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iv.  Abstract 
 

Introduction | The urinary tract is one of the most frequent sites of bacterial infection in 

humans, affecting almost one hundred million individuals worldwide in any given year. 

Despite its numerous medical purposes, catheterisation presents a daily infection risk of 5 %, 

and 95 % of long-term catheterised patients suffer a catheter-associated urinary tract infection 

(CAUTI) (Figure 1.1.), which account for 80 % of all nosocomial infections, and therefore 

have significant clinical and financial repercussions for the NHS. Although the aetiological 

agent in only 13 % of CAUTIs (Table 1.1.), Proteus mirabilis infections are particularly 

difficult to treat due to the highly opportunistic nature of this Gram-negative pathogen. It is 

renowned for its swarming motility, a specialised form of movement that eases bacterial 

migration on catheter surfaces and into the urinary tract, and subsequent urothelial adherence 

and crystalline biofilm formation. Swarming prompts the upregulation of an array of additional 

virulence factors such as urease (the activity of which elevates urinary pH, exacerbating 

biofilm formation via the accumulation of crystalline deposits, causing catheter encrustation 

and blockage), the pore-forming cytotoxin haemolysin (HpmA), and the 54 kDa zinc (Zn2+)-

dependent metalloprotease mirabilysin, also known as ZapA. In vivo studies show that ZapA 

contributes to evasion from the host innate immune system by preventing the recruitment of 

phagocytic cells such as neutrophils to the site of infection, and in vitro studies show that this 

occurs via the degradation of a plethora of host structural proteins such as cytoskeletal and 

extracellular matrix (ECM) components, and innate immunoproteins and peptides such as 

immunoglobulins (Igs), complement, and antimicrobial peptides (AMPs) (Table 1.5). Given 

this information, it is highly likely that ZapA degrades or otherwise proteolytically interacts 

with additional innate immune components. Protease-activated receptors (PARs) are a large 

class of the transmembrane G-protein-coupled receptor (GPCR) superfamily that are 

canonically activated by irreversible, extracellular N-terminal proteolytic cleavage that results 

in the exposure of a tethered ligand that intramolecularly binds a conserved region within the 

second extracellular loop (ECL-2) domain of the receptor, inducing conformational changes 

that allow them to act as guanine nucleotide exchange factors (GEFs) for signal transduction 

(Figure 2.2). These receptors are a link between the coagulation cascade and the innate 

immune system, particularly the host antimicrobial alarm system, due to their non-specific 

activation by endogenous, host-derived serine proteases such as thrombin and trypsin for 

PAR1 and PAR2, respectively, or exogenous bacterial proteases. However, some proteases, 

either endogenous or exogenous, can truncate PARs at a site beyond the N-terminal activation 

motif, thus preventing normal cell signalling; these receptors can still however be stimulated 

by activating peptides (PAR-APs) via ECL-2 binding for signal transduction. PAR-mediated 

pro-inflammatory signalling results in the expression and release of a cascade of downstream 
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effector proteins and peptides, such as phagocyte-trafficking molecules, also known as 

cytokines. Interleukins (ILs) -6, -8 and -1β, (IL-6, IL-8 and IL-1β) are perhaps the most 

important pro-inflammatory cytokines implicated in the innate immune response to infection, 

and bacterial proteases have been shown to hydrolyse or proteolytically process them, 

resulting in attenuated cellular recruitment or exacerbated inflammation responses, 

respectively. These receptors and effector molecules are therefore viable substrates for ZapA 

bioactivity. As such, its inhibition represents a viable therapeutic strategy for the treatment of 

P. mirabilis infection and may demonstrate the efficacy of utilising bacterial proteases in 

general as targets for anti-virulence agents, which are relatively unexploited as antibiotic-

sparing substitutes for the treatment of infection. 

 

Aims and Objectives | This research seeks to further elucidate ZapA-mediated interactions of 

P. mirabilis with host innate immunity and validate its efficacy as a target for the action of 

novel anti-virulence agents. This will specifically be done by assaying putative substrates in 

vitro, and further characterising ZapA, especially in regard to its substrate specificity, 

tentatively accelerating the development of novel inhibitors and substrates for therapeutic 

intervention.  

 

Materials and Methods | Native ZapA was purified directly from P. mirabilis strain BB2000-

conditioned Luria Bertani broth (LBB) via hydrophobic interaction chromatography (HIC) on 

phenyl-sepharose (HiTrap™ Phenyl HP) columns using the ÄktaPrime FPLC Plus apparatus.  

Protein quantity and purity were determined via the Qubit® Protein Assay Kit, and sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and reverse phase high-

performance liquid chromatography (HPLC) analysis, respectively; and proteolytic activity 

was assessed by means of the hydrolysis of a colorimetric substrate, azocasein, and a 

fluorogenic peptide substrate, 2-aminobenzoyl– (Abz)–Ala–Gly–Leu–Ala–p–nitrobenzyl–

NH2, in an endpoint absorbance assay and a monitored fluorescence assay, respectively, both 

performed at 37 ºC over a period of 30 minutes. An N-alpha mercaptoamide dipeptide, SH–

CO2–Tyr–Val–NH2 (ME-YV), was included in these assays to inhibit such proteolytic activity. 

In vitro calcium (Ca2+) mobilisation assays and IL-6, IL-8 and IL-1β enzyme-linked 

immunosorbent assays (ELISAs) were performed on human bladder (5637) and prostate 

(DU145 and PC3) epithelial cancer cell lines after treatment with ZapA, followed by addition 

of PAR agonists (thrombin and trypsin for PAR1 and PAR2, respectively). ME-YV-treated 

ZapA was included in the former assay to confirm any effects observed. Toll-like receptor 

(TLR) agonists (P. mirabilis lipopolysaccharide, purified directly from BB2000 cells, and 

Salmonella typhimurium flagellin for TLR4 and TLR5, respectively) were also used in 

combination with PAR agonists in ELISAs to assess the effect of ZapA on PAR transactivation 
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and subsequent cytokine release. ZapA was directly co-incubated with recombinant human-

derived IL-6, IL-8 and pro-IL-1β, and P. mirabilis-derived flagella and flagellin monomers 

(purified using a crude ‘glass bead shearing’ method directly from harvested BB2000 cells 

and subsequently heat-depolymerised) at 37 ºC (in separate studies) of periods of up to 24 

hours. ME-YV was also included in these experiments to examine any protective effect on 

aforementioned substrates from ZapA-mediated hydrolysis. The efficacy of ME-YV was also 

trialled against other clinically relevant Proteus spp. proteases; and their prime and non-prime 

side substrate specificity data were compared to that of ZapA via multiplex substrate profiling 

by mass spectrometry (MSP-MS), a direct cleavage assay that uses matrix-assisted laser 

desorption/ionisation-time of flight (MALDI-TOF) MS-based peptide sequencing to uncover 

degradation products from a mixture of rationally designed synthetic peptides. 

 

Results | The proteolytic activity of high-purity ZapA was effectively inhibited by ME-YV 

and therefore both native protease and synthetic inhibitor were deemed suitable for use in 

downstream assays. ZapA hindered intracellular Ca2+ mobilisation in bladder and prostate 

cells via the disarming of PARs 1 and 2, as seen with subsequent administration with agonists 

thrombin and trypsin, respectively. ZapA reduced the levels of IL-6 in media conditioned by 

these cells in the majority of conditions tested (with and without subsequent PAR and TLR 

agonist treatment) compared to untreated controls. Furthermore, ZapA rapidly hydrolysed IL-

6 (hydrolysis was evident by 15 minutes, and full hydrolysis occurred within two hours). 

Although ZapA also slowly hydrolysed another pro-inflammatory cytokine, IL-8 (hydrolysis 

was evident by two hours, and full hydrolysis occurred within 24 hours), it did not have a 

significant effect on IL-8 levels in cell-conditioned media. In contrast, ZapA significantly 

increased levels of active IL-1β in cell-conditioned media; this was also confirmed by co-

incubation of ZapA with the precursor, pro-IL-1β, which was proteolytically processed into 

the active form at a rapid rate (conversion was evident in less than ten minutes). An additional 

ZapA substrate was identified, P. mirabilis-derived flagellin monomers. These findings are 

collectively summarised in Figure 6.1. The inclusion of ME-YV in these studies restored the 

majority of intracellular Ca2+ mobilisation in bladder and prostate cells and protected 

substrates from ZapA-mediated degradation in vitro. Other clinically relevant Proteus spp.-

derived metalloproteases were also purified in an identical HIC method to that of ZapA, 

inhibited by ME-YV, had varying effects on PARs (Table 5.1.), and had highly similar 

substrate specificities and therefore active site geometries (Table 5.2.).  

 

Discussion | ZapA disarms PAR1 and PAR2 via cleavage at a site beyond the activation motif 

of their N-termini, subverting normal pro-inflammatory signal transduction pathways in host 

cells. However, ZapA-cleaved PARs can still be activated by PAR-APs, indicating that the 
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ligand-binding domain remains intact; thus, ZapA disarms PARs in a similar manner to the 

endogenous host protease cathepsin G. Other bacterial proteases have been found to do so 

(such as elastase B (LasB) secreted by Pseudomonas aeruginosa), however, others can 

activate PARs (such as arginine-specific gingipains (Rgp) secreted by Porphyromonas 

gingivalis), indicating that they act as powerful inflammatory mediators during infection. In 

agreement, ZapA-mediated disarming of PARs has downstream consequences for cell-

mediated innate immune responses, such as a reduced cytokine release as demonstrated by 

ELISA; this was even seen in TLR4- and TLR5-stimulated cells. Compounding this, ZapA 

degrades the pro-inflammatory cytokines IL-6 and IL-8 in a similar fashion to alkaline 

protease (AprA) and LasB secreted by Pseudomonas aeruginosa, preventing the recruitment 

of phagocytic leukocytes such as macrophages and neutrophils to the site of infection. 

However, like streptopain (SpeB) from Group A Streptococcus (GAS) and LasB, ZapA also 

proteolytically processes another pro-inflammatory cytokine, pro-IL-1β, into its active form 

(IL-1β); it has recently become apparent that this cytokine is an innate immune sensor of 

microbial proteolysis and may be the chief molecular mechanism behind the host responses to 

immunomodulatory proteases secreted by pathogenic bacteria. Another immunoevasive 

strategy conveyed by ZapA is the prevention of TLR5-mediated recognition via the 

degradation of extricated P. mirabilis flagellin monomers, also seen in other opportunistic 

pathogens like P. aeruginosa (via AprA). The array of host substrates identified in this study, 

in combination with those found previously, confirm that ZapA is a broad-spectrum 

metalloprotease that acts as a general ‘weapon of mass destruction’ during P. mirabilis 

infection. With the molecular characterisation and functional analysis of ZapA and 

homologues from other clinically relevant Proteus spp. via MSP-MS, the development of 

novel, highly specific peptide-based substrates and inhibitors for the detection, diagnosis and 

treatment of such infections are on the horizon.  

  

Conclusion | Given the range of host substrates that ZapA hydrolyses or otherwise 

proteolytically processes, it is tangible that this metalloprotease greatly contributes to 

pathogenesis by providing P. mirabilis with an overall immunoevasive phenotype, thus, its 

inhibition represents a feasible therapeutic strategy for the treatment of P. mirabilis-induced 

UTI and CAUTI. It may also be utilised as a biomarker via the application of a ZapA-specific 

substrate in a novel, urine-based point-of-care (POC) assay, facilitating quick diagnosis of P. 

mirabilis infection and therefore more tailored antimicrobial therapy, which could ultimately 

consist of a ZapA inhibitor in combination with more traditional treatments, in other words, 

antibiotics; thereby exerting less pressure on the antibiotic resistance problem.  
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v.  List of Abbreviations 

 

Abbreviation Term 

A A440 Absorbance at 440 

nanometres 

 aa Amino acid 

 Aad Amino acid deaminase 

 AAS Amino acid substitution 

 ABC Adenosine triphosphate-

binding cassette 

 Abz 2-aminobenzoyl 

 AC Adenylyl cyclase 

 ACE Angiotensin-converting 

enzyme 

 ACN Acetonitrile 

 AD Atopic dermatitis 

 ADP Adenosine diphosphate 

 AHA Acetohydroxyamic acid 

 AHL N-acyl-homoserine 

lactone 

 AI Autoinducer 

 AM Acetoxymethyl 

 AMP Antimicrobial peptide 

 AMR Antimicrobial resistance 

 aPA Plasminogen activator 

 aPC Anticoagulant protein C 

 AR Allergic rhinitis 

 ASC Apoptosis-associated 

speck-like protein 

containing a C-terminal 

caspase recruitment 

domain 

 AT Autotransporter 

 ATF Ambient temperature 

fimbriae 

 ATP Adenosine triphosphate 

 AU Arbitrary units 

 AUC Area under the curve 

B BFT Bacteroides fragilis 

toxin 

 BLAST Basic local alignment 

search tool 

 BoNT Botulinum neurotoxin 

 BSA Bovine serum albumin 

C C Catalytic 

 C3N2H4 Imidazole 

 Ca2+ Calcium 

 CaCl2 Calcium chloride 

 CaM Calmodulin 

 cAMP Cyclic adenosine 

monophosphate 

 Caspase Cysteine aspartate-

specific protease 

 CatG Cathepsin G 

 CAUTI Catheter-associated 

urinary tract infection 

 CCCP Carbonyl cyanide m-

chlorophenyl hydrazine 

 CF Cystic fibrosis 

 CFU Colony-forming units 

 CHO Carbohydrate 

 CID Collision-induced 

dissociation 

 CINCA Chronic infantile 

neurologic cutaneous 

and articular syndrome 

 CIP Calf intestinal alkaline 

phosphatase 

 CKD Chronic kidney disease 

 CNS Central nervous system 
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 Co2+ Cobalt 

 COPD Chronic obstructive 

pulmonary disease 

 CPS Capsular polysaccharide 

 CTS C-terminal subdomain 

 Cu2+ Copper 

 CXCR1/2 Interleukin-8 receptor-

alpha/beta 

D DAD Diode-array detection 

 DAG Diacylglycerol 

 DAMP Danger-associated 

molecular pattern 

 DHBA Dihydroxybenzoic acid 

 DIEA N,N-

diisopropylethylamine 

 DMF Dimethylformamide 

 DMSO Dimethyl sulphoxide 

 DNA Deoxyribonucleic acid 

 dNTP Deoxyribonucleotide 

triphosphate 

 DPBS Dulbecco’s phosphate-

buffered saline 

 DPP-IV Dipeptidyl peptidase IV 

 DPSC Dental pulp stem cell 

 DtxR Diphtheria toxin 

repressor 

E E1 Ubiquitin-activating 

enzyme 

 E2 Ubiquitin-conjugating 

enzyme 

 E3 Ubiquitin ligase 

 ECL(-2) (Second) Extracellular 

loop 

 ECM Extracellular matrix 

 eDNA Extracellular DNA 

 EDTA Ethylenediaminetetraace

tic acid 

 EdTx Oedema toxin 

 EGF(R) Epidermal growth factor 

(receptor) 

 EHP External hydrophobic 

patch 

 ELISA Enzyme-linked 

immunosorbent assay 

 EPCR Endothelial protein C 

receptor 

 EPEC Enteropathogenic 

Escherichia coli 

 EPI Efflux pump inhibitor 

 EPS Exopolysaccharide 

 ER Endoplasmic reticulum 

 ERK1/2 Extracellular signal-

regulated kinase 1/2 

 EtBr Ethidium bromide 

 EU Endotoxin units 

F F Filament 

 FAERS Food and Drug 

Administration Adverse 

Event Reporting System 

 FBS Foetal bovine serum 

 FcαR Immunoglobulin A Fc 

receptor 

 FcγR Immunoglobulin G Fc 

receptor 

 FcεR Immunoglobulin E Fc 

receptor 

 FDR False discovery rate 

 Fe2+ Ferrous iron 

 Fe3+ Ferric iron 

 FLA-ST Salmonella typhimurium 

flagellin 
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 FLS2 Flagellin sensitive 

receptor 2 

 FPLC Fast protein liquid 

chromatography 

 Fur Ferric uptake regulator 

G G Globular 

 GAE Granulomatous amoebic 

encephalitis 

 Gal D-galactose 

 GalNAc N-acetyl-D-galactose 

 GAP Guanosine 

triphosphatase-

activating protein 

 GAS Group A Streptococcus 

 GDP Guanosine diphosphate 

 GEF Guanine nucleotide 

exchange factor 

 GI Gastrointestinal 

 GlcN Glucosamine 

 GlcNAc N-acetyl-D-glucosamine 

 GM-CSF Granulocyte-

macrophage colony-

stimulating factor 

 gp130 Glycoprotein 130 

 GPCR Guanine nucleotide-

binding heterotrimer (G 

protein)-coupled 

receptor 

 GPI Glycosyl-

phosphatidylinositol 

 GTP Guanosine triphosphate 

H H2O Water 

 H3PO4 Phosphoric acid 

 hbD1/2 Human beta defensin 

1/2 

 HBTU Hexafluorophosphate 

benzotriazole 

tetramethyl uronium 

 hCAP Human cathelicidin 

protein 

 HCl Hydrochloric acid 

 HCV Hepatitis C virus 

 HGF Hepatocyte growth 

factor 

 HGT Horizontal gene transfer 

 HIC Hydrophobic interaction 

chromatography 

 HIP1 Hydrolase important for 

pathogenesis 

 HIV Human 

immunodeficiency virus 

 Hmu Haem uptake system 

 HOBt Hydroxybenzotriazole 

 HPI High-pathogenicity 

island 

 HPLC High-performance liquid 

chromatography 

 HRP Horseradish peroxidase 

 HS High Sensitivity 

I IAP Apoptosis inhibitor 

protein 

 IBS Irritable bowel 

syndrome 

 ICAM-1 Intercellular adhesion 

molecule 1 

 ICE Interleukin-1 beta-

converting enzyme 

 ICL Intracellular loop 

 IFN-γ Interferon-gamma 

 Ig Immunoglobulin 
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 IGF(BP) Insulin growth factor(-

binding protein) 

 IL Interleukin 

 IL-

1RI/II(a) 

Interleukin-1 type I/II 

receptor (agonist) 

 (s)IL-6R(α) (Soluble) Interleukin-6 

receptor (binding chain) 

 IM Inner membrane 

 IMAC Immobilised metal ion 

affinity chromatography 

 IP3 1,4,5-triphosphate 

 IPEC Intestinal pathogenic 

Escherichia coli 

 IPTG Isopropyl β-D-1-

thiogalactopyranoside 

K Ki Inhibitor concentration 

required for half the 

maximum enzyme 

inhibition  

 Km Substrate concentration 

required for half the 

Vmax 

L L Light 

 LAL Limulus amoebocyte 

lysate 

 LBA Luria-Bertani agar 

 LBB Luria-Bertani broth 

 LBP Lipopolysaccharide-

binding protein 

 LC-MS/MS Liquid chromatography 

with tandem mass 

spectrometry 

 LeTx Lethal toxin 

 LF Lethal factor 

 LPS Lipopolysaccharide 

 LSW- Low-swarm agar 

M MA(E/M) (Glu/Met)zincin 

 MAC Membrane attack 

complex 

 MALDI-

TOF 

Matrix-assisted laser 

desorption/ionisation-

time of flight 

 MAPK Mitogen-activated 

protein kinase 

 MBL Mannose-binding lectin 

 MCS Multiple cloning site 

 MDR Multidrug-resistant 

 MEK1/2 Mitogen-activated 

kinase kinase 1/2 

 MES 2-(N-morpholino)-

ethanesulphonic acid 

 MFP Membrane fusion 

protein 

 MFS Major facilitator 

superfamily 

 Mg2+ Magnesium 

 MMP Matrix metalloprotease 

 Mn2+ Manganese 

 MNP Magnetic nanoparticle 

 MR-K Mannose-resistant 

Klebsiella-like fimbriae 

 MR-P Mannose-resistant 

Proteus-like fimbriae 

 MS Mass spectrometry 

 MS/MS Tandem mass 

spectrometry 

 MSP-MS Multiplex substrate 

profiling by mass 

spectrometry 

 MWCO Molecular weight cut off 

 MWS Muckle-Wells syndrome 
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 MyD88 Myeloid differentiation 

primary response 88 

N n Number (of replicates) 

 NaCl Sodium chloride 

 NAF Non-agglutinating 

fimbriae 

 NaH2PO4 Monosodium phosphate 

 NaOH Sodium hydroxide 

 Nba p-nitrobenzyl-amide 

 NE Neutrophil elastase 

 NEJ Newly excysted juvenile 

 NEMO Nuclear factor kappa B 

essential modulator 

 NEP Neutral endopeptidase 

 NFkB Nuclear factor kappa B 

 NGAL Neutrophil gelatinase-

associated lipocalin 

 NHS National Health Service 

 Ni2+ Nickel 

 NIS Non-ribosomal peptide 

synthetase-independent 

siderophore 

 NK Natural killer 

 NKCC2 Sodium-potassium-

chloride co-transporter 

 NLR Nod-like receptor 

 NLRP3 NLR family pyrin 

domain-containing 

protein 3 

 NRAMP1 Natural resistance 

associated macrophage 

protein 1 

 Nrp Yersiniabactin 

 NRPS Non-ribosomal peptide 

synthetase 

 NTS N-terminal subdomain 

O OD Optical density 

 OM Outer membrane 

 OMF Outer membrane factor 

 O/N Overnight 

 OS Oligosaccharide 

P p Probability value 

 PA Protective antigen 

 PAI Pseudomonas 

autoinducer 

 PAMP Pathogen-associated 

molecular pattern 

 PAR Protease-activated 

receptor 

 PAR-AP Protease-activated 

receptor-activating 

peptide 

 PBS Phosphate-buffered 

saline 

 Pbt Proteobactin 

 PCR Polymerase chain 

reaction 

 PDE Phosphodiesterase 

 PFL Protect from light 

 PGE2 Prostaglandin 2 

 pH Power of hydrogen 

 pHn Nucleation pH 

 pHv Voided pH 

 pIgR Polymeric 

immunoglobulin 

receptor 

 PIP2 Phosphatidylinositol 

4,5-biphosphate 

 PKA/C Protein kinase A/C 

 PLCβ Phospholipase C-beta 

 PMF Proteus mirabilis 

fimbriae 
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 PMP Proteus mirabilis P-like 

fimbriae 

 PO4
3- Phosphate 

 POC Point-of-care 

 PPK Polyphosphate kinase 

 PR-3 Proteinase-3 

 PrCP Prolylcarboxypeptidase 

 PROVEAN Protein Variation Effect 

Analyser 

 PRR Pattern recognition 

receptor 

 Pst Phosphate-specific 

transport 

 Pta Proteus toxic agglutinin 

 PTM Post-translational 

modification 

 PTP Tyrosine phosphatase 

 PTX Pertussis toxin 

 pv. Pathovar 

Q QS Quorum sensing 

R R Regulatory 

 ® Registered trademark 

 RA Rheumatoid arthritis 

 RAS Renin-angiotensin 

system 

 RBS Ribosome-binding site 

 RD Reagent Diluent 

 RFU Relative fluorescence 

units 

 Rgp Arginine-specific 

gingipains 

 (m)RNA (Messenger) 

Ribonucleic acid 

 RND Resistance-nodulation 

division 

 ROMK2 Renal outer medullary 

potassium channel 

 ROS Reactive oxygen species 

 RPC Reversed-phase 

chromatography 

 RSTK Receptor 

serine/threonine kinase 

 RSV Respiratory syncytial 

virus 

 RT Room temperature 

 RTK Receptor tyrosine kinase 

 RT-PCR Reverse transcription 

polymerase chain 

reaction 

 RTX Repeats-in-toxin 

 Rx Reaction 

S SAE Serious adverse event 

 Sbi Staphylococcal binder 

of immunoglobulin 

 SDS Sodium dodecyl 

sulphate 

 SDS-PAGE Sodium dodecyl 

sulphate-polyacrylamide 

gel electrophoresis 

 SFM Serum-free media 

 SGI1 Salmonella genomic 

island 1 

 Shu Shigella haem uptake 

system 

 SIFT Sorting Intolerant From 

Tolerant 

 sIgA Secretory 

immunoglobulin A 

 SLE Systemic lupus 

erythematosus 
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 SNP Single nucleotide 

polymorphism 

 SOC Super optimal broth 

with catabolite 

repression 

 SOS Son of Sevenless 

 SPATE Serine protease 

autotransporters of the 

Enterobacteriacae 

family 

 spp. Species 

 SSL-10 Staphylococcal 

superantigen-like 

protein 10 

 SSRI Selective serotonin re-

uptake inhibitor 

 STAT3 Signal transducer and 

activator of transcription 

3 

 STI Sexually transmitted 

infection 

T T1SS Type I secretion system 

 TAL Thick ascending limb 

 TCA Trichloroacetic acid 

 TCS Two-component signal 

transduction system 

 TeNT Tetanus neurotoxin 

 TF Tissue factor 

 TFA Trifluoroacetic acid 

 THG Tamm-Horsfall 

glycoprotein 

 TLR Toll-like receptor 

 ™ Trademark 

 TM Transmembrane 

 TMB Tetramethylbenzidine 

 TNF-α Tumour necrosis factor-

alpha 

 TPP1 Tripeptidyl peptidase 1 

 TRAIL Tumour necrosis factor-

related apoptosis-

inducing ligand 

 TRIF Toll/interleukin-1 

receptor homologous 

region (TIR)-domain-

containing adapter-

inducing interferon-beta 

 Tris-HCl Tris-hydrochloride 

U UCA Urothelial cell adhesin 

 UMOD Uromodulin 

 Und-PP Undecaprenyl-

diphosphate 

 UPEC Uropathogenic 

Escherichia coli 

 UTI Urinary tract infection 

 UV Ultraviolet 

V VCAM-1 Vascular cell adhesion 

molecule 1 

 VEGF(R) Vascular endothelial 

growth factor (receptor) 

 Vmax The maximum rate of an 

enzymatic reaction 

 VUR Vesicoureteral reflux 

 v/v Volume/volume 

 VWD Variable wavelength 

detection 

W WT Wild-type 

 w/v Weight/volume 

X XDR Extensively drug-

resistant 

Z Zn2+ Zinc 

 ZP Zona pellucida 

 



 

 16 

vi.  List of Units of Measurement  
 

Unit Symbol Quantity 

Ångström* Å Length 

Base pairs bp Nucleotide sequence length 

Celsius ̊C 
 

Temperature 

Dalton Da Atomic mass 

Gram g Mass 

Hertz Hz Frequency (one cycle per second) 

Litre L Volume 

Mole M Concentration of substance/solute 

Metre m Length 

Second s Time 

Unit U Enzymatic activity (one unit per milligram of protein) 

Volt V Electric potential or electromotive force 

 

Decimal prefixes denoting multiples and sub-multiples 

 

Prefix Symbol Multiplication factor 

tera- T 1012 1 000 000 000 000 

giga- G 109 1 000 000 000 

mega- M 106 1 000 000 

kilo- k 103 1 000 

hecto- h 102 100 

deca- da 101 10 

deci- d 10-1 0.1 

centi- c 10-2 0.01 

milli- m 10-3 0.001 

micro- μ 10-6 0.000 001 

nano- n 10-9 0.000 000 001 

pico- p 10-12 0.000 000 000 001 

 

*1 Å = 10-10 m = 0.1 nm = 100 pm  
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vii.  List of Amino Acids 

 
Amino Acid Three-letter abbreviation One-letter abbreviation 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic Acid Asp D 

Cysteine Cys C 

Glutamic Acid Glu E 

Glutamine Gln Q 

Glycine Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro P 

Serine Ser S 

Threonine Thr T 

Tryptophan Trp W 

Tyrosine Tyr Y 

Valine Val V 

 
Colour coded amino acid properties: Polar with positively charged side chains (blue), polar 

with uncharged side chains (green), polar with negatively charged side chains (red), non-polar 

and aliphatic (yellow), non-polar with aromatic groups (purple), and special cases (grey). 

Although they are all very small non-polar amino acids, cysteine (C) is aliphatic with a thiol 

group, glycine (G) is aliphatic, and proline (P) is aromatic. 
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1.  Introduction 

 

With the knowledge that bacterial pathogens have co-existed and co-evolved with humans for 

many millennia, it is perhaps unsurprising that they have meticulously developed ways to 

overcome eukaryotic host defences. The intact keratinised epidermis, also known as the skin, 

is the first line of defence against microbial invasion and, albeit with a very small number of 

exceptions, bacterial pathogens are unable to infiltrate it unassisted. Thus, topical infections 

are typically initiated via mechanical disruption of this barrier such as abrasions, lacerations 

or burns, bites of parasitic vectors, or medical instrumentation (for example, needles). 

Although contiguous with the skin, mucosal surfaces are not reinforced with keratin and are 

more easily compromised; thus, most bacterial infections begin after breach of this subsequent 

barrier. In response, the host engages its immune system to seek and destroy foreign invaders. 

The immune system diverges into two branches; the adaptive immune system that solely relies 

on highly potent and specific antigen-primed B- and T-cells; and the innate immune system 

composed of phagocytic, natural killer (NK) and dendritic cells, and non-cellular chemical and 

physical barriers consisting of components including complement and antimicrobial peptides 

(AMPs). Although non-specific and incapable of immunological memory due to the short 

lifespan of aforementioned cells as compared to its adaptive counterpart (Lanier and Sun, 

2009), the innate immune system rapidly detects and eradicates invading microbes via 

phagocytosis, direct lysis and other bactericidal mechanisms; therefore, it is essentially the 

second line of defence against invasion. Correspondingly, pathogenic bacteria are only 

successful in establishing infection and causing disease if equipped with an arsenal of 

virulence factors; proteins or other macromolecules that contribute to its ability to proliferate 

and disseminate within a host whilst circumventing, disabling or seizing these host defences 

(Nielubowicz and Mobley, 2010). The overwhelming spectrum of virulence factors employed 

by pathogens occur in three main forms; intracellular factors that allow the bacteria to adapt 

morphology, physiology or metabolism in response to environmental cues; membrane-bound 

factors involved in mobility, host attachment and secretion of other factors; and extracellular 

factors involved in cytotoxicity, nutrient acquisition and immune evasion. In this introductory 

chapter, focus will be placed on extracellular proteases as virulence factors for bacterial 

pathogens and how they impact host innate immunity. Proteus mirabilis, an opportunistic 

pathogen of the urinary tract, is just one bacterial species that utilises this immunoevasive 

strategy; and will be used as a model for study in this context.  
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1.1.  Urinary tract infections (UTIs) 

 

The urinary tract is one of the most frequent sites of bacterial infection in humans (Foxman 

and Brown, 2003). In 2013, 92 million people worldwide experienced a urinary tract infection 

(UTI) (Collaborators of the Global Burden of Disease Study, 2013), and this number is still 

on the rise. In 1994/95, the cost of treating UTIs cost the UK National Health Service (NHS) 

an estimated £124 million (Plowman et al., 2001). Over two decades later, it can only be 

assumed that, given rapid rises in UTI prevalence, especially in high-risk groups, where 

hospitalisations for UTI in the UK for the older demographic has soared by 102 % from 

2001/02 to 2010/11 (Bardsley et al., 2013), and the worrying spread of antibiotic resistant 

bacteria (see Section 1.2.1.7.), the clinical and economic burden of UTIs has exponentially 

increased.  

  

Many species of bacteria colonise the periurethral region but are normally prevented from 

establishing an infection through the only ingress, the urethra, via regular micturition; in other 

words, the physical shear forces of voiding urine (Foxman, 2010). The glycosaminoglycan-

based mucosa of the bladder epithelium provides additional protection in two ways; by acting 

as a barrier against bacterial adhesion, and the innate immune response of urothelial cells to 

incoming invasion; however, upon bladder access and disruption of this barrier, UTI can be 

established. 

 

Although UTIs can afflict anyone, their occurrence generally increases with age (Schmiemann 

et al., 2010), and women have a higher risk of contracting UTI than men; approximately 40 % 

will experience a symptomatic episode at least once in their lifetime, compared to 12 % for 

men; and at least one quarter of affected women suffer recurrent infection within six to twelve 

months (Nielubowicz and Mobley, 2010). The divergent anatomies of the lower urinary tract 

of males and females provides insight into this; the shorter female urethra is less of an obstacle 

for invading bacteria to reach the bladder and initiate cystitis, as they have a lower chance of 

removal via micturition; and the female urethral opening is in close proximity to the rectal and 

vaginal cavities, and although both possess large reservoirs of commensal microbiota, they 

also harbour opportunistic UTI pathogens, thus increasing the chances of UTI (Foxman, 2010). 

UTIs are categorised as either lower or upper, depending on the site of infection and associated 

symptoms; and uncomplicated or complicated, depending on the overall constitution of the 

patient. Lower UTIs, also known as cystitis, are confined to the bladder; and are usually 

characterised by acute symptoms such as urgency, frequency and dysuria; these are the sudden 

urge to urinate, frequent urination, and pain during urination, respectively. Lower UTI can 

essentially ascend the urinary tract to the kidneys and become an upper UTI, also known as 
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pyelonephritis; symptoms of which include fever, nausea and flank pain. This scenario is more 

likely during complicated UTI, that occur in individuals with underlying health conditions, 

anatomical or physiological abnormalities of the urinary tract, are immunocompromised (such 

as the elderly, human immunodeficiency virus (HIV) patients, or cancer patients receiving 

immunosuppressive treatment), or are undergoing long-term catheterisation; in contrast to 

uncomplicated UTI, that occur in those who are otherwise considered healthy (Guay, 2008; 

Nielubowicz and Mobley, 2010).  

 

1.1.1.  Catheter-associated UTIs (CAUTIs) 

 

Globally, catheter-associated UTIs (CAUTIs) account for around 80 % of all nosocomial 

(hospital-acquired) infections (Singha et al., 2017). Each year in the UK, roughly 225,000 

serious adverse events (SAEs) related to CAUTI occur, of which an estimated 2,100 result in 

death. As an update to figures provided previously, the total annual cost of CAUTIs to the 

NHS may be up to £2.5 billion, signifying substantial clinical and financial burdens (Maki and 

Tambyah, 2001; Jacobsen et al., 2008; Foxman, 2014; Feneley et al., 2015; Pelling et al., 

2019).  

 

Urinary catheters are tubular, flexible, indwelling medical devices inserted through the urethra 

and into the bladder that have been used in some capacity for more than 3,500 years. Today, 

they are routinely used in healthcare settings to monitor urine output, collect urine during 

surgery, prevent urinary retention, or control urinary incontinence (Donlan and Costerton, 

2002). Each year, more than 100 million are sold globally (Darouiche, 2001); of these, the 

traditional Foley catheter is by far the most common. It consists of a flexible tube, usually 

made of latex or silicone, that is double-lumened to allow for simultaneous urine drainage 

through an eyehole on its proximal end and intra-bladder balloon inflation with sterile water 

or saline, that holds it in place. It relies on a triple valve system for routine balloon inflation 

and urine sample collection without compromising sterility. In the UK, the Foley catheter is 

used by 3 % of the general public and 13 % of care home residents (Feneley et al., 2015). 

Although it makes short and long-term catheterisation feasible for both men and women, it 

has other medical consequences. The daily infection risk during catheterisation is roughly 5 

%, and 95 % of patients suffer CAUTI after one month of catheterisation, which is considered 

long-term (Maki and Tambyah, 2001). This is because many of the host’s inherent responses 

to UTI are circumvented and compromised upon insertion of a catheter, as seen in Figure 1.1. 

Contrary to consistent flushing of the urethra during physiological micturition; the Foley 

catheter facilitates constant draining of the bladder as urine accumulates, which is not of an 

adequate volume or shear force to efficiently unburden the urinary tract of microbes 
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(Armbruster et al., 2018). Furthermore, the balloon inhabits the base of the bladder, 

obstructing the internal urethral orifice and causes the retention (or ‘pooling’) of 10 to 100 

millilitres (mL) of urine within the bladder when flow has stopped; essentially providing a 

niche for microbial growth (Garcia et al., 2007). Furthermore, given that the urothelium is a 

mere three to four cell layers thick, it is easily damaged during catheter replacement (Willette 

and Coffield, 2012); providing routes of more severe and systemic infection. The sheer 

presence of the catheter also provokes robust inflammatory responses; with the consequential 

accretions of fibrinogen around the catheter acting as an ideal substrate for bacterial 

attachment and biofilm formation, referred to in Sections 1.2.1.2.1. and 1.2.1.4., respectively 

(Hofseth et al., 1996; Anderson, 1979; Armbruster et al., 2017b). Certain urease-positive 

species can form crystalline biofilms, that quickly block catheters. The current approach to 

avoiding and treating catheter blockage is limiting the duration of catheterisation and replacing 

encrusted catheters, respectively; although ongoing research seeks to stop biofilm formation 

in its tracks, via alternative catheter materials, antimicrobial or anti-biofilm coatings, 

mechanical or electrical biofilm dispersal, bacteriophages, and the control of urinary pH 

(Jacobsen and Shirtliff, 2011; Hamill et al., 2007; Soto, 2014; Levering et al., 2014). Although 

rare, untreated CAUTI can potentially lead to fatal urosepsis and bacteriaemia, that has a 

mortality rate of 13 to 30 % (Flores-Mireles et al., 2015; Cartwright, 2018). As seen in Table 

1.1., uropathogenic Escherichia coli (UPEC) is the protagonist species of both uncomplicated 

and complicated UTI; however, its prevalence is lower in complicated UTI, and even more so 

in CAUTIs. The incidence of Pseudomonas aeruginosa and Proteus mirabilis rises 

dramatically in CAUTIs due to their opportunistic nature. P. mirabilis CAUTIs are particularly 

difficult to treat, due to the bacterium’s ability to persist within the host with the aid of a wide 

range of virulence factors (Jacobsen et al., 2008; Armbruster and Mobley, 2012). 

 

Table 1.1. Epidemiology of UTI caused by most commonly occurring Gram-negative 

bacteria  

Pathogen 

UTI prevalence (%) 

Uncomplicated Complicated 
Catheter-

associated 

Escherichia coli 75 65 43 

Klebsiella spp. 6 8 8 

Proteus mirabilis 2 2 13 

Pseudomonas aeruginosa 1 2 11 

References 
Flores-Mireles et al., 2015 

Medina and Custillo-Pino, 2019 

Melzer and Welch, 

2013 
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Figure 1.1. Pathogenesis of CAUTIs, adapted from Flores-Mireles et al., 2015. CAUTIs are 

the most common form of complicated UTIs, and they begin when bacteria that reside in the 

gut as part of the normal microflora become opportunistic uropathogens upon contamination 

of the periurethral area, migrate through the urethra via a urinary catheter with the aid of 

flagella (Section 1.2.1.2.2.) and into the compromised bladder (cystitis) (A). Catheterisation 

induces a robust inflammatory response that leads to the accumulation of fibrinogen on the 

catheter; providing an ideal substrate for the adherence of bacteria that produce fibrinogen-

binding proteins; they can also attach to superficial umbrella cells via fimbriae, pili, and other 

adhesins (Section 1.2.1.2.1.). Either way, their presence provokes an innate immune response, 

dominated by an infiltration of neutrophils to the bladder that aim to phagocytose the invading 

bacteria; however, due to immunoevasive strategies, such as host intracellular invasion 

(Section 1.2.1.6.), antigenic variation (Sections 1.2.1.1.2. and 1.2.1.2.2.1.1.), and proteases 

(Section 1.3.), bacteria multiply and form biofilms (Section 1.2.1.4.); complex microbial 

communities that further protect them from the host’s defences (B). Secretion of toxins and 

proteases by these bacteria causes epithelial damage that can release essential micronutrients 

(Section 1.2.1.5.) and allow migration through the ureters and ascension to the kidneys, where 

they can also colonise and proliferate (pyelonephritis); where further production of cytotoxins 

exacerbates tissue damage (C). If left untreated, the bacteria can cross the renal tubular 

epithelial barrier; ultimately leading to bacteraemia (D).  
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1.2.  Proteus mirabilis 

 

Proteus mirabilis and Proteus vulgaris were first discovered in 1885 by the German 

pathologist Gustav Hauser (Pearson et al., 2008); who originally noted their distinctive 

characteristic of swarming motility (see Section 1.2.1.2.2.2.) (Rather, 2005). Hauser drew 

inspiration for the name of the genus based on this phenomenon; Proteus, son of Poseidon, 

was an ancient Greek sea god referenced in the 8th Century B.C. Homeric poem Odyssey, who 

had the ability to endlessly assume different forms in order to avoid enemies (Sellaturay et al., 

2012). Swarming motility is visibly more pronounced in P. mirabilis than P. vulgaris (see 

Figure 5.2.), which likely explains their highly divergent species nomenclature; ‘mirabilis’ is 

derived from the Latin for amazing, marvellous or splendid, whereas ‘vulgaris’ means 

widespread or usual. Today, the Proteus genus consists of nine distinct species, that includes 

another clinically relevant species, Proteus penneri (Drzewiecka, 2016). The taxonomic 

classification of P. mirabilis is provided below in Figure 1.2. 

 

Figure 1.2. Taxonomy of Proteus mirabilis. P. mirabilis and P. aeruginosa are of the same 

class, P. mirabilis and E. coli are of the same order, P. mirabilis and P. vulgaris are of the 

same genus; all belong to the Gram-negative Proteobacteria phylum. 

 

1.2.1.  Virulence factors 

 

P. mirabilis is a normal commensal of the gastrointestinal (GI) tract and becomes an 

opportunistic pathogen upon reaching the urinary tract in an ascending infection. HI4320 is a 

prototypical, uropathogenic strain of P. mirabilis isolated from a patient suffering from 

CAUTI; and its 4.06 megabase (Mb) genome has been fully sequenced and annotated (Pearson 
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et al., 2008). This has provided deep insight into identifying specific genes required for 

virulence factor production and P. mirabilis pathogenesis. 

 

1.2.1.1.  Lipopolysaccharide (LPS) 

 

P. mirabilis, along with other Enterobacteriaceae, including E. coli, Salmonella enterica 

serovar Typhimurium, Shigella dysenteriae and Yersinia pestis, are Gram-negative. The cell 

wall of Gram-negative bacteria is characterised by a thin layer of peptidoglycan enclosed 

within a hydrophilic periplasmic space by two hydrophobic phospholipid bilayers, known as 

the inner and outer membrane (IM and OM); in contrast to their Gram-positive counterparts, 

which have a single lipid bilayer sheltered by a thick layer of peptidoglycan (Nikaido, 2003).  

 

Lipopolysaccharide (LPS), along with other bacterial cell surface components such as 

peptidoglycan, glycoproteins, teichoic acids, capsular polysaccharide (CPS, or K antigen) and 

exopolysaccharide (EPS), are glycosylated macromolecules, or glycoconjugates; essential 

carbohydrates covalently attached to proteins or lipids, that play critical roles in the 

interactions between bacteria and the environment (Hug and Feldman, 2011). LPS is 

asymmetrically distributed on the outer leaflet of the OM in high abundance, with 

approximately three and a half million molecules on the surface of each Gram-negative cell. 

Although the OM itself is an effective impermeable barrier to large compounds and 

hydrophobic molecules; LPS provides additional fortification by preventing the rapid 

diffusion of smaller hydrophobic molecules, conferring resistance to environmental stress and 

antibiotics (Nikaido, 2003).  

 

Although the structure of the amphiphilic LPS molecule varies hugely between species and 

strains, it conforms to the same tripartite architecture; the lipid A moiety, hydrophobically 

anchored to the OM; the covalently linked inner and outer core oligosaccharide (OS); and the 

distal, hydrophilic O polysaccharide, better known as O antigen (Raetz and Whitfield, 2002). 

Each constituent contributes independently to the virulence of Gram-negative pathogens 

including P. mirabilis. Lipid A and O antigen possess endotoxic and reduced immunogenic 

properties, respectively. Due to its physicochemical properties, LPS has also been implicated 

in host colonisation and biofilm formation via mediation of surface hydrophobicity that is key 

to bacterial adhesion, and avoidance of complement- and antimicrobial peptide (AMP)-

mediated bacteriolysis via charge-altering modifications of the LPS molecule that prevents 

binding of aforementioned innate immune components (Jacobsen et al., 2008).  
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1.2.1.1.1. Lipid A 

 

Lipid A, also known as endotoxin, is a glucosamine (GlcN)-based phospholipid that forms the 

majority of the outer monolayer of the OM. It is bound to Kdo, an eight-carbon sugar, and 

together they represent the basic components of LPS; however, most wild-type strains also 

possess core OS and O antigen to combat environmental stresses (Reeves et al., 1996). Lipid 

A is a potent stimulator of the innate immune response, being recognised as a pathogen-

associated molecular pattern (PAMP) by Toll-like receptors (TLRs), specifically TLR4; which 

is expressed on various immune cells, namely, macrophages, monocytes, neutrophils and 

dendritic cells, and endothelial cells (Akira et al., 2006). TLR4 is a dimeric transmembrane 95 

kilodalton (kDa) protein; and relies upon the small protein MD-2 for lipid A recognition 

(Triantafilou and Triantafilou, 2002). LPS is presented to MD-2 by CD14 and LPS-binding 

protein (LBP) (Carpenter and O’Neill, 2007). Subsequently, TLR4, MD-2, and CD14 form a 

complex, which, after activation, recruits four cytoplasmic adaptor molecules (MyD88, Mal, 

Trif and Tram) for signal propagation. These adaptors provide a structural platform enabling 

the recruitment and activation of downstream effectors for pathway-specific transcription 

factor activation and inflammatory gene regulation (Fitzgerald et al., 2004). Ultimately, this 

results in the release of pro-inflammatory cytokines including tumour necrosis factor alpha 

(TNF-a) and interleukins 1 beta and 6 (IL-1b and IL-6) (see Chapter 3). Proteins involved in 

lipid A biosynthesis are attractive anti-virulence targets; for example, CHIR-090, that inhibits 

the Zn2+-dependent deacetylase, LpxC, and has bactericidal effects comparable with the 

fluoroquinolone ciprofloxacin (see Section 1.2.1.7.) (Barb and Zhou, 2008). 

 

1.2.1.1.2. O antigen 

 

O antigen fundamentally consists of an oligosaccharide repeat unit, usually of three to six 

sugars (typically hexoses), which form a carbohydrate polymer. Although not essential to 

survival, structural disparities can occur in the sugars, sequence, chemical linkages, 

substitution and ring forms, giving rise to vast O antigen variability that facilitates reduced 

immunogencity (Deitsch et al., 1997). Consequently, the overwhelming majority of Gram-

negative pathogenic species possess highly variable O antigen and are sub-classified into 

serogroups; for instance, there are 170 E. coli and 80 Proteus spp. serogroups (Reeves, 1995; 

Knirel et al., 2011; Yu et al., 2017). Despite its immunoevasive properties, O antigen can still 

be detected by the innate immune system via activation of the coagulation cascade alternative 

pathway (see Section 1.3.3.2.2.); however, it can counteract penetration of the complement 

membrane attack complex (MAC), allowing survival in host serum (Joiner et al., 1984; Joiner 

et al., 1986). Resultantly, host antibodies to O antigens are quite commonly found in host sera; 
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for example, 25 % of blood donors have anti-P. mirabilis O36 serogroup antibodies (Arabski 

et al., 2008). Expression of other P. mirabilis virulence factors, including ureolytic (Section 

1.2.1.3.), proteolytic (Section 1.3.), and swarming activity (Section 1.2.1.2.2.2.), can vary 

significantly between O antigen serogroups, with negatively charged O antigen serogroups 

being most virulent (Stankowska et al., 2008). Additionally, the proteins involved in LPS 

biogenesis appear to have a direct effect on other virulence factors; for example, P. mirabilis 

DwaaL mutants are unable to activate the flagellar gene cascade (Section 1.2.1.2.2.1.) on their 

cell surface and are thus unable to swarm (Morgenstein et al., 2010). WaaL is an IM enzyme 

that solely catalyses the ligation of undecaprenyl-diphosphate (Und-PP)-linked O antigens to 

the lipid A-core OS via b-glycosidic linkages (Ruan et al., 2012); and, along with other 

enzymes involved in O antigen biosynthesis, may prove useful as anti-virulence targets. 

 

1.2.1.2.  Proteus mirabilis: a master of adhesion and motility 

 

1.2.1.2.1. Adhesion 

 

Bacterial adhesion or attachment facilitates host colonisation and represents the initiating step 

of infection and is also vital to nascent biofilm formation (see Section 1.2.1.4.) (Otto and 

Silhavy, 2002; Berne et al., 2015). Upon insertion of an indwelling urinary catheter, a 

conditioning film mediates bacterial adhesion to its abiotic surface. In artificial urine, P. 

mirabilis adheres to silicone and hydrogel-coated latex catheters within an hour, which is 

followed by the rapid accumulation of a carbohydrate-based conditioning film that is 

accompanied by the presence of highly motile, filamentous cells (see Section 1.2.1.2.2.2.). 

After 24 hours, a microcrystalline layer develops, and within four days, the surface of both 

catheter materials are entirely covered with diffuse crystalline deposits (see Section 1.2.1.4.) 

(Wilks et al., 2015).  

 

1.2.1.2.1.1. Fimbriae 

 

Fimbriae are bacterial appendages capped with adhesive proteins (bacterial adhesins, FimH) 

that mediate P. mirabilis adherence and attachment not only to renal cells and the urothelium, 

but also to the lumen and external surfaces of all current catheter types, facilitating host 

colonisation in the bladder and kidney (Stickler et al., 2006; Williams and Stickler, 2008). 

Adherence is heightened in the presence of urine (Morris and Stickler, 1998) to resist physical 

removal. P. mirabilis fimbriae are peritrichously distributed on the cell surface, 0.2 to 1.3 μm 

in length, around 4 nm in diameter, and can number up to 300 per bacterium. P. mirabilis is 
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most commonly fimbriated and flagellated, but can also be fimbriated but non-flagellated, 

non-fimbriated but flagellated, or neither (Hoeniger, 1965). 

 

The P. mirabilis HI4320 genome reveals 17 putative fimbrial operons and 13 further genes 

unassociated with complete operons; the most encoded by any bacterial species sequenced 

thus far (Pearson et al., 2008). From these, several transcribed fimbrial proteins have been 

characterised, and are outlined in Table 1.2. Of these, mannose-resistant Proteus-like fimbriae 

(MR-P) are by far the most extensively studied and are likely the key player in P. mirabilis 

adherence; with the contribution of other fimbrial types seemingly more subtle (Armbruster et 

al., 2017a). Additionally, MR-P fimbriae are potent immunogens, making them potential 

vaccine candidates. Intranasal delivery of two purified fusion proteins; one consisting of 

MrpH, the fimbrial tip adhesin of P. mirabilis MR-P fimbria and mannose-binding lectin 

(MBL); and the other comprising MrpH and UPEC FimH with monophosphoryl lipid A as an 

adjuvant; have, promisingly, provided significant protection from ascending P. mirabilis UTI 

and induced robust IgG and IgA responses in murine models, respectively; indicating antigenic 

efficacy (Li et al., 2004; Habibi et al., 2015). 

 

1.2.1.2.1.2. Non-fimbrial adhesins and other adhesion molecules 

 

The P. mirabilis HI4320 genome also reveals non-fimbrial adhesins, including autotransporter 

proteins like Pta (see Section 1.2.1.5.1.1.); and two putative type IV pili (Pearson et al., 2008). 

Glycoconjugates LPS and CPS are also involved (see Section 1.2.1.1.); and EPS and eDNA, 

components of the biofilm polymeric matrix, are also important adhesion molecules (see 

Section 1.2.1.4.2.) (Berne et al., 2015; Das et al., 2010; Ma et al., 2006; Maunders and Welch, 

2017).  
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Table 1.2. Fimbriae expressed by P. mirabilis 

Fimbrial type Induction, expression and structure Characteristics and contribution to UTI References 

Mannose-

resistant Proteus-

like fimbriae  

(MR-P) 

The mrp operon (mrpABCDEFGHIJ) includes 

mrpJ, encoding a transcriptional regulator; and 

mrpI, encoding a recombinase that acts as a 

molecular switch that turns on the mrp promoter 

in response to low oxygen environments like the 

bladder. MrpA is the major structural unit of MR-

P; whereas MrpH is a two-domain adhesin 

located at the tip of the structure; giving it a 

classic, 7 to 8 nm ‘thick’ channelled appearance. 

MrpG, also located at the tip, is required for MR-

P assembly. 

 

Although originally described for its role 

in haemagglutination; MR-P contributes to 

cystitis and pyelonephritis by adhering to 

and subsequently shedding urothelial cells. 

MR-P presents genotoxic effects as well as 

cytotoxic. Phase variation facilitated by 

MrpI contributes to immune evasion and 

biofilm formation and development during 

CAUTI. P. mirabilis DmrpA and DmrpG 

have severely reduced uropathogenicity in 

vivo.  

Schaffer and Pearson, 2015; Li et al., 

1999; Jansen et al., 2004; Lane et al., 

2009; Zhao et al., 1997; Old and 

Adegbola, 1982; Scavone et al., 2016; 

Scavone et al., 2015; Zunino et al., 

2001; Zunino et al., 2007; Li et al., 

2002a; Li et al., 1997; Bahrani et al., 

1994; Rózalski et al., 1997; Sareneva 

et al., 1990. 

 

Urothelial cell 

adhesin (UCA); or 

non-agglutinating 

fimbriae (NAF) 

The uca operon, part of a mobile genetic element 

that can be flanked by phage genes; includes 

ucaA, which encodes the major structural unit 

that gives UCA its long 4 nm ‘thin’ non-

channelled (although variable appearance); and 

ucaJ, an mrpJ paralogue. 

UCA adheres to many cell types including 

urothelial cells by binding glycolipids such 

as asialo-GM1, asialo-GM2, and galectin-

3; and contributes to CAUTI.  

 

Armbruster et al., 2017a; Kuan et al., 

2014; Wray et al., 1986; Pellegrino et 

al., 2013; Bijlsma et al., 1995; Tolson 

et al., 1995; Cook et al., 1995; Rocha 

et al., 2007a; Lee et al., 2000; Altman 

et al., 2001. 



 

 

C
hapter 1 | U

nderstanding protease-m
ediated host -pathogen interactions in 

Proteus m
irabilis 

40 

P. mirabilis 

fimbriae (PMF) 

The pmf operon consists of five genes 

(pmfACDEF). These genes are repressed in urine 

and may be transiently produced during infection. 

 

PMF contributes to fitness of P. mirabilis 

during CAUTI and may be important for 

the formation of high-volume biofilms. P. 

mirabilis DpmfA has an 83-fold decreased 

recovery in a murine bladder infection 

model.  

 

Armbruster et al., 2017a; Hospenthal 

et al., 2017; Pearson et al., 2011; 

Massad et al., 1994a; Scavone et al., 

2016; Massad and Mobley, 1994; 

Johnson et al., 1999. 

 

Ambient 

temperature 

fimbriae (ATF) 

The atf operon is controlled by an mrpJ 

paralogue. ATF is produced at 37 °C but 

optimally expressed at 23 °C. AtfA shares high 

homology to major type 1 fimbrial units from 

enteric pathogens such as Salmonella enterica 

serovar Typhimurium. 

. 

Due to its temperature-controlled 

expression, it may be more important for 

survival outside the host; although it does 

contribute to biofilm formation. AtfA is 

readily detected in the urine of P. mirabilis 

DmrpA-infected mice, suggesting its role 

may be masked by other fimbriae. 

 

Scavone et al., 2016; Pearson et al., 

2008; Massad et al., 1994b; Zunino et 

al., 2000; Massad et al., 1996; Jansen 

et al., 2004; Li et al., 2002a. 

 

P. mirabilis P-like 

fimbriae (PMP) 

The pmp operon is regulated by the cyclic AMP 

receptor protein (Crp). PmpA shares high 

homology with the major P-fimbrial unit from 

UPEC. 

 

 

P. mirabilis DpmpA is attenuated in a 

diabetic mouse model. PMP is expressed 

during mono- and polymicrobial CAUTI. 

Armbruster et al., 2017a; Tsai et al., 

2017; Bijlsma et al., 1995. 
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Mannose-

resistant 

Klebsiella-like 

fimbriae (MR-K) 

Similar to UCA, MR-K presents as a 4 to 5 nm 

‘thin’ non-channelled fimbria. 

 

 

 

MR-K may facilitate catheter adherence 

during CAUTI and bind Bowman’s 

capsules in kidney glomeruli during 

pyelonephritis.  

 

 

Adegbola et al., 1983; Yakubu et al., 

1989; Mobley and Chippendale, 

1990; Old and Adegbola, 1982; 

Sareneva et al., 1990; Mobley et al., 

1988. 

Fimbria 14 The fim14 operon (fim14ABCD) lacks a 

chaperone and has a frameshift mutation in its 

usher gene (fim14C); fim14A and fim14B encode 

the major and minor structural units, respectively. 

Fimbria 14 contributes to polymicrobial 

CAUTI. 

Armbruster et al., 2017a; Kuan et al., 

2014; Pearson et al., 2008; Himpsl et 

al., 2008. 
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1.2.1.2.2. Motility  

 

Bacterial motility is immensely beneficial to urinary tract entry, colonisation, competitive 

nutrient acquisition in the urine, and dissemination to the upper urinary tract in an ascending 

infection, whilst circumventing host defences (Wright et al., 2005; Lane et al., 2007; Belas, 

2014).  

 

1.2.1.2.2.1. Flagella 

 

Flagella are protruding appendages and undoubtedly the principal contributors to bacterial 

motility. They are proportionally large, filamentous structures of approximately thirty unique 

proteins, and are similar to fimbriae in that they mainly consist of a polymer of polypeptide 

subunit repeats (flagellins) and are arranged in a peritrichous manner; however, apart from 

their functional disparities, they are also much longer (2 to 10 μm in length) and thicker (12 to 

60 nm in diameter). Flagella can be up to one billion Dalton (1 ×109 Da) in weight; and can 

vastly range in number per bacterium between species (Hoeniger, 1965; Saier, 2013; 

Morimoto and Minamino, 2014). The major structural component of flagella is the caudal 

filament, usually comprising of eleven protofilaments (a series of protein tandem chains) 

wrapped together, each containing numerous flagellin protein subunits ranging in copy 

number from a few to tens of thousands (Samatey et al., 2001; Yonekura et al., 2003). This 

polymeric backbone of flagellin monomers acts as a helical propeller, rotated by reversible 

motor machinery within a basal body and hook complex embedded in the Gram-negative 

membrane, providing motility (Chen et al., 2011). Each flagellin monomer has four globular 

domains, termed D0, D1, D2, and D3; the former two being the most highly conserved. The 

protofilaments assemble through axial intermolecular contacts between the D1 domain 

convexo-concave surfaces on adjacent monomers. The proper assembly of these flagellar 

filaments is key to bacterial motility (Samatey et al., 2001; Yonekura et al., 2003). Unlike 

other motile bacteria, the genes encoding all flagellar components and chemotaxis proteins 

(responsible for the movement of the bacterium towards favourable environmental conditions) 

of P. mirabilis are found within a single chromosomal locus spanning approximately 54 

kilobases (kb); which include flagellin-encoding flaA and flaB; flgE, fliF, fliI, flaD, fliL and 

flgC, which encode the flagellar hook, M-ring, ATP synthase, filament, basal body and basal 

body rod protein, respectively; also included in this operon are the flagellar master regulator 

(flhDC), which is in turn regulated by umoA and umoB; and cheR and cheW, regulators of 

chemotaxis (Pearson et al., 2008). 
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1.2.1.2.2.1.1. Contribution to pathogenesis 

 

Flagella are not a necessity for the establishment of P. mirabilis UTI, as intrinsically non-

motile and flagellar mutant strains are still experimentally capable of colonising the urinary 

tract (Legnani-Fajardo et al., 1996; Zunino et al., 1994); however, they have a severely 

reduced capacity to invade renal proximal tubular epithelial cells upon disruption of the flaD 

gene (its expression is critical to the final polymerisation of flagellin monomers, FlaA, to the 

distal end of the assembling flagellar filament). This implies that flagella directly contributes 

to and improves P. mirabilis uropathogenesis (Mobley et al., 1996). Furthermore, transposon 

insertion-site sequencing (Tn-seq) studies have shown the key role of aforementioned genes 

in kidney colonisation; namely, fliF, cheW, flgE, cheR, flhDC, umoB and flgC; with the former 

two also involved in bladder colonisation and latter two involved in catheterised bladder 

colonisation, indicating a role in CAUTI (Burall et al., 2004; Himpsl et al., 2008; Armbruster 

et al., 2017a). Pearson et al. (2011) also found that the expression of these genes, along with 

other flagellar genes, gradually increase over time during ascending UTI, further alluding to 

the role of flagella in P. mirabilis virulence.  

 

P. mirabilis, like other bacterial species such as Salmonella Typhimurium and Campylobacter 

coli (Kutsukake and Iino, 1980; Alm et al., 1992), encodes two separate flagellin proteins as 

mentioned previously; FlaA is the principal flagellin protein, however, recombination between 

flaA and flaB can create flaAB hybrids (Murphy and Belas, 1999; Belas, 1994; Manos and 

Belas, 2004), that are thought to play a role in the antigenic variation of flagella. Flagellin, or 

H antigen, is highly immunogenic, being recognised as a pathogen-associated molecular 

pattern (PAMP) by Toll-like receptor 5 (TLR5), a pattern recognition receptor (PRR); 

discussed further in Section 4.1.2. Thus, antigenic variation of flagellin proves immensely 

beneficial to host immune evasion (Brunham et al., 1993; Nielubowicz et al., 2008; Umpiérrez 

et al., 2013).  

 

1.2.1.2.2.2. Swarming motility 

 

P. mirabilis is oft described as motile and dimorphic; this is due to the bacterium’s renowned 

ability to swarm, a specialised form of movement that, in contrast to swimming through liquid 

or soft agar, allows P. mirabilis cells to migrate through more viscous environments, such as 

the gut mucosa; or even across solid surfaces such as catheters, providing access to the urinary 

tract (Jones et al., 2004; Jacobsen et al., 2008; Stickler and Hughes, 1999; Sabbuba et al., 

2002). Swarming behaviour phenotypically presents as a characteristic ‘bull’s-eye’ pattern on 

a solid agar plate culture; this is due to a cyclic process involving differentiation, in which 
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swimmer cells, which predominate in liquid environments as short, straight, rods 1.5 to 2 

micrometre (μm) in length with four to ten peritrichous flagella (Mobley and Belas, 1995), 

transform into filamentous (elongated up to 80 μm in length), multinucleated, and 

hyperflagellated swarmer cells (Jones et al., 2004) in response to environmental cues; 

swarming colony migration; and consolidation, where swarmer cells de-differentiate and 

revert back to a swimmer cell morphotype (Armbruster and Mobley, 2012). Whilst 

consolidation was once thought to be a resting phase, P. mirabilis is significantly more 

metabolically active and overall gene expression is higher during this stage, in preparation for 

the next swarming phase. Subsequently, the swarming phase is almost entirely dedicated to 

the upregulation and expression of flagellum-related genes (Pearson et al., 2010). 

 

1.2.1.2.2.2.1. Environmental induction of swarming 

 

Although swarming can occur under both aerobic and anaerobic conditions (Alteri et al., 

2012), the lower gastrointestinal (GI) and urinary tracts possess numerous factors that make 

them highly permissible environments for this phenomenon. Their viscous mucosal surfaces 

directly induce swarming via the basal body FliL protein (Lee et al., 2013); P. mirabilis can 

swarm at more viscous concentrations (1.5 to 2 % agar) than other bacterial species (Rather, 

2005). The proteinogenic amino acids glutamine, arginine and histidine also induce swarming 

(especially the former); as well as ornithine, a non-proteinogenic amino acid intermediate of 

both polyamine synthesis and the urea cycle; and malate; all of which are found in urine 

(Allison et al., 1993; Armbruster et al., 2013; Armbruster et al., 2014). In the GI tract, the 

lower pH of the intestinal lumen promotes swarming (Nugent et al., 2001; Fujihara et al., 

2011; Pickard et al., 2017). In addition to previously mentioned amino acids, it also contains 

other swarming-inducing metabolites; including choline, an electron acceptor that facilitates 

anaerobic respiration (Jameson et al., 2016); and putrescine, a polyamine product of lysine 

and ornithine decarboxylation also found in the core OS of P. mirabilis LPS (see Section 

1.2.1.1.), that regulates DNA, RNA and protein synthesis (Vinogradov and Perry, 2000; 

Igarashi et al., 2001; Milovic, 2001; Sturgill and Rather, 2004). 

 

1.2.1.2.2.2.2. Contribution to pathogenesis 

 

Although flagella have been shown to directly contribute to P. mirabilis pathogenesis and 

disease progression and severity, the contribution of swarming motility remains to be fully 

elucidated. Swarming motility is likely to be a key player in the establishment of cystitis in 

catheterised patients, as differentiation of P. mirabilis swimmer cells into swarmer cells occurs 

on catheter surfaces, allowing migration and entry into the urinary tract (Jacobsen et al., 2008; 
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Jones et al., 2004; Stickler and Hughes, 1999; Sabbuba et al., 2002). In vitro studies suggest 

that swimmer cells enable urothelial adherence and therefore promote internalisation and 

cytotoxicity, and in vivo studies suggest they also facilitate dissemination from the bladder to 

the kidneys during ascending infection; however, swarmer cells can do so at much greater 

efficiency, and facilitate more systemic and chronic pyelonephritis (Mobley et al., 1996; Pazin 

and Braude, 1974; Allison et al., 1992a; Allison et al., 1994).  

 

During the consolidation phase, the expression of many other genes encoding virulence factors 

is upregulated, including urease, haemolysin and ZapA (Mobley et al., 1995; Mobley et al., 

1991; Armbruster and Mobley, 2012; Walker et al., 1999; Belas et al., 2004; Allison et al., 

1992a; Fraser et al., 2002; Rather, 2005; Wang et al., 2006). Additionally, swarming increases 

the ability of P. mirabilis to survive intracellularly, thus increasing its overall invasiveness 

(Allison et al., 1992b; Allison et al., 1994). It can be deduced that the swarming of P. mirabilis 

is important for the survival and persistence of this interesting bacteria, but also its virulence 

and invasiveness during opportunistic infection (Allison et al., 1994). This implies that the 

upregulation of flagellum genes during this phase may act as an ‘on switch’ for the co-ordinate 

transcription of aforementioned virulence factors. Crystalline P. mirabilis biofilms (Section 

1.2.1.4.) on urinary catheters have protruding swarmer cells; likely seeding the dispersal from 

the catheter to the urinary tract, highlighting the role of swarming motility in the initiation of 

biofilm formation, dispersal, and resultant CAUTIs (Jones et al., 2007). Thus, for all of these 

reasons, swarmer cells are likely to be significantly more cytotoxic to the host urothelium 

(Allison et al., 1992a; Allison et al., 1992b). 

 

1.2.1.2.3. Regulation of motility and adhesion 

 

Regulation of the expression of motility and adhesion genes is tightly coupled in a negative 

feedback loop; in other words, when flagellar genes are downregulated, fimbrial genes are 

upregulated. mrpJ, the transcriptional regulator of MR-P (Table 1.2.), is also a repressor of 

motility via fhlDC promoter binding (Pearson and Mobley, 2008); and upon reversion to a 

swimmer cell morphotype, the expression of other fimbrial proteins returns (Latta et al., 1999; 

Scavone et al., 2016).  

 

1.2.1.3.  Urease production  

 

Some bacteria, including P. mirabilis, are ureolytic, in other words, they produce urease; a 

cytoplasmic nickel (Ni2+)-metalloenzyme that effectively hydrolyses urea into ammonia and 

carbon dioxide (or carbonic acid in water) (Mobley et al., 1995; Mobley and Hausinger, 1989). 
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UreR is a 33.4 kDa helix-turn-helix AraC-like regulator that induces the urease operon in 

response to urea (Nicholson et al., 1993). The operon consists of ureA, ureB and ureC; which 

encode three structural subunits that form a heterotrimer, requiring acquisition of Ni2+ via four 

accessory proteins (ureD, ureE, ureF and ureG) to its active site to become catalytically active 

(Heimer and Mobley, 2001); correlating to a complete protein of roughly 253 kDa, in the case 

of P. mirabilis HI4320 (Jones and Mobley, 1989). Urea is the most abundant nitrogenous 

waste product of human metabolism, normally maintained at a concentration of between 400 

and 500 millimolar (mM) in human urine; and urease, with a Km of 22 to 60 mM for urea, is 

fully saturated and operating at Vmax, making it extremely potent under these conditions (Mora 

and Arioli, 2014). Thus, urease production is regarded as an adaptation for host survival, as its 

main breakdown product, ammonia, provides a plentiful source of nitrates for microbial 

metabolism (Rutherford, 2014). This adaptation is particularly beneficial to P. mirabilis and 

other Enterobacteriaceae genera, as the nitrates facilitate non-fermentative anaerobic 

respiration; favouring their growth and proliferation (Winter et al., 2013; Ni et al., 2017).  

 

1.2.1.3.1. Contribution to pathogenesis 

 

In vivo studies have demonstrated the role of urease in P. mirabilis uropathogenesis; DureC 

and DureR mutants cause significantly less bladder and kidney pathophysiology than wild-

type strains (Johnson et al., 1993; Jones et al., 1990; Dattelbaum et al., 2003). 

 

The presence of ammonia elevates the local pH of certain bodily sites, thus creating more 

alkaline environments that favour the survival of urease-positive species such as Helicobacter 

pylori in the upper digestive tract. In the urinary tract, precipitation of typically soluble 

polyvalent anions and cations such as magnesium (Mg2+), calcium (Ca2+) and phosphate (PO4
3-

), occurs when the pH of voided urine (pHv) rises to within the range of the nucleation pH 

(pHn), leading to the formation of magnesium struvite (MgNH4PO4.6H2O) and carbonate 

apatite (Ca10(PO4)6CO3) (Choong et al., 2001; Holling et al., 2014); as a result, urease 

production is explicitly associated with the formation of infection-induced calculi, commonly 

referred to as stones, in a process known as urolithiasis (Mobley and Warren, 1987; Griffith 

et al., 1976; Griffith and Osborne, 1987; Fowler, 1984; Lerner et al., 1989; McLean et al., 

1986). Proteus spp. are responsible for 70 % of all urolithiasis cases (Prywer and Olszynski, 

2017); and polymerase chain reaction (PCR) analysis has revealed the presence of genomic P. 

mirabilis DNA in urinary stones (Huang et al., 1999), thus, extracellular clusters of this 

bacteria in the bladder lumen are an indicator of nascent stone formation (Schaffer et al., 

2016).  
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1.2.1.3.2. Therapeutics 

 

Urease inhibitors have been investigated as a possible therapeutic for treating UTI caused by 

urease-positive bacteria. Acetohydroxyamic acid (AHA), which despite being a structural 

analogue of urea, does not induce UreR (Nicholson et al., 1991); and works by binding Ni2+ 

in the urease active site (Follmer, 2010). Whilst AHA has proven effective in preventing 

urolithiasis (Griffith et al., 1991; Williams et al., 1984; Griffith et al., 1988), it has potentially 

severe side effects that limit its clinical feasibility (Zisman, 2017). Perhaps surprisingly, 

despite the apparent accessibility of this approach to prevent urinary catheter blockage by 

luminal crystalline biofilm formation, no such clinical intervention based on urease inhibition 

currently exists. 

 

1.2.1.4.  Crystalline biofilm formation 

 

The care of catheterised patients is often burdened by bacterial infection where biofilms 

constitute a major aetiology (Stickler, 2014); as they play an important role in colonisation of 

such medical devices, frequently leading to chronic infection (Romling et al., 2014). A biofilm 

is an immobile community of bacterial cells irreversibly attached to a substratum or interface 

(either biotic or abiotic), or to each other; embedded in an autogenous, polymeric matrix; 

chiefly comprised of EPS, proteins, lipids, and extracellular DNA (eDNA) (Flemming et al., 

2016; Hall-Stoodley et al., 2004; Ibanez de Aldecoa et al., 2017). Bacteria within these 

multicellular aggregates present an altered phenotype compared to their planktonic 

counterparts in regard to growth rate and gene transcription via quorum sensing (QS), cell-cell 

communication that involves the secretion, detection and response to signalling molecules 

known as autoinducers (AIs) (Donlan and Costerton, 2002; Rutherford and Bassler, 2012). 

Biofilms are a reservoir for bacteria, protecting them from mechanical removal, the action of 

antimicrobials and host defences; primarily neutrophils, that are recruited to the site of 

infection; thus, they are strongly associated with bacterial virulence (Romling et al., 2014). 

Biofilm-derived persister cells are able to cause recurrent infection and become more resistant 

to antimicrobials after each course of treatment (Pallett and Hand, 2010). 

 

1.2.1.4.1. Contribution to pathogenesis  

 

As stated previously, biofilms are a ubiquitous problem associated with urinary catheters, and 

the ability of P. mirabilis to form biofilms capable of catheter occlusion is well-documented 

(Morris et al., 1999; Holling et al., 2014; Norsworthy and Pearson, 2017; Armbruster et al., 

2018). Crystalline biofilms form on catheters once the pHv reaches pHn due to the action of 
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bacterial urease, as described in Section 1.2.1.3. and illustrated in Figure 1.3., leading to 

catheter blockage; this occurs in approximately 50 % of patients with long-term catheterisation 

(Mobley and Warren, 1987; Kunin, 1989; Stickler et al., 1993; Stickler et al., 2006). Although 

several urease-positive species are known to form crystalline biofilms, P. mirabilis is 

particularly notorious for doing so. In a lab setting, P. mirabilis can form these multifaceted 

communities six hours post-inoculation (Stickler et al., 2003); they can completely obstruct 

catheters; and no current catheter type is resistant to them (Stickler, 2014); and although some 

materials and antimicrobial coatings may delay blockage, P. mirabilis can colonise these 

surfaces after deposition of crystals that encrust the catheter (Morgan et al., 2009). Advanced 

blockage of the catheter lumen dramatically restricts urine flow and can cause reflux of P. 

mirabilis-infected urine to the kidneys, causing a more systemic infection (Sabbuba et al., 

2003). Furthermore, due to the role of urease in this phenomenon, the formation of crystalline 

biofilm correlates with the formation of infection-induced urinary stones. For example, in a 

study of long-term catheterised patients experiencing discomfort, 85 % had blocked catheters, 

72 % of which were encrusted; 62 % of patients with encrusted catheters also had bladder 

stones, and P. mirabilis was the most common species recovered from the catheters, at an 

occurrence of 79 % (Sabbuba et al., 2004). Indeed, P. mirabilis has been found embedded 

within both types of these dense and complex microbial communities (Li et al., 2002b; Winters 

et al., 1995).   

 

1.2.1.4.2. Factors associated with P. mirabilis biofilm formation 

 

Several other P. mirabilis virulence factors also act as important biofilm-forming factors. As 

stated previously, it is clear that urease is critical to the formation of crystalline biofilms; and 

in polymicrobial biofilm-encrusted catheters, urease activity may provide P. mirabilis a 

competitive advantage over P. aeruginosa and Klebsiella pneumoniae in these scenarios (Li 

et al., 2016; Galvan et al., 2016). Several P. mirabilis adhesins are involved in biofilm 

formation as outlined in Table 1.2., especially MR-P fimbriae; which allow the bacteria to 

readily adhere to a plethora of clinically relevant materials, including common catheter 

materials like latex and silicone (Scavone et al., 2016; Rocha et al., 2007b; Jansen et al., 2004; 

Schaffer et al., 2016). P. mirabilis swarming motility (Section 1.2.1.2.2.2.) facilitates rapid 

colonisation of catheters and dispersal to new environs, in other words, the urinary tract (Jones 

et al., 2004; Jones et al., 2007); however, it is likely to be tightly regulated as it may hinder 

the formation of adherent communities (Jones et al., 2005). LPS and CPS (Section 1.2.1.1.) 

mediate surface hydrophobicity and are therefore important for both initial colonisation and 

biofilm maturation (Izquierdo et al., 2002; Czerwonka et al., 2016; Dumanski et al., 1994; 

Wilks et al., 2015; Moryl et al., 2014). The bipartite regulator RcsB, polyphosphate kinase 
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(PPK), nitrogen metabolism, and phosphate-specific transport (Pst) and CpxAR systems (see 

Section 1.3.2.) are also involved in P. mirabilis biofilm-forming ability (Howery et al., 2016; 

Peng et al., 2016; O’May et al., 2009; Holling et al., 2014).  

 

Efflux systems have recently been found to be involved in P. mirabilis biofilm formation 

(Holling et al., 2014). These systems facilitate energised extrusion of substances considered 

toxic to the bacterium, such as antibiotics (see Section 1.2.1.7.), metabolites, heavy metals 

and QS signalling molecules via specific pumps, and are classified into six families primarily 

based on the energy source of the pump and the types of substances it exports. They are 

expressed at increased levels in biofilm-associated cells and therefore at least partially account 

for the higher antibiotic resistance profile of these cells as compared to their planktonic 

counterparts. Furthermore, chemical inhibition and deletions in genes encoding efflux system 

components can reduce or even eradicate biofilm formation in uropathogenic species such as 

E. coli, K. pneumoniae and P. aeruginosa (Kvist et al., 2008; Matsumura et al., 2011; Zhang 

and Mah, 2008). Although their exact role is yet to be elucidated, it has been proposed that 

efflux systems facilitate QS-mediated waste management for these densely populated 

microbial communities (Kvist et al., 2008; Maseda et al., 2004; Sun et al., 2014; O’Toole and 

Kolter, 1998). Holling et al. (2014) employed an in vivo random Tn5-transposon mutagenesis 

approach on parental P. mirabilis strain B4 (a clinical isolate from an encrusted catheter) 

(Jones et al., 2004) coupled with in vitro bladder models of the catheterised urinary tract to 

uncover genes and pathways relevant to crystalline biofilm formation by this bacterium. 15 % 

of the 575-strong mutant library had altered biofilm-forming ability and 12 of these, some of 

which had disruptions in genes responsible for nitrate metabolism and efflux systems (not 

previously associated with biofilm formation in P. mirabilis), were selected for further study. 

One mutant, NHBFF9, had disruptions in a gene encoding a component of a multidrug major 

facilitator superfamily (MFS) efflux pump, Bcr/CflA. Although this mutant could produce 

urease (and therefore hydrolyse urea) and attach normally to catheter materials, it had a 

significantly diminished ability to elevate urinary pH, swarm, and block catheters as compared 

to the parental wild-type strain; however, its impaired motility was not deemed a significant 

factor in its reduced catheter blocking ability and was due to loss of efflux function (Jones et 

al., 2004, Jones et al., 2005).  
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Figure 1.3. Colonisation and subsequent blockage of a urinary catheter by P. mirabilis 

during CAUTI, adapted from Flores-Mireles et al., 2015. A hallmark of P. mirabilis CAUTI 

is the encrustation and blockage of urinary catheters, which begins with the attachment of 

planktonic cells to the catheter via Proteus-like fimbriae (MR-P). As microcolonies begin to 

form, the rise in local pH due to bacterial urease-mediated hydrolysis of urea into ammonia 

and carbon dioxide leads to the precipitation of ions typically soluble in urine, namely calcium 

and magnesium phosphates (Holling et al., 2014), inducing the formation of apatite and 

struvite crystals, respectively. These crystals become embedded within P. mirabilis-derived 

extracellular substances such as EPS and eDNA, forming a crystalline biofilm, protecting the 

microbial community from host defences and antibiotics. These expansive structures encrust 

and block the catheter lumen, preventing appropriate urine drainage, leading to vesicoureteral 

reflux (VUR). This, in combination with swarming motility, allow the bacteria to disseminate 

to upper bodily sites, potentially causing pyelonephritis, septicaemia, and shock (Jacobsen and 

Shirtliff, 2011); thus, urinary catheter replacement is of utmost importance to prevent such 

complications. 

 

1.2.1.5.  Nutrient uptake 

 

Host nutrient acquisition is first and foremost a fitness factor for all microorganisms; thus, 

pathogenic bacteria must be able to compete with commensals and potentially other 

pathobionts in order to persist within the host, especially in regard to dissemination to other 

sites. During infection, one of the most difficult tasks facing all microbial pathogens within 

the host is accessing enough iron to support growth. 
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1.2.1.5.1. Iron 

 

Iron is an essential micronutrient for virtually all organisms; as a transition metal, metabolic 

enzymes rely on its chemical property to interconvert between its ferrous (Fe2+) and ferric 

(Fe3+) states via single electron transfers, ensuring their proper functioning for biological 

processes such as respiration, electron transport, and amino acid synthesis. The physiological 

concentration of iron in the host is 10-8 to 10-9 molar (M), several orders of magnitude below 

the 10-6 M required for bacterial growth. ‘Free’ iron is inherently toxic, damaging lipids, 

proteins, and nucleic acids, therefore compromising cellular integrity; thus, intra and 

extracellular host iron sequestration mechanisms exist, substantially reducing the availability 

of iron to a mere 10-18 M, simultaneously providing nutritional immunity (Sheldon et al., 

2016). In the human cell, iron is stored within multimeric proteins such as haem and ferritin; 

whilst outside, it is bound with high affinity by glycoproteins such as transferrin and 

lactoferrin, abundantly found in serum and at mucosal surfaces, respectively; as well as 

extracellular haemoglobin-sequestering haptoglobin and plasma protein haemopexin (Braun, 

2001).  

 

Pathogenic bacteria have evolved three main strategies for host iron uptake; extraction and 

capture of haem-bound iron from haemoproteins via toxins; acquisition of transferrin or 

lactoferrin-bound iron via surface-associated receptors or secreted siderophores; and free iron 

uptake via Fe3+ reductases and Fe2+ permeases (Sheldon et al., 2016). Most of these 

mechanisms are controlled by the Fe3+ uptake regulator (Fur) or diphtheria toxin repressor 

(DtxR) superfamilies (Escolar et al., 1999; Hantke, 2001); which also play a key role in the 

regulation of other virulence determinants, such as host colonisation, survival and 

proliferation; toxin and adhesin production; and QS and biofilm formation (Carpenter et al., 

2009; Fillat, 2014; Schmitt and Holmes, 1991; Troxell and Hassan, 2013). The Fur regulon 

has been identified within the P. mirabilis HI4320 genome (Pearson et al., 2008). 

 

1.2.1.5.1.1. Cytotoxins  

 

Haem represents 75 % of the total mammalian reservoir of iron, and because it exists primarily 

within circulating erythrocytes, pathogens secrete cytotoxins to lyse cells and increase haem 

availability; making them multifactorial pathogenicity determinants (Los et al., 2013). P. 

mirabilis expresses two distinct cytotoxins that contribute to survival, invasiveness and 

nutrient acquisition, as outlined in Figure 1.4. 
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The haemolytic activity of P. mirabilis relies on two genes from the same locus; hpmA and 

hpmB, which encode the 166 kDa HpmA and 63 kDa HpmB proteins, respectively. HpmA 

exists as a cell-associated precursor and is proteolytically processed by HpmB via N-terminal 

cleavage into its shorter, active form of 140 kDa, and is then chaperoned, also by HpmB, for 

extracellular secretion (Uphoff and Welch, 1990). Once active, HpmA not only lyses 

erythrocytes, but also bladder epithelial cells, B-cell lymphocytes and monocytes by forming 

pores on their cell surface (Swihart and Welch, 1990a; Cestari et al., 2013); and can do so 

under anaerobic conditions, at a range of temperatures, and in a calcium-independent manner 

(Kaca and Rozalski, 1991). Thus, HpmA is directly associated with cytotoxicity, tissue 

damage, and the overall pathogenesis and invasiveness of P. mirabilis. HpmA expression 

among P. mirabilis isolates is almost ubiquitous, with one study reporting 97 % of isolates 

expressing the toxin (Swihart and Welch, 1990a). P. mirabilis also secretes Proteus toxic 

agglutinin (Pta), a 117 kDa cell surface-anchored autotransporter (AT), a class of virulent 

proteins exported by Gram-negative pathogens via the AT or Type V secretion pathway. 

Although not explicitly stated, Pta is likely a member of the serine protease autotransporters 

of Enterobacteriacae (SPATE) family, due to its subtilisin-like activity. SPATE family 

members degrade haemoglobin to increase haem-bound iron accessibility (Krewulak and 

Vogel, 2008), essentially acting as haemophores themselves; therefore, Pta likely also plays a 

role in P. mirabilis iron uptake. Independent of this, Pta promotes auto-aggregation of P. 

mirabilis under more alkaline conditions. This interestingly suggests that Pta could be essential 

for initial bacterial colonisation, as well as biofilm formation in an alkalinised urinary tract 

(Alamuri and Mobley, 2008). Pta-host cell interactions have been effective in uncovering 

previously unknown molecular events during P. mirabilis infection, so much so that the toxin 

is being developed as a vaccine in the form of a surface-expressed antigen (Alamuri et al., 

2009).  
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Figure 1.4. The mechanism of action of P. mirabilis-derived toxins, adapted from Flores-

Mireles et al., 2015. Upon urothelial colonisation, HpmA and Pta contribute to P. mirabilis 

invasiveness via host tissue damage, ultimately leading to the release of nutrients; namely iron, 

which is in turn scavenged by siderophores. HpmA induces pore formation via self-insertion 

into the host cell membrane, causing cell destabilisation and exfoliation, whereas Pta 

punctures the membrane causing cytosol leakage, osmotic stress and actin filament 

depolymerisation, consequently compromising the structural integrity of the cell. 

 

Acquisition of extracellular haem (both free and haemoprotein-bound) is then facilitated by 

small, soluble proteins known as haemophores (Cescau et al., 2007). They escort haem from 

the milieu, across the OM via specific TonB-dependent cell-surface receptors; and then 

chaperoned through the periplasmic space to the IM, passing through via multiprotein 

adenosine triphosphate (ATP)-binding cassette (ABC)-transporters (Ma et al., 2009; Klein and 

Lewinson, 2011); after which iron is released upon the action of cytoplasmic haem oxygenases 

(Hood and Skaar, 2012). The P. mirabilis haem uptake system (Hmu) is a close homologue of 

the Shigella haem uptake system (Shu) first described in S. dysenteriae, likely acquired via 

horizontal gene transfer (HGT). It consists of shuA, shuTUV, and shuS; encoding the haem 

cell-surface receptor, periplasmic chaperone, ABC-transporter, and intracellular haem 

processor, respectively (Wyckoff et al., 2005).  
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1.2.1.5.1.2. Siderophores 

 

Bacteria produce siderophores; small, secreted Fe3+-chelating compounds of low molecular 

weight (approximately 500 – 1,000 Da), that display a higher affinity for Fe3+ than host 

haemoproteins (Gokarn, 2010). They are synthesised in the cytoplasm, requiring export 

through the IM and OM via a major facilitator superfamily (MFS) protein and a channel 

protein such as TolC, respectively (Garénaux et al., 2011). Fe3+-bound siderophores are 

recognised by specific receptors on the Gram-negative cell surface, chaperoned through the 

periplasm via the TonB-ExbB-ExbD energy transduction system, and re-enter the cytoplasm 

via IM ABC-transporters (Braun, 2001; Chakraborty et al., 2007; Higgs et al., 2002). Fe3+ 

bound to siderophores can sometimes be periplasmically reduced to Fe2+, allowing siderophore 

recycling without the need for biosynthesis of new molecules; however, if the redox potential 

is too high, siderophore degradation by esterases is required before the action of Fe3+ 

reductases (Miethke et al., 2011).  

 

Pathogenic Enterobacteriacae produce a variety of catecholate-type siderophores; the best-

known being enterobactin, or enterochelin, which is bound, chaperoned and internalised by 

FepA, FepB and FepCDG, respectively; salmochelin, a glycosylated version of enterobactin 

which as the name suggests, was first identified in Salmonella spp.; and aerobactin (Bachman 

et al., 2011; Garénaux et al., 2011). Despite being a pathogen of the Enterobacteriacae family, 

P. mirabilis does not produce such catecholate-type siderophores. However, P. mirabilis 

HI4320 genome analysis reveals two putative siderophore synthesis operons (Pearson et al., 

2008); proteobactin and a yersiniabactin-like siderophore (Himpsl et al., 2010). Proteobactin 

(Pbt) is a novel non-ribosomal peptide synthetase (NRPS)-independent siderophore (NIS) 

system unique to P. mirabilis that relies on PbtA (synthetase) and PbtB of the pbt operon for 

siderophore biosynthesis and TonB-dependent transport, respectively (Himpsl et al., 2010). 

Yersiniabactin (Nrp), is, in contrast to Pbt, an NRPS siderophore system, and produced by 

other species including Yersinia spp., Salmonella spp., and enteroaggregative intestinal 

pathogenic E. coli (IPEC) as well as P. mirabilis (Rakin et al., 2012; Carniel, 2001; Muller et 

al., 2009; Izumiya et al., 2011; Okeke et al., 2004). It is encoded by the nrp operon, a 

constituent of the high-pathogenicity island (HPI), that is homologous between P. mirabilis 

HI4320 and Yersinia spp. (Flannery et al., 2009). Uptake of this siderophore occurs via the 

OM FyuA receptor and the IM YbtPQ ABC-transporter (Koster and Braun, 1990; Perry and 

Fetherston, 2011). Yersiniabactin provides a higher survival of P. mirabilis in the urinary tract 

based on a co-infection model (Chaturvedi et al., 2012); and FyuA promotes formation of 

biofilms in the bladder (Hancock et al., 2008; Brumbaugh et al., 2013).  
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Many Enterobacteriacae are also able to uptake exogenous siderophores, such as the fungal 

ferrichrome (Andrews et al., 2003); this redundancy in siderophore-mediated iron acquisition 

suggest they play a key role in adaptation to iron-limited niches, in which these species are 

competing with other microorganisms (Valdebenito et al., 2006).  

 

1.2.1.5.1.2.1. Immune response to siderophores 

 

Siderophore production confers resistance to oxidative stress caused by intracellular iron 

overload during macrophage invasion and persistence (Frawley et al., 2013). To combat this, 

natural resistance associated macrophage protein 1 (NRAMP1) exports iron from the 

phagosomal compartment; simultaneously stimulating the release of neutrophil gelatinase-

associated lipocalin (NGAL, also known as siderocalin or lipocalin 2); which scavenges 

siderophores of the Enterobacteriacae (Flo et al., 2004). The host also produces siderophores 

to compete with those of bacterial origin. Interestingly, the iron-binding moiety of 2,5-

dihydroxybenzoic acid (2,5-DHBA), which normally aids iron transport for NGAL, is 

structurally similar to that of enterobactin and may therefore unintentionally aid bacterial 

growth; thus, its synthesis is downregulated during infection to promote NGAL-enterobactin 

binding (Devireddy et al., 2010; Liu et al., 2014).  

 

1.2.1.5.1.3. Other forms of iron scavenging 

 

a-hydroxyisovaleric acid, a metabolite, and a-keto acids produced by amino acid deaminases 

(Aads) and a-hydroxycarboxylic acids, both of which are produced by P. mirabilis, are also 

proposed to be involved in iron acquisition from the host (Evanylo et al., 1984; Dreschel et 

al., 1993; Massad et al., 1995). 

 

1.2.1.5.2. Other nutrients  

 

Other important transition metal ions include copper (Cu2+), zinc (Zn2+), and manganese 

(Mn2+) for proper functioning of enzymes (Klein and Lewinson, 2011). For instance, Zn2+ is 

required for P. mirabilis ZapA activity (see Section 1.3.1.2.) and is acquired via the ZnuACB 

high-affinity zinc transport system (Nielubowicz and Mobley, 2010). DznuC P. mirabilis 

exhibits reduced swarming motility; and are outcompeted by their wild-type counterparts 

during bladder and kidney infection in murine models (Nielubowicz et al., 2010). 

Additionally, Cu2+ is required for the ability of bacteria to adapt to changing environments 

(see Section 1.3.2.). However, like iron, these transition metals also produce highly reactive 
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hydroxy radicals which become toxic at high intracellular concentrations; thus, in response, 

bacteria expel them via efflux systems. The host subsequently takes advantage of this 

bactericidal activity as a defence mechanism during infection (Klein and Lewinson, 2011). 

 

1.2.1.6.  Intracellular survival  

 

Effective cytoplasmic colonisation of host cells provides bacterial persistence and survival, 

evasion from host immunity, and protection from antibiotic activity (Mathoera et al., 2002). 

As previously stated in Section 1.2.1.2.2.2.2., P. mirabilis can do so with the aid of swarming 

motility, with swarmer cells being fifteen times more invasive than swimmer cells, as 

described in a study using a cellular urinary tract model (Allison et al., 1992). Once inside the 

cell, swarmer cells divide, develop septa, reproduce via binary fission, and revert into 

swimmer cells at an average number of fifty to three hundred (Allison et al., 1992); which can 

persist intracellularly for at least twenty hours in vivo (Wells et al., 1996). It appears that host 

cell type determines the uptake pathway and characteristics of P. mirabilis invasion; the 

bacteria can be found in either single- or double-membraned vacuoles within urothelial and 

intestinal cells, respectively. Faecal P. mirabilis isolates are the most invasive and capable of 

intracellular survival (Oelschlaeger and Tall, 1996). 

 

1.2.1.7.  Antibiotic resistance  

 

The discovery of penicillin in 1928 by Sir Alexander Fleming, the first true antibiotic, hailed 

the dawn of the modern antibiotic era; ever since, different classes and derivatives have been 

discovered and developed, respectively, and have been the gold standard for the treatment of 

all bacterial infections, saving millions of lives. However, the diminishing returns of novel 

classes of antibiotics coupled with the increasing frequency of multidrug-resistant (MDR) 

pathogens over the past few decades has resulted in a reduction in their clinical efficacy. 

Antibiotics are overprescribed worldwide (Ventola, 2015); and although the use of broad-

spectrum antibiotics for the treatment of UTI has decreased in the UK from 2004 to 2014, the 

use of UTI-specific antibiotics has increased (Ahmed et al., 2018). Furthermore, considering 

that roughly 15 % of all antibiotics prescribed in a primary care setting in the UK are for UTI, 

and a Northern Irish study finding that 66 % of all antibiotic prescriptions in care homes were 

for UTI, a statistic more applicable to complicated UTIs and CAUTIs (Bates et al., 2014; 

McClean et al., 2011); it is fair to state that UTIs are at the vanguard of the exacerbating 

antibiotic resistance problem. Consequently, the development of antibiotic-sparing 

alternatives to prolong their efficacy have gained increased interest; this includes non-

bactericidal virulence-suppressing agents used in combination with current antibiotics, with 
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targets including QS (see Section 1.2.1.4.), AraC and efflux pumps (LaSarre and Federle, 

2013; Yang et al., 2013; Kvist et al., 2008). 

 

P. mirabilis is intrinsically resistant to LPS-binding, OM-permeabilising and bacterial 

respiration-inhibiting polymyxins B and E (colistin), as well as 30S subunit protein synthesis 

inhibitors tetracycline and tigecycline (the first glycylcycline) (Qin et al., 2015). P. mirabilis 

polymyxin resistance is facilitated via covalent modifications of either the hydrophilic 

disaccharide or hydrophobic acyl chain portion of lipid A during LPS transit from the 

periplasmic face of the IM to the OM (see Section 1.2.1.1.1.). Specifically, exchange of L-

arabinoso-4-amine for either the Kdo residue or the ester-linked lipid A phosphate moiety 

increases the overall charge of the typically negative LPS to chargeless, thus reducing the 

binding capacities of cationic polymyxins (Vaara et al., 1981; Rózalski et al., 1997; Olaitan et 

al., 2014). Logically, these modifications also confer resistance to cationic antimicrobial 

peptides (AMPs) and may facilitate evasion of recognition by TLR4 (Raetz et al., 2007) (see 

Section 1.3.3.2.3.). On the other hand, P. mirabilis tetracycline and tigecycline resistance is 

mediated by their effective expulsion from the bacterial cytosol via overexpression of a 

transmembrane efflux pump, AcrAB, a resistance-nodulation division (RND) superfamily 

member and the major efflux pump found in Enterobacteriaceae; that functions via proton 

motive force and relies on the OM channel protein TolC (see Section 1.2.1.5.1.2.) for 

extracellular extrusion (Visalli et al., 2003; Grossman, 2016; Du et al., 2018).  

 

As previously described in Section 1.2.1.4.2., Holling et al. (2014), who found that the P. 

mirabilis B4 mutant NHBFF9, which had disruptions in a component of the Bcr/CflA efflux 

pump and consequently had impaired biofilm-forming ability, also had a higher susceptibility 

to Fosfomycin, an inhibitor of cell wall synthesis; the clinically resistant parental wild-type 

strain (which was originally isolated from an encrusted catheter) was rendered susceptible 

when exposed to chemical efflux pump inhibitors (EPIs). Thus, inhibition of efflux systems 

reduces the antibiotic resistance profile characteristic of biofilms (Kvist et al., 2008; Zhang 

and Mah, 2008), and could be used synergistically with current antibiotics to increase their 

therapeutic efficacy and control P. mirabilis crystalline biofilm formation, preventing catheter 

blockage. Many chemical EPIs currently under investigation are pre-approved drugs for the 

treatment of human conditions and would therefore potentially bypass many of the costly and 

time-consuming obstacles (in other words, pre-clinical studies followed by a succession of 

clinical trials) that novel compounds face during the path to regulatory approval, accelerating 

their clinical application for the care of catheterised patients. In a continuation of the previous 

study by Holling et al. (2014), Nzakizwanayo et al. (2017) assessed fluoxetine, a selective 

serotonin re-uptake inhibitor (SSRI) class of anti-depressant, and thioridazine, an anti-
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psychotic drug, as potential EPIs of the crystalline biofilm-associated Bcr/CflA efflux system 

in P. mirabilis, using an ethidium bromide (EtBr) accumulation assay with a general inhibitor 

of energy dependent membrane transport, the proton gradient decoupling agent carbonyl 

cyanide m-chlorophenyl hydrazine (CCCP), in silico molecular modelling, and an in vitro 

bladder model of the catheterised urinary tract. Both compounds were able to inhibit efflux, 

although thioridazine was able to do so more efficiently. These findings were corroborated in 

the bladder model, in which these chemical EPIs reduced P. mirabilis viability and catheter 

encrustation in a concentration-dependent manner, and therefore increased time taken to block 

catheters; these effects were again more evident with thioridazine. It was also shown that these 

compounds possess ligands that bind to the channel region of the transporter in a similar 

manner. However, the authors did not determine whether they acted on the Bcr/CflA efflux 

system alone or on the P. mirabilis ‘effluxome’.  

 

Other mechanisms of antibiotic resistance include enzymatic inactivation (such as b-

lactamases), ribosomal protection, and binding-site mutations (Grossman, 2016). P. mirabilis 

even has the ability to quickly develop resistance to biocides such as triclosan, a chlorinated 

agent, which has been trialled as a supplement in sterile water used to inflate the intra-bladder 

balloon of the Foley catheter, in order to prevent the urease-mediated rise in urinary pH that 

drives crystalline biofilm formation and subsequent blockage (see Sections 1.2.1.3. and 

1.2.1.4.) (Williams and Stickler, 2008; Stickler and Jones, 2008). 

 

P. mirabilis HI4320 genome analysis reveals the presence of genes encoding a conjugal 

transfer pilus, which mediates the horizontal gene transfer (HGT) of antibiotic resistance-

harbouring plasmids (Pearson et al., 2008). This indicates that, although P. mirabilis remains 

sensitive to a variety of antibiotics, strains are acquiring resistance via HGT at an alarming 

rate (Iredell et al., 2016). A mobile genetic element first discovered in Salmonella 

Typhimurium, aptly named Salmonella genomic island 1 (SGI1), integrates into the host 

chromosome and confers resistance to tetracycline; protein synthesis inhibitors streptomycin, 

an aminoglycoside, and chloramphenicol, that target the 30S and 50S subunits, respectively; 

DNA synthesis-inhibiting fluoroquinolones; folic acid synthesis inhibitors trimethoprim and 

sulphonamide; and broad-spectrum b-lactam antibiotics. In 2007 and 2008, P. mirabilis strains 

that had acquired SGI1 were reported by several groups at far reaches of the Asian continent 

and in Europe (Doublet et al., 2010); and, more recently, an SGI1-positive strain had acquired 

a plasmid carrying the New Delhi metallo-b-lactamase 1 gene, leading to the identification of 

the extensively drug-resistant (XDR) P. mirabilis strain PM58, which is resistant to all 

antibiotics used in the treatment of infections caused by Enterobacteriaceae, bar aztreonam 
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(Qin et al., 2015); a synthetic monocyclic b-lactam, or ‘monobactam’. Furthermore, a recently 

sequenced clinical P. mirabilis strain (NO-051/03) isolated from a European patient with a 

soft tissue infection had acquired trimethoprim, b-lactam, phenicol, sulphonamide, and 

aminoglycoside resistance genes (D’Andrea et al., 2016).  

 

1.2.1.8.  Immune evasion 

 

Crystalline biofilm formation (Section 1.2.1.4.), cytotoxin production (Section 1.2.1.5.1.1.) 

and intracellular survival (Section 1.2.1.6.) are secondary contributors to P. mirabilis host 

immune evasion, and although MR-P antigenic phase variation (Table 1.2.), flagellin gene 

recombination (Section 1.2.1.2.2.1.1.) and O antigen variation (Section 1.2.1.1.2.) contribute 

directly, their effects are more subtle compared to the main immunoevasive mechanism of this 

uropathogen; production and secretion of a protease known as mirabilysin, or ZapA.   

 

1.3.  ZapA 

 

1.3.1.  Classification  

 

1.3.1.1.  Proteases 

 

Proteases, also known as proteolytic enzymes, proteinases, or peptidases, are ubiquitous in 

nature, being found in all domains of life. They essentially process proteins and peptides via 

peptide bond hydrolysis, which results in their degradation; more specific bond scission can 

result in target substrate activation or deactivation, meaning they are also important post-

translational regulators (Cerdà-Costa and Gomis-Rüth, 2014). Thus, regulation of proteases 

themselves is important in preventing aberrant activity; this can occur at the transcriptional 

level, via post-translational modifications (PTMs), for example their biosynthesis as inactive 

zymogens requiring proteolytic maturation to become active; additional ways include 

controlled protease-substrate co-localisation, cofactor binding requirements, specific substrate 

specificity, and the presence of physiological inhibitors (Holzer and Heinrich, 1980; Rawlings 

et al., 2004). 

 

The human proteome consists of at least 550 active proteases involved in the regulation of 

many physiological processes, including blood pressure, hormone homeostasis, signal 

transduction (discussed throughout Chapter 2), protein-protein and cell-cell interactions 

(López-Otín and Overall, 2002). Thus, failure in the body’s ability to regulate these enzymes 
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can potentially result in pathological conditions such as inflammation, tissue destruction, 

neuropathy, cardiovascular disease and tumorigenesis (Cerdà-Costa and Gomis-Rüth, 2014). 

On the other hand, proteases have been implicated in microbial infections as viable virulence 

factors, mainly via destruction of host tissue components and inactivation or alteration of host 

defences (Miyoshi and Shinoda, 2000). As a result, insights into their structure and function 

allows for the development of novel therapeutic agents, mainly in the form of inhibitors (Turk, 

2006).  

 

Proteases are classified as endopeptidases or exopeptidases, that cleave within a protein or 

peptide substrate or at either of its termini, respectively; exopeptidases are further subclassified 

as aminopeptidases or carboxypeptidases, that cleave a substrate at the N-terminal or C-

terminal end, respectively (Cerdà-Costa and Gomis-Rüth, 2014). However, proteases are 

typically categorised and named based on the nature of their catalytic site nucleophile, the 

electron donor that enables bond-forming during the hydrolytic reaction. These nucleophiles 

are amino acid residues serine, cysteine, and aspartic acid, the more recently discovered N-

terminal threonine, glutamic acid (primarily found in fungal pathogenic proteases), and 

asparagine (peptide lyases); or a divalent metal ion, these proteases are in turn known as 

metalloproteases (Nielubowicz and Mobley, 2010). 

 

The active site of a protease is usually found in a groove or cleft on the surface of the enzyme 

between neighbouring structural domains, and substrate specificity is determined by both the 

geometry and the properties of binding sites situated along the groove on one or both sides of 

the catalytic site required for peptide bond hydrolysis. Thus, overall protease specificity is 

defined as the ability of each catalytic subsite to accommodate the side chain of a single amino 

acid residue. Catalytic subsites are numbered S1, S2…Sn and S1’, S2’…Sn’ towards the N- and 

C-terminal ends of the substrate, respectively, whereas the accommodated amino acids on the 

substrate are numbered P1, P2…Pn and P1’, P2’…Pn’, respectively, as seen below:  

 

Substrate: – P3 – P2 – P1 + P’1 – P’2 – P’3 – 

Enzyme: – S3 – S2 – S1 * S’1 – S’2 – S’3 – 

 

Here, the catalytic site of the protease is indicated with an asterisk (*), and the hydrolysed 

peptide bond (the scissile bond) of the substrate is indicated with a plus symbol (+) (Berger 

and Schechter, 1970). 

 

MEROPS is an online database providing useful information such as nomenclature, sequence, 

structure and literary references for proteases and inhibitory proteins that utilises a three-tiered 



Chapter 1 | Introduction: Understanding protease-mediated host-pathogen interactions in 
Proteus mirabilis 

 

 61 

C
hapter 1 | U

nderstanding protease- m
ediated host-pathogen interactions in 

Proteus m
irabilis 

hierarchal structure-based classification system. Individual proteases are assigned to a family 

of proteases with statistically significant similarity in the catalytically active segment of the 

amino acid sequence, based on a reference or ‘type example’ protease; related families, most 

likely evolved from a single common ancestor and have similar folds in their tertiary structure, 

are then grouped into clans. Thus, different clans are evolutionarily distant. Family and clan 

names are formed according to the first letter of the catalytic type of the protease, followed by 

a sequential assigned number or arbitrary second letter for the former and latter, respectively 

(Rawlings et al., 2012).  

 

1.3.1.2.  Metalloproteases 

 

Metalloproteases are the most diverse of all catalytic protease types. As stated, the active site 

of metalloproteases accommodates a catalytic divalent metal ion; in most cases this is zinc 

(Zn2+), but can also be cobalt (Co2+), manganese (Mn2+) or nickel (Ni2+). For Zn2+-containing 

metalloproteases, the ion is usually bound to the active site cleft of the protease by amino acid 

residue histidine and glutamic acid is the general base/acid residue required for catalysis. 

Metalloproteases can be mononuclear or dimetalate, in other words, can have a single catalytic 

divalent metal ion or two (Cerdà-Costa and Gomis-Rüth, 2014); the mechanism of action of 

mononuclear metalloproteases is provided in Figure 1.5. They generally exhibit substrate 

specificity via the catalytic S’1 subsite and can be effectively inhibited by metal chelators such 

as ethylenediaminetetraacetic acid (EDTA) (Wassif et al., 1995; Gomis-Rüth et al., 2012).  

 

 
Figure 1.5. The catalytic mechanism of mononuclear metalloproteases; adapted from 

Cerdà-Costa and Gomis-Rüth, 2014. In the absence of a peptidic substrate, the solvent 

molecule (water) is pre-bound to the active site cleft of the protease by the metal ion (for 

example, Zn2+) and the general base/acid (Glu), polarising it and enhancing its nucleophilicity 

(A). Once a substrate is accommodated, the Michaelis complex is formed (B). The tetrahedral 

reaction intermediate occurs when the polarised solvent molecule attacks the scissile carbonyl 

group, leading to bond breakage (C). Double proton transfer to the newly formed a-amino 
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acid group renders the formation of the double-product complex (D). Products dissociate from 

the cleft, which is then replenished with a new solvent molecule for another catalytic reaction. 

 

1.3.1.3.  Zincins 

 

Bode et al. (1993) first coined the term zincins, a clan of mononuclear metalloproteases that 

encompasses around half of all metalloproteases. Of the 550 proteases in the human proteome, 

over one hundred of these are thought to be zincins, underscoring their physiological 

importance (Lenart et al., 2013). The active site of zincins is a helix characterised by the 

presence of the short Zn2+-binding amino acid consensus sequence or motif, HEXXH (X is 

any amino acid); the histidine residues (H) act as Zn2+-binding ligands and glutamic acid (E) 

is the general base/acid residue required for catalysis, as seen in Figure 1.5. (Hooper, 1994; 

Gomis-Rüth et al., 2012).  

 

An N-terminal subdomain (NTS) and C-terminal subdomain (CTS) is located above and below 

the active cleft site of zincins, respectively. The CTS is characterised by the presence of a 

conserved amino acid residue in a loop structure that provides a basement for the Zn2+-binding 

site. Two prevalent residues, methionine (M) and glutamic acid (E), create varying CTS loop 

structures, giving rise to the two main zincin subclans; the metzincins, characterised by a ‘Met-

turn’, and the gluzincins, characterised by a ‘Ser/Gly-turn’, respectively (Gomis-Rüth et al., 

2012). Based on this, the zincin clan (MA on MEROPS) is split into two subclans; the 

metzincin and gluzincin subclans, denoted as MA(M) and MA(E), respectively. 

 

1.3.1.4.  Metzincins 

 

Despite overall negligible sequence similarity, the metzincins share common structural 

elements and catalytic metal environments (Cerdà-Costa and Gomis-Rüth, 2014). They all 

feature the HEXXHXXGXXHZ motif (an extension of the zincin Zn2+-binding motif; G and 

Z are glycine, and glutamic acid or glutamine, respectively); and the conserved methionine of 

the CTS is located thirty to sixty residues upstream of the C-terminus. The main individual 

families that constitute the metzincins are listed in Table 1.3. in chronological order of 

admission to the subclan (Bode et al.; 1996; Gomis-Rüth, 2013; Cerdà-Costa and Gomis-Rüth, 

2014). The serralysins, to which ZapA belongs, is highlighted in grey.  
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Table 1.3. Distinct families of the metzincin subclan. 

Family name 

MEROPs 

family 

(subfamily) 

Information 
Year 

admitted 

Adamalysins M12(B) 

Founding family. Also known as ADAMS. 

Found in snake venom. Inactivates human 

plasma serine protease inhibitors (serpins) 

causing haemorrhaging. Human homologues 

involved in myogenesis and neurogenesis and 

linked to several diseases. 

1993 

Astacins M12(A) 

Founding family. First described in crayfish 

(Astacus astacus). Digestive enzymes that 

include human meprins.  

1993 

Serralysins M10(B) Founding family. Bacterial virulence factors. 1993 

Matrilysins M10(A) 

Largest family. Also known as matrix 

metalloproteases (MMPs) or matrixins. Broad 

spectrum of substrates. 

1994 

Leishmanolysins M8 

First described in Leishmania protozoans, a 

parasitic protozoon, thought to be involved in 

intracellular host survival by cleaving surface 

proteins such as CD4. Homologues found in 

humans. 

1995 

Snapalysins M7 
Name derived from Streptomyces neutral 

protease A. 
1997 

Pappalysins M43(B) 

Family of two insulin growth factor (IGF)-

liberating proteases, acting on binding 

proteins 4 and 5 (IGFBP-4 and -5).  

2006 

Archaelysins M54 
First described in archaea, homologues in 

bacteria and humans. 
2010 

Fragilysins M10(C) 
Smallest family. One member with three 

isoforms. 
2010 

Igalysins Unassigned Largest metzincin catalytic domain. 2011 

Cholerilysins Unassigned  
Namesake is the DNA-binding protein ToxR 

from Vibrio cholerae. 
2012 

Toxilysins Unassigned 
Most recent family. Bacterial AB5 toxins 

required for intracellular survival. 
2013 
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1.3.1.5.  M10 family 

 

The M10 family of metalloproteases is a compound family of the metzincin subclan, in other 

words, it consists of three subfamilies (M10A, M10B and M10C), due to deep divergences in 

sequence identity among members; members of different subfamilies typically have an 

identity of around 33 % or less, whereas members of the same subfamily have an identity of 

40 % or more. In general, M10 proteases are translated with conventional signal peptides for 

extracellular secretion and their activity is regulated by a so-called ‘cysteine switch’; this 

conserved residue is located on the propeptide and prevents interaction of Zn2+ with the water 

molecule required for catalysis (van Wart and Birkedan-Hansen, 1990). Although belonging 

to an M10 subfamily, M10(B), the serralysins are secreted and activated by different 

mechanisms.   

 

1.3.1.6.  Serralysins 

 

The roughly 50 kDa serralysins are secreted as inactive zymogens via protein complexes 

present on the Gram-negative cell surface (see Section 1.3.2.); and autoproteolytically 

activated via removal of an N-terminal propeptide (Maeda and Morihara, 1995). In contrast to 

other metzincins, their catalytic domains lack disulphide bridges and is succeeded by a 

glycine-rich C-terminal b-roll domain stabilised by calcium (Ca2+) ions (Baumann et al., 

1993); discussed further in Section 1.3.2. Members of this family include serralysins PrtA and 

PrtC from Serratia spp. and the plant pathogen Dickeya dadantii (formerly Erwinia 

chrysanthemi), respectively; aeruginolysin (AprA), also known as alkaline protease, from P. 

aeruginosa; and mirabilysin (ZapA) from P. mirabilis (Bruna et al., 2018; Létoffé et al., 1990; 

Häse and Finkelstein, 1993; Wassif et al., 1995). Taken together, ZapA can be classified as an 

extracellular, mononuclear metalloendoprotease of the serralysin subfamily, the M10 family, 

the metzincin subclan, and the zincin clan. Genetically similar proteases are outlined in Table 

1.4.; many of which will be discussed further throughout this thesis. 
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Table 1.4. MEROPS classification of ZapA and similar Gram-negative bacterial M10 

metzincins 

Species 

Protease Identity 

to ZapA 

(%) 
Name 

Clan 

(Subclan) 

Family 

(Subfamily) 
Identifier 

P. mirabilis Mirabilysin (ZapA) MA(M) M10(B) M10.057 – 

P. penneri Mirabilysin (ZapA) MA(M) M10(B) M10.057 83.33 

P. vulgaris Unassigned MA(M) M10(B) M10.UPB 81.74 

D. dadantii Serralysin (PrtC) MA(M) M10(B) M10.054 48.60 

P. aeruginosa 
Aeruginolysin 

(AprA) 
MA(M) M10(B) M10.056 46.74 

P. mirabilis ZapE MA(M) M10(B) M10.UPB 44.68 

Serratia spp. Serralysin (PrtA) MA(M) M10(B) M10.051 40.53 

B. fragilis Fragilysin MA(M) M10(C) M10.020 34.78 

T. forsythia Karilysin MA(M) M10(A) M10.066 27.03 

 

Proteases are arranged in descending order of percentage (%) amino acid sequence identity to 

ZapA. Given their very high sequence similarities (>80 %), P. vulgaris and P. penneri 

proteases (in the darkest shade) are likely ZapA homologues, as discussed further in Chapter 

5. >40 % sequence identity to ZapA is considered high (medium shade). Bacteroides fragilis 

fragilysin and Treponema denticola karilysin (lightest shade) fall within the ‘twilight zone’ 

(20 to 35 %) of ZapA sequence identity (Rost, 1999); these lower scores are reflected by their 

classification into different M10 subfamilies (C and A, respectively). ZapE is further discussed 

in Figure 1.6. UPB refers to proteases that have thus far been unassigned an identifier.  

 

1.3.2.  Genetics, expression and secretion 

 

ZapA is encoded by the 1,476-base pair (bp)-long zapA gene, part of the zap operon (see 

Figure 1.6.), which translates into the 491 amino acid (aa)-long ZapA protein, corresponding 

to a molecular weight of 54 kDa (Wassif et al., 1995; Walker et al., 1999). It is almost 

ubiquitously expressed by P. mirabilis strains; one study found that all diverse P. mirabilis O-

serogroups tested produced it, whilst another clinical study reported that over 90 % of P. 

mirabilis-infected patients exhibited ZapA-specific activity in their urine (Stankowska et al., 

2008; Loomes et al., 1992). 
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Type I secretion systems (T1SSs) are ubiquitous among Gram-negative bacteria and are 

involved in the production and secretion of a variety of proteins and molecules, many of which 

are involved in biofilm formation; for example, EPS, eDNA, repeats-in-toxin (RTX) adhesins, 

and the serralysin metalloproteases (Berne et al., 2015; Chen et al., 2020; Bruna et al., 2018; 

Delepelaire, 2004; Guo et al., 2019; Spitz et al., 2019; Létoffé et al., 1990). For the secretion 

of proteins, which are proportionally large, T1SSs utilise three key components: an IM ATP-

binding cassette (ABC) transporter, a periplasmic membrane fusion protein (MFP), and an 

OM factor (OMF), usually a porin. They identify unfolded polypeptide substrates by the 

presence of a Ca2+-binding RTX domain, a nonapeptide repeat motif implicated in post-

translocation folding, with the amino acid sequence GGXGXDXUX, where X is any amino 

acid and U is a large hydrophobic amino acid (G and D are glycine and aspartic acid, 

respectively) (Spitz et al., 2019); and a C-terminal secretion signal sequence. These 

components then assemble into a transmembrane complex for the energised translocation of 

the substrate across the IM and OM, and into the extracellular milieu via ATP hydrolysis 

(where the inhibited basal ATPase activity of the ABC-transporter is restored by the MFP 

upon complex formation) (Thanabulu et al., 1998; Tikhonova et al., 2007; Thomas et al., 

2014; Bumba et al., 2016; Morgan et al., 2017). ZapA is a T1SS-dependent protease; it 

possesses four Ca2+-binding RTX domain nonapeptide repeats at the C-terminal end of its 

amino acid sequence, and its last four residues (glycine-phenylalanine-isoleucine-valine, 

DFIV) are a trademark C-terminal secretion signal sequence for proteinaceous T1SS substrates 

(Wassif et al., 1995). Within the serralysin family, the gene encoding the protease is adjacently 

positioned to the T1SS-encoding genes on the same operon, with the exception of PrtA (Fath 

and Kolter, 1993; Bruna et al., 2018). Nonetheless, the Serratia spp. lipBCD (for prtA) and D. 

dadantii prtCDEF systems all share relatively high homology with zapABCD (Chen et al., 

2020). The zap operon is illustrated and annotated below in Figure 1.6.  

 

 
Figure 1.6. Linear map of the zap operon, adapted from Walker et al., 1999. zapB, zapC, 

and zapD encode an ATP-binding cassette (ABC), membrane fusion protein (MFP) and an 

outer membrane factor (OMF), respectively; the constituents of a T1SS required for 

extracellular ZapA secretion. Mutations in zapB, zapC, and zapD adversely affect ZapA 

metalloprotease activity, confirming that the respective translated proteins are involved in 

ZapA secretion (Wassif et al., 1995). zapE is a putative protease, as it shares high sequence 
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identity and a number of features with zapA, including a Zn2+-binding region (in common with 

many other Zn2+-binding metalloproteases). However, zapE lacks a C-terminal signal 

sequence, a hallmark of ABC-transported proteins. Cloning and expression of zapE was 

attempted in this thesis (Appendix I) to determine the protein’s contribution to P. mirabilis 

pathogenesis, however, expression steps were unsuccessful. The heptameric sequence, 

CAAACAT, is in a direct tandem repeat 330 base pairs upstream of the zapA start codon and 

is therefore likely to be a promoter for zapA transcription. Additionally, a putative CpxR-

binding site, TCAAACTTAAGTAAA (not shown), is located 253 base pairs upstream of the 

zapA start codon, within this promoter region (Chen et al., 2020). In this figure, the full length 

of the zap operon (9,349 nucleotides), translated protein lengths, and transcription sites 

(EcoRI) are shown.  

 

Two-component signal transduction systems (TCS) are utilised by bacteria to strategically 

adapt to changeable environments. The zap operon is under the control of the CpxAR system 

(Chen et al., 2020), one of the most common Gram-negative TCS. It consists of a histidine 

kinase, CpxA, which autophosphorylates in response to environmental cues such as copper 

(Lopez et al., 2018; Yamamoto and Ishihama, 2005); in turn phosphorylating a cytoplasmic 

protein, CpxR, that transcriptionally regulates a plethora of genes involved in protein folding, 

envelope stress response and virulence factors, and biofilm formation (Otto and Silhavy, 2002; 

Vogt and Raivio, 2012; Raivio, 2014; Favre et al., 2019). Although CpxAR has overall 

contrasting effects depending on the Gram-negative species and strain (Debnath et al., 2013; 

Price and Raivio, 2009; O’Loughlin et al., 2010; Nevesinjac and Raivio, 2005; Leuko and 

Raivio, 2012); envelope stress response and virulence control is likely to be extremely 

important to P. mirabilis during ascending infection (Armbruster et al., 2018).  

 

1.3.3.  Contribution to virulence 

 

Although originally described as an IgA protease (Senior et al., 1987; Senior et al., 1988; 

Loomes et al., 1990), it was later determined by Belas et al. (2004) to degrade (and therefore 

inactivate) a plethora of host substrates, as outlined in Table 1.5.  
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Table 1.5. Human-derived ZapA substrates (Belas et al., 2004; Hamilton et al., 2018). 

Substrate typea 

Structural proteins Innate immunoproteins and peptides 

Cytoskeletal Actin Immunoglobulinsb IgA1 

 b-tubulin  IgA2 

IgG 

ECM Fibronectin   

 Collagen Complement C1q 

 Laminin  C3 

 

 AMPs hbD1 

  LL-37 
aAbbreviations: Extracellular matrix (ECM); Antimicrobial peptides (AMPs); Human beta 

defensin 1 (hbD1). 
bZapA may only degrade IgA in a denatured conformation, see Section 1.3.3.2.1. 

 

1.3.3.1.  Disruption of urothelial cell and barrier integrity 

 

Under normal physiological conditions, the integrity of the urothelium (in common with all 

epithelial barriers) relies on cellular adhesion to the extracellular matrix (ECM) and stable 

arrangements of the intracellular cytoskeleton; disruption of these two factors by bacterial 

pathogens encourages invasiveness and intracellular survival, respectively.  

 

1.3.3.1.1. Cytoskeleton  

 

The cytoskeleton is a cytoplasmic scaffold vital to cell morphology, motility, division and 

signalling, as well as organelle transport. It consists of three main types of proteinaceous 

filaments: microfilaments, intermediate filaments, and microtubules. Rearrangement of the 

cytoskeleton or alteration of its dynamics by bacterial effectors can benefit various stages of 

intracellular infection, be that adherence, invasion, survival and persistence, or host cell 

apoptosis (Radhakrishnan and Splitter, 2012).  

 

Actin is the most abundant structural protein of eukaryotic cells; its free, monomeric globular 

(G) form can reversibly convert into polymeric filament (F) forms, thus creating dynamic 

microfilaments (Rottner and Stradal, 2011). In addition to the general functions of the 

cytoskeleton mentioned previously, actin also has more specific roles; for example, the overall 
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negative charge of F-actin allows it to interact and bind with positively charged proteins and 

peptides such as LL-37 (see Section 1.3.3.2.3.) to protect them from bacterial proteolysis (Sol 

et al., 2014). Thus, F-actin is a common target for both extra- and intracellular bacterial 

pathogens, via two mechanisms. The first and most common mechanism is interference with 

endogenous actin regulation pathways (via targeting of small GTPases, see Chapter 2 Section 

2.1.1.3.2.) and the second mechanism involves post-translational modifications of actin; 

including its proteolysis (Liu et al., 2017). ZapA can directly hydrolyse actin (Belas et al., 

2004); and microbial proteases derived from other Gram-negative species that can also do so 

are provided in Table 1.6. Actin is considered the ‘death substrate’, as its cleavage by host IL-

1b-converting enzyme (ICE)-like proteases (see Section 3.1.3.) essentially tags the host cell 

for apoptosis (Nagata, 1997); thus, actinase activity of microbial proteases allows bacteria to 

strategically exit host cells when desired.  

 

Table 1.6. Actin-degrading Gram-negative bacterial proteases 

Speciesa 
Protease 

References 
Typeb Name 

P. mirabilis M Mirabilysin (ZapA) Belas et al., 2004 

B. fragilis M 
Fragilysin/B. fragilis toxin 

(BFT) 
Moncrief et al., 1995 

A. pleuropneumoniae M Unassigned 
García-Cuéllar et al., 

2000 

L. pneumophilia M Effector protein (RavK) Liu et al., 2017 

S. grimesii M Grimelysin Bozhokina et al., 

2011; Khaitlina et al., 

2020 
S. proteamaculans M Protealysin 

P. gingivalis C Lysine gingipain (Kgp) Kinane et al., 2012 
aFull species names: Actinobacillus pleuropneumoniae; Legionella pneumophilia; Serratia 

grimesii; Serratia proteamaculans; Porphyromonas gingivalis. 
bCatalytic protease types: Cysteine (C); Metallo (M). 

 

Data from Khaitlina et al. (2020) also suggested actinase activity from S. marcescens; likely 

serralysin. A Gram-positive example of an actin-degrading protease is botulinum neurotoxin 

type E (BotE), a metalloprotease from Clostridium botulinum (DasGupta and Tepp, 1993).  

 

α- and β-tubulin heterodimers polymerise to form microtubule protofilaments, another 

structural protein of eukaryotic cells; thirteen of which assemble to form a cylindrical complex 
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with a hollow core (Nogales, 2000). Microtubules constitutively assemble and disassemble, 

and, unlike microfilaments, are polar structures; these two features allow them to efficiently 

fulfil their primary role of transporting organelles within a cell (Desai and Mitchison, 1997). 

Bacterial effectors can either stabilise or destabilise microtubules to facilitate bacterial 

persistence or free movement within cells, respectively (Radhakrishnan and Splitter, 2012). 

Reports of tubulin-degrading bacterial proteases are much more limited; the homologous, 

putative cysteine proteases EspG/EspG2 and VirA from enteropathogenic E. coli (EPEC) and 

Shigella flexneri respectively, degrade α-tubulin (Elliott et al., 2001; Yoshida et al., 2006), in 

contrast to ZapA that degrades β-tubulin (Belas et al., 2004).  

 

To expand on Section 1.2.1.6., ZapA, as a secreted protease, could itself be internalised 

independently of P. mirabilis intracellular invasion. This has been described for serralysin, 

subtilisin, and thermolysin, from S. marcescens, Bacillus subtilis, and Bacillus 

stearothermophilus, respectively; via the α2-macroglobulin receptor, without the loss of 

proteolytic activity or cytotoxicity (Maeda et al., 1987; Maeda et al., 1989). Furthermore, 

ZapA may induce microfilament rearrangements without necessarily degrading actin, like B. 

fragilis toxin (BFT) (Saidi et al., 1997). The direct contribution of ZapA to P. mirabilis 

intracellular survival has not yet been documented; however, the actin and tubulin degrading 

activity likely plays an important role. 

 

1.3.3.1.2. Extracellular matrix (ECM) 

 

Fibronectin, collagen and laminin are among the most abundant fibrous glycoproteins found 

in the highly dynamic ECM of various tissues and basement membranes (Frantz et al., 2010). 

Although ECM proteins are desirable targets for bacterial attachment via adhesins (Vaca et 

al., 2020), they are also targets for degradation by bacterial proteases in order to disrupt 

epithelial barriers and facilitate dissemination to other host tissues (Singh et al., 2012; Lindsay 

et al., 2017). ZapA is able to degrade these aforementioned ECM proteins (Belas et al., 2004); 

and this may prove particularly beneficial during ascending UTI. Other examples of ECM-

degrading bacterial proteases are provided in Table 1.7. 
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Table 1.7. ECM-degrading bacterial proteases 

Speciesa 
Protease 

Targetc References 
Typeb Name 

G
ra

m
-p

os
iti

ve
 

S. epidermidis C 

S. epidermidis 

cysteine protease 

(Ecp) 

En Oleksy et al., 2004 

S. aureus 

C Staphopain A (ScpA) Cn, En Koziel and 

Potempa, 2013; 

Senyurek et al., 

2014 

M Aureolysin (Aur) Ln 

S V8 protease (SspA) Ln 

GAS C Streptopain (SpeB) Fn Kapur et al., 1993 

F. magna S Subtilase (SufA) 
Cn IV 

and V 

Murphy et al., 

2014 

G
ra

m
- n

eg
at

iv
e 

P. mirabilis M Mirabilysin (ZapA) 
Cn, Fn, 

Ln 
Belas et al., 2004 

P. aeruginosa 

M Elastase B (LasB) En, Ln 

Heck et al., 1986 
M 

Alkaline protease 

(AprA) 
Ln 

P. gingivalis C 
Gingipains (Kgp, 

RgpA and RgpB) 

Cn I and 

IV, Fn, 

Ln, TN-

C 

Houle et al., 2003; 

Andrian et al., 

2004; Ruggiero et 

al., 2013 

T. denticola S Dentilisin (PrtP) 
Cn IV, 

Fg, Ln 

Bamford et al., 

2007 

H. pylori S 
High-temperature 

requirement A (HtrA) 
E-cad Hoy et al., 2010 

Y. 

pseudotuberculosis 
A 

Plasminogen activator 

(Pla) 
F, Ln Haiko et al., 2009 

aFull species names: Staphylococcus epidermidis; Staphylococcus aureus; Group A 

Streptococcus; Finegoldia magna; Yersinia pseudotuberculosis. 
bCatalytic protease types: Aspartic (A); Cysteine (C); Metallo (M); Serine (S). 
cECM substrates: Collagen (Cn); Elastin (En); Epithelial cadherin (E-cad); Fibrin (F); 

Fibrinogen (Fg); Fibronectin (Fn); Laminin (Ln); Tenascin C (TN-C). 
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Collagen types I, IV and V are the most common types found in the skin, epithelial barriers 

and basement membranes, hence they are the most likely collagenous substrates for microbial 

proteases (Singh et al., 2012). 

 

1.3.3.2.  Disruption of the innate immune response  

 

1.3.3.2.1. Immunoglobulins 

 

Although mainly known for their key role in adaptive immunity, immunoglobulins (Igs) are 

also fundamental innate immune glycoproteins that provide a multitude of protective 

mechanisms against bacterial infection owing to the structural flexibility of their two Fab 

regions and single Fc region. The Fab regions directly bind bacterial antigens and toxins, 

preventing interactions with host cells and receptors, respectively; essentially halting the 

infection process (Woof, 2016). The Fc region recruits powerful effector molecules that can 

effectively clear bacteria; the specific effector molecule recruited depends on the Ig class and 

subclass (Vidarsson et al., 2014). The Fab regions and Fc region are separated by a hinge 

region of variable length and sequence, that imparts flexibility and spatiality on the Ig 

molecule, facilitating concurrent interaction with two distanced antigen molecules and effector 

molecules; thus, without this hinge region, Ig functionality is severely impaired. IgG and IgA 

are the two major Ig classes of serum; the latter is also the major Ig class of mucosal surfaces, 

where it is known as secretory IgA (sIgA) upon epithelium migration via the polymeric Ig 

receptor (pIgR) (Woof, 2016). Hexameric IgG subclasses 1 and 3 can bind to the recognition 

molecule C1q on bacterial surfaces via the Fc region CH2 and CH3 domain, which leads to 

phagocytosis as described in Section 1.3.3.2.2. (Idusogie et al., 2000; Diebolder et al., 2014). 

Once assembled on bacterial surfaces, IgG1 and IgG3 also display a high affinity for Fc 

receptors FcγRI, FcγRII and FcγRIII (CD64, CD32 and CD16) expressed on various innate 

immune cells such as neutrophils (Woof and Burton, 2004), initiating bacterial clearance via 

phagocytosis and release of activated oxygen species and enzymes (Woof, 2016). Conversely, 

IgA cannot activate the classical complement pathway; most of its effector functions are 

through immune cells expressing the IgA-specific Fc receptor FcαRI (CD89), also via CH2 

and CH3 domains (Herr et al., 2003).  

 

Bacterial pathogens have evolved two main mechanisms of Ig-mediated immune evasion. 

Firstly, via Ig Fc region-binding proteins that hinder effector molecule interaction; for 

example, IgG-binding protein A (SpA), Staphylococcal binder of Ig (Sbi) and Staphylococcal 

superantigen-like protein 10 (SSL-10), and IgA-binding SSL-7 from S. aureus (Atkins et al., 

2008; Itoh et al., 2010; Langley et al., 2005); and IgA-binding Arp4 and IgG and IgA-binding 



Chapter 1 | Introduction: Understanding protease-mediated host-pathogen interactions in 
Proteus mirabilis 

 

 73 

C
hapter 1 | U

nderstanding protease- m
ediated host-pathogen interactions in 

Proteus m
irabilis 

Sir22 from GAS (Lindahl and Åkerström, 1989; Stenberg et al., 1994). Secondly, via Ig hinge 

region cleavage by microbial proteases; specific cleavage of the IgG and IgA hinge regions 

disrupts FcγR binding and prevents Fab region-mediated opsonisation of foreign antigens and 

subsequent Fc region-mediated bacterial clearance mechanisms, respectively (Brezski et al., 

2009; Janoff et al., 2014). Kerr et al. (1995) found that ZapA cleaves IgG and IgA in vitro and 

in vivo; and examples of other IgG and IgA hinge region-cleaving microbial proteases are 

provided in Table 1.8. ZapA-mediated cleavage of IgG into Fab and Fc fragments in vitro 

hinders the ability of this antibody, in concert with IgA1, to interact with Fc receptors, 

preventing immunocyte recruitment (Almogren et al., 2003). However, in the case of IgA, 

more recent studies have found that ZapA only degrades this antibody in a denatured state, 

indicating it may not be a natural substrate (Carson et al., 2011).  

 

Table 1.8. IgG- and IgA-cleaving microbial proteases 

Speciesa 
Protease 

Target References 
Typeb Name 

G
ra

m
- p

os
iti

ve
 

S. aureus S V8 protease (SspA) IgG Ryan et al., 2008 

GAS 

C Streptopain (SpeB) IgG 
Eriksson and 

Norgren, 2003 

C 

Immunoglobulin-

degrading enzyme of 

Streptococcus (IdeS) 

IgG 

von Pawel-

Rammingen et al., 

2002 

S. pneumoniae  M IgA1PSP IgA Male, 1979 

S. sanguinis M IgA1PSS IgA Plaut et al., 1974 

S. mitis M IgA1PSM IgA Kilian et al., 1995 

G
ra

m
-n

eg
at

iv
e  

P. mirabilis M Mirabilysin (ZapA) 
IgG, 

IgAc 

Loomes et al., 1990; 

Kerr et al., 1995 

P. aeruginosa  M Elastase B (LasB) 
IgG, 

IgA 

Fick et al., 1985; 

Heck et al., 1990 

H. influenzae  S IgA1PHI IgA Male, 1979 

N.  meningitidis  S IgA1PNM IgA Plaut et al., 1975 

N. gonorrhoeae  S IgA1PNG IgA Plaut et al., 1975 

T. denticola S Dentilisin (PrtP)  IgG Uitto et al., 1988 
aFull species names: Streptococcus pneumoniae; Streptococcus sanguinis; Streptococcus 

mitis; Haemophilus influenzae; Neisseria meningitidis; Neisseria gonorrhoeae. 
bCatalytic protease types: Cysteine (C); Metallo (M); Serine (S). 
cLikely to be in denatured form only. 
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1.3.3.2.2. Complement 

 

Complement is a meticulously controlled branch of the innate immune system that primarily 

seeks to rapidly identify and destroy invading bacteria via receptors and factors that are 

activated in a cascade-like fashion. At least three activation pathways exist; the best described 

are the classical, lectin and alternative pathways. The classical pathway involves C1, a 

complex consisting of the recognition molecule C1q and the C1s and C1r proteases, binding 

to invading pathogens via IgGs (Potempa and Potempa, 2012). The lectin pathway involves 

recognition of polysaccharide molecules often found on bacterial surfaces, via mannose-

binding lectin (MBL) (Fujita, 2002). Conversely, the alternative pathway exists in a state of 

constitutive, low-level activity (Gotze and Muller-Eberhard, 1971). Regardless of the 

activation pathway, the complement cascade results in cleavage of C3 into its active fragments, 

C3a and C3b. C3b opsonises bacterial antigens, promoting phagocytosis; whilst 

simultaneously amplifying complement activation (Potempa and Potempa, 2012). The 

formation of surface-bound C3 convertase stimulates C5 convertase assembly, which cleaves 

C5 into its active fragments C5a and C5b. C5a acts in concert with C3a as a potent 

anaphylatoxin, recruiting phagocytes to the site of infection (Peng et al., 2009). C5b binds to 

C5 convertase to initiate the terminal pathway; this involves formation of the membrane attack 

complex (MAC), that inserts into the bacterial membrane to cause cell lysis (Muller-Eberhard, 

1986). Host cells express endogenous inhibitors or recruit soluble complement inhibitors to 

protect themselves from MAC attack (Walport, 2001). Although MAC is effective against 

Gram-negative bacteria, Gram-positive bacteria are resistant to it due to the nature of their cell 

wall; however, they have still evolved mechanisms to avoid complement activation (examples 

are seen in Table 1.9.). This reflects the importance of complement evasion by bacteria due 

to potential opsonisation and resulting phagocytosis, independent of the MAC; and due to the 

complex nature of the complement cascade, it presents multiple potential targets for bacterial 

perturbation in order to evade innate immunity (Potempa and Potempa, 2012). Complement 

evasion can be through the use of bacterial complement inhibitors, acquisition of host 

complement inhibitors, or bacterial proteases that effectively degrade complement 

components (Rooijakkers and van Strijp, 2007). C1q and C3 are the most common targets for 

bacterial protease-mediated degradation, as they are the complement cascade initiator and 

amplifier, respectively (Potempa and Potempa, 2012). ZapA is capable of degrading both of 

these components (Belas et al., 2004); other examples are outlined in Table 1.9. 
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Table 1.9. Complement-degrading bacterial proteases 

Speciesa 
Protease 

Target References 
Typeb Name 

G
ra

m
-p

os
iti

ve
 S. aureus M Aureolysin (Aur) C3 Laarman et al., 2011 

GAS 

C Streptopain (SpeB) C3 Terao et al., 2008 

S 
Streptococcal C5a 

peptidase (SCPA) 
C5a Kagawa et al., 2009 

E. faecalis M Gelatinase (GelE) C3 Park et al., 2008 

G
ra

m
- n

eg
at

iv
e 

P. mirabilis M Mirabilysin (ZapA) C1q, C3 Belas et al., 2004 

P. aeruginosa 

M Elastase B (LasB) C1q, C3 Hong and 

Ghebrehiwart, 1992; 

Laarman et al., 2012 
M Alkaline protease (AprA) C1q, C3 

S. marcescens M Serralysin (Ser) 
C3, C5, 

C5a 

Oda et al., 1990; 

Molla et al., 1989 

P. gingivalis C 
Gingipains (Kgp, RgpA 

and RgpB) 
C3, C5 Popadiak et al., 2007 

T. forsythia M Karilysin (Kly) 
C4, C5, 

MBL 
Jusko et al., 2012 

T. denticola S Dentilisin (PrtP) C3 
Yamazaki et al., 

2006 

P. intermedia C Interpain A (InpA) C3 Potempa et al., 2009 

A. sobria S A. sobria protease (ASP) C5 Nitta et al., 2008 
aFull species names: Enterococcus faecalis; Tannerella forsythia; Prevotella intermedia; 

Aeromonas sobria. 
bCatalytic protease types: Cysteine (C); Metallo (M); Serine (S). 

  

1.3.3.2.3. Antimicrobial peptides  

 

Antimicrobial peptides (AMPs), also known as host defense peptides, are relatively short 

(usually ten to fifty amino acids in length), hydrophobic (roughly half of residues), cationic 

(displaying an overall positive charge ranging from +2 to +11) peptides that possess some 

form of antimicrobial activity; at least two thousand eukaryotic AMPs are known (Wang, 

2015; Mahlapuu et al., 2016). P. mirabilis is inherently ultra-resistant to AMPs (McCoy et al., 

2001); this is at least partially due to the proteolytic activity of ZapA, which degrades LL-37 

and human beta defensin 1 (hbD1) (Belas et al., 2004). These two AMPs are particularly 

important to the innate immunity of the urinary tract; mice lacking LL-37 and hbD1 
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homologues have a reduced ability to clear bacteria from the urinary tract as compared to wild 

type counterparts (Ganz, 2001; Morrison et al., 2002; Chromek et al., 2006; Nielsen et al., 

2014). The C-terminal end of the 18 kDa human cathelicidin protein (hCAP18), constitutively 

expressed and stored by urothelial and innate immune cells such as neutrophils (Borregaard et 

al., 2007), is proteolytically processed into an active 37 aa-long peptide beginning with two 

leucine residues (hence the name LL-37) (Larrick et al., 1995); with a multitude of pleiotropic 

effects upon release. LL-37 has broad bactericidal activity against both Gram-positive and 

Gram-negative pathogens (Vandamme et al., 2012); however, it also functions as an anti-

biofilm (Overhage et al., 2008; Dean et al., 2011), anti-fungal (Wong et al., 2011a), anti-viral 

(Barlow et al., 2011; Wong et al., 2011b) and anti-tumour agent (Buchau et al., 2010; Wu et 

al., 2010), a chemokine (Davidson et al., 2004), and a wound healer, via stimulation of 

angiogenesis (Koczulla et al., 2003) and re-epithelialisation (Carretero et al., 2008). The 

antimicrobial activity of this linear, a-helical peptide (Oren et al., 1999; Wang, 2008) can be 

attributed to the cationic and hydrophobic nature of its secondary structure (Vandamme et al., 

2012); and although structurally disparate from hbD1 (a β-sheet supported by three disulphide 

bridges); they act in concert at high concentrations to disrupt the membranes of invading 

bacteria via the formation of transmembrane channels (Wimley et al., 1994). hbD1, a member 

of the 3 to 5 kDa defensin family, is, like LL-37, constitutively expressed by urothelial and 

immune cells, and rapidly released into sites of inflammation upon detection of bacteria 

(Hiratsuka et al., 2000). They also share immunomodulatory roles, such as chemotaxis and 

mast cell degranulation (Ganz, 2003; Nicolas, 2009); however, defensins in general may be 

more involved in adaptive immunity; they can induce receptor-mediated internalisation of 

microbial antigens to immature dendritic cells and stimulate their maturation (Yang et al., 

2004). Apart from ZapA, other microbial proteases that degrade, and in some cases inactivate 

LL-37 are listed below in Table 1.10. 
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Table 1.10. LL-37-degrading bacterial proteases 

Speciesa 
Protease 

References 
Typeb Name 

G
ra

m
- p

os
iti

ve
 S. aureus 

M Aureolysin (Aur) Sieprawska-Lupa et al., 

2004 S V8 protease (SspA) 

GAS C Streptopain (SpeB) Nyberg et al., 2004 

E. faecalis M Gelatinase (GelE) Schmidtchen et al., 2002 

F. magna S Subtilase (SufA) Karlsson et al., 2007 

G
ra

m
-n

eg
at

iv
e 

P. mirabilis M Mirabilysin (ZapA) Belas et al., 2004 

P. aeruginosa  M Elastase B (LasB) Schmidtchen et al., 2002 

B. cenocepacia  M 
Thermolysin-like 

(ZmpA) 
Kooi and Sokol, 2009 

T. forsythia M Karilysin (Kly) Koziel et al., 2010 

C. trachomatis S 

Chlamydial proteasome 

or protease-like activity 

factor (CPAF) 

Tang et al., 2015 

aFull species names: Burkholderia cenocepacia; Chlamydia trachomatis. 
bCatalytic protease types: Cysteine (C); Metallo (M); Serine (S). 

 

Conversely, reports of bacterial protease-mediated degradation of hbD1 are limited; 

unspecified proteases secreted by gingivitis-causing P. gingivalis can do so (Carlisle et al., 

2009); as well as ZmpB, also from B. cenocepacia (Kooi and Sokol, 2009). Thus far, ZapA is 

one of the few bacterial proteases specifically found to degrade hbD1. 

 

1.3.3.3.  In vivo studies  

 

Several in vivo experiments involving murine models and a ZapA-deficient mutant (created 

by insertional inactivation of P. mirabilis BB2000 zapA), have been undertaken to elucidate 

the direct contribution of this metalloprotease to P. mirabilis pathogenesis. In the first study, 

mouse bladders were infected with 106 colony-forming units (CFU) of P. mirabilis BB2000 

or DzapA mutant via transurethral inoculation. Quantitation of cultures one-week post-

inoculation revealed that P. mirabilis DzapA was severely attenuated; by three logs in the urine 

and five logs in the bladder and kidneys, as compared to wild-type (Walker et al., 1999). The 

second study, in this case a rat prostatitis model, found that infection with P. mirabilis DzapA 

resulted in much lower levels of acute prostatitis; determined by dramatically less tissue 



Chapter 1 | Introduction: Understanding protease-mediated host-pathogen interactions in 
Proteus mirabilis 

 

 78 

C
hapter 1 | U

nderstanding protease- m
ediated host-pathogen interactions in 

Proteus m
irabilis 

damage, bacterial colonisation and inflammation, upon histological examination (Phan et al., 

2008).  

 

Chen et al. (2020) performed in vivo random Tn5-transposon mutagenesis on parental P. 

mirabilis strain N2 (a wild-type for tetracycline resistance) to uncover genes associated with 

the bacteria’s biofilm-forming ability. From their 7,000-strong transconjugant library, they 

identified three mutants with reduced biofilm-forming ability, DcpxR, DzapA, and DzapD; the 

latter being the most significantly reduced. Whilst all three mutants had hindered biofilm 

formation and protease activity, DcpxR and DzapD also displayed significantly less urothelial 

adhesion, auto-aggregative ability (likely due to impacted mrpA expression), and eDNA and 

EPS production as compared to wild-type and complemented strains. The authors determined 

that loss of ZapD (the OMF) appears to affect signal transduction for CpxAR; which positively 

modulates P. mirabilis zap operon promoter activities and mrpA expression (in response to 

copper). Although P. mirabilis DzapA has reduced biofilm-forming ability, the direct 

contribution of ZapA to this process remains unknown. Unpublished data from the same study 

has shown that ZapA is not responsible for P. mirabilis autolysis, hence it does not promote 

biofilm formation via eDNA liberation, which is the case for Serratia spp. PrtA (Bruna et al., 

2018). Further studies are required to elucidate the direct mechanisms behind ZapA 

contribution to biofilm formation. 

 

With previous in vitro studies illustrating the plethora of host substrates that ZapA degrades, 

including extracellular and intracellular structural proteins and innate immune components 

such as complement and AMPs, and in vivo data demonstrating the pathological impact of this 

proteolytic activity, such as host tissue damage and impaired infiltration of phagocytes; it is 

clearly evident that this metalloprotease not only contributes to the invasiveness of P. mirabilis 

during infection, but also prolongs survival by facilitating evasion of host defences that seek 

to clear bacteria.   
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1.4.  Aims and Objectives 

 

Based on the wealth of host-P. mirabilis interaction studies reviewed in this chapter, it is 

evident that this uropathogen employs four main pathogenic strategies. It colonises the urinary 

tract of mainly catheterised patients during opportunistic infection, induces urolithiasis leading 

to biofilm formation and catheter blockage, secretes cytotoxic factors and survives 

intracellularly, and evades innate immune responses primarily via the release of the 

metalloprotease, ZapA. With focus on the latter of these, the overarching aim of this thesis is 

to further elucidate the role of ZapA in host-P. mirabilis interactions and epitomise its efficacy 

as a target for the action of novel anti-virulence agents. The main objectives are therefore as 

follows: 

 

• Obtain a homogenous preparation of ZapA in its naturally occurring form using 

previously established methods; and confirm purity and proteolytic activity using 

conventional methods. 

 

• Explore novel, immunologically relevant substrates of ZapA with the aid of scientific 

literature regarding host-interaction studies of bacterial proteases similar in sequence, 

structure or function to ZapA. This will primarily be performed using cell-based 

assays and host protein-ZapA interaction experiments. 

 

• Further investigate the enzymatic characteristics of ZapA, especially in regard to its 

active site/catalytic domain and substrate specificity, potentially paving the way for 

the development of novel inhibitors and substrates for therapeutic intervention.
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2.1.  Introduction 

	
As detailed in Section 1.3.1.; P. mirabilis ZapA belongs to the serralysin family of zinc 

metalloproteases, which belong to the metzincin protease superfamily. Numerous metzincin 

proteases have been found to interact with protease-activated receptors (PARs); and, owing to 

the promiscuity of ZapA, in other words, its ability to degrade a plethora of host substrates as 

discussed in Section 1.3.3. and shown in Table 1.5., it is also likely to be proteolytically active 

against these receptors. As discussed in Section 1.3.3.3., loss of ZapA greatly hinders the 

ability of P. mirabilis to evade innate immune responses in vivo, resulting in bacterial 

clearance via phagocytosis (Phan et al., 2008); thus, ZapA potentially interacts with PARs as 

a molecular mechanism behind such virulence, due to the pivotal role of these receptors in 

host inflammatory responses (see Section 2.1.1.2.); this warrants further investigation.  

 

2.1.1.  Protease-activated receptors (PARs) 

 

Protease-activated receptors (PARs) belong to the A15 subfamily of the class A (rhodopsin-

like) receptors, the largest group of the wider G protein-coupled receptor (GPCR) superfamily. 

The localisation and structure of GPCRs allow them to fulfil their overarching role of 

generating an intracellular signal from an external stimulus, which, ultimately, results in 

cellular responses. These integral membrane proteins have an extracellular N-terminal and 

cytosolic C-terminal, which are connected by seven transmembrane α-helices (TM-1 to TM-

7), bound together by a series of intracellular (ICL-1 to ICL-3) and extracellular loops (ECL-

1 to ECL-3). The seven TMs form a cavity in the plasma membrane that facilitates ligand 

binding and the ECLs of the GPCR possess conserved cysteine residues that form disulphide 

bonds that stabilise the cylindrical tertiary structure (Traynelis and Trejo, 2007). Following 

extracellular stimulation via ligand binding to the receptor that results in conformational 

changes, pinpointed to a region between ICL-2 and ICL-3 and residues of adjacent TMs; 

GPCRs essentially act as guanine nucleotide exchange factors (GEFs) to enable signal 

transduction (Jain et al., 2018). They activate an associated guanine nucleotide-binding 

heterotrimer (G protein), which is comprised of three subunits (αβγ) and relies on GTPase 

activity to interact with target proteins. Activation of G proteins via substitution of bound 

guanosine diphosphate (GDP) for guanosine triphosphate (GTP) results in dissociation of the 

Gα subunit from the Gβγ-dimer, allowing it to interact with secondary signalling molecules 

and downstream effector proteins, which depends on the type of liberated Gα subunit (Oldham 

and Hamm, 2007; Oldham and Hamm, 2008). PARs are distinct from other GPCRs in that 

they lack physiologically soluble ligands, and, as their name suggests, are instead classically 

activated by irreversible, extracellular N-terminal proteolytic cleavage. The removal of 
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specific N-terminal amino acid residues (the pro-domain) results in the exposure of a tethered 

ligand or ‘neoepitope’, that acts as an activation motif that intramolecularly binds a conserved 

region within the second extracellular loop (ECL-2) domain of the receptor (Gerszten et al., 

1994). Such interactions induce aforementioned conformational receptor changes, increased 

affinity for intracellular G proteins, and signal propagation (Macfarlane et al., 2001). 

Numerous N-terminal cleavage sites have been identified, and these result in receptors with 

diverse active conformations with specific G protein affinities. Multiple cleavage site-specific 

cellular responses are generally referred to as ‘biased signalling’, and distinct proteases have 

distinct cleavage sites that provoke protease-specific responses via the same PAR (Zhao et al., 

2014). 

 

2.1.1.1.  Discovery and classification of PARs 

 

PARs are subdivided into four types; PAR1, PAR2, PAR3 and PAR4, which are encoded by 

the genes F2R, F2RL1, F2RL2 and F2RL3, respectively. They are numbered chronologically 

according to the date in which they were molecularly cloned (Hollenberg and Compton, 2002). 

All four members have an analogous two-exon gene structure and are located contiguously to 

one another on human chromosome 5q13, with the exception of PAR4, which is located on 

chromosome 19p12 (Kahn et al., 1998). Human PAR1 was discovered in 1991 as a thrombin 

receptor on platelets (Vu et al., 1991a; Vu et al., 1991b), and three years later, PAR2 was 

identified (Nystedt et al., 1994). Unforeseen responses of platelets to thrombin in PAR1 

knockout mice lead to the discovery of the additional thrombin receptors PAR3 and PAR4 

(Ishihara et al., 1997; Kahn et al., 1998; Xu et al., 1998). Even though the various PAR 

subtypes share sequence homology and have overlapping tissue expression patterns, their roles 

in physiology and disease can vary greatly.   

 

2.1.1.2.  Functions of PARs  

 

The discovery of PARs in the 1990s has added further proof to the theory that proteases do 

not only act as degradative enzymes; but also, as key signal inducers. PARs themselves are 

ubiquitously expressed on epithelial and endothelial cells and leukocytes; and are a bridge 

between the coagulation cascade and the innate immune system. When canonically activated 

by endogenous serine proteases of the coagulation cascade, they become important regulators 

of leukocyte function, however, due to their deliberate tissue distribution and localisation 

patterns, and the plethora of additional, exogenous proteases that can activate them, they can 

also be regarded as an essential constituent of the host antimicrobial alarm system. They act 

as sensors of microbial proteolysis and facilitate cytoprotection by initiating pro-inflammatory 
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signalling, leading to a multitude of downstream effects (Shpacovitch et al., 2007; Hollenberg 

et al., 2008; Ramsay et al., 2008; Hansen et al., 2008). PAR signalling has a variety of 

outcomes, depending on whether PAR1, PAR2, PAR3 or PAR4 is activated, tissue and cell 

type, and cell status, although PAR2 activation in particular has oft been linked with pro-

inflammatory responses (Heuberger and Schuepbach, 2019).  

 

2.1.1.3.  Mechanisms of PAR signalling 

 

2.1.1.3.1. Regulation of PAR activity 

 

Regulation of PAR activity can either be described as proteolytic cleavage-dependent or 

independent; and the mechanisms underlying these are outlined in Figure 2.1. 

 

2.1.1.3.1.1. Proteolytic cleavage of PARs 

 

PARs can be activated by endogenous proteases, in other words, of human origin, that are 

mainly serine proteases involved in the coagulation cascade; or exogenous proteases of various 

taxonomic origin, be that bacteria, animals, plants or fungi. Endogenously, these proteases can 

be soluble or cell membrane-associated (in other words, bound to co-receptors or specific 

membrane compartments). PARs are cleaved by a variety of host activating or inactivating 

proteases, with vastly varying consequences due to protease concentration, receptor 

availability and tissue and cell localisation. In contrast to PAR-activating proteases, other 

proteases cleave PARs at sites beyond the activation motif and thus prevent signalling. This 

was first observed in PAR1, in other words, shedding of the N-terminus beyond the thrombin 

cleavage site, and was deduced as a mechanism for rendering platelets unreceptive to thrombin 

(Renesto et al., 1997). Truncated PARs can no longer be proteolytically activated; but can still 

be activated by ECL-2-binding agonist peptides (Scarborough et al., 1992; Chen et al., 1994) 

or tethered ligands from neighbouring PARs (Ludeman et al., 2005), which will be discussed 

in more detail in Section 2.1.1.3.1.2–3. PAR-cleaving proteases, either activating or 

disarming, have regulatory roles; PAR-disarming proteases regulate the activity of PAR-

activating proteases by making PARs resistant to further protease exposure, thus preventing 

aberrant and hyperinflammatory cell signalling that could result in tissue damage. 
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Figure 2.1. Mechanisms of PAR activation, adapted from Heuberger and Schuepbach, 2019. 

(Clockwise from top); PAR regulation via direct N-terminal proteolytic cleavage (A); homo- 

or heterodimerisation with other PARs and trans-activation through the tethered ligand (B); 

compartmentalisation on the cell surface (C); degradation or recycling via endosomal 

trafficking (D); post-translational modifications (PTMs) such as glycosylation, 

phosphorylation, and ubiquitination (E); and co-localisation with other receptors such as Toll-

like receptors (TLRs) and ion channels, and co-factors such as β-arrestin (F).  

 

2.1.1.3.1.1.1. Serine proteases of the coagulation cascade 

 

2.1.1.3.1.1.1.1. Thrombin 

 

Thrombin is a 36 kDa serine protease vital to the coagulation cascade. Thrombin is generated 

via proteolytic maturation of its precursor, the 72 kDa zymogen prothrombin, upon self-

activation by platelets within sub-endothelial vascular walls (Kohli et al., 2011). Thrombin is 
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the canonical activator of PAR1; this receptor possesses a hirudin-like domain, which displays 

a high affinity thrombin-binding site and recruits thrombin via the secondary binding exosite 

I, facilitating specific and efficient activation (Vu et al., 1991b). PAR3 also contains this 

domain and can therefore also be activated by thrombin (Ishihara et al., 1997; Burnier and 

Mosnier, 2013). Furthermore, thrombin can proteolytically activate PAR4, however, in 

contrast with PAR1 and PAR3, the hirudin-like domain is absent; and therefore, higher 

physiological concentrations of thrombin are required to activate PAR4 (Xu et al., 1998). 

PAR2 is considered to be the only PAR resistant to proteolytic activation by thrombin 

(Coughlin, 1999), however; recent research suggests that thrombin may indeed directly 

activate PAR2 (Mihara et al., 2016). 

 

2.1.1.3.1.1.1.2. Trypsin 

 

Trypsin is produced in the pancreas as a precursor, trypsinogen, and matures into its active 23 

kDa form in the duodenum where it aids in gastric processes by breaking down dietary proteins 

(Rinderknecht, 1986). It is also produced by epithelial and tumour cells, and neurons of the 

central nervous system (CNS) (Koivunen et al., 1989; Koshikawa et al., 1998; Koivunen et 

al., 1991); as well as vascular endothelial cells, insinuating that it is also involved in cell 

proliferation and coagulation (Koshikawa et al., 1997). Trypsin is regarded as the canonical 

activator of PAR2 to commence pro-inflammatory signalling (Nystedt et al., 1994).  It also 

cleaves and activates PAR4, hindering thrombin-mediated signalling in endothelial cells and 

platelets (Nakayama et al., 2003). 

 

2.1.1.3.1.1.1.3. Other coagulation cascade serine proteases 

 

Apart from thrombin and trypsin, other components of the coagulation cascade directly or 

indirectly interact with PARs, including the 62 kDa anticoagulant protein C (aPC), a vitamin 

K-dependent plasma protein and ligand for the endothelial protein C receptor (EPCR), which 

promotes the compartmentalisation, co-localisation and subsequent activation of PAR1; 

consequently inducing anti-apoptotic and cytoprotective effects on the integrity and 

permeability of the endothelium (Riewald et al., 2002; Cheng et al., 2003; Schuepbach et al., 

2012). aPC also activates PAR3 with the same effects (Burnier and Mosnier, 2013). Tissue 

factor (TF)-bound coagulation factors Xa and VIIa complexes activate PAR1 and PAR2 

(Riewald and Ruf, 2001), and high concentrations of the fibrinolytic protease plasmin cleaves 

PAR1 and PAR2 (Kuliopulos et al., 1999; Domotor et al., 2002).  
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2.1.1.3.1.1.2. Leukocyte and epithelial cell-derived serine proteases  

 

Mast cells reside in connective tissue throughout the body and are characterised by the 

presence of 50 to 200 large cytoplasmic granules containing pro-inflammatory mediators such 

as histamine, heparin, serotonin, leukotrienes, prostaglandins, cytokines, chemokines and the 

serine proteases tryptase and chymase. Mast cell activation via numerous receptors, 

specifically high affinity IgE receptor (FcεRI), complement receptors, or TLRs (in response 

to allergenic stimuli) results in their degranulation, in other words, the release of 

aforementioned pro-inflammatory mediators, that are important in a range of physiological 

functions including vasodilation, vascular homeostasis, innate and adaptive immunity, 

angiogenesis and venom detoxification (Krystel-Whittemore et al., 2016; Brown et al., 2008). 

Chymase and tryptase directly activate PAR1 and PAR2, respectively (Schechter et al., 1998), 

and the latter can also indirectly activate PAR1 when both PARs are co-expressed (Molino et 

al., 1997). As PAR2 is activated by a plethora of exogenous, allergenic proteases (as discussed 

further in Section 2.5.6.), it is particularly involved in the pathogenesis of allergic responses. 

Thus, elevated tryptase levels (and subsequent aberrant PAR2 activation) has been linked to 

allergic rhinitis (AR), atopic dermatitis (AD), asthma and even acute, severe, systemic 

reactions known as anaphylaxis (Shaw et al., 1985; Sommerhoff, 2001; Caughey, 2006). The 

neutrophil-derived 29 kDa cathepsin G is denoted as the canonical inactivator of PAR1 

(Molino et al., 1995); preventing thrombin-mediated activation by cleaving the receptor into 

non-functional parts. However, cathepsin G may also inactivate PAR3, whilst activating PARs 

2 and 4 (Cumashi et al., 2001; Ramachandran et al., 2007; Ramachandran et al., 2011). Other 

neutrophil-derived proteases elastase and proteinase-3 cleave both PARs 1 and 2 (Loew et al., 

2000; Ramachandran et al., 2011). T-cell and natural killer (NK) cell-derived granzymes A, 

B and K activate PAR1 with varying effects depending on enzyme subtype and tissue type. 

The actions of granzymes A and B lead to neuronal cell death (Lee et al., 2017); whereas that 

of granzyme K leads to endothelial inflammatory signalling (Sharma et al., 2016). 

Additionally, epithelial cell-derived matriptase can activate PAR2 (Le Gall et al., 2016; Seitz 

et al., 2007) and various inflammatory and tumorigenic kallikreins, such as kallikrein-4, -6, 

and -14, can activate both PARs 1 and 2 (Oikonomopoulou et al., 2006). 

 

2.1.1.3.1.1.3. Non-serine proteases 

 

The calcium-dependent cysteine proteases, calpains-1 and -2, cleave and activate PAR1 and 

inactivate PAR2, respectively (Loew et al., 2000); and the metzincin family members zinc 

matrix metalloproteases (MMPs) such as MMPs-1, 2, 3, 8, 9 and 13, activate PAR1 (Austin et 

al., 2013). MMP-12 may also regulate the expression of PAR1 and PAR2 in a positive 
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feedback loop (Raza et al., 2000; Hou et al., 2018). In contrast to cathepsin G, the monocyte-

derived cysteine protease cathepsin S activates PAR2 (Elmariah et al., 2014).  

 

2.1.1.3.1.2. PAR-agonist peptides  

 

In the absence of proteolytic cleavage events, PARs can also be independently activated by 

synthetic soluble ligands, peptides, that molecularly mimic at least the first six amino acid 

residues of the N-terminal tethered ligand; and are therefore known as PAR-agonist or PAR-

activating peptides (PAR-APs). The first PAR-AP described, SFLLRN, activates both PAR1 

and PAR2 (Hollenberg et al., 1992; Blackhart et al., 1996; Hollenberg et al., 1997). This led 

to the identification and synthesis of PAR-APs that could activate specific PAR subtypes. 

PAR1 is most specifically and efficiently activated by TFLLRN (Vassallo et al., 1992), the 

PAR1-AP used in this study. Other PAR1-APs include NPNDKYEPF and PRSFFLRN, which 

mimic the tethered ligands generated by aPC and MMP-1, respectively (Schuepbach et al., 

2012; Trivedi et al., 2009). The PAR2-AP SLIGKV imitates the tethered ligand generated by 

trypsin and was used in this study. However, other PAR2-APs, such as SLIGRL and LIGRLO, 

are more specific and efficient (al-Ani et al., 1995; McGuire et al., 2004). PAR3- and PAR4-

APs also exist; for example, the PAR4-AP GYPGKF, and its AYPGKF counterpart where the 

first glycine is replaced by alanine; which has a ten-fold greater activity as a PAR4 activator 

and may have therapeutic efficacy as a platelet activator (Faruqi et al., 2000). 

 

2.1.1.3.1.3. PAR-PAR interactions 

 

PARs can also be trans-activated by cleavage-generated N-terminal activation motifs of homo- 

or heterodimer partners (Heuberger and Schuepbach, 2019). PAR3 is a heterodimeric partner 

of PAR4 and does not transduce signals alone; instead acting as a co-factor for PAR4. 

Furthermore, based on studies using PAR-APs, several other PAR-PAR heterodimers have 

been extensively researched. During PAR1 inhibition, thrombin can reportedly induce 

receptor signalling by enabling PAR1-PAR2 heterodimerisation (O’Brien et al., 2000), 

leading to constitutive internalisation and activation of β-arrestin by the C-terminus of PAR1 

(Lin and Trejo, 2013); thrombin-induced platelet-activating heterodimers of PAR1-PAR4 and 

PAR3-PAR4 have also been described (Nakanishi-Matsui et al., 2000; Leger et al., 2006); and 

thrombin-cleaved PAR3 is only able to transduce signals within the vicinity of PAR1 or PAR2 

(Hansen et al., 2004). Furthermore, heterodimerisation impacts PAR exocytosis and 

signalling, as these complexes have augmented glycosylation (Cunningham et al., 2012). 
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2.1.1.3.1.4. PAR interactions with other receptors 

 

As well as heterodimerisation-mediated activation, PARs can interact with many other host 

receptors, including ion channels, other GPCRs, receptor tyrosine kinases (RTKs), receptor 

serine/threonine kinases (RSTKs), Nod-like receptors (NLRs), and Toll-like receptors (TLRs) 

(Gieseler et al., 2013). Bacterial protease-mediated interactions with PARs indicate the vital 

role of PARs in infection and immunity. It is well established that TLRs recognise pathogen-

associated molecular patterns (PAMPs), and crosstalk between these two types of receptors 

also exists (Palm et al., 2015; Damien et al., 2017). For example, direct interactions of PAR2 

with TLR4 are essential for provoking inflammatory responses to lipopolysaccharide (LPS) 

(Rallabhandi et al., 2008; Nhu et al., 2010; Williams et al., 2011). 

 

2.1.1.3.2. Signal transduction 

 

As previously stated in Section 2.1.1., PARs belong to the wider GPCR family, which initiate 

numerous signalling pathways upon coupling with heterodimeric G proteins, as seen in Figure 

2.2.  

 

Active Gα-subunits and Gβγ-dimers regulate the activity of enzymes such as phospholipase 

Cβ (PLCβ) and adenylyl cyclase (AC), which belong to the phosphatidylinositol and the cyclic 

adenosine monophosphate (cAMP) signalling pathways, respectively; that catalyse the 

formation and release of secondary messengers. These two principal and interconnected 

pathways are utilised by GPCRs in order to propagate signals and generate cellular responses; 

the specific cellular response being determined by the Gα-subunit subtype that has coupled 

with the receptor; these are categorised into four subtypes based on their primary sequence 

homology, known as Gαq/11, Gα12/13, Gαs and Gαi. Generated secondary messengers initiate 

the activation of various protein kinases, which in turn phosphorylate downstream effector 

proteins. In doing so, GPCRs modulate mitogenic responses, such as cellular proliferation, 

differentiation, survival and apoptotic stress responses (Wortzel and Seger, 2011), primarily 

via the mitogen-activated protein kinase (MAPK) pathway (Oldham and Hamm, 2007; 

Oldham and Hamm, 2008; Jain et al., 2018). 
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Figure 2.2. Features of proteolytically activated-PAR signal propagation, adapted from 

Heuberger and Schuepbach, 2019. Extracellular cleavage of the PAR N-terminus by 

endogenous serine proteases such as thrombin and trypsin for PAR1 and PAR2 respectively, 

results in the exposure of a new N-terminal pro-domain (the tethered ligand), which binds 

intramolecularly within the receptor, causing a conformational change and signal propagation 

via the αβγ heterotrimer. The type of tethered ligand determines which Gα-subunit subtype 

that the PAR will couple with. Gαq activates phospholipase Cβ (PLCβ), which results in 

calcium (Ca2+) mobilisation, further activating MAPKs (ERK 1/2) and Ras signalling. Gαq, as 

well as Gα12/13, activates the Rho pathway and the NFkB network. Gαi inhibits adenylyl 

cyclase (AC) activation, leading to reduced conversion of adenosine triphosphate (ATP) into 

cyclic adenosine monophosphate (cAMP), a secondary signal transducer. When bound to the 

Gα-subunit, the Gβγ-subunit acts as a downregulator of signalling functions. After receptor 

stimulation, subunits dissociate; either activating or preventing signalling. Additionally, β-

arrestin is a protein and co-factor that prompts desensitisation of PARs. Downstream 

physiological and pathophysiological effects include cell growth, proliferation, and 
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differentiation, thrombosis, and inflammation. Conversely, proteolytic cleavage beyond the 

activation motif by proteases such as cathepsin G disarms PARs and prevents PAR-mediated 

signalling.  

 

Active Gα-subunits can also operate through Ras sarcoma (Ras) and Ras homologous (Rho) 

small guanosine triphosphatases (GTPases), which belong to the larger Ras superfamily of 

GTPases (Wennerberg et al., 2005). Ras GTPases, in contrast to heteromeric Gα-subunits, are 

monomeric, but similarly act as GTP and GDP-regulated molecular switches that exhibit high 

affinity GDP and GTP binding activity and low intrinsic GTP hydrolysis and GTP/GDP 

exchange activities. This cycling is regulated by guanine nucleotide exchange factors (GEFs) 

which encourage signalling by promoting the creation of active GTP-bound form and GTPase-

activating proteins (GAPs) that catalyse intrinsic GTPase activity, facilitating the formation of 

the inactive GDP-bound form, terminating signalling (Schmidt and Hall 2002; Bernards and 

Settleman, 2004; Bos et al., 2007). The main Ras family, which includes Raf, regulates cell 

signalling regulation via MAPKs; whereas the Rho family, which includes RhoA and Rac1, is 

involved in actin organisation by promoting formation of stress fibres and focal adhesion, and 

membrane ruffling, respectively (Wennerberg et al., 2005). Both Gαs and Gαq/11 subunits are 

independently involved in Ras signalling, whereas Gα12/13 interacts with RhoA and Rho-GEFs. 

 

When bound to Gα subunits, the Gβγ-dimer serves as a negative regulator of signal 

propagation; and when unbound, can independently transduce signals. β-arrestins are 

cytoplasmic proteins employed by PARs and can transduce signals independently of G protein 

activation. For instance, aPC-activated PAR1 induces cytoprotective effects by recruiting β-

arrestin in endothelial cells, therefore, aPC fails to protect β-arrestin-deficient cells from the 

effects of thrombin (Soh and Trejo, 2011; Roy et al., 2016). Moreover, PAR2 co-localises 

with β-arrestins 1 and 2 to initiate MAPK signalling (DeFea et al., 2000; Stalheim et al., 2005).  

 

2.1.1.3.2.1. Phosphatidylinositol pathway 

 

Intracellular calcium cation (Ca2+) levels are a hallmark indicator of PAR signalling and have 

been measured experimentally in this study to determine receptor activation. Induced Gαq/11-

subunits activate PLCβ, which hydrolyses membrane-bound phosphatidylinositol 4,5-

biphosphate (PIP2), generating the secondary messengers cytosolic inositol 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG). IP3-dependent calcium channels located at the membrane of 

the endoplasmic reticulum (ER) and mitochondria respond to increased levels of IP3 by 

inducing Ca2+ mobilisation from internal stores (Berridge, 2009). DAG acts in concert with 

cytosolic Ca2+ to activate protein kinase C (PKC), which phosphorylates and activates a 
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plethora of downstream proteins; as well as the calcium modulated protein (calmodulin, CaM) 

kinase pathway. Ca2+ bound-CaM activates CaM kinase II, which restricts the activity of CaM 

via increased binding affinity and autophosphorylation. Ca2+ bound-CaM links the 

phosphatidylinositol and cAMP pathways, as it is a regulator of both adenylyl cyclase and 

phosphodiesterase (Vivanco and Sawyers, 2002). 

 

2.1.1.3.2.2. Cyclic adenosine monophosphate (cAMP) pathway 

 

Gαs-subunits stimulate adenylyl cyclase (AC), a tweleve-transmembrane glycoprotein, which, 

along with cyclic nucleotide phosphodiesterase (PDE), catalyse adenosine triphosphate (ATP) 

to regulate intracellular levels of cyclic adenosine monophosphate (cAMP), a secondary 

messenger that allosterically activates protein kinase A (PKA) (Pierce et al., 2002; Jain et al., 

2018). PKA consists of two regulatory (R) and catalytic (C) subunits arranged symmetrically; 

and, upon binding to cAMP via two sites on R subunits; R subunits dissociate from C subunits, 

allowing PKA to interact with effector enzymes and downstream kinases (Taylor et al., 1992). 

PKA-mediated phosphorylation can have contrasting effects; for example, phosphorylation of 

PLCβ of the phosphatidylinositol pathway results in its inactivation, whereas phosphorylation 

of inhibitory tyrosine phosphatases (PTP), results in its dissociation, leading to activation of 

MAPKs. PKA also reduces the activity of Raf and Rho GTPases (Sassone-Corsi, 2012). Gαi 

inhibits AC activation, thereby inhibiting this pathway.  

 

2.1.1.3.2.3. Mitogen-activated protein kinase (MAPK) pathway 

 

The extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathway is the most well 

characterised of the tripartite MAPK cascade (McKay and Morrison, 2007). This pathway is 

initiated by specific, membrane-anchored receptor kinases (RTKs) such as proteinaceous 

ligand-activated epidermal growth factor receptor and vascular endothelial growth factor 

receptor (EGFR and VEGFR). Upon ligand-mediated stimulation and dimerisation, RTKs, via 

their intrinsic kinase activity, autophosphorylate and then trans-autophosphorylate via two 

tyrosine residues in dimerised chains of the receptor. Phosphorylated tyrosine residues act as 

a docking site for adaptor proteins such as Shc and Grb2, subsequently recruiting Son of 

Sevenless (SOS) to the plasma membrane, the major GEF that catalyses the conversion of 

inactive Ras-GDP to active Ras-GTP (Gureasko et al., 2008). Ras-GTP recruits Raf for 

membranal activation (Lavoie and Therrien, 2015), in turn activating mitogen-activated 

protein kinase kinase 1 and 2 (MEK1/2) and ultimately ERK1/2 (Hagemann and Rapp, 1999). 
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2.1.1.3.2.4. Nuclear factor kappa B (NFκB) pathway  

 

ERK1/2 has approximately two hundred substrates (von Kriegsheim et al., 2009), including 

the nuclear factor kappa B (NFkB) family of dimeric transcription factors (Anjum and Blenis, 

2008); which regulate innate and adaptive immune and inflammatory responses and cellular 

proliferation and differentiation in virtually all eukaryotes (Hayden and Ghosh, 2012). Upon 

stimulation, they migrate from the cytosol to the nucleus and differentially bind DNA, 

regulating the expression of nearly four hundred genes, including enzymes, adhesion 

molecules, cell cycle regulatory proteins, and pro-inflammatory cytokines such as TNF, IL-1, 

IL-6 and IL-8. Thus, dysregulation of the NFkB network has been associated with a plethora 

of human pathologies including asthma, atherosclerosis, AIDS, diabetes, Alzheimer’s and 

cancer (Mitchell et al., 2016). The NFkB network is tightly regulated by two pathways; the 

canonical NFkB essential modulator (NEMO)-dependent pathway and the non-canonical 

NEMO-independent pathway; and can be regarded as ubiquitous programmers of gene 

expression. These pathways maintain the cytoplasmic repertoire of transcriptionally active 

NFkB dimers and how they respond to external stimuli via recruitment of co-activators 

(Mukherjee et al., 2013), or interplay with other transcription factors (Cheng et al., 2011). 

They specifically do this by degrading IkB kinase inhibitor proteins, processing the maturation 

of NFkB precursors, and controlling expression of inactive NFkB monomers (O’Dea and 

Hoffmann, 2010). 

 

2.1.1.3.2.5. Factors determining the type of PAR-mediated signalling cellular 

responses 

 

Following PAR stimulation, the PAR subtype and its mode of activation determines which 

specific Gα-subunits are activated, which in turn regulate sequential pathways and cellular 

functions. Other factors include cell and tissue type, and the accessibility of co-receptors for 

crosstalk (Heuberger and Schuepbach, 2019). Mode of PAR activation can result in different 

forms of signalling; for example, thrombin-activated PAR1 activates Gα12/13 and Gαq and 

induces RhoA and Ca2+ signalling, whereas agonist peptide-activated PAR1 activates Gα12/13 

only (McLaughlin et al., 2005). PAR2 activation appears to be less tissue-specific than PAR1 

activation; both trypsin and VIIa-cleaved PAR2 activate Gαq and Gαi, resulting in calcium 

influx, MAPK activation and pro-inflammatory signalling (Santulli et al., 1995). Furthermore, 

trypsin and PAR2-APs both induce ERK1 and 2 pro-inflammatory signalling (Kim et al., 

2004). The type of activating protease can also affect signalling. For example, thrombin-

cleaved PAR1 activates RhoA via ERK1 and 2, but not Rac1, whereas aPC-induced PAR1 
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induces Rac1 via the Akt kinase, but not RhoA (Mosnier et al., 2012). Bearing in mind the 

importance of the type of PAR-expressing cell in regard to effector function, thrombin induces 

PAR1-mediated RhoA activation on platelets and endothelial cells; but in fibroblasts, 

thrombin in concert with PAR1-AP activates the inhibitory G protein Gαi, leading to inhibition 

of AC (Hung et al., 1992).  

 

2.1.1.3.2.6. Signal termination and PAR desensitisation 

 

As previously discussed, PAR signalling can be restricted by certain proteases, for example 

cathepsin G, that disarm the receptor via removal of the activation motif. The extent and 

duration of PAR signalling can additionally be regulated by receptor internalisation 

(endocytosis) and proteolytic desensitisation. Phosphorylation and ubiquitination are two 

forms of post-translational modifications (PTMs), which facilitate the attachment of 

phosphoryl groups (–PO3
2-) via kinases, and ubiquitin proteins via ubiquitin-activating (E1), 

conjugating (E2), and ligase (E3) enzymes, respectively. These PTMs regulate PAR 

expression patterns, via cell surface arrangement and localisation; endocytosis and associated 

trafficking modes (for example, via the GTPase, dynamin; or clathrin, involved in vesicle 

formation); receptor origin, be that newly produced or re-exocytosed; and receptor degradation 

via the lysosome (Heuberger and Schuepbach, 2019). Activated PAR1 is constitutively and 

rapidly internalised; and subsequently recycled (Schuepbach et al., 2008), or degraded via 

both clathrin and dynamin (Trejo et al., 1998; Paing et al., 2006; Grimsey et al., 2016). This 

requires aforementioned receptor PTMs, as well as the recruitment of β-arrestin (Trejo and 

Coughlin, 1999; Ishii et al., 1994; Paing et al., 2002; Wolfe et al., 2007). Conversely, PAR2 

is not constitutively internalised (Soh et al., 2010); and is continually phosphorylated and 

ubiquitinated to allow β-arrestin binding before internalisation and degradation (Jacob et al., 

2005; Dery et al., 1999; Ricks and Trejo, 2009). Thus, PAR2 is not recycled; and large 

cytoplasmic stores of newly translated PAR2 are needed for rapid exocytosis and activation 

(Steinhoff et al., 2005). Less is known about the regulation of PAR4 activity, although it 

appears to be independent of β-arrestin and gradually occurs via clathrin and dynamin (Smith 

et al., 2016). As a result, PAR4 signalling is much more prolonged as compared to PAR1 

(Shapiro et al., 2000). PAR-PAR interactions may also be important for internalisation; for 

example, PAR2-mediated glycosylation of PAR4 may affect PAR4 membrane transport 

(Smith et al., 2017).  
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2.1.1.4.  Role of PARs in inflammatory diseases 

 

As previously stated, PARs are vital for the interactions between the aforementioned serine 

proteases of the coagulation cascade and various cells such as endothelial and vascular smooth 

muscle cells that regulate haemostasis, cell adhesion, and inflammatory responses (Leger et 

al., 2006). Due to the numerous physiological roles of PARs, aberrant PAR-mediated 

signalling has been implicated in many inflammatory diseases; and thus, PAR modulators have 

therapeutic efficacy for preventing and treating such conditions.  

 

2.1.1.4.1. Cardiovascular system 

 

Endothelial PARs provide a positive feedback loop for the expression of vascular cell adhesion 

molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin, all of 

which preserve vascular barrier function (Vergnolle et al., 2002). Intravascularly, PAR4 

promotes leukocyte migration, and PAR2 expressed on these cells stimulates the secretion of 

pro-inflammatory mediators such as interleukins 6 and 8 (IL-6 and IL-8) and tumour necrosis 

factor alpha (TNF-α) (Howells et al., 1997); which are in turn thought to regulate the 

endothelial expression of PAR2, indicating PAR2 also has a role in cytoprotection. Under 

inflammatory conditions, PAR2 in concert with PAR4 may encourage the pathogenesis of 

arteriosclerosis and vasculitis (Hamilton et al., 2001). Thrombin-activated PAR1 increases 

endothelial barrier permeability by activating MAPKs (Borbiev et al., 2004), which stimulate 

the secretion of prostaglandin 2 (PGE2) (Birukova et al., 2007) and vascular endothelial 

growth factor (VEGF) (Arisato et al., 2003), revealing the association between coagulation 

and vascular growth; these effects are virtually reversed by aPC-stimulation of PAR1 

(Schuepbach et al., 2009).  

 

2.1.1.4.2 Gastrointestinal (GI) tract 

 

Intestinally, human and bacterial proteases exist in high concentrations. Similar to the 

endothelium, proteases regulate intestinal barrier permeability, mainly via PAR2 (Seymour et 

al., 2005; Iablokov et al., 2014). Trypsin and tryptase are prevalent gastric proteases, 

suggesting a major role of PAR2 in intestinal inflammation. In agreement, intestinal tight 

junctions are impeded by PAR2-cleaving proteases, leading to PAR2-mediated pro-

inflammatory signalling; having implications for irritable bowel syndrome (IBS) and other 

inflammatory bowel diseases (Vergnolle et al., 1998; Rolland-Fourcade et al., 2017). 
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2.1.1.4.3. Respiratory system 

 

PAR2 may play a key role in the pathophysiology of airway inflammation and respiratory 

conditions such as asthma and chronic obstructive pulmonary disease (COPD) (Knight et al., 

2001; Miotto et al., 2002). PAR1 and PAR2 agonist peptides corresponding with thrombin 

and trypsin or tryptase-cleaved tethered ligands respectively can induce bronchoconstriction 

by initiating Ca2+ signalling in airway smooth muscle cells (Hauck et al., 1999; Schmidlin et 

al., 2001). 

 

2.1.1.4.4. Skin 

 

Just like the digestive tract, high concentrations of exogenous bacterial proteases are present 

on the skin, which may interact with PARs to regulate epidermal permeability and barrier 

function (Cork et al., 2009). Epidermal inflammation has been linked to PAR1 and PAR2 

activation on keratinocytes, compromising the barrier with sub-epidermal skin fibroblasts 

(D’Andrea et al., 2001). In this context, PAR1 and PAR2 stimulate the release of IL-6, IL-8 

and granulocyte macrophage colony-stimulating factor (GM-CSF), activating NFkB (Wakita 

et al., 1997; Kanke et al., 2001). PAR2 has been further associated with atopic dermatitis, 

pruritus, and the insensitivity of sensory neurons to antihistamine therapy (Steinhoff et al., 

2003). 

 

2.1.1.4.5. Rheumatic disease 

 

PAR2 has also been linked with the development of rheumatoid arthritis (Kelso et al., 2006). 

 

2.1.1.5.  Molecular therapeutics 

 

PAR modulators are currently in development as targets for therapy. These include 

aforementioned PAR-APs and peptidomimetic agonists; small protein-like chains that also 

mimic the PAR tethered ligands (Andrade-Gordon et al., 1999), blocking antibodies that either 

bind to PAR-interacting proteases or the receptor cleavage site (Brass et al., 1992), non-

peptide small molecules such as PAR1 antagonists vorapaxar and atopaxar that bind to the 

ECL2 of the receptor (Chackalamannil et al., 2008; Kogushi et al., 2011), pepducins; cell-

penetrating palmitoylated peptides derived from the ICLs of PARs and interfere with G-

protein binding (Covic et al., 2002), and parmodulins; small molecules that bind intracellularly 

bind PARs at the G-protein binding pocket of the C-terminus to compete with Gαq subunits 

but not other Gα subunits (Aisiku et al., 2015). 
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2.2.  Aims and Objectives 
 

The aim of the present study is to isolate pure, proteolytically active ZapA directly from P. 

mirabilis-conditioned media and investigate the interaction of this metalloproteinase with 

human protease-activated receptors (PARs), which would have potential implications for the 

ability of P. mirabilis to evade host immunity and establish infections in vivo. This will 

specifically be achieved by: 

 

• Purification of ZapA via hydrophobic interaction chromatography (HIC), using a 

previously established method 

• Analysis of the purity of ZapA obtained from HIC using sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) and reverse phase high-performance 

liquid chromatography (HPLC) 

• Analysis of the proteolytic activity of ZapA via two distinct microtitre-based assays 

• Evaluation of the interaction of ZapA with PARs in vitro via calcium mobilisation 

assay using prostate and bladder cancer cell lines, and the potential of a previously 

reported N-alpha mercaptoamide dipeptide inhibitor to prevent ZapA-mediated 

interactions with PARs  
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2.3.  Materials and Methods 

	
2.3.1.  Purification of proteolytically active ZapA from P. mirabilis BB2000 

	
2.3.1.1.  Materials 

 

P. mirabilis BB2000, a wild type for swarming motility, was obtained from Professor Robert 

Belas, University of Maryland, USA.  

	
HiTrap™ Phenyl HP columns (1 mL) and ÄktaPrime Plus FPLC apparatus were obtained 

from GE Healthcare Life Sciences (now known as Cytiva; Marlborough, MA, USA). 

	
Dialysis sacks, with a flat width of 25 mm and a molecular weight cut off (MWCO) of 12,000 

Da; and associated closures, were obtained from Sigma-Aldrich (now part of Merck; 

Darmstadt, HE, Germany). Before use, sacks were washed in deionised water for several hours 

to remove glycerol, treated with 0.3 % (w/v) sodium sulphide at 80 ̊C for one minute, rinsed 

with deionised water at 60 ̊C for two minutes, acidified with a 0.2 % (v/v) solution of sulphuric 

acid and then rinsed with hot water to remove residual acid. Sacks were autoclaved (sterilised 

via moist heat sterilisation) in deionised water and stored in this solution at 4 ̊C until required.  

	
Qubit® Protein Assay Kit and associated Qubit® Fluorometer, version 2.0, were obtained from 

Life Technologies (now part of Thermo Fisher Scientific Inc.; Waltham, MA, USA). 

	
Azocasein was obtained from Megazyme Intl. (Bray, Co. Wicklow, Ireland). 2 g of powdered 

substrate was dissolved in 4 mL of ethanol and 96 mL of 100 mM sodium phosphate, pH 7.0, 

under vigorous stirring. The solution was overlain with several drops of toluene to prevent 

microbial contamination and stored at 4 ̊C until required. This 20 mg/mL stock solution was 

diluted in deionised water to a working concentration of 5 mg/mL prior to experimentation. 

 

The thermolysin, neutral endopeptidase 2411 (NEP), and metalloendopeptidase substrate, 

Abz-Ala-Gly-Leu-Ala-p-nitrobenzyl-amide, were obtained from Peptides International (now 

merged with New England Peptide; Gardner, MA, USA).	
 

The N-alpha mercaptoamide dipeptide inhibitor, ME-YV, was obtained from Dr. Louise 

Carson, School of Pharmacy, Queen’s University Belfast, UK, who previously performed 

inhibitory profiling of ZapA (Carson et al., 2011). ME-YV was found to be the most potent 

ZapA inhibitor among this library and therefore used in this study. Lyophilised stocks of ME-
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YV were reconstituted in DMF to a stock concentration of 10 mM and further diluted in assay 

buffer (50 mM Tris-HCl, pH 8.0) to a working concentration of 50 μM. 

Cell SureLock™ Mini-Cell gel tank, PowerEase® 500 Power Supply, NuPAGE™ 1.5mm 10 

well 4-12 % Bis-Tris Gels, NuPAGE® MES SDS Running Buffer (20 X) and SeeBlue® Plus2 

Prestained Standard molecular weight ladder were obtained from Invitrogen (now part of 

Thermo Fisher Scientific Inc., Waltham, MA, USA).   

2.3.1.2.  Methods 

	
2.3.1.2.1. Isolation of ZapA from P. mirabilis BB2000-conditioned medium 

	
Native ZapA was purified directly from P. mirabilis BB2000-conditioned medium via 

hydrophobic interaction chromatography (HIC), a form of fast protein liquid chromatography 

(FPLC) on phenyl-sepharose columns, in an adaptation of the original method originally 

described by Loomes et al. (1990). P. mirabilis BB2000 was cultured for 24 hours in 200 mL 

of LBB at 37 ̊C. The cultured medium was centrifuged at 3,000 × g for one hour at 4 ̊C to 

harvest and remove cells and cellular debris. 0.1 M ammonium sulphate was dissolved into 

the resulting supernatant and then passed through 0.45 μM pore filters. ZapA was then purified 

on HiTrap Phenyl HP columns using the ÄktaPrime Plus FPLC apparatus. The total column 

volume used was 3 mL (three 1 mL columns attached in series to the UV detector), which 

were equilibrated with Buffer ‘A’ (50 mM sodium phosphate, 0.1 M ammonium sulphate, pH 

7.0) before loading of culture supernatants at a flow rate of 1.0 mL/min. Elution of ZapA was 

achieved with Buffer ‘B’ (50 mM Tris-HCl, pH 11.0). Fractions containing purified protein 

were pooled and dialysed overnight at 4 ̊C against 50 mM Tris-HCl (pH 8.0) and stored at -

80 ̊C until required. 

	
ZapA fractions were quantified using the Qubit® Protein Assay Kit (Life Technologies) and 

the instructions provided, described in Figure 2.3.  
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Figure 2.3. Flowchart detailing the set up and assay procedure for protein quantification 

using the Qubit® Protein Assay Kit.  

 

2.3.1.2.2. Analysis of ZapA purity 

	
2.3.1.2.2.1. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) 

 

After quantification, ZapA fractions were denatured with 10 μL of 5X Laemmli treatment 

buffer (2 g SDS dissolved in 4 mL 1.5 M Tris-HCl (pH 6.8), 10 mL glycerol, 5 mL β-

mercaptoethanol and 1 mL 1 % bromophenol blue) and boiled (100 ̊C) for ten minutes. These 

samples were then loaded onto gels, run for 45 minutes at a constant current of 200 V; and 

proteins were visualised by SDS-PAGE and Coomassie Blue staining as detailed in Figure 

2.4. 

 

 

 

 

 

 

1. Prepare a working solution by diluting the Qubit® Protein Reagent 1:200 
in Qubit® Protein Buffer. Prepare 200 uL of working solution for each 

standard and sample.  
 

2. Dilute 10 uL of each standard in 190 uL of working solution and 1 – 20 uL 
of each sample in 180 – 199 uL of working solution to create a final volume 

of 200 uL in Qubit® assay tubes 
 

3. Vortex assay tubes for 2 – 3 seconds and incubate at room temperature 
for 15 minutes. 

 

4. Select Protein Assay on the Qubit® 2.0 Fluorometer to calibrate with 
standards and quantify samples. 
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Figure 2.4. Flowchart detailing step-by-step procedure for Coomassie Blue R250 staining 

of 1.5 mm thick Bis-Tris gels.  

After electrophoresis, gels were allowed to cool and washed in double distilled water for five 

minutes before the procedure was performed. After the procedure, gels were optionally dried 

in a solution of 4 % glycerol, 10.5 % ethanol and 85.5 % water and preserved using the 

DryEase® Mini Gel Drying System (Life Technologies). Abbreviations; weight per volume 

(w/v).	

2.3.1.2.2.2. Reverse phase high-performance liquid chromatography (HPLC) 

 

ZapA purity was analysed via reverse phase HPLC by loading of 10 μL of 100 μg/mL protease 

stock solution onto a Kinetex 5u C18 100A column (50 × 4.6 mm) and an Agilent 1260 Infinity 

system. Eluting peaks were detected using diode-array detection (DAD) at wavelengths 200 

to 270 nm and variable wavelength detection (VWD) at 300 nm over 18 minutes using a 

Wash once  

1. Fixing 
10 % water, 50 % methanol, 40 % acetic acid  

30 minutes 

2 hours 
10 minutes 

2. Staining 
2 w/v % Coomassie Blue R250 in 42.5 % water, 50 % ethanol, 7.5 % acetic 

acid 

5 minutes 

Wash twice  

O/N 

3. De-staining 
87.5 % water, 5 % methanol, 7.5 % acetic acid 

Wash thrice  

Wash thrice  
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gradient of 30 % organic solvent (A = distilled H2O with 0.1 % phosphoric acid (H3PO4), B = 

acetonitrile (ACN) with 0.1 % H3PO4).  

 

2.3.1.2.3. Activity analysis of purified ZapA 

 

Proteolytic activity of eluted ZapA samples was analysed by two microtitre-based assays; an 

endpoint absorbance assay using a broad-spectrum colorimetric substrate, azocasein; and a 

monitored fluorescence assay using a more specific, fluorogenic peptide substrate, 2-

aminobenzoyl– (Abz)–Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2. 

 

2.3.1.2.3.1. Azocasein assay 

 

The azocasein assay was performed following the method previously described by Loomes et 

al. (1990). 50 μL of 5 mg/mL azocasein was added to 75 μL of 100 μg/mL ZapA and incubated 

at 37 ̊C for 30 minutes. The reaction was terminated by the addition of 250 μL of 5 % (w/v) 

trichloroacetic acid (TCA) in water and samples were then allowed to cool on ice for several 

minutes. Unhydrolysed azocasein precipitate was removed via centrifugation at 12,000 × g for 

two minutes. The supernatant was retained and 375 μL of 0.5 M sodium hydroxide (NaOH) 

was added. Samples were then transferred to a 96-well plate and the release of azo dye from 

azocasein was determined at an absorbance of 440 nm using a BMG FLUOstar Optima® plate 

reader. One unit (U) of protease was defined as that capable of hydrolysing 1 mg of azocasein 

in 60 minutes at 37 ̊C. It was calculated according to the following equation:  

 

!"#$%&	()	*+,-.	(*)	()	1&(-%2.% = 	
(4!!" 	× 	60)

1.6	 × 	&%2:-,(+	-,#%	(#,+"-%.)
 

 

2.3.1.2.3.2. Fluorogenic substrate turnover  

 

The second method of measuring ZapA activity was assessing its time-dependent hydrolysis 

of a fluorogenic substrate, namely Abz–Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2; and 

monitoring the substrate turnover via changes in fluorescence. A 100 mM stock solution of 

the substrate was prepared in dimethylformamide (DMF); and diluted in assay buffer (50 mM 

Tris-HCl, 2.5 mM CaCl2, pH 8.0) prior to use to create a working concentration of 1.6 mM. 

25 μL of this solution was added to each well to give a final substrate concentration of 400 

μM. 100 μg/mL ZapA and 10 mM ME-YV stocks were added to wells at appropriate volumes 

to give final concentrations of 185 nM and 50 μM, respectively. The assay settings were 60 
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cycles at 30 seconds each, an excitation wavelength of 313 ± 55 nm, an emission wavelength 

of 460 ± 40 nm, and a temperature of 37 ̊C. The plate layout used can be seen in Table 2.1.; 

 

Table 2.1. Fluorogenic substrate activity assay 96-well plate setup 

Blank Test Inhibitor 

75.5 μL assay buffer 

0.5 μL DMF 

25 μL substrate (400 μM) 

65.5 μL assay buffer 

0.5 μL DMF 

10 μL ZapA (185 nM) 

25 μL substrate 

65.5 μL assay buffer 

0.5 μL ME-YV in DMF (50 μM) 

10 μL ZapA 

25 μL substrate 

 

Since the reaction takes place immediately, the substrate was added last to ensure the entirety 

of the reaction was monitored. At least five replicates of each condition were performed. 

 

2.3.2.  ZapA interactions with protease-activated receptors (PARs) 

 

2.3.2.1.  Materials 

 

ZapA and ME-YV were obtained as previously described in Section 2.3.1. of this chapter. 

 

Two malignant human prostate epithelial cell lines, PC-3 (ATCC® CRL-1435™) and DU145 

(ATCC® HTB-81™), of high and moderate metastatic potential respectively, were obtained 

from LGC Standards Ltd. (Teddington, London, UK). 5637 (ATCC® HTB-9™), a malignant 

human urinary bladder epithelial cell line, was obtained from the Leibniz Institute DSMZ 

GmbH., the German Collection of Microorganisms and Cell Cultures Ltd. (Braunschweig, NI, 

Germany). RPMI 1640 medium with L-glutamine was obtained from Invitrogen (now part of 

Thermo Fisher Scientific Inc., Waltham, MA, USA). Dulbecco’s phosphate-buffered saline 

(DPBS), trypsin-EDTA solution (0.25%), penicillin-streptomycin (100 X), trypsin from 

porcine pancreas, and thrombin from bovine plasma, were obtained from Sigma-Aldrich, (now 

part of Merck; Darmstadt, HE, Germany). Heat inactivated foetal bovine serum (FBS) was 

obtained from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 

 

The Fluo-4 Direct™ Calcium Assay Kit was obtained from Thermo Fisher Scientific Inc. 

(Waltham, MA, USA). PAR-activating peptides (PAR-APs), TFFLR-NH2 and SLIGKV-NH2 

for PAR1 and PAR2 respectively, were obtained from Abcam (Cambridge, Cambridgeshire, 

UK). 
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2.3.2.2.  Methods 

 

2.3.2.2.1. Cell culture  

 

All cell lines were maintained in RPMI 1640 media with L-glutamine; and supplemented with 

10 % FBS and 1 % penicllin-streptomycin.  

 

Cells were passaged under aseptic conditions using standard cell culture techniques. 

Experimentally, all cells were used below passage number 20 and seeded at a confluency of 

around 80 to 90 %.  

2.3.2.2.2. Calcium mobilisation assay 

 

The calcium mobilisation assay was carried using components from the Fluo-4 Direct™ 

Calcium Assay Kit (Thermo Fisher Scientific). Cells were seeded in a black, sterile 96-well 

plate with optical bottom (Costar®) at a density of 5 ×104 cells per well in 100 μL of serum-

free media (SFM) and allowed to recover for 24 hours. The calcium reagent loading reagent 

was reconstituted in assay buffer as per kit instructions under aseptic conditions (giving a 

solution with a final probenecid concentration of 5 mM) and then added to each well in an 

equal volume to culture media. The plate was wrapped in tin foil to protect from light and 

incubated at 37 ̊C for 30 minutes, and then at room temperature (RT) for a further 30 minutes. 

To evaluate PAR activation; ZapA (2 U/ml), trypsin (5 U/ml), thrombin (5 U/ml), SLIGKV-

NH2 (100 μM) or TFFLR-NH2 (100 μM) were added to indicator loaded cells via injection 

seconds after assay instigation, and fluorescence was monitored using a BMG FLUOstar 

Optima® spectrofluorimeter, at wavelengths of 494 nm excitation and 516 nm emission. The 

PAR-disarming activity of ZapA was investigated by incubating indicator-loaded cells with 

ZapA (2 U/ml) for ten minutes at room temperature before the addition of the appropriate 

agonist protease. To evaluate the ability of ME-YV to prevent ZapA-mediated disarming of 

PARs, ZapA was co-incubated with 50 μM ME-YV before addition to cells. All protease 

agonists and corresponding controls were reconstituted in assay buffer supplied with the 

proprietary calcium assay kit. At least six technical and three biological replicates of each 

condition were performed, of which the mean value was plotted onto a standard XY line graph. 

Subsequently, individual y-baseline values were established (usually the mean value for the 

final timepoint) for each curve to determine their area under the curve (AUC). AUCs for 

untreated, ZapA- and ZapA with inhibitor-treated cells were compared separately by unpaired 

t test (p= <0.0001). 
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2.4.  Results 

 

2.4.1.  Purification of proteolytically active ZapA from P. mirabilis BB2000 

 

Figure 2.5. is a visualisation of the on-screen monitoring of protein (ZapA) elution from 

phenyl sepharose columns using the ÄktaPrime Plus FPLC apparatus.  

 

2.4.1.1.  Isolation of native ZapA from P. mirabilis BB2000 supernatant via HIC 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. Chromatogram of ZapA purification using HiTrap Phenyl HP columns and the 

ÄktaPrime Plus FPLC apparatus (A). The peak representing eluted ZapA, at fractions 12 to 

15, is outlined in red and shown in greater detail in B. 

A 

B 
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2.4.1.2.  Analysis of ZapA purity 

 

Purity of ZapA was determined via Coomassie stained SDS-PAGE (Figure 2.6.) and reverse-

phase HPLC (Figure 2.7.). A prominent single band corresponding to the molecular weight 

of ZapA (54 kDa) was observed, albeit with several very faint lower bands, which were likely 

ZapA degradation products. This corroborates with HPLC data obtained. 

 

2.4.1.2.1. SDS-PAGE analysis of ZapA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Coomassie stained SDS-PAGE analysis of ZapA-containing fractions eluted 

from HiTrap™ Phenyl HP columns. Lane 1: SeeBlue® Pre-stained Protein Standard. Lanes 

2 – 5: Pooled fractions 12 to 15. A molecular weight of roughly 54 kDa corresponds to that 

expected for purified ZapA. Values in μg/mL below each lane indicate the protein content of 

each fraction.  
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2.4.1.2.2. HPLC analysis of ZapA 

 

Depending on wavelength, ZapA eluted at a retention time of between 0.670 to 0.677 minutes 

using DAD and 0.649 minutes using VWD. Table 2.1. summarises the purity of ZapA using 

DAD and Figure 2.7. illustrates the chromatogram obtained using VWD of 300 nm.  

 

Table 2.2. Summary of reverse phase HPLC chromatogram data of 10 uL of 100 ug/mL ZapA 

using DAD wavelengths of 200 to 270 nm.  

Wavelength 

(nm) 

Retention time 

(minutes) 

Peak area 

(mAU*s) 

Peak height 

(mAU) 

Area 

(%) 

200 0.672 1357.01 292.65 91.26 

210 0.677 601.26 132.78 74.87 

220 0.677 302.99 69.34 97.35 

230 0.674 128.60 27.78 100 

240 0.672 58.24 11.42 88.63 

250 0.670 51.17 8.75 100 

260 0.670 62.36 10.29 100 

270 0.673 71.38 11.99 100 

 

Peak area (%) essentially indicates the % purity of ZapA at that given wavelength. Other peaks 

that resulted in less than 100 % purity occurred just after the ZapA peak at retention times of 

roughly 0.90 to 0.94 minutes and another at around 10.49 minutes.  

 

 
 

Figure 2.7. Reverse phase HPLC chromatogram of 10 μL of 100 μg/mL ZapA for up to 

ten minutes using a VWD of 300 nm. The 100 % ZapA peak appeared at a retention time of 

0.649 minutes and reached a height of 5.97 mAU (with an area of 21.86 mAU*s). 
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2.4.1.3.  Analysis of ZapA activity 

 

2.4.1.3.1. ZapA-mediated turnover of azocasein substrate 

 

The azocasein activity assay was conducted with a buffer control (using buffer only in place 

of ZapA and buffer) and the absorbance at 440 nm (A440) was used as an assay blank. 

Measurements for three separate reactions (ZapA hydrolysis of azocasein under the assay 

conditions described previously in Section 2.3.1.2.3.1.) were recorded in triplicate as seen in 

Table 2.3. as a worked example. 

 

Table 2.3. A440 results for ZapA azocasein assay. 

 Replicate one Replicate two Replicate three Average 

Sample one 0.400 0.386 0.349 0.378 

Sample two 0.385 0.394 0.387 0.389 

Sample three 0.355 0.391 0.415 0.387 

  Overall average 0.385 

 

Using the overall average obtained (0.385), and the equation as described previously in 

Section 2.3.1.2.3.1, ZapA activity in units (U) was calculated as follows: 

 

*	 = 	
(0.385	 × 	60)
(1.6	 × 	30)

 

 

* =	
23.1
48

 

 

* = 0.48125 

 

This equates to 0.48 U activity per 7.39 μg of ZapA (taking into consideration the quantity 

used in this analysis). This is scaled to 64.95 U activity per 1 mg of ZapA (64.95 U/mg ZapA). 
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2.4.1.3.2. ZapA-mediated turnover of fluorogenic substrate 

 

As seen in Figure 2.8., ZapA-mediated turnover of the fluorogenic substrate, Abz–Ala–Gly–

Leu–Ala–p–nitrobenzyl–NH2, is effectively inhibited by the N-alpha mercaptoamide dipeptide 

inhibitor, ME-YV. 

 
Figure 2.8. Progress curve illustrating the formation of Abz fluorescence from the ZapA-

catalysed hydrolysis of Abz–Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2. The blue line represents 

fluorescence increase due to substrate turnover by 185 nM ZapA and the red line represents 

the same reaction, except for the addition of 50 μM of the N-alpha mercaptoamide dipeptide, 

SH–CO2–Tyr–Val–NH2 (ME-YV) (n= ≥ 5). 
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2.4.2.  Interaction of ZapA with protease-activated receptors (PARs) 

 

As seen in Figure 2.9.(A), ZapA significantly reduced calcium mobilisation from thrombin-

challenged PC3 cells as compared to untreated control conditions, with a p-value of less than 

0.0001, putatively indicating PAR1 disarming. Inhibition of this protease with ME-YV 

partially recovered PAR1 function in these cells, also with a p-value of less than 0.0001. As 

seen in Figure 2.9.(B), PAR1 can still be efficiently activated upon stimulation with TFFLR-

NH2 in PC3 cells treated with ZapA. As seen in Figure 2.10.(A), ZapA significantly reduced 

calcium mobilisation from trypsin-challenged PC3 cells as compared to untreated control 

conditions, with a p-value of less than 0.0001, putatively indicating PAR2 disarming. 

Inhibition of this protease with ME-YV partially recovered PAR2 function in these cells, also 

with a p-value of less than 0.0001. As seen in Figure 2.10.(B), PAR2 can still be efficiently 

activated upon stimulation with SLIGKV-NH2 in PC3 cells treated with ZapA. 

 

As seen in Figure 2.11.(A), ZapA significantly reduced calcium mobilisation from thrombin-

challenged DU145 cells as compared to untreated control conditions, with a p-value of less 

than 0.0001, again putatively indicating PAR1 disarming. Inhibition of this protease with ME-

YV partially recovered PAR1 function in these cells, also with a p-value of less than 0.0001. 

As seen in Figure 2.11.(B), PAR1 can still be efficiently activated upon stimulation with 

TFFLR-NH2 in DU145 cells treated with ZapA, however, the control peak was significantly 

higher. As seen in Figure 2.12.(A), ZapA significantly reduced calcium mobilisation from 

trypsin-challenged DU145 cells as compared to untreated control conditions, with a p-value 

of less than 0.0001, again putatively indicating PAR2 disarming. Inhibition of this protease 

with ME-YV fully recovered PAR2 function in these cells, also with a p-value of less than 

0.0001. As seen in Figure 2.12.(B), PAR2 can still be efficiently activated upon stimulation 

with SLIGKV-NH2 in DU145 cells treated with ZapA, although, again, the control peak was 

significantly higher. 

 

As seen in Figure 2.13.(A), ZapA significantly reduced calcium mobilisation from thrombin-

challenged 5637 cells as compared to untreated control conditions, with a p-value of less than 

0.0001, putatively indicating PAR1 disarming. Inhibition of this protease with ME-YV 

recovered the majority of PAR1 function in these cells, also with a p-value of less than 0.0001. 

As seen in Figure 2.13.(B), PAR1 can still be efficiently activated upon stimulation with 

TFFLR-NH2 in 5637 cells treated with ZapA. As seen in Figure 2.14.(A), ZapA significantly 

reduced calcium mobilisation from trypsin-challenged 5637 cells as compared to untreated 

control conditions, with a p-value of less than 0.0001, putatively indicating PAR2 disarming. 

Inhibition of this protease with ME-YV partially recovered PAR2 function in these cells, also 
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with a p-value of less than 0.0001. As seen in Figure 2.14.(B), PAR2 can still be efficiently 

activated upon stimulation with SLIGKV-NH2 in 5637 cells treated with ZapA. 

 

As stated here, despite being canonical activators of their respective receptor, PAR1 and PAR2 

activation via thrombin and trypsin, respectively, can only be regarded as putative. This is due 

to the promiscuity of these serine proteases and their interactions with PARs. Methods to 

overcome this are discussed in Section 2.5.5.; as well as the importance of the inclusion of 

additional controls.  
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2.4.2.1.  ZapA disarms PAR1 in prostate (PC3) cells  

 

 

 

 

 

 

 

 

Figure 2.9. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated PC3 prostate cells upon stimulation with (A) 2 U/mL 

thrombin or (B) 100 μM TFFLR-NH2. Cells were left untreated (positive control, blue line), 

pre-treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA 

and 50 μM ME-YV for ten minutes (green line) prior to agonist addition. (n= 18, p= <0.0001). 
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2.4.2.2.  ZapA disarms PAR2 in prostate (PC3) cells 

 

 

 

 

 

 

Figure 2.10. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated PC3 prostate cells upon stimulation with (A) 2 U/mL trypsin 

or (B) 100 μM SLIGKV-NH2. Cells were left untreated (positive control, blue line), pre-

treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA and 50 

μM ME-YV for ten minutes (green line) prior to agonist addition. (n=  18, p= <0.0001). 
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2.4.2.3.  ZapA disarms PAR1 in prostate (DU145) cells  

Figure 2.11. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated DU145 prostate cells upon stimulation with (A) 2 U/mL 

thrombin or (B) 100 μM TFFLR-NH2. Cells were left untreated (positive control, blue line), 

pre-treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA 

and 50 μM ME-YV for ten minutes (green line) prior to agonist addition. (n= 18, p= <0.0001). 
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2.4.2.4.  ZapA disarms PAR2 in prostate (DU145) cells 

Figure 2.12. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated DU145 prostate cells upon stimulation with (A) 2 U/mL 

trypsin or (B) 100 μM SLIGKV-NH2. Cells were left untreated (positive control, blue line), 

pre-treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA 

and 50 μM ME-YV for ten minutes (green line) prior to agonist addition. (n=  18, p= <0.0001). 
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2.4.2.5.  ZapA disarms PAR1 in bladder (5637) cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated 5637 bladder cells upon stimulation with (A) 2 U/mL 

thrombin or (B) 100 μM TFFLR-NH2. Cells were left untreated (positive control, blue line), 

pre-treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA 

and 50 μM ME-YV for ten minutes (green line) prior to agonist addition. (n= 18, p= <0.0001). 

 

 

 

5 U
/m

L T
hr

om
bin

+ 2
 U

/m
L Z

ap
A  

+ 5
0 µ

M M
E-Y

V

A
re

a 
U

nd
er

 th
e 

C
ur

ve

****

****
****

0 200 400 600
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

Thrombin (5 U/mL)
Thrombin and ZapA (2 U/mL)
Thrombin and ZapA and 50 µM ME-YV

0 100 200 300
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

TFFLR (100 µM)
TFFLR and ZapA (2 U/mL) 

TFFLR and ZapA and 50 µM ME-YV

10
0 µ

M TFFLR

+ 2
 U

/m
L Z

ap
A  

+ 5
0 µ

M M
E-Y

V

Ar
ea

 U
nd

er
 th

e 
C

ur
ve

ns
ns

ns

A 

B 



Chapter 2 | ZapA-mediated subversion of host cell signal transduction via disarming of 
protease-activated receptors (PARs) 

 116 

2.4.2.6.  ZapA disarms PAR2 in bladder (5637) cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from ZapA-treated 5637 bladder cells upon stimulation with (A) 2 U/mL trypsin 

or (B) 100 μM SLIGKV-NH2. Cells were left untreated (positive control, blue line), pre-

treated with 2 U/mL ZapA for ten minutes (red line), or pre-treated with 2 U/mL ZapA and 50 

μM ME-YV for ten minutes (green line) prior to agonist addition. (n=  18, p= <0.0001). 
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2.5.  Discussion 

 

2.5.1.  Purification of ZapA via hydrophobic interaction chromatography 

 

Protein purity is a prerequisite for relevant structural, functional and interactional studies of 

proteins. Protein purification seeks to isolate a protein from its crude source without unwanted 

contaminants, but also at a desirable quantity for downstream application. Various forms of 

chromatography have become prevalent methods of protein purification due to their high 

resolving power (Queiroz et al., 2001). These techniques include in gel-filtration 

chromatography (also known as gel permeation or size exclusion chromatography); ion-

exchange chromatography; affinity chromatography, both metal ion-binding chromatography 

such as nickel ion (Ni2+)-affinity for histidine (His)-tagged proteins in a recombinant 

expression system, and immuno-affinity chromatography (in which an antibody is utilised as 

a binding ligand); and hydrophobic interaction chromatography (HIC); and are consequently 

based on the molecular size, net charge, bio-specific characteristics and hydrophobicity of 

proteins, respectively (Kennedy, 1990).  

 

Hydrophobic interactions, such as van der Waals, are a driving force behind appropriate 

protein folding and structure stabilisation; many biological processes such as antibody-antigen 

reactions and enzyme-substrate reactions; and maintenance of the phospholipid bilayer of 

biological membranes (van Oss et al., 1986; Makhatadze and Privalov, 1995). The term HIC 

was coined by Stellan Hjertén in 1973 to describe salt-mediated separation of proteins on 

mildly hydrophobic carbohydrate gel matrices (Hjertén, 1973). As stated, HIC manipulates 

protein surface hydrophobicity; in other words, the repellency between a non-polar compound 

(the protein) and its polar surroundings (Dill, 1990), encouraging dissociation based on 

hydrophobic interactions between immobilised ligands and non-polar regions on the protein 

surface (Queiroz et al., 2001). The degree of protein hydrophobicity relies upon the total 

number of hydrophobic amino acids and their distribution; either exposed on the protein 

surface or buried within its quaternary structure (Vogel et al., 1983). Thus, the extent of protein 

hydrophobicity is unique for each and every protein. 

 

HIC exhibits binding characteristics similar to other chromatographic methods, however, 

protein structure and bioactivity is preserved when utilising HIC, due to weaker interactions 

and binding in a more polar and less denaturing environment as compared to ion-exchange, 

affinity, or reversed-phase chromatography (RPC) (Fausnaugh et al., 1984; Regnier, 1987; El 

Rassi, 1996). As a result, HIC has proven itself a powerful protein purification technique for 

both laboratory and industrial-scale preparations of proteins. 
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Two major elements affect protein retention whilst utilising HIC for protein purification; the 

solid, stationary phase, and the liquid, mobile phase. Protein retention in the stationary phase 

depends on the type, chain length and density of the ligand; as well as the type of supporting 

matrix within the column (Queiroz et al., 2001). Phenyl-sepharose is a commercially available 

charge-free hydrophobic absorbent widely used as a stationary phase in HIC columns. Protein 

adsorption increases with increasing salt concentration (as this promotes ligand-protein 

interactions) in the mobile phase and elution is achieved by reducing the salt concentration of 

the eluent (Melander and Horváth, 1977; Fausnaugh and Regnier, 1986). Thus, the main 

characteristics of the mobile phase that affect protein retention are the type and concentration 

of salt; however, pH, temperature and additives also impact this. Salts such as ammonium 

sulphate (used in ZapA purification) are the most effective at promoting ligand-protein 

interactions due to higher ‘salting-out’ effects. The pH of buffer solutions should be tailored 

and optimised for HIC and lower temperatures generally promote protein elution, and 

additives such as 20 % ethanol (also used in this study) can be used to clean HIC columns. 

 

Following a HIC protein purification protocol provided by Dr. Louise Carson, Queen’s 

University Belfast, which is an adaptation of the original method described by Loomes et al., 

1990; fractions of native ZapA were reproducibly purified on phenyl sepharose columns from 

P. mirabilis BB2000-conditioned media for the duration of this research project. The original 

purification method described the co-elution of a non-proteinacious yellow impurity, removal 

of which was achieved via ion-exchange chromatography. The adapted method used in this 

study, in which the concentration of ammonium sulphate added to supernatants was reduced 

from 1 M to 0.1 M, caused the non-retention of such impurity in the columns, preventing the 

requirement of further chromatographic purification. Furthermore, the use of the ÄktaPrime 

Plus FPLC apparatus allowed for simple automation and vigilant on-screen monitoring of 

protein elution from the columns. From these repeated purifications, a maximum of 1.05 mg 

of ZapA was obtained from 200 mL of culture supernatant in a single purification step, 

equating to 5.25 mg from a 1 L culture. In comparison, Wassif et al. (1995) reported a typical 

yield of between 200 and 500 μg of recombinant ZapA from 1 L supernatants of overnight 

cultures of chemically transformed E. coli DH5α, using the original purification method 

outlined by Loomes et al. (1990). This indicates the improved efficiency of the simpler method 

used here. 

 

2.5.2.  Purity of ZapA  

 

SDS-PAGE is a commonly used method for fractionating proteins based on their mobility in 

an electric field, which is dependent on their size. Coomassie Blue binds non-specifically to 
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virtually all proteins; and can therefore be used to stain a proteinaceous sample separated by 

SDS-PAGE (with a detection limit of around 50 ng) to estimate protein purity. A protein 

ladder, in other words, a series of proteins of known identity and size; is run alongside protein 

samples and used as a reference to estimate protein size. The number of protein bands in a 

single sample indicates its purity; in other words, a single band at the expected size indicates 

high protein purity, whereas many bands indicate low purity. During the elution step of HIC, 

a single peak of UV-absorbing material at 280 nm, spanning fractions twelve to fifteen, from 

the phenyl-sepharose columns, was seen in Figure 2.5.(B). Coomassie Blue-stained SDS-

PAGE analysis of these four eluted fractions displayed a single, major band corresponding to 

the molecular weight of ZapA, precisely 54 kDa, as seen in Figure 2.6. Several smaller, fainter 

bands were also found, and are likely degradation products; possibly due to ZapA 

autohydrolysis, or ZapA degradation during the purification process. This result was identical 

to that obtained previously by Dr. Louise Carson, thus eliminating the need to reconfirm 

protein identity via in-gel tryptic digestion and subsequent sequencing. Densitometry can 

further be used in combination with Coomassie Blue-stained SDS-PAGE for a more accurate 

estimation of protein purity. However, the more sensitive, reverse-phase HPLC analysis of 

100 μg/mL stock solutions of ZapA also revealed a single major peak of UV-absorbing 

material at various wavelengths (Figure 2.7.). The drastically smaller peak alongside the main 

peak may coincide with degradation products as seen with SDS-PAGE analysis. 

 

2.5.3.  Activity of ZapA  

 

ZapA activity was demonstrated and quantified by means of an endpoint absorbance assay 

using a broad-spectrum colorimetric substrate, and a monitored fluorescence assay. The 

azocasein substrate assay, first developed over seventy years ago by Charney and Tomarelli 

(Charney and Tomarelli, 1947), remains one of the most reliable methods for determining the 

proteolytic activity of enzymes (Domingues et al., 2013). It involves the co-incubation of an 

enzyme with casein coupled with chromophoric, diazotised aryl amines (‘azo’ group) at the 

optimum pH and temperature of the enzyme under investigation, over a given time. The azo 

group is liberated upon enzymatic digestion, and subsequently solubilised in trichloroacetic 

acid to produce a red-orange colour, read at a wavelength of 440 nm (Coêlho et al., 2016). 

Using the provided equation, ZapA activity was found to be around sixty to seventy units per 

milligram (U/mg) of protease, where one unit was defined as that capable of hydrolysing one 

milligram of azocasein in sixty minutes at 37 ̊C. This quantification and conversion of ZapA 

activity into U/mg was utilised for downstream in vitro assay, in other words the Ca2+-

mobilisation assay, discussed in Section 2.5.5. The fluorogenic substrate used to test the 

proteolytic activity of ZapA, 2-aminobenzoyl– (Abz)–Ala–Gly–Leu–Ala–p–nitrobenzyl–
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NH2, was used as it is one of the substrates most susceptible to hydrolysis by P. aeruginosa 

LasB. LasB, along with thermolysin, shares a similar substrate specificity with ZapA (Carson 

et al., 2011), despite belonging to a different peptidase subfamily. This peptide is 

intramolecularly quenched via fluorophores at each end of its chain; specifically, a fluorescent 

(2-aminobenzoyl, Abz) and a fluorescence-quenching (p-nitrobenzyl-amide, Nba) group. In a 

similar manner to azocasein, in which the azo group is released upon hydrolysis; ZapA-

mediated cleavage of any of the peptide bonds within this substrate results in the release of the 

Abz and Nba groups. Bearing in mind the shared substrate specificities between ZapA and 

LasB; the Gly-Leu bond is most likely the peptide bond subject to ZapA hydrolysis, as this is 

the bond susceptible to LasB hydrolysis (Morihara and Tsuzuki, 1971). Peptide cleavage 

causes a rise in fluorescence, thus allowing vigilant observation of the rate of substrate 

hydrolysis by ZapA in real time. This substrate has a minor amount of intrinsic fluorescence, 

likely due to incomplete energy transfer as a result of peptide conformation or the nature of 

the Nba group (Nishino and Powers, 1980); necessitating the requirement of blanking test 

samples (in other words, ZapA co-incubated with the substrate in assay buffer) with negative 

controls (in other words, substrate in assay buffer alone). Bearing in mind the gains used in 

this particular study, hydrolysis of the substrate by ZapA led to over a seventy-fold 

fluorescence increase (excitation 313 ± 55 nm; emission 460 ± 40 nm) over thirty minutes, 

whereas no increase in fluorescence was seen with the addition of 50 μM ME-YV, thus 

potently reducing ZapA bioactivity. Rate of hydrolysis was dependent on substrate 

concentration, likely due to intermolecular quenching at higher substrate concentrations or 

substrate hydrolysis products (Nishino and Powers, 1980). Nonetheless, this is a highly 

sensitive assay for ZapA bioactivity.  

 

2.5.4.  Inhibition of ZapA 

 

Cushman et al. (1977) found that mercaptoalkanyl amino acids, also known as 

mercaptoamides, are potent inhibitors of the angiotensin-converting enzyme (ACE), a zinc 

metalloprotease that is involved in regulation of blood pressure as part of the renin-angiotensin 

system (RAS); and Nishino et al. (1980) extended this class of inhibitor to LasB. Lynas et al. 

(2000) originally reported the synthesis of a 160-compound library of N-alpha mercaptoamide 

dipeptides, which was expanded upon by Cathcart et al. (2009) who synthesised a 400-

compound (20×20)-library of N-alpha dipeptide mercaptoamides as inhibitors of LasB using 

a CEM Liberty™ microwave assisted peptide synthesiser and standard Fmoc solid-phase 

peptide synthesis protocols on Rink amide resin. The general chemical structure of these 

peptides can be observed in Figure 2.15.(A). Cathcart et al. (2009) and Carson et al. (2011) 

screened LasB and ZapA against this library, respectively, to elucidate and map their S’1 and 
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S’2 binding subsite preferences within the active site. In the case of ZapA, these 160 

compounds were narrowed down to six, which had displayed sub- to low-micromolar 

inhibitory constant (Ki) values (calculated using the equation for tight binding inhibitors). Of 

these, SH–CO2–Y–V–NH2, also known as ME-YV (Figure 2.15.(B)), was identified as the 

most potent inactivator of ZapA, with a Ki value of 0.75 μM. Intriguingly, ME-YV was also 

the most potent inactivator of LasB, with a Ki value of 0.77 μM (Cathcart et al., 2009).  

 

 

 

 

 
 

 

 

 

Figure 2.15. General chemical structure of the N-alpha mercaptoamide dipeptide 

inhibitor library (A) originally synthesised by Lynas et al. (2000) and; SH–CO2–Y–V–NH2 

(ME-YV) (B), the most potent inhibitor of both ZapA and LasB, from this library (Cathcart 

et al., 2009; Carson et al., 2011). These inhibitors chelate Zn2+ of the mononuclear 

metalloprotease active site, thus preventing co-ordination of the nucleophilic solvent molecule 

(water) to the active site (see Figure 1.5.). 

 

This study also elucidated important information regarding the characteristics of the S’1 and 

S’2 subsites of the ZapA active site. The most potent inhibitors typically possessed a tyrosine 

(Tyr; Y) or tryptophan (Trp; W) but not phenylalanine (Phe; F) in their P’1 position, insinuating 

that the ZapA active site preferentially accommodates large, hydrophobic and aromatic 

residues; as Tyr and Trp, but not Phe, are able to participate in hydrogen bonding; and may 

therefore be the primary determinant of inhibitor specificity. No amino acids were preferred 

in the P’2 position, although all of those present in the most potent inhibitors were the aliphatic 

residues valine (Val; V), arginine (Arg; R), and lysine (Lys; K). Interestingly, these findings 

were reflected by those found with LasB; and the fact they are inhibited by the same class of 

inhibitors insinuates that their catalytic sites are extremely similar, despite coming from two 

distinct families of metalloproteases. Nevertheless, both are undoubtedly key virulence factors 

for their respective pathogens. Overall, several metalloproteases can be inhibited by peptides 

containing the same functional group, in this case, thiol. 

 

 

A B 
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Chapter 5 further reveals binding site preferences of ZapA, along with those of 

metalloproteases isolated from other clinically relevant Proteus spp., P. vulgaris and P. 

penneri. ME-YV was found to be effective against all of these metalloproteases, exemplifying 

and extending its therapeutic efficacy.  

 

2.5.5.  ZapA-mediated PAR inactivation 

 

In a continuation of the work performed by Dr. Louise Carson, Queen’s University Belfast, 

the interaction of ZapA with PARs was investigated via a fluorogenic intracellular calcium 

mobilisation assay, using the Fluo-4 Direct™ Calcium Assay Kit. It was previously confirmed 

that ZapA has no effect on PAR1 and PAR2 activation as no surge in intracellular calcium 

was seen upon challenge with ZapA. This was in stark contrast to positive controls, which 

displayed an instantaneous peak upon injection with cleaving proteases and agonist peptides, 

in other words, 5 U/mL thrombin and trypsin; and 100 μM TFFLR-NH2 and SLIGKV-NH2 

for PARs 1 and 2, respectively. However, the effect of ZapA on PAR1, PAR3 and PAR4 was 

not distinguished using thrombin, as it activates all three of these receptors, and was also not 

distinguished for PAR2 and PAR4 using trypsin in the same manner. To overcome this, more 

specific agonists could have been used, depending on their commercial availability. For 

example, other secreted serine proteases such as mast cell-derived chymase and epithelial cell-

derived matriptase could have been used to exclusively study PAR1 and PAR2 activation, 

respectively, as described in Section 2.1.1.3.1.1. Potential alternatives for this include the 

intracellular calpain-1 or the monocyte-derived cathepsin S cysteine proteases, to activate 

PAR1 and PAR2, respectively. The inclusion of PAR1 and PAR2-APs in this study confirmed 

that PAR1 and PAR2 activation was being observed, and to see if PARs could still be activated 

by APs following ZapA treatment. The effect of ZapA on PAR3 and PAR4 activation was 

however not exclusively studied and could be included in future work pertaining to the 

interaction of ZapA with innate immune receptors and its contribution to P. mirabilis 

virulence.  

 

The prostate and bladder cancer cell lines tested, namely PC3 and DU145 prostate cells and 

5637 bladder cells, each produced unique calcium mobilisation profiles. Prior to agonist 

addition, PAR-expressing prostate and bladder epithelial cells were loaded with a fluorescent 

calcium indicator obtained from the proprietary calcium assay kit, the highly sensitive Ca2+ 

binding-Fluo-4 acetoxymethyl (AM). The AM ester group facilitates fluorophore transport 

across the cell membrane and is then cleaved by intracellular esterases. As a result, the 

negative charges of the fluorophore are exposed, preventing extracellular diffusion and 

allowing Ca2+-binding (Gee et al., 2000). The fluorescent signal of Fluo-4 AM is negligible in 
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cells under resting conditions; however, following N-prodomain cleavage or ECL2-binding 

by proteases or PAR-APs respectively, PAR activation and subsequent activation of the Gα-

subunit induces Ca2+ release from the ER and mitochondria within seconds, causing the 

fluorescent signal to amplify more than one hundred-fold as compared to unstimulated cells 

in a resting state (Caers et al., 2014). The observed gradual decrease in signal over time is due 

to receptor desensitisation, internalisation, and recycling, as discussed in Section 2.1.1.3.2.6. 

 

In particular, 5637 PAR responses were notably protracted and assay lengths were increased 

from 150 seconds (two and a half minutes) or 250 seconds (just over four minutes) to 300 or 

600 seconds (five or ten minutes) for PAR-APs and proteases, respectively, to cater for this. 

There may be a few reasons why this was observed, however, these are only speculative as 

detailed descriptions of PAR distribution in the human lower urinary tract are not currently 

available (Moffatt, 2007). PAR 1 and 2 expression may be higher overall in the bladder than 

the prostate; and the bladder may also have a higher expression of PAR4. As previously stated, 

PAR4 signalling is much more prolonged as compared to other PARs (Shapiro et al., 2000) 

and can also be activated by both trypsin and high concentrations of thrombin (Xu et al., 1998; 

Kahn et al., 1998; Nakayama et al., 2003). It is also important to note that, experimentally; all 

in vitro cell lines are likely to behave differently, even those from the same tissue of origin.  

 

To study the effect of ZapA on PARs, cells were pre-treated with 2 U/mL ZapA for ten minutes 

and then spiked with proteases and PAR-APs as per positive control conditions. ZapA-treated 

cells administered with thrombin and trypsin exhibited a severely diminished signal as 

compared to untreated cells. In contrast, challenge of ZapA-treated cells with PAR-APs 

displayed a signalling response reflecting that of corresponding positive controls. Conversion 

of the calcium mobilisation curves into comparable area under the curve (AUC) values allows 

for analysis of statistically significant differences between each condition studied. ZapA 

significantly reduced calcium mobilisation from all thrombin and trypsin-challenged cells as 

compared to untreated control conditions (for PAR1 and PAR2, respectively), with a p-value 

of less than 0.0001, indicating putative disarming of these PAR subtypes. Inhibition of ZapA 

via ME-YV significantly facilitated a return of PAR1 and PAR2 function in all cell lines as 

compared to controls and ZapA-treated cells, again with a p-value of less than 0.0001. Due to 

the large numerical AUC values, a visually small or negligible difference in calcium 

mobilisation profiles may be statistically different upon translation into AUCs. This is the 

reason why some ZapA-treated cells have a significantly lower AUC upon challenge with 

PAR-APs as compared to untreated control conditions (some with a p-value of less than 

0.0001, in the case of TFFLR-NH2-challenged PC3 and DU145 cells as seen in Figures 2.9.(B) 

and 2.11.(B)), despite PAR activation of these cells being evident, with a clearly defined 
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calcium mobilisation peak comparable to corresponding controls. To increase the reliability 

of the PAR data presented in this chapter, additional controls could have been included in 

calcium mobilisation assays. Firstly, as the ZapA inhibitor, ME-YV, is peptidic in nature, an 

ME-YV only control could have been included to confirm that it has no activating (similar to 

the action of PAR-APs) or disarming effect on either PAR subtype studied. Secondly, a heat 

inactivated ZapA control could have been included to confirm that any PAR-disarming effects 

were due to proteolytically active ZapA. Nonetheless, these data imply that ZapA cleaves the 

N-terminus of PAR1 and PAR2 at a site beyond the receptor activation motif; however, the 

ligand-binding domain within ECL2 remains intact, meaning that ZapA disarms PARs in a 

similar fashion to the endogenous host protease cathepsin G. Additionally, ZapA pre-treated 

with ME-YV was also included in these experiments to confirm that any PAR-disarming 

activity was due to this protease.  

 

Furthermore, Dr. Louise Carson synthesised a twenty-mer peptide, TR20 

(SFLLRNPNDKYEPFWEDEES), corresponding to amino acid residues 42 to 61 of the N-

terminus of PAR1. 500 μM of TR20 was incubated with 10 μg ZapA in assay buffer at 37 ̊C 

with gentle agitation and analysis was performed at thirty-minute intervals. Complete 

hydrolysis occurred within two hours. The four resultant peptide fragment peaks were 

observed by reverse phase HPLC, and their identities were confirmed by mass spectroscopy 

(MS). Putative ZapA-cleavage sites within TR20 were pinpointed at Arg46–Asn47 (bond 

between arginine and asparagine at positions 46 and 47) and Phe43–Leu44. ZapA-cleavage at 

either of these sites occurs downstream of the thrombin-cleavage site, which lies between 

Arg41–Ser42, resulting in inhibition of normal activation. Based on their N-terminal positions 

in relation to the activation motif, Dr. Louise Carson speculated that cleavage at Phe43–Leu44 

would essentially sever the tethered ligand, whereas cleavage at Arg46–Asn47 would only 

truncate said ligand; however, both modes of cleavage would still result in receptor disarming. 

These findings are in agreement with those observed in the calcium mobilisation assay for 

PAR1; and reiterates the likelihood that ZapA disarms PAR1 in a similar manner to cathepsin 

G. On the other hand, LasB has been shown to cleave the N-terminus of PAR2 at two sites at 

either side of the tethered ligand, ensuring its complete removal. The effect of ZapA on the N-

terminus of PAR2 has not yet been elucidated, although it is highly possible it does so in the 

same manner as LasB, considering their blatant similarities, in terms of their inhibitory profiles 

(see Section 2.5.4.), substrate specificity (see Table 5.1.) and known substrates thus far (see 

Tables 1.7–10., Sections 2.5.6. and 3.5.). 

 

To conclude this section, the study of ZapA kinetics could prove useful in comparing its 

maximum activity with physiological activity in in vitro calcium mobilisation assays, as the 
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latter will be more relevant to ZapA activity in vivo. In other words, ZapA activity in assay 

buffer (50 mM Tris-HCl, 2.5 mM CaCl2, pH 8.0) could be compared to its activity in prostate 

and bladder cell-conditioned culture media, as this will have implications for the 

immunomodulatory abilities of ZapA in vivo.  

 

2.5.6.  Other bacterial and exogenous proteases that cleave PARs 

 

As discussed, PARs are specifically cleaved and permanently activated by various endogenous 

human proteases; but they can also be activated by exogenous proteases from bacteria, plants, 

fungi and insects.  The interaction of bacterial proteases with PARs has been long and 

extensively studied, and many such examples have been found. Both pathogenic and 

commensal bacteria secret various proteases that cleave PARs, either activating or disarming 

them, therefore acting as inflammatory modulators (Potempa and Pike, 2009). PAR2 has a 

greater role in the inflammatory response to infection, thus exogenous proteases mostly act 

through this receptor. 

 

Perhaps the most studied and well-known examples of PAR-cleaving bacterial proteases 

belong to Porphyromonas gingivalis, one of the leading causative agents of periodontitis, 

which secretes several cysteine proteases to exacerbate inflammation of the gums. The 

arginine-specific gingipains (Arg-gingipains, Rgp) cleave and activate PAR1, PAR2 and 

PAR4 (Holzhausen et al., 2006; Francis et al., 2018), leading to the release of an array of pro-

inflammatory mediators from various human oral cells in vitro. This includes production of 

interleukins 6 and 8 (IL-6 and IL-8) and the epidermal antimicrobial peptide human beta-

defensin-2 (hβD-2) from epithelial cells (Chung et al., 2004; Dommisch et al., 2007; Uehara 

et al., 2008); increase in CCR5 expression, a chemokine receptor, from keratinocytes 

(Giacaman et al., 2007); release of neuropeptide from dental pulp stem cells (DPSCs) and 

hepatocyte growth factor (HGF) from fibroblasts (Tancharoen et al., 2005; Uehara et al., 

2005); and T-cell activation (Yun et al., 2007). Underpinning these findings, PAR2 knockout 

mice are protected against periodontal disease, suggesting that this receptor plays a major role 

in the pathogenesis of this disease (Holzhausen et al., 2006). Additionally, Rgp-mediated 

PAR1 activation of platelets and subsequent platelet accumulation (Lourbakos et al., 2001), 

may interestingly explain a link between periodontal disease and cardiovascular pathological 

events (Papapanagiotou et al., 2009). 

 

As stated in Section 2.1., other members of the serralysin family and broader metzincin 

superfamily of proteases, to which ZapA belongs, interact with PARs. Serralysin, a 50 kDa 

matrix metalloprotease from Serratia marcesens and namesake of this family of zinc 
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metalloproteases; activates PAR2 in human lung carcinoma and Hela cells, subsequently 

inducing pro-inflammatory signalling pathways via the activation of transcription factors 

including NFkB, leading to airway inflammation (Kida et al., 2007).  

 

LasB, which as stated before bears many similiarities to ZapA, disarms PAR2 to prevent 

inflammation in the lungs (Dulon et al., 2005). The PAR-cleaving effects of another P. 

aeruginosa-derived serralysin family member, AprA, has not been investigated. Purification 

of AprA, using an identical protocol to that of ZapA using P. aeruginosa strain PAO1 

supernatant, was attempted in this study to determine its PAR-cleaving effects; however, the 

enzyme obtained did not appear to be proteolytically active (data not shown). P. aeruginosa 

however, secretes another PAR-cleaving protease, albeit with contradicting effects. The large 

exoprotease (LepA) can activate PARs 1, 2 and 4; initiating the MAPK and NFkB pathways 

(Kida et al., 2008). These findings suggest that these proteases potentially nullify each other’s 

effects, bringing forward the importance of the regulation of protease expression by P. 

aeruginosa during infection via quorum sensing. 

 

Other PAR-interacting bacterial proteases include thermolysin, a commercially available 

thermotolerant metalloprotease used in protein stability assays, secreted by Bacillus 

thermoproteolyticus rokko, which disarms PAR1 and potentially PAR2 in rat astrocytes; and 

a serine protease from gastric pathogen Helicobacter pylori, potentially the ubiquitous 

protease high temperature requirement A (HtrAHp); a typically periplasmic protein, which 

aside from its housekeeping roles such as quality control is involved in the maturation of 

virulence factors of pathogen factors upon secretion; activates PAR2 on gastric epithelial cells, 

prompting the production of pro-inflammatory cytokine IL-8 (Kajikawa et al., 2007). 

Streptococcal pyrogenic exotoxin B (SpeB) of Group A Streptococcus (GAS) cleaves and 

inactivates PAR1, rendering human platelets unresponsive to thrombin (Ender et al., 2013). 

Streptococcus pneumoniae proteases cleave murine PAR2, enabling pathogen dissemination 

from the airways to the bloodstream, causing sepsis (van den Boogaard et al., 2018). PAR1 

and PAR4 are also thought to be disarmed during S. pneumoniae lung infection, although 

direct cleavage of these receptors has not been demonstrated (Schouten et al., 2012; 

Asehnoune and Moine, 2013; de Stoppelaar et al., 2013). Propionibacterium acnes, now 

known as Cutibacterium acnes, the causative agent of the skin condition acne, stimulates pro-

inflammatory signaling via PAR2 activation in vitro, and these findings were supported in an 

in vivo model of isogenic murine PAR2 knockouts (Lee et al., 2010; Ikawa et al., 2005).  

 

Non-bacterial proteases can also interact with human PARs with clinical implications. The 

PAR2-activating plasminogen activator (aPA) secreted by Acanthamoeba strains contributes 
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to their role in keratitis and granulomatous amoebic encephalitis (GAE) (Tripathi et al., 2014). 

Serine proteases and thrombocytin found in snake venom can stimulate PAR1 and PAR4, 

leading to rapid coagulation (Laing et al., 2005; Santos et al., 2000). Serine and cysteine 

proteases (DerP) found in dust mite allergens and the PAR2-activating serine proteases E1—

E3 from cockroach extract have implications for the inflammatory respiratory condition 

asthma (Sun et al., 2001; Asokananthan et al., 2002; Lin et al., 2018; Kondo et al., 2004; 

Asaduzzaman et al., 2015; Polley et al., 2017). In fungi, the serine protease PenC from 

Penicillium citrinum activates PAR1 and PAR2 (Chiu et al., 2007), an unidentified protease 

secreted by Aspergillus fumigatus disarms PAR2 and likely contributes to its pathogenesis 

during aspergillosis, and serine proteases secreted by Alternaria alternata can contribute to 

respiratory inflammation (Kauffman et al., 2000; Boitano et al., 2011a; Boitano et al., 2011b; 

Snelgrove et al., 2014). Even plants produce proteases that can interact with human PARs, 

such as the PAR2-disarming cysteine proteases found in pineapple bromelain (Rathnavelu et 

al., 2016; Borrelli et al., 2011).  

 

Fasciola hepatica, also known as the common liver fluke, is a parasitic trematode that infects 

both livestock and humans, making it a global and economically important zoonotic pathogen 

(Mas-Coma et al., 2005). Following ingestion of these helminth parasites (metacercariae) by 

the host, newly excysted juveniles (NEJs) swiftly transverse the duodenal wall, leading to 

hepatic migration. However, in order to establish successful host colonisation during early 

infection, the parasite must overcome host tissue, macromolecules and microenvironments, 

and, naturally, the immune system. F. hepatica employs asparaginyl endopeptidases 

(legumains) to trigger the catalytic transactivation and maturation of cathepsins B and L 

(FhCB1–3 and FhCL1–4), cysteine proteases highly expressed by gastrodermal cells of the 

parasite’s bifurcated gut (Robinson et al., 2009; Dalton et al., 2009). Proteolytic FhCBs and 

collagenolytic FhCL3 are upregulated during the excystment process and several hours post-

excystment (Cwiklinski et al., 2018), respectively, to aid in nutrient absorption; tissue 

invasion, breakdown and digestion via degradation of interstitial proteins such as collagen, 

laminin and fibronectin (Corvo et al., 2009; Robinson et al., 2011; Corvo et al., 2013; Berasain 

et al., 1997); and immune evasion by blocking Th1 responses via cleavage of endosomal TLR3 

within innate immunocytes, thus preventing MyD88-independent, TRIF-dependent signalling 

pathways (Donnelly et al., 2010). Recent, unpublished, and collaborative work with Prof. John 

Dalton and Dr. Tara Barbour of the School of Biological Sciences, Queen’s University Belfast, 

found that FhCLs 1–3, but not FhCBs, may also contribute to immune evasion by disarming 

PAR1. Chapter 5 also investigates the ability of metalloproteases purified from P. vulgaris 

and P. penneri to interact with PARs. 
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2.6.  Conclusion 

 

Proteolytically active fractions of the 54 kDa metalloproteinase, ZapA, from media 

conditioned by wild-type P. mirabilis strain BB2000 were successfully and repeatedly 

obtained using an adapted and simple FPLC procedure on phenyl sepharose columns using the 

ÄktaPrime FPLC Plus apparatus for the duration of this research project. Purity and enzymatic 

activity were confirmed by SDS-PAGE and HPLC; and microtitre-based chromophoric and 

fluorogenic assays, respectively. PARs have been presented as a biological and 

immunologically relevant substrate of ZapA in this study. ZapA disarms PAR1 and PAR2 and 

hinders receptor-mediated intracellular calcium mobilisation in bladder and prostate epithelial 

cells, thus preventing normal activation. It has been demonstrated that ZapA cleaves these 

receptors at a site beyond the activation motif, rendering them resistant to activation by 

endogenous serine proteases, namely thrombin and trypsin for PAR1 and PAR2, respectively. 

This data was corroborated by ZapA truncation of TR20, a peptide corresponding to twenty 

critical amino acid residues of the PAR1 N-terminus, at two individual sites, by Dr. Louise 

Carson. This has yet to be shown in PAR2. However, this study also established that PARs 

were still able to be activated by PAR-APs after ZapA exposure, implying that ZapA is not 

likely to cleave the ECL2 of PARs; and its cleaving ability may be restricted to the N-terminus. 

The inclusion of the N-alpha mercaptoamide dipeptide inhibitor, ME-YV, in these in vitro 

assays protected PARs from the majority of ZapA bioactivity. The ability of ZapA to disarm 

PARs will undoubtedly have various downstream effects regarding the cellular response of 

the host innate immune system. Therefore, ZapA is an attractive potential therapeutic target in 

the treatment of P. mirabilis-induced CAUTIs. These downstream effects will be further 

investigated in this study by observing the effects of ZapA on NFkB substrates, specifically 

the pro-inflammatory cytokines IL-1, IL-6 and IL-8, and the effect of ZapA on their expression 

and subsequent release from bladder and prostate epithelial cells. Additional, immunologically 

relevant and novel substrates of ZapA will also be explored in this study.
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3.1.  Introduction  

 

Cytokines are perhaps the most important, non-cellular mediators of the inflammatory 

response. These small, secreted proteins are essentially signalling molecules that act as classic 

endocrine hormones but are mainly recognised for their autocrine and paracrine functions; 

facilitating signals across short cellular distances, thereby regulating the activities of target 

cells by binding to specific, high-affinity receptors (Wilson et al., 1998). A common 

characteristic of cytokines is that they are pleiotropic (the ability of one cytokine to exhibit 

diverse functionalities), which should not be mistaken as redundant (the ability of multiple 

cytokines to exert overlapping activities); in other words, they may carry out similar functions, 

but inactivation of one will have little to no effect on overall biological phenotype (Moraga et 

al., 2014). Their diverse and excessive functions can be antithetically categorised as pro-

inflammatory or anti-inflammatory; mediated by modulation of cell-to-cell communication 

between leukocytes, and down-regulation of inflammatory responses in effector cells such as 

macrophages and neutrophils, respectively. Cytokines are subdivided into various classes 

based on their source of production, which cells they act upon, and their effector functions; 

and include chemokines, interferons and interleukins (ILs). ILs are an extensive group of more 

than forty cytokines, named numerically from 1 to 37 together with interferon-gamma (IFN-

γ); although their nomenclature is continually evolving. ILs are allocated to each family based 

on their sequence homology, receptor chain similarities or functional properties. Cytokines 

seldom work in insolation, but rather act to induce or inhibit other cytokines, thus generating 

a dynamic cytokine network or cascade to which cells respond accordingly.  

 

Bacteria can perturb this network in numerous ways. Induction of cytokine release can occur 

via modulins such as pathogen-associated molecular patterns (PAMPs), for example 

lipopolysaccharide (LPS) and adhesins, or by host cell invasion and interference with cytokine 

synthesis. Suppression of cytokine release can occur via cytokine degradation, binding, or the 

induction of cytokine receptor release (Wilson et al., 1998). In this chapter, focus will be 

placed on cytokine degradation. IL-6 and IL-8 were selected for this study as they are two of 

the most important pro-inflammatory cytokines involved in the innate immune response to 

bacterial infection, and there have been many previous reports of bacterial protease-mediated 

degradation of these cytokines. IL-1β has been described as an ‘innate immune sensor of 

microbial proteolysis’ (LaRock et al., 2015) and therefore it would be imperative to investigate 

the interaction of ZapA with this pro-inflammatory cytokine. 
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3.1.1.  Interleukin (IL)-1 

 

The IL-1 family consists of eleven members. They are a miscellany of pro-inflammatory and 

anti-inflammatory cytokines, as well as receptor agonists, which provide a threshold for the 

actions of the pro-inflammatory members (Sahoo et al., 2011). IL-1 members share a common 

overall structure, interact with similar receptors, and exhibit a broad range of biological 

properties, having potentiating effects on proliferation, differentiation and function of various 

innate and adaptive immunocompetent cells. As a result, their potent activity is regulated via 

receptor agonists (as mentioned previously) or ‘decoy’ receptors, intracellular signalling 

inhibitors; or, most importantly, their synthesis as precursors with little to no biological 

activity, requiring proteolytic maturation to unravel their full biological potential (Sahoo et 

al., 2011).   

 

The namesake of the IL-1 family; first described in 1977 as a fever-inducing protein termed 

‘human leukocytic pyrogen’ (Dinarello et al., 1977), is now the archetype and most 

extensively studied of all IL-1 members. It is comprised of two individually encoded proteins, 

IL-1α and IL-1β, which unexpectedly have only 26 % sequence homology (Auron et al., 1984; 

March et al., 1985). Despite this nominal sequence homology, they exert similar effects by 

triggering the same receptor, IL-1 type I receptor (IL-1RI) and downstream signalling 

pathways. A key difference between the two is that IL-1α is translated as a biologically active 

precursor, whereas the IL-1β precursor requires further proteolytic maturation. They also bind 

to the decoy receptor, IL-1 type II receptor (IL-1RII); and the IL-1 receptor agonist (IL-1Ra), 

which is synthesised and secreted concurrently with IL-1 production (Eisenberg et al., 1990), 

and is deprived of the IL-1 receptor accessory protein interacting domain thus inhibiting IL-1 

signalling. Equilibrium of IL-1, IL-1RI, IL-1RII and IL-1Ra expression levels are pivotal in 

the generation of appropriate pro-inflammatory phenotypes (Horai et al., 2000); in other 

words, to maximise microbiocidal functions but simultaneously minimise damage to host 

tissue.  

 

IL-1α and IL-1β may exert similar functions, but are not entirely redundant (Moraga et al., 

2014), due to fundamental differences in their localisation, expression, and mode of secretion 

from diverse cell types (Sahoo et al., 2011). Proteolytic processing of IL-1α and IL-1β induces 

conformational changes, converting them from a proteinase K-sensitive to insensitive form, 

making them capable of receptor binding (Hazuda et al., 1990). Their cleavage and activation 

occur within a restricted region of the N-terminus (Afonina et al., 2011), implying this acts as 

a ‘regulatory switch’, keeping them inactive by obscuring the receptor binding site until 

proteolytic removal (Afonina et al., 2015).  
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3.1.2.  IL-1β 

 

Haematopoietic cells express IL-1β as a 31 kDa precursor, termed pro-IL-1β, in response to 

inflammatory stimuli. Pro-IL-1β cannot bind to IL-1R until it has been proteolytically 

processed into its mature, 17 kDa form (Mosley et al., 1987). It is considered one of the most 

powerful pro-inflammatory cytokines, affecting virtually every organ in the body; and 

aberrant, excessive or prolonged activation of IL-1β has been implicated in the pathogenesis 

of many autoimmune diseases including rheumatoid arthritis (RA), type I diabetes, coeliac 

disease, gout and systemic lupus erythematosus (SLE) (Saavedra et al., 2015). IL-1β provides 

protection against infection by activating rapid leukocyte recruitment, endothelial adhesion 

molecules, various other cytokines and chemokines, the febrile response, and the Th17 

response (Sahoo et al., 2011). 

 

3.1.3.  Caspase-1 and the inflammasome 

 

IL-1β-converting enzyme (ICE) was discovered in monocytes (Kostura et al., 1989), and later 

renamed caspase-1 (Thornberry et al., 1992). Caspase-1 is the original member of the caspase 

(Cysteine aspartate-specific protease) family, members of which play vital roles in 

inflammation and immunity (Creagh et al., 2003; Martin et al., 2012). Caspase-1 is the 

canonical activator of pro-IL-1β, cleaving it at two distinct sites, resulting in a 26 kDa by-

product of unknown function, and the mature, biologically active 17 kDa form of IL-1β 

(Howard et al., 1991). In a similar fashion to pro-IL-1β, caspase-1 also exists as a precursor, 

pro-caspase-1, that requires activation via auto-proteolytic cleavage (Malik and Kanneganti, 

2017). This involves the formation of the inflammasome, a cytosolic multi-protein signalling 

scaffold, consisting of pro-caspase-1, an adaptor molecule known as apoptosis-associated 

speck-like protein containing a C-terminal caspase-recruitment domain (ASC), and a 

nucleotide-binding oligomerisation domain or ‘Nod’-like receptor (NLR) that detects PAMPs 

such as bacterial flagellin, or host-derived danger-associated molecular patterns (DAMPs) 

such as uric acid crystals (Lamkanfi and Dixit, 2014), illustrated in Figure 3.2. 

 

Four distinct inflammasomes have been described and are distinguished by the NLR protein 

that they are comprised of. The NLRP3 inflammasome is the most extensively studied 

inflammasome and is activated by a plethora of PAMPs and DAMPs. Mutations in NLRP3 are 

associated with the development of auto-inflammatory diseases such as Muckle-Wells 

syndrome (MWS) and chronic infantile neurologic cutaneous and articular 

syndrome (CINCA) (Aganna et al., 2002; Gattorno et al., 2007). NLRP3-mediated activation 

and subsequent release of pro-IL-1β requires two specific signals, as outlined in Figure 3.2. 
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This dualistic control system curtails undesirable and potentially detrimental production of IL-

1β and pyroptosis; a form of cell death distinct from classical apoptosis or necrosis (Brodsky 

and Medzhitov, 2011); characterised by rapid cell swelling and membrane rupture (Kayagaki 

et al., 2011). This unrestrained cell lysis facilitates the exposure of pro-IL-1β to proteolytic 

maturation by various extracellular human proteases (as seen in Figure 3.2.), and potentially 

bacterial proteases during infection, acting secondarily to initial activation to intensify the 

inflammatory response. 

 

3.1.4.  Caspase-8 

 

Caspase-8, another member of the caspase family, is responsible for the transduction of pro-

apoptotic signals downstream of death-domain-containing members of the tumour necrosis 

factor (TNF) receptor family, such as Fas and TNF-related apoptosis-inducing ligand (TRAIL) 

(van Raam and Salveson, 2012). During cellular stress conditions, in which dectin-1, a 

macrophage-specific C-type lectin receptor, or Fas receptors are stimulated, and apoptosis 

inhibitor proteins (IAP) are downregulated; caspase-8 can cleave pro-IL-1β at exactly the same 

site as caspase-1 (Figure 3.1.), in a non-canonical pathway independent of caspase-1 and the 

inflammasome (Antonopoulos et al., 2013; Shenderov et al., 2014). It is speculated that 

bacterial proteases can also cleave pro-IL-1β independent of caspase-1 and the inflammasome. 

 

Figure 3.1. Schematic representation of the IL-1β protein and sites of cleavage for 

caspases-1 and -8, neutrophil elastase (NE), proteinase-3 (PR-3), cathepsin G (CatG) and 

chymase, that process the protein into its active form (Afonina et al., 2015).  
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Figure 3.2. The molecular events behind caspase-1-dependent and independent IL-1β 

processing, adapted from Afonina et al., 2015. Caspase-1-dependent processing requires two 

signals. The first signal involves binding of LPS to TLR4, triggering NFκB-mediated 

upregulation of NLRP3 and pro-IL-1β. The second signal involves the assembly of the 

inflammasome and caspase-1 activation along with potassium efflux and cytosolic release of 

reactive oxygen species (ROS), triggered by sensing of specific PAMPs (for example, 

flagellin) or DAMPs (for example, uric acid crystals). Activation of caspase-1 can result in 

pyroptosis, causing the release of both pro-IL-1β and mature IL-1β into the extracellular 

milieu, exposing pro-IL-1β to processing by neutrophil-derived elastase (NE), cathepsin G, 

proteinase-3 (PR-3), mast cell-derived chymase, and possibly bacterial proteases such as ZapA 

during infection; thus, amplifying the initial caspase-1-mediated inflammatory response. 

Additionally, Fas or dectin-1 can trigger caspase-8-mediated processing of IL-1β, independent 

of caspase-1 and the inflammasome.  

 

3.1.5.  IL-6 

 

Originally described as ‘B-cell differentiation factor’ (Teranishi et al., 1982), and now the 

namesake of the IL-6-type family of cytokines, which includes leukaemia inhibitor factor, 

ciliary neurotrophic factor and oncostatin M; IL-6 is produced by endothelial cells, fibroblasts, 

monocytes and macrophages in response to IL-1α, IL-1β, IL-17 and TNF-α during systemic 
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inflammation. It is translated into a 212-amino acid precursor protein, and, upon removal of a 

28-amino acid signal peptide, has two possible N-glycosylation sites and is secreted in 

different molecular masses ranging from 19 to 26 kDa (May et al., 1988). IL-6 signals through 

a cell-surface signalling complex composed of the IL-6 receptor (IL-6R), an 80 kDa 

glycoprotein which exists in both membrane-bound and soluble forms (sIL-6R) (Honda et al., 

1992), consisting of an IL-6-binding chain (IL-6Rα); and the signal inducing component 

glycoprotein 130 (gp130) (Akdis et al., 2011). Classical and trans-signalling of IL-6 is outlined 

in Figure 3.3. Similar to other cytokines, IL-6 is a pleiotropic and multifaceted cytokine, 

exhibiting diverse functions, ranging from the regulation of innate and adaptive immune 

responses, acute-phase responses during haematopoiesis, to inflammation. Specifically, it 

stimulates and trafficks leukocytes, induces the production of acute-phase proteins by 

hepatocytes (Hurst et al., 2001); and promotes T-cell differentiation, B-cell differentiation and 

survival, and synthesis of IgG, IgA and IgM antibodies by plasma cells (Hirano et al., 1985). 

 

3.1.6.  IL-8 

 

IL-8, an interleukin with chemokine activity, first described as a ‘neutrophil-specific 

chemotactic factor’ and later classified as a CXC chemokine family member (Yoshimura et 

al., 1987), is produced by a wide variety of cells such as monocytes, macrophages, neutrophils, 

lymphocytes, endothelial and epithelial cells upon stimulation with IL-1α, IL-1β, IL-17, TNF-

α, or TLRs (Coelho et al., 2005). This potent chemoattractant is generated as a non-

glycosylated 99-amino acid precursor protein and subsequently processed at the N-terminal 

22-amino acid leader sequence into multiple isoforms, of 69, 70 or 77 amino acids in length 

(Clore et al., 1990; Baldwin et al., 1991). Two disulphide bridges between cysteines 7 and 34, 

and cysteines 9 and 50, are essential to IL-8 bioactivity; and the three amino acid residues 

glutamic-leucine-arginine, or the ELR-motif, is critical for binding of IL-8 to the two GPCR 

receptors, CXCR1 (IL-8Rα) and CXCR2 (IL-8Rβ) (Holmes et al., 1991), as detailed in Figure 

3.3. The primary function of IL-8 is the activation and recruitment of neutrophils to the site of 

infection (Matsushima et al.; 1988; Sallusto and Baggiolini, 2008), although it also attracts 

natural killer (NK) cells, T-cells, basophils, and granulocyte-macrophage colony-stimulating 

factor (GM-CSF) and IL-3-primed eosinophils (Burke et al., 2008). Overproduction of IL-8 

has been implicated in psoriasis, rheumatoid arthritis (RA), respiratory syncytial virus (RSV) 

infection, and chronic obstructive pulmonary disorder (COPD) (Seitz et al., 1991; Holck et 

al., 2003).  
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Figure 3.3. The production, signalling mechanisms and resultant effector functions of 

IL-6 and IL-8. IL-6 and IL-8 are produced by a variety of cells upon stimulation with pro-

inflammatory cytokines or TLRs. Typically, IL-6 binds to membrane-bound IL-6R, recruiting 

gp130, or sIL-6R associates with gp130 to trigger trans-signalling. Both methods result in the 

formation of the IL-6 signalling complex, which consists of two IL-6 homodimeric molecules, 

two IL-6Rs and two gp130 signalling units. Following gp130 dimerisation, intracytoplasmic 

Jak tyrosine kinases induce tyrosine phosphorylation and signal transducer and activator of 

transcription 3 (STAT3) recruitment (Gerhartz et al., 1996). STAT3 itself is also dimerised 

and induces IL-6 expression and other proteins involved in effector functions. IL-8-interaction 

with CXCR1 and 2 results in three events; replacement of guanosine diphosphate (GDP) by 

guanosine triphosphate (GTP), dissociation of the trimeric G protein into α and β-γ subunits; 

activation of phospholipase C which in turn leads to activation of protein kinase C and the 

transcription factor NFκB accompanied by an increase in cytosolic calcium ions; and 

activation of p38 MAPK and p38 nuclear translocation. This cascade of events leads to further 

IL-8 production. 
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3.2.  Aims and Objectives  

 

The aim of the present study is to investigate the ability of ZapA to perturb host cytokine 

networks. This will specifically be done by investigating: 

 

• The direct activity of ZapA against pro-inflammatory cytokines IL-1β, IL-6 and IL-8 

• The ability of prostate and bladder cells to produce aforementioned cytokines in the 

presence of ZapA 

• The potential of the N-alpha mercaptoamide dipeptide inhibitor of ZapA, SH–CO2–

Y–V–NH2 (ME-YV), to preserve these potential biological substrates  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 | ZapA-mediated perturbation of cytokine networks 
 

 138 

3.3.  Materials and Methods 

 

3.3.1.  The proteolytic activities of ZapA towards host cytokines 

 

3.3.1.1. ZapA-mediated proteolytic conversion of pro-IL-1β into active IL-1β and 

degradation of IL-6 and IL-8 

 

3.3.1.2.  Materials 

 

Recombinant human pro-IL-1β was obtained from Sino Biological Inc. (Beijing, China) and 

recombinant human IL-6 and IL-8 were obtained from Sigma-Aldrich (now part of Merck; 

Darmstadt, HE, Germany). Recombinant caspase-1 was obtained from Abcam (Cambridge, 

Cambridgeshire, UK). The SilverXpress™ Silver Staining Kit was obtained from Thermo 

Fisher Scientific Inc. (Waltham, MA, USA). ZapA, SDS-PAGE apparatus and gel reagents 

were obtained as previously described in Section 2.3.1., and SH–CO2–Y–V–NH2 (ME-YV), 

the most potent inhibitor of ZapA from a 400-compound (20×20)-library of N-alpha dipeptide 

mercaptoamides as previously described in Section 2.5.4. (Carson et al., 2011), was 

synthesised by Dr. Louise Carson, School of Pharmacy, Queen’s University Belfast, UK. 

 

3.3.1.3.  The activity of ZapA towards pro-IL-1β 

 

To evaluate ZapA mediated cleavage of pro-IL-1β into mature IL-1β, 300 ng of recombinant 

pro-IL-1β was incubated with 5 ng ZapA at 37 ̊C in 9.5 μL of assay buffer (50 mM Tris-HCl, 

2 mM CaCl2, pH 8.0) and 0.5 μL of DMF (the vehicle control for ME-YV), for up to four 

hours; using a method adapted from LaRock et al. (2016). To assess the ability of ME-YV to 

hinder ZapA mediated conversion of pro-IL-1β into its mature active form, 0.5 μL of a 1 mM 

stock of ME-YV in DMF was used in 10 μL reactions in place of DMF (creating a final 

concentration of 500 nM ME-YV), under the same conditions. As a negative control, 300 ng 

of pro-IL-1β was incubated alone in assay buffer and DMF; and, as a positive control, 300 ng 

of pro-IL-1β was also incubated with 0.1 units of recombinant caspase-1 in assay buffer and 

DMF, all under the same conditions. As previously mentioned, caspase-1 is the canonical 

activator of pro-IL-1β. Separate reactions were performed for each time point, which were 

quenched by the addition of 5 μL of 5X Laemmli treatment buffer and boiled (100 ̊C) for five 

minutes. Whole samples were loaded onto gels, which were run for 45 minutes at a constant 

current of 200 V; proteins were visualised by silver staining; using instructions provided by 

the manufacturer, as detailed in Figure 3.4. Silver staining was utilised in place of traditional 

Coomassie Blue staining of whole protein SDS-PAGE gels due to its increased sensitivity (up 
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to one hundred times more sensitive) to considerably lower quantities of protein (can detect as 

little as 0.3 – 10 ng of protein). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Flowchart detailing step-by-step procedure for silver staining of 1.5 mm thick 

Bis-Tris gels using the SilverXpress™ Silver Staining Kit. 

 

Gels were imaged using the G:BOX Chemi XRQ imaging system and associated Syngene 

software.  

1. Fixing 
90 mL water, 100 mL methanol, 20 mL acetic acid  

2. Sensitising 
105 mL water, 100 mL methanol, 5 mL Sensitiser (contains glutaraldehyde)  

20 minutes 

2 hours 

Wash twice  

10 minutes 

3. Staining 
90 mL water, 5 mL Stainer A (contains silver nitrate), 5 mL Stainer B 

(contains ammonium hydroxide and sodium hydroxide)  

30 minutes 

Wash twice  

5 minutes 

4. Developing 
95 mL water, 5 mL Developer (contains formaldehyde and citric acid) 

5 minutes 

5. Stopping 
Add 5 mL Stopper (contains citric acid) directly to developing solution 

10 minutes 

Wash thrice  
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3.3.1.4.  The activity of ZapA towards IL-6 and IL-8 

 

IL-6 and IL-8 were used in either their native conformation or denatured via heating at 80 ̊C 

for 15 minutes. To study the hydrolysis of IL-6 and IL-8 by ZapA, 4 μg of either IL-6 or IL-8 

was incubated with 4 μg of ZapA in 195 μL of assay buffer and 5 μL of DMF, with gentle 

agitation at 37 ̊C for up to 24 hours. To assess the ability of ME-YV to inhibit ZapA-mediated 

hydrolysis of IL-6 and IL-8, 5 μL of a 10 mM stock of ME-YV in DMF was used in 200 μL 

reactions in place of DMF, under the same conditions. Negative controls consisted of either 4 

μg of cytokine or ZapA incubated alone in 195 μL of assay buffer and 5 μL of DMF for the 

maximum duration of the study, in other words, 24 hours. 50 μL aliquots from each sample 

were removed at designated time points (15 minutes, 2 hours, and 24 hours), immediately 

denatured with 10 μL of 5X Laemmli treatment buffer, and boiled (100 ̊C) for ten minutes. 

These samples were then loaded onto gels, which were run for 30 minutes (for IL-8 samples) 

and 40 minutes (for IL-6 samples), at a constant current of 200 V; proteins were visualised by 

silver staining as outlined previously in Figure 3.4. 

 

3.3.2. The effect of ZapA on PAR and TLR-mediated IL-1β, IL-6 and IL-8 

production from prostate and bladder cells 

 

3.3.2.1.  Materials  

 

Malignant human prostate (PC3 and DU145) and bladder (5637) epithelial cell lines and 

associated tissue culture reagents were obtained as described in Section 2.3.2.1. Human IL-6, 

CXCL8/IL-8 and IL-1β ELISA kits were obtained from R&D Systems (Minneapolis, MN, 

USA). Standard Salmonella typhimurium flagellin (FLA-ST) was obtained from InvivoGen 

(San Diego, CA, USA) and P. mirabilis BB2000 LPS was purified as detailed in this chapter 

and quantified using the Pierce™ LAL Chromogenic Endotoxin Quantitation Kit, obtained 

from Thermo Fisher Scientific Inc. (Waltham, MA, USA). 

 

3.3.2.2.  LPS purification and quantification  

 

To extract LPS, the turbidity of a P. mirabilis BB2000 culture was adjusted to 2.0 (measured 

at an optical density wavelength of 600 nm, OD600). Cells were harvested and re-suspended 

in 1 mL of sterile phosphate-buffered saline (PBS). Samples were centrifuged at maximum 

speed for one minute and the pellet then dissolved in 150 μL of LPS lysis buffer (2 % SDS, 4 

% β-mercaptoethanol, 10 % glycerol and 1 M Tris-HCl, pH 6.8) and boiled (100 ̊C) for ten 

minutes. 10 μL of 20 mg/mL proteinase K was then added to each sample and incubated at 
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60 ̊C for two hours. After incubation, samples were stored at -20 ̊C until use. Smooth LPS 

(LPS possessing an O-antigen chain) prepared using this method has been deemed suitable for 

use in ELISA and is considerably safer than the traditional hot water-phenol method of 

extraction (Bantroch et al., 1994).  

 

LPS was then quantified as detailed in Figure 3.5. 

 

 

 

 

 

Figure 3.5. Flowchart depicting the assay procedure for LPS quantification using the 

Pierce™ LAL Chromogenic Endotoxin Quantitation Kit. All reagents were equilibrated to 

room temperature and the microplate was equilibrated to 37 ̊C before the assay was performed.  

 

Duplicate readings for each standard and triplicate readings for each control and sample were 

blank corrected and the mean for each was calculated. A standard curve was constructed by 

plotting the mean absorbance (optical density at a wavelength of 405 nm, OD405) for each 

standard on the y-axis against the corresponding standard LPS concentration, in endotoxin 

units per millilitre (EU/mL), on the x-axis. Linear regression was used to determine the EU/mL 

of samples. 

 

 

 

1. Standards, controls and samples 
Add 50 μL of standard, control or sample to each well 

 

2. Reagent 
Add 50 μL LAL reagent to each well. Tap microplate to facilitate mixing 

 

3. Substrate 
Add 100 μL of pre-warmed Chromogenic Substrate solution to each well 

Tap microplate to facilitate mixing 
 

4. Stopping    
Add 100 μL of stop reagent (25 % acetic acid) to each well 

Tap microplate to facilitate mixing 
Read immediately at 405 nm  

 

10 minutes 
37 °C 

6 minutes 
37 °C 
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3.3.2.3.  Cell culture 

 

All cell lines were maintained in RPMI 1640 media with L-glutamine and supplemented with 

10 % FBS and 1 % penicllin-streptomycin and were passaged under aseptic conditions using 

standard cell culture techniques. Experimentally, all cells were used below passage number 20 

and seeded at a confluency of around 80 to 90 %.  

 

3.3.2.4.  Cell treatments and enzyme-linked immunosorbent assay (ELISA) 

 

Each cell line was seeded into separate standard Nunc™ 96-well plates at a density of 2 ×104 

cells per well in 100 μL of media and allowed to recover and re-adhere overnight. In order to 

facilitate ZapA interaction with cell surface receptors, growth media was aspirated and 

replaced with ZapA (stored in 50 mM Tris-HCl buffer, pH 8.0) diluted in serum-free media 

(SFM) to a final concentration of 2 μg ZapA in 100 μL SFM per well, or 50 mM Tris-HCl 

buffer (pH 8.0) without ZapA in SFM as negative controls. Plates were incubated at 37 ̊C for 

two hours. After incubation, wells were aspirated and monolayers were treated with either 20 

μg trypsin or thrombin, P. mirabilis LPS (0.8 EU/mL) or S. typhimurium flagella (3 μg), or a 

combination of trypsin with LPS or flagella, or thrombin with LPS or flagella diluted in 200 

μL media with 10 % DPBS. Cells treated with media and DPBS alone were also included as 

negative controls. Trypsin, thrombin, LPS and flagella are stimulators of PAR2, PAR1, TLR4 

and TLR5, respectively; and were included to examine the effect of ZapA disarming PARs on 

cytokine release (as discussed in Section 2.1.1.3.2.), ZapA on TLR-mediated cytokine 

production, and potential ZapA interference in receptor trans-activation. Furthermore, for IL-

8 treatments, all wells were also treated with trypsin-chymotrypsin inhibitor (3 μg) to prevent 

trypsin-mediated degradation of IL-8. Plates were incubated at 37 ̊C for a further six hours. 

For each cell line, all treatments were carried out in triplicate wells according to plate layout 

in Figure 3.6., and at least three independent experiments were performed. After treatments, 

supernatants were transferred to a new plate and stored overnight at -20 ̊C. The concentration 

of IL-6, IL-8 and IL-1β in cell supernatants were then analysed via ELISA, as detailed in 

Figure 3.7.  
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Figure 3.6. Microplate layout for the treatment of each cell line for the ELISA procedure, 

performed in triplicate wells. Outside wells were not used in order to avoid evaporation of 

growth media during overnight incubation. 

 

3.3.2.5.  Statistical analysis 

 

Duplicate readings for each standard and triplicate readings for each control and sample were 

blank corrected and the mean for each was calculated. A standard curve was constructed by 

plotting the mean absorbance (OD450) for each standard on the y-axis against the known 

concentration (pg/mL) on the x-axis. Linear regression was used to deduce the cytokine 

concentration of samples. For IL-8 standards, the log of the concentrations was plotted against 

the log of the absorbance and a line of best fit was created by regression analysis. Statistically 

significant differences between untreated and ZapA-treated cells were determined by unpaired 

t test (p= <0.05) using the GraphPad Prism software. 
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Figure 3.7. Flowchart depicting the standard ELISA procedure, using a Nunc 

MaxiSorp® flat- bottom 96-well plate. Wells were washed with 0.05 % Tween® 20 in PBS, 

pH 7.2 – 7.4 between steps 1 and 6. Reagent Diluent (RD) consists of PBS with 1 % bovine 

serum albumin (BSA), pH 7.2 – 7.4, and 0.2 μM filtered. Other abbreviations: overnight 

(O/N); room temperature (RT); horseradish peroxidase (HRP); tetramethylbenzidine (TMB); 

protect from light (PFL); hydrochloric acid (HCl). 

 

 

 

 

1. Coating 
Coat plate by adding 50 μL of capture antibody diluted in PBS to each well 

 

2. Blocking 
Block plate by adding 150 μL of RD to each well 

 

3. Standards, controls and samples 
Add 50 μL of standard, control or sample to each well 

 

 4. Detection 
Add 50 μL of detection antibody diluted in RD to each well  

 

5. Conjugation 
Add 100 μL of the working dilution of Streptavidin-HRP to each well 

6. Substrate 
Add 100 μL of TMB Substrate Solution to each well 

7. Stopping 
Add 50 μL of HCl to each well. Read immediately at 450 nm 

O/N 
RT 

1 hour 
RT 

2 hours 
RT 

2 hours 
RT 

20 minutes 
RT/PFL 

20 minutes 
RT/PFL 



Chapter 3 | ZapA-mediated perturbation of cytokine networks 
 

 145 

3.4.  Results 

 

3.4.1. ZapA-mediated maturation of pro-IL-1β into IL-1β, and prevention of 

proteolytic processing by the N-alpha mercaptoamide dipeptide inhibitor 

 

ZapA can proteolytically convert the inactive zymogen, pro-IL-1β, into its mature form, IL-

1β (Figure 3.9.), just as efficiently as the canonical host activator, caspase-1 (Figure 3.8). 

Silver-stained SDS-PAGE analysis reveals a protein band at 17.5 kDa, corresponding to the 

molecular weight of mature IL-1β, is observed in less than ten minutes upon incubation of pro-

IL-1β with both ZapA and caspase-1. The N-alpha mercaptoamide dipeptide, ME-YV, 

effectively inhibits the ability of ZapA to do this for the duration of the study period (Figure 

3.10.).  

 

3.4.1.1.  Caspase-1 is the canonical activator of pro-IL-1β 

 

Figure 3.8. illustrates canonical caspase-1-mediated turnover of pro-IL-1β into mature IL-1β 

in a period of up to four hours. It is evident that caspase-1 rapidly cleaves pro-IL-1β into its 

active form as a band can be seen within several minutes (third lane).  

Figure 3.8. Silver-stained gel of recombinant human pro-IL-1β incubated with caspase-

1. Samples containing pro-IL-1β and caspase-1 (second to eighth lanes) in assay buffer were 

incubated at 37 ̊C and aliquots were removed immediately (0 hours), at 7.5 minutes, 15 
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minutes, 30 minutes, one hour, two hours and four hours as indicated below the image, for 

protein treatment prior to SDS-PAGE (Rx; reaction). A SeeBlue® Pre-stained Protein Standard 

with bands of known molecular weight (seen along the left of the image) is included in the far-

left lane for reference, and a caspase-1 alone in assay buffer control after four-hour incubation 

(under identical conditions) is included in the far-right lane (bands marked with an asterisk (*) 

indicate the large (20 kDa) and small (10 kDa) subunits of the active caspase-1 heterotetramer 

protein). 

 

3.4.1.2.  ZapA readily converts pro–IL-1β into mature IL-1β 

 

Figure 3.9. illustrates the progressive, ZapA-mediated turnover of pro-IL-1β into mature IL-

1β in a period of up to four hours. It is evident that ZapA begins this conversion within several 

minutes of incubation, and, by four hours, almost all pro-IL-1β present in the sample had been 

transformed into the mature, active form. This 17.5 kDa band representing mature IL-1β is the 

same size as that produced by caspase-1. Intermediate bands of roughly 25 and 30 kDa are 

also visible at one hour of co-incubation and are likely to represent degradation by-products; 

signifying that ZapA may cleave pro-IL-1β at several sites (see Table 3.1.(C)). This data 

indicates that ZapA can produce mature, active IL-1β, independent of caspase-1 and the 

inflammasome. 

Figure 3.9. Silver-stained gel of recombinant human pro–IL-1β incubated with ZapA. 

Samples containing pro-IL-1β and ZapA (second to eighth lanes) in assay buffer were 
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incubated at 37 ̊C and aliquots were removed immediately (0 hours), at 7.5 minutes, 15 

minutes, 30 minutes, one hour, two hours and four hours as indicated below the image, for 

protein treatment prior to SDS-PAGE (Rx; reaction). A SeeBlue® Pre-stained Protein Standard 

with bands of known molecular weight (seen along the left of the image) is included in the far-

left lane for reference, and a ZapA alone in assay buffer control after four-hour incubation 

(under identical conditions) is included in the far-right lane. 

 

3.4.1.3. ME-YV prevents ZapA-mediated processing of pro–IL-1β into mature 

IL-1β 

 

The protective effect of the N-alpha mercaptoamide dipeptide inhibitor, ME-YV, in preventing 

ZapA-mediated turnover of pro–IL-1β into mature IL-1β is consistently maintained for at least 

four hours, as seen in Figure 3.10. 

Figure 3.10. Silver-stained gel of recombinant human pro–IL-1β incubated with ZapA 

in the presence of SH–CO2–Y–V–NH2 (ME-YV). Samples containing pro-IL-1β and ME-

YV-treated ZapA (second to eighth lanes) in assay buffer were incubated at 37 ̊C and aliquots 

were removed immediately (0 hours), at 7.5 minutes, 15 minutes, 30 minutes, one hour, two 

hours and four hours as indicated below the image, for protein treatment prior to SDS-PAGE 

(Rx; reaction). A SeeBlue® Pre-stained Protein Standard with bands of known molecular 

weight (seen along the left of the image) is included in the far-left lane for reference, and ZapA 
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treated with ME-YV alone in assay buffer control after four-hour incubation (under identical 

conditions) is included in the far-right lane. 

 

3.4.2. ZapA-mediated degradation of pro-inflammatory cytokines IL-6 and IL-

8, and their protection by the N-alpha mercaptoamide dipeptide inhibitor  

 

The rate of ZapA-mediated hydrolysis of the pro-inflammatory cytokines IL-6 and IL-8 varies 

greatly, as seen in Figures 3.11–12. Specifically, ZapA rapidly degrades IL-6 and slowly 

degrades IL-8. This has biological implications, as will be discussed in Section 3.5. 

Nonetheless, in both cases, the N-alpha mercaptoamide dipeptide inhibitor, ME-YV, was 

shown to be effective in preventing these effects. However, for the former, this was only for a 

limited period of time. This was likely due to the high affinity of ZapA for IL-6, as 

demonstrated by its rapid hydrolysis. ZapA, IL-6 and IL-8 were incubated separately in the 

reaction mix remained stable for the duration of the study (24 hours) to ensure stability and to 

confirm that cytokine hydrolysis observed was due to co-incubation with ZapA.  

 

3.4.2.1. ZapA readily hydrolyses IL-6, and degradation is partially inhibited by 

ME-YV 

 

As seen in Figure 3.11., ZapA rapidly hydrolyses IL-6, with most of the degradation observed 

within 15 minutes of co-incubation. A band indicating a protein of slightly lower molecular 

weight of that expected for IL-6 (21 kDa) seen at this time point is likely to be a degradation 

product of IL-6. Some protection of IL-6 provided by ME-YV appears to have been lost at 

two hours, and the majority of this protection had been lost by 24 hours. This may be due to 

the high affinity of ZapA for IL-6 as a natural substrate; a higher concentration of ME-YV 

may have been able to overcome this. N-alpha mercaptoamide dipeptides are competitive, 

reversible inhibitors of metalloproteases, and as such, an affinity for the cognate substrate 

would be expected to lead to a slow hydrolysis of IL-6 over extended incubation times. ZapA 

and IL-6 incubated separately in the reaction mix remained stable for the duration of the study, 

indicating that any IL-6 hydrolysis seen was due to co-incubation with ZapA. 
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Figure 3.11. Silver-stained gel of recombinant human IL-6 incubated with ZapA alone 

and in the presence of SH–CO2–Y–V–NH2 (ME-YV). Samples containing IL-6 and ZapA 

(central lanes) or IL-6 and ME-YV-treated ZapA (right side lanes) in assay buffer were 

incubated at 37 ̊C and aliquots were removed at 15 minutes, two hours, and 24 hours as 

indicated below the image, for protein treatment prior to SDS-PAGE (Rx; reaction). A 

SeeBlue® Pre-stained Protein Standard with bands of known molecular weight (seen along the 

left of the image) is included in the far-left lane for reference, and IL-6 alone and ZapA alone 

in assay buffer controls after 24-hour incubation (under identical conditions) were included in 

the second and third lanes, respectively. 

 

3.4.2.2.  ZapA gradually hydrolyses IL-8, and degradation is inhibited by ME-YV 

 

As seen in Figure 3.12., ZapA partially hydrolyses IL-8 after two hours, and completely 

hydrolyses it after 24 hours. The rate of IL-8 hydrolysis appears to be considerably lower than 

the rate of IL-6 hydrolysis. ME-YV appears to protect IL-8 from degradation for the duration 

of the study.  
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Figure 3.12. Silver-stained gel of recombinant human IL-8 incubated with ZapA alone 

and in the presence of SH–CO2–Y–V–NH2 (ME-YV). Samples containing IL-8 and ZapA 

(central lanes) or IL-8 and ME-YV-treated ZapA (right side lanes) in assay buffer were 

incubated at 37 ̊C and aliquots were removed at 15 minutes, two hours, and 24 hours as 

indicated below the image, for protein treatment prior to SDS-PAGE (Rx; reaction). A 

SeeBlue® Pre-stained Protein Standard with bands of known molecular weight (seen along the 

left of the image) is included in the far-left lane for reference, and IL-8 alone and ZapA alone 

in assay buffer controls after 24-hour incubation (under identical conditions) were included in 

the second and third lanes, respectively. 
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3.4.3. Effect of ZapA on cytokine release from prostate and bladder epithelial 

cancer cells 

 

From the results presented in Sections 3.4.1–2., it is evident that ZapA has varying direct 

effects on IL-1β, IL-6, and IL-8. Much of the ELISA data presented here complement those 

findings. ZapA rapidly degrades IL-6 (Figure 3.11.) and reduces IL-6 release from prostate 

and bladder cells (significantly in most cases) as seen in Figures 3.13–15. Prolonged 

incubation times were required to observe ZapA-mediated degradation of IL-8 (Figure 3.12.) 

and it has no significant impact on IL-8 release from prostate and bladder cells as seen in 

Figures 3.16–18. ZapA can rapidly turnover pro-IL-1β into its mature, active form (Figure 

3.9.) and significantly increases the levels of IL-1β in media conditioned by prostate and 

bladder cells, as seen in Figures 3.19–21. As stated experimentally in Section 3.3.2.4., wells 

containing cell monolayers incubated with media supplemented with ZapA (or buffer alone) 

were aspirated prior to incubation with media supplemented with receptor agonists. This was 

done with the aim of observing the effect of ZapA on PARs and TLRs only and subsequent 

release of effector molecules, in other words, cytokines (in contrast to Sections 3.4.1–2. which 

looked at the direct effect of ZapA on cytokines). In some ELISA data, negative release of 

cytokines from cells is reported; this is due to raw values obtained for some test conditions 

being below the lowest limit of detection (LoD) of the assay based on respective standard 

curves obtained (see Section 3.3.2.5.) This is impossible in a biological context and should be 

regarded as virtually no cytokine release.  

 

3.4.3.1.  ZapA significantly reduces IL-6 release from prostate (PC3) cells 

 

As seen in Figure 3.13., ZapA most significantly reduced IL-6 levels in media conditioned by 

PC3 cells receiving LPS (TLR4 stimulation) or LPS in combination with trypsin or thrombin 

(TLR and PAR2/1 stimulation), all with a p-value of <0.001. ZapA significantly reduced IL-

6 levels in media conditioned by PC3 cells treated with flagella (TLR5 stimulation; p= <0.01) 

or flagella in combination with trypsin (TLR5 and PAR2 stimulation; p= <0.01) or thrombin 

(TLR5 and PAR1 stimulation; p= <0.05). Although ZapA also reduced IL-6 levels in media 

conditioned by PC3 cells treated with trypsin or thrombin only, it was only significant with 

the former (p= <0.05). A ZapA-only control (without subsequent treatment with PAR and 

TLR agonists) is represented by the dark grey bar in the first (untreated) condition, indicating 

the protease alone has no significant effect on the release of IL-6 from unstimulated PC3 cells 

(p= ≥0.05). 
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Figure 3.13. IL-6 release from untreated PC3 cells compared to ZapA-treated PC3 cells 

subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-6 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 4, which 

represents an average (mean) of biological quadruplicates, with individual replicates 

representing a mean of technical triplicates in each condition.  

 

3.4.3.2.  ZapA reduces IL-6 release from prostate (DU145) cells 

 

Although ZapA reduced IL-6 levels in media conditioned by DU145 cells in all conditions as 

seen in Figure 3.14., they were not statistically significant (p= ≥0.05) (likely due to a high 

degree of variance between biological replicates), except for those that received a combination 

of LPS and thrombin (TLR4 and PAR1 stimulation; p= <0.05). A ZapA-only control (without 

subsequent treatment with PAR and TLR agonists) is represented by the dark grey bar in the 

first (untreated) condition, indicating the protease alone has no significant effect on the release 

of IL-6 from unstimulated DU145 cells (p= ≥0.05). 
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Figure 3.14. IL-6 release from untreated DU145 cells compared to ZapA-treated DU145 

cells subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-6 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 4, which 

represents an average (mean) of biological quadruplicates, with individual replicates 

representing a mean of technical triplicates in each condition.  

 

3.4.3.3. ZapA significantly reduces IL-6 release from bladder (5637) cells in all 

conditions 

 

As seen in Figure 3.15., IL-6 levels in media conditioned by ZapA-treated 5637 cells were 

significantly reduced in all conditions tested. The addition of ZapA reduced IL-6 levels in 

media conditioned by PAR1/2-, TLR4/5-, TLR4 and PAR1-, and TLR4 and PAR2-stimulated 

5637 cells with a p-value of less than 0.001, TLR5 and PAR2-stimulated 5637 cells with a p-

value of less than 0.01, and TLR5 and PAR1-stimulated 5637 cells with a p-value of less than 

0.05. Again, it is evident that variance among biological replicates affected standard deviations 

(and therefore reduced statistical significance) among some of the conditions tested. A ZapA-

only control (without subsequent treatment with PAR and TLR agonists) is represented by the 

dark grey bar in the first (untreated) condition, indicating the protease alone can significantly 

reduce the background release of IL-6 from unstimulated 5637 cells (p= <0.01). 
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Figure 3.15. IL-6 release from untreated 5637 cells compared to ZapA-treated 5637 cells 

subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-6 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 4, which 

represents an average (mean) of biological quadruplicates, with individual replicates 

representing a mean of technical triplicates in each condition.  

 

3.4.3.4.  ZapA has no significant effect on IL-8 release from prostate (PC3) cells 

 

Although statistically insignificant, ZapA-treated PC3 cells stimulated with PAR and TLR 

agonists produced less IL-8 than untreated counterparts, except for those that received TLR5 

stimulation or TLR5 and PAR stimulation (which was insignificantly higher), as seen in 

Figure 3.16. The only significant decrease was found in ZapA and trypsin treated (PAR2-

stimulated) cells (p= <0.01). A ZapA-only control (without subsequent treatment with PAR 

and TLR agonists) is represented by the dark grey bar in the first (untreated) condition, 

indicating the protease alone significantly increases the release of IL-8 from unstimulated PC3 

cells (p= <0.05). 
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Figure 3.16. IL-8 release from untreated PC3 cells compared to ZapA-treated PC3 cells 

subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-8 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition).  

 

3.4.3.5.  ZapA has no significant effect on IL-8 release from prostate (DU145) cells 

 

Although IL-8 levels in media conditioned by ZapA-treated DU145 cells was reduced in all 

conditions, it was not statistically significant, except for cells treated with flagella alone 

(TLR5-stimulated; p= <0.01) or with a combination of flagella and trypsin (TLR5 and PAR2-

stimulated; p= <0.001), as seen in Figure 3.17. A ZapA-only control (without subsequent 

treatment with PAR and TLR agonists) is represented by the dark grey bar in the first 

(untreated) condition, indicating the protease alone has no significant effect on the release of 

IL-8 from unstimulated DU145 cells (p= ≥0.05). Variance among biological replicates is 

observed in some conditions. 
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Figure 3.17. IL-8 release from untreated DU145 cells compared to ZapA-treated DU145 

cells subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-8 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition). 

 

3.4.3.6.  ZapA has no significant effect on IL-8 release from bladder (5637) cells 

 

As seen in Figure 3.18., IL-8 levels in media conditioned by ZapA-treated 5637 cells further 

treated with trypsin (PAR2-stimulated) was significantly reduced (p= <0.01), but no 

significant effect was found in other conditions. A ZapA-only control (without subsequent 

treatment with PAR and TLR agonists) is represented by the dark grey bar in the first 

(untreated) condition, indicating the protease alone has no significant effect on the release of 

IL-8 from unstimulated 5637 cells (p= ≥0.05). 
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Figure 3.18. IL-8 release from untreated 5637 cells compared to ZapA-treated 5637 cells 

subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-8 release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition). 

 

3.4.3.7. ZapA significantly increases IL-1β release from prostate (PC3) cells in all 

conditions 

 

As seen in Figure 3.19., the background levels of IL-1β release from PC3 cells are virtually 

zero, except for those treated with LPS and a combination of LPS with trypsin or thrombin 

(TLR4-, TLR4 and PAR2-, or TLR4 and PAR1-stimulated cells). IL-1β levels in media 

conditioned by ZapA-treated cells in these conditions was also the most pronounced (p= 

<0.01). IL-1β levels were also higher in ZapA-treated cells as compared to untreated cells in 

the rest of the conditions tested (in PAR1-, TLR5-, TLR5 and PAR2-, and TLR5 and PAR1-

stimulated 5637 cells the p-value was less than 0.01, whereas in PAR2-stimulated 5637 cells, 

the p-value was less than 0.05). A ZapA-only control (without subsequent treatment with PAR 

and TLR agonists) is represented by the dark grey bar in the first (untreated) condition, 



Chapter 3 | ZapA-mediated perturbation of cytokine networks 
 

 158 

indicating the protease alone significantly increases background IL-1β levels in media 

conditioned by unstimulated PC3 cells (p= <0.05). 

Figure 3.19. IL-1β release from untreated PC3 cells compared to ZapA-treated PC3 cells 

subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-1β release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition). 

 

3.4.3.8.  ZapA significantly increases IL-1β release from prostate (DU145) cells 

 

As seen in Figure 3.20., the background levels of IL-1β release from DU145 cells are also 

virtually zero, in all conditions tested. IL-1β levels in media conditioned by ZapA-treated cells 

in all conditions were significantly higher, bar PAR2-stimulated cells, although an increase 

was still observed as compared to untreated counterparts. The most significant increases were 

found in TLR4 and PAR1-, TLR5 and PAR1-, and TLR5 and PAR2-stimulated cells (p= 

<0.001), followed by TLR4- and TLR5-stimulated cells (p= <0.01), and lastly PAR1-

stimulated cells (p= <0.05). A ZapA-only control (without subsequent treatment with PAR 

and TLR agonists) is represented by the dark grey bar in the first (untreated) condition, 

indicating the protease alone significantly increases background IL-1β levels in media 

conditioned by unstimulated DU145 cells. 
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Figure 3.20. IL-1β release from untreated DU145 cells compared to ZapA-treated DU145 

cells subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-1β release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition). 

 

3.4.3.9. ZapA significantly increases IL-1β release from bladder (5637) cells in all 

conditions 

  

As seen in Figure 3.21., the background IL-1β levels in media conditioned by ZapA-untreated 

5637 cells are negligible in all conditions, although the highest levels were seen in conditions 

involving LPS (TLR4 stimulation or TLR4 and PAR1/2 stimulation, although they were all 

lower than 20 pg/mL). Dramatically and statistically higher IL-1β levels were seen in media 

conditioned by ZapA-treated 5637 cells in all counterpart conditions. The addition of ZapA 

increased IL-1β levels in media conditioned by PAR1-, PAR2-, TLR4-, TLR4 and PAR2-, 

TLR5-, and TLR5 and PAR1-stimulated cells with a p-value of less than 0.001, and TLR4 and 

PAR1- and TLR5 and PAR2-stimulated cells with a p-value of less than 0.01. A ZapA-only 

control (without subsequent treatment with PAR and TLR agonists) is represented by the dark 

grey bar in the first (untreated) condition, indicating the protease alone significantly increases 
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background IL-1β levels in media conditioned by unstimulated 5637 cells to an extreme extent 

(p= <0.001). 

Figure 3.21. IL-1β release from untreated 5637 cells compared to ZapA-treated 5637 

cells subsequently treated with either PAR2, PAR1, TLR4, or TLR5 agonists or a 

combination of PAR and TLR agonists. IL-1β release (pg/mL, y-axis) from untreated cells 

(buffer control) and ZapA-treated cells are represented by the light grey and dark grey bars, 

respectively; and specific treatment conditions are indicated along the x-axis. n= 3, which 

represents an average (mean) of biological triplicates, with individual replicates representing 

a mean of technical triplicates in each condition). 
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3.5.  Discussion 

 

Bacterial proteases act as regulators of both pro-inflammatory and anti-inflammatory cytokine 

networks. Initial reports of bacterial protease-mediated degradation of cytokines surfaced in 

the late 1980s, when alkaline protease (aeruginolysin or AprA) and elastase B (pseudolysin or 

LasB) of Pseudomonas aeruginosa were found to hydrolyse IL-2 (Theander et al., 1988). Soon 

after, both proteases were found to degrade TNF-α but not IL-1α or IL-1β, and the former also 

found to inactivate IFN-γ (Parmely et al., 1990; Horvat and Parmely, 1988). ZapA was able 

to hydrolyse the pro-inflammatory cytokines IL-6 and IL-8 in their native conformations 

(Figures 3.11–12.), albeit at different rates (it was also able to rapidly degrade both cytokines 

in denatured conformations, although these data were not shown as its ability to degrade them 

in their native conformation is more significant, as this reflects what would occur under true 

biological and physiological conditions). IL-6 degradation occurred much more rapidly and 

efficiently than that of IL-8. These findings are comparable to those found by Matheson et al. 

(2006), who found that the broad-spectrum P. aeruoginosa proteases AprA and LasB, the first 

two bacterial proteases found to have a direct effect on cytokines, rapidly and completely 

digested IL-6; whereas they rapidly truncated IL-8 into a 72 amino acid-form with enhanced 

chemokine activity, after which it was very slowly degraded. They also characterised a 

modified form of AprA, bearing two additional amino acid residues (Leu-Lys) at its N-

terminus, which degraded both IL-6 and IL-8 much more efficiently than its shorter 

counterpart. 

 

SitePrediction is an online webtool that identifies potential cleavage sites based on an 

algorithm consisting of a frequency score representing amino acid occurrence and position 

similarity (of the potential cleavage sites to the known sites input into the server), and a 

performance-improving second score that takes into consideration structural information such 

as secondary structure prediction, solvent accessibility and the occurrence of proline-glutamic 

acid-serine-threonine (PEST) sequences (a putative signal sequence for protein degradation). 

In this regard, it outperforms several other similar tools for the general prediction of protease 

cleavage sites (Verspurten et al., 2009; Bao et al., 2019). Based on putative ZapA cleavage 

sites of cytokines studied in this chapter using this tool, ZapA predominately has 

endopeptidase activity against IL-6, rapidly cleaving it into two non-functional parts (Table 

3.1.(A)). Conversely, ZapA may mainly have carboxypeptidase activity against IL-8, 

preferentially truncating or ‘snipping’ it at the C-terminus, likely without detrimental effect 

on structure or function (possibly even enhancing its activity for a limited time), followed by 

slow hydrolysis via cleavage further along its amino acid sequence (Table 3.1.(B)); similar to 

what was found with AprA and LasB (Matheson et al., 2006). 
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Table 3.1. Prediction of ZapA cleavage sites of IL-6 (A), IL-8 (B) and IL-1β (C) using 

SitePrediction (Verspurten et al., 2009).  

A 

Rank Position 
Cleavage site 

(¯) 

N-fragment 

size (kDa) 

C-fragment 

size (kDa) 

Certainty 

(%) 

1 125–132 YLEY¯LQNR 14.0 9.7 >99 

2 189–196 MTTH¯LILR 21.3 2.4 >95 

3 45–52 QPLT¯SSER 4.9 18.8 >95 

4 61–68 LDGI¯SALR 6.8 16.9 >95 

5 200–207 EFLQ¯SSLR 22.7 1.0 >95 

B 

Rank Position 
Cleavage site 

(¯) 

N-fragment 

size (kDa) 

C-fragment 

size (kDa) 

Certainty 

(%) 

1 88–95 VVEK¯FLKR 10.1 0.9 >99 

2 20–27 CEGA¯VLPR 2.2 8.8 >95 

3 46–53 PFKI¯KELR 5.3 5.8 >95 

4 67–74 IVKL¯SDGR 7.7 3.4 >95 

C 

Rank Position 
Cleavage site 

(¯) 

N-fragment 

size (kDa) 

C-fragment 

size (kDa) 

Certainty 

(%) 

1 113–120 YVHD¯APVR 13.4 17.4 >99 

2 44–51 LDGG¯IQLR 5.2 25.5 >95 

3 207–214 PKKK¯MEKR 23.9 6.8 >95 

4 68–75 VVAM¯DKLR 7.9 22.8 >95 

5 120–127 RSLN¯CTLR 14.1 16.6 >95 

6 55–62 HHYS¯KGFR 6.5 24.2 >95 

 

In the above table, octapeptide sequences (their positions within the full amino acid sequence 

of respective substrates are provided) are ranked according to likelihood of true cleavage, with 

a downward arrow (¯) indicating the site of the predicted scissile bond. Resultant N- and C-

terminal fragment sizes in kDa are also provided. Known ZapA cleavage sites were obtained 

from MEROPS and other cleavage sites based on optimal substrates were obtained from 

multiplex substrate profiling by mass spectrometry (MSP-MS) data presented in Figure 5.13. 

and Table 5.2. 
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The potent ZapA inhibitor, SH–CO2–Y–V–NH2 (ME-YV), was also included in these studies 

to confirm that any hydrolysis observed was due to ZapA activity. Notably, ME-YV appeared 

to protect IL-8 from ZapA-mediated hydrolysis for a longer period than IL-6; this may be due 

to the possibility that ZapA has a greater affinity towards IL-6 as a natural substrate. Thus, a 

higher concentration of ME-YV may have been able to protect IL-6 for the duration of the 24-

hour study. These findings appear to be partially reiterated in vitro.  

 

The main purpose of cytokines is to rapidly recruit leukocytes to the site of infection to 

effectively clear the invading bacteria via phagocytosis and other bactericidal mechanisms. 

IL-8 is the primary recruiter of neutrophils, key players in the innate immune response. ZapA 

slowly degrades IL-8 (can take up to 24 hours) and therefore this is not likely to contribute to 

P. mirabilis virulence or have a significant impact on the rapid inflammatory response to P. 

mirabilis infection. In agreement, the effect of ZapA on IL-8 release from prostate and bladder 

cells were inconclusive (Figures 3.16–18.). This may have been overcome by increasing 

incubation times during cell treatments. However, as ZapA-supplemented media was removed 

from monolayers prior to the addition of media supplemented with PAR and TLR agonists, 

the effect of ZapA on cell surface receptors is likely to be the key player in what was observed 

in ELISA studies. The inclusion of trypsin-chymotrypsin inhibitor in these cell treatments may 

have also had an unintended detrimental effect on ZapA activity. In the study by Phan et al. 

(2008), there was reduced infiltration of neutrophils in a rat prostatitis infection model by P. 

mirabilis ΔzapA as compared to a wild-type strain; therefore, there are unknown molecular 

mechanisms (involving ZapA and IL-8) underpinning the phenotypic observations in vivo. 

Meanwhile, ZapA was found to reduce IL-6 release from these cells, and to a statistically 

significant extent for PC3 and 5637 cells, for the majority of conditions tested (Figures 3.13–

15.). The inclusion of ME-YV in these studies would have been an additional control to 

confirm the effects observed were due to ZapA activity, however, due to limited quantities of 

ME-YV at hand and the high amount of ZapA required for cell treatments, it was not included. 

 

There are numerous other examples of cytokine-degrading proteases secreted by other 

pathogenic bacteria. A 38 kDa haemolytic and cytotoxic zinc metalloproteinase from 

Legionella pneumophila, the causative agent of legionellosis, cleaves IL-2 (Mintz et al., 1993). 

Porphyromonas gingivalis is a major causative agent of periodontal disease, a common 

chronic condition characterised by the formation and growth of biofilms on teeth. It secretes 

two main cysteine proteases, Arg-gingipains and Lys-gingipains, which can hydrolyse TNF-

α, IL-6, and IL-8 (Calkins et al., 1998; Banbula et al., 1999; Zhang et al., 1999). Intriguingly, 

this cleavage product of IL-8 also had enhanced bioactivity (Mikolajczk-Pawlinska et al., 
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1998). Lys-gingipains is also a potent inducer of cytokine synthesis (Sharp et al., 1998); and 

arginine-specific cysteine protease RgpB, also from P. gingivalis, can activate PARs.  

 

ZapA is able to generate mature, and likely active, IL-1β; as a protein of 17.5 kDa in size (see 

Table 3.1.(C) and Figure 3.9.), corresponding to the size of active IL-1β produced by its 

canonical activator, caspase-1 (Figures 3.1. and 3.8.). ME-YV was able to prevent this 

proteolytic conversion of pro-IL-1β, confirming that the production of mature, active IL-1β 

was indeed due to ZapA (Figure 3.10.). The ability of ZapA to proteolytically process pro-IL-

1β into its active form was further confirmed in vitro, where the concentration of IL-1β in the 

supernatant of prostate (PC3 and DU145) and bladder (5637) cancer epithelial cells was found 

to be significantly increased in ZapA-treated cells versus untreated cells, in virtually all 

conditions (Figures 3.19–21.).  

 

As mentioned previously, due to the pivotal involvement of IL-1β in the pathogenesis of many 

autoimmune disorders, IL-1β inhibitors have been used as a viable therapeutic treatment for 

these conditions (Broderick et al., 2015). However, FDA Adverse Event Reporting System 

(FAERS) follow-up investigation of patients receiving such treatment revealed an alarming 

number of cases of invasive Group A Streptococcus (GAS) infection. Moreover, in murine 

models, IL-1R1 knockouts (IL-1R1-/-) are considerably more liable to GAS infection (Hsu et 

al., 2011). GAS is a ubiquitous opportunistic pathogen, colonising around 10 to 20 % of the 

human population; and causes approximately seven hundred million cases of pharyngitis and 

superficial skin infections every year (Walker et al., 2014). It has been found that, in place of 

host caspases, SpeB, a 28 kDa cysteine protease secreted as an inactive 40 kDa zymogen by 

GAS (Chen et al., 2003), directly generates mature IL-1β, in a similar fashion to ZapA 

(LaRock et al., 2015). Strenuous activation of IL-1β in this way results in a hyperinflammatory 

state that promotes GAS phagocytosis via macrophages, thus preventing GAS invasion. 

LaRock et al. hypothesised that invasive GAS may evolve SpeB-repressing pathoadaptive 

mutations to aid the bacterium in evasion of IL-1β-mediated detection. It would be interesting 

to compare BB2000 ZapA expression with invasive and non-invasive clinical isolates of P. 

mirabilis. Additionally, SpeB is analogous to ZapA in that it degrades a broad spectrum of 

host substrates, including extracellular matrix components, AMPs, antibodies, cell receptors, 

and other cytokines (Kapur et al., 1993; Belas et al., 2004). Initially, SpeB was also incorrectly 

described as an immunoglobulin-cleaving protease; and these findings were nullified by the 

fact that it could only degrade such substrates in a reduced state (Collin and Olsen, 2001; 

Eriksson and Norgren, 2003; Carson et al., 2011; Persson et al., 2013). More recently, P. 

aeruginosa LasB, a metalloprotease that also shares similarities with ZapA, has also been 

found to proteolytically process IL-1β (Sun et al., 2020), inducing inflammation in an 
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inflammasome-independent manner. Evidently, ZapA is one of the first few bacterial proteases 

found to be involved in IL-1β maturation, however, it is highly likely that more will be found 

to do so in the future, especially those that degrade a broad range of substrates. 

 

A study conducted by Seo et al. (2015) found that the intestinal microbiota induces NLRP3 

inflammosome-dependent IL-1β release upon injury. They found that P. mirabilis 

opportunistically induced a robust amount of IL-1β secretion, comparable to that induced by 

the Enterobacteriaceae Salmonella. They also found that P. mirabilis caused this intestinal 

inflammation via the production of haemolysin (HpmA), which required NLRP3 and IL-1R 

signalling in vivo. It may be possible that, similarly to how P. aeruginosa LasB and AprA act 

in concert to evade host immunity via TLR5 recognition by degrading flagellin monomers 

(Casilag et al., 2016); that HpmA and ZapA act in concert to promote intestinal inflammation 

during invasive infection. As previously described in Figure 3.2., the NLRP3 inflammasome 

requires two distinct signals; LPS provides ‘signal 1’ for pro-IL-1β production, and this study 

found that HpmA is able to provide ‘signal 2’ by activating caspase-1. These two P. mirabilis-

derived factors may act in concert as aberrant activation of caspase-1 via HpmA could 

potentially lead to pyroptosis (Figure 3.2.), releasing pro-IL-1β into the extracellular milieu, 

exposing it to the proteolytic action of ZapA (independent of the inflammasome). Thus, 

NLRP3 inflammasome-dependent HpmA-mediated IL-1β production and subsequent ZapA-

mediated production of IL-1β due to HpmA-mediated caspase overactivation and pyroptosis 

may amplify a pro-inflammatory phenotype, leading to enhanced tissue damage and therefore 

more invasive infection.  

 

It can be deduced that the broad-spectrum nature of many bacterial proteases can have both 

pro- and anti-inflammatory consequences, resulting in a net overall increase or decrease of the 

inflammatory response. Therefore, it is vital to study these effects in more complex models, 

in other words, in vivo. Nevertheless, during infection, the presence of pathogenic bacteria 

results in an altered cytokine network, in at least some part contributed by the action of 

microbial proteases. In a rat model of P. mirabilis-induced prostatitis, it was found that an 

isogenic ZapA knockout strain had reduced infiltration of neutrophils compared to wild type 

control, implying that the presence of ZapA results in an overall anti-inflammatory network 

and phenotype, thereby aiding P. mirabilis in circumventing the host immune system (Phan et 

al., 2008).  

 

 

 

 



Chapter 3 | ZapA-mediated perturbation of cytokine networks 
 

 166 

3.6.  Conclusion 

 

The results found in this chapter present a novel, but very important virulence mechanism 

employed by P. mirabilis in order to circumvent the host immune system, in the form of ZapA-

mediated hydrolysis of pro-inflammatory cytokines IL-6 and IL-8 in their native 

conformation. Evidently, degradation of these cytokines prevents them from performing their 

key function of recruiting various types of leukocytes to the site of infection, resulting in 

bacterial clearance. For the most part, the N-alpha mercaptoamide dipeptide inhibitor, ME-

YV, was able to prevent ZapA-mediated hydrolysis of IL-6 and IL-8, highlighting the potential 

of ZapA inhibition as a possible therapeutic target for the treatment of P. mirabilis infection. 

Contrary to these findings, ZapA was also able to convert another pro-inflammatory cytokine, 

IL-1β, into its active form; independent of canonical activation via caspase-1 and the 

inflammasome. Due to the broad-spectrum nature of this zinc metalloproteinase, it will likely 

degrade host substrates that will either be beneficial or detrimental to P. mirabilis immune 

evasion. It has become apparent that individual cytokines are part of a larger, dynamic 

network; and the presence of bacterial proteases can upset this cytokine balance, overall 

resulting in either a pro- or anti-inflammatory network compared to normal physiological 

conditions. This highlights the importance of extending these studies in more complex models, 

in other words, in vivo. However, previous studies suggest that the presence of ZapA positive 

P. mirabilis results in immune evasion, due to reduced leukocyte infiltration, therefore creating 

an anti-inflammatory network. The data from this chapter brings forth a very important 

question, not only in terms of the regulated secretion of ZapA during P. mirabilis infection in 

order to facilitate appropriate virulence, but also the controlled release of proteases by 

pathogenic bacteria as a whole. Does ZapA progressively alter the host cytokine network from 

an anti-inflammatory to a pro-inflammatory phenotype as the P. mirabilis bacterium becomes 

more invasive and ascends the urinary tract? During initial infection, immune evasion is of 

utmost important to enable the bacterium to colonise the host. Once this is established, P. 

mirabilis may induce an immunostimulatory phenotype, thereby promoting host tissue 

damage, facilitating dissemination of bacteria to various other sites of the body, leading to a 

more invasive infection.
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4.1.  Introduction 

 

P. mirabilis expresses several cell surface structures to enable it to migrate and attach to the 

urothelium or other surfaces, such as the catheter lumen; in order to establish successful host 

colonisation and possible opportunistic infection and dissemination to the upper urinary tract; 

namely, flagella and fimbriae, which are described in detail in Section 1.2.1.2. The mechanical 

shear force of downward urine flow facilitates the removal of planktonic bacteria and therefore 

provides the first line of defence against UTI. However, this physical barrier may be less 

effective in eradicating bacteria that have already attached, and consequently, there are urinary 

components that act secondarily to urine flow by binding bacteria, preventing their urinary 

adherence, and ultimately enabling their excretion via the urine.  

 

4.1.1.  Immune recognition of flagella 

 

Bacterial motility facilitates efficient urinary tract colonisation (Wright et al., 2005), delivers 

a selective advantage in the competition for nutrients in the urine, and improves bacterial 

dissemination to the upper urinary tract (Lane et al., 2007). Whilst initially thought only to 

contribute to virulence by regulating swarming motility in response to changes in external 

viscosity mainly as a so-called ‘mechanosensor’, it has become increasingly apparent that 

flagella also play a role in bacterial adhesion, biofilm formation and differentiation, effector 

molecule secretion, and immune system modulation (Belas, 2014); confirming the importance 

of flagella to the virulence of motile bacteria. 

 

It is well established that bacterial flagella stimulate Toll-like receptor 5 (TLR5), inducing a 

pro-inflammatory response, from various immune cells such as macrophages, neutrophils and 

dendritic cells, as well as epithelial cells (Hayashi et al., 2001). This pro-inflammatory 

response is primarily induced via the inflammasome, as discussed in the previous chapter. 

Through deletional, insertional and alanine scanning mutagenesis, Smith et al. (2003) 

identified and located the TLR5 recognition site as a cluster of conserved, 13 amino acid 

residues within the D1 domain of bacterial flagellin that is involved in intramolecular 

interactions within flagellar protofilaments, required for motility. This study also found that 

this recognition site is hidden within the flagellar filament; and therefore, monomeric flagellin, 

but not the filamentous molecule, can stimulate TLR5. By recognising this component of 

flagella, TLR5 can detect almost all flagellated bacteria (Smith et al., 2003). 

 

Flagellin monomers can extricate or ‘shear’ from the complete filamentous molecule attached 

to the bacterium due to excessive monomer production or filament damage during flagellum 
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assembly (Komoriya et al., 1999; Gomez-Gomez and Boller, 2002). Furthermore, 

Pseudomonas aeruginosa flagella, a particularly potent stimulator of TLR5, have an 

exceptionally long flagellar filament that is easily disrupted, even being released during 

bacterial growth (Nouwens et al., 2002). This may also be the case for P. mirabilis, especially 

during swarming phase. Despite being able to elicit robust innate and adaptive host immune 

responses via TLR5 (Ramos et al., 2004; Vijay-Kumar and Gewirtz, 2009; Mizel and Bates, 

2010), flagellin is conserved across bacterial species, indicating that its functional importance 

heavily compensates for the immunogenic consequences. Thus, flagellin can be denoted as a 

highly conserved pathogen-associated molecular pattern (PAMP). Bacteria also employ 

flagellin glycosylation, although the implication of this in regard to host immune evasion 

remains unclear (Guerry and Szymanski, 2008; Shanks et al., 2010). 

 

TLR5 is highly expressed by epithelial cells in the bladder but expressed at considerably lower 

levels in the kidney. TLR5-/- mice are significantly more susceptible to uropathogenic 

Escherichia coli (UPEC) UTI as compared to WT controls. Intriguingly, bacterial clearance 

was only significantly reduced in the bladder but not the kidney, likely due to the differential 

expression levels of TLR5 between the two urinary organs. TLR5-mediated immune 

recognition of flagellin is therefore very important to host defences in the urinary tract, 

especially in the bladder (Song and Abraham, 2008). TLR5 has basolateral localisation in the 

intestinal epithelium to selectively respond to invasive and pathogenic bacteria, such as 

Salmonella typhimurium (Gewirtz et al., 2001). A similar scenario may also exist in the urinary 

tract; it has recently become apparent that various bodily sites, previously thought free of 

microorganisms, may not in fact be sterile and instead harbor a normal microbial flora, and 

therefore the immune system must employ mechanisms to distinguish between normal and 

harmful bacteria. As is the case with P. aeruginosa-induced murine lung infection, the 

contribution of TLR5 to the inflammatory response may be masked, overshadowed by LPS-

mediated stimulation of TLR4, however, co-operation of these receptors is key to host 

defences (Feuillet et al., 2006; Ramphal et al., 2008). Plants have also evolved a system for 

detecting flagellin via the plasma membrane-bound flagellin sensitive receptor 2 (FLS2). 

Similarly, to mammalian TLR5, FLS2 stimulation results in host defence responses, however, 

their composition, downstream signalling pathways, and site of recognition greatly differ 

(Gomez-Gomez and Boller, 2002). 

 

4.1.2.  Tamm-Horsfall glycoprotein (THG)  

 

Tamm-Horsfall glycoprotein (THG), also known as uromodulin (UMOD), is the most 

abundant protein in human urine under physiological conditions (Serafini-Cessi et al., 2003). 
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It is a carbohydrate (CHO)-rich glycoconjugate with a monomeric molecular weight of 

roughly 80 to 90 kDa. It is a glycosyl-phosphatidylinositol (GPI)-anchored protein primarily 

localised at the apical plasma membrane of renal tubular cells of the thick ascending limb 

(TAL) of the loop of Henle in the kidney and is exclusively produced by these cells. Once 

secreted directly into the urine, it polymerises into supramolecular filaments exceeding 1 µm 

in length (Devuyst et al., 2017). For clarity, this protein will pre-emptively be referred to as 

THG herein. THG is evolutionarily conserved (Badgett and Kumar, 1998) and adorned with 

the most diverse array of N-linked glycans (simple or complex CHO portion of a glycoprotein 

or other form of glycoconjugate) found in any human glycoprotein (Hard et al., 1992). It also 

displays numerous high-mannose and O-linked residues (Serafini-Cessi et al., 2003). The 

plethora of various glycans presented by THG, in combination with their conformational and 

stereochemical behaviour (anomeric and linkage) provides a potential for binding an excessive 

number of different substrates, such as extracellular proteins and cell surface receptors 

(Vliegenthart, 2017). Despite being discovered more than half a century ago (Tamm and 

Horsfall, 1950), the full functional potential of THG is yet to be elucidated. However, up to 

now, owing to its urinary abundance, it has been found to exert diverse and complex 

physiological and immunological roles; and this is epitomised by its involvement in the 

progression of several renal pathologies. UMOD mutations can cause autosomal dominant 

tubule-interstitial kidney disease (Hart et al., 2002) and common variants in this gene, 

stimulated by the presence of risk alleles in the gene promoter leading to increased expression 

(Trudu et al., 2013), are associated with an increased risk of chronic kidney disease (CKD) 

and hypertension (Köttgen et al., 2010; Padmanabhan et al., 2010). Studies in UMOD-/- mice 

reveal that is protects against UTI and the formation of kidney stones by acting as a constitutive 

inhibitor of calcium crystallisation (Bates et al., 2004; Liu et al., 2010). Physiologically, THG 

regulates sodium chloride (NaCl) transport in the TAL, by stimulating surface expression of 

the renal outer medullary potassium channel (ROMK2) and the sodium-potassium-chloride 

co-transporter (NKCC2) (Renigunta et al., 2011; Mutig et al., 2011). THG mediates the 

activity of innate immune cells via TLR4 signalling (Saemann et al., 2005) and IL-1β-

dependent NLRP3 inflammasome activation (Darisipudi et al., 2012); and regulating 

granulopoiesis and systemic neutrophil homeostasis (Micanovic et al., 2015). Perhaps 

however, the main immunological role of THG is that it binds to bacterial fimbriae, preventing 

host attachment. 

 

4.1.3.  Interaction of THG with P. mirabilis fimbriae 

 

Characterised fimbriae expressed by P. mirabilis and their contribution to uropathogenesis are 

outlined in detail in Section 1.2.1.2.1.1., Table 1.2.; of these, only the molecular structure of 
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the non-agglutinating fimbriae (NAF) binding site has been elucidated, which recognises the 

glyco-epitope N-acetyl-D-galactose (GalNAc) β 1-4 D-galactose (Gal) β 1-4 N-acetyl-D-

glucosamine (GlcNAc) β moiety present in the glycolipid asialo-GM2. It has been found that 

THG also carries profuse terminal GalNac β 1-4 Gal β 1-4 GlcNAc β moieties in its N-linked 

glycan structures, conceivably allowing binding between THG and P. mirabilis (Hard et al., 

1992). 

 

It has been well established that binding between E. coli and THG is mediated by binding of 

type 1 fimbriae on E. coli surfaces to the high-mannose structure on THG (Pak et al., 2001). 

Apart from E. coli, THG has also been exemplified in vivo as a host defense factor against 

UTI caused by Staphylococcus saprophyticus and Klebsiella pneumoniae (Raffi et al., 2005); 

and although the effect of THG on P. mirabilis uropathogenesis has not yet been studied in 

vivo, in vitro data suggests that THG binds directly to this bacterium (Sareneva et al., 1990; 

Hawthorn and Reid, 1990; Hawthorn et al., 1991). Thus, THG can be described as a natural, 

multivalent antagonist of FimH. However, aside from THG, FimH (that of E. coli, at least) 

also binds several other human glycoproteins within the urinary tract, including uroplakin Ia, 

a urothelial receptor that acts as the initial site of urinary attachment (Zhou et al., 2001); and 

integrins β-1 (CD29) and α-3, allowing host cell invasion and intracellular survival (Eto et al., 

2007; Akiyoshi et al., 2010). 

 

4.1.4.  Interaction of bacterial proteases with flagella and THG 

 

Flagella and THG remain relatively unexplored as bacterial protease substrates. The 

homologous AprA protease has been found to degrade flagellin monomers in two clinically 

and economically important Pseudomonas species. THG interferes with bacterial adhesion by 

binding directly to P. mirabilis, however, for unknown reasons, this is to a lesser extent than 

other opportunistic pathogens such as E. coli, P. aeruginosa and Staphylococcus epidermidis 

(Hawthorn and Reid, 1990). This may be simply due to the lower affinity of THG for P. 

mirabilis fimbriae than fimbriae expressed by other bacteria. However, P. mirabilis may 

express or secrete factors that prevent the ability of THG to bind fimbriae, leading to the 

hypothesis that ZapA may degrade or inactivate THG, rendering it incapable of binding to 

fimbriae. Thus far, there have been no reports of bacterial protease-mediated inactivation of 

THG. The idea that ZapA would in turn prevent THG binding to bacterial fimbriae, would 

prove very beneficial to microbial pathogenesis.  
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4.2.  Aims and Objectives 

 

The aim of the present study is to investigate ZapA interaction with bacterial and host 

components with heightened relevance to the urinary tract; by specifically investigating the 

direct effect of ZapA on: 

 

• P. mirabilis flagella, in both filamentous and monomeric form 

• THG in both its native conformation and heat denatured state 

 

The potential of the N-alpha mercaptoamide dipeptide inhibitor of ZapA to preserve these 

potential biological substrates of ZapA shall also be investigated as part of this study.  
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4.3.  Materials and Methods 

 

4.3.1.  Activity of ZapA against P. mirabilis flagella 

 

4.3.1.1.  Materials 

 

Glass beads, 5 mm in diameter, were obtained from Sigma-Aldrich (now part of Merck; 

Darmstadt, HE, Germany). ZapA, ME-YV, Qubit® Protein Assay Kit, SDS-PAGE apparatus 

and gel reagents were obtained as previously described in Section 2.3.1.  

 

4.3.1.2.  Methods 

 

4.3.1.3.  Flagellin purification and quantification 

 

P. mirabilis BB200 flagellin was purified from whole bacterial cells using the crude ‘glass 

bead shearing’ method, adapted from Bardoel et al., (2011a). A 200 mL culture of BB2000 

was grown for six hours at 37 ̊C in LBB. Cells were harvested by centrifugation (4,000 × rpm, 

30 minutes) and resultant cell pellets were re-suspended in 10 mL of sterile PBS. Flagella were 

sheared from whole cells via vortexing for five minutes in the presence of sterile glass beads. 

Glass beads were removed, and the resulting suspension was centrifuged at 4,000 × rpm for 

20 minutes and the supernatant then passed through 0.45 μM filters to eliminate any remaining 

cells or cellular debris. The supernatant was centrifuged at 25,000 × rpm for one hour and the 

resulting pellet, containing purified P. mirabilis flagella, was re-suspended in 1 mL of sterile 

PBS. Two separate samples were maintained; one left without further treatment for polymeric 

flagella, and the other sample was denatured via heating at 70 ̊C for 20 minutes, to obtain 

monomeric flagella; and frozen at -20 ̊C until further use. Flagella were quantified via the 

Qubit® Protein Assay Kit (Figure 2.3.) and analysed for purity by SDS-PAGE followed by 

Coomassie Blue staining (Figure 2.4.). 

 

4.3.1.4.  Activity of ZapA against flagella 

 

To study the proteolytic effect of ZapA against P. mirabilis flagella, 400 ng of either polymeric 

or monomeric flagella was incubated with 400 ng of ZapA in 115 μL of assay buffer (50 mM 

Tris-HCl, 2mM CaCl2, pH 8.0) and 5 μL of DMF, with gentle agitation at 37 ̊C for 24 hours. 

To assess the ability of ME-YV to inhibit ZapA-mediated hydrolysis of either polymeric or 

monomeric P. mirabilis flagella, 5 μL of a 10 mM stock of ME-YV in DMF was used in 200 

μL reactions in place of DMF, under the same conditions. Negative controls consisted of either 
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polymeric or monomeric flagella, or ZapA incubated alone in 155 μL of assay buffer and 5 μL 

of DMF for 24 hours. After 24 hours, samples were immediately denatured with 10 μL of 5X 

Laemmli treatment buffer, and boiled (100 ̊C) for ten minutes. These samples were then loaded 

onto gels, run for 45 minutes at a constant current of 200 V; and proteins were visualised by 

Coomassie Blue staining as detailed in Figure 2.4. 

 

4.3.2.  Activity of ZapA against THG 

 

4.3.2.1.  Materials 

 

Tamm-Horsfall glycoprotein (THG) was obtained from Sigma-Aldrich (now part of Merck; 

Darmstadt, HE, Germany). ZapA, ME-YV, and gel reagents were obtained as previously 

described in Section 2.3.1.  

 

4.3.2.2.  Methods 

 

100 μg of lyophilised THG was re-solubilised in 100 μL of sterile, deionised water to create a 

stock concentration of 1 mg/mL and stored at -20 ̊C. A sample of denatured THG was obtained 

via heating at 80 ̊C for 15 minutes. To study the proteolytic effect of ZapA against THG, 10 

μg of either native or denatured THG was incubated with 4 μg of ZapA in 145 μL of assay 

buffer (50 mM Tris-HCl, 2mM CaCl2, pH 8.0) and 5 μL of DMF, with gentle agitation at 37 ̊C 

for up to 24 hours. To assess the ability of ME-YV to inhibit ZapA-mediated hydrolysis of 

either native or denatured THG, 5 μL of a 10 mM stock of ME-YV in DMF was used in 200 

μL reactions in place of DMF, under the same conditions. Negative controls consisted of either 

native or denatured THG, or ZapA incubated alone in 185 μL or 155 μL of assay buffer 

respectively, and 5 μL of DMF for the maximum duration of the study, in other words, 24 

hours. Aliquots were removed at designed time points, treated and boiled; and loaded onto 

SDS-PAGE for Coomassie Blue staining as described in more detail in the previous section. 

50 μL aliquots from each sample were removed at designated time points (15 minutes, 2 hours 

and 24 hours), immediately denatured with 10 μL of 5X Laemmli treatment buffer, and boiled 

(100 ̊C) for ten minutes. These samples were then loaded onto gels, run for 45 minutes at a 

constant current of 200 V; proteins were visualised by Coomassie Blue staining as detailed in 

Figure 2.4. 
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4.4.  Results 

 

4.4.1.  P. mirabilis BB2000 flagella purification and quantification 

 

Polymeric and monomeric flagella was purified from P. mirabilis BB2000 and quantified as 

described in Section 4.3.1.3. and analysed by Coomassie Blue-stained SDS-PAGE, as seen in 

Figure 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Coomassie Blue-stained SDS-PAGE of purified filamentous and monomeric 

P. mirabilis BB2000 flagella. Lane 1: SeeBlue® Plus2 Pre-stained Protein Standard; Lane 2: 

Filamentous flagella; Lane 3: Monomeric flagella. 

 

207 μg/mL of polymeric and 172 μg/mL of monomeric purified flagella was obtained from a 

100 mL P. mirabilis BB2000 culture using the crude ‘glass bead shearing’ purification method 

as described previously. Polymeric flagella presents as a single, prominent band 

approximating 40 kDa on a Coomassie Blue-stained SDS-PAGE, whereas, after incubation of 

polymeric flagella at 70 ̊C for 20 minutes to produce flagella monomers, resulted in a series 

of weaker bands of various sizes lower in molecular weight than the polymeric form. 
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4.4.2. ZapA degrades P. mirabilis flagellin monomers, but is unable to degrade 

filamentous flagella 

 

Polymeric and monomeric preparations of P. mirabilis flagella were incubated with ZapA with 

and without the ME-YV inhibitor and analysed by Coomassie Blue-stained SDS-PAGE, as 

seen in Figure 4.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Coomassie Blue-stained SDS-PAGE of polymeric, filamentous P. mirabilis 

flagella (A) and P. mirabilis flagellin monomers (obtained via heat denaturation at 70 ºC) 

(B) co-incubated with ZapA for 24 hours. Lane 1: SeeBlue® Plus2 Pre-stained Protein 

Standard; Lane 2: 400 ng P. mirabilis flagella only (control); Lane 3: 400 ng ZapA only 

(control); Lane 4: 400 ng ZapA and 400 ng P. mirabilis flagella; Lane 5: 400 ng ZapA and 

400 ng P. mirabilis flagella in the presence of 50 μM ME-YV. 

 

Bands marked with an asterisk indicate remnants of polymeric flagella in the heat- 

depolymerised sample. Native and denatured flagella appear to be stable in assay buffer for 

24 hours. ZapA cannot hydrolyse polymeric P. mirabilis flagella even after incubation periods 

of up to 24 hours but is however able to degrade P. mirabilis flagellin monomers within this 

timeframe. ME-YV appears to be able to protect P. mirabilis flagellin monomers from ZapA-

mediated hydrolysis for at least 24 hours.  

 

 

A B 
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4.4.3. ZapA is unable to degrade native THG, but readily degrades denatured 

THG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Coomassie Blue-stained SDS-PAGE of 10 μg native (left column) and 

denatured (right column) THG co-incubated with ZapA for 15 minutes (rows A and B), 

two hours (rows C and D) and 24 hours (rows E and F). Lane 1: SeeBlue® Plus2 Pre-

A B 

C D 

E F 
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stained Protein Standard; Lane 2: 10 μg THG only (control); Lane 3: 4 μg ZapA only 

(control); Lane 4: 4 μg ZapA and 10 μg THG; Lane 5: 4 μg ZapA and 10 μg THG in the 

presence of 50 μM ME-YV. 

 

As seen in Figure 4.3., native and denatured THG appear to be stable in assay buffer for the 

maximum duration of the study. ZapA readily hydrolyses denatured THG within 15 minutes 

but is however unable to degrade native THG for at least 24 hours, indicating that native THG 

is not a natural substrate of ZapA. Therefore, there is likely to be no physiological relationship 

between ZapA and THG (see Section 4.5.). ME-YV appears to be unable to protect denatured 

THG from ZapA hydrolysis after 24 hours. This is likely due to a diminution in the stability 

of the inhibitor in the assay conditions used for the extended incubation time. THG appears as 

a shadowy or hazy band on an SDS-PAGE due to its heavy glycosylation. 
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4.5.  Discussion 

 

A single band approximating 40 kDa, corresponding to the molecular weight of the principal 

flagellin protein of P. mirabilis, FlaA, (Belas and Suvanasuthi, 2005) was found using a 

method adapted from Bardoel et al. (2011a), who used it to obtain crude native flagella from 

P. aeruginosa strain PAO25 (flagellin type B) and a clinical isolate (flagellin type A). This 

represents a simple, yet novel method for the purification of native P. mirabilis flagella. 

Another crude method to obtain native P. mirabilis flagella was attempted but resulted in a 

lower purity of flagella as analysed by SDS-PAGE (data not shown). The ‘acid lysis’ method 

was adapted from Ibrahim et al. (1985) who used this to crudely obtain Salmonella flagella. 

Heat was used to depolymerise the filamentous flagella polymer into flagellin monomer 

subunits, following protocol from Bardoel et al. (2011a). 

 

ZapA can degrade P. mirabilis flagellin monomers, but not polymeric flagella still attached 

the bacterial cell as represented in Figure 4.6. These findings coincide with those found with 

bacterial alkaline protease, AprA, which shares several characteristics with ZapA. It is a 

member of the serralysin family of secreted zinc metalloproteases and is of a similar molecular 

weight (Miyoshi and Shinoda, 2000). Additionally, like ZapA, AprA is transcribed as part of 

an operon of functionally related genes that includes the type I secretion system encoding 

genes aprD, aprE and aprF; which are likely the components of an ABC transporter (Stover 

et al., 2000; Buell et al., 2003). Also, part of this operon is the AprA-inhibitor-encoding gene 

aprI; however, no ZapA-inhibiting protein has been identified from its respective operon. 

Also, dissimilarly, AprA occurs ubiquitously; well over one hundred protein homologs have 

been identified from highly divergent bacterial species, many of which are plant and mammal 

pathogens (Pel et al., 2014).  

 

Bardoel et al. (2011a) and Pel et al. (2014) found that two Pseudomonal species (spp.); P. 

aeruginosa, best known for its ability to cause opportunistic respiratory infections; and P. 

syringae pathovar (pv.) tomato, the causative agent of bacterial speck disease on many 

profitably viable crops, and considered to be the most important pathogen based on its 

scientific and economic impact (Mansfield et al., 2012); both produce AprA, that were able to 

degrade and eradicate ‘spilled’ flagellin monomers from the proximal surroundings of their 

respective bacteria, in order to evade host immune responses via TLR5 and FLS2, respectively 

(Bardoel et al., 2011a; Pel et al., 2014). Serratia marcescens, another opportunistic human 

pathogen, has also been found to possess this operon (Létoffé et al., 1989), however, no 

downstream work has been done on purification of its AprA homolog and effect on S. 

marcescens flagella. 
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Casilag et al. (2016) found that, in addition to P. aeruginosa AprA, elastase B (LasB), can 

degrade exogenous flagellin under calcium-replete conditions, ensuring the bacterium can 

avoid TLR5-mediated immune-recognition in a two-tiered system. LasB, like AprA and ZapA, 

is a zinc metalloprotease that requires calcium ions for stability (Thayer et al., 1993, Baumann 

et al., 1993), and acts on a broad range of host substrates (Belas et al., 2004; Andrejko et al., 

2013). However, it is more sensitive to calcium depletion than AprA and requires auto-

proteolytic processing to ensure correct protein folding before it is exported across the outer 

membrane (Braun et al., 1998; Braun et al., 2000). Therefore, the authors postulated that 

despite the functional redundancy between the two proteases, their apparent differences, in 

terms of regulation and calcium requirements, indicates a co-operative relationship in which 

flagellin-mediated immune recognition is continuously avoided by providing protection 

against mutations in regulatory elements and functional resilience against various forms of 

environmental stress, respectively. Simultaneous inactivation of both AprA and LasB would 

thus be required for host detection of P. aeruginosa via flagellin-TLR5 stimulation (Casilag 

et al., 2016). It is unknown whether P. mirabilis also employs a failsafe mechanism to ensure 

this form of immune-recognition is avoided; in other words, ZapA acting in concert with 

another P. mirabilis-secreted factor to eradicate flagellin monomers. 

 

These significant Pseudomonas spp. have so far been the only other documented cases of 

avoiding TLR5-mediated recognition by secreting proteases capable of degrading their own 

flagellin monomers; however, other pathogens can avoid this recognition via other methods. 

For example, pathogenic bacteria including Campylobacter jejuni, Helicobacter pylori, and 

Bartonella bacilliformis, can remarkably alter their flagellin in such a way that this recognition 

is prevented but bacterial motility remains unaffected (Andersen-Nissen et al., 2005). P. 

aeruginosa can also repress flagellar biosynthesis in response to environmental stimuli during 

chronic infection (Wolfgang et al., 2004; Jyot et al., 2007; Hogardt and Heesemann, 2013); 

similar to how P. mirabilis can undergo swimming and swarming phase variation in response 

to environmental cues, in other words, changes in viscosities. It is also unknown whether P. 

mirabilis can alter its own flagella or its biosynthesis in such a way as to purposefully avoid 

TLR5 stimulation. 

 

Thus, this may prove to be an extremely important immunoevasive strategy employed by P. 

mirabilis; as during swarming, cells become hyperflagellated, likely resulting in the shedding 

of an excessive amount of flagellin monomers. ZapA would then eradicate these monomers in 

order to circumvent hyperactivation of TLR5. This may be one reason why certain virulence 

factors, particularly ZapA, are upregulated during swarming. 
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ZapA is unable to hydrolyse THG in its native conformation (Figure 4.6.) but can hydrolyse 

this glycoprotein in a heat-denatured state. There are several reasons that support the notion 

that THG is likely to be highly resistant to protease activity.  

 

Firstly, heavily glycosylated proteins are protected from proteolytic cleavage due to steric 

restriction (prevention of movement of atoms/functional groups within a molecule) and 

negative charge (Varki, 2017). This effect is particularly prominent for mucins presenting 

densely arranged O-glycans (Loomes et al., 1999; Lillehoj et al., 2013), like THG. Protracted 

fragments of some mucins are even unaffected by broad spectrum proteases like proteinase K 

(Wahrenbrock et al., 2003; Wahrenbrock and Varki, 2006). This also occurs within the 

bacterial domain; for example, N-glycosylation of C. jejuni surface proteins improves survival, 

by providing protection against intestinal host proteases (Alemka et al., 2013). Another 

prokaryotic example of this is the glycosylation of flagella, likely to avoid host recognition as 

previously discussed. 

 

Secondly, the proteolytic processing of THG appears to be tightly regulated and therefore 

mechanisms may be in place to protect it against the action of broad-spectrum proteases. THG 

bioactivity is reliant on its assembly as a polymeric component of the extracellular matrix. 

Such assembly is initiated by the proteolytic cleavage of a conserved, specific region within 

the zona pellucida (ZP) (Santambrogio et al., 2008). The ZP is a bipartite domain present in 

several proteins that mediates their assembly into extracellular polymers, and its cleavage 

results in a conformational change and the release of the external hydrophobic patch (EHP). 

The EHP is an inhibitory hydrophobic motif distal to the ZP that intramolecularly prevents 

polymerisation until its removal (Jovine et al., 2004; Schaeffer et al., 2009). 

 

Brunati et al. (2015) determined that the type II transmembrane serine protease hepsin is 

responsible for this proteolytic maturation, and in doing so, also demonstrated the first hepsin 

substrate to be found in vivo (Brunati et al., 2015). They speculated that this cleavage likely 

occurs at the plasma membrane where the two proteins would co-localise, allowing 

intercellular protein trafficking in a polymerisation-incompetent orientation, and only 

polymerising post-secretion. Bearing this in mind, it may be beneficial to observe the effect of 

bacterial proteases on THG in vivo, as they may either cleave the ZP domain site or disarm it 

in some way. Furthermore, upon crystal structure elucidation of the polymerisation regions of 

THG, Bokhove et al. (2016) described the peptide fragment containing the ZP domain as 

protease-resistant. This further indicates that THG may be resistant to broad-spectrum 

proteases and requires highly specific processing via hepsin. This reduces the likelihood of 

bacterial proteases being able to degrade THG. 
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Theoretically, due to the vast miscellany of glycans presented by THG, it is possible that THG 

directly binds ZapA, rendering the protease incapable of hydrolysing it. This has been found 

to be the case with Bordetella pertussis, the causative agent of pertussis, also known as 

whooping cough; in which THG-mediated inhibition of cyto-adherence of this respiratory 

pathogen was dependent upon direct interaction with the S2 subunit of the pertussis toxin 

(PTX). Consequently, the authors exploited this high affinity, host-pathogen interaction, in 

that they were able to purify active PTX using a simple, one-step chromatography method 

(Menozzi et al., 2002). This information also led Raffi et al. (2009) to hypothesise that THG 

may bind to the P. mirabilis exotoxin HpmA. 

 

However, this theory should not be restricted to bacterial toxins; as it is well known that THG 

not only binds to fimbriae, but also a plethora of other immunologically relevant substrates. 

This includes antibodies such as IgG (Rhodes et al., 1993); cytokines such as IL-1, IL-2 

(Kumar and Muchmore, 1990) and TNF (Su et al., 1997), enhancing their circulating activity; 

recognition molecule C1q of the C1 complement complex (see Section 1.3.3.2.2.), potentially 

activating the classical complement pathway; and immunocytes such as neutrophils (Thomas 

et al., 1993), lymphocytes and monocytes (Yu et al., 1993), resulting in increased IL-8 

synthesis and production, stimulation of the respiratory burst (rapid release of reactive oxygen 

species from aforementioned cells in the lung), degranulation, chemotaxis and phagocytosis. 

These findings not only extenuate the immunomodulatory role of THG in potentiating an 

appropriate immune response, but also taking into consideration its promiscuity, it may 

additionally bind to bacterial proteases, such as ZapA. This theory contradicts what was 

hypothesised and investigated in this chapter. 

 

Keeping in mind the promiscuity of THG especially in regard to immunologically relevant 

substrates, another possibility is that THG may bind to the ZapA substrates demonstrated in 

this thesis, namely, PARs 1 and 2; pro-inflammatory cytokines IL-1β, IL-6 and IL-8; and 

flagellin monomers. Indeed, as previously mentioned in the previous paragraph, it has already 

been shown to bind to the IL-1 cytokines. In vivo, THG may bind to these substrates, thereby 

stabilising them and protecting them from ZapA-mediated hydrolysis. 

 

In order to confirm that ZapA has no effect on THG, a wild type, ZapA+ P. mirabilis strain 

(such as BB2000) and an isogenic ZapA- mutant strain (such as KW360, used by Phan et al., 

2008) could be cultured in human urine and subsequently THG could be quantified using a 

commercially available THG ELISA kit. Lower levels of THG found in urine conditioned with 

wild-type P. mirabilis as compared to urine only control and ZapA- mutant would indicate that 

ZapA has a degradative effect on THG.  
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It is well established that the presence of crystalline P. mirabilis biofilms increases the local 

pH of urine. In another possible in vivo scenario, this urease-induced pH alteration may 

influence THG bioactivity, and possibly even the structure of the protein itself, in other words, 

cause denaturation. This would therefore grant ZapA access to cleavage sites previously 

obscured by the protein’s tertiary and quaternary structure.  

 

Due to the abundance of THG in the urine and its versatile ability to bind a variety of surfaces 

(Kumar and Muchmore, 1990; Serafini-Cessi et al., 2003), Raffi et al. (2012) hypothesised 

that THG could bind to the surface of urinary catheters, thereby reversing its physiological 

role. THG bound to the catheter surface may provide a priming layer to which bacteria could 

adhere, facilitating biofilm formation. Bacteria could proliferate uninterrupted within the 

biofilm (Trautner and Darouiche, 2004) and be released into the urine once an adequate density 

is reached, prolonging bacteriuria. In their clinical study, catheters were obtained from twenty 

hospitalised patients, all of which were coated with THG. The amount of THG adsorbed was 

higher on culture positive catheters. In vitro, THG bound to latex and silicone catheters 

facilitated binding of both P. aeruginosa and E. coli to both catheter types, and binding 

increased after seven days. Interestingly, this indicates that, in the presence of indwelling 

urinary catheters, THG may actually have a paradoxical effect of promoting UTI (Raffi et al., 

2012). Therefore, it may prove beneficial that ZapA does not degrade native THG, as this 

would adversely affect biofilm formation in P. mirabilis-induced CAUTI. 

 

ZapA is able to hydrolyse only heat-denatured THG and this has no relevance in a 

physiological context. Heat denaturation of this protein may expose cleavage sites previously 

obscured by post-translational modifications, resulting in ZapA-mediated hydrolysis. These 

findings coincide with those found by Carson et al. (2011), who found that native, secretory 

IgA (sIgA) is resistant to ZapA-mediated hydrolysis for extended periods of time, yet the heat 

denatured version is readily hydrolysed. Additionally, previous studies indicate that serum IgA 

is readily hydrolysed by ZapA (Senior et al., 1987). sIgA is produced by muscosal surfaces 

such as the urinary tract and is important to innate immunity. It is structurally distinct from 

serum IgA in that it contains two additional polypeptide chains; the J-chain (joining chain 

which links IgA monomers in the oligomeric sIgA), and the secretory component (derived 

from the poly-Ig receptor responsible for the transport of oligomeric sIgA across epithelial 

cells) (Woof and Kerr, 2006).  They hypothesised that the secretory component of IgA serves 

to protect the heavy chain from proteolysis (Almogren et al., 2006). The secretory component 

of IgA is decorated with large and heterogeneous N- and O-glycans (Mattu et al., 1998), 

potentially providing said protection. This highlights the importance of glycosylation in the 
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stabilisation of host immune proteins, shielding them from bacterial proteases whilst they carry 

out their function. 

 
Figure 4.4. The interaction of ZapA with P. mirabilis flagella and extricated monomers 

and THG in the urinary tract, adapted from Casilag et al., (2016). ZapA degrades flagellin 

monomers in order to avoid TLR5-mediated host immune recognition. Attached, polymeric 

flagella does not activate TLR5 and ZapA is unable to degrade it in this form. Uromodulin, or 

THG, is thought to bind to bacterial fimbriae, in order to prevent bacterial attachment within 

the host. ZapA is also unable to degrade native THG, unless it has been heated to a denatured 

state. Red crosses indicate the resistance of a protein substrate to ZapA-mediated hydrolysis. 
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4.6.  Conclusion 

 

ZapA-mediated hydrolysis of P. mirabilis flagellin monomers represents an extremely 

important virulence strategy employed by this uropathogenic bacterium in order to avoid host 

TLR5-mediated immune recognition. Eradication of flagellin would be a particularly 

significant immunoevasive mechanism for P. mirabilis as during swarming, a specialised form 

of movement to easily migrate over surfaces such as urinary catheters, results in 

hyperflagellated swarmer cells and therefore excessive flagellin shedding, leading to 

overactivation of TLR5. Logically, ZapA does not degrade polymeric, filamentous flagella 

still attached to the bacterial cell, as doing so would result in unnecessary hindrance of 

motility. The N-alpha mercaptoamide dipeptide inhibitor, ME-YV, was able to prevent ZapA-

mediated hydrolysis of P. mirabilis flagellin, again highlighting the potential of ZapA 

inhibition as a possible therapeutic target for the treatment of P. mirabilis infection. THG, the 

most abundant protein in human urine, was targeted as a putative ZapA substrate due to its 

ability to bind P. mirabilis fimbriae and prevent its cyto-adherence. If ZapA were able to 

hydrolyse THG, this would therefore prove beneficial to bacterial colonisation and 

initialisation of biofilm formation in the urinary tract. However, ZapA was unable to degrade 

THG in its native conformation, but only in a heat-denatured state. This is likely due to the 

fact that THG is a tightly regulated polymeric glycoprotein. Glycosylation stabilises proteins, 

protecting them from proteolytic action, and its tight regulation implies that it is likely to be 

resistant to broad-spectrum proteases. However, it has been found that in catheters, THG 

actually promotes biofilm formation; by binding directly to the catheter lumen and providing 

a conditioning layer to which bacteria can adhere, promoting CAUTIs; implying that ZapA 

not degrading THG would be beneficial in these circumstances. The data and subsequent 

discussion from this chapter brings forth the importance of advancing the investigation of host-

pathogen interactions to the in vivo phase. Many factors affect the outcome of infection, and 

these factors have a multifaceted effect on each other that can only be truly studied in vivo; 

including host constitution (if they are immunocompromised and to what extent); the site of 

infection and host innate and adaptive immune factors present at that site; and the underlying 

pathogen and its immunomodulatory effect via secreted factors or its ability to survive 

intracellularly. Undeniably, host-pathogen interactions between P. mirabilis and the host exist 

at a complex level, and ZapA significantly contributes to this. Several stages of P. mirabilis 

infection exist, be that host entry and initial colonisation of the urinary tract all the way up to 

a sustained mature biofilm during chronic infection, such as in urinary catheters. Again, as 

mentioned in the previous chapter, this brings into question the importance of the regulated 

expression and secretion of bacterial proteases like ZapA during these various stages of 

infection, possibly via quorum sensing (QS).
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Part of the experimental work presented in this chapter, namely, the multiplex substrate 

profiling by mass spectrometry (MSP-MS) of P. mirabilis ZapA and related proteases from P. 

vulgaris and P. penneri (Section 5.3.3.), was kindly performed by collaborators Dr. Anthony 

O’Donoghue and post-doctoral research fellow Dr. Elaine Skowronski, of the Skaggs School 

of Pharmacy and Pharmaceutical Sciences, University of California (UC) San Diego, USA. 
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5.1.  Introduction 

 

The Proteus genus is currently subdivided into nine distinct species (Drzewiecka, 2016; 

O’Hara et al., 2000a; O’Hara et al., 2000b; Hyun et al., 2016; Behrendt et al., 2015), three of 

which exist in various combinations as commensals of the gastrointestinal tract of healthy 

individuals, namely, P. mirabilis, P. vulgaris, and P. penneri; however, they usually only 

account for less than 0.05 % of the total population of the gut microbiota (Yatsunenko et al., 

2012; Zilberstein et al., 2007).  

 

5.1.1. Clinical significance and virulence factors of Proteus vulgaris and Proteus 

penneri 

 

Although it has been long established that the gut is a reservoir for these Proteus spp., and can 

act as pathobionts, in other words, opportunistic pathogens, once they gain access to the 

urinary tract (Chow et al., 1979; Mobley and Belas, 1995; Coker et al., 2000), as outlined in 

Figure 1.1.; they may also be involved in the dysbiosis of the gut microbiome, and this may 

have initially been overlooked due to the extremely low proportion that Proteus spp. constitute 

of the total gut microbiota population, and thus may be disregarded by bioinformatic 

thresholds during 16S profiling and metagenomics. Dysbiosis refers to a modification of the 

typical proportion of bacterial taxa at a given bodily site in certain disease states. It is a 

hallmark of inflammatory bowel diseases (IBDs), namely ulcerative colitis (Kanareykina et 

al., 1987; Garrett et al., 2010) and Crohn’s disease (Conte et al., 2006; Mondot et al., 2011; 

Mondot et al., 2016; Wright et al., 2017), in which the population of the Enterobacteriaceae 

genera (to which the Proteus spp. belong) is dramatically increased (Mukhopadhya et al., 

2012). This population shift leads to host immune activation; as generally, these bacteria are 

intrinsically pro-inflammatory, due to the presence of TLR-stimulating LPS and flagella (as 

discussed in Sections 1.2.1.1.1. and 4.1.1., respectively) on their cell surface (Hamilton et al., 

2018). Being from the same genera as P. mirabilis, P. vulgaris and P. penneri cells are 

peritrichously hyperflagellated rods, and, like many other members of the Enterobacteriaceae 

family, exhibit the defining characteristic of swarming motility, a phenomenon that can be 

observed phenotypically on solid media (Armbruster and Mobley, 2012); although P. mirabilis 

can do so in much more viscous environments (Rather, 2005). As stated in Section 

1.2.1.2.2.2.2., swarming is associated with an increase in the expression of many other 

virulence factors such as bacterial urease, proteases, toxins and intracellular survival 

mechanisms; and this, combined with their similar locales, indicates that P. vulgaris and P. 

penneri cause similar types of infection (Mobley and Belas, 1995; Senior, 1999).  
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During the early stages of infection, P. mirabilis employs an array of fimbriae, pili, and other 

adhesins to facilitate host colonisation and epithelial attachment, and initiate biofilm formation 

(Scavone et al., 2016); and those that have thus far been characterised are outlined in Table 

1.2. For the most part, P. vulgaris and P. penneri share these factors with P. mirabilis; 

however, P. vulgaris lacks uroepithelial cell adhesin (UCA) and P. mirabilis P-like fimbriae 

(PMP), and there is a higher prevalence of mannose resistant Klebsiella-like fimbriae (MR-K) 

expression in P. penneri strains than P. mirabilis counterparts (Wray et al., 1986; Yakubu et 

al., 1989; Bijlsma et al., 1995). Like P. mirabilis, both P. vulgaris and P. penneri produce 

secreted factors that enable acquisition of host micronutrients key to microbial metabolism, 

which are therefore important for survival and persistence during infection. They produce 

urease (Mobley et al., 1987; Mobley et al., 1991; Mobley et al., 1995); and haemolysins 

(Swihart and Welch, 1990a; Senior, 1993); for nitrate and iron acquisition, respectively. Like 

P. mirabilis, most P. vulgaris strains produce HpmA; however, most P. penneri strains instead 

produce the 107 kDa HlyA, which, like HpmA, can lyse erythrocytes, but can be produced by 

other Gram-negative species such as E. coli; is calcium-dependent, and can also lyse 

fibroblasts and neutrophils. It has also been reported that a few isolated strains of P. vulgaris 

can produce both haemolysins (Swihart and Welch, 1990b; Senior, 1993; Cestari et al., 2013).  

 

Taking into consideration the swarming motility, host adherence mechanisms and urease 

production by P. vulgaris and P. penneri; they are also competent crystalline biofilm formers 

in catheterised patients during CAUTI (Krajden et al., 1984; Krajden et al., 1987; Senior and 

Leslie, 1986); although they are much less commonly isolated from these patients as compared 

to P. mirabilis, which accounts for around 70 to 90 % of all Proteus spp. infections. P. 

mirabilis is the second most common cause of catheter-associated bacteriuria and third most 

common cause of CAUTIs, being found in 15 and 12 % of cases, respectively (Jacobsen et al., 

2008); and although the incidences of P. vulgaris and P. penneri are much lower, the overall 

contribution of Proteus spp. to these types of infections should not be disregarded. Due to 

these similarities, it is likely that P. vulgaris and P. penneri also employ immunoevasive 

strategies to circumvent the inflammatory response and prolong infection. Vast structural 

variations in the O antigen of LPS of these species provides a lack of immunogenicity, 

preventing host recognition during the early stages of infection (Deitsch et al., 1997), as 

discussed in Section 1.2.1.1.2. For the most part, these structures are conserved among the 

Proteus spp., however, there are some exceptions, for example, there are twelve unique P. 

penneri serogroups (Palusiak, 2013). The immunoevasive properties of ZapA have been 

extensively studied and discussed in this thesis; and, unsurprisingly, ZapA-like proteases have 

been found to be produced by these other clinically relevant Proteus species. Given the pivotal 
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role ZapA has on P. mirabilis pathogenesis, it would be interesting to investigate the effect 

these respective proteases have on the overall outcome of P. vulgaris and P. penneri infection.  

 

5.1.2.  ZapA-like proteases produced by P. vulgaris and P. penneri 

 

A study of 142 clinical Proteus spp. isolates, 48 of which were P. mirabilis, 69 were P. 

vulgaris (48 and 21 from biogroups 2 and 3, respectively) and 25 were P. penneri; was 

performed by Senior (1999) to analyse the range and types of proteases produced by these 

strains. Using various broad-spectrum substrates including gelatin and casein, it was found 

that most P. mirabilis (94 %) and P. vulgaris (71 % and 90 % for biogroups 2 and 3, 

respectively) and all of the P. penneri isolates, exhibited proteolytic activity. A strong link was 

found between the ability of a strain to swarm and its proteolytic ability, which is supported 

by another study performed by Allison et al. (1992). Non-swarming isolates were generally 

non-proteolytic, however, some swarming isolates, especially P. vulgaris biogroup 3, were 

also non-proteolytic. A crude protease preparation of each proteolysis-positive isolate was 

performed, in which Proteus spp.-conditioned medium was treated with sodium azide to a 

concentration of 0.04 %, a simplified version of a previous method developed by the author 

(Senior et al., 1987). The study determined that all proteases were EDTA-sensitive, indicating 

that they were metalloproteases; functioned at an optimum pH of 8.0; and were between 

roughly 46 and 53 kDa in mass based on SDS-PAGE; several bands were deduced as 

autodigestion. Interestingly, using this crude extraction method, they reported an additional, 

cell-associated protease of unknown type and function; this may indeed be ZapE, part of the 

zap operon, described in Figure 1.6. and studied in Appendix I. This information, and the fact 

that they share greater than 80 % sequence homology with ZapA (Table 1.4. and Figure 5.1.), 

indicate the high likelihood of these secreted Proteus spp. metalloproteases being homologues 

(Rost, 1999). This study provides a foundation for the current study presented here; in which 

the similarities of the metalloproteases secreted by these clinically relevant Proteus spp. will 

be further explored, especially in regard to substrate specificities, as this will provide useful 

information for the creation of specific inhibitors. The N-alpha mercaptoamide dipeptide, SH–

CO2–Tyr–Val–NH2 (ME-YV), the most potent inhibitor of ZapA found in the study by Carson 

et al. (2011), will be assessed for its efficacy against these additional proteases. The substrate 

specificities of the Proteus spp. proteases will be profiled via multiplex substrate profiling by 

mass spectrometry (MSP-MS); a simple and direct cleavage assay that utilises matrix-assisted 

laser desorption/ionisation-time of flight (MALDI-TOF) MS-based peptide sequencing to 

uncover degradation products from a mixture of rationally designed synthetic peptides. It 

generates prime and non-prime side substrate specificity data for virtually any given protease; 
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be that an endo- or exopeptidase from any of the five main subfamilies, or a fungal, glutamic 

protease (O’Donoghue et al., 2012). 

Figure 5.1. Amino acid sequence alignment of P. mirabilis ZapA (PM) and homologous 

metalloproteases from P. vulgaris (PV) and P. penneri (PP) with the Clustal Omega 

program, via the Universal Protein Resource (UniProt). On the alignment, sequences are 

arranged starting at the N-terminus (position 1) to the C-terminus (up to position 491), with 

an asterisk (*) indicating a position with a single, fully conserved amino acid residue; a colon 

(:) indicating conservation between amino acid residues of strongly similar properties (scoring 

>0.5 in the Gonnet point accepted mutation (PAM) 250 matrix); and a period (.) indicating 

conservation between amino acid residues of weakly similar properties (scoring <0.5 in the 

Gonnet PAM 250 matrix). As previously shown in Table 1.4., the standard protein basic local 

alignment search tool (BLAST) of protease sequences obtained from MEROPS, the database 

for proteolytic enzymes, and their substrates and inhibitors (Rawlings et al., 2012) (see 

Section 1.3.1.1.), reveal that both proteases from P. vulgaris and P. penneri share over 80 % 

amino acid sequence similarity with P. mirabilis ZapA, indicating very high homology. 
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5.2.  Aims and Objectives 

 

The overarching aim of the present study is to undertake comprehensive prime and non-prime 

side substrate profiling of P. mirabilis ZapA and homologous metalloproteases secreted by 

two other clinically relevant Proteus spp., namely, P. vulgaris and P. penneri, and to determine 

the susceptibility of these metalloproteases to inhibition by the N-alpha mercaptoamide 

dipeptide, SH–CO2–Tyr–Val–NH2 (ME-YV). Specifically, this will be done by: 

 

• Purification of proteases from P. vulgaris and P. penneri, using an identical 

hydrophobic interaction chromatography (HIC)-based method to that used for P. 

mirabilis ZapA and analysis of purity via SDS-PAGE and reverse-phase HPLC 

• Characterisation of the inhibitory activity of ME-YV against these proteases using in 

vitro activity assays, in other words, azocasein and fluorogenic substrate assays 

• Assessment of the interaction of these proteases with protease-activated receptors 

(PARs) in vitro 

• Determination of the relationship between ZapA and these proteases based on prime 

and non-prime side substrate specificity data provided by the MSP-MS assay 
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5.3.  Materials and Methods 

 

5.3.1. Inhibition of ZapA homologous metalloproteases isolated from Proteus 

vulgaris and Proteus penneri using ME-YV 

 

5.3.1.1.  Materials 

 

P. mirabilis BB2000, a wild type for swarming motility, was obtained from Professor Robert 

Belas, University of Maryland, USA. P. vulgaris UM266, a clinical isolate; and P. penneri 

NCTC 12737 were kindly provided by Professor Michael Tunney, Halo research group, 

Queen’s University Belfast, UK. 

 

HiTrap Phenyl HP columns; ÄktaPrime Plus FPLC apparatus; dialysis sacks; Qubit® Protein 

Assay Kit and associated fluorometer; azocasein; Abz-Ala-Gly-Leu-Ala-p-nitrobenzyl-amide 

(fluorogenic substrate); N-alpha mercaptoamide dipeptide inhibitor, ME-YV; and SDS-PAGE 

apparatus and reagents were obtained as described in Section 2.3.1.1. 

 

5.3.1.2.  Methods 

 

5.3.1.2.1. Phenotypic characterisation of P. vulgaris and P. penneri on solid media 

 

Based on the study by Senior (1999), it was imperative to first determine if the P. vulgaris and 

P. penneri strains used in this study were able to exhibit swarming and proteolytic activity, 

before advancing onto protease purification. Overnight liquid LB cultures of the selected 

strains of each species were sub-cultured onto LB and low-swarm (LSW-) supplemented with 

2 % skim milk agar plates by dropping a small volume (10 – 20 µL) onto the centre of the 

plate and allowed to incubate for at least 18 hours at 37 °C, in order to examine swarming 

motility and proteolytic activity, respectively. P. mirabilis BB2000 was included as a positive 

control. 

 

5.3.1.2.2. Purification of P. vulgaris and P. penneri proteases 

 

Ammonium sulphate-treated, 0.2 µM-filtered, P. vulgaris and P. penneri-conditioned LB 

media were individually passed through phenyl sepharose columns via the ÄktaPrime Plus 

FPLC apparatus, and resultant proteinaceous fractions were dialysed against 50 mM Tris-HCl 

(pH 8.0) in an identical method to that described in Section 2.3.1.2.1. These fractions were 
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then quantified via the Qubit® Protein Assay Kit as described in Figure 2.3., and purity 

analysed via Coomassie Blue SDS-PAGE (Figure 2.4.) and reverse-phase HPLC as described 

in Section 2.3.1.2.2. 

 

5.3.1.2.3. Confirmation and inhibition of proteolytic activity 

 

Proteolytic activity of eluted protein fractions were analysed by the two microtitre-based 

assays; an endpoint absorbance assay using a broad-spectrum colorimetric substrate, 

azocasein; and a monitored fluorescence assay using a more specific, internally quenched 

fluorogenic peptide substrate, Abz–Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2; described in 

Section 2.3.1.2.3.1. and 2., respectively.  

 

5.3.2. Interaction of P. vulgaris and P. penneri proteases with protease-

activated receptors (PARs) 

 

5.3.2.1.  Materials 

 

Purified P. vulgaris and P. penneri proteases were obtained as described previously in Section 

5.3.1.2.2. Prostate (PC-3 and DU145) and bladder (5637) cancer cell-derived lines; cell culture 

media and other reagents and supplements; Fluo-4 Direct™ Calcium Assay Kit; and PAR 

agonists were obtained as previously described in Section 2.3.2.1. 

 

5.3.2.2.  Methods 

 

Cells were cultured under aseptic conditions and utilised for calcium mobilisation assay as 

described in Sections 2.3.2.2.1 and 2, respectively. 

 

5.3.3. Substrate specificity profiling of ZapA and P. vulgaris and P. penneri 

proteases via Multiplex Substrate Profiling by Mass Spectrometry (MSP-

MS) 

 

5.3.3.1.  Materials 

 

Proteases were lyophilised prior to shipping to the United States. Lyophilisation of the 

proteases was confirmed not to have any detrimental effect on their structure or activity. 
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5.3.3.2.  Methods 

 

The methods outlined here are based on the concept study by O’Donoghue et al. (2012). 

 

5.3.3.2.1. Peptide design 

 

For the MSP-MS assay, a library of 124 peptides with comprehensive physicochemical 

diversity was developed, in order to accommodate both endo- and exopeptidases. Disulphide 

bridge-forming cysteine was excluded; and oxidation-prone methionine was substituted for its 

isosteric counterpart norleucine. Peptide sequence diversity was devised using a bipartite 

approach. In regard to endopeptidases, a novel algorithm was created to assemble distinct 

amino acid pairs (XY, denoting defined amino acids) into the lowest possible quantity of 

decapeptide sequences, in such a way that no decapeptide had more than two identical residues 

or more than one pair; and all but one pair were integrated into 41 sequences. In order to 

generate diversity encompassing each pair, a secondary group of 41 decapeptides were 

designed by exchanging all amino acids with a physicochemically disparate counterpart. These 

82 sequences, collectively known as the ‘XY decapeptide sub-libraries’, were subsequently 

screened for any near-neighbour pairs separated by one (X*Y) or two (X**Y) random amino 

acids; and any missing pairs (XY, X*Y, or X**Y), were manually assembled into 42 

additional decapeptides, completing the 124 decapeptide sequences. For exopeptidases (both 

amino- and carboxy-), amino acids were categorised into eleven groups with distinct 

physicochemical properties and each one was randomly paired with another from a different 

group to create 121 decapeptide sequences, with all of these pairs representing the amino-

terminal of the final tetra-decapeptide (14-mer) sequence. 121 additional pairings were made 

in the same manner for the carboxy-terminal of each sequence. 14-mer sequences were 

ultimately assembled by combining the amino- and carboxyl-dipeptides with each core 

decapeptide sequence such that no more than three identical residues were present in the 

complete sequence. An extra three amino- and carboxyl-dipeptides were manually created so 

that the number of exo-sequences was the same as the number of decapeptides. The length of 

these tetra-decapeptides, with 1612 putative cleavage sites, was deemed sufficient enough to 

accommodate protease binding but also minimise tertiary structure formation that could 

restrict side-chain accessibility. 

 

5.3.3.2.2. Peptide synthesis 

 

Peptide synthesis was performed on an automated peptide synthesiser using solid-phase 

conditions, rink amide AM resin, and Fmoc main-chain protecting group chemistry. For 
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coupling of Fmoc-protected amino acids, ten equivalents of amino acids and a 1:1:2 molar 

ratio of the coupling reagents hexafluorophosphate benzotriazole tetramethyl uronium 

(HBTU), hydroxybenzotriazole (HOBt) and N,N-diisopropylethylamine (DIEA) were used. 

Chosen peptides were isolated by trifluoroacetic acid (TFA)-mediated deprotection and 

cleavage, crudely obtained by ether precipitation and purified by reverse-phase HPLC on a 

C18 column. Chemical composition was analysed by liquid chromatography with tandem 

mass spectrometry (LC-MS/MS) and 5 mM stocks were maintained in DMSO. Peptide purity 

was confirmed to be 90 % or greater. 

 

5.3.3.2.3. Multiplex peptide cleavage assay 

 

Proteus spp. proteases were assayed at a concentration of 10 nM in ZapA activity buffer (50 

mM Tris HCl, 2 mM CaCl2, pH 8.0) and co-incubated at room temperature with 500 nM of 

synthesised peptides, which were pooled together in three separate reactions containing two 

sets of 52 sequences and one set of 20, to allow for reproducible detection of all 124 intact 

peptides. Four replicates for each Proteus spp. protease-peptide reaction were performed. At 

defined time intervals (0, 30 and 120 minutes), aliquots were removed and quenched via 

acidification to pH 3.0 or less with formic acid (4 % final concentration); or denatured with 

urea. A protease-negative control was also assayed under identical conditions and quenched 

at the first- and last-time intervals to account for non-enzymatic peptide substrate degradation. 

Any potential secondary structure-formation of peptides was confirmed not to protect 

sequences from protease bioactivity.  

 

5.3.3.2.4. Peptide cleavage site identification by mass spectrometry (MS) 

 

Cleavage sites were identified using peptide sequencing via MS. Samples containing 1–3 µg 

of total peptide (calculated as 60 µL of enzyme reaction with 500 µM peptide) were desalted 

using C18 zip tips (Millipore) and resolubilised in 0.1 % formic acid, and 0.1 µg of total 

peptide was injected onto the column. For LC-MS/MS, a linear ion trap LTQ mass 

spectrometer (Thermo Scientific) equipped with an Ultimate HPLC and Famos autoinjector 

(LC Packings) with a C18 ‘Magic’ column (Michrom Bioresources Inc., 5 µm bead size, 0.3 

´ 150 mm Magic, 200 Å) was used. The LC system was operated at a flow rate of 5 µL/min, 

and peptides were separated using a linear gradient over 42 minutes from 2 % B to 40 % B, 

with solvent A being 0.1 % formic acid in water and solvent B being 0.1 % formic acid in 70 

% ACN and 30 % water. Top three ions in the survey scans were subjected to a high-resolution 
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MS ‘zoom’ scan of the precursor and then a collision-induced dissociation (CID) 

fragmentation tandem mass spectrometry (MS/MS) scan. 

 

5.3.3.2.5. In silico analysis 

 

MS peak lists were generated using in-house software known as PAVA, based on the 

Raw_Extract script from Xcalibur version 2.4 (Thermo Scientific), and data were searched 

using Protein Prospector software version 5.10.0 (University of California, San Francisco). 

Database searches were performed against the 124-peptide sequence library, with a parent 

mass and fragment mass tolerance of 0.8 Da. Sequences were matched with no enzyme 

specificity requirement and variable modifications, such as oxidation of tryptophan (Trp; W), 

proline (Pro; P) and phenylalanine (Phe; F) or N-terminal pyroglutamate from glutamine (Gln; 

Q). For estimation of false discovery rate (FDR), four altered decoy databases containing 

randomised sequences of the 124 peptides were concatenated to the original (real) entries, thus 

creating a final database of 620 sequences. The data for replicate negative control (no enzyme) 

samples were searched using this database. The FDR was calculated as follows (Elias and 

Gygi, 2007); 

 

@AB = 0.25	 ×	C
@2D.%	1(.,-,E%.	(@F)
G&"%	1(.,-,E%.	(GF)

H 

 

From this, the FDR was found to be <0.17 %. Cleavage site data was extracted from Protein 

Prospector using ‘MSP extractor’ software. Only amino acids that differ significantly (p 

≤0.05) from the total amino acid frequency in the library are highlighted in the iceLogos 

(Colaert et al., 2009).  
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5.4.  Results 

 

5.4.1.   Isolation of proteases from P. vulgaris and P. penneri  

 

5.4.1.1.  Phenotypic characterisation of P. vulgaris and P. penneri on solid media 

 

5.4.1.1.1. Selected P. vulgaris and P. penneri strains exhibit swarming motility 

 

 

 

 

 

 

 

 

Figure 5.2. Comparison of the phenotypic swarming activities of P. mirabilis BB2000 (A), 

P. vulgaris UM266 (B), and P. penneri NCTC 12737 (C) on LB agar plates.  

 

It is evident from Figure 5.2. that all Proteus spp. are capable of swarming motility as seen 

phenotypically on LBA; however, as mentioned in Section 1.2., the swarming motility of P. 

mirabilis is visibly more pronounced than other Proteus spp., presenting with a characteristic 

‘bull’s-eye’ pattern on this medium. Nevertheless, the characteristic rings created by bacterial 

differentiation into swarmer cells and consolidation back into swimmer cells can also be 

observed on LBA cultured with P. vulgaris UM266 and P. penneri NCTC 12737.  

 

5.4.1.1.2. Selected P. vulgaris and P. penneri strains secrete caseinolytic proteases 

 

 

 

 

 

 

 

 

Figure 5.3. Comparison of the phenotypic caseinolytic activities of P. mirabilis BB2000 

(A), P. vulgaris UM266 (B), and P. penneri NCTC 12737 (C) on LSW- plates + 2% skim 

milk.  

A B C 

A B C 
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It is evident from Figure 5.3. that all Proteus spp. can produce caseinolytic, extracellular 

proteases, as seen phenotypically on low swarm agar (LSW-) supplemented with 2 % skim 

milk (the casein-containing constituent and therefore the substrate). The clear halo around each 

colony demonstrates the caseinolytic activity of proteases secreted by the bacteria, which 

contrasts with the turbid appearance around the edges of the agar in the presence of 

unhydrolysed casein found in the skim-milk. 

 

5.4.1.2. Isolation of native proteases from P. vulgaris UM266 and P. penneri 

NCTC 12737 supernatant via hydrophobic interaction chromatography 

(HIC) 

 

 

 

 

 

 

 

 

Figure 5.4. Chromatogram of protein elution peaks obtained from P. vulgaris- and P. 

penneri-conditioned LBB (A and B, respectively); using HiTrap™ Phenyl HP columns and 

the ÄktaPrime Plus FPLC apparatus. The Y-axis (AU280nm) refers to absorbance at 280 nm, in 

arbitrary units (AU). 

 

As observed in Figure 5.4., HIC of both P. vulgaris- and P. penneri-conditioned LBB on 

phenyl-sepharose columns resulted in a peak of UV-absorbing material roughly 11 to 13 

minutes into the elution phase; corresponding fractions were collected, dialysed, and analysed, 

and results are presented in Section 5.4.1.3. The peak obtained for P. vulgaris (Figure 5.4.(A)) 

was more defined and more substantial than that obtained for P. penneri (Figure 5.4.(B)), this 

reflects a higher quantity of protein obtained from media conditioned by the former Proteus 

spp. (Figure 5.5.). 

 

 

 

 

 

 

 

A B 
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5.4.1.3.  Analysis of eluted protein purity from P. vulgaris and P. penneri 

 

5.4.1.3.1. SDS-PAGE 

Figure 5.5. Coomassie Blue-stained SDS-PAGE analysis of pooled fractions eluted from 

HiTrap™ Phenyl HP columns, after loading with P. vulgaris (PV)- and P. penneri (PP)-

conditioned LBB. Lane 1: SeeBlue® Pre-stained Protein Standard. Lane 2: PV fractions 8, 9, 

13 and 14. Lane 3: PV fractions 10 and 12. Lane 4: PV fraction 11. Lane 5: ZapA. Lane 6: 

SeeBlue® Pre-stained Protein Standard. Lane 7: PP fractions 9 and 10. Lane 8: PP fractions 11 

to 14. Lane 9: ZapA. ZapA, with a molecular weight of roughly 54 kDa, was included as a 

reference (and positive control). Values in μg/mL below each lane indicate the protein content 

of each fraction. 

 

As seen in Figure 5.5., SDS-PAGE analysis of proteins obtained from both P. vulgaris- and 

P. penneri-conditioned LBB (via HIC) reveal that they possess a molecular weight of 54 kDa; 

this was determined by using a commercial protein ladder and previously purified ZapA for 

reference. 
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5.4.1.3.2. Reverse-phase HPLC 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Reverse-phase HPLC chromatogram of 10 μL of 100 μg/mL ZapA and P. 

vulgaris and P. penneri proteases for up to thirty minutes using a diode-array detection 

(DAD) of 215 nm (A) and zoomed in image of protein peaks (B). The ZapA and P. vulgaris 

and P. penneri protease peaks (blue, green and red line, respectively) all appeared at a retention 

time of approximately 3 minutes and 10 seconds and reached a height of roughly 185, 60, and 

30 mAU, respectively. 

 

The metalloproteases isolated from P. vulgaris UM266 and P. penneri NCTC 12737-

conditioned LBB using an identical HIC method to that used for P. mirabilis BB2000 are 

predicted to have highly similar amino acid sequences to ZapA as seen in Figure 5.1. It has 

been demonstrated here that they are also of an identical molecular weight (54 kDa) and likely 

form similar protein quaternary structures based on SDS-PAGE and reverse-phase HPLC 

analysis as presented in Figures 5.5. and 5.6., respectively. This implies that their active sites 

also likely display similar arrangements and therefore similar substrate preferences, which is 

investigated further in Section 5.4.4. 
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5.4.2. Inhibition of the proteolytic activity of P. vulgaris and P. penneri 

proteases 

 

5.4.2.1.  Azocasein assay 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7. The ability of the N-alpha mercaptoamide dipeptide, SH–CO2–Tyr–Val–NH2 

(ME-YV), to inhibit the caseinolytic activity of ZapA and proteases isolated from P. 

vulgaris and P. penneri. (A) illustrates phenotypical results observed at the endpoint of the 

azocasein assay; rows of three wells on the left-hand side of the 96-well plate are technical 

triplicates of each fraction with adjacent triplicate wells corresponding to the same fraction 

treated with 50 µM SH–CO2–Tyr–Val–NH2 (ME-YV). Wells with a visually more intense 

orange appearance contain a higher amount of caseinolytic protease activity due to the release 

of azo dye. In (B), numbers on the X-axis refer to eluted and pooled fractions obtained from 

HiTrap Phenyl HP columns and the ÄktaPrime Plus FPLC apparatus loaded with ammonium 

sulphate-treated, 0.2 µM-filtered P. vulgaris UM266 and P. penneri NCTC 12737-conditioned 

LBB, with P. mirabilis BB2000 ZapA included as a positive control. The ability of each 

fraction to turnover 5 mg/mL azocasein is converted into units of caseinolytic activity per 

milligram of protease (U/mg) using the equation provided in Section 2.3.1.2.3.1. and used on 

the Y-axis. Orange bars represent untreated fractions, whereas yellow bars represent fractions 

treated with 50 µM SH–CO2–Tyr–Val–NH2 (ME-YV) (n= 3, Student’s unpaired t-test, p= 

<0.0001). 

 

As seen in Figure 5.7.(B), P. vulgaris protein fractions had an activity ranging from 38 to 65 

U/mg, and P. penneri fractions ranged from zero to 44 U/mg (pooled fractions nine and ten 

were deemed inactive, possibly due to inadequate protein quantity); compared to 48 U/mg for 

+ 50µM ME-YV 

U/
m

g 

Protease only 
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100 μg/mL ZapA in this scenario. ME-YV significantly reduced the caseinolytic activity of 

all fractions (with a p-value of less than 0.0001 in all cases), compared to controls (untreated, 

active fractions).  The ability of ME-YV to effectively inhibit all of these Proteus spp. 

proteases, combined with their identical molecular weights and reverse phase HPLC retention 

times, indicates that they are homologous metalloproteases that likely bear similar active site 

geometries.  

 

5.4.2.2.  Fluorogenic substrate assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Time-dependent inhibition of the hydrolysis of the fluorogenic substrate, 

Abz–Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2, by ZapA and homologous metalloproteases 

isolated from P. vulgaris and P. penneri using the N-alpha mercaptoamide dipeptide, SH–

CO2–Tyr–Val–NH2 (ME-YV). Blue lines in (A–C) are progress curves illustrating the 

formation of Abz fluorescence (generated at an excitation wavelength of 313 ± 55 nm and 

emission wavelength of 460 ± 40 nm at 37 ºC) from 185 nM of ZapA-, P. vulgaris protease-, 

and P. penneri protease-catalysed hydrolysis of 400 µM of Abz–Ala–Gly–Leu–Ala–p–

nitrobenzyl–NH2 over 45 minutes, respectively; whereas red lines represent the same reaction 

but in the presence of 50 µM ME-YV. In (D), the ability of equimolar concentrations of 

proteases (185 nM) to turnover 400 µM fluorogenic substrate is presented collectively for 

0 1000 2000 3000
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

0 1000 2000 3000
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

0 1000 2000 3000
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

0 1000 2000 3000
Time (seconds)

R
el

at
iv

e 
Fl

uo
re

sc
en

ce
 U

ni
ts

A 

C 

B 

D 



Chapter 5 | Substrate specificity profiling of secreted proteases from other Proteus spp. and 
their susceptibility to SH–CO2–Tyr–Val–NH2 

 

 203 

comparisons to be drawn, where ZapA, P. vulgaris protease and P. penneri protease are 

represented by the burgundy, magenta and light pink-coloured lines, respectively.  

 

Based on individual first and final readings for each protease and gains used in this study, a 

ten-fold and four-fold increase in fluorescence was observed due to fluorogenic substrate 

turnover for the P. vulgaris and P. penneri proteases, respectively; compared to a 13-fold 

increase in fluorescence for ZapA under the same conditions. Collectively, P. vulgaris and P. 

penneri proteases were able to turn-over roughly 40 % and 5 % of the total amount of substrate 

as ZapA could at equimolar concentrations (185 nM; based on protein quantity) over 45 

minutes, respectively (Figure 5.8.(D)); indicating that ZapA is the most active, or at least the 

fastest-acting, of these proteases. However, if protease levels were normalised based on U/mg 

obtained from the azocasein assay (Figure 5.7.(B)), it is likely that fluorogenic substrate 

turnover would be more comparable. Despite this, the fact that all Proteus spp. proteases can 

cleave a relatively specific substrate further emphasises their homology. Furthermore, based 

on fold changes in fluorescence, ME-YV again reduced the proteolytic activity of the P. 

vulgaris and P. penneri proteases, by 90 % and 100 %, respectively, similar to the 90 % 

reduction seen for ZapA in the case of this fluorogenic assay (Figure 5.8.(A–C)).  
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5.4.3.  Interaction of P. vulgaris and P. penneri proteases with PARs 

 

As seen in Figure 5.9.(A), the P. vulgaris protease significantly reduced calcium mobilisation 

from thrombin-challenged PC3 cells as compared to untreated control conditions, with a p-

value of less than 0.0001, indicating putative disarming of PAR1 (the calcium mobilisation 

profiles for thrombin-challenged cells appeared more ‘rugged’ due to the lower gains used). 

Inhibition of this protease with ME-YV significantly recovered signalling, also with a p-value 

of less than 0.0001, confirming this effect. However, this protease did not significantly reduce 

(or increase) calcium mobilisation from trypsin-challenged PC3 cells, indicating it did not 

have an effect on PAR2 (trypsin-challenged cells also had more rugged calcium mobilisation 

profiles for the same reason), as seen in Figure 5.10.(A). Although PAR1- and PAR2-AP-

challenged PC3 cells pre-treated with the P. vulgaris protease had significantly higher calcium 

mobilisation than untreated control conditions, no significant difference was seen with ME-

YV-inhibited P. vulgaris protease-treated cells, and defined calcium mobilisation peaks were 

visible in all conditions, as seen in Figures 5.9.(B) and 5.10.(B).  

 

On the other hand, it appears that the P. penneri protease significantly increased calcium 

mobilisation from both thrombin and trypsin-challenged PC3 cells as compared to untreated 

control conditions, with a p-value of less than 0.0001, indicating a putative activating effect 

on PAR1 and PAR2 as shown in Figures 5.11.(A) and 5.12.(A) and Table 5.1. Interestingly, 

inhibition of this protease reduced signalling of both PAR subtypes, also with a p-value of less 

than 0.0001, further implying the P. penneri protease putatively activates PAR1 and PAR2. 

However, a protease-only control (in other words, spiking the cells with the protease instead 

of PAR agonists to observe any instantaneous effects) would be necessary to confirm this. 

PAR1- and PAR2-AP-challenged PC3 cells pre-treated with the P. penneri protease also had 

significantly higher calcium mobilisation than untreated control conditions as seen in Figures 

5.11.(B) and 5.12.(B), and disregarding AUCs, it appears that they had the most pronounced 

and sharpest calcium mobilisation peaks upon challenge with PAR-APs, with the addition of 

ME-YV slightly delaying this (despite ME-YV-inhibited protease-treated cells having 

significantly higher AUC values).  

 

It should be noted that there are some limitations to the calcium mobilisation assays presented 

here, as discussed in Section 2.5.5. Essentially, any protease-mediated disarming or activation 

of PAR1 and PAR2 should be regarded as putative, as the canonical agonists used (in other 

words, thrombin and trypsin) may also activate other PAR subtypes. Furthermore, the 

inclusion of additional controls would increase PAR data reliability. Namely, an ME-YV only 

and a heat inactivated P. vulgaris and P. penneri protease control.  
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5.4.3.1.  P. vulgaris protease disarms PAR1 in prostate (PC3) cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from P. vulgaris protease-treated PC3 prostate cells upon stimulation with (A) 2 

U/mL thrombin or (B) 100 μM TFFLR-NH2. Cells were left untreated (positive control, 

blue line), pre-treated with 2 U/mL P. vulgaris protease for ten minutes (red line), or pre-

treated with 2 U/mL P. vulgaris protease and 50 μM ME-YV for ten minutes (green line) prior 

to agonist addition. (n= 12, p= <0.0001). 
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5.4.3.2.  P. vulgaris protease does not disarm PAR2 in prostate (PC3) cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from P. vulgaris protease-treated PC3 prostate cells upon stimulation with (A) 2 

U/mL trypsin or (B) 100 μM SLIGKV-NH2. Cells were left untreated (positive control, blue 

line), pre-treated with 2 U/mL P. vulgaris protease for ten minutes (red line), or pre-treated 

with 2 U/mL P. vulgaris protease and 50 μM ME-YV for ten minutes (green line) prior to 

agonist addition. (n= 12, p= <0.0001). 
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5.4.3.3.  P. penneri protease may activate PAR1 in prostate (PC3) cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from P. penneri protease-treated PC3 prostate cells upon stimulation with (A) 2 

U/mL thrombin or (B) 100 μM TFFLR-NH2. Cells were left untreated (positive control, 

blue line), pre-treated with 2 U/mL P. penneri protease for ten minutes (red line), or pre-treated 

with 2 U/mL P. penneri protease and 50 μM ME-YV for ten minutes (green line) prior to 

agonist addition. (n= 12, p= <0.0001). 
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5.4.3.4.  P. penneri protease may activate PAR2 in prostate (PC3) cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Calcium mobilisation curves and corresponding area under the curves 

(AUCs) from P. penneri protease-treated PC3 prostate cells upon stimulation with (A) 2 

U/mL trypsin or (B) 100 μM SLIGKV-NH2. Cells were left untreated (positive control, blue 

line), pre-treated with 2 U/mL P. penneri protease for ten minutes (red line), or pre-treated 

with 2 U/mL P. penneri protease and 50 μM ME-YV for ten minutes (green line) prior to 

agonist addition. (n= 12, p= <0.0001). 
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Table 5.1. The putative effect of Proteus spp. metalloproteases on protease-activated 

receptors (PARs) 1 and 2 

 
PAR subtypea 

PAR1 PAR2 
Pr

ot
ea

se
 ZapA   

PPV
b   

PPP
b   

aRed indicates a disarming effect, grey no effect, and green an activating effect. In the case of 

the protease from P. penneri, there is a putative activating effect. 
bFull names: P. vulgaris protease (PPV) and P. penneri protease (PPP). 
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5.4.4.  MSP-MS of Proteus spp. proteases 

 

For each cleaved bond observed at each timepoint, the residues in the P4 to P’4 position were 

identified, and a substrate signature was generated using iceLogo for each Proteus spp. 

protease (Colaert et al., 2009), as outlined in Sections 5.3.3.2.4–5.  

 

At 30 minutes incubation, ZapA favoured phenylalanine (Phe; F) and tyrosine (Tyr; Y) at the 

P1 and norleucine/methionine (Nle/Met; M) and Phe at the P’1 position; whilst isoleucine (Ile; 

I), threonine (Thr; T), valine (Val; V) and proline (Pro; P) at the P1 and arginine (Arg; R), 

lysine (Lys; K), Pro, aspartic acid (Asp; D) and tryptophan (Trp; W) at the P’1 position were 

disfavoured. After 120 minutes, the specificity broadened to favourably include histidine (His; 

H) at the P1 and glutamine (Gln; Q), leucine (Leu; L), asparagine (Asn; N), and Ile at the P’1 

position; whilst Leu was added to the list of disfavoured residues at the P1 position, and those 

at P’1 position remained the same (Figure 5.13).  

 

In regard to P. vulgaris protease, Phe, His, Arg, Tyr and serine (Ser; S) were favoured in the 

P1 position, and Nle/Met and Phe were favoured in the P’1 position; whilst Val was disfavoured 

in the P1 (although Pro was most significantly disfavoured at the 30-minute timepoint) and 

His, Asp, Pro and Trp were disfavoured in the P’1 position (although Asp and Pro lost their 

significant difference by the end of the assay) (Figure 5.14).  

 

For P. penneri protease, Phe, Tyr, Arg, His and glycine (Gly; G) were favoured in the P1 and 

Nle/Met, Phe and Ile in the P’1 positions; with Arg and Ile only appearing at the 30-minute 

timepoints in the P1 and P’1 positions, respectively. Thr, Leu, Val, Ile and Pro; and Trp, Lys, 

Pro and Asp were disfavoured in the P1 and P’1 positions; respectively (Figure 5.15). 

Collectively, all three proteases favoured Phe, Tyr and His in the P1 position and Nle/Met and 

Phe in the P’1 position; whilst disfavoured Pro in the P1 position and Trp, Asp and Pro in the 

P’1 position.  

 

A summary of the MSP-MS data for the Proteus spp. proteases is provided in Table 5.2. 
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5.4.4.1.  MSP-MS of ZapA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. iceLogos generated from amino acids (one letter codes) that are enriched or 

de-enriched in the P4 (1) to P’4 position (8) for ZapA cleavage sites after incubation for 

(A) 30 minutes and (B) 120 minutes. Percent difference corresponds to the difference of 

amino acid frequency surrounding the ZapA cleavage sites relative to the frequency of amino 

acids surrounding all peptide bonds in the library (n= 1612). Thus, amino acids that are 

statistically most and least favoured at each position are shown above and below the axis, 

respectively (p <0.05, unpaired two-tailed Student’s t-test). In the iceLogo, “M” corresponds 

to norleucine. An asterisk (*) between the P1 (4) and P’1 (5) positions indicates the site of the 

scissile bond. 

A 

B 
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5.4.4.2.  MSP-MS of P. vulgaris protease 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. iceLogos generated from amino acids (one letter codes) that are enriched or 

de-enriched in the P4 (1) to P’4 position (8) for P. vulgaris protease cleavage sites after 

incubation for (A) 30 minutes and (B) 120 minutes. Percent difference corresponds to the 

difference of amino acid frequency surrounding the P. vulgaris cleavage sites relative to the 

frequency of amino acids surrounding all peptide bonds in the library (n= 1612). Thus, amino 

acids that are statistically most and least favoured at each position are shown above and below 

the axis, respectively (p <0.05, unpaired two-tailed Student’s t-test). In the iceLogo, “M” 

corresponds to norleucine. An asterisk (*) between the P1 (4) and P’1 (5) positions indicates 

the site of the scissile bond. 
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5.4.4.3.  MSP-MS of P. penneri protease 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15. iceLogos generated from amino acids (one letter codes) that are enriched or 

de-enriched in the P4 (1) to P’4 position (8) for P. penneri protease cleavage sites after 

incubation for (A) 30 minutes and (B) 120 minutes. Percent difference corresponds to the 

difference of amino acid frequency surrounding the P. penneri cleavage sites relative to the 

frequency of amino acids surrounding all peptide bonds in the library (n= 1612). Thus, amino 

acids that are statistically most and least favoured at each position are shown above and below 

the axis, respectively (p <0.05, unpaired two-tailed Student’s t-test). In the iceLogo, “M” 

corresponds to norleucine. An asterisk (*) between the P1 (4) and P’1 (5) positions indicates 

the site of the scissile bond. 
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5.4.4.4.  Shared cleaved substrates between Proteus spp. proteases  

 

After 30 minutes incubation, LC-MS/MS sequencing uncovered 169 ZapA cleavage sites, 74 

P. vulgaris protease cleavage sites, and 194 P. penneri protease cleavage sites; and after 120 

minutes, 235, 97, and 296 cleavage sites were found, respectively (Figure 5.16.). Thus, at the 

end of the assay, ZapA was able to hydrolyse 14.6 % of all bonds in the library; whereas P. 

vulgaris and P. penneri protease were able to hydrolyse 6 % and 18.4 % of all bonds, 

respectively. Collectively, all three proteases were able to hydrolyse 341 of the total possible 

1612 bonds (in other words, 21.2%); and of these, 25.8 % were shared between the three 

proteases. ZapA and P. vulgaris protease shared 36.6 % of substrates by the end of the assay, 

ZapA and P. penneri protease shared 58 %, and P. vulgaris and P. penneri proteases shared 

30.1 %. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16. Venn diagrams comparing shared cleaved substrates between ZapA (PM) 

and proteases from P. vulgaris (PV) and P. penneri (PP) after (A) 30 minutes and (B) 120 

minutes. 
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Table 5.2. The most (A) and least (B) favoured amino acid residues in the P4 to P’4 

position for P. mirabilis ZapA and corresponding proteases from P. vulgaris and P. 

penneri based on iceLogos (Figures 5.13–.15), with P. aeruginosa LasB as a reference (the 

MSP-MS of LasB was performed by Sun et al., 2020).  

A  Most favoured amino acid residues in the corresponding positiona 

  P4 P3 P2 P1 P’1 P’2 P’3 P’4 

Pr
ot

ea
se

 

LasB   H S F M   

ZapA G M H Y M R R R 

PPV
b W P H F M R R R 

PPP
b G K H Y M R P R 

 

B  Least favoured amino acid residues in the corresponding positiona 

  P4 P3 P2 P1 P’1 P’2 P’3 P’4 

Pr
ot

ea
se

 

LasB   D I Q P   

ZapA  D D I D E D  

PPV
b  D G V W E D  

PPP
b  D G P D D D  

aOne letter amino acids codes are presented; full names are as follows (in order of appearance): 

histidine (H), serine (S), phenylalanine (F), methionine (M), glycine (G), tyrosine (Y), arginine 

(R), tryptophan (W), proline (P), lysine (K), aspartic acid (D), isoleucine (I), glutamine (Q), 

glutamic acid (E), and valine (V). Colour coded amino acid properties: Polar with positively 

charged side chains (blue), polar with uncharged side chains (green), polar with negatively 

charged side chains (red), non-polar and aliphatic (yellow), non-polar with aromatic groups 

(purple), and special cases (grey). Glycine (G) and proline (P) are both very small non-polar 

amino acids, although the former is aliphatic, and the latter is aromatic. 
bFull names: P. vulgaris protease (PPV) and P. penneri protease (PPP). 

 

Amino acid residues in the P1 and P’1 positions are in bold as the scissile bond commonly 

occurs between these positions for metalloproteases (see Section 1.3.1.2.) (Gomis-Rüth et al., 

2012). The prime and non-prime side substrate specificity (of most and least favoured amino 

acid residues) of LasB outside of the P2 to P’2 positions were not presented in Table 5.2. as 

they were not published by Sun et al. (2020). 

 

Overall, in terms of both the most strongly favoured and disfavoured amino acid residues, the 

prime side substrate specificity data for the highly related Proteus spp. proteases is almost 

identical (with only one anomaly in each case), with more variance occurring at the non-prime 
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side. Upon comparing the substrate specificity of these proteases to that of LasB from P. 

aeruginosa, another Gram-negative zincin, it is indicative that although these proteases share 

several substrate preferences to LasB, the Proteus spp. proteases collectively share a high 

number of both prime and non-prime side substrate specificity and are therefore homologous 

(this is corroborated by amino acid sequence similarity as seen previously in Table 1.4.).  

 

It is evident that all Proteus spp. proteases prefer non-polar amino acids with aromatic groups 

in their P1 position and non-polar, aliphatic amino acids (namely methionine) in their P’1 

position, whereas LasB prefers polar amino acids with uncharged side chains (serine) and non-

polar amino acids with aromatic groups (phenylalanine) in these positions, respectively. 

Furthermore, all proteases (including LasB) prefer polar amino acids with positively charged 

side chains (histidine) in their P2 position; and although all Proteus spp. proteases prefer amino 

acids (arginine) with these properties in their P’2 position, LasB prefers the non-polar, aliphatic 

methionine. As stated before, the prime side substrate specificity of the Proteus spp. proteases 

is almost identical, with all preferring methionine in the P’1 position and arginine in the P’2 

to P’4 positions, bar the P. penneri protease which prefers proline in the P’3 position. They 

also disfavour polar, negatively charged amino acid residues (aspartic acid and glutamic acid) 

the most at the prime side of their specificity pockets, except the P. vulgaris protease which 

more strongly disfavours the non-polar, aromatic tryptophan in the P’1 position. Similar to 

LasB, ZapA disfavours the non-polar and aliphatic isoleucine and the polar, negatively 

charged aspartic acid at the P1 and P2 positions, respectively; however, ZapA disfavours polar, 

negatively charged amino acid residues from the P’1 to the P’3 positions, whereas LasB 

disfavours the polar, uncharged glutamine and the small, aromatic, non-polar proline in the 

first two prime positions.  
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5.5.  Discussion 

 

5.5.1.  Inhibition of Proteus spp. proteases with ME-YV 

 

The selected P. vulgaris and P. penneri strains used for this study exhibited swarming motility 

on solid media, albeit to a lesser degree than P. mirabilis BB2000 (Figure 5.2.); however, this 

is not surprising as it is a wild type for this phenotype. As repeatedly stated throughout this 

thesis, swarming motility is associated with an increase in the expression of other virulence 

factors, including ZapA; and despite being less remarkable at swarming motility, selected P. 

vulgaris and P. penneri strains exhibited general proteolytic activity as seen in Figure 5.3. 

Based on this information, native extracellular proteases from P. vulgaris and P. penneri-

conditioned media were successfully purified using a HIC-based method, identical to the one 

used to obtain P. mirabilis ZapA; albeit at much lower yields. As outlined in Section 2.5.1., 

HIC protocols need to be tailored to each individual protein; thus, yields could be increased 

by, for example, adjusting the concentration and pH of ammonium sulphate in the mobile 

phase. Purity studies of the proteases revealed that both were of an identical molecular weight 

to ZapA (54 kDa, as seen in Figure 5.5.), and had the same retention time (roughly three 

minutes and ten seconds using a DAD of 215 nm, Figure 5.6.) based on SDS-PAGE and 

reverse-phase HPLC analysis, respectively. This indicates that not only are these proteases 

homologous in terms of their primary amino acid sequence (based on the MEROPS database, 

Figure 5.1.); but also have a highly similar quaternary structure due to their similar size; and, 

as retention time is based on the extent of protein hydrophobicity; a unique property 

determined by the net number of hydrophobic amino acids and their distribution, this implies 

similar arrangements of amino acids throughout the proteases’ structures. 

 

The use of the specific chromophore- and fluorophore-coupled substrates to quantify protease 

activity in this study is described in Section 2.5.3. From the discontinuous azocasein assay, 

pooled fractions from P. vulgaris and P. penneri had comparable caseinolytic activity to ZapA 

upon conversion into units of activity per mg (U/mg) (see Figure 5.7.(B)). Quantification of 

proteolytic activity via azocasein assay is affected by protein quantity due to limits of blank, 

detection and quantitation (LoB, LoD and LoQ) (Armbruster and Pry, 2008; Coêlho et al., 

2016); thus, at lower protein quantities, activity may be overestimated, and vice versa. As a 

result, the monitorable, continuous fluorogenic substrate assay is a more accurate and 

comparative measure of proteolytic activity. As shown in Figure 5.8., like ZapA, both 

metalloproteases from P. vulgaris and P. penneri metalloproteases were able to cleave Abz–

Ala–Gly–Leu–Ala–p–nitrobenzyl–NH2 allowing measurement of Abz fluorescence at specific 

excitation and emission wavelengths; however, they were only able to do so at a fraction of 
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the efficiency when tested at equimolar protease concentrations (Figure 5.8.(D)), indicating 

ZapA is the most active of these proteases.  

 

In both assays, the P. vulgaris and P. penneri proteases were efficiently inhibited by ME-YV, 

the most potent ZapA-inhibitor from a 160-strong library of N-alpha mercaptoamide 

dipeptides (Carson et al., 2011). The fact that these proteases are also inhibited by ME-YV, 

indicates that they are all metalloproteases exhibiting a comparable active site geometry and 

substrate specificity (see Section 5.5.3.); and, in a reiteration of Section 2.5.4., it is evident 

that multiple metalloproteases can be inhibited by peptides containing the same warhead 

groups; in this case, thiol. Although ME-YV is the most potent inhibitor of ZapA and P. 

aeruginosa LasB (Cathcart et al., 2009), the inhibitor library was not screened against these 

proteases; however, doing so may reveal even more potent inhibitors unique to each protease. 

Instead of synthesising and screening a large library of inhibitors to establish active site 

preferences, a more efficient approach is the prediction of substrate (and therefore inhibitor) 

specificity via the MSP-MS assay, described, analysed and discussed in Sections 5.3.3., 5.4.4. 

and 5.5.3., respectively. 

 

The efficacy of ME-YV in treating Proteus spp. infection was tested in vivo using the larvae 

of the greater wax moth (Galleria mellonella); which is emerging as a useful model for 

studying bacterial and fungal pathogenesis, the efficacy of novel antimicrobial compounds 

(Tsai et al., 2016), and innate humoral and cell-mediated immune responses; as it is 

structurally and functionally similar to the immune system of mammals (Browne et al., 2013; 

Pereira et al., 2018). Use of G. mellonella in these studies present a number of practical 

advantages; they are easily and cheaply acquired in large quantities, simple to use and maintain 

(without specialised laboratory equipment), small in size (allowing a known inoculum to be 

administered), and have a short life cycle (seven to eight weeks); making them ideal for large-

scale studies without the ethical concerns of using gold standard murine models (Ramarao et 

al., 2012; Tsai et al., 2016; Wojda, 2017; Binder et al., 2016). Additionally, they survive well 

at temperatures of between 25 and 37 °C, making them suitable for analysing microbial 

behaviour at body temperature, and temperature-dependent virulence factors, like ZapA 

(Konkel and Tilly, 2000; Smoot et al., 2001; Desalermos et al., 2012). They have been used 

to study the virulence of many Gram-negative pathogens, including GAS, Streptococcus 

pneumoniae, Enterococcus faecium, P. aeruginosa, E. coli, Klebsiella pneumoniae, and 

Acinetobacter baumannii (Loh et al., 2013; Olsen et al., 2011; Evans and Rozen, 2012; 

Chibebe Junior et al., 2013; Lebreton et al., 2011; Andrejko and Mizerska-Dudka, 2011; 

Andrejko and Mizerska-Dudka, 2012; Ciesielczuk et al., 2015; Williamson et al., 2014; Wand 
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et al., 2013; Insua et al., 2013; Jacobs et al., 2014). Firstly, an appropriate infecting inoculum 

(via hind pro leg injection) was established individually for each pathogen that would result 

in a low (10 to 20 %) survival of G. mellonella after a minimum of 48 hours. Afterwards, these 

inocula were co-incubated with ME-YV at a range of concentrations (10, 25, 50, 100, 250 and 

500 μM) or vehicle control; and then administered to G. mellonella in replicates of ten for each 

condition, and the larvae were then monitored over a period of 72 hours (at 37 °C) to observe 

any changes in survival.  Results for P. vulgaris- and P. penneri-infected G. mellonella were 

inconclusive; and although promising initial results were found for P. mirabilis-infected 

larvae, in which survival was higher (up to 50 % higher) at all inhibitor concentrations 

compared to inhibitor-untreated controls; survival did not appear to be concentration-

dependent (see Appendix II). The study would have benefited from more biological and 

technical replicates; and more in-depth analysis of G. mellonella interlinked cell-mediated and 

humoral responses; such as quantifying phagocytic haemocytes within the haemolymph, 

which are analogous to mammalian neutrophils in blood (Bergin et al., 2005; Renwick et al., 

2007); and soluble effector molecules such as complement-like opsonins, melanin and AMPs 

(Lavine and Strand, 2002; Tsai et al., 2016), which are induced by microbial 

metalloproteinases, like ZapA (Griesch et al., 2000; Altincicek et al., 2007). 

 

5.5.2.  Interaction of P. vulgaris and P. penneri proteases with PARs 

 

An explanation of how the commercially available fluorogenic intracellular calcium (Ca2+) 

mobilisation assay can be used to observe PAR activation is provided in Section 2.5.5. A 

summary of the effects of the secreted Proteus spp. metalloproteases on PARs 1 and 2 is 

provided in Table 5.1.  

 

From the calcium mobilisation profiles of prostate (PC3) cells and corresponding AUCs seen 

in Figures 5.9–10., it appears that, in contrast to P. mirabilis ZapA which disarms both PARs 

1 and 2, the P. vulgaris protease putatively disarms PAR1 only, and does not cleave or 

proteolytically process PAR2. It is likely to do so via cleavage of the N-terminal (the receptor 

pro-domain), resulting in the removal or truncation of the tethered ligand or ‘neoepitope’, that 

acts as an activation motif that intramolecularly binds to the ECL-2 domain of PAR1 required 

for downstream signal transduction (Gerszten et al., 1994), subsequently rendering it 

permanently resistant to activation by endogenous proteases such as thrombin, anticoagulant 

protein C (aPC), chymase, and various granzymes kallikreins, calpains and matrix 

metalloproteinases (MMPs), as previously described in Section 2.1.1.(.3.1.1.). Bearing in 

mind their highly similar prime and non-prime side substrate specificity as seen in Table 5.2., 
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it is probable that, like ZapA, the P. vulgaris protease cleaves the synthetic twenty-mer 

peptide, TR20 (R*SF¯LLR¯NPNDKYEPFWEDEES; with downward arrows indicating 

ZapA cleavage sites, and an asterisk indicating the upstream thrombin cleavage site), that 

corresponds to the amino acid residues at positions 42 to 61 of the PAR1 N-terminus, as 

discussed in Section 2.5.5. Dissimilarly, calcium mobilisation profiles of prostate (PC3) cells 

and corresponding AUCs seen in Figures 5.11–12. suggest that the P. penneri protease may 

activate both PARs 1 and 2. It may cleave or proteolytically process these receptors into a new 

conformation making them more susceptible to subsequent activation by PAR-APs via the 

ECL-2 domain (Scarborough et al., 1992; Chen et al., 1994) (see Sections 2.1.1.3.1.1–2.). 

Again, the importance of repeating these experiments with protease-only controls should be 

reiterated here. Overall, it would be expedient to reassess the effect of these Proteus spp. 

metalloproteases on PARs using other cell lines, as was done with ZapA in Chapter 2; similar 

trends were observed in the bladder (5637) cell line, however, they were not presented in this 

study due to a lack of biological replicates. 

 

Nonetheless, the differing PAR interactions by these Proteus spp. may represent a pathogenic 

variation among these species and the proteases that they produce. It may indicate that ZapA 

is a more important survival adaptation (for successful colonisation of the urinary tract) and 

virulence determinant for P. mirabilis than the other proteases are for their respective species; 

and could ultimately be a reason why P. mirabilis is found in the vast majority of Proteus spp. 

infections. Furthermore, the ability of the P. vulgaris and P. penneri proteases to directly 

degrade cytokines and their effect on cytokine release was not investigated due to overall lower 

yields obtained. 

 

5.5.3. Profiling the substrate specificity of proteases secreted by clinically 

relevant Proteus spp. 

 

Fluorescent and colorimetric substrates have been the gold standard for identifying and 

elucidating the mechanism of proteases for decades. However, with recent advancements in 

MS, fluorophore- or chromophore-coupled substrates are no longer required to acquire 

protease subsite specificity. Zhu et al. (2003) used MS to detect candidate dipeptidyl peptidase 

IV (DPP-IV) substrates from a cocktail of peptide hormones and neuropeptides; and many 

others have obtained protease specificity data from bacterial or mammalian proteome-derived 

protein and peptide substrates. These assays use a selection of chemical and enzymatic 

approaches to enrich for degradation products that are then sequenced by MS (Impens et al., 

2010a). The simple and direct MSP-MS assay presented here uses a logically designed 
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synthetic peptide library comprised of diverse yet defined sequences encompassing all 

neighbour and near-neighbour amino acid pairs, as detailed in Section 5.3.3.2.1.; that can 

determine the prime and non-prime side specificity of any endo- or exopeptidase. In a single 

kinetic assay, hydrolysis of any of the 1612 bonds in the library can be easily observed via 

LC-MS/MS sequencing without any enrichment of substrates or products; in other words, 

additional labelling or fractionation of samples is unnecessary due to high information content 

and relative to low background.  

 

O’Donoghue et al. (2012) hypothesised that substrate recognition requires no more than two 

amino acids optimally positioned within a peptide; this is based on a wealth of synthetic and 

proteome-derived peptide library data (Rawlings et al., 2012), for example the P2 and P1 

positions of cathepsins L, K, S and F (Choe et al. 2006); P4 and P1 positions of granzyme B 

(Ruggles et al., 2004); and the P3 and P’1 positions of MMP-2 and MMP-9 (Prudova et al., 

2010). In the case of the MSP-MS assay, the peptide library content was validated via the 

substrate profiling of the endopeptidase cathepsin E, a pancreatic tumour marker (Cruz-

Monserrate et al., 2012); and data obtained correlated with other specificity studies (Impens 

et al., 2010b); and the exopeptidase prolylcarboxypeptidase (PrCP), involved in the renin-

angiotensin system, with substrates including a-melanocyte stimulating hormone, plasma 

prekallikrein and angiotensins I and II, all of which have Pro at their penultimate position 

(Zhou et al., 2010). MSP-MS analysis uncovered that the cleaving ability of PrCP was not 

restricted to substrates with Pro in their penultimate position; and, evidently, other residues 

such as alanine (Ala; A) and Nle/Met were found at earlier timepoints. This presents a possible 

limitation of this assay; in other words, some primary cleavage sites may be overlooked at 

early stages of the assay.  

 

The MSP-MS assay can also be used to rank preferable substrates for individual proteases, 

based on kcat and KM values. The example used in the pilot study was the natural killer (NK) 

cell-stimulating granzyme B, which cleaved eleven peptide substrates in the library 

(O’Donoghue et al., 2012), all of which had Asp in their P1 position, correlating with previous 

studies (Barkan et al., 2010); however, not all Asp-containing substrates were cleaved. This 

demonstrates that the MSP-MS assay could be used to predict natural substrates for a specific 

protease, based on its capacity to provide a list of true positive and true negative substrates. 

Thus, MSP-MS could predict the true natural substrates for ZapA found in previous chapters, 

namely, human IL-6, IL-8, pro-IL-1b and PAR1 and PAR2 N-terminals; and negative 

substrates, like THG.  
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The unique substrate specificity profiles of ZapA, P. vulgaris and P. penneri protease, and 

shared substrates, are outlined and described in Figures 5.13–16. of Section 5.4.4., 

respectively. Based on the information presented in Table 5.2.(A), which identifies the most 

favoured amino acid residues in the P4 to P’4 positions of their individual active sites, the 

optimum octapeptide substrates for ZapA, and the P. vulgaris and P. penneri proteases are 

GMHY¯MRRR, WPHF¯MRRR, and GKHY¯MRPR, respectively, with the downward 

arrow indicating site of cleavage; although highly similar, their subtle differences may reflect 

their efficacy as highly specific internally quenched substrates and inhibitors of their 

respective proteases. 

 

5.5.3.1.  Application of MSP-MS 

 

As stated, the MSP-MS assay can be used to generate comprehensive substrate signatures for 

virtually any protease of any subtype; and whilst the traditional, candidate approach of 

characterising proteases (in other words, identifying and isolating a protease, determining its 

substrate specificity, and developing a specific probe or inhibitor) has proven to be reliable; 

the MSP-MS assay aims to do so via an unbiased, global strategy (O’Donoghue et al., 2012). 

Furthermore, this assay can identify and characterise sources of proteolysis within complex 

biological samples; examples used in the pilot study were the secretome from Schistoma 

mansoni-infected snails (which has increased elastase-like activity as compared to healthy 

individuals) (Cohen et al., 1991); and cell culture media conditioned by a primary pancreatic 

adenocarcinoma cell line, data of which reinforces a study that uses a fluorescent cathepsin E 

substrate, the major source of proteolysis in the media, to detect pancreatic cancer in a murine 

model (Cruz-Monserrate et al., 2012). As a result of these initial findings, the MSP-MS assay 

been implicated in a broad range of therapeutic applications; be that the molecular 

characterisation and functional analysis or development of novel and specific substrates and 

inhibitors of proteases for the detection, diagnosis and treatment of diseases where these 

enzymes play a governing role; such as cancer and certain genetic diseases in humans, or 

infectious diseases caused by bacterial, viral, fungal, parasitic or mammalian pathogenic 

organisms. 

 

The MSP-MS assay has allowed for the development of specific inhibitors of cathepsin K, 

matriptase and hepsin (the latter two are referred to in Sections 2.1.1.3.1.1.2. and 4.5., 

respectively); all of which play roles in various forms of human cancer (Sharma et al., 2015; 

Damalanka et al., 2019). It has also facilitated the detection of proteolysis in bodily fluids and 

exemplified its use as a powerful diagnostic tool; for example, for cystic fibrosis (CF) patients, 
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who have a higher level of cathepsin G and neutrophil elastase (NE) activity in their sputum 

than healthy individuals. Increased levels may indicate the beginning of an exacerbation, 

which are usually triggered by bacterial infection (Quinn et al., 2019). Another example is for 

patients with malignant pancreatic cancer, who have increased activity of the lysosomal serine 

aminopeptidase tripeptidyl peptidase 1 (TPP1) in the cyst fluid (Ivry et al., 2019). The MSP-

MS assay has also been used to characterise the human kinome, which comprises over 500 

kinases, important signalling enzymes as discussed in Section 2.1.1.3.2. (Meyer et al., 2017). 

 

In bacteria, the MSP-MS assay has been used to characterise the clostripain-like (C11) family 

of cysteine proteases from the commensal gut microbiome, which are thought to play a role in 

host immune response regulation (Roncase et al., 2017); and two proteases from tuberculosis-

causing Mycobacterium tuberculosis; namely, MarP, a periplasmic serine protease required 

for resistance to acid and oxidative stress, and a hydrolase important for pathogenesis (HIP1) 

(Small et al., 2013; Lentz et al., 2016). In viruses, the assay has increased our understanding 

of the interaction of human immunodeficiency virus (HIV) with host proteins; and facilitated 

the development of an inhibitor of the hepatitis C virus (HCV) NS3/4A protease (Jäger et al., 

2011; Meewan et al., 2019). The MSP-MS assay has assisted mycologists in diagnosing 

pathogenic fungal infection specifically using molecular biomarkers for Candida albicans 

biofilms (Nobile et al., 2019); and characterising other mycoproteins such as aspartyl protease 

1 secreted by Malassezia globosa (MgSAP1), which may mitigate Staphylococcus aureus 

biofilm formation (Li et al., 2018); and other aspartyl proteases secreted by Cryptococcus 

neoformans, a considerable cause of mortality in immunocompromised individuals (Clarke et 

al., 2016).  

 

Proteasomes are intracellular, macromolecular and multicomponent protease complexes found 

in all eukaryotes, archaea, and some bacteria; that catalyse the degradation of ubiquitinated 

proteins, thus regulating many cellular processes such as the cell cycle and antigen 

presentation (Zwickl et al., 1999). Lately, they have been receiving attention as a potential 

drug target for treating a variety of parasitic infections with the aid of the MSP-MS assay 

(Bibo-Verdugo et al., 2017); including use of a chemical analogue of carmaphycin B, an anti-

malarial, that inhibits the b5 subunit of the malaria-causing Plasmodium falciparum 

proteasome with reduced mammalian toxicity (Li et al., 2016; LaMonte et al., 2017); and other 

parasitic proteasome inhibitors, including that of the sexually transmitted infection (STI) 

trichomoniasis-causing Trichomonas vaginalis, the malaria-related babesiosis-causing 

Babesia spp., and S. mansoni (O’Donoghue et al., 2019; Jalovecka et al., 2018; Bibo-Verdugo 

et al., 2019). Furthermore, the assay has been used to characterise a Ca2+-dependent cysteine 
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protease, a novel vaccine candidate found in Schistoma spp.; and the cathepsin Ls of F. 

hepatica (FhCLs), referred to in Section 2.5.6. (Chaimon et al., 2019; Corvo et al., 2018). It 

has also been used to characterise a protease secreted by the mammalian parasite and disease 

vector Ixodes ricinus, a type of hard-bodied tick; specifically, the gut-associated aspartyl 

cathepsin D (IrCD1) haemoglobinase (Sojka et al., 2012). 

 

Bearing in mind the use of the MSP-MS assay to develop protease-specific peptide substrates 

which can then be used to detect specific proteolytic activity in bodily fluids, proteases can 

thus be used as biomarkers for a plethlora of medical conditions. O’Donoghue and Hall (2019) 

have proposed a portable, point-of-care (POC) protease assay for predicting exacerbations in 

CF patients; comprising of a magnetic chip reader and a disposable biosensor chip that has 

been pre-functionalised with NE-specific cleavable peptides coupled with magnetic 

nanoparticles (MNPs); with the peptides acting as linkers between the sensor surface and the 

MNPs. Cleavage of the peptides by NE would liberate the MNP, causing a measurable drop 

in magnetoresistance over time (Huang et al., 2017); with a rate increase correlating with the 

quantity of NE. Thus, a higher level of NE in the CF sputum would indicate the beginning of 

an acute exacerbation of the condition; facilitating quicker treatment and therefore reduced 

lung tissue damage. The authors declared that this POC assay could be applied to other chronic 

airway diseases such as chronic obstructive pulmonary disease (COPD), but could also be 

applied in other scenarios, such as UTI (Adem et al., 2020). Essentially, the sensor could be 

pre-functionalised with peptides cleavable by common UTI-causing bacterial proteases; such 

as the pore-forming toxin a-haemolysin (HlyA) secreted by uropathogenic E. coli (UPEC), 

that degrades cytoskeletal scaffolding proteins and components of the NFkB signalling 

pathway (Dhakal and Mulvey, 2012); proteases secreted by other relevant bacteria such as K. 

pneumoniae, Enterococcus spp., P. aeruginosa, or Group B Streptococcus (Foxman, 2010); 

and the proteases of the Proteus spp., as outlined in this study. The presence of UTI would 

then be determined in the urine if a decrease in signal was observed, the specific causative 

agent could be detected based on which peptide is cleaved, and the rate of magnetoresistance 

reduction may indicate the stage of infection. 
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5.6.  Conclusion 

 

Metalloproteases secreted by clinically relevant Proteus spp. are likely to play a key role in 

their uropathogenesis; being involved in host immune evasion and bacterial persistence. In 

this study, these proteases were successfully purified in their active form using a previously 

established HIC-based method. They were all found to be potently inhibited by the N-alpha 

mercaptoamide dipeptide inhibitor, ME-YV; but had differing interactions with PARs; 

important signalling receptors involved in innate immunity, discussed in detail in Chapter 2. 

With the aid of the MSP-MS assay, the substrate signatures of these proteases were profiled, 

allowing the development of more specific peptide substrates and even more potent inhibitors 

for future studies. Based on previously acquired information and the overall data obtained in 

this study, in other words; the high sequence homology, identical molecular weights and 

similar substrate binding preferences of these proteases, and the ability of ME-YV to inhibit 

all of them; there is concrete evidence to state that they are homologues of one another; and, 

similar to how P.mirabilis ZapA is denoted as mirabilysin, the proteases isolated from P. 

vulgaris and P. penneri could be named vulgarilysin and pennerilysin, respectively. The MSP-

MS assay has a broad range of therapeutic applications as outlined in Section 5.5.3.1., and 

using the data obtained in Section 5.4.4., specific peptide substrates for each Proteus spp. 

protease could be synthesised and utilised as part of a portable POC assay for the early 

detection of UTI in the urine of infected patients, essentially rendering these proteases 

microbial biomarkers. Furthermore, with knowledge of the specific causative agent, this 

facilitates more appropriate antimicrobial therapy, ultimately contributing less to the growing 

global problem of antibiotic resistance. In addition to their potential as POC substrates, the 

data generated from the MSP-MS assay could be used to generate highly specific protease 

inhibitors (as discussed in Section 5.5.3.1.) to probe their physiological activity, thus making 

them candidate anti-virulence agents. These novel agents could subsequently be used in 

combination with traditional antimicrobials to increase their therapeutic efficacy for the 

treatment of infections caused by these Proteus species.
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6.1.  Conclusions 

 

P. mirabilis is an opportunistic pathogen of the urinary tract and is perhaps most notorious for 

its role in catheter-associated urinary tract infections (CAUTIs), by far the most common type 

of nosocomial infection, that pose a substantial clinical and financial burden on societies 

worldwide (see Section 1.1.1.). Swarming motility (see Section 1.2.1.2.2.2.) and urease-

mediated crystalline biofilm formation (see Sections 1.2.1.3. and 1.2.1.4.) facilitate catheter 

migration, colonisation and subsequent encrustation and blockage; restriction of urine flow 

can cause vesicoureteral reflux (VUR) of P. mirabilis-infected urine to the kidneys 

(pyelonephritis) that has the potential to lead to bacteriaemia with a mortality rate of 13 to 30 

% (Sabbuba et al., 2003; Jacobsen and Shirtliff, 2011; Flores-Mireles et al., 2015; Cartwright, 

2018). To avoid such complications, these indwelling medical devices are removed or 

replaced, and any residual infection is then treated with antibiotics. However, given the rapid 

emergence of multidrug-resistant (MDR) pathogens worldwide due to antibiotic over-

prescription (a significant proportion of which are used to treat UTI), and the declining 

frequency in the availability of new antibiotic classes, ongoing research seeks to identify 

antibiotic-preserving alternatives for use either alone or in combination with current 

treatments; this is mainly in the form of anti-virulence agents (see Section 1.2.1.7.) (Supuran 

et al., 2002). Regardless of bodily site, be that the urinary tract or elsewhere, bacterial 

pathogens rely on virulence factors to proliferate and disseminate within a host whilst evading 

the immune system. Identification of these factors and understanding how they interact with 

host immunity at the cellular and molecular level therefore facilitates the development of novel 

therapeutic agents that can curtail such virulence. Proteases are ubiquitous enzymes that 

degrade or process proteins via peptide bond hydrolysis (see Section 1.3.1.1.); many of those 

bacterial proteases are effective virulence factors due to their role in cleavage or modification 

of host structural and immune proteins, contributing to bacterial invasiveness and evasion of 

antimicrobial defences, respectively (Miyoshi and Shinoda, 2000); thus, insights into their 

structure, function and host interactions allows for the development of novel inhibitors (Turk, 

2006), as will be discussed further. Here, P. mirabilis has been used as a model of study for 

such interactions. 

 

A comprehensive review of the vast array of P. mirabilis virulence factors is provided in 

Section 1.2.1. P. mirabilis host innate immune evasion is directly or indirectly facilitated by 

a number of these factors (Section 1.2.1.8.); however, secretion of ZapA (Section 1.3.), also 

known as mirabilysin, is undoubtedly the principal contributor to this; thus, the vast majority 

of studies carried out throughout this thesis were focussed primarily on this 54 kDa, Zn2+-

dependent metalloprotease, and its interaction with host substrates important to innate 
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immunity. Logically, acquisition of a purified preparation of ZapA underlaid all downstream 

studies. Proteolytically active fractions of native ZapA were effectively and recurrently 

obtained from P. mirabilis strain BB2000-conditioned media using a fast protein liquid 

chromatography (FPLC) procedure on hydrophobic interaction chromatography (HIC) phenyl 

sepharose columns using the ÄktaPrime FPLC Plus apparatus, as described, presented and 

discussed in Sections 2.3.1., 2.4.1. and 2.5.1., respectively. Based on protein yields, this 

adaptation of the original protocol outlined by Loomes et al. (1990) is 10 to 25 times more 

efficient than a method using the original protocol and recombinant E. coli DH5α (Wassif et 

al., 1995). After confirmation of adequate purity (see Sections 2.3.1.2.2., 2.4.1.2. and 2.5.2.) 

and quantification of activity (see Sections 2.3.1.2.3., 2.4.1.3. and 2.5.3.), ZapA was assayed 

against novel innate immunoproteins and peptides in vitro via co-incubation under appropriate 

conditions followed by SDS-PAGE analysis (see Sections 3.3.1., 3.4.1–2. and 3.5.); and 

calcium mobilisation assay (see Sections 2.3.2.2.2., 2.4.2. and 2.5.5.) and enzyme-linked 

immunosorbent assay (ELISA) (see Sections 3.3.2., 3.4.3. and 3.5.) using human prostate (PC-

3 and DU145) and bladder (5637) cell lines stimulated with various protease-activated 

receptor (PAR) and toll-like receptor (TLR) agonists, to examine the effects of ZapA on PAR 

activation and cytokine release, respectively. PARs and pro-inflammatory cytokines (namely 

IL-6, IL-8 and IL-1b) were selected for study due to their regulatory roles in phagocytic 

activation and recruitment, as outlined in Sections 2.1.1.2. and 3.1., respectively; as well as 

existing scientific literature indicating their vulnerability to bacterial proteolysis, an important 

virulence mechanism employed by pathogenic bacteria in order to perturb innate immunity 

and proliferate within the host, as outlined in Sections 2.5.6. and 3.5., respectively. The overall 

outcome of such experiments is summarised in Table 6.1., which is essentially an updated 

version of Table 1.5. in Section 1.3.3., outlining all human-derived ZapA substrates known 

thus far.  
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Table 6.1. ZapA substrates of human origin 

Substrate typea 

Structural proteins Innate immunoproteins and peptides 

Cytoskeletal Actin Immunoglobulins IgA1 

 
b-tubulin 

 
IgA2 

 IgG 

ECM Fibronectin   

Collagen Complement C1q 

Laminin 
 

C3 

  

 AMPs hbD1 

  LL-37 

   

 Receptors PAR1 

  PAR2 

   

 Cytokines IL-6 

  IL-8 

  IL-1b 
aAbbreviations: Extracellular matrix (ECM); Antimicrobial peptides (AMPs); Human beta 

defensin 1 (hbD1); Protease-activated receptor (PAR); Interleukin (IL). Substrates highlighted 

in orange are those inactivated or degraded by ZapA-mediated cleavage, whereas those in 

green are activated or proteolytically processed by ZapA.  

 

Another host protein with particular importance to the innate immunity of the urinary tract, 

Tamm-Horsfall glycoprotein (THG), was hypothesised as being a ZapA substrate, due to its 

role in fimbrial binding in order to prevent bacterial host attachment, as well as binding host 

proteins with immunomodulatory effects, as outlined in Section 4.1.2–3. However, it was 

found that ZapA was unable to degrade THG in its native conformation, likely due to heavy 

protein glycosylation and broad-spectrum protease resistance mechanisms, as shown and 

discussed in Sections 4.4.3. and 4.5. Nevertheless, in terms of CAUTI, the presence of THG 

in the urine may promote catheter colonisation and biofilm formation as it can also bind to 

common catheter materials including latex and silicone, providing a priming layer to which 

bacteria can adhere via fimbriae (Raffi et al., 2012), thus, the inactivity of bacteria towards 

THG may prove advantageous. Conversely, ZapA could readily degrade heat-denatured THG, 

a finding corroborated by that fact that ZapA can only degrade heat-denatured secretory IgA 
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(sIgA), another innate immunoprotein found at mucosal surfaces such as the urinary tract and 

is protected by glycosylation owing to its secretory component; whereas its counterpart found 

in serum lacks this component and is readily hydrolysed by ZapA, also discussed in Section 

4.5. (Carson et al., 2011; Senior et al., 1987; Woof and Kerr, 2006; Almogren et al., 2006; 

Mattu et al., 1998). Thus, the substrates provided in Table 6.1. are likely to be true substrates 

of ZapA, as they can be hydrolysed in their native conformation.  

 

ZapA is undeniably a broad-spectrum protease, as reflected by the plethora of host substrates 

in Table 6.1. Proteases from other pathogenic bacterial species (many of which are also broad-

spectrum) that share these substrates are outlined in Sections 1.3.3.1.1–2., 1.3.3.2.1–3. 

(Tables 1.6–10.), 2.5.6., and 3.5. The non-specific nature of ZapA is also made evident by the 

comprehensive prime and non-prime side amino acid subsite specificity data presented in this 

thesis (Section 5.4.4.1.); and supports the argument by Belas et al. (2004) that rather than 

being a highly focused ‘smart bomb’ approach to protecting P. mirabilis from innate immune 

attack, ZapA is a general ‘weapon of mass destruction’; and, in doing so, it inadvertently hits 

targets with polarising effects; as is the case for the proteolytic processing of pro-IL-1b into 

its mature, active form, IL-1b. Despite this, the overall contribution of ZapA provides P. 

mirabilis with an anti-inflammatory virulence phenotype in vivo; in a rat prostatitis model, 

infection with a P. mirabilis DzapA strain causes significantly reduced inflammation (lower 

infiltration of neutrophils) and acute infection as compared to a wild-type strain, as well as 

reduced host tissue damage (due to the role of ZapA in degradation of ECM structural proteins) 

and bacterial colonisation (Phan et al., 2008); this indicates that loss of ZapA constitutes a 

huge detrimental impact on P. mirabilis pathogenesis.  

 

As a broad-spectrum protease, regulation of ZapA expression may prove extremely important 

to P. mirabilis uropathogenesis to counteract any aberrant activity. P. aeruginosa is an 

exemplary organism for validating this concept, as two of its primary virulence determinants, 

also broad-spectrum metalloproteases, elastase B (LasB) and alkaline protease (AprA), are 

under intricate control. As briefly touched on in Section 1.2.1.4., quorum sensing (QS) is 

bacterial cell-cell communication via the production of signalling molecules known as 

autoinducers (AIs) that at a high concentration (due to high population density) bind cognate 

receptors to prompt the transcriptional expression of various genes, including those encoding 

virulence factors. Various host-derived factors (such as T-cell-derived cytokine IFN-γ 

(Section 3.1.) and phagocyte-derived LL-37 (Section 1.3.3.2.3.) and environmental cues (such 

as starvation, hypoxia or low Fe3+) appear to radically alter the virulence phenotype of this 

opportunistic pathogen, which is dictated by four interactive QS signalling systems activated 

by various Pseudomonas AIs (PAIs) that constitute a hierarchal intracellular communication 
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network. At the top of this network is the las/LasI-LasR system (LasI is a PAI and LasR is an 

AHL-dependent transcription factor) that directly regulates LasB and AprA (Lee and Zhang, 

2015). As discussed in Section 1.3.2., ZapA is under the control of the two-component system 

(TCS) CpxAR (Chen et al., 2020), which may in turn regulate a yet to be well-defined QS 

system in P. mirabilis (Wasfi et al., 2020). It is well-established that ZapA production and 

secretion increases during swarming motility, in which P. mirabilis cells become elongated 

and hyperflagellated to greater facilitate migration across various surfaces; this is induced by 

environmental cues such as viscosity, amino acids, low pH, and metabolites (see Section 

1.2.1.2.2.2(.1–2.)). As such, swarming motility may be upregulated by the same QS system as 

ZapA, or as part of a larger, interconnected communication network like that found in P. 

aeruginosa. This knowledge could be applied to an ascending (CA)UTI; during the initial 

stages, concurrent upregulation of swarming motility and ZapA secretion would benefit P. 

mirabilis host colonisation and immune evasion, respectively; once established, QS within 

densely populated crystalline biofilms may then instigate some cells (depending on 

aforementioned environmental cues) to re-adopt this virulent, anti-inflammatory, and motile 

phenotype in order to disseminate to other sites of the body whilst avoiding host defences.  

 

Additionally, the activity of AprA, an M10(B) subfamily member with 46.74 % sequence 

identity to ZapA (see Table 1.4.), is regulated by the potent, periplasmic AprA inhibitor (AprI) 

that is also part of the apr operon, likely to protect self-produced proteins from AprA 

degradation prior to secretion (Bardoel et al., 2011b). However, no equivalent ZapA-inhibitory 

gene has been found within the zap operon and therefore it is unlikely to be regulated in this 

way. However, like AprA, ZapA was also found to degrade a protein of endogenous origin, 

specifically, flagellin monomers. 

 

Flagella were extracted from P. mirabilis BB2000 cells via glass bead shearing and purity was 

confirmed by SDS-PAGE, as explained and presented in Section 4.3.1.3. and 4.4.1. In order 

to convert this polymeric preparation of flagella into a monomeric form, it was depolymerised 

via heat treatment (Bardoel et al., 2011a). Separate co-incubation studies of ZapA with both 

forms revealed that it was only able to degrade flagella in its monomeric form (see Section 

4.4.2.). This represents a highly strategic virulence mechanism by P. mirabilis, as during 

swarming motility via intact, polymeric (filamentous) flagella, excessive flagellin shearing is 

likely to occur; degradation of these monomers via ZapA would prevent TLR5-mediated 

immune recognition, in contrast to the polymeric form where it is unable to do so, as discussed 

in Section 4.5. and illustrated in Figure 4.6. 
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Translation of these findings in a potential in vivo pathological context during (CA)UTI is 

schematically presented below in Figure 6.1. 

 

Figure 6.1. Novel insights into host-P. mirabilis interactions. P. mirabilis is an infamous 

CAUTI-associated opportunistic pathogen that expresses a plethora of virulence factors, 

enabling it to proliferate and persist within the host whilst circumventing the immune system; 

these include fimbriae that facilitate urothelial adherence and host colonisation during the 

initial stages of infection (Section 1.2.1.2.1.1.), and urease-mediated hydrolysis of urea into 

ammonia, a source of nitrates for microbial metabolism, and carbon dioxide (Section 1.2.1.3.), 

ultimately elevating the local pH; this triggers the formation of urinary calculi (urolithiasis), 

in turn facilitating the formation of crystalline biofilms (Section 1.2.1.4.). Other virulence 

factors not shown above include siderophore and toxin production to essentially pilfer 

micronutrients from the host (Section 1.2.1.5.), and intracellular survival (Section 1.2.1.6.). 

During CAUTI, swarming motility allows P. mirabilis to easily migrate across the catheter 

and into the compromised bladder (Section 1.2.1.2.2.). Swarmer cells are hyperflagellated; 

consequently, there is excessive extrication of flagellin monomers, a pathogen-associated 

molecular pattern (PAMP) for Toll-like receptor 5 (TLR5), a pattern recognition receptor 

(PRR), which induces a pro-inflammatory response from epithelial and phagocytic cells such 

as macrophages and neutrophils, mainly via the inflammasome, a multi-protein signalling 

complex (Section 4.1.1.). To combat this, P. mirabilis secretes the metalloprotease ZapA 
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(Section 1.3.) that degrades these monomers and prevents host recognition (A). In contrast, 

polymeric flagella still attached to the bacterium does not activate TLR5, and it is resistant to 

ZapA-mediated hydrolysis (Figure 4.6.). As with the vast majority of Gram-negative 

pathogens, P. mirabilis possesses LPS, a glycoconjugate that mediates interactions between 

the bacterium and the environment and oversees the diffusion of molecules in and out of it 

(Section 1.2.1.1.). The vital component of LPS, lipid A, also known as endotoxin, is another 

PAMP as a potent stimulator of innate immunity via TLR4 (Section 1.2.1.1.1.). TLR4 and 

TLR5-mediated inflammatory responses include the release of cytokines, small signalling 

proteins that facilitate recruitment of phagocytes via chemoattraction (Section 3.1.). ZapA 

hydrolyses two pro-inflammatory cytokines, interleukin 6 (IL-6) and IL-8 (B) (Sections 3.1.5–

6. and Figure 3.3.), directly impacting this process. However, ZapA also proteolytically 

processes another pro-inflammatory cytokine, extracellular pro-IL-1β, into its active form, IL-

1β (Section 3.1.1–3. and Figure 3.2.), independent of canonical activation via cytosolic 

caspase-1 and the inflammasome (C); it has recently become apparent that this cytokine is an 

innate immune sensor of microbial proteolysis (LaRock et al., 2015). On top of this, ZapA 

disarms protease-activated receptors (PARs) 1 and 2, via cleavage at a site beyond the N-

terminal activation motif resulting in its removal (D), leaving them resistant to activation by 

host proteases such as thrombin and trypsin for PAR1 and PAR2, respectively (Section 

2.1.1.3.1.1. and Figure 2.2.). This prevents downstream signal transduction primarily via the 

NFκB pathway and therefore the transcription of pro-inflammatory factor-encoding genes, 

including aforementioned cytokines (Section 2.1.1.3.2.4.). 

 

As stated previously, protease inhibitors have therapeutic potential as potent anti-virulence 

agents in the treatment of infection. The most well-known of these are viral in nature; for 

example, heterodimeric hepatitis C virus (HCV) NS3/4A serine protease inhibitors such as the 

P2 cyclopentane macrocyclic inhibitor simeprevir; or homodimeric human immunodeficiency 

virus (HIV)-1 aspartic protease hydroxyethylene dipeptide isostere-based peptidomimetic 

inhibitors like atazanavir; these clinically available drugs act by preventing the formation of 

mature viral proteins required for the infectivity of progeny virions during replication (Bakulin 

et al., 2014; Rosenquist et al., 2014; De Clercq, 2013; Patick and Potts, 1998). The escalating 

antibiotic resistance problem has hastened the development of antibiotic-sparing alternatives 

in order to prolong their efficacy for the treatment of bacterial infection (see Section 1.2.1.7.) 

(Supuran et al., 2002). This includes the use of recombinant monoclonal antibodies that 

facilitate passive immunisation; for example, the FDA-approved raxibacumab, that targets the 

host cell-binding protective antigen (PA) of the tripartite Bacillus anthracis anthrax toxin, that 

also consists of lethal toxin (LeTx) and oedema toxin (EdTx) (Dubin et al., 2013; Huang et 

al., 2015). However, specific protease inhibitors generally have more favourable 



Chapter 6 | Conclusions and future work 
 

 234 

pharmacology and are less expensive in comparison to biologics, such as (D-Arg)9-Trp-Leu-

Met-CONHOH (or (D–R)9–W–L–M–CONHOH), a peptide hydroxamate that targets lethal 

factor (LF), the enzymatic component of LeTx, a gluzincin subclan and M34 family Zn2+-

metalloprotease responsible for B. anthracis macrophage cytotoxicity via MEK inactivation 

(see Section 2.1.1.3.2(.3.)) (Li et al., 2011; Goldberg and Turk, 2016). Whilst other bacterial 

metalloprotease inhibitors do exist, such as aliphatic/aromatic sulphanomide moiety-

incorporating dipeptidyl-based amino-thiols that inhibit the clostridial M27 gluzincins, 

botulinum (BoNT) and tetanus neurotoxins (TeNT), that delay neuroexocytosis 

(neurotransmitter release) through their light (L)-chain (Martin et al., 1999); bacterial 

metalloprotease inhibitors remain relatively untapped as antibiotic-sparing alternatives or used 

in combinatorial treatments (Culp and Wright, 2017). 

 

In this study, SH–CO2–Y–V–NH2, or ME-YV, an N-alpha mercaptoamide dipeptide inhibitor, 

was used to effectively inhibit the proteolytic activity of ZapA and two homologous 

metalloproteases (>80 % sequence similarity, see Table 1.4.) from two other clinically 

relevant Proteus spp., P. vulgaris and P. penneri in vitro; having implications for infections 

caused by these opportunistic uropathogens. The structure and mechanism of action of ME-

YV is provided in Figure 2.15.(B) and Section 2.5.4., respectively. Peptide-based 

metalloprotease inhibitors are usually designed by conjugation of an N-terminal metal 

chelating group to a series of amino acid residues preferred by the protease at positions C-

terminal to the cleavage site (primed side residues), thus providing high affinity binding to the 

active site of the protease (Turk, 2006). Such inhibitors can therefore act on similar proteases 

that share the peptide substrate sequence found in the inhibitor; as is the case for ME-YV, 

which also acts on P. aeruginosa LasB (see Section 2.5.4.) (Carson et al., 2012). ZapA and 

LasB are both bacterial Zn2+-metalloproteases, although ZapA is a metzincin (MA(M)) of the 

serralysin (M10) family, whereas LasB is a gluzincin (MA(E)) of the thermolysin (M4) family 

(see Section 1.3.1. for details on MEROPS classification). Although coming from different 

subclans and families, they share numerous host substrates such as the ECM component 

laminin, antibodies IgG and IgA, complement components C1q and C3, and the AMP LL-37, 

as described in Sections 1.3.3.1.2., 1.3.3.2.1–3. (Tables 1.7–10.) (Belas et al., 2004; Heck et 

al., 1986; Loomes et al., 1990; Kerr et al., 1995; Fick et al., 1985; Heck et al., 1990; Hong 

and Ghebrehiwart, 1992; Schmidtchen et al., 2002); and, as a result of the work presented 

throughout this thesis, additional shared substrates have been identified, namely PAR2, IL-6, 

IL-8 and pro-IL-1β (Dulon et al., 2005; Matheson et al., 2006; Sun et al., 2020). Bearing this 

in mind, sequence optimisation based on substrate subsite preferences can improve the 

specificity and potency of peptide-based inhibitors (Goldberg and Turk, 2016). With the aid 

of the multiplex substrate profiling by mass spectrometry (MSP-MS) assay developed by 
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collaborator Dr. Anthony O’Donoghue (O’Donoghue et al., 2012), a direct cleavage assay that 

uses matrix-assisted laser desorption/ionisation-time of flight (MALDI-TOF) MS-based 

peptide sequencing to uncover degradation products from a mixture of rationally designed 

synthetic peptides (described in detail in Section 5.3.3.), prime and non-prime side substrate 

specificity data for ZapA and other Proteus spp. proteases were generated and presented in 

Sections 5.4.4.1–5. and discussed in Section 5.5.3. As outlined in Section 5.5.3.1., molecular 

characterisation and functional analysis of bacterial proteases via the MSP-MS assay can pave 

the way for the development of novel and highly specific peptide-based substrates and 

inhibitors for the detection, diagnosis and treatment of infection. Quantitative detection of 

bacterial protease activity in urine could therefore be utilised as a biomarker of UTI and 

applied practically in a potential point-of-care (POC) assay developed by Adem et al. (2020), 

in which cleavage of magnetic nanoparticle (MNP)-coupled peptide substrates specific to 

individual proteases secreted by UTI pathogens such as E. coli, K. pneumoniae, Enterococcus 

spp., P. aeruginosa, Group B Streptococcus and Proteus spp. (Foxman, 2010) causes a rapid 

drop in magnetoresistance. Additionally, rapid detection of the specific causative agent would 

enable more tailored antimicrobial therapy, thereby exerting less pressure on the antibiotic 

resistance problem (see Section 1.2.1.7.). 
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6.2  Future work 

 

From the range of host innate immune substrates uncovered in this thesis alone, it is evident 

that ZapA is an attractive target for the action of novel therapeutics, in the form of inhibitors 

(as with all microbial proteases), to treat infections caused by P. mirabilis. An N-alpha 

mercaptoamide dipeptide inhibitor, ME-YV, was shown to effectively eliminate the activity 

of ZapA in vitro, as it protected substrates studied from ZapA-mediated degradation. Although 

initial in vivo studies using the larvae of the greater wax moth Galleria mellonella proved 

inconclusive, a simple yet useful model for studying bacterial pathogenesis, efficacy of novel 

antimicrobials, and innate immune responses (Tsai et al., 2016; Browne et al., 2013; Pereira 

et al., 2018); more robust, complex models, for example, murine models, could preferably be 

used, as they possess important aspects of the innate humoral response, such as the coagulation 

cascade and reactive oxygen species (ROS) production, as well as PAR orthologues (an 

important receptor involved in coagulation and antimicrobial detection, that is inactivated by 

ZapA, as demonstrated in this thesis) that insect models lack (Brake et al. 2019; Fang, 2011; 

Pereira et al., 2018; Posma et al., 2019). Thus, use of murine models would more realistically 

reflect P. mirabilis infection in humans. Another interesting model for studying host-P. 

mirabilis interactions is a co-culture model, in which bacteria-host cell interactions are 

mediated by an interface in the form of a semi-permeable membrane. Those involving multiple 

cell types would be particularly useful, specifically, epithelial and various innate immune cells 

such as neutrophils and macrophages approximated to a known tissue constituency of the 

urinary tract, which would mimic in situ dynamic biological interactions. Various cell types 

can influence the function of others mainly via cytokines, another important ZapA substrate 

demonstrated here. This model would avoid the economic and ethical constraints of 

aforementioned in vivo models (Duell et al., 2011). 

 

The prime and non-prime site substrate specificity data for ZapA acquired from the MSP-MS 

assay provide a more guided approach in the search for novel host substrates; based on the 

cleavage site specificity and preferred sequence space of ZapA, predictions could be made as 

to what substrates are likely to be hydrolysed by it, based on their amino acid sequences, and 

tertiary and quaternary structures. This assay could also facilitate the development of a 

synthetic peptide substrate optimally cleaved by ZapA, which itself could be used as a 

powerful probe for identifying novel ZapA substrates. As mentioned previously, it could also 

be applied in a POC assay for the rapid detection of P. mirabilis in the urine; and assembled 

as part of a more potent ZapA inhibitor for the treatment of P. mirabilis-induced UTI. Overall, 

the versatility and range of applications that MSP-MS assay-generated data can facilitate could 



Chapter 6 | Conclusions and future work 
 

 237 

prove extremely useful for virtually any microbial protease involved in the virulence of 

pathogens. 

 

It is known that P. mirabilis can survive intracellularly (see Section 1.2.1.6.), and it is likely 

that ZapA-mediated degradation of cytoskeletal proteins actin and β-tubulin plays some part 

in this; this implies that ZapA is released within the host cytosol, thus, it potentially influences 

the expression of host genes. This is a common feature of viral proteases, in which hijacking 

of molecular machinery is important for self-preservation and replication (Smart et al., 2020). 

In contrast, ZapA may repress the expression of genes encoding pro-inflammatory proteins 

and receptors important to innate immune responses. Elucidation of the expression of such 

genes during P. mirabilis intracellular survival via microarray analysis and reverse 

transcription polymerase chain reaction (RT-PCR) that measure messenger ribonucleic acid 

(mRNA) levels may further unravel the molecular mechanisms behind the contribution of 

ZapA to the pathogenesis of this bacteria. Secreted ZapA may also be internalised by host cells 

independent of P. mirabilis intracellular invasion, as observed for other bacterial proteases 

(see Section 1.3.3.1.1.), without the loss of proteolytic or cytotoxic activity. Therefore, on top 

of its actin- and β-tubulin-degrading activity, ZapA may interfere with host gene expression 

without the need for P. mirabilis intracellular invasion.  

 

It may prove valuable to re-attempt the purification of recombinant ZapE (see Figure 1.6. and 

Appendix I); as ZapA was purified from a native source, it is still unknown whether its 

operonic counterpart is critical to its expression, secretion or activity. 

 

There are conflicting reports as to whether or not ZapA contributes to the biofilm-forming 

ability of P. mirabilis (Phan et al., 2008; Chen et al., 2020). If it does, the mechanism of this 

is still to be elucidated (see Section 1.3.3.3.); identification of a QS system in this bacterium 

could provide some insight into this. 

 

In conclusion, given the range of host substrates that ZapA degrades or proteolytically 

processes as demonstrated in previous literature and in studies carried throughout this thesis, 

it is clear that this metalloprotease greatly contributes to the immunoevasive phenotype of P. 

mirabilis during UTI and CAUTI; thus, its inhibition represents a viable therapeutic strategy 

for the treatment of such infections. Furthermore, application of a ZapA-specific substrate in 

a novel, urine-based POC assay could potentially facilitate rapid detection of P. mirabilis 

infection and therefore more customised antimicrobial therapy, which could eventually 

involve a ZapA inhibitor coupled with more traditional treatments, in other words, antibiotics. 
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Appendix I Cloning and recombinant expression of Proteus mirabilis zapE in 

Escherichia coli 

 

I.I.  Overview 

 

The 2,016-base pair (bp) zapE gene (see Section 1.3.2.; Figure 1.6.) was successfully 

amplified from P. mirabilis BB2000 DNA via conventional polymerase chain reaction (PCR 

setup and conditions are provided in Table I.II–III.), using specifically designed primers (see 

Table I.I.) that allow for subsequent ligation (reaction setup is provided in Table I.V.) into 

pQE expression vectors pQE30 (3,461 bp) and pQE60 (3,400 bp) (maps are detailed in Figure 

I.I.) using the restriction endonucleases BamHI with SalI or BglII, respectively (setup is 

described in Table I.IV.), which add an N-terminal hexahistidine (6×His) and C-terminal 

6×His tag to the overexpressed ZapE protein, respectively (induced with isopropyl β-D-1-

thiogalactopyranoside; IPTG), facilitating purification via Ni2+-affinity chromatography (see 

Section I.II.II.). Prior to protein purification, pQE vectors harbouring zapE were confirmed 

via gene sequencing using primers detailed in Table I.VI., and any unwanted mutations were 

corrected via site-directed mutagenesis using primers detailed in Table I.VII. They were then 

transformed into chemically competent E. coli TOP10 cells and positive colonies were 

screened via selective growth on LBA supplemented with ampicillin (as pQE vectors confer 

ampicillin resistance, as seen in Figure I.I.). zapE-ligated pQE plasmids were then extracted 

from TOP10 cells and transformed into E. coli BL21(DE3), a prototype strain for T7 

expression (as well as the universal T5 expression system for all E. coli strains), that lacks the 

Lon protease and the OM protease OmpT, that would otherwise degrade foreign proteins at 

the intracellular and extracellular level, respectively. Large cultures of transformed 

BL21(DE3) were induced to overexpress ZapE; afterwards, cells were harvested, lysed in 

buffer, sonicated and centrifuged, and the resulting supernatant was filtered and passed 

through high performance Ni2+-sepharose columns. Eluted fractions were analysed for the 

presence of ZapE using conventional methods (see Section 2.3.1.2.2.1.). 
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Figure I.I. Circular restriction maps of the 3.4-kilobase pair (kbp) pQE30 (A) and pQE60 

(B) vectors. The pQE vectors (QIAGEN; Hilden, NW, Germany) are engineered derivatives 

of the wild-type (WT) ColE1 vector, with a relatively high copy number of 15 to 20 vectors 

per cell. They utilise two lac operator sequences (lacO) to attain increased control of the T5 

promoter (PT5) which is recognised by the E. coli RNA polymerase. IPTG is the inducer of 

the lac operon that functions by binding to the lac repressor (lacI). The multiple cloning site 

(MCS) harbours an array of restriction sites that facilitate the insertion of desired gene(s) 

downstream of the translation initiation codon (ATG). In pQE30 (A) and pQE60 (B), the 

nucleotide sequence encoding six histidines are downstream and upstream of the MCS, adding 

N- and C-terminal 6×His tags to the desired gene(s) required for Ni2+-affinity chromatography-

based purification of translated recombinant protein(s), respectively. Further downstream is 

the ribosome-binding site (RBS), responsible for ribosomal recruitment required for the 

initiation of protein translation of the desired gene(s). The presence of an ampicillin resistance 

gene facilitates selective screening of bacterial host cells successfully transformed with pQE 

vectors.  

 

I.II.  Methods 

 

I.II.I.  Cloning of P. mirabilis zapE into chemically competent E. coli 

 

DNA from P. mirabilis BB2000 was extracted using the GenElute™ Bacterial Genomic DNA 

Kit (Sigma-Aldrich, now part of Merck; Darmstadt, HE, Germany) and the instructions 

provided, and quantified using the Qubit™ double-stranded (ds)DNA High Sensitivity (HS) 

Assay Kit and associated Qubit® Fluorometer, version 2.0 (Life Technologies, now part of 

A B 
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Thermo Fisher Scientific Inc.; Waltham, MA, USA); see Figure 2.3. (an identical protocol to 

the Qubit® Protein Assay Kit, except for step three, in which DNA samples are incubated at 

room temperature for two minutes instead of fifteen). Primer sequences were designed so that 

zapE could subsequently be ligated into pQE vectors as seen in Table I.I. PCRs for each vector 

were set up as described in Table I.II.  

 

Table I.I. Nucleotide sequences of forward and reverse zapE cloning primers 

Allocated primer name Nucleotide sequence 

ZapEpQE30F (Forward)a 5’–TTTTGGATCCATGAATAGTTTTAACTCAATAAAA–3’ 

ZapEpQE30R (Reverse)a 5’–TTTTGTCGACTTACATATCTAAAAGATCATTGTA–3’ 

ZapEpQE60F (Forward)b 5’–TTTTGGATCCCATGAATAGTTTTAACTCAATAAAA–3’ 

ZapEpQE60R (Reverse)b 5’–TTTTAGATCTCATATCTAAAAGATCATTGTAAC–3’ 

All primers were synthesised by Life Technologies, now part of Thermo Fisher Scientific Inc.; 

Waltham, MA, USA. 
aPrimers used for ligation of zapE into pQE30. 
bPrimers used for ligation of zapE into pQE60. 
 

Table I.II. PCR setup of zapE amplification from P. mirabilis BB2000 DNA for 

subsequent ligation into pQE vectors 

Reagent Volume (μL) 

RNAase-free water 7 

P. mirabilis BB2000 DNAa 1 

Forward primer (ZapEpQE30Fb/ZapEpQE60Fc) 1 

Reverse primer (ZapEpQE30Rb/ZapEpQE60Rc) 1 

GoTaq® Green Master Mix (Promega Corporation; Madison, WI, USA) 10 

Total volume 20 
aRNAase-free water was substituted in place of bacterial DNA for negative control samples. 
bPrimers used for ligation of zapE into pQE30. 
cPrimers used for ligation of zapE into pQE60. 
 

The PCR samples were run in a thermal cycler using the program outlined in Table I.III. 
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Table I.III. Thermal cycler conditions for zapE cloning PCR program 

Step Description 
Temperature 

(̊C) 

Duration 

(seconds) 

Number of 

cycles 

1 Initial denaturation 96 60 1 

2 

Primer denaturation 96 20 

3 Primer annealing 50 30 

Primer extension 72 75 

3 

Primer denaturation 96 20 

25 Primer annealing 50 30 

Primer extension 72 75 

4 Final extension 72 600 1 

5 Storage 12 ∞ ∞ 

 

After the roughly seventy-minute PCR, samples were run on a 1 % agarose gel for one hour 

at 100 V and purified using the QIAquick Gel Extraction Kit (QIAGEN; Hilden, NW, 

Germany) and the instructions provided. Double restriction digestion of plasmids and PCR 

products using restriction endonucleases were performed in microcentrifuge tubes and set up 

as described in Table I.IV. 

 

Table I.IV. Restriction digestion setup of pQE vectors and zapE PCR products  

 Volume (μL) 

pQE30 pQE60 zapE-pQE30 zapE-pQE60 

R
ea

ge
nt

 

DNA template 10 10 15 15 

RNAase-free water 23.6 23.6 18.6 18.6 

NEB Buffer 3.1 4 4 4 4 

BSAa 0.4 0.4 0.4 0.4 

BamHI (NEBb) 1 1 1 1 

SalI (NEBb) 1 – 1 – 

BglII (NEBb) – 1 – 1 

Total volume 40 40 40 40 
aBovine serum albumin (BSA). 
bNew England Biolabs (NEB; Ipswich, MA, USA). 

 

Samples were incubated for one hour at 37 ̊C. After digestion, vectors were treated with 1 μL 

of calf intestinal alkaline phosphatase (CIP; NEB) and incubated for a further one hour at 37 ̊C 

in order to prevent auto-ligation. Resultant DNA was then purified using the QIAquick PCR 
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Purification Kit (QIAGEN; Hilden, NW, Germany) and the instructions provided. Ligation 

reactions were set up as detailed in Table I.V. and allowed to proceed overnight in a thermal 

cycler set to 16 ̊C.  

 

Table I.V. Reaction setup of zapE ligation into pQE vectors 

Reagent Volume (μL) 

RNAase-free water 4 

5X DNA Ligase Buffer (NEB)  3 

Vector DNA (pQE30a/pQE60b) 3 

PCR product (zapE-pQE30a/zapE-pQE60b) 9 

T4 DNA Ligase (NEB) 1 

Total volume 20 
aFor ligation of zapE into pQE30. 
bFor ligation of zapE into pQE60. 

 

5 μL of each ligation reaction was added to 75 μL of defrosted chemically competent E. coli 

TOP10 cells and cooled on ice for ten minutes. Cells were heat-shocked at 42 ̊C for 45 seconds 

and allowed to cool on ice for a further ten minutes. 250 μL of super optimal broth with 

catabolite repression (SOC) recovery medium (Thermo Fisher Scientific Inc.; Waltham, MA, 

USA) was added to each sample and incubated at 37 ̊C for at least one hour. The total volume 

of liquid culture samples were spread onto LBA plates supplemented with 100 μg/mL 

ampicillin (Sigma-Aldrich, now part of Merck; Darmstadt, HE, Germany) and incubated 

overnight at 37 ̊C to select for successfully transformed cells. Successfully cloned colonies 

were verified via plasmid extraction using the QIAprep Spin Miniprep Kit (QIAGEN; Hilden, 

NW, Germany) and single restriction digestion, followed by gene sequencing using primers 

(nucleotide sequences are provided in Table I.VI.) which were sent to Eurofins 

Genomics/MWG Operon (Wolverhampton, Staffordshire, UK) for analysis. Processed 

sequences were checked using the BLAST Sequence Alignment Tool.  

 

Table I.VI. Nucleotide sequences of forward and reverse zapE sequencing primers 

Allocated primer name Nucleotide sequence 

ZapESeq1 (Reverse) 5’–AGAATATCGGAAATAACTTCTTGTTGA–3’ 

ZapESeq2 (Reverse) 5’–AATGATATGTGCCTGGCTGA–3’ 

ZapESeq3 (Reverse) 5’–GCCTTCATTGAGATTAATGACTTG–3’ 

ZapESeq4 (Reverse) 5’–CCACCAATAAATGTATTACTTCCA–3’ 

ZapESeq5 (Reverse) 5’–GATCATTGTAACTTAATATACCCTCAA–3’ 
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All primers were synthesised by Life Technologies, now part of Thermo Fisher Scientific Inc.; 

Waltham, MA, USA. 

 

Single nucleotide polymorphisms (SNPs) were corrected using tailored primers (nucleotide 

sequences provided in Table I.VII.) and the QuikChange Multi Site-Directed Mutagenesis 

Kit (Agilent Technologies; Santa Clara, CA, USA).  

 

Table I.VII. Nucleotide sequences of forward and reverse zapE primers for QuikChange 

PCR  

 Allocated primer namea Nucleotide sequence 

pQ
E3

0 

G254AF 5’–
TTTTAATGAAGCGATTTCGTTTTCTTTTTTTTCCTT
AAGATAGGTCAATTCATATAC–3’  

G254AR 5’–
GTATATGAATTGACCTATCTTAAGGAAAAAAAAGAA
AACGAAATCGCTTCATTAAAA–3’ 

G1933AF 5’–
AAACGAGTAGAACAATTATCAGGAAATGAAAATGAA
ATAGTTTTACATAATGATATTC–3’ 

G1933AR 5’–
GAATATCATTATGTAAAACTATTTCATTTTCATTTC
CTGATAATTGTTCTACTCGTTT–3’ 

pQ
E6

0  

C258AF 5’–
TTTCTATAATATTTTAATGAAGCGATTTCTTTTCCT
TTTTTTTCCTTAAGATAGGTCAA–3’ 

C258AR 5’–
TTGACCTATCTTAAGGAAAAAAAAGGAAAAGAAATC
GCTTCATTAAAATATTATAGAAA–3’ 

C536TF 5’–
CCGATATAAAATTTGGTTTTTACGATGATTTTCATA
TTAGTCATGGTTCAATAGAATTT–3’ 

C536TR 5’–
AAATTCTATTGAACCATGACTAATATGAAAATCATC
GTAAAAACCAAATTTTATATCGG–3’ 

All primers were synthesised by Life Technologies, now part of Thermo Fisher Scientific Inc.; 

Waltham, MA, USA. 
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aPrimer names are based on desired amino acid substitutions (for example, G254A represents 

a desired substitution of glycine (G) back to alanine (A) at position 254 of the zapE nucleotide 

sequence, whereas C536T represents a desired substitution of cysteine (C) back to threonine 

(T) at position 536 of the zapE nucleotide sequence) followed by forward (F) or reverse (R).  

 

Mutant strand synthesis reactions were prepared as described in Table I.VIII. and allowed to 

proceed in a thermal cycler using the parameters outlined in Table I.IX. 

 

Table I.VIII. Setup of mutant strand synthesis reactions (QuikChange PCR) for 

correction of single nucleotide polymorphisms (SNPs) in zapE ligated into pQE vectors  

Reagent Volume (μL) 

RNAase-free water 13.5 

zapE-ligated pQE30 or pQE60 plasmida (100 ng)  2.5 

Primary forward primera (G254AFb/C258AFc) 1 

Primary reverse primera (G254ARd/C258ARe) 1 

Secondary forward primera (G1933AFb/C536TFc) 1 

Secondary forward primera (G1933ARd/C536TRe) 1 

Deoxyribonucleotide triphosphate (dNTP) mix 1 

10X QuikChange Multi reaction buffer 2.5 

QuikSolutiona 0.5 

QuikChange Multi enzyme blend 1 

Total volume 25 
aFor control samples, QuikChange Multi control template and QuikChange Multi control 

primer mix were used in place of zapE-ligated pQE plasmids and mutagenic primers, 

respectively, and QuikSolution was omitted (a higher volume of RNAase-free water was used 

to make a final total reaction volume of 25 μL). 
bForward mutagenic primers used for zapE-ligated pQE30 (50 ng each). 

cForward mutagenic primers used for zapE-ligated pQE60 (50 ng each). 
dReverse mutagenic primers used for zapE-ligated pQE30 (50 ng each). 
eReverse mutagenic primers used for zapE-ligated pQE60 (50 ng each). 
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Table I.IX. Thermal cycler conditions for mutant strand synthesis reactions 

Step Description 
Temperature 

(̊C) 

Duration 

(seconds) 

Number of 

cycles 

1 Initial denaturation 95 60 1 

2 

Primer denaturation 95 60 

30 Primer annealing 55 60 

Primer extension 65 648a 

3 Storage 12 ∞ ∞ 
aThe extension incubation time was based on the guideline that two minutes be used per kb of 

plasmid length (zapE-ligated pQE plasmids are approximately 5.4 kb in length). An extension 

time of eight minutes was used for the control reaction.  

 

After the roughly six-and-a-half-hour PCR reaction, amplification products were placed on ice 

for two minutes to cool reactions to less than 37 ̊C. 1 µl of the restriction endonuclease DpnI 

(10 U/µL) was then added to each sample, centrifuged for one minute and incubated at 37 ̊C 

for one hour to digest the parental (non-mutated) dsDNA. XL10-Gold ultracompetent E. coli 

cells were then gently thawed on ice. 2 µL of the β-mercaptoethanol mix was added to 45 µL 

of cells for each mutagenesis reaction and incubated on ice for ten minutes with gentle swirling 

every two minutes. 1.5 µL of DpnI-treated DNA was then added to cells, swirled and incubated 

on ice for a further thirty minutes. Cells were heat-shocked at 42 ̊C for thirty seconds and put 

back on ice for two minutes. 500 µL of pre-heated NZY+ broth was then added to cells and 

incubated at 37 ̊C for one hour. 1, 10 and 100 µL of mutagenesis samples and 10 µL of 

mutagenesis controls were spread on LBA plates supplemented with 100 μg/mL ampicillin 

and incubated overnight at 37 ̊C. Cloned colonies were then rechecked via gene sequencing 

using the same primers detailed in Table I.VI. 

 

I.II.II.  Purification of recombinant ZapE 

  

Purification of ZapE via immobilised metal ion affinity chromatography (IMAC) on nickel 

(Ni2+) sepharose columns was then attempted. E. coli BL21(DE3) transformed with zapE-

containing pQE30 was incubated overnight at 37 ̊C in 10 mL LBB supplemented with 100 

μg/mL ampicillin. This primary culture was used to inoculate 1 L of LBB and allowed to grow 

for two to three hours. Protein overexpression was then induced with IPTG at a final 

concentration of 0.4 mM and incubated overnight at room temperature. The culture was then 

centrifuged (7,000 × rpm, 10 minutes) in order to harvest cells. The supernatant was discarded, 

and the pellet was re-suspended in 10 mL of wash buffer (50 mM monosodium phosphate 



Appendix I | Cloning and recombinant expression of Proteus mirabilis zapE in Escherichia 
coli 

 

 332 

(NaH2PO4), 300 mM sodium chloride (NaCl), and 20 mM imidazole (C3N2H4), pH 8.0). The 

suspension was then frozen at -80 ̊C for 45 minutes to one hour and then thawed fully at room 

temperature to induce cell lysis. The sample was sonicated on ice at an amplitude of 15 to 16 

kHz for ten seconds on and ten seconds off for ten cycles, and then briefly centrifuged in order 

to remove any remaining cell debris. The resultant supernatant was then passed through 0.8 

μM filters. The recombinant protein was then purified on HisTrap™ HP columns (GE 

Healthcare Life Sciences) using the ÄktaPrime Plus FPLC apparatus. The column volume 

used was 1 mL, which were equilibrated with wash buffer, before loading of the clarified lysate 

at a flow rate of 1.0 mL/min. Elution was achieved with a buffer containing 50 mM NaH2PO4, 

300 mM NaCl, 250 mM imidazole, pH 8.0. Protein-containing fractions were analysed by 

SDS-PAGE followed by Coomassie-Blue staining (see Section 2.3.1.2.2.1.).  

 

I.III.  Results 

 

I.III.I. Ligation of P. mirabilis zapE into pQE expression vectors and 

transformation into E. coli TOP10 

 

The zapE gene was amplified from P. mirabilis BB2000 DNA in a PCR using primers 

designed in such a way that it could be ligated into pQE expression vectors via restriction sites. 

Agarose gel electrophoresis of zapE PCR products (Figure I.II.) reveal a band of an expected 

size of approximately 2 kbp, corresponding to the size of zapE (2,016 bp).  

 

 

 

 

 

 

 

 

 

 

 

Figure I.II. Agarose gel electrophoresis of zapE PCR products. Lane 1: 1 kbp DNA Ladder 

(NEB). Lane 2: zapE (for pQE30 ligation). Lane 3: zapE (for pQE60 ligation). An intense 

band at approximately 2 kbp corresponds to that of the zapE gene. 
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Following PCR, products were ‘cleaned’ via gel extraction, and double digested with the 

appropriate restriction endonucleases along with previously purified pQE plasmids (Figure 

I.III.). 

 
Figure I.III. Agarose gel electrophoresis of double digested pQE plasmids and zapE PCR 

products. Lane 1: Quick-Load® 2-Log DNA Ladder (NEB). Lane 2: pQE30. Lane 3: pQE60. 

Lane 4: zapE PCR product for pQE30. Lane 5: zapE PCR product for pQE60. Bands at 3.4 

kbp in lanes 2 and 3 and 2 kbp in lanes 4 and 5 correspond to the size of empty pQE vectors 

and zapE, respectively.  

 

Double digestion of empty vectors renders them open to ligation by gene products. Ligated 

pQE plasmids were transformed into chemically competent E. coli TOP10 cells. Colonies 

were then screened for correct ligation via plasmid extraction (Figure I.IV.(A)), linearised by 

single digestion (using BamHI) (Figure I.IV.(B)), and sequenced.  

 

 
Figure I.IV. Agarose gel electrophoresis of plasmids extracted from transformed E. coli 

TOP10 colonies before (A) and after (B) single restriction digestion with BamHI. In A, 

the lower, more intense bands represent supercoiled plasmid DNA, which migrates down the 

gel at a faster rate. In B, single restriction digestion with BamHI causes linearisation of the 

DNA, revealing single bands that correspond to the size of ligated plasmids (2 kbp zapE gene 

and 3.4 kbp empty plasmids create a ligated plasmid of around 5.4 kbp). Lane 1: Quick-Load® 

2-Log DNA Ladder (NEB). Lane 2: pQE30 colony 1. Lane 3: pQE30 colony 2. Lane 4: pQE30 

colony 3. Lane 5: pQE60 colony 1. Lane 6: pQE60 colony 2. Lane 7: pQE60 colony 3. Lane 

8: Quick-Load® 2-Log DNA Ladder (NEB). An asterisk (*) under Lane 7 (pQE60 colony 3) 

indicates a negative result. 

 

A B 
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Upon sequencing of several colonies (via plasmid extraction and subsequent incubation with 

sequencing primers), it was revealed that each clone (zapE-pQE30 and zapE-pQE60) had two 

SNPs in their zapE nucleotide sequence; this corresponds to the mutation rate of pQE 

expression vectors, which is roughly one in every 1,000 bp for the ligated gene. After site-

directed mutagenesis (in which positive control mutagenesis reactions appeared as expected), 

re-sequencing of several colonies from each experimental mutagenesis reaction revealed that 

one SNP in each clone was corrected, and the remaining SNPs were deemed not to have a 

detrimental or deleterious effect on overall ZapE structure and function based on amino acid 

substitution (AAS) prediction software such as Sorting Intolerant From Tolerant (SIFT), 

Mutation Assessor and Protein Variation Effect Analyser (PROVEAN) (Choi et al., 2012). 

 

I.III.II.  Low recombinant expression of P. mirabilis ZapE in E. coli BL21(DE3) 

 

 
 

Figure I.V. Coomassie-stained SDS-PAGE analysis of N-terminal 6×His-tagged zapE-

expressing E. coli BL21(DE3) before and after Ni2+-affinity chromatography on 

HisTrap™ HP columns using the ÄktaPrime Plus FPLC apparatus. Lane 1: SeeBlue® 

Pre-stained Protein Standard. Lane 2: Pre-induction culture. Lane 3: Post-induction culture. 

Lane 4: Crude extract (supernatant) Lane 5: Cell pellet. Lane 6: Eluted fraction. The band 

marked with an asterisk (*) may indicate the desired protein, based on expected molecular 

weight (78 kDa).  

 

It is evident from Figure I.V. that the recombinant ZapE protein was expressed at very low 

levels by host BL21(DE3) cells (upon observation of lanes 2 and 3); this indicates that it may 

be toxic to the cells before or after induction with IPTG. A potential reason for this is that pQE 
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vectors are intrinsically ‘leaky’, in other words, they exhibit a level of basal expression without 

induction (a band of the expected molecular weight of ZapE is seen in the pre-induction lane 

in Figure I.V.); this can lead to reduced growth rates of host cells, plasmid instability, and cell 

death if a toxic gene is cloned downstream of the promoter that causes unnecessary and 

detrimental effects to the host cell (the zapE gene is potentially toxic upon expression due to 

the presence of metalloprotease features in its nucleotide sequence). The ‘leaky’ expression of 

a toxic gene would therefore ultimately lead to a low yield of the target protein. This may have 

been overcome in several ways; by using a defined growth media with only glucose as the 

carbon source, using lower copy number plasmids containing tuneable promoters or those with 

tighter regulation (in other words ‘non-leaky’ expression systems, such as the araPBAD 

promoter under the control of arabinose), and avoiding ‘leaky’ expression by co-expressing 

T7 lysozyme from the pLysS or pLysE plasmids (in T7-based promoters only). Other 

troubleshooting methods are directing the target protein to the periplasm (making it less toxic) 

via the post-translational Sec-dependent pathway or using host cells with improved membrane 

protein overproduction characteristics, such as C41(DE3) or C43(DE3), derivatives of the 

parental BL21(DE3) strain (Rosano and Ceccarelli, 2014).
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 Appendix II  Survival of Proteus spp.-infected Galleria mellonella upon treatment with 

the N-alpha mercaptoamide dipeptide metalloprotease inhibitor, SH–

CO2–Tyr–Val–NH2  

 

II.I.  Overview 

 

As previously stated in Section 5.5.1., Galleria mellonella can be used to assess the efficacy 

of novel antimicrobial compounds and anti-virulence agents in preventing invasive infection 

and hindering bacterial pathogenesis in vivo, respectively, due to the similarities of their innate 

immune system with mammals, without the laborious, economic, and ethical concerns of using 

traditional murine models (Tsai et al., 2016; Browne et al., 2013; Pereira et al., 2018; Ramarao 

et al., 2012; Wojda, 2017; Binder et al., 2016). In this study, the ability of the N-alpha 

mercaptoamide dipeptide metalloprotease inhibitor SH–CO2–Tyr–Val–NH2 (ME-YV) (see 

Sections 2.5.4. and 5.5.1.) to impede the pathogenesis of clinically relevant P. mirabilis, P. 

vulgaris and P. penneri was assessed using these simple, in vivo models of infection. 

Essentially, tailored inocula of each Proteus spp. (which would result in a low survival under 

control conditions) were co-incubated with various concentrations of ME-YV and directly 

injected into G. mellonella and larvae survival was monitored over a period of 72 hours (three 

days) at 37 °C. Tentative improvements in survival (up to 50 % higher) were found for P. 

mirabilis-infected G. mellonella, but results for the remaining two Proteus spp. were 

inconclusive. 

 

II.II.  Methods 

 

II.II.I. The deleterious impact of Proteus spp. infection on G. mellonella survival  

 

Sixth-instar G. mellonella larvae were obtained from Livefoods Direct Ltd. (Sheffield, South 

Yorkshire, UK) and stored at approximately 15 ̊C prior to use. Before experimentation, 

unsuitable subjects (such as dead larvae, or those presenting with melanisation) were 

appropriately discarded. Firstly, an appropriate infecting inoculum of each Proteus spp. 

pathogen was determined for injection into G. mellonella that would result in a low (10 to 20 

%) survival of larvae after a minimum of 48 hours. Two studies were required to do so. In the 

first study, overnight LBB cultures of P. mirabilis BB2000, P. vulgaris UM266 and P. penneri 

NCTC 12737 were diluted in sterile DPBS to an optical density of 1.0 at a wavelength of 550 

nm (OD550). Serial dilutions of these suspensions, from 10-1 to 10-6, were then prepared for 

each pathogen and used to inoculate larvae. For each dilution of each pathogen tested, ten 

replicates of randomly selected G. mellonella larvae, each weighing roughly 0.2 to 0.3 g, were 



Appendix II | Survival of Proteus spp.-infected Galleria mellonella upon treatment with the 
N-alpha mercaptoamide dipeptide metalloprotease inhibitor, SH–CO2–Tyr–Val–NH2 

 337 

intrahaemocoelically injected with 20 μL of bacterial suspension using a 0.3 mL Terumo® 

Myjector® U-100 insulin syringe (VWR Intl.; Radnor, PA, USA) via the base of the last left 

proleg (Ramarao et al., 2012). Control groups, consisting of ten larvae injected with 20 μL of 

sterile DPBS alone, were also included, to confirm that the inoculating technique had no 

detrimental impact on larvae. Larvae were housed in Petri dishes and incubated in the dark at 

37 ̊C over a period of 48 hours (two days). 37 ̊C was chosen as it is human body temperature, 

and the optimal temperature for growth of Proteus spp. and activity of associated virulence 

factors, including ZapA and homologous proteases. Furthermore, it has been reported that G. 

mellonella survive well at temperatures of between 25 and 37 ̊C (Konkel and Tilly, 2000; 

Smoot et al., 2001; Desalermos et al., 2012). 30 ̊C was also tested, where microbial virulence 

activity was found to be much lower in comparison to the rapid and complete mortality of 

larvae seen at 37 ̊C after 18 hours (see Figure II.I.). G. mellonella survive well at temperatures 

of between 25 and 37 ̊C, thus both temperatures were deemed suitable for study (Konkel and 

Tilly, 2000; Smoot et al., 2001; Desalermos et al., 2012). They were continuously monitored 

for mortality and considered dead if motionless, failed to reorient themselves when placed on 

their backs, failed to respond to stimuli, and completely melanised. Based on initial findings, 

this study was repeated with a few alterations; for P. mirabilis BB2000, the overnight culture 

was diluted down to a working OD550 of 0.3 (the other two Proteus spp. suspensions were kept 

at an OD550 of 1.0) and serial dilutions were prepared down to 10-8, and larvae were monitored 

for mortality for a longer period of time (72 hours; three days). Survival curves are presented 

in Figure II.II. and optimal Proteus spp. dilutions for low survival are outlined in Table II.I., 

which were used for downstream studies described in Section II.II.II.  
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Figure II.I. Phenotypic observations of P. mirabilis BB2000-infected G. mellonella larvae 

incubated for 18 hours at 37 ̊C (A) and 30 ̊C (B) post-intrahaemocoelic injection. For each 

dilution (10-1 to 10-6, initial OD550 of 1.0) tested, ten replicates were used.  
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Figure II.II. 48-hour survival curves of G. mellonella larvae (at 37 ̊C) infected with P. mirabilis BB2000-, P. vulgaris UM266- and P. penneri NCTC 

12737 (A to C, respectively) via intrahaemocoelic injection of 20 μL of serial dilutions of 10-1 to 10-6 of Proteus spp. suspensions in DPBS using a starting 

OD550 of 1.0 (n= 10) and 72-hour survival curves of G. mellonella larvae in a separate study using the same conditions and dilutions (D to F, respectively), 

except for P. mirabilis BB2000 (D), where a starting OD550 of 0.3 and serial dilutions down to 10-8 were used (n= 10). Line colours are as follows; DPBS 

control (blue), 10-1 (burgundy), 10-2 (brown), 10-3 (olive), 10-4 (sage green), 10-5 (forest green), 10-6 (teal); and for (D), 10-7 and 10-8 are in dark blue and navy, 

respectively. 
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Table II.I. 72-hour survival of G. mellonella larvae (at 37 ̊C) intrahaemocoelically 

injected with 20 μL of serial dilutions (10-1 to 10-8; initial OD550 of 0.3) of P. mirabilis 

BB2000 (A) in DPBS, and serial dilutions (10-1 to 10-6; initial OD550 of 1.0) of P. vulgaris 

UM266 (B) and P. penneri NCTC 12737 (C) in DPBS 

Dilutions highlighted in grey were used in downstream studies.  

 

Table II.II.  Colony-forming units (CFU) of Proteus spp. required to generate a low 

short-term survival of infected G. mellonella larvae via intrahaemocoelic 

injection 

Proteus spp. and strain 
Original culture 

(CFU/mL) 

Dilution CFU per G. mellonella 

larva OD550 Factor 

P. mirabilis BB2000 7.5 ×108 0.3 10-7 1.5 

P. vulgaris UM266 1.65 ×109 1.0 10-3 33,000 

P. penneri NCTC 12737 1.45 ×109 1.0 10-2 290,000 

 

II.II.II. The contribution of ME-YV to the survival of Proteus spp.-infected G. 

mellonella  

 

Stock solutions of ME-YV (obtained as described in Section 2.3.1.1.) were prepared in DMF 

and diluted in Proteus spp. inocula (see Table II.II. for details) in DPBS to working 

concentrations of 10, 25, 50, 100, 250 and 500 μM. Vehicle controls (in other words, DMF 

added to bacterial suspensions instead of ME-YV) as well as aforementioned sterile DPBS 

controls were also included in these studies. For each condition tested, ten replicates of G. 

A C B 
P. mirabilis BB2000 

(Initial OD550: 0.3) 
 

P. vulgaris UM266 

(Initial OD550: 1.0) 
 

P. penneri NCTC 12737 

(Initial OD550: 1.0) 

Dilution Survival (%)  Dilution Survival (%)  Dilution Survival (%) 

10-1 0  10-1 0  10-1 0 

10-2 0  10-2 0  10-2 10 

10-3 0  10-3 10  10-3 80 

10-4 0  10-4 70  10-4 80 

10-5 0  10-5 100  10-5 100 

10-6 0  10-6 90  10-6 90 

10-7 20  10-7 –  10-7 – 

10-8 100  10-8 –  10-8 – 
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mellonella larvae were injected with 20 μL of (10 to 500 μM) ME-YV-treated Proteus spp. 

DPBS suspensions or controls and monitored for mortality as described in Section II.II.I. over 

a period of 72 hours (three days) at a temperature of 37 ̊C. 

 

II.III.  Results 

 

Based on the information obtained from survival curves in Figure II.II. which were 

summarised in Tables II.I. and II.II., 20 μL of a 10-7 serial dilution of P. mirabilis BB2000 

(with an initial OD550 of 0.3), 20 μL of a 10-3 serial dilution of P. vulgaris UM266 and 20 μL 

of a 10-2 serial dilution of P. penneri NCTC 12737 (both with an initial OD550 of 1.0) were 

intrahaemocoelically injected into G. mellonella larvae and incubated at 37 ̊C for 72 hours as 

described in Section II.II.II., in order to obtain a low (10 to 20 %) survival of G. mellonella. 

These were used as a threshold for improvement upon the addition of increasing 

concentrations of the N-alpha mercaptoamide dipeptide metalloprotease inhibitor, ME-YV, to 

a final concentration of 10 to 500 μM in bacterial DPBS suspensions prior to injection. These 

inocula were concurrently dropped onto LSW- plates (using vehicle control samples) to 

confirm CFU per larva and detailed in Table II.III. Overall, these were comparable to CFU 

per larva obtained previously (Table II.II.), however, that obtained for P. penneri NCTC 

12737 was considerably lower (58,400 CFU per larva compared to 290,000 CFU per larva), 

which resulted in a higher survival (50 % compared to 10 %) of larvae prior to any ME-YV 

treatment. The contribution of the various concentrations of ME-YV tested to the survival of 

G. mellonella larvae are presented in Figure II.III. and Table II.IV., and optimal ME-YV 

concentrations to improve their survival in regard to each pathogen are outlined in Table II.V. 

 

Table II.III Colony-forming units (CFU) of Proteus spp. used to inoculate G. mellonella 

larvae in ME-YV survival studies 

Proteus spp. and strain 
Original culture 

(CFU/mL) 

Dilution CFU per G. mellonella 

larva OD550 Factor 

P. mirabilis BB2000 6.65 ×108 0.3 10-7 1.33 

P. vulgaris UM266 1.94 ×109 1.0 10-3 38,800 

P. penneri NCTC 12737 2.92 ×108 1.0 10-2 58,400 
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Figure II.III. 72-hour survival curves of G. mellonella larvae (at 37 ̊C) infected with P. 

mirabilis BB2000 (A), P. vulgaris UM266 (B) and P. penneri NCTC 12737 (C) pre-treated 

with 10 (brown), 25 (olive), 50 (sage), 100 (forest green), 250 (sea green) or 500 μM (teal) 

of the N-alpha mercaptoamide dipeptide metalloprotease inhibitor, ME-YV, or vehicle 

control, prior to intrahaemocoelic injection. Results are summarised in Tables II.IV–V. 
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Table II.IV 72-hour survival of G. mellonella larvae (at 37 ̊C) infected with P. mirabilis 

BB2000 (A), P. vulgaris UM266 (B) and P. penneri NCTC 12737 (C) treated with 

increasing concentrations of the N-alpha mercaptoamide dipeptide metalloprotease 

inhibitor, ME-YV, or vehicle control, prior to intrahaemocoelic injection 

 

Table II.V. Optimal inoculum concentrations of ME-YV found to improve the survival 

of Proteus spp.-infected G. mellonella larvae 

Proteus spp. and strain ME-YV concentration (μM) Survival increase (%) 

P. mirabilis BB2000 25 50 

P. vulgaris UM266 – – 

P. penneri NCTC 12737 50 40 

 

From Tables II.I–III., it is evident that P. mirabilis is the most virulent Proteus spp. towards 

G. mellonella and P. penneri is the least, with larvae completely succumbing to almost 

200,000 times less CFU of the former compared to the latter. This indirectly reflects the 

epidemiology of Proteus spp. infections in human patients, in which P. mirabilis is found in 

the majority (70 to 90 %) of cases, likely due to its domineering fitness and virulence over the 

other two clinically relevant species, as previously discussed in Section 5.1.1. (Jacobsen et al., 

2008). As seen in Figure II.III.(A) and Table II.IV.(A), the inclusion of the N-alpha 

mercaptoamide dipeptide metalloprotease inhibitor, ME-YV, increased the survival of P. 

mirabilis-infected G. mellonella at all concentrations tested (by at least 20 % for 100 μM ME-

YV, and up to 50 % for 25 μM ME-YV) as compared to vehicle control. In contrast, results 

for P. vulgaris and P. penneri were inconclusive. For the former, no increase in G. mellonella 

survival was observed for any of the ME-YV concentrations tested; larvae had completely 

A C B 
P. mirabilis BB2000  P. vulgaris UM266  P. penneri NCTC 12737 

ME-YV 

concentration 

(μM) 

Survival 

(%) 
 

ME-YV 

concentration 

(μM) 

Survival 

(%) 
 

ME-YV 

concentration 

(μM) 

Survival 

(%) 

0 30  0 30  0 50 

10 70  10 10  10 50 

25 80  25 0  25 80 

50 60  50 0  50 90 

100 50  100 20  100 30 

250 60  250 30  250 80 

500 70  500 30  500 70 
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succumbed to the pathogen at some inhibitor concentrations (namely, 25 and 50 μM ME-YV), 

and only the higher concentrations (250 and 500 μM ME-YV) were able to return survival to 

levels seen in the vehicle control (Figure II.III.(B) and Table II.IV.(B)). Results for P. 

penneri were more comparable to those found for P. mirabilis, in which an increase in survival 

at all but two ME-YV concentrations tested (survival remained the same for 10 μM ME-YV 

and was 20 % lower for 100 μM ME-YV; but disregarding this, survival increased by at least 

20 % for 500 μM ME-YV and up to 40 % for 50 μM ME-YV (Figure II.III.(C) and Table 

II.IV.(C)). Overall, it is apparent that even high concentrations of inhibitor are not cytotoxic 

to Proteus spp.-infected G. mellonella, indicating that the inhibitor itself has no 

pathophysiological impact on these organisms. A curious finding was that the impact of ME-

YV on G. mellonella survival did not appear to be concentration-dependent, indicating that 

even low concentrations of ME-YV were sufficient to inhibit the bioactivity of proteases 

secreted by the total number of bacteria within DPBS suspensions directly injected into the 

larvae. These data (in other words, the inhibition of ZapA in P. mirabilis-infected G. 

mellonella via ME-YV improved survival at all concentrations tested) may demonstrate that 

ZapA may have enhanced bioactivity against immunologically relevant substrates and 

therefore have a more important role in P. mirabilis pathogenesis, compared to homologues 

from other Proteus spp. and their role in pathogenesis for their respective species, as discussed 

in Sections 5.5.1–2.  

 

In conclusion, this study would have benefited from more biological (at least three) and 

technical replicates (up to thirty per condition tested), as well as additional control (such as 

injection of DMF alone without Proteus spp. DPBS suspensions) and test conditions (such as 

injection of purified Proteus spp. proteases, as performed in Sections 2.3.1.2.1. and 5.3.1.2.2.). 

As previously mentioned in Section 5.5.1., a more in-depth analysis of G. mellonella cell-

mediated and humoral inflammatory responses would have facilitated further elucidation of 

the role of these proteases in pathogenesis for their respective Proteus spp.; for example, 

quantification of phagocytic haemocytes within the haemolymph, which are analogous to 

mammalian neutrophils in blood (Bergin et al., 2005; Renwick et al., 2007), as ZapA has been 

shown to inhibit neutrophil recruitment in a rat prostatitis model (Phan et al., 2008) in at least 

some part due to its cytokine-hydrolysing activity, as demonstrated in Chapter 3 of this thesis. 

Furthermore, quantification of soluble effector molecules such as microbial metalloprotease-

induced complement-like opsonins, melanin and AMPs would have likely provided some 

insight, as ZapA has been shown to degrade human analogues of these immune components 

in vitro, as described in Section 1.3.3.2(.2–3.) (Lavine and Strand, 2002; Tsai et al., 2016; 

Griesch et al., 2000; Altincicek et al., 2007). 




