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ABSTRACT 
 

VORIN AND GARVIN ARE NOVEL BACTERIAL MONO-ADP-RIBOSYLTRANSFERASE TOXINS 

Olivier Tremblay                                                                                                                              Advisor: 

University of Guelph, 2019                                                                                                Dr. Rod Merrill 

 

Mono-ADP-ribosyltransferase (mART) toxins are secreted by several pathogenic bacteria 

that disrupt vital host cell processes in malignant diseases like cholera and whooping cough. Due 

to the abundance of mARTs in bacterial genomes, and an unprecedented availability of genomic 

sequence data, mART toxins are amenable to discovery using an in silico strategy. Using this 

bioinformatics approach, two mART toxins, Vorin and Garvin, encoded by the pathogens, Erwinia 

amylovora and Lactococcus garvieae, respectively, were discovered. Their cytotoxic effect was 

demonstrated in a eukaryotic cell growth assay. Catalytic variants failed to cause a growth-

deficient phenotype, confirming the observed toxicity was enzymatic. Purification of Vorin 

required co-expression with a cognate binding partner, while Garvin was successfully purified to 

homogeneity. Preliminary functional and structural characterization was performed on both 

toxins. The study of Vorin and Garvin could yield treatment options against the diseases fire blight 

and lactococcosis by uncovering the toxin mechanisms responsible for their progression. 
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1.0 Mono-ADP-ribosyltransferase toxins 

 Mono-ADP-ribosyltransferases (mARTs) are enzymes that bind NAD+ and covalently 

transfer an ADP-ribose moiety to a target macromolecule in order to modify its activity1. The 

conserved reaction mechanism of mART toxins involves NAD+ binding in a strained conformation 

that favours the formation of an oxocarbenium cation, and the cleavage of the glycosidic bond 

between ribose and nicotinamide2,3. The strained conformation is then relieved through rotation 

of the oxocarbenium cation around the NAD+ bonds, bringing the electrophilic carbon of N-ribose 

into closer contact with a nucleophilic residue of the molecular target substrate for nucleophilic 

attack, and ultimately the transfer of ADP-ribose2,3. Several important bacterial pathogens 

encode mARTs as secreted toxins that ADP-ribosylate a variety of eukaryotic target 

macromolecules in order to interfere with essential cellular functions4.  

1.1 Conserved residues and motifs in mART catalysis 

 Overall sequence homology among all members of the mART toxin family is low; 

nonetheless, a common mART three-dimensional core fold structure and three important 

conserved catalytic regions involved in NAD+ binding are well established and present in all 

members of the family5,6. Conserved residues and the mART catalytic core are shown in Figures 

1 and 2, respectively. The conserved catalytic core that forms the NAD+ binding pocket is 

composed of 70-100 residues, and is characterized by a β/α fold, where two perpendicular β-

sheets are followed by one α-helix in C2- and C3-like toxins, and two α-helices in the other groups, 

which makes up the cleft where the nicotinamide ring of NAD+ is bound during catalysis5,7. The 

region 1 motif of cholera toxin (CT)-, C2- and C3- mART toxins is located on β1, and contains an 
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aromatic residue, usually Tyr or Phe, followed by a conserved Arg that creates a hydrogen bond 

with a phosphate oxygen of NAD+ 5,7. In the diphtheria toxin (DT) group, the conserved Arg is 

replaced by a His residue7. Region 2 comprises a Ser-Thr-Ser (STS) motif located at the end of β3 

which plays a role in orienting NAD+ in the active site but also a structural role in stabilizing the 

binding pocket by connecting the perpendicular β-sheets 5,7. The second serine in the STS motif 

is replaced by either a Thr or Gln residue in some toxins8. The DT group differs from the other 

groups in region 2 as well, since the STS motif is replaced by two Tyr residues separated by ten 

variable amino acids in DT-like toxins7. Region 3, termed the ADP-ribosylating turn-turn (ARTT) 

motif, is located between β5 and β6, and contains a [QE]-x-E motif where the second, solvent-

exposed Glu residue forms a hydrogen bond with N-ribose of NAD+, and is involved in transferase 

activity in all mART toxins6,7. The presence of a Glu or Gln residue in the E(Q)-x-E motif of C2 

mARTs and C3 mARTs, respectively, appears to play a role in substrate specificity between actin 

and Rho proteins, as Gln is required for ADP-ribosylation of Asn-419,10.  Another important region 

is the phosphate-nicotinamide (PN) loop; immediately following the STS motif and facing the 

ARTT loop, which connects β3 and β4 and also stabilizes the nicotinamide phosphate during 

binding of NAD+11.  
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Figure 1. Multiple sequence alignment showing mART conserved catalytic residues. Identical 
residues are highlighted in red, while highly conserved residues are highlighted in yellow. Very 
low sequence identity can also be observed outside of the catalytic regions. Secondary structure 
from the actin-targeting C2 mART SpvB is used as a template. Modified from Fieldhouse and 
Merrill, 20086. 

 

 

 

 

 

 



5 
 

 

Figure 2. Conserved residues of the NAD+-binding site. The three-dimensional structure of the 
active site of cholera toxin active (PDB ID 1XTC) is shown as an example. Created with PyMOL 
1.8.2.0.  

 

1.2 Classification of mART toxins – architecture and pathogenesis 

Toxins belonging to this family are classified into four groups based on domain 

organization, and on the basis of target substrate in the host. The first group of mART toxins is 

the DT-like group, characterized by a single-chain polypeptide with an AB-dimer domain 

organization where the A-domain comprises the subunit that is delivered to the host cell 

cytoplasm and exhibits cytotoxic ADP-ribosyltransferase activity, and the “B” domain is 

responsible for receptor-binding leading to translocation and intracellular delivery of the “A” 

component (Figure 3A)12–14. All members of the DT-group ADP-ribosylate the post-translationally 
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modified histidine residue, diphthamide, of elongation factor 2 (eEF2) at residue 715 in mammals 

and residue 699 in yeast15–17. This modification of eEF2 hinders protein synthesis by inhibiting 

the eEF2-catalyzed translocation of peptidyl-tRNA along mRNA during translation15–17. Currently 

only three DT-like toxins have been identified: Diphtheria toxin (DT), produced by 

Corynebacterium diphtheriae, Pseudomonas exotoxin A (ExoA), produced by Pseudomonas 

aeruginosa, and Cholix toxin (ChxA) produced by Vibrio cholerae14,18,19.  
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Figure 3. Domain architecture of the four main groups of mART toxins. The catalytic A-domain 
of each group is shown in red, while the binding and translocation domains are shown in blue 
and green, respectively, although both are considered components of the B-domain.  Members 
of the C3 group possess only the catalytic A-domain. Structures of Diphtheria toxin (A), Cholera 
toxin (B), C2-I toxin (C) and C3bot1 (D) are depicted as examples. Modified from Simon et al., 
201418. 
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The second group of mART toxins is the CT-group, which is characterized by a hexameric 

AB5-domain complex where once again the A-domain is the catalytic subunit; however, unlike 

the DT-like group, a B-subunit pentamer forms the receptor-binding domain (Figure 3B)20,21. This 

B5-pentamer forms a toroidal pore composed of parallel α-helices, through which the A-subunit 

is translocated into the host cell cytoplasm following binding surface glycan receptors via N-

terminal loop structures at the bottom of the B5-subunit20,22,23. CT-like mART toxins ADP-

ribosylate heterotrimeric G-proteins to interfere with cAMP signalling; for example, Cholera toxin 

(CT), produced by Vibrio cholerae, ADP-ribosylates the α-subunit of the signalling protein Gs; 

adenylyl cyclase is thus trapped in an active state, leading to an intracellular accumulation of 

cAMP and the subsequent hyper-activation of chloride ion channels via cAMP-dependent protein 

kinase, eventually causing watery diarrhea21,23–27. Like in the DT-group, only three CT-like toxins 

are currently known: Cholera toxin, Heat-labile enterotoxin (LT), produced by Escherichia coli, 

and Pertussis toxin (PT), produced by Bordetella pertussis18,21,23,26.  

 The third group of mART toxins is the C2-group, which includes binary toxins produced by 

bacteria belonging to the genus Clostridium; these share the DT-like AB-domain organization, 

but, in contrast with the DT group, the A and B components are separate proteins that are 

secreted individually, and assume their oligomeric structure at the host cell surface to gain entry 

(Figure 3C)28,29.  However, not all members of the C2-group are AB toxins; for example, SpvB and 

AexT, toxins produced by Salmonella enterica and Aeromonas salmonicida, respectively, are 

more recently discovered mARTs that classify within the C2-group30,31. SpvB is a single-chain 

protein that is thought to be secreted via a type-III secretion system, and AexT is a two-domain 

protein, but its second domain exhibits Rho-GAP activity, unlike other C2-mARTs30,31. Members 
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of the C2-group are therefore better classified by their common ability to ADP-ribosylate globular 

actin at Arg-177, which prevents polymerization into filamentous actin through steric hindrance 

and actin capping32,33.  

 The fourth group is the C3-group, made up of single-domain (Figure 3D) mART toxins that 

mainly ADP-ribosylate GTP-binding proteins Rho A, B and C at Asn-41, but can modify other 

substrates like C10 regulator of kinase (Crk) proteins or vimentin34–37. G-proteins are tightly 

regulated by guanine nucleotide-exchange factors (GEFs) which are responsible for switching 

between the inactive Rho-GDP and active Rho-GTP forms; ADP-ribosylation interferes with GEF 

binding, trapping Rho in an inactive form38,39. This interference of Rho-associated signalling 

eventually leads to an unfavourable redistribution of actin in the host cell, but also prevents 

translocation of active Rho-GTP to cell membranes through an increased affinity for cytoplasmic 

guanine nucleotide-dissociation inhibitor (GDI); consequently, interaction of Rho with other 

effector proteins involved in signalling is impaired through Rho sequestering38–41. Examples of 

C3-mART toxins include C3 exoenzyme, produced by Clostridium botulinum, and C3cer, produced 

by Bacillus cereus34,42. 

Despite the systematic organization of most mART toxins into four major categories, 

some mARTs do not yet fall under any of these categories due to their unique domain 

organization or unknown substrate specificity. For example, typhoid toxin, produced by 

Salmonella Typhi, possesses an A2B5-domain architecture, where the B5-pentamer is homologous 

to the pertussis toxin B5-subunit, and one of the A-domains is a homologue of the pertussis toxin 

catalytic A-domain43,44. The other A-domain is a homolog of cytolethal distending toxin subunit 
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CtdB, both of which are capable of inflicting DNA damage in mammalian cells; however, S. Typhi 

does not encode a homologue of the B-subunit normally required for delivery of the A-domain 

into target cells43,44. The target substrate for ADP-ribosylation by typhoid toxin is not currently 

known18,43. Other distinct mART toxins include TccC3 and TccC5 produced by Photorhabdus 

luminescens, which form large ABC-type complexes with a β-barrel cage that inserts into host cell 

membranes to inject the catalytic C-domain45,46. Compared to their C2- and C3- counterparts, 

TccC3 and TccC5 unconventionally ADP-ribosylate actin at Thr-148 and Rho-G proteins at Gln-61 

and Gln-63, respectively47.  

In addition to the protein-targeting mART toxins, a few bacterial DNA-targeting mARTs 

have been identified. They are classified as members of the Pierisin group of mARTs, which were 

first identified in the cabbage butterfly Pieris rapae as toxins capable of causing cellular damage 

to larvae of parasitic wasps, and also of inducing apoptosis in some human cell lines48. Putative 

bacterial Pierisin-group mART toxins include SCO5461, produced by Streptomyces coelicolor, and 

Scabin, produced by Streptomyces scabies; the latter may be involved in the common scab 

disease of potatoes49,50. These enzymes non-selectively transfer ADP-ribose to 2’-

deoxyguanosine in double-stranded DNA, causing the formation of genotoxic DNA adducts. 

Scabin has also been shown to ADP-ribosylate single-stranded DNA, and guanine 

mononucleotides such as GDP and cGMP48,50. Although SCO5461 seemingly lacks a receptor-

binding B-domain, a β-propeller-domain containing a signal peptide is encoded immediately 

upstream of the Scabin gene, suggesting it is secreted with Scabin and may act as a B-domain for 

host cell entry49,50.   
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1.3 Erwinia amylovora strain ATCC BAA-2158  

Erwinia amylovora is a Gram-negative bacterium from the family Enterobacteriaceae and 

is the causative agent of fire blight, an economically important plant disease that causes 

exudative cankers in plant hosts from the Rosaceae family51. Crop losses combined with 

treatments costs amount to an estimated $100 million per year in the USA, and still no suitable 

treatment options exist due to difficulties imparted by the emergence of antibiotic-resistant 

strains of E. amylovora and limitations imposed on antibiotic use52–54. The lack of a commercially 

available control agent with specificity for the bacterial pathogen poses an additional problem in 

disease treatment53.  

Host pathogenicity of different strains of E. amylovora is divided into two distinct groups, 

the Spiraeoideae (apple, pear) -infecting strains and Rubus (raspberry, blackberry) -infecting 

strains, which are rarely capable of cross-infection55.  E. amylovora strain ATCC BAA-2158 (also 

known as strain Bb-1, Ea246, or IL-5) is a Rubus-infecting strain of E. amylovora that was originally 

isolated in Illinois in the early 1970s from a thornless blackberry plant56. To date, only three 

genomes of Rubus-infecting strains of E. amylovora have been sequenced: ATCC BAA-2158, 

Ea644, and MR155,56. Interestingly,  E. amylovora ATCC BAA-2158 shares a marginally higher 

amino acid percent identity with the genetically homogeneous group of Spiraeoideae-infecting 

strains of E. amylovora rather than the two other Rubus-infecting strains, uniquely distinguishing 

E. amylovora ATCC BAA-2158 from any of the current host-based clade subgroupings55. Although 

not fully elucidated, the mechanism that governs host specificity of E. amylovora is likely to 

involve Eop1, a protein conserved among Rubus-infecting strains57. Upon heterologous 
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expression in a Spiraeoideae-infecting strain, Eop1 contributes to reduced virulence in the 

natural pear and apple hosts, while deletion of Eop1 from the genome of E. amylovora ATCC BAA-

2158 confers virulence to an immature pear fruit host57. Additionally, the lipopolysaccharide 

(LPS) biosynthesis gene cluster of E. amylovora ATCC BAA-2158 differs from that of Spiraeoideae-

infecting strain, CFBP 1430, in the LPS core region, a genetic variation possibly linked to host 

adaptation58.  

Non-strain specific virulence factors have also been studied. The exopolysaccharides 

amylovoran and levan are both crucial in biofilm formation of E. amylovora during infection, and 

may also play a role in circumventing plant defense mechanisms58. The Type-III secreted effector 

protein DspA/E is crucial for E. amylovora pathogenesis, and has recently been shown to arrest 

growth when expressed in Saccharomyces cerevisiae, namely by impairing endocytosis and actin 

polymerization, and by disrupting sphingolipid biosynthesis59.  

1.4 Type-VI secretion systems 

The Type-VI secretion system (T6SS) is a macromolecular injection apparatus specific to 

Gram-negative bacteria that delivers effector proteins into prokaryotic and eukaryotic host cells, 

often as a virulence strategy60. Thirteen core proteins assemble to form the T6SS, including the 

membrane-spanning subunits TssL, TssM and TssJ, the trimeric VgrG/TssI complex that 

constitutes the sharp tip of the injection system, and Hcp/TssD subunits that form the tubular 

confines of the T6SS by organizing into stacks of hexameric halo structures through which 

effector proteins are likely shuttled (Figure 4)60. The current model for T6SS contractility involves 

the dynamic rearrangement of TssB and TssC subunits to generate energy for effector 
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translocation into the host cell in a system that is mechanistically analogous to the injection 

apparatus of bacteriophages61.    

 

 

Figure 4.  The Type-VI secretion system. The membrane-spanning complex is composed of 
proteins TssM, TssL and TssJ, and the baseplate complex is formed by Tss subunits A, E, F, G and 
K. TssB and TssC form the contractile sheath, and disassembly of these subunits is regulated by 
the ATPase TssH. Hcp/TssD subunits form the effector shuttle tube, while the sharp VgrG/TssI tip 
penetrates into the host cell. Modified from Steele et al., 201762. 

 

T6SSs are ubiquitous within the phylum Proteobacteria, and several T6SS effectors have 

been characterized. The Tse1 effector produced by P. aeruginosa belongs to a group of T6SS 

effectors called the type VI amidase effector (Tae) superfamily, and functions by breaking 

peptidoglycan crosslinking through hydrolysis, eventually contributing to cell wall collapse in 

bacterial hosts61. Similarly, type VI lipase effector (Tle) proteins, such as Tle5 from P. aeruginosa 
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and Tle2 from V. cholerae, hydrolyze phosphatidylethanolamine from phospholipid headgroups 

in host bacterial cell membranes61,63. Another T6SS effector from V. cholerae and Burkholderia 

thailandensis, VasX, creates a chemiosmotic gradient imbalance by inserting itself into bacterial 

inner membranes in a manner similar to the bacteriocin, colicin Ia61,64.  

Located directly on the sharp tip of the T6SS, the effector VgrG1 from V. cholerae and 

from Aeromonas hydrophila represents a specialized C-terminal domain of VgrG complex 

subunits, and is released into the host cytoplasm during the injection process60. In contrast to 

other T6SS effectors, VgrG1 is involved in killing eukaryotic cells rather than prokaryotic 

antagonism: VgrG1 from V. cholerae covalently crosslinks G-actin monomers, while VgrG1 from 

A. hydrophila is a mART toxin that ADP-ribosylates actin, both impairing cytoskeletal 

rearrangements60.  

The effectors Tse2 from P. aeruginosa, RhsA and RhsB from Dickeya dadantii, and closely 

related homologs from Serratia marcescens and Proteus mirabilis, are unique T6SS proteins with 

C-terminal nuclease domains that degrade chromosomal and plasmid DNA61.  RhsA and RhsB 

belong to a group of large, multi-domain proteins known as rearrangement hot-spot (Rhs) 

proteins, and an association with VgrG proteins through proline-alanine-alanine-arginine (PAAR) 

repeat motifs is essential for their secretion61,65–67.  

Although secretion of the principal virulence factor involved in pathogenesis of E. 

amylovora occurs via Type-III secretion, three conserved gene clusters encoding Type-VI 

secretion machinery have been identified in strains of E. amylovora, and contain genes encoding 

Hcp and VgrG proteins, and several predicted Rhs domains58.  
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1.5 Rearrangement hot-spot proteins and toxin immunity  

Rhs proteins are a subset of Gram-negative polymorphic toxin systems that are usually 

large, 1500-residue proteins that undergo type-VI secretion68,69. They were first identified in E. 

coli as duplicated sites of high sequence identity prone to homologous recombination, and are 

predicted to have evolved into six lineages within the family Enterobacteriaceae as the result of 

frequent gain and loss of transposable gene elements, and horizontal gene transfer events 

between enterobacterial genera68.   

Following a large-scale phylogenetic analysis of Rhs protein diversification, Jackson et al. 

described a consensus Rhs domain composition, which is divided into four distinct regions. The 

first region is a variable N-terminal domain that is 365-695 residues long termed “clade-specific” 

as these domains are conserved within each of the six lineages. The second, 776-888 residue-

long core domain is separated from the first by a conserved RVXXXXXXXG motif, and contains YD-

peptide GXXXRYXYDXXGRL(I/T) motif repeats characteristic of the Rhs protein family65,68. The 

third region is a hyperconserved 61-residue sequence containing a C-terminal DPXG-(X13)-

PXXXXDPXGL motif. The fourth domain is a hypervariable C-terminal toxin domain between 130-

177 amino acid residues that is encoded by GC-poor, codon-biased DNA sequences distinct from 

the other Rhs domains65,68. Examples of characterized C-terminal Rhs toxins include the 

previously mentioned RhsA and RhsB proteins, Tse5 from P. aeruginosa, and TccA from the ABC 

Photorhabdus luminescens toxin complex69,70. Interestingly, the conserved C-terminal motif that 

delimits TccA from its Rhs BC domain contains Asp residues and have been shown to  perform 

autoproteolysis during pH acidification, cleaving TccA from the large Rhs structure; this likely 
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explains how Rhs variable C-terminal domains release from the Rhs core during cell 

intoxication70. Like the T6SS effector VgrG1 from A. hydrophila, TccA is a mART toxin70.  

Effector and Rhs proteins secreted by T6SSs are usually implicated in bacterial 

competition with neighbouring cells both at the inter- and intra-specific level, and are often 

encoded near or adjacent to cognate immunity proteins that protect the attacking organism 

against autointoxication61. The mART activity of TccA is neutralized until secretion by its BC 

protective shell complex, but this represents a unique mechanism of counteracting toxic 

effectors prior to secretion70. More typically, toxin-antitoxin systems have been reported in 

Gram-negative pathogens wherein a highly toxic T6SS effector protein is bound directly by a 

specific, immunity-conferring antitoxin61,71. In S. marcescens Db10 co-culture experiments, the 

secreted effectors Rhs1 and Rhs2 are responsible for T6SS-dependent killing of mutant strains 

deficient in the cognate immunity partners RhsI1 and RhsI2, while mutant strains complemented 

with RhsI1 and Rhs2I were unaffected by the toxins72. The same protective effect was observed 

when the D. dadantii Rhs toxins were expressed in E. coli with their antitoxin RhsI73. Other Rhs 

effectors possessing cognate immunity proteins, including metallopeptidase and deaminase 

toxins from E. coli and an Rhs toxin with uncharacterized antibacterial activity from P. aeruginosa, 

have been identified74,75.  

1.6 Lactococcus garvieae stain 21881 

 Lactococcus garvieae is a Gram-positive pathogen responsible for causing lactococcosis, 

a haemorrhagic, often fatal disease affecting freshwater and marine fish, notably salmonid 

species like rainbow trout76. Lactococcosis poses an economic burden to the European 
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aquaculture industry which produces 100,000 tons of fish annually, as infection results in 

mortality rates as high as 50%, and infected fish that survive become unmarketable due to their 

decreased weight or due to the unfavourable appearance of symptoms such as exophthalmia or 

abdominal swelling77,78. Prophylactic intraperitoneal vaccination of fish is viewed as the most 

favourable control option for lactococcosis, but treatment of L. garvieae infections in aquaculture 

is complicated by the emergence of strains resistant to antibiotics such as erythromycin, 

lincomycin, and oxytetracycline76. In addition, infected fish often develop anorexia, limiting the 

amount of antibiotic ingested, thus reducing their potency76,77.  

L. garvieae is also considered an emerging human pathogen, since human infections have 

been associated with septicemia, endocarditis, prosthetic joint infections, UTIs, and skin 

infections in both healthy and immunocompromised patients76,77,79. Transmission of L. garvieae 

to humans is thought to occur via handling of contaminated fish or foods such as vegetables and 

meat, but a limited number of studies have definitively linked human infection with these 

avenues79. 

Secreted exotoxins are likely responsible for pathogenesis of L. garvieae as a study by 

Kusuda and Hamaguchi demonstrated that inoculation of healthy fish with an extracellular 

fraction of the fish pathogen successfully recreated the symptoms of lactococcosis80. The genome 

of the human septicaemia isolate L. garvieae 21881 was recently published, where the authors 

revealed putative plasmid-encoded virulence factors: these include collagen-binding protein 

domains, which may endow L. garvieae with the ability to bind collagen-rich heart valves, and 

the txn gene, which may encode a mART toxin catalytic domain81.  
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1.7 Bioinformatics and the discovery of new mART toxins 

 The conserved residues and shared structural features of the mART catalytic core are 

amenable to an in silico data mining approach in which toxin discovery using bioinformatic-based 

techniques is performed by exploiting the increasing abundance of bacterial genome sequence 

data6,82. This method originated with studies by Otto et al. and Pallen et al., where position-

specific iterative BLAST (PSI-BLAST) was employed to identify related proteins by scanning public 

sequence databases for similarities in key catalytic areas using various ADP-ribosyltransferase 

sequences as input83,84. Although successful in discovering the toxin SpvB from Salmonella and 

identifying over 20 other new mART candidates, these studies relied exclusively on protein 

sequence searches, showing limited potential for discovering new toxins from a family with low 

sequence identity8,83–86. Masignani et al. contributed to the foundation of a comparative 

structural approach in toxin discovery by implementing a secondary structure prediction step, 

using the programs PHD, HNN and PSIPRED, in addition to PSI-BLAST85. This allowed them to 

position catalytic residues within conserved regions based on the distribution of secondary 

structure elements from the sequences of putative mARTs. Consequently, the authors were able 

to identify and characterize NarE, a new mART from Neisseria meningitidis, which was overlooked 

in the previous studies85,86.  

Following previous efforts involving sequence-based and fold-prediction mART toxin 

discovery, Fieldhouse and Merrill described a true structure-based approach in 2008, and applied 

it in a 2010 study by Fieldhouse et al., where they revealed six new members of the toxin family, 

including new toxins produced by Vibrio cholerae and Enterococcus faecalis6,8. This strategy 
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entailed comparative modeling of the predicted three-dimensional structure and residues 

involved in NAD+ binding of putative toxins to those of known mART structures, which served as 

templates8. Programs such as MODELLER, LOMETS, and I-TASSER were used to create three-

dimensional models of putative toxins, and confidence scores were assigned to each structural 

prediction using 3D-Jury, which assesses multiple template-generated models and compares 

them based on the alignment of α-carbons after superposition of all the models within 3.5 Å as a 

threshold8,87. Using quantifiable model rankings, they were able to filter out any sequences that 

were not likely to possess typical mART tertiary structure, which was a major asset of this study8. 

 Rather than relying on PSI-BLAST alone, a more sophisticated sequential filtering strategy 

was used by Fieldhouse et al. to generate an initial list of potential mART candidates. Fold-

recognition databases were searched to identify proteins sharing a similar architecture to known 

mART toxins, and profile-profile searches were conducted using HHsenser, a platform specialized 

in detecting remote homologs and the pre-computed profiles of members of protein 

superfamilies rather than relying on a profile-sequence approach such as PSI-BLAST, placing more 

emphasis on three-dimensional structure relationships8,88,89. Given the various domain 

organizations that exist among mART toxins, a domain prediction step was also incorporated 

using DOMAC, a web server that predicts the boundaries and number of domains within a query 

sequence using template-based alignments with related PDB entries8,90. Moving beyond 

structural analysis, the hits obtained from these methods were further parsed based on 

physiological and genetic context; the researchers excluded any mART sequences that showed 

regulatory ribosylhydrolase enzymes encoded nearby, suggesting the candidate mARTs were not 

toxins, and also any sequences that were not likely to contain a signal peptide or were secreted 
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non-classically, as predicted by the web servers Signal 3.0 and SecretomeP8. Finally, before any 

biochemical characterization was performed, the Merrill group developed a cytotoxicity assay 

where putative mART toxins were expressed in yeast under a copper-inducible promoter in order 

to confirm their lethal effect in a eukaryotic host cell model8,91.  

 The work of Fieldhouse et al. has contributed greatly to the biochemical characterization 

of new mART toxins over the past few years, as several more mART toxins have since been 

characterized based on their computer-based prediction strategy, including Photox, VahC, and 

the DNA-targeting toxin Scabin, produced by P. luminescens, Aeromonas hydrophila, and 

Streptomyces scabies, respectively50,92,93. Ultimately, Fieldhouse et al. capitalized on the 

structural and functional characteristics that unify mART toxins to expand our understanding of 

the family. They used a bioinformatics toolset that, as a whole, had become available relatively 

recently, and had been sufficiently benchmarked to the point of offering a much greater degree 

of predictive power in its ability to filter out false-positives when used in tandem8. They exposed 

a new avenue of computer-based toxin discovery and showcased the effectiveness with which 

new virulence factors can be identified.  

1.8 Significance of toxin discovery 

As antibiotic resistance becomes increasingly problematic in the treatment of bacterial 

diseases, inhibitor-based anti-virulence strategies become more appealing as they aim to disarm 

pathogens rather than kill them, and therefore do not impose as much selective pressure94,95. 

The identification of novel mART toxins has contributed to the design of new inhibitors with 

therapeutic potential relevant to healthcare and to agriculture50,96,97. Hence, the ongoing 
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discovery of novel mART toxins by taking advantage of burgeoning genomic libraries will 

ultimately diversify our repertoire of target virulence factors for inhibitor design and could 

improve design strategies by unveiling new common structural or biochemical features among 

the different mART groups. The discovery of new virulence factors may also contribute to a better 

understanding of bacterial diseases for which the mechanism of pathogenesis is currently 

uncharacterized. Over 20,000 quality bacterial genome sequences are currently available, with 

approximately 5,000 genes per genome, spanning 11 different phyla82. The current status of 

sequence data availability, coupled with the proven abundance of mARTs in bacterial genomes, 

creates an environment where new mART toxins are likely ripe for discovery.  

This thesis describes the latest genome sequence database search for new mART toxins 

using an in silico method established by our lab, and provides a summary of several new potential 

members of this family of virulence factors. A preliminary characterization of two new toxins of 

consequence to agriculture and aquaculture is presented as evidence for their inclusion in the 

mART family: Vorin, produced by the fire blight pathogen Erwinia amylovora, and Garvin, 

produced by the fish and human pathogen Lactococcus garvieae. 
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2.0 Database search for candidate mART toxin sequences 

 Retrieval of all new mART toxin candidate sequences was performed using the remote 

homology search tools HHsenser and HHblits (MPI Bioinformatics Toolkit)88,98. These tools used 

Hidden Markov Model (HMM) sequence profile comparisons to conduct searches of the 

UniProtKB and UniParc databases (current as of December 2016) for potentially related proteins 

with low sequence identity to known mART toxins. A minimum E-value threshold of 1e-3 was set 

with a maximum of 3 iterations, and the number of target sequences was set to 1000. The 

catalytic domains of every mART toxin belonging to the C2-like and C3-like subgroups as defined 

in Simon et al. (2014), and additionally, the catalytic domains of VahC, C3larvin and Plx2A toxins, 

were used as input for HHsenser and HHblits searches, yielding a total of 18 individual datasets 

of putative remote homologs18.  

2.1 Sequence-based filtering 

 Remote homolog sequences that were longer than 1000 amino acid residues that 

exhibited a sequence identity greater than 50% to any sequence from a custom database of all 

known mART toxins, and duplicate sequences, were discarded. The ScanProsite tool (SIB ExPASy 

Resource Portal) was used to filter remote homologs for those containing the characteristic mART 

toxin regular expression [YFL]-R-x(27,60)-[YF]-x-S-T-[SQT]-x(32,78)-[QE]-x-E8,99. The output data 

was sorted in Excel to isolate UniProt identifiers for sequences that matched the regular 

expression. The webservers SignalP 4.1 and SecretomeP 2.0 were used to conduct protein 

secretion predictions, either via signal peptide or non-classical secretion100,101. Sequences were 

input to both servers using default settings and were submitted for predictions according to both 
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Gram-negative and Gram-positive channels.  Sequences scoring higher than the recommended 

thresholds of 0.45 for SignalP and 0.5 for SecretomeP were retained for further analysis. By 

default, sequences that scored higher than the 0.45 threshold were also predicted to contain no 

transmembrane domains. Sequences were then manually inspected to identify the Gram-stain 

of the bacterium from which each retained sequence originated, and the appropriate prediction 

score was assigned. Phobius (Stockholm Bioinformatics Centre) was used as an additional 

predictor of protein secretion for sequences originating from “Gram-variable” bacteria; default 

settings were used, and sequences predicted to be extracellular and lacking transmembrane 

domains were retained102. Sequencing data submitted to GenBank/NCBI was manually inspected 

to examine the genomic context of each candidate coding sequence. Electronic annotations for 

predicted open reading frames (ORFs) located up- and down-stream, or default UniProt BLAST 

searches of those ORFs, were used to identify gene products indicative of pathogenesis such as 

secretion systems, transposons, or accessory toxins. Candidates with limited genomic context 

information were discarded due to uncertainty. The bacterial species encoding all retained 

sequences were classified as relevant pathogens by performing manual literature searches. Non-

pathogen sequences were discarded.  

 Multiple sequence alignments were performed with T-Coffee using the “Expresso” 

structural alignment option. Phylogenetic trees were created using Phylogeny.fr by Bayesian 

inference103. Default settings were used, except a T-Coffee alignment was selected with no 

alignment curation.  
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2.2 Structure-based filtering 

 Protein structural models were created using RaptorX104. Models with unnormalized and 

normalized global distance test scores (uGDT and GDT, respectively) greater than 50, and with P-

value scores less than 1x10-4, were deemed accurate. The uGDT and GDT scores indicate the 

global structural quality of a predicted model, while the P-value is the probability that a predicted 

model is less accurate than a set of randomly generated models104. Consensus-based structure 

predictions were performed using LOMETS105. Candidates that resulted in at least 7 out of 10 

server predictions with a “HIGH” model score, with template coverage of at least 70% for the 

predicted catalytic domain as determined by RaptorX, were kept. MODELLER v9.17 was used to 

create structural models for sequences with a minimum of 29% sequence identity to any known 

mART toxin with an experimentally determined structure106. Sets of ten models were generated 

with MODELLER for each new mART toxin candidate. Within each set, the model with the lowest 

discrete optimized protein energy (DOPE) score, and a GA341 score above 0.8, was used. Models 

were refined using FG-MD to simulate native structures107. Local model geometry quality was 

assessed using MolProbity, and global model quality was assessed using ProQ2 and 

ModFOLD6108–110. Global model quality was considered acceptable with combined ProQ2 and 

ModFOLD6 scores of greater than 0.4, and a ModFOLD6 P-value of less than 1x10-3. Model images 

were created using the PyMOL Molecular Graphics System v1.8.2.0 (Schrödinger, LLC).  

2.3 Bacterial genomic DNA 

 Genomic DNA (gDNA) encoding the putative mART toxins described in this thesis was 

generously donated by various researchers from around the world. Erwinia amylovora strain 
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ATCC BAA-2158 (16-5) heat-treated cells were provided by Dr. Fabio Rezzonico from the Zurich 

University of Applied Sciences, and gDNA was extracted from the cells with the Purelink 

Microbiome DNA Purification Kit from ThermoFisher according to the manufacturer’s “Microbial 

Culture” protocol. Bartonella bovis strain 91-4 gDNA was provided by Kristina Naslund and Dr. 

Siv Andersson from Uppsala University. Vibrio vulnificus strain SC9794 gDNA was provided by Dr. 

Jae-Chang Cho from the Hankuk University of Foreign Studies. Spiroplasma melliferum strain KC3 

gDNA was provided by Dr. Vladimir Babenko from the Institute of Cytology and Genetics in 

Novosibirsk, Russia. Due to a patent on Lactococcus garvieae strain 21881, gDNA was not 

obtained; instead, the gene of interest containing flanking ends homologous to the yeast 

expression vector pRS415-CUP1 was synthesized by PCR and sent by Dr. Alicia Gibello from The 

Complutense University of Madrid.  

2.4 Gene inserts and plasmids for transformation of Saccharomyces cerevisiae   

  Putative toxin genes were amplified by PCR using primer sets and annealing 

temperatures listed in Table 1. Reaction mixtures contained 5 ng purified gDNA, 5 pmol of 

forward and reverse primer, 10 nmol of dNTPs and 1 unit Phusion Hot Start II DNA Polymerase 

(Thermo Scientific) in 50 µL 1X Phusion HF Buffer with MgCl2 added to a final concentration of 

2.5 mM. Cycling conditions consisted of an initial denaturation at 98°C for 3 minutes, 30 cycles of 

98°C for 30 seconds, annealing at the appropriate temperature for 30 second, and extension at 

72°C for 30 seconds, followed by a final extension at 72°C for 5 minutes. A 5 µL sample of each 

reaction was separated on a 1.5% agarose gel by electrophoresis to confirm successful 

amplification. Amplicons were purified using the GeneJET PCR Purification Kit (Thermo Scientific) 
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according to manufacturer’s instructions. The centromeric plasmid pRS415 with a Cu2+-inducible 

CUP1 promoter, and the principle of in vivo recombination with a PCR-amplified gene insert, were 

used for all yeast growth deficiency assays transformations as previously described91. Three 

micrograms of pRS415-CUP1 plasmid were digested with 3 units of XbaI (New England Biolabs) 

in 150 µL 1X CutSmart® Buffer for 1 hour at 37°C, followed by a heat inactivation step at 65°C for 

20 minutes. Three units of shrimp alkaline phosphatase (rSAP) (New England Biolabs) were added 

to the XbaI digestion mixture after 20 minutes at 37°C. Digested and dephosphorylated plasmid 

was separated on a 0.8% agarose gel and purified using the GeneJET Gel Extraction Kit according 

to the manufacturer’s protocol.  
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Putative 

toxin  IVR 

amplicon 

Oligonucleotide primer sets (forward/reverse) 

PCR annealing 

temperature 

(TA) 

vorin 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGATGATGGGCGAGCGCAGCA-3 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATTAGCCTCCGAAGAAATTTA-3' 
55°C 

vorin-cat 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGTTGAGTAAATGTAAAGCAA-3' 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATTAGCCTCCGAAGAAATTTA-3' 
53°C 

vorin-NTD 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGATGATGGGCGAGCGCAGCA-3 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATTACCCCAGCGGATCAACCCAAC-3' 
55°C 

garvin 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGGATGAAATTTTGATTAATTCT-3' 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGACTATAACAAATATTTTTGCTC-3' 
40°C 

bovin 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGAGAAAAACTATACTAAA-3' 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATTAATCAAGAATAGCAAATATCAC-3' 
65°C 

mellifin 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGATATTTGAAGAGTTTAT-3' 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATTAAAATTTTTTATCTTCTCG-3' 
51°C 

vulnicin 
5'-CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAATGCATAGAGTCATTGGCA-3' 

5'-CAGTTAGCTAGCTGAGCTCGAGACGGCCGCTCTAGATCATTCATCACCTCCAACATC-3' 
51°C 

Table 1. In vivo recombination (IVR) oligonucleotides for yeast growth deficiency assays. The 
same primer sets for each respective gene were used to amplify wild-type and any catalytic 
mutant sequences for transformation of S. cerevisiae. Positive control PE24 toxin gene was PCR-
amplified and purified by Tom Keeling.  
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2.5 Preparation of electrocompetent S. cerevisiae 

S. cerevisiae W303-1A (MATa, leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) was 

grown on yeast peptone dextrose (YPD) agar medium containing 100 µg/mL ampicillin and 

supplemented with 0.15 mg/mL adenine for 18 hours at 30°C. A single colony was used to 

inoculate a 10 mL culture of YPD liquid medium containing 100 µg/mL ampicillin and 0.15 mg/mL 

adenine. The 10 mL YPD culture was grown for 18 hours at 30°C with shaking, and cells (OD600 = 

1.0-1.5) were collected by centrifugation at 2040 x g for 5 minutes at 4°C. Cells were washed 

twice with purified water, once with electroporation buffer (1 M D-sorbitol, 1 mM CaCl2), then 

were resuspended in conditioning buffer (0.1 M LiAc, 10 mM DTT), and incubated at 30°C for 40 

minutes with shaking. Conditioned cells were collected by centrifugation at 4200 x g for 5 

minutes, washed once with electroporation buffer, and resuspended in 500 µL fresh 

electroporation buffer. Cells were kept on ice until electroporation. Cells and reagents were kept 

on ice or at 4°C at all times except during the conditioning step.  

2.6 Transformation of electrocompetent S. cerevisiae 

 Ten microlitres of electrocompetent cells were combined with 40 µL ice-cold 1 M D-

sorbitol, 180 ng digested pRS415-CUP1 and 60 ng of the desired PCR-amplified gene insert or only 

undigested pRS415-CUP1, and placed on ice for 5 minutes. The cell-DNA mixture was pipetted 

into a 1 mm Fisherbrand™ Electroporation Cuvette Plus™ and electroporated at 2.5 kV using a 

Bio-Rad MicroPulser™ electroporator. Cells were recovered in 8 mL YPD containing 0.15 mg/mL 

adenine and 0.5 M D-sorbitol at 30°C for 1 hour with shaking. Cells were harvested by 

centrifugation at 1509 x g, resuspended in approximately 400 µL of the supernatant, and plated 
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on synthetic-defined agar medium lacking leucine (SD-LEU) containing 1M D-sorbitol, 0.15 

mg/mL adenine, and 100 µg/mL ampicillin. Plates were incubated at 30°C for 72 hours.  

2.7 Yeast growth deficiency assay 

 Tubes of 5 mL SD-LEU containing 0.15 mg/mL adenine and 100 µg/mL ampicillin were 

inoculated with transformant yeast colonies from either control or experimental toxin gene 

transformations and incubated at 30°C for 18 hours with shaking. Culture OD595 readings were 

taken after 18 hours, and the values were used to dilute each culture to OD595 = 2x10-4 in sterile 

1.5 mL tubes with fresh SD-LEU containing the same concentrations of adenine and ampicillin. 

Expression of control and putative mART toxins was induced by addition of CuSO4 to a final 

concentration of 0 mM, 0.25 mM, 0.5 mM or 0.75 mM. Each control or experimental culture was 

dispensed into a 96-well plate in 100 µL aliquots such that each concentration of CuSO4 was 

repeated in 6 biological replicates, each consisting of 4 technical replicates. The 96-well plates 

were sealed and placed at 30°C for 48 hours. Plates were shaken vigorously for one minute, and 

absorbance measurements at 595 nm were taken of each well using a FLUOstar® Omega 

microplate reader (BMG LABTECH).  

2.8 Cloning of protein expression plasmid constructs 

PCR amplification of gene insert fragments was performed using oligonucleotide primers 

that introduced flanking endonuclease restriction sites for subsequent digestion and ligation into 

expression vectors. Primer pairs, corresponding annealing temperatures, and restriction sites are 

listed in Table 2. PCR mixtures contained 5 ng purified gDNA, 5 pmol of forward and reverse 
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primer, 10 nmol of dNTPs and 1 unit Phusion Hot Start II DNA Polymerase (Thermo Scientific) in 

50 µL 1X Phusion HF Buffer with MgCl2 added to a final concentration of 2.5 mM. Cycling 

conditions consisted of an initial denaturation cycle at 98°C for 3 min, 30 cycles of 98°C for 30 s, 

annealing at the appropriate temperature for 30 s, and extension at 72°C for 30 s, followed by a 

final extension at 72°C for 5 min. Cycling conditions for amplification of vorin were identical, 

except an increasing annealing temperature gradient was used where TA increased by 4°C every 

four cycles from 45°C to 65°C. A 5 µL sample of each reaction was separated on a 1.5% agarose 

gel by electrophoresis to confirm successful amplification. Amplicons were purified using the 

GeneJET PCR Purification Kit (Thermo Scientific) according to manufacturer’s instructions. One 

microgram of PCR-amplified gene insert or 1 µg plasmid (pET-TEV or pET-28a) was double-

digested with 1 unit of each restriction endonuclease in 50 µL of the recommended buffer for 1 

h at 37°C, followed by a heat inactivation step at 65°C for 20 min. One unit of rSAP (New England 

Biolabs) was added to plasmid double-digests after 20 min at 37°C. Five microlitres of plasmid 

double-digests were separated on a 1.5% agarose gel to confirm complete digestion.  
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Gene Oligonucleotide primer sets (forward/reverse) 
PCR annealing 

temperature (TA) 

Restriction 

endonucleases 

(New England 

Biolabs) 

Plasmid 

construct 

vorin 
5'-CGATGCTAGCGTTGAGTAAATGTAAAGCAAACTTTTTATA-3' 

5’-GATCGAATTCTTAGCCTCCGAAGAAATTTATAAAACTA-3’ 

45-65°C 

gradient 
NheI 

pET-TEV-

vorin 

vorin-

cat 

5’-CGATCATATGTTGAGTAAATGTAAAGCAAACTTTTTATAC-3’ 

5’-GATCGAATTCTTAGCCTCCGAAGAAATTTATAAAACTA-3’ 
55°C 

NdeI 

EcoRI 

pET-TEV-

vorin-cat 

vorin-

NTD 

A STOP codon was introduced into the vorin sequence at the first codon 

of vorin-cat by site-directed mutagenesis; see Table 3. 
56°C NA 

pET-TEV-

vorinNTD 

vorinI 
5’-GATCCATATGATGAATTTAAAAAAAATAAGCTTAACTTGC-3’ 

5’-GATCGATATCTTAATTAATTAATGATGAAAACCACTTCG-3’ 
55°C 

NdeI 

EcoRV 

pCDF-

Duet1-

vorinI 

(ORF2) 

garvin 
5’-CGATCATATGATGGATGAAATTTTGATTAATTCTCAG-3’ 

5’-GATCGAATTCCTATAACAAATATTTTTGCTCAGGAATATT-3’ 
40°C 

NdeI 

EcoRI 

pET-28a-

garvin 

Table 2. Cloning oligonucleotide primers and restriction endonuclease sites introduced. 
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One hundred nanograms digested plasmid DNA and 25-50 ng of gene insert were ligated 

with T4 DNA Ligase (New England Biolabs) in 20 µL 1X T4 DNA Ligase Buffer for 22 hours at 16°C. 

E. coli DH5α cells were transformed with 5 µL of ligation mixture as described in “Transformation 

of chemo-competent E. coli cells”. A single transformant colony was used to inoculate 5 mL LB 

liquid medium containing the appropriate antibiotic. The 5 mL culture was incubated at 37°C for 

18 hours with shaking and plasmid was harvested using the PureLink™ Quick Plasmid Miniprep 

Kit (Invitrogen™). Successful clones were confirmed by next generation sequencing using an 

Illumina MiSeq® system at the Advanced Analysis Centre at the University of Guelph. Cloned 

genes contained an N-terminal hexahistidine (His6) tag and either a TEV (pET-TEV) or thrombin 

(pET-28a) protease cleavage site, except for vorinI, which had no tags or cleavage sites. Cloning 

relating to in vivo expression of putative toxins in yeast is described in “Gene inserts and plasmids 

for transformation of Saccharomyces cerevisiae”.  

2.9 Site-directed mutagenesis 

PCR amplification of mutant plasmid DNA was performed using oligonucleotide primer 

pairs and corresponding annealing temperatures listed in Table 3. PCR mixtures contained 15 ng 

template plasmid DNA, 1.5 pmol of forward and reverse primer, 10 nmol of dNTPs and 1 unit 

Phusion Hot Start II DNA Polymerase (Thermo Scientific) in 50 µL 1X Phusion HF Buffer. Cycling 

conditions consisted of an initial denaturation at 98°C for 5 minutes, 25 cycles of 98°C for 30 

seconds, annealing at the appropriate temperature for 30 seconds, and extension at 72°C for 5 

minutes, followed by a final extension at 72°C for 10 minutes. A 5 µL sample of each reaction was 

separated on a 1% agarose gel by electrophoresis to confirm successful amplification. Amplicons 
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were purified using the GeneJET PCR Purification Kit (Thermo Scientific) according to 

manufacturer’s instructions, and 1 ug purified amplicon was digested with 1 unit DpnI (Thermo 

Scientific) in 50 µL 1X FastDigest® Buffer for 1 hour at 37°C, followed by a heat inactivation step 

at 80°C for 20 min. E. coli DH5α cells were transformed with 5 µL of digested amplicon plasmid 

as described in “Transformation of chemo-competent E. coli cells”. A single transformant colony 

was used to inoculate 5 mL LB liquid medium containing the appropriate antibiotic. The 5 mL 

culture was incubated at 37°C for 18 hours with shaking, and the plasmid was harvested using 

the PureLink™ Quick Plasmid Miniprep Kit (Invitrogen™). Successfully mutated plasmid DNA was 

confirmed by next generation sequencing using an Illumina MiSeq® system at the Advanced 

Analysis Centre at the University of Guelph. 
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Gene 
Catalytic 

variant 
Oligonucleotide primer sets (forward/reverse) 

PCR 

annealing 

temperature 

(TA) 

Mutant 

plasmid 

construct 

vorin/vorin-

cat 

E239A-x-

E241A 

5’-CACCCCATTTCCTGATGCAATTGCAATGGCTGTCCCTG-3’ 

5’-TTTTTACCTAATGTTTTATTGACATCAATGGCGTTTGGTT-3’ 
55°C 

pET-TEV-

vorin(-cat)AxA 

vorin-cat E241Q 
5’- CATTTCCTGATGAAATTCAGATGGCTGTCCCTG-3’ 

5’- GGGTGTTTTTACCTAATGTTTTATTGACATCAATGGC-3’ 
55°C 

pET-TEV-

vorin-catExQ 

vorin-NTD L145STOP 
5’-GATCCGCTGGGGTAAAGTAAATGTAAAGCAAAC-3’ 

5’-AACCCAACTTAACGGATTCGGCG-3’ 
56°C 

pET-TEV-

vorinNTD 

garvin 
E199A-x-

E201A 

5’-GATGTCATCGGGGTGCGTTTGCGTTATTAATTCTAAGA-3’ 

5’-CCTTTATCAAATTTGTATATACGCAAGCAGTACCTTTATC-3’ 
40°C 

pET-28a-

garvinAxA 

Table 3. Catalytic variant toxin constructs. 
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2.10 Transformation of chemo-competent E. coli cells 

Chemo-competent E. coli DH5α or E. coli BL21 (DE3) cells obtained from Structural 

Genomics Consortium (SGC) were prepared using a RbCl2 method111. All transformations were 

performed by heat-shock. A 75 µL aliquot of competent cells (3x109 cells/mL) was incubated with 

100 ng of plasmid DNA on ice for 35 minutes, heat-shocked at 42°C for 45 seconds, and 

immediately placed on ice for 3 minutes. Cells were recovered in 200 µL lysogenic broth (LB) 

media at 37°C for one hour with shaking. The entire cell culture was then plated on LB agar plates 

containing 30 µg/mL kanamycin. Plates were incubated at 37°C for 20 hours. For co-

transformations, 100 ng of each plasmid was added to competent cell aliquots, and recovered 

cultures were plated on LB agar plates containing 30 µg/mL kanamycin and 100 µg/mL 

streptomycin.  

2.11 Growth conditions for the co-expression of Vorin-cat and VorinI   

 A single colony of transformed E. coli BL21(DE3) cells was used to inoculate 5 mL of LB 

medium containing 30 µg/mL kanamycin and 100 µg/mL streptomycin. The 5 mL culture was 

grown at 37°C for 18 hours with shaking, and 1 mL was subcultured into each of two 50 mL flasks 

of LB medium containing the same concentrations of antibiotics. The flasks were grown at 37°C 

with shaking until OD600= 0.6 (~90 minutes), and transferred in equal aliquots to four pre-warmed 

1 L flasks of 2xYT medium containing the same concentrations of antibiotics. The cultures of 2xYT 

medium were grown at 37°C with shaking until OD600= 0.6-0.9 (~2.5 hours), and protein 

expression was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 0.1 mM. Protein expression was induced for 18 hours at 16°C with shaking. Cells 
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were harvested by centrifugation at 3750 x g for 15 minutes and resuspended in lysis buffer (50 

mM Tris pH 7.5, 250 mM NaCl, 10% glycerol) for immediate cell lysis.  

2.12 Growth conditions for the expression of Garvin   

Colonies were scraped from two agar plates of transformed E. coli C43(DE3) and used to 

inoculate two 50 mL flasks of LB medium containing 30 µg/mL kanamycin. The flasks were grown 

at 37°C with shaking until OD600= 0.6 (~90 minutes), and transferred in equal aliquots to four pre-

warmed 1L flasks of 2xYT medium containing the same concentration of antibiotic. The cultures 

of 2xYT medium were grown at 37°C with shaking until OD600= 0.6-0.9 (~2.5 hours), and protein 

expression was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 

concentration of 1 mM. Protein expression was induced for 3 hours at 37°C with shaking. Cells 

were harvested by centrifugation at 3750 x g for 15 minutes and resuspended in lysis buffer (50 

mM Tris pH 7.5, 250 mM NaCl) and stored at -20°C for later cell lysis and protein purification.  

2.13 Cell lysis by homogenization 

 Prior to cell lysis, 1 mg CHAPS, 1 mg DNase, 2 mM EDTA and 0.8 mM PMSF were added 

to the lysis buffer cell suspension and the suspension was passed through an 18-gauge needle to 

remove clumps. An Emulsiflex C3 microfluidizer (Avestin) was used to lyse E. coli cells in a 50 mL 

suspension consisting of a 5:1 buffer-to-pellet ratio by passing through the microfluidizer five 

times while applying a homogenizing pressure of 15000-20000 psi. Cell suspensions and lysates 

were kept on ice at all times.  
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2.14 Immobilized metal affinity chromatography co-purification of Vorin-cat and VorinI  

Cell lysate was centrifuged at 23600 x g for 55 minutes at 4°C. The supernatant was 

carefully removed and mixed with 20 mM MgCl2 for 30 minutes at 4°C. One millilitre of Chelating 

Sepharose® Fast Flow resin (GE Healthcare) charged with Ni2+ ions was then added, and mixed 

for another 30 minutes at 4°C. The entire mixture was loaded into an Econo-Pac® 

chromatography column (Bio-Rad) and the lysate containing unbound protein was eluted.  The 

resin was then washed with one column volume (~25 mL) lysis buffer (50 mM Tris pH 7.5, 250 

mM NaCl, 10% glycerol), one column volume lysis buffer containing 10 mM imidazole and one 

column volume lysis buffer containing 25 mM imidazole. His6-tagged Vorin-cat/VorinI was eluted 

with one column volume of lysis buffer containing 250 mM imidazole. The purity of fractions 

containing eluted His6-tagged Vorin-cat/VorinI was assessed by SDS-PAGE, and bands at the 

correct molecular weight were confirmed as recombinant His6-tagged protein by performing an 

Invision™ His-tag In-gel Stain according to the manufacturer’s protocol. Fractions containing 

Vorin-cat/VorinI were pooled and dialyzed against 50 mM Tris pH 7.5, 250 mM NaCl, 10% 

glycerol.  

2.15 Ion-exchange chromatography co-purification of Vorin-cat and VorinI 

 Vorin-cat and VorinI were further purified by passing pooled and dialyzed IMAC fractions 

over a 5 mL HiTrap™ SP FP cation-exchange chromatography column equilibrated with 50 mM 

HEPES pH 7.5, 50 mM NaCl, 10% glycerol. Bound protein was eluted using a linear gradient of 

equilibration buffer containing from 50 to 500 mM NaCl. FPLC purification used an ÄKTA system 

(Amersham Biosciences) placed in a 4 °C cabinet. The FPLC system was operated with the ÄKTA 
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UNICORN 4.12 software. Vorin-cat/VorinI was concentrated to approximately 2.7 mg/mL by 

centrifuging for 20-minute intervals at 1509 x g in an Amicon Ultra-15 centrifugal filter unit 

(Millipore), then flash-frozen in liquid nitrogen and stored at -80°C.  

2.16 Immobilized metal-affinity chromatography purification of Garvin 

The procedure for IMAC purification of Garvin was identical to Vorin-cat/VorinI, except 

the buffer used for column washes (with or without imidazole) and for dialysis contained 50 mM 

Tris pH 7.5, 500 mM NaCl. Garvin was concentrated to approximately 4.5 mg/mL by centrifuging 

for 20 minute intervals at 1509 x g in an Amicon Ultra-15 centrifugal filter unit (Millipore), then 

flash-frozen on liquid nitrogen and stored at -80°C. 

2.17 E. coli growth curves 

 E. coli BL21(DE3) cells were transformed with 100 ng of the appropriate expression vector 

or combination of vectors, and a single colony was used to inoculate a 5 mL LB culture containing 

either 30 µg/mL kanamycin or 30 µg/mL kanamycin and 100 µg/mL streptomycin. The 5 mL 

cultures were incubated at 37°C for 18 hours with shaking. Culture OD600 readings were taken 

after 18 hours, and the values were used to dilute each culture to OD600 = 2x10-4 in sterile 1.5 mL 

tubes with fresh LB containing the appropriate antibiotic. Expression of either Vorin-cat or the N-

terminal domain of Vorin (Vorin-NTD) was induced by addition of IPTG to a final concentration of 

0.1 mM. Each control or experimental culture was dispensed into a 96-well plate in 200 µL 

aliquots. Plates were incubated at 35°C with shaking using a NEPHELOstar nephelometer (BMG 
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LABTECH) and culture turbidity was measured in nephelometric turbidity units (NTU) every 5 

minutes for 16.5 hours.  

2.18 Circular dichroism spectroscopy 

 A JASCO J-815 CD spectropolarimeter was used to acquire circular dichroism (CD) spectra 

from 250-195nm (average of 9 spectra) for purified wild-type Vorin-cat/VorinI and purified wild-

type Garvin in a 1 mm pathlength CD quartz cuvette. The concentration of Vorin-cat/VorinI was 

0.16 mg/mL in 50 mM Tris pH 7.5, 150 mM NaF, 10% glycerol. The concentration of Garvin was 

0.19 mg/mL in 50 mM Tris pH 7.5, 50 mM NaF.  

2.19 Melt curve analyses 

Protein samples at a concentration of 0.4 mg/mL were heated in a 96-well plate from 4-

100°C over the course of 40 minutes in the presence of 1X SyproOrange® dye using a 

StepOnePlus™ Real-Time PCR System (Applied Biosystems). Fluorescence of the dye was 

monitored via the SYBR detection channel with an excitation wavelength of 470 nm and an 

emission wavelength of 570 nm. The first derivative of the change in fluorescence was calculated 

using the StepOne® Software v2.3 (Applied Biosystems).  

2.20 NAD+-binding assay 

NAD+-binding by Garvin was measured via quenching of tryptophan fluorescence using a 

Cary Eclipse fluorescence spectrometer (Agilent Technologies, Mississauga, ON) at room 

temperature. Excitation and emission wavelengths of 295 and 340 nm, respectively, were used 
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with a 5 nm band pass. Garvin was diluted to 1 µM in 50 mM Tris, pH 7.5, 250 mM NaCl and 

titrated with NAD+ to a final concentration of 1 µM in quartz cuvettes. The dissociation constant 

(Kd) was calculated by plotting the average 1-relative fluorescence of triplicate measurements at 

each concentration of NAD+ in GraphPad Prism v8.0 (San Diego, CA). The values were fitted 

according to the “Two-Site Binding” non-linear curve fit function. 

2.21 Gel filtration chromatography  

The hydrodynamic radius of Vorin-cat/VorinI was determined using gel filtration 

chromatography, and by plotting a standard curve of the partition coefficient (Kav) values for 

protein standards with known hydrodynamic radii. Kav for each protein was calculated using 

Equation 1, where 𝑉𝑒 = protein elution volume, 𝑉0 = column void volume, and 𝑉𝑡 = total column volume.   

𝐾𝑎𝑣 = (𝑉𝑒 − 𝑉0)/(𝑉𝑡 − 𝑉0)   Eq. 1 

Two milligrams of Vorin-cat/VorinI or 2 mg of standard protein were dissolved in 50 mM 

Tris pH 7.5, 250 mM NaCl, 10% glycerol and loaded onto a Superdex 200 10/300 GL gel filtration 

chromatography column (GE Healthcare) connected to an ÄKTA FPLC system (Amersham 

Biosciences) at room temperature. The FPLC system was operated with the ÄKTA UNICORN 4.12 

software. 

2.22 Preparation of yeast cell protein and LC-MS/MS  

 S. cerevisiae BY4741 (MATa, his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) was transformed with XbaI-

digested pRS415-CUP1 and PCR-amplified IVR vorin-cat by electroporation and plated on YPD 
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agar containing 0.15 mg/mL adenine and 100 µg/mL ampicillin. Plates were incubated at 30°C for 

3 days.  Single colonies were used to inoculate 6 tubes of 5 mL SD-LEU cultures containing 0.15 

mg/mL adenine and 100 µg/mL ampicillin.  Cultures were incubated at 30°C with shaking until 

OD595 = 0.4 (~107 cells). In three of the tubes, expression of Vorin-cat was induced by adding 0.1 

mM CuSO4 at the time of colony inoculation, while the other three cultures were not induced. 

Cell pellets were harvested by centrifugation at 2040 x g for 5 minutes. Cells were washed twice 

with PBS, and centrifuged at 300 x g for 5 minutes at 0°C. Cells were resuspended in 100 mM Tris 

pH 7.6, 10 mM DTT, 4% SDS, and sonicated in a 4°C water bath for 15 minutes (30 seconds on, 30 

seconds off). Cell lysates were incubated at 95°C for 10 minutes with agitation, cooled to room 

temperature, combined with 55 mM iodoacetamide, and incubated in the dark for 20 minutes. 

Acetone was added to a final concentration of 80%, and lysates were incubated overnight at -

20°C. Samples were centrifuged at 18000 x g for 20 minutes at 0°C and washed twice with 80% 

acetone. Pellets were dried at 40°C for 15 minutes, and resuspended in 8 M urea, 10 mM HEPES. 

Samples were digested with LysC and trypsin proteases at a protease-to-sample protein ratio of 

1:100 at room temperature overnight. Total sample was loaded onto C18 STAGE-tips (EmporeTM, 

IVA-Analysentechnik, Meerbusch, Germany). Liquid chromatography was performed using an 

EASY-nLC system (Thermo Fisher Scientific, Bremen, Germany). Mass spectrometry analysis was 

accomplished using a Q Exactive HF quadrupole orbitrap mass spectrometer (Thermo Fisher 

Scientific). Peptides were separated over a 60-minute linear gradient on a reverse-phase 50 cm 

C18 column packed with 3 µm silica beads (ReproSil-Pur C18-AQ, Dr. Maisch GmbH, Germany).  
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2.23 LC-MS/MS data analysis  

 LC-MS/MS spectra were processed using the MaxQuant v1.6.2.10 software package112. 

Quantification was performed with the built-in label-free quantification (LFQ) algorithm, with 

“match between runs” selected. The Andromeda search engine was used to search the spectra 

against the UniProt S. cerevisiae s288c proteome (taxonomy ID 559292, October 9, 2018). 

Statistical analyses of LC-MS/MS data was performed with the software platform Perseus 

v1.6.2.2113. Data were filtered for protein contaminants and for artifactual reverse peptides. Data 

were log2-transformed, and missing values were replaced by values estimated from a normal 

distribution. Only proteins present in duplicate (n=2) in both uninduced and induced sample sets 

were used for further analysis. A two-sample Student’s t-test (P value < 0.05) was performed to 

identify proteins that significantly differed in abundance between both sample sets using a 5% 

false discovery rate (FDR) control filter.  
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3.0 Database mining and mART sequence candidates 

Remote homologs representing putative mART toxin candidates were retrieved by 

performing sequence searches of UniProt and NCBI databases using HHsenser and HHblits. The 

list of all sequences obtained from remote homology searches, which includes sequences from 

all 18 individual datasets, contained a total of 12,993 protein sequences inferred from genomic 

sequencing data found in the UniProt, UniParc, and NCBI databases. Once duplicate sequences, 

sequences with more than 1000 residues, and sequences that did not match the mART regular 

expression were discarded, the list was reduced to 229 candidates. The steep reduction of 

sequences to <2% of the original total was in part due to the convergence of search results, as 

independent output lists contained duplicate UniProt identifiers. Following secretion and 

transmembrane domain predictions, the list was further reduced to 160 probable mART 

sequences that were likely secreted, and not associated to the cell membrane or bacterial cell 

wall. These 160 sequences were then ranked according to novelty and virulence, as only 

sequences with favourable genomic context produced by pathogenic bacteria were considered 

for structure-based filtering. In this thesis, the genomic neighbourhood of predicted mART toxin 

sequences was examined for the presence of gene products predicted to contribute to virulence, 

rather than by identifying negative indicators of virulence, e.g. the presence of ribosylhydrolase 

genes, as previously done by Fieldhouse et al.8. Positive indicators of virulence included specific 

elements encoded near the candidate mART toxins, such as accessory toxin genes, genes 

encoding toxin secretion machinery, or general hallmarks of genomic islands like integrase genes, 

transposable elements, and tRNA genes114. The genomic context highlights of the final seven 

mART candidates are summarized later in Table 6. Of the sequences that met the genomic 
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criteria, only those with less than 50% sequence identity to previously characterized mART toxins 

were kept, reducing the final sequence candidate count to 17 for structural modeling.  

3.1 Structure-based filtering 

 A consensus approach was applied using LOMETS to assess whether multiple structure 

prediction servers agreed that the remaining 17 catalytic domain sequences assumed a mART-

like fold. The results are summarized in Table 4. Only two of the 17 sequences, A0A093SYU3 and 

E0LU50, did not meet the 7/10 server threshold, indicating that in those two cases a common 

three-dimensional structure prediction was not achieved with sufficient confidence. Sequence 

D0Z4Y1 from P. damselae did show at least 7 out of 10 servers predict a mART fold, however the 

template coverage was below 70%, and the sequence was therefore discarded. Sequence E5B8T9 

from E. amylovora showed the lowest template coverage (0.510), but displayed a perfect high 

confidence server prediction score of 10.  E5B8T9 was not discarded since it was the same C-

terminal half of the sequence that showed a high prediction confidence according to each server 

result, revealing that the input amino acid sequence represented additional motifs or domains to 

the catalytic domain. The existence of a second domain also explained why a perfect LOMETS 

score was achieved for only half of the sequence. With consistency in mind, a LOMETS prediction 

was not repeated on only the C-terminal portion of E5B8T9 because while LOMETS is still available 

as a tool, the web service platform with the same specific servers used for all the original 

predictions was discontinued before I was able to define two distinct domains via a conserved 

proteolytic cleavage site (discussed later in further detail).  
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Organism UniProt sequence 
identifier 

Average template 
coverage 

Server predictions 
with HIGH confidence 

(out of 10) 

Overall 
Confidence 

Spiroplasma 
melliferum 

A0A037UQ33 0.857 10 High 

Weissella 
cibaria 

A0A139R9U4 0.955 10 High 

Parachlamydia 
acanthamoebae 

A0A0C1E5A0 0.901 10 High 

Lactobacillus 
kunkeei 

A0A0C3AG37 0.854 10 High 

Escherichia 
coli 

T9AJP6 0.914 10 High 

Fusobacterium 
necrophorum 

A0A064A9T9 0.948 10 High 

Pectobacterium 
carotovorum 

A0A093SYU3 0.701 6 Medium 

Legionella 
quateirensis 

A0A0W0XJR5 0.708 10 Medium 

Enterobacter 
bugandensis 

A0A167JVD8 0.857 7 High 

Photobacterium 
damselae 

D0Z4Y1 0.660 7 Medium 

Providencia 
alcalifaciens 

W3YC38 0.864 10 High 

Erwinia 
amylovora 

E5B8T9 0.510 10 Medium 

Paenibacillus 
popilliae 

M9M5D5 0.839 10 High 

Bartonella 
bovis 

N6VGJ3 0.831 10 High 

Vibrio 
vulnificus 

UPI0005F1B61B 0.938 10 High 

Pantoea 
stuartii 

E0LU50 0.671 3 Medium 

Lactococcus 
garvieae 

H2B2R7 0.812 10 High 

Table 4. LOMETS consensus prediction scores. The organism is the bacterial species that 
produces each protein, while the UniProt identifier is the accession ID for each specific protein 
sequence. Template coverage is the average fraction of residues considered for each server’s 
prediction out of 1.0. The overall confidence is a final consensus score given by the LOMETS 
server which consolidates average template coverage with the number of high confidence server 
predictions.  
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 A threading-based prediction approach using RaptorX was then applied on the 14 

remaining protein sequences to obtain quantifiable indicators of model quality, and to determine 

which characterized mART toxin structures serve as the best threading templates. The RaptorX 

structural prediction scores and their descriptions are listed in Table 5. According to Ma et al., a 

P-value less than 10-4, a SeqID >30%, and a uGDT for proteins with greater than 100 residues or 

a GDT >50 for proteins with less than 100 residues are all good measures of an accurate structural 

prediction115. SeqID scores were considered for ranking purposes, but not for eliminating any 

putative mARTs as mART toxin sequence identity is characteristically low6. If a model was 

generated using mART toxin structures as templates and if the scores for a given model met each 

of the minimum recommended cut-offs, then the putative mART toxin was considered to adopt 

a mART-like tertiary structure.  

 Sequences A0A0W0XJR5 and W3YC38 were discarded since their GDT scores were less 

than 50, suggesting that only certain portions of the model were able to be correctly threaded to 

a mART toxin structural template. Sequence W3YC38 was also removed due its borderline P-value 

of 1.00E-04. The other 12 sequences displayed values within the accepted threshold for each 

scoring parameter matched to mART toxin structural templates from the PDB. Interestingly, the 

non-mART toxin structure 4ELN, an unpublished type III effector from the plant pathogen 

Xanthomonas axonopodis pv. citri, was identified as a threading template for sequences T9AJP6 

and UPI0005F1B61B116. All other PDB IDs listed as templates in Table 5 correspond to 

experimentally determined mART toxin structures.  
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Organism UniProt 
sequence 
identifier 

Residues 

modelled 
(mART 

domain) 

P-value uGDT 

(GDT) 

uSeqID 

(SeqID) 

Templates 

Spiroplasma 
melliferum 

A0A037UQ33 1-261 4.83E-09 169(65) 97(37) 4fxqA 4fk7A 

Weissella  
cibaria 

A0A139R9U4 1-188 6.44e-07 131(70) 38(20) 
1qs2A 1qs1A 5gttA 2j

3zA 4fxqA 
Parachlamydia 

acanthamoebae 
A0A0C1E5A0 42-250 7.73E-06 126(51) 53(21) 4xzjA 1qs2A 1qs1A 

Lactobacillus 
kunkeei 

A0A0C3AG37 32-237 2.29E-07 121(51) 49(21) 
1qs1A 1qs2A 5gttA 4

fxqA 4fk7A 

Escherichia 
coli 

T9AJP6 1-220 3.57E-07 119(54) 32(15) 
4xzjA 1qs1A 1qs2A 4

elnA 4fxqA 
Fusobacterium 

necrophorum 
A0A064A9T9 306-475 1.58E-06 119(70) 36(21) 4xzjA 

Legionella 
quateirensis 

A0A0W0XJR5 1-324 7.80E-07 115(36) 36(11) 
4xzjA 4fxqA 1qs2A 1

qs1A 3bw8A 

Enterobacter 
bugandensis 

A0A167JVD8 735-951 1.31E-08 105(48) 36(17) 4xzjA 

Providencia 

alcalifaciens 
W3YC38 102-408 1.00E-04 102(33) 41(13) 

4xzjA 1qs1A 1qs2A 5

gttA 2wn4A 
Erwinia 

amylovora 
E5B8T9 144-276 3.67E-08 93(73) 33(26) 

1tiiA 1xtcA 1lt4A 
4z9dA 5ewkA 

Paenibacillus 
popilliae 

M9M5D5 1-222 1.22E-06 121(54) 42(19) 
1qs1A 1qs2A 4fk7A 4

fxqA 2bovB 
Bartonella 

bovis 
N6VGJ3 1-238 3.82E-12 141(59) 68(29) 1lt4A 1tiiA 1ltiA 

Vibrio  
vulnificus 

UPI0005F1B6
1B 

1-196 1.95E-06 110(56) 31(16) 
4elnA 4xzjA 1gxyA 3u

0jA 

Lactococcus 
garvieae 

H2B2R7 1-239 5.56E-07 116(48) 37(15) 
2a78B 5gttA 2bovB 3

bw8A 4fxqA 

Table 5. RaptorX threading prediction scores. Only residues corresponding to the predicted 
mART catalytic domain were submitted to RaptorX for structural predictions. The P-value is the 
likelihood of a model being less accurate than the highest-scoring model of a randomly-
generated set. The uGDT is the global model quality, and the GDT is the uGDT normalized to the 
sequence length115. The templates are listed as PDB structure IDs.  
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 The final list of 12 candidate mART toxins was further reduced to seven; a number that 

could feasibly be validated in the yeast growth deficiency assay by one researcher.  Factors 

pertaining to wet lab amenability such as protein expression and solubility were considered, but 

these seven putative mARTs were also subjectively prioritized based on the research interests of 

our laboratory. Although only a final group of seven putative toxins is described in this thesis, it 

is worth noting that the remaining twelve sequences, and possibly even more sequences further 

up the chain of bioinformatics filters, are still potential mART toxins. The list was filtered and 

refined using stringent criteria at the expense of missing bona fide toxins. 

 In this thesis, 12,993 initial sequences were effectively reduced to 7 for toxin validation, 

which accounts for < 0.1% of the original total. The effectiveness of this “filter funnel” is in part 

due to experimental design, but to a greater degree, is a testament to the ongoing evolution and 

improvement of in silico predictive tools.  

A brief summary of five new putative mART toxins is presented below, while two others 

are described in detail as their characterization was the main focus of this thesis.  

3.2 Bovin 

 Bovin is a putative mART toxin encoded by a bovine isolate of the fastidious Gram-

negative bacterium Bartonella bovis. B. bovis has been shown to cause endocarditis and 

persistent bacteremia in cattle117,118.  A phylogenetic survey of several pathogenic Bartonella 

species revealed that flagellin is likely a major virulence factor of B. bovis; however, secreted 
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virulence factors have not yet been identified119. Bovin may represent a deadly tool used by B. 

bovis during infection.   

 Bovin is a single-domain, CT/Pierisin-1-like protein. Bovin exhibits relatively high 

sequence identity with cholera-like toxins and with the DNA-targeting toxins Pierisin-1 and 

Scabin, and is phylogenetically related to Scabin (Figure 5, Figure 6). In addition to the R-STS-

E(Q)xE mART motif, Bovin also possesses Trp and Lys residues, equivalent to Trp128 and Lys130 

in Scabin, that have been proposed to interact with DNA (Figure 5)120. Lys130 is unique to Scabin 

and Bovin, while Trp128 is unique to DNA-targeting mARTs. However, in contrast to Scabin and 

Pierisin-1, Bovin has an ExE catalytic motif rather than a QxE motif, which may preclude Bovin 

from being a DNA-targeting toxin.   

 

Figure 5. Sequence alignment of Bovin with DNA-targeting mARTs. The red stars denote the 
positions of residues important for DNA-binding. Alignment was generated by T-COFFEE.  

 

Secondary structure predictions revealed that Bovin may possess a pentameric B-domain 

similar for toxin delivery similar to cholera toxin and LT, as a short peptide is encoded directly 

downstream of Bovin which has a propensity for forming an α-helical structure similar to cholera 

toxin B subunits. Bovin may therefore be a new AB5 mART toxin.  

Bovin did not elicit a cytotoxic effect in the yeast growth deficiency assay; this may lend 

to the possibility that DNA is the target substrate for Bovin since Bovin would not be able to enter 
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either the nucleus or mitochondria of S. cerevisiae to target DNA for ADP-ribosylation in the 

absence of a putative translocation domain. Bovin is potentially the second DNA-targeting mART 

toxin secreted by a bacterial species.  

3.3 EcX 

 EcX is a putative mART toxin encoded by a human blood isolate of the Gram-negative 

bacterium Enterobacter bugandensis, which is part of the Enterobacter cloacae complex. Species 

of Enterobacter are increasingly problematic because they are multi-drug resistant nosocomial 

pathogens that cause infections such as septicemia, pneumonia, osteomyelitis, urinary tract 

infections, and intra-abdominal infections121,122. Virulence of Enterobacter spp. is currently 

attributed to T3SS effectors, curli fimbriae, siderophores, and several drug resistance 

mechanisms121,122. 

 EcX is a 951-residue protein, with a distinct mART domain (residues 679-951), and a large 

N-terminal domain that may serve as a toxin delivery and encapsulation structure analogous to 

the BC component of Tc from P. luminescens (PDB 409X), and the Rhs-repeat containing the BC 

component of ABC toxin from Yersinia entomophaga (PDB 4IGL)70,123. The two domains are 

delimited by a Factor Xa protease recognition site (IEGR); proteolytic cleavage may therefore be 

responsible for toxin release upon delivery into the host cell.  

 The closest mART homologs of the predicted catalytic domain of EcX are Mav and Vis, 

which share 27% and 22% sequence identities, respectively. The mART catalytic signature of EcX 

includes a QxE motif, which may suggest that asparagine is the target residue like with Rho-
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targeting C3-like mARTs. However, the closest phylogenetic relatives of EcX were ExoS and ExoT 

mARTs from P. aeruginosa, which are ExE-motif toxins (Figure 6).   

EcX was not tested in the yeast growth deficiency assay as no source of DNA encoding the 

putative toxin was obtained. Regardless, EcX may represent an important secreted effector that 

contributes to the severe pathogenic potential of E. bugandensis121 

3.4 Mellifin 

 Mellifin is a putative mART toxin encoded by Spiroplasma melliferum, a bacterial species 

that has been shown to infect honey bees and has been isolated from their feces, but that has 

not yet been proven as a honey bee pathogen124,125. Nonetheless, the identification of a mART 

toxin produced by S. melliferum may inspire further research into potential pathogenic 

interactions with honey bees.  

 Mellifin shares a 42% sequence identity with the toxin Certhrax, which is a mART that, like 

anthrax lethal factor, requires protective antigen (PA) for cell entry97. Certhrax harbours a PA-

binding domain, but Mellifin does not. Instead, Mellifin has an extended N-terminal helix that is 

uncharacteristic of single-domain C3-like mARTs, but is too short to comprise a putative PA-

binding domain (Figure 7). This finding is misleading, as a protective antigen homolog is encoded 

directly downstream of Mellifin. The N-terminal extension of Mellifin may be a vestigial remnant 

of a once complete PA-binding domain, as a genomic investigation of the closely related species 

S. citri revealed that 21% of chromosomal coding sequences were truncated compared to 

predicted homologs126. A comparable amount of gene decay in S. melliferum may be responsible 
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for the reduced remnants of a Mellifin PA-binding domain.  Further, the relationship of Mellifin 

to characterized mART toxins was also ambiguous, as it did not show any distinct phylogenetic 

grouping.   

Like Bovin, Mellifin did not cause a cytotoxic effect in the yeast growth deficiency assay. 

Mellifin may possibly have been a false-positive toxin that passed all the bioinformatics filters, or 

there may be a host-specific factor required for Mellifin to be catalytically active.   

3.5 Pax 

Pax is encoded by Parachlamydia acanthamoebae, which is a Gram-negative obligate 

intracellular bacterium127. It naturally infects free-living amoebae, and is capable of resisting 

destruction by human macrophages, likely by controlling vacuole formation128. P. 

acanthamoebae is of interest as a pathogen because of the difficulty associated with aetiological 

diagnosis of community-acquired pneumonia, and may represent a significant cause of this 

disease129. P. acanthamoebae may deploy T3SS effector proteins to modulate pathogen-

containing vacuole biogenesis128. Indeed, the same strain that encodes Pax encodes a T3SS 

homolog; however, they are located on separate contigs of an unassembled genome, so it is 

difficult to assess their proximity.  

The closest mART homologs of Pax are EFV (29%) and Vis (28%). The predicted structure 

of Pax included a 41-residue N-terminal sequence that could not be successfully modeled to any 

template, and incidentally, for which no homologs existed (Figure 7). Like Mellifin, no clear 

phylogenetic mART grouping was able to be identified 
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 At every stage of in silico filtering, discarded sequences were occasionally re-evaluated to 

ensure they were correctly omitted. Upon re-examination, it was noted that the only filter that 

Pax did not pass was the mART regular expression. The reason for this was that Pax possesses a 

unique R-SFS-ExE motif, where all motif elements were still permissibly spaced within the limits 

of the regular expression, but an SFS motif violated the strict S-T-[STQ] motif condition of the 

expression. Pax was kept as a finalist putative mART to challenge the mART motif template if Pax 

demonstrated the ability to elicit a cytotoxic effect upon expression in S. cerevisiae. 

Unfortunately, Pax was the second putative mART toxin that was not able to be tested in the 

yeast growth deficiency as no genetic material encoding Pax was obtained.  

3.6 Vulnicin      

 Vulnicin is encoded by a Korean isolate of the Gram-negative pathogen, Vibrio vulnificus. 

V. vulnificus is a human pathogen that inhabits warmer coastal regions worldwide, and causes a 

variety of diseases including gastroenteritis, necrotizing fasciitis, and septicemia130,131. In fact, 

septicemia caused by V. vulnificus results in a mortality rate greater than 50% of infected 

patients130. 

Vulnicin is a single-domain protein that shares 30% sequence identity with VopT, and 27% 

sequence identity with Vis, both of which are mART toxins produced by other pathogenic species 

of Vibrio.  Interestingly, Vulnicin was the only predicted mART toxin for which a eukaryotic ADP-

ribosyltransferase and a non-mART effector were detected as suitable threading templates 

(Figure 7).   
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The genomic context of Vulnicin signalled the presence of a virulence cassette, as 

homologs of zonula occludens toxin (Zot) and accessory cholera enterotoxin (Ace) from V. 

cholerae were encoded adjacent to Vulnicin. During infection by V. cholerae, Zot permeabilizes 

the small intestine, while Ace stimulates fluid secretion132,133. In V. vulnificus, these ORFs are 

ordered in such a way that Vulnicin is encoded exactly where cholera toxin would be encoded in 

the virulence cassette of V. cholerae. 

Vulnicin was not toxic in the yeast growth deficiency assay. This was very surprising given 

the studied genomic context, as Vulnicin appeared to be a cholera toxin substitute in a closely 

related species of Vibrio. As cholera toxin requires human ARF6 for toxin activation, it is possible 

that Vulnicin also requires a similar ADP-ribosylation factor, but for which no yeast homolog 

exists24.  
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Figure 6. Phylogenetic relationship of new putative mARTs with characterized mART toxins. 
Branch support values are shown in red. Phylogenetic tree was generated using Phylogeny.fr by 
T-COFFEE alignment and Bayesian inference.  
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Putative 

mART toxin 

UniProt 

accession 

mART homologs 

 

Genomic 

neighbours 

indicative of 

virulence  

Research interest 

 

Vorin 
E5B8T9 

Pierisin (33%), 
LT-A (30%) 

CARDS (29%), 
Cholera (29%) 
Scabin (27%) 

See Figure 9. 
Fire blight in Rubus 

genus plants 

Garvin H2B2R7 
 

Certhrax (24%) 
C3bot1 (24%) 

Collagen- and 
mucin-binding 

proteins 

Lactococcosis in 
salmonid fish; 

various zoonoses 
(e.g. UTIs and skin 

infections) 

Bovin N6VGJ3 

LT-IIA/B (40%) 
Cholera toxin (36%) 

Pierisin (32%) 
Scabin (31%) 

Possible B-domain 
subunit (similar to 

cholera toxin 
pentameric 

subunit) 

Endocarditis in 
beef and dairy 

cattle 

Mellifin 
A0A037UQ33 

 
Certhrax (42%) 

C3bot1, C3lim, C3stau1 (29%) 

Protective antigen, 
integrase, PTS 

glucose transporter 

Spiroplasmosis in 
honey bees? 

Vulnicin UPI0005F1B61B 
 

Mav (34%) 
VopT (30%) 

Vis (27%) 
Photox (27%) 

Integrase, 
transposases, 

homologs of Zot 
and Ace accessory 

toxins 

Highly lethal 
vibriosis in humans 

EcX A0A167JVD8 
 

Mav (27%) 
Vis (22%) 

Transposases, 
permease 

transporter 

Antibiotic-resistant 
nosocomial 
infections 

Pax A0A0C1E5A0 
 

EFV (29%) 
Vis (28%) 

Mycobacterial two-
component 

regulatory system, 
chemotaxis 
protein, LPS 

synthesis proteins 

Community-
acquired 

pneumonia in 
humans? 

Table 6. Highlights of the final seven mART toxin candidates. For some UniProt accession IDs, 
high percent identity (90%+) homologs exist; the IDs shown correspond to the sequence originally 
mined by remote homology searches. Percentages shown correspond to sequence percent 
identity as calculated by pairwise UniProt alignment of catalytic domains.  
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Figure 7. RaptorX models of putative mART toxins. Threading templates and their PDB IDs are 
listed below each structure. All structures were refined by fragment-guided molecular dynamics 
(FG-MD)107. 
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3.7 Vorin, a new mART toxin produced by the fire blight pathogen Erwinia amylovora 

Vorin (E. amylovora; Vorin) is a 31 kDa, 276-residue protein encoded by the Rubus-

infecting E. amylovora ATCC BAA-2158. Vorin can be separated into two distinct domains: a 14.5 

kDa C-terminal catalytic domain which harbours the conserved mART catalytic signature (Vorin-

cat), and a conserved 16.5 kDa Rhs N-terminal domain of unknown function (Vorin-NTD) (Figure 

8). Separating the two domains is the characteristic Rhs motif DPXG-(X13)-PXXXXDPXGL motif68. 

The latter portion of this motif is a predicted auto-proteolytic cleavage site (PXXXXDPXG/L) where 

a catalytic aspartate dyad from the Rhs motif may be responsible for pH-triggered cleavage and 

activation of Vorin-cat123. Consistent with the third and fourth domains of polymorphic Rhs 

toxins, the gene sequences encoding Vorin-NTD and Vorin-cat each exhibit significant codon bias: 

the GC-contents of vorin-NTD and vorin-cat are 62.2% and 39.3%, respectively, while the 

chromosomal GC-content of E. amylovora ATCC BAA-2158 is 53.6%56.  

Vorin-cat is a probable CT-like mART toxin as it possesses an ExE catalytic motif, and 

shares the highest percent sequence identity with the CT-like toxins LT-A and Cholera toxin, and 

the CT/Pierisin-like DNA-targeting mART toxins Pierisin and Scabin (Figure 8). 
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Figure 8. The two domains of Vorin, and multiple sequence alignment with mART toxin 
homologs. The red stars indicate the conserved R, STS, and ExE mART toxin motifs. Percent 
sequence identities are 33%, 27%, 29% and 30% for Pierisin-1, Scabin, Cholera toxin and LT-A, 
respectively. CARDS toxin exhibits a 29% sequence identity with Vorin-cat, but was not included 
in the alignment since it distorted the alignment of catalytic residues.   
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3.8 The genomic neighbourhood of Vorin 

 Of all the toxins and putative toxins described, the genomic context information 

surrounding the gene encoding Vorin was the most abundant, and merited a more detailed 

annotation. Potential functions of several genomic neighbours of vorin are presented below, and 

their position relative to Vorin is depicted in Figure 9. Unless specified otherwise, all gene 

products shown in Figure 9, including Vorin and VorinI, are encoded on the complementary 

strand of the E. amylovora ATCC BAA-2158 chromosome. All proposed functions were informed 

by BLASTp search results, and must still be experimentally confirmed.  

The Vorin gene cluster is composed of 44,668 nucleotides encoding 38 predicted open 

reading frames (ORFs). The first notable feature that was identified in the gene cluster was a 

complete set of T6SS structural subunit homologs encoded upstream of Vorin. All 13 required 

T6SS proteins were successfully mapped. The membrane complex is composed of subunits TssJ, 

TssL, and TssM, which form 10 heterotrimeric structures that span the bacterial inner and outer 

membranes to anchor the T6SS134. The baseplate complex forms on the cytosolic side of the inner 

membrane, and comprises subunits TssA, TssE, TssF, TssG, TssK and TssI which serve as a scaffold 

for assembly of the T6SS contractile sheath, and for assembly of the hexameric Hcp/TssD tunnel 

structure through which effectors are deployed134. The T6SS sheath that generates the 

contractile force required for injection is composed of small subunit TssB and large subunit TssC, 

and these subunits are then recycled by the ATPase TssH/ClpV after contraction134. The presence 

of a complete host of T6SS genes upstream of vorin strongly suggests that Vorin is a type-VI-

secreted toxin.   
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Figure 9. Vorin gene cluster. Encoded T6SS structural proteins are shown in green, while T6SS 
regulatory proteins are shown in blue. Aberrant gene products having no definable synergy with 
the other encoded proteins are shown in yellow. Toxins and antitoxins are shown in pink and 
purple, respectively. Hypothetical protein ORFs with no predicted function are in grey. ORF 
lengths are to scale, but non-coding regions between ORFs are not depicted.   

 

In addition to the structural elements of a T6SS, two proteins which are likely involved in 

the regulation of T6SS assembly were also identified.  The putative serine/threonine protein 

kinase PpkA is encoded near the end of the T6SS cassette, and further upstream, a putative PrpC- 

or Pp2C-family serine/threonine phosphatase is encoded adjacent to the T6SS-associated inner-

membrane protein Fha1. PpkA has been shown to phosphorylate Fha1 at a threonine residue to 

promote T6SS assembly, while a different phosphatase, PppA, dephosphorylates Fha1 to 
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negatively regulate assembly135,136. In the Vorin T6SS gene cluster, the PrpC/Pp2C phosphatase 

may adopt a similar role to PppA. Repression of T6SS assembly has also been shown to involve 

an interaction between Fha1 and the T6SS accessory protein TagF in the plant pathogens 

Agrobacterium tumefaciens and P. aeruginosa137. E. amylovora ATCC BAA-2158 likely possesses 

both mechanisms of assembly/disassembly as a TagF homolog is also encoded in the Vorin T6SS 

cluster between TssM and TssA (Fig. 9). 

 Three distinct toxin-antitoxin modules were predicted in the Vorin T6SS cassette. 

Homologs of the type-VI secreted effector Tae4, an amidase that degrades bacterial cell wall 

peptidoglycan, and Tai4, its cognate immunity protein, are encoded in the middle of the T6SS 

subunit homologs138. Next, a homolog of the type-VI secreted deoxyribonuclease toxin Tde from 

A. tumefaciens is located just downstream of Vorin. Tde is involved in interbacterial competition 

against P. aeruginosa and other strains of A. tumefaciens139. However, no homolog of its cognate 

antitoxin Tdi was identified; instead, a Smi1/Knr4 family protein is found immediately 

downstream of the Tde homolog. Smi1/Knr4 was originally characterized in S. cerevisiae as a 

protein that conferred resistance to toxin secretion by other antagonistic yeast, but a 

bioinformatics study performed by Zhang et. al. revealed that Smi1/Knr4 homologs in bacteria 

are potential immunity proteins for nuclease effectors140. In this scenario, Smi1/Knr4 could be 

acting as an antitoxin for the adjacently encoded Tde DNase homolog. The third type of TA 

module identified comprises two genes encoded downstream of Vorin on the reverse strand that 

encode predicted SymE family toxins from the SymE-SymR toxin-antitoxin system. SymE is a toxin 

that cleaves cellular mRNA to inhibit translation, and belongs to a type I toxin-antitoxin 

module141. Its antitoxin, SymR, is a cis-encoded, antisense non-coding RNA that base-pairs with 
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the toxin mRNA transcript, preventing production of SymE142. SymE is possibly implicated in 

recycling of damaged RNA as part of the SOS response142. Given that an endonuclease toxin is 

encoded directly adjacent to the predicted SymE genes, the SymE/SymR TA module in this 

particular genomic context may serve as a requisite preservation mechanism, whereby SymE 

activity is induced under stress conditions to counter any sudden DNA or RNA damage caused by 

inadvertent self-intoxication. 

Unexpectedly, a homolog of the flagellar L-ring protein FlgH was found in the Vorin T6SS 

gene cluster. Ordinarily, FlgH subunits assemble to create an outer membrane pore through 

which bacterial flagella emerges from the cell, but in the context of type-VI secretion, a potential 

role for FlgH is unclear143. Liu et al. found that in T6SS genomic island deletion strains of the 

Erwinia relative Citrobacter freundii, flagellum-associated genes were significantly 

downregulated, and these strains showed decreased cytotoxicity to human epithelial cells144. The 

presence of a FlgH homolog in the Vorin T6SS cassette may suggest a similar relationship between 

T6SS gene and bacterial motility gene expression in this strain of E. amylovora.  

Another unexpected finding was a homolog of the secreted protein ImpE, that, along with 

RbsB, may be involved in temperature-dependent inhibition of infection mechanisms in the plant 

symbiote Rhizobium leguminosarum145. This could be a horizontally-acquired gene that ensures 

tightly-regulated deployment of T6SS effectors upon sensing specific environmental stimuli on 

the plant host.  

The largest ORF in the Vorin T6SS gene cluster is a homolog of both the DNase toxin RhsA 

from Dickeya dadantii and of the BC encapsulation shell structure from the ABC Rhs toxin Tc 
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produced by P. lumniscens65,123. Although depicted as an Rhs family toxin gene in Figure 9, no 

catalytic domains are predicted within the ORF, meaning it probably only encodes a conserved 

Rhs structural element involved in secretion or translocation to the host. TcB and TcC form a large 

protective shell in which the mART toxin catalytic TcA domain is sequestered prior to secretion 

to prevent autointoxication, and then likely undergoes autoproteolysis triggered by pH 

acidification inside the host insect midgut123. The TcB-TcC homolog may represent an alternative 

delivery method for Vorin, but Vorin is adjacent to an immunity protein so the TcB-TcC homolog 

is likely not the primary mechanism of secretion or of protection from autointoxication, but 

rather involved in translocating other potential effectors encoded nearby that lack a cognate 

antitoxin. Gene knock-out studies would be required to determine which effectors depend on 

the T6SS for secretion, and which effectors, if any, are secreted by a mechanism similar to Tc 

toxin.  

A number of parallels exist between the Vorin/T6SS gene cluster and the T6SS/Rhs protein 

gene cluster of Serratia marcescens Db10 reported by Diniz and Coulthurst, namely the presence 

of all 13 T6SS proteins, nearly identical T6SS kinase and phosphatase regulatory proteins, and 

Tae/Tai-family TA modules72. Given these similarities, in a manner analogous to the Rhs1 and 

RhsI1 modules, Vorin was predicted to possess a cognate antitoxin in the same position as RhsI1 

on the basis that the two T6SS gene clusters were highly conserved. BLASTp searches did not 

indicate that this ORF encoded a Vorin antitoxin, but the gene adjacently downstream to vorin in 

Figure 9 is annotated as VorinI (Vorin Immunity protein) because its role as an antitoxin is 

experimentally demonstrated in this thesis.  
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In contrast to the S. marcescens counterpart Rhs1, the N-terminal Rhs domain of Vorin is 

significantly truncated to only ~11% of the length of the Rhs1 N-terminal domain (143 residues 

vs. 1332 residues). The TcB-TcC homolog (1540 residues) may compensate for this truncation in 

E. amylovora ATCC BAA-2158, as it is absent in the S. marcescens Db10 T6SS cluster, but the 

mechanism for which it might compensate is unknown.  

3.9 Yeast growth deficiency assays – Vorin and Vorin-cat 

 Full-length wild-type Vorin (Vorin WT) was expressed in vivo in S. cerevisiae under the 

control of the copper-inducible promoter CUP1 to determine its cytotoxic potential and to 

validate in silico predictions. Induction of Vorin expression resulted in a dose-dependent 

decrease in yeast cell culture densities compared to empty vector controls after 48 hours of 

incubation (Figure 10). Growth of cells expressing Vorin WT was severely impaired at the lowest 

concentration of Cu2+ (0.25 mM), and was almost completely abolished at 0.5 and 0.75 mM Cu2+.  
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Figure 10. Vorin yeast growth deficiency assay. Cells were transformed with either empty 
pRS415-CUP1 plasmid or pRS415-CUP1-vorin, and expression of Vorin was induced with 
increasing amounts of Cu2+

 inducer for 48 hours. Data shown are the average of three 
experiments comprising at least four biological replicates, each consisting of four technical 
replicates ± standard error. PE24, the catalytic domain of the well-characterized mART toxin ExoA 
from P. aeruginosa, was expressed as a positive control for the yeast growth defect phenotype.  

 

Moreover, cell densities of yeast expressing Vorin WT were lower than those expressing 

PE24 (positive control) at all concentrations of Cu2+. Uninduced Vorin WT cultures did not elicit a 

growth defect.  

To confirm that the observed cytotoxic effects could be ascribed to the expression of 

Vorin WT toxin, the essential catalytic glutamate residues responsible for transferase activity in 

mART toxins were substituted with alanine residues via site-directed mutagenesis (Vorin 

E239AxE241A). When the experiment was repeated with Vorin E239AxE241A, cell growth 

resembled that of empty vector control cultures, indicating that the growth-deficiency 

phenotype was reversed and that cytotoxicity was due to the enzymatic activity of Vorin WT.   
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Figure 11. Vorin-cat yeast growth deficiency assay. Cells were transformed with either empty 
pRS415-CUP1 plasmid or pRS415-CUP1-vorin-cat, and expression of Vorin was induced with 
increasing amounts of Cu2+

 inducer for 48 hours. Data shown are the average of three 
experiments comprising at least four biological replicates, each consisting of four technical 
replicates ± standard error. PE24, the catalytic domain of the well-characterized mART toxin ExoA 
from P. aeruginosa, was expressed as a positive control for the yeast growth defect phenotype. 

  

The catalytic mART domain of Vorin, Vorin-cat WT, was then expressed in S. cerevisiae to 

assess whether the same cytotoxicity was observed upon truncation of the full-length sequence 

at the conserved cleavage motif that delimits the hypervariable C-terminal toxin domain in Rhs 

toxins. Cells expressing Vorin-cat WT exhibited a slightly more pronounced growth defect, as 

growth was almost completely abolished at 0.25 mM Cu2+ in addition to 0.5 and 0.75 mM Cu2+, 

and was once again lower than cultures expressing the control PE24 (Figure 11). Unlike Vorin-

WT, uninduced Vorin-cat WT cultures also showed a minor reduction in cell density.  

Like with Vorin WT, catalytic variants of Vorin-cat were made by substituting catalytic 

glutamate residues to alanine. Expression of Vorin-cat E239AxE241A once again restored cell 
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growth to a level comparable to empty vector control yeast cultures, confirming the observed 

growth deficiency phenotype was due to mART enzymatic activity.  

In both Vorin and Vorin-cat growth deficiency assays, cells expressing wild-type toxins at 

0 mM Cu2+ and cells expressing catalytic variants of Vorin/Vorin-cat at all concentrations of Cu2+ 

unexpectedly grew to a higher cell density after 48 hours than the negative control cultures. This 

was likely due to the order in which control and experimental cultures are prepared, and the time 

requirement associated with aseptically aliquoting cultures as cultures added to 96-well plates 

last would grow to slightly higher cell densities before being aliquoted. 

Given that Vorin-cat WT was capable of eliciting an equivalent or possibly more severe 

cytotoxic effect than Vorin WT in a eukaryotic yeast model, in conjunction with the presence of 

a predicted proteolytic cleavage site, Vorin-cat was hypothesized to represent the biologically 

active version of this mART enzyme. All subsequent characterization of Vorin entailed expression 

and purification of Vorin-cat without its N-terminal domain.   

3.10 Preliminary over-expression and purification of Vorin-cat   

Surprisingly, when E. coli BL21 (DE3) cells were transformed with either vorin or vorin-cat 

pET expression vectors, transformation efficiency and colony morphology were severely 

affected. In the case of vorin-cat, transformant colonies had a whiter, somewhat translucent 

appearance and colony counts were reduced compared to empty vector transformations, while 

transformations with vorin pET expression vectors were not possible since transformant colonies 

did not grow (Figure 12). When E. coli cells were transformed with expression vector containing 
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the catalytic mutant vorin gene (vorin E239AxE241A), the resulting colonies resembled those 

from empty vector transformants, and normal transformation efficiency was also restored.  

The inability to obtain E. coli pET-TEV-vorin transformants could be due to the extreme 

toxic effect of Vorin even at very low levels of background expression before the addition of IPTG. 

This would suggest that only a few copies of Vorin are required to elicit a lethal cytotoxic effect. 

These results suggest that Vorin is more toxic than Vorin-cat, since background expression levels 

of Vorin-cat did not completely prevent cell growth. In spite of this, more quantitative 

experiments, such as cell viability assays to generate LD50 curves, would be required to determine 

the exact degree of potency of either form of the toxin.  
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Figure 12. E. coli BL21 colonies after transformation with vorin pET expression vectors. Cells 
were plated on LB-Kan agar plates. Incubation time, cell inoculum and amount of vector used 
were identical for all transformations.  

 

Initial attempts at recombinant over expression of Vorin-cat, followed by IMAC 

purification, were made. Vorin-cat WT, Vorin-cat E239AxE241A, and a different catalytic variant, 

Vorin-cat E241Q, were all tested. The rationale behind the E241Q variant is that for the Vorin 

homolog Pierisin-1, Oda et al. reported that they were unable to perform any cloning of Pierisin-

1 with an intact wild-type catalytic glutamate due to an unknown toxic effect, and instead used 

a Pierisin-1 E165Q variant in their work146.   

 

Figure 13. Expression/purification trials of Vorin-cat variants. A) Coomassie Brilliant Blue stain 
of insoluble and wash fractions after IMAC purification of Vorin-cat E239AxE241A. B) InVision™ 
His-stain of A). C) Coomassie Brilliant Blue stain of insoluble and wash fractions after IMAC 
purification of Vorin-cat E241Q. For each gel, lanes 1, 2 and 3 contain cell pellet, IMAC column 
flow-through, and lysis buffer wash of the IMAC column, respectively.  
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Modest over-expression of both Vorin-cat catalytic variants was achieved as a band of the 

correct molecular weight for Vorin-cat(His6) (17.3 kDa) was detectable by SDS-PAGE; however 

the recombinant protein was insoluble and was found in the E. coli cell pellets and/or inclusion 

bodies (Figure 13). The band at 17.3 kDa was confirmed as recombinant protein containing a His6-

tag by performing an InVision™ His-tag in-gel stain (Figure 13B). Multiple over-expression and 

IMAC purification attempts of Vorin-cat WT were made using various cell lines, buffers, varying 

induction times and varying temperatures without success, as no bands corresponding to Vorin-

cat were detected after SDS-PAGE of eluted protein fractions (data not shown). The fact that only 

catalytic variants of Vorin-cat could be over-expressed suggested that a significant amount of cell 

death occurred upon expression of wild-type toxin.  

3.11 E. coli growth curves – Vorin-cat and Vorin-NTD  

To investigate the possibility that IMAC-purification of Vorin-cat WT from E. coli was not 

possible due to its potent toxic effect, growth curves experiments were performed. The 

suspected protective effect of the predicted antitoxin VorinI was also determined. E. coli cells 

were transformed with empty vector, transformed with a Vorin-cat pET expression vector, or co-

transformed so that both Vorin-cat and VorinI could be expressed.  
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Figure 14. Growth curves of E. coli BL21(DE3) cultures expressing Vorin-cat and/or VorinI. NTU 
= nephelometric turbidity units. Values for wells containing sterile media blanks were subtracted 
from each NTU value.  

 

 

E. coli cultures expressing Vorin-cat exhibited a significant growth defect as they did not 

increase in turbidity for the entire course of the assay. Cells that were transformed with the 

Vorin-cat plasmid, but not induced, displayed an appreciable growth lag as they reached 

stationary phase six hours later than the uninduced empty vector control culture. Induced empty 

vector control cultures showed slightly impaired growth compared to the uninduced control 

cultures. Intriguingly, co-expression of VorinI with Vorin-cat alleviated the bacteriostatic effect 

observed for cultures expressing only Vorin-cat. Likewise, E. coli cells that were co-transformed 

with both expression vectors encoding Vorin-cat and VorinI, but where expression was not 
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induced, exhibited viable growth that was comparable to the empty vector, uninduced control 

cultures. In fact, uninduced Vorin-cat/VorinI cultures reached a higher cell density than induced, 

empty vector control cultures (Figure 14).  

The difference in maximum cell density/turbidity achieved by induced and uninduced 

empty vector control cultures was not totally unexpected; this effect could be attributed to the 

bioenergetics commitment required for the over-expression of the exogenous protein species 

encoded by the unaltered vector MCS.  

Growth curves of E. coli cultures expressing Vorin-cat WT confirmed that Vorin-cat elicits 

a growth defect when expressed in bacterial as well as in a eukaryotic model, and corroborated 

the challenge associated with over-expression of the toxin. Whether the observed growth defect 

was bacteriostatic, or bactericidal, could be confirmed by performing a live/dead cell viability 

assay.  Given the complete set of T6SS homologs encoded upstream of Vorin, and the 

involvement of T6SS effectors in prokaryotic antagonism, Vorin may represent a T6SS-secreted 

effector that modulates intraspecies competition to confer a selective advantage rather than by 

directly infecting a Rubus genus plant host.  

As hypothesized based on the genomic organization of the Rhs1-RhsI1 TA module from S. 

marcescens Db10, and as evidenced by its restorative effect on the viability of the tested E. coli 

cultures, VorinI is indeed the cognate immunity protein of Vorin. The possibility that Vorin is a 

bactericidal toxin is further supported by the presence of a requisite immunity protein, since E. 

amylovora ATCC BAA-2158 would only require a protective mechanism against autointoxication 
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if the molecular target of Vorin was conserved, which is more likely the case for prokaryotic 

antagonism than if Vorin targeted a plant cell macromolecule for ADP-ribosylation.  

Since the addition of Vorin-NTD to Vorin-cat appeared to abolish growth of E. coli on 

selective agar media, a full set of growth curve experiments was repeated by expressing Vorin-

NTD instead of Vorin-cat to measure its contribution to the observed cytotoxic effect.   

 

 

Figure 15. Growth curves of E. coli BL21(DE3) cultures expressing Vorin-NTD and/or VorinI. NTU 
= nephelometric turbidity units. Cultures listed as “- IPTG” comprise cells transformed with the 
appropriate expression vector, but where protein expression was not induced.  Values for wells 
containing sterile media blanks were subtracted from each NTU value.  
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 Expression of Vorin-NTD had a similar effect as Vorin-cat on E. coli cell growth, as Vorin-

NTD cultures showed a growth lag of about 12 hours, and total growth at stationary phase was 

only approximately 20% of empty vector uninduced control cultures. Uninduced Vorin-NTD 

showed a slightly longer lag phase than control cultures, but the effect was not as pronounced 

as for Vorin-cat (~3 hours vs. 6 hours longer lag phase). Unexpectedly, VorinI also neutralized the 

toxic effect of Vorin-NTD as co-expression with VorinI significantly restored culture viability 

(Figure 15).  

The apparent toxicity of Vorin-NTD raises the question of whether Vorin is a dual toxin, 

where both Vorin-NTD and Vorin-cat are released from one another and activated by self-

cleavage once delivered to the host cell. The observed cell death may, however, also be due to 

the expression of a highly insoluble protein that would normally associate with the bacterial cell 

membrane or cell wall, as Vorin-NTD may simply be compromising the E. coli membrane upon 

over-expression. Whether the toxic effect caused by Vorin-NTD is enzymatic or not, the growth 

curves demonstrated that VorinI does not only act as an antitoxin to Vorin-cat, but also to Vorin-

NTD.  

Full-length Vorin could not be tested in the growth curve assays because it was not 

possible to obtain E. coli BL21(DE3) pET-TEV-vorin transformants; this would suggest that full-

length Vorin exerts a much greater cytotoxic effect than Vorin-cat on E. coli cells. Interestingly, 

the opposite effect was observed in the yeast growth-deficiency assays, where Vorin-cat 

appeared to be the marginally more toxic species. Assuming that Vorin consists of two separate 
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toxin domains, Vorin-cat could possibly target a macromolecule that is conserved among both 

prokaryotes and eukaryotes, whereas the target of Vorin-NTD may be unique to prokaryotes.  

3.12 Expression/purification of Vorin-cat with VorinI 

 Following confirmation that Vorin-cat was too toxic to E. coli BL21(DE3) cells for 

heterologous expression, and that VorinI was able to restore growth of cells expressing Vorin-

cat, Vorin-cat was co-expressed with VorinI for IMAC purification.  

 

Figure 16. Co-expression of Vorin-cat with VorinI. Top: IMAC-purified fractions separated by 
SDS-PAGE and stained with Coomassie Brilliant Blue. Bottom: InVision™ His-stain of the above 
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gel. Lanes 1-6 are insoluble pellet, 10 mM imidazole wash, 25 mM imidazole wash, 40 mM 
imidazole wash, 80 mM imidazole wash and 150 mM imidazole wash fractions, respectively. 
Protein bands are from fractions that were eluted directly from a gravity flow IMAC column, and 
were not yet concentrated.  

 

  Unlike with Vorin-cat catalytic variants, co-expression with VorinI resulted in soluble 

expression of Vorin-cat, and allowed for the purification of wild-type Vorin-cat protein, which 

was not possible without VorinI. Bands were present at 17.3 kDa and 15.2 kDa, indicating that 

both Vorin-cat and VorinI, respectively, were successfully purified (Figure 16). Despite the fact 

that only Vorin-cat possessed a hexahistidine tag, both bands were detectable at approximately 

equivalent intensities. The InVision™ His-stain in Figure 16 also confirmed that only 

heterologously expressed Vorin-cat contained a His-tag. 

 These results suggest that the two proteins interact in solution and form a complex in a 

manner that blocks the enzymatic activity of Vorin-cat.  Given that the band intensities for both 

proteins were very similar, it is likely that Vorin-cat and VorinI interact in a 1:1 ratio; this ratio is 

further supported by the identical residue length of each protein (133 residues). E. coli growth 

curve experiments suggested that VorinI may also bind to Vorin-NTD, but these two proteins 

were not co-expressed since it was beyond the scope of this thesis.  

3.13 Purification of Vorin-cat/VorinI  

 Recombinant Vorin-cat and VorinI were co-purified by nickel immobilized-metal-affinity 

chromatography, and further purified by gel-filtration chromatography. Purified protein was then 
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concentrated to 4.8 mg/mL. Homogeneity was not achieved as several other, high molecular 

weight, major bands became detectable after concentrating purified protein samples (Figure 17).    

 During gel-filtration chromatography purification, Vorin-cat and VorinI eluted as a single, 

major peak, proving that they bind to form a complex (Figure 18). Interestingly, all other protein 

species present in the purified sample would also have eluted as part of this peak, since no minor 

peaks were present.  These other proteins, corresponding to lower intensity bands in Figure 17, 

could potentially represent different oligomeric species of Vorin-cat and/or VorinI. If this is the 

case, the binding interactions would have to be very strong as they did not appear to be disrupted 

on a denaturing SDS-PAGE gel. Conversely, the bands could also be contaminants that were 

tightly bound to either Vorin-cat or VorinI during purification.  An InVision™ His-stain was done 

on protein samples concentrated to 4.8 mg/mL to determine if any higher molecular weight 

bands were Vorin-cat homo-oligomers, but it was not sensitive enough at this concentration to 

distinguish between proteins with and without His-tags, as there was too much background 

fluorescence (data not shown). If the additional bands represent contaminants, and not different 

oligomeric structures, IMAC purification followed by ion exchange chromatography purification 

may be a more suitable purification scheme. However, the isoelectric point of the Vorin-

cat/VorinI hetero-oligomer would be difficult to estimate; two-dimensional gel electrophoresis 

would therefore be required to accurately determine the pH at which ion-exchange 

chromatography should be performed.   
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Figure 17. Recombinant wild-type Vorin-cat and VorinI.  
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Figure 18. Gel-filtration chromatogram of co-purified Vorin-cat and VorinI. Overlapping blue 
and red peaks correspond to two identical gel filtration runs loaded with 5 mg of IMAC-purified 
Vorin-cat and VorinI.  

 

 

3.14 Analytical gel-filtration chromatography of Vorin-cat/VorinI  

 During gel-filtration purification of Vorin-cat and VorinI, it was observed that the two 

proteins eluted as a single peak at an elution volume that was uncharacteristic of a 32.5 kDa 

dimer, but rather indicative of a much larger protein complex. Analytical gel filtration was 

performed to determine the hydrodynamic/Stokes radius of the Vorin-cat/VorinI complex, and 

to estimate the molecular weight of their quaternary structure.  
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 Using Eq. 1, the -logKav
1/2 values for the protein standards ribonuclease A, ovalbumin, BSA 

and ferritin were all calculated based on their elution volumes, and plotted to create a calibration 

curve for the gel-filtration column that was used (Figure 19).  

 

 

Figure 19. Calibration curve of protein standards with known Stokes radii. The logKav
1/2 values 

were solved using empirically determined elution volumes and Eq. 1.  The calibration curve had 
a slope of 241.05, a Y-intercept of -1.59, and an R-squared value of 0.995. Linear curve fit was 
performed using OriginPro v8.0.  
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 The -logKav
1/2 value for the Vorin-cat/VorinI complex was determined to be 0.194. This 

value was then used to calculate the Stokes radius with the equation of the standard curve in 

Figure 19. The Stokes radius of Vorin-cat/VorinI was 45.2 Å.  

 Smilgies and Folta-Stogniew derived a linear curve equation for relating the radius of 

gyration (Rg, in nm) of a globular protein to its molecular weight based on experimental SAXS and 

light scattering experimental data for several globular protein standards147: 

log Rg = -0.26 + 0.37 (log MW) Eq. 2 (ref 147)  

 Next, the hydrodynamic/Stokes radius (RH) is related to Rg by the following equation: 

RH = (1/(3/5)1/2) Rg = (1/0.775) Rg Eq. 3 (ref 147) 

 Using these equations and the experimentally determined Stokes radius for the Vorin-

cat/VorinI complex, the molecular weight of the complex was estimated to be approximately 148 

kDa.  

 All protein species present in the purified Vorin-cat/VorinI sample other than Vorin-cat 

and VorinI corresponded to bands that matched the approximate molecular weight of a possible 

oligomer when separated on an SDS-PAGE gel (Figure 20). Only two possible oligomers were 

missing from the gel annotation presented in Figure 20: VorinI homotetramer (60 kDa) and Vorin-

cat/VorinI heterotetramer (64 kDa).  

 Assuming that the Vorin toxin/antitoxin complex structure is relatively globular, and 

assuming that the native oligomeric structure can be separated into smaller component 

oligomers, the oligomeric state that would most closely match the estimated molecular weight 
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of 148 kDa is a heterononamer, composed of five VorinI protomers and four Vorin-cat protomers 

(~143 kDa total). This theory is substantiated by the presence of a second set of slightly darker 

bands around 68 kDa and 75 kDa, which approximately match the molecular weights of a Vorin-

cat homotetramer and a VorinI homopentamer, respectively. However, it is unclear why almost 

every other oligomer combination presented in Figure 20 can be accounted for when purified 

Vorin-cat/VorinI protein sample is separated by SDS-PAGE.  
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Figure 20. Possible Vorin-cat/VorinI complex oligomers. The approximate theoretical molecular 
weights were calculated for all possible homo- and hetero-oligomers. The molecular weights 
were then matched to bands detectable in purified Vorin-cat/Vorin sample when separated by 
SDS-PAGE.  
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3.15 Protein stability of the Vorin-cat/VorinI complex 

 To assess the folded integrity of the Vorin-cat/VorinI complex, secondary structure 

elements were detected using circular dichroism (CD) spectroscopy. The CD spectrum obtained 

was characteristic of an α/β protein, but also indicated that a moderate amount of disordered 

elements were present (Figure 21)148. These results suggested that Vorin-cat and/or VorinI are 

quite flexible proteins that contain a large number of loop regions.  

 

Figure 21. Circular dichroism spectrum of Vorin-cat/VorinI. The curve is the average of nine 
independent readings taken at room temperature at a concentration of 0.16 mg/mL.   
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 Thermal shift analysis of the Vorin-cat/VorinI complex revealed a well-defined negative 

transition peak minimum at a melting temperature (Tm) of 62°C (Figure 22). This revealed that 

the protein complex was properly folded and very thermostable, as this temperature falls within 

the range of living temperatures for thermophilic microorganisms149. Despite the presence of two 

different proteins, only one distinct negative peak was observed, indicating a uniform transition 

between folded and unfolded states. This suggests that the melting temperatures of each 

respective protomer are lower than 62°C; this finding is in agreement with CD spectroscopy 

results as both protomers are likely somewhat labile, flexible proteins that are stabilized by their 

binding interaction. The single, distinct peak minimum suggests that the other species present in 

the sample shown in Figure 22 are not contaminants, as other minor transitions would be 

expected for a heterogeneous sample. Interestingly, thermal shift analysis of the Vorin-cat/VorinI 

complex also exhibited a significant positive transition peak at approximately 35°C. Given that 

gel filtration experiments indicated that Vorin-cat and VorinI form a hetero-oligomer, the positive 

transition may correspond to a decreased hydrophobic density, which could be the result of 

dynamic protomer association favoured by a temperature increase.     
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Figure 22. Thermal shift analysis of the Vorin-cat/VorinI complex. The peak minimum indicates 
where the protein complex is half-unfolded. The different melt curves denote the same 
experiment performed in triplicate.  
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3.16 Quantitative LC-MS/MS of cells expressing Vorin-cat  

 Mass spectrometry analysis was performed to measure significant changes in the 

proteome of S. cerevisiae after expression of Vorin-cat was induced, either through a positive- or 

negative- enrichment of proteins compared to an uninduced sample set. A total of 2450 proteins 

were detected from the 6049 proteins in the S. cerevisiae s288c reference proteome. A summary 

of the eight proteins that showed a statistically significant change in abundance, according to the 

stringent parameters described in “Materials and Methods”, is presented in Figure 23. Three 

proteins were negatively enriched as a result of Vorin-cat expression, while five proteins were 

positively enriched.  

 Protein VPS15 showed a 3.8-fold decrease in abundance compared to the control sample 

set, which was the highest magnitude of change observed for any protein. In yeast, VPS15 is a 

150 kDa protein with a putative serine-threonine kinase domain that, along with VPS34, is vital 

to the formation of kinase complexes I and II, which are responsible for autophagy initiation, and 

for endosomal sorting and maturation, respectively150. In both complexes, VPS34 acts as a PI3 

kinase, and is required for vacuolar protein sorting by producing PI3P which recruits downstream 

effectors to endosomal compartments151,152. VPS15 has recently been shown to allosterically 

inhibit VPS34 activity in an artificial subunit tethering experiment; however, formation of the 

complete VPS34-VPS15-ATG14-BECN1 complex I structure was shown to be essential for VPS34 

kinase activity as synthesis of PI3P was almost completely abolished when VPS34 was isolated 

compared to when it was part of the fully-assembled complex152. VPS15 also plays a role in 
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recruiting the acid hydrolase carboxypeptidase Y (CPY) from the Golgi to vacuoles during 

autophagy153. 

Protein ID Protein Name UniProt ID 

VPS15 Serine/threonine-protein kinase P22219 

TIM11 ATP synthase subunit e, mitochondrial P81449 

FMP42 Protein FMP42 Q04991 

LAC1 Sphingosine N-acyltransferase LAC1 P28496 

BOI1 Protein BOB1 P38041 

APS3 AP-3 complex subunit sigma P47064 

DEG1 tRNA pseudouridine (38/39) synthase P31115 

DSE4 Endo-1,3(4)-beta-glucanase 1 P53753 

 

 

 

  

 

Figure 23. Change in abundance of S. cerevisiae proteins resulting from expression of Vorin-
cat. UniProt protein names and their corresponding accession ID are listed. Fold change indicates 
the relative abundance of each protein compared to yeast cells that were transformed with 
Vorin-cat expression vector, but where expression of Vorin-cat was not induced.   
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 The importance of VPS15 has also been demonstrated in a mammalian model, as Gstrein 

et al. reported that deletion of VPS15 in mice caused neuronal migration defects and severe 

cortical atrophy154. The authors postulated that degeneration of the cortex was due to an 

accumulation of autophagic substrates, as caspase-induced apoptosis was observed in VPS15 

knockouts154.  Furthermore, yeast mutants lacking VPS15 and VPS34 were shown to exhibit 

impaired transcription elongation and reduced mRNA production from G+C-rich coding 

sequences155. 

 Autophagy in both yeast and mammals involves autophagosomal degradation and 

subsequent recycling of protein aggregates and damaged organelles via lysosomal acidification 

and enzymatic hydrolysis, and is also implicated in the clearance of intracellular pathogens156.  

Dysregulation of autophagy often leads to cell death, and has been associated with disease in 

humans such as Parkinson’s disease156,157. Expression of Vorin-cat in yeast caused a nearly 4-fold 

decrease in VPS15. As VPS15 has been shown to be essential for autophagy initiation, Vorin-cat 

may suppress autophagy in yeast, and subsequently cause an accumulation of macromolecular 

waste that is unable to be degraded, leading to host cell death. Vorin-cat may also promote 

secondary infections by suppressing autophagy, since this process is also involved in killing 

intracellular pathogens158. Vorin-cat shares a 29% sequence identity with the mART domain of 

CARDS toxin from Mycoplasma pneumoniae, which, in addition to activating the NLRP3 

inflammasome, has been shown to induce formation of late endosome-derived vacuoles159,160. 

The vacuolating activity of this mART homolog helps set an interesting precedent for the 

possibility that Vorin-cat modulates endosomal or autophagy-related pathways.  
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 Whether the reduction of VPS15 protein occurs indirectly due to another effect of Vorin-

cat, or directly via inhibition of VPS15 translation, would still need to be determined. Further, the 

role of Vorin-cat in modulating autophagy is only worthy of consideration if it is secreted as an 

anti-plant cell effector rather than a bactericidal toxin, as autophagy is a conserved process in 

plants, but not in prokaryotes161,162. 

 Protein TIM11, also known as ATP synthase subunit e, exhibited a 2.3-fold negative 

enrichment. ATP synthase subunit e promotes ATP synthase oligomerization in the inner 

mitochondrial membrane, where dimerization enables local membrane curvature and the 

formation of cristae, which increase the mitochondrial membrane surface area to maximize ATP 

production163,164.  A reduction in the amount of TIM11/subunit e caused by Vorin-cat would 

presumably hinder mitochondrial membrane curvature, thus placing an energetic burden on the 

host cell by limiting ATP production.  

 Protein FMP42 was 1.9-fold negatively enriched following expression of Vorin-cat. This 

protein does not have an experimentally confirmed function. However, Protein FMP42 was found 

to be highly purified in high-throughput yeast proteomic studies, and was shown to interact with 

the yeast protein Atg27p165,166. During autophagy, Atg27p localizes to the vacuolar membrane 

from the trans-Golgi network via the ALP pathway, a transport pathway independent from the 

VPS15-regulated CPY pathway153,167. Atg27p was shown to be important for the correct sorting 

of Atg9, a functionally uncharacterized protein that is essential for autophagy167,168. In addition 

to significantly reducing cellular levels of VPS15, expression of Vorin-cat in yeast appears to 

further impair autophagic processes by preventing synthesis of Atg27p.  
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 The ALP pathway involves the adaptor protein AP-3, which, unlike the CPY pathway, 

transports cargo from the trans-Golgi network to the vacuole in a manner that circumvents the 

late endosome169. Interestingly, AP-3 subunit sigma displayed a 1.9-fold positive enrichment 

following induction of Vorin-cat expression, which was an enrichment opposite from that 

observed with FMP42, but equal in magnitude. It is possible that the observed increase in this 

AP-3 subunit is a secondary effect of Vorin-cat activity, as this increase may be a compensatory 

mechanism used by the cell to maintain normal autophagic vacuolar cargo trafficking in response 

to decreased levels of VPS15 and FMP42.  

 The protein that showed the greatest increase in abundance following induction of Vorin-

cat expression was the sphingosine N-acyltransferase, LAC1, which exhibited a 2.7-fold positive 

enrichment. LAC1 is a crucial enzyme in sphingolipid metabolism, as it is a ceramide synthase170. 

Ceramide is an inducer of autophagy; it is an activator of JNK1, which phosphorylates Bcl-2, 

causing it to dissociate from BECN1, which in turn attenuates repression of autophagy by freeing 

up BECN1 to interact with VPS34152,171,172. If Vorin-cat does, in fact, act to suppress autophagy by 

preventing PI3P production, an increase in ceramide biosynthesis could justifiably compensate 

for a decrease in autophagy initiation signals.  Interestingly, the principal virulence factor of E. 

amylovora, DspA/E, arrests yeast cell growth by depleting long chain bases (LCBs), which are 

precursors of ceramides59. If DspA/E and Vorin-cat were to be secreted in tandem, they could 

conceivably exert a synergistic effect whereby both virulence factors act to suppress autophagy 

by eliminating initiation signals: Vorin-cat depletes VPS15 to impede synthesis of PI3P by VPS34, 

and DspA/E depletes LCBs to inhibit ceramide synthesis.   
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 The last three proteins all increased in abundance as a result of Vorin-cat expression, but 

their enrichment did not provide any clear insight into cellular pathways that may be affected 

during pathogenesis. Proteins BOI1/BOB1, DEG1, and DSE4 showed 2.4-fold, 1.7-fold, and 1.2-

fold increases in abundance compared to the control sample set, respectively. BOB1 is essential 

for yeast budding and for vesicle exocytosis during polarized cell growth173. DEG1 is a tRNA 

pseudouridine (38/39) synthase that forms pseudouridines in tRNA anticodon loops174. DSE4 is 

an endo-1,3(4)-beta-glucanase involved in cell separation after cytokinesis by dissolving the cell 

septum175.   

 Half (4/8) of the significantly, differentially enriched proteins suggested that Vorin-cat 

targets a substrate with a crucial role in the regulation of autophagy. However, besides 

transcriptional repression caused by ADP-ribosylation of DNA sequences encoding the 

differentially enriched yeast proteins presented above, it is unclear what singular substrate may 

be targeted by Vorin-cat to cause all of the observed effects based on these results alone. As the 

DNA-targeting mARTs, Scabin and Pierisin-1, are among the closest homologs of Vorin, the target 

substrate of Vorin-cat may, in fact, be a nucleotide base, or a specific nucleotide motif that affects 

transcription of genes encoding the proteins from Figure 23. Identification of ADP-ribosylated 

targets via mass spectrometry analysis may be useful in identifying proteins that show a mass 

increase of 542 Da, which is the mass of ADP-ribose after the loss of a hydroxide ion, if the 

macromolecular target is, in fact, proteinaceous.  



96 
 

3.17 Garvin, a new mART toxin produced by the fish pathogen Lactococcus garvieae 

 Garvin (L. garvieae, Garvin) is a 27.5 kDa, 239-residue single-domain protein encoded by 

a human septicemia isolate, strain 21881, of the pathogen Lactococcus garvieae. Unlike any of 

the fish isolates sequenced to date, strain 21881 harbours five circular plasmids, one of which, 

pGL5, encodes Garvin81. Aguado-Urda et al. performed a genetic analysis of the five plasmids, 

and identified a gene predicted to encode an actin-targeting mART toxin which they have 

annotated txn; incidentally, the bioinformatics data mining performed in this thesis lead to the 

discovery of this same gene product encoded by txn, which was named Garvin81. BLAST searches 

revealed that a strain of L. garvieae isolated from mallard duck intestines also encodes a 

chromosomal homolog of Garvin with 77% sequence identity, and also that at least four 

homologs of Garvin with sequence identities ranging from 32-46% are encoded by species of 

Enterococcus176.  

 Despite displaying only a ~14% sequence identity with ExoS from P. aeruginosa, Garvin 

was found to be a closer phylogenetic relative to ExoS rather than its closest mART homolog, 

C3bot1, which exhibited a 24% sequence identity with Garvin (Figure 24).  Garvin is an ExE motif 

mART toxin, which is more in line with ExoS-like single-domain mARTs, and it was therefore 

surprising that C3bot1, a QxE single-domain mART, showed the highest sequence identity.  
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Figure 24. Structural prediction of Garvin and multiple sequence alignment with mART 
homologs. The red stars indicate the conserved R, STS, and ExE mART toxin motifs. Percent 
sequence identities are 24%, 14% and 14% for C3bot1, ExoS and ExoT, respectively. Only the 
catalytic domains of ExoS and ExoT were used in the alignment.  
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3.18 Yeast growth deficiency assay – Garvin 

Like with Vorin, wild-type Garvin was expressed in vivo in S. cerevisiae to determine its 

cytotoxic potential and to validate in silico predictions. Induction of Garvin expression resulted in 

a significant reduction of yeast cell culture densities at all concentrations of Cu2+ compared to 

empty vector controls after 48 hours of incubation (Figure 25). Cell densities of yeast that 

contained pRS415-CUP1-garvin, but where Garvin was not induced, also elicited a growth defect 

as the average culture optical density was approximately half of the empty vector control culture 

at 0 mM Cu2+. This result suggests that even minimal background expression levels of Garvin were 

sufficient to cause a marked reduction in yeast cell viability.  

 

Figure 25. Garvin yeast growth deficiency assay. Cells were transformed with either empty 
pRS415-CUP1 plasmid or pRS415-CUP1-garvin, and expression of Garvin was induced with 
increasing amounts of Cu2+

 inducer for 48 hours. Data shown is the average of three experiments 
comprising at least four biological replicates, each consisting of four technical replicates ± 
standard error. PE24, the catalytic domain of the well-characterized mART toxin ExoA from P. 
aeruginosa, was expressed as a positive control for the yeast growth-defect phenotype.  
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To confirm that the observed cytotoxic effect could be attributed to the expression of 

wild-type Garvin toxin, the essential catalytic glutamate residues were replaced with alanine 

residues via site-directed mutagenesis (Garvin E199AxE201A). When the experiment was 

repeated with Garvin E199AxE201A, cell growth was similar to that of empty vector control 

cultures, indicating that the growth-deficiency phenotype was due to the enzymatic activity of 

wild-type Garvin.    

3.19 Expression and purification of Garvin 

 Recombinant Garvin was purified via nickel IMAC and then further purified by gel filtration 

chromatography. A band at the correct molecular weight for Garvin (27.5 kDa) was detected after 

separating protein samples by SDS-PAGE (Figure 26). Purified protein was concentrated to 5.2 

mg/mL.   

 Following IMAC purification, some higher molecular weight contaminants were separated 

on SDS-PAGE along with Garvin, and gel filtration was therefore used to remove these 

contaminants from the protein sample. Protein samples eluted as one major peak during gel 

filtration chromatography. Interestingly, one contaminant band was still visible at approximately 

55 kDa after the sample was subjected to gel filtration purification. The presence of this 

additional band suggests that perhaps Garvin interacts with this protein in solution, or that Garvin 

forms homodimers, as ~55 kDa is exactly double the molecular weight of a Garvin protomer (27.5 

kDa). The protein sequence of Garvin contains five cysteine residues, and so dimerization of 

Garvin likely occurs via the formation of disulphide bridges if one or more of the cysteine residues 

are surface-exposed. If the extra band is a Garvin dimer, dimerization likely involves the 
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formation of several disulphide bridges as the reducing agent (2-mercaptoethanol) added to the 

Laemmli loading buffer during SDS-PAGE did not successfully disrupt all Garvin dimers (Figure 26, 

Figure 27).  

 The InVision™ His-stain in Figure 26 confirmed that heterologously expressed Garvin 

contained a His-tag. The possible Garvin dimer observed in Lane 5 from the Coomassie-stained 

gel in Figure 26 did not give a signal in the His-stain; however, a faint band in Lane 7 

corresponding to Garvin at 27.5 kDa in the Coomassie-stained gel also did appear with the His-

stain, suggesting that the concentration of these protein species were below the limit of 

detection.  
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Figure 26. IMAC purification of Garvin. Top: IMAC-purified fractions separated by SDS-PAGE and 
stained with Coomassie Brilliant Blue. Bottom: InVision™ His-stain of the above gel. Lanes 1 and 
2 are IMAC column unbound sample flow-through and lysis buffer wash, respectively. Lanes 3-7 
are 25, 40, 80, 150, and 250 mM imidazole wash fractions, respectively. Protein samples are from 
fractions that were eluted directly from a gravity flow IMAC column. They were not yet subjected 
to gel filtration chromatography, and were not yet concentrated.  
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Figure 27. Gel filtration chromatography purification of Garvin. Purified fractions were 
separated by SDS-PAGE and stained with Coomassie Brilliant Blue. Lanes 1-3 are gel filtration 
fractions that corresponded to the highest points of the chromatogram elution peak.  

 

 

3.20 Protein stability of Garvin 

 To assess the folded integrity of purified Garvin, CD spectroscopy was performed. The CD 

spectrum obtained was characteristic of a mostly β protein, as the spectrum lacked a second 

double minimum at 222 nm, which is typical of α-helices (Figure 28)148,177. Despite the mainly β-

strand core fold of mART toxins, this structural composition is unusual for single-domain mARTs; 

C3-like toxins possess a mixed α/β composition with an N-terminal α-helical bundle that has been 

shown to contain an “active site loop” important for substrate recognition in C3cer10. In contrast 

to the predicted structure shown in Figure 24, Garvin may adopt a new three-dimensional fold 
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not previously seen for bacterial mART toxins, but x-ray crystallography would need to be 

performed to solve the structure of Garvin to confirm if this is the case.   

 Thermal-shift analysis of Garvin revealed a well-defined peak minimum at a melting 

temperature (Tm) of 57°C, which revealed that the protein complex was thermostable, and that 

a uniform transition occurred between folded and unfolded states (Figure 29). In combination 

with the observed CD spectrum, these data suggested that Garvin was properly folded in a stable 

conformation.  

 

Figure 28. Circular dichroism spectrum of Garvin. The curve is the average of nine independent 
readings taken at room temperature at a concentration of 0.19 mg/mL.   
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Figure 29. Thermal shift analysis of Garvin. The peak minimum indicates where the protein 
complex is half-unfolded. The different melt curves denote two independent experiments, each 
performed in triplicate.  
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3.21 Garvin NAD+-binding  

 Garvin was titrated with increasing amounts of NAD+, and the dissociation constant (Kd) 

of Garvin for NAD+ was determined by measuring the quenching of intrinsic fluorescence of the 

two tryptophan residues in the Garvin sequence caused by active-site binding of NAD+. The Kd 

was determined to be 100±30 µM (Figure 30).  This value is approximately double the Kd
 values 

of other single-domain, C3-like mART toxins for NAD+, such as the predicted Garvin homologs 

C3bot1 (60±6 µM) and Certhrax (50±10 µM)11,97. Garvin therefore showed an approximately 50% 

weaker affinity for NAD+ ligand compared to these toxins.  

 The Garvin NAD+-binding data from Figure 30 could not be fit to a single-site binding 

formula; instead, a two-site binding model was used. A properly fitted curve to the data points 

with a two-site model indicates that Garvin potentially has two distinct binding sites with 

different affinities for the NAD+ ligand178. Given that Garvin may form dimers in solution (Figure 

26, lane 5; Figure 27, lane 2), the two theoretical binding sites may correspond to monomeric 

and oligomeric binding site conformations where one of these may comprise a partially occluded 

active site. If this is the case, it would need to be determined whether Garvin monomer or dimer 

has a binding site with a higher affinity for NAD+.   
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Figure 30. NAD+ binding by Garvin. Raw fluorescence quenching data were converted to relative 
values and are plotted against the NAD+ concentration. Excitation and emission wavelengths 
were 295 nm and 340 nm, respectively. Each data point is the average of three experiments ± SD.  
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4.0 Conclusions 

 The discovery  of secreted virulence factors advances our understanding of how bacterial 

pathogens cause disease in their hosts, and consequently, allows us to exploit the arsenal of 

toxins they produce to disarm deadly pathogens. More specifically, the discovery of each new 

mART toxin strengthens our understanding of the mechanisms by which these toxins enter host 

cells, and also potentially expands the list of target substrate macromolecules that can be ADP-

ribosylated. The continued study of new mART toxins also unveils new targets for the 

development of inhibitory anti-virulence compounds as an alternative to antibiotics in the face 

of declining antimicrobial efficacy50,97,179,180. 

In this thesis, two new bacterial mART toxins, Vorin and Garvin, have been introduced. 

The bioinformatics techniques used to discover them was briefly described, and their ability to 

elicit a cytotoxic effect in a eukaryotic host was confirmed. Notably, their toxic effect was shown 

to be due to their enzymatic activity as catalytic variants failed to cause a growth-deficient 

phenotype in the yeast cell host tested, proving that these new toxins are in fact ADP-

ribosyltransferases. 

 Three putative toxins that were discovered using the same bioinformatics strategy were 

also tested in the yeast growth deficiency assay, but failed to elicit any observable toxic effect. 

Before being ruled out as new mART toxins, these putative toxins should be assayed for 

cytotoxicity potential in the natural host of the bacteria that encode them, or in model cell lines.  

These putative toxins may be secreted effectors that cause deleterious effects in cattle, honey 

bees, and humans. Two other putative toxins were identified but not tested in the yeast growth 
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deficiency assay, and may represent important virulence factors implicated in hospital-acquired 

infections and in community-acquired pneumonia.  

The DNA and protein sequences of Vorin showed characteristics typical of the Rhs family 

of proteins. Also consistent with several Rhs proteins, Vorin was proposed to be secreted via a 

T6SS based on an inspection of the surrounding genomic neighbourhood as encoded by E. 

amylovora ATCC BAA-2158.  Vorin was also proposed to be a new member of the CT-like grouping 

of mART toxins based on shared sequence identity and phylogenetic relationship with 

characterized CT-like mART toxins, and with members of the DNA-targeting group of mART 

toxins, which are also CT-like group homologs.  

Growth-curve experiments were performed in E. coli where Vorin-cat and Vorin-NTD 

were expressed with and without a putative immunity protein. Expression of either Vorin-cat or 

Vorin-NTD resulted in significant culture growth defects, while co-expression with the immunity 

protein, VorinI, granted a restorative effect on cultures expressing either Vorin domain. VorinI 

was therefore confirmed as the antitoxin that confers immunity to Vorin.   

In the absence of VorinI, wild-type Vorin-cat was shown to be too toxic to E. coli for 

expression and subsequent purification. Catalytic variants of Vorin were not toxic, but were 

insoluble. Soluble, recombinant Vorin-cat was successfully co-purified with its cognate immunity 

protein VorinI. The two proteins were shown to interact in solution, as both proteins were 

purified using an IMAC column when only Vorin-cat contained a hexahistidine tag. Purification of 

Vorin-cat and VorinI by gel filtration chromatography demonstrated that both proteins eluted as 

a single, distinct peak. Furthermore, thermal shift analysis revealed a single melt peak that 
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corresponded to a Tm of 62°C, suggesting a very stable interaction between Vorin-cat and VorinI. 

The hydrodynamic radius of the Vorin-cat/VorinI oligomer was determined to be 45.2 Å using gel 

filtration chromatography, and the approximate molecular weight of the complex was calculated 

to be 148 kDa, which was shown to roughly correspond compositionally to a heterononamer.     

The research presented in this thesis revealed that Vorin possesses features 

uncharacteristic of previously discovered mARTs. Most importantly, Vorin was revealed to be the 

first mART toxin with an immunity binding partner while also likely being deployed via a T6SS. 

Two other mART toxins with cognate antitoxins have recently been described, but these mARTs 

are intracellular mediators of bacteriostasis, and not secreted virulence factors181,182. Robb et al. 

recently solved the structure of the Type VI-secreted effector Tse2 from P. aeruginosa in complex 

with its cognate immunity protein Tsi2, which was shown to block the active site of Tse2183. The 

authors reported that Tse2 effector likely has NAD+-dependent activity based on spatial 

conservation of the aligned residues in the active site with C3bot1, and that the effector displayed 

a mART-like fold as Dali searches revealed structural similarities with diphtheria toxin183. 

However, their alignment of active site residues showed that Tse2 did not fit the mART catalytic 

signature, since Tse2 does not possess a S-T-[STQ] motif, and does not have a conserved 

glutamate at the same position as DT- or CT-like mART toxins, likely precluding Tse2 as a mART183. 

Vorin was also shown to exhibit bactericidal activity, suggesting that it may also be the first mART 

toxin bacteriocin.  Moreover, along with Typhoid toxin from Salmonella Typhi, Vorin may be the 

second mART toxin with two different catalytic toxin domains, as Vorin-NTD elicited a toxic effect 

in E. coli when expressed independently from Vorin-cat43. Finally, quantitative mass 

spectrometry experiments revealed that Vorin-cat may play a role in suppressing host cell 
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autophagy, which would make it the first mART toxin to inflict damage on host cells in this 

manner.  

The plasmid gene encoding Garvin was independently discovered by Aguado-Urda et al., 

but no attempts were made at characterizing the gene product in their study81. In this thesis, 

Garvin was shown to cause a significant growth defect in a eukaryotic model, and was proposed 

to possess features characteristic of the C3-like and ExoS-like mART toxin groups. Garvin was 

successfully purified by IMAC and by gel filtration chromatography. The Kd of Garvin for NAD+ 

was determined to be 100±30 µM, a value that is comparable to other recently characterized 

single-domain mARTs.  Finally, the stability of Garvin was demonstrated by thermal shift analysis, 

which revealed a Tm of 57°C, and a possible type of disulphide bond that resists the effect of 

reducing agents used during SDS-PAGE.  

4.1 Future Directions 

 The work presented in this thesis describes the preliminary characterization of two new 

mART toxins following their discovery. Naturally, much future work needs to be done to clearly 

define the roles Vorin and Garvin play in pathogenesis.  

The principal focus of immediate future work should be to solve the three-dimensional 

structure of the Vorin-cat/VorinI complex by X-ray crystallography. As no toxin-antitoxin pair has 

ever been reported for secreted mART toxins, a crystal structure would uncover the molecular 

basis for the inhibition of Vorin-cat, and by extension, may provide invaluable structural 



112 
 

information on how to synthetically occlude the conserved mART active site to inhibit other 

potent CT-like mART toxins such as cholera toxin or pertussis toxin. 

The yeast growth deficiency assay was used mainly as a strategy to validate in silico 

predictions; however, the assay could be adapted to perform co-expression studies with VorinI, 

and also to assess the cytotoxic potential of Vorin-NTD in a eukaryotic host. These experiments 

would confirm if VorinI is able to neutralize the activity of Vorin-cat in both eukaryotic and 

prokaryotic hosts, and if Vorin-NTD is a toxin that acts independently of Vorin-cat, which possibly 

warrants further research. The protective effect of VorinI on Vorin-NTD could also then be 

assessed.   

 A major hurdle in the characterization of Vorin-cat was the difficulty associated with 

purification of the wild-type form of the toxin. Vorin-cat was successfully co-purified with VorinI, 

but to measure the affinity of Vorin-cat for NAD+ or for its target substrate would require 

purification of Vorin-cat without its immunity binding partner. Measuring enzyme activity 

requires wild-type toxin, and chemical separation of toxin-antitoxin pairs has been met with 

difficulty in previous studies138,183,184. If the principal objective is to purify Vorin-cat to solve its 

crystal structure without VorinI, then inactive, insoluble catalytic variants could theoretically be 

purified from inclusion bodies and retain an almost identical fold to wild-type Vorin-cat. 

Otherwise, a new expression and purification strategy must be contrived for Vorin-cat. A 

purification scheme involving protein splicing technology should be pursued, whereby two 

inactive peptide halves of Vorin-cat are fused to intein domains and independently expressed in 

different cultures; one half is tethered to an affinity purification column, and the other half is 
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then passed over the column, resulting in the release of intact Vorin-cat from the two interacting 

intein domains185. In the appropriate buffer, such a purification method would allow for the study 

of soluble, wild-type Vorin-cat.  

 Once purification of homogeneous Vorin-cat toxin is achieved, the natural substrate 

should be determined to elucidate the molecular basis for the observed growth defects. Vorin-

cat could simply be incubated with common mART target substrates and the fluorescent NAD+ 

analog, ε-NAD+, where an increase in fluorescence would indicate whether Vorin-cat is 

transferring ADP-ribose to the substrate being tested.  Conversely, Vorin-cat may be incubated 

with a whole cell lysate and fluorescein-NAD+, followed by the separation of proteins in the 

reaction mixture by SDS-PAGE. A fluorescent band shift would indicate the transfer of fluorescent 

ADP-ribose to a macromolecule in the lysate, and the position in the gel where the band shift 

occurred would then be excised and analyzed by mass spectrometry to identify the target.  

 The number and molecular weight distribution of bands that were separated on SDS-

PAGE following gel filtration purification of Vorin-cat and VorinI were puzzling. While each 

protein species present on the Coomassie-stained gel could be mapped to a specific oligomeric 

combination of each toxin and/or antitoxin protomer, it seems unlikely that these structures 

should be retained under denaturing and reducing conditions. To more reliably determine the 

identity of these protein species, Western immunoblots should be performed on protein samples 

obtained from gel filtration chromatography using antibodies specific to Vorin-cat and to VorinI, 

as His-staining lacked the desired sensitivity or specificity.  This experiment would help confirm 

whether contaminant proteins are binding non-specifically to Vorin-cat or Vorin-I with high 
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affinity during purification, or if these bands all do in fact represent different native oligomeric 

structures.  

 The quantitative mass spectrometry results presented in this thesis implied that Vorin-cat 

may play a role in suppressing autophagy in host cells, possibly leading to cell death via an 

accumulation of autophagic substrates. In spite of these results, the mechanistic basis for the 

considerable toxicity observed in E. coli could not be explained since autophagy is not a 

conserved process in bacteria.  The toxic mechanism of Vorin-cat upon expression in bacteria 

should thus be examined by repeating the quantitative mass spectrometry experiment using E. 

coli as the expression host.  

With regards to Garvin, similar experiments designed to identify the target substrate as 

those described for Vorin-cat should be performed with cell lysates of typical fish hosts of L. 

garvieae. Infection studies in salmonid fish species should also be carried out with either wild-

type strains of L. garvieae expressing Garvin, or Garvin-knockout strains, to examine whether 

symptoms of lactococcosis are alleviated.  Further, as with Vorin-cat, attempts should be made 

at solving the crystal structure of Garvin to aid in the development of small active site inhibitors 

of NAD+-binding for therapeutic use.  

Vorin and Garvin are the two newest members of the ADP-ribosyltransferase family of 

toxins. mART toxins are secreted by several pathogenic bacteria to cause host cell malignancies 

in a number of important diseases including cholera, whooping cough, and diphtheria. The 

continued characterization of Vorin and Garvin could yield treatment options against two more 
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diseases, fire blight and lactococcosis, by uncovering exploitable toxin mechanisms responsible 

for their progression.  
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