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ABSTRACT
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Advisor:
Prof. A. Rod Merrill

EFV is a novel mART toxin from Enterococcus faecalis V583, a vancomycin-resistant
pathogen. EFV was shown to target actin as a substrate for its transferase reaction, suggesting a
Type IV mART. However, EFV was also shown to be highly toxic to both eukaryotic and
prokaryotic cells, suggesting that it may act on more than one substrate. This toxicity could be
overcome by the production of a catalytic variant, EFVE461A, which was overexpressed and
purified from E. coli. This protein was stable and properly folded. EFVE461A demonstrated
glycohydrolase activity with a kcat of 0.06 ± 0.003 s-1. Several novel inhibitors of EFV have been
characterized, including one that has been shown to inhibit another actin-targeting mART toxin.
This would be the first instance of a potential inhibitor for the Type IV toxins. Characterization
of EFV will expand our understanding of the mART family, in particular the Type IV toxin
subgroup.
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CHAPTER 1 - INTRODUCTION

1.1. Antibiotics and Resistance
Throughout the early 1900's, the leading cause of death in North America was infectious
diseases, with respiratory diseases accounting for 25% of mortalities (Guyer et al., 2000). Over
the last century, Canadian life expectancy from birth has risen by 30 years, while the leading
causes of death moved from acute infectious diseases to chronic ones, such as heart disease
and cancer (Billig et al., 2009). However, pathogenic bacteria still represent a significant
healthcare challenge and remain amongst the leading causes of death worldwide (Fauci, 2005).
Improved sanitation and living conditions have certainly helped reduce infection rates
and mortality, but equally critical to this trend was the advent of antibiotic and antimicrobial
medicine. Dating back to the 1930's, sulfamides were first used to effectively treat potentially
fatal bacterial infections, including pneumonia, meningitis, and streptococcal infections such as
scarlet fever (Jayachandran et al., 2008). In 1941, the first clinical trials of penicillin, discovered
in 1928 by Alexander Fleming, were performed in the United States of America (USA) (Ligon,
2004). The following 20 years experienced a boom in the approval of various antibiotic classes
from the USFDA (Powers, 2004). This provided clinicians with a wide variety of treatments for
any disease in which bacteria were suspected to be the cause.
Antimicrobial agents selectively target bacterial systems in order to kill or prevent the
growth of the organism. These systems are sufficiently different or non-existent in eukaryotic
cells allowing for relatively low host toxicity upon antibiotic treatment. Antimicrobial targets
include the cell wall, cell membrane, DNA, RNA, protein synthesis and folic acid metabolism
(Wright, 2010). This places tremendous selective pressure on the invading bacteria, forcing
them to adapt and leading to antibiotic resistance.
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Bacteria can be intrinsically resistant to antibiotics, by simply not processing the
antimicrobial target, or acquiring resistance through chromosomal mutations in the particular
genes that produce the targets allowing them to resist drug activity. They can also develop
enzymes that destroy the antibiotic, preventing it from reaching its destination (Neu, 1992).
More troublingly, following environmentally acquired resistance, bacteria can then transfer
these genetic advantages to other bacteria through lateral gene transfer, plasmid
transformation or via transposons (Neu, 1992 and Wright, 2010). Resistance, and its spread, is a
natural and unavoidable response to antibiotic therapy and there are currently no antibiotics to
which resistance does not exist (Wright, 2010).
For example, Staphylococcus aureus is one of the most common causes of nosocomial
infections. Initial treatments with penicillin were quite effective until resistance, due to
bacterial production of penicillinase that forced clinicians to switch to using penicillinaseresistant methicillin. The proceeding and inevitable development of methicillin-resistant S.
aureus strains became endemic in many hospitals prompting the use of vancomycin as a last
resort (Smith et al., 1999). Concurrently, another pathogenic bacterium, Enterococcus faecalis,
was also being treated with vancomycin, when resistant bacteria emerged that were
characterized by the vanA, vanB or vanC gene clusters found in the bacteria. Incidentally, vanA
is carried on a transposable element (Boyce et al., 1999). Although vancomycin-resistant S.
aureus had already begun to appear, in 2002 an isolate of S. aureus resistant to vancomycin
was found to contain a plasmid with VanA integrated, suggesting that gene transfer from
Enterococcus faecalis was responsible (Weigel et al., 2003). The risk factors for transfer include
proximity to another patient, or even just a shared hospital worker (Boyce et al., 1999).
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The pharmaceutical industry's response has been the development of several new
antimicrobial agents. These, however, are largely variations of existing classes, while novel drug
development is lacking (Powers, 2004 and Talbot et al, 2006). Careless use and overuse of these
agents has helped to exacerbate antimicrobial resistance; in a recent Center for Disease Control
(CDC) study at a university teaching hospital, there was almost a unanimous agreement by the
physicians that antimicrobials were overused, but most of these physicians performed poorly
on a knowledge quiz concerning antimicrobial usage, hence, more education on the subject was
warranted (Srinivasan et al., 2004). The hospital environment is of particular importance. In
addition to being the centre of antibiotic distribution and therefore more likely to host resistant
strains, they are a residence for immune-deficient patients, such as those suffering from AIDS,
cystic fibrosis, and individuals recovering from surgery, chemotherapy or serious injuries. In the
event of an infection, these people are much more dependent upon reliable antibiotic
treatment (Neu, 1992). The CDC estimates that 2 million people in the USA each year are
infected with resistant bacteria, causing 23,000 deaths as a direct result. This does not include
deaths due to other complications that were potentially made worse due to a resistant
infection. They also estimate an additional $20 billion per year in additional health care costs as
treating a resistant infection becomes much more resource intensive (additional drugs,
extended hospital stays and doctor visits, etc.).
The need for a new treatment strategy is obvious. Reserved for the most serious
infections, newer antimicrobials are becoming increasingly rare and expensive (Powers, 2004).
Pharmaceutical companies see less profit in developing a drug with limited use and prefer to
invest in drugs for treating chronic illnesses instead. Still, antibiotic resistance is one of, if not
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the most significant challenges facing modern medicine. If not addressed, the World Health
Organization (WHO) predicts a post-antibiotic era where even common infections and minor
injuries can potentially become fatal.
1.2. Bacterial Exotoxins
One mechanism of virulence for many pathogenic bacteria is mediated by the release of
exotoxins that act remotely or near the site of infection (Schmitt et al., 1999). The effects on
the host cell can vary, including homoeostasis disruption, arresting protein synthesis or DNA
replication, interfering with cellular metabolism, the host's immune response or cellular signal
transduction (Clatworthy et al, 2007 and Popoff, 2005).
Toxins with intracellular targets require a method to enter the cell and reach their
intended target. AB toxins are named as such because their binary structures consist of two
parts. The A moiety is the enzymatically active section responsible for modifying the host cell
target and causing disease (Falnes and Sandvig, 2000). The B moiety, which may consist of more
than one subunit, binds to an extracellular receptor and facilitates the entry of the toxin into
the cell (Vandekerckhove et al., 1987). A good example is botulinum C2 toxin, produced by
certain strains of Clostridium botulinum, which modifies monomeric actin, preventing
polymerization and essentially removing the cellular infrastructure, causing increased
gastrointestinal secretion and vascular permeability (Aktories et al., 1986). Following activation
by trypsin, the B moiety (C2II) oligomerizes, binds to its cell receptor along with the A moiety
(C2I) and enters the cell via endocytosis. The oligomerized C2IIs form an ion-permeable channel
in the endosome bilayer and allows C2I to migrate into the cytoplasm to act on its target (Barth
et al., 2000).
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Not all toxins are able to enter cells in this manner, but instead, some depend on
additional cellular processes, for instance, the secretion systems, to enter the cells. There are
several well characterized bacterial secretion systems that are used for both removing
molecules from a cell and potentially inserting them into another. Type II secretion systems
(T2SS) are common in gram-negative bacteria and involve a two-step pathway consisting of
translocation across the inner membrane by the Sec or Tat pathway before transport from the
periplasm to the exterior (Cianciotto, 2005). Type IV (T4SS) secretion systems are much more
versatile and are used for both genetic exchange, including uptake, and the delivery of effector
molecules to target cells. Bordetella pertussis, the causative agent of "Whooping Cough",
secretes pertussis toxin partially through this system, delivering the toxin to the cell while a
receptor binding domain facilitates cell entry (Christie and Cascales, 2003). Type III secretion
systems (T3SS) are widely associated with pathogenic bacteria and enable them to directly
infect eukaryotic cells with toxic proteins. Although the systems themselves are conserved, the
effector proteins can vary widely from one pathogen to another (Hueck, 1998).
1.3. The Antivirulence Strategy
With regard to the issue of antibiotic resistance, if the target bacteria cannot be killed,
inhibiting the exotoxins would be the next logical step. One strategy that has been proposed to
combat infection is to neutralize these factors by small molecule therapy, thereby helping to
disarm the offending microbe rather than threaten its survival (Clatworthy et al., 2007). This
offers two significant advantages over conventional antibiotics. Like other species, humans host
a large population of benign bacteria critical for metabolic and immune function as well as
preventing colonization of foreign organisms (Guarner and Malagelada, 2003). Broad-spectrum
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antibiotics tend to treat these symbiotic bacteria as collateral and may allow for the drugresistant and pathogenic bacteria to flourish. Additionally, disarming microorganisms of their
virulence properties without threatening their survival offers reduced selection pressure,
making them less likely to select for drug-resistant mutations (Clatworthy et al., 2007). Left with
an easier target, the host's immune system has more time to eliminate the invading bacteria.
The focus of the remaining sections of this chapter will be the mono-ADP ribosyltransferase
(mART) family of bacterial exotoxins.
1.4. MART Toxins
Mono-ADP-ribosylation is a post-translational modification of proteins in which an ADPribose, derived from NAD+, is covalently attached to a specific amino acid on a target protein.
As implied by their name, mARTs are the enzymes responsible for catalyzing this reaction (Ueda
and Hayashi 1985). Mono-ADP ribosyltransferases occur naturally in cells and ADP-ribosylation
is an important form of regulation in DNA repair and telomere maintenance (Moss and Stanley,
1980). The mART toxins exploit this process, which, if unchecked, can lead to disaster.
Although the discovery and classification of the mART toxins is relatively recent, the
diseases caused by their source pathogens are well known and possess a long history. Prior to
the development of a vaccine in the 1900's, diphtheria was a highly feared endemic disease and
one of the leading causes of childhood death (Vitek and Wharton, 1993). Bacterial invasion of
the respiratory tract and exotoxin release, leaves the affected individual with a characteristic
swollen neck, which can lead to suffocation in serious cases (Kleinman, 1992). Cholera, caused
by Vibrio cholerae, is a gastrointestinal disease that spreads through contaminated drinking
water (Colwell, 1996). Once ingested, the bacteria colonize the intestinal epithelial cells and
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causes heavy fluid loss into the jejunum so intense, that it can lead to death from hypotensive
shock only 12 h after infection (Reidl and Klose, 2002). Pseudomonas aeruginosa is an
opportunistic human pathogen, implicated as a major source of infection in burn victims,
patients with weakened immune systems such as AIDS sufferers or those undergoing
chemotherapy and is the most frequent cause of nosocomial pneumonia (Armstrong et al.,
2002). Notably, it is the main cause of infection and the leading cause of death in cystic fibrosis
patients (Stover et al, 2000). The pathogen secretes several toxins, one of the most potent
being the mART toxin, exotoxin A (ExoA) (Iglewski and Sadoff, 1979). P. aeruginosa infections
are notoriously difficult to treat. The dynamic and challenging lung environment in CF sufferers
puts significant selective strain on the pathogen, which mutates, producing various phenotypes
making antibiotic treatment extremely difficult (Oliver et al., 2000).
1.4.2. Classification
The mART toxins can initially be divided into two groups on a structural basis and are
traditionally subdivided further based on cellular targets and structural organization (Figure
1.1).
1.4.3. DT Group Toxins (Type II)
When implicated as the pathogen responsible for diphtheria, Corynebacterium
diphtheriae became one of the first bacteria pathogens to be isolated and grown in culture
(Behring and Kitasato, 1965; Papperheimer, 1977). It was quickly discovered that almost all the
disease symptoms of diphtheria could be attributed to a single exotoxin, diphtheria toxin (DT)
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Figure 1.1. Traditional Classification of mART Toxins. Groups are based on their target
specificity and structural organization. The catalytic (A) domain is shown in magenta and the
membrane binding (B) domain is shown in blue. Some type IV mART toxins contain an
additional domain of unknown function, which is shown in green (Modified from Tsuge and
Tsurumura, 2014).
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(Collier, 2001). DT became the first member of the mART family to be discovered and the first
member of the type II, or DT group toxins. There are currently only two other type II mART
toxins, ExoA from P. aeruginosa and the recently discovered cholix toxin, from V. cholerae
(Jorgensen, 2008). These are large multidomain proteins that are known to possess receptor
binding, translocation and catalytic domains (Holbourn et al., 2006).
The type II toxins modify a common protein target, eukaryotic elongation factor 2
(eEF2), which is an essential eukaryotic protein that is involved in protein synthesis. It contains
a modified histidine residue called diphthamide which the toxins specifically target for
modification (Armstrong, 2002). Ribosylation of eEF2 arrests protein synthesis and leads to cell
death. Diphthamide is unique to eEF2, and is conserved across all eukaryotes (Collier, 2001).
Following binding between eEF2 and the 80S ribosome, there is a large conformational change,
required for tRNA movement (Spahn et al, 2004). A recent comparison of the eEF2-80S and the
ExoA-NAD+-eEF2 structures showed a remarkable similarity with respect to this conformational
change (Jorgensen et al., 2005). By mimicking this critical interaction, ExoA all but ensures that
its target cells cannot adapt without the unlikely event of concurrent mutations between eEF-2
and the 80S ribosome.
1.4.4. CT Group Toxins (Type I, III, IV)
The remaining mART toxins fall into the CT group, named after cholera toxin of V.
cholerae. This family is quite large and can be further subdivided on the basis of their cellular
targets and organization of the A and B subunits.
Type I toxins include cholera toxin (CT), the closely related heat-labile toxins of E. coli
(LT), and pertussis toxin (PT) (Tsuge et al., 2008). These toxins contain an A subunit, which
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modifies small GTP-binding regulatory proteins, and five similar or identical B subunits that
form a pentameric ring and allows for host cell entry (Holbourn et al., 2006). CT and LT both
target intestinal epithelial cells and modify a G-protein associated with the adenylate cyclase
complex. Modification of this protein halts GTPase activity, keeping it in the GTP-bound state.
This prevents deactivation of adenylate cyclase, which ultimately leads to heavy fluid loss into
the intestinal lumen and stool. It can be fatal if left untreated (Cassel and Selinger, 1977 and
Spangler, 1992). Pertussis, or “whooping cough” is caused by the colonization of the lungs by B.
pertussis and the subsequent release of PT into the tissue (Pittman, 1984). Unlike CT and LT, PT
ADP-ribosylates a subunit of the G-protein responsible for activating the adenylate cyclase
system and causes a loss of GTP leading to severe respiratory complications in the host (Jakobs
et al., 1984).
The type III subgroup is comprised of the C3-like exoenzymes, small single-domain
proteins which target the Rho family of GTP binding proteins (Tsuge et al., 2008). The first toxin
discovered from this group was C3bot, named as the third toxin from Clostridium botulinum
following the C1 neurotoxin and the C2 actin-targeting mART. Other type III toxins have been
discovered in Bacillus cereus and Staphylococcus aureus as well (Vogelsgesang et al., 2006).
These toxins modify a conserved asparagine residue on Rho A, B and C, which inactivate them
leading to fatal alterations to the cytoskeletal network, a loss of microfilaments, and cell
rounding (Wiegers et al., 1991 and Vogelsgesang et al., 2006). While type III toxins target
intracellular GTPases, unlike type I mARTs, they do not possess a translocation domain or B
motif, and have difficulty entering most cells (Vogelsgesang et al., 2006). A recent examination
by Rotsch et al. (2012) showed that RAW-line macrophages showed a high sensitivity to C3bot.
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Figure 1.2. Multiple Sequence Alignment of Catalytic Domains of Type IV mART Toxins.
Alignment was done using Clustal Omega (Goujon et al, 2010) and visualized using ESPript
(Gouet et al, 1999). Identical residues are highlighted in red; homologous residues are shown in
red text. The conserved catalytic Arg (green), STS (yellow) and ExE (red) motifs as well as the
ARTT loop (blue) are highlighted.
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Interestingly, modification of RhoA resulted not in cell rounding, but in bi-polar
protrusions on the cells. This inhibited their migration, a critical function of macrophages
required for them to move to their targets (Rotsch et al., 2012).
Finally, the type IV subgroup is comprised of actin-targeting toxins (Figure 1.2). They
include the Clostridium toxins, from C.botulinum (C2), C. perfringens (Iota), C. difficile (CDTa),
and C. spiroforme (Sa), as well as the vegetative insecticidal protein (VIP) from Bacillus cereus
and the recently discovered Photox produced by Photorhabdus lumunescens (Holbourn et al.,
2006, and Visschedyk et al., 2010). These toxins specifically target Arg-177 of G (monomeric)
actin, which prevents polymerization into F-actin, crippling the target cell's infrastructure
(Vandekerckhove et al., 1987). Interestingly, while Iota toxin and Photox target alpha, beta, or
gamma actin, C2 toxin ignores the skeletal alpha actin instead preferring the cytoskeletal beta
or gamma actin (Aktories et al, 1986). These toxins all share an affinity for actin; however, the
organization is not so highly conserved. While most are binary, the A and B motifs are not
necessarily part of the same protein. As mentioned earlier, C2 requires trypsin activation and
oligomerization of multiple B subunits in order to enter the cell and then escape the endosome
(Barth et al., 2000). SpvB toxin, produced by Salmonella enterica, targets monomeric actin in
human macrophages, but contains no B domain. It is suspected to enter the cell directly from
the pathogen via a type III secretion system (Browne et al., 2008). VahC, from Aeromonas
hydrophilia, also targets actin and contains no B domain (Shniffer et al., 2012). In addition to
the catalytic domain, both SpvB and VahC contain domains with functions that are yet to be
elucidated.
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There may soon be a need to expand these groupings further as newer and novel toxins
are discovered. In 2003, Sun and Barbieri characterized a second mART toxin from P.
aeruginosa, named ExoT. Potentially a toxin more for defence, ExoT ribosylates Crk-I and Crk-II,
two kinase regulators suspected to play a role in moderating phagocytosis. If this were
inhibited, it could prolong the pathogen’s residence in the host. Another pathogen,
Pseudomonas syringae, injects toxins into plant cells using a type III secretion system. One of
these, the recently characterized HopU1, ribosylates the RNA-binding protein GRP7, which
when inhibited, leads to a weakened immune response in the host (Fu et al., 2007).
1.5. Structure
In terms of the primary sequence, mART toxins have very little in common, even in the
DT group, ExoA and DT have reversed sequence orientation (Collier, 2001). However, as these
toxins all share a common substrate (NAD+), there are some structurally conserved residues,
which are found spread across three regions in the catalytic site necessary for activity. Even so,
the NAD+-interacting residues in the CT group, differ from those conserved in the DT group.
Region 1 features an aromatic residue directly followed by a conserved catalytic
histidine in the DT toxins, and an arginine in the CT toxins. This residue does not directly affect
transferase activity, but mutations will reduce enzyme activity due to its role in NAD+ binding
(Domenighini and Rappuoli, 1996; Fieldhouse and Merrill, 2008).
Region 2 contains the active-site scaffold, which is formed from a β-sheet with a slightly
bent α-helix of variable length in each toxin (Masignani et al., 2004). This forms the docking site
for the nicotinamide ring of the NAD+ substrate, required for activity (Domenighini et al., 1994).
This region also contains two conserved tyrosine residues, (Y-(X)10-Y), in the DT group and a
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Figure 1.3. Representation of mART Toxin Active Site. Iota toxin (PDB: 3BUZ) is shown in grey
with conserved catalytic residues highlighted. The catalytic Arg (green), STS motif (yellow), PN
loop (magenta), EXE motif (red), and ARTT loop (blue) are all shown flanking the NAD+ substrate
(black), in the active site.
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serine-threonine-serine (STS) sequence in the CT group (Fieldhouse and Merrill, 2008). Directly
following the STS motif, the type III and IV toxins include a phosphate-nicotinamide (PN) loop. It
contains an Arg residue involved in NAD+ binding and an aromatic residue that ring stacks with
the nicotinamide of NAD+ (Menetrey et al., 2002). The other type I toxins function without
these residues.
Region 3 forms the ADP-ribosylating turn-turn (ARTT) loop and contains a highly
conserved glutamate, critical for catalytic activity, such that even a conservative mutation to an
arginine dramatically reduces activity (Han, 2002 and Takada, 1995). In the CT group, a polar
residue (glutamate or glutamine) lies two residues upstream, giving the Glx-X-Glu sequence
(Fieldhouse and Merrill, 2008). This can be used to narrow target residue specificity with the QX-E motif conferring Asn and the E-X-E conferring Arg as target residues (Laing et al., 2011). The
loop itself is involved in connecting either two β-sheets in the active site or a β-sheet with an αhelix and is thought to facilitate substrate recognition (Vogelsgesang & Aktories, 2006). All
regions flank the active-site cavity and position the key residues for catalytic activity (Figure
1.3), which is described in the next section.
1.6. Mechanism
In the case of ExoA and others, both the NAD+ and the target protein have been shown
to bind independently, supporting a random-order SN1 nucleophilic substitution mechanism
(Armstrong and Merrill, 2004; Beattie et al., 1996, Armstrong 2002, and Mohammadi et al.,
2001). The NAD+ is bound in the active site of the enzyme and is stabilized by two tyrosine
residues in the DT group (Domenighini et al., 1994) and the S-T-S of the CT group involved in
adenine binding and orientation of the ARTT loop (Fieldhouse et al., 2010). The catalytic
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glutamate forms a hydrogen bond with the N-ribose, while the arginine (or histidine in the DT
group) binds to the A-ribose, bending the NAD+ and orienting the glycosidic bond in such a way
as to strain the bond and facilitate the cleavage (Wilson and Collier 1992; Bell and Eisenberg
1996; Fieldhouse et al., 2010). The nicotinamide acts as the leaving group and the ADP-ribose
forms an oxocarbenium ion intermediate. The bond between the N-phosphate and N-ribose
then rotates to alleviate the previous strain and forms a second cationic intermediate which
positions the electrophile close to the target. The nucleophilic residue of the target protein
then attacks, forming a new glycosidic bond and covalently attaching the ADP ribose to the
target protein (Tsuge et al., 2008). The above mechanism (Figure. 1.4) is derived largely from
iota toxin, however due to the conserved nature of the catalytic residues, it is reasonable to
assume that this mechanism can be applied to the other mART toxins as well.
1.7. Actin
As previously mentioned, actin is a common target for some mART toxins. Actin is a
highly conserved eukaryotic protein involved in numerous cellular processes. It exists as both
single monomers (G-actin) which spontaneously polymerize into long stable filaments (F-actin)
that provide internal mechanical scaffolding and support for cells (Dominguez and Holmes,
2011). The monomer pool is maintained by actin-binding proteins like thymosin β4 and profilin,
which suppresses nucleation. Nucleation occurs when actin monomers are activated by binding
Mg2+ and form trimers. Nucleated filaments then grow freely until the monomer pool becomes
exhausted or a capping protein terminates the process (Pollard, 1990). Actin plays a major role
in cell motility, maintenance of shape and polarity, and internal cell transport. It is involved in
more protein-protein interactions than any other known protein, and uses more than 100

17

regulatory proteins just to control the polymerization process (Pollard and Cooper, 2009). This
can make actin a very difficult protein to work with and, as a result, most crystallization
experiments have been performed in the presence of binding proteins or inhibitors to prevent
actin polymerization.
So far, actin-targeting mART toxins have been shown to ribosylate Arg-177 (Tsuge and
Tsurumura, 2015), which is found at the interaction site between monomers in a filament. This
prevents further elongation of the filament and interferes with the actin polymerization system
upon which target cells are so dependent upon for function.
1.8. Anti-toxins and Inhibitors
The characterization of mART toxins and attempts to develop inhibitors represent an
important step in shifting bacterial medicine away from traditional antibiotics for which
resistance has become prevalent. The next step in anti-toxin therapy is to develop specific
inhibitors for these toxins that can be safely administered to patients in the event of an
infection by one of these pathogens. When diphtheria toxin was discovered and isolated,
diphtheria became the first disease to be treated by passive anti-toxin therapy (Papperheimer,
1977). In the 1890's, Behring and Kitasato determined that they could inject non-lethal doses of
DT into animals, which would develop antibodies against the toxin that could then be extracted
(termed antitoxin serum) and administered to children infected with diphtheria (Grundbacher,
1992). More recently, it was demonstrated that synthetic peptides, based on certain sections of
the ExoA toxin, while non-toxic themselves, could be injected into mice to provoke an immune
response, producing antibodies that would recognize the full toxin (El-Zaim et al., 1998). These
immunized mice were then able to survive infection by P. aeruginosa. While this method could
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Figure 1.4. Reaction Mechanism of mART Toxins. The nicotinamide of the NAD+ is cleaved by
the mART toxin, yielding an oxocarbenium ion intermediate which is stabilized by the primary
catalytic Glu (shown in green). This intermediate becomes vulnerable to a nucleophilic attack by
the target protein. The covalent attachment of ADP-ribose alters protein function (modified
from Tsuge et al., 2008). N-ribose refers to the sugar bound to nicotinamide, and A-ribose
refers to the sugar group bound to an adenine.
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prove effective in immunizing at risk populations for various pathogens, it might not help
patients who are already infected.
Another strategy involves the development of chemical inhibitors against the catalytic
activity of the mART toxins. In 2005, Yates et al. presented the first crystal structure of a mART
toxin (ExoA) with an inhibitor (PJ34). From this structure, they were able to determine that the
inhibitor bound in the NAD+ binding pocket of the catalytic site. Subsequent experiments
demonstrated that the best inhibitors possessed key features such as a benzamine group fused
to a hetero ring structure that would closely resemble the nicotinamide group of NAD +, and still
contribute in the tyrosine stacking with the conserved DT group residues (Yates et al., 2005;
Turgeon et al., 2011). These inhibitors were able to provide in vivo protection of human airway
epithelial cell lines against infection by P. aeruginosa, but showed no toxicity against the
pathogen itself (Turgeon et al., 2011). Furthermore, when the toxin-inhibitor complex was
separated via dialysis, the toxin regained almost all of its previous activity, suggesting noncovalent binding between the inhibitor and the toxin (Armstrong et al., 2002).
1.9. Discovery and Characterization of new mART's
Genomic databases present a rich source of information on various species. Currently,
the Genomic Online Database (http://www.genomesonline.org) boasts 3700 fully sequenced
genomes with another 6300 in progress. Since the mART toxins essentially catalyse the same
reaction, one would expect a certain degree of similarity amongst their amino acid sequences.
However, as previously stated, outside of a few conserved residues in the catalytic sites of the
CT and DT group toxins, no sequence homology amongst the families can be discerned (Yates et
al., 2006; Fieldhouse and Merrill, 2008). Comparison of the catalytic sequences alone reveals a
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15% homology across each family (Fieldhouse and Merrill, 2008). The CT and DT group toxins
do not even share this or the same conserved residues outside of the catalytic glutamate,
suggesting that they may have evolved from different ancestral proteins that happened to
converge on ADP-ribosylation function. This creates an obvious hurdle for attempts to identify
new toxins based on genomics and requires a slightly modified approach. Fieldhouse and
Merrill (2008) noted that while the limited sequence homology was not ideal, the actual 3D
structures of the catalytic sites do show certain similarities. This makes sense, as the NAD+
binding pockets would have to be similar amongst the enzymes. Consequently, they developed
an in silico strategy for mining the rapidly expanding genomic database for new potential mART
toxins. Using the secondary structure preferences, and solvent accessibility of each residue in a
peptide, based of previously solved structures, a structural profile of the protein can be
obtained. Comparing this to the known conserved structures of the existing mART toxins and
then searching for the known conserved residues of the CT or DT group toxins can yield novel
toxins for biochemical and functional characterization.
1.10. Enterococcus faecalis
Both humans and animals possess a large number of microbial organisms as part of their
digestive systems. These bacteria play a critical role in aiding digestion, synthesizing nutrients,
suppressing pathogenic bacterial growth and stimulating the host immune system during
development. This microbiota consists of trillions of cells and a wide and variable population of
bacteria. Enterococcus faecalis, an anaerobic gram-positive cocci, is a member of the microbial
population colonizing the GI tract and oral cavity. It normally interacts with its hosts in a
commensal relationship (Domann et al., 2007). It is also found ubiquitously in the environment
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and has been detected in soil, sewage, water and food (Paulsen et al., 2003). E. faecalis is a very
resilient organism and can survive in temperatures ranging from 5 – 65°C, and in acidic
environments of pH 4.5 to pH 10 (Fisher and Phillips, 2009). This makes the organism well
suited to colonize different environments in various hosts.
Although normally regarded as a saprophyte, E. faecalis is opportunistic and capable of
causing many diseases in a compromised host; these include urinary tract infections,
bacteremia, endocarditis and peritonitas. As a resident of the GI tract, it is well positioned to
breach the intestinal epithelium and then uses extracellular proteins such as Esp and
aggregation substances (Agg) to aid in colonizing the host (Fisher and Phillips, 2009). Infection
occurs in injured or immune-compromised hosts making Enterococcus among the top
nosocomial bacterial pathogens. The CDC reports an average of 66,000 Enterococcus infections
each year in the United States and 1,300 fatalities can be directly attributed to this infection.
This, however, is a conservative estimate and may be higher, as patients expire due to other
causes that might have been worsened by the Enterococcus infection.
In 2003, Paulsen et al. sequenced the genome of E. faecalis V583, the first vancomycinresistant strain of this bacterium reported in the USA. Of the 66,000 E. faecalis infections
reported annually, approximately 20,000 show resistance to vancomycin. Vancomycin inhibits
cell wall synthesis in gram positive bacteria by binding to terminal alanine residues of
peptidoglycan molecules that would normally cross-link with one another forming the
backbone of the cell wall (Reynolds, 1989). Resistant bacteria were found to have modified
peptidoglycan precursors that terminate in D-lactate instead. Approximately 25% of the
genome of E. faecalis V583 is comprised of mobile or exogenously acquired DNA, one of the

22

highest percentages found in bacteria. This includes multiple insertion elements, transposons
and integrated phage regions (Paulsen et al., 2003). The ability to incorporate mobile elements
probably contributed to the rapid acquisition of drug resistance in E. faecalis.
Recently, a putative mART toxin was identified in silico from the vancomycin-resistant E.
faecalis strain V583 (Fieldhouse et al., 2010). The goal of this research is the initial
characterization of this novel toxin, currently known as EFV.

23

CHAPTER 2 - EXPERIMENTAL PROCEDURES
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2.1. Materials
Unless otherwise noted, chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
2.2. Toxin Expression and Purification
The mART toxins in this study were overexpressed and purified from Escherichia coli.
The expression and purification procedures are described below
2.2.1. Expression of Wild-Type Toxin
To determine the effect of EFV transformation on E. coli growth, the growth curves of
transformed cells were measured. EFV was cloned into a pET-28+ vector. E. coli BL21 (DE3) cells
were transformed with the plasmid and plated onto LB plates containing 30 µg/ml kanamycin
and grown overnight at 37 °C. In triplicate, a colony was taken from the plate and inoculated
overnight in 5 mL LB media containing 30 µg/ml kanamycin. From this, 5 µL was diluted into 65
µL LB media containing 30 µg/ml kanamycin and absorbance (600 nm) was monitored using a
BMG Optima plate reader (BMG Instruments).
2.2.2. Full Length EFV Purification
The wild-type EFV gene was never successfully expressed in E. coli due to cell toxicity.
Both Rosetta (DE3) and BL21 (DE3) cells showed similar toxicity. For the purposes of the
following experiments, a variant was used by introducing a mutation in the gene, replacing the
secondary catalytic glutamate with an alanine. The E461A EFV variant was cloned into a pET28a+ vector with an N-terminal His6 tag and TEV site. E. coli BL21 (DE3) cells were transformed
with the plasmid and plated onto LB plates containing 30 µg/ml kanamycin and grown
overnight at 37 °C. These cells were grown at 37 °C in 4 x 2 L cultures of enriched LB medium
(25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 2 mM MgSO4, 0.5% glucose,
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0.5% glycerol) containing 30 µg/ml kanamycin, shaking at 200 rpm to an OD600 value of ~0.6
before induction with 1 mM IPTG. The temperature was reduced to 16 °C and the cells were left
to grow overnight. The cells were harvested by centrifugation at 5,000 × g for 12 min. Cell
pellets were resuspended in 50 mL of lysis buffer (50 mM Tris-HCl, pH 8.5, 500 mM NaCl, 2.5
mM MgCl, 0.5 mM CaCl, 0.2 mM phenylmethylsulfonyl fluoride (PMSF) and 5 µL/mL of DNase)
and the cells were lysed using sonication. Lysate was centrifuged for 50 min at 20,000 × g and
the supernatant containing the soluble protein was collected. The sample was passed through a
Ni2+ charged HiTrapTM Chelating HP column (GE Healthcare) equilibrated with EFV buffer (25
mM, Tris-HCl, pH 8.0, 500 mM NaCl, 2.5% glycerol) with 5 mM imidazole, and eluted with a 0250 mM imidazole gradient. The EFV was then further purified by gel filtration chromatography
using Superdex 75 resin in a 120 mL column equilibrated with EFV buffer. Purified protein was
filtered through a 0.22 micron filter to remove any other impurities. The EFV was concentrated
to 1 mg/mL and stored at -80 °C until needed. A second EFV variant with the primary catalytic
glutamate substituted by an alanine (E463A) was also purified by this method and used for
comparison. For simplicity, EFV will now refer to the secondary catalytic mutant, EFVE461A, for
the remainder of this work.
2.3. Melting Point Assessment
To confirm the purity of the folded enzyme and to account for misfolding, the melting
point of the enzyme was tested using an iCycler iQ Real-Time PCR Detection System (Bio-Rad).
In this assay 1 mg/ml EFVE461A and EFVE463A in EFV buffer (25 mM Tris-HCl, 8.0, 500 mM NaCl,
2.5% gylcerol) were incubated along with 10% SYPRO®-Orange (Invitrogen) in a total volume of
100 µL. The melting point of the enzyme was then calculated from the thermogram. As the
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protein denatures, the hydrophobic core becomes exposed. The SYPRO dye binds to the
exposed residues resulting in an increase in fluorescence that can be detected by the
thermogram.
2.4. Fluorescence-Based Assays
In this study, both intrinsic and extrinsic fluorophores were used to characterize toxins
due to their simplicity and sensitivity. Experimental procedures are as follows.
2.4.1. NAD+ Glycohydrolase Activity
Since the target substrate was not known for EFV, the toxin was mixed with various
concentrations of ε-NAD+ (0-1000 µM) in EFV buffer. This provided a measure of the toxin
activity and was used to further confirm proper folding of EFV. The reaction was measured
using a BMG Optima plate reader (BMG Instruments). The fluorescence intensity of the ε-NAD+
was monitored at excitation and emission wavelengths of 305 nm and 405 nm, respectively, for
300 s, using excitation and emission bandpasses of 5 nm (for both). EFV was used at a
concentration of 10 µM and the reactions were run for 6 h. Initial reaction slopes were
measured and plotted against ε-NAD+ concentration, and were fitted to the Michaelis-Menten
model to determine KM and Vmax values using GraphPad Prism 5 software (San Diego, California,
U.S.A.).
2.4.2. εAMP Standard Curve
To convert the fluorescence units of the instrument to the concentration of ethenoADP-ribose product formed during the reaction, ethenoadenosine-monophosphate (εAMP) was
used as a standard. The εAMP was dissolved in the buffer used for the corresponding
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experiment with the following concentrations: 0, 1, 2, 3, 5, 7, 9, and 10 µM. Fluorescence
intensity was plotted against concentration of εAMP using Microsoft Excel. The inverse of this
slope was used to determine the rate of εADP-ribose formed over time during the
glycohydrolase reactions.
2.4.4. Inhibition of Enzyme Activity
Inhibitor screening was conducted with several inhibitors designed to compete with the
NAD+ substrate. The M series inhibitors were identified from a virtual screen conducted by Dr.
Robert Fieldhouse and the compounds were purchased from Molport, Riga, Latvia, and the V
series inhibitors were identified from a virtual screen conducted by Dr. Matthieu Schapira
(Univ. of Toronto) and were obtained from ChemBridge Corp., (San Diego, California). The
inhibitors were tested against EFV glycohydrolase activity. To determine the IC50, inhibitors
which passed an initial qualitative screen, were tested at a range of concentrations against EFV
activity and the concentration of inhibitor that caused a 50% reduction in enzyme activity was
calculated using GraphPad Prism.
2.4.3. NAD+ and Inhibitor binding
The dissociation constant, Kd, for both NAD+ and inhibitors, was determined for both
EFVE461A and EFVE463A by measuring the quenching of intrinsic tryptophan fluorescence. Toxin (1
µM) in EFV buffer was titrated with either NAD+ or an inhibitor, while fluorescence was
monitored using excitation and emission wavelengths of 295 nm and 340 nm respectively, with
bandpasses of 5 nm on a Cary Eclipse fluorescence spectrophotometer (Varian, Palo Alto,
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California). The data was analyzed by non-linear regression using GraphPad Prism 5 software to
determine the binding constant.
2.5. Substrate Identification
New mART toxins were tested sequentially against a variety of known mART substrates
and potential targets identified by bioinformatic techniques and previous information. Some
mART toxins have been shown to target actin so it was tested as a substrate for EFV using a
fluorescein-NAD+ analogue. Thus, 2 µM EFVE461A was incubated with 8.33 µM fluorescein-NAD
and 3 µM alpha-actin in a reaction buffer (50 mM Tris-HCl, pH 7.9), total volume of 15 µL. The
reaction was incubated for 1 h at room temperature in the dark. Following this, the reaction
was terminated with the addition of 5 µL Laemmli buffer and run on a 12.5% SDS-PAGE. The gel
was analyzed using a ChemDocTM XRS+ and Image LabTM software (Bio-Rad, Hercules, CA).
2.6. Confirmation of ADP-Ribosylation Using Mass Spectrometry Analysis
ADP-ribosylated α-actin was analyzed by liquid chromatography/tandem mass
spectrometry. The intact protein molecular weight was determined using an Agilent UHD 6530
Q-Tof electrospray mass spectrometer at the Mass Spectrometry Facility of the Advanced
Analysis Centre, University of Guelph. The instrument was configured with the standard ESI
source and operated in positive-ion mode. Data analysis was performed using the MassHunter
Qualitative Analysis Version B.06.00 (Agilent) software. Deconvolution of the m/z spectrum was
achieved using the Maximum Entropy algorithm within the BioConfirm software (Agilent).
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2.7. Cell Assays
A 1 mL aliquot of Chinese hamster ovary cells (CHO's) (ATCC number CCL-61) was rapidly
warmed to 37 °C and diluted into 9 mL Dulbecco's modification of Eagle's medium (DMEM)
(Lonza, Basel, Switzerland) containing 10% fetal bovine serum (FBS) (Gibco, Life Technologies,
Burlington, ON) and penicillin (100 U/mL)-streptomycin (100 µg/mL) mixture (Lonza) in a 25 cm2
culture flask (Corning, Lowell, MA) and grown in a 37 °C water-jacketed incubator at 5% CO2
until confluent. When ready, the cells were passaged by removing spent medium, washing with
1 mL PBS (150 mM NaCl, 2.5 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) and then 1 mL
0.25% Trypsin-EDTA (1X) with phenol red (Gibco) for 5 min at 37 °C. The newly suspended cells
were diluted into 9 mL of pre-warmed medium and allowed to grow again.
Cell cytotoxicity experiments were performed by allowing the cells to become confluent,
resuspending them in medium and transferring 100 µL into a 96-well culture plate (Corning,
Lowell, MA) along with various concentrations of EFV toxin. ExoA was used as a positive control
in these experiments at 5, 50 and 5000 ng/mL. The cells were left for 4 d in the 37 °C CO2incubator. Following this, 50 µL of 1 mg/mL thiazolyl blue tetrazolium bromide (MTT) dissolved
in medium was added to each well and incubated for 3-4 h. Live cells metabolize and reduce
the colourless MTT, producing a blue-purple formazan product (Berridge and Tan, 1993) while
dead cells have no effect. Following the incubation, the supernatant was carefully removed
from each well using a multichannel pipette and 150 µL of 100% DMSO was added to each well
to solubilise reduced MTT. The plate was analyzed using the BMG plate reader and the data
examined using Graphpad Prism to determine the LD50. All mammalian culture work was
performed in a Class-2 biological safety cabinet (Nuaire, Plymouth, MN).
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CHAPTER 3 - RESULTS - CHARACTERIZATION OF EFV, A NOVEL mART
TOXIN (TYPE IV) FROM ENTEROCOCCUS FAECALIS STRAIN V583
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3.1. Identification
EFV toxin was first identified as a putative mART toxin in silico from the vancomycinresistant E. faecalis strain V583 (Fieldhouse et al., 2010). As mART toxins share little in common
in terms of their primary sequences, BLAST and PSI-BLAST techniques often prove unreliable
when identifying new toxins. Therefore a more detailed search using fold-recognition databases
was used to identify novel mART toxins. EFV was identified by searching the Pfam, Gene3D and
Superfamily databases using the Structural Classification of Proteins (SCOP) and Class
Architecture Topology Homology (CATH) codes of known toxins (Fieldhouse et al., 2010).
Results were then filtered based on additional parameters. Only hits that were found
from bacterial pathogens were kept, then only those with a secretion signal. Hits that did not
contain the conserved ADPRT sequences (the catalytic arginine, the STS motif, and the Q/ExE
motif) were also eliminated, and then those with more than 50% identity to a known toxin were
discounted (to reduce redundancy with characterization). Finally, sequences were removed
based on genetic context; if the gene in question was found near a hydrolase gene, it suggests a
potential regulatory role rather than a toxic one. EFV toxin was one of the remaining hits
chosen for further in vitro analysis.
3.2. EFV
EFV is a 487-residue, 56 kDa protein that is predicted to contain a needle-like helical
domain and catalytic domain (Figure 3.1). The toxin is secreted without a signal peptide and
although E. faecalis has a type IV secretion system (Paulsen et al., 2003), it is not clear whether
EFV uses it. Genetic context suggests that EFV may interact with portal proteins
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Figure 3.1. Homology Model of EFV. EFV is a 487-residue, 56 kDa protein that is predicted to
contain a needle-like helical domain (green) and catalytic domain (red). This figure is a
homology model based off two known proteins. The catalytic domain is a homology model
based off of Iota toxin (PDB 1GIQ) and the N terminal domain is a homology model based off
Spectrin (PDB 1U4Q). (Fieldhouse et al., 2010).
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(Uniprot Q838U9 and Q833E4), a scaffold protein (Q838U5) and a major tail protein (Q835T7).
In addition, the non-catalytic domain is similar in sequence to a phage head protein, all of which
suggests a phage origin, which could mean that EFV travels through a phage infection conduit
to target cells (Fieldhouse et al., 2010). Both portal proteins and tail proteins are involved in
piercing a host's cell wall and facilitating the entry of phage DNA into a host cell (Veesler and
Cambillau, 2011).
3.3. Yeast Cytotoxicity
Even when additional steps are taken to ensure the quality of results, in silico
identification can still produce false positives and needs to be followed up by in vitro testing.
Yeast growth inhibition caused by the expression of bacterial proteins is a sensitive and specific
indicator of how effectively a toxin can disrupt important eukaryotic cellular processes
(Turgeon et al., 2009). This assay was used to determine the cytotoxic activity of EFV in
Saccharomyces cerevisiae. The suspected toxin gene was cloned by homologous recombination
in S. cerevisiae under the transcriptional control of the CUP1 promoter in a low-copy number
plasmid. An advantage to this strategy is that the linear plasmid and toxin insert, (flanked by 1520 base pairs homologous to the plasmid) can be used to transform yeast, where innate
recombination machinery can build the full plasmid, saving the time-consuming step of
constructing it in vitro. DNA sequencing was then performed to ensure the insert remained
intact. The CUP1 promoter is selected for its copper inducibility. Therefore, titration of copper
into the system allows for dynamic control of the expression of the toxin within the yeast host
and can give a semi-quantitative measure of toxin potency. This, however, does not confirm
mART toxin identity, as overexpression of a foreign protein can cause toxicity in the yeast,

34

independent of its specific catalytic activity. To control for this, site-directed mutagenesis of the
mART catalytic signature can take advantage of the E-x-E motif required for activity, thus
providing a cell-based validation that mART activity is specifically responsible for the yeast
growth-defective phenotype. WT EFV shows high levels of toxicity when induced in yeast cells
(Figure 3.2). As expected for a mART toxin, growth was restored when the two catalytic
glutamate residues were replaced (glutamate to alanine) at 0.5 mM Cu2+. Interestingly, at 0.75
mM Cu2+, the toxicity of copper to yeast cells resulted in a lower growth baseline even when
both catalytic residues were replaced since growth was only restored to around 60%, which is
lower than expected. It is possible that EFV has an alternate method of toxicity at high doses
that causes this baseline shift. It is also possible that the high levels of Cu 2+ are having a toxic
effect on the cells. The restoration of yeast growth seen with the catalytic variants suggests that
EFV is indeed a mART toxin and confirmed its cytotoxicity in eukaryotic cells. The high toxicity of
wild-type EFV presented a complication, as it was also toxic to prokaryotic cells such as the
E.coli used for expression. Although the EFVE461A and EFVE463A variants do not show a significant
difference in toxicity, the E461A variant was chosen for further characterization, as the primary
glutamate residue is absolutely conserved and required for enzyme activity among these
toxins/enzymes.
3.5. Expression of Wild-type Toxin
The wild-type EFV toxin shows a high level of toxicity in both yeast and E. coli cells,
which presents a problem for expressing the toxin in E. coli. The presence of the plasmid in E.
coli slows down its growth considerably (Figure 3.3), and no toxin could be isolated at any point
during growth or following induction, even when induced with low levels of IPTG (<10 µM).
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Figure 3.2. EFV Inhibition of Yeast Growth. Inhibition of S. cerevisiae growth by EFV and
catalytic variants. Growth is shown at two different concentrations of copper (induction) and
compared to no induction of the toxic gene. The error bars show the standard deviation of
eight replicates. At both 0.50 mM and 0.75 mM copper, all variants are significantly less toxic
than WT EFV (p-value = <0.0001). At 0.75 mM copper, neither EFVE461A or EFVE463A results are
statistically significant from each other; however, at 0.50 mM titration, EFVE461A was
significantly more toxic (p-value = 0.05) than either catalytic variant (Turgeon et al., 2009).

36

2
1.8
1.6

Optical Density

1.4
EFV E461A

1.2

WT EFV

1

Fusion protein

0.8

PBAD

0.6

GO3
EFV E/E

0.4
0.2
0
0

2

4

6

8

10

12

Time (h)

Figure 3.3. E. coli Growth Curves when Transformed with EFV Plasmids. Inhibition of E. coli
growth was observed when cells were transformed with plasmid containing the EFV gene. Both
the catalytic mutant EFVE461A and the double mutant E/E, restore E. coli growth. The pBAD
promotor system was also able to restore E. coli growth as was the truncated G03 construct.
The S-loop fusion construct, however, was still toxic. Each point represents the mean from 3
replicates. All plasmids used a pET-28a+ vector except for the pBAD system which uses pBAD24.
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3.5.1. Expression Control with the pBAD Promoter System
Analyzing the growth curves of the E. coli expressing EFV toxins suggested that "leaky"
toxin expression was occurring prior to induction and could account for the observed inhibition
of the growth of the cells. Even when the cells had reached the appropriate concentration and
were induced, no toxin could be detected in the lysate. It was hypothesized that the E. coli cells
were modifying the toxin gene, in response to the toxic stress caused by leaky expression.
Therefore, if expression could be suppressed until the cells were fully grown and induced, some
toxin may be produced before the cells expired or adapted to the toxic gene effect. The pBAD
promoter system of the araBAD (arabinose) operon was chosen for its tight control of protein
expression levels (Guzman et al., 1995). This promoter is induced by the addition of arabinose
into the medium. Cells were treated with a range of arabinose from 0.01% to 0.2% and
incubated at 37 °C and 16 °C. Samples were taken every hour for 4 h and one additional sample
from the 16 °C incubator was taken 16 h after induction. The cells were then centrifuged, the
pellet collected and the cells were lysed, and the pre- and post-induction lysates were
compared on an SDS-PAGE gel for any evidence of protein expression; unfortunately, none was
detected (results not shown). The construct was sequenced to confirm accuracy (see
supplementary material section) and the transformed E. coli showed no growth deficiency
(Figure 3.3). Although the construct was made properly, the protein was not expressed by the
host E. coli. Our group has had success with the pBAD promoter system in the past, so this
technique should not be abandoned. The EFV-pBAD construct successfully prevented "leaky"
toxin expression, but the host E. coli could not express the toxin when induced.
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3.5.2. Periplasm Export with the pelB Promoter System
Export of proteins from bacterial cytoplasm is often employed to facilitate correct
folding, particularly proteins with disulfide bonds as the cytoplasm is too reducing (Terpe,
2006). It was hypothesized that this application could be used for toxic proteins as well. EFV
could be exported into the periplasm of the cells where it could not interact with its cellular
target, thus reducing or eliminating the toxic effect. The pelB leader sequence was incorporated
into a standard expression vector (pET-28a+) containing EFV. Cells were treated with a range of
IPTG from 0.01 µM to 1 mM and incubated at 37 °C and 16 °C. As with the pBAD construct,
samples were taken every hour for 4 h and one addition sample from the 16 °C incubator was
taken 16 h after induction. The lysate from each sample was taken and compared via SDSPAGE, but again, no change in protein expression could be detected post-induction (data not
shown).
3.5.3. Constructing an E. coli Strain with an EFV Resistant Phenotype
Since EFV appeared to elicit a toxic effect on the E. coli cells, it was assumed during
growth, that there was a protein substrate within E. coli that EFV was targeting. It was
hypothesized that the target gene could be altered in such a way as to produce a phenotype
that would be resistant to EFV, but still be viable (such that the mutation in the target gene was
not lethal). Ethyl methanesulfonate (EMS) a chemical mutagen, was added to EFV transformed
cultures of E. coli and were grown overnight, and then plated out. It was hoped that the
selective pressure from the EFV would encourage a resistant phenotype in E. coli that could be
used for future expression. An appropriate amount of EMS was experimentally determined
(1µl/100µl medium), such that it would kill approximately 99% of the cells, but leave some
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survivors. These cells would acquire non-fatal mutations producing novel phenotypes, one of
which could potentially be resistant to EFV activity.
However, it could not easily be determined whether the EFV gene had been modified to
produce a non-toxic variation, or whether the cellular target had been modified to produce the
desired phenotype. Surviving colonies were isolated, and the growth curves examined for the
growth deficient phenotype associated with EFV toxicity. Colonies that appeared healthy were
grown, induced with 1 mM IPTG and incubated at 37 °C for 3 h. Pre- and post-induction lysate
was then compared via SDS-PAGE to look for evidence of protein expression. This method was
attempted for approximately 25 colonies but no EFV was detected.
3.5.4. Expression of Truncated Wild-type EFV
One strategy, employed by our group, for expressing difficult proteins is to remove
residues from the N- and C-terminal regions of the primary sequence in the hope that a soluble
and stable form of the enzyme will be produced. For this, we collaborated with the lab of Dr.
Hee-Won Park at the Structural Genomics Consortium (SGC) in Toronto. The SGC approach is to
systematically removes residues from both the C and N termini of the protein and then express
the modified construct. This procedure produced a viable construct, designated EFVG03. The
modified toxin had the first four residues removed from the N terminus and the final five
residues removed from the C terminus. This construct was expressed (Figure 3.4) with no signs
of host cell toxicity (Figure 3.3). Unfortunately, the modified toxin demonstrated no
glycohydrolase or transferase activity when tested. Removal of the histidine tag did not solve
this. To confirm the stability of the purified protein, the melting point was also determined (see
Figure S1 in the supplementary materials section).
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Figure 3.4. Recombinant EFV-G03 Expression. Purification of EFV-G03 from E. coli lysate. Lanes
1-3 contain EFV-G03 following gel filtration chromatograph. Lane 4 contains EFV-G03
concentrated in order to estimate the purity of the sample. No background bands appear upon
concentration. EFV-G03 is smaller than EFV (around 45 kDa) due to nine missing residues.
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3.5.5. Expression as a Fusion Protein
The mammalian apoptosis modulator protein Bax is toxic to E. coli and cannot be
conventionally expressed in this system. A method was developed by Donnelly et al. (2001)
whereby a removable fusion partner is added to neutralize the toxic effect of the protein. A
general polypeptide is added that interacts strongly with other partners, thereby preventing
interaction of the toxin with its target. For EFV, the 17-residue leader sequence encoding the
GroEL-binding loop (S-loop) of the E. coli chaperone GroES was fused to the N-terminus of EFV.
Ethanol was added (2%) to the growth medium to increase the expression of the GroEL proteins
and the toxin-S-loop fusion was induced as normal. An expression test was performed, similarly
to the pelB construct, but no EFV could be detected during SDS-PAGE (data not shown). The
construct also displayed host cell toxicity similar to the non-fusion WT-EFV (Figure 3.3)
suggesting that the fusion of the S-loop did not alleviate EFV toxicity.
3.6. Over-expression and Purification of EFV E461A
The EFVE461A gene exhibited no signs of host cell toxicity and was chosen for further
experimentation. It was anticipated that although the secondary catalytic Glu was missing, the
enzyme would retain enough of its activity for characterization. The gene was cloned into a
pET28+ vector and overexpressed in E. coli BL21 λDE3 cells. EFV was isolated from the E. coli
lysate by immobilized metal affinity chromatography followed by size-exclusion
chromatography. SDS-PAGE analysis confirmed the purity of the sample and a Western blot
using a monoclonal antibody specific to the polyHis tag confirmed its identity (Figure 3.5). The
gel-filtration chromatography profile revealed two overlapping peaks (Figure 3.6-A), yet both
appeared as a similar-sized protein when examined by SDS-PAGE (Figure 3.6-B). Since a residue
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was replaced in the expressed protein, it is possible that there were unforeseen complications
during translation that may have caused the protein to fold improperly. To examine this
possibility, fractions from both peaks were collected and examined for enzyme activity
(glycohydrolase activity-see below). Circular dichroism spectroscopy analysis confirmed that
protein from the second peak was better folded (data not shown) and the glycohydrolase assay
confirmed stronger enzyme activity in the second peak as well (Figure 3.8). The first peak likely
represents aggregation or misfolded protein and was removed for all tests. The glycohydrolase
assay was only performed once and reproducibility was not confirmed. However, I considered it
safer to only use fractions from the second EFV peak in all experiments. The yield of EFV was
approximately 5 mg protein/L culture.
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Figure 3.5. SDS-PAGE and Western Blotting of Purified EFV. Purified EFV (black arrow) as
analyzed by SDS-PAGE and Coomassie staining. The presence of EFV was confirmed by Western
blotting using an antibody against the poly-His tag. Lane 1 contains protein molecular weight
standards (Biorad) in kDa; lanes 2 and 3, purified EFV; lane 4, Western blot of purified EFV.
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Figure 3.6. EFV Purification. (A) Gel filtration chromatography profile of EFV purified from E.
coli cell lysate. (B) Fractions from both peaks were analyzed via SDS-PAGE showing a similarsized protein in both peaks. This profile was seen with every preparation of EFVE461A.
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Figure 3.7. Thermal Stability of Purified EFV Variants. The denaturation midpoint temperature
for EFVE461A at a concentration of 1 mg/ml was nearly 47.5 °C (green). The denaturation
midpoint temperature for EFVE463A at the same concentration was close to 45°C (blue). All
protein was solubilised in EFV buffer (25 mM Tris-HCl, 8.0, 500 mM NaCl, 2.5% gylcerol) with
10% SYPRO Orange.
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3.7. Thermal Stability of EFV
To confirm the stability of the purified protein, both EFV E461A and EFVE463A were tested to
determine their melting points (Figure 3.7). As the protein unfolds and the hydrophobic core
becomes increasingly exposed, SYPRO®-Orange dye will begin to bind to the hydrophobic
residues found within the core of the protein and an increase in fluorescence is observed. This
can be monitored in a light cycler PCR instrument. A properly folded protein should denature at
a specific temperature and show a sharp peak on the thermogram. The thermal denaturation
midpoint of EFVE461A was determined to be 47.5 ± 0.8°C, while EFVE463A was half denatured at
45°C. The thermal denaturation midpoint values are quite similar, however EFVE461A may be
slightly more stable. This was repeated with at least three preparations of EFVE461A to confirm
the precision of the measurement.
3.8. Glycohydrolase Activity
EFV glycohydrolase activity was characterized using a fluorescence-based assay and
displayed Michaelis-Menten kinetic behaviour (Figure 3.9). EFVE461A was shown to have KM =
343 ± 42 µM for NAD+. The kcat value was determined to be 0.06 ± 0.003 s-1. Since this was
performed with a variant of WT EFV, it cannot be usefully compared to other mART toxins.
However, Tsuge and Tsurumura (2014) noted that, in C2-like mART toxins, mutation of the
secondary catalytic Glu residue does not prevent glycohydrolase activity. It is possible that wildtype EFV would demonstrate similar activity. Indeed, these values do fall in between the
glycohydrolase kcat for C2 toxin (0.025 s-1) and Iota toxin (0.25 s-1) (Schleberger et al., 2006). This
method was used to compare different forms of toxin that appeared during the purification
(Figure 3.8).
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Glycohydrolase rates for the other catalytic variant EFVE463A and double E/E variant were
not detectable. This seems reasonable since the primary catalytic residue is missing in both
enzymes and it is considered to be the most critical residue for activity.
3.9. NAD+ Binding
A tryptophan fluorescence-quenching assay was used to determine the dissociation
constant for EFVE461A and EFVE463A (Figure 3.10). The values are 35 ± 8 µM and 44 ± 7 µM,
respectively. A smaller dissociation constant indicates tighter binding, but neither variant is
significantly different from the another. These values are consistent with other mART toxins
such as Photox (11.2 ± 0.3 μM), and C3bot1 (60 ± 6 μM) (Ménétrey et al., 2002; Visschedyk et
al., 2010). The data best fit a one-site model of binding, which is also consistent with other
mART toxins.
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Figure 3.8. Activity Comparison of EFV: Purification of EFV from E. coli cell lysate via gel
filtration revealed two protein samples that were comparable in size when analyzed by SDSPAGE (as seen in Figure 3.6). Assessment of the glycohydrolase activity of each protein reveals
that the sample eluted last had a greater Vmax value. This experiment was only performed once.
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Figure 3.9. Glycohydrolase Activity of EFV. EFV activity as a function of ε-NAD+ concentration.
Initial velocity measurements were obtained using 10 µM EFV at 25°C, and the data was fit to
the Michaelis-Menten model. Error bars represent standard deviation from two independent
experiments with three replicates.
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Figure 3.10. NAD+ Binding of EFVE461A and EFVE463A. Fluorescence measurements were divided
by the initial NAD+-free measurement to obtain the relative fluorescence intensity, and then
subtracted from 1 to obtain the binding curve. EFV was present at 1 µM in all samples. Error
bars represent standard deviation from two independent experiments with three replicates.
The data was fit to a one-site substrate binding model using GraphPad Prism 5 software.
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3. 10. Substrate Identification
Several compounds were tested as potential substrates against EFV E461A and were
examined for evidence of ADP-ribosylation. As a common target of mART toxins, alpha-actin
was one such protein that was tested as a potential substrate. Initially, no activity was detected
with actin as the substrate protein in the enzyme assays utilizing ε-NAD+. However, an
experiment involving fluorescein-NAD+ with the products detected on an SDS-PAGE gel showed
a fluorescein-labeled actin band (Figure 3.11). This was not seen with EFVE463A or EFVE/E and
could be prevented by known inhibitors of GH activity. The amount of labelling could also be
increased by varying the EFV concentration in the sample. This suggests that EFV does label
alpha-actin as a substrate and the data are not the result of a contaminant in the lysate. To
further confirm this, E. coli lysate not containing toxin was incubated with fluorescein-NAD+ and
actin. No labelled actin band could be discerned. However, these results were not very
reproducible, since not all preparations of EFVE461A were shown to exhibit activity toward alphaactin. As the secondary Glu is suspected to be involved in substrate binding (Tsuge et al., 2008),
the variant EFVE461A was not ideal for this assay and may explain the sporadic results.
C2 toxin is specific for β- and γ- nonmuscle forms of actin (Heine et al., 2008), but
Photox and Iota toxin lack specificity towards actin isoforms (Aktories, 1990; Visschedyk et al,
2010). Neither β- or γ- actin were shown to be a substrate of EFV. This could indicate that EFV
is specific for alpha-actin, but it is difficult to draw conclusions from the data obtained from the
catalytic variant used in these experiments.
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Figure 3.11. Fluorescein-NAD+ labelled Actin by EFV. Fluorescein-NAD+ concentration was
constant at 8.3 µM in all samples. Lane 1 contains 100 nM Photox, a known actin-targeting
mART (control) and 5 µM actin. Lane 2 contains 5 µM actin (control). Lane 3 contains 2 µM EFV
and 5 µM actin. Lane 4 contains 2 µM EFV (control). Imaging was performed using Image LabTM
software (Bio-Rad, Hercules, CA).
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Figure 3.12. Verification of EFV Transferase Reaction. Mass spectrometer analysis of the ADPribosylation of α-actin. The bottom scan shows the control actin, while the top scan shows actin
in the presence of EFV. The lowest major peak for the enzyme reaction is +541 Da from the
lowest peak of the control. This is consistent with the addition of the ADP-ribose moiety. The
control actin showed more than one species. However all species appear to have been labelled
by EFV.
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3.11. Detection of Transferase Reaction
The ADP-ribosylation of α-actin was verified by LC/MS mass spectrometric of labelled
actin. The addition of the 541 Da ADP-ribose group to actin was apparent, as indicated by a
corresponding shift in mass determined by the MassHunter Qualitative Analysis Version B.06.00
(Agilent) software (Figure 3.12) when comparing unlabelled and labelled actin. Greater than
99% ADP-ribosylation efficiency was also confirmed by mass spectrometry.
It is not known why this reaction could not be monitored using ε-NAD+ in a fluorescence
spectrophotometer as was done for the glycohydrolase assay. EFV requires high salt (500 mM)
to remain soluble in aqueous buffer solution; however this would cause actin to polymerize,
reducing the amount of G-actin available for activity. A new buffer was used for this assay (10
mM Tris-HCl, pH 7.4, 1 mg/ml bovine serum albumin (BSA)) which could stabilize both the EFV
and actin. Greater than 99% ribosylation efficiency over 90 min confirms the overall
effectiveness of the enzyme in this buffer, but it is possible that the reaction is not fast enough
to be distinguished from glycohydrolase activity on a spectrophotometer. More data using the
wild-type enzyme would be necessary before the kinetics of this reaction can be conclusively
established and quantitatively determined. Also of interest is the multiple species of actin seen
in Figure 3.12. Actin should appear around 42 kDa, yet peaks appear from 41.8 to 42.3 kDa.
Smaller peaks could be explained by slight proteolytic degradation of the Actin. Actin is also
post-translationally modified, including methylation, acetylation and phosphorylation, by
various enzymes (Terman and Kashina, 2013). This could explain some of the larger peaks seen
in the sample. All species appeared to have been labelled by EFV.
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3.12. Inhibition of EFV Activity
To date, several inhibitors of mART enzyme function have been developed by our group
(Turgeon et al., 2011). Therefore, I chose to screen EFV against two libraries of inhibitors, as
well as suramin, a well characterized anti-trypanosomal drug that had been shown to inhibit
other Type IV mART toxins (Shniffer et al., 2012). The initial screens against the V- and M-series
inhibitors (Figure 3.13) revealed a few hits that were then followed with a more rigorous
screening of the selected inhibitors. Several of the compounds showed some inhibitory effect
however, only those that could reduce activity by greater than 50% at a concentration of 50 µM
were examined further. From the M-series screen, M1, M2, M19 and M20 were determined to
be effective inhibitors of EFV activity. From the V series, V7, V25, V18 and V30 were all
characterized for inhibition effectiveness and binding constants. The data are summarized in
Table 3.1 and 3.2. Each compound was also examined for EFV binding affinity as was performed
for the NAD+ binding experiments. V30 and M19 seemed to be the most effective.
Interestingly, there was only one report of inhibition of a Type IV mART toxin, (VahC)
(Shniffer et al., 2012). V7 was also found to inhibit VahC (IC50 = 85.8 ± 12.4 µM, Kd = 259.0 ±
24.4 µM), which is consistent with EFV inhibition. V8 and V31 were also effective against VahC,
but were unable to inhibit EFV. Given the high structural homology among actin-targeting
mART toxins, it is possible that a single high-affinity inhibitory agent can be discovered that
would be effective against all Type IV mART toxins.
3.13. Cell Entry
EFV was added to CHO cells at a range of concentrations from 5 ng/ml to 20 µg/ml while
measuring the toxic effect on the cells. It was unknown whether EFV could enter mammalian
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Figure 3.13. EFV Glycohydrolase Inhibition by Potential mART Inhibitors. All inhibitors were
present at 50 µM, while EFV was kept at 10 µM. Inhibitors are being tested against EFV
glycohydrolase activity, ε-NAD+ concentration is 500 µM. Inhibitors that reduced activity > 50%
were characterized further. Error bars represent standard deviation from one experiment with
four replicates.
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TABLE 3.1. Binding and Inhibition Constants of Eight Small Molecule Compounds with EFV
Inhibitor

IC50 (µM)*

Kd (µM)**

M1

256 ± 24

190 ± 26

M2

98 ± 13.6

130 ± 25

M19

6±1

60 ± 4

M20

162 ± 10

109 ± 12

V7

90 ± 5

105 ± 15

V25

24 ± 6

79 ± 13

V18

14 ± 1

42 ± 8

V30

2.9 ± 1

40 ± 2

*IC50 values represent the mean ± S.E. from at least two independent experiments with at least
6 replicates.
**Kd values represent the mean ± S.E. from at least two independent experiments with at least
6 replicates.
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TABLE 3.2. Chemical Structures of Key Inhibitors tested against EFV

Inhibitor

Chemical Structure*

M19

V30

V7

*M series inhibitors were purchased from Molport, (Riga, Latvia), and the V series inhibitors
were obtained from ChemBridge Corp., (San Diego, California).
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cells, or whether it required a cell-entry domain. No evidence of cell toxicity could be found in
the cells even at 20 µg/ml of EFV. This suggests that EFV does not possess the ability to invade a
host cell, but may require a second "B" component, or may be secreted directly into the host
cell. To examine this possibility, EFV was cloned into a pET28+ vector containing domain I from
ExoA (the receptor binding moiety) and overexpressed in E. coli. This method had previously
been applied to the mART toxin, C3bot1. This toxin can normally enter macrophage cells, but
has no such mechanism for entering other cell types. Fusion of the ExoA domain I to C3bot1
however, allowed the C3bot1 toxin to enter and kill CHO cells. The EFV-ExoA fusion was
prepared and used to expose to CHO cells under the same conditions as for the Exo-A-C3bot1
fusion, but no significant cell death or morphology changes could be observed. The inconsistent
substrate activity of the EFVE461A variant may explain the inactivity of the toxin in cells, or,
perhaps, it is not toxic to macrophage cells. The experiment would need to be performed with a
WT-EFV-ExoA construct to determine whether EFV is cytotoxic to mammalian cells.
In summary, a novel mART toxin, EFV from E. faecalis was identified by our group using
a computational biology approach (Fieldhouse and Merrill, 2010). EFV was shown to be a
member of the C2-like, or Type IV subgroup of mART toxins, such that it utilized alpha-actin as a
substrate. In this thesis, although the wild-type toxin was not successfully expressed, a variant
with the secondary catalytic Glu exchanged for an Ala was successfully over-expressed and
purified in E. coli. This variant was used to confirm actin as a substrate for EFV as well as to
determine glycohydrolase kinetics and characterize several inhibitor compounds. Information
gleaned from this initial characterization of EFVE461A will direct future experiments using the
wild-type toxin, which could lead to more effective treatment options for E. faecalis infections.
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CHAPTER 4 - CONCLUSIONS AND FUTURE DIRECTIONS
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4.1. Conclusions
The discovery and use of antibiotic drugs to combat infectious diseases was a defining
moment in modern medicine, increasing life expectancy, reducing infant mortality and
effectively dealing with the leading cause of death in the human population. Unfortunately, the
targeted organisms have proven more than capable of developing resistance to these
treatments faster than new antibiotics can be developed. Although the problem was likely
hastened by the careless overuse of antibiotics, resistance is a natural and inevitable
consequence of their development. To date, there is no antibiotic class for which resistance
does not exist. New approaches must be considered and anti-virulence compounds provide a
viable solution to this pending crisis. Many pathogenic bacteria release exotoxins which find a
suitable host and cause toxicity. Small molecule inhibitors of bacterial virulence factors can
interfere with this process without exerting direct selection pressure on the bacterium. Ideally,
this could slow resistance, while effectively disarming invading pathogens. The mART family of
toxins are found in a wide variety of pathogenic bacteria and provide an excellent target for
anti-virulence therapies.
In this study, EFV, a novel mART toxin from a vancomycin-resistant strain of
Enterococcus faecalis was identified and its characterization has been the aim of this thesis. In
silico methods were used to "mine" the genome of E. faecalis for the characteristic mART toxin
fold and conserved catalytic signature. The toxicity of EFV in eukaryotic cells was confirmed in
an in vitro yeast cytotoxicity assay. More importantly, mutations of key catalytic residues
reduced the toxicity of EFV in yeast, confirming that it is indeed a mART toxin.
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In addition to eukaryotic cells, EFV was also shown to be toxic to prokaryotic cells such
as E. coli. This presented a hurdle such that wild-type EFV could not be expressed in an E. coli
system. Although several attempts and various methods were used to circumvent this inherent
toxicity in E. coli, wild-type EFV was not attained. Mutation of the secondary catalytic Glu could
result in a variant that was not toxic to E. coli, so this was chosen for future experimentation. It
was anticipated that this variant would retain enough of its activity for characterization. I
adopted this approach and constructed an EFVE461A variant and was successful in expressing and
purifying it from E. coli. EFVE461A was shown to possess both glycohydrolase and ADPribosyltransferase activities; the latter involved covalent modification of actin as confirmed by
MS analysis. The new data supported the identification of EFV as the newest member of the C2like subgroup of actin-targeting mART toxins. The catalytic domain of EFV is 25% identical to
VIP2 , an actin targeting mART from Bacillus thuringiensis, and fold recognition suggests that its
closest structural match is to C2-I (Fieldhouse et al., 2010). The EFVE461A variant showed only
weak transferase activity in modifying the actin substrate. This could be explained by the
replacement of the secondary catalytic Glu, which is believed to be involved in substrate
recognition and binding (Tsuge and Tsurumura, 2014). A recent structure of Iota toxin in
complex with NAD+ and actin revealed that Iota toxin binds to actin through five loops of the
enzyme including the ARTT loop (Tsuge et al., 2008). A mutation in this loop could affect
substrate binding and explain the weak transferase activity of EFV E461A. The experiment would
need to be repeated with wild-type toxin to confirm this hypothesis. Additionally, the reaction
could only be detected using blotting techniques and could not be measured with
spectrophotometry, likely because the activity was so weak. Consequently, kinetic analysis
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could not be conducted to determine Michaelis-Menten behaviour and the parameters for EFV
on its two substrates, NAD+ and actin. Actin-targeting mART toxins, such as Iota and Photox,
have been shown to modify α-skeletal actin as well as nonmuscle β- and γ-actin; this is in
contrast with C2, which does not modify α-actin. EFV was shown to label α-actin; however, it
showed no activity on non-muscle actin. If this holds true for the wild-type EFV toxin, it would
be the first member of the group reported to be specific to α-actin.
Potential inhibitors were tested against EFV glycohydrolase activity. These inhibitors are
NAD+ analogues and designed to bind to the active site of mART toxins. To date, there is only
one report of inhibition of an actin-targeting mART toxin (VahC) (Shniffer et al., 2012). Of those
inhibitors, V7 was shown to be effective against EFV, with comparable efficacy as shown for
VahC. In addition, M1, M2, M19, M20, V25, V18, and V30 were shown to effectively inhibit EFV
activity. Notably, there is high structural homology among actin-targeting mART toxins within
the catalytic core; therefore, these inhibitors may also be effective against other Type IV toxins
in a search for a broad-spectrum therapeutic.
Previously characterized binary actin targeting mART toxins are capable of entry into
mammalian cell lines; however, EFV does not appear to fit this binary architecture and may
enter cells via a secretion system. E. faecalis has a type IV secretion system (Paulsen et al.,
2003), which might play a role in EFV cell entry.
4.2. Future Directions
Based on the observations that were made in this thesis, the most important follow-up
experiment would be the production of wild-type EFV. All data found in this study was obtained
using a catalytic variant of EFV that had significantly reduced catalytic activity and behaviour.
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Although various protein expression strategies were attempted, the wild-type toxin expression
in E. coli could not be attained. E. coli is perhaps not the best expression system for this protein.
Other bacterial strains have been used for recombinant protein expression, such as Bacillus
brevis, megaterium and subtilis. Although the enzyme was highly toxic to the host, yeast has
proven a successful expression system for EFV. If enough cells were present, induction followed
by rapid lysis and purification could yield some toxin. Additionally, EFV is known to target actin.
Other type IV mART toxins ADP-ribosylate actin at Arg-177 (Tsuge et al., 2008). If EFV also
targets this specific residue, replacement of Arg-177 to another residue that cannot be
modified by the enzyme but that still allows actin function, could be expressed in yeast. This
may protect the yeast cells from EFV activity and allow for over-expression of WT EFV. Fusion
proteins also present some possibilities. Attachment of a protein capable of binding to the
catalytic site could interfere with or prevent substrate binding therefore inactivating the toxin.
Once purified, the binding protein could be cleaved which would allow for full characterization
of EFV activity.
While α-actin has been identified as a protein substrate for EFV, it does not explain why
EFV is toxic to prokaryotic cells. Since a mutation in the catalytic signature eliminated the toxic
effect on E. coli cells, it can be assumed that EFV modifies an additional substrate in E. coli.
BLAST searches revealed no matches for actin-like proteins in the E. coli genome, but other
mART toxins have been shown to have multiple substrates and they are not necessarily related
structurally or functionally. MreB is a bacterial actin homolog that is found in E. coli and is
critical for E. coli viability (Nurse and Marians, 2013). The crystal structure is very similar to that
of G-actin. EFV could be tested for activity against this structural homolog. Additionally,
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incubating the toxin, fluorescein-NAD+ and E. coli cell lysate could reveal a potential substrate,
although this method of "fishing" has met with limited success in the past.
So far, EFV has not been shown to enter any mammalian cell lines, possibly because it
requires assistance from Enterococcus in the form of a secretion system. Actin-targeting binary
toxins such as Iota, Sa and CDT have similar binding components that transport the catalytic
domain into mammalian cells. EFV has a large needle-like helical domain that does not mimic
this function. A fusion of the catalytic domain of EFV with the cell-entry domain of a binary
toxin could result in a construct capable of crossing the cell membrane and producing a toxic
effect on select cells. An attempt was made to produce such a construct with full length EFV,
but the helical domain may have interfered. Focussing on the preparation of a fusion protein
involving only the EFV catalytic domain may yield better results.
Despite numerous attempts that have been made in our laboratory and in others, no
crystal structure has been obtained for EFV thus far. It has been hypothesized that the large,
helical, N-terminal domain of the protein would produce poor, undefined crystals even under
optimal conditions. To test this, crystallization of the catalytic domain should be a priority. If
successful, this could provide valuable insight into the mechanism of EFV. Currently, there are
several crystal structures of Type IV mART toxins. However, EFV may be unique, if it is specific
for α-actin among the other isoforms, or has multiple substrates. Co-crystallization of EFV with
α-actin could give insight into the interaction between EFV and actin which could be compared
to other Type IV toxins. However, actin can be a difficult protein to crystallize and experience in
our lab suggests that actin in complex with mART toxins is fraught with difficulties.
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The discovery of multiple inhibitors for EFV can be applied to any other Type IV mART
toxin to provide an inhibitor probe for active site structural similarities. Already, V7 has been
shown to inhibit both EFV and VahC. Using V7 as an inhibitor template, new inhibitors could be
derived that are effective against all Type IV toxins. Co-crystallization with this inhibitor might
show exactly how V7 binds to EFV and which residues are involved in the interaction.
4.3. Closing Remarks
Although the death caused by bacterial infections has shown a decline in the last
century, infectious diseases remain a major cause of death and disease worldwide. Antibiotics
have been a powerful tool in combating this issue, but bacteria continually develop resistance
to all classes. Failure to reverse this trend could lead to an era in which previously controlled
infections become widespread and fatal. There is an immediate need for new therapeutics and
anti-virulence compounds represent a promising strategy. The mART toxins represent an ever
growing target for these compounds and their continued characterization represents an
important step in the identification of new antivirulence targets and in combating infection.

67

References
Aktories, K., et al. "Botulinum C2 toxin ADP-ribosylates actin." Nature 322.6077 (1986): 390-92.
Aktories, K., et al. "Characterization of the ADP-ribosylation of actin by Clostridium botulinum
C2 toxin and Clostridium perfringens iota toxin." J.Physiol (Paris) 84.4 (1990): 262-66.
Armstrong, S. and A. R. Merrill. "Application of a fluorometric assay for characterization of the
catalytic competency of a domain III fragment of Pseudomonas aeruginosa exotoxin A."
Anal.Biochem. 292.1 (2001): 26-33.
Armstrong, S., S. P. Yates, and A. R. Merrill. "Insight into the catalytic mechanism of
Pseudomonas aeruginosa exotoxin A. Studies of toxin interaction with eukaryotic
elongation factor-2." J.Biol.Chem. 277.48 (2002): 46669-75.
Arnoldo, A., et al. "Identification of small molecule inhibitors of Pseudomonas aeruginosa
exoenzyme S using a yeast phenotypic screen." PLoS.Genet. 4.2 (2008): e1000005.
Backhed, F., et al. "Host-bacterial mutualism in the human intestine." Science 307.5717 (2005):
1915-20.
Barth, H., et al. "Characterization of the catalytic site of the ADP-ribosyltransferase Clostridium
botulinum C2 toxin by site-directed mutagenesis." J.Biol.Chem. 273.45 (1998): 2950611.

68

Barth, H. and B. G. Stiles. "Binary actin-ADP-ribosylating toxins and their use as molecular
Trojan horses for drug delivery into eukaryotic cells." Curr.Med.Chem. 15.5 (2008): 45969.
Beattie, B. K., G. A. Prentice, and A. R. Merrill. "Investigation into the catalytic role for the
tryptophan residues within domain III of Pseudomonas aeruginosa exotoxin A."
Biochemistry 35.48 (1996): 15134-42.
Beattie, B. K. and A. R. Merrill. "A fluorescence investigation of the active site of Pseudomonas
aeruginosa exotoxin A." J.Biol.Chem. 274.22 (1999): 15646-54.
Behring and Kitasato. "[On the development of immunity to diphtheria and tetanus in
animals]." Dtsch.Med.Wochenschr. 90.49 (1965): 2183.
Bell, C. E. and D. Eisenberg. "Crystal structure of diphtheria toxin bound to nicotinamide
adenine dinucleotide." Biochemistry 35.4 (1996): 1137-49.
Berridge, M. V. and A. S. Tan. "Characterization of the cellular reduction of 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT): subcellular localization,
substrate dependence, and involvement of mitochondrial electron transport in MTT
reduction." Arch.Biochem.Biophys. 303.2 (1993): 474-82.

Billig, A., et al. Canada Pension Plan: Mortality Study. Vol. 7. Ottawa, Canada: Office of the Chief
Actuary, 2009.

69

Boyce, J. M., et al. "Outbreak of multidrug-resistant Enterococcus faecium with transferable
vanB class vancomycin resistance." J.Clin.Microbiol. 32.5 (1994): 1148-53.
Browne, S. H., et al. "Identification of Salmonella SPI-2 secretion system components required
for SpvB-mediated cytotoxicity in macrophages and virulence in mice." FEMS
Immunol.Med.Microbiol. 52.2 (2008): 194-201.
Cascales, E. and P. J. Christie. "The versatile bacterial type IV secretion systems."
Nat.Rev.Microbiol. 1.2 (2003): 137-49.
Cassel, D. and Z. Selinger. "Mechanism of adenylate cyclase activation by cholera toxin:
inhibition of GTP hydrolysis at the regulatory site." Proc.Natl.Acad.Sci.U.S.A 74.8 (1977):
3307-11.
Cegelski, L., et al. "The biology and future prospects of antivirulence therapies."
Nat.Rev.Microbiol. 6.1 (2008): 17-27.
Chen, I., P. J. Christie, and D. Dubnau. "The ins and outs of DNA transfer in bacteria." Science
310.5753 (2005): 1456-60.
Cianciotto, N. P. "Type II secretion: a protein secretion system for all seasons." Trends
Microbiol. 13.12 (2005): 581-88.
Clatworthy, A. E., E. Pierson, and D. T. Hung. "Targeting virulence: a new paradigm for
antimicrobial therapy." Nat.Chem.Biol. 3.9 (2007): 541-48.

70

Collier, R. J. "Understanding the mode of action of diphtheria toxin: a perspective on progress
during the 20th century." Toxicon 39.11 (2001): 1793-803.
Colwell, R. R. "Global climate and infectious disease: the cholera paradigm." Science 274.5295
(1996): 2025-31.
Domann, E., et al. "Comparative genomic analysis for the presence of potential enterococcal
virulence factors in the probiotic Enterococcus faecalis strain Symbioflor 1."
Int.J.Med.Microbiol. 297.7-8 (2007): 533-39.
Domenighini, M., et al. "Common features of the NAD-binding and catalytic site of ADPribosylating toxins." Mol.Microbiol. 14.1 (1994): 41-50.
Domenighini, M. and R. Rappuoli. "Three conserved consensus sequences identify the NADbinding site of ADP-ribosylating enzymes, expressed by eukaryotes, bacteria and T-even
bacteriophages." Mol.Microbiol. 21.4 (1996): 667-74.
Dominguez, R. and K. C. Holmes. "Actin structure and function." Annu.Rev.Biophys. 40 (2011):
169-86.
Donnelly, M. I., et al. "Expression of a highly toxic protein, Bax, in Escherichia coli by attachment
of a leader peptide derived from the GroES cochaperone." Protein Expr.Purif. 22.3
(2001): 422-29.

71

El-Zaim, H. S., et al. "Protection against exotoxin A (ETA) and Pseudomonas aeruginosa infection
in mice with ETA-specific antipeptide antibodies." Infect.Immun. 66.11 (1998): 5551-54.
Falnes, P. O. and K. Sandvig. "Penetration of protein toxins into cells." Curr.Opin.Cell Biol. 12.4
(2000): 407-13.
Fauci, A. S., N. A. Touchette, and G. K. Folkers. "Emerging infectious diseases: a 10-year
perspective from the National Institute of Allergy and Infectious Diseases."
Emerg.Infect.Dis. 11.4 (2005): 519-25.
Fieldhouse, R. J. and A. R. Merrill. "Needle in the haystack: structure-based toxin discovery."
Trends Biochem.Sci. 33.11 (2008): 546-56.
Fieldhouse, R. J., et al. "Cholera- and anthrax-like toxins are among several new ADPribosyltransferases." PLoS Comput.Biol. 6.12 (2010): e1001029.
Fieldhouse, R. J., et al. "The 1.8 a cholix toxin crystal structure in complex with NAD+ and
evidence for a new kinetic model." J.Biol.Chem. 287.25 (2012): 21176-88.
Fisher, K. and C. Phillips. "The ecology, epidemiology and virulence of Enterococcus."
Microbiology 155.Pt 6 (2009): 1749-57.
Fu, Z. Q., et al. "A type III effector ADP-ribosylates RNA-binding proteins and quells plant
immunity." Nature 447.7142 (2007): 284-88.
Gouet, P., et al. "ESPript: analysis of multiple sequence alignments in PostScript."
Bioinformatics. 15.4 (1999): 305-08.

72

Goujon, M., et al. "A new bioinformatics analysis tools framework at EMBL-EBI." Nucleic Acids
Res. 38.Web Server issue (2010): W695-W699.
Grundbacher, F. J. "Behring's discovery of diphtheria and tetanus antitoxins." Immunol.Today
13.5 (1992): 188-90.
Guarner, F. and J. R. Malagelada. "Gut flora in health and disease." Lancet 361.9356 (2003):
512-19.
Guyer, B., et al. "Annual summary of vital statistics: trends in the health of Americans during the
20th century." Pediatrics 106.6 (2000): 1307-17.
Han, S. and J. A. Tainer. "The ARTT motif and a unified structural understanding of substrate
recognition in ADP-ribosylating bacterial toxins and eukaryotic ADP-ribosyltransferases."
Int.J.Med.Microbiol. 291.6-7 (2002): 523-29.
Heine, K., et al. "ADP-ribosylation of actin by the Clostridium botulinum C2 toxin in mammalian
cells results in delayed caspase-dependent apoptotic cell death." Infect.Immun. 76.10
(2008): 4600-08.
Henrissat, B. and A. Romeu. "Families, superfamilies and subfamilies of glycosyl hydrolases."
Biochem.J. 311 ( Pt 1) (1995): 350-51.
Holbourn, K. P., C. C. Shone, and K. R. Acharya. "A family of killer toxins. Exploring the
mechanism of ADP-ribosylating toxins." FEBS J. 273.20 (2006): 4579-93.

73

Hueck, C. J. "Type III protein secretion systems in bacterial pathogens of animals and plants."
Microbiol.Mol.Biol.Rev. 62.2 (1998): 379-433.
Iglewski, B. H. and J. C. Sadoff. "Toxin inhibitors of protein synthesis: production, purification,
and assay of Pseudomonas aeruginosa toxin A." Methods Enzymol. 60 (1979): 780-93.
Jakobs, K. H., K. Aktories, and G. Schultz. "Mechanism of pertussis toxin action on the adenylate
cyclase system. Inhibition of the turn-on reaction of the inhibitory regulatory site."
Eur.J.Biochem. 140.1 (1984): 177-81.
Jayachandran, S., A. L. Muney, and K. Smith. "Modern Medicine and the 20th Century Decline in
Mortality: New Evidence on the Impact of Sulfa Drugs." UCLA Economics (2008).
Jorgensen, R., et al. "Exotoxin A-eEF2 complex structure indicates ADP ribosylation by ribosome
mimicry." Nature 436.7053 (2005): 979-84.
Jorgensen, R., et al. "Cholix Toxin, a Novel ADP-ribosylating Factor from Vibrio cholerae."
J.Biol.Chem. 283.16 (2008): 10671-78.
Jorgensen, R., et al. "The nature and character of the transition state for the ADPribosyltransferase reaction." EMBO Rep. 9.8 (2008): 802-09.
Kleinman, L. C. "To end an epidemic. Lessons from the history of diphtheria." N.Engl.J.Med.
326.11 (1992): 773-77.
Laing, S., et al. "ADP-ribosylation of arginine." Amino.Acids 41.2 (2011): 257-69.

74

Ligon, B. L. "Penicillin: its discovery and early development." Semin.Pediatr.Infect.Dis. 15.1
(2004): 52-57.
Lipinski, C. A., et al. "Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings." Adv.Drug Deliv.Rev. 46.1-3
(2001): 3-26.
Lipinski, C. A. "Lead- and drug-like compounds: the rule-of-five revolution." Drug Discov.Today
Technol. 1.4 (2004): 337-41.
Liu, S., et al. "Identification of the proteins required for biosynthesis of diphthamide, the target
of bacterial ADP-ribosylating toxins on translation elongation factor 2." Mol Cell Biol.
24.21 (2004): 9487-97.
Masignani, V., et al. "In silico identification of novel bacterial ADP-ribosyltransferases."
Int.J.Med.Microbiol. 293.7-8 (2004): 471-78.
McCarter, J. D. and S. G. Withers. "Mechanisms of enzymatic glycoside hydrolysis."
Curr.Opin.Struct.Biol. 4.6 (1994): 885-92.
McIntosh, L. P., et al. "The pKa of the general acid/base carboxyl group of a glycosidase cycles
during catalysis: a 13C-NMR study of bacillus circulans xylanase." Biochemistry 35.31
(1996): 9958-66.
Menetrey, J., et al. "NAD binding induces conformational changes in Rho ADP-ribosylating
clostridium botulinum C3 exoenzyme." J.Biol.Chem. 277.34 (2002): 30950-57.

75

Mohammadi, F., G. A. Prentice, and A. R. Merrill. "Protein-protein interaction using tryptophan
analogues: novel spectroscopic probes for toxin-elongation factor-2 interactions."
Biochemistry 40.34 (2001): 10273-83.
Moss, J. and S. J. Stanley. "Amino acid-specific ADP-ribosylation. Identification of an argininedependent ADP-ribosyltransferase in rat liver." J Biol.Chem. 256.15 (1981): 7830-33.
Neu, H. C. "The crisis in antibiotic resistance." Science 257.5073 (1992): 1064-73.
Nurse, P. and K. J. Marians. "Purification and characterization of Escherichia coli MreB protein."
J.Biol.Chem. 288.5 (2013): 3469-75.
Oliver, A., et al. "High frequency of hypermutable Pseudomonas aeruginosa in cystic fibrosis
lung infection." Science 288.5469 (2000): 1251-54.
Pappenheimer, A. M., Jr. "Diphtheria toxin." Annu.Rev.Biochem. 46 (1977): 69-94.
Paulsen, I. T., et al. "Role of mobile DNA in the evolution of vancomycin-resistant Enterococcus
faecalis." Science 299.5615 (2003): 2071-74.
Pittman, M. "The concept of pertussis as a toxin-mediated disease." Pediatr.Infect.Dis. 3.5
(1984): 467-86.
Pollard, T. D., et al. "Actin and myosin biochemistry in relation to cytokinesis." Ann.N.Y.Acad.Sci.
582 (1990): 120-30.

76

Pollard, T. D. and J. A. Cooper. "Actin, a central player in cell shape and movement." Science
326.5957 (2009): 1208-12.
Popoff, M. R. "Bacterial exotoxins." Contrib.Microbiol 12 (2005): 28-54.

Powers, J. H. "Antimicrobial Drug Development - the Past, the Present, and the Future."
Clin.Microbiol.Infect. 10 (2004): 23-31.

Reidl, J. and K. E. Klose. "Vibrio cholerae and cholera: out of the water and into the host." FEMS
Microbiol.Rev. 26.2 (2002): 125-39.
Reynolds, P. E. "Structure, biochemistry and mechanism of action of glycopeptide antibiotics."
Eur.J.Clin.Microbiol.Infect.Dis. 8.11 (1989): 943-50.
Rotsch, J., et al. "Inhibition of macrophage migration by C. botulinum exoenzyme C3." Naunyn
Schmiedebergs Arch.Pharmacol. 385.9 (2012): 883-90.
Saida, F., et al. "Expression of highly toxic genes in E. coli: special strategies and genetic tools."
Curr.Protein Pept.Sci. 7.1 (2006): 47-56.
Schleberger, C., et al. "Structure and action of the binary C2 toxin from Clostridium botulinum."
J.Mol.Biol. 364.4 (2006): 705-15.
Schmitt, C. K., K. C. Meysick, and A. D. O'Brien. "Bacterial toxins: friends or foes?"
Emerg.Infect.Dis. 5.2 (1999): 224-34.

77

Shniffer, A., et al. "Characterization of an actin-targeting ADP-ribosyltransferase from
Aeromonas hydrophila." J.Biol.Chem. 287.44 (2012): 37030-41.
Smith, T. L., et al. "Emergence of vancomycin resistance in Staphylococcus aureus.
Glycopeptide-Intermediate Staphylococcus aureus Working Group." N.Engl.J.Med. 340.7
(1999): 493-501.
Spahn, C. M., et al. "Domain movements of elongation factor eEF2 and the eukaryotic 80S
ribosome facilitate tRNA translocation." EMBO J. 23.5 (2004): 1008-19.
Spangler, B. D. "Structure and function of cholera toxin and the related Escherichia coli heatlabile enterotoxin." Microbiol.Rev. 56.4 (1992): 622-47.
Srinivasan, A., et al. "A survey of knowledge, attitudes, and beliefs of house staff physicians
from various specialties concerning antimicrobial use and resistance." Arch.Intern.Med.
164.13 (2004): 1451-56.
Stover, C. K., et al. "Complete genome sequence of Pseudomonas aeruginosa PAO1, an
opportunistic pathogen." Nature 406.6799 (2000): 959-64.
Stover, C. K., et al. "A small-molecule nitroimidazopyran drug candidate for the treatment of
tuberculosis." Nature 405.6789 (2000): 962-66.
Sun, J. and J. T. Barbieri. "Pseudomonas aeruginosa ExoT ADP-ribosylates CT10 regulator of
kinase (Crk) proteins." J.Biol.Chem. 278.35 (2003): 32794-800.

78

Takada, T., K. Iida, and J. Moss. "Conservation of a common motif in enzymes catalyzing ADPribose transfer. Identification of domains in mammalian transferases." J.Biol.Chem.
270.2 (1995): 541-44.
Talbot, G. H., et al. "Bad bugs need drugs: an update on the development pipeline from the
Antimicrobial Availability Task Force of the Infectious Diseases Society of America."
Clin.Infect.Dis. 42.5 (2006): 657-68.
Terman, J. and Kashina, A. "Post-translational modification and regulation of actin."
Curr.Opin.Cell.Biol. 25.1 (2013): 30-38.
Terpe, K. "Overview of bacterial expression systems for heterologous protein production: from
molecular and biochemical fundamentals to commercial systems."
Appl.Microbiol.Biotechnol. 72.2 (2006): 211-22.
Tsuge, H., et al. "Crystal structure and site-directed mutagenesis of enzymatic components from
Clostridium perfringens iota-toxin." J.Mol.Biol. 325.3 (2003): 471-83.
Tsuge, H., et al. "Structural basis of actin recognition and arginine ADP-ribosylation by
Clostridium perfringens iota-toxin." Proc.Natl.Acad.Sci.U.S.A 105.21 (2008): 7399-404.
Tsuge, H. and T. Tsurumura. "Reaction Mechanism of Mono-ADP-Ribosyltransferase Based on
Structures of the Complex of Enzyme and Substrate Protein."
Curr.Top.Microbiol.Immunol. 384 (2015): 69-87.

79

Turgeon, Z., et al. "Yeast as a tool for characterizing mono-ADP-ribosyltransferase toxins." FEMS
Microbiol.Lett. 300.1 (2009): 97-106.
Turgeon, Z., et al. "Newly discovered and characterized antivirulence compounds inhibit
bacterial mono-ADP-ribosyltransferase toxins." Antimicrob.Agents Chemother. 55.3
(2011): 983-91.
Ueda, K. and O. Hayaishi. "ADP-ribosylation." Annu.Rev.Biochem. 54 (1985): 73-100.
Vandekerckhove, J., et al. "Clostridium perfringens iota toxin ADP-ribosylates skeletal muscle
actin in Arg-177." FEBS Lett. 225.1-2 (1987): 48-52.
Veesler, D. and C. Cambillau. "A common evolutionary origin for tailed-bacteriophage
functional modules and bacterial machineries." Microbiol.Mol.Biol.Rev. 75.3 (2011):
423-33, first.
Visschedyk, D. D., et al. "Photox, a novel actin-targeting mono-ADP-ribosyltransferase from
Photorhabdus luminescens." J.Biol.Chem. 285.18 (2010): 13525-34.
Vitek, C. R. and M. Wharton. "Diphtheria in the former Soviet Union: reemergence of a
pandemic disease." Emerg.Infect.Dis. 4.4 (1998): 539-50.
Vogelsgesang, M. and K. Aktories. "Exchange of glutamine-217 to glutamate of Clostridium
limosum exoenzyme C3 turns the asparagine-specific ADP-ribosyltransferase into an
arginine-modifying enzyme." Biochemistry 45.3 (2006): 1017-25.

80

Weigel, L. M., et al. "Genetic analysis of a high-level vancomycin-resistant isolate of
Staphylococcus aureus." Science 302.5650 (2003): 1569-71.
Wiegers, W., et al. "Alteration of the cytoskeleton of mammalian cells cultured in vitro by
Clostridium botulinum C2 toxin and C3 ADP-ribosyltransferase." Eur.J.Cell Biol. 54.2
(1991): 237-45.
Wilson, B. A. and R. J. Collier. "Diphtheria toxin and Pseudomonas aeruginosa exotoxin A:
active-site structure and enzymic mechanism." Curr.Top.Microbiol.Immunol. 175 (1992):
27-41.
Wright, G. D. "Q&A: Antibiotic resistance: where does it come from and what can we do about
it?" BMC.Biol. 8 (2010): 123.
Xu, J., et al. "A genomic view of the human-Bacteroides thetaiotaomicron symbiosis." Science
299.5615 (2003): 2074-76.
Yates, S. P., et al. "Structure-function analysis of water-soluble inhibitors of the catalytic domain
of exotoxin A from Pseudomonas aeruginosa." Biochem.J 385.Pt 3 (2005): 667-75.
Yates, S. P., et al. "Stealth and mimicry by deadly bacterial toxins." Trends Biochem.Sci. 31.2
(2006): 123-33.

81

Supplementary Materials
The following sequences were determined by the University of Guelph's Advanced Analysis
Center, Genomics Facility. This was done using an ABI 3730 DNA Analyzer (Applied Biosystems,
Foster City, California).
Wild-Type EFV pET-TEV (Uniprot Q838U8)
CATCATCATCATCATCACAGCAGCGGCGAAAATCTGTATTTTCAGGGCAGCCATATGTCCCAACTCAACA
AATGGCAGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATG
TTTATCGTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTC
TTTTTCCACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAA
ACTCACCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGAC
TGTGGTATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTAT
GAATCTCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATT
AGCCCAAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAG
ATGGATTAATGAGGAAACAGAAGCTAGCTACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGAC
GTACTCAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGA
AATGGCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATG
TAGACGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAA
GATGTGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAAT
GAATCTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGA
ATCGAAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGAT
AAATGGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCT
AAAATGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTC
AAAATTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAGGTGTATCTGC
AAATGAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAA
GTTGCCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTA
AAGGAACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGAAAGTGAATTCCTACTGAAC
AGAAACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACAATTCTTGGGTAA
EFVE461A pET-TEV
CATCATCATCATCATCACAGCAGCGGCGAAAATCTGTATTTTCAGGGCAGCCATATGTCCCAACTCAACA
AATGGCAGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATG
TTTATCGTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTC
TTTTTCCACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAA
ACTCACCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGAC
TGTGGTATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTAT
GAATCTCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATT
AGCCCAAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAG
ATGGATTAATGAGGAAACAGAAGCTAGCTACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGAC
GTACTCAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGA
AATGGCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATG
TAGACGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAA
GATGTGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAAT
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GAATCTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGA
ATCGAAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGAT
AAATGGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCT
AAAATGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTC
AAAATTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAGGTGTATCTGC
AAATGAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAA
GTTGCCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTA
AAGGAACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGCAAGTGAATTCCTACTGAAC
AGAAACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACAATTCTTGGGTAA
EFVE463A pET-TEV
CATCATCATCATCATCACAGCAGCGGCGAAAATCTGTATTTTCAGGGCAGCCATATGTCCCAACTCAACA
AATGGCAGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATG
TTTATCGTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTC
TTTTTCCACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAA
ACTCACCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGAC
TGTGGTATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTAT
GAATCTCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATT
AGCCCAAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAG
ATGGATTAATGAGGAAACAGAAGCTAGCTACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGAC
GTACTCAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGA
AATGGCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATG
TAGACGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAA
GATGTGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAAT
GAATCTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGA
ATCGAAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGAT
AAATGGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCT
AAAATGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTC
AAAATTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAGGTGTATCTGC
AAATGAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAA
GTTGCCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTA
AAGGAACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGAAAGTGCATTCCTACTGAAC
AGAAACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACAATTCTTGGGTAA
EFV pBAD 24
ATGGTACCCGGGGATCCTCTAGAAATGTCCCAACTCAACAAATGGCAGAAGGAGCTACAGGCTCTACAG
AAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATGTTTATCGTCAATCATTAATCGACATCAAAA
AGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTCTTTTTCCACCCGTTTGGAAGTAGAGAGACT
TTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAAACTCACCGAAAGTTGAAAAAACTATCAAA
GGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGACTGTGGTATACGCTAGAGCAGTCACAGAAT
ATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTATGAATCTCGTCAATGCACCTGTAGCGGGTA
AGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATTAGCCCAAAATGTGACTAACAATATCATAAC
GGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAGATGGATTAATGAGGAAACAGAAGCTAGCT
ACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGACGTACTCAGTCTGTCACTACCCAAAAAGGAT
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ATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGAAATGGCTTGCCACGATCGATAAACATACA
CGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATGTAGACGAAGAGTTTACCATTAGAGGGCA
TTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAAGATGTGAATTGCCGATGTACAACAATTGA
AGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAATGAATCTAAAGAGATGTCGGAGTTTAAAAG
CTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGAATCGAAACCAAAGCCGAATTTTACTGAGCT
GGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGATAAATGGGTTGCTGGATTGAAGCCTGAACA
AGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCTAAAATGAATAAGATACTCCGAAATGAAAAA
TATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTCAAAATTTAGATGATGCTATTAGTAAATTTAA
ATTGAAACATGATATAATAACTTATAGAGGTGTATCTGCAAATGAATACGATGCTATTCTGAACGGAAAT
GTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAAGTTGCCGAGGATTTTTTAAATTTTACCAGTG
CAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTAAAGGAACGCAAGGCGCTTATATAGGAACGA
ACAGTTCGATGAAAAAGGAAAGTGAATTCCTACTGAACAGAAACTTGAAGTATACAGTGGAGATAGTC
GATAATATATTGGAGGTGACAATTCTTGGGTAA
EFV pelB
ATGAAATACCTGCTGCCGACCGCTGCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCATG
GCAATGTCCCAACTCAACAAATGGCAGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAAC
GGATAATCAGCTATTTAATGTTTATCGTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACA
GAAAATGCAGAAAGTCTTTCTTTTTCCACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAA
TTAATGCCATTCTTCAGTTAAACTCACCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGC
TGAACAGGGATATTATGGACTGTGGTATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTT
AATTAACCATGATTATATTATGAATCTCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTA
TACAAGTACCGTGATGAATTAGCCCAAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAA
AGTTATGCTGAAATAGCTAGATGGATTAATGAGGAAACAGAAGCTAGCTACAAACAAGCATTACGTATT
GCAAGAACAGAAGCAGGACGTACTCAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCT
GGGCATCAATATTAAAAAGAAATGGCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTT
AGACGGTAAAGAGGTTGATGTAGACGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGA
TGTTTGGGGTAGCATCAGAAGATGTGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCC
CTGAACTTAGAAAAGATAATGAATCTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAG
ATAGAATCAGACAAAATGAATCGAAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGA
TCTGCAAGATGATAGTGATAAATGGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTA
TACATCAGACGCATTTGCTAAAATGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACC
TTATCTTGTCAATATTATTCAAAATTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAA
CTTATAGAGGTGTATCTGCAAATGAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTC
TACTAGTATCAACAAAAAAGTTGCCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTA
GTTAAATTCCTGATTCCTAAAGGAACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGAA
AGTGAATTCCTACTGAACAGAAACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACA
ATTCTTGGGTAA
EFVG03
CATCATCATCATCATCACAGCAGCGGCAGAGAAAACTTGTATTTCCAGGGCAACAAATGGCAGAAGGAG
CTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATGTTTATCGTCAATCAT
TAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTCTTTTTCCACCCGTTT
GGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAAACTCACCGAAAGTT
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GAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGACTGTGGTATACGCTA
GAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTATGAATCTCGTCAATG
CACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATTAGCCCAAAATGTGA
CTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAGATGGATTAATGAGG
AAACAGAAGCTAGCTACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGACGTACTCAGTCTGTCA
CTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGAAATGGCTTGCCACG
ATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATGTAGACGAAGAGTT
TACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAAGATGTGAATTGCC
GATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAATGAATCTAAAGAGA
TGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGAATCGAAACCAAAG
CCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGATAAATGGGTTGCTG
GATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCTAAAATGAATAAGAT
ACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTCAAAATTTAGATGAT
GCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAGGTGTATCTGCAAATGAATACGATG
CTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAAGTTGCCGAGGATTT
TTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTAAAGGAACGCAAGG
CGCTTATATAGGAACGAACAGTTCGATGAAAAAGGAAAGTGAATTCCTACTGAACAGAAACTTGAAGTA
TACAGTGGAGATAGTCGATAATATATTGGAGTGA
EFV-S-loop Fusion
GAAGTTGAAACCAAATCTGCTGGTGGTATCGTTCTGACCGGTTCTGCTGCTGCGGGCAGCAGCCATCAT
CATCATCATCACAGCAGCGGCGAAAATCTGTATTTTCAGGGCAGCCATATGTCCCAACTCAACAAATGGC
AGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGCTATTTAATGTTTATC
GTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGAAAGTCTTTCTTTTTC
CACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTCTTCAGTTAAACTCA
CCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGATATTATGGACTGTGG
TATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATGATTATATTATGAATC
TCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCGTGATGAATTAGCCC
AAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGAAATAGCTAGATGGA
TTAATGAGGAAACAGAAGCTAGCTACAAACAAGCATTACGTATTGCAAGAACAGAAGCAGGACGTACT
CAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAATATTAAAAAGAAATG
GCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAAGAGGTTGATGTAGA
CGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGTAGCATCAGAAGATG
TGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAGAAAAGATAATGAAT
CTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCAGACAAAATGAATCG
AAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAGATGATAGTGATAAAT
GGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAGACGCATTTGCTAAAA
TGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGTCAATATTATTCAAAA
TTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAGGTGTATCTGCAAAT
GAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTATCAACAAAAAAGTTG
CCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTCCTGATTCCTAAAGG
AACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGAAAGTGAATTCCTACTGAACAGAA
ACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACAATTCTTGGGTAA
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EFVE461A-EXOA Fusion
CATCATCATCATCATCACAGCAGCGGCGAAAATCTGTATTTTCAGGGCAGCCATATGAAAAAGACAGCT
ATCGCGATTGCAGTGGCACTGGCTGGTTTCGCTACCGTAGCGCAGGCCGCGAATTTGCATCATCACCATC
ACCATGCCGAGGAAGCCTTCGACCTCTGGAACGAATGCGCCAAAGCCTGCGTGCTCGACCTCAAGGACG
GCGTGCGTTCCAGCCGCATGAGCGTCGACCCGGCCATCGCCGACACCAACGGCCAGGGCGTGCTGCAC
TACTCCATGGTCCTGGAGGGCGGCAACGACGCGCTCAAGCTGGCCATCGACAACGCCCTCAGCATCACC
AGCGACGGCCTGACCATCCGCCTCGAAGGCGGCGTCGAGCCGAACAAGCCGGTGCGCTACAGCTACAC
GCGCCAGGCGCGCGGCAGTTGGTCGCTGAACTGGCTGGTACCGATCGGCCACGAGAAGCCCTCGAACA
TCAAGGTGTTCATCCACGAACTGAACGCCGGCAACCAGCTCAGCCACATGTCGCCGATCTACACCATCG
AGATGGGCGACGAGTTGCTGGCGAAGCTGGCGCGCGATGCCACCTTCTTCGTCAGGGCGCACGAGAGC
AACGAGATGCAGCCGACGCTCGCCATCAGCCATGCCGGGGTCAGCGTGGTCATGGCCCAGACCCAGCC
GCGCCGGGAAAAGCGCTGGAGCGAATGGGCCAGCGGCAAGGTGTTGTGCCTGCTCGACCCGCTGGAC
GGGGTCTACAACTACCTCGCCCAGCAACGCTGCAACCTCGACGATACCTGGGAAGGCAAGATCTACCGG
GTGGGTGGTAGCCGTCATCGTCAGCCTCGTGGTTGGGAACAGCTGGGTGGTAGCGCTAGCATGTCCCA
ACTCAACAAATGGCAGAAGGAGCTACAGGCTCTACAGAAAGCCAATTACCAGGAAACGGATAATCAGC
TATTTAATGTTTATCGTCAATCATTAATCGACATCAAAAAGCGGCTAAAAGTTTATACAGAAAATGCAGA
AAGTCTTTCTTTTTCCACCCGTTTGGAAGTAGAGAGACTTTTTAGTGTTGCTGATGAAATTAATGCCATTC
TTCAGTTAAACTCACCGAAAGTTGAAAAAACTATCAAAGGCTATTCTGCAAAACAAGCTGAACAGGGAT
ATTATGGACTGTGGTATACGCTAGAGCAGTCACAGAATATAGCACTAAGTATGCCGTTAATTAACCATG
ATTATATTATGAATCTCGTCAATGCACCTGTAGCGGGTAAGAGGCTCTCAAAGCGTTTATACAAGTACCG
TGATGAATTAGCCCAAAATGTGACTAACAATATCATAACGGGCTTATTCGAGGGTAAAAGTTATGCTGA
AATAGCTAGATGGATTAATGAGGAAACAGAAGCGAGCTACAAACAAGCATTACGTATTGCAAGAACAG
AAGCAGGACGTACTCAGTCTGTCACTACCCAAAAAGGATATGAAGAAGCAAAAGAGCTGGGCATCAAT
ATTAAAAAGAAATGGCTTGCCACGATCGATAAACATACACGCCGAACCCACCAAGAGTTAGACGGTAAA
GAGGTTGATGTAGACGAAGAGTTTACCATTAGAGGGCATTCGGCAAAAGGTCCGCGGATGTTTGGGGT
AGCATCAGAAGATGTGAATTGCCGATGTACAACAATTGAAGTTGTCGACGGTATCAGCCCTGAACTTAG
AAAAGATAATGAATCTAAAGAGATGTCGGAGTTTAAAAGCTATGATGAGTGGTATGCAGATAGAATCA
GACAAAATGAATCGAAACCAAAGCCGAATTTTACTGAGCTGGACTTCTTCGGTCAATCTGATCTGCAAG
ATGATAGTGATAAATGGGTTGCTGGATTGAAGCCTGAACAAGTTAATGTTATGAAAGATTATACATCAG
ACGCATTTGCTAAAATGAATAAGATACTCCGAAATGAAAAATATAATCCAAGAGAAAAACCTTATCTTGT
CAATATTATTCAAAATTTAGATGATGCTATTAGTAAATTTAAATTGAAACATGATATAATAACTTATAGAG
GTGTATCTGCAAATGAATACGATGCTATTCTGAACGGAAATGTATTCAAAGAATTCAAGTCTACTAGTAT
CAACAAAAAAGTTGCCGAGGATTTTTTAAATTTTACCAGTGCAAATAAGGATGGTAGAGTAGTTAAATTC
CTGATTCCTAAAGGAACGCAAGGCGCTTATATAGGAACGAACAGTTCGATGAAAAAGGCAAGTGAATTC
CTACTGAACAGAAACTTGAAGTATACAGTGGAGATAGTCGATAATATATTGGAGGTGACAATTCTTGGG
TAA
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Figure S1: Thermal Stability of Purified EFVG03. The denaturation midpoint temperature for
EFVG03 at a concentration of 0.5 mg/ml was around 46 °C (red). This is comparable to the
denaturation midpoints of EFVE461A (47.5 °C) and EFVE463A (45 °C). The experiment was performed
in triplicates, shown as blue lines.
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