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ABSTRACT

Trichinellosis is a disease caused by parasitic helminths of the genus Trichinella. Infection
occurs by ingestion of meat contaminated with infective Trichinella larvae. Cases of Trichinella
zimbabwensis, a non-encapsulating species of Trichinella infecting mammals and reptiles,
have been reported in Ethiopia, Mozambique and South Africa. The parasite life cycle
alternates between the enteric and skeletal muscle phases of infection. Trichinella species
release various excretory-secretory products that enable successful parasitism. These include
cysteine protease inhibitors, cystatins and serine protease inhibitors. To illustrate, cystatins
have roles in cellular invasion and immune evasion while serpins inhibit blood coagulation,
resist host protease damage and interfere with host immunoregulatory signals. The potential
roles of endogenous parasite cysteine and serine protease inhibitors in T. zimbabwensis make
these inhibitors attractive targets for the development of novel antiparasitic interventions.

The genes encoding a cysteine protease inhibitor, cystatin B, and a Kazal-type serine protease
inhibitor, SPINK4, were identified in the T. zimbabwensis genome. Following the synthesis of
cDNA from nematode extracted mRNA, the respective genes were amplified and cloned into
E. coli expression vectors. The recombinantly expressed proteins, rTzcystatin B and
rTzSPINK4, were purified using immobilised metal affinity chromatography, their inhibitory
activity evaluated and antibodies were produced in chickens. The antibodies were used for
the detection of the recombinant proteins on western blots and ELISA. Recombinant
Tzcystatin B inhibited the activity of the catalytic domain of the cathepsin L-like peptidase from
Trypanosoma congolense (TcoCATL), the homologues from T. vivax (TviCATL) and Theileria
parva (ThpCATL) as well as cathepsin B from T. zimbabwensis (TzCATB). Conversely,
rTzSPINK4 was unable to inhibit either host serine proteases, chymotrypsin or trypsin. Future
studies will be aimed at exploring the effect of the T. zimbabwensis protease inhibitors on host
proteases involved in antigen processing. This may indicate a possible role for the nematode

protease inhibitors in host immunoregulation.
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Chapter 1: Literature review

1.1 Introduction

Trichinellosis is a food-borne disease and is continuously emerging and re-emerging in various
parts of the world. Trichinella, a genus of parasitic helminths, is the causative agent for
Trichinellosis (Bruschi et al., 2010). This disease was reported in the early 18™ century in
London by Sir Richard Owen and Sir James Paget who observed the worms in a cadaver
(Neghina et al., 2012). Since then, human cases of the diseases have been reported in 55
countries (Rostami et al., 2017).

Different species within the Trichinella genus have been found to not only infect different hosts
but behave differently within the respective hosts (Gottstein et al., 2009). The members of this
genus are characterised by the presence or absence of a collagen capsule in the skeletal
muscle stage (Mitreva and Jasmer, 2006). Infection occurs by ingestion of meat contaminated
with infective Trichinella larvae (Nagano et al., 2001). The Trichinella life cycle alternates

between enteric and striated skeletal muscle stages in the host (Gottstein et al., 2009).

Successful parasitism is dependent on the ability of the parasite to evade host immune
responses (Tormo et al.,, 2011). Helminths such as T. zimbabwensis have been termed
masterful immunoregulators because of their ability to release various excretory-secretory
(ES) products such as proteases and protease inhibitors able to aid in host
immunosuppression (Hewitson et al., 2009). Proteases are hydrolytic enzymes responsible
for various intra and extracellular physiological processes such as digestion, apoptosis, signal
transduction, blood coagulation and complement activation (Turk et al., 2002; Yang et al.,
2015hb). This proteolytic activity needs to be carefully controlled by endogenous protease
inhibitors (Habib and Fazili, 2007). Endogenous protease inhibitors are selective for specific
classes of proteases, such as cystatins for cysteine proteases and serpins (serine protease
inhibitors) for serine proteases (Xu et al., 2017b). In addition, classes of protease inhibitors
also include metallo, aspartic, glutamic and threonine protease inhibitors (Yang et al., 2015b).
Endogenous serpins inhibit host blood coagulation, resist host protease damage, assist in
host epithelial cell invasion and larval migration as well as interfere with host

immunoregulatory signals (Xu et al., 2017b; Yang et al., 2015Db).

Endogenous cysteine protease inhibitors have also been associated with immunoevasion and
cellular invasion (Sajid and McKerrow, 2002; Dubin, 2005). The roles of serine and cysteine
protease inhibitors in parasites such as T. zimbabwensis make these inhibitors attractive

agents for the development of novel antiparasitic interventions.



1.2 Classification and host range of Trichinella

Helminths are worm-like parasites, which share similar morphologies, and have been
categorised as Trematodes (flukes), Cestodes (tapeworms) and Nematodes (roundworms)
(Castro, 1996). Members of the Phylum Nematoda may occur as free-living organisms in a
wide range of habitats ranging from deep sea sediments to arid deserts, or as obligate
parasites within multiple hosts (Wang et al., 2017a). The Phylum Nematoda consists of three
classes which include the Enoplia, Chromadoria and Dorylamia; the latter include vertebrate
parasites such as the gastrointestinal Trichinella; intestinal whip worms such as Trichuris and
giant kidney worm, Dictophyme (De Ley, 2006; Smythe et al., 2019). The Trichinella genus
belongs to the Trichinellida order which belongs to one of the sister clades within the class
Dorylamia and family Trichinellidae (Smythe et al., 2019). There are currently nine recognised
species of Trichinella and three genotypes (Fig. 1.1). These species are categorised by the
presence or absence of a collagen capsule surrounding the worm’s nurse cell in the host tissue
(Gottstein et al., 2009). The collagen capsule around the parasite in encapsulated species
aids in the provision of nutrients from the host (Pozio et al., 2001). The non-encapsulated
species affect the full length of the infected cell (Fig 1.2), the nurse cell is not sealed off by a
collagen capsule as observed in the encapsulating species (Xu et al., 1997; Wu et al., 2001;
Ko et al., 2009). Encapsulated species of Trichinella include T. nativa, T. murrelli, T. brivoti, T.
patagoniensis, T. nelsoni and T.spiralis and the T6, T8 and T9 genotypes while the non-
encapsulated species include T. pupae, T. pseudospiralis and T. zimbabwensis (Gottstein et
al., 2009; Korhonen et al., 2016).

Cases of Trichinella infection have been reported in Africa, Australia, Asia and Europe (Table
1.1) (Korhonen et al., 2016). The most prevalent species being T spiralis and the least
prevalent, T. zimbabwensis which has been reported in Mozambique, South Africa, Zimbabwe
and Ethiopia (Gottstein et al., 2009; La Grange et al., 2009). Trichinella zimbabwensis larvae
were discovered in farmed Zimbabwean crocodiles (Mukaratirwa et al., 2013). The diet of
these crocodiles included a wide variety of animal carcasses thus the source is unknown
(Pozio et al., 2002b). In addition, the lifespan of non-encapsulating Trichinella larvae in the
host muscle is unknown (Ortega and Sterling, 2018). No human infections by T. zimbabwensis
have been reported (Ortega and Sterling, 2018).
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Figure 1.1: Classification and phylogenetic relationship of Trichinella species. (Blaxter et al., 1998; Parkinson et al., 2004; De Ley, 2006; Smythe et al.,

2019).
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Figure 1.2: Histological image of encapsulated T. brivoti and non-encapsulated T.
pseudospiralis. Histological image of the diaphragms of mice that had been infected with (A) T.
brivoti (B) T. pseudospiralis. (Bruschi and Murrell, 2002).

Table 1.1: Host range and distribution of Trichinella species

Genotype Species Host Geographic distribution
T1 T. spiralis Meriones persicus USA, Asia, Egypt, New Zealand
T2 T. nativa Ursus maritimus Asia, Europe, Greenland,
Vulpes lagopus Alaskat!
Canis domesticus
T3 T. brivoti Nyctereutes Europe, Western Asia?3
procyonoides
T4 T. pseudospiralis Sus scrofa domesticus  Europe?
T5 T. murelli Ursus americanus USA, Australiad
T6 - Alopex logopus North America®
Canis lupus
Lynx rufus
T7 T. nelson Acinonyx jubatus South Africa, Tanzania?

Panthera pardus
Panthera leo

T8 - Panthera leo South Africa, Namibia®

T9 - Vulpes vulpes Japan’8
Nyctereutes
procyonoides

T10 T. pupae Crocodylus porosus South America?
Sus scrofa

T11 T. zimbabwensis Crocodylus niloticus Zimbabwe, Ethiopia,
Varanus indicus Mozambique, South Africa?®
Panthera leo

T12 T. patagoniensis Puma concolor Argentina®

1:Walden (2013); 2: Feidas et al. (2014); 3: Ortega and Sterling (2018); 4: Gozdzik et al. (2017); 5: Pozio
(2016); °: Mukaratirwa et al. (2013); 7: Lihua et al. (2015); &: (Kanai et al., 2007); °: Farina et al. (2017).

1.3 Life cycle

The general life cycle of Trichinella (Fig. 1.3) is initiated by the ingestion of meat contaminated
with infective Trichinella larvae which marks the onset of the enteric phase of the infection

(Zhang et al., 2016). The larvae are released from the muscle following pepsin digestion and



travel to the columnar epithelium in the small intestine where they develop, reach sexual
maturity within 4-5 days post infection and mate (Mitreva and Jasmer, 2006; Walden, 2013).
The females can produce up to 1500 larvae which are deposited into the intestinal mucosa,;
enter the lymphatic system, join the peripheral blood circulation and ultimately reach the
striated muscle (Mitreva and Jasmer, 2006; Walden, 2013). Within the striated muscle, the

Trichinella remodel the cells to promote survival (Wu et al., 2001).

Larvae are ingested in raw
i | or undercooked meats

Adults mature and
lve in small
intestine

Newborn larvae
are carmed

Figure 1.3: Life cycle of Trichinella species. See text for details of the individual stages (Mitreva
and Jasmer, 2006).

1.4 Trichinella excretory — secretory (ES) products

The Trichinella parasites release ES products during the enteric phase of the infection which
assist in the establishment of the infection (Todorova, 2000; Han et al., 2019). In the host,
antigen recognition by the immune system leads to an immune response such as the
production of T cells, and release of cytokines to aid in inflammation (Janeway Jr et al., 2001).
The enteric phase of the Trichinella infection is characterised by the induction of a mixed type



1 helper T cell (Thl)/type 2 helper T cell (Th2) immune response, predominantly the latter,
which would lead to worm expulsion (llic et al.,, 2012). The Th2 immune response is
characterised by the production of cytokines such as IL-4, IL-5, IL-9, IL-3; immunoglobulin IgE
responses; and the presence of eosinophils as well as alternatively activated macrophages
(M2-type) (MacDonald et al., 2002; Nutman, 2015). However, due to the presence of ES
products, the Thl/Th2 immune responses are altered, which may lead to inhibition of
macrophage function, suppression of dendritic function and anti-inflammatory or tissue repair
effects observed instead (Xu et al., 2017b; Han et al., 2019). To illustrate, a serpin from T.
spiralis was able to induce the polarisation of M2 macrophages (Xu et al., 2017b).

Excretory-secretory products identified from Trichinella include cystatins, serpins, glycans,
mucins, lectins or homologues of cytokines which aid in host penetration, larval migration as
well as evasion of immune responses (Todorova, 2000; llic et al., 2012). Helminth cystatins
inhibit T-cell activation by inhibiting the activity of cathepsins in antigen presenting cells and
eliciting the production of cytokine IL-10 while the serpins inhibit neutrophil proteases
(Nutman, 2015). The released products also enable parasite survival within the host; for
example, T. spiralis glycoproteins released by the stichosome of muscle larvae are thought to
promote nurse cell formation (Sofronic-Milosavljevic et al., 2015). The components of ES
products are still being studied to determine the role of these products in immune evasion (Xu
et al., 2019).

1.5 Proteases

The hallmarks of successful parasitism include parasite survival and propagation within the
respective hosts; these processes are facilitated by proteases (Atkinson et al., 2009).
Proteases are hydrolytic enzymes that regulate intra and extracellular physiological processes
in both parasites and hosts (Turk et al., 2005). These processes include host protection from
harmful proteases released by other microorganisms as well the degradation of host proteins
by parasites for nutrient acquisition (Atkinson et al., 2009; Wang et al., 2013b). Hydrolytic
enzymes from the serine, cysteine, glutamic, metallo, threonine and aspartic proteases and
asparagine lyases degrade both intra and extracellular proteins (Turk et al., 2000; Turk et al.,
2012). The activity of these proteases is regulated by protease inhibitors (Rawlings et al.,
2015).

1.5.1 Cysteine proteases

Parasite cysteine proteases have roles in tissue penetration, nutrition and immune evasion
(Qu et al., 2015). In contrast, host cysteine proteases localised in both intra and extra
lysosomal compartments have roles in antigen presentation and protein processing among
others (Turk et al., 2012).



The cysteine proteases have been grouped into the following ten clans; clan CA, CD, CE, CF,
CH, CL, CM, CN, CO and CP; however, some clans remain unassigned (Barrett and Rawlings,
1996; Rawlings et al., 2012). Clan CA is the best studied clan and has 12 families distinguished
by having a papain-like fold (Fig 1.4). Clan CA includes proteases from parasitic helminths;
one such family is the C1 family of cysteine proteases which are among the best studied
cysteine proteases (Atkinson et al., 2009). Cathepsins, papain-like proteases within the C1
family of proteases, are present in various locations such as the nucleus, cytoplasm, plasma
membrane and tissue which function in protein degradation (Turk et al., 2012; Caffrey et al.,
2018). Cathepsins B and L are major protozoan and helminth parasite proteases (Chung et
al., 2005; Caffrey et al., 2018). Helminth cathepsin B-like proteases have roles in nutrient
acquisition (Duffy et al., 2006). These include degradation of host haemoglobin by the
gastrointestinal nematode Haemonchus contortus and host tissue degradation by
Ancylostoma cranium and Trichuris muris (Caffrey et al., 2018). In the Fasciola species, which
are trematodes, cathepsins B and L have roles in excystation and host intestinal wall
penetration (Grote et al., 2018).
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Figure 1.4: Structure of papain-like fold. (A) circularly mutated papain-like fold (pdb: 3ebq) (B)
papain-like fold (pdb: 1khq). Figure modified from Pei and Grishin (2009).

Trichinella species secrete cysteine proteases such as cathepsin B, which helps regulate
migration and parasite survival (Sajid and McKerrow, 2002). A cathepsin B from T. spiralis
was most expressed during the early adult stage while a cathepsin F was expressed in all life
stages, localised in the parasite cuticle and schistosome (Zhan et al., 2013; Qu et al., 2015).
In addition, a cysteine protease from T. spiralis, expressed in all the stages of the parasite’s
life cycle, and located in the cuticle, stichosome and reproductive organs, was thought to be

involved in the invasion, moulting and survival of the parasite (Song et al., 2018a).

Structural studies show that cysteine proteins are comprised of two domains that join to form

an active site cleft, which contains the conserved active site cysteine, histidine and asparagine



residues (Turk et al., 2012). The catalytic mechanism of cysteine proteases (Fig. 1.5) is
initiated by the nucleophilic cysteine attack on the carbonyl carbon of the scissile bond, which
produces a tetrahedral intermediate. The latter becomes an acyl enzyme following the release
of the first product with an amine terminus. The carbonyl carbon of the acyl enzyme is attacked
by a nucleophilic water molecule, which leads to the release of the second product containing

a carboxylic acid moiety (Bromme, 2001; Verma et al., 2016) (Elsasser et al., 2017).
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Figure 1.5: Catalytic mechanism for substrate hydrolysis by papain-like cysteine proteases and
Schechter and Berger nomenclature for protease interaction with peptide substrates. (A)
Catalytic mechanism illustrating the attack of a substrate by the catalytic cysteine, formation and
disintegration of tetrahedral formation resulting in the release of a first product, acyl enzyme hydrolysis
and release of second product (B) Schechter and Berger cathepsin substrate binding regions. Protease
active sites are comprised of subsites labelled S1, S2, S1’ and S2'. Peptide substrates are labelled P1,
P2 and P1’, P2’ on either side of the scissile bond where hydrolysis occurs (Bromme, 2001).

1.5.2 Serine proteases

Serine proteases have various physiological functions such as digestion, apoptosis, signal
transduction, blood coagulation, complement cascade activation and wound healing (Yang et

al., 2015). There are 40 families of serine proteases which belong to 13 families; Clan PA



trypsin-like proteases are the best studied family of serine proteases (Di Cera, 2009). Serine
proteases from parasitic nematodes Trichuris muris were shown to degrade mucin, a
component of the intestinal mucus barrier, that has roles in worm expulsion (Hasnain et al.,
2012). A serine protease from the muscle stage of T. spiralis and one expressed in all stages
of the life cycle has roles in invasion and nurse cell formation while another serine protease,
located in the oesophagus of the same parasite has roles in moulting and nutrition (Yang et
al., 2015b). Serine protease also have roles in the nutrition, host invasion, immune evasion

and migration of other nematodes such as Onchorcerca volvulus (Yang et al., 2015b).

The serine protease catalytic triad comprises a nucleophilic serine, electrophilic aspartate and
basic histidine (Antalis et al., 2011). The catalytic histidine accepts a proton from the catalytic
serine forming a methanolate anion that attacks the scissile bond to form a tetrahedral
intermediate (Fig. 1.6), characterised by the presence of the oxyanion hole which stabilises
the intermediate (Hunkapiller et al., 1976). Cis/trans conformational acyl enzymes are formed
from the collapse of the tetrahedral intermediate by proton transfer to the amide of the scissile
bond by the histidine leading to the dissociation of the N-terminal half of the polypeptide; the

water molecule enables the release of the C-terminal half of the polypeptide (Di Cera, 2009).
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Figure 1.6: Catalytic mechanism of serine proteases. (A) binding of substrate to proteases; (B)
nucleophilic attack; (C) protonation; (D) diacylation (Yang et al., 2015b).



1.6. Protease inhibitors
1.6.1 Cysteine protease inhibitors

The activity of cysteine proteases is regulated by various inhibitors which include endogenous
peptide and protein inhibitors (Turk et al., 2012). There are 51 Clans of cysteine protease
inhibitors with 93 families; the cystatins belong to clan IH and the family 125 (Chakraborti and
Dhalla, 2017). This family is comprised of four subfamilies namely: I25A, the stefins; 125B, the
cystatins and kininogens; 125C, the metalloprotease inhibitors and unclassified cystatins (Turk
et al., 2005). Cystatins in nematodes, trematodes and ticks have been identified as cystatins
from the 125 superfamily (Lee et al., 2013). The stefins inhibit proteases from the C1 family of
papain-like cysteine proteases; while the cystatins inhibit, in addition to papain-like proteases
from the C1 family, also legumain-like proteases from the C13 family, while the kininogens
inhibit proteases from the S8 subtilase family and M13 metalloprotease family (Turk et al.,
2005; van Wyk et al., 2014).

The cystatins are competitive inhibitors that bind tightly, but non-covalently to target cysteine
proteases (Hartmann and Lucius, 2003). Cystatins target proteases with lysosomal functions
as well as endosomal functions such as protein degradation, endosomal antigen presentation
and signalling pathways (Turk et al., 2005). The stefins A and B, now termed cystatin A and
B, are intracellular and involved in endogenous protein regulation and act primarily against
members of the papain-like C1 peptidase family (Turk et al., 2002; Guo, 2015; Zerovnik, 2006).
The term cystatin was initially used for a partially characterised inhibitor of papain from chicken
egg white; subsequently identified cysteine protease inhibitors were found to be related to the

chicken cystatin hence termed members of this superfamily (Turk and Bode, 1991).

Cystatin B interacts with cysteine proteases in a reversible, tight-binding fashion using the two
hydrophobic wedge-shaped B hairpin loops and the N-terminus (Fig 1.7) (Hartmann and
Lucius, 2003). However, the active site of the cysteine protease is not directly involved since
the cystatin binds the cysteine protease around the catalytic cleft preventing further interaction
with any substrate (Chakraborti and Dhalla, 2017). The first hairpin loop includes the conserved
QVVAG sequence and the second hairpin loop a conserved Pro and Trp residue that
participate in the interaction with the cysteine protease. The N-terminal domain around Gly-11
interacts with the S1, S2 and S3 pockets of the cysteine protease (Hartmann and Lucius,
2003). Mutagenesis studies have shown that this glycine residue plays a significant role in
inhibition and binding affinity (Turk et al., 2005). In addition, cysteine-3 (papain numbering)
from human and bovine cystatin B was shown to be a key residue for cathepsin B inhibition
(Pol and Bjork, 2001).
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Figure 1.7: Structure of human stefin B, modelled Trichinella zimbabwensis cystatin B and a
human stefin B-papain complex. (A) Structure of human stefin B (PBB 4N6V); (B) T. zimbabwensis
cystatin B as predicted by Swiss model; (C) Interaction of papain (green) and human stefin B (purple);
(D) Interaction of human wild-type cystatin B and papain; papain (violet), catalytic cysteine of papain
(green), cystatin B (blue), cysteine-3 (yellow). Figure modified from (Pol and Bjork, 2001; Chakraborti
and Dhalla, 2017).

Endogenous nematode cystatins have the ability to regulate both parasite and host protease
activity (Guo, 2015). A multi-cystatin-like domain protein (MCD) protein was identified from the
ES proteins of T. spiralis muscle larvae. Analysis of the MCD-1 structure showed an absence
of the conserved QxVxG motif; however, also showed that the MCD protein shared sequence
similarities with type 2 cystatins (Robinson et al., 2007). In addition, a strongly antigenic
cystatin-like protein was identified in T. spiralis containing three domains that also do not
contain the conserved QVG motif but two GXA/TXYXD motifs instead (Tang et al., 2015). The
cystatin B protein from T. zimbabwensis was modelled using Swiss model and shown to
resemble the structure of the human stefin B (Fig. 1.7). The modelled structure of T.
zimbabwensis cystatin B appears to be similar to the structure of the human stefin B. The T.
zimbabwensis cystatin B is shown to consist of five antiparallel B pleated sheets, which are

wrapped around the a helix to form the characteristic cystatin fold (Fig. 1.7).
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1.6.2 Serine protease inhibitors

Serine protease inhibitors are classified into three groups, namely: non-canonical and
canonical serine protease inhibitors as well as serpins based on the mechanism of inhibition
(Krowarsch et al., 2003). The 6-8 kDa non-canonical inhibitors utilise the N-terminus for
inhibition. The reversible, tight-binding interaction of 3-21 kDa canonical inhibitors with their
target proteases resembles the Michaelis substrate-enzyme complex, while the irreversible
45-55 kDa serpin forms the standard acyl-enzyme complex (Krowarsch et al., 2003). There
are four main families of canonical serine protease inhibitors which include the Kunitz, Kazal,

Trypsin-like inhibitor and Bowman-Birk families (Fig. 1.8) (Ranasinghe and McManus, 2013).

Kazal Kunitz Kunitz Bowman-Birk

SFTI-1

OMSVP3 BPTI

Figure 1.8: Structures of canonical serine protease inhibitors. (A) Kazal-type OMSVP3, PDB: 2ovo
(B) Kunitz-type pancreatic trypsin inhibitor (BPTI), PDB: Ipi2 (C) Kunitz-type soybean trypsin inhibitor,
PDB: lavu (D) Bowman-Birk Inhibitor-type Sunflower Trypsin Inhibitor (SFTI-1). Figure modified from
(Krowarsch et al., 2003).

The Kazal-type serine protease inhibitors (SPINKS), a branch of serine protease inhibitors,
belong to the 112 family of inhibitors (Fig. 1.8) (Krowarsch et al., 2003). The 112 family of
inhibitors is known to inhibit proteases within the serine protease S1 and S8 families, which
include trypsin-like and subtilisin-like proteases (Di Cera, 2009). The Kazal-type serine
protease inhibitors act as anticoagulants in leeches, mosquitoes and ticks and protect parasitic
protozoa from host digestive enzymes (Ranasinghe and McManus, 2013). Blood sucking
parasites such as leeches mosquitoes, ticks and bugs use protease inhibitors to eliminate
proteases from the host biological systems (Rimphanitchayakit and Tassanakajon, 2010;
Blisnick et al., 2017). Bdellin B-3, a non-canonical Kazal-type inhibitor,isolated from the leech
Hirudo medicinalis, inhibits trypsin and plasmin (Fink et al., 1986). Rhodnius prolixus (kissing
bug that is the main vector for Trypanosoma cruzi that causes Chagas disease) uses the
Kazal-type inhibitor rhodnin (Fig. 1.10, panel A), a thrombin inhibitor, to prevent blood
coagulation (Friedrich et al., 1993a). A Kazal-type inhibitor, Toxoplasma gondii protease
inhibitor (TgPI-1) inhibits trypsin, chymotrypsin, pancreatic elastase and neutrophil elastase
and is thought to protect the protozoan parasite from the host digestive enzymes to enable

the parasite to propagate (Rimphanitchayakit and Tassanakajon, 2010).
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The Kazal-type serine protease inhibitors may comprise of a single or multiple domains
(Blisnick et al., 2017). A 6-21 kDa canonical Kazal domain is made up of a short a-helix
enfolded by a three stranded B-pleated sheet and three peptide loops where the second loop,
termed the reactive site loop, house the P; site necessary for inhibitor specificity (Fig. 1.9)
(Ranasinghe and McManus, 2013). The Kazal domain has a C-X-C-X-PVCG-X-Y-X-C-X-C-X-
C motif where the position of the cysteines determine whether the inhibitor is a classical or
non-classical Kazal inhibitor (Negulescu et al., 2015).

‘

Figure 1.9: Structure of pancreatic secretory trypsin inhibitor (SPINK1) and modelled T.
zimbabwensis SPINK4. (A) SPINK1, PDB ID 1HPT.1. (B) T. zimbabwensis SPINK4 as predicted by
Swiss model.

The canonical Kazal inhibitors follow a standard (Laskowski) mechanism (Fig. 1.10) (Farady
and Craik, 2010). The SPINKs competitively inhibit target serine proteases as each Kazal
domain mimics the substrate and binds with the aid of the exposed reactive site loop thus
trapping the protease to form a non-covalent Michaelis complex (Ranasinghe and McManus,
2013). The Kazal domains interact with target proteases primarily by the P; site amino acid
residue, which determines the specificity of the inhibitor (Fig. 1.10). In addition, there are
twelve other points of interaction which include the P1, P2, P3, P4, Ps, Ps as well as the P+, P>,
Ps', P14' and Pig' sites (Rimphanitchayakit and Tassanakajon, 2010). SPINKs with lysine or
arginine at the P, site inhibit trypsin-like proteases, those with phenylalanine, tyrosine and
leucine inhibit chymotrypsin-like proteases, while SPINKs with alanine, arginine or methionine
inhibit elastase-like proteases (Negulescu et al., 2015). The modelled structure of Trichinella
zimbabwensis SPINK4 illustrates the presence of a characteristic Kazal-domain which
consists of an a-helix, a three stranded [3 -pleated sheet and peptide loop. In addition, a second

domain is observed.
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Figure 1.10: Interaction of human kallikrein 4 and SPINK2 (Nishimiya et al., 2019). (A) Primary
structure of invertebrate Kazal-type inhibitor, rhodonin; (B) Interaction of kallikrein with SPINK2. Figure
modified from (Rimphanitchayakit and Tassanakajon, 2010).

1.7 Diagnosis of Trichinella infection

Trichinellosis is diagnosed using direct and indirect methods (Gomez-Morales et al., 2014). A
direct method entails the post mortem inspection of meat using tissue digestion of atleast 1 g
of tissue sample and parasite detection by microscopy (Gottstein et al., 2009). Indirect
methods of diagnosis include serological tests such as the enzyme-linked immunosorbent
assay (ELISA), which is a preferred diagnostic test, along with indirect fluorescent antibody
tests and western blots (Bai et al., 2017). These serological tests detect characterised
Trichinella antigens, to illustrate, T. spiralis muscle larval antigens have been classified into 8
groups according to their recognition by monoclonal and polyclonal antibodies (Yang et al.,
2016). The TSL-1 antigens are a family of glycoproteins which share a carbohydrate (3.6-
dideoxyhexose sugar) tyvelose epitope; and are recognised by monoclonal antibodies specific
for the T. spiralis muscle stage (Goyal et al., 2002; Yepez-Mulia et al., 2007). Antibodies have
been produced against these 40-70 kDa TSL-1 antigens from the stichosome of muscle
larvae, which share a tyvelose; and are now used in serological tests (Magrone et al., 2014).
Immunochromatographic lateral flow strip tests have also been developed for the serological
detection of Trichinellosis from blood serum of humans or animals by detecting anti-Trichinella
antibodies using gold labelled ES antigens (Bai et al., 2017). The antigens used are obtained
from the muscle larval stage (Zhang et al., 2009; Bai et al., 2017). Multiplex PCR, which uses
the DNA sequences of each of the Trichinella genotypes produces a unique and distinct
banding pattern for each genotype which aids in the differentiation of species and genotypes
(Zarlenga et al., 2001).
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1.8 Prevention and control
1.8.1 Vaccination

There is a need to prevent Trichinellosis in animals and humans (Xu et al., 2017a). Vaccine
immunogens, tested on porcine and mouse models, have included crude ES antigens,
recombinant proteases, surface antigens and antigens involved in the intracellular processes
of the T. spiralis parasites while candidate antigens include whole worms, recombinant ES
products, proteases, surface proteins and proteins used in intracellular processes (Zhang et
al., 2018). The ES antigens include crude proteins with sizes ranging from 20 kDa — 55 kDa.
To illustrate, 37.97 kDa T. spiralis 87 (Ts87) protein which was abundantly present on the
cuticular surface of T. spiralis which produces a predominantly Th2 response (Gu et al., 2008).
Larval stage antigens include 43 kDa glycoprotein (gp43) found in secretions and on the
parasite T. spiralis surface and thought to have roles in the invasion of intestinal epithelial cells
(Andrade-Becerra et al., 2017; Zhang et al., 2018). Recombinant proteins include 35.5 kDa T.
spiralis serine protease (TsSP-1.2) which was localised in the cuticle and internal organs of T.
spiralis; and present in all the stages of the parasite while surface proteins include aquaporins
(Wang et al., 2013a; Zhang et al., 2018). Whole worms may include heat sterilised T. spiralis
larvae and inactivated muscle larvae (Andrade-Becerra et al., 2017). A DNA vaccine
comprised of a larval serine protease and Nudix hydrolase from T. spiralis, have been tested
on mice and was shown to promote both helper T cell 1 (Th1l) and Th2 responses since the
Th2 response is commonly suppressed by the parasite (Xu et al., 2017a; Bai et al., 2017). A
Nudix hydrolase which aids in the hydrolysis of pyrophosphates, and thought to be involved
in the invasion of intestinal epithelial cells by T. spiralis, was expressed in all the stages of the
T. spiralis life cycle and thought to be a house keeping gene (Long et al., 2015). Trichinellosis
vaccine development studies are ongoing and prove to be promising for the control of the T.

spiralis infection (Zhang et al., 2018).

1.8.2 Treatment of Trichinellosis

The benzimidazole antihelminthic agents including mebendazole and albendazole, improved
versions of thiabendazole which produced unwanted side effects such as headaches, vertigo
and vomiting, have been effective against Trichinellosis (Kociecka, 2000; Abongwa et al.,
2017). The benzimidazole drugs kill the parasites by destroying their cell structures due to the
inhibition of microtubule polymerisation (Abongwa et al., 2017). Albendazole is the choice drug
for the treatment of Trichinella infection and acts on the alimentary canal of nematodes during
all their developmental stages (Kociecka, 2000). Glucocorticosteriods are administered during
chronic stages of infection in combination with albendazole (Wang and Cui, 2008; Abongwa
et al., 2017).
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1.9 Rationale of study

Trichinellosis is a food-borne zoonosis which infects mammals and reptiles (Zolfaghari
Emameh et al.,, 2018). This continuously re-emerging disease has health impacts which
include the clinical infection of humans and negative economic impacts on the international
meat trade and porcine production (Gottstein et al., 2009). There is a need for further
development of vaccines and vaccine candidates based on antigens from different stages of

the parasite’s life cycle and treatment (Andrade-Becerra et al., 2017).
1.10 Objectives of the present study

The overall objective of this study was to identify a cysteine and a serine protease inhibitor in
the genome of Trichinella zimbabwensis muscle larvae. The specific experimental aims within

this objective included:

e The cultivation of Trichinella zimbabwensis muscle larvae in vivo in rats.

e The isolation of the parasites from infected rat tissue for the extraction of total RNA
and synthesis of cDNA from the isolated RNA.

e The identification of cysteine and serine protease inhibitor genes from the T.
zimbabwensis genome using bioinformatics, and design of gene-specific primers to be
used for amplification of the genes by PCR.

o The amplification of Tzcystatin B and TzSPINK4 genes by PCR using synthesised
cDNA as a template and the designed gene-specific primers.

e The cloning of the Tzcystatin B and TzSPINK4 genes into cloning vectors and
recombinant expression of Tzcystatin B and TzSPINK4 proteins using the E. coli
expression system.

e The purification of recombinant Tzcystatin B (rTzcystatin B) and TzSPINK4
(rTzSPINK4) proteins.

e The proteolytic cleavage of fusion tags from the purified rTzcystatin B and rTzSPINK4
fusion proteins.

e The immunisation of chickens with purified Tzcystatin B and TzSPINK4 proteins to
produce chicken anti-Tzcystatin B and chicken anti-TzSPINK4 IgY antibodies and
analysis of the progress of antibody production by ELISA.

e The detection of recombinant and native Tzcystatin B and TzSPINK4 in western blots
using the antibodies produced in chickens.

o The determination of the inhibitory activity of Tzcystatin B protein on endogenous and
exogenous cathepsins and commercial cysteine proteases using synthetic substrates.

e The determination of the inhibitory activity of TzZSPINK4 protein on serine proteases;

trypsin, chymotrypsin and thrombin using synthetic substrates.
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Chapter  2: Recombinant  expression, purification and
characterisation of serine protease inhibitor Kazal type-4 (SPINK4)
from Trichinella zimbabwensis muscle larvae

2.1 Introduction

The Kazal-type serine protease inhibitors have been found in mammals, birds, fish and blood
sucking insects (Qian et al., 2015). These inhibitors control the activity of serine proteases
from the S1 peptidase family, which include the kallikreins, chymotrypsin, trypsin, elastase,
matriptase and thrombin (Sigle and Ramalho-Ortigdo, 2013; Kalinska et al., 2016). Some of
these proteases, such as thrombin and the kallikreins, are thought to be involved in
inflammation and immune responses (Steinhoff et al., 2004). To illustrate, the tissue kallikreins
have been implicated in the mediation of pro-inflammatory pathways and activation of protein-
activated receptors (PARs) which may lead to cytokine production (Yiu et al., 2014).

The recombinant expression and characterisation of serine protease inhibitor Kazal-type 4
(SPINK4) from Trichinella species and other parasitic nematodes has not been documented
to date. However, immunoproteomic studies on T. spiralis adult worm proteins recognised by
early infection sera showed that the TsSPINK4 protein was recognised by pig and mouse
infection sera at seven days post infection (Yang et al., 2015a). Recombinant expression of
these Kazal-type serine protease inhibitors from human and arthropod species such as
Nasonisa vitripennis, a parasitoid wasp (Qian et al., 2015); Phlebotomus papatasi, vector for
Leishmania parasites (Sigle and Ramalho-Ortigdo, 2013); Rhodnius prolixus, a blood sucking
insect and main vector for Chagas parasites (Friedrich et al., 1993b) were recombinantly
expressed and in the case of blood feeding insects had roles in the prevention of blood

coagulation during feeding (Meyer-Hoffert et al., 2010).

The transcription levels of two Nasonia vitripennis Kazal-type serine protease inhibitors,
NVvKSPI-1 and NvKSPI-2, implicated in host immune evasion, were found to be higher in
venom apparatus than in other tissues (Qian et al., 2015). The NvKSPI-1 and NvKSPI-2 genes
were ligated to a pGEX-4T-2 vector and expressed using E. coli BL21 (DE3) bacterial cells by
IPTG induction and purified by immobilized metal affinity chromatography. The recombinant
proteins had molecular weights of 33 kDa (NvKSPI-1) and 36 kDa (NVKSPI-2). Whereas
NvKSPI-1 inhibited only pancreatic trypsin, NvKSPI-2 did not inhibit pancreatic trypsin,
chymotrypsin or proteinase K (Qian et al., 2015).

Transcriptomic studies on the midgut of Phlebotomus papatasi showed that there were two
Kazal-type inhibitors expressed in the midgut of the larva and pupa (Sigle and Ramalho-

Ortigao, 2013). The mature form of the Kazal-type serine protease inhibitor from P. papatasi,
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PpKzl2, without the signal peptide was amplified using cDNA reverse transcribed from total
RNA obtained from dissected midguts of the sand flies (Sigle and Ramalho-Ortigdo, 2013).
The PpKzI2 gene was cloned into a VR1020-TOPO vector and expressed using a mammalian
freestyle Chinese hamster ovary-S expression system. The PpKzl2 inhibited human a-

thrombin, trypsin and bovine a-chymotrypsin (Sigle and Ramalho-Ortigdo, 2013).

Transcriptomic studies on lactating rodents, challenged with Nippostrongylus brasiliensis, a
parasitic nematode, showed that the extracellularly expressed SPINK4 gene was regulated,
shown by a 2.5 fold change in expression, following a second challenge with the parasite
(Athanasiadou et al., 2011). In addition, transcriptomic studies on the response of zebra finch,
Taeniopgyia guttata, following a challenge with bacterial lipopolysaccharide showed that the
SPINK4 gene was largely upregulated (Scalf et al., 2019). A recent study on Hepatitis B Virus
(HBV) illustrated that an HBV protein enhanced the expression of SPINK1 levels during
disease progression of HBV-related disease and is considered to be a potential biomarker for
the diagnosis of HBV-related diseases (Zhu et al., 2019).

The SPINKS, grouped in family I1 of protease inhibitors, have a conserved C-C-PVCG-Y-C-
C-C maotif-containing domain (Rimphanitchayakit and Tassanakajon, 2010). The conserved
cysteine 1 and 5, cysteine 2 and 5, cysteine 2 and 6 form intra-domain disulphide bridges
(Rimphanitchayakit and Tassanakajon, 2010; Negulescu et al., 2015). The structure is
comprised of a central alpha helix, three stranded beta pleated sheet and loops of peptide
segments, one of which houses the reactive site P1 which determines the specificity of the
Kazal-type inhibitor; however, 11 other positions of contact exist between the Kazal inhibitor
and target protease (Negulescu et al., 2015; Rimphanitchayakit and Tassanakajon, 2010).
Trypsin-like enzymes are inhibited by Kazal inhibitors with lysine or arginine in the P1 site,
chymotrypsin-like enzymes by inhibitors with tyrosine, phenylalanine in the P1 site and
elastase-like enzymes by inhibitors with serine, methionine, leucine or alanine in the P1 site
(Negulescu et al., 2015).

The SPINK4 was aligned with human SPINKS that inhibit various S1 peptidase family
proteases. SPINK4 was found to share a sequence similarity of 35.62% with SPINK1, 32.89%
with SPINK 7, 25.68% with SPINK6 and 25% with SPINK9 (Fig. 2.1).
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SPINK1 MKVTGIFLLSALALLSLSGNT----GADSLGREAK@®---YNE----LNGE@TKIYDPV@GT 49
SPINK6 MKLSGMFLLLSLALFCFLT------ GVEFSQGGOVDEGEFQDP----KVY@TRESNPHEGS 50
SPINKY7 MKITGGLLLLCTVVYFCSSSE----AASLSPKKVDE®SIYKKYPVV-AIPE®PITYLPVE@GS 55
SPINK9 MRATAIVLLLALTLATMFSIE————CAKQTKQMVD SHYKKLPPGQOREF@®HHMYDPI@®GS 56

* * **

SPINK4 —-———- MISLACLLYLLMSTAVVTYGEFPMIFPRDPF®TMEFSR-—-——-— NGFiYDIYQPViGT 50

SPINK4 DGITYDNEGWIL®YRLTIEPLIVQIAYDGE@VADYDPMMLQFPRVIGNGIAVPPPSPPFLL 110
SPINKI DGNTYPNE@VI@FENOKRQTSTILIQKSGP@-———————————————m e — — 79
SPINKG DGQTYGNK@AF®KATVKSGGKI SLKHPGK@————————————————————— o — 80
SPINK7 DYITYGNE@HL@TESLKSNGRVQFLHDGS|®-—---—------— oo~ 85
SPINK9 DGKTYKND@FF@SKVKKTDGTLKFVHFGK@—————————————————————————————— 86
* * % * * :* * K
SPINK4 SGVIGLNSKAKIAHAKPENHTLSVEDLLSSEIETRAADIP 150
SPINK]1 = = @ —— e 79
SPINKG  —mmmmmm e 80
SPINK7 = —— e 85
SPINKO  —mmmm e 86

Figure 2.1: A comparison of SPINK sequences from different species. Multiple sequence
alignment was generated using Clustal omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). SPINK4
sequence from Trichinella zimbabwensis (KRZ12928.1), Homo sapiens SPINK1 (KR710681.1),
SPINK6 (NM_205841.4), SPINK7 (NM_032566), and SPINK9 (NM_001040433.2) sequences obtained
from NCBI Genbank (https://www.ncbi.nlm.nih.gov/genbank/). The symbols shown represent:
conserved residues, (*); residues with similar properties, (:); residues with weakly similar properies, (.).

In this study, the gene encoding SPINK4 from T. zimbabwensis was obtained from NCBI
Genbank (https://www.ncbi.nlm.nih.gov/genbank/).The gene was amplified by PCR using
cDNA reverse transcribed from total RNA extracted from the T. zimbabwensis larval parasites.
The recombinant protein was purified, the activity tested against various serine proteases and
used for antibody production. The antibodies were used for the detection of the recombinantly
expressed TzSPINK4 on western blots and ELISA.

2.2 Materials and methods
2.2.1 Materials:

Molecular biology, protein purification and characterisation: The Direct-zol RNA miniprep
plus R2070 kit was purchased from Zymo Research (Orange, CA, USA) and the PCR reaction
mixture components, Firepol Taq polymerase, PCR reaction buffer and 25 mM MgCl, from
Solis Biodyne (Tartu, Estonia). EcoRIl, BamHI, Xhol restriction enzymes (nomenclature as per
Roberts et al. (2003)) and T4 DNA ligase were obtained from Thermo Scientific (Waltham,
MA, USA). The pMD-19T simple cloning vector, TaKaRa Ex Taq Hot start Version Taq
polymerase and the TaKaRa 1 kb DNA ladder were purchased sourced from Clonetech
(Californina, USA). The O’GeneRuler 1 kb DNA ladder, 5-bromo-4-chloro-3-indolyl-B3-D-
galactopyranoside (IPTG), isopropyl-B-D-thiogalactopyranoside (X-gal) and dithiothreitol
(DTT) were obtained from (Fermentas, Vilnius, Lithuania). The pGEM-T and pGEM-T easy

cloning vectors were purchased from (Promega, Madison, WI, USA) and the pET-28a,
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pET-32a, pET-100 expression vectors from Novagen (Darmstadt, Germany). Nunc-Immuno
96-well plates were purchased from Nunc (Intermed, Denmark) and nickel-nitriloacetic acid
(Ni-NTA) agarose resin for immobilised metal affinity chromatography (IMAC) was obtained
from Qiagen (Hilden, Germany). The peptide substrate Benzyloxycarbonyl (Z)-Phe-Arg-7-
amino-4-methylcoumarin  (AMC), cysteine protease inhibitor trans-Epoxysuccinyl-L-
leucylamido(4-guanidino)butane (E-64), bovine serum albumin (BSA), and Freund’s complete
and incomplete adjuvants were purchased from (Sigma, St. Louis, MO. USA) and 2,2'-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) sourced from Roche (Mannheim,
Germany). All other reagents were of the highest purity available were obtained from Merck,
RSA.

Sprague Dawley (SD) rats: The male SD rats were obtained from the Biomedical Resources
Unit (BRU) at the University of KwaZulu-Natal (Westville campus).

Escherichiacoli cells: E. coli JIM 109 cells with a T7 expression system were purchased from
Novagen (Darmstadt, Germany) and protease deficient E. coli BL21 (DE3) cells from NEB
labs (MA, USA).

2.2.2 Protein quantification

The Bradford protein determination method (Bradford, 1976) was used to determine the
protein concentration of all samples. A calibration curve was constructed using BSA in a range
of 0—100 ug (Fig. 2.2). Briefly, triplicate samples of 0 — 100 pul of the 100 ug/ml BSA standard
solution were diluted to 100 pl with distilled water. Subsequently, 900 pl of Bradford reagent
(0.06% (w/v) Coomassie brilliant blue G-250, 2% (v/v) perchloric acid) was added and the
samples vortexed. The absorbance of the samples was read at 595 nm after three minutes
incubation time. A calibration curve was constructed and used to determine the protein

concentration in samples of unknown concentration (Fig. 2.2).
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Figure 2.2: Standard curve relating BSA concentration to absorbance using Bradford assay.
Bovine serum albumin dilutions (5 to 100 pg/ml) were combined with Bradford reagent. Following a 5
min incubation of the samples at RT, absorbance values were read at 595 nm. The equation of the
trend was y= 0.0291x-0.0291 with a correlation coefficient of 0.9925.
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2.2.3 In vitro cultivation of Trichinella zimbabwensis parasites and isolation from rat
tissue

All protocols involving animals were approved by the UKZN Research Ethics committee with
approval number (AREC/077/016D).

Male Sprague-Dawley (SD) rats were obtained and kept in the animal house in an environment
with 12 h light/12 h dark cycles containing bedding and environmental enrichment to promote
physical activity and mental stimulation (Hutchinson et al., 2005). The rats had ad libitum
access to food and water. The rats were 90 — 150 g at the time of infection unless otherwise
stated. The rats were orally infected with 300 — 500 T. zimbabwensis larvae in 1% (w/v) saline

solution.

For parasite isolation, an infected rat was sacrificed using carbon dioxide three months post
infection (pi). The infected muscle tissue was digested using the modified pepsin-HCI method
(Pozio et al., 2002a). Briefly, the muscle tissue was weighed and mixed with pre-heated
distilled water in a 5 L beaker (2 L per 100 g rat muscle). Digestion was facilitated by the
addition of pepsin (20 g per 100 g rat muscle) and 37% (v/v) HCI (8 ml per 2 L distilled water)

and the mixture stirred for 30 min at 42°C. This mixture is now referred to as digestion fluid.

The digestion fluid was sieved through 800 um followed by 250 pm sieves to remove
undigested particles. To enable sedimentation of parasites, the sieved digestion fluid was
poured into 2 L separating funnels and left to stand for 40 min at RT. Post sedimentation, 50
ml digestion fluid was collected per separating funnel into a 250 ml beaker. The 50 ml digestion
fluid was diluted with an equal volume of distilled water. The diluted collected digestion fluid
was further sedimented within the beaker in 15 min intervals at RT after which 30 ml was
aspirated and checked for the presence of parasites using a light microscope. The aspiration
process was continued until 5 ml of the digestion fluid remained which should contain
parasites. The presence of larval parasites was ascertained microscopically, and the digestion
fluid further aspirated to 1 ml. The parasites were stored at —70°C until used for RNA

extraction.

2.2.4 Extraction of total RNA from Trichinella zimbabwensis muscle larvae and cDNA
synthesis

Parasites (100 ul) were thawed and suspended in Tri-reagent (300 ul) from the Direct-zol RNA
miniprep plus R2070 kit. The resultant mixture was ground using a chilled pestle and mortar
containing liquid nitrogen. This process was repeated until the parasite mixture was ground
into a fine powder which was transferred to a microfuge tube. The ground powder was
dissolved in Tri-reagent (100 pl) and 500 pl of 100% (v/v) ethanol. Subsequently, RNA was

isolated using the kit according to the manufacturer’s instructions.
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The cDNA was synthesised from the isolated T. zimbabwensis RNA using the LunaScript R
supermix kit. Briefly, isolated RNA (8 ul) was mixed with oligo primer (2 pl) or random primer
(2 ul) to assess which primer yield the highest concentration of synthesised cDNA. The RNA-
oligo primer and RNA-random primer mixtures were incubated at 70°C for 5 min for RNA

denaturation. Subsequently, cDNA was synthesised as per the manufacturer’s instruction.
2.2.5 Primer design for TzSPINK4 gene amplification

The T. zimbabwensis TzSPINK4 DNA coding sequence (GenBank accession number:
KRZ12928.1) was selected for primer design. The TzSPINK4 coding nucleotide sequence was
obtained by the extraction and joining of coding sequence (CDS) regions within the T.
zimbabwensis whole genome shotgun sequence using the BioEdit program
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The coding sequence was used to design
primers using the Snapgene molecular biology software (https://www.snapgene.com). The
ThermoFisher scientific Tm calculator was used to determine the annealing temperature of
the primers, while the Oligonucleotide Properties Calculator
(http://biotools.nubic.northwestern.edu/OligoCalc.html) was used to determine regions of self-
complementarity within the primers. A BamHI restriction site was introduced in the forward
primer, while a XhoHI restriction site was introduced in the reverse primer. The primer
sequences are shown in Table 2.1 and were synthesised by Ingaba Biotechnical Industries
(Pretoria, RSA).

Table 2.1 TzSPINK4 gene oligonucleotide sequences used for PCR

Primer name Nucleotide sequence 5’ — 3’ Annealing
temp.

TzSPINK4 Fwd  AAAAGGATCC ATGATT TCACTCGCT TGC TTG TAC 53.9°C
TG

TzSPINK4 Rev  AAAACTCGAG TTA CGG GAT ATC AGC AGC ACG

The underlined sequences represent the BamHI (forward primer) and Xhol (reverse primer) restriction
sites.

2.2.6 Polymerase chain reaction (PCR) amplification of the TzSPINK4 gene

The amplification of the SPINK4 gene by PCR was performed using a PCR mastermix
comprising of 0.025 U TaKaRa Ex Taq HS, 1 x Ex Tag buffer (containing Mg#*), 2.5 mM
dNTPs, 1 uM of the forward and reverse SPINK4 gene primer, 400 ng cDNA in a final reaction
volume of 50 pl. PCR conditions were as follows: denaturation of DNA was carried out at 95°C
for 3 min followed by 34 cycles of denaturation at 95°C for 30 s; subsequently, annealing at
53.9°C for 30 s and DNA extension at 72°C for 1 min. The final extension was performed at

72°C for 5 min, upon completion of amplification, incubated at 4°C in the BioRad T100

22



thermocycler. A sample of the PCR amplification products were analysed by agarose gel

electrophoresis as outlined in Section 2.2.7.

2.2.7 Analysis of DNA by agarose gel electrophoresis

The amplification of the TzSPINK4 gene by PCR using the cDNA as a template, was analysed
by agarose gel electrophoresis. A 1% (w/v) agarose gel was prepared by dissolving 0.5 g
agarose powder in 50 ml 1 x TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, pH 8.3)
and heating the solution until the agarose had fully dissolved. The solution was cooled and gel
red (2.5 pl per 50 ml TAE) was added prior to pouring into the casting tray. The DNA samples
containing 1 x loading dye were electrophoresed on a 1% (w/v) agarose gel at 80 V for 50
minutes. After electrophoresis, the bands were visualised by UV light using the G-box system
(Syngene). A standard curve was constructed to determine the size of DNA electrophoresed
on the 1% (w/v) agarose gel (Fig. 2.3). The relative distance travelled by each DNA marker

on the gel was plotted against the respective log DNA size.

4 y = -1,5179x + 3,5577
R2=0,9878
35 2000bP 100
1000 bp 75 1y
3 500 bp
25
g
o 2
o
-
15
1
0.5
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

relative mobility

Figure 2.3: Standard curve showing relative mobility of DNA in relation to the log of the
respective molecular weight. A: The 1 kb O’Gene Ruler DNA ladder was electrophoresed on a 1%
(w/v) agarose gel. The equation of the trendline was y=-1.5179x + 3.5577 with a correlation coefficient
of 0.9878.

2.2.8 Cloning of the TzSPINK4 gene into pGEM-T and pGEM-T easy vectors
2.2.8.1 Ligation of the TzSPINK4 gene insert into pGEM-T and pGEM-T easy vectors

The purified TzZSPINK4 gene amplicon was ligated to pGEM-T and pGEM-T easy cloning
vectors (50 ng) using a 3:1 molar ratio of SPINK4 gene insert to cloning vector as determined

using the NEB ligation calculator (https://nebiocalculator.neb.com/#!/ligation) in the presence

of 1 x rapid ligation buffer and 1 U T4 DNA ligase (Fig. 2.4). The ligation mixture was incubated
at 16°C for 16 h.
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Figure 2.4: pGEM-T and pGEM-T easy cloning vector maps. The T vectors contain thymine which
hybridises to adenine that flanks the gene insert in the presence of ligases

2.2.8.2 Preparation of competent E. coli JM 109 and BL21 (DES3) cells

E. coli IM109 and BL21 (DE3) cells were cultured overnight at 37°C in 5 ml 2 x YT medium
containing no antibiotic. The overnight culture was diluted 1 in 100 ml and cultured at 37°C,
200 rpm until an optical density (OD) of 0.4 at 600 nm was reached. The culture (50 ml) was
centrifuged (2700 g, 10 min, 4°C) and the supernatant discarded. The pellet was resuspended
in sterile 0.1 M MgCl; (8 ml) and 0.1 M CaCl; (2 ml). The mixture was centrifuged (2700 g, 10
min, 4°C) and the supernatant discarded. The pellet was resuspended in 4 ml 0.1 M CaCl,
and 2.7 ml 60% glycerol. The cells were frozen rapidly in liquid nitrogen and stored at - 80°C.
The cells were tested for competence by transformation with control DNA.

2.2.8.3 Transformation of TzSPINK4-pGEM-T, TzSPINK4-pGEM-T easy into E. coli
JM109 cells and selection of recombinant colonies

The TzSPINK4 amplicon-cloning vector ligation mixture was transformed into competent E.
coli IM109 cells. Transformation was performed by incubating the ligation mixture (5 pl) with
competent E. coli JM 109 (50 pl) cells for 30 min on ice. The E. coli IM109 cells were heat
shocked by incubation at 42°C for 60 s and cooled on ice for 5 min. Subsequently, 80 pl SOC
medium [2% (w/v) tryptone, 0.5 % (w/v) yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM
MgSO,, 20 mM glucose] was added to the transformation mixture and incubated at 37°C for
1 h at 200 rpm. The transformation mixture (100 pl) was plated onto a 2 x YT bacteriological
agar plate [1.6 % (w/v) tryptone, 1% (w/v) yeast extract, 0.5 % (w/v) NaCl, 1% (w/v)
bacteriological agar containing 50 pg/ml ampicillin, 20 pg/ml X- gal, 10 pg/ml IPTG]. The plates
were incubated at 37°C for 16 h.
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2.2.8.4 Identification of recombinant TzZSPINK4-pGEM-T, TzSPINK4-pGEM-T easy vector

clones

Recombinant colonies were selected by Blue-white colony screening. In alpha
complementation, the E. coli bacteria contain an alpha peptide while the vector contains a
lacZa sequence in the multiple cloning site which encodes the omega peptide. The alpha
peptide and lacZa sequence together code for a functional B-galactosidase enzyme which
hydrolyses X-gal. Colonies formed by non-recombinant cells appear bright blue because the
lactose analogue will be hydrolysed to 5,5'-dibromo-4,4'-dichloro-indigo by the pB-
galactosidase enzyme. The presence of the TzZSPINK4 gene insert in the plasmid disrupts the
lacZ gene thus a functional B-galactosidase gene is not coded for. Therefore, colonies formed
by recombinant cells appear white because the X-gal is not hydrolysed (Dale et al., 2011).
The recombinant white colonies were each selected from agar plate and dispersed in water
(10 uly and were as template DNA for colony PCR (Section 2.2.8.5).

2.2.8.5 Colony PCR to confirm presence of the TzSPINK4 insert

Colony PCR was performed on the recombinant TzSPINK4-pGEM-T and TzSPINK4-pGEM-
T easy agar colonies to ascertain the presence and size of the TzSPINK 4 insert. Final
concentrations of the PCR mastermix components are given in Table 2.2.

Table 2.2: PCR mastermix components

Components Concentration Volume (pl)
10x buffer B (Solis Biodyne) 1x 5.0
25 mM MgCl 2mM 4.0
10 mM dNTP 200 uM 1.0
Forward primer (10 pM) 0.3 uM 15
Reverse primer (10 uM) 0.3 uM 15
Template - 2.0
dH.O - 34.5
Firepol Taq polymerase 0.05U 0.5
(BU/

Total volume 50.0

The PCR reaction was conducted, in separate reactions, using either the gene primers or the
vector primers. The vector primers utilised for the pGEM-T and pGEM-T easy vector were the

M13 forward and reverse primers shown in Table 2.3.
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Table 2.3: Vector primer nucleotide sequences used for PCR

Primer name Nucleotide sequence (5" - 3’) Annealing temp.
M13 Fwd GTT TTC CCA GTC ACG AC 42.8°C
M13 Rev CAG GAA ACA GCT ATG AC

2.2.8.6. Isolation of plasmid DNA by miniprep

Recombinant TzSPINK4-pGEM-T and TzSPINK4-pGEM-T easy vector colonies were diluted
in distilled water (10 pl). This mixture (2 pl) was used to inoculate 2 x YT (5 ml) broth containing
ampicillin (50 pg/ml) and incubated at 37°C for 16h with agitation. Three ml of culture was
centrifuged (12 000 g, 10 min, 4°C) and the supernatant discarded. Plasmid DNA was isolated
from the pelleted recombinant cells using the GeneJet Plasmid Miniprep kit as per the

manufacturer’s instructions.

2.2.8.7 Restriction digestion of plasmid DNA isolated by plasmid miniprep

The presence of the TzSPINK4 insert DNA in the pGEM-T and pGEM-T easy vectors was
further confirmed by restriction digestion. Small scale restriction digests were performed on
the plasmid DNA isolated by miniprep. Plasmid DNA (1000 ng) was digested with BamHI (1
pl) and Xanthomonas campestris | (formerly Xanthomonas holcicola) Xhol (1 pl) in 1 x fast
digestion buffer. The final volume was made up to 20 pl using distilled water. The digestion
was carried out at 37°C for 20 min. The restriction digestion products were analysed by 1%
(w/v) agarose gel electrophoresis (Section 2.2.7) to confirm excision of insert, the size of the
excised insert and the orientation of the insert. Subsequently, the 450 bp TzSPINK4 insert
was excised from the agarose gel using Zymogen DNA gel extraction kit as per the

manufacturer’s instructions.

2.2.9 Subcloning of TzSPINK4 into pET-28a, pET-32a and pET-100 expression vectors

The restriction digested bacterial expression vectors pET-28a and pET-32a (50 ng) and the
PET100 TOPO vector (Fig. 2.5), synthesised with the BamHI and Xhol restriction sites by
GeneArt were ligated to the digested TzSPINK4 insert in a 3:1 molar ratio of insert to vector
as calculated using the NEB ligation calculator. To the expression vector and insert mixture
was added 1 x rapid ligation buffer and 1 U T4 DNA ligase. This ligation mixture was incubated
at 37°C for 20 min. The ligation mixture was transformed into E. coli IM109 cells as described
in Section 2.2.8.3.

The TzSPINK4-pET-28a transformation (100 pl) mixture was plated on a 2 x YT bacteriological
agar plate [ 1.6 % (w/v) tryptone, 1% (w/v) yeast extract, 0.5 % (w/v) NaCl, 1% (w/v)
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bacteriological agar containing 50 pug/ml ampicillin, 20 pg/ml X- gal, 10 ug/ml IPTG] containing
kanamycin (34 pg/ml) while the pET-32a and pET-100 transformation mixtures were plated

on a 2 x YT bacteriological agar plate containing ampicillin (50 pug/ml).

2.2.10 Recombinant expression of TzSPINK4 in E. coli (BL21) cells by auto and IPTG
induction

2.2.10.1 Recombinant expression by IPTG induction

The 450 bp SPINK4 gene from T. zimbabwensis codes for a protein of 150 amino acids with
an expected molecular weight of approximately ~16.6 kDa. Single recombinant TzSPINK4-
pET-32a and TzSPINK4-pET-100 colonies were used to inoculate 2 x YT liquid medium (5 ml)
containing ampicillin (50 pg/ml). In addition, a single recombinant TzSPINK4-pET28a colony
was used to inoculate 2 x YT liquid medium (5 ml) containing kanamycin (34 pg/ml). The flasks
were incubated at 37°C for 16h with agitation. Subsequently, a 1:100 dilution of the 2 x YT
cultures with fresh 2 x YT medium (250 ml) containing the respective antibiotics was
performed, and the new culture grown at 37°C with agitation until an ODsgo nm Of 0.6 - 0.8 was
reached.

Expression was induced with IPTG (1 mM) at 37°C for 4 h with agitation. The IPTG
concentration for induction of expression and temperature at which expression was carried
out and induced was optimised using 0.1, 0.3 and 1 mM IPTG concentrations, and expression
conducted for 4 h at 37°C, 24 h and 48 h at 16°C. The empty pET expression vectors were
subjected to the same conditions as controls. Induction at 37°C for 4 h was found to be optimal
for IPTG induction. The bacterial cells were harvested by centrifugation (6000 g, 20 min, 4°C).
The pelleted cells were resuspended in 1% (v/v) Triton X-100-PBS (10 ml) containing
lysozyme (1 mg/ml) and incubated at 37°C for 30 min. The cells were frozen at -20°C for 16
h, thawed at RT and sonicated 4 times for 30 s on ice. The soluble and insoluble fractions
were obtained by centrifugation (6000 g, 10 min, 4°C).

2.2.10.2 Recombinant expression by auto induction

Recombinant expression of TzSPINK4 from pET-28a, pET-32a expression vectors (Fig. 2.5)
was performed in the E. coli BL21 (DE3) host by inoculating terrific broth medium [1.2% (w/v)
tryptone, 2.4 (w/v) yeast extract, 0.4% v/v glycerol, 0.17 M KH;HPO,, 0.72 M K:HPO,]
containing kanamycin (34 pug/ml) and ampicillin (50 pg/ml), respectively, with a recombinant
colony. The inoculated medium was incubated at 37°C for 16 h with agitation. The temperature
at which expression was performed was optimised by incubation at 37°C for 16 h and 24 h
and at 16 °C for 16 h, 24 h and 48 h.
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Expression at 16°C for 24 h was found to be optimal for auto-induction. The cells were

harvested, and soluble and insoluble fractions obtained as described in Section 2.2.10.1.
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Figure 2.5: Vector map of the pET-28a, pET-32a and pET100/D TOPO expression vectors
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2.2.11 Analysis of recombinant expression

2.2.11.1 SDS-PAGE analysis of recombinant expression of proteins

Recombinant protein expression was analysed on two 10% reducing Tris-tricine SDS-PAGE
gels (Schagger, 2006; Haider et al., 2012). The gels were electrophoresed using a Bio-Rad
gel electrophoresis system at 80 V for 85 min. Tris-tricine SDS-PAGE is commonly used to
resolve proteins smaller than 30 kDa. However, it can separate proteins 1 — 100 kDa in size.
One set of gels was stained with Coomassie Brilliant Blue R-250 and the other used for
western blotting. The gels were viewed on the G-box system (Syngene). A calibration curve
was constructed to determine the molecular weight of proteins separated on 10% Tris-tricine
reducing SDS-PAGE gels (Fig. 2.6). The relative distance travelled by protein markers on the

gel was plotted against the respective log molecular weights.
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R2 = 0,9964
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Figure 2.6: Standard curve showing relative mobility of proteins in relation to the log of the
respective molecular weight. The commercial protein molecular weight marker used for the 10% Tris-
tricine reducing SDS-PAGE gel had a trendline with the equation y=-1.0806x + 2.0541 with a correlation
coefficient of 0.9964.

2.2.11.2 Detection of proteins using western blotting

Protein expression may be confirmed using an immuno- (western) blotting technique. The
proteins separated by reducing SDS-PAGE were transferred onto a nitrocellulose membrane
using the Bio-Rad blotting system at 40 mA for 6 h. Following protein transfer, the
nitrocellulose membrane was incubated in Ponceau S stain [0.1% (w/v) Ponceau S, 1% (v/v)
acetic acid] for 20 min to ascertain protein transfer. The Ponceau S stain was removed by
rinsing the nitrocellulose membrane with distilled water. Residual Ponceau stain was removed
by the addition of a few drops of 500 mM NaOH followed by rinsing with distilled water. The
unoccupied sites on the membrane were blocked with 5% (w/v) low fat milk in Tris buffered
saline (TBS) [20 mM Tris, 20 mM NacCl, pH 7.4] for 1 h. The nitrocellulose membrane was then

washed three times with TBS and incubated with primary antibody (mouse anti-His
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monoclonal antibody (1:5000) or chicken anti-TcoCATL N-terminal peptide IgY (2.4 ug/ml) in
TBS containing 0.5% (w/v) BSA for 2 h. The membrane was washed three times with TBS
and incubated in HRPO-linked goat anti-mouse 1gG (1:5000) in TBS containing 0.5% (w/v)
BSA for 1 h. The nitrocellulose membrane was washed three times in TBS and incubated with
substrate solution [0.06% (w/v) 4-chloro-1-naphthol, 0.1% (v/v) methanol, 0.0015% (v/v) H20O>
in PBS] for 10 min in the dark until bands became visible. The image was captured using the
G-box (Syngene).

2.2.12 Purification of His-tagged TzSPINK4 expressed from pET-32a and pET-28a
vectors by nickel immobilised metal-ion affinity chromatography (IMAC)

Recombinant TzSPINK4 expressed from the pET-28a and pET-32a vectors contains a
polyhistidine (6xHis) sequence commonly referred to as a His-tag which enabled purification
using a nickel-nitrilotriacetic acid (Ni-NTA) agarose column. Proteins bound to the column
were eluted with high concentrations of imidazole. Qiagen Ni-NTA agarose resin (1 ml) was
added to a 10 ml chromatography column. The column was equilibrated with 10 column
volumes of equilibration buffer [ 20 mM NaH»PO,4, 300 mM NaCl, 10 mM imidazole, pH 7.4].
The soluble TzSPINK4 lysate (2 ml) from recombinant expression was incubated with the resin
for 3 h using an end-over-end rotator at 4°C. The unbound fraction was collected in 1 ml
volumes. The nickel column was then washed with 30 ml of wash buffer [20 mM NaH:POa,
300 mM NacCl, 20 mM imidazole, pH 7.4] until an absorbance at 280 nm of 0.03 was reached.
The bound TzSPINK4 protein was eluted in 1 ml fractions with 10 ml of elution buffer [20 mM
NaH:PO4, 300 mM NaCl, 250 mM imidazole (optimised as indicated below) pH 7.4]. To
determine the lowest concentration of imidazole necessary for elution of the TzSPINK4-pET-
28a the protein was eluted using elution buffer containing increasing concentrations for
imidazole. The Ni-NTA affinity column was equilibrated, loaded and washed as previously
described. The bound TzSPINK4-pET-28a protein was eluted in 2 ml fractions by running with
4 ml of elution buffer containing 50 mM, 100 mM, 150 mM, 200 mM and 250 mM imidazole
concentrations. The column was regenerated with 10 ml of 6 M guanidine hydrochloride,
washed with 10 ml distilled water and stored in 20% ethanol. The unbound, wash and elution
fractions were electrophoresed on a 10% Tris-tricine SDS-PAGE gel, (Section 2.2.11.1).

2.2.13 Antibody production and immunoglobulin isolation
2.2.13.1 Chicken immunisation

Two chickens were used to raise antibodies against purified recombinant TzSPINK4. During
the immunisation schedule, 50 pg TzSPINK4 was used per chicken per immunisation. The
purified TzZSPINK4 protein (50 pg, 1ml) was mixed with an equal volume of Freund’s complete

adjuvant and triturated until a stable water-in-oil emulsion was formed. The chickens were
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immunised intramuscularly on each side of the breast bone with the triturated TzSPINKA4.
Booster injections were given at weeks 2, 4 and 6 with the same amount of purified
recombinant TzZSPINK4 mixed with an equal volume of Freund’s incomplete adjuvant. Eggs
from both chickens were collected prior immunisation and weekly for 16-weeks post the first

immunisation. The eggs were stored at 4°C.
2.2.13.2 Immunoglobulin (IgY) isolation

Chicken IgY was isolated from eggs collected during the immunisation schedule (Goldring and
Coetzer, 2003). The egg white was discarded, and the yolk volume determined using a
measuring cylinder. Two yolk volumes of 100 mM sodium phosphate buffer pH 7.6, containing
0.02% NaN3 were added. A concentration of 3.5% (w/v) polyethylene glycol (PEG) 6000 was
dissolved into the yolk solution. The resulting solution was filtered through Whatman No. 1
filter paper. A further 8.5% (w/v) PEG 6000 was dissolved in the filtrate and the solution
centrifuged (12 000 g, 10 min, RT). The supernatant was discarded, and the pellet was
resuspended in a volume equivalent to that of the original yolk volume. The 12% (w/v) PEG
6000 added and dissolved using sodium phosphate buffer before the IgY pellet was collected
by centrifugation (12 000 g, 10 min, RT). The supernatant was discarded, and the pellet
dissolved with a sixth of the yolk volume using sodium phosphate buffer [L00 mM NaH2PO.
buffer containing 0.1% NaNs, pH 7.6]. The concentration of IgY was determined by diluting the

sample 1:50 with sodium phosphate buffer and reading the absorbance at 280 nm E;;ggnfg:l =

1.25 (Goldring et al., 2005).
2.2.13.3 Enzyme-linked immunosorbent assay ELISA

The progress of antibody production against TzZSPINK4 during the immunisation period was
analysed using the ELISA technique. The experiment was performed in duplicates. Purified
recombinant TzSPINK4 (1 pg/ml, 100 pl per well) was used to coat the 96 well Nunc-Immuno
Maxisorp ELISA plate which was incubated at 4°C for 16 h. The ELISA plate was washed
three times with 1% (v/v) Tween-20-PBS using the BIOTEK ELx50 Microplate washer. The
unoccupied sites of the coated wells were blocked with 0.5% (w/v) BSA-PBS (200 pl per well)
for 1 h at 37°C and washed three times as previously described. The plates were then
incubated with primary antibody, 100 pg/ml chicken anti-cystatin IgY in 0.5% (w/v) BSA-PBS
(100 pl per well) at 37°C for 2 h. The plate was washed three times with 1% (v/v) Tween-20-
PBS and incubated with secondary antibody, rabbit anti-chicken IgY (whole molecule) in in
0.5% (w/v) BSA-PBS (120 pl per well). The plate was washed three times with 1% (v/v) Tween-
20-PBS and incubated with substrate solution 0.05% (w/v) ABTS, 0.0015% (v/v) H202 in 0.15
M citrate-phosphate buffer, pH 5] in the dark for 15 min. The reaction was stopped by the
addition of the stopping buffer [0.15 M citrate buffer, pH 5 containing 0.1% (w/v) NaNs].
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A similar protocol was used to determine the optimum dilution of IgY to use in western blots.
All steps were identical, except for the primary antibody incubation step where a series of
dilutions of IgY (100, 50, 25, 10, 5, 1, 0.1 ug/ml), isolated from eggs pooled during weeks of

maximal IgY production, were incubated in place of the fixed 100 pg/ml IgY.
2.2.14. Assays for inhibition of protease activity with TzSPINK4
2.2.14.1 AMC standard curve

The relationship between the amount of fluorescence released from a hydrolysed substrate
and concentration of AMC was quantified using an AMC standard curve. The AMC standard
curve was constructed using AMC concentrations in a range of 5 — 10 000 nM (Fig. 2.7).
Briefly, 50 ul of the standard concentrations were mixed with 50 pl of assay buffer [50 mM
Tris-HCI buffer, 150 mM NacCl, 10 mM CacCl,, pH 7.5] containing 5 mM dithiothreitol (DTT) and
incubated at 37°C. The fluorescence (Ex360nm and Em460nm) was read using an Optima
Spectrophotometer from BMG Labtech.
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Figure 2.7: AMC standard curve showing fluorescence versus AMC concentration. AMC was
diluted to various concentrations and incubated with MCA buffer at 37°C and fluorescence measured
at Exssonm Emasonm. The equation for the trendline is given by y = 10. 385x + 687.97.

2.2.14.2 Inhibition studies

The inhibitory activity of TzZSPINK4 against chymotrypsin, trypsin and thrombin was tested.
Briefly, the enzymes, 1 uM trypsin, 1 uM chymotrypsin (diluted in 0.1% Brij 35) were incubated
with 1, 5 and 10 uM TzSPINK4 and assay buffer [50 mM Tris-HCI buffer, 150 mM CacCl, 10
mM CacCl,, pH 8] and 1 U, 0.5 U, 0.025 U thrombin (diluted in 0.1% Brij 35) with 5 pM
TzSPINK4 and thrombin buffer [200 mM Tris-HCI buffer, 1.5 M NaCl, 25 mM CacCl,, pH 8]
containing 5 mM dithiothreitol (DTT) for 30 min at 37 °C for 30 min. Subsequently, 20 uM Z-
Phe-Arg-AMC synthetic substrate was added. The fluorescence (Ex360nm and Em460nm)

measured using the Optima Spectrophotometer from BMG Labtech.
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2.3 Results

2.3.1 Total RNA extraction and amplification of TzZSPINK4 gene from T. zimbabwensis
muscle larvae

Total RNA was extracted from T. zimbabwensis muscle larvae and utilised for the synthesis
of cDNA. The synthesised cDNA along with gene specific primers were used for PCR for the
amplification of the TzSPINK4 gene. The total RNA was represented by two prominent bands
which were approximately 1800 bp and 2000 bp in size (Fig. 2.8, panel A). The gene which
encodes T. zimbabwensis SPINK4 was amplified at approximately 450 bp (Fig. 2.8, panel B).
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Figure 2.8: Agarose gel analysis of TzSPINK4 gene amplification using cDNA synthesised from
total RNA extracted from T. zimbabwensis. (A) Total RNA was extracted from the T. zimbabwensis
muscle larvae and analysed on a 1% (w/v) agarose gel, M: ssRNA. (B) The TzSPINK4 gene amplicon
and non-template control were analysed on a 1% (w/v) agarose gel, M: O’Gene Ruler

2.3.2 Cloning of TzSPINK4 gene amplicon into pGEM-T, pGEM-T easy cloning
vectors.

The TzSPINK4 gene amplicon was purified and ligated to the ~3000 bp pGEM-T, ~3015 bp
pPGEM-T easy cloning vectors. Blue-white colony screening was employed for the selection of
the recombinant colonies. The plasmid DNA of the recombinant TzSPINK4-pGEM-T colonies
(Fig. 2.9, panel A) and recombinant TzSPINK-4-pGEM-T easy colonies (Fig. 2.9, panel B) was
isolated and represented by three bands which correspond to the coiled, supercoiled and
nicked conformations. The presence of the TzSPINK4 gene insert was confirmed by colony
PCR using M13 vector primers as well as the TzSPINK4 gene primers. The amplification of
the TzSPINK4 gene insert in pGEM-T vector using the M13 vector primers produced
amplicons with an approximate size of 650 bp in comparison to the pGEM-T easy amplicons
with an approximate size of 550 bp (Fig. 2.9, panels C and D). The additional base pairs may
be attributed to the amplification of vector DNA that flanks the gene. However, the pGEM-T
easy vector that is 15 bp bigger than the pGEM-T vector was found to have amplicons with a

size less than the pGEM-T vector.
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Colony PCR performed using gene specific primers yielded an amplicon with a size of
approximately 450 bp in pGEM-T and pGEM-T easy (Fig. 2.9, panels E and F). However, faint

contaminating bands of higher molecular size are observed in both the vectors.
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Figure 2.9: Screening of recombinant TzSPINK4-pGEM-T and TzSPINK4-pGEM-T easy colonies.
The TzSPINK4 gene amplicon was ligated to the respective cloning vectors and transformed into the
E. coli IM109 cells. The plasmid DNA from the recombinant colonies was isolated from recombinant
clones and electrophoresed on a 1% (w/v) agarose gel: (A) *TzSPINK4-pGEM-T colonies (B)
*recombinant TzSPINK4-pGEM-T easy colonies, M: Fast Ruler midrange. Colony PCR was performed
to confirm presence of gene insert in: (C) oTzSPINK4-pGEM-T colonies using M13 vector primers (D)
oTzSPINK4-pGEM-T easy colonies using M13 primers. (E) oTzSPINK4-pGEM-T colonies using gene
primers (F) oTzSPINK4-pGEM-T easy colonies using gene primers; M, O’Gene Ruler. The arrows in
(A) and (B) represent the DNA conformations; (C) to (F): TzSPINK4 colony PCR amplicons. The (*)
represents amplicons and the (o) plasmid DNA.

2.3.3 Restriction digestion analysis of TzSPINK4-pGEM-T and TzSPINK4-pGEM-T easy
colonies to confirm presence of TzSPINK4 gene

The colony PCR, performed using gene specific primers, showed that the amplicons had an
approximate molecular size of ~450 bp for both the vectors. To further confirm the presence
and size of the gene to be used for subcloning, a small-scale restriction digestion was
performed using the BamHI and Xhol restriction enzymes. The products of the double
restriction digestion of TzSPINK-4-pGEM-T included a digested ~3000 bp pGEM-T vector and
an expected ~450 bp TzSPINK4 gene insert (Fig. 2.10, panel A). The digestion of TzSPINK-
4-pGEM-T easy did not yield a ~450 bp TzSPINK4 gene insert with the correct size (result not
shown). The 450 bp TzSPINK4 gene insert was extracted from the agarose gel, purified and

used for subcloning into pET expression vectors (Fig. 2.10, panel B).
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Figure 2.10: Analysis of the restriction digestion products of TzSPINK4-pGEM-T by BamHI and
Xhol restriction enzymes. (A) The TzSPINK4-pGEM-T plasmids were digested with BamHI (fwd) and
Xhol (rev) restriction enzymes for 20 min at 37°C and a sample of digestion products electrophoresed
on a 1% (w/v) agarose gel; M: Fast Ruler midrange. (B) A sample of the purified gel-extracted
TzSPINK4 gene insert electrophoresed on a 1% (w/v) agarose gel; M: O’Gene Ruler. The arrows
represent the TzSPINK4 gene insert

2.3.4 Subcloning of the TzSPINK4 gene insert into pET-28a, pET-32a and pET-100
expression vectors

The purified TzZSPINK4 gene insert was ligated to pET28a, pET-32a and pET-100 expression
vectors. The expression vectors were previously digested with BamHI and Xhol restriction
enzymes prior to ligation (result not shown). The ligation mixtures were transformed into E.
coli IM109 cells for storage and E. coli BL21 (DE3) cells for expression. The presence of the
TzSPINK4 gene insert in the recombinant colonies was ascertained by colony PCR. The ten
recombinant TzSPINK4-pET-28a colonies had amplicons with an expected molecular size of
~450 bp (Fig. 2.11, panel A). The recombinant TzSPINK4-pET-32a amplicons from colonies
1,2,6,8 and 9 were of the size at ~450 bp. However, the amplicons from colonies
3,4,7,10,11,12 had a prominent band at 450 bp and faint bands at approximately 850 bp (Fig.
4, panel B). A single recombinant TzSPINK4-pET100 colony in E. coli BL21 (DE3) was shown
to contain the gene SPINK4 insert (Fig. 2.11, panel C).

2.3.5 Recombinant expression of SPINK4 in the pET-28a, pET-32a and pET-100
expression vectors

The TzSPINK4 gene from T. zimbabwensis encodes a protein that is 150 amino acids long
with an expected molecular weight of ~16.6 kDa and a pl of 4.46 as predicted by Expasy
server, a Bioinformatics Resource Portal. TzSPINK was expressed by IPTG induction from
three recombinant pET28a-TzSPINK4 clones (Fig. 2.12, panel A). A protein band was
detected at 21 kDa from clone 2 and 3 by the mouse anti-His monoclonal antibody (Fig. 2.12,

panel B). This size corresponds to the expected size of His-tagged TzSPINK4 protein.
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The recombinant TzSPINK4 clones from pET-28a and pET-32a construct were also
expressed using autoinducing terrific broth medium. Following recombinant expression using
the pET-32a expression vector, a protein band of 33 kDa, as well as other prominent high and
low molecular weight protein bands, were observed. High and low molecular weight bands
were also observed following expression using the pET-28a vector (Fig. 2.12, panel C).
Recombinant expression of TzSPINK4 from the pET-32a construct by IPTG induction showed
that two prominent bands were obtained with molecular weights of approximately 35 kDa and

42 kDa (Fig. 2.12, panel D). There was no recombinant expression of TzSPINK4 from the
pPET-100 construct.
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Figure 2.11: Screening of recombinant TzSPINK4-pET-28a, TzSPINK4-pET-32a and TzSPINK4-
pPET-100 colonies by PCR amplification. The TzSPINK4 gene was ligated to the pET-28a, pET-32a
and pET100 expression vectors transformed into E. coli cells. Colony PCR was performed on the: (A)
TzSPINK4-pET-28a colonies. (B) TzSPINK4-pET-32a; M: Fast Ruler midrange. (C) TzSPINK4-pET-
100; M: O’'Gene Ruler. The amplicons were electrophoresed on a 1% (w/v) agarose gel.
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Figure 2.12: Analysis of T. zimbabwensis SPINK4 expression from the pET-28a and pET-32a
constructs by IPTG induction and auto induction. (A) The induced and uninduced samples from
recombinant expression of colonies 1-3 from the pET-28a construct in E. coli BL21 (DE3) cells were
electrophoresed on a 10% Tris-Tricine SDS-PAGE gel. (B) The electrophoresed proteins were
transferred onto nitrocellulose and probed with a primary mouse anti-His monoclonal antibody and goat
anti-mouse 1gG HRPO as a secondary antibody. (C) The auto induced expression supernatant and
pellet following expression using the pET-28a and pET-32a were electrophoresed on a 10% Tris-Tricine
gel. (D) Following expression of TzSPINK4 from the pET-32a construct by IPTG induction, the
uninduced and induced samples from colony 1 and 2 were electrophoresed on a 10% Tris-tricine SDS-
PAGE gel.

2.3.6 Purification of TzSPINK4 by nickel affinity chromatography

The recombinantly expressed TzSPINK4 was purified from the pool of proteins due to the high
binding affinity of the histidine fusion protein to the immobilised nickel. A prominent band of
~20 kDa along with two contaminating bands of high molecular weight were eluted from the
column in the experiment with the expression lysates containing the pET-28a vector (Fig. 2.13,
panel A). The 20 kDa protein band represented the expected size because of the protein size
is ~16.6 kDa and an added 4 kDa results from the presence of the His-tag. This purified protein
was used for subsequent experiments. A protein with a molecular weight of approximately 38
kDa was eluted from the experiment with the expression lysates containing the pET-32a
vector, which is slightly higher than the expected 36 kDa size. (Fig. 2.13, panel B). A higher
protein yield was obtained from purification using expression lysates containing the pET-28a

vector in comparison to the those containing the pET-32a vector (Fig. 2.13).
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Figure 2.13: Purification of recombinant TzSPINK4 by nickel affinity chromatography. Samples
from the (A) elution profile of TzZSPINK4 expressed in pET-28a and from the (B) elution profile- of
TzSPINK4 expressed in pET-32a analysed on a 10% reducing Tris-tricine SDS-PAGE gel. The arrows
represent the TzSPINK4 protein.

2.3.7 Production of chicken anti-TzSPINK4 antibodies

The purified His-tagged TzSPINK4 was used to immunise two chickens for the purpose of
antibody production against the protein. An ELISA was performed to analyse antibody
production over the immunisation period. The production of antibodies by chicken 1 was found
to peak at week 4 and similar levels of antibody was maintained over the remainder of the 16-
week period while the antibody production by chicken 2 peaked at week 4 and similar levels
of antibody observed till week 11 where a decrease in levels of antibody was shown. (Fig.
2.14, panel A). A checkerboard ELISA was performed and showed increasing concentrations
of antibody produced higher signals and that a concentration of 1 pg/ml was enough for the

detection of the recombinant protein in a western blot (Fig. 2.14, panels B and C).

The chicken anti-TzSPINK4 IgY antibodies were used to confirm recombinant expression.
Recombinant expression of TzSPINK4 from the pET-32a construct by IPTG induction showed
that two prominent bands were obtained with molecular weights of approximately 35 kDa and
42 kDa (Fig. 2.15, panel A). These protein bands were detected by both the mouse anti-His
antibody and the chicken anti TzZSPINK4 (Fig. 2.15, panels B and C). The expected size of
with the pET-32a fusion tags was ~36.5 kDa.

2.3.8 Inhibition of serine protease activity with TzSPINK4

The inhibitory activity of TzSPINK4 with serine proteases such as trypsin, chymotrypsin and
thrombin was assessed. The TzSPINK4 protein showed no inhibitory activity against 1 pM

trypsin, 1 pM chymotrypsin and 0.025 U, 0.5 and 1 U of thrombin (result not shown).
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Figure 2.14: ELISA of chicken anti-TzSPINK IgY antibodies. The ELISA plates were coated with 1
pag/ml of purified recombinant TzSPINK4 and detected by chicken anti- TzZSPINK4 IgY as a primary
antibody and rabbit anti-chicken IgY- HRPO conjugate as a secondary antibody using the ABTS-H20:2
detection system. (A) Analysis of the production of antibodies against TzZSPINK4 over al6 week ELISA.
(B) and (C) checkerboard ELISA to determine the lowest antibody concentration that is able to produce
an adequate signal. The absorbance readings at 405 nm are averages of duplicate experiments.
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Figure 2.15: Detection recombinant TzSPINK4 using chicken anti-TzSPINK4 antibodies. (A). The
induced and uninduced samples from recombinant expression of TzSPINK4 from the pET-32a
construct in E. coli BL21 (DE3) cells were electrophoresed on a 10% Tris-Tricine SDS-PAGE gel. The
electrophoresed proteins transferred onto nitrocellulose and probed with (B) a primary mouse anti-His
monoclonal antibody and goat anti-mouse IgG HRPO as a secondary antibody as well as (C) chicken
anti-TzSPINK4 and rabbit anti-chicken IgY HRPO as a secondary antibody. UN, uninduced; IN,
induced.
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2.4 Discussion

In this study, the gene encoding the serine protease inhibitor, SPINK4 was amplified from T.
zimbabwensis muscle larvae. The amplified TzSPINK4 gene was cloned and the TzSPINK4
protein recombinantly expressed in E. coli BL21 cells. The recombinant TzSPINK4 protein
was affinity purified and used to produce antibodies in chickens, which were used to confirm
recombinant expression. The interaction of purified TzSPINK4 with serine proteases was
assessed. The 450 bp TzSPINK4 gene was amplified by PCR using the synthesised cDNA
as a template.The amplified TzSPINK4 gene was cloned. The TzSPINK4 was recombinantly
expressed as a 20 kDa His-tagged protein and as a 38 kDa fusion protein which were purified
by nickel affinity chromatography. Antibodies against the 20 kDa TzSPINK4 were raised and
the protein shown to have no inhibitory activity against trypsin, chymotrypsin and thrombin.

Trichinella infected rat muscle provided a source of parasites from which total RNA was
isolated that was reverse transcribed into cDNA. This cDNA was used for the amplification of
the 450 bp TzSPINK4 gene, which was cloned into pGEM-T and pGEM-T easy cloning
vectors. Similarly, the genes of two Kazal-type inhibitors from the gastrointestinal nematode,
N. vitripennis, 65 amino acid N. vitripennis Kazal-type serine protease inhibitors-1 (NVKSPI-1)
and 87 amino acid NvKSPI -2 were amplified using cDNA reverse transcribed from total RNA
isolated from N. vitripennis tissue. These genes were cloned into the pGEM-T easy vectors
(Qian et al., 2015). In a further study the SPINK9 gene, which encodes the LEKTI-2 protein,
was obtained by rapid amplification of cDNA ends (RACE) performed on total RNA isolated
from human skin samples using gene specific sense and antisense primers. Subsequently,
the SPINK9 cDNA was cloned into the pGEM-T vector (Meyer-Hoffert et al., 2009)

The TzSPINK4 gene was subcloned into the pET-100, an expression vector which adds an
N-terminal His-tag; pET-28a, a bacterial expression vector which adds a N and C-terminal His-
tag, thrombin cleavage site and T7 epitope as well as the pET-32a vector which adds a 109
amino acid thioredoxin tag, N-terminal and C-terminal His-tags, S-tag, thrombin and
enterokinase cleavage tags (Fig. 2.5). No expression was obtained from the pET-100
construct. The Expasy server predicted that the TzSPINK4 sequence would translate into a
~16.6 kDa protein. Analysis of expression and purification by nickel affinity chromatography
showed TzSPINK4 to have an apparent molecular weight of ~21 kDa and ~38 kDa using the
pPET-28 and PET-32a vectors respectively. The size differences between the expected size of
16.6 kDa and the sizes obtained following expression from the pET-28a and pET-32a
constructs was attributed to the presence of fusion tags. The ~21 kDa TzSPINK4 was used

for antibody production in chickens. Chicken anti-TzSPINK4 antibody production was highest

40



at week 4 and between weeks 6 to 8. The antibodies were able to detect recombinant
TzSPINK4 on a western blot.

The purified NVKSPI-1 and NvKSPI-2 proteins containing the GST fusion protein from
recombinant expression in the pGEX construct were found to have molecular sizes of 33 kDa
and 36 kDa respectively (Qian et al., 2015). The 7 kDa Lymphoepithelial Kazal-type-related
inhibitor (LEKTI) 2 protein , encoded by SPINKS5, was used to produce polyclonal antibodies
in goats that were affinity purified and used for immunohistochemical studies and protein
detection on western blots (Meyer-Hoffert et al., 2009). The immunohistochemical studies
showed the LEKTI-2 protein to be localised in the stratum granulosum and stratum corneum
of human skin (Meyer-Hoffert et al., 2009).

The purified TzSPINK4 had no inhibitory activity against serine proteases such as trypsin,
chymotrypsin and thrombin. Similarly, although the LEKTI-2 protein encoded by the SPINK9
gene inhibited kallikrein 5, it showed no inhibitory activity against bovine trypsin, cathepsin G,
chymotrypsin, human elastase, thrombin, matriptase and plasmin (Meyer-Hoffert et al., 2009).
LEKTI domains, encoded by the SPINK5 gene showed inhibition against trypsin, subtilisin A,
cathepsin G, human elastase and kallikreins 5, 7 and 14 (Mitsudo et al., 2003). The NvKSPI-
1, was shown to inhibit trypsin and the NvKSPI-2 shown to inhibit the activation of insect
prophenoloxidase which is an innate immune protein (Qian et al., 2015). Purified recombinant
SPINKG6 inhibited kallikreins 5, 7, 8 and14 but showed no inhibitory activity against bovine
trypsin, cathepsin G, chymase, human chymotrypsin, human leukocyte elastase, human

plasmin, human thrombin and matriptase (Meyer-Hoffert et al., 2010).

The N. vitripennis eggs are laid in the host along with venom, which contains NvKSPIs, to
ensure the development of their offspring by inhibiting the host immune responses (Qian et
al., 2015). The human kallikreins, among other functions, have roles in the activation of
protein-activated receptors (PARS), that mediate inflammation (Sotiropoulou et al., 2009). The
PARs have been shown to be expressed by cells that have roles in the immune response and
inflammation and regulate the secretion of inflammatory mediators such as TNF-a (Steinhoff
et al., 2004). Future studies include assessing the inhibitory activity of TzZSPINK4 on cathepsin
G, human leukocyte elastase and the kallikreins.

A further objective of this study was to identify a cysteine protease inhibitor in T.
zimbabwensis. In the next chapter results are presented on the identification, recombinant
expression and characterisation of Tzcystatin B, a cysteine protease inhibitor from the larval

stage of T. zimbabwensis.
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Chapter 3: Cloning and expression of recombinant Tzcystatin B
from Trichinella zimbabwensis muscle larvae

3.1 Introduction

The most abundant protease inhibitors within parasites are the cysteine protease inhibitors or
cystatins and serine protease inhibitors, or serpins (Hewitson et al., 2009). Cystatins, have
been found in the phyla Nematoda, Platyhelminthes and Arthropoda amongst others (Klotz et
al., 2011). The isolation and recombinant expression of these cystatins in hon-encapsulating
species of Trichinella such as T. zimbabwensis has not yet been reported. However, the
recombinant expression of an antigenic 45.9 kDa cystatin-like protein in T. spiralis (rTsCLP),
an encapsulating species of Trichinella, has been reported (Tang et al., 2015). The TsCLP
gene was amplified from cDNA that had been reverse transcribed from mRNA isolated from
infective larvae; subcloned in the pET-28a expression vector and expressed in E. coli.
Following expression, the rTsCLP was used to raise antibodies in rabbits which were shown
to induce protective immunity in mice (Tang et al., 2015). The expression and characterisation
of cystatins and cystatin-like protease inhibitors from homologous gastrointestinal nematodes
such as Heligmosoides polygrus, Nippostrongylus brasiliensis, Haemonchus contortus,
Acanthocheilonema viteae and parasitic filarial nematode Onchocerca volvulus has been
reported (Hewitson et al., 2009).

The role of the H. polygrus cystatin as immunomodulator in mice was studied. The HpCystatin
gene was amplified from cDNA reverse transcribed from RNA isolated from adult worms. The
amplified gene was subcloned into pET-32a containing a His-tag and Tobacco Etch virus
(TEV) recognition site. The 16 kDa rHpCystatin was affinity purified, used to raise monoclonal
antibodies in mice, and characterised following cleavage of the His tag using the TEV
protease. However, the monoclonal antibodies produced against rHpCystatin recognised a
slightly smaller 14 kDa protein from the excretory-secretory products. The rHpCystatin was
found to inhibit cathepsins B, C, L and S (Sun et al., 2013). Similarly, Nippostatin, a 14 kDa
type 2 cystatin from N. brasilienses, which primarily infects rats, was amplified from cDNA
reverse transcribed from RNA isolated from adult worms. The amplicon was cloned into
pGEM-T Easy and subcloned into pET (the author did not specify which pET vector was used)
containing a His-tag and leader sequence of the influenza virus hemagglutinin epitope and
expressed in E. coli, affinity purified and used for antibody production in mice (Dainichi et al.,
2001).

The purified rNippostatin was found to inhibit mammalian cathepsins L and B (Dainichi et al.,
2001; Hartmann and Lucius, 2003). The H. corticus cystatin gene was amplified, cloned into

pMD19-T vector and expressed using pET-32a in the E. coli host. The affinity purified 35 kDa
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rHcCystatin that would contain a 12 kDa thioredoxin fusion tag was tested for inhibitory activity
and an expressed empty pET-32a was used as a control (Wang et al., 2017b; Terpe, 2003).
The rHcCystatin effectively inhibited papain and human cathepsin L, reduced the activity of
human cathepsin B and failed to inhibit human caspase 1 (Wang et al., 2017b). Polyclonal
antibodies against rHcCystatin were produced in mice which were used for

immunohistochemical localisation studies of native HcCystatin (Wang et al., 2017b).

The A. viteae cystatin and the homologous O. volvulus cystatin have been found to be more
similar to the type 3 cystatins. The 17 kDa cystatin C from the filarial parasite A. viteae was
cloned and recombinantly expressed with glutathionES-transferase (GST) and maltose
binding protein (MBP) fusion tags. When the inhibitory activity was tested, the rAvcystatin
without a fusion tag was found to be more active against papain in comparison to the
rAvCystatin containing the MBP and GST fusion tags. In addition, rAvCystatin was found to

inhibit the proliferation of thymocytes in mice (Hartmann et al., 1997).

Cystatins from parasitic nematodes have been expressed in pET expression systems such a
pPET-32a and pET-28a. The inhibitory studies of rAvCystatin against papain showed that the
presence of large fusion proteins such as the 26 kDa GST tag and 42 kDa MBP tag reduced
inhibitory activity. As a result, pET expression systems containing smaller sized fusion tags
are recommended because of the minimal effect they have on protein structure and activity
(Jia and Jeon, 2016). To illustrate, specialised pET expression systems containing a single
protease cleavage recognition site and His-tag have been utilised for expression for
rHpCystatin. Alternatively, the more economical pET-28a expression system which contains
smaller fusion tags including the N- and C-terminal His-tags, a N-terminal T7 tag and thrombin

recognition site may be used as an expression system.

In order to study Tzcystatin B from T. zimbabwensis, the sequence of the Tzcystatin B gene
was obtained from NCBI Genbank (https://www.ncbi.nlm.nih.gov/genbank/) and aligned with
the sequences of Tzcystatin B from species within the same genus and homologous species.
The alignment showed that the sequences of the 11 kDa Tzcystatin B from T. zimbabwensis
was 87.63% identical to the 33 kDa cystatin from T. spiralis (Fig. 3.1). The two cystatin
sequences along with the sequences from other helminths contained the conserved QxVxG
motif found in the L1 loop of cystatins. The sequence similarity of the 11 kDa T. zimbabwensis
cystatin to 17 kDa A. viteae was 25.27%, 16 kDa O. volvulus 23.08%, 16 kDa H. polygrus
22.68%, 14 kDa H. contortus 22.22% and 14 kDa N. brasiliensis 21.65% (Fig. 3.1).

43



mEEOMSS EEEOMAS EEEOMNS EEEOMNS

EmEEOMSS

zimbabwensis
spiralis
viteae
volvolus
contortus
brasiliensis
polygrus

zimbabwensis
spiralis
viteae
volvolus
contortus
brasiliensis
polygrus

zimbabwensis
spiralis
viteae
volvolus
contortus
brasiliensis
polygrus

zimbabwensis
spiralis
viteae
volvolus
contortus
brasiliensis
polygrus

zimbabwensis
spiralis
viteae
volvolus
contortus
brasiliensis
polygrus

————————————————————————————————————————————————— MSNICREVKEE
————————————————————————————————————————————————— MSNICEeVKEE

MMLS TKEDGLLVVLLLSFGVTTV-====-= LVRCEEPANMES - ---EVQAPNL1[H€WQER
-MLTIKDGTLLIH-LLLFSVVALVQLQGAKSARAKNPSKMESKTGENQDRPVLLEEWEDR
——————————————————————————————————————————————————— MLAEleT, TDO
————————————— MPSAFVLRIA-----—-————-LAS-———-VVVTSTVSSMVEerTPQ
————————————— MPSVFFVVAV---======---TAS-----STV-TAHAGMVEgF TEQ
. KKk
REPTEAE----MATIALGLRSDVENQLNRKFKHFRPVSIRTEIJAGINYFFKVMVDEDDEFT
REPTEAE----TAIALGLRSDVENQLNRKFKHFRPVSIRT@I|\WARTNYFFKVMVDEDDET
NPEEKETQDLLPKVLIKLNQL--SNVEYHLMPTKLLKVSSS LRYKMETQVAQSECK
DPKDEEILELLPSILMKVNEQ-~-SNDEYHLMPIKLLKVSS® VKYKMDVQVARSQCK

STDDPEFMEQAWKAATKVNEE-ANDGDYYMIPTKVLSAKT@OVYSEVMETSKVLFEESFCK

DVSDPEYMTRAWKAAKGINDDASNEGPYHMIPVKILNAKTE VNHVFEVLFGESSCK
NASDPQYMEKAWKAAKGINDERSNAGPYHMMPIKVLSAKT@ VKHVEFQVVYGESTCK

e K ek ok oo

HLRVFKNLONETQLHGVQHGKKHSDKLEYF-----—-—-—----—-————-——————————————
HLRVFKNLONETQLHGVQHEVIREFNHYYLONISKKLCDCFLKKFIKWNRSVKTSVHFAYC
KSS--GEEVN---LKTCKRLEGHPDQIITLEAWEKSWENFLOQVKILEKKEVLSSV-—-—---
KSS--NEKVD---LTKCKKLEGHPEKVMTLEVWEKPWENFMRVEILGTKEV----—-———-—
KGDVPVDQLK---ASNCAPKEGGKRVIYEISVLLOPWVKSEQVGVKVLRVEDPGEQV—---
KGDLSASELT---ATNCQLKEGGRKVIYEVHLWEKPWENFEQFNVKKVRTLAPGEQV—---
KGDMLAAEVS---AANCQLKPDARRAIYEVELWEKPWENFEQFNVKKVRTLAAGEQI ——--

—————————————————————————— 97
LLSTLLKRCVIHLTFPCRSVSELSTF 153
—————————————————————————— 157

—————————————————————————— 97

—————————————————————————— 157

11
11
49

30
29

67
67
107
116
68
90

97

127
157
162
122
144
143

Figure 3.1: A comparison of the cystatin sequences from nematode species. Multiple sequence
alignment generated through Clustal omega. Cystatin sequences from Trichinella zimbabwensis
(KRz08317.1), Trichinella spiralis (XP_003379766.1), Acanthocheilonema viteae (AAA87228.1),
Haemonchus contortus (AAB95324.1) and Nippostrongylus brasiliensis (BAB59011.1) were obtained

from NCBI

Genbank (https://www.ncbi.nim.nih.gov/genbank/). The symbols shown

represent:

conserved residues, (*); residues with similar properties, (:); residues with weakly similar properies, (.).
The Heligmosoides polygrus and Onchocerca volvulus cystatin sequences were obtained from Sun et
al. (2013).

In the present study, the gene encoding cystatin B was amplified from cDNA synthesised from

total RNA isolated from T. zimbabwensis muscle larvae. The amplified gene was cloned and

recombinantly expressed in E. coli. The recombinant protein was purified, the interaction with

cysteine proteases evaluated and antibodies produced in chickens for the detection of

recombinant protein, localisation of the inhibitors in parasite extracts and ELISA.
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3.2 Materials and methods
3.2.1. Primer design for Tzcystatin B amplification

The 450 bp T. zimbabwensis Tzcystatin B DNA coding sequence (Genbank accession
number: KRZ08317.1) was used to design primers (Table 3.1) for the amplification of the gene
by PCR. The Tzcystatin B coding nucleotide sequence was obtained, and primers designed
using a method described in Section 2.2.5. An EcoRI restriction site was introduced in the
forward primer, while a XhoHI restriction site was introduced in the reverse primer. The primers

were synthesised by Ingaba Biotechnical Industries (Pretoria, RSA).

Table 3.1: Tzcystatin B gene primer nucleotide sequences used for PCR

Primer name  Nucleotide sequence 5" — 3’ Annealing temp.

TzCysB Fwd AAGAATTC ATG AGT AAC ATATGC GGA GGT GT 51.7°C

TzCysB Rev  AACTCGAG CTA AAA ATA TTC GAG CTT ATC AGA
ATGTTTTTT ACCA

Sequences underlined represent the restriction sites for EcCoRI in the forward and for Xhol in the reverse

primer.
3.2.2 Polymerase chain reaction (PCR) for amplification of Tzcystatin B

For amplification of the Tzcystatin B gene the following master mix was prepared: 0.25 U
TaKaRa Ex Taq HS, 1 x Ex Taq buffer (containing Mg?*), 2.5 mM dNTP, 0.5 uM of each gene
primer, 0.5 - 1 uM DNA in a final reaction volume of 50 pl. PCR conditions were as follows:
initial denaturation of DNA was performed 95°C for 3 min; then 34 cycles of denaturation at
95°C for 30 s, annealing at 51.7°C for 30 s, DNA extension at 72°C for 1 min, final extension
at 72°C for 5 min and incubated at 4°C in the Bio-Rad T100 thermocycler. A sample of the
PCR product was analysed by agarose gel electrophoresis (Section 2.2.7) and the remainder
purified and concentrated using the DNA Clean and Concentrator™-5 kit (Zymo Research)

according to the manufacturer’s instructions.
3.2.3 Cloning of Tzcystatin B into pGEM-T and pMD19-T vectors
3.2.3.1 Ligation of the Tzcystatin B insert into pGEM-T and pMD19-T (simple) vector

The purified PCR product was ligated to a cloning vector (50 ng) using a 3:1 molar ratio of
insert to vector as  calculated using  the NEB ligation calculator
(https://nebiocalculator.neb.com/#!/ligation). The purified 290 bp Tzcystatin B PCR product
was ligated to pGEM-T and pMD19-T cloning vectors incubated with 1 x rapid ligation buffer
and 1 U of T4 DNA ligase (Fig. 3.2). Incubation conditions were optimised by incubating
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ligation mixtures at different temperatures: 1 h at RT then 4°C for 16 h; 1 h at 16°C then RT
for 16 h; 16 h at 16°C; 16 h at 4°C and 16 h at RT.
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Figure 3.2: pGEM-T and pMD19-T (simple) cloning vector maps illustrating their multiple cloning
sites and antibiotic resistance. T vectors utilise thymine adenine (TA) cloning where DNA strands
hybridise and ligate due to the presence of 3’ thymine overhangs.

3.2.3.2 Transformation of Tzcystatin B-pGEM-T and Tzcystatin B-pMD-19 (simple) T
vector into E. coli IM109 cells

The Tzcystatin B gene amplicon-cloning vector ligation mixture was transformed into
competent E. coli JIM109 cells as described in Section 2.2.8.3. The transformation mixtures
were plated on 2 x YT bacteriological agar plates [1.6 % (w/v) tryptone, 1% (w/v) yeast extract,
0.5 % (w/v) NaCl, 1% (w/v) bacteriological agar containing 50 pg/ml ampicillin, 20 pg/ml X-
gal, 10 pg/ml IPTG] and incubated at 37°C for 16 h. The recombinant Tzcystatin B-pGEM-T

and Tzcystatin B-pMD-19T colonies were selected by Blue-white colony screening.

3.2.3.3 Plasmid miniprep and restriction digestion of plasmid DNA from recombinant
Tzcystatin B-pGEM-T and Tzcystatin B-pMD-19 colonies

The presence of the Tzcystatin B gene insert in the recombinant colonies selected by Blue-
white colony screening was confirmed by colony PCR as outlined in Section 2.2.8.5. The
vector primers utilised for the pGEM-T vector were the M13 forward and reverse primers as
well as the SP6 forward and T7 reverse primers while for the pMD-19T vector were the M13
forward and reverse primers shown in Table 3.2. The plasmid DNA of the recombinant clones
was sequenced at the Central Analytical facility (CAF), Stellenbosch University. The plasmid
DNA was isolated from the recombinant Tzcystatin B-pGEM-T and Tzcystatin B-pMD-19
colonies by miniprep as outlined in Section 2.2.8.6 and restriction digested using the EcoRI
and Xhol restriction enzymes. Briefly, 1000 ng of isolated plasmid DNA from the recombinant
colonies was digested with EcoRI (1 pl) and Xhol (1 pl) restriction enzymes in the presence of
1 x fast digestion buffer in a final reaction volume of 20 pl. The digestion mixture was incubated
at 37°C for 20 min. The restriction digestion products were analysed by agarose gel

electrophoreses as outlined in Section 2.2.7. The 291 bp Tzcystatin B gene insert was excised

46



from the 1% agarose gel using the Zymogen DNA gel extraction kit as per the manufacturer’s

instructions.

Table 3.2: Vector primer nucleotide sequences used for PCR

Primer name Nucleotide sequence (5" — 3’) Annealing temp.
M13 Fwd GTT TTC CCA GTC ACG AC 42.8°C
M13 Rev CAG GAA ACA GCT ATG AC
. 43.2°C
T7 terminator CTAGTT ATT GCT CAG CGG TG

SP6 promoter ATT TAG GTG ACA CTATAG

3.2.4 Subcloning of Tzcystatin B into pET-28a and pET-32a expression vectors

The pET-28a and pET-32a bacterial expression vectors were restriction digested as described
in Section 2.2.8.7. The restriction digested pET-28a, pET-32a (50 ng) expression vectors were
ligated to the restriction digested Tzcystatin B in a 3:1 molar ratio of insert to expression vector
as determined by the NEB ligation calculator in the presence of 1 x rapid ligation buffer and 1
U T4 DNA ligase at 16°C for 16 h. This ligation mixture was transformed into E. coli JIM109
cells and E. coli BL21 (DE3) cells as per Section 2.2.8.3. The Tzcystatin B-pET-28a and
Tzcystatin B-pET-32a transformation mixtures (100 pl) were plated onto 2 x YT plates
containing kanamycin (34 pg/ml) for pET-28a and ampicillin (50 pg/ml) for pET-32a.
Recombinant colonies were selected at random and the presence of the Tzcystatin B insert at
the expected size was ascertained. Each colony was dispersed in 10 pl distilled water. This
mixture (2 pl) was used to inoculate 5 ml 2 x YT broth containing kanamycin (34 pug/ml) and
ampicillin (50 pg/ml) respectively and incubated at 37°C for 16h with agitation. The presence
of the insert was confirmed by colony PCR and restriction digestion of plasmid DNA by

miniprep as described in Section 2.2.8.6.
3.2.5 Recombinant expression of Tzcystatin B in E. coli
3.2.5.1 Recombinant expression by IPTG induction

The 290 bp cystatin B gene from T. zimbabwensis codes for a protein of 97 amino acids with
an expected molecular weight of ~11 kDa. A single recombinant Tzcystatin B-pET-32a colony
was used to inoculate 2 x YT liquid medium (5 ml) containing ampicillin (50 pg/ml) while a
single recombinant Tzcystatin B-pET28a colony was used to inoculate 2 x YT liquid medium
(5 ml) containing kanamycin (34 pg/ml). Recombinant expression was performed as described
in Section 2.2.10.1. The IPTG concentration for induction of expression and temperature at

which expression was carried out and induced was optimised using 0.1, 0.3 and 1 mM IPTG
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concentrations, and expression conducted for 4 h at 37°C and 24 h at 16°C. No significant
difference in expression was observed thus induction was maintained at 37°C for 4h. The

recombinant expression was analysed by SDS-PAGE as described in Section 2.2.11
3.2.5.2 Recombinant expression by auto induction

Recombinant expression of Tzcystatin B from pET-28a, pET-32a expression vectors was
performed in the E. coli BL21 (DE3) using a method described in Section 2.2.10.2. The
temperature at which expression was performed was optimised by incubation at 37°C for 16
h, 24 hand 48 h and at 16 °C for 16 h, 24 h and 48 h. Optimal expression was observed at 37
°C for 16 h. Recombinant expression was analysed by SDS-PAGE as outlined in Section
2.2.11.

3.2.6 Purification of His-tagged Tzcystatin B expressed from pET-32a and pET-28a
vectors by nickel immobilised metal-ion affinity chromatography (IMAC)

Recombinant Tzcystatin B expressed from the pET-28a and pET-32a vectors carries a His-
tag which enabled purification using a nickel-nitrilotriacetic acid (Ni-NTA) agarose column.
Recombinant Tzcystatin B, expressed from pET-28a and pET-32a, was purified using nickel
affinity chromatography as described in Section 2.2.12. The unbound, wash and elution

fractions were electrophoresed on a 10% Tris-tricine SDS-PAGE gel, (Section 2.2.11).

3.2.7 On and off-column cleavage of fusion tags from Tzcystatin B expressed from the
pET-32a vector using thrombin and enterokinase

3.2.7.1 On column cleavage of Tzcystatin B fusion tags by thrombin and enterokinase

The Ni-NTA affinity column was equilibrated and Tzcystatin B-containing sample loaded, the
unbound fraction collected and the column washed as described in Section 2.2.12.
Subsequently, the column was equilibrated with either 20 ml thrombin cleavage buffer [ 20
mM Tris-HCI buffer containing 150 mM NacCl, 2.5 mM CacCl;, pH 8] and mixed with 800 pl
thrombin cleavage buffer containing thrombin (1 U) or 20 ml enterokinase cleavage buffer [ 20
mM Tris-HCI buffer containing 50 mM NaCl, 2 mM CaCl,, pH 8] and mixed with 800 pl
enterokinase cleavage buffer containing enterokinase (2 U). The resin was mixed with
thrombin or enterokinase using an end-over-end rotor at 4°C for 16 h. The cleaved Tzcystatin
B protein was collected in 1 ml fractions using 9 ml of thrombin or enterokinase cleavage
buffer. The bound His-tag and uncleaved Tzcystatin B were eluted with elution buffer. The
column was regenerated as described in Section 2.2.12. The collected fractions were
electrophoresed on a 10% Tris-tricine SDS-PAGE gel (Section 2.2.11.1) and a duplicate gel

used for a western blot (Section 2.2.11.2).
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3.2.7.2 Off-column cleavage of fusion tags from Tzcystatin B expressed in pET-32a by
thrombin and enterokinase

The Tzcystatin B purification fractions were buffer exchanged into thrombin or enterokinase
cleavage buffer using a 5 ml HiTrap desalting column according to the manufacturer’s
instructions. The off-column cleavage reactions by thrombin and enterokinase were carried
out using microfuge tubes containing 25 pug Tzcystatin B in respective cleavage buffer, 10 x
thrombin reaction buffer [200 mM Tris-HCI buffer, 1.5 M NaCl, 25 mM CaCl;, pH 8] or 10 x
enterokinase reaction buffer 200 mM Tris-HCI buffer, 0.5 M NaCl, 20 mM CaCl;, pH 8] and 1
U of thrombin or enterokinase made up to a final volume of 20 pl or 50 ul using distilled water.
The thrombin and enterokinase cleavage reactions were incubated at 25°C for 16 h. The
products of the cleavage were analysed on a 10% Tris-tricine reducing SDS-PAGE gel and
western blot (Section 2.2.11).

3.2.8 Expression and purification of TcoCATL and TviCATL

The gene coding for TcoCATL (catalytic domain of cathepsin L-like protease from T.
congolense) was previously cloned into the pPIC 9 yeast expression vector (Fig. 3.3) and
transformed into Pichia pastoris GS115 yeast cells for expression (Boulangé et al., 2002). A
glycerol stock of the TcoCATL construct (25% (v/v) glycerol in dH.O, 50% (v/v) TcoCATL
expression culture) was streaked onto yeast extract peptone dextrose agar plates (YPD) [ 1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose, 1% (w/v) bacteriological agar]
containing tetracycline (10 pg/ml) and incubated at 30°C for 72 h under non shaking
conditions. Subsequently, a single colony was used to inoculate 100 ml of YPD medium [ 1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose] containing tetracycline (10 pg/ml)
and incubated using baffled flask at 30°C at 200 rpm for 24 h. The 100 ml culture was added
to 900 ml of buffered media glycerol yeast (BMGY) [ 1% (w/v) yeast extract, 2% (w/v) peptone,
100 mM potassium phosphate buffer, 1.34% (w/v) yeast nitrogen base without amino acids]
containing tetracycline (10 pug/ml) and ampicillin (50 pg/ml) and cultured at 30°C at 200 rpm
for 72 h. The yeast cells were harvested by centrifugation (2000 g, 10 min, 4°C). The harvested
yeast cells were resuspended in 1 L buffered minimal media (BMM) [ 100 mM potassium
phosphate buffer, 1.34% (w/v) YNB, 0.0004% (w/v) biotin] containing 0.5% (v/v) methanol,
tetracycline (10 pg/ml) and ampicillin (50 pg/ml) in a baffled flask covered with sterile
cheesecloth for expression over a 7 day period at 30°C, 200 rpm. Methanol (0.5% (v/v) was
added to cultures every 24 h. Subsequently, the yeast cells were harvested by centrifugation.
The supernatant was collected, and the pellet discarded. The supernatant was filtered using
Whatman No. 4 filter paper used for three phase patrtitioning (TPP) (Pike and Dennison, 1989).
To the filtrate was added 30% (w/v) ammonium sulfate and 30% (v/v) tertiary butanol. This

solution was centrifuged (6000 g, 10 min, 4°C) using a swing out rotor. The precipitated protein
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was collected and resuspended in molecular exclusion (MEC) buffer [50 mM NaH2PO., 300
mM NacCl, pH 8].

Figure 3.3: pPIC 9 vector map from Invitrogen Pichia expression kit

3.2.8.1 Purification of TcoCATL and TviCATL using molecular exclusion
chromatography

TcoCATL and TviCATL expressed in Pichia pastoris GS115 yeast cells, were purified using
HiPrep 16/16 Sephacryl S200 HR resin which has a fractionation range of 2 — 250 kDa. The
S200 column was equilibrated with 180 ml MEC buffer with a flow rate of 0.05 ml/min and
pressure of 0.15 kPa using the AKTA Purifier system from GE Healthcare (Uppasala,
Sweden). In separate experiments, a 2 ml yeast expression sample of TcoCATL or TviCATL
was loaded onto the MEC column. The protein was eluted in 2 ml fractions with a flow rate of
0.05 ml/min and pressure of 0.15 kPa. The S200 resin was regenerated with 60 ml of 0.2 M
NaOH and stored in 20% ethanol. The eluted fractions were electrophoresed on a 12.5%
reducing Tris-glycine SDS-PAGE gel (Section 2.2.11.1). The fractions containing either
TcoCATL or TviCATL were pooled and concentrated using PEG 20 000.

3.2.9 Inhibition of cysteine protease activity with Tzcystatin B

The active concentrations of TcoCATL, TviCATL and papain were titrated using the
commercial irreversible inhibitor E-64. Briefly, the enzyme, 1.7 uM TcoCATL or 1 uM TviCATL
(diluted in 0.1 % (w/v) Brij 35) were incubated with 1-10 uM E-64 or 0 -1 uM E-64 respectively
and assay buffer [50 mM Tris-HCI buffer, 150 mM NacCl, 10 mM CacCl2, pH 7.5] containing 5
mM dithiothreitol (DTT) for 30 minutes. Subsequently, 20 uM Z-Phe-Arg-AMC substrate was
added. Papain (0.2 pM) was (diluted in 0.1 % (w/v) Brij 35) and incubated with 1-10 pM E-64,
assay buffer [ 340 mM Na-acetate, 60 mM acetic acid, 4 mM Na;EDTA, pH 5.5] containing 5
mM DTT for 30 minutes. Subsequently, 20 uM Z-Phe-Arg-AMC synthetic substrate was
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added. The fluorescence (Ex360nm and Em460nm) was measured using the Optima

Spectrophotometer from BMG Labtech.

The inhibitory activity of purified T. zimbabwensis cystatin B against TcoCATL, TviCATL,
papain, T. zimbabwensis cathepsin B and Theileria parva cysteine protease was tested by
preincubation of the proteases in triplicate experiments (diluted in 0.1 % (w/v) Brij 35) with O,
0.5, 1, 2,5, 10 uM Tzcystatin B in the respective assay buffer for 30 min. The Z-Phe-Arg-AMC
substrate (20 uM) was added and the fluorescence (Ex360nm and Em460nm) measured
using the Optima Spectrophotometer from BMG Labtech.

3.2.10 Gelatin zymography and reverse gelatin zymography using papain
3.2.10.1 Gelatin Zymography

The analysis of the enzymatic activity of proteases can be carried out using a gelatin
zymogram (Heussen and Dowdle, 1980). The enzymatic activity of the MEC purified TcoCATL
was analysed using a zymogram. The purified TcoCATL was electrophoresed on a 12.5%
Laemmli non-reducing SDS-PAGE gel to which 0.1% (m/v) gelatin was incorporated.
Following electrophoresis, the zymogram was incubated in two changes 2.5% (v/v) Triton
X100 (15 ml) for 1h at RT to remove SDS thus renature the proteases (Heussen and Dowdle,
1980). Following protease renaturation, the gel was incubated in assay buffer for 16 h at RT.
The gel was stained in 0.1% (m/v) amido black for 3 h destained in several changes of destain
solution [30% methanol, 10% acetic acid and 60% dHO].

3.2.10.2 Reverse gelatin zymography using papain

The inhibition of papain by the Tzcystatin B protein also analysed using the reverse
zymography method (Hanspal et al., 1983). The Tzcystatin B protein sample was
electrophoresed on a 10% Tris-tricine non-reducing SDS-PAGE gels to which 0.1% (m/v)
gelatin was incorporated. Following electrophoresis, the SDS was removed as per Section
3.2.10.1. The gels were then incubated in papain (50, 100, 200,400, 600, 800 uM; diluted in
PBS at 37°C for 16h. The gels were stained and destained as outlined in Section 3.2.10.1. A

concentration of 400 uM papain was optimal.
3.2.11 Antibody production and immunoglobulin isolation
3.2.11.1 Chicken immunisation and IgY isolation

Two chickens were used to raise antibodies against purified recombinant Tzcystatin B as
outlined in Section 2.2.13.1. The chicken IgY was isolated as described in Section 2.2.13.2

and the progress of antibody production analysed by ELISA as described in Section 2.2.13.3.
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3.3 Results
3.3.1 Amplification of a cystatin gene from Trichinella zimbabwensis.

Total RNA was isolated from T. zimbabwensis parasites. Two prominent bands were observed
representing RNA at approximately 2000 bp and 1800 bp (Fig. 3.4, panel A). The gene
encoding T. zimbabwensis cystatin B with a size of approximately 290 bp was amplified by
PCR using cDNA as a template synthesised from total RNA and gene specific primers (Fig.
3.4, panel B).
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Figure 3.4: Agarose gel analysis of total RNA used for cDNA synthesis and PCR product of T.
zimbabwensis cystatin B gene amplification. (A) Total RNA isolated from T. zimbabwensis muscle
larvae that was used for cDNA synthesis was analysed on 1% (w/v) agarose gel, M: ssRNA. (B)The
cystatin B gene amplicons as well as the non-template control were analysed on a 1% (w/v) agarose
gel, M: 1 kb O’Gene Ruler.

3.3.2 Cloning of Trichinella zimbabwensis cystatin B gene amplicon into cloning
vectors

The Tzcystatin B PCR product was purified and ligated to ~3000 bp pGEM-T and ~2692 bp
pMD19-T cloning vectors. Recombinant colonies following ligation were identified by Blue-
white colony screening. Plasmid DNA was isolated from the recombinant Tzcystatin B-pGEM-
T (Fig. 3.5, panel A) and recombinant Tzcystatin B-pMD19-T (Fig. 3.5, panel B) colonies.
Plasmid DNA assumes three conformations which are the supercoiled, coiled and nicked
conformations hence three bands were observed (Fig. 3.5, panels A and B). The plasmid
DNA from the recombinant colonies was used as templates for colony PCR using M13 vector
primers (Fig. 3.5, panel C and D) and gene primers (Fig. 3.5, panel E). A ~500 bp colony PCR
product was observed for all seven of the Tzcystatin B-pGEM-T colonies in contrast to the
Tzcystatin B-pMD19-T colonies where only the first two colonies produced bands of ~500 bp
with the use of the M13 vector primers. The correct size of the Tzcystatin B gene is ~290 bp;
the additional ~210 bp may be attributed to the amplification of vector DNA on either side of
the insert. Colony PCR of the same clones was conducted using gene specific primers (Fig.
3.5, panel E and F). A band representing the Tzcystatin B insert was obtained at the expected

size of ~290 bp for all the Tzcystatin B-pGEM-T colonies (Fig. 3.5, panel E). On the contrary,
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a ~290 bp band representing the Tzcystatin B insert was only obtained for colony 1, 4 and 7
of the Tzcystatin B-pMD19-T colonies (Fig. 3.5, panel F). The DNA from a Tzcystatin B-pGEM-
T colony was sequenced, and the sequence was identical to the sequence obtained from
NCBI Genbank (Appendix A).
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Figure 3.5: Screening of recombinant Tzcystatin B-pGEMT and Tzcystatin B-pMD19 clones. The
Tzcystatin B PCR product was ligated to pGEM-T and pMD19-T cloning vectors and transformed into
E. coli JIM109 cells. Plasmid DNA was isolated from recombinant colonies. (A)Tzcystatin B-pGEM-T
clones; (B) Tzcystatin B-pMD-19T clones; colony PCR of recombinant (C) pGEM-T clones and (D)
pMD-19T clones using M13 vector primers; (E) pPGEM-T clones and (F) pMD-19T clones using gene
primers; M: O’Gene Ruler. The arrows in (A) and (B) represent the DNA conformations; (C) to (F):
Tzcystatin B colony PCR amplicons

The amplicons obtained from colony PCR of the Tzcystatin B-pGEM-T colonies using gene
primers were of the expected size of ~291 bp in comparison to the Tzcystatin B-pMD19-T
colonies where two bands were obtained at 500 bp and 291 bp. The presence of the Tzcystatin
B insert in the pGEM-T clones 1, 3 and 5 was further confirmed by a small-scale restriction
digestion using EcoRI and Xhol restriction enzymes. Double restriction digests of the selected

colonies yielded two products, namely, the ~290 bp Tzcystatin B insert and the digested ~3000
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bp cloning vector (Fig. 3.6). The restriction digestion was scaled up and the Tzcystatin B insert

gel extracted and purified in preparation for subcloning into expression vectors.
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Figure 3.6: Analysis of the restriction digestion of Tzcystatin B-pGEM-T clones on a 1% (w/v)
agarose gel. The Tzcystatin B-pGEM-T plasmid was restriction digested with EcoRI (fwd) for 15 min at
37°C and a further 15 min with Xhol (rev). M, O’Gene Ruler

3.3.3 Subcloning of the Tzcystatin B insert into pET-28a and pET-32a expression
vectors

The purified ~290 bp Tzcystatin B insert obtained by restriction digestion of recombinant
Tzcystatin B-pGEM-T colony 3 was ligated to expression vectors pET-28a and pET-32a. The
pET-28a and pET-32a vectors used for ligation were first digested with the same restriction
enzymes to create compatible sticky ends. The undigested vector is represented by three
bands which are the coiled, supercoiled and linear forms of the plasmid, while the digested
vectors by a single band at ~6000 bp because it has become linearised (Fig. 3.7, panel A).
The ligation mixture was transformed into E. coli IM109 cells for storage and E. coli BL21 cells
for expression. Colony PCR was performed on the colonies obtained from the transformation
to confirm the presence of the Tzcystatin B insert. A prominent band with a size of
approximately 290 bp for Tzcystatin B-pET-28a in E. coli IM109 (Fig. 3.7, panel B) and in E.
coli BL21 (Fig. 3.7, panel C). A prominent band with a size of approximately 290 bp
corresponding to the size of the Tzcystatin B insert was observed in the transformed
recombinant pET-32a colonies in both E. coli IM109 and BL21 cells (Fig. 3.7, panels D and
E).

3.3.4 Recombinant expression of Tzcystatin B

The ~290 bp Tzcystatin B gene codes for a protein with an expected molecular weight of 11
kDa and a pl of 6.97 as predicted by the ExPasy server. The expression of rTzcystatin B from
pET-32a (Fig. 3.8) and pET-28a (Fig. 3.9) clones in E. coli BL21 DE3 was carried out at 37°C
using either 1 mM IPTG induction or autoinducing TB medium. Control expressions were
conducted from non-recombinant pET-28a and non-recombinant pET-32a vectors. Following
expression from pET-32a, a prominent band with a size of approximately 32 kDa was

observed both in the soluble and insoluble fractions (Fig. 3.8, panel A). A western blot was
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performed to confirm expression by detection of the polyhistidine tag introduced from the

recombinant expression vectors.
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Figure 3.7: Screening for recombinant Tzcystatin B-pET-28a and Tzcystatin B-pET-32a colonies
by PCR. The Tzcystatin B insert was ligated to pET-28a and pET-32a expression vectors that were
previously digested: (A) restriction digested pET-32a vector; The ligation mixture was transformed into
competent E. coli IM109 and E. coli BL21 cells. Colonies were selected, the plasmid DNA used for
colony PCR of (B) Tzcystatin B from the pET-28a construct in E. coli IM109 cells and (C) E. coli BL21
(DE3) cells; (D) Tzcystatin B from the pET-32a construct in E. coli IM109 cells and (E) E. coli BL21
(DE3) cells using gene primers. Samples were electrophoresed on a 1% (w/v) agarose gel containing
gel red. M: O’Gene Ruler.

The ~32 kDa band was detected using mouse anti-His 1gG antibodies (Fig. 3.8, panel B). The
pET-32a vector contains the S-tag, His-tag and thioredoxin fusion tag which adds an additional
~20 kDa to the size of the expressed protein. Therefore, the size of Tzcystatin B with the fusion
protein is approximately 31 kDa The expression supernatant and pellet were also analysed to
determine whether the protein was soluble or insoluble. Recombinant T. zimbabwensis
cystatin B (rTzcystatin B) in pET-32a was represented by a prominent band with a size of
approximately 32 kDa both in the supernatant and pellet (Fig. 3.8, panel A). Tzcystatin B was
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also expressed from the pET-32a construct in Terrific broth medium which enables expression

by autoinduction, resulting in a prominent band of approximately 32 kDa (Fig. 3.8, panel C).
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Figure 3.8: Analysis of T. zimbabwensis cystatin B expression from pET-32a using IPTG and
autoinduction. (A) The uninduced, soluble and insoluble fractions from expression of colony 1 and 2
of Tzcystatin B in pET-32a and non-recombinant pET-32a were electrophoresed on a 10% reducing
Tris-tricine SDS-PAGE gel and stained with Coomassie blue (B) The expression cell lysate was
electrophoresed on a 10% Tris-tricine SDS-PAGE gel, separated proteins transferred onto
nitrocellulose and probed with mouse anti-His 1gG primary antibody followed by goat anti-mouse 1gG
HRPO and developed with the 4-chloro-1-naphtol-H202 (C) The auto-induced expression lysate of
colonies 1 and 2 of Tzcystatin B in pET-32a and non-recombinant pET-32a were electrophoresed on a
10% Tris-tricine reducing SDS-PAGE gel. The arrow indicates protein band representing rTzcystatin B.
UN, uninduced; IN, induced; M, Molecular weight marker.

Tzcystatin B was also expressed from the pET-28a vector by either IPTG induction or
autoinduction in Terrific broth. A prominent band was observed at approximately 16 kDa for
the IPTG induced Tzcystatin B expression from colony 1 and auto induced expression from
Tzcystatin B-pET-28a colonies 1 and 2. The ~16 kDa prominent band is not observed in the
non-recombinant pET-28a control (Fig. 3.9). The pET-28a vector only contains N and C
terminal His-tags which adds 4 kDa to the expected size of the protein. Control Soybean
trypsin inhibitor (SBTI) showed a band of approximately 22 kDa and haemoglobin (Hb)
monomers of 15 kDa. The SBTI and Hb were used as additional protein markers.
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Figure 3.9: Analysis of T. zimbabwensis cystatin B expression from pET-28a comparing
induction of expression with IPTG and autoinduction. The IPTG induced and auto-induced samples
from colony 1 and 2 expression of Tzcystatin B from the pET-28a construct, non-recombinant pET-28a
as well haemoglobin and SBTI were electrophoresed on a 10% Tris-tricine reducing SDS-PAGE gel
stained with Coomassie blue. The arrow indicates protein band representing rTzcystatin IN1, induced
colony 1; IN2, induced colony 2, IN: induced pET-28a; M, Molecular weight marker.

3.3.5 Purification of Tzcystatin B using nickel affinity chromatography

The rTzcystatin B expressed from both vectors was purified by immobilised metal affinity
chromatography. The polyhistidine tagged rTzcystatin B protein was bound to the nickel
column and eluted using high concentrations of imidazole. A protein of approximately 32 kDa
was eluted from the experiment with E. coli lysates containing the pET-32a vector along with
contaminating lower and higher molecular weight proteins in the first two elutions (Fig. 3.10,
panel A). This expected size corresponds to the Tzcystatin B expressed from the pET-32a
vector. The rTzcystatin B was represented by a prominent band of approximately 16 kDa,
however, minor contaminating higher molecular protein bands were also present (Fig. 3.10,

panel B).

The pET-32a vector, used to express Tzcystatin B contains a 12 amino acid S-tag, 10 amino
acid His-tag tag, 109 amino acid thioredoxin tag, T7 tag as well as thrombin and enterokinase
recognition sites for fusion protein cleavage. Therefore, thrombin and enterokinase were used
to cleave off the fusion protein tags. On column cleavage of rTzcystatin B by enterokinase
proved to be ineffective (Fig. 3.11, panels A and B). A band at approximately 32 kDa was
observed in the fractions after cleavage as well as in the His-tag elution fraction (Fig. 3.11,
panel A). In addition, on the western blot, A 32 kDa protein band was detected by the anti-His
tag antibodies in the western blot of the cleavage fractions as well as the His-tag elution
fraction (Fig. 3.11, panel B). Two prominent bands were observed as products of thrombin
cleavage, a ~32 kDa band and ~16 kDa band (Fig. 3.11, panel C). Tzcystatin B post cleavage
has an expected size of 11 kDa. Therefore, the on-column cleavage of Tzcystatin B from its

fusion protein was ineffective.
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Figure 3.10: Nickel affinity purification of recombinantly expressed Tzcystatin B. Samples from
the elution profiles of (A) Tzcystatin B expressed from pET-32a construct, (B) Tzcystatin B expressed
from pET-28a construct were analysed on 10% Tris-tricine SDS-PAGE gel. M, Molecular weight marker;
s/n, supernatant
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Figure 3.11: On column cleavage of Tzcystatin B from the His-tag, S-tag and thioredoxin fusion
proteins by thrombin and enterokinase. (A) Fusion protein cleavage with enterokinase analysed by
10% Tris-tricine reducing SDS-PAGE. (B) Western blot of enterokinase cleavage fractions probed with
mouse anti-His 1gG primary antibody, followed by goat anti-mouse IgG HRPO and detected with the 4-
chloro-1-naphtol-H202 (C) Fusion protein cleavage with thrombin analysed by 10% Tris-tricine reducing
SDS-PAGE M, Molecular weight marker; s/n, supernatant.

58



3.3.6 On and off-column cleavage of Tzcystatin B-fusion protein

Purified Tzcystatin B-fusion protein was cleaved by thrombin and enterokinase off-column.
Similar cleavage products were obtained for both the thrombin and enterokinase cleavage
reactions where partial cleavage was observed. The Ni-NTA column purified 31 kDa
Tzcystatin B-fusion protein was detected by mouse anti-His IgG was expected to produce two
cleavage products with molecular sizes of 11 kDa, representing Tzcystatin B and 20 kDa,
representing the fusion tags. Four prominent bands are observed following the enterokinase
cleavage reaction while only three were observed after the thrombin cleavage reaction (Fig.
3.12, panel A). Following treatment of Tzcystatin B-fusion protein with enterokinase, a 31 kDa
protein representing uncleaved Tzcystatin B was detected as well as a protein band at 20 kDa
along with a lower molecular weight protein band (Fig. 3.12, panel B). Following treatment of
Tzcystatin B by thrombin, a protein band of approximately 16 kDa was detected (Fig. 3.12,

panel B).
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Figure 3.12: Off column cleavage of Tzcystatin B-pET-32a by thrombin and enterokinase. (A)
10% Tris-tricine reducing SDS-PAGE gel analysis of on column cleavage of Tzcystatin B — pET-32a by
thrombin and enterokinase. (B): The thrombin and enterokinase off column cleavage fractions were
electrophoresed on a 10% SDS-PAGE and transferred onto nitrocellulose and probed with mouse anti-
His IgG primary antibody and goat anti-mouse IgG HRPO secondary with the 4-chloro-1-naphtolH20x.
M, Molecular weight marker; EK, enterokinase

3.3.7 Expression and purification of TcoCATL

In order to evaluate the interaction of rTzcystatin B with parasite cysteine proteases,
Trypanosoma congolense cathepsin L-like protease (TcoCATL) was recombinantly expressed
from the pPIC 9 yeast expression vector in GS115 yeast cells, using a construct previously
prepared in our laboratory. Following TcoCATL expression, the soluble fraction was subjected
to TPP as a first purification step. The TPP precipitated protein was further purified by
molecular exclusion chromatography using an S200 column (Fig. 3.13, panel A). Two peaks
were observed in the elution profile at 38.68 ml and 77.82 ml. The second peak comprising of
fractions 35 — 43 contained the purified TcoCATL at 29 kDa (Fig. 3.13, panel B).
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The purified TcoCATL was detected by affinity purified chicken anti-TcoCATL N-terminal
peptide IgY (Fig. 3.13, panel C). The purified TcoCATL digested the gelatin substrate on the

zymogram thus enzymatically active (Fig 3.13, panel D).
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Figure 3.13: Analysis of the expression of TcoCATL and purification using HiPrep 16/16
Sephacryl S200 gel filtration chromatography. (A) The 30% ammonium sulfate TPP fraction
following expression of TcoCATL was purified on a HiPrep 16/16 Sephacryl S200 column (flow rate of
0.5 ml/min). (B) The gel filtration fractions were analysed using a silver stained 10% Tris-tricine reducing
SDS-PAGE gel. (C) The identity of the purified TcoCATL was confirmed by western blotting using
chicken anti-TcoCATL N-terminal peptide IgY. (D) The enzymatic activity of purified TcoCATL was
analysed using 12.5% SDS-PAGE zymogram. M, Molecular weight marker

3.3.8 Inhibition of cysteine protease activity with Tzcystatin B

The interaction of the 16 kDa Tzcystatin B expressed using the pET-28a expression vector
construct with cysteine proteases from T. zimbabwensis (cathepsin B-like), Trypanosoma
congolense (TcoCATL) Trypanosoma vivax (TViCATL) and Theileria parva (cathepsin L-like
protease) was evaluated. These cathepsin B and cathepsin L like proteases were previously
expressed and purified in our laboratory. Before the effect of rTzcystatin B on TcoCATL activity
was tested, the amount of active TcoCATL was determine by titrating the protease with the
irreversible cysteine protease inhibitor, E-64 and the Z-Phe-Arg-AMC peptide substrate (Fig.

3.14, panel A).. Twenty percent of TcCOCATL was active and this information was used to report
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the quantity of TcoCATL used in the assays in terms of amount of active enzyme. The
treatment of TcoCATL with increasing concentrations of Tzcystatin B was shown to

progressively decrease the enzymatic activity of 0.2 uM TcoCATL.

A ~60% reduction in the activity of TCOCATL was observed when treated with 1 pM Tzcystatin
B while a ~75% reduction in activity was observed when treated with 5 uM Tzcystatin B (Fig.
3.14, panel B). Similarly, the active site titration of TviCATL showed that only 10% of the
enzyme was active (Fig. 3.14, panel C). The highest concentration of Tzcystatin B (10 puM)
inhibited the activity of 1 uM TviCATL by approximately 70%. (Fig. 3.14, panel D).
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Figure 3.14: Analysis of the interaction of TcoCATL and TviCATL with Tzcystatin B. (A) Active
site titration of TcoCATL by E-64 with the hydrolysis quantified using Z-Phe-Arg-AMC substrate. (B)
TcoCATL (0.34 pM active protease) was incubated with 1, 2 or 5 uM of Tzcystatin B. (C) Active site
titration of TviCATL by E-64. (D) TviCATL (0.1 uM active protease) was incubated with 0.5, 1, 2, 5 or

10 pM Tzcystatin B. The arbitrary fluorescence unit values represent the average of triplicate
experiments.

The inhibitory activity of Tzcystatin B was also tested against a commercially sourced
preparation of papain, a cysteine protease from Carica papaya L. latex. The active
concentration of papain was titrated with E-64 and papain was found to be 40% active (Fig.

3.15, panel A). Tzcystatin B (5 pM) inhibited the enzymatic activity of papain by 40% (Fig.
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3.15, panel B). Reverse zymography also showed that Tzcystatin B inhibited the digestion of
gelatin by papain on a zymogram (Fig. 3.15, panel C).
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Figure 3.15: Analysis of the interaction of papain and Tzcystatin B. (A) Active site titration of papain
by E-64. (B) Papain (0.08 uM active enzyme) was incubated with 5 uM of Tzcystatin B. (C): 5 uM
Tzcystatin B was electrophoresed on 10% Tris-tricine reducing SDS-PAGE gel and incubated in papain.
The arbitrary fluorescence unit values represent the average of triplicate experiments.

The inhibitory activity of Tzcystatin B was also tested on the Trichinella zimbabwensis
cathepsin B as well as the Theileria parva cysteine protease (Fig. 3.16). The enzymatic activity
of 1 uM T. zimbabwensis cathepsin B was reduced by ~80% by 10 uM Tzcystatin B while the
same concentration of Tzcystatin B reduced the activity of the T. parva cysteine protease by
~90% (Fig. 3.16, panels A and B).

A 100 - B 100
90 - 90 -
80 - I
> 70 S 70 A
2 >
£ 60 4 £ 60 A
© 3
< 50 A s 50 A
3 [ 40 4
3 40 3
X 30 @ 30 -
s
20 | 20 1
10 A 10 1
0 - 0 4
2 Q &)
,5\,% \(\Q; Q;(b \§\ ‘QQ
¢ T S X2 X0
& S
.\’1/0 AR <V ®&4’
N oY ¥
Q % N

Figure 3.16: Analysis of the interaction of Tzcystatin B with cathepsin B from T. zimbabwensis
and cysteine protease from Theileria parva. (A) 1 uM cathepsin B was incubated with 10 pM
Tzcystatin B. (B) 1 uM T. parva cysteine protease was incubated with 5 uM and 10 uM of Tzcystatin B.
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3.3.9 Production of chicken anti-Tzcystatin B IgY antibodies

The chicken anti-Tzcystatin IgY antibodies were isolated from eggs laid by chickens previously
immunised with purified rTzcystatin B protein. An ELISA was used to analyse the progress of
antibody production by each chicken (Figure 3.17, panel A). Chicken 1 antibody production
peaked during weeks 4,7 and 11 while antibody production from chicken 2 was inconsistent
as no antibodies were obtained on day 3 and 13. Chicken 2 antibody production peaked during
week 7 (Fig 3.17, panel A). The weeks where chicken anti-Tzcystatin IgY production was
highest were pooled. Antibodies produced during weeks 4-6, 7-9, 11-13 by chicken 1 and
antibodies produced during weeks 4-6, 7-9 and 11-12 by chicken 2 were pooled. A
checkerboard ELISA was then performed using pooled antibodies from week 4-6 from both
chicken 1 and chicken 2 to determine the lowest concentration of antibody that would give a
signal (Fig. 3.17, panel B). A minimal concentration of 1 pg/ml shown to be the lowest
concentration of chicken anti-Tzcystatin IgY to produce a signal (Fig. 3.17, panel B).
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Figure 3.17: Analysis of the production of chicken anti-Tzcystatin B antibodies by ELISA. (A)
ELISA plates were coated with 1 pg/ml of Tzcystatin B which was detected using chicken anti-cystatin
IgY as a primary antibody and rabbit anti-chicken (B) ELISA plates were coated with 1 pg/ml of
Tzcystatin B which was detected using the week 4-6 pool (10, 1, 0.1 pg/ml). The absorbance readings
at 405 nm are averages of duplicate experiments.

3.3.10 Detection of native Tzcystatin B protein in crushed T. zimbabwensis muscle
larvae

The pooled week 4-6 chicken anti-Tzcystatin IgY were used for the detection of native
Tzcystatin B in a sample of isolated parasites that was crushed (Fig. 3.18, panel A). The T.
zimbabwensis cystatin B native protein was not detected in the parasite by the chicken anti-

Tzcystatin B IgY antibodies (panels B and C). However, the recombinant protein was detected.
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Figure 3.18: Detection of native Tzcystatin B in crushed and uncrushed T. zimbabwensis muscle
larvae. (A) Isolated parasites were electrophoresed on a 10% Tris-tricine reducing SDS-PAGE gel. (B)
The parasites were crushed and electrophoresed on a 10% Tris-tricine reducing SDS-PAGE gel along
with a sample of recombinant Tzcystatin B. (C) The western blot was probed with chicken anti-cystatin
as a primary antibody and rabbit anti-chicken IgY as a secondary antibody.

3.4 Discussion

In the present study, the cystatin B gene from T. zimbabwensis was amplified using cDNA
synthesised from isolated mMRNA, the amplicon was cloned and the protein recombinantly
expressed in E. coli cells. The Tzcystatin B protein was purified, tested for inhibitory activity
against cysteine proteases and used to raise antibodies in chickens. The antibodies were used
for the confirmation of recombinant expression as well as the detection of the protein in T.

zimbabwensis parasite extracts.

The 290 bp Tzcystatin B gene was amplified by PCR using cDNA as template which was
synthesised from total RNA obtained from the T. zimbabwensis muscle larvae. Similarly, Tang
et al. (2015) amplified the T. spiralis TSCLP gene by PCR using cDNA reverse transcribed
from mRNA obtained from total RNA of intestinal infective larvae. On the contrary, the H.
polygrus, Hpcystatin, and N. brasiliensis Nippostatin cystatin genes were amplified using
cDNA reverse transcribed from RNA obtained from adult worms. The Tzcystatin B amplicon
was then cloned into pGEM-T and pMD-19T cloning vectors. Following amplification,
Nippostatin was also cloned into a pGEM-T cloning vector for sequencing purposes while
Hccystatin was cloned into the pMD19-T cloning vector prior to subcloning into an expression
vector. However, following gene amplification, the TsCLP amplicon was subcloned directly
into the pET-28a expression vector. The TsCLP had a molecular size of 45.9 kDa because of
the presence of two 16.5 kDa domains in the N-terminus and a single domain in the C-terminus
(Tang et al., 2015).
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The Tzcystatin B gene insert was subcloned into pET-28a and pET-32a expression vectors
for recombinant expression. Nippostatin and Hpcystatin were both recombinantly expressed
in pET-32a as well. This expression vector carries the His-tag, S-tag and thioredoxin-tag, the
latter helps improve the solubility and thermal stability of the expressed protein, while the pET-
28a vector contributes a His-tag which assists in protein purification by affinity chromatography
(Costa et al., 2014). Analysis of the recombinant expression of Tzcystatin B and purification
by Ni-NTA affinity chromatography showed Tzcystatin B to have an apparent molecular weight
of 16 kDa and 31 kDa in the pET-28 and pET-32a expression vectors respectively compared
to Hpcystatin had a molecular weight of 16 kDa and Nippostatin 14 kDa as shown by SDS-
PAGE.

In the present study, expression by auto-induction was found to produce higher yields of the
protein in comparison to induction by IPTG for both pET28 and pET32a expression systems.
Autoinducing medium enables high expression of the protein of interest because of attaining
of high cell densities as a result of the presence sufficient nutrients; to illustrate, lactose is
present which is consumed after the glucose in the medium has been consumed (El-Baky et
al., 2015).

Fusion tags such as the 12 kDa thioredoxin-tag, which is larger than the 11 kDa Tzcystatin B,
that is being expressed, may interfere with the structure and function of the expressed protein
(Paraskevopoulou and Falcone, 2018). To illustrate, the fusion tag may obstruct the substrate
or ligand binding sites of the fusion protein (Fonda et al., 2002) Treatment of the 31 kDa
Tzcystatin B expressed in pET-32a with thrombin and enterokinase was expected to produce
two cleavage products, the 11 kDa Tzcystatin B and the 20 kDa fusion tags which include the
N-terminal and C-terminal His-tag, S-tag and thioredoxin-tag (Fig 1.5). However, multiple
cleavage products were obtained except the expected 11 kDa Tzcystatin B cleavage product,
possibly as result of cleavage at secondary sites as has been reported for the overexpressed
GST-apoS100A13 calcium binding protein. (Rajalingam et al., 2008). Cleavage of fusion tags
from rHpcystatin, expressed in the pET-32a vector to which a Tobacco Etch virus (TEV)

recognition site was introduced, was achieved with the TEV protease (Sun et al., 2013).

The purified 16 kDa Tzcystatin B protein expressed from the pET-28a construct was used for
inhibition of protease activity assays. In other studies, the inhibitory activity of nippostatin,
Hccystatin and A. viteae cystatin were tested without prior cleavage of fusion tags.
Recombinant Tzcystatin B (5 uM) was shown to inhibit 0.2 uM papain, 1.72 uM Trypanosoma
congolense TcoCATL, 1 uM T. vivax TviCATL as well as 1 puM T. zimbabwensis cathepsin B
using the Z-Phe-Arg-AMC peptide substrate. Hccystatin was shown to inhibit 0.05 pM human
cathepsin L, 0.05 pM human cathepsin B and 0.15 pM papain using the Z-Phe-Arg-AMC-HCI
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peptide substrate as well as 0.05 uM human caspase 1 using Ac-Tyr-Val-Ala-Asp-7-amino-3-

trifluoromethylcoumarin.

The immunisation of chickens with the Tzcystatin B antigen over the 16-week period showed,
using an indirect ELISA that antibody production was highest between weeks 6-9. Native
Tzcystatin B was not detected in the parasite lysates. In another study, Robinson and
colleagues (2006) were able to detect TSCLP in the stichosome of the T. spiralis parasite and

not in new born larvae.

In conclusion, the cystatin B gene from T. zimbabwensis was identified using bioinformatics,
cloned and the Tzcystatin B protein recombinantly expressed using the E. coli expression
system. The purified rTzcystatin B was used to raise antibodies in chickens and for activity
assays. The chicken anti-Tzcystatin B antibodies enabled the detection of rTzcystatin B in
western blots and on ELISAs. The purified Tzcystatin B inhibited an endogenous cathepsin B-
like protease as well as cathepsin L-like proteases from T. congolense, T. vivax and T. parva.
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Chapter 4: General discussion

Trichinellosis is a meat-borne parasitic zoonotic disease that is acquired by the ingestion of
raw or undercooked meat that is contaminated with infective Trichinella larvae (Wang et al.,
2017c). During the enteric phase of the infection, the infective larvae moult, mature into adults
and produce offspring which enter the lymphatic system and begin the muscle phase of the
infection (Gottstein et al., 2009). There are nine species and three genotypes within the
Trichinella genus which either form collagen capsules thus termed encapsulating or non-
encapsulating; the non-encapsulating species include, T. zimbabwensis, T. pseudospiralis
and T. pupae (Wang et al., 2017a). This neglected tropical disease which continues to emerge
and re-emerge in various countries has both health and economic impacts (Onkoba et al.,
2015; Wang et al., 2017c). The clinical diagnosis of Trichinellosis has been a challenge due
to the non-specific symptoms that the disease presents (Wang et al., 2017c). There are
direct methods of diagnosis which include muscle biopsies or post-mortem inspection of
carcasses and indirect methods of diagnosis such as serological tests to detect Trichinellosis
(Gémez-Morales et al., 2014). Serological detection methods include the detection of parasite
antigens in serum or tissue fluids and the detection of anti-Trichinella antibodies using
techniques such as western blot, indirect ELISA and indirect fluorescent antibody test
(Mukaratirwa et al., 2013; Sun et al., 2018). Treatment for Trichinella includes albendazole
and mebendazole which are anthelmintics as well glucocorticosteroids (Gottstein et al., 2009).

Sero-diagnostic methods for the detection of Trichinella utilise the Trichinella muscle larvae
excretory/secretory (ES) antigens, cuticular antigens, and somatic antigens to detect anti-
Trichinella 1gG responses in the host (Yang et al., 2016). The responses against the muscle
larval ES antigens are only detected at least four weeks post infection hence classified as
group Il antigens (Yang et al., 2016). The ES proteins that are released by the parasites are
capable of interfering with both the initial recognition stage of the parasite by the host and the

effector mechanisms of the host on the parasite (Hewitson et al., 2009).

Excretory-secretory products include proteins such as proteases and protease inhibitors
(Hewitson et al., 2009). According to the MEROPS database (http://merops.sanger.ac.uk),
classes of proteases, classified by their mechanism of action, include the aspartic, glutamic,
metallo, threonine, serine and cysteine proteases as well as asparagine lyases. Mammalian
serine proteases have key roles in complement activation, coagulation, inflammation and
fibrinolysis, while cysteine proteases have roles in protein processing and antigen

presentation (Zang and Maizels, 2001; Verma et al., 2016).
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There are three types of serine protease inhibitors which include the serpins, non-canonical
canonical types of serine protease inhibitors; the latter comprises of ~20 families such as the
Kazal, Kunitz, Pacifastatin and trypsin inhibitor-like (TIL) serine protease inhibitors (Krowarsch
et al., 2003; Yang et al., 2017). The four types of cysteine protease inhibitors include the
cystatin type 1 family, commonly referred to as the stefins, the cystatin type 2, the kininogens
and the non-inhibitory cystatin homologues (Turk et al., 2005). The parasite serine protease
inhibitors help protect parasites from proteolysis (Song et al., 2018b). In addition, these
inhibitors have roles in the induction of the production cytokines which result in anti-
inflammatory responses within the host (Dzik, 2006).

The ES products from the muscle larvae of the encapsulating Trichinella spiralis, a well-
studied member of the Trichinella genus, have become the main target antigens shown to
induce immune responses (Wang et al., 2017a). These antigens have been classified into
eight groups,TSL-1 to TSL-8, which are used in serological tests (Yang et al., 2016). However,
studies have shown that due to the absence of a collagen capsule, the non-encapsulating T.
pseudospiralis elicited less of an inflammatory reaction in infected muscle tissue (Bruschi et
al., 2009). This indicates a potential difference in the ES products of encapsulating and non-
encapsulating species (Wang et al., 2017a). This difference may be better understood through

the study of ES products from non-encapsulated species such as T. zimbabwensis.

The present study set out to identify endogenous serine and cysteine protease inhibitor genes
from the T. zimbabwensis genome, using bioinformatics. The cystatins are a superfamily of
cysteine protease inhibitors that bind tightly to, and block the active site of their target
proteases upon interaction; however, this interaction is reversible (Turk et al., 2002; Knox,
2007). The Kazal-type serine protease inhibitors are a family of canonical inhibitors that
competitively bind to target serine proteases using their reactive centre loop
(Rimphanitchayakit and Tassanakajon, 2010). The identified serine protease inhibitor Kazal-
type 4 (TzSPINK4) and Tzcystatin B genes from T. zimbabwensis were cloned, recombinantly
expressed as potential targets for antiparasitic interventions. The expressed proteins were
purified, their interaction with proteases tested and they were used for antibody production.
The antibodies were used for the detection of the recombinant proteins on western blots and
ELISAs.

The T. zimbabwensis muscle larvae were isolated from the muscle tissue of Sprague Dawley
rats using the pepsin-HCI digestion method. Total RNA was isolated from the parasites and
cDNA reverse transcribed from the total RNA. The ~450 bp TzSPINK4 and ~290 bp Tzcystatin
B genes were each amplified by PCR using the synthesised cDNA as a template with gene

specific primers. Each of the genes were cloned, and the exact sequence of the clones verified
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by sequencing. The sequences of the clones were found to be congruent to the sequences
obtained from NCBI Genbank. The conditions for recombinant expression were optimised for
auto-induction and IPTG induction of expression within the Escherichia coli bacterial

expression system.

The recombinant Tzcystatin B was expressed as a 16 kDa His-tagged protein and as a 32
kDa fusion protein that included a His-tag, S-tag and thioredoxin tag and purified by nickel
affinity chromatography. Similar results were obtained for the recombinant expression of a
cystatin from the gastrointestinal nematode Nippostrongylus brasiliensis. The recombinant
cystatin from N. brasiliensis, nippostatin, was also expressed as a 16 kDa His-tagged protein
which was purified by affinity chromatography (Dainichi et al., 2001). In addition, the cystatin
from the filarial nematode, Acanthocheilonema viteae, was expressed as a 17 kDa His-tagged
protein (Hartmann et al., 1997). The cystatin from a parasitic nematode, Haemonchus
contortus, was expressed as a 35 kDa fusion protein that included a His-tag, S-tag and
thioredoxin tag, which is similar to the size of the 32 kDa Tzcystatin (Dainichi et al., 2001,
Wang et al., 2017b). Tobacco Etch Virus (TEV) protease cleavage was used for removal of
the fusion tagfrom the affinity purified recombinant cystatin from Heligmosoides polygrus, a
parasitic nematode.The cystatin had a size of 16 kDa following cleavage of the His-tag, S-tag
and thioredoxin fusion protein (Sun et al., 2013). The recombinant Heligmosoides polygrus
cystatin has a higher molecular in comparison to Tzcystatin which would have a molecular
weight of 11 kDa following fusion protein cleavage. The T. spiralis cystatin-like protein, TSCLP
was expressed as a 45.9 kDa His-tagged protein which is much larger in molecular size in
comparison to the recombinant Tzcystatin proteins. The high molecular weight of TSCLP may
be attributed to the presence of three domains, two with a molecular weight of ~16.5 kDa;
however, none of the domains contained the conserved QxVxG motif (Tang et al., 2015).

The TzSPINK4 protein as a 20 kDa His-tagged protein and as a 38 kDa fusion protein that
included a His-tag, S-tag and thioredoxin tag. The expressed TzSPINK4 proteins were purified
by nickel affinity chromatography. The recombinant expression of Kazal-type serine protease
inhibitors from other species within the Trichinella genus have not yet been reported. However,
the expression of serine protease inhibitors from the serpin family has been reported. The
interaction between serpins and target serine proteases is covalent and irreversible, resulting
in the disruption of protease active site while the interaction between Kazal-type inhibitors and
target serine proteases is non-covalent, tight-binding and does not result in the disruption of
the active site (Krowarsch et al., 2003). Two recombinant Nasonia vitripenis Kazal-type serine
protease inhibitors, NvVKSPI-1 and NvVKSPI-2, were expressed as 33 and 36 kDa GST-fusion
proteins. These inhibitors are present in the venom apparatus of the parasitic wasp and was

shown to inhibit the activation of prophenoloxidase in the insect host haemolymph (Qian et al.,
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2015). Knockdown studies showed that experimental animals without prophenoloxidase , a

component of the immune system, were easier to infect (Lu et al., 2014).

The His-tagged 16 kDa Tzcystatin B and 20 kDa TzSPINK4 were used to immunise chickens
to produce antibodies. The chicken anti-Tzcystatin B IgY and chicken anti-TzSPINK4 IgY
antibodies were shown to recognise the recombinant Tzcystatin B and TzSPINK4 proteins
respectively on a western blot and in an indirect ELISA. Antibodies against recombinant
proteins from Trichinella have also been raised in mice and rabbits (Tang et al., 2015; Song
et al., 2018b). Antibodies against the 45.9 kDa recombinant cystatin-like protein from T.
spiralis, TsCLP, were produced in rabbits and used to immunolocalise TsCLP in the
stichosome of the T. spiralis muscle larvae and adult worms (Tang et al., 2015). Therefore,
future studies may include immunolocalisation studies for the detection of the Tzcystatin B
and TzSPINK4 proteins in Trichinella zimbabwensis larvae as well as assessment of the

presence of these inhibitors in other developmental stages of the parasite.

A purified recombinantly expressed 43 kDa T. pseudospiralis serpin (rTpserpin) was detected
by serum obtained from mice 60 days post infection. The rTpserpin was also detected in crude
muscle larvae, adults and new born larvae using western blots, giving evidence that rTpserpin
is expressed in all developmental stages of the parasite (Xu et al., 2017b). Antibodies against
a recombinantly expressed T. spiralis serine protease inhibitor (rTsSPI) were able to inhibit
the invasion of intestinal epithelial cells by the Trichinella parasites (Song et al., 2018b).
Therefore, antibodies against the ES proteins from Trichinella not only enable
immunolocalisation studies, but were also shown to have protective roles. The assessment of
whether TzZSPINK4 and Tzcystatin B can confer any immunoprotection may be carried out in
future studies by immunising mice with Tzcystatin B and TzSPINK4 and then challenging the
immunised mice with T. zimbabwensis parasites. If the proteins are found to be protective,

this may inform the development of vaccines.

It was demonstrated in the present study that Tzcystatin B inhibits papain from Carica papaya.
This is an archetypal clan CA protease, hence the family of proteases is known as the papain
family of proteases which also includes the mammalian lysosomal cathepsins (Turk et al.,
2005). The reactive site of cystatins, that contains the QxVxAxG maotif, reversibly binds the
catalytic site of papain and papain-like proteases (Wang et al., 2017b). Turk et al. (2012)
reported that cysteine cathepsin activity is largely regulated by endogenous cystatins,
thyropins as well as serpins in a few cases. In order to determine if Tzcystatin B inhibits
parasite cathepsin L- and B-like proteases, thecatalytic domain of cathepsin L from
Trypanosoma congolense (TcoCATL), was recombinantly expressed and purified, while the

previously expressed catalytic domain of cathepsin L from T. vivax (TviCATL) was purified for
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the inhibition studies. Furthermore, a cathepsin B-like protease from T. zimbabwensis,
TzCATB and a cathepsin L-like protein from Theileria parva were available form parallel

studies in our laboratory.

The Tzcystatin B inhibited the endogenous T. zimbabwensis cathepsin B (TzCATB),the
catalytic domains of the cathepsin L-like proteases from Trypanosoma congolense and T.
vivax, protozoan parasites that cause nagana in cattle as well as a cathepsin L-like protein
from Theileria parva, causal agent for east coast fever (Chamond et al., 2010; Gachohi et al.,
2012). Previous studies have shown that TcoCATL, also known as congopain, is strongly
inhibited by the mammalian cystatins and kininogens (Chagas et al., 1997; Lalmanach et al.,
2002), while mammalian stefin B inhibits TViCATL (Eyssen et al., 2018).

Cystatins expressed from gastrointestinal nematodes have been reported to inhibit cathepsin
and cathepsin-like proteases. The recombinantly expressed 35 kDa cystatin from H. corticus
was shown to inhibit papain, human caspase 1, cathepsin B and cathepsin L (Wang et al.,
2017b). Similarly, the 16 kDa cystatin from H. polygrus was found to inhibit a variety of
cathepsins including cathepsins B, C, L and S, while the N. brasiliensis nippostatin also
inhibited cathepsins B and L (Dainichi et al., 2001; Sun et al., 2013)

The TzSPINK4 did not inhibit trypsin, chymotrypsin or thrombin. Similarly, human SPINK®6 also
did not inhibit trypsin, chymotrypsin or human thrombin but was a selective kallikrein inhibitor
(Meyer-Hoffert et al., 2010).The 43 kDa recombinant T. pseudospiralis serpin, rTpserpin,
inhibited both pancreatic and human neutrophil elastase, mouse mast cell protease-1 and
cathepsin G while the recombinant T. spiralis serine protease inhibitor, rTsSPI, only inhibited

pancreatic trypsin (Xu et al., 2017b; Song et al., 2018b).

Studies on the third domain of turkey ovomucoid (OMTKY3), a Kazal-type inhibitor in complex
with bovine chymotrypsin Aa, human leukocyte elastase and Streptomyces griseus proteinase
B showed that there were 12 positions of contact between the inhibitor and target serine
protease which included the Pg, Ps, P4, P3, P2, P1, P17, P2’, P3’ P1d’ P15’ P1g’ sites (Lu et al., 2001;
Rimphanitchayakit and Tassanakajon, 2010). However, It is the reactive P, site of Kazal-type
inhibitors, usually the second amino acid located C-terminal to the second cysteine in the
amino acid sequence that determines their specificity (Kreutzmann et al., 2004;
Rimphanitchayakit and Tassanakajon, 2010). This Py site interacts with the S; site of the target
protease (Lu et al., 1997). Studies have shown that this reactive P, site is variable and could
include any one of the following ten amino acids; alanine, aspartic acid, glutamic acid,
histidine, lysine, methionine, asparagine, arginine, serine and threonine (Lu et al., 2001; Tian
et al.,, 2004). The TzSPINK4 protein has a methionine residue in the P, site. Kazal-type

inhibitors with methionine, arginine and alanine in the P site have been found to inhibit either
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pancreatic elastase, human neutrophil elastase or both (Rimphanitchayakit and
Tassanakajon, 2010; Negulescu et al., 2015). Therefore, future studies will include the
assessment of the interaction of TzSPINK4 with human neutrophil elastase and pancreatic

elastase, cathepsin G as well as the kallikreins.

Antigens from Trichinella spiralis muscle larvae are commonly used in ELISA and western blot
to diagnose Trichinellosis. However, there is a difference between the ES products of the
encapsulating T. spiralis and non-encapsulating T. pseudospiralis, and possibly T.
zimbabwensis, since the different species elicit different host pathological changes (Gémez-
Morales et al., 2018). The Tzcystatin B and TzSPINK4 proteins identified, cloned and
recombinantly expressed in the present study may constitute diagnostic antigens of muscle
larvae of non-encapsulating species. Furthermore, assessment of the interaction of Tzcystatin
B and TzSPINK4 with cysteine and serine proteases respectively may provide insight into the
functions of these inhibitors within the parasite and the host and may find application in the

design of effective Trichinellosis therapeutics.
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APPENDIX A

A. DNA coding sequences

The DNA coding sequences for the SPINK4 and cystatin B genes from T. zimbabwensis were
obtained by joining the coding sequences (CDS regions) within the shotgun sequence
provided by NCBI Genbank.

ATGATTTCACTCGCTTGCTTGTTGTACTTGTTGATGAGCACTGCTGTTGTCACTTATGGTTTTCCG
ATGATTTTTCCAAGAGATCCATTTTGTACAATGTTCAGCCGTAATGGATTCTGTTATGATATTTATC
AACCGGTCTGTGGAACCGATGGAATAACATACGACAATGAATGCTGGCTCTGCTATCGTCTAACT
ATTGAACCATTGATAGTTCAAATTGCATACGACGGAGAATGTGTGGCAGATTATGATCCAATGAT
GCTGCAATTTCCTAGGGTAATTGGAAATGGTATTGCAGTGCCACCCCCATCGCCACCGTTTTTAC
TCAGTGGTGTTATTGGACTAAATTCAAAAGCTAAAATTGCTCATGCAAAGCCTGAAAACCACACGT
TATCTGTTGAAGATTTGCTGTCAAGCGAAATAGAAACTCGTGCTGCTGATATCCCGTAA

Figure Al: The coding sequences for the TzSPINK4 gene. The gene-specific forward and reverse
primer annealing sites are in bold while the start and stop codons are underlined.

ATGAGTAACATATGCGGAGGTGTCAAAGAGGAAAGAGAACCTACAGAAGCAGAAATGGCAATAG
CATTGGGTTTGAGATCTGACGTGGAGAATCAATTGAATAGAAAGTTCAAGCATTTTCGTCCAGTC
TCTATTCGTACGCAAATTGTCGCAGGCATAAATTACTTTTTTAAAGTTATGGTAGATGAAGATGAC
TTTATTCATCTTCGGGTTTTTAAAAATTTACAAAATGAAACTCAGTTGCACGGCGTACAGCATGGT
AAAAAACATTCTGATAAGCTCGAATATTTTIAG

Figure A2: The coding sequences for the Tzcystatin B gene. The gene-specific forward and reverse
primer annealing sites are in bold while the start and stop codons are underlined.

B. Alignments

The DNA sequences obtained from the CAF sequencing facility from Stellenbosch University
were translated into amino acid sequences using the BioEdit program were aligned with the

sequences obtained from NCBI Genbank.

TzSPINK4 protein —----- MISLACLLYLLMSTAVVTYGFPMIFPRDPFCTMFSRNGFCYDIYQPVCGTDGITY 55
TzSPINK4 rev LKRXFMISLAC-LYLLMSTAVVTYGFPMIFPRDPFCTMFSRNGFCYDIYQPVCGTDGITY 59
KAXKKAKX AR A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR A AR AR AR KA KKK
TzSPINK4 protein DNECWLCYRLTIEPLIVQIAYDGECVADYDPMMLQFPRVIGNGIAVPPPSPPFLLSGVIG 115
TzSPINK4 rev DNECWLCYRLTIEPLIVQIAYDGECVADYDPMMLQFPXVIGNGIAVPPPSPPFLLSGVIG 119
KA K KKK KA KA KA KA KA KA A KA A A KA A A A A A A A AR AR AKAAKAAAKAAKXN AXAXAXAAXAAA AKX AKX XA XA AR XA XA KK KK
TzSPINK4 protein LNSKAKIAHAKPENHTLSVEDLLSSEIETRAADIP 150
TzSPINK4_ rev LNSKAKIAHAKPENHTXIC-———-———————--—— 138

R Rk kb kb kb

Figure B1: Protein sequence alignment of recombinant clone used for cloning and expression
of rTzSPINK4 to the sequence obtained from NCBI Genbank.
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Figure B2: Protein sequence alignment of recombinant clone used for cloning and expression
of rTzcystatin B to the sequence obtained from NCBI Genbank.
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