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Abstract 

The N-terminal nucleophile (Ntn)-hydrolase structural superfamily consists of several 

classes of enzymes, including the penicillin V acylases (PVAs), bile salt hydrolases, and N-

acylhomoserine lactone (AHL) acylases. The PVAs use an N-terminal cysteine residue to 

hydrolyze the amide bond in penicillin V and are most closely related to the bile salt hydrolases. 

PVAs are encoded by many environmental and pathogenic bacteria and are of great importance in 

the pharmaceutical industry because the product of penicillin V hydrolysis is used in the 

production of semi-synthetic antibiotics. Despite their industrial value, the physiological function 

of the PVAs remains unknown. The opportunistic human pathogen Staphylococcus aureus 

encodes an Ntn-hydrolase (gene locus SAUSA300_0269). Several potential substrates of 

SAUSA300_0269 were tested and it was demonstrated to hydrolyze penicillin V but show no 

activity towards the bile salt glycocholic acid. Based on the observed activity, SAUSA300_0269 

was renamed to SaPVA. This enzyme also hydrolyzed several AHLs, which are quorum sensing 

molecules used by Gram-negative bacteria. SaPVA is the first example of a PVA from a Gram-

positive bacterium that cross-reacts with AHLs. The enzyme displayed a preference for 

unsubstituted AHLs with an acyl chain of six or more carbons. Growth experiments did not support 

a role for SaPVA in protection of S. aureus against the toxicity of 3-oxo-C12-HSL, an AHL 

produced by Pseudomonas aeruginosa. Two siderophores used by S. aureus, enterobactin and 

staphyloferrin A, were also tested as substrates, but SaPVA did not show activity towards either 

molecule. 

 To obtain further insight into the substrates of SaPVA, the crystal structure was solved to 

1.9 Å resolution and compared with those of other characterized PVAs from Gram-positive and 

Gram-negative bacteria. Similarity in the overall structure and substrate-binding loops of PVAs 
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from Gram-positive bacteria suggest that these enzymes act on similar substrates. Molecular 

docking was used to predict the binding modes of penicillin V and various AHLs to SaPVA. 

Docking results provided some clues about the structural features that may be present in 

physiological substrates of SaPVA, including one or more rings, as well as an aryl group or 

hydrophobic acyl chain. 
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Lay Summary 

Staphylococcus aureus is a bacterium that can cause serious infections in humans. It 

produces an enzyme that cleaves the antibiotic penicillin V. The enzyme family is important in the 

pharmaceutical industry because one product of the cleavage can be used to produce new 

antibiotics with improved characteristics. The function of the enzyme in the bacterium, however, 

is unknown. The purpose of this study was to determine what other molecules are cleaved by the 

enzyme to gain insight into its function. Molecules that are used by certain bacteria for 

communication were also cleaved by the enzyme. These molecules are toxic to S. aureus but the 

results did not support the hypothesis that the enzyme functions to protect the bacteria from their 

toxic effects. The structure of the enzyme and how molecules bind to its active site were also 

studied to inform predictions of other molecules that may be cleaved. 
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Chapter 1: Introduction 

1.1 Staphylococcus aureus 

1.1.1 Pathogenesis 

Staphylococcus aureus is a Gram-positive opportunistic pathogen capable of causing a 

wide range of infections in humans (1). S. aureus is normally a commensal that asymptomatically 

colonizes the skin and mucous membranes in a proportion of the human population (2–4). The 

principal reservoir of S. aureus is the anterior nares, but it can also colonize other sites, including 

the underarms, groin, and gastrointestinal tract (2, 5, 6). Colonization rates vary by population, 

and are higher in hemodialysis and surgical patients and those with type 1 diabetes or acquired 

immunodeficiency syndrome (7). When the skin or mucosal barrier is breached, for example 

during surgery or catheter insertion, S. aureus can infiltrate the tissues and bloodstream (7). S. 

aureus causes infections that range from superficial, such as impetigo, to invasive and life-

threatening, such as endocarditis, osteomyelitis, toxic shock syndrome, and sepsis (1, 7). 

1.1.2 Antibiotic resistance 

Treatment of S. aureus infections is complicated by the prevalence of multidrug-resistant 

strains. Penicillin-resistant isolates were reported shortly after the introduction of penicillin in 1944 

(8, 9). This resistance was mediated by the production of a secreted b-lactamase, which destroys 

penicillin through hydrolysis of the four-membered lactam ring (10). Methicillin is a penicillin 

derivative that is insensitive to some b-lactamases due to the introduction of a bulky group that 

sterically hinders enzymatic attack (10). S. aureus isolates resistant to methicillin were first 

identified in 1961, less than a year after its introduction (11). Methicillin resistance is mediated by 

the mecA gene, which encodes a penicillin-binding protein (PBP2a) with low affinity for b-lactam 
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antibiotics (10). Until the 1990’s, methicillin-resistant S. aureus (MRSA) almost exclusively 

caused infection in patients exposed to a healthcare setting (5). Community-associated MRSA 

strains are increasingly prevalent, however, and can cause severe disease in healthy individuals 

(12). In 2004, the direct healthcare costs associated with MRSA in Canada were estimated at $82 

million and were projected to increase in the following years (13). Serious concern was prompted 

by the observation of vancomycin resistance in 2002, as this glycopeptide antibiotic is considered 

the drug of last resort against MRSA (14, 15). 

 

1.2 N-terminal nucleophile-hydrolase superfamily 

Brannigan et al. (1995) first identified the protein structural superfamily known as the N-

terminal nucleophile (Ntn)-hydrolases. Ntn-hydrolases share a common abba fold composed of 

two stacked antiparallel b-sheets flanked on both sides by a layer of antiparallel a-helices (Figure 

1-1) (16). The catalytically-active N-terminal residue is located within one of the core b-sheets 

(17). The side chain of the N-terminal cysteine, serine, or threonine residue carries out a 

nucleophilic attack on the carbonyl group of an amide bond (17, 18). While all Ntn-hydrolases 

cleave an amide bond, their substrate specificities and quaternary structures vary widely (16, 18). 

Members of this superfamily include penicillin acylases (19), cephalosporin acylases (20), N-

acylhomoserine lactone hydrolases (21), class II glutamine amidotransferases (22), lysosomal 

aspartylglucosaminidase (23), and proteasome a- and b-subunits (Figure 1-2) (24). In addition to 

amide bond hydrolysis, most Ntn-hydrolases carry out autocatalytic processing of the proenzyme 

to expose the nucleophilic residue at the N-terminus (17). Based on similarities in their overall 

fold, catalytic residues, and enzyme function, a common evolutionary origin has been suggested 
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for the Ntn-hydrolases (16, 17). Nonetheless, sequence similarity between members of this 

superfamily is low, suggesting significant divergence (17).  

 

Figure 1-1. Overall fold conserved within the Ntn-hydrolase superfamily. 
Cartoon representation of a protomer of penicillin V acylase from Bacillus subtilis (PDB ID: 
2OQC), a member of the Ntn-hydrolase superfamily. Loops are coloured green, a-helices are 
coloured red, and b-sheets are coloured yellow. The abba fold consists of two antiparallel b-
sheets packed together with a layer of antiparallel a-helices on both sides. 
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Figure 1-2. Schematic of select enzyme classes within the Ntn-hydrolase superfamily. 
The Ntn-hydrolase superfamily encompasses several classes of enzymes, six of which are shown. 
The N-terminal nucleophilic residue used by each class of enzymes is indicated in brackets. Within 
the CG hydrolase family are two types of enzymes: bile salt hydrolases and penicillin V acylases. 
 

1.3 Cholylglycine hydrolase family 

1.3.1 General background 

One family of enzymes within the diverse Ntn-hydrolase superfamily is the cholylglycine 

(CG) hydrolases (EC 3.5.1.24). The CG hydrolase family is composed of two classes of 

evolutionarily-related enzymes: the bile salt hydrolases (BSHs) and penicillin V acylases (PVAs; 

Figure 1-2) (25). All members of the CG hydrolase family use cysteine as the N-terminal 

nucleophilic residue and form a homotetrameric quaternary structure (25). The S. aureus protein 

of interest is encoded by the gene SAUSA300_0269 and is annotated as a CG hydrolase. 

1.3.2 Bile salt hydrolases 

Bile salts are cholesterol derivatives that are synthesized in the liver via conjugation of the 

amino acids glycine or taurine to a steroid ring moiety (26). Bile salts are secreted into the intestinal 

lumen and are involved in absorption of dietary lipids and endocrine signaling (27, 28). They have 

also been shown to limit bacterial growth in the small intestine (29–31). BSHs catalyze hydrolysis 

of the amino acid moiety of conjugated bile salts (Figure 1-3), to release a free primary bile acid 

(26). BSHs are produced mainly by gut-inhabiting bacteria (26, 32, 33) but have also been 

Ntn hydrolases

Penicillin G 
acylases

(Ser)

AHL 
acylases

(Ser)

CG hydrolases
(Cys)

Class II glutamine 
amidotransferases

(Cys)

Proteasome
subunits

(Thr)

(Glycosyl)asparaginases 
(Thr)

Penicillin V 
acylases

Bile salt 
hydrolases
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identified in some pathogens and implicated as a virulence factor involved in pathogenesis (34, 

35). BSHs are thought to protect gut bacteria from the anti-microbial activity of bile salts, thereby 

enhancing bacterial survival (26). 

 

 

 

 
Figure 1-3. Substrates of CG hydrolases. 
Structures of (A) penicillin V, and (B) glycocholic acid, a conjugated bile salt. The amide bonds 
hydrolyzed by bile salt hydrolases and penicillin V acylases, respectively, are indicated with a red 
line. 
 

1.3.3 Penicillin V acylases 

PVAs hydrolyze the linear amide bond in phenoxymethylpenicillin (penicillin V; Figure 

1-3), producing 6-aminopenicillanic acid (6-APA) and phenoxyacetic acid (36). PVA enzymes are 

distributed among pathogenic bacteria and environmental microbes, including soil and aquatic 

bacteria (33). PVAs have significant value in the pharmaceutical industry because 6-APA is a 

precursor in the production of semi-synthetic b-lactam antibiotics (36, 37). The majority of papers 

in the literature on PVAs are focused on the industrial uses of these enzymes, including 

improvements in enzyme production and immobilization, optimization of activity by mutagenesis 

and protein engineering, and discovery of new enzymes (37–39). Despite the interest in their 

industrial applications, the physiological functions of PVAs remain unknown. 

Penicillin V is unlikely to be the physiological substrate of PVA enzymes (36, 40). Several 

penicillin acylases exhibit substrate flexibility, acting on a wide range of molecules, and 

A B
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deacylation of penicillin does not confer an evolutionary advantage (36). Cole and Sutherland 

(1966) determined that penicillin acylase activity was not a significant factor in the penicillin 

resistance observed in 148 clinical isolates of Gram-negative bacteria. Even when penicillin 

acylase activity was present, penicillin inactivation was due primarily to b-lactamase activity (41).  

One hypothesis regarding the biological function of penicillin acylases, including PVAs, 

is that these enzymes are involved in scavenging phenolic compounds produced by the action of 

microorganisms on plant matter when the bacteria are in a non-parasitic environment (36, 40). The 

gene encoding the Escherichia coli penicillin G acylase is associated with the operon responsible 

for phenylacetic acid catabolism, but no such information is available for PVAs (42, 43). An 

alternative hypothesis is that PVAs are involved in the degradation of quorum sensing molecules. 

This hypothesis was prompted by observation of cross-reactivity between PVAs and another class 

of enzymes within the Ntn-hydrolase superfamily, the N-acylhomoserine lactone (AHL) acylases, 

which is discussed in Section 1.4.3 (44, 45). Finally, sub-inhibitory concentrations of some 

antibiotics have been observed to act as signaling molecules that facilitate communication between 

species in microbial communities (46). While this phenomenon has not been studied for b-lactam 

antibiotics, it is possible they mediate interspecies signaling and that PVAs play a role in this 

system (36). 

1.3.4 Phylogenetic and binding site analyses 

BSHs and PVAs cannot be reliably distinguished based on sequence similarity alone, 

which prompted two groups to conduct phylogenetic and binding site-similarity analyses to 

improve the annotation of CG hydrolases (32, 33). In phylogenetic analyses by both Lambert et 

al. (2008) and Panigrahi et al. (2014), the CG hydrolase sequences were distributed into two major 

clusters, one of which contains sequences from primarily Gram-positive bacteria and the other 
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from primarily Gram-negative bacteria. Experimentally-verified BSHs and PVAs are present in 

both clusters. Another major difference between the two clusters is the length of the sequence that 

precedes the catalytic cysteine (33). For the majority of sequences in cluster 1 (Gram-positive), 

only one methionine residue precedes the cysteine residue. This N-formyl methionine is usually 

removed by a methionyl aminopeptidase in the bacterium (33, 47–50). The longer peptide 

sequence that precedes the catalytic cysteine in the sequences of cluster 2 (Gram-negative) 

functions as a signal sequence for secretion into the periplasmic space (33). This sequence is likely 

autocatalytically removed, as is common amongst the Ntn-hydrolases (51). All cluster 1 sequences 

also contain a 13-19 amino acid “assembly motif” that contributes to the assembly and stabilization 

of the tetrameric quaternary structure (33). The tetramer is less thermodynamically stable for 

enzymes in cluster 2 due to the absence of this motif (33). 

 Cluster 1 is further divided into two groups, one containing BSHs and the other containing 

PVAs (33). The protein of interest, encoded by SAUSA300_0269, falls within cluster 1 and is 

annotated as a PVA. Importantly, the annotation of a CG hydrolase as a BSH or PVA indicates 

solely whether the enzyme activity is greater for bile salts or penicillin V. While some enzymes 

are solely BSHs or PVAs and have no activity towards the other substrate, some BSHs have low 

levels of activity towards penicillin V and vice versa (25, 33). Kumar et al. (2006) determined that 

this gradation in activity is reflected in the amino acid sequences of the enzymes, which supports 

the hypothesis that BSHs and PVAs diverged from a common evolutionary ancestor. 

1.3.5 Catalytic mechanism 

Amide bond hydrolysis by Ntn-hydrolases occurs through two consecutive half-reactions. 

In the first, the cysteine alpha-amino group protonates the leaving group nitrogen and, in a 

concerted fashion, the anionic thiolate group carries out a nucleophilic attack on the carbonyl group 
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of the amide bond (52). The amino leaving group is released and an acylenzyme adduct is formed. 

For hydrolysis of penicillin V, the leaving group is 6-APA and phenoxyacetic acid forms the 

enzyme adduct (53). In the second half-reaction, a water molecule participates in cleavage of the 

acylenzyme adduct to regenerate the enzyme (52). 

 The roles of several conserved residues involved in PVA activity have been inferred based 

on computational analysis and mutagenesis of a BSH (52). Residues Arg17 and Asp20 (numbering 

based on the PVA from Bacillus sphaericus) likely stabilize the anionic thiolate group of the 

catalytic cysteine and residue Asn175 likely stabilizes the transition state as part of the oxyanion 

hole (52). In the studied BSH, residue Asn82 also contributes to the oxyanion hole, but in PVAs, 

this Asn residue is replaced with a Tyr (33, 52). Finally, residue Arg228 in the studied BSH is 

directly involved in transition-state stabilization and, in docking studies with a PVA, the 

homologous residue forms a hydrogen bond with penicillin V (33, 52). 

 

1.4 Hydrolysis of N-acylhomoserine lactones 

1.4.1 Quorum sensing in Gram-negative bacteria 

Quorum sensing (QS) is a cell-to-cell communication system that allows bacteria to 

coordinate their activities in response to population density through regulation of gene expression 

(54, 55). For example, QS systems have been implicated in regulation of virulence factor secretion 

(56), biofilm formation (57), antibiotic production (58), and swarming migration (59). Intercellular 

communication in QS systems is mediated by diffusible signaling molecules termed autoinducers 

(AIs) (60). AIs are secreted by bacteria and accumulate in the local environment as the bacterial 

population increases (61). When a threshold population density is reached, AIs interact with 

cognate receptor proteins in the membrane or cytoplasm (54, 61). Detection of AIs upregulates the 
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expression of genes involved in cooperative activities and increases production of AIs in a positive 

feed-forward mechanism (62, 63). QS systems have been identified in many bacterial species and 

Gram-positive and Gram-negative bacteria have been shown to use different QS systems (55). 

In many Gram-negative bacteria, quorum sensing is primarily carried out by LuxI/LuxR-

type systems that use AHLs as the AIs (Figure 1-4) (55). The LuxI homolog is an AHL synthase 

(64). The acyl chains of AHLs produced by different bacteria vary in length (C4-C18), degree of 

saturation, and oxidation at the third carbon position (Figure 1-5) (65). This diversity in AHL 

structures is the basis of specific intraspecies communication (54). AHLs diffuse freely through 

the inner and outer membranes, accumulating in the environment and cytoplasm as the population 

increases (54, 55). Above a threshold concentration, AHLs bind to the LuxR homolog receptor, 

which is a cytoplasmic transcription factor (66). AHL binding promotes LuxR homodimerization 

and binding to a DNA sequence called the lux box in the promoter region of target genes (67, 68). 

AHL-bound LuxR also induces expression of luxI, resulting in a feed-forward mechanism that 

further increases AHL concentration (63). 
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Figure 1-4. AHL-mediated quorum sensing in Gram-negative bacteria. 
Gram-negative bacteria primarily use LuxI/LuxR-type quorum sensing systems, which employ N-
acylhomoserine lactones (AHLs) as the autoinducer. The LuxI homolog (pink) is an AHL synthase 
and the LuxR homolog (yellow) is a cytoplasmic AHL receptor. AHLs diffuse freely through the 
inner and outer membranes of Gram-negative bacteria. Above a threshold concentration, AHLs 
bind to LuxR, resulting in dimerization and binding to specific DNA sequences called lux boxes 
in the promoters of target genes and the luxI gene. 
 

 

 

 

 

 

Figure 1-5. Structures of AHLs. 
(A) General structure of an AHL and, as an example, (B) the structure of 3-oxo-C12-HSL, an AHL 
produced by P. aeruginosa. 

luxR luxIlux box

LuxILuxR

LuxRLuxR

targets lux box

A

B
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1.4.2 N-acylhomoserine lactone acylase family 

 The AHL acylases (EC 3.5.1.97) are another class of enzymes within the Ntn-

hydrolase superfamily (Figure 1-2) (21, 69). These enzymes use serine as the N-terminal catalytic 

residue and assume a heterodimeric quaternary structure (70). AHL acylases catalyze hydrolysis 

of the amide bond in AHLs, releasing homoserine lactone and a fatty acid (69, 71). AHL acylases 

have been identified in both Gram-negative and Gram-positive bacteria, despite the fact that the 

latter do not contain AHL-based QS systems (21). 

 One function proposed for the AHL acylases involves disruption of quorum sensing, which 

is known as quorum quenching (21). AHLs are also susceptible to degradation by spontaneous 

reactions such as lactonolysis (72), thus enzymatic degradation of AHLs is not the only method of 

destroying these signaling molecules. Nevertheless, AHL acylases may contribute to normal 

turnover of AHLs in an endogenous QS system to ensure that signaling is arrested when the 

bacterial population density decreases or may be involved in fine-tuning the magnitude of the QS 

signal (21). AHL acylases produced by bacteria that do not express an AHL-dependent QS system 

may function in modulating the QS signaling of other species within a complex community to 

influence community behaviour (73). Alternatively, AHL acylases may aid Gram-positive bacteria 

in escaping the toxicity of AHLs (21). Finally, several groups have suggested based on the 

substrate flexibility of the AHL acylases that AHLs may not be the physiological substrates of 

these enzymes (21, 74). 

1.4.3 Cross-reactivity between CG hydrolases and AHL acylases 

Based on the structural and catalytic similarities between the AHL acylases and PVAs, the 

potential for cross-reactivity between these enzymes was proposed (75). An AHL acylase from P. 

aeruginosa that cleaves AHLs with C6-C14 side chains and has low activity towards penicillin V 
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was later identified (44). Furthermore, Sunder et al. (2017) identified two homotetrameric PVAs 

from Gram-negative plant pathogenic bacteria that hydrolyze penicillin V as well as AHLs with 

C6-C12 side chains. These enzymes are the first examples of PVAs or any other cysteine Ntn-

hydrolases capable of degrading AHLs. When added to a culture of P. aeruginosa, the two PVAs 

were found to decrease the 3-oxo-C12-HSL concentration and the levels of two virulence factors 

regulated by the QS system (45). These observations raise the possibility that AHL degradation 

may represent the physiological function of some PVAs. 

 

1.5 Hydrolysis of siderophores  

1.5.1 Siderophores used by S. aureus 

Iron is a nutrient that pathogenic bacteria, including S. aureus, must acquire from the 

human host during infection (76). S. aureus possesses several mechanisms for iron acquisition, 

including heme uptake and the production and uptake of siderophores (76). Siderophores are high-

affinity iron chelators that are capable of extracting Fe(III) from host extracellular iron-binding 

proteins (77). They are synthesized and secreted by a wide range of microorganisms and some 

bacteria can import siderophores produced by other species (termed xenosiderophores) in addition 

to their endogenous siderophores (76). Fe(III)-siderophore complexes are captured by specific cell 

surface receptors and are transported into the bacterial cell by cognate ABC transporters (78). S. 

aureus synthesizes two siderophores, called staphyloferrin A (SA) and staphyloferrin B (SB), and 

expresses uptake systems for various xenosiderophores, including enterobactin, bacillibactin, 

ferrichrome, desferrioxamine B, and aerobactin (Figure 1-6). Transcription of all S. aureus 

siderophore biosynthesis and uptake systems is upregulated under iron-limiting conditions by the 

ferric uptake regulator (Fur) (79). 
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Figure 1-6. Structures of select siderophores used by S. aureus. 
(A) Staphyloferrin A (SA) and (B) staphyloferrin B (SB) are endogenous siderophores. S. aureus 
also uses several xenosiderophores, including (C) desferrioxamine B, (D) aerobactin, (E) 
enterobactin and (F) bacillibactin. Functional groups that directly coordinate Fe3+ are coloured red. 
 

1.5.2 Iron release from siderophores 

Compared to the well-understood processes of siderophore biosynthesis and uptake, 

relatively little is known about the mechanisms of iron release from siderophores within S. aureus. 

Two major mechanisms for the liberation of iron from siderophores have been observed in other 
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organisms. The most common mechanism involves reduction of the chelated Fe(III) to ferrous iron 

[Fe(II)], which is then spontaneously released because siderophores have lower affinity for Fe(II) 

(77, 80). Following iron release, the siderophore scaffold may be modified (81). The other 

mechanism involves hydrolysis of the Fe(III)-bound siderophore by specialized enzymes, reducing 

the complex stability and facilitating Fe(III) release (80). Fe(III) may be subsequently reduced to 

Fe(II) or may interact with cellular iron-binding proteins (80). To date, only two S. aureus proteins 

involved in iron release from siderophores have been identified. The oxidoreductase IruO is 

encoded by a Fur-regulated gene and is required for S. aureus growth on Fe(III)-desferrixoamine 

B as a sole iron source (82). IruO binds Fe(III)-desferrioxamine B and Fe(III)-ferrichrome and 

facilitates NADPH-dependent Fe(II) release from these hydroxamate-type siderophores through a 

single-electron transfer mechanism (83). The Fur-regulated gene ntrA encodes a nitroreductase 

that is required for Fe(III)-SA utilization by S. aureus (82). No direct evidence for the function of 

NtrA is available because attempts to recombinantly express NtrA have failed. Further 

investigation into the mechanisms of iron liberation from siderophores in S. aureus is required. 

1.5.3 SAUSA300_0269 expression correlates with siderophore-related genes 

Mäder et al. (2016) used tiling arrays to perform a large-scale analysis of the S. aureus 

transcriptome under 44 different experimental conditions. Co-expressed genes were then identified 

using hierarchical cluster analysis (84). Genes encoding most characterized iron uptake systems 

were grouped into clusters B36 and B81, which fall within the larger C19 cluster (Figure 1-2). The 

gene of interest in this study, SAUSA300_0269, falls into cluster B81 and is correlated with genes 

encoding siderophore biosynthesis and uptake systems (Figure 1-7) (84). A search for transcription 

factor binding sites revealed that transcription of SAUSA300_0269 is likely Fur-regulated (84). 

These findings suggest that the protein of interest in this study may hydrolyze siderophores. 
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Figure 1-7. Expression of SAUSA300_0269 is correlated with the expression of siderophore-
related genes. 
Mäder et al. (2016) performed a large-scale analysis of the S. aureus transcriptome under many 
different growth conditions. The group employed hierarchical cluster analysis to identify co-
expressed genes. Genes associated with most known iron-uptake systems fall into clusters B81 
and B36, within the larger C19 cluster. Characterized genes in the B81 and B36 clusters are 
indicated. The gene SAUSA300_0269 (red font) falls into cluster B81 and its expression is 
correlated with that of genes involved in siderophore biosynthesis and uptake (bold). 
 

 

1.6 Objectives 

S. aureus is a major human pathogen that can cause severe disease and presents a risk to 

individuals in both healthcare and community settings. The increasing prevalence of multidrug-

resistant strains underscores the need for novel therapeutics against S. aureus. The protein of 

interest in this study may be involved in important bacterial processes that are potential targets for 

drug development. 
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 Based on phylogenetic analysis, the Ntn-hydrolase encoded by SAUSA300_0269 likely 

has penicillin V acylase activity. PVAs have significant value in the pharmaceutical industry, but 

the biological function of these enzymes is unknown. The objective of this study is to identify the 

physiological substrate(s) of the Ntn-hydrolase and determine its function in S. aureus. The Ntn-

hydrolase will be henceforth referred to as SaPVA, which is in keeping with the naming convention 

used for other characterized PVA enzymes. 

 Cross-reactivity between PVAs and AHL acylases has been observed and some AHLs 

inhibit growth and antagonize quorum sensing in S. aureus. I hypothesize that SaPVA hydrolyzes 

AHLs and that this enzyme protects S. aureus from AHL-mediated toxicity. Expression of SaPVA 

is correlated with expression of S. aureus genes involved in siderophore uptake and biosynthesis, 

suggesting that this enzyme may hydrolyze an amide bond in one or more siderophores. Therefore, 

I hypothesize that an alternative or additional function of SaPVA is hydrolysis of siderophores to 

liberate iron for use by S. aureus. This study will provide insight into an industrially-important 

class of enzymes and potentially the mechanism by which S. aureus protects itself against AHL-

mediated toxicity or liberates iron from Fe(III)-siderophores. 

 I tested the enzymatic activity of SaPVA towards penicillin V, the bile salt glycocholic 

acid, two siderophores, and various AHLs. I determined that SaPVA has PVA activity and 

hydrolyzes several AHLs. No activity was observed towards the other tested substrates. I examined 

the role of SaPVA in protecting S. aureus against AHL-mediated toxicity, but the experimental 

results did not support this function. I also solved the structure of SaPVA using X-ray 

crystallography and performed docking studies to investigate the binding of penicillin V and AHLs 

to the enzyme active site. 
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Chapter 2: Methods 

2.1 Bacterial strains and growth conditions 

Bacterial strains used in this work are listed in Table 2-1. E. coli cultures were grown in 

Luria-Bertani (LB) broth or on LB-agar. Growth medium was supplemented with ampicillin (100 

µg/mL) and chloramphenicol (30 µg/mL) when appropriate. S. aureus strains were grown in 

tryptic soy broth (TSB), Roswell Park Memorial Institute (RPMI)-1640 medium supplemented 

with 2.0 g/L sodium bicarbonate, or on TSB-agar. Growth medium was supplemented with 

chloramphenicol (10 µg/mL) when appropriate 

 

 

Table 2-1. Bacterial strains used in this study 
Bacterial strain Description Source 
   

E. coli DH5a Strain used for general cloning. Inserts are highly 
stable due to recA1 mutation. High DNA yields and 
quality due to endA mutation. 

Life Technologies 

E. coli BL21(DE3) Strain used for protein overexpression. Contains a 
chromosomal copy of the phage T7 RNA 
polymerase gene inducible by IPTG. Deficient in 
lon and ompT proteases. 

Novagen 

S. aureus  
USA300 JE2 

USA300 LAC, a community-associated MRSA 
strain isolated from the Los Angeles county jail, 
cured of all plasmids. 

Received from 
David Heinrichs 
(UWO) 

S. aureus RN4220 Cloning strain that is restriction-deficient due to a 
mutation in the sau1 hsdR gene. Receives plasmids 
from E. coli for transformation into S. aureus. 

Received from 
David Heinrichs 
(UWO) 

S. aureus JE2Dsapva Strain USA300 JE2 with an sapva (locus tag 
SAUSA300_0269) deletion. 

This study 



18 

 

2.2 Cloning and site-directed mutagenesis of sapva 

Plasmids and primers used in this work are listed in Table 2-2 and Table 2-3, respectively. 

The SaPVA nucleotide sequence (locus tag SAUSA300_0269) was synthesized in a pET52b(+) 

vector (GenScript) and the construct was confirmed by sequencing (GeneWiz Inc). The C2A 

variant was generated by site-directed mutagenesis using a single-primer method (85). A 5’-

phosphorylated mutagenesis primer (Integrated DNA Technologies) and Phusion polymerase 

(NEB) were used to perform whole-plasmid PCR amplification. Thermostable Ampligase 

(Epicentre) was included in the PCR solution to ligate the newly-synthesized plasmid after each 

round of replication. Methylated and hemi-methylated DNA were digested by incubating PCR 

products with DpnI overnight at 37°C. The full digestion solution (14.5 µL) was transformed into 

E. coli DH5a cells by heat shock. Plasmid purified from DH5a cells was used to confirm the 

mutation with sequencing (GeneWiz Inc) and was transformed into E. coli BL21(DE3) cells by 

electroporation for recombinant protein expression. 
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Table 2-2. Plasmids used in this study 

Plasmid  Description Source/Reference 
   
pET52b(+) E. coli cloning and protein expression vector. 

Contains a strong T7lac promoter, an optimized 
RBS, a multiple cloning site, and an ampicillin 
resistance gene. 

Novagen 

pET52b-sapva pET52b(+) containing a construct for recombinant 
expression of SaPVA. 

This study. 

pET52b-sapva-C2A pET52b(+) containing a construct for recombinant 
expression of an SaPVA C2A variant. 

This study. 

pKOR1 An E. coli/S. aureus shuttle vector used for 
markerless allelic replacements in S. aureus. 
Enables rapid cloning via lambda recombination and 
selection by ccdB expression. Antisense secY RNA 
is employed for counter-selection. 

Bae and 
Schneewind 
(2005) 

 

 

Table 2-3. Primers used in this study 
Primer Sequence (5’à3’)a Description 

sapva-C2A-
mutagenesis 

 5’phos 
CCATAGCAATGGCCACAGGATTCAC 

For C2A mutation of sapva 
construct in pET52b(+) 

sapva- 
upstream-for 

GGGGACAAGTTTGTACAAAAAAGCAG 
GCTATAAAAGGTACTTCATGTCGACG  

For amplification of ~1 kb 
region upstream of 
chromosomal sapva gene 
to construct deletion. 

sapva- 
upstream-rev 

GGACCTCCGCGGTGTTCTCACTCCTCT 
GTACC 

sapva-
downstream-for 

GGACCTCCGCGGCGATTGATAATGGA 
ATTTGGTTGA  

For amplification of ~1 kb 
region downstream of 
chromosomal sapva gene 
to construct deletion. 

sapva-
downstream-rev 

GGGGACCACTTTGTACAAGAAAGCTG 
GGTTGAGTAAACTGGTGAATTTTCAG  

aRed sequences indicate altered codons and underlined sequences denote the specific nucleotides changed 
relative to the S. aureus JE2 wild-type strain. Bolded sequences indicate restriction enzyme sites. Italicized 
sequences indicate the Gateway attB1 and attB2 recombination sites (Invitrogen). 
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2.3 Construction of an sapva deletion mutant 

A markerless deletion of the gene encoding SaPVA was constructed using the pKOR1 

system described by Bae and Schneewind (86). Chromosomal DNA was purified from S. aureus 

JE2 and two sets of primers were used to amplify ~1 kb sequences immediately upstream and 

downstream of the gene. The PCR products were digested with SacII, ligated together, and 

recombined into the pKOR1 plasmid using BP Clonase II (Invitrogen Gateway cloning system). 

The plasmid was transformed into E. coli DH5a cells using heat shock and verified with DNA 

sequencing. The pKOR1 plasmid was transformed into the intermediate strain S. aureus RN4420 

and subsequently into strain JE2 using electroporation. The chromosomal deletion was generated 

using the inducible counterselection method described by Bae and Schneewind (2006) with minor 

modifications. An overnight culture of S. aureus JE2 containing the pKOR1 plasmid was grown 

in TSB supplemented with 10 µg/mL chloramphenicol (TSBCm10) at 30°C. A 5-µL aliquot of this 

culture was transferred to fresh TSBCm10 and incubated for 6 hours at 30°C, then 2 hours at 32°C, 

and then overnight at 42.3°C. The overnight culture was plated on pre-warmed TSACm10 plates at 

42°C overnight. Colonies were used to inoculate 5-mL overnight cultures in TSB with no 

antibiotics, which were incubated at 30°C. Dilutions of the overnight culture were plated on TSA 

plates supplemented with 250 ng/mL anhydrotetracycline and incubated at 30°C overnight. 

Colonies sensitive to chloramphenicol were identified and the chromosomal deletion was 

confirmed by colony PCR. 
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2.4 Recombinant expression and purification of SaPVA and the C2A variant 

SaPVA and the catalytically-inactive C2A variant were overexpressed in E. coli 

BL21(DE3) cells. LB medium supplemented with 100 µg/mL ampicillin was inoculated with ~3 

mL of overnight culture and incubated at 37° with shaking for 2-3 hours until an OD600 of 0.6-0.8 

was reached. For expression of SaPVA, the LB medium was also supplemented with 30 µg/mL 

chloramphenicol because the BL21(DE3) expression strain contained an additional plasmid that 

encodes a chloramphenicol resistance gene. Protein expression was induced with 1 mM isopropyl 

β-D-thiogalactopyranoside (IPTG) and the cultures were incubated overnight at 25°C with shaking 

at 200 rpm. Cells were harvested by centrifugation at 4,680 ´ g for 10 minutes and resuspended in 

10 mM HEPES (pH 7.0), 2 mM TCEP on ice. Cells were lysed at 4°C with an EmulsiFlex-C5 

homogenizer (Avestin) and insoluble material was pelleted by centrifugation at 10,000-15,000 ´ 

g for approximately 1 hour. 

SaPVA and the C2A variant were purified as previously described (87) with some 

modifications. The soluble lysate was filtered with a 0.45 µm syringe filter (Millex-HP), adjusted 

to 50% saturation with ammonium sulfate solution, and equilibrated for 30 minutes at 4°C. The 

solution was centrifuged at 26,892 ´ g for 15 minutes. The pellet was washed twice by 

resuspending in approximately half the original volume of 10 mM HEPES (pH 7.0), 2 mM TCEP, 

adjusting to 50% saturation with ammonium sulfate, and then centrifuging at 26,892 ´ g for 15 

minutes. The pellet was resuspended in 10 mM HEPES (pH 7.0), 2 mM TCEP, 0.5 M ammonium 

sulfate and incubated on ice for 10 minutes. The solution was centrifuged and applied to a 6-mL 

Toyopearl Phenyl-650M column (Tosh Bioscience). Protein was eluted with a linear decreasing 

ammonium sulfate gradient (0.5 M to 0 M) and dialyzed or exchanged by ultrafiltration into 10 
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mM HEPES (pH 8.0), 2 mM TCEP. The proteins were further purified by anion exchange 

chromatography. The proteins were applied to a Source 15Q column (GE Healthcare) and eluted 

with a linear gradient of 0 to 0.5 M NaCl. Fractions containing protein were concentrated, dialyzed 

or exchanged by ultracentrifugation into 10 mM HEPES (pH 8.0), 2 mM TCEP, 200 mM NaCl, 

and applied to a Superdex 200 10/300 size-exclusion column (GE Healthcare). Purified protein 

was dialyzed or exchanged by ultrafiltration into 20 mM Tris (pH 7.5), 100 mM NaCl, 2 mM 

TCEP, concentrated to approximately 10 mg/mL, flash frozen, and stored at -70°C. SDS-PAGE 

was used to assess protein purity. Protein concentrations were measured using predicted extinction 

coefficients at 280 nm calculated by the ExPASy ProtParam tool (https://www.expasy.org/) based 

on their primary amino acid sequences. 

 

2.5 Mass spectrometry of SaPVA and the C2A variant 

Mass spectrometry (Proteomics Core Facility, University of British Columbia) was used 

to assess the purity of SaPVA and the C2A variant and confirm the removal of the Met1 residue. 

SaPVA was analyzed on a Waters Xevo G2 QTOF mass spectrometer with electrospray ionization 

in the positive mode. The C2A variant was analyzed on an Agilent 6550 QTOF mass spectrometer. 

 

2.6 Crystallization and structure determination of SaPVA 

SaPVA was crystallized using sitting-drop vapour diffusion at room temperature. The 

reservoir contained 0.2 M trisodium citrate, 20% (w/v) PEG3350 and crystals formed in a 2-µL 

drop containing a 1:1 mixture of 10 mg/mL SaPVA and reservoir solution. The crystal that 

produced the X-ray dataset used for structure solution was not cryoprotected and was instead flash 

frozen in liquid nitrogen immediately upon removal from the drop. Diffraction data was collected 
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at the Canadian Light Source (CLS) on beamline 08ID-1. The data were processed and scaled 

using XDS (88). Crystals were of space group C121 with two molecules in the asymmetric unit. 

The molecular replacement model was prepared using the Phenix suite (89) program Sculptor (90) 

from the structure of a PVA from Bacillus subtilis (PDB ID: 2OQC; 33% sequence identity). The 

molecular replacement phases were determined using Phaser-MR (91) and a preliminary model 

was generated using AutoBuild (632 of 658 residues built), both programs from the Phenix suite. 

Manual building was performed in Coot (92), and refinement was carried out with phenix.refine 

(89). The protein structure comparison service PDBeFOLD from the European Bioinformatics 

Institute (93) was used to compare the structure of SaPVA with those of other PVAs. PyMOL 

(Version 1.7, Schrödinger, LLC) was used to produce structure figures. 

 

2.7 Docking of penicillin V and AHLs to SaPVA 

Molecular docking was performed using the grid-based docking program AutoDock Vina 

(94). Three-dimensional structures of penicillin V and various AHLs were obtained from the 

PubChem compound database (https://pubchem.ncbi.nlm.nih.gov/). The ligand and SaPVA 

receptor files were converted to PDBQT format using AutoDockTools (95). Waters were manually 

removed from the SaPVA PDB file and chain B was used for docking. The ligand binding site was 

defined by a grid box centred at x = -20, y = 25, z = 18.5 with dimensions of 22 ´ 28 ´ 28 Å. 

Default values were used for all docking parameters. 

 

2.8 Measurement of penicillin V acylase activity 

PVA activity was measured by determining the amount of 6-APA released upon incubation 

of SaPVA with penicillin V using an endpoint assay (96). Increasing concentrations (5 – 60 mM) 
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of the potassium salt of phenoxymethylpenicillinic acid (Sigma-Aldrich) were incubated with 0.5 

µM SaPVA in 0.1 M sodium phosphate (pH 6.0) in a total volume of 250 µL. After a four-minute 

incubation at 37°C, the reaction was arrested by adding 0.75 mL of 2.0 M sodium acetate (pH 2.5). 

The solution was centrifuged at maximum speed for 1 minute to remove precipitated protein. 

Production of 6-APA was detected by adding 0.25 mL of 0.25% p-diaminobenzaldehyde (pDAB; 

Sigma-Aldrich) in methanol. pDAB reacts with 6-APA to form a coloured Schiff’s base. Colour 

was allowed to develop for 2 minutes at room temperature and then the absorbance of the solution 

at 415 nm was measured on a Varian CARY 50 UV-Vis spectrophotometer. A standard curve was 

used to quantify the 6-APA produced. All assay measurements were performed in triplicate. A 

Michaelis-Menton model was fit to the data using non-linear regression in GraphPad Prism 7. 

 

2.9 Bile salt hydrolase activity assay 

The bile salt hydrolase activity of SaPVA was assayed colourimetrically by measuring the 

amount of glycine released upon incubation of the enzyme with 50 mM sodium glycocholate 

hydrate (Sigma) in 0.1 M sodium phosphate (pH 6.0). After incubating at 37°C for approximately 

4 hours, the 100-µL reaction solution was centrifuged in a Nanosep 3K centrifugal filter device 

(Pall Corporation) at 14,000 ´ g to remove the enzyme. The filtrate was mixed with an equal 

volume of a 2% (w/v) ninhydrin solution and boiled for 15 minutes. The absorbance at 570 nm 

was measured. A standard curve indicated that glycine concentrations of ³ 600 µM are reliably 

detected by the assay. 
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2.10 Measurement of AHL acylase activity 

The AHL acylase activity of SaPVA was measured by determining the amount of L-

homoserine lactone (HSL) produced upon incubation of the enzyme with various AHLs using a 

fluorescamine colourimetric assay. Fluorescamine reacts with the primary amine group of HSL to 

produce a fluorescent product. Reaction solutions contained 0.1 M sodium phosphate (pH 6.0), 2 

mM of each AHL and 5 µM SaPVA in a total volume of 40 µL. The AHLs tested include: C4-

HSL, C6-HSL, 3-oxo-C6-HSL, C8-HSL, 3-oxo-C8-HSL, C10-HSL, and 3-oxo-C12-HSL (Cayman 

Chemicals). After a 30-minute incubation at 37°C, 140 µL of 0.2 M sodium acetate (pH 4.5) was 

added. The solution was centrifuged at 14,000 ´ g in a Nanosep 3K centrifugal filter device (Pall 

Corporation) to remove the enzyme. To the filtrate, 20 µL of 1 mg/mL fluorescamine in acetone 

was added and the solution was incubated for 1 hour at room temperature. Absorbance at 380 nm 

was recorded. All assay measurements were performed in triplicate. 

 

2.11 S. aureus growth in the presence of 3-oxo-C12-HSL 

Bacterial growth in the presence of 3-oxo-C12-HSL was measured in both TSB and RPMI-

1640 medium. For both experiments, single colonies of wild-type S. aureus JE2 and the sapva 

deletion strain were inoculated into TSB and the cultures were incubated overnight at 37°C. To 

test growth in RPMI medium, overnight cultures were pelleted and the bacteria were washed with 

RPMI medium. The cultures were then diluted 1/20 into fresh RPMI medium and incubated for 3 

hours at 37°C. The morning subcultures were further diluted to an OD600 of 0.005 in 1 mL of RPMI 

medium in a 24-well plate. In appropriate wells, 3-oxo-C12-HSL was added to a final concentration 

of 75 µM or 100 µM. Cultures were grown in a TECAN plate reader for ~24 hours at 37°C. Every 
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3 minutes, the plate was subjected to a 10-second linear shake followed by a 10-second orbital 

shake and the OD600 was measured. To test growth in TSB, the same protocol was used with two 

alterations: 1) the pellet wash step was removed because all subsequent cultures were also prepared 

with TSB, and 2) 3-oxo-C12-HSL was added to the 1-mL cultures to a final concentration of 100 

µM or 250 µM. For both experiments, the bacterial growth curves were plotted as the average 

growth for three technical replicates and error bands represent the standard deviation. 

 

2.12 Fe(III)-enterobactin iron release assay 

SaPVA hydrolysis of Fe(III)-enterobactin was assayed by monitoring iron release from 

Fe(III)-enterobactin after incubation with the enzyme. Fe(III)-enterobactin was prepared by 

incubating enterobactin dissolved in DMSO with FeCl3 in 1 mM HCl at room temperature for 2 

hours. Enterobactin and FeCl3 were mixed in a 1.2:1 ratio to avoid introducing excess iron into the 

solution. A reaction solution containing 0.1 M HEPES (pH 6.8), 80 µM Fe(III)-enterobactin, and 

10 µM SaPVA was prepared and absorbance at 495 nm was measured on a Varian CARY 50 UV-

Vis spectrophotometer before and after incubation for 3 hours at 37°C. A ferrozine assay (97) was 

used to detect any Fe3+ released from Fe(III)-enterobactin. Following the incubation with SaPVA, 

1 mM ascorbate and 1 mM ferrozine were added to the reaction solutions to reduce Fe3+ and detect 

the resulting Fe2+. Reaction solutions were centrifuged at maximum speed for 1 minute to remove 

precipitated protein and incubated for an additional 1 hour at room temperature for colour 

development. Reaction of Fe2+ with ferrozine was detected by measuring the absorbance at 562 

nm. A standard curve indicated that Fe3+ concentrations as low as 5 µM are reliably detected by 

this assay. 
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2.13 HPLC assay of enterobactin hydrolysis 

The activity of SaPVA towards enterobactin and Fe(III)-enterobactin was assayed by 

HPLC. One reaction solution contained 0.1 M HEPES (pH 6.8), 300 µM enterobactin, 10 µM 

SaPVA and the other contained 0.1 M sodium phosphate (pH 6.0), 300 µM Fe(III)-enterobactin, 

and 10 µM SaPVA. Both reaction solutions were incubated with and without the enzyme at 37°C 

for 3 hours. A 10-µL aliquot of each sample was injected onto a Waters XTerra C18 reversed-

phase 5 µm column (2.1 mm ´ 150 mm) on an Infinity 1260 Quaternary HPLC system (Agilent). 

Enterobactin was eluted with a linear gradient of 10-50% acetonitrile in water over 30 minutes at 

a flow rate of 0.5 mL/min. Both solvents were supplemented with 0.1% TFA. Enterobactin was 

detected by its absorbance at 220 nm. 

 

2.14 HPLC assay of Fe(III)-SA hydrolysis 

SA was produced by incubating the biosynthetic enzymes SfaD and SfaB with precursors 

required for its synthesis as previously described (98). The reaction solution contained 50 mM 

HEPES (pH 7.3), 2 mM citrate, 1 mM D-ornithine, 5 mM ATP, 0.5 mM MgCl2, 5 µM SfaD, and 

5 µM SfaB. Following overnight incubation at room temperature, the reaction solution was 

centrifuged in a Nanosep 10K centrifugal filter device (Pall Corporation) at 14,000 ´ g for 14 

minutes to remove the enzymes. To the filtrate, FeCl3 prepared in 1 mM HCl was added to a final 

concentration of 3 mM. The solution was then centrifuged at 18,000 ´ g to remove precipitates 

and filtered with a 0.2 µm Iso-Disc filter (Supelco). 

 The SA solution was then incubated with and without 10 µM SaPVA at 37°C for 5.5 hours. 

The enzyme was added directly to an aliquot of the SA solution to ensure that SA is present in the 
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highest possible concentration, which is approximately 1 mM if the biosynthetic reaction went to 

completion. HEPES buffer is present in the SA solution, thus no additional buffer was added. 

 After the incubation, a 50-µL aliquot was removed from each reaction solution and mixed 

with an equal volume of acetonitrile. Each 100-µL sample was injected onto a Waters XBridge 

3.5 µm Amide column (2.1 mm ´ 100 mm) on an Infinity 1260 Quaternary HPLC system 

(Agilent). Fe(III)-SA was eluted with a linear decreasing gradient of 95-50% acetonitrile in 1.25 

mM ammonium acetate (pH 5.1) over 20 minutes. Fe(III)-SA was detected by its absorbance at 

340 nm. 
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Chapter 3: Results 

3.1 SaPVA is a penicillin V acylase 

Based on phylogenetic and binding-site analysis of the CG hydrolase family, SaPVA was 

identified as a probable PVA (32, 33). This enzyme was expected to hydrolyze penicillin V and 

display low or no activity towards bile salts. Steady-state kinetic parameters for the PVA activity 

of SaPVA were determined by measuring the initial velocity of 6-APA production using a pDAB 

assay (Figure 3-1). A control reaction was carried out with the SaPVA C2A mutant, confirming 

that this variant is catalytically inactive. The Km, kcat, and kcat/Km values for SaPVA are: 16.5 ± 1.9 

mM, 6.9 ± 0.3 min-1, and 0.42 ± 0.07 mM-1 min-1, respectively. The Km value for SaPVA is 

comparable with those of other characterized PVAs, which range from approximately 2–45 mM 

(Table 3-1). The kcat and kcat/Km values for characterized PVAs vary over two orders of magnitude 

and the SaPVA values fall at the low end of the range for both kcat and kcat/Km (Table 3-1). 

 The BSH activity of SaPVA was tested to determine if this enzyme shows any cross-

reactivity with bile salts. Hydrolysis of glycocholic acid was measured using ninhydrin to detect 

the glycine produced by this reaction. The ninhydrin assay is capable of detecting a turnover of as 

little as 1% of the glycocholic acid in the reaction solution. After a 3-hour incubation with SaPVA, 

however, no glycine production was detected, which suggests that SaPVA has no activity towards 

this substrate. 
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Figure 3-1. Steady-state kinetics of penicillin V hydrolysis by SaPVA. 
The rate of penicillin V (PenV) hydrolysis was measured by quantifying the 6-APA product using 
a pDAB assay. SaPVA (0.5 µM) was incubated with various concentrations of penicillin V in 0.1 
M sodium phosphate (pH 6.0) at 37°C. A Michaelis-Menton model was fit to the data using non-
linear regression. Error bars represent the standard deviation of three independent experiments. 
 

 

 

 

 

 

 

 

 

 

 

 



31 

 

Table 3-1. Steady-state kinetic parameters of PVAs from various organisms 

Organism Km  
(mM) 

kcat  
(min-1) 

kcat/Km 
(mM-1 min-1) 

Temp. 
(°C) pH Reference 

Staphylococcus 
aureus 16.5 ± 1.9 6.9 ± 0.3 0.42 ± 0.07 37 6.0 This work 

Bacillus 
sphaericus 11 45.5a 4.1 37 5.8 Olsson et al. 

(1985) 

Bacillus subtilis – 11.7a – 40 6.6 Rathinaswamy 
et al. (2005),  

Streptomyces 
mobaraensis 5.2 ± 0.7 270.8 ± 11 51.9 37 7.0 Zhang et al. 

(2007) 

Streptomyces 
lavendulae 2.05 60.25 38.88 40 8.0 Torres et al. 

(2002) 

Fusarium sp. 
SKF235 10 76.8 7.7 55 6.5 

Sudharkaran 
and Shewale 

(1995) 

Pectobacterium 
atrosepticum 40.8 ± 8.5 – – 45 5.0 Avinash et al. 

(2015) 

Agrobacterium 
tumefaciens 45.8 ± 17.0 – – 45 6-7 Avinash et al. 

(2017) 
–, not available. 
akcat values were calculated from reported specific activity values by Zhang et al. (2007). 
 

 

3.2 SaPVA hydrolyzes some AHLs 

SaPVA is a member of the CG hydrolase family which, along with the AHL acylases, are 

part of the larger Ntn-hydrolase superfamily. Based on a previous report of two PVAs from Gram-

negative bacteria that possess AHL acylase activity (45) and the structural similarities between 

penicillin V and AHLs, a range of AHLs were tested as substrates of SaPVA. AHL hydrolysis was 

measured using a fluorescamine assay to detect the primary amine in the L-homoserine lactone 

(HSL) product. All AHLs were incubated with SaPVA for 30 minutes and the HSL produced was 
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quantified using a standard curve. SaPVA hydrolyzed C6-HSL and all tested AHLs with a chain 

length of eight or more carbons and demonstrated a preference for AHLs with no 3-oxo-

substitution (Table 3-2). 

Measurement of the specific activity of AHL hydrolysis by SaPVA under the conditions 

tested was not possible due to the limited solubility of longer-chain AHLs. AHLs with acyl chains 

of eight carbons or more are only sparingly soluble in aqueous solvents. Thus, while each AHL 

was added to the reaction mixture at a theoretical concentration of 2 mM, the proportion that is 

soluble and available to interact with SaPVA is unknown and likely decreases as the acyl chain 

length increases. As a result, it is not possible to determine from this data if C8-HSL is the AHL 

hydrolyzed most readily by SaPVA, or if the enzyme has a preference for longer-chain AHLs, but 

their solubility is limiting. 

 

Table 3-2. Concentration of L-HSL produced by hydrolysis of various AHLs by SaPVA 

AHL substrate Concentration of L-HSL 
detected (µM)a 

C4-HSL 0 
C6-HSL 87 ± 12 

3-oxo-C6-HSL 0 
C8-HSL 1500 ± 150 

3-oxo-C8-HSL 470 ± 70 
C10-HSL 640 ± 180 

3-oxo-C12-HSL 230 ± 70 
aAfter incubation with SaPVA for 30 min. 
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3.3 SaPVA does not protect S. aureus against 3-oxo-C12-HSL-mediated toxicity 

Long-chain AHLs (C10-C14) with a 3-oxo substitution inhibit S. aureus growth and 

antagonize its quorum sensing system (99). To investigate the potential function of SaPVA in 

protecting S. aureus against AHL-mediated toxicity, growth of the wild-type JE2 strain and a 

Dsapva strain were monitored in the presence of 3-oxo-C12-HSL. This AHL is produced by P. 

aeruginosa, a bacterium that may inhabit the same environment as S. aureus. In a study of two 

PVAs from Gram-negative bacteria with AHL acylase activity, both hydrolyzed 3-oxo-C12-HSL 

and the enzymes inhibited P. aeruginosa quorum sensing phenotypes (45). Growth inhibition by 

3-oxo-C12-HSL is expected to be exacerbated in the Dsapva strain if SaPVA functions to detoxify 

AHLs. 

 S. aureus growth experiments were first conducted with liquid cultures in RPMI medium 

because the highest levels of sapva transcription are observed when S. aureus is grown in this 

medium (84). S. aureus was grown in the presence and absence of 3-oxo-C12-HSL, which was 

added to the cultures at concentrations previously shown to completely inhibit S. aureus growth. 

In RPMI medium, however, growth of the JE2 and Dsapva strains was not affected by the presence 

of 3-oxo-C12-HSL (Figure 3-2A). 

 In an attempt to reproduce the S. aureus growth inhibition phenotype, liquid cultures in 

rich TSB medium were used to conduct the same experiment. In TSB, growth of both S. aureus 

strains was inhibited by 3-oxo-C12-HSL in a concentration-dependent manner (Figure 3-2B). 

Within the error of the experiment, the same level of growth inhibition was experienced by the 

JE2 and Dsapva strains, which does not support a role for SaPVA in protecting S. aureus from the 

toxic effects of 3-oxo-C12-HSL. 
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Figure 3-2. Effect of 3-oxo-C12-HSL on growth of S. aureus JE2 and Dsapva. 
Liquid cultures of S. aureus JE2 (wild-type) and Dsapva were inoculated at an OD600 of 0.005 into 
the appropriate medium. Cultures were incubated at 37°C for ~24 hours and the OD600 was read 
every three minutes following a 20 second shake. (A) Cultures were grown in RPMI medium and 
some were supplemented with 75 µM or 100 µM 3-oxo-C12-HSL (3OC12). The RPMI-only control 
curve is shown in black. Growth curves for strain JE2 in the presence of 0, 75, and 100 µM 3-oxo-
C12-HSL are shown in red, orange, and yellow, respectively. Growth curves for strain Dsapva in 
the presence of 0, 75, and 100 µM 3-oxo-C12-HSL are shown in green, blue, and purple, 
respectively. (B) Cultures were grown in TSB and some were supplemented with 100 µM or 250 
µM 3-oxo-C12-HSL. The TSB-only control curve is shown in black. Growth curves for strain JE2 
in the presence of 0, 100, and 250 µM 3-oxo-C12-HSL are shown in red, yellow, and blue, 
respectively. Growth curves for strain Dsapva in the presence of 0, 100, and 250 µM 3-oxo-C12-
HSL are shown in orange, green, and purple, respectively. Growth curves are the average of three 
replicates and dashed lines represent the upper and lower limits of one standard deviation. 
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3.4 SaPVA does not hydrolyze enterobactin or Fe(III)-enterobactin 

Enterobactin is a siderophore imported by S. aureus that is noted for its extremely high 

affinity for iron (100). In E. coli, iron release from enterobactin requires cleavage of the 

siderophore by the esterase Fes (101). No Fes homolog is present in S. aureus and I hypothesized 

that, instead, SaPVA hydrolyzes the amide bonds linking the catechol groups to the serine-

trilactone scaffold to facilitate iron release from enterobactin. 

 Hydrolysis of Fe(III)-enterobactin by SaPVA was first tested by measuring iron release. 

Solutions of Fe(III)-enterobactin appear red and absorb light at 495 nm. The A495 of Fe(III)-

enterobactin was measured before and after incubation with SaPVA and no decrease in absorbance 

was observed. A ferrozine assay was then used to detect iron released from Fe(III)-enterobactin. 

Ascorbate was added to reduce iron to the Fe2+ form, which subsequently reacts with ferrozine to 

produce a complex that absorbs at 562 nm. The ferrozine assay is sensitive enough to detect iron 

concentrations corresponding to iron release from as little as 6% of the Fe(III)-enterobactin, but 

no free iron was detected following a 3-hour incubation with SaPVA. 

 Enterobactin was analyzed by HPLC using a reversed-phase C18 column and detected by 

its absorbance at 220 nm (102). Enterobactin and Fe(III)-enterobactin were incubated with and 

without SaPVA and analyzed by HPLC to determine if SaPVA hydrolyzes the siderophore, as 

indicated by a change in retention time. At the low pH used for HPLC analysis (pH ~2), 

enterobactin cannot bind Fe3+, thus apo enterobactin is the species eluted from the column in both 

cases. For both enterobactin and Fe(III)-enterobactin, HPLC traces of the samples incubated with 

and without the enzyme contain no significant differences (Figure 3-3), suggesting that this 

siderophore is not hydrolyzed by SaPVA. A peak corresponding to DMSO elutes at ~6.1 min and 

enterobactin elutes at ~22.3 min in each trace. Regardless of the presence of SaPVA, extended 
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incubation at 37°C produces a small peak at ~18.3 min in the traces of both enterobactin and 

Fe(III)-enterobactin and also a shoulder on the enterobactin peak for the former. These peaks likely 

correspond to degradation products.  
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Figure 3-3. HPLC assay of Fe(III)-enterobactin and enterobactin hydrolysis by SaPVA. 
(A) Fe(III)-enterobactin and (B) Enterobactin (300 µM) were incubated with and without 10 µM 
SaPVA at 37°C for 3 hours. An aliquot of each reaction solution was injected onto a reversed-
phase C18 column. Enterobactin was eluted from the column with an increasing acetonitrile 
gradient. The HPLC trace of a DMSO control is shown in black. Traces shown in gray correspond 
to 300 µM Fe(III)-enterobactin or enterobactin not subjected to incubation at 37°C. Traces shown 
in blue and red correspond to Fe(III)-enterobactin or enterobactin incubated with and without 
SaPVA, respectively. 
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3.5 SaPVA does not hydrolyze staphlyoferrin A 

SA is another siderophore for which the mechanism of iron release is unknown and it 

contains three amide bonds that could be hydrolyzed by SaPVA to facilitate iron release. SA was 

produced in vitro by incubating the biosynthetic enzymes, SfaB and SfaD, with the required 

precursors and cofactors. A control reaction was prepared, from which the second enzyme in the 

biosynthetic pathway, SfaB, was excluded. Following removal of the biosynthetic enzymes and 

addition of iron to SA, the reaction mixture was incubated with or without SaPVA. A sample of 

each solution was analyzed by HPLC using an amide column and Fe(III)-SA was detected at 340 

nm (98). 

Analysis of the reaction mixture from which SfaB was excluded confirms that the peak that 

elutes at ~17.6 minutes corresponds to Fe(III)-SA. The smaller peak that elutes at 17.8 min in the 

trace of the reaction mixture lacking SfaB corresponds to absorbance from ATP that was not 

consumed by SfaD. No change in retention time of the Fe(III)-SA peak is observed between 

samples incubated with and without SaPVA for 5.5 hours (Figure 3-4), suggesting that SaPVA 

does not hydrolyze Fe(III)-SA. 
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Figure 3-4. HPLC assay of Fe(III)-SA hydrolysis by SaPVA. 
SA was produced by incubating the biosynthetic enzymes, SfaB and SfaD, with the required 
substrates. FeCl3 was added to produce Fe(III)-SA and the reaction solution was incubated with or 
without 10 µM SaPVA at 37°C for 5.5 hours. An aliquot was mixed with acetonitrile and injected 
onto an amide column. Fe(III)-SA was eluted with a decreasing acetonitrile gradient. The HPLC 
trace shown in black corresponds to a control SA reaction solution from which SfaB was excluded 
and the gray trace corresponds to the Fe(III)-SA reaction solution. HPLC traces shown in blue and 
red correspond to the SA reaction solution incubated with and without SaPVA. 
 

3.6 Structure of SaPVA 

To gain insight into the substrates that may be accommodated by the SaPVA binding 

pocket, the structure of SaPVA was solved. The structure of a PVA from Bacillus subtilis 

(BsuPVA; 2OQC), which shares 33% sequence identity with SaPVA, was used for phasing by 

molecular replacement. SaPVA crystallized in space group C121 with two protomers (Figure 3-

5A) in the asymmetric unit. The structure was determined to a resolution of 1.9 Å. Data collection 

and refinement statistics are summarized in Table 3-3. For chains A and B, 329 and 327 residues 
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the Ramachandran plot. The N-terminal catalytic cysteine (Cys2) was modelled and no density 

corresponding to Met1 was observed. Positive electron density in the difference map (Fo-Fc) 

surrounding the Cys2 sulfur atom suggests that partial oxidation of this atom may have occurred. 

Oxidation at Cys2 was previously observed in the crystal structure of the PVA from Bacillus 

sphaericus (PDB ID: 2PVA) (47). 

The structure of the SaPVA protomer is consistent with the overall fold conserved among 

Ntn-hydrolases. The core contains two antiparallel b-sheets, which are packed together and 

sandwiched between two layers of a-helices. Members of the Ntn-hydrolase superfamily vary in 

their topology beyond the conserved abba core, but all characterized PVAs share the same 

arrangement of secondary structure elements. SaPVA is composed of a five-stranded b-sheet 

packed against an eight-stranded b-sheet, with a pair of a-helices on either side. The catalytic 

cysteine residue forms the start of one core b-strand. SaPVA shares high structural similarity with 

other characterized PVAs (Table 3-4). For example, superposition of SaPVA with BsuPVA 

(2OQC) using PDBeFOLD, gives a root mean square deviation (RMSD) of 1.38 Å over 312 

aligned Ca atoms. 

The two SaPVA protomers in the asymmetric unit are related by two-fold rotational 

symmetry and form a dimer. The stable tetrameric structure characteristic of PVAs is formed by 

association with another dimer, which is related to the first by a crystallographic twofold axis 

(Figure 3-5B). The SaPVA structure also contains the “assembly motif” typical of PVAs from 

Gram-positive bacteria. The assembly motif is a loop comprising residues 186-222 that stabilizes 

the tetrameric structure by extending out approximately 28 Å from each protomer and interacting 

with the protomer positioned across from it diagonally. 



41 

 

Mass spectrometry data (not shown) and the absence of electron density corresponding to 

Met1 in the SaPVA crystal structure indicate that this residue was removed. The mass spectrum 

of the SaPVA C2A variant confirms that Met1 was also removed in the absence of the catalytic 

cysteine. Most Ntn-hydrolases require processing to remove a leader sequence and expose the N-

terminal catalytic residue. SaPVA does not require autocatalytic processing to produce the mature 

enzyme, which is consistent with findings for other PVAs from Gram-positive bacteria (47, 49, 

50). Instead, the N-formyl methionine was likely removed by a methionyl aminopeptidase during 

recombinant expression. 

Superposition of residues identified as essential for catalysis in BsuPVA (Cys2, Arg17, 

Asp20, Tyr82, Asn175, Arg228) (32) with the homologous residues in SaPVA revealed that the 

active site architecture is highly conserved (Figure 3-6). SaPVA is therefore expected to share a 

common catalytic mechanism with characterized PVAs. 

Four loops important for substrate binding in previously characterized PVAs (33) are also 

present in SaPVA. These loops comprise residues 22-29 (loop 1), 59-63 (loop 2), 127-140 (loop 

3), and 257-273 (loop 4). Superposition of the four substrate-binding loops of SaPVA with those 

of two other PVAs from Gram-positive bacteria, BsuPVA (2OQC) and BspPVA (3PVA), reveals 

that the orientation of these loops is similar in all three structures (Figure 3-7A). More significant 

differences are observed when the substrate-binding loops of SaPVA are overlaid with those of 

PVAs from Gram-negative bacteria (Figure 3-7B). In particular, loop 4 is oriented more inside the 

binding pocket closer to the catalytic cysteine, and loop 3 is positioned further from loop 2 in 

PVAs from Gram-negative bacteria. These observations suggest that PVAs from Gram-positive 

bacteria could bind similar substrates, while PVAs from Gram-negative bacteria may bind 

different substrates. 
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Table 3-3. Data collection and refinement statistics for SaPVA 
 

aValues in parentheses are for data in the highest resolution shell. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data Collection  
Resolution range (Å) 47.75 – 1.90 (2.00 – 1.90)a 
Space group C121 
Unit cell dimensions  
     a, b, c (Å) 114.74, 75.9, 97.94 
     a, b, g (°) 90, 123.68, 90 
Unique reflections 55,024 (8,398) 
Completeness (%) 99.4 (98.3) 
Redundancy 6.4 (4.73) 
Average I/sI 13.69 (2.62) 
Rmeas 7.00 (56.30) 
CC1/2 99.8 (87.2) 
Wilson B factor (Å2) 37.25 
Refinement  
Rwork (Rfree) 0.1880 (0.2344) 
Number of water molecules  
r.m.s.d bond length (Å) 0.010 
Average B-values (Å2) 45.42 
Ramachandran plot (%)  
     Most favoured regions 97.85 
     Disallowed regions 0.0 
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Figure 3-5. Crystal structure of the SaPVA protomer and tetramer. 
(A) SaPVA protomer shown in cartoon representation and coloured with a gradient from blue (N-
terminus) to red (C-terminus). (B) Cartoon representation of the tetrameric assembly of SaPVA. 
Promoters are shown in pink, yellow, green, and cyan. In both structures, the nucleophilic N-
terminal cysteine residues (Cys2) are shown in stick representation. 
 
 

 

Figure 3-6. Superposition of active site residues from SaPVA and BsuPVA. 
Active site residues of SaPVA and BsuPVA (PDB ID: 2OQC) are shown in stick representation 
with their carbon atoms coloured green and cyan, respectively. Oxygen, nitrogen, and sulfur atoms 
are coloured blue, red, and yellow, respectively. 
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Table 3-4. Structural similarity of SaPVA to other PVAs 

PVA Bacterium RMSD 
(Å) 

Fraction of 
residues aligned 

Sequence identity 
over aligned 
residues (%) 

PDB 
ID 

BsuPVA Bacillus subtilis 1.38 312/317 33 2OQC 

BspPVA Bacillus 
sphaericus 1.73 315/328 28 3PVA 

PaPVA Pectobacterium 
atrosepticum 1.90 275/326 20 4WL2 

AtPVA Agrobacterium 
tumefaciens 1.92 262/317 19 5J9R 

 

 

 

 

Figure 3-7. Superposition of binding pocket loops from SaPVA and other PVAs. 
(A) SaPVA binding loops (green) overlaid with those of two PVAs from Gram-positive bacteria: 
BsuPVA (cyan; 2OQC) and BspPVA (blue; 3PVA). (B) SaPVA binding loops (green) overlaid 
with those of two PVAs from Gram-negative bacteria: PaPVA (pink; 4WL2) and AtPVA (yellow; 
5J9R). Loop3 is not modelled in the structure of AtPVA. Loops are shown in cartoon representation 
and the nucleophilic Cys2 residues are shown in stick representation. 
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3.7 Docking of penicillin V and AHLs to the SaPVA structure 

The binding modes of penicillin V and AHLs to SaPVA were studied to identify the 

structural features important for interaction with binding pocket residues, which may inform 

predictions of other potential substrates. Attempts to co-crystallize the SaPVA C2A variant with 

penicillin V were unsuccessful and co-crystallization with AHLs was not attempted due to the 

limited aqueous solubility of these substrates. Instead, the binding modes of penicillin V and AHLs 

were investigated by docking these substrates to the SaPVA active site in silico using AutoDock 

Vina. 

In the top penicillin V binding mode (calculated affinity of -6.7 kcal/mol), the phenyl ring 

forms p-p stacking interactions with the conserved Tyr80 residue and the b-lactam and thiazolidine 

rings are positioned closer to the entrance of the binding pocket (Figure 3-8A). Of the top nine 

binding modes calculated by AutoDock Vina, six involve this p-p stacking interaction, suggesting 

that it may be important for penicillin V binding. In the top binding mode, the carbonyl carbon of 

the scissile amide bond is positioned 5.9 Å from the sulfur atom of Cys2. Both the catalytic residue 

and substrate would need to undergo conformational changes to allow for nucleophilic attack. 

Penicillin V is positioned such that the carbonyl carbon can form a hydrogen bond with the side 

chain of Arg226. This observation is consistent with previous results for the docking of penicillin 

V to another PVA (53) and suggests that Arg226 contributes to the oxyanion hole. The position of 

penicillin V does not allow for formation of a hydrogen bond between the carbonyl carbon and the 

side chain of Asn173. This residue was expected to contribute to the oxyanion hole based on 

studies of the homologous residue in BSHs (33, 52). Therefore, the top molecular docking solution 

represents a reasonable penicillin V binding mode, but some key interactions are absent. 
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For molecular docking of AHLs to SaPVA, the predicted binding modes were not 

consistent between 3-oxo-substituted and unsubstituted AHLs. In the top binding mode for each 

unsubstituted AHL, the HSL ring is positioned deep within the binding pocket and the acyl chain 

points out towards the Cys2 residue (Figure 3-8B). For C8-HSL (-6.3 kcal/mol), the carbonyl 

carbon is located 8.9 Å from the sulfur atom of Cys2. In contrast, in the top binding mode for each 

3-oxo-AHL, the HSL ring is positioned near the entrance of the binding site in the same pocket 

that was occupied by the b-lactam and thiazolidine rings of penicillin V (Figure 3-8C). The acyl 

chain extends into the binding pocket. This binding mode is consistent with previous docking 

results for both substituted and unsubstituted AHLs (21, 45, 103). Unique to this dockings study, 

however, is the observation that the 3-oxo groups is oriented towards the backbone N–H group of 

Cys2. For 3-oxo-C12-HSL (-5.7 kcal/mol), the carbonyl carbon is positioned 7.3 Å from the Cys2 

sulfur atom. 
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Figure 3-8. Molecular docking of penicillin V and AHLs to the active site of SaPVA. 
Top solution for molecular docking of (A) penicillin V, (B) C8-HSL, and (C) 3-oxo-C12-HSL to 
the SaPVA active site. SaPVA is shown in cartoon representation and coloured green. Key active 
site residues are shown in stick representation. The carbon backbone of penicillin V is coloured 
gray. Oxygen, nitrogen, and sulfur atoms are coloured red, blue, and yellow, respectively. 
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Chapter 4: Discussion 

4.1 Identification of SaPVA substrates 

To date, several PVAs have been biochemically characterized and the structures of four of 

these enzymes, two from Gram-positive bacteria and two from Gram-negative bacteria, have been 

solved (45, 47, 104, 105). A range of substrates similar to penicillin V have been tested with these 

PVAs, including penicillin G, ampicillin, cephalosporins, and capsaicin (106, 107). In most cases, 

however, the relevance of these substrates to the physiological function of the PVA was not 

considered. 

 SaPVA was annotated as a CG hydrolase and was identified by two groups as a probable 

penicillin V acylase based on bioinformatics analyses of the CG hydrolase family (32, 33). In vitro 

activity assays showed that SaPVA hydrolyzes penicillin V, while no BSH activity towards 

glycocholic acid was observed. This lack of BSH activity by SaPVA is consistent with the 

observation that BsuPVA also lacks BSH activity (105). Of the characterized PVAs, BsuPVA 

shares the highest sequence similarity with SaPVA and Kumar et al. (2006) determined that the 

PVA and BSH activities within the family are reflected in the primary amino acid sequence (25). 

The presence of BSH activity towards taurine-linked bile salts, however, cannot be ruled out as 

another SaPVA homolog, BspPVA, has some activity towards taurocholic acid, but not 

glycocholic acid (25). 

 To gain insight into the physiological functions of SaPVA, the activity of the enzyme 

towards several substrates was tested. Based on a study of two PVAs from Gram-negative bacteria 

that possess AHL acylase activity (45), various AHLs were tested and found to be hydrolyzed by 

SaPVA. This enzyme is the first reported PVA from a Gram-positive bacterium that also possesses 

AHL acylase activity. This finding is discussed in detail in Section 4.2. 
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This study is also the first in which siderophores are considered as potential substrates of a 

PVA. The enzyme PvdQ produced by P. aeruginosa, however, is an AHL acylase that also 

hydrolyzes an amide bond in a precursor to the siderophore pyoverdine (103). A recent S. aureus 

transcriptome study identified SaPVA as a Fur-regulated gene for which expression is enhanced 

under the same conditions that increase transcription of siderophore-related genes (84). This 

finding prompted tests of SaPVA activity towards the siderophores enterobactin and SA, but 

neither was hydrolyzed under the conditions tested. 

Enterobactin was hypothesized as the most likely siderophore substrate of SaPVA due to 

previous observations that cleavage of this siderophore is required for iron release (101) and the 

absence of an enterobactin esterase homolog in the S. aureus genome. Furthermore, enterobactin 

and penicillin V share some structural similarities. Although enterobactin is significantly larger 

than penicillin V, both molecules contain an aromatic moiety on the carbonyl side of the amide 

bond and the nitrogen atom of the amide bond is directly attached to a ring structure. In contrast, 

SA contains no aromatic groups or ring structures and the nitroreductase NtrA was shown to play 

a role in Fe(III)-SA utilization, although the mechanism is unknown (82). Transcription of the 

SaPVA gene, however, clustered most closely with that of genes involved in SA biosynthesis and 

secretion (84). S. aureus imports several other siderophores containing at least one amide bond 

that have not yet been tested as substrates of SaPVA, including SB, desferrioxamine B, 

ferrichrome, aerobactin, and bacillibactin. 
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4.2 AHL acylase activity of SaPVA 

4.2.1 Determination of AHL acylase activity in vitro 

An in vitro activity assay confirmed the hypothesis that SaPVA hydrolyzes some AHLs. 

SaPVA shows a preference for unsubstituted AHLs with an acyl chain of six or more carbons, 

which is consistent with the preferences observed by the two Gram-negative PVAs that possess 

AHL acylase activity (45). Among other enzymes classified as AHL acylases, however, some 

share these preferences, while others are active against short-chain AHLs (21). 

A limitation of the assay used to detect AHL acylase activity was the inability to accurately 

report the kinetic parameters due to the poor aqueous solubility of longer-chain AHLs. Obtaining 

an estimate of the specificity constant (kcat/Km) of SaPVA for AHLs would be beneficial for two 

reasons. Firstly, the specificity constants would indicate which AHL is the preferred substrate of 

SaPVA. Since different bacteria use different AHLs as their primary quorum sensing molecules, 

this information would inform hypotheses about the function of the enzyme. Secondly, the 

specificity constants for AHL hydrolysis could be compared with those of SaPVA for other types 

of substrates. A significantly higher specificity constant for AHL hydrolysis than penicillin V 

hydrolysis, for example, would support the hypothesis that AHLs are the physiological substrate 

of SaPVA.  

4.2.2 Function of SaPVA AHL acylase activity in vivo 

SaPVA was hypothesized to protect S. aureus from AHL toxicity based on previous reports 

of long-chain AHLs inhibiting the growth of S. aureus and antagonizing its QS system (99). 

Growth experiments in TSB medium did not support a role for SaPVA in protecting the bacterium 

from the toxic effects of 3-oxo-C12-HSL. Protection against two other long-chain AHLs that inhibit 

S. aureus growth, 3-oxo-C10-HSL and 3-oxo-C14, could also be tested with this assay. The 
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observation that unsubstituted AHLs are preferred by SaPVA while 3-oxo-substitued AHLs are 

more efficient in S. aureus growth inhibition (99), suggests that protection from AHL-mediated 

toxicity may not be the physiological function of the enzyme. An alternate hypothesis is that 

SaPVA hydrolyzes AHLs to provide S. aureus a competitive advantage by disrupting quorum 

sensing by Gram-negative bacteria in its environment. For example, S. aureus and P. aeruginosa 

are found together in the cystic fibrosis lung environment (108). Unsubstituted AHLs are the 

primary QS molecules used by some Gram-negative bacteria, including Burkholderia 

cenocepacia, another important pathogen in cystic fibrosis (109). 

Interestingly, the AHL growth inhibition phenotype was not observed when the experiment 

was carried out in RPMI medium. AHL-mediated growth inhibition has been proposed to involve 

perturbation of the bacterial membrane potential, however the exact mechanism of action is 

unknown (99). Evidence also supports the existence of a specific, saturable membrane receptor to 

which 3-oxo-C12-HSL binds (99). Saroj et al. (2017) investigated the inhibition of Streptomyces 

pyogenes growth by 3-oxo-C12-HSL and 3-oxo-C14-HSL and determined that both glucose and 

iron (25 µM) were strictly required for the growth inhibition phenotype to be observed (110). Both 

TSB and RPMI medium contain glucose, but RPMI medium contains only trace amounts of iron. 

Iron may be required for AHL-mediated disruption of the membrane potential or for expression or 

function of the membrane receptor. Alternatively, iron-dependent growth inhibition may be a 

result of the conversion of some of the 3-oxo-C12-HSL to its tetramic acid derivative, which occurs 

via an irreversible, non-enzymatic and base-catalyzed reaction (111, 112). The tetramic acid 

derivative also has antibacterial activity against Gram-positive bacteria and has been shown to 

bind iron (111). For different tetramic acids, iron binding has been shown to enhance or attenuate 

their antibacterial activity (113). In TSB media, the tetramic acid derivative may sequester 
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sufficient iron to reduce the growth rate of S. aureus. For S. aureus growing in RPMI medium, 

which already contains only trace iron, no growth inhibition would be observed. Alternatively, the 

tetramic acid may actually be the molecule mediating growth inhibition, and it may be more active 

when complexed with iron. 

The localization of SaPVA in S. aureus is unclear. SaPVA does not possess a signal peptide 

and therefore it has been suggested to be cytoplasmic (47, 114), while characterized PVAs from 

Gram-negative bacteria contain a signal peptide (33). Reports of AHL transport into the S. aureus 

cytoplasm could not be found in the literature, but 3-oxo-C12-HSL is transported into S. pyogenes, 

another Gram-positive bacterium, potentially by a siderophore uptake protein (110). Therefore, 

SaPVA may interact with AHLs in the cytoplasm. 

 

4.3 Structural characterization of SaPVA and substrate docking 

The overall structure of SaPVA was consistent with the known fold of Ntn-hydrolases and 

the active site configuration is nearly identical to that in other PVAs. An assembly motif was 

present in the SaPVA structure as expected, but the reason that this tetramer-stabilizing loop is 

present only in PVAs from Gram-positive bacteria is not understood. 

Superposition of the entire structure of SaPVA with other PVAs indicated high structural 

similarity, thus the substrate-binding loops were selected for closer investigation to determine if 

SaPVA may bind a unique ligand. On the contrary, the loops were similar in size and orientation 

for all three PVAs from Gram-positive bacteria, suggesting that these PVAs bind similar types of 

substrates. Therefore, the physiological substrate(s) of these enzymes are likely molecules that 

may be encountered by all of the environmental or pathogenic Gram-positive bacteria that encode 

a PVA. A unique siderophore only imported by one species is thus less likely to be the 
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physiological substrate. This observation does not, however, mean that all of the Gram-positive 

PVAs bind the exact same substrate. Koch et al. (2014) determined that the substrate specificity 

of an AHL acylase could be altered by mutating just two residues (103). Due to the relatively low 

sequence similarity between Gram-positive PVAs (~30%), they may bind similar but distinct 

molecules. 

One co-crystal structure of penicillin V bound to a PVA has been deposited in the PDB. A 

BspPVA C1G variant was crystallized with two molecules in the asymmetric unit and penicillin V 

bound in both active sites (PDB ID: 2Z71). In one active site, the orientation of penicillin V is 

similar to that observed in the top binding mode for SaPVA. Notably, the penicillin V phenyl group 

forms p-p stacking interactions with the BspPVA Tyr82 residue. In the other active site, however, 

no p-p stacking interactions are observed. This structure has not been described in the literature, 

nor have the structure factors been submitted to the PDB. Therefore, it is difficult to perform a 

critical analysis of this co-crystal structure. In a previous report of penicillin V docking to BsuPVA, 

the penicillin V phenyl group formed p-p stacking interactions with the BsuPVA Tyr82 residue 

(33). Based on the presence of these p-p stacking interactions in docking results for both SaPVA 

and BsuPVA, I propose that an aryl ring may be a structural feature present in the physiological 

substrate of SaPVA. 

Docking of various AHLs to SaPVA produced an unexpected result: two distinct binding 

modes were observed for unsubstituted and 3-oxo-substituted AHLs. Several groups have docked 

AHLs to Ntn hydrolases, including to two Gram-negative PVAs (21, 45, 103). In previous docking 

studies, all AHLs bound with the HSL ring positioned near the entrance of the binding pocket and 

the acyl chain extended deeper into the pocket. Therefore, this orientation more likely represents 

the true binding mode for AHLs. Docking of 3-oxo-AHLs to SaPVA produced a similar docking 
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mode, except for the orientation of the 3-oxo group towards the backbone N–H group of Cys2. In 

the docked structures, the 3-oxo group impedes nucleophilic attack of the carbonyl carbon of the 

scissile amide bond. Therefore, while the overall orientation of the 3-oxo-AHLs is consistent with 

previous studies, the top binding mode is not catalytically feasible. Although a consistent AHL 

binding mode was not obtained, the molecular docking results suggest that an acyl chain can be 

accommodated in the SaPVA binding pocket. Therefore, a fatty acid chain is another structural 

feature that may be present in the physiological substrate of SaPVA. 

A common structural feature of penicillin V and AHLs is the rings (two in penicillin V, 

one in AHLs) that bind near the entrance of the SaPVA binding pocket. All substrates shown to 

be hydrolyzed by PVAs to date, including penicillin G, ampicillin, taurocholic acid, and capsaicin, 

contain one or more rings (25, 45, 115). Therefore, I propose that this structural feature may 

determine binding to the PVA active site. One or more rings are likely present in the physiological 

substrate of SaPVA, with an aryl group or fatty acid chain on the other side of the amide bond. 

 

4.4 Physiological function of SaPVA 

Despite the importance of PVAs in the pharmaceutical industry, their physiological 

function remains unknown. Several groups have proposed that the function of PVAs may be to 

degrade environmental phenolic compounds as a carbon source (36, 40). The most common 

phenolic compounds produced by the breakdown of plant matter, such as flavonoids and phenolic 

acids, however, do not contain an amide bond that could be hydrolyzed by PVAs (116, 117). 

Furthermore, transcription of SaPVA has been shown to be upregulated in RPMI (84), a medium 

which contains glucose as a carbon source. This observation is inconsistent with expression of 

SaPVA being unnecessary when glucose is plentiful. Therefore, it is more likely that the 
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physiological substrates of SaPVA and the other PVAs are some type of secondary metabolite, 

such as an antibiotic or quorum sensing molecule, produced by the PVA-encoding species or by 

other microorganisms in their environment. PVAs may detoxify these molecules or their activity 

may in some way provide a selective advantage for the PVA-producer. 

 The most promising candidates for the physiological substrates of SaPVA to emerge from 

this study are AHLs. SaPVA may be involved in disrupting QS systems of Gram-negative bacteria 

with which they share an environment. Hydrolysis of siderophores in the bacterial cell to facilitate 

iron release has not been ruled out as the function of SaPVA, however, enterobactin and SA are 

likely not the substrates of this enzyme. Of the other siderophores used by S. aureus, many do not 

contain aryl groups, only SB contains a small ring structure, and all have several polar substituents. 

Based on the observation that SaPVA shows a preference for AHLs with an unsubstituted acyl 

chain, it is unlikely that any of these siderophores are hydrolyzed by the enzyme. 

 

4.5 Conclusions 

PVAs are industrially important enzymes that are also produced by a number of important 

bacterial pathogens, yet their physiological function remains unknown. In this study, the S. aureus 

enzyme SaPVA was biochemically and structurally characterized. SaPVA was confirmed to 

possess PVA activity, with no activity towards the bile salt glycocholic acid. This study is the first 

to show cross-reactivity between a PVA from a Gram-positive bacterium and AHLs. Growth 

experiments suggested that SaPVA does not function in AHL detoxification, but the enzyme may 

function in degrading AHLs to disrupt Gram-negative QS systems and provide S. aureus a 

competitive advantage in mixed-species communities. Two siderophores, enterobactin and SA, are 

unlikely to be substrates of SaPVA. Finally, the structure of the enzyme was solved and docking 
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studies with penicillin V and various AHLs were performed. The substrate-binding site of SaPVA 

was compared with those of other PVAs and it was determined that the PVAs from Gram-positive 

bacteria likely bind similar substrates. Finally, several structural features which may be present in 

the physiological substrate were identified. 

 

4.6 Future Directions 

Further investigation of SaPVA is required to identify physiological substrates and provide 

insight into the function of this enzyme. Firstly, the limitations in the AHL acylase assay will be 

addressed to obtained estimates of kinetic parameters for the activity of SaPVA towards AHLs.  

Sunder et al. (2017) used a sensitive fluorescence-based assay to obtain a reasonable estimate of 

kinetic parameters by working at low AHLs concentrations (10-250 µM) to ensure solubility. With 

information about which AHLs are preferred by SaPVA, the role of this AHL acylase activity will 

be tested in vivo. 

To test the hypothesis that the physiological function of SaPVA is interruption of the QS 

system of Gram-negative bacteria, the enzyme will be added to cultures of bacteria that use an 

AHL hydrolyzed by SaPVA as their primary quorum sensing molecule. Firstly, a reduction in the 

concentration of that quorum sensing molecule in the medium will be measured using established 

methods (45).  Furthermore, a decrease in the production of quorum-sensing regulated products, 

such as proteases or toxins, or a reduction in biofilm formation will be measured. Finally, a co-

culture experiment will be carried out in which the bacterium of interest is cultured with either 

wild-type S. aureus or the Dsapva strain and biofilm formation or production of QS-related 

products by the bacterium of interest is measured. The sapva deletion strain produced in this study 
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will be useful for testing many different phenotypes that may provide insight into the function of 

SaPVA. 

To determine whether other siderophores are likely to be substrates of SaPVA, further 

analysis of the binding pocket will be carried out with bioinformatics tools to clarify whether polar 

groups are likely accommodated in the binding pocket. Fur-regulation of SaPVA transcription will 

also be confirmed before proceeding with further siderophore studies. 

Any promising findings obtained in studies of SaPVA will be extended to other PVAs to 

shed light on the functions of this important enzyme family. 
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