cluster. (C) Top: RT-
PCR analysis of the ppuA WT and knockout P. putida as well as WT and ppuA-Flag 
recomplemented. Bottom: PpuB continued to be expressed in the ΔppuA knockout. 
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Figure 6.5 P. furiosus TOMM is a hemolytic natural product that can also be 
modified by S. pyogenes TOMM enzymes. 
The P. furiosus TOMM (PagA) was recombinantly produced and tested for hemolytic 
activity after modification by P. furiosus TOMM enzymes (PagBCD) and S. pyogenes 
TOMM enzymes (SagBCD). SagA+SagBCD was used as a positive control, and the 
precursor peptides and enzymes alone were tested for hemolytic activity as a negative 
control. 
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Conclusion: 

I reported the discovery of a new class of ribosomally encoded natural 

products, with diverse activities, produced by disparate bacterial species. My 

colleagues and I showed that the important GAS virulence factor, streptolysin S, is a 

heterocycle containing thiazole oxazole modified microcin (TOMM) peptide and that 

it has several closely related virulence factors in other prevalent human pathogens 

such as Clostridium botulinum, Listeria monocytogenes and Staphylococcus aureus. 

Important motifs within the SagA precursor peptide were characterized, and the 

substrate binding site and residues critical for hemolytic activity were identified. After 

several years of performing mass spectrometry studies on in vitro modified SagA and 

ClosA, structural evidence for heterocycle formation on these peptides was 

discovered. I then reported the development of a method for engineering E. coli to 

produce modified streptolysin S precursor peptide with hemolytic activity. This 

method should prove useful for biosynthesizing TOMM natural product libraries in a 

high throughput manner. Finally, I validated our previous bioinformatic analysis of the 

TOMM gene cluster family by showing that the unannotated ORFs we identified as 

TOMM precursor peptide genes are expressed. Though these natural products are 

difficult to purify and analyze, my colleagues and I have discovered many new natural 

products and made substantial progress towards developing methods for characterizing 

them. This research is a stepping-stone to being able to reliably identify novel 

ribosomally encoded natural products through genome mining.  
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Future Directions: 

Perhaps the most exciting part of the TOMM natural product project is the 

potential of TOMMs for use in the development of synthetic natural product libraries. 

We have built on previous research in the microcin B17 biosynthetic system to show 

that the peptides only need an amino-terminal enzyme binding site and downstream 

cysteines, serines, and threonines preceded by glycines in order for heterocyclization 

to occur (JBC, 2009). We have also shown that a fully synthetic peptide sequence that 

follows these rules can be heterocyclized in vitro (unpublished data). Finally, as part 

of the characterization of the streptolysin S biosynthesis cluster, I developed an E. coli 

expression system where all of proteins required for the production of the natural 

product were expressed of separate T7 promoters. Upon induction, the E. coli 

expressed the streptolysin S natural product and became highly hemolytic 

(unpublished data). Using this system, a library of peptide precursor genes could be 

quickly assembled and expressed, producing a corresponding library of novel, 

extensively posttranslationally modified natural products for use in activity assays. I 

have cloned the genes from P. putida and B. japonicum into E. coli in the same 

fashion to see whether my system is robust enough to work on other natural product 

biosynthesis systems. If successful, I will use site directed mutagenesis to make a 

small library of mutants in these precursor peptides as a proof of principal and test 

them for anti-cancer and anti-microbial activity.  

This is an exciting time for research on ribosomally encoded natural products. 

As the pace of genome sequencing accelerates, I predict the TOMM natural product 
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family will grow at a similar pace. I believe that our knowledge of this pathway will 

expand to a point where the final structure of a newly discovered TOMM peptide can 

be determined solely from the precursor peptide sequence and gene cluster 

architecture, greatly accelerating the rate of natural product discovery. The diversity of 

species, precursor peptide sequence, tailoring enzymes and known biological activities 

that TOMM natural products represent leads me to believe that genomics based 

natural product discovery will only grow in importance. 
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