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Chapter 1
Literature review

1.1. Global impact of ticks and tick control

1.1.1. Ticks: vectors of disease
Ticks are resilient obligate haematophagous ectoparasites of the class
Arachnida. These organisms are suggested to have evolved prior to, or during
the Cretaceous (120 MYA) or Devonian (416-359 MYA) periods (Klompen et al.,
1996; Dobson and Barker, 1999; Mans and Neitz, 2004). Ticks are classified into
the suborder Ixodida and can be differentiated into the three main families
Argasidae (183 soft tick species), Ixodidae (683 hard tick species) and the
Nuttalliellidae (contains a single species Nuttalliellidae) (Barker and Murrel,
2004).

Ixodid ticks (hard ticks) are slow-feeding organisms requiring days to feed, as the
body wall needs to grow to allow expansion for the blood meal. They also bear a
dorsal scutal plate (the site of attachment for significant muscle groups), a
distinguishing characteristic of ixodid ticks. Argasid ticks (soft ticks) lack a scutal
plate and have a highly folded leathery cuticle which rapidly expands during
feeding.

This characteristic of soft ticks allows them to feed quickly within

minutes or 1-2 hours (Sonenshine, 1991).

Though ticks are obligate blood feeders, life stages such as development,
moulting, mating and oviposition occurs mostly in the absence of a host animal
(with the exception of one host species). This adaptation is unlike that employed
by other permanent ectoparasites that depend on their host for all aspects of
their life cycle. Ticks tend thus to be more aggressive in their feeding behaviour
and employ active predation (questing behaviour) or a “sit and wait “strategy to
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find a host animal throughout their life cycle (up to years) (Sonenshine, 1991;
Lighton and Fielden, 1995).

To date about 75 species are well established as economically important vectors
of protozoan- (e.g. theilerioses and babesioses), rickettsial- (e.g. anaplasmoses
and heartwater or cowdriosis) and spirochaete diseases (e.g. Lyme borreliosis
and relapsing fever), as well as viral infections (e.g. tick-borne encephalitis and
Crimean-Congo haemorrhagic fever) (Jongejan and Uilenberg, 2004).

This

pathogenicity afflicts humans, livestock and companion animals alike and ranks
ticks second to mosquitoes in the transmission of a large variety of debilitating or
life threatening diseases (Sonenshine, 1991).

Furthermore, ticks can cause

severe conditions such as anaemia, paralysis and toxicosis, allergic- and
immune responses, irritation and secondary infection due to compromised
immunity and lesion formation (Jongejan and Uilenberg, 2004; Sonenshine,
1991).

The impact of ticks on man has been recorded as far back as ancient Egypt
(1550 BC) and Greece (850 BC). It was only at the turn of the 19th century, when
Smith and Kilborne described that Rhipicephalus (Boophilus) microplus transmits
Texas cattle fever, that economic losses and pathogen transmission by tick
infestation became apparent (de la Fuente and Kocan, 2003). The cost of tick
and tick-borne disease control globally has been estimated at about 7 milliard
US$ per annum (McCosker, 1979).

This conservative estimation based on

Australian figures, takes only the tick R. (B) microplus as a vector, its role in
transmission and control into account.

Other estimates on annual losses

incurred by tick-borne diseases on livestock include theilerioses (384.3 million
US$ in India) and East Coast fever (~222 million US$ for east Africa), amongst
others (Jongejan and Uilenberg, 2004). Costs of novel drug development are
estimated around the 100 million US$ mark and it can take a decade before a
functional product appears on the market (Graf et al., 2004). Thus, the demand
for cheap and effective tick control becomes evident as much of the economic
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burden is shouldered by poorer developing countries, which lack the
infrastructure and resources to combat these parasites.

1.1.2. Tick control
Cattle-farming is one of the major agricultural industries in the world and has
developed considerably in the tropical and subtropical regions.

This

encroachment of man and livestock into tick infested regions increased the
incidence of tick-borne diseases, making the development of tick control
measures paramount. Exotic breeds of cattle introduced to these regions lack
natural immunity to tick infestations and necessitate the use of acaricides (dips,
sprays and injectables) for their survival (George, Pound and Davey, 2004). The
latter has driven the production of arsenic based insecticides, which lead to the
production of organic pesticides such as DDT in the1940’s and 1950’s (Graf et
al., 2004). As organochlorides made way for organophosphate dips, the latter
became obsolete with the introduction of amidine based chemical products that
are still used today. As resistance to each class of substance evolves, a new
chemical control has to be developed. Unfortunately chemical resources are
waning and the use of chemical acaricides is rapidly becoming a cul-de-sac
measure.

This has necessitated the use of more potent combinations of

pesticides on livestock and poultry, which in turn increases side effects to host
animals as well as withdrawal periods to make products such as milk, meat and
eggs safer for human consumption (Graf et al., 2004).

The current trend in development of safer, more sustainable resources of tick
control include acarine growth regulators (e.g. fluazuron based on benzoylphenyl-urea) and macrocyclic lactones (e.g.

ivermectin), as well as better

farming practices which includes the rotation of chemicals and grazing area to
prolong chemical usefulness against new resistance (Graf et al., 2004; George,
Pound and Davey, 2004; de la Fuente, Kocan and Blouin, 2007; de la Fuente et
al., 2007).

Another new stride in tick control is the development of anti-tick

vaccines which offers a renewable resource with little drawback in acquired
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resistance and residue problems (Graf et al., 2004; de la Fuente et al., 2007; de
la Fuente, Kocan and Blouin, 2007). Though current vaccines lack efficacy for
stand-alone use, their integration into current control strategies could give
producers an edge in resistance management (Willadsen, 2006; Kocan, de la
Fuente and Blouin, 2007; de la Fuente, Kocan and Blouin, 2007).

1.1.3. Tick vaccines
Immunologic control of ticks is currently approached in two ways.

The first

centres on investigation into the physiological and immunological responses
elicited by repeated attachment of ticks to their host. Antigens involved in these
responses are typically components “exposed” to the host during feeding and
involve mostly proteins from tick salivary glands or mouthparts. The second
approach leans on the stimulation of an immunological interaction that does not
occur as a result of natural feeding. The antigens involved in these types of
responses are not displayed to the host immune system during natural parasitehost interaction (Opdebeeck, 1994; Willadsen and Jongejan, 1999).

These

antigens are called “concealed” antigens and typically include components from
the gut.

Immunity toward infestation for both approaches should result in a

reduction in the number of engorged ticks, body weight and fecundity of ticks
feeding on vaccinated animals (Willadsen, 2004; de la Fuente and Kocan, 2006,
Nuttall et al., 2006).

1.1.3.1. Exposed antigens
Acquired immunity from vaccination with exposed antigens has for the most part
focused upon the tick attachment site, especially components of the cement cone
used in ixodid attachment. Truncated constructs of a putative cement protein
from R. appendiculatus (64P, 15 kDa), has been proven by Trimnell, Hails and
Nuttall (2002) to afford protection against tick infestation.

A reduction in

engorgement- and egg weight, as well as a 48% and 70% mortality rate in
nymphs and adults were observed, respectively. In recent years the inclusion of
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proteins from tick salivary glands has widened the repertoire of antigens that can
be utilised as vaccine targets (Willadsen, 2004).
associated

protein

Haemaphysalis

related

longicornis

to

vertebrate

salivary

glands,

A 29 kDa protein (matrix-

collagens),
provided

identified
protection

from
during

vaccination trials. Results showed a reduction in adult female engorgement and
a 56% mortality rate of nymphs post-engorgement (Mulenga et al., 1999).
Trypsin inhibitors isolated from R. (B.) microplus larvae (BmTIs), showed a
72.8% efficacy in interfering with feeding on vaccinated cattle (Andreotti et al.,
2002; Andreotti, 2007). Other antigens that may be employed to obtain acquired
immunity include secreted calreticulin (identified for Amblyomma americanum;
Dermacentor variabilis and R. (B.) microplus), anti-complement and histaminebinding proteins (identified from Ixodes scapularis) (Valenzuela, 2004; Willadsen,
2004). The major draw back in acquired resistance is that few antigenic targets
have been fully characterised and validated as possible vaccines. Furthermore
the determinants that infer cross-protection are not clear and requires in depth
investigation.

Anti-coagulants and blood platelet aggregation inhibitors represent an important
source of novel antigens (reviewed by Willadsen, 2004; Mans and Neitz, 2004,
Valenzuela, 2004, Maritz-Olivier et al., 2007). These proteins play an integral
role in tick feeding and host-response evasion and thus make them attractive
targets for vaccine development. Inhibitors have been identified in both argasid
and ixodid tick species and include inhibitors for factor Xa, thrombin, tissue
factor, factor VII and kallikrein (Figure 1.1.) (Mans and Neitz, 2004; Maritz-Olivier
et al., 2007). For inhibition of platelet activation and aggregation a number of
proteins have evolved, each with a unique target e.g. (1) collagen-dependant
aggregation via the

2 1

integrin (e.g. Tick-adhesion inhibitor from Ornithodoros

moubata); (2) fibrinogen-dependant aggregation via the

IIb 3

integrin (e.g.

Savignygrin and Disagregin from Ornithodoros savignyi and O. moubata,
respectively) and (3) enzymatic hydrolysis of activating extracellular nucleotides
by apyrases (e.g. O. savignyi O. moubata and I. scapularis) (Maritz-Olivier et al.,
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2007, Mans and Neitz, 2004). Though not proteins, ADP release from activated
platelets can also be inhibited by secreted prostaglandins via prostaglandin
receptors (e.g.PGI2 and PGD2 from I. scapularis and A. americanum,
respectively) (Mans and Neitz, 2004). To date the efficacy of these targets as
vaccine candidates remains to be demonstrated (Willadsen, 2004).

Figure 1.1. Blood coagulation cascade displaying the various targets for tick derived inhibitors (Maritz-Olivier et
al., 2007). Tick derived anti-haemostatics target various components of the intrinsic and extrinsic pathways, including
tissue factor (TF), activated factor X (Xa) and thrombin.

Other components that are affected by tick inhibitors are

activators of platelet aggregation (e.g. ADP and prostaglandins PGD and PGI), as well as platelet receptors like the
integrins

IIb 3

and

I 2.

A further target for tick anti-coagulants is clot formation and fibrinolysis. Also indicated are the

number of tick proteins identified to date for each target.

Abbreviations:

IIb 3

and

I 2:

integrin receptors; ADP:

adenosine diphosphate receptor; C: collagen; vWF: von Willebrand factor; GPIb/VI/X and GPVI/FcRγ: glycoproteinreceptor complexes; PAR: protease-activated receptor; PGD: prostacyclin D receptor; PGI: prostacyclin I receptor; TAFI:
thrombin activatable fibrinolysis inhibitor; TF: tissue factor.
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1.1.3.2. Concealed antigens
Concealed antigens represent another class that has been explored for novel
vaccine development. For ticks, the gut lumen is exposed to antibodies ingested
from the blood meal. It is this characteristic that has lead to the most successful
anti-tick vaccine to date, Bm86, a membrane-bound gut protein identified from R.
(B.) microplus.

It is the main component of commercial vaccines generally

known as TickGARD plus and GAVAC (reviewed by Willadsen and Jongejan,
1999; Willadsen, 2004; Willadsen, 2006).

Vaccination with this tick antigen

causes destabilisation of the gut lumen, leading to leakage of gastric content into
the tick body cavity during feeding (so-called “red ticks”).

During field trials,

vaccinating cattle with native Bm86 (TickGARD plus) showed a 56% reduction in
tick numbers and 72% reduction in fecundity after one generation (Jonsson et al.,
2000). A 90% reduction in larvae production has also been reported for most
susceptible tick isolates and a two-third reduction in acaricide treatment required
for tick control in Cuban trials (Willadsen, 2006).

Homologues have been

identified in other tick species and cross-reactivity between species of tick has
been demonstrated (Fragoso et al., 1998; Liao et al., 2007; Canales et al., 2008).
Another “concealed” antigen identified is the carboxydipeptidase Bm91 from R.
(B.) microplus, which has also been shown to be effective as a vaccine candidate
as well as to increase the efficacy of Bm86 (Jarmey et al., 1995; Willadsen,
2004). The drawback of a vaccine made from concealed antigens such as Bm86
is that antibody titres are not boosted with tick infestation, but require continual
booster injections (Willadsen and Jongejan, 1999; Willadsen, 2004).

Expression library immunisation experiments performed with salivary gland
cDNA from I. scapularis by Almazán et al. (2003) identified a third concealed
antigen. An endopeptidase (4D8 or subolesin) was obtained that showed a 40%
reduction in tick infestation (44% efficiency). Vaccination trails with recombinant
protein showed a 61% and 58% reduction in larval and adult infestation,
respectively (71% efficacy for both) (Almazán et al., 2005a; Almazán et al.,
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2005b). Another antigen was identified during these experiments that showed a
50% reduction in tick infestation (58% efficiency) (Almazán, 2003). This protein,
a putative 5’-nucleotidase (4F8), produced a 64% reduction in larval infestations
(62% efficacy) in vaccination trails (Almazán et al., 2005b). A similar antigen
from R. (B.) microplus has also been suggested for novel vaccine development
(Willadsen, 2004).

This nucleotide-metabolising enzyme is found in various

tissues (including gut, ovaries and Malpighian tubules) and is stated to have a
putative function in purine salvage (Liyou et al., 2000). Likewise, tick apyrases
are also nucleotide-metabolising enzymes directly involved in feeding as
antiplatelet aggregation inhibitors.

However, the efficacy of these exposed

antigens as vaccine candidates remain to be evaluated. The results to date
suggest that native nucleotidases from ticks could be possible vaccine antigens,
but further critical assessment is required.
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1.2. Nucleotide-metabolising enzymes involved in haemostasis
The involvement of nucleotide-metabolising enzymes to advance feeding and
hinder

host

response

mechanisms

is

a

common

feature

amongst

haematophagous parasites. To understand the role of parasite nucleotidases in
the modulation of host extracellular nucleotide metabolism, an overview of
haemostasis and platelet activation will be presented, outlining the contribution of
extracellular nucleotides and the host enzymes involved.

1.2.1. Haemostasis: an overview
An array of proteoclastic cascades and signal transduction events maintain the
integrity and stability of blood flow in the vascular system. During vascular injury,
signalling events initiate the formation of a haemostatic plug and proinflammatory
responses to combat possible infection (removal of foreign material), promote
tissue repair and finally thrombus dissolution (reviewed by Gorbet and Sefton,
2004; Brass, 2003; Marcus et al., 2003).

The events involved in thrombus

formation are summarised in Figure 1.2.

9

Chapter 1: Literature review

Figure 1.2. Platelet recruitment and thrombus formation upon blood vessel injury (Adapted from
Marcus et al., 2003; Dorsam and Kunapuli, 2004). Loss of vessel integrity exposes collagen which interacts
with von Willebrand Factor (vWF) in the plasma (a). Adhesion of platelet membrane receptors to vWF and
collagen leads to the binding of plasma fibrin via GPIIb/IIIa (b). Activation of the platelet leads to granule
secretion of platelet agonists (ADP, TXA2 and serotonin) that recruits more platelets to the growing thrombus
(c). Endothelial thromboregulators ( PGI2, NO and ecto-enzymes; Table 1.1.) is responsible for limiting the
thrombus formation to the site of injury (d). Injury of vessels also causes the release of tissue factor (TF)
that catalyses the activation of thrombin (e), which in turn cleaves fibrinogen and activates platelets via
thrombin sensitive platelet receptors. As the haemostatic plug consolidates and stabilises, the platelets
promote leukocyte activation (via chemotaxis) and adhesion to the thrombus (f).

Metabolically active

erythrocytes are also enmeshed into the fibrin clot, where it is thought to serve a prothrombotic purpose as it
reacts to platelet releasates and releases unknown platelet agonists (g). The fibrinolytic pathway is initiated
upon the release of tissue plasminogen activator (TPA) and regeneration of the endothelium leads to the
final dissolution of the haemostatic plug. Abbreviations: ADP: adenosine diphosphate; TXA2: thromboxane
A2; TF: tissue factor.

Blood platelets play a crucial role in host response to vascular injury (Weyrich
and Zimmerman, 2004). Platelets are discoid, anucleated subcellular fragments,
derived from megakaryocytes that circulate in a quiescent form until activated
(Hartwig and Italiano, 2003). Activation is controlled by various agonists and
antagonists, many of which are derived from the endothelium. The endothelium
separates platelets from platelet agonists like collagen and von Willebrand factor
(vWF) in the vessel wall. In addition, the endothelium contributes a variety of
cell-associated or secreted thromboregulators into the immediate environment to
agonise or antagonise platelet activation (Table 1.1.).

Nitric oxide (NO) and
10
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prostacyclin I2 (PGI2) are both vasodilators and stimulators of platelet adenylate
and guanylate cyclases, which inhibit platelet activation by production of cyclic
nucleotide monophosphates.

Membrane bound endothelial nucleotidases

regulate extracellular ADP levels, crucial to activation of circulating platelets
(discussed in more detail in the following sections). Other obstacles to platelet
activation also include the circulating heparin-induced anticoagulant antithrombin III (ATIII), the short half-life of agonists like thromboxane A2 (TXA2) and
finally the flow rate of blood which influences platelet deposition (Gorbet and
Sefton, 2004; Brass, 2003; Marcus et al., 2003).

Table

1.1.

Endothelial

thromboregulators

(Brass,

2003;

Marcus

et

al.,

2003;

Gendaszewska- Darmach et al., 2003).
Agonist/inhibitor

Mechanism/ Target

(i) Involved in platelet activation
ATP and ADP

Activation via platelet purinergic receptors

Thromboxane (TXA2)

Activation via platelet Thromboxane A2 receptor

Tissue factor (TF)
von Willebrand factor
(vWF)

Activation of extrinsic pathway for formation and activation of platelets via
PAR receptors.
Mediates collagen-GPIb binding and activation

(ii) Involved in platelet inhibition
Prostacyclin (PGI2)

Vasodilator and stimulates adenylate cyclase

Nitric oxide (NO)

Vasodilator and stimulates guanylate cyclase

NTPDase-1 (CD39)

Nucleotide metabolising enzyme that hydrolyses extracellular ATP to AMP

5’-nucleotidase

Nucleotide metabolising enzyme that hydrolyses extracellular AMP to
adenosine, a potent platelet inhibitor
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Vascular injury exposes the subendothelial matrix and its associated components
(Figure 1.2.). The two major modes of platelet adhesion involves direct binding
to collagen via the GPVI receptor and the
GPIb/IX/V complex and the

IIb 3

2 1

integrin. Indirect binding of the

integrin occur via vWF. This initial tethering

arrests platelet movement long enough to initiate activation and aggregation.
The primary layer of platelets is responsible for promoting further aggregation via
binding of vWF and fibrinogen, following activation.

Association leads to

receptor-mediated signal transduction events that cause the release of platelet
granular content that includes ATP, ADP, calcium and serotonin (Figure 1.2.)
(McNicol and Israels, 1999). The adenosine nucleotides released are the most
powerful agonists of platelet activation.

1.2.2. Extracellular nucleotide activation of platelets
To ensure maintenance of normal blood fluidity, platelets have to be maintained
in an inactive form.

This prevents spontaneous intravascular thrombus

formation, which may occlude arteries, leading to thrombosis and stroke
(Hollopeter et al., 2001). Vascular injury results in the release of ATP and ADP
into the plasma from disrupted endothelial cells, activated platelets and degraded
erythrocytes. These extracellular adenosine nucleotides bind to A 2A-, P2Y- and
P2X receptors and activate platelets via associated G-proteins consisting of -, and -subunits (Brass, 2003; Geiger et al., 1998; reviewed in Fredholm et al.,
2001; Andrews and Berndt, 2004).

Figure 1.3 summarises how extracellular

nucleotides modulate platelet activation and the various pathways involved.
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Figure 1.3.

Integrated pathways of platelet activation and inhibition via extracellular nucleotide

metabolism (adapted from Kunapuli, Dorsam and Quinton, 2003; Oury et al., 2004). Nucleotides, like
ATP and ADP, are released into the extracellular milieu upon vascular injury. These agonists bind to P2
receptors and potentiate platelet activation via calcium-dependant (involving P2Y1 and P2X1) and
independent (involving P2Y12 and P2Y1) pathways of CaM and/or Rho, for MLC phosphorylation,
respectively.

These pathways lead to cytoskeletal rearrangements that activate granule secretion and

platelet aggregation.

Another independent pathway mediated by P2Y12, involves the activation of PI-3

kinase, which also potentiates platelet aggregation. A number of extracellular nucleotidases are implicated
in modulating ATP metabolism for haemostasis. These include membrane-bound and soluble enzymes
occurring on the endothelium, leukocytes and in the plasma. These enzymes modulate platelet activation
via the ATP/ADP receptors (solid arrows) and inhibition/sensitization via the adenosine receptor (dashed
arrows). Erythrocytes (RBC) are involved in transport of adenosine from the forming thrombus, while ATP is
regenerated by enzymes like adenylate kinase and NDP kinase (pink dashed arrows). Abbreviations: PI3K:
phosphatidylinositol 3-kinase; MLC: myosin light chain; MLCK: myosin light chain kinase; PMNL:
polymorphonuclear leukocyte; CaM: calmodulin; PLC: phospholipase C; AC: adenylate cyclase; IP 3 :
inositol-1,4,5-triphophate; Ado: adenosine; AMP: adenosine monophosphate; ADP: adenosine diphosphate;
ATP: adenosine triphosphate; cAMP: cyclic AMP; cGMP: cyclic guanidine monophosphate; RBC: red blood
cell; PGI2 : prostaglandin I2 ; NO: nitric oxide.

13

Chapter 1: Literature review

The P2Y12 and P2Y1 receptors play an integral role in proaggregation responses
(Cattaneo and Gachet, 1999).

The G i2 subunit of P2Y12 inhibits adenylate

cyclase that maintains platelets in a quiescent form, hindering cytosolic cAMP
synthesis (Yang et al., 2002). The G i2 subunit activates phosphatidylinositol 3kinase (PI3-K ), which in turn activates protein kinases for activation of the
integrin

IIb 3

(Kunapuli, Dorsam and Quinton, 2003; Oury et al., 2004; Yamaji et

al., 2002; Kim, Jin and Kunapuli, 2004). Two additional pathways lead to platelet
activation in a Ca2+- dependent and independent manner.
The Ca2+-independent pathway activates platelets by agonists binding to P2Y1and P2Y12 receptors and subsequent activation of a Rho-kinase (Rho-associated
coiled-coil containing kinase) that in turn activates the Rho-kinase/p160ROCK
(Oury et al., 2004; Paul et al., 2003). The latter kinase induces platelet shape
change by phosphorylation of myosin light chains (MLC) (Oury et al., 2004).
Platelet shape change by Ca2+-dependant pathways are mediated by the P2Y1
and P2X1 receptors. The P2Y1 receptor is a Gq coupled protein that stimulates
phospholipase C (PLC ), which produces inositol-1,4,5-triphosphate (IP3) by
hydrolysis of membrane-bound phosphatidylinositol-4,5-bisphosphate (PIP2). IP3
potentiates the activation of an IP3-gated Ca2+ transport channel, releasing
intracellular Ca2+ from the dense tubule system. Stimulation of both P2Y1 and
P2X1 receptors causes an increase in cytosolic Ca2+-levels that activates the
myosin light chain kinase (MLCK) pathway via calmodulin (CaM) (Kunapuli,
Dorsam and Quinton, 2003; Oury et al., 2004).

Both pathways culminate in

cytoskeletal rearrangement and platelet degranulation, following phosphorylation
of MLC.
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1.2.3. Enzymes involved in extracellular nucleotide metabolism
Extracellular nucleotide leaves are under tight control to prevent spontaneous
thrombus formation. Nucleotide-metabolising enzymes play a crucial role in the
control of receptor-mediated nucleotide signalling by degrading extracellular
adenosine nucleotides for nucleotide salvaging or excretion as uric acid (Figure
1.3. and Figure 1.4.) (Zimmermann, 2000; Shryock and Belardinelli, 1997).

Figure 1.4. ATP metabolic pathway and the various possible ecto-enzymes involved in catalysis
and regeneration of intermediates.

A variety of extracellular enzymes occur in various vascular components, as
membrane-bound proteins or soluble enzymes in the circulating plasma (Figure
1.4. and 1.5.). Amongst these are ecto-nucleoside triphosphate dihydrolases (ENTPDase

or

CD39

family),

ecto-nucleotide

pyrophosphatase/

phosphodiesterases (E-NPP or PDNP family) and ecto-5’-nucleotidases (E-5’NTDase or CD73 family), as well as various nucleotide-converting enzymes
(Fredholm et al., 2001; Zimmermann, 2000).
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Figure 1.5.

Diagrammatic representation of the general membrane topology and nucleotide

substrates of the various extracellular nucleotide-metabolising enzyme families (Adapted from
Zimmermann, 2000). These include the (left to right) ecto-nucleoside triphosphate diphosphohydrolases
(E-NTPDase or CD39 family); ecto-nucleotide pyrophosphatase/ phospho-diesterase (E-NPP or PDNP
family); ecto-phosphomonoesterases (Alkaline phosphatase family) and ecto-5’-nucleotidase or CD73
family. Dashes indicate possible cleavage sites.

E-NTPdase I or CD39 is responsible for the sequential hydrolysis of ATP and
ADP to AMP, thus its inhibitive action on the P2 receptors of circulating platelets
becomes evident (Zimmermann, 2000). This enzyme type was first identified
and cloned from potato tubers (Handa and Guidotti, 1996), then B-lymphocytes
and a host of other cell types in various species from plants to animals (Marcus
et al., 2003). Furthermore, CD39 is responsible for maintaining the sensitivity of
the P2 receptors, especially seen for those involved in shape change (P2Y 1 and
P2X1) (Hechler et al., 2003; Enjyoji et al., 1999).
The related activity of endothelial ecto-5’-nucleotidase (CD73) (Figure 1.4.), a
glycosylphosphatidyl

inositol-anchored

membrane

protein

(GPI-anchored),

contributes to the inhibition of platelets. It hydrolyses AMP produced by CD39 to
adenosine (Ado), which binds to platelet adenosine receptors, causing adenylate
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cyclase activation and subsequent inhibition of platelet activation (Shryock and
Belardinelli, 1997; Birk et al., 2002; Enjyoji et al., 1999). Ecto-5’-nucleotidase
enzymes are dimeric zinc-binding metalloenzymes and have been identified in
bacteria, fungi, vertebrates and invertebrates (Zimmermann, 2000).

The

interplay between the CD73- and CD39 enzymes, prevent platelet activation and
hence maintains blood fluidity. Additional sources of ecto-nucleotidases include
circulating leukocytes, the platelets themselves and plasma.
Though platelets have similar CD39 and 5’-nucleotidases present on their
membranes, enzyme activity of these homologues is insufficient to induce
platelet activation (Stafford et al., 2003). However, it was shown that addition of
leukocytes (which also expresses ecto-enzymes) to platelet rich plasma (PRP),
induced platelet aggregation to a reasonable extent.

Of interest is that

erythrocytes have been implicated in the transport of adenosine produced from
ATP/ADP hydrolysis by means of studies using dipyridamole (an inhibitor of
adenosine transport) (Stafford et al., 2003). This has interesting implications,
since erythrocytes are also associated in the formation of a thrombus (Figure
1.2.). In this instance erythrocytes may have a prothrombotic effect, as they
transport adenosine produced by enzymatic degradation away from the
immediate microenvironment at the site of injury.

Another source of ecto-enzymes is plasma.

Certain plasma enzymes with

pyrophosphatase activity allow the breakdown of ATP directly to AMP and
pyrophosphate (Birk et al., 2002). These E-NPP enzymes are a family of single
transmembrane proteins (with extracellular C-terminal domains) that possess a
putative Ca2+-binding motif (EF-hand) and cleavable cysteine-rich region near the
transmembrane domain (Zimmermann, 2000). The presence of soluble enzymes
displaying ecto-5’-nucleotidase, E-NNP and adenosine deaminase (ADA) activity
in human serum, has also been confirmed (Yegutkin, Samburski and Jalkanen,
2003). Soluble E-NPP is the major ATP-metabolising enzyme in human serum.
It contributes significantly to the maintenance of blood flow by circumventing the
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formation of prothrombotic ADP intermediates.

ATP-regenerating enzymes,

adenylate kinase and NDP kinase, have also been identified from human serum
(Figure 1.3. and Figure 1.4.). These results weave together an intricate system
of interconnected reactions regulating receptor stimulation and/or inhibition to
maintain haemostatic ATP-metabolism (Figure1.3.).

These highly regulated mechanisms become more important at the host-parasite
interface, where modulation of host haemostatic responses is a necessity for
blood-feeding parasite survival.

The following sections will deal with host-

parasite interactions and the role of parasite ecto-NTPdases in invasion, immune
modulation necessary and acquisition of nutrients from the host.
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1.3. Arthropod apyrases: adaptation to a blood-feeding lifestyle
To

circumvent

host

haemostatic

responses

for

effective

feeding,

haematophagous organisms have evolved mechanisms for host immune
modulation, anti-haemostatic and repair responses.
adenosine

triphosphate

(ATP)

and

especially

As described previously,
its

derivative

adenosine

diphosphate (ADP) released from damaged cells and activated platelets, play an
important role in initiation and maintenance of thrombus formation. It is then
prudent to expect that organisms that have adapted to a blood-feeding lifestyle
may have evolved enzymes to deal with these important signalling molecules.

In

arthropods

(as

well

in

other

parasitic

organisms),

apyrase

(ATP:

diphosphohydrolases, EC.3.6.1.5.) is the degrading enzyme responsible for the
sequential breakdown

of

ATP/ADP

to AMP

and

inorganic phosphate

(Champagne et al., 1995; Valenzuela et al., 1998). Apyrase activity is a common
feature of the arthropod anticoagulant repertoire.

Many such enzymes have

been identified for various arthropods, though these enzymes differ in their
activity, specificity, pH optima, co-factors and structures (Table 1.2.).
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Table 1.2. Various apyrases and nucleotidases identified in arthropods.
Organism

Enzyme

Family

Mass

Reference

From Insects:
Aedes aegypti

Apyrase

Ecto-5’-nucleotidase/CD73

~68 kDa

Champagne et al.
(1995)

Anopheles albopictus

Apyrase

Ecto-5’-nucleotidase/CD73

~61 kDa

Arcà et al. (2007)

Anopheles gambiae

5’-nucleotidase

Ecto-5’-nucleotidase/CD73

~63 kDa

Arcà et al. (1999)

Anopheles gambiae

Apyrase

Ecto-5’-nucleotidase/CD73

~62 kDa

Arcà et al. (1999),
Lombardo et al.
(2000)

Anopheles stephensi

5’-nucleotidase

Ecto-5’-nucleotidase/CD73

~65 kDa

Valenzuela et al.
(2003)

Anopheles stephensi

Apyrase

Ecto-5’-nucleotidase/CD73

~61 kDa

Valenzuela et al.
(2003)

Cimex lectularius

Apyrase

Cimex-family ATPases

~40 kDa

Valenzuela et al.
(1998)

Culex pipiens
quinquefasciatus

Apyrase

Ecto-5’-nucleotidase/CD73

n/d

Lutzomyia longipalpis

5’-nucleotidase

Ecto-5’-nucleotidase/CD73

~61 kDa

Charlab et al. (1999)

Lutzomyia longipalpis

Apyrase

Cimex-family ATPases

~35 kDa

Charlab et al. (1999)

Phlebotomus papatsi

Apyrase

Cimex-family ATPases

~38 kDa

Valenzuela et al.
(2001)

Triatoma infestans

Apyrase

Ecto-5’-nucleotidase/CD73

~88 kDa

Faudry et al. (2004)

Triatoma infestans

Apyrase

Ecto-5’-nucleotidase/CD73

~82 kDa

Faudry et al. (2004)

Triatoma infestans

Apyrase

Ecto-5’-nucleotidase/CD73

~79 kDa

Faudry et al. (2004)

Triatoma infestans

Apyrase

Ecto-5’-nucleotidase/CD73

~68 kDa

Faudry et al. (2004)

Triatoma infestans

Apyrase

Ecto-5’-nucleotidase/CD73

~67 kDa

Faudry et al. (2004)

Xenopsylla cheopis

Apyrase

Ecto-nucleoside 5’-triphosphate
diphosphohydrolase/CD39

~47 kDa

Andersen et al.
(2007)

1

1

1

1

Ribeiro et al., (2004)

1. Putative assignments from genetic databases; n/d: not defined
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Table 1.2. [continued] Various apyrases and nucleotidases identified in arthropods
Organism

Enzyme

Family

Mass

Reference

From Ticks:
Boophilus
microplus

5’-nucleotidase

Ecto-5’-nucleotidase/CD73

~68 kDa

Willadsen, Nielsen
and Riding (1989);
Liyou et al. (1999)

Ixodes scapularis

5’-nucleotidase/
1
apyrase

Ecto-5’-nucleotidase/CD73

~67 kDa

Ribeiro et al.(1985);
Valenzuela et al.
(2002)

Ornithodoros
moubata

Apyrase

n/d

n/d

Ribeiro, Endris and
Endris (1991)

Ornithodoros
savignyi

Apyrase

n/d

~67 kDa

Mans et al. (1998a
and 1998b)

1. Putative assignments from genetic databases; n/d: not defined

The major consolidating feature of haematophagous arthropod and other
parasitic apyrases is that these enzymes are soluble and readily secreted (Asai
et al., 1995; Valenzuela et al., 1998; Gounaris and Selkirk, 2005). Three major
enzyme families of parasitic apyrases have been identified to date. The first
family is represented by enzymes identified from the apicomplexan Toxoplasma
gondii (an intracellular parasite) and the rat flea, Xenopsylla cheopis, that
belongs to the Ecto-nucleoside 5’-triphosphate diphosphohydrolase/CD39 (ENTPDases) enzyme family (Asai et al., 1995; Andersen et al., 2007).

The

second family of enzymes is a unique group of ATPases, first identified from the
bed bug Cimex lectularius (Valenzuela et al., 1998).
referred to as Cimex-type apyrases.

These enzymes are

These ~35 kDa proteins are Ca2+-

dependant, fairly resistant to denaturation and demonstrate a 5-bladed betapropeller topology, similar to that seen in human apyrase (Dai et al., 2004).
These enzymes have been identified from the haematophagous phlebotomine
dipterins Phlebotomus papatasi (Valenzuela et al., 2001) and Lutzomyia
longipalpis (Charlab et al., 1999) (Table 1.2.). Homologues from Caenorhabditis
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elegans

(nematode),

Cryotosporidium

parvum

(Protozoan),

Drosophila

melanogaster and vertebrates (Human and mouse EST libraries) has been
identified. The Cimex family is unique to animals, as there are no homologues
found in bacteria and plants, which may show a trait acquired early in animal
evolution (Valenzuela et al., 2001).

The final family of enzymes was identified from the mosquito species, Aedes
aegypti (yellow fever vector), which demonstrated a high degree of similarity to
the 5’-nucleotidase/CD73 family (Champagne et al., 1995). A great number of
arthropod apyrases have been accredited to this family of enzymes. The 5’nucleotidase enzymes are usually GPI-anchored proteins and hydrolyse
adenosine monophosphate to adenosine and orthophosphate (Zimmermann,
2000). Parasitic apyrases from this family lack the hydrophobic C-terminal region
and associated elements expected for GPI-anchoring (Valenzuela et al., 1998,
Charlab et al., 1999; Eisenhaber, Bork and Eisenhaber, 1999 ; Eisenhaber, Bork
and Eisenhaber, 2001). Arthropod apyrases have been identified for the sand fly
Lutzomyia longipalpis (Charlab et al., 1999), for the hemipterin Triatoma
infestans (five species of protein, Faudry et al., 2004), the mosquitoes Culex
pipiens quinquefasciatus (Ribeiro et al., 2004), A. aegypti (Champagne et al.,
1995), A. gambiae (Arcà et al.,1999) A. albopictus (Arcà et al., 2007) and A.
stephensi (Valenzuela et al., 2003) (Table 1.2.). Other family members occur in
genera like protozoa (e.g. Trichmonas vaginalis) and nematoda (e.g. Trichinella
spiralis), as well as in bacteria, plants, fungi and other vertebrates and
invertebrates (Tasca et al., 2003; Gounaris, Selkirk and Sadeghi,2004). A 5’nucleotidase has been identified for the cattle tick, R. (B.) microplus, is the only
characterised tick nucleotidase ascribed to this enzyme family (Liyou et al.,1999;
Liyou et al., 2000). Although apyrase activity has been identified for the soft ticks
O. moubata (Ribeiro, Endris and Endris, 1991) and O. savignyi (Mans et al.,
1998a), as well as the hard tick I. scapularis (Ribeiro et al., 1985), full-length
sequence data is still lacking.
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The catalytic mechanism of the 5’-nucleotidase family was elucidated from the
crystal structure for an Escherichia coli periplasmic enzyme (Knöfel and Sträter,
1999) (Figure 1.6.).

Figure 1.6. Binding pocket of E. coli 5’-nucleotidase (Knöfel and Sträter, 1999; Knöfel and Sträter,
2001). (A) Schematic of the catalytic pocket showing the dimetal zinc cluster and Asp-His diad. (B) The
catalytic mechanism proposed for nucleotide hydrolysis. The formation of a Michaelis complex (1), where
the phosphate group of a nucleotide binds to a metal ion via a water molecule that leads to a pentahedral
transition state (2) and a final primary product state (3).
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A dimetal cluster is coordinated with metal-bound water (as nucleophiles) within
the catalytic site, by an aspartate-histidine (Asp-His) diad and other stabilizing
residues (Figure 1.6. A). The cleavage of AMP occurs by nucleophilic attack of
the water on the phosphorus atom resulting in adenosine and phosphate
products (Figure 1.6. B). Multiple sequence alignments has shown that catalytic
residues and features remain conserved amongst homologues in vertebrates,
arthropods and bacteria (Knöfel and Sträter, 2001). An interesting member of
this family is the GPIIb/ IIIa fibrinogen receptor antagonist Crysoptin (~65 kDa)
from the deerfly (Cryspos spp), which shows no apyrase activity but maintains
some structural relation to the 5’-nucleotidase family (Reddy et al., 2000).
Though apyrase activity is defined by a set enzyme commission nomenclature
(ATP: diphosphohydrolase, EC 3.6.1.5), this annotation does not explain the
wide variety of structures employed by the various organisms to obtain apyrase
activity.

1.3.1. Evolution of enzyme function: 5’-nucleotidase to apyrase
The wide distribution of apyrase enzymes across three different families is
bewildering if the enzyme commission (EC) annotation is followed to classify
these enzymes.

Considering apyrases assigned to the 5’-nucleotidase gene

family. Apyrase activity is generally denoted as ATP: diphosphohydrolases (EC
3.6.1.5),

while

5’-nucleotidase

activity

is

denoted

as

5’-ribonucleotide

phosphohydrolases (EC 3.1.3.5.) (Table 1.3.).
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Table 1.3. Enzyme commission classification of 5’-nucleotidases and apyrases. Indicated
are the systematic and EC numbers for 5’-nucleotidases and apyrases as obtained from the
International Union of Biochemistry and Molecular Biology (IUBMB) nomenclature committee
(http://www.chem.qmul.ac.uk/iubmb/enzyme/). Also indicated are the general reactions catalysed
and a break-down of the EC number designation assigned for each enzyme.
Enzyme

Systematic name

EC number

EC break-down

General reaction catalysed

Class: 3
Hydrolase
Sub-class: 1
5’-nucleotidase

5’-ribonucleotide
phosphohydrolase

3.1.3.5.

Acting on ester bonds
Sub sub-class: 3

NMP + H2O  Nucleoside + Pi

Phosphoric monoester
hydrolase
Specific serial number: 5
Class: 3
Hydrolase
Sub-class: 6
Apyrase

ATPdiphosphohydrolase

3.6.1.5

Acting on acid anhydrides

NTP + H2O  NDP + Pi

Sub sub-class: 1

NDP + H2O  NMP + Pi

Phosphorus-containing
anhydrides
Specific serial number: 5

The EC system has been used universally for classification of enzyme function,
but it has two main disadvantages: (1) it assumes an equal relationship between
gene, protein and enzymatic reaction, (2) it does not provide information about
the catalytic mechanism that can be readily related to sequence- or structural
conservation (Babbitt, 2003). In the first case scenario, the system does not
consider that enzymes can have more than one activity or that multimeric
proteins from different genes can perform a single function. The EC system was
developed before sequence and structural information was freely available. This
did not allow the incorporation of important structural characteristics related to
enzyme mechanism and function, especially for enzyme homologues on family
and superfamily level (Babbitt, 2003).
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According to the structural classification of proteins database (SCOP,
http://scop.mrc-lmb.cam.ac.uk/scop/), 5’-nucleotidase enzymes can be classified
as follows: (1) a class based on secondary structural element composition (e.g.
α-helix and β-sheet content), (2) an overall fold based on the secondary
structural elements (e.g. metallo-dependant phosphatase fold), (3) a specific
protein family based on similar function, structure and shared ancestry (e.g. 5’nucleotidase or UDP-sugar hydrolase family) and finally (4) a superfamily, where
families with low sequence identities but common evolutionary origins are
grouped together based on similar tertiary structure and/or functional
characteristics (e.g. metallo-dependant phosphatase superfamily) (Murzin et al.,
1995).
When comparing the 5’-nucleotidase family members, Knöfel and Sträter (1999)
determined an overall sequence identity of > 25% with clusters of highly
conserved residues.

It was found that these clusters mainly consisted of

residues involved in metal coordination, substrate binding and catalysis.
Furthermore, analysis of other enzyme families in the metallo-dependant
phosphatases superfamily (i.e. serine/threonine protein- and purple acid
phosphatases) revealed a conservation of active site residues involved in
catalysis (metal-ion coordination and substrate binding) (Knöfel and Sträter, 1999
and 2001). The latter suggested that these enzyme families may share a similar
catalytic mechanism.

Two prominent models of protein evolution suggest that protein function-structure
conservation is a result of either substrate specificity (substrate-constrained
model) or the chemical reaction catalysed (chemistry-constrained model)
(Babbitt, 2003). In both cases it must be stressed that only a limited number of
protein folds are available (a few thousand) in relation to the large number of
genes in a genome (Todd, Orengo and Thornton, 2001). Therefore, to obtain
novel function, existing folds are combined, mixed and modulated during
evolution. Therefore, a particular fold may be employed for multiple functions or
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a particular function may have derived independently from different folds.
Proteins that evolved from the latter mechanism are known as protein analogues.
Galperin, Walker and Koonin (2008) analysed enzymes with the same EC
nomenclature, but with no detectable sequence similarity. Their studies revealed
analogous apyrases (EC 3.6.1.5) from three different protein folds (i.e. metallodependant phosphatases-, ribonulease H- and DNase I structural folds).
Amongst the enzymes identified was the apyrase from A. aegypti (Champagne et
al., 1995) that was shown to be homologous to the 5’-nucleotidase family
(Galperin, Walker and Koonin, 2008). It was hypothesised that apyrases may
have evolved independently by recruiting enzymes from unrelated families to
perform functions required for adaptation into new environments or a specific life
style e.g. haematophagy in arthropods.

1.3.2. Arthropod 5’-nucleotidases: possible ancestral origins
The diversity between species and the employment of different protein families to
obtain apyrase activity implies that these convergent gene products are the result
of selective pressure on ancestral genes to adapt to haematophagy. Convergent
evolution is the prevailing theme that explains how divergent speciation, before
specialisation into haematophagy, can evolve genes of equal molecular function.
It has been suggested that the ancestral gene state for the nucleotidase family,
may be embodied in a bacterial enzyme encoding 5’-nucleotidase, UDP-sugar
hydrolase and apyrase activities from which the individual enzyme classes
diverged (Champagne et al., 1995).

An example of adaptation of apyrases from a common progenitor is illustrated in
the gender bias of apyrase expression in mosquitoes. It has been observed by
hybridization studies in A. gambiae that no apyrase homologue is expressed in
male individuals (no genes encoding this enzyme detected), while a 5’nucleotidase was detectable in both sexes (Arcà et al., 1999; Smartt et al., 1995;
Lombardo et al., 2000). This specificity in distribution has functional implications,
since the adult female mosquitoes are the only ones that feed on blood and
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require anti-haemostatics to feed successfully.

Thus, the occurrence of one

enzyme in both sexes (5’-nucleotidase) and the apyrase homologue exclusively
in females, show that divergent evolution from the 5’-nucleotidase progenitor may
have occurred in the female individuals as they adapted to a blood-feeding
lifestyle.
Another example from ticks may be the 5’-nucleotidase of R. (B.) microplus
(Liyou et al., 1999), which showed sequence similarities to bacterial 5’nucleotidase (~36%). However, the substrate specificity of this enzyme is more
promiscuous than for other enzymes of this family, as it hydrolyses ATP, ADP,
AMP and UDP-glucose (Willadsen, Nielsen and Riding, 1989).

This broad

substrate range may present a possible ancestral state from which apyrase
genes may have evolved by gene duplication and divergent evolution. This 5’nucleotidase is the only fully characterised tick nucleotidase ascribed to this
enzyme family (Willadsen, Nielsen and Riding, 1989; Liyou et al., 1999; Liyou et
al., 2000). Although apyrase activity has been identified for O. moubata (Ribeiro,
Endris and Endris, 1991), O. savignyi (Mans et al., 1998a) and I. scapularis
(Ribeiro et al., 1985), full-length sequence data is unavailable to determine
whether tick apyrases could have evolved from a similar progenitor in this family.
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1.4. Aims of the study
To identify 5’-nucleotidase homologous transcripts from O. savignyi and
determine if the apyrase identified by Mans et al. (1998a) belongs to the 5’nucleotidase family of proteins.

These aims will be approached by:
Degenerate primer design using 5’-nucleotidases as template, subsequent
amplification and sequencing of these corresponding transcripts.
Protein purification to obtain native apyrase amino acid sequence data for
comparison to transcript sequences.
Expression to obtain recombinant protein which can be compared to
native apyrase in terms of polyclonal antisera cross-reactivity.
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Chapter 2
Cloning and sequence analysis of 5’-nucleotidases from the soft
tick, Ornithodoros savignyi
2.1. The 5’-nucleotidase family: a possible origin for tick apyrases?
Homologues from the 5’-nucleotidase/CD73 enzyme family have been identified
in bacteria, fungi, vertebrates and invertebrates (Chapter 1) (Zimmermann,
2000). Most family members are GPI-anchored membrane-bound proteins, with
specificity for the hydrolysis of monophosphate nucleotides (Zimmermann, 2000).
A number of apyrases have been identified for this family from various
haematophagous arthropods (Chapter 1, Table 1.2.). These apyrases lack the
hydrophobic C-terminal region and associated elements expected for GPI-anchor
prediction (Valenzuela et al., 1998, Charlab et al., 1999; Eisenhaber, Bork and
Eisenhaber, 1999; Eisenhaber, Bork and Eisenhaber, 2001). From the primary
sequences of the various family members it was shown that mainly catalytic
residues and features remained conserved amongst homologues in vertebrates,
arthropods, bacteria and other organisms (Knöfel and Sträter, 2001). This is
reflected by the low overall sequence identities (~20%) present in these
homologues (Knöfel and Sträter, 1999). From studies on A. aegypti (the yellow
fever vector), Champagne et al. (1995) hypothesised that the ancestral gene for
apyrases in the 5’-nucleotidase family may have had combined 5’-nucleotidase,
UDP-sugar hydrolase and apyrase activities from which the individual enzyme
classes diverged.

Though apyrase activity has been identified for various tick species (Chapter 1),
a lack in sequence information does not allow the classification of these enzymes
to a specific enzyme family.

A partial putative sequence for the hard tick I.

scapularis apyrase (Valenzuela et al., 2002), has given an indication that tick
apyrases may belong to the 5’-nucleotidase family. The 5’-nucleotidase from R.
(B.) microplus, a membrane bound enzyme distributed in various tissues (gut,
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salivary glands and Malpighian tubules), represents the only tick 5’-nucleotidase
that is fully described to date (Liyou et al.,1999; Liyou et al., 2000). But how
does new protein function evolve in an organism as it adapts to its environment?

2.1.1. Evolution and functional adaptation of proteins
In a dynamic ever changing environment, proteins perform a variety of vital
functions in the survival of a particular organism. Therefore, the survival of that
organism depends on the functionality of its various proteins and their ability to
adapt, or evolve, under selective environmental pressures.

There are a limited number of protein folds and topologies (estimated between
1000-7700 folds) due to the physico-chemical constraints on protein folding
(Orengo, Jones and Thornton, 1994; Todd, Orengo and Thornton, 1999). Thus,
different evolutionary families with unrelated functions can share a common
structure (fold), but similar structure does not necessarily infer an evolutionary
relationship. The most common folds used by proteins are the Rossmann fold,
α/β plaits, immunoglobulin-like fold, TIM barrel and the α non-bundle DNA
repressor fold. New protein functions are acquired by various processes that
include: (1) gene duplication, (2) accumulative mutations, (3) gene fusion, (4)
gene recruitment and (5) oligomerisation (Todd, Orengo and Thornton, 1999).

It is hypothesised that the most predominant source for evolution of new protein
function occurs by gene duplication (Zhang, 2003). These identical copies of a
gene allows one gene to retain its original function, while the other is free of
functional constraints and can obtain a novel function via mutation. Duplicate
genes are produced via unequal crossing over, retroposition and chromosomal
(or genome) duplication. These duplications can be retained or lost, depending
on the ability to increase fitness in a population by concerted evolution and
neutral selection, as well as positive (adaptive)- or negative (purifying) selection
(Kosiol, Bofkin and Whelan, 2006). A duplicated gene that infers a favourable
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trait, under high selection pressure, will be continually selected for in the
population by positive (adaptive) selection.

In contrast, genes for which

mutations resulted in the disruption of structure and function (pseudogenes) will
be lost from the population by negative (or purifying) selection (Zhang, 2003).
The ratio of the rate of non-synonymous and synonymous nucleotide substitution
is a measure of these selection forces. A ratio greater than 1 indicates positive
selection, while a ratio of less than 1 indicates purifying selection and a ratio of 1
indicates neutral selection (Kosiol, Bofkin and Whelan, 2006). Gene duplications
have allowed the diversification of enzymatically catalysed reactions and
provided material for new enzymatic properties.

2.1.2. Homology and analogy
Homology refers to the relationship between any two characters (gene or protein)
that have evolved by divergence from a common ancestor (Fitch, 2000).

In

opposition to homology, analogy describes two characters that are similar,
perform the same function, but have evolved by convergence from different
ancestors.

2.1.3. Orthologous and paralogous genes
Homology is divided into three major subtypes. When the same gene is found in
two distinct species following a speciation event, these genes are referred to as
orthologous genes. These genes represent a similar phylogeny to the phylogeny
of the organisms from which they are derived and have been used to study
organism evolution (Fitch, 2000, Gogarten and Olendzenski, 1999). Paralogous
genes are genes that originated by gene duplication and divergence in the same
organism that have distinct, but related functions.

These genes results in a

phylogeny correct for the sequences but not the species they were derived from
(Fitch, 2000). The final subtype is referred to as xenology and is the result of
lateral gene transfer between two species. In general, proteins coded for by
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orthologous genes retain a conserved structure and function, where identities
between sequences can indicate critical regions or residues involved in their
function. It has been postulated that catalytic chemistry is the driving force that
dictates the choice in ancestral proteins for the evolution of novel protein function
(Todd, Orengo and Thornton, 1999). This is the case where paralogous genes
can encode proteins of various functions, but retain the same structural fold.

2.1.4. Detecting homology
To describe the origins of a new protein function and whether two proteins are
derived from a common ancestor (homologous), these proteins must be analysed
on three levels: (1) sequence similarity (DNA or amino acid), (2) protein structure
conservation

and

Olendzenski, 1999).

(3)

functional

similarity

(Fitch,

2000;

Gogarten

and

Homology is only used to describe the relationship of

common ancestry between two characters (Fitch, 2000).

When comparing

sequences, their relatedness is usually expressed as a percentage similarity or
identity.

2.1.4.1 Homology by database search
On primary sequence level, a single sequence can be compared to stored
sequences in databanks (such as GenBank) by performing BLAST (basic local
alignment search tool) analysis. An alignment of databank sequences are made
to the query sequence and matches are identified based on shared regions of
similarity (Gogarten and Olendzenski, 1999). Standard search tools can safely
assign homology to sequences with significant similarity. Yet, some proteins that
are homologous may show no detectable sequence similarity due to a high level
of sequence divergence (Gogarten and Olendzenski, 1999).

PSI-BLAST

(position-specific iterative BLAST) is a more sensitive search tool that performs
iterative BLAST searches to build and use a position-specific score matrix of
conserved residues (Altschul et al., 1997).
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2.1.4.2. Homology by multiple sequence alignment and phylogeny
Pair-wise detection of homology is relatively easy for sequences that share more
than 30% identity, but many distantly related homologues share less than 25%
sequence identity (Orengo, Jones and Thornton, 1994). Comparative analysis of
distantly related genes (and their encoded proteins), can be achieved through
multiple sequence alignment and phylogenetic analysis (Thornton and DeSalle,
2000). A phylogeny can be constructed from DNA or protein sequences, but
protein sequences are used more often for the analysis of highly divergent
homologues.

Following BLAST analysis, members of a gene family can be

identified for a query sequence that can be aligned to produce a data matrix via
multiple sequence alignment tools such as Clustal (Thompson et al.,1997).
Large, well studied gene families, have hundreds of sequences available that can
be used for analysis. However, it is only necessary to select enough orthologous
sequences to have a broad taxonomic sampling (Thornton and DeSalle, 2000).
Phylogenetic analysis of the aligned sequences is preformed using three main
models to determine evolutionary relationships. Parsimony is based on the
theory that the tree with the least amount of parallel and reverse character
changes will best describe the distribution of shared character states resulting
from common inheritance. Phenetics classifies genes or proteins based on a
single quantitative measure of pairwise similarity. A tree is constructed on the
premise that more similar genes share a common ancestor more recently, than
less similar ones. A method that uses this approach is neighbour-joining analysis
(Thornton and DeSalle, 2000). The final approach is based on the maximum
likelihood that a selected tree, with a given explicit model of sequence evolution,
could describe the sequence data.

With a reliable gene phylogeny various

inferences about the evolution of a query gene can be made that include
(amongst others) the structure-function relationship of the uncharacterised
protein and the mechanisms by which the new protein function was acquired.

42

Chapter 2: Introduction

2.1.5. Homology modelling
Protein structure prediction through sequence comparison, analysis and
modelling is an additional means for detecting homology. Structural prediction by
comparative modelling is achieved in a series of steps: (1) identification of
homologues with known structure that can be used as templates for modelling,
(2) alignment improvement between template and target, (3) building and
refinement of the target model, (4) assessment of model accuracy and (5)
utilisation of the model to infer biological function from experimental data or
generate new hypothesis for future research (Dunbrack, 2006).

2.1.5.1. Identification of homologues
Modelling of an unknown protein of interest requires identification of template
structures from homologous proteins.

The sequence of the query protein is

compared to sequences from structures in the world wide protein data bank
(http://www.wwpdb.org/), a repository for all known protein structures.

For

sequences that share high sequence identity (>30%), homology detection is less
cumbersome than distantly related proteins (<30% identity). The latter poses a
grave problem, as proteins can share a common structural fold and show no
detectable sequence conservation (Goldsmith-Fischman and Honig, 2007).

Thus, pure sequence-based comparisons have inherent limitations that can be
overcome by taking structural information into account.

Structure-based

alignments are obtained by fitting the query protein onto the backbone of a
known structure and evaluating its compatibility in a process known as threading.
A variety of tools have been developed to combine sequence-based searches
with structure-based profiles to increase homology detection and increase
alignment accuracy.

For example, FUGUE, a homology recognition tool,

combines environment-specific substitution and automatic alignment algorithms
with structure-dependant gap penalties to improve alignment accuracy and thus
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homology recognition (Shi, Blundell and Mizuguchi, 2001). This tool was used in
the current study to compare tick proteins with related structural homologues.

2.1.5.2. Building and refinement of the target model
A model is constructed from the alignment coordinates of the query protein by
superimposing the aligned residues onto the template structure. If more than
one template is identified, the model of the query protein is based on the multiple
templates and its coordinates must satisfy preset constraints (GoldsmithFischman and Honig, 2007). This methodology is followed by MODELLER, the
most widely used program for homology modelling (Sali and Blundell, 1993).
Another approach is to construct a composite model, assembled from various
structural fragments derived from different templates.

Once a model is obtained, its quality must be assessed to determine its
functionality for further research.

If the model was intended for advance

applications like structure-based drug design, a high quality model with perhaps
a high resolution ligand binding site is necessary. Alternatively, if data like the
electrostatic potential for the protein surface is desired to describe a binding
interface, a more rudimentary model could suffice (Goldsmith-Fischman and
Honig, 2007). Programs such as PROCHECK and WHATIF are routinely used to
analyse backbone conformations, stereochemistry and unfavourable interresidue packing (Xu, Xu and Uberbacher, 2000).

As sequence databases

expand, the demand for simple computational tools to study protein structurefunction grows. Therefore, servers that stream-line and simplify the methodology
to obtain good quality protein models have become necessary.

2.1.5.3. Meta-servers for protein prediction
The development of protein prediction meta-servers provides an easy to use tool
for protein structure prediction that combines the power of various individual
threading- and fold recognition servers (Wu and Zhang, 2007). Meta-servers
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utilise (and depend on) diverse sources of information, producing top structures
predicted by a number of modelling servers. This approach has been useful as it
outperforms any individual prediction server and will often produce a correct
structure, where a single autonomous server might fail (Ficher, 2006).

Two

major drawbacks arise from this approach. Firstly, model prediction depends on
the availability of the individual remote servers. This influences the final results,
especially if threading- and fold recognition inputs are absent. Secondly, metaserver performance depends on a balance of cut-off parameters for selection and
combination of the final models. This is achieved by amending the meta-server
algorithms, based on all the individual remote servers. This is difficult as remote
servers are intermittently modified and updated (Wu and Zhang, 2007).

The development of local meta-servers for which individual threading
components are locally installed and maintained, allow for faster and more
consistent prediction results. An example of such a server is LOMETS, a local
meta-threading-server, which uses nine different threading programs that are
installed and run locally (Wu and Zhang, 2007). This server constructs the best
possible models from threading data using the MODELLER program.
Furthermore, the server produces constraint data from the combined threading
alignments that can be used for further refinement of the model. This program
was used in this study for protein structure prediction.
In this study, homologues of the 5’-nucleotidase family were cloned using
degenerate primer design and RACE protocols from the salivary glands of the
soft tick, O. savignyi.

A conserved zinc-binding motif was suggested for

degenerate primer design by Dr. B.J. Mans (personal communication).

The

homologues identified were analysed to determine their phylogenetic relationship
to other 5’-nucleotidases, as well as the possibility that they could represent the
apyrase protein isolated and characterized by Mans in 1997.

The newly

identified O. savignyi homologues could be assessed by using the available
crystal structure of a periplasmic ecto-5’-nucleotidase (PDB: 1Ush) from E. coli
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(Knöfel and Sträter, 1999). Preliminary structural models were prepared from the
deduced protein sequences for the O. savignyi isoforms to assess their
quaternary structures.
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2.1.6. Hypothesis
Salivary glands of O. savignyi contain members of the 5’-nucleotidase family of
enzymes.

2.1.7. Aims

Identification and nucleotide sequencing of 5’-nucleotidase transcripts
from salivary gland cDNA by means of 3’-RACE with a degenerate primer.
Full-length transcript identification via 5’-RACE with gene specific primers
and nucleotide sequencing.
Analysis of deduced amino acid sequences to predict cellular processing,
pI and molecular mass
Sequence comparison to other tick nucleotidases.
Phylogenetic analysis within the 5’-nucleotidase family.
To obtain and validate preliminary structural models of the O. savignyi 5’nucleotidases identified.
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2.2. Materials and Methods

2.2.1. Materials
Formaldehyde, diethyl pyrocarbonate (DEPC) and TriReagent
from Sigma-Aldrich chemical company (USA).
were

obtained

from

the

Merck

were obtained

Chloroform and iso-propanol
chemical

company.

Tris(hydroxymethyl)aminomethane, sodium chloride (NaCl), ethylene diamine
tetra-acetic acid (EDTA), 3-(N-morpholino)propanesulfonic acid (MOPS), sodium
acetate, potassium chloride (KCl), magnesium chloride (MgCl2) and D-1 Low
EEO agarose (analytical grade) were obtained from ICN (Separations). ExTaq TM
and TaKaRa TaqTM DNA polymerases were obtained from Takara Shuzo Co.,
Japan (Separations).

Superscript

TM

II RNAse H- reverse transcriptase and

dNTPs (10 mM each) were obtained from Invitrogen Life Technologies, USA
(Separations Scientific). RNAse inhibitor (40U/ μl) was obtained from Promega,
USA (Whitehead Scientific).
(Pretoria, RSA).
manufacturer’s

Primers were synthesised by Inquaba Biotec

Primers were resuspended in 10% acetonitrile as per
indications.

Stock

concentrations

were

measured

spectrophotometrically and stored at -20 oC.

2.2.2. Methods

2.2.2.1. Isolation of total RNA from tick salivary glands
O. savignyi ticks were obtained from the Upington region in the Western Cape by
sifting of sand. Salivary glands were isolated utilizing the method of Brown et al.
(1984). Briefly, ticks were imbedded in molten wax, exposing the ventral surface
for removal of glands by lateral dissection of the dorsal integument. Salivary
glands were removed and washed with a 0.9% NaCl solution.

A mixed

population of partially fed (28 glands) and unfed (92 glands) ticks (average
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individual mass of 0.239 g) were dissected and their salivary glands were divided
into two batches of 60 glands. Each batch was placed in a cryovial containing
500 μl of TRI REAGENT (Molecular Research Center, Inc., USA), snap-frozen
in liquid N2 and stored at -70 oC.
Total

RNA

was

isolated

from

the

collected

manufacturer’s guidelines for TRI REAGENT

salivary

glands,

utilising

(Chomczynski, 1993). In brief,

homogenisation was performed firstly by mechanical shearing using teflon
pestles and then a series of syringes equipped with 19; 21 and 23 gauge
needles. Chloroform was added to each vial (100 μl per 500 μl TRI REAGENT ),
vortexed for 15 seconds and incubated at room temperature for 15 minutes.
Reaction mixtures were centrifuged at 12 000 x g for 15 minutes (4 oC) and the
aqueous phases were transferred to new eppendorf tubes containing 250 μl isopropanol. The eppendorf tubes were gently inverted 6 to 8 times and incubated
at room temperature for 15 minutes. Following centrifugation at 12 000 x g for 15
minutes (4 oC), the supernatants were removed and the pellets washed with a
1000 μl of 70% ethanol. The reactions were then centrifuged again at 7 500 x g
for 5 minutes (4 oC) and the ethanol was removed. RNA pellets were air dried
then resuspended in DEPC-treated water. The final dissolved RNA from the two
batches was pooled to a final volume of 50 μl and stored at -70 oC.

The

quantity

and

purity

of

the

isolated

total

RNA

was

determined

spectrophotometrically at 260 nm optical density and by determining the ratio of
260/ 280 nm, respectively.

The quality of the RNA was determined via

denaturing formaldehyde gel electrophoresis. A 1% agarose gel was prepared
from a 10x MOPS buffer (0.4 M morpholinopropanesulfonic acid, 100 mM sodium
acetate, 10 mM EDTA, pH 7), formaldehyde (final concentration of 5.5%) and
DEPC-treated double distilled deionised water to a final volume of 40 ml.
Electrophoresis was carried out in 1x MOPS running buffer (10 x MOPS stock
solution diluted with DEPC-treated water) at 86 V for 30 min.

Bands were
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visualised under UV light with a Spectroline® 312 nm transilluminator
(Spectronics Corporation, USA).
2.2.2.2. First-strand cDNA synthesis from total RNA
cDNA was synthesized according to the BD SMARTTM RACE cDNA Amplification
method (BD Biosciences Clontech, USA) (Figure2.1.).

An MMLV (Meloney

Murine Leukemia Virus) derived reverse transcriptase Superscript
(InvitrogenTM

life

technologies,

USA)

was

utilised

to

synthesise

TM

II
the

complementary strand. This enzyme creates a 3’-terminal cytosine overhang.
This allows the incorporation of an adapter sequence at the 5’-end of the
synthesised cDNA, in a template switching mechanism employed by the reverse
transcriptase. This adapter acts as a priming site for use in full-length target
amplification in a 5’-RACE protocol.

Figure 2.1. Flow diagram of cDNA synthesis and production of RACE ready cDNA for 5’- and 3’RACE . Indicated is a schematic illustration of RACE from total RNA isolated. Strands being amplified are
indicated in dashed lines. Adapted from BD SMART

TM

RACE cDNA amplification kit user manual (Protocol

No. PT3269-1, http//: www.bdbiosciences.com). Indicated are abbreviations for untranslated regions (UTR)
and open reading frames (ORF).
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For initial 3’-RACE applications, a poly-dT primer was employed in a first strand
cDNA synthesis protocol suggested by the enzyme manufacturer (Invitrogen TM
life technologies, USA) (Table 2.1). A microgram of total RNA, 0.5 mM dNTPs
(10 mM of each dNTP) and 0.5 μM poly-dT primer were diluted in a final reaction
volume of 20 μl and subsequently denatured at 70 oC for 10 minutes.

The

reaction mixture was quick chilled on ice followed by the addition of 4 μl of 5x
First strand buffer (250 mM Tris-HCl, 375 mM KCl, 15 mM MgCl2, pH 8.3), 2 μl of
0.1 M DTT and 1 μl RNAse inhibitor (40 U/ μl, Roche Diagnostics GmbH,
Germany). The reaction mixture was incubated at 42 oC for 2 minutes, before
the addition of 200 units of Superscript

TM

II. The reaction was incubated at 42

o

C for a further 60 minutes to ensure full-length synthesis, before heat-

inactivating the enzyme at 70 oC for 10 minutes. Single-stranded cDNA was
placed for long-term storage at -70 oC.
Table 2.1. Primer utilised for preparation of 3’-RACE ready salivary gland cDNA.

Primer Name
Anchor-dT

o

Primer Sequence (5’  3’)

Tm ( C)

Degeneracy

GCT ATC ATT ACC ACA ACA CTC T 18VN

64.45

12

Degenerate nucleotide nomenclature:
(N) any nucleotide, (V) any nucleotide but T.

For the amplification of full-length transcripts of 5’-nucleotidase transcripts, 5’RACE ready cDNA was prepared from salivary gland RNA. Due to a possible
low abundance of transcripts from unfed tissues, higher concentration of total
RNA was utilised for cDNA synthesis.

In a reaction similar to 3’-RACE

applications, 3 µg total RNA, 1 µl of 12 µM 5’-RACE CDS and BD SMARTTM IIA
primers (Table 2.2.), were added to 8 μl DEPC treated water and denatured at 70
o

C for 10 minutes. The rest of the protocol was followed as previously indicated

for 3’-RACE cDNA preparation.

Following heat-inactivation of the reverse

transcriptase, the cDNA was placed at -70 oC for long-term storage.
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Table 2.2. Primers utilised for 5’-RACE ready cDNA synthesis from O. savignyi salivary gland total
RNA.

Primer Name
TM

BD SMART II

5’ RACE CDS

A

Primer Sequence (5’  3’)
AAG CAG TGG TAT CAA CGC AGA GTA
CGC GGG
(T)25 VN

o

Tm ( C)

Degeneracy

70,87

0

52.63

12

Degenerate nucleotide nomenclature:
(N) any nucleotide, (V) any nucleotide but T.

2.2.2.3. Degenerate primer design
It was suggested by B. J. Mans in September 2004 that the O. savignyi apyrase
may be a member of the 5’-nucleotidase family of enzymes (personal
communication). A degenerate primer was designed by B. Mans using multiple
sequence alignment of members of the 5’-nucleotidase (CD 73) family of
enzymes. Protein sequences were obtained from the NCBI (National Centre for
Biotechnology Information) and SwissProt databases.

Homologous regions

between members were considered and a region with lowest complexity was
chosen for degenerate primer design (Table 2.3.).
Table 2.3.

Degenerate primer designed for amplification of 5’-nucleotidase transcripts from O.

savignyi.

Primer Name
Nucleotidase
degenerate

Primer Sequence (5’  3’)
GGI AAY CAY GAR TTY GAY

o

Tm ( C)

Degeneracy

55,97

32

Degenerate nucleotide nomenclature:
(I) inosine, (Y) C or T, (R) A or G.

Positions in the primer sequence with high redundancy were substituted with
inosine. The primer Tm was calculated with the equation described by Rychlik et
al. (1990):
Tm = 69.3 + 0.41(% G/C) – (650/length)
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2.2.2.4. Rapid amplification of 3’ cDNA ends (3’-RACE).
To obtain the partial 3’ coding- and untranslated region (3’ UTR) of 5’nucleotidase homologous transcripts a degenerate primer was used (Table 2.3.).
All PCR amplifications were carried out in the Gene Amp PCR System 9700
(Perkin Elmer Applied Biosystems, USA). Template cDNA concentrations of 25,
50 and a 100 ng/µl (total RNA equivalents) were used in PCR amplification. To
each cDNA concentration 1 µl degenerate primer (50 µM), 1 µl anchor-dT (10
µM) (Table 2.1.), 5 µl of 10x ExTaqTM buffer (containing 20 mM MgCl2) and 2 µl
dNTPs (10 mM of each) was added. The final reaction volume was adjusted to
50 µl.

A hot-start protocol was followed, where the reaction mixture was

incubated at 95 oC for 1 minute and the temperature was lowered to 80 oC for 1
minute when 1.25 Units of Takara ExTaqTM polymerase (Takara Shuzo Co., Ltd.,
Japan) was added. Amplification was achieved after 30 cycles of denaturation at
95 oC (15 seconds), annealing at 44 oC (30 seconds) and extension at 72 oC (1
minute) ending in a final extension at 72 oC (7 minutes). The PCR products were
analysed by gel electrophoresis (89 Volts for ~1 hour) in a mini gel apparatus
(Amersham Biosciences, USA), utilising a 1.5% analytical grade agarose gel (D1 Low EEO agarose, Conda, Spain) prepared in TAE buffer (40 mM Tris-acetate,
1 mM EDTA). TAE was used as running buffer. Relative molecular masses
were determined from molecular mass markers (Promega, Wisconsin, USA). All
PCR products were analysed in the same way.

2.2.2.5. 5’-RACE amplification of full-length 5’-nucleotidase transcripts
5’-RACE was performed with a gene specific primer designed from the stop
codon and 3’ untranslated region of the clones identified during 3’-RACE (Table
2.4.). All PCR amplifications were carried out in the Gene Amp PCR System
9700 (Perkin Elmer Applied Biosystems, USA).

A reaction was prepared

containing: 2 µl of cDNA template (~300 ng total RNA equivalents), 1 µl of both
12 µM SMART 5’-PCR IIA and 10 µM gene specific primers (Table 2.4.), 5 µl of
10x ExTaqTM buffer (containing 20 mM MgCl) and 2 µl dNTPs (10 mM of each)
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was added and adjusted with double distilled deionised water to a final volume of
50 µl (including 0.25 µl enzyme). A hot-start protocol was followed, where the
template mix was incubated at 95 oC for 1 minute and the temperature was
lowered to 80 oC for 1 minute followed by the addition of 1.25 Units of Takara
ExTaqTM polymerase (Takara Shuzo Co., Ltd., Japan).

Amplification was

achieved after 30 cycles of denaturation at 95 oC (15 seconds), annealing at 57
o

C (30 seconds) and extension at 72 oC (1 minute), ending in a final extension at

72 oC (7 minutes).
Table 2.4. Primers used in 5’-RACE for full-length amplification.

Primer Name

Primer Sequence (5’  3’)

o

Tm ( C)

Degeneracy

SMART 5’PCR II A

AAG CAG TGG TAT CAA CGC AGA GT

60,17

0

Gene specific

GGC ACC TTT ATT AGA CCC AGA TC

60,17

0

To assess cDNA quality, primers were designed for amplification of a fragment of
the -actin gene as described previously (Casu et al., 1996, Liyou et al., 2000).
Amplification was achieved as outlined above with 1 µl of both

-actin forward

and reverse primers (10 µM each, Table 2.5.), but with a reduced annealing
temperature of 50 oC (30 seconds).

Table 2.5. Primers used in amplification of -actin for cDNA quality assessment (Casu et al., 1996,
Liyou et al., 2000).

Primer Name

Primer Sequence (5’  3’)

o

Tm ( C)

Degeneracy

β actin forward

CAG ATC ATG TTT GAG ACC TTC AAC

59,30

0

β actin reverse

GCS CAT CTC YTG CTC GAA RTC

59,82

8

Degenerate nucleotide nomenclature:
(Y) C or T, (R) A or G, (S) G or C.

2.2.2.6. PCR product purification
Purification of PCR products was performed directly from PCR reaction mixtures
following product guidelines for the NucleoSpin® Extract II DNA purification kit
(Macherey-Nagel, Germany). Briefly, the reaction mixture was loaded onto a
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silica membrane under high chaotropic salt concentrations with four volumes of
buffer NT (2.8 M potassium acetate, pH 5.1). The NucleoSpin® Extract spin
column was centrifuged at 11 000 x g for 1 minute and the flow through
discarded. The column was then washed twice with 600 µl buffer NT3 (100 mM
Tris-H3PO4, 15% ethanol, 1.15 M KCl, pH 6.3) with centrifugation at 11 000 x g (1
minute) and followed by 200 µl buffer NT3 at 11 000 x g (2 minutes). DNA was
eluted in 50 µl of a low ionic slightly alkaline buffer, NE (5mM Tris-HCl, pH 8.5)
via centrifugation at 11 000 x g (1 minute).

The concentrations of purified

products were determined spectrophotometrically.

2.2.2.7. Nucleic acid quantification
The concentration RNA and DNA was determined spectrophotometrically utilizing
the Gene Quant pro RNA/ DNA calculatorTM (Amersham Pharmacia BiotechTM,
Biochrom Ltd., Cambridge, England).

Oligonucleotide concentrations were

determined with the UV-160 UV-visible recording spectrophotometer (Shimadzu
corporation, Kyoto, Japan) by substitution into Beer-Lamberts equation (c = ε x
A260nm x dilution factor) using the extinction coefficient for single stranded DNA
(33 μg/ml). Absorbency was determined at 260 nm to calculate yield, while purity
was indicated as the ratio between the absorbance at 260 nm and 280 nm.
Purity for DNA is expected at ratios between 1.7-1.9, while RNA is accepted as
pure when the ratio is between 1.8 and 2.

2.2.2.8. Ligation of RACE products.
Purified RACE products were ligated at an insert: vector ratio of 3:1 into the
pGEM

T-Easy vector system from Promega (USA).

An overnight ligation

reaction was performed at 4 oC (~16- 48 hours) containing 1 µl of a 10x ligation
buffer (300 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 10 mM ATP, 10% PEG,
pH 7.8) and 1 µl T4 DNA ligase (3 U/ µl). The ligase was heat-inactivated by
incubation at 70 oC for 10 minutes and the DNA precipitated with tRNA (10
mg/ml) prior to electroporation into competent DH5

E. coli.

To confirm the
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sequence products, at least two PCR reactions from cDNA were cloned and at
least three clones from each batch were sequenced from both the 5’ and 3’ ends.

2.2.2.9. Preparation of electrocompetent DH5α E.coli cells
Electrocompetent DH5α E. coli cells (Gibco BRL, Life technologies, USA) was
prepared from a single colony that was grown overnight with shaking (250 rpm)
at 30 oC in 15 ml Luria-Berthani Broth (LB Broth, 1% NaCl, 1% tryptone, 0.5%
yeast extract, in double distilled deionised water, ~pH 7.4-7.5).

From the

overnight culture, 5 ml fractions were inoculated into two litre flasks, each
containing 500 ml LB broth and grown with shaking (250 rpm) at 37 oC to an
OD600nm of ~0.5 to 0.6. These cultures were equally divided into pre-chilled 250
ml centrifuge bottles and incubated on ice at 4 0C for 20 minutes. The chilled
cells were then centrifuged at 10 000 x g (20 minutes, 4 oC) and resultant cell
pellets resuspended by gentle swirling in 250 ml ice cold double distilled
deionised water. Cells were washed three times using this method and collected
by centrifugation (10 000 x g, 20 minutes, 4 oC). Subsequently, the cell pellets
were suspended in 10 ml 10% (v/v) glycerol and pooled into two 50 ml plastic
centrifuge tubes, incubated on ice at 4 oC for 60 minutes and centrifuged again.
Finally the pellets were pooled and resuspended in 1 ml 10% (v/v) glycerol.
Electrocompetent cells were divided into 90 μl aliquots and stored at –70 oC.

2.2.2.10. Transformation of electrocompetent DH5α E.coli cells
Electrocompetent

cells

were

transformed

by

MicroPulser electroporater (Eppendorf, Germany).

electroporation

using

the

The ligation mixture was

precipitated with the addition of 1/10-volume of both tRNA (10 mg/ml) and
sodium acetate (3 M, pH 5), as well as three volumes of absolute ethanol. The
nucleic acids were pelleted by centrifugation at 13 000 x g for 30 min (4 oC), the
pellet washed twice with 400 μl 70% ethanol and dried in vacuo. The dried pellet
was dissolved in 20 μl double distilled deionised water. Electrocompetent DH5α
E. coli cells (90 μl) were thawed on ice before addition of the 20 μl ligation-tRNA
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mixture.

The entire mixture was then loaded into a pre-chilled Micropulser

electroporation cuvette (0.1 cm gap, BioRAD, USA) and pulsed at 2000 volts for
3-5 milli seconds. The transformed cells were immediately transferred into 1 ml
SOB (2% Tryptone, 0.5% yeast extract, 0.05% NaCl, 0.0187% KCl, 0.0095%
anhydrous MgCl2 in 100 ml) containing 50 mM D-glucose and incubated with
shaking at 30 oC for 1 hour.

2.2.2.11. Plating and screening of recombinant colonies
LB-agar plates were prepared (1.5% agar in LB-Broth), to which ampicillin (50
μg/ ml final concentration) was added. For each transformant two plates were
prepared onto which 50 μl and a 5-fold dilution of transformed cells were plated
and incubated overnight at 37 oC.

Cells that do not contain the vector are

ampicillin sensitive and will not grow on the LB-ampicillin plates. Between 6 to 8
colonies per plate were selected for colony PCR screening, to confirm the
presence of insert. During colony screening PCR, a colony was picked and
added to the PCR mixture containing 1ul of SP6 and T7 primers (10 μM each)
(Table 2.6.), 1.5 μl MgCl2 (25 mM), 2 μl 10x PCR buffer and 2 μl dNTPs (2.5 mM
of each). The final reaction volume was adjusted to 25 μl. A hot-start protocol
was applied as described for 3'-RACE protocol, with an initial denaturation step
at 94 oC (7 minutes) to ensure complete cell lysis and incubation step at 80 oC for
1 minute for the addition of 1.25 Units of Takara rTaqTM polymerase (Takara
Shuzo Co., Ltd., Japan).

Amplification was performed with 30 cycles of

denaturation at 94 oC (30 seconds), annealing at 50 oC (30 seconds) and
extension at 72 oC (2 minutes) ending in a final extension at 72 oC (7 minutes).
Amplification was carried out in the Gene amp PCR system 9700 (Perkin Elmer,
CA, USA).
Table 2.6. Primers used in colony screening PCR.

Primer Name

Primer Sequence (5’  3’)

o

Tm ( C)

Degeneracy

T7

GTA ATA GCA CTC ACT ATA GGC GA

58.87

0

SP6

ATT TAG GTG ACA CTA TAG AAT AC

53.52

0
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Clones displaying the correct insert size after electrophoretic separation were
selected, grown overnight at 30 oC with shaking in 5 ml LB-Broth containing 50
μg/ml ampicillin and plasmids were isolated with the NucleoSpin ® plasmid
QuickPure kit from Macherey-Nagel (Germany).

2.2.2.12. Plasmid isolation with NucleoSpin® plasmid QuickPure kit
To obtain pure plasmid for further analysis the NucleoSpin® plasmid QuickPure
isolation kit (Macherey-Nagel, Germany) was used.

From overnight cultures

grown at 30 oC in LB-ampicillin, cells from 2-3 ml culture were collected by
centrifugation for 10 min at 2 500 x g and the supernatant discarded. The pellets
were then suspended in 250 µl suspension buffer A1 (50 mM Tris-HCL, 10 mM
EDTA, 100 μg/ml RNAse A, pH 8) and 250 µl lysis buffer A2 (0.2 M NaOH, 1%
SDS) was added. The cells were incubated for 5 minutes at room temperature,
350 µl binding buffer A3 (2.8 M potassium acetate, pH 5.1) was added and
incubated for a further 5 minutes on ice.

The cell debris were removed via

o

centrifugation (10 minutes, 11 000 x g, 4 C) and the supernatant loaded onto a
NucleoSpin® filter column. The column was centrifuged for 1 minute at 11 000 x
g (room temperature), the bound DNA washed with 450 µl wash buffer AQ (100
mM Tris-H3PO4, 15% ethanol, 1.15 M KCl, pH 6.3) and dried by centrifugation
(11 000 x g, 4 minutes). The bound DNA was eluted with 50 µl elution buffer AE
(5 mM Tris-HCl, pH 8.5) in a sterile DNAse-free 1.5 ml eppendorf tube.

In order to obtain higher concentrations of plasmid, eluents were precipitated with
10 mM ammonium acetate (final concentration 0.5 mM, pH 4.7) and four volumes
absolute ethanol. The reaction mixture was centrifuged at 13 000 x g for 30
minutes (4 oC) and the supernatant discarded. The pellets for each reaction was
washed with 400 µl 70% ethanol, centrifuged, dried in vacuo and dissolved in 20
µl double distilled deionised water. The concentration of the plasmid DNA was
determined spectrophotometrically as described previously.
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2.2.2.13. Automated nucleotide sequencing
To obtain nucleotide sequences from the various clones, DNA was subjected to
automated nucleotide sequencing using the ABI PRISM® DT3100 Genetic
Analyzer (Aplied Biosystems, CA, USA) and the Big Dye Sequencing v. 3.1 kit
(Aplied Biosystems, CA, USA). Sequencing was performed with 1 µl of 10 µM
primer in a PCR reaction containing a 2 µl 5x BigDye buffer (400 mM Tris-HCl,
10 mM MgCl2, pH 9), 450 ng plasmid in a final reaction volume of 20 µl. The
sequencing reaction included a denaturation step of 96

o

C (10 seconds),

annealing temperature set at 50oC (5 seconds) and extension at 60 oC (4
minutes) for 25 cycles. The sequencing PCR was preformed in the Gene amp
PCR system 9700 (Perkin Elmer, CA, USA).

The amplified labelled DNA was purified from excess, unincorporated fluorescent
ddNTPs by ethanol precipitation. Briefly, 64 μl of absolute ethanol and 2 μl of 3
M sodium acetate (pH 5.2) was added to the PCR products (final volume of 100
μl) and incubated on ice for 5 min. The mixtures were then centrifuged at 13 000
x g for 30 minutes (4 oC) and the supernatant removed.

The pellets were

washed twice with 200 μl 70% ethanol and centrifugation (15 minutes, 13 000 x
g, 4 oC), dried in vacuo and resuspended in 3 μl loading dye (5:1 ratio of
deionised formamide: 25 mM EDTA, pH 8).

The samples were analyzed

according to the protocol outlined in the ABI PRISM® DT3100 Genetic Analyzer
user’s manual (Aplied Biosystems, CA, USA). At least 3 separate clones were
sequenced from both 5’ and 3’ ends and analysed with the BioEdit v. 5.0.9.
program (Hall, 1999).
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2.2.2.14. Data analysis
All

alignments

were

performed

with

the

Clustal

W

program

(http//:www.ebi.ac.uk/clustalw/). Nucleotide and amino acid sequences/ alignments
were edited with the BioEdit sequence alignment editor (v 5.0.9.; Hall, 1999) and
the Genedoc multiple sequence alignment editor and shading utility (v 2.6.002,
http//:www.psc.edu/biomed/genedoc/).

The deduced amino acid sequences,

theoretical signal peptides, molecular masses, pI and the GPI-anchoring were
determined utilizing the Translate (http://ca.expasy.org/tools/dna.html), SignalP v
3.0

(http://www.cbs.dtu.dk/services/SignalP/)

(http://ca.expasy.org/tools/pi-tool.html)

and

(http://129.194.165/dgpi/DGPI-demo-en.html)

the

and

Compute

big-PI

Predictor

computational

tools

pI/Mw
v

5.1,

available

online from the ExPASy proteomics server (http://ca.expasy.org/). The deduced
protein sequences were analysed with the BLAST-P and PSI-BLAST search
tools using the BLOSUM62 scoring matrix (http//:ncbi.nlm.nih.gov/BLAST/).

For phylogenetic analysis the Pfam protein families database was utilised to
obtain

5’-nucleotidase

homologues

(http://www.sanger.ac.uk/cgi-bin/Pfam/).

Alignments were done with the Clustal X alignment package (v 1.8) (Thompson
et al., 1997) and subsequent phylogenetic analysis with the Molecular Evolution
Genetics Analysis program (MEGA) v 3.0 (Kumar, Tamura and Nei, 2004) using
neighbour-joining analysis (10000 bootstraps, p-distance model).

Sequences

and accession numbers utilised in multiple sequence alignments are listed in
Table 2.7.
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Table 2.7. Protein sequences used in phylogenetic analysis of the 5’-nucleotidase family. Indicated
are the various 5’-nucleotidases/ apyrases derived from various organisms from bacteria, fungi, vertebrates
and arthropods. Accession numbers, enzyme functions and undefined parameters (n/d) are indicated.

Organism

Accession
number

Description

Enzyme
function

Archaeoglobus fulgidus

O29385

5’-nucleotidase

Escherichia coli

P08331

2',3'-cyclic-nucleotide 2'-phosphodiesterase
precursor

Escherichia coli

P78274

5’-nucleotidase precursor, UshA

Escherichia coli
Escherichia coli
Escherichia coli
Methanobacterium
thermoautotrophicum

Q8FBB1
Q8FBB3
Q8FBB4

hypothetical protein
hypothetical protein
hypothetical protein

Inferred
Experimentally
confirmed,
Sequence similarity
Experimentally
determined
Inferred
Inferred
Inferred

O27536

5’-nucleotidase

Inferred

Gibberella zeae
Neurospora crassa

n/d
Q7S264

Hypothetical protein
Hypothetical protein

Bacteria

Fungi
Inferred
Inferred

Vertebrates
Bos taurus

Q05927

5’-nucleotidase precursor

Brachydanio rerio
Discopyge ommata
Homo sapiens
Mus musculus
Rattus norvegicus

Q7SXU4
P29240
P21589
Q61503
P21588

Ecto-5’-nucleotidase
5'-nucleotidase precursor
5’-nucleotidase precursor
5'-nucleotidase precursor
5'-nucleotidase precursor

Aedes aegypti

P50635

Apyrase precursor

Aedes aegypti

P50635

Apyrase precursor

Anopheles gambiae
Anopheles gambiae
Anopheles gambiae
Anopheles gambiae
Anopheles gambiae (PEST strain)
Anopheles gambiae (PEST strain)
Anopheles gambiae (PEST strain)
Anopheles gambiae (PEST strain)

Q8T5H5
Q8T5H6
Q9UB34
Q9TW03
Q7QAM1
Q7PXU9
Q7QIZ1
Q7Q776

Putative 5' nucleotidase
Putative 5' nucleotidase
Putative 5'-nucleotidase precursor
Putative Apyrase precursor
5'-nucleotidase fragment
5'-nucleotidase fragment
5'-nucleotidase fragment
5'-nucleotidase fragment

Anopheles stephensi

Q8I6Q2

Salivary apyrase

Apis mellifera

XP 321503

Chrysops sp.

Q9U9I6

Culex quinquefasciatus
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Drosophila melanogaster
Glossina morsitans morsitans
Ixodes scapularis

Q6TS14
Q9V824
Q8SZY4
Q9V825
Q9VZ33
Q95P65
NA

Putative 5' nucleotidase
Chrysoptin precursor, IIb/IIIa fibrinogen
receptor antagonist
Putative apyrase precursor
5'-nucleotidase precursor
5'-nucleotidase precursor
5'-nucleotidase precursor
5'-nucleotidase precursor
5'-nucleotidase-related protein
Putative apyrase

Lutzomyia longipalpis

Q9XZ43

5'-nucleotidase precursor

Rhipicephalus (Boophilus)
microplus

P52307

5'-nucleotidase precursor

Experimentally
confirmed
Inferred
Inferred
Inferred
Inferred
Inferred

Arthropods

Ixodes scapularis

TC2269,
CD795896
EU009926

Triatoma infestans

Q70GK8

Rhipicephalus.appendiculatus

Experimentally
confirmed
Experimentally
confirmed
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Experimentally
confirmed
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Inferred
Experimentally
confirmed
Experimentally
confirmed

Putative apyrase

inferred

Putative apyrase

inferred
Experimentally
confirmed

Apyrase precursor
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2.2.2.15. Molecular modelling of O. savignyi putative 5’-nucleotidases
To compare the O. savignyi 5’-nucleotidases and the crystal structure of the E.
coli periplasmic ecto-5’-nucleotidase enzyme (PDB: 1Ush), a structure based
alignment was done utilising the online Fugue sequence-structure comparison
alignment tool (http://www-cryst.bioc.cam.ac.uk/fugue/).

The deduced protein

sequences for the identified 5’-nucleotidases were submitted to the LOMETS
meta-threading-server

for

(http://zhang.bioinformatics.ku.edu/LOMETS).

homology

modelling

Briefly, the LOMETS server

utilises nine different threading algorithms that produces sequence alignments
with compatible templates from a local structural library. The top predictions are
then used in homology modelling and the best models are selected from the
individual servers based on structural similarity with other threading alignments
and finally scored. Only the highest ranked model was considered for each
protein. The Profunc (http://www.ebi.ac.uk/thornton-srv/databases/Profunc) and
WhatIF (http://swift.cmbi.ru.nl/WIWWWI/) online servers were utilised to provide
Ramachandran plot parameters and validate the models obtained. PDB files
were obtained from the RCSB Protein Databank (http://www.rcsb.org/pdb/).
Protein graphical data was obtained with PyMOL v 0.97 molecular graphics
system (http://www.pumol.org/funding.html). The Deep view/ Swiss pdb viewer
3.7 (SP5) (http://www.expasy.org/spdbv/) was utilised for the calculation of
Coulomb electrostatic potentials using the uniform dielectric constant of water
(80.00) at neutral pH.
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2.3. Results and Discussion

2.3.1. Isolation of total RNA from tick salivary glands
The TRI REAGENT extraction method yielded 31.6 μg total RNA from pooled
fed and unfed O. savignyi salivary glands. RNA isolated from replete Argas (P.)
walkerae larvae by C. Maritz-Olivier (2005) was used as a control and displayed
the characteristic 28S, 18S and 5.8S rRNA bands (Figure 2.2.). In contrast RNA
isolated from salivary glands of O. savignyi showed only the 18S band (Figure
2.2.). This trend has been observed previously (Mans, 2002 and Maritz-Olivier,
2005).

It has been proposed that the 28S and 5.8S rRNA may be in an

unprocessed form regulated by small nucleolar RNA’s (snoRNA’s) (Mans, 2002).
High molecular mass bands were observed with denaturing gel electrophoresis
of unfed O. savignyi tissues by B.J. Mans that seems to support the possibility
that the pre-RNA (perhaps the 36S or 32S) is unprocessed. This phenomenon
was shown in Xenopus laevis oocytes by Peculis and Steitz (1993), when the
snoRNA U8 was depleted. Similarly a mouse nucleolar protein Bop 1 mutant,
showed inhibition of 36S and 32S pre-RNA processing to form 28S and 5.8S
rRNA (Strezoska, Pestov and Lau, 2000). Moreover, it was shown by MaritzOlivier (2005) that total RNA isolated from fed tick tissues (excluding salivary
glands), displayed the typical 28S and 5.8S bands, not seen for salivary gland
RNA.

Unfortunately, the role of host blood contamination has never been

assessed for RNA isolated from fed tick tissues (especially the gut). This may
influence results obtained for both Argas (P.) walkerae and O. savignyi, where
the 28S and 5.8S RNA bands observed from fed larvae and fed tissues
(including gut) respectively, may be due to RNA isolated from host blood cells.

In unfed hard ticks the levels of transcription and translation may increase as
much as six fold from basal upon feeding, as shown for male Amblyomma
americanum by Bior et al. (2002).

Ixodid ticks require active translation

especially during feeding, as these ticks feed for long periods at a time (5 to 20
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days) and must actively produce proteins for successful feeding (Walker et al.,
2003). Argasid ticks on the other hand are fast feeding parasites (minutes to a
few hours) that store high concentrations of proteins required for successful
feeding (anti-haemostatics, immunomodulatory compounds and enzymes) in
specialized granulae (Mans et al., 2004b). It was shown that upon feeding only
37% of total salivary gland protein is secreted (including 17% that represents
apyrase activity). Thus, a large proportion of secretable proteins remain in the
salivary glands after feeding. This may imply that for soft ticks active translation
may be induced (likely after feeding), but the mechanisms involved and how they
are related to the observed lack in mature 28S and 5.8S rRNA remains to be
determined

Figure 2.2. Total RNA isolated from salivary tissues from fed and unfed O. savignyi ticks. RNA
isolated from fed Argas (P.) walkerae larvae (1), unfed- and pooled fed/ unfed O. savignyi salivary glands (2
and 3, respectively) is indicated.

2.3.2. Degenerate primer design and 3’-RACE from O. savignyi salivary
gland cDNA
The apyrase identified in O. savignyi salivary glands (Mans et al., 1998a; Mans et
al., 1998b), has been proposed to belong to the 5’-nucleotidase family of proteins
by B.J. Mans (personal communication). A degenerate primer was therefore
designed by B.J. Mans at a metal binding motif that occurs in the 5’-nucleotidase
family (GNHEFD, Figure 2.3.2., Table 2.3.). The latter primer was utilised in 3’RACE to identify 5’-nucleotidase transcripts from O. savignyi salivary glands.
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Figure 2.3. Multiple sequence alignment of various members of the 5’-nucleotidase (CD73) family of
enzymes used for degenerate primer design.

Shaded are regions of sequence identity or similarity

between all sequences (blue) or all sequences excluding A. variegatum (cyan). Indicated below alignments
are identical residues (capitals) and residues with similar charge (:) or polarity (.). The region utilised for
degenerate primer design is underlined (Red). Represented are sequences for 5’-nucleotidases from E.
coli, the sand fly L. longipalpis and the cattle tick R. (B.) microplus. Also presented are apyrases from the
kissing bug T. infestans, the mosquito A. aegypti, as well as putative apyrases for R. appendiculatus and A.
variegatum. Accession numbers are indicated in Table 2.7.

At various template dilutions, a distinctive band was obtained at 1 430 bp (Figure
2.3.3.). The band was purified directly from the PCR reaction, cloned into the
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pGEM -T easy vector and transformed into DH5α E. coli. Recombinant clones
were identified by colony screening PCR and grown for plasmid isolation.
Positive clones were subjected to automated nucleotide sequencing and 3’-end
sequences were obtained from which a gene specific primer (Figure 2.3., Table
2.4.) could be designed for the amplification of full-length transcripts. Sequences
obtained were subjected to BLAST analysis and significant hits were determined
for both apyrases and 5’-nucleotidases.

The most significant was a 5’-

nucleotidase from the cattle tick R. (B.) microplus (E = 6x10-85).

Figure 2.4. 3’-RACE with nucleotidase degenerate primer from O. savignyi salivary gland cDNA. The
conditions used during 3’-RACE are indicated below. Numbered lanes represents molecular mass
marker (MM), reactions with various template concentrations (1-3) and primer negative controls (4 and 5).
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2.3.3. Synthesis of RACE ready ss cDNA and amplification of full-length
transcripts
For 5’-RACE an adaptation of the BD SMARTTM RACE cDNA amplification
protocol was used (Section 2.2.2.2.). 5’-RACE yielded a distinct fragment at
1904 bp (Figure 2.5.).

Figure 2.5. 5'- RACE amplification of full length transcripts. Indicated are bands obtained for molecular
mass marker (MM) and amplification from pooled fed/unfed (1) and unfed (2) salivary gland cDNA. The
cDNA stability was assessed by amplification of a 330 bp -actin fragment (below).

Following cloning and sequencing, two distinct isoforms were identified (Figure
2.5.). Both transcripts had an open reading frame (ORF) of a 1752 base pairs
that encoded a protein of 584 amino acids.

The full-length sequences were

deposited in the GenBank database with accession numbers EU016368.1 and
EU016369.1 for isoform I and II, respectively. The isoforms result from various
synonymous and non-synonymous nucleotide substitutions, confirmed by
sequencing of at least three individual clones each (Figure 2.6., Table 2.9.).
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Figure 2.6. Nucleotide and deduced amino acid sequence of two 5'-nucleotidase homologous isoforms from salivary glands of O. savignyi.
The degenerate- and gene specific primer positions used for 3’- and 5’-RACE are indicated by dashed arrows. The predicted signal peptide
(MLKHFFLAFSFLLAVSYA) and poly-adenylation (AATAAA) sequence are underlined in black, whereas the start- and stop codons (ATG and TAA)
are highlighted in yellow. Synonymous and non-synonymous substitutions are indicated in orange and green, respectively. Underlined
68 in red is the
predicted linker region that separates the N- and C-terminal domain of the enzyme, as predicted from multiple sequence alignment with the 5’nucleotidase from E. coli.
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Table 2.8.

Synonymous and non-synonymous nucleotide substitutions for the 5’-nucleotidase

transcripts identified from O. savignyi. Indicated are the number of nucleotide substitutions and the
regions where they occur, resulting in two isoforms of a 5’-nucleotidase like enzyme (Figure 2.3.5).

Region/ domain

Synonymous

Non-synonymous

N-terminal

29

23

C-terminal

8

3

Linker

3

0

2.3.4. Sequence analysis of O. saviginyi transcripts identified
To assign a tentative classification for the transcripts identified in the absence of
activity data, their sequence data was compared to that of other tick
nucleotidases. To date, only the sequence of one confirmed tick 5’-nucleotidase
from R. (B.) microplus and two putative apyrase sequences for R. appendiculatus
and I. scapularis are known (Figure 2.7.).

The full-length sequence for I.

scapularis (accession number: EU009926) and the EST sequence for R.
appendiculatus (EST accession number: TC2269 and CD795896) were used for
alignment analysis.
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Figure 2.7. Multiple sequence alignment of various tick 5’-nucleotidases and putative apyrases. Regions of
sequence identity/ similarity between all sequences are indicated in blue. Indicated below alignments are identical
residues (capitals) and residues with similar charge (:) or polarity (.). The sequences for the 5’-nucleotidase from
R. (B.) microplus, the putative apyrases from R. appendiculatus and I. scapularis and the two isoforms from O.
savignyi are shown. Also shown is the potential GPI cleavage site (red) and hydrophobic tail (cyan) for the R. (B.)
microplus 5’-nucleotidase, as well as predicted signal peptides for all sequences analysed (yellow).

Indels

appearing in all sequences except the R. (B.) microplus 5’-nucleotidase are indicated by red blocks. Potential Nlinked glycosylation sites for O. savignyi isoforms are underlined in red. The accession numbers for the R. (B.)
microplus, R. appendiculatus and I. scapularis sequences are indictated in Table 2.7. The accession numbers for
the O. savignyi sequences are EU016368.1 and EU016369.1 for isoform I and II, respectively.
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High similarity was obtained between tick sequences using the PAM Dayhof
series scoring matrix. From identity/ similarity scores it is clear that the isoforms
from O. savignyi are more closely related/ similar to the putative apyrases from
R. appendiculatus and I. scapularis, where the highest identity was obtained to I.
scapularis (Table 2.9.). The isoforms also share two indels with these putative
apyrases, whhile inserts are found in the 5’-nucleotidase from R. (B.) microplus
(Figure 2.7.).
Table 2.9. Comparison of tick 5’-nucleotidase and putative apyrases to O. savignyi isoforms. Identity
and similarity scores were calculated with the GeneDoc (v. 2.6.002 ) program.

O. savignyi
Isoform I
O. savignyi
Isoform II

R. (B.) microplus

R. appendiculatus

I. scapularis

5’-nucleotidase

Putative apyrase

Putative apyrase

Sequence

Sequence

Sequence

Sequence

Sequence

Sequence

identity

similarity

identity

similarity

identity

similarity

36%

54%

41%

57%

47%

63%

36%

54%

42%

57%

47%

63%

To further compare similarities between tick nucleotidases, the potential for GPI
anchoring was assessed. Currently 5’-nucleotidases are divided into two groups
of enzymes, i.e. ecto-GPI-anchored nucleotidases and soluble (cytosolic)
nucleotidases (Zimmermann, 1992; Zimmermann, 2000). For vertebrates four
forms have been identified namely the GPI-anchored ecto-5’-nucleotidase (e-N),
a single GPI-derived soluble form (e-Ns), as well as two cytosolic variants (c-N-I
and c-N-II) (Figure 2.8.). It must be stated that more soluble and membranebound 5’-nucleotidase homologues were identified from bacteria, yeast and
plants (Zimmerman, 1992). For bacterial enzymes soluble forms occur in the
periplasmic space as seen for the 5’-nucleotidase of E. coli, but belong to the
ecto-5’-nucleotidase type of ezymes (Zimmermann, 1992).

71

Chapter 2: Results and Discussion

Figure 2.8. Topology of vertebrate 5’-nucleotidases. Indicated are the possible topology and distribution
of 5’-nucleotidases. GPI-anchoring for extracellular enzymes is indicated, as well as possible cleavage by
endogenous lipases to form a soluble variant. In the cytosol, other soluble enzymes are produced without
GPI modification. Figure adapted from (Zimmermann, 2000).

The nucleotidase identified from R. (B.) microplus was ascribed to the ecto-5’nucleotidase form, since it was shown to be membrane bound via GPI-anchoring
(Willadsen, Nielsen and Riding, 1989; Liyou et al., 1999; Liyou et al., 2000). GPIanchoring occurs as a post-translational modification in the endoplasmic
reticulum by an enzyme complex that requires specific sequence elements for
recognition and cleavage (Eisenhaber, Bork and Eisenhaber, 2001). Four such
sequence elements are required for GPI-modification, which include a linker
region of 11 residues, a region with four small residues that acts as the site for
cleavage and GPI attachment, a moderately polar spacer region and finally a
hydrophobic tail region at the C-terminal end of the protein (Figure 2.9.).
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R V T F L K T N Q A S D A C L N L A S P F L V L L V L V V F Y H
-11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
====Unstructured linker region===== =Cleavage site= =Moderately polar region= =========Hydrophobic tail========

Figure 2.9. The C-terminal amino acid sequence of the R. (B.) microplus 5’-nucleotidase that is
involved in GPI-anchoring. Indicated are regions that correspond to an 11 residue unstructured linker
region (-11 to -2; green), 4 residue cleavage site (-1 to 2, red), a moderately polar linker region (3 to 9, cyan)
that ends in a hydrophobic tail (10 to 20, blue). Residues are numbered from cleavage site at the aspartate
(position 0) to either 5’- (negative numbers) and 3’-ends (positive numbers). The serine at position -1 is
involved in binding the GPI moiety. Regions inferred as established by Eisenhaber, Bork and Eisenhaber
(2001).

The putative apyrases from R. appendiculatus and I. scapularis, as well as the
two isoforms of O. savignyi, do not follow the above criteria and therefore no
GPI-modification was determined for these proteins. These proteins lack the
hydrophobic tail and active residues necessary for GPI processing (Figure 2.7.).
This implies that these proteins are most likely cytosolic 5’-nucleotidases or
secreted proteins such as the apyrases identified from saliva, for a number of
haematophagous parasites (Table 1.2.).

The isoforms likely fall into the category of secreted proteins, as they possess
signal peptides that may allow extracellular secretion. This was confirmed by the
PSORT II and wolf PSORT servers (Bannai et al., 2002).

As expected the

nucleotidase of R. (B.) microplus localised to the plasma membrane, while all the
other proteins (including the O. savignyi isoforms) were predicted to be secreted
proteins.

For the putative apyrase from R. appendiculatus, the entire signal

peptide was not available from EST data, but localisation by PSORT II still
identified it as a potential secretory protein (Table 2.10.).
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Table 2.10. Computational comparison of predicted GPI-anchoring and cellular localization of tick
nucleotidases and putative apyrases. Indicated are signal peptide predictions done with the SignalP
server

(http://www.cbs.dtu.dk/services/SignalP/),

GPI-anchoring

(http://129.194.165/dgpi/DGPI-demo-

en.html) and cellular processing analysis performed with the big-PI Predictor version 5.1 and PsortII
(http://www.psort.org/) servers, respectively. Asterisks indicate predictions done in the absence of a full
leader sequence.

Signal
peptide
(Signal P)
R. (B.) microplus

Potential
GPI-anchor
(big-PI

Cellular
Processing
(PsortII)

Predictor)

Plasma

Yes

Yes

Unknown

None

Extracellular*

Yes

None

Extracellular

O. savignyi Isoform I

Yes

None

Extracellular

O. savignyi Isoform II

Yes

None

Extracellular

5’-nucleotidase
R. appendiculatus
putative apyrase
I. scapularis
putative apyrase

membrane*

Based on the cellular processing prediction results, it is suggested that the O.
savignyi isoforms (as well as the putative apyrases from I. scapularis and R.
appendiculatus) are non-GPI anchored, soluble, secreted proteins (Table 2.10.).
The only soluble secreted enzymes have been identified from the ecto-5’nucleotidase form in vertebrates, but these enzymes are derived from a GPIanchored precursors (Zimmermann, 1992) (Figure 2.3.7.).

No such soluble

enzymes have been identified in eukaryotes that are not derived from a GPIanchor. It has been previously suggested by Valenzuela et al. (2002) that the
putative sequence for I. scapularis identified from salivary gland cDNA, may
correspond to the apyrase activity described for this species by Ribeiro et al.
(1985). By the same coin, the isoforms identified from O. savignyi may represent
the apyrase activity identified and isolated by Mans et al. (1998a) from salivary
gland extracts of O. savignyi. Therefore, how these isoforms compare to the
native apyrase described by Mans et al. (1998a, 1998b) was explored further.
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2.3.5. Comparison of the O. savignyi isoforms to the native apyrase.
As the possibility exists that the two isoforms cloned may be the O. savignyi
apyrase characterised by Mans et al. (1998a, 1998b) their respective
characteristics were compared. The apyrase from salivary gland extracts had an
apparent molecular weight of ~65 kDa on SDS-PAGE and displayed a microheterogeneity with iso-electric focussing (pI between 8.45 and 8.65) (Mans et al.,
1998b) (Table 2.11.). The micro-heterogeneity was attributed to glycosylation,
though the extent of glycosylation was never determined experimentally.
Utilising an online prediction tool it was determined that O. savignyi isoform I had
three probable N-linked glycosylation sites at positions N175, N277 and N399
(Figure 2.3.6.). Only two probable glycosylation sites occur at positions N175
and N399 were predicted for isoform II (Figure 2.7.).
Table 2.11. Comparison of the molecular weight and iso-electric point of salivary gland apyrase of
O. savignyi to predicted values of the two isoforms and other tick nucleotidases. Experimentally
determined values are indicated by an asterisk.

Molecular
Weight (Mw)
[kDa]
O. savignyi native apyrase

Iso-electric
point (pI)

References

~ 65*

8.45-8.65*

Mans (1997)

O. savignyi 5’-nucleotidase isoform I

~63

7.67

calculated

O. savignyi 5’-nucleotidase isoform II

~63

6.94

calculated
Wiladsen, Nielsen

R. (B.) microplus 5’-nucleotidase

~67*/ 61.9

5.5

and Riding (1989),
calculated

I. scapularis putative apyrase

~61.9

6.06

calculated

R. appendiculatus putative apyrase

~65.4

4.85

calculated
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Heterogeneity in glycosylation and its effects on pI has been observed in
vertebrate ecto-5’-nucleotidases in rat liver (pI range 4.4-6.0) and human
placenta (pI 5.9 to 7.0) (Wada et al., 1987; Buschette-Brambrink and Gutenshon,
1989). This phenomenon was also determined for invertebrate apyrases from A.
stephensi (pI 7.6, 7.2 and 6.9) and A. aegypti (pI 8.65 and 9.3) (Mathews,
Sidjanski and Vanderberg, 1996; Vachereau and Ribeiro, 1989).

These

differences in pI may be related to the composition of the carbohydrate moieties
present on the enzymes.

In general, glycosylation for 5’-nucleotidases

predominantly involve N-linked oligosaccharides composed of negatively
charged sialic acid residues that when enzymatically digested, reduce the
number of alkaline forms (Zimmermann, 1992). The influence of glycosylation
could explain both the differences observed for pI and the differences in
molecular mass, but remains to be tested.
Since the experimentally determined molecular mass for the 5’-nucleotidase from
R. (B.) microplus and that predicted from the sequence data differed (Mr ~62 vs.
~67 kDa), this phenomenon was further investigated using an online molecular
mass computational tool (Gasteiger et al., 2005) (Table 2.11.).

The

computational tool utilised does not take into account the contribution made by
glycosylation. The molecular mass determined experimentally for O. savignyi
apyrase may be comparable to the mass of calculated from sequence data (as
seen for R. (B.) microplus), but definitive proof is still required. However, to
finally establish a relationship between native apyrase and the O. savignyi 5’nucleotidase isoforms, the protein sequence for native apyrase and activity of the
5’-nucleotidase isoforms will have to be determined.
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2.3.6.

Phylogenetic analysis of O. savignyi isoforms and the 5’-

nucleotidase family.
From the Pfam database a list of 5’-nucleotidase sequences were extracted and
homologues were obtained for metazoa (41 sequences), fungi (2 sequences),
bacteria (210 sequences), arcaea bacteria (3 sequences) and red algae (1 partial
sequence). The latter is the only partial plant 5’-nucleotidase sequence assigned
thus far, though enzyme activity has been demonstrated in annual plant species
e.g. soybean and potato (Zimmermann, 1992).
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Figure 2.10. Phylogenetic analysis of some members of the 5’-nucleotidase family. Indicated is an
unrooted neighbour-joining radiated phylogram.

Homologues of the 5’-nucleotidase family includes

eukaryotic species from vertebrates, fungi and arthropods. Prokaryotic sequences include two members of
the archaea bacterial family and the enterobacterium E. coli (summarised in Table 2.7.). Indicated by red
and green dots are sequences that represent 5’- nucleotidases and apyrases, respectively. Confidence
levels for 10 000 bootstraps are indicated by black (above 90%) and open dots (above 75%). The 0.1 scale
bar indicates 10% amino acid divergence distance.
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To understand how the two transcripts of O. savignyi fit into the 5’-nucleotidase
enzyme family, a multiple sequence alignment (Figure 2.10.1., Appendix A) and
phylogenetic analysis was performed utilising 5’-nucleotidase/apyrase protein
sequences from metazoans, fungi and prokaryotes (Figure 2.10.).
The phylogeny of the 5’-nucleotidase family indicates a clear grouping of the
prokaryotic and fungal homologues to form a monophyletic clade that may signify
the root of the tree (Figure 2.10.). Two major groups differentiate for insects that
indicate a probable gene duplication event in the insect ancestor. This can be
observed especially for A. gambiae and D. melanogaster that have homologues
in both insect clades.
Insect group A forms a well supported clade with vertebrate 5’-nucleotidase
homologues. The only apyrase sequence represented in this clade is from the
assassin bug, Triatoma infestans. Insect clade B in contrast contains various
mosquito apyrases that group together monophyletically suggesting that
mosquito apyrases have a monophyletic origin. In this group the homologues
from Glossina morsitans morsitans and Drosophila melanogaster group together.
Of interest is the protein chrysoptin from the deer fly (Chrysops sp.), which is not
a 5’-nucleotidase or apyrase but a platelet fibrinogen IIb/IIIa receptor antagonist
(Reddy et al., 2000).

This protein clades with various 5’-nucleotidase

homologues from A. gambiae in insect group B. This may suggest a diversity of
inhibitory functions for anti-platelet inhibitors of this family that might not
necessarily be enzymatic in nature.

Protein sequences from ticks grouped together between the two insect clades.
Though the 5’-nucleotidase from R. (B.) microplus does not branch with the other
tick homologues into a clade, it is clear that the tick proteins are closely related.
The putative apyrases from R. appendiculatus and I. scapularis form a
monophyletic clade with the O. savignyi isoforms excluding the 5’-nucleotidase
from R. (B.) microplus. This suggests that the O. savignyi proteins are more
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closely related to the putative apyrases of R. appendiculatus and I. scapularis.
This is supported by two indels (synapomorphies) present for the putative
apyrases that are not present in the 5’-nucleotidase sequence of R. (B.)
microplus (Figure 2.7.).

From the phylogenetic analysis it can be deduced that apyrases could have
evolved independently at least three times in arthropods. These enzymes seem
to be a common trait to both argasid and ixodid ticks, as apyrase activity has
been identified in both families (Ribeiro, Endris and Endris, 1991; Ribeiro et al.,
1989; Mans et al., 1998a). This is interesting as it has been suggested by Mans
and Neitz (2004a) that the two tick families have evolved independently to a
blood-feeding lifestyle. Furthermore it was stated that apyrases may have been
present in the non-hematophagous tick ancestor, suggested to be a lymphatic
feeder, to function as an anti-platelet and immunomodulator (Mans and Neitz,
2004a). The lymphatic system is responsible for the storage and transport of
host immune cells and also the removal and introduction of new blood cells
(including platelets) to the circulatory system.

As discussed in chapter 1,

platelets play a role in pro-inflammatory responses (Weyrich, Lindemann and
Zimmermann, 2003; Weyrich and Zimmermann, 2004) and apyrases may be
involved in inactivation of platelets to inhibit aggregation and inflammation. It is
thus hypothesised that ticks may have adapted to the immune system first and
that apyrase may be one of the earliest responses ticks developed during host
contact. It can be postulated that both 5’-nucleotidase and apyrase activity may
have evolved from a broad spectrum ancestral state embodied by bacteria.
Bacterial enzymes can hydrolyse 5’- tri-, di- and monophosphates and occur as
either soluble or membrane-bound forms (Zimmermann, 1992). This ancestral
gene then by gene duplication and divergent evolution may have resulted in both
5’-nucleotidase and apyrase functions as seen for the mosquitoes, A. aegypti
and A. gambiae (Figure 2.10.).

Unfortunately no other 5’-nucleotidases or

apyrase enzymes have been fully characterized for other tick species. Though
the phylogeny seems to indicate a common origin for apyrases in ticks, it is
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important to note that the identity of ixodid sequences have been inferred. The
latter implies that these proteins have not been expressed and activity tested, or
the native proteins isolated and the sequences determined.

2.3.7. Comparison of O. savignyi isoforms to E. coli periplasmic 5’nucleotidase
To date three 5’-nucleotidase crystal structures have been identified, the human
mitochondrial- and cytosolic 5’(3’)- deoxynucleotidase (mdN and cdN) as well as
the periplasmic ecto-5’- nucleotidase (Ush A) from E. coli (Rinaldo-Matthis et al.,
2002; Bianchi and Spychala, 2003; Knöfel and Sträter, 1999). Of these crystal
structures only the coordinates for structures determined for E. coli is publicly
available

in

the

RCSB

Protein

Databank

(Berman

et

al.,

2000;

http://www.rcsb.org/pdb/).

It has been noted previously when comparing bacterial and vertebrate enzyme
primary sequences that the overall sequence identity barely exceeds 20%
(Zimmermann, 1992; Knöfel and Sträter, 1999). Though identity is low amongst
unrelated species, clusters of highly conserved residues are shared across the
family. These include residues that are involved in catalysis and substratebinding (Zimmermann, 1992). The structure based alignment between the E. coli
periplasmic 5’-nucleotidase and O. savignyi isoforms I and II gave a sequence
identity of 21% and sequence similarity of 38% and 39% for both proteins,
respectively (Figure 2.11.). This result follows the trend observed between
bacteria and vertebrates. From the E. coli crystal structure, Knöfel and Sträter
determined various amino acids that are involved in catalysis, substrate-binding
and metal-ion coordination (Knöfel and Sträter 1999; Knöfel and Sträter 2001)
(Figure 2.11. and Table 2.12.).
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A]

5’-nucleotidase motif 1
_____________

1USH : -----------YEQDKTYKITVLHTNDHHGHFWRNEYGEYG------------LAAQKTLVDGIRKEVAAEGGSVLLLSGGDINTGVPESDLQDAEPDFR :
Iso_I : KPTKVPRPKCTKKPKGDFTLTLLHTNDIHSHF--DESNQWGGPCVPKDGKTDHCVAGVTRLATLVKEMKERHPNALFMNAGDFFQGSVWYTVLKDRIVSA :
Zn1
Zn1+Zn2
5’-nucleotidase motif 2
____________

77
98

1USH : GMNLVGYDAMAIGNHEFDNP---LTVLRQQEKWAKFPLLSANIYQKST----GERLFKPWALFKRQDLKIAVIGLTTDDTAKIGNPEYFTDIEFRKPADE : 170
Iso_I : VMKELKYDAVTLGNHEFDEGPGGLAPFLGNMSEAGIKVIATNVDSQDEPLLKDKVLLKSHTFCVR-GRKVGVIGAVTEETRTIATPGKA---VIKDVIPS : 194
Zn2His+Asp Catalytic Dyad
180s
1USH : AKLVIQELQQTEKPDIIIAATHMGHYDNGEHGSNAPGDVEMARALPAGSLAMIVGGHSQDPVCMAAE---NKKQVDYVPGTPCKPDQQNGIWIVQAHEWG : 267
Iso_I : LDEEAKKLKA-EGVDIIVAITHTGY------------DVDPYIVANVTDLDILVGGHTNTFLYKGKPPKDDKVEGEYPTVVKRADDSQG--LIVQDFWFA : 279
Zn2,Zn1
1USH : KYVGRADFEFRNGEMKMVNYQLIPVNLKKRVLYTPEIAENQQMISLLSPFQNKGKAQLEVKIGETNGRLEGDRDKVRFVQTNMGRLILAAQMDRT----- : 362
Iso_I : KYLGFIQVTF-DSKGNVKGWEGNPI------LVDHKYKEDESMKELLEPFRKIVNEAGMKPIGSSKVLLSADNKTCRLNECNMLNMVTDSFLAYYADQES : 372
Domain-linking helix
1USH : ------GADFAVMSGGGIRDSI-EAGDISYKNVLKVQPFGNVVVYADMTGKEVIDYLT-AVAQMKPDSGAYPQFANVSFVAK--------DGKLNDLKI- : 445
Iso_I : PENMWSSVAAAVVNSGFARSSLPKSNSLTMFDIMRALPYESSLVVLTLKGTHLRKMFEHSVAQFTVTADPRGEFLAVSGMKVKYDLARAPNKRVVSLRIL : 472
1USH : -------KGEPVDPAKTYRMATLNFNATGGDGYPRLDNKPGYVNTGFIDAEVLKAYIQKSSPLD-------------VSVYEPKGEVSWQ----- : 515
Iso_I : CTQCVVPRYEIVRRNETYRIATTSYIANGGDGF-EFDEEVTKETKGVVDSEVYLPYIMKMSPLKTPVEGRVLIRNYPKPVIGSRYDMSWKQEIWV : 566

B]

5’-nucleotidase motif 1
_____________

1USH : -----------YEQDKTYKITVLHTNDHHGHFWRNEYGEYG------------LAAQKTLVDGIRKEVAAEGGSVLLLSGGDINTGVPESDLQDAEPDFR :
Iso_II: KPTKAPKAKCARKPKGDFTLTILHTNDIHSHF--DESNQWGGPCVPKDGNTDHCVAGVTRLATLVKEMKERHPNALFMNAGDFFQGSVWYTVLKDRIVSA :
Zn1
Zn1+Zn2
5’-nucleotidase motif 2
____________

77
98

1USH : GMNLVGYDAMAIGNHEFDNP---LTVLRQQEKWAKFPLLSANIYQKST----GERLFKPWALFKRQDLKIAVIGLTTDDTAKIGNPEYFTDIEFRKPADE : 170
Iso_II: VMKELKYDAVSLGNHEFDEGPGGLAPFLGNMSEAGIKVIATNVDTQDEPLLKDKALLKSHTFCVR-GRKVGVIGAVTEETRTIATPGKA---VIKDVIPS : 194
Zn2His+Asp Catalytic Dyad
180s
1USH : AKLVIQELQQTEKPDIIIAATHMGHYDNGEHGSNAPGDVEMARALPAGSLAMIVGGHSQDPVCMAAENKKQVDYVPGTPCKPDQQNG--IWIVQAHEWGK : 268
Iso_II: LEEEAKKLKA-EGVDIIIAITHTGY------------DVDPYIVEKVTDLDILVGGHTNTFL-YKGEPPTKDKVEGEYPTVVERAGGSQGLIVQDFWFGK : 280
Zn2,Zn1
1USH : YVGRADFEFRNGEMKMVNYQLIPVNLKKRVLYTPEIAENQQMISLLSPFQNKGKAQLEVKIGETNGRLEGDRDKVRFVQTNMGRLILAAQMDRT------ : 362
Iso_II: YLGFIQVTF-DSKGNVKSWEGNPI------LVDHKYKEDESMKELLEPFRKIVNEAGMKPIGSSKVLLSADNKTCRLNECNMLNMVTDSFLAYYADQESP : 373
Domain-linking helix
1USH : -----GADFAVMSGGGIRDSI-EAGDISYKNVLKVQPFGNVVVYADMTGKEVIDYLT-AVAQMKPDSGAYPQFANVSFVAK--------DGKLNDLKI-- : 445
Iso_II: ENMWSNVAAAVVNSGFARSSLPKSNSLTMFDIMRALPYESSLVVLTLKGTHLRKMFEHSVAQFTVTADPRGEFLAVSGMKVKYDLARAPNKRVVSLRILC : 473
1USH : ------KGEPVDPAKTYRMATLNFNATGGDGYPRLDNKPGYVNTGFIDAEVLKAYIQKSSPLD-------------VSVYEPKGEVSWQ------ : 515
Iso_II: TQCVVPRYEIVRRNETYRIATTSYIANGGDGF-EFDEEVIRETKGVVDSEVYLPYIMKMSPLKTPVEGRVLIRNYPKPVIGSRYDMSWKQEIWV- : 566

Figure 2.11. Sequence comparison of O. savignyi 5’-nucleotidase isoforms I [A] and II [B] to the E.
coli periplasmic 5’-nucleotidase (1Ush). Indicated are residues involved in metal ion coordination (red),
catalysis (green) and substrate-binding (yellow). Residues forming the domain-linking helix that separates
each enzyme in N- and C-terminal domains are indicated in grey. The 5’-nucleotidase family signature
motifs are indicated above the corresponding amino acid sequences with a solid line. If not indicated
otherwise, all residues highlighted in cyan are identical. Fugue sequence-structure comparison alignment
tool was used (Shi, Blundell and Mizuguchi, 2001; http://www-cryst.bioc.cam.ac.uk/fugue/). Abbreviations:
Zn1 and Zn2: Coordinated zinc atom1 and 2; His+Asp: histidine and aspartic acid catalytic dyad.
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Table 2.12. Comparison of residues involved in catalysis and substrate-binding in the E. coli 5’nucleotidase and O. savignyi isoforms. Indicated are equivalent residues found in O. savignyi 5’nucleotidase isoforms I and II (where different). Bacterial residues determined by Knöfel and Sträter (1999
and 2001). Equivalent residues that differ are underlined.

E. coli residues involved in
protein function

Function in catalysis

Asp-16,His-19, Gln-229, Asp-59

Coordination of Zinc-atom 1

Asn-91, His-192, His-227, Asp-59

Coordination of Zinc-atom 2

His-92, Asp-95

Catalytic dyad

180s loop: Ile-153, Gly-154, AsnPossible role in substrate

Concensus:

binding and product leaving.

(I/L)(G/S)NP

Arg-344, Arg-375, Gly-372, Phe-

involved in substrate

394, Gly-423 and Asp-469

coordination in the binding
pocket

[LIVM]-X-[LIVM]-[LIVM]-[HEA]-XD-H-[GSA]-X-[LIVMF]

Asp-27, His-29, Asn-240,
Asp-80
Asn-112, His-215, His-238,
Asp-80
His-113, Asp-116

Loop sequence:
-I-A-T-P-

Strongly conserved residues

Consensus:

residues

Ile-180, Ala-181, Thr-182

155

5’-nucleotidase signature motif 1

O. savignyi equivalent

Family signature motif
containing metal binding
motifs

Arg-349, Arg-391, Gly-388,
Phe-411, Asp-441 and Asp503
Isoform I:
-L-T-L-L-H-T-N-D-I-H-S-H-FIsoform II:
-L-T- I-L-H-T-N-D-I-H-S-H-F-

5’-nucleotidase signature motif 2

Family signature motif

Isoform I:

Consensus:

containing metal binding

-Y-D-A-V-T-L-G-N-H-E-F-D-

[FYPH]-X-X-X-X-[LIVM]-G-N-H-E-

motifs and the catalytic His-

Isoform II:

F-[DN]

Asp dyad.

-Y-D-A-V-S-L-G-N-H-E-F-D-

The catalytic residues and motifs that are conserved for the 5’-nucleotidase
family of enzymes are present in both O. savignyi isoforms.

Residue

substitutions are observed between the bacterial enzyme and the tick isoforms.
One such substitution is the exchange of Gln-229 for Asn in the tick
nucleotidases. This substitution is also seen in vertebrates (Zimmermann, 1992;
Knöfel and Sträter, 1999). Other such substitutions for vertebrates include a Phe
at position 394 for the bacterial enzyme that is exchanged for Tyr in vertebrate
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enzymes. This residue is involved in hydrophobic stacking interactions with the
purine ring of adenine. In most vertebrate enzymes, the bacterial residues Arg340 and Asn-396 are not conserved and are exchanged for Met and Gly,
respectively. For the tick enzymes however, these residues are replaced with
Asn-345 and Ser-413, respectively. The latter substitution is also favoured by the
5’-nucleotidase from the electric ray (Discopyge ommata). The Asn-396 is
involved in hydrogen bonding with the primary nitrogen of the purine ring of
adenine (Knöfel and Sträter, 2001).

Structural models could be obtained to

compare folding architectures of the O. savignyi isoforms to that of the E. coli
periplasmic 5’-nucleotidase crystal structure.

2.3.8. Homology modelling
Homology modelling was done to obtain preliminary structures for both O.
savignyi isoforms.

The deduced sequences for the mature O. savignyi 5’-

nucleotidases were submitted to the LOMETS meta-threading-server for
modelling (Wu and Zhang, 2007).

This server combines the power of nine

different threading algorithms (including Fugue, Prospect2, SPARKS2 and SP3).
The best alignments and models are pooled and scored to obtain the best
possible model. This server also supplies constraint files specific for the protein
analysed, so that these parameters can be used in further refining of each model.
For the purposes of this preliminary study the best model for each isoform was
selected and submitted to the WHATIF server to repair missing side-chains and
steric clashes. The repaired models were then assessed for quality.

The models obtained for both isoforms displayed the typical two domain structure
separated by a helical linker region, as expected for the ecto-5’-nucleotidase
family of enzymes (Zimmermann, 1992; Zimmerman, 2000) (Figure 2.12.). The
secondary structure of the E. coli enzyme is composed of 14 -helices and 28 sheets that represents about 22% each, of the overall protein sequence (Knöfel
and Sträter, 1999). From the Profunc web server the secondary structures and
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topologies of the models for the O. savignyi isoforms were determined by the
PDBsum database (Laskowski, Chistyakov and Thornton, 2005a; Laskowski,
Chistyakov and Thornton, 2005b) (Figure 2.13. and 2.14.). Isoform I contains 17
-helices (26% of protein sequence) and 27 -sheets (20% of protein sequence),
whereas Isoform II contains 17

-helices (26%) and 25

-sheets (23%),

respectively (Figure 2.13. and 2.14.). Both tick enzymes show a higher -helical
content compared to the bacterial 5’-nucleotidase.

N- Terminal
domain

Helical-linker
domain

C- Terminal
domain

Figure 2.12. Homology models of O. savignyi 5’-nucleotidase isoforms I (yellow) and II (green)
displaying the two domain structure of the 5’-nucleotidase from E. coli (blue). O. savignyi models were
constructed by the LOMETS meta-threading-server (Wu and Zhang, 2007), utilising the E. coli periplasmic
5’-nucleotidase crystal structure as a template (PDB:1Ush). The active site with coordinated dimetal centre
(red spheres) is indicated.
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Figure 2.13. Secondary structure and topology of the 5’- nucleotidase from O. savignyi (Isoform I).
Indicated are the secondary structure (left) and topological (right) prediction of O. savignyi isoform I. Arrows
indicate beta sheets, spirals and cylinders indicate alpha-helixes and red loops indicate hairpin loops.
Helices and sheets are numbered from N- to C-terminal. Figures produced by the Profunc web server.
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Figure 2.14. Secondary structure and topology of the 5’- nucleotidase from O. savignyi (Isoform II).
Indicated are the secondary structure (left) and topological (right) prediction of O. savignyi isoform II. Arrows
indicate beta sheets, spirals and cylinders indicate alpha-helixes and red loops indicate hairpin loops.
Helices (H) and sheets (B) are numbered from N- to C-terminal. Figures produced by the Profunc web
server.
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The surface electrostatic potential was determined for all charged residues and
both O. savignyi isoforms showed a large region of negative potential
surrounding the central core of the enzyme, while the terminal ends of the
proteins were more positive in nature (Figure 2.15.). This differs from the large
negative potential that surrounds the E. coli enzyme and gives the tick enzymes
an amphipathic character (Figure 2.15.).
[A] E. coli

N

Isoform I

C
[B]

N

C

Isoform II

N

C

Figure 2.15. Electrostatic potential maps of E. coli and O. savignyi 5’-nucleotidases. [A] Ribbon
structures of 5’-nucleotidases from E. coli (blue) and O. savignyi (yellow and green). N- and C-termini are
indicated along with the dimetal centre of the E. coli enzyme (red spheres). [B] Electrostatic potential map of
all charged surface residues for bacterial and tick nucleotidases. Indicated by the wire frames are positive
(blue) and negative (red) electrostatic potentials.
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2.3.9. Quality assessment of O. savignyi models
Comparing the O. savignyi models to the E. coli crystal structure, both isoforms
had RMSD values of 1.2 Å. Ramachandran plot analysis of the models indicated
that at a resolution of 2 Å, at least 83% of amino acid residues were in most
favoured regions (Figure 2.16. and Table 2.13.).

Some residues (1-2%) for

Isoform I and II were located in disallowed regions. One of these residues is His238, which may be involved in metal ion coordination (Table 2.13.). The E. coli
equivalent residue His-227 from the crystal structure was also found to be in the
disallowed region with Ramachandran plot analysis.

[A]

[B]

Figure 2.16. Ramachandran plots of modelled structures for O. savignyi 5’-nucleotidase isoform I
[A] and isoform II [B]. Residue positions are indicated by squares in the most favoured regions (red),
additionally allowed regions (yellow), generously allowed regions (beige) and disallowed regions (white).
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Table 2.13. Ramachandran plot statistics for E. coli (1Ush) and O. savignyi (isofoms I and II). The
distribution of amino acid residues (number and percentage) on the Ramachandran plot are indicated for E.
coli and O. savignyi protein structures. Values obtained from Procheck analysis via the Profunc web server.

Characteristics

E. coli

O. savignyi

O. savignyi

(1Ush)

(Isoform I)

(Isoform II)

Residues in most favoured regions

389 (89%)

415 (84%)

412 (83.6%)

Residues in additionally allowed regions

43 (9.8%)

63 (12.8%)

62 (12.6%)

Residues in generously allowed regions

3 (0.7%)

12 (2.4%)

10 (2.0%)

Residues in disallowed regions

2 (0.5%)

4 (0.8%)

9 (1.8%)

437 (100%)

494 (100%)

493 (100%)

Number of end-residues (excl. Gly and Pro)

4

2

2

Number of glycine residues

48

40

42

Number of proline residues

26

30

29

Total

515

566

566

Number

of

non-glycine

and

non-proline

residues

For a high quality structure it is expected that 90% of all residues should fall in
the most favoured regions of the Ramachandran plot. For the E. coli structure
only 89% of residues conform to the most favourable regions. Considering mainchain parameters (includes quality assessment, peptide bond planarity, alphacarbon tetrahedral distortion, hydrogen bond energies and overall G-factor) at a
resolution of 2 Å, the values obtained for both O. savignyi models were within the
normal distribution limits or better (data not shown).

From this data it can be concluded that the determined models are of reasonable
quality, but can be refined to improve their stereochemistry.

This will be

important especially if future docking procedures are envisaged. The active site
architecture must especially be refined for this purpose and perhaps new models
will be required utilising E. coli crystal structures in the closed conformation. This
will give insights into the coordination of substrates in the O. savignyi enzyme
isoforms and perhaps give some indications of substrate specificity.
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2.3.10. Catalytic mechanism of O. savignyi 5’-nucleotidases
From the current data it is clear that the catalytic architecture is well conserved
between E. coli and O. savignyi (Figure 2.11.), indicating that these enzymes
may share a similar catalytic mechanism. The proposed mechanism of catalysis
for nucleotides by the 5’-nucleotidase from E. coli follows a three step reaction
(Figure 2.17.). The pentahedral transition state is stabilised by both metal ions
and amino acid residues Asn-116, His-117 and Arg-410 (Asn-91, His-92 and Arg375 in Table 2.12. and Figure 2.11.).

Figure 2.17. The catalytic mechanism proposed for the 5’- nucleotidase from E. coli. The formation of
Michaelis complex [1], where the phosphate group of nucleotide binds to metal ion via a water molecule that
leads to a pentahedral transition state [2] and a final primary product state [3] (Knöfel and Sträter, 1999;
Knöfel and Sträter, 2001).

It is hypothesised that this mechanism may apply to the O. savignyi isoforms as
well, but remains to be determined. Interestingly, the salivary apyrase identified
by Mans et al. (1998a and 1998b), was also shown to be a metalloenzyme,
requiring metal ions for activity. This enzyme was shown to be activated by Mg 2+
and Ca2+, while HgCl2, fluoride, DTT and EDTA caused enzyme inhibition. Mans
et al. (1997) also proposed a mechanism of hydrolysis involving divalent metal
ions and nucleophilic attack by water on the phosphorous atom. It is known that
ecto-5’-nucleotidases utilise a zinc dimetal cluster for catalysis and are activated
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by divalent cations such as Mg2+ and Ca2+ (Zimmermann, 1992). Furthermore,
5’-nucleotidases are susceptible to metal ion chelators like EDTA and are
inhibited by Pb2+ and Hg2+ ions (Zimmermann, 1992; Willadsen, Nielsen and
Riding, 1989). Enzymatic activity is also lost under reducing conditions with
dithiotreitol (DTT) and also inhibited by flouride (Zimmermann, 1992; Gounaris,
2002). This correlates well with kinetic data determined for the O. savignyi native
apyrase and may suggest that this enzyme is similar to the 5’-nucleotidase family
of enzymes, as has been shown for various other parasitic apyrases (Chapter 1).
However, specific inhibitors such as concanavalin A or substrate analogues
adenosine 5’-( , -methylene) diphosphate and AMPCP were not used in these
kinetic studies.
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2.4. Conclusion

To isolate possible 5’-nucleotidase transcripts from O. savignyi salivary glands,
3’-RACE was performed with a degenerate primer designed for the 5’nucleotidase family and a poly (T)-anchor primer. A ~1500 bp fragment was
identified, cloned and sequenced. From this sequence, a new gene specific
primer was designed and used in 5’-RACE.

Two full-length 5’-nucleotidase

isoforms were identified. These isoforms shared significant sequence identity
and similarity to a 5’-nucleotidase from R. (B.) microplus and putative apyrases
from I. scapularis and R. appendiculatus.

By utilising computational tools, the iso-electric points, molecular weights and
cellular localisations were determined. The O. savignyi isoforms had predicted
molecular weights of ~63 kDa and pIs that were slightly basic for isoform I (pI
7.67) and slightly acidic for isoform II (pI 6.94). These predicted values differ
when compared to results obtained for a native apyrase isolated by Mans et al.
(1998b). Although, it is hypothesised that glycosylation may influence pI and
mass, the extent of glycosylation has not been determined and no direct
correlation between native apyrase and the 5’-nucleotidase isoforms can be
made. Furthermore, the isoforms seem to be soluble secreted proteins, as they
have signal peptides and lack the GPI-anchoring characteristic. This correlates
with the trend observed for other parasitic apyrases in the 5’-nucleotidase family
(Champagne et al., 1995, Charlab et al., 1999), but do not exclude the possible
existence of other 5’-nucleotidases like the enzyme characterised for R. (B.)
microplus (Willadsen et al., 1989; Liyou et al., 1999).
Phylogenetic analysis of some members from the 5’-nucleotidase family revealed
that tick 5’-nucleotidases form a closely related group between two insect clades.
The O. savignyi isoforms claded monophyletically with other putative apyrases
from I. scapularis and R. appendiculatus, excluding the 5’-nucleotidase from R.
(B.) microplus. Thus, the O. savignyi isoforms are more closely related to the
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putative apyrases than to the 5’-nucleotidase from R. (B.) microplus.
Furthermore, it can be hypothesised that tick apyrases may have evolved from a
5’-nucleotidase progenitor, like the R. (B.) microplus 5’-nucleotidase, following a
probable gene duplication event.
To establish whether the O. savignyi 5’-nucleotidase isoforms share a similar
protein structure to the 5’-nucleotidase family of enzymes, the isoforms were
aligned and modelled onto the crystal structure of the periplasmic ecto-5’nucleotidase of E. coli (PDB:1Ush). The models obtained were of reasonable
quality, but refinement will be necessary for further studies. It was observed that
a similar architecture was obtained for the tick enzymes compared to the
bacterial crystal structure, with a high conservation of key residues involved in
dimetal coordination, catalysis and substrate binding (Figure 2.11 and Table
2.12). It is therefore proposed that the O. savignyi isoforms share a catalytic
mechanism similar to that proposed for the bacterial 5’-nucleotidase by Knöfel
and Sträter (2001) (Figure 2.17.).

Furthermore, from activity data of the O.

savignyi apyrase identified by Mans et al. (1998a and 1998b), it was also
suggested that this enzyme shares similar features (co-factors, inhibitors, etc.)
with the 5’-nucleotidase family of enzymes.

All the aforementioned observations lead to the hypothesis that the isoforms
identified may be putative apyrases.

To further investigate the relationship

between the newly identified O. savignyi isoforms and the native apyrase, the
expression of one of the isoforms will be done to exploit cross-reactivity of
polyclonal anti-native apyrase antisera (Mans et al., 2004b). Furthermore, the
native apyrase will also be re-isolated to obtain a protein N-terminal sequence
and MS-MS analysis, to link the native apyrase to isoforms I and II, as part of the
5’-nucleotidase family.
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Chapter 3
Comparative studies between O. savignyi recombinant 5’nucleotidase isoform I and native salivary gland apyrase

3.1. Introduction
In the past, enzyme research involved the identification of a specific enzyme
activity, its purification and further characterisation (kinetics, regulation and
interaction with other proteins and cellular components). Protein purification is
one of the basic techniques in classical biochemistry.

The Nobel laureate

(Medicine, 1959), Arthur Kornburg, once quoted the admonition of Austrian
biochemist, Efraim Racker: “Don’t waste clean thinking on dirty enzymes”
(Kornberg, 1990).

This well known maxim is not only relevant for modern

enzymology, but could also be applied to protein research in general.

The classical approach has however been reversed with current techniques,
where the sequence of a protein is identified first (by molecular and bioinformatic
techniques) and then only is the protein function elucidated. This new mode of
research was dubbed the neoclassical approach by Arthur Kornberg (Kornberg,
1990) and has advanced the study of proteins in the absence of native data.

3.1.1. Recombinant protein expression
The purification and study of any given protein is greatly accelerated, if sufficient
material is available. Unfortunately, most proteins are not abundantly expressed
and sufficient source material may not be available for isolation (Bradley, 1990;
Das, 1990).

The development of expression systems for foreign genes has

bridged this gap, especially if large scale commercial production of a protein is
necessary, e.g. insulin (Heller, Kozlovski and Kurtzhals, 2007). Eukaryotic and
prokaryotic

expression

systems

have

been

developed

using

yeast
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(Saccharomyces cerevisiae and Pichia pastoris), mammalian cells, amphibian
oocytes (Xenopus laevis), insect cells and bacteria (E. coli). Of these systems,
prokaryotic expression in Escherichia coli is the most popular and has been
widely used for the last three decades (Daly and Hearn, 2005). But the choice of
expression system is dictated by the type of protein being studied (e.g.
prokaryotic vs. eukaryotic, soluble vs. membrane bound) and its experimental
purpose (e.g. kinetics interaction studies or antibody production).

Prokaryotic expression of eukaryotic genes can be very difficult if functional
protein is required. Prokaryotes like E. coli, is prone to protein miss-folding and
insolubility, since these organisms lack the molecular machinery required for
post-translational modifications (glycosylation, proline cis/trans isomerisation,
disulphide isomerisation, lipidation, phosphorylation, etc.). Therefore, E. coli is
not generally suitable for expression of eukaryotic proteins with a high demand
for disulphide bonding and other types of post-translational modifications (Daly
and Hearn, 2005). Advances have been made to improve the production of
soluble functional protein, such as improved refolding procedures and
manipulation of bacterial host strains to facilitate post-translational modifications
(De Bernardez Clark, 1998; Middelberg, 2002; Baneyx and Mujacic, 2004;). A
number of tick enzymes have been functionally expressed using bacteria as
expression hosts.

Some examples include a glutathione S-transferase from

Boophilus annulatus, leucine aminopeptidase and serine proteinase from
Haemaphysalis longicornis, as well as a cysteine proteinase from R. (B.)
microplus (Shahein et al., 2008; Hatta et al., 2006; Miyoshi et al., 2004; Renard
et al., 2000).

The 5’-nucleotidase from R. (B.) microplus was functionally

expressed with the baculovirus expression system and is the only tick 5’nucleotidase recombinantly expressed to date (Liyou et al., 1999).

The

baculovirus system has the advantages of eukaryotic protein processing and has
been used successfully for a wide variety of proteins. However, improvement of
inherent drawbacks for large scale production strategies are still being
investigated such as, production time, variation in expression, instability of
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recombinant viral stocks and loss of viral infectivity during storage (Condreay and
Kost, 2007). For functional expression of the O. savignyi 5’-nucleotidase isoform
I, the methylotrophic yeast Pichia pastoris was chosen as host for secreted
expression (Invitrogen Corporation, 2001). This simpler eukaryotic system has a
number of advantages for the production of high levels of recombinant proteins
that are discussed in the following sections.

These advantages are more

apparent for down-stream applications, such as possible vaccination trails and
commercial production of protein.

3.1.2. Yeast expression: Pichia pastoris
Protein expression in yeast does not only offer all the advantages of protein
processing, folding and post-translational modifications of eukaryotes, but also
has similar molecular manipulation and growth characteristics as prokaryotes
(Cregg, Vedvik and Raschke, 1993). The first species to be developed as an
expression system was the bakers yeast Saccharomyces cerevisiae, but it is not
always a successful expression host (Cregg, Vedvik and Raschke, 1993). The
yeast, P. pastoris, was selected and developed as an alternative expression
host, since fermentation methods were well-established and methanol-regulated
promoters were present. Furthermore, P. pastoris displays a lower degree of
glycosylation of recombinant protein than that associated with expression in S.
cerevisiae (Invitrogen Corporation, 2001).

3.1.2.1.

Methanol regulated expression: the alcohol oxidase promoter

AOX1
The methylotrophic P. pastoris, is capable of metabolising methanol as sole
carbon source (Macauley-Patrick et al., 2005).

Methanol is oxidised to form

formaldehyde and hydrogen peroxide using molecular oxygen, catalysed by the
enzyme alcohol oxidase (AOX). Alcohol oxidase is produced in high quantities
as a compensatory effect for the enzymes poor affinity for molecular oxygen.
Due to this overproduction, the enzyme can constitute about 30% of soluble
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cellular protein when yeast is cultured in methanol (Cregg, Vedvik and Raschke,
1993).

Therefore, the promoter that regulates this enzyme has been used

extensively for expressing foreign genes (Macauley-Patrick et al., 2005).

A

further advantage is that the AOX promoter is highly inducible and cells can be
cultured in a non-methanolic carbon source and induced simply by switching to
methanol.

Two genes encode the AOX enzyme, AOX1 and AOX2. The AOX1 gene is
responsible for the production of the majority of alcohol oxidase activity, about
85% (Daly and Hearn, 2005).

This gene is tightly regulated by the AOX1

promoter that has been isolated and introduced into plasmid-borne versions to
drive heterologous protein expression. In contrast the AOX2 gene, though highly
homologous to AOX1 (97%), gives a much slower growth on methanol in
comparison to AOX1. Therefore, loss or mutations of the AOX1 gene results in a
strain that must rely on the AOX2 gene for expression.

This results in a

phenotype in which the methanol utilisation is slow or MutS, while the wild-type
phenotype is designated as Mut+.

3.1.2.2. Homologous recombination and expression of foreign proteins
P. pastoris is transformed by integration of the transforming DNA at a specific
locus (e.g. AOX1 gene) into its genome via recombination of homologous regions
(Figure 3.1.). Integration produces genetically stable transformants that are not
dependant on plasmid size, copy number and continuous selection pressure
(Daly and Hearn, 2005).
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Figure 3.1.

Insertion of foreign genes into the AOX1 locus of Pichia pastoris (adapted from

Invitrogen Corporation, 2001). Indicated is the homologous recombination (red) between the promoter
regions of an expression vector containing the gene of interest and the promoter region in the yeast
genome. This yields a stable transformant that encodes the target gene and a selectable marker (antibiotic
resistance), regulated by the AOX1 promoter.

Intracellular- and extracellular expression of proteins can be performed in P.
pastoris depending on the presence of a signal sequence.

Native signal

sequences may not be efficiently processed by the yeast secretory system,
which has lead to the use of native yeast signal sequences for secretion.
Incorporation of the α-factor prepro-peptide from S. cerevisiae as a leader
sequence for mature foreign proteins has successfully been used for secretion
expression (Brake et al., 1984). The advantage of secreted expression is that
low levels of exogenous native proteins are produced by P. pastoris and
therefore secreted foreign protein should represent the majority of protein in the
growth medium. The latter allows for purification from a less complex mixture.
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3.1.3. EasySelectTM Pichia expression system
In this study the EasySelectTM Pichia expression system kit was used for
heterologous expression of O. savignyi 5’-nucleotidase isoform I (Invitrogen
Corporation, 2001). This system uses three host strains for expression, namely
the wild-type X-33, GS115 (Mut+) and KM71H (MutS) (Table 3.1.).
A mutation in the histidine dehydrogenase gene (his4) of the GS115 (Mut+) host
strain, abolishes histidine synthesis and necessitates the supplementation of
minimal growth media with histidine.

The KM71H host strain has a Mut S

phenotype due to a disruption in the AOX1 gene by the insertion of the
arginosuccinate lyase gene (ARG4) that allows growth in the absence of
arginine. This strain does not require histidine supplementation. Control strains
for Mut+ and Muts are used to distinguish between phenotypes, though KM71H
transformants always are MutS. In contrast, GS115 host strains can become
MutS phenotypes if recombination occurs at the 3’ terminal region of the AOX1
gene (disrupting the gene), since expression vectors have homologous AOX1
terminator regions (Daly and Hearn, 2005).

These MutS phenotypes are

identified by growth on minimal media containing methanol, their growth is slower
compared to a Mut+ control. Controls include non-transformed GS115 (Muts)
strain and GS115 (Mut+) strain, a positive control for secreted expression
(GS115/His+

Muts

Albumin)

and

an

intracellular

expression

control

(GS115/pPICZ/lacZ Mut+ β-galactosidase) (Table 3.1.). The GS115 host strain
was effective for expression in this study and therefore the KM71H strain was not
tested.

The latter cell strain could be utilised as a future step in optimising

expression.
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Table 3.1. EasySelect

TM

Pichia expression yeast cell strains (Invitrogen Corporation, 2001). Indicated

are the yeast strains, their genotype and phenotype, as well as application in expression.

Strain

Genotype

Phenotype
S

+

Slow expression with Mut phenotype

+

-

Faster expression with Mut phenotype
Requires histidine supplementation

KM71H

arg4, aox1::ARG4

Mut , Arg

GS115

his4

Mut , His

X-33

Wild-type

Mut

GS115/Albumin

HIS4

Mut

GS115/pPICZ/lacZ

3.1.3.1

his4

Application
S

+

+

Fast growth, useful for large scale
expression

S

Control for secreted expression and
S
Mut phenotype

+

Mut , His

-

Control for antibiotic resistance,
+
intracellular expression, Mut
phenotype and tag purification
Requires histidine supplementation

Intracellular and extracellular expression: pPICZ vectors and

selection
Following cloning of the gene of interest, a suitable expression vector is chosen
for the specific needs of the protein that is being investigated. Two vector types
are supplied that can be used for intracellular- (pPICZ vectors) or secreted
expression (pPICZα vectors), respectively (Figure 3.2.).

Both these vectors

contain origins of replication for amplification of plasmid in a prokaryotic host
before transformation into the yeast.

For this purpose an E. coli host strain

deficient for recombination and endonuclease activity (recA and endA) is used
(e.g. TOP10F’, JM109, DH5αF’). Each vector contains very rare restriction sites
(Sac I, Pme I and BstX I) that afford linearization of the plasmid for effective
homologous recombination into the P. pastoris genome without disruption of
insert. The pPICZα vectors encode the -factor mating signal sequence cloned
from S. cerevisiae that allows expression via the secretory pathway (Brake et al.,
1993). This signal sequence is processed by cleavage with signal peptidases,
KEX2 and STE13, yielding a native N-terminal to the recombinant protein.
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Figure 3.2. Vector maps of pPICZ vectors used for P. pastoris expression using the EasySelect

TM

Pichia expression system (Invitrogen Corporation , 2001). Indicated are vector maps illustrating various
structural elements for the pPICZ and pPICZα expression vectors. Also indicated are the multiple cloning
sites and the unique restriction enzyme sites for the various vectors.

Both vectors also encode the Sh ble resistance protein that infers protection of
the host cell to bleomycin- or phleomycin-type antibiotics (Figure 3.2.). In the
EasySelectTM expression

system,

ZeocinTM,

an

antibiotic isolated from

Streptomyces verticillus is used for selection of transformants. ZeocinTM has a
complex structure of amino acids, sugars and aliphatic amines that binds a
copper ion (Cu2+) to form an inactive complex.

This coordinated copper is

reduced to Cu1+ upon entering the cell and is consequently removed from the
complex. The antibiotic is now active and causes cell death by binding to and
cleaving DNA. Transformants that contain the Sh ble gene will be protected from
this antibiotic and afford selection of clones containing the gene of interest.
Furthermore, the inclusion of two C-terminal tags (c-myc and polyhistidine)
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facilitates the detection and affinity-isolation of expressed protein. The pPICZαC
vector was used in this study for extracellular expression of the O. savignyi 5’nucleotidase isoform I.

3.1.3.2 Culturing conditions for P. pastoris
Either complex or minimal media can be employed for expression. Biomass is
produced using a carbon source like glycerol and then switching to methanol for
expression. The liquid culture can also be buffered at any pH between 3 and 7 to
optimise protein production and minimise the influence of proteolysis (MacauleyPatrick et al., 2005). Proteolytic degradation is the result of extracellular-, cellbound- and cytosolic proteases from lysed cells.

Studies involving the

heterologous expression of ovine interferon- by Sinha et al. (2004), showed an
increased rate of protein degradation after 48 hours that could be linked to an
increase in extracellular proteases. They showed that most of these proteases
were derived from intracellular vacuoles during methanol induction. In similar
experiments Zhou and Zhang (2004) were able to decrease proteolytic
degradation by limiting methanol during induction of yeast in the expression of
hirudin. Other parameters that can also be optimised include lower incubation
temperatures, growth at lower pH and addition of cas-amino acids or protease
inhibitors.

3.1.4. Tick proteins recombinantly expressed in yeast
Various tick proteins have been produced recombinantly using yeast as a
expression host.

The R. (B.) microplus gut glycoproteins, Bm86 and its

homologue Bm95, have been recombinantly expressed via secreted expression
in P. pastoris (Rodríguez et al., 1994; García-García et al., 2000; Canales et al.,
2008). A gut derived asparaginyl endopeptidase from I. ricinus, legumain, was
also produced via secreted expression in P. pastoris (Sojka et al., 2007). A fXa
inhibitor protein, TAP from O. moubata, was expressed extracellularly in S.
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cerevisiae, while a peptide produced from a synthetic gene of TAP was
expressed extracellularly in P. pastoris (Laroche et al., 1994).
In this study the link between the 5’-nucleotidase isoform I and native apyrase
from the soft tick, O. savignyi will be further investigated by testing crossreactivity of polyclonal antisera directed against the native apyrase (Mans et al.,
2004). Since the antiserum was raised against denatured apyrase, it will most
likely detect similarity based on primary structure than secondary or tertiary
structural epitopes.

To obtain 5’-nucleotidase isoform I (Chapter 2), it was

expressed extracellularly using P. pastoris. Furthermore, to compare the primary
sequence of O. savignyi native apyrase to isoform I and II, native apyrase will be
re-isolated from salivary gland extracts of O. savignyi.

3.1.5.

Isolation

of

haematophagous

arthropod

apyrases:

column

chromatography
A range of chromatographic techniques have been employed to purify apyrases
from various haematophagous parasites. For isolation of apyrases from the sand
flies L. longipalpis and P. papatasi, size exclusion and reversed-phase
chromatography were used (Valenzuela et al., 2001; Charlab et al., 1999).
Apyrases were also isolated from the bed bug, C. lectularius using cation
exchange- and reversed-phase chromatography (Valenzuela et al., 1998) and
the reduvid bug, T. infestans by affinity- and size exclusion chromatography
(Faudry et al., 2004).

Champagne et al. (1995) isolated apyrase from the

mosquito A. aegypti using Cibacron Blue- (a dye ligand) and cation exchange
chromatography, while enzyme isolation from the bug, R. prolixus was achieved
with anion exchange and size exclusion chromatography (Sarkis, Guimaraes and
Ribeiro, 1986). Finally, apyrase was also purified by Mans et al. (1998b) from
the soft tick O. savignyi using size exclusion- and anion exchange
chromatography.

These purification techniques allowed the determination of

enzyme properties, kinetics and amino acid sequence data from pure samples
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(Champagne et al., 1995; Faudry et al., 2004, Valenzuela et al., 1998;
Valenzuela et al., 2001).

In the current study isolation of O. savignyi native apyrase was achieved with a
combination of anion- and cation exchange HPLC.

Separation of protein by

these techniques relies on the ionisation state of a given protein under conditions
of varying ionic strength and specific pH. The charge characteristic of a protein
(pI and charge distribution) will determine the degree of interaction afforded
between the protein and the charged column matrix. Anion exchangers possess
positively charged groups that attract negative counter ions, while a cation
exchanger is negatively charged and attracts positively charged counter ions. In
general, a protein has a positive net charge at a pH below its iso-electric pH and
negative net charge above its pI (Garfin, 1990a). Thus, depending on the pH of
the environment, a protein will bind to an anion exchanger at a pH higer than its
pI and visa versa for a cation exchanger (Rossomando, 1990). However, some
proteins are asymmetrically charged and may interact with a column beyond its
pI, irrespective of the specific pH of the environment (Chicz and Regnier, 1990).
In this study, a weak anion exchanger diethylaminoethyl (DEAE) and sulfopropyl
(SP) a strong cation exchanger, was used. Strong ion exchangers will have a
relatively permanent charge, while weaker exchangers will assume charge
according to the pH of the mobile phase (Nowlan and Gooding, 1991).

3.1.6. Protein gel electrophoresis
Protein gel electrophoresis can be used to assess the efficiency of the protein
purification process.

SDS-PAGE is a routine technique used for protein

composition- and molecular mass determination. Protein samples are prepared
under denaturing conditions and uniformly charged with an anionic detergent,
sodium dodecyl sulphate (SDS). Separation of proteins is achieved by molecular
sieving through a gel matrix of specific porosity in an applied electric field.
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Migration rates of these proteins are inversely related to their molecular weights,
where larger proteins migrate slower than smaller proteins (Garfin, 1990b).

This technique is also used as a purification procedure for sequence analysis,
where protein extracts are resolved with SDS-PAGE and the protein bands
subjected to N-terminal sequencing. Various examples of this approach have
been reported that include salivary gland proteins identified for the mosquito
species C. pipiens quinquefasciatus, A. albopictus and A. stephensi (Ribeiro et
al., 2004; Arcà et al., 2007; Valenzuela et al., 2003), as well as tick salivary gland
proteins from A. americanum, A. maculatus, I. scapularis and A. monolakensis
(Madden, Sauer and Dillwith, 2002; Valenzuela et al., 2002; Mans et al., 2008).
In some cases proteomic data was combined with salivary gland cDNA library
data, which provided greater resolution of mixed protein sequences (Ribeiro et
al., 2004; Arcà et al., 2007; Valenzuela et al., 2003; Valenzuela et al., 2002;
Mans et al., 2008).

A similar methodology was applied in the study of the

sialome of the rat flea rat flea, X. cheopis (Andersen et al., 2007). From these
various studies, putative apyrases could be identified from X. cheopis, the
mosquitos C. pipiens quinquefasciatus, A. stephensi and A. albopictus, as well
as from the ticks species I. scapularis and A. monolakensis (Andersen et al.,
2007; Ribeiro et al., 2004; Arcà et al., 2007; Valenzuela et al., 2003; Valenzuela
et al., 2002; Mans et al., 2008).

3.1.7. Protein sequence analysis (Edman and MS/MS)
Partial identification of the protein primary structure is a typical first step in
isolating the full-length gene sequence encoding the protein (Matsudaira, 1990).
A well established method developed for protein sequencing is N-terminal
analysis by Edman degradation (Edman, 1949).
automated.

This method has been

Proteins can be transferred from a polyacrylamide gel or liquid

samples to a membrane support (e.g. nylon, nitrocellulose or polybrene
impregnated filter paper) and placed directly into a sequencing machine for
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repeating cycles of N-terminal cleavage and analysis (Matsudaira, 1990; Graves
and Haystead, 2002).

Edman sequencing involves the coupling of the N-

terminus of a protein to phenyl isothiocyanate (PITC) under basic conditions to
form a phenylthiocarbamoyl derivative.

Following cleavage of the N-terminal

amino acid derivative under anhydrous conditions by triflouroacetic acid (TFA), a
stable phenylthiohydantion derivative (PTH-amino acid) is formed under acidic
conditions. This derivatised amino acid can then be identified by comparing its
retention time to amino acid standards during HPLC analysis (Matsudaira, 1990).
The major draw back that determines the success of this method is the amount
of starting material and whether the N-terminal amino acid of the protein has
been modified (Graves and Haystead, 2002; Matsudaira, 1990; Phol, 1990).

Mass spectrometry (MS) has enabled the elucidation of protein structure by
permitting the determination of peptide masses and protein primary sequence.
Matrix assisted laser desorption ionisation time of flight mass spectrometry
(MALDI-TOF

MS)

and

nanospray

tandem

mass

spectrometry

(nanospray/MS/MS) are two common techniques used for the identification of
proteins by peptide fragment analysis (Swatton et al., 2004).

In the current

study, protein sequence analysis was done using nanospray ionisation mass
spectrometry.

With nanospray ionisation mass spectrometry, a tryptic digest of a given protein
is analysed in two steps (Graves and Haystead, 2002). The first step involves
the production of ionised peptide fragments by electrospraying the protein
solution under atmospheric pressure into a primary mass analyser (Dass, 2001).
Ions above a certain mass-to-charge ratio (m/z) are selected for mass analysis.
In the second step, a particular peptide ion is selected and transferred to a
collision chamber for fragmentation by an inert gas (e.g. argon) by collisioninduced dissociation (CID) (Graves and Haystead, 2002). CID is a process that
involves the fragmentation of a precursor ion by bombardment with inert gas
molecules that fragments the ion at the peptide bond (Swatton et al., 2004). The
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peptide ion fragments are then resolved in a second mass analyser by their m/z
ratios.

This produces an MS/MS spectrum for fragment ions that originate

directly from the chosen peptide ion.

The fragmentation data for all peptide ions produced in this way are submitted to
a database search to identify corrosponding full-length sequences. Specialised
search programs have been developed that scores the fragment ion spectrum of
a peptide against theoretical fragmentation patterns produced for sequences
from a database (Nesvizhskii, Vitek and Aebersold, 2007). One such search
engine used in the current study, is the program Mascot that incorporates
probability-based scoring to compare experimental and theoretical fragmentation
patterns (Perkins et al., 1999).

Scoring is based on the probability that an

observed match between experimental data and a database entry is a chance
event (usually a very small number).

A convention for sequence similarity

searches is adopted, whereby the probability score is reported as -10 log10(P)
(where P represents the probability).
indicated with the highest score.

By this convention, best matches are

Scores of the order 70 or higher indicates

significant matches (Perkins et al., 1999).

3.1.8. Determination of apyrase activity
Purification of an enzyme can be monitored by employing an assay that
measures the given protein’s specific activity.

Apyrases are nucleotide-

metabolising enzymes that hydrolyse tri- and diphosphate nucleotides to their
monophosphate derivatives with the concomitant release of orthophosphate
(Komozsyñski and Wojtczak, 1996).

This release of phosphate has been

exploited as a marker for describing enzyme activity by measuring complex
formation of molybdic acid with phosphate under acidic conditions. Reduction of
this complex produces a blue colour that can be detected spectrophotometrically.
A method developed by Fiske and Subbarow (1925) has been widely used and
adapted to suit high-throughput formats for the detection of micromolar
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concentrations of phosphate (Kummer et al., 2002).

This method uses a

molybdate sulphuric acid mixture that allows the complex formation to be
completed in a short time, while the low pH inactivates the enzyme upon
addition. A modification by Ames (1966) used ascorbic acid as a reducing agent
which was included in the molybdate sulphuric acid mixture prior to
orthophosphate determination.

A similar method was employed by Ribeiro,

Endris and Endris (1991) to characterise apyrase activity from the saliva of the
soft tick O. moubata. The latter method was applied for the detection of apyrase
activity in O. savignyi by Mans (1997) and was used in the current study.

3.1.9. Isolation of O. savignyi native apyrase
The native apyrase of O. savignyi was first isolated and characterised by Mans et
al. (1998b) from salivary gland extracts. The enzyme was isolated in a two step
purification method involving size exclusion- (SEC) and anion exchange
chromatography (AEC), where elution was achieved with a buffer (pH7.6)
gradient of increasing ionic strength (1 M NaCl).

This method, though

successful, was dependant on the age of the size exclusion column. The native
enzyme adsorbed to the size exclusion column due to possible de-capping of the
silica column matrix. Exposed negatively charged groups on the column allowed
it to act as a weak cation exchanger (Mans, 1997; Mans et al., 1998b).
Furthermore, native apyrase was shown to have micro-heterogeneity in its basic
iso-electric point (between 8.45-8.65). Though the enzyme was isolated below
this pI range (pH 7.6), the positively charged protein still interacted with an anion
exchanger. The latter was explained by a possible charge asymmetry, where the
protein may have distinct regions of positive and negative charges that may form
domains of binding for anion exchange (Mans, 1997).

Due to these observations, a new method was developed by B.J. Mans (personal
communication).

A two step method was developed where salivary gland

extracts (SGE) were applied to an anion exchange column, using the same
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conditions of the previous isolation method (Mans et al.,1998 b and personal
communication).

Fractions that showed apyrase activity were pooled and

applied to a cation exchange column. SDS-PAGE analysis of the isolated protein
indicated some low molecular mass contaminants. Lower yields and specific
activity was observed compared to the previous method, but this method was
more reproducible. Though purification methods have been developed and the
enzyme has been purified, no sequence data has been determined for the native
apyrase to date. Therefore, to establish sequence identity of the enzyme, more
protein will have to be isolated and analysed. This will not only add to the current
knowledge of this enzyme, but will also establish if there is a relationship
between the native apyrase and the putative 5’-nucleotidase isoforms described
in this study.
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3.1.10. Hypothesis
The purified native salivary gland apyrase enzyme shares sequence identity with
the 5’-nucleotidase isoforms cloned from salivary gland of O. savignyi.

3.1.11. Aims
Subclone O. savignyi 5’-nucleotidase isoform I into an appropriate
expression vector for the yeast, Pichia pastoris.
Test cross-reactivity of the expressed protein with polyclonal anti-apyrase
antisera.
Isolation of native apyrase from salivary gland extracts by means of
HPLC.
Obtain protein sequence information from native apyrase using Edman
sequencing and MS-MS analysis.
Comparison between native apyrase and recombinant isoforms.
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3.2. Materials and Methods

3.2.1. Materials
Ethanol, methanol (analytical grade and HPLC grade), glacial acetic acid,
glycerol and iso-propanol were obtained from ICN (Separations, RSA).
Tris(hydroxymethyl)aminomethane, sodium chloride (NaCl), potassium chloride
(KCl), magnesium chloride (MgCl2), calcium chloride (CaCl2), silver nitrate
(AgNO3), sodium carbonate (Na2CO3)

were obtained from Merck chemical

company (Darmstadt, Germany). Acrylamide, ammonuim persulphate, sodium
thiosulfate pentahydrate (Na2S2O3.5H2O), sodium dodecyl sulphate (SDS),
N,N,N’,N’-tetramethyl-ethylenediamine (TEMED), N’N’-methylenebisacrylamide,
3-[(3-cholamidopropyl) dimethylammonio]-1-propane (CHAPS), di-potassium
hydrogen orthophosphate (K2HPO4), adenosine 5’-triphosphate (disodium salt),
ammonium molybdate, manganese chloride (MnCl2.4H2O), magnesium chloride
(MgCl2.6H2O), potassium acetate (KCO2H), sodium dodecyl sulphate (SDS),
sorbitol, histidine and biotin were obtained from Sigma-Aldrich (Steinheim,
Germany). Yeast extract, tryptone and peptone was obtained from Oxid Ltd.
(Basingstoke, Hampshire, UK). Yeast nitrogen base without amino acids (YNB)
was obtained from Difco (Laboratoria). PVDF membrane (Immobolin P, Millipore
Corporation, USA), filter paper and 0.22 μm filters were obtained from Merck
(Darmstadt, Germany) and Sartorius (Ammersham Biosciences, Pittsburgh,
USA), respectively. SuperSignal West Pico chemiluminescent Substrate was
obtained from Pierce Biotechnology Inc., Rockford, USA (Separations). Quick
StartTM Bradford Dye Reagent was obtained from Bio-Rad Laboratories Inc.
(California, USA). ECL X-ray film was obtained from Amersham Biosciences
(Pittsburgh ,USA). Universal developer and HIPAM universal fixer was obtained
from Illford (Illford imaging UK Ltd., Cheshire, UK). Dextrose and D-1 Low EEO
agarose (analytical grade) were obtained from ICN and MP Biomedicals
(Separations). The EasySelect Pichia expression kit and the antibiotic Zeocin ,
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were obtained from Invitrogen, USA. The NucleoSpin
Plasmid QuickPure and NucleoBond

Extract II, NucleoSpin

PC 100 DNA purification kits were

obtained from Macherey-Nagel, Düren, Germany (Separations).

TaKaRa

ExTaqTM and TaKaRa TaqTM DNA polymerase were obtained from Takara Shuzo
Co., Japan (Separations). T4 DNA ligase and restriction enzymes Xho I, Sac II,
Cla I and Pst I were obtained from Promega, USA (Whitehead Scientific).
Restriction enzyme Pme I was obtained from New England BioLabs, USA.
Shrimp alkaline phosphatase was obtained from Roche Applied Science
(Mannheim, Germany).

MicroPulser

electroporation cuvettes (0.2 cm) were

obtained from BioRad, USA. All primers were synthesised by Integrated DNA
Technologies, USA (Whitehead Scientific). Primers were resuspended in 5 mM
Tris buffer as per manufacturer’s indications.

Stock concentrations were

measured spectrophotometrically and stored at -20 oC.

3.2.2. Methods

3.2.2.1. Primer design and insert preparation for subcloning of O. savignyi
isoform I
For secreted expression, the region encoding for the open reading frame of the
mature protein must be cloned inframe, downstream of the yeast -factor prepro
peptide signal sequence (Invitrogen Corporation, 2001). A set of gene specific
primers were designed for the subloning of this region for O. savignyi isoform I
(Table 3.2.). The forward primer contains Xho I, KEX2 and STE13 cleavage
sites. The reverse primer contains a Sac II restriction enzyme site and a silenced
stop codon to ensure incorporation of C-terminal c-myc epitope- and His-tag.
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Table 3.2. Primers used in amplification and directional cloning of isoform I in pPICZαC. Restriction
enzyme sites are underlined.

Alpha-factor Signal sequence cleavage sites for KEX2 and STE13 are

indicated by arrows.

Primer Name

Primer Sequence (5’  3’)

Isoform I Xho I
forward
Isoform I Sac II
reverse

CCG CTC GAG AAG AGA GAC GCC AAG CCT ACA AAG GTT C
Xho I
Kex2
Ste13
TCC CCG CGG CTA AGA CCC AGA TCT CTT GCT TCC
Sac II

Tm
o
( C)
75
74.4

Plasmid (pGEM) containing the full-length isoform I was purified from
transformed DH5α cells (Chapter 2). Utilising the purified plasmid as template,
PCR amplification was performed in the Gene Amp PCR System 9700 (Perkin
Elmer Applied Biosystems, USA). A reaction was prepared containing: 1 µl of a
100 000x dilution of plasmid DNA template (289,8 ng/µl), 1 µl of both 10 µM
Isoform I Xho I forward and 10 µM Isoform I Sac II reverse primers (Table 3.2.), 2
µl of 10x ExTaqTM buffer (containing 20 mM MgCl) and 2 µl dNTPs (2.5 mM of
each) was added and adjusted with double distilled deionised water to a final
volume of 25 µl. A hot-start protocol was followed, as described previously.
Amplification was achieved after 30 cycles of denaturation at 95 oC (15 seconds),
annealing at 60 oC (30 seconds) and extension at 72 oC (2 minutes) ending in a
final extension at 72 oC (7 minutes). PCR products were analysed via DNA gel
electrophoresis and purified as described previously (Chapter 2).

3.2.2.2. Preparation of pPICZαC expression plasmid
A 20 µg stock of lyophilised pPICZαC plasmid was resuspended in 20 µl sterile
water and diluted to a final concentration of 200 pg/µl. Electrocompetent JM109
E.coli cells were transformed with 400 pg/µl of plasmid. Since ZeocinTM selection
is sensitive to high salt concentrations, all culturing was done using low salt LB
(1% tryptone, 0.5% NaCl, 0.5% yeast extract; made up to 1 liter in double
distilled deionised water, pH 7.5). Cells were plated onto low salt LB-agar plates
(1.5% agar in low salt LB-Broth) containing ZeocinTM (12 μg/ml final
concentration) and incubated overnight at 30 oC. Two to three colonies were
selected, grown overnight at 30 oC with shaking in 50 ml low salt LB-Broth
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containing 12.5 μg/ml ZeocinTM and plasmids were isolated with the
NucleoBond® PC100 plasmid purification kit from Macherey-Nagel (Germany).

3.2.2.3. Large scale plasmid isolation with NucleoBond® PC100 plasmid
purification kit
To obtain high concentrations of pure plasmid for restriction digests and
transformation into P. pastoris the NucleoBond® PC100 plasmid purification kit
(Macherey-Nagel, Germany) was used. From overnight cultures grown at 30 oC
in low salt LB-ZeocinTM, cells were collected by centrifugation for 15 min at 2 500
x g (4 oC) and the supernatant discarded. The pellets were then resuspended in
4 ml suspension buffer S1 (50 mM Tris-HCL, 10 mM EDTA, 100 μg/ml RNAse A,
pH8) and 4 ml lysis buffer S2 (0.2 M NaOH, 1% SDS) was added. The cells
were incubated for 5 minutes at room temperature, before 4 ml binding buffer S3
(2.8 M potassium acetate, pH 5.1) was added and incubated for a further 5
minutes on ice. Cell debris was removed via gravity filtration through filter paper
and the filtrate was loaded onto a NucleoBond® filter column pre-equilibrated in
buffer N2 (100 mM Tris-H3PO4, 15% ethanol, 900 mM KCl, 0.15% Triton X-100,
pH 6.3). The bound DNA was washed with 10 ml buffer N3 (100 mM Tris-H3PO4,
15% ethanol, 1.15 M KCl, pH 6.3) and eluted in 1 ml fractions with 5 ml elution
buffer N5 (100 mM Tris-H3PO4, 15% ethanol, 1 M KCl, pH 8.5) in sterile DNAsefree 2 ml eppendorf tubes. To each fraction 750 μl isopropanol was added and
the DNA precipitated by centrifugation (15 000 x g, 30 minutes) at 4 oC. Pellets
were washed with 500 μl 70% ethanol, centrifuged and dried in vacuo and
dissolved in 50 µl double distilled deionised water. The concentration of the
plasmid DNA was determined spectrophotometrically as described previously.

3.2.2.4. Directional cloning into pPICZ C.
Both pPICZαC plasmid and the open reading frame for isoform I were subjected
to restriction enzyme digestion with Sac II and Xho I in a two-step reaction.
Firstly Sac II digestion was performed in reaction mixtures containing: 2 μg of
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plasmid or 1 μg of insert, 1 µl of Sac II restriction enzyme (10 U/µl, Promega,
USA), 5 µl of 10x restriction enzyme buffer C (100 mM Tris-HCl, 500 mM NaCl,
100 mM MgCl2, 10 mM DTT, pH 7.9) and adjusted with double distilled deionised
water to a final volume of 50 µl. Reactions were incubated at 37 oC for 16 hours
and the enzyme inactivated with incubation at 70 oC for 10 minutes.

The

digested templates were purified utilising the NucleoSpin Extract II kit (Chapter
2). Templates were eluted in 40 μl prewarmed elution buffer (70 oC) and yields
determined spectrophotometrically. A volume of 10 μl was used to test digestion
efficiency via DNA gel electrophoresis.

For digestion with Xho I in the second step, similar reaction mixtures were
prepared utilising the total purified Sac II digested products for plasmid or insert
as templates. A reaction mixture containing template, 1 µl of Xho I restriction
enzyme (10 U/µl, Promega, USA), 5 µl of 10x restriction enzyme buffer D (60 mM
Tris-HCl, 1.5 M NaCl, 60 mM MgCl2, 10 mM DTT, pH 7.9) and adjusted with
double distilled deionised water to a final volume of 50 µl. Following incubation
at 37 oC for 16 hours, the enzyme was inactivated by incubation at 70 oC for 15
minutes. Digested products were purified, eluted in 50 μl elution buffer and the
concentrations determined as described previously for Sac II digestion products.
To avoid ligation of plasmid without insert, the digested pPICZαC plasmid was
dephosphorylated with the addition of 5 μl shrimp alkaline phosphatase (1 U/μl)
and incubated at 37 oC for 1 hour.

The enzyme was heat-inactivated by

incubation at 65 oC for 15 minutes. The digestion efficiency was determined via
DNA gel electrophoresis.

The double/directional digested products were ligated at an insert: vector ratio of
3:1 and 5:1, utilising 50 ng of dephosphorylated pPICZαC plasmid. An overnight
ligation reaction was performed at 4 oC (~16 hours) containing 2 µl of a 10x
ligation buffer (300 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 10 mM ATP,
10% PEG, pH 7.8) and 2 µl T4 DNA ligase (3 U/µl) in a final reaction volume of
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20 μl. The ligase was heat-inactivated by incubation at 70 oC for 20 minutes and
precipitated prior to transformation into electrocompetent TOP 10F’ E. coli cells.

3.2.2.5. Preparation of competent TOP 10F’ E.coli cells
Heat-shock competent TOP 10F’ E. coli (Invitrogen , Life technologies, USA) was
prepared from overnight culture that was grown at 30 oC with shaking (250 rpm)
in 1 ml SOB (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 0.0187% KCl,
0.0095% anhydrous MgCl2, in a 100 ml). The overnight culture was inoculated
into a 500 ml flask containing 50 ml SOB and grown with shaking (250 rpm) at 30
o

C to an OD600nm of 0.3. The culture was poured into pre-chilled 50 ml centrifuge

tubes and incubated on ice at 4 oC for 10 minutes. The chilled cells were then
centrifuged at 1 000 x g (15 minutes, 4 oC) and resultant cell pellets resuspended
by gentle swirling in 16.7 ml ice cold CCMB media (1.18% CaCl 2, 0.4%
MnCl2.4H2O, 10 ml of 1M potassium acetate , 0.2% MgCl2.6H2O, 100ml 100%
glycerol, in 1 litre with pH at 6.4). Cells were incubated on ice for 20 minutes and
collected by centrifugation (1 000 x g, 15 minutes, 4 oC). Subsequently, the cell
pellets were resuspended in 4.2 ml cold CCMB media and competent cells were
divided into 200 μl aliquots and stored at –70 oC.

3.2.2.6. Heat-shock transformation of TOP 10F’ E. coli cells
The ligation mixture was precipitated, dried, the pellet redissolved in 20 μl double
distilled deionised water and added to CCMB competent TOP 10F’ E. coli. The
entire mixture was incubated on ice for 30 minutes.

Following heat-shock

o

transformation at 42 C (90 seconds), cells were incubated on ice for 2 minutes.
900 μl of SOB media (2% tryptone, 0.5% yeast extract, 0.05% NaCl, 0.0187%
KCl, 0.0095% anhydrous MgCl2, in 100 ml) containing 50 mM D-glucose was
added to the transformed cells and incubated with shaking at 30 oC for 1 hour.
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3.2.2.7. Selection of recombinant TOP 10F’ E. coli clones
Transformed TOP 10F’ cells were plated onto low salt LB-agar plates containing
12.5 μg/ml ZeocinTM (Invitrogen life technologies, California, USA) and incubated
overnight at 30 oC.

A total of 16 colonies were selected for colony PCR

screening using 1 ul of 5’ AOX1 and 3’ AOX1 primers (10 μM each) (Table 3.3.),
2.5 μl 10x TaKaRa TaqTM buffer (100 mM Tris-HCl, 500 mM KCl, pH 8.3), 1.5 μl
MgCl2 (25 mM) and 2 μl dNTPs (2.5 mM of each), to confirm the presence of
insert. A hot-start protocol and amplification was performed (Chapter 2).
Table 3.3.

Primers used in colony screening PCR to determine positive clones containing the

isoform I inserts.

Primer Name
5’ AOX1
3’ AOX1

Primer Sequence (5’  3’)
GAC TGG TTC CAA TTG ACA AGC
GCA AAT GGC ATT CTG ACA TCC

o

Tm ( C)
57.87

Degeneracy
0

57.87

0

Clones displaying the correct insert size after electrophoretic separation were
grown overnight for 16 hours at 28 oC with shaking in 50 ml tubes containing 10
ml low salt LB-Broth (12.5 μg/ml ZeocinTM). Glycerol stocks were prepared by
adding 300 μl 50% glycerol to 700 μl culture for storage at -70 oC. From the
remaining culture, plasmids were isolated with the NucleoSpin ® plasmid
QuickPure kit.

Sequences were confirmed with automated nucleotide

sequencing.
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3.2.2.8.

Linearisation of expression vector for transformation into P.

pastoris
Positive clones were selected and plasmids isolated with the NucleoBond PC
100 plasmid purification kit (Macherey-Nagel, Germany). As per EasySelectTM
Pichia expression kit manual (Invitrogen Corporation,2001), 10 μg of plasmid
containing the mature gene for isoform I and 5 μg of native pPICZαC control
vector was linearised with Pme I (New England laboratories, USA). Briefly, a
reaction mixture was prepared containing 10 μg native- or isoform I expression
plasmid, 10x restriction enzyme buffer 4 (20 mM Tris-acetate, 50 mM potassium
acetate, 1 mM DTT, pH 7.9), 5 μl of Pme I (1 U/μl) and adjusted to a final volume
200 μl with sterile double distilled deionised water. Following incubation at 37 oC
for 16 hours, the enzyme was heat-inactivated by incubation at 65 oC for 20
minutes. The digestion efficiency (linearisation) was determined via DNA gel
electrophoresis prior to purification with the NucleoSpin extract kit II. Linearised
plasmid concentrations were determined spectrophotometrically.

3.2.2.9. Transformation of P. pastoris with linearised plasmids
Linearised plasmids for mature isoform I clones and native plasmid were
transformed into the GS115 strain of the methylotrophic yeast P. pastoris
(Invitrogen life technologies, USA). Overnight culture was prepared for GS115
yeast cells in 5 ml YPD (1% yeast extract, 2% peptone, 2% dextrose in 1 litre)
with shaking (250 rpm) at 30 oC. Electrocompetent yeast cells were prepared as
per EasySelectTM Pichia expression kit manual specifications (Invitrogen
Corporation, 2001). Overnight culture of 0.5 ml was inoculated in 500 ml YPD
and grown overnight again to an OD600nm 1.3- 1.5.

Cells were collected by

o

centrifugation at 1 500 x g (5 minutes, 4 C) and resuspended in 500 ml ice-cold
sterile double distilled deionised water. Cells were washed again in 250 ml icecold water then resuspended in 20 ml ice-cold 1M sorbitol.

Following

centrifugation at 1 500 x g (5 minutes, 4 oC), the pellet was resuspended in 1 ml
of 1 M sorbitol.
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Electrocompetent yeast cells were transformed by electroporation using the
MicroPulser

electroporater (Eppendorf, Germany).

A mixture of 90 μl

electrocompetent GS115 cells and 10 μg linearised plasmid was loaded into a
pre-chilled MicroPulser

electroporation cuvette (0.2 cm gap, BioRAD, USA),

incubated on ice (5 minutes) and pulsed at 1500 volts for 3-5 ms.

The

transformed cells were immediately transferred into 1 ml ice-cold 1M sorbitol in a
15 ml tube and incubated without shaking at 30 oC for 1 to 2 hours. Cells were
plated out on YPDS plates (1% yeast extract, 2% peptone, 2% dextrose, 1M
sorbitol in 1 litre) containing 100 μg/ml ZeocinTM. Plates were incubated at 30 oC
for 4 days or until colonies formed. ZeocinTM resistant colonies were chosen for
isoform I to determine the Mut phenotype and confirm the presence of insert by
screening PCR. Colonies were also selected for the native pPICZ C plasmid
control.

3.2.2.10. Determination of GS115 Mut-phenotype
To determine the growth phenotypes of transformed GS115 cells, Zeocin TM
resistant (ZeoR) colonies were selected from YPD plates and their growth
assessed on methanol media by replica-plating (Invitrogen Corporation, 2001).
Controls strains for Mut+ (GS115/pPICZ/lacZ Mut+

-galactosidase) and Muts

(GS115/His+ Muts Albumin) were included to distinguish between phenotypes.
Plates with minimal media containing dextrose (MDH) and methanol (MMH) was
prepared for phenotype distinction.

Each MDH (1.34% Yeast Nitrogen Base

(YNB), 0.00004% biotin, 0.004% histidine, 2% dextrose in 1 litre) and MMH
(1.34% YNB, 0.00004% biotin, 0.004% histidine, 0.5% methanol in 1 litre) agar
plate (1.5%) was divided into a grid for replica-plating. Zeocin resistant colonies,
including Mut+ and Muts controls, were plated on MDH media with sterile
toothpicks and incubated at 30 oC for 2 days. Colonies were replica-plated onto
fresh MDH and MMH media and incubated for 2 days at 30

o

C.

Muts

transformants were then assessed according to growth on MMH versus MDH,
relative to the controls.
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3.2.2.11. PCR screening of recombinant GS115 clones
Presence of the mature isoform I gene in Pichia pastoris GS115 cells was
determined directly from cells without prior genomic DNA isolation, based on a
method developed by Abath et al. (2002). Utilising the colonies obtained from
MDH plates as templates, a PCR reaction was performed as described for E. coli
screening.

Cell lysis was achieved with an initial heating step at 94 oC (10

minutes) in the Perkin Elmer GeneAmp PCR system 9700. Amplification was
performed with 30 cycles of denaturation at 94 oC (30 seconds), annealing at 54
o

C (30 seconds) and extension at 72 oC (2 minutes) ending in a final extension at

72 oC (7 minutes). PCR products were analysed by DNA gel electrophoresis as
described previously (Chapter 2).

Positive cells were inoculated into 5 ml of buffered glycerol-complex medium
BMGY (1% yeast extract, 2% peptone, 100 mM potassium phosphate pH 6,
1.34% YNB, 0.00004% biotin, 1% glycerol) and incubated overnight with
vigorous shaking (300- 400 rpm) at 30 oC. Glycerol stocks of selected positive
colonies were prepared by adding 300 μl 50% glycerol to 700 μl cells in cryovials
and stocks were stored at -70 oC.

3.2.2.12. Expression of O. savignyi isoform I in GS115 cells
For expression, colonies were selected for isoform I, native plasmid (pPICZ C as
a background expression control) and GS115 Muts albumin (a secretion control
that secretes recombinant albumin) and grown overnight in 20 ml BMGY with
vigorous shaking (300- 400 rpm, 30 oC) to an OD600nm of 2 to 6. Expression was
induced by transferring the entire overnight culture into 120 ml pre-warmed
buffered methanol-complex medium (BMMY, 1% yeast extract, 2% peptone, 100
mM potassium phosphate pH 6, 1.34% YNB, 0.00004% biotin, 0.5% methanol) in
a 1 litre flask. Cultures were grown over 5 days and induction was maintained by
addition of methanol to a 0.5% final concentration every 24 hours. A 30 ml
aliquot was collected every 24 hours from each culture, centrifuged at 3 000 x g
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for 5 minutes and supernatants stored at -20oC for subsequent SDS-PAGE- and
Western blot analysis.

3.2.2.13. SDS-PAGE analysis
Secreted expression was analysed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) as described by Laemmli (1970). Briefly, a
protein separating gel consisting of a 4% stacking gel (125 mM Tris-HCl, 0.1%
SDS, pH 6.8) and a 12% separating gel (375 mM Tris-HCl, 0.1% SDS, pH 8.8)
was prepared from an acrylamide stock solution (30% Acrylamide, 0.8 % N’N’Bis-methylene-acrylamide).

The gel solutions were degassed prior to

polymerisation by addition of 50 μl 10% ammonium persulphate and 5 μl TEMED
(N,N,N’,N’-tetramethyl-ethylenediamine).

Supernatants collected were diluted

1:1 in SDS reducing sample buffer (60 mM Tris-HCl, 2% SDS (w/v), 0.1%
glycerol (v/v), 0.05% -mercaptoethanol (v/v) and 0.025% bromophenol blue, pH
6.8) and boiled at 95 oC (5 minutes). Electrophoresis was performed in electrode
running buffer (0.02 M Tris-HCl, 0.1 M Glycine, 0.06% SDS, pH 8.3) using a
Hoefer

mini VE vertical gel electrophoresis system (Amersham Pharmacia

biotech, USA).
PageRuler

TM

All samples were run along with prestained protein ladder

(Fermentas, EU) at an initial voltage of 60 V for 45 minutes then at

an increased voltage of 100 (2 hours). If not used for Western blot analysis, gels
were visualised after electrophoresis by silver staining.

The silver staining method utilised for protein visualisation was adapted from
Blum et al. (1987) and Schevchenko et al. (1996).

Gels were incubated

overnight in a fixing solution (50% methanol, 10% acetic acid) on a rocking
platform then rinsed in 50% methanol following a second 15 minute incubation in
a milder fixing solution (5% methanol, 1% acetic acid). The gels were washed
three times in double distilled deionised water and incubated in a sensitisation
solution (0.02% Na2S2O3.5H2O (w/v) in a 100 ml) for 90 seconds. Subsequent
rinsing steps were performed with double distilled deionised water as before and
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the gels incubated in a silver nitrate solution (0.2% AgNO3 (w/v) in a 100 ml) for
an hour. Rinsing steps were repeated and the proteins were visualised in a
developing solution (6% Na2CO3 (w/v) in a 100ml) containing 50 μl 37%
formaldehyde and 2 ml sensitisation solution. Development was terminated with
incubation in 6% acetic acid (10 minutes or longer) and the gels were washed
and stored in double distilled deionised water. Protein visualisation was also
achieved by staining in 0.1% Coomassie Brilliant Blue (2% phosphoric acid and
10% (w/v) ammoniumsulphate). Briefly, a working stock was prepared by diluting
the Coomassie 4:1 with methanol. Staining was performed for 24 to 48 hours,
before rinsing the gel with washing solution (25% methanol and 10% acetic acid)
and destaining in 25% methanol.

3.2.2.14. Western blot analysis with O. savignyi anti-native apyrase
polyclonal antisera
For Western blot analysis using partially purified O. savignyi native apyrase,
potato apyrase (Sigma-Aldrich, Steinheim, Germany) and A. stephensi 5’nucleotidase/apyrase (a kind gift from B.J. Mans, NIH, USA), proteins were
analysed with SDS-PAGE as described previously. Proteins were transferred
onto ImmobilonTM-P polyvinylidene flouride (PVDF) transfer membrane (Millipore,
USA) with a semi-dry Trans-Blot electrophoretic transfer cell system (Bio-Rad,
USA), using 10 mM CAPS (3-(cyclohexylamino)-1-propanesulfonic acid, pH 9) at
20 V for 45 minutes. Membranes were incubated overnight at 4 oC in TBS
blocking buffer (20 mM Tris-HCl, 150 mM NaCl, 1% skim milk powder, pH 7.47.6). Blots were then incubated at 37 oC for 2 hours with gentle agitation in TBSblocking buffer containing a 1:1000 dilution of polyclonal rabbit anti-native
apyrase antisera (Mans et al., 2004). Blots were washed three times for 15
minutes at 37 oC in TBS blocking buffer followed by incubation with a 1:5000
dilution of horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG
(CappelTM Research Products, Durham, USA).
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Antibody-protein

complexes

were

detected

utilising

SuperSignal

chemiluminescent substrate (Pierce, Rockford, USA) according to manufacturer’s
indications. Briefly, the membranes were incubated for 5 minutes in a working
solution with equal volumes of SuperSignal West Pico Luminol/Enhancer– and
Stable Peroxidase solutions. The blots were subsequently encased in a plastic
cover and exposed to Hyperfilm High Performance chemiluminescent film
(Amersham Biosciences, Buckinghamshire, England) for 3-10 minutes. The film
was developed in HiPam universal developer (Illford, USA) and fixed in HiPam
universal fixer (Illford, USA) for 3 minutes, respectively.

3.2.2.15. Preparation of salivary gland extracts (SGE)
Unfed ticks (100 individuals) were imbedded into molten wax as described in
Chapter 2. Briefly, salivary glands were removed after lateral dissection of the
integument and placing ticks in 0.9% NaCl. Salivary glands were pooled and
snap frozen in liquid nitrogen for storage at -70oC. Salivary gland extracts were
prepared by resuspension of 200 salivary glands in 1 500 μl buffer A solution (20
mM Tris-HCl, pH 7.0). Resuspended glands were sonified on ice with a Branson
sonifier cell disruptor B-30 (Branson Sonic Power Co., USA) for 3x6 pulses at
30% duty cycle and an output control of 3.

Extracts were centrifuged in a

microcentrifuge at 10 000 x g (4oC) for 5 minutes and the supernatants filtered
through a 0.22 µm filter.

3.2.2.16. Protein determination of SGE
Protein concentration was determined using Quick StartTM Bradford Dye Reagent
(Bio-Rad Laboratories Inc., CA, USA), utilising BSA (100 mg/ml stock) as a
standard. Standard BSA dilutions (50 μl) or sample (50 μl) was pipetted into a
microtitre plate well and 50 μl dye reagent was added. The plate was incubated
for 15 minutes before determining the absorbance at 595 nm with a Multiskan
Ascent (354) multiplate scanner (Thermo Labsystems, Finland). Reactions were
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performed in triplicate. A standard curve was prepared from serial dilutions of
BSA.

3.2.2.17. Assay for apyrase activity
Enzyme activity assay was performed according to the method of Mans et al.
(1998a). Diluted salivary gland extract (10 μl) was added to 90 μl of reaction
medium (20 mM Tris-HCl, 0.15 M NaCl, 5 mM MgCl2 and 2 mM ATP, pH 7.6) in a
covered microtitre plate well. Reactions were incubated at 37 oC for 30 minutes.
Addition of a molybdic acid reducing solution stopped the enzyme reaction and
inorganic phosphate produced was determined by the method of Ames (1966).
Briefly, reducing solution was prepared from 25 ml of a 2.5% molybdate (w/v):
13.3% H2SO4 (conc., v/v) solution in 8 ml of a 1% ascorbic acid solution and
vortexed. Reducing solution (33 μl) was added to standard orthophosphate or
sample solution (100 μl). The microtitre plate was shaken for 10 minutes and the
absorbance was determined at 620 nm with a Multiskan Ascent (354) multiplate
scanner (Thermo Labsystems, Finland). An orthophosphate (Pi) standard curve
was prepared from di-potassium hydrogen orthophosphate (K2HPO4) solutions,
with concentrations of 0, 0.02; 0.04; 0.06; 0.08 and 0.1 μmoles of phosphate.
Amount of phosphate released is determined from the standard curve and one
enzymatic unit (U) is defined as 1 μmole of inorganic phosphate released per
minute.

3.2.2.18. Isolation of native apyrase with HPLC
Native apyrase was purified in a two step purification adapted from Mans et al.
(1997 and personal communication), utilising anion and cation exchange HPLC.
All HPLC work was performed utilising a Waters Liquid Chromatography system
(Waters Corporation, Massachusetts, USA), consisting of a Waters (600) pump,
a Waters controller (600) interface for solvent delivery and a Waters photodiode
array detector (996). The system was controlled and data captured using the
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Millenium

32

Chromatography

Manager

software

(Waters

Corporation,

Massachusetts, USA).

Filtered (0.22 µm) salivary gland extract was injected onto an anion exchange
column (TSK-GEL

DEAE-5PW, 7.5 mm x 7.5 cm, Tosohaas Bioscience,

Stuttgart, Germany) with flow conditions summarised in Table 3.4. A flow rate of
1 ml/min was used and protein elution was monitored at 280 nm. Before each
sample injection a blank run was performed to elute any absorbed proteins.
Elution was achieved with a linear gradient of buffer A (20 mM Tris-HCL, pH 7,
25oC) and buffer B (20 mM Tris-HCL, 1 M NaCl, pH 7, 25oC) from 0 to 60% over
a 21 min period (Table 3.4.).
Table 3.4.

Conditions for HPLC purification of native apyrase by anion- and cation exchange

chromatography.

Time

Flow

(min.)

(ml/min.)

0

Duration

%A

%B

1

100

0

5

5

1

40

60

21

26

1

0

100

10

36

1

0

100

0.5

36.5

1

100

0

10

46.5

1

100

0

(min.)

Fractions (1 ml) were collected and assayed for apyrase activity. Fractions that
had apyrase activity were pooled and stored overnight at -20oC. Pooled fractions
from the anion exchange column (~8 ml) were diluted three times in buffer A
(final volume 24 ml) and directly injected onto a cation exchange column (TSKGEL SP-5PW, 7.5 cm x 7.5 cm, Tosohaas Bioscience, Stuttgart, Germany)
using

the

same

running

conditions

employed

for

anion

exchange

chromatography (Table 3.4.). Apyrase activity was assayed and fractions with
the highest activity were pooled and analysed using SDS-PAGE.
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3.2.2.19. ELISA with O. savignyi anti-native apyrase antisera
As an additional means to follow enzyme elution, fractions obtained from column
chromatography were tested for cross-reactivity with O. savignyi anti-apyrase
polyclonal antisera (Mans et al., 2004). ELISA was performed with a method
adapted from Maritz-Olivier (2005). A 25 μl sample of each fraction was placed
in a 96 well microtitre plate and dried under a 60 W lamp in a laminar flow
cabinet. Wells were incubated overnight at 4 oC in TBS blocking buffer (20 mM
Tris-HCl, 150 mM NaCl, pH 7.4-7.6) containing 1% casein.

The plate was

washed three times with TBS buffer. The wash medium was replaced with 50 μl
polyclonal antibody containing blocking buffer (diluted 1:1000) and incubated for
1 hour at 37 oC.

Wells were washed three times with TBS blocking buffer

followed by incubation with 50 μl of a 1:10 000 dilution of horseradish peroxidase
(HRP) conjugated goat anti-rabbit IgG (CappelTM Research Products, Durham,
USA). Following a final washing step, wells were incubated with a developing
buffer (10 ml citrate, 10 mg OPD and 8 mg H2O2, pH 4.5) and the reaction was
monitored at 450 nm on a Multiskan Ascent (354) multiplate scanner (Thermo
Labsystems, Finland).

Primary antibody was omitted in negative control

reactions.

3.2.2.20. N-terminal sequence- and MS-MS analysis of purified O. savignyi
apyrase
The purified fractions from cation exchange chromatography were pooled and
desalted by ultrafiltration using a Nanosep centrifugal device with a molecular
weight cut-off of 10 kDa (Pall Life Sciences, USA). Briefly, protein sample was
pipetted into the sample reservoir and concentrated by centrifugation at 14 000 x
g for 10-15 minutes. The concentrated sample was washed three times in 500 μl
sterile double distilled deionised water. The purified sample was resuspended in
100 μl sterile double distilled deionised water and dried in vacuo in a low
adhesion 0.6 ml tube.

N-terminal- and MS-MS analysis was performed in
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collaboration with Dr. Mans at the National Institutes of Health (NIH, Rockford,
Maryland, USA).

N-terminal sequence analysis was performed by cycles of Edman degradation
and comparison to retention times of amino acid standards with a reverse phase
high performance liquid chromatography system. For mass spectrometry, a onedimensional SDS-PAGE was performed and the band representing the O.
savignyi apyrase was processed (reduced and alkylated) for tryptic digestion.
Tryptic digests were analysed with a coupled chip-based nano-electrospray
interface source (Advion BioSciences, USA) and a quadrupole time-of-flight
mass spectrometer (ESI-QUAD-TOF), QStarXL MS/MS System (Applied
Biosystems/Sciex, USA). The peptide sequence information was obtained by
computer-controlled, data-dependent automated switching to MS/MS analysis.
The AnalystQS software (Applied Biosystems/Sciex, USA) was used for data
acquisition.

The software Mascot (Perkins et al., 1999) was used for data

processing and databank searching. Non-redundant protein databases from the
NCBI, National Library of Medicine and National Institutes of Health, was used
for the search analysis.
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3.3. Results and Discussion

3.3.1.

Primer design and preparation of the O. savignyi isoform I

expression construct
Since both isoforms identified from O. savignyi share 95% identity on amino acid
level, expression was performed with only isoform I. A primer pair was designed
containing restriction enzyme sites for subcloning into the pPICZ C vector,
including signal peptide cleavage sites for secreted expression of the protein
(Figure 3.3.).
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Figure 3.3. Cloning strategy for O. savignyi 5’-nucleotidase/ putative apyrase isoform I into pPICZ C
plasmid for expression in Pichia pastoris (adapted from Invitrogen Corporation, 2001). The full-length
nucleotide- and partial (N- and C-terminal) amino acid sequences of O. savignyi isoform I are indicated. The
gene specific primers coding for relevant restriction enzyme- (underlined) and protein cleavage (Kex2 and
Ste13) sites are indicated above priming sites. The predicted signal peptide (MLKHFFLAFSFLLAVSYA)
and stop codon (TAA) are highlighted in red. A diagrammatic representation of the pPICZ C plasmid and its
multiple cloning sites is indicated below with the relevant restriction sites used in the sub-cloning strategy.
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Following amplification of the open reading frame for O. savignyi isoform I, both
plasmid and insert were successfully digested with Xho I and Sac II for
subsequent ligation (Figure 3.4.).

Figure 3.4. Restriction enzyme digests of expression plasmid pPICZ C and 5’-nucleotidase isoform I
insert. Xho I and Sac II restriction enzyme digests of pPICZ C (lane 2) and O. savignyi isoform I (lane 4)
with unrestricted controls (lane 1 and 3, respectively). Molecular mass markers (MM), restricted- (positive)
and unrestricted (negative) products are indicated.

3.3.2. Transformation and screening of E. coli TOP10F’ cells containing the
pPICZ C-isoform I expression construct
Following ligation, heat-shock transformation of chemically competent TOP10F’
E. coli was performed and colonies screened by PCR. A number of positive
clones (~2 kbp bands) were identified for both vector: insert ratios of 3:1 and 5:1
(Figure 3.5. [A]).

Colonies containing only native plasmid amplified a low

molecular mass band of about 500 bp corresponding to the multiple cloning site
of the pPICZαC plasmid (Figure 3.5. [A]).

Although some non-specific

amplification was obtained, plasmids were isolated from liquid culture of selected
clones and verified with PCR amplification of the insert (Figure 3.5. [B]) and
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automated DNA sequencing.

Clone 10 was selected for integration into P.

pastoris (Figure 3.5. [B]).

Figure 3.5. PCR screening of transformed TOP10F’ E. coli cells. [A] PCR amplification of inserts
directly from TOP10F’ E. coli cells. Positive- (+) and negative (-) clones are indicated for vector:insert ratios
of 1:3 and 1:5. [B] PCR amplification using purified plasmid from selected positive clones identified and
grown in liquid culture overnight. Molecular mass markers are indicated (MM).

3.3.3. Transformation of P. pastoris GS115 cells.
Restriction enzyme digestion was performed with Pme I, where 5 μg of native
pPICZαC plasmid and 10 μg of the pPICZαC-isoform I expression construct was
fully linearised (lane 2 and 4 respectively, Figure 3.6.).
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Figure 3.6.

Linearisation of native pPICZαC and pPICZαC-isoform I expression construct for

transformation into P. pastoris GS115 cells. Indicated are Pme I restriction digests of native pPICZαC
vector (lane 2) and pPICZαC-isoform I expression construct (lane 4) with unrestricted controls (lane 1 and 3,
respectively). Also indicated are molecular mass markers and restricted (+) or unrestricted (-) plasmid
products.

Following transformation of linearised native pPICZαC and pPICZαC-isoform I
construct into GS115 cells, ZeocinTM resistant colonies were selected and
streaked onto MDH media. Included onto each plate were the two control strains
Muts GS115 (GS115/His+ Muts Albumin) and Mut+ GS115 (GS115/pPICZ/lacZ
Mut+

-galactosidase) (Figure 3.7. [A]).

Subsequent replica-plating of the

obtained cells onto fresh MDH and MMH allowed the determination of the growth
phenotypes of the obtained GS115 clones (Figure 3.7. [B] and [C]). All clones
grew well on dextrose containing minimal media (Figure 3.7. [B]). The Mut+
control however showed only slightly better growth on methanol containing
minimal media compared to the Muts control (Figure 3.7. [B]). Comparing the
growth of pPICZ C-isoform I colonies to these controls, most clones had an
apparent wild-type phenotype (Mut+) (Figure 3.7. [B], colonies 1-4 and 6-10).
Only one clone, displayed similar growth to the Muts control (colony 5, Figure 3.8.
[C]).
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Figure 3.7. Mut-phenotypes of transformed GS115 clones. [A] Diagrammatic representation of plate
setup for determination of growth phenotypes. [B] Growth of selected colonies on dextrose containing
minimal media and [C] methanol for determination of growth phenotype.
Albumin (Albumin) and Mut

+

GS115/pPICZ/lacZ Mut

+

s

The Mut GS115/His+ Mut

s

-galactosidase (Lac Z) controls are indicated,

respectively.

The presence of the O. savignyi isoform I gene in GS115 cells was assessed via
PCR screening using primers directed at AOX flanking regions of the integrated
plasmid (Figure 3.8.). All clones showed a single band for isoform I (~2 kb),
while clones transformed with native pPICZ C plasmid showed a band
corrosponding to the multiple cloning site (~500 bp) (Figure 3.8.). This technique
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does not distinguish between undigested plasmid- and genomic DNA as template
during PCR amplification. Therefore, genomic DNA isolation and subsequent
PCR amplification would confirm integration into the yeast genome.

Figure 3.8. PCR screening of clones for O. savignyi isoform I in GS115 yeast cells. Indicated are
clones that show integration of the O. savignyi isoform I gene (left), as well as a control clone that show
integration of native pPICZ C vector (right).

3.3.4. Expression of O. savignyi isoform I and Western blot analysis with
O. savignyi anti-native apyrase antisera
To assess soluble extracellular expression two expression controls were included
into this study. A background GS115 expression control for native pPICZ C
plasmid and a secretion control expressing albumin (GS115/His+ Muts albumin)
was included.

Albumin expression was achieved with the GS115 secretion

control, producing a band at an expected molecular mass of about 67 kDa
(Figure 3.9. [A]).
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Figure 3.9. Expression of O. savignyi isoform I in P. pastoris GS115 cells. Indicated are SDS-PAGE
analysis of fractions collected over 5 days of methanol induced expression. Controls for secreted- [A] and
background expression [B] are also indicated. Molecular mass markers (MM) and time points (hours) are
shown. Red arrows indicate the expected band for albumin (67 kDa) and the expected size band for O.
savignyi isoform I (67.3 kDa)[C].

Minimal background expression was observed from the native plasmid, with most
of the background observed (as for all the gels) likely due to residual cellular
debris from yeast cells present in the supernatant (Figure 3.9. [B]). A 65.5 kDa
band was expected for mature isoform I that included the enzyme (about 63 kDa)
and a further 2.5 kDa contributed by the C-terminal histidine- and c-myc tags. A
faint band was observed with an estimated molecular mass of 67.3 kDa that
showed expression after 48 hours but was almost fully degraded after 72 hours
(Figure 3.9. [C] and Figure 3.10. [A]). The degradation of recombinant protein
was likely due to proteases in the medium derived from lysed cells (Sinha et al.,
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2004). It is clear from the results that the expression conditions are not optimal
and will require further optimisation if this protein is required for future vaccination
trails. As proteolytic degradation appears to be a serious problem in obtaining
abundant protein, the inclusion of protease inhibitors and lower culturing
temperatures may alleviate proteolysis. Protein activity in the supernatants could
not be assessed due to a high degree of interference from free phosphates in the
culturing medium (results not shown).

Due to time constraints, supernatants

were used in preliminary Western blot analysis, before further purification of
recombinant protein.

Western blot analysis with O. savignyi native-apyrase specific polyclonal antisera
was performed on supernatants of isoform I collected for the first three days after
methanol induction (Figure 3.10.).

Supernatant collected for native plasmid

background expression was included as negative control. Though similar nonspecific binding was observed for both supernatants of isoform I and native
plasmid expression, a distinct 67.3 kDa band was detected from the supernatant
from isoform I expression at 48 hours after induction (Figure 3.10. [B]). It was
unique to the isoform I supernatant (48 hours), as no similar band was detected
in the negative control at the same time point. Furthermore, the band seems to
follow the trend observed from SDS-PAGE analysis, where the 67.3 kDa protein
appears after 48 hours of methanol induction and falls below detection after 72
hours (Figure 3.10. [A] and [B]). It can therefore be concluded that isoform I and
native apyrase share significant primary sequence similarity, since antisera was
prepared against denatured native apyrase (Mans et al., 2004).
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Figure 3.10.

Western blot analysis of supernatants collected from GS115 cells expressing O.

savignyi isoform I. [A] SDS-PAGE analysis of expression over 72 hours. [B] Western blot analysis using
the polyclonal anti-native apyrase antisera produced against O. savignyi native apyrase.

Supernatant

collected after 48 hours of expression from cells transformed with native plasmid was included as a negative
control. Molecular mass markers (MM) and time points (hours) are indicated.

Although definitive activity assays have not been done yet, it is hypothesised that
the two isoforms identified from O. savignyi contribute to the apyrase activity
determined by Mans et al. (1998a) and represents the native apyrase
characterised by Mans et al. (1997). Native O. savignyi apyrase was isolated to
further test the latter hypothesis using MS-MS analysis.

3.3.5.

Molybdic acid-phosphate reaction and protein concentration

determination.
A colorimetric assay was used to determine enzyme activity by measuring the
amount of orthophosphate released during adenosine triphosphate hydrolysis. A
phosphate standard curve was constructed to estimate the amount of free
phosphate produced during ATP hydrolysis (Figure 3.11.).
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Figure 3.11.

Standard curve for the determination of phosphate concentration.

The values

represented are for two experiments with five replicates each.

To determine the protein concentration during the various steps of enzyme
purification, a protein standard curve was constructed using BSA as a reference
protein (Figure 3.12.).

Salivary gland extract (SGE) was prepared from 200

salivary glands and the total protein concentration of the extract was determined
to be 14.89 mg (approximately 70 μg per salivary gland).

144

Chapter 3: Results and Discussion

Figure 3.12.

BSA standard curve for protein concentration determination using the Bradford

method. Values indicated are from triplicates.

3.3.6. Purification of O. savignyi apyrase from salivary gland extracts
It was observed by Mans (1997) that apyrase binds (at pH 7.6) to an anion
exchange column, even with a basic iso-electric point (pI ~8.2). The apyrase
protein was suggested to have a charge asymmetry, areas of distinct positive
and negative charge, that allows binding to an anion exchange column (Mans,
1997).

Furthermore, apyrase also displays a micro-heterogeneity in its iso-

electric point, which further complicates resolution of apyrase into a finite peak.
This characteristic was exploited in a two-step method of anion and cation
exchange purification (Figure 3.13. [A] and [B]).
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Figure 3.13. Purification of apyrase. [A] Anion exchange HPLC of O. savignyi salivary gland extracts.
Fractions from 14-21 minutes were pooled for further purification by cation exchange chromatography. [B]
Cation exchange HPLC of pooled fractions obtained from anion exchange. Fractions from 26-28 minutes
were pooled to obtain partially purified apyrase. Indicated for both graphs are absorbencies for protein at
280 nm (black) and apyrase activity at 620 nm (blue diamonds). Values represent data from triplicates.

146

Chapter 3: Results and Discussion

Anion exchange chromatography produced a protein profile where apyrase
activity peaked after ~16 minutes (Figure 3.13. [A]). The activity peak indicates
that apyrase resolves at the shoulder of a larger protein peak (~11-21 minutes).
Therefore, the broad peak range observed for apyrase activity (ionic strength
range ~0.1-0.3 M NaCl), suggests the possibility of secondary interactions with
the column or a mixture of ionisable enzyme species. Fractions were selected
from 14-21 minutes, pooled and diluted for cation exchange chromatography. A
peak representing unbound protein and salts was observed between 0-5
minutes, followed by four distinct peaks between 15-30 minutes (Figure 3.13.
[B]). Apyrase activity eluted in a peak between 25-29 minutes (~0.3-0.5 M NaCl)
of which only fractions 26-28 minutes were pooled.

An ELISA based assay was performed on selected fractions from AEC and CEC
with the polyclonal anti-apyrase antisera (Mans et al., 2004). Antibody integrity
and specificity was assessed by using salivary gland extract with or without
primary antibody as positive and negative controls, respectively (Figure 3.14. [A]
and [B]).

No significant background was obtained for the antibody negative

controls, while a positive signal was obtained with primary antibody. For the AEC
fractions assayed, a second smaller peak elutes after 22 minutes that shows
significant cross-reactivity with the anti-apyrase polyclonal antibody (Figure 3.14.
[A]). Only the peak with the high activity was pooled and subjected to CEC
(fractions 14-21 minutes).

The fraction at 16 minutes showed the highest

antibody binding (Figure 3.14. [A]) and correlated with activity results obtained
(Figure 3.14.). The fractions obtained from CEC, showed the highest antibody
interactions between 26-28 minutes (Figure 3.14. [B]), which also supported the
activity data obtained (Figure 3.13. [B]).
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Figure 3.14. ELISA assay of HPLC fractions using anti-native apyrase antisera. [A] Anion- and [B]
cation exchange fractions tested for anti-apyrase binding, respectively.

Fractions that were pooled is

indicated by asterisks. Reactions that contain diluted salivary gland extract in the presence or absence of
primary antibody (pAb) are also indicated.

The purification table (Table 3.5.) shows a dramatic loss in activity during
purification of the apyrase enzyme.

Protein yields and initial activity were

comparable to results obtained during method development by B.J. Mans
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(personal communication). Following AEC, a more than 80% loss in total activity
was observed and only ~3% of the original activity remained after CEC. This
was also reflected by the lower specific activity obtained for the enzyme as it was
purified. This may be due to the loss of an important divalent metal cofactor
involved in stabilisation of the enzyme and substrate catalysis (Mans, 1997).
Table 3.5. Purification table of native apyrase. Activity was determined utilising ATP as substrate and
Mg

2+

as activating ion. One unit (U) of enzyme activity is defined as μmoles Pi formed per minute.

Purification

Volume Protein

Total

Yield

step

(ml)

(mg)

Activity

(%)

SGE
AEC
CEC

1.5
8
3

14.89
2.21
0.196

215.00
4.32
2.29

100.00
2.01
1.07

Specific
activity
(U/mg)
14.44
1.95
11.68

Fold
purification
1.00
0.14
0.81

Following the first step AEC purification, the fractions collected were subjected to
a cycle of freeze-thaw at -20oC. Exposing an enzyme to the formation of ice can
cause the removal of hydrating water and subsequent chemical and physical
changes (Arakawa et al., 2001). As ice forms, the concentration of solutes (such
as ionic salts and buffering components) in the protein solution increases. This
concentrating effect leads to a shift in pH and destabilisation of the protein
structure, in a process known as cold-denaturation (Arakawa et al., 2001;
Marshall, 1997).

Native apyrase was hypothesised by Mans (1997) to be a

metalloenzyme, requiring divalent metal ions and water in the active-site for
activity.

Cold-denaturation could hence explain the dramatic loss in enzyme

activity.

For the purposes of the current study, the isolation of active enzyme was not a
prerequisite.

Kinetic parameters for native apyrase have already been

determined by Mans et al. (1998b).

Although, purification of active native

apyrase was not optimal, sufficient protein was obtained for further sequence
analysis.
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3.3.7. SDS-PAGE and Western blot analysis of purified apyrase
The purity of the isolated protein was assessed with SDS-PAGE and silver
staining (Figure 3.15.). A partially pure enzyme was obtained with a relative
molecular weight of 65 kDa (64.9 kDa). Faint contamination was observed at
lower molecular weights, but protein purity was sufficient for N-terminal and MSMS analysis.

Figure 3.15.

Silver stained SDS-PAGE profile of the purification progress for native apyrase.

Indicated are molecular mass markers (MM), salivary gland extract (SGE), pooled fractions (14-21 minutes)
for anion exchange chromatography (AEC) and the main fraction (27 minutes) containing apyrase activity
following cation exchange chromatography (CEC).

Western blot analysis was performed with the polyclonal antisera prepared by
Mans et al. (2004) to validate the protein isolated in the current study and also
determine possible cross-reactivity with other apyrase proteins. As expected,
antibody binding was achieved and the partially purified ~65 kDa apyrase protein
was detected (Figure 3.16., Lane 1).
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Figure 3.16. Western blot analysis of anti-apyrase polyclonal antisera with various nucleotidases.
Indicated are the protein bands obtained by Coomassie Blue stain (left) and corresponding detection with
anti-apyrase antibody (right).

Lane 1 indicates O. savignyi apyrase, lane 2 Anopheles stephensi 5’-

nucleotidase/putative apyrase and lane 3 Solanum tuberosum (potato) apyrase. Molecular mass markers
are indicated (MM).

It was hypothesised that the O. savignyi enzyme belongs to the 5’-nucleotidase
family of nucleotide metabolising enzymes.

To test this hypothesis cross-

reactivity of anti-apyrase was tested against apyrase proteins from Anopheles
stephensi (mosquito) and Solanum tuberosum (potato). The potato apyrase is
an enzyme that was first cloned from potato tubers by Handa and Guidotti
(1996). This enzyme belongs to the Ecto-NTPdase-1 or CD39 enzyme family
and was used as negative control. The putative apyrase from A. stephensi was
first cloned from salivary glands by Valenzuela et al. (2003) and belongs to the
5’-nucleotidase or CD73 enzyme family.

Western blot analysis with the O.

savignyi anti-apyrase antibody showed no significant binding to either apyrase
proteins (Figure 3.16.).

The apyrase anti-serum was originally prepared from protein bands purified by
SDS-PAGE analysis (Mans, 2004). This implies that the protein used was likely
denatured and the antibodies raised were specific for the protein primary
structure. Therefore, the lack of binding is likely due to the fact that the proteins
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differ too greatly in their primary sequence for positive identification. To further
assess the possible relationship between the apyrase of O. savignyi and the 5’nucleotidase enzyme family, the 5’-nucleotidase from R. (B.) microplus
(Willadsen, Nielsen, Riding, 1989, Liyou et al., 1999) could be more successfully
employed. Unfortunately, purified protein was not available for this or other tick
proteins in this study and remain to be tested. However, cross-reactivity was
demonstrated for the 5’-nucleotidase isoform I recombinant protein from O.
savignyi expressed in P. pastoris. Thus, the native apyrase may be a member of
this family 5’-nucleotidase family of enzymes. Sequence analysis of the purified
apyrase was then performed to establish the link between the native apyrase and
the 5’-nucleotidase family (and by extension the proteins identified in Chapter 2).

3.3.8. Sequence analysis of native apyrase
The partially purified apyrase protein was sent for N-terminal sequence analysis
and the first 9 amino acids of the native sequence could be analysed
(Table.3.6.).
Table 3.6. N-terminal sequence analysis of native apyrase compared to recombinant O. savignyi 5’nucleotidase isoforms. Indicated is the N-terminal sequence for native apyrase (determined by Edman
degradation) and the deduced amino acid sequences for the O. savignyi isoforms identified in Chapter 2.
Unassigned amino acids are indicated by an X.

Amino acid differences between isoform I and II are

underlined.

N-terminal sequence

Native protein

O. savignyi 5’-nucleotidase

(Edman analysis)

isoforms

KPXKVPRXX

Isoform I : KPTKVPRPK
Isoform II: KPTKAPRAK

Three out of 9 amino acids could not be assigned with any great certainty. The
partial sequence obtained correlated to the N-terminus of the deduced amino
acid sequences for the deduced mature 5’-nucleotidase isoforms I and II
(Chapter 2). The protein sequence shared a greater sequence identity to isoform
I, where 5 amino acids out of 9 were identical between the native apyrase and

152

Chapter 3: Results and Discussion

putative apyrase isoforms. These results give the first indication that the native
apyrase shares amino acid sequence identity with the 5’-nucleotidase isoforms
identified in Chapter 2. Due to the high cost in protein needed for analysis, Nterminal sequencing was not repeated and new protein was isolated.

The native apyrase was subjected to MS-MS analysis, using nanospray
ionisation mass spectrometry. The Mascot search results produced fragment
identity to the sequences from the 5’-nucleotidase isoform I and II identified from
O. savignyi

salivary glands, previously submitted to GenBank (accession

numbers EU016368.1 and EU016369.1, respectively) (Figure 3.17., Tables 3.7.).

Figure 3.17. Peptide fragments identified for native apyrase by MS-MS analysis. Indicated are native
apyrase peptide fragments corresponding to O. savignyi 5’-nucleotidase/putative apyrase isoform I (cyan)
and isoform II (blue) (accession : EU016368.1; EU016368.1). Fragment numbers correlate to fragment
sequences tabulated in Table 4.4. Peptide mass tolerance

0.2 Da, fragment ion tolerance

0.8 Da, no

restrictions on protein mass, 1 missed cleavage allowed. Also indicated in red highlight are amino acid
differences between peptide fragments
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Scores were obtained of 294 and 346 for isoform I and II, respectively. These
are well above the significance threshold of 52 (Table 3.7.), indicating that the
putative 5’-nucleotidase isoforms identified (Chapter 2) are isoforms of native
apyrase, as both isoforms were identified with high probability. This also implies
that native apyrase is a probable mixture of isoforms I and II. The latter is
supported in two ways: Firstly, the positive identification of the unique peptide
fragment 4 (1640.88 Da, Table 3.7.) that compares to a theoretical fragment for
5’-nucleotidase isoform II (1640.86 Da, Table 3.7.).

Secondly, but more

importantly, the positive identification of the peptide fragment 1 that is identical
between both isoforms except for a Ser-Thr substitution (position 161, Figure
3.17.) between Isoforms I and II, respectively (Table 3.7.). Therefore, native
apyrase is a mixture of two isoforms that belongs to the 5’-nucleotidase family of
nucleotide-metabolising enzymes. The results also supports Edman data and
show that the mature peptide cleavage predicted for the apyrase isoforms
compares to the N-terminal sequence obtained for the native protein.

The

mixture of isoforms I and II with different isoelectric points and electrostatic
potentials (Chapter 2), would also explain the broad elution profile seen during
anion exchange purification (Figure 3.13. [A]).
For final proof of homology to the 5’-nucleotidase family, future expression will
have to be optimised and activity assays performed on purified recombinant
protein.
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Table 3.7.

Comparison of native apyrase to 5’-nucleotidase/putative apyrase isoforms I and II.

Indicated are peptide sequences identified for native apyrase.

Also indicated are peptide masses

determined experimentally for the native protein and deduced from database sequences. Ion scores, total
score and sequence coverage are shown. Amino acid differences are underlined.

O. savignyi 5’-nucleotidase/putative apyrase Isoform I
Fragments identified

Molecular mass
Score

No.

Sequence

Experimental

Deduced

1

K.VIATNVDSQDEPLLK.D

1640.88

1640.86

47

2

R.KVGVIGAVTEETR.T

1357.77

1357.76

22

3

K.VGVIGAVTEETR.T

1229.66

1229.66

53

4

K.SNSLTMFDIMR.A

1345.60

1345.6

23

5

R.ALPYESSLVVLTLK.G

1531.91

1531.89

28

6

R.GEFLAVSGMK.V

1053.51

1053.52

25

7

R.ILCTQCVVPR.Y

1244.64

1244.64

73

8

K.GVVDSEVYLPYIMK.M

1627.85

1627.82

27

Total Score

294

Sequence
coverage

14%

O. savignyi 5’-nucleotidase/putative apyrase Isoform II
Fragments identified

Molecular mass

Score

No.

Sequence

Experimental

Deduced

1

K.VIATNVDTQDEPLLK.D

1654.89

1654.88

55

2

R.KVGVIGAVTEETR.T

1357.77

1357.76

22

3

K.VGVIGAVTEETR.T

1229.66

1229.66

53

4

K.DKVEGEYPTVVER.A

1519.76

1519.75

42

5

K.SNSLTMFDIMR.A

1345.60

1345.6

23

6

R.ALPYESSLVVLTLK.G

1531.91

1531.89

28

7

R.GEFLAVSGMK.V

1053.52

1053.52

25

8

R.ILCTQCVVPR.Y

1244.64

1244.64

73

9

K.GVVDSEVYLPYIMK.M

1627.85

1627.82

27

Total Score

346

Sequence
coverage

17%
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3.4. Conclusion
To test whether the O. savignyi isoforms are apyrases, isoform I was expressed
in the methylotrophic yeast P. pastoris. The open reading frame for isoform I
was ligated into the pPICZ C expression plasmid and successfully transformed
into the P. pastoris GS115 strain for extracellular secreted expression.

The

phenotypes of transformed colonies were Mut+ when compared to controls. PCR
screening of colonies showed only single integration in all clones tested for
isoform I.

Compared to controls, expression analysis produced a unique faint 67.3 kDa
band after 48 hours of methanol induction.
completely degraded after 72 hours.

However, this band was almost

It was proposed that yeast derived

proteases are responsible for the degradation of the recombinant protein. Future
expression studies for large scale protein production and isolation will thus
require optimization of culturing conditions to minimize proteolysis.

The

supernatants of isoform I expression were tested for cross-reactivity with
polyclonal anti-apyrase antisera produced from denatured O. savignyi native
apyrase by Mans et al. (2004). Compared to a negative background control, a
distinct band was detected at 48 hours after methanol induction, with a molecular
mass corresponding to the 67.3 kDa band expected for recombinant O. savignyi
isoform I.

In previous studies, purified native apyrase was used to obtain enzyme kinetic
characteristics and pI data (Mans, 1998b), as well as the preparation of antiserum (Mans et al., 2004). To date, no sequence information for the native
apyrase has been obtained. Therefore, native apyrase was purified to obtain
sequence data via Edman N-terminal sequencing and MS/MS analysis. Anionand cation exchange chromatography was performed and apyrase activity eluted
at 14-21 minutes on AEC in a broad peak. The latter suggested secondary
interactions of the enzyme with the column or a mixture of ionisable enzyme
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species. For CEC, apyrase activity eluted at 26-28 minutes in a distinct peak.
Following the progress of purification, a great loss in enzyme activity (>80 %)
was observed. The latter was attributed to a possible loss in cofactors (metal ions
involved in catalysis) during a freeze-thaw period. Though purification of active
enzyme was not optimal, sufficient protein was isolated for sequence
determination. SDS-PAGE analysis showed a highly enriched ~65 kDa protein
with minimal contamination of low molecular weight proteins that was validated
by Western blot.

Cross-reactivity of anti-native apyrase polyclonal antisera was determined for
potato apyrase (an enzyme from the Ecto-NTPdase-1/CD39 family) and A.
stephensi apyrase (an enzyme from the 5’-nucleotidase/CD73 family). This was
done to test whether the native tick apyrase belongs to the 5’-nucleotidase/CD73
enzyme family.

Since the apyrase anti-serum was produced from SDS

denatured protein (Mans, 2004), the anti-apyrase antibody was likely too specific
to cross-react with the potato and mosquito apyrases.

It was proposed that

future experiments may have to be performed with tick proteins related the 5’nucleotidase family. The recombinantly expressed 5’-nucleotidase isoform I from
O. savignyi did however show cross-reactivity with the anti-apyrase polyclonal
antibody, implying that the native apyrase may possibly be a member of the 5’nucleotidase enzyme family.

The partially purified native apyrase was subjected to N-terminal (Edman)
sequence analysis and a partial sequence was identified (KPXKVPRXX) that
shared 67% sequence identity with the deduced amino acid sequences of the
putative 5’-nucleotidase isoforms identified from salivary gland DNA (Chapter 2).
MS/MS analysis produced peptide sequence fragments that shared sequence
identity with both O. savignyi 5’-nucleotidase isoform I and II (scores of 294 and
346 respectively above a significance threshold of 52).

Therefore, native

apyrase seems to be a mixture of the isoforms I and II identified from O. savignyi
salivary gland DNA. These results would explain the broad elution profile during
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anion exchange, as isoforms I an II differ in their electrostatic potentials and isoelectric points (Chapter 2).

Furthermore, these results represent the first

confirmation of a tick apyrase that belongs to the 5’-nucleotidase family of
enzymes.

To date, O. savignyi apyrase is the only tick apyrase for which

isoforms have been identified and correlating DNA and protein sequence data
has been determined. Further confirmation will be achieved by testing activity of
the recombinant protein.
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Concluding discussion
Haemostasis is a highly regulated system, involving a myriad of cell types
(endothelium, immune cells, platelets, etc.), proteins (enzymes, receptors, etc.)
and signalling molecules (sterols, nucleotides, etc.).

Haematophagous

organisms must overcome various host responses to feed effectively and have
therefore evolved a number of mechanisms to adapt to a blood-feeding lifestyle.
The modulation of extracellular nucleotide metabolism is a fine example of hostparasite interaction. Various blood-feeding parasites have evolved enzymes to
prevent coagulation and host rejection by metabolising the signalling nucleotides,
like ATP and ADP, which are involved in these responses. These enzymes are
referred to as apyrases.

Ticks, like the soft tick O. savignyi, have evolved a variety of compounds to
circumvent platelet activation and coagulation that includes apyrases. Apyrase
activity has indeed been identified in both ixodid and argasid tick species.
Whether apyrase activity is an ubiquitous response for all ticks is still an open
debate. Very few species have been shown to have apyrase activity and they
include I. scapularis, O. moubata, O. savignyi and more recently A. monolakensis
(Ribeiro et al., 1985; Ribeiro et aI., 1991; Mans et al., 1998a; Mans et al., 2008).
To date, no protein sequence data has been available for any tick apyrases,
except for putative proteins identified from EST databases (Valenzuela et al.,
2002; Ribeiro et al., 2006, Mans et al., 2008). In the current study, methods were
pursued to obtain molecular and sequence data to gain insights into the enzyme
structure, possible mechanism of action and evolution of the apyrase from O.
savignyi.
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Is O. savignyi apyrase a member of the 5’-nucleotidase family?
A conserved zinc-binding motive of the 5’-nucleotidase/CD73 family was used for
degenerate primer design and two homologous transcripts were identified from
the salivary glands of O. savignyi (Chapter 2).

The corresponding encoded

protein isoforms (584 amino acids each), shared significant sequence identity to
a 5’-nucleotidase from R. (B.) microplus (36%) and putative apyrases from I.
scapularis and R. appendiculatus (> 40%). Similar to the putative apyrases, the
O. savignyi isoforms were predicted to be soluble secreted proteins and lacked
the GPI-anchoring characteristic of eukaryotic members of the 5’-nucleotidase
family. A similar trend was observed for enzymes displaying apyrase activity
from other blood-feeding arthropods that belongs to the 5’-nucleotidase family
(Champagne et al., 1995, Charlab et al., 1999).
Phylogenetic analysis revealed that the tick 5’-nucleotidases (including the
putative apyrases) grouped closely together between two insect clades (Chapter
2). These results indicated that apyrase activity has evolved independently at
least three times for arthropods. Within the tick group, the O. savignyi isoforms
formed a well supported monophyletic clade with the putative apyrases from I.
scapularis and R. appendiculatus, excluding the 5’-nucleotidase from R. (B.)
microplus. The relationship of the O. savignyi isoforms to the 5’-nucleotidase
family was further supported with structural modelling. The predicted structures
of the two isoforms were similar to the periplasmic ecto-5’-nucleotidase of E. coli
(PDB:1Ush) (Chapter 2). A similar architecture was obtained between the O.
savignyi enzymes and the bacterial crystal structure. A high degree of sequence
conservation was observed for residues involved in metal coordination, catalysis
and substrate binding.

The data suggests that these enzymes have a two

domain structure with a His-Asp dyad involved in catalysis and a dimetal active
centre that may share a similar catalytic chemistry as described for the bacterial
homologue (Knöfel and Sträter, 2001).
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The O. savignyi 5’-nucleotidase isoform I was recombinantly expressed by
secreted expression in the methylotrophic yeast, P. pastoris. A faint induced
67.3 kDa band was identified after 48 hours induction, compared to the negative
control.

A high degree of proteolysis was observed likely due to proteases

derived from the yeast cells in the culture medium. The latter indicated that
optimisation of expression conditions would be required in future.

Though

recombinant protein activity could not be determined in this study, its relationship
to the native apyrase described by Mans (1997) was tested by Western blot
analysis (Chapter 3). Cross-reactivity was obtained, with polyclonal anti-native
apyrase antisera produced for O. savignyi apyrase by Mans et al. (2004). This
indicated that the recombinant protein was similar in primary sequence to native
apyrase. Further studies with purified native apyrase showed a lack in crossreactivity with apyrases from potato (Ecto-NTPdase-1/CD39 family) and A.
stephensi (5’-nucleotidase/CD73 family) (Chapter 3).

Therefore, the data

suggested that the O. savignyi isoforms are similar to native apyrase and may
represent the native apyrase characterised by Mans et al. (1997).

To further define the relationship between the O. savignyi nucleotidases, purified
native apyrase was used for sequence analysis (Chapter 3). The native enzyme
was purified using anion- and cation exchange HPLC, where fractions were
tested for apyrase activity and binding of anti-apyrase antibody.

During

purification, it was determined that native apyrase is sensitive to freezing, since a
great loss in enzyme activity (>80 %) was observed following storage at -20oC.
The latter suggested a loss in cofactors, like metal ions, which are important for
the activity of this enzyme. Following N-terminal (Edman) sequence analysis, a
partial sequence was identified (KPXKVPRXX) that shared sequence identity
(67%) with the N-terminal amino acid sequences of the 5’-nucleotidase isoforms
identified from salivary gland DNA (Chapter 2). These results showed a direct
relation between the isoforms and native apyrase, which was confirmed with
MS/MS analysis.

Tryptic sequence fragments were identified from native

apyrase that shared sequence identity with both O. savignyi isoforms I and II
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(scores of 294 and 346, respectively). The latter indicated that native apyrase is
a mixture of these isoforms. Furthermore, the O. savignyi apyrase is the only tick
apyrase for which isoforms have been identified that was confirmed with
correlating DNA and protein sequence data. All the aforementioned results have
various implications for the apyrase from O. savignyi and tick apyrases in
general.

Further insights from molecular and native protein data
Electrostatic potentials obtained for the modelled apyrase structures, showed a
charge asymmetry in an aqueous environment at neutral pH (Chapter 2). For
both enzymes, defined regions of positive charge occur at the N- and Cterminals, while a large negative potential is observed around at the interface
between the two domains that forms the active site.

This could explain the

binding affinity of apyrase to an anion exchange column during ion exchange
chromatography at a pH lower than the pI of the native protein. Furthermore,
charge asymmetry could also explain the formation of high molecular weight
complexes observed during size exclusion chromatography by Mans (1997).

Considering activity data determined for native apyrase by Mans et al. (1998a
and 1998b), the enzyme was shown to be dependant on metal ions for activity.
These results are confirmed with structural homology data, as 5’-nucleotidases
are dependant on metal ions for catalysis. Ecto-5’-nucleotidases, like the E. coli
enzyme, utilise a zinc dimetal cluster for catalysis and are readily activated by
divalent cations such as Mg2+ and Ca2+ (Zimmermann, 1992). The latter was
shown for the O. savignyi apyrase, where Mg2+ and Ca2+ also activated the
enzyme. Furthermore, inhibition of O. savignyi apyrase was achieved with HgCl2
and fluoride (Mans, 1997) that also correlates with inhibition of 5’-nucleotidases
(Gounaris, 2002; Zimmermann, 1992; Willadsen, Nielsen and Riding, 1989).

Two-dimensional electrophoresis of native apyrase showed that the enzyme had
a micro-heterogeneity in its pI (between 8.45 and 8.65) (Mans et al., 1998b). The
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predicted iso-electric points of the mature proteins from sequence data showed
that isoform I was slightly basic (pI 7.67) and isoform II was slightly acidic (pI
6.94) (Chapter 2). Furthermore, potential glycosylation sites were also predicted
for these proteins that could influence their migration with iso-electric focusing.
Therefore, the micro-heterogeneity observed may be due to the occurrence of
enzyme isoforms with different pI’s and possible glycosylation.

The minor

influence of glycosylation is also observed in the difference in predicted
molecular mass and mass determined by SDS-PAGE (Chapter 2 and 4). The
native apyrase had a relative molecular mass of 65 kDa, while predicted values
were about 63 kDa for the isoforms from genetic data. Interestingly, recombinant
expression of apyrase isoform I in P. pastoris produced a protein of comparable
molecular mass to native apyrase of about ~64.8 kDa (subtracting the 2.5 kDa
contribution of C-terminal tags) (Chapter 3).

Evolution of tick apyrases
A specific enzyme function can be derived from various structural origins.
Generally, apyrases activity is described as ATP: diphosphohydrolase activity
(EC 3.6.1.5). Apyrase activity has been derived from three different protein folds,
namely: the metallodependant phosphatase-, ribonuclease H- and DNase I folds
(Galperin, Walker and Koonin, 2008).

For blood-feeding organisms, apyrase

activity evolved from the ecto-ATPdase/CD39 (E-NTPDases)-, Cimex-type- and
5’-nucleotidase/CD73 enzyme families. This variety in protein families utilised to
obtain apyrase function is most likely the result of convergent evolution of
ancestral genes to adapt to haematophagy. It was hypothesised that arthropod
apyrases from the 5’-nucleotidase family evolved from an ancestral gene that
encoded

5’-nucleotidase,

(Champagne et al., 1995).

UDP-sugar

hydrolase

and

apyrase

activities

Such an example is represented by the 5’-

nucleotidase cloned from R. (B.) microplus, a tick enzyme that displays broad
substrate range specificity (Liyou et al., 1999, Willadsen, NIelsen and Riding,
1989).
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Considering the phylogeny of the tick 5’-nucleotidase/apyrase proteins (Chapter
2), the R. (B.) microplus enzyme represent the closest possible example of the
ancestral gene state from which tick apyrase genes may have evolved by gene
duplication and divergent evolution. To date, both 5’-nucleotidase and apyrase
proteins have not been identified in an individual tick species.

Though

preliminary tissue localisation was performed during this study to identify other 5’nucleotidase homologues from gut and malpighian tubules, none were detected
(data not shown).

In contrast, the occurrence of both 5’-nucleotidase and

apyrase enzymes have been demonstrated in mosquitoes (Chapter 1). A recent
comparative analysis of sialomic EST data by Mans et al. (2008) from nine
different tick species (including A. monolakensis, I. pacificus, I. scapularis, A.
cajanensis, A. americanum, A. variegatum, D. andersoni, R. appendiculatus and
R. (B.) microplus), suggests that the 5’-nucleotidase family of proteins could be
ubiquitous across tick species (and tick families).

Most of the sequences

identified were truncated, but identification of full-length transcripts will allow the
expansion of the current phylogeny. This will resolve the relationship between
argasid and ixodid enzyme homologues as more sequence data becomes
available.

The latter will define whether apyrase activity was derived

independently within the soft- and hard tick families or prior to their divergence
from a tick ancestor. If the latter is true, then apyrase activity may possibly have
been present in the ancestral tick lineage.

It was previously hypothesised that the ancestral tick lineage may have been
lymphatic feeders like its sister taxa, the holothyrida (Mans and Neitz, 2004b).
The lymphatic system is the main system involved in immune responses and
transports various immune cells including platelets. Platelets play a role in both
haemostasis, as well as activation of immune responses (Chapter 1). Therefore,
feeding on lymphatic fluid may have driven adaptation of platelet activation- and
aggregation inhibitors (like apyrase) in the ancestral tick.

169

Chapter 4: Concluding discussion

Future experiments: tick apyrases as vaccines or therapeutics
The current study produced a number of new results and insights for O. savignyi
apyrase. From this research a few points could be addressed in future studies:
Does O. savignyi have both a 5’-nucleotidase and apyrase enzyme?
Localisation studies were performed using the 5’-nucleotidase degenerate primer
to identify other homologues, however no transcripts were detected in
amplification studies using cDNA derived from unfed ticks tissues (data not
shown). The influence of feeding status on gene amplification has not been fully
described for O. savignyi. A more sensitive method such as real-time PCR could
be utilised to determine whether other 5’-nucleotidase homologues occur in both
fed and unfed tissues. Preliminary work has indicated an increase in transcript
number after feeding and the possibility of other homologous enzymes in other
tissues (data not shown). However, these results are preliminary and as yet
remain to be validated.

What is the mechanism of catalysis for the apyrase isoforms? How is substrate
specificity achieved? Only preliminary models were obtained for the O. savignyi
apyrase isoforms in this study (Chapter 3). More refined models will be required
for further studies into the catalytic mechanism of these enzymes by means of
molecular dynamics and substrate docking procedures. Functional expression of
the O. savignyi apyrases and consequent crystallisation studies could also be
attempted. From these studies, a model could be obtained to describe substrate
specificity, binding and catalysis for apyrases from blood-feeding parasites of the
5’-nucleotidase family.

Furthermore, such a model could be essential in the

design of specific inhibitors or determination of possible exposed antigenic
domains for the design of a novel anti-tick vaccine.

Though a number of tick derived anti-coagulants and blood platelet aggregation
inhibitors have been identified to date, their efficacy as targets for vaccine design

remains to be fully demonstrated (Maritz et al.,2007; Willadsen, 2004).

To
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assess whether the O. savignyi apyrase can be used to infer protection against
tick infestation, vaccination with recombinant protein and RNA interference
should be performed. Vaccination trials will require higher levels of expressed
protein and more stringent culturing conditions to guard against proteolysis
(Chapter 3). Tick apyrases may also find an application in the biomedical field
for the treatment of cardiovascular diseases like thrombosis. To date, the use of
apyrases in the treatment of thrombosis has been demonstrated for potato
apyrase in a rabbit model (Costa et al., 2003), while the apyrase from A. aegypti
has only recently been investigated for its therapeutic potential (Sun et al., 2006).

In conclusion, this study describes the characterisation of native O. savignyi
salivary gland apyrase as a mixture of two isoforms (Chapter 2 and 3). The
results represents the first fully characterised tick apyrases (from molecular and
native protein data) that belongs to the 5’-nucleotidase family of enzymes.
Furthermore, the apyrase isoforms share a high degree of sequence
identity/similarity with other putative apyrases from R. appendiculatus and I.
scapularis. The latter showed a loss in the GPI-anchoring characteristic of the 5’nucleotidase family. This suggests that soluble tick apyrases may have evolved
from a 5’-nucleotidase progenitor, like the R. (B.) microplus 5’-nucleotidase, with
a loss of membrane anchoring as these organisms adapted to a blood-feeding
lifestyle.

The adaptation of ticks to haematophagy is both subtle in its

evolutionary mechanisms, simplistic in the selection of host targets and efficient
in the modulation of host responses. In a post-genomic era, it is astounding how
a little organism such as a tick can still surprise us.
“Human subtlety will never devise an invention more beautiful, more simple or
more direct than does nature. Because in her inventions nothing is lacking, and
nothing is superfluous.”
Leonardo da Vinci
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Haemostasis is a highly regulated system, involving a myriad of cell types
(endothelium, immune cells, platelets, etc.), proteins (enzymes, receptors, etc.)
and signalling molecules (sterols, nucleotides, etc.).

Haematophagous

organisms, such as ticks, have evolved a number of strategies to overcome host
haemostatic responses to feed effectively.

Salivary apyrases are a class of

nucleotide-metabolising enzymes that blood-feeding parasites utilise to modulate
extracellular nucleotides, like ATP and ADP, to prevent platelet activation and
aggregation.

This specific enzyme function has evolved in blood-feeding

parasites from the ecto-ATPdase/CD39 (E-NTPDases)-, Cimex-type- and 5’nucleotidase/CD73 enzyme families. Furthermore, most arthropod apyrases are
ascribed to the 5’-nucleotidase/CD73 enzyme family.

The salivary apyrase from Ornithodoros savignyi has not been characterised to a
specific enzyme family and the presence of 5’-nucleotidase homologs have not
been demonstrated.

Therefore, in this study 5’-nucleotidase homologous

transcripts were identified from O. savignyi salivary gland DNA, using a 5’nucleotidase specific degenerate primer and RACE protocols. Two full-length
putative 5’-nucleotidase isoforms were identified that shared significant sequence
identity and similarity to a 5’-nucleotidase from R. (B.) microplus and putative
apyrases from I. scapularis and R. appendiculatus.
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Utilising computational tools, iso-electric points, molecular weights and cellular
localisation were determined.

The isoforms were predicted to be soluble

secreted proteins, which correlated with the trend observed for parasitic apyrases
in the 5’-nucleotidase family. Phylogenetic analysis of the 5’-nucleotidase family
revealed that the O. savignyi 5’-nucleotidase isoforms claded monophyletically
with the putative apyrases from I. scapularis and R. appendiculatus, excluding
the 5’-nucleotidase from R. (B.) microplus. Molecular modelling of these two
proteins showed a similar protein structure to a periplasmic ecto-5’-nucleotidase
from E. coli.

The similar architecture revealed a high conservation of key

residues involved in dimetal coordination, catalysis and substrate binding,
therefore a similar catalytic mechanism was proposed.

It was hypothesised that the isoforms identified may be putative apyrases. To
test this hypothesis, the 5’-nucleotidase isoform I was recombinantly expressed
in yeast.

Cross-reactivity was demonstrated with a polyclonal anti-apyrase

antibody produced from O. savignyi native apyrase. The latter implied that the
native apyrase may be a member of the 5’-nucleotidase enzyme family.
However, no sequence information for native apyrase was available for
comparison and therefore native enzyme was purified with ion exchange
chromatography. Subsequent, Edman N-terminal sequencing and MS/MS
analysis with purified enzyme identified peptide sequence fragments that shared
a high degree of sequence identity with both 5’-nucleotidase isoforms. It was
concluded that native apyrase is a mixture of the isoforms identified from O.
savignyi salivary gland DNA.

These results represent the first confirmation of a tick apyrase that belongs to the
5’-nucleotidase family of enzymes.

Further confirmation will be achieved by

testing activity of the recombinant protein and future experiments may assess the
potential of this protein as a vaccine candidate.
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Appendix A
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Figure 2.10.1. Multiple sequence alignment of members of the 5’-nucleotidase family utilised for phylogenetic analysis. Regions of sequence identity/
similarity between all sequences are indicated in dark blue. Indicated below alignments are identical residues for all - (upper case letters) or most (lower case
letters) sequences and residues with similar charge (:) or polarity (.). All sequences and accession numbers utilised are indicated in Table 2.7.

a

Figure 2.10.1. [continued]. Multiple sequence alignment of members of the 5’-nucleotidase family utilised for phylogenetic analysis.

Regions of

sequence identity/ similarity between all sequences are indicated in dark blue. Indicated below alignments are identical residues for all - (upper case letters) or
most (lower case letters) sequences and residues with similar charge (:) or polarity (.). All sequences and accession numbers utilised are indicated in Table 2.7.

b

