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Ticks evolved an obligate, hematophagous lifestyle approximately 120 million years ago 

while the vertebrate hemostatic system has existed for at least 400 million years. This 

implies that ticks adapted to an established and efficient hemostatic system . Adaptation to 

a new environment at a molecular level implies the gain of, new protein. functions. 

Mechanisms for the acqui sition of new protein functions include gene duplicati on and 

subsequent gain/loss qf protein function. This predicts the presence of multi-gene or 

protein families. The present study investigated the adaptation of ticks to a blood-feeding 

environment through the use of such multi-gene families present in the sa li vary gland 

pro teins of the soft tick Ornithodoros savignyi. 

In this study, a fami ly of platelet aggregation inhibitors named savignygrins was 

characteri zed. These savignygrins fo r which gene duplication was indicated inhibit 

platelet aggregation induced by various agonists, disaggregate aggregated plate lets and 

inhibit the binding of the monoclonal antibody P2 to integrin Cl.Ub~3 and CI.(lb~3 to 

fibrinogen. This indicates that the savignygrins target the fibrinogen receptor, wh ich was 

confirmed by sequence identity to disagregin, a fibrinogen receptor antagonist from the 

closely related ti ck specie Ornithodoros moubata. Savignygrin, however, differs from 

disagregin due to the presence of the integrin recognition motif RGD . 

The thrombin inhibitor savlgmn was cloned and sequenced. Savignin cons ists of two 

BPTI-Kunitz domains. Homology modeling using the structure of ornilhodorin, a 

thrombin inhibitor from 0. moubata, shows similar mechanisms of inhibition. This 
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includes targeting of thrombin 's active site with its N-tenninal BPTI-domain and 

thrombin's fibrinogen recognition exosite with its C-tenninal domain. 

Protein fo ld prediction as well as phylogenetic anal ys is indicated that the sav ignygrins 

share the BPTI-fold with thrombin and fXa inhibitors previpusly described for the 

Ornithodoros genus. A model of protein evolution for the tick BPTI-inhibitors is 

proposed that indicates a sequential evolution of inhibition of the substrate recognition 

capability of thrombin (targeting of the fibrinogen binding exosite), its catalytic 

capabi lity (targeting of the active site), the catalytic capability of fXa (similar to that of 

thrombin) and platelet aggregation. This model acco unts for the different inhibitory 

mechanisms of the tick anti-coagulants relative to that of the canonical BPTI-family. The 

unique presentation mode of the RGD motif on the BPTI substrate-presenting loop of the 

platelet aggregation inhibitors is also explained. 

Four highly abundant proteins (TSGPs) of the lipoca lin family were characteri zed. It was 

proposed that these proteins function during sali vary gland granule biogenesis. TSGP2 

and TSGP4 were also identified as toxins that affect the cardiac system. [n contrast to 

savignygrin and apyrase, which localizes to two specific sali vary granule types, the 

TSGPs localize to all the different granule types identified in the salivary glands . 

Localization studies also indicate that instead of the previously described three granular 

cell types in soft ti ck salivary glands, there are fi ve. Phylogenetic analysis of the ti ck 

lipocalins indica tes a series of gene duplication events and subsequen t gain/loss of 

protein function. The absence of the toxins in the salivary glands of O. moubata sugges ts 

that the toxins as well as the non-toxic TSGP3 might be recent gene dup lications that 

occurred after the di vergence of these two tick species . 
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Phi losophia Doctor 

Bosluise het 'n verpligte bloedvoedende lewenstyl ongeveer 120 miljoen jaar gelede 

ontwikkel. Werweldiere se hemostatiese sisteem bestaan al ongeveer 400 miljoen jaar. 

Bosluise moes dus by 'n bestaande en hoogs ontwikkelde hemostatiese sisteem aanpas. 

Aanpassing op molekulere vlak impliseer die oiltwikkeling van nuwe proteYen funksie. 

Meganismes vir die ontwikkeling van nuwe proteien funksie sl uit geen duplikasie en die 

daaropvlogende wins/verlies van prote"ien funksie in. Dit voorspel die bestaan van multi

geen of protei"en families. Die huidige studie ondersoek die aanpassing van bosluise by 'n 

bloedvoedende lewenstyl deur gebruik te maak van multi-geen families leenwoordig in 

die speekselkl iere van die sagte bosluis Ornithodoros savignyi. 

'n Familie van bloedplaatjie aggregasie inhibilore is gekaJakteriseer. Geen duplikasie kon 

aangetoon word. Bloedplaaljie aggregasie deur verskeie agoniste sowel as binding van 

die monoklonale teenliggaam P2 aan die integrien allb~) en allb~) aan fibrinogeen is deur 

savignygrin voorkom. Dit idenlifiseer die fibrinogeen reseptor as teiken van savignygrin. 

Identiteit aan die fibrinogeen reseptor antagonis disagregien bevestig die hipotese. 

Savignygrin verskil egter van disagregin a.g.v. die teenwoordigheid van die integrien 

herkennings motief, RGD. 

Die trombien inhibitor, savignin se geen volgorde is bepaal deur klonering. Savignin 

bestaan uit twee Kunitz-BPTI domeine. 'n Struktuur model gegrond op omithodorin , 'n 

trombien inhibitor van O. moubata, voorspel soortgelyke inhibitor meganismes. Dit sluit 

die teikening van trombien se aktiewe setel deur die N-terminale BPTI-domein en die 

fibr inogeen herkennings setel deur die C-terminale BPTI-domein in. 
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ProteIen-vou voorspelling en filogenetiese analise dui aan dat savignygrin die BPTI-vou 

dee I saam met die trombien en fXa inhibitore geidentifiseer in the genus Ornithodoros. 'n 

Model vir die opeenvolgende onwikkeling van die boslui s BPTI-inhibitor funksie word 

voorgestel. Dit sluit in die teiken van trombien se substraat herkennings setel, trombien se 

aktiewe sentrum, fXa se aktiewe setel en bloedplaatjie aggregasie. Die model verklaar die 

uiteenlopende inhibisie meganismes van the bosluis BPTI-inhibitore ten opsigte van die 

kanonikale BPTI-inhibitore. Die unieke presentering van die ROD motief op die BPTI

substraat herkennings Ius word ook verklaar. 

Vier van die mees volopste speekselklier proteIene (TSOPs) wat deel is van die 

lipokalien familie is gekarakteriseer. 'n Funhie in die biogenese van speekselkl ier 

'granules is voorgestel. TSOP2 en TSOP4 is ook as toksiene aang.edui wat die hart aaotas. 

In teenstelling met savignyrin en ap irase wat in slegs twee granule tipes gevind word, 

word die TSOPs in al ,die granule sel tipes gevind. In plaas van die oorspronklike drie 

granule sel tipes van sagte bosluise, is vyf aangedui. Filogenetiese analise van die 

lipokaliene dui 'n reeks geen duplikasies aan met dienooreenkomstige wins/verlies van 

funksie. Die afwesigheid van die toksiene in die speekselklier ekstrakte van O. moubata 

dui ook aan dat die toksiene sowel as die nie-toksiese TSOP3 geen duplikasies mag wees 

wat plaasgevind het na die spesiasie van die twee bosluis spesies. 
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CHAPTER J: Evolurion of hemarophagy ill ticks 

Chapter 1: Evolution of hematophagy in ticks 

1.1.1 Ticks as a relevant problem 

Man as manager of a variety of livestock has a moral responsibility to protect the 

animals under his care against damage caused by ectoparasites. Ticks are the most 

important ectoparasites in medical, veterinary and economical terms. Ticks transmit the 

highest number of pathogenic organisms that can kill and harm the host. These include 

anaplasmosis (Boophilus spp), babesiosis (Boophilus spp), cowdriosis (Amblyomma 

spp) and theileriosis (Hyalomma truncatum) (de Castro and Newson, 1993; Munderloh 

and Kurtti, 1995). Tick paralysis (Gothe and Neitz, 1991) and toxicoses (Gothe, 1999) 

also have significant impacts on lifestock mortality. 

Although being obligate parasites, ticks are non-permanent feede rs that can survive 

without the ir host for extended periods of time. Like predators, ticks are only in contact 

with their host for the short time during wh ich they feed. For fast feeding ticks 

(Argasidae or soft ticks) this could be less than an hour and for slow feeders (Ixodidae 

or hard ticks) up to nine or ten days (Sauer et al. 1995). In many argasid and some 

ixodid species, new stages of development take pla~e away from the host and after each 

molting stage a new host is found (Ba lashov, 1972). This relieves much of the burden 

other permanent parasites face, which have to depend on the host ' s fitness and viability 

for their own survival. This adaptation of ticks to survive away from their host also led 

to ticks being more aggressive than ectoparasi tes living permanently on their host 

(Lehmann , 1993). Due to this lack of dependence of ticks on host fitness, the tick 

burden itself can severely affect the host. 

Natural infestations may involve thousands of ticks per an imal. Anemia that follows 

from infes tation can be severe. Salivary gland toxins secreted can cause loss of appetite 

which can aggrevate the anemia. This leads to fatigue and a weakened immune system. 

Even small numbers of ticks can have an impact on host fitness, especially in young 

animals (de Castro and Newson, 1993). It has been reported that calves infested with an 

average of 40 ticks gained 37 kg less in body mass than control ca lves (Kaufman, 

1989). Wounds inflicted by ticks as well as skin damage due to scratching can lead to 

 
 
 



CHAPTER 1: Evolution of hemarophagy in ticks 

secondary infections through miasis-producing flies. Olher consequences include hair 

and weight loss, that leads to a decrease in the quality of hides and wool and reduced 

milk and meat production, respectively (de Castro and Newson, 1993). 

Combined, these factors have a great economic impact on agriculture. In 1984, the 

United Nations Food and Agriculture Organization estimated an annual global loss of 

seven billion US dollars due to tick infestation and tick-borne diseases. This amount has 

increased even more in recent years (Sauer el al. 1995). 

1.1.2 Tick control 

Conventional methods of tick control make use of chemical acaricides, normally applied 

on the host through dipping or spraying practices. Although ,intensive use .can be 

beneficial over a short period of time, it soon leads to the loss of protective immunity 

against ticks, due tq acaricide resistance. Interruption in tick control programs also 

leaves livestock vulnerable to major outbreaks of tick-borne diseases or the build up of 

tick populations (de Castro and Newson, 1993). The increasing cost of development of 

new chemicals and residual contamination of meat and milk are other major drawbacks 

to this approach (de Castro and Newson, 1993). Pathogens are a lso becoming resistant 

to drugs directed against them and there is even emergence of new pathogenic strains 

(Wikel, 1996). 

Anti-tick vaccines represent one of the most promising alternatives to chemical control 

(Willadsen, 2001). They have the advantage of target specificity, environmental safety, 

lack of human health risk and ease of administration and cost (Wikel, 1996). Cross 

reactivity between antigens of different species is an important consideration in the 

development of vaccines (Crause el al. 1994). This could be exploited as cross 

protection has been observed between different Ixodidae species (Opdebeeck, 1994; de 

Vos et al. 2001). One of the problems inherent in the strategy of vacci nation against 

ticks is the inefficient or even non-existent anti-tick immunity in natural hosts (de 

Castro and Newson, 1993). This is attributed to either evasion of the host's immune 

system or its direct suppression (Sauer el al. 1995) . 
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CHAPTER I: Evolution of hemawphagy in ticks 

Two main strategies for vaccination development have been focused on, those based on 

the modulation of the host's immunocompetence and those that make use of novel 

antigens (Opdebeeck, 1994). The foc us in the former is on the salivary secretions of the 

tick during feeding, as the saliva contains biologically active compounds necessary for 

suppression of the host's immune system (Sauer el at. 1995). The latter focus on those 

antigens that do not normally come into contact with the host's irrunune system and are 

appropriately called concealed antigens (Alger and Cabrera, 1972). 

1.1 .3 Concealed antigens as vaccine targets 

The advantage of concealed antigens is that it bypasses the immune evasion response 

(Kaufman, 1989). It would be unlikely that the host have developed immune tolerance 

with respect to these antigens as opposed to those from the salivary glands. Co.ncealed . . 
antigens include those from the midgut, which are involved in blood digestion, 

hemolymph, reprod~ctive organs and synganglion. The different internal organs are 

validated as targets by the fact that ticks have an open circulatory system and that the 

host's immunoglobulins can pass through the gut barrier and retain their specific ity 

(Opdebeeck, 1994; Munderloh and Kurtti, 1995). The efficacy of concealed antigens as 

vaccine targets was indicated by a reduced number of feeding ti cks, reduced engorged 

body weights, increased feeding times, diminished ' production of ova and a decreased 

tick fecundity (Sauer el at. 1995). It was found that damage to the tick's midgut leads to 

leakage of host blood into the hemocoel. This is due to anti-midgut an tibodies as well as 

the presence of host basophils, eosinophils and macrophages in tlie digestive tract of the 

tick (Opdebeeck el al. 1988). A recombinant midgut membrane protein (Bm86 from 

Boophilus microplus) has recently been expressed in a baculovirus system. Vaccination 

with thi s protein gave effective protection for cattle in the field as well as in pens with 

reduced tick reproducti ve capacity of 77% (Opdebeeck, 1994). This was also the first 

commercial available tick vaccine and it was recently shown that cross species 

protection could be attained using thi s vaccine (Wil ladsen el al. 1995; de Vos el al. 

2001; Willadsen, 2001). 
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1.1.4 Exposed antigens as vaccine targets 

Tick antigens that normally do invoke an immune response in the host enter through 

salivary secretions (Kaufman, 1989). The first anti-tick vaccine strategy was based on 

salivary gland extracts (Trager, 1939). This vaccine worked well in the laboratory 

setting, but poorly in the fie ld. Some authors have argued that on principle a salivary 

gland derived antigen would be of limited value (Kaufman, 1989) and that ectoparasites 

and their hosts adapt in a complementary manner to reduce provocation of antagonistic 

reactions such as immune and patho~ic responses (Opdebeeck, 1994). Salivary gland 

secretions do however, perform a main function in the disarmament of the anti

hemostatic and inflammatory reactions of the host. Saliva is also the main vehicle for 

transmission of tick-bome pathogens, although pathogens may also be transmitted from 

the gut, as ticks do. regurgitate bloodmeals (Munderloh and Kurtti, 1995). It was shown 

that immunosuppression of the host by tick saliva promotes both blood meal aquisition 

and the effective transmission of pathogens. Immunity to tick salivary gland extracts 

could have a protecti ve effect against disease transmission and as such is worth 

investigating (Sauer et al. 1995) . 

Elevated Immune responses against exposed antigens may circumvent 

immunosuppression (Opdebeeck, 1994). Artificial induced immunity with sufficient 

magnitude against the components which playa role in immunosuppression, could 

break immune system subversion. This could contribute significantly to the success of a 

multivalent vaccine. Advantages of using salivary gland extracts is that exposure to 

natural infestation has the capacity to boost vaccine immunity (lanse van Vuuren e! at. 

1992). It could also stimulate naturally acquired resistance mediated through reponses to 

antigens found in tick saliva. On the other hand, immediate or delayed hypersensitivity 

could occur on repeated exposure to salivary gland antigens. These should be screened 

for allergens and this necessitates the requirement for purified components (Opdebeeck, 

1994). During feeding there is also the expression of numemus other proteins in the 

salivary glands of ixodids which have important functions in the feeding process and 

thus provide a new array of possible immunogens (Wikel, 1996). Despite arguments 

against the use of exposed antigens, a number of successes have been attained. These 

include vaccination stategies against Ripicephalus appendiculatus (S hapiro, Bascher 
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and Dobbelaere, 1987) and Hyalomma anatoliclIm anarolicum (Banerjee, Momin and 

Samantaray, 1990). In a recent study the vaccinal value of novel and salivary gland 

extracts were investigated for the argasid ticks Ornithodoros moubata and Ornithodoros 

erraticus. It was found that the immune response against salivary gland extract was 

much higher than the response toward novel antigens from the gut, ovaries or 

syngangl ion. Vaccinatio n with salivary gland extracts also provided protec tion in swine 

agai nst tick infestation (Astiganaga et al. 1996) . . 

A combined approach of novel as well as exposed antigen vaccines may be the best 

strategy to follow. Molecular engineered vaccines containing immunogenic parts of 

both exposed and concealed antigens may be an exciting alternative to conventional 

approaches (Opdebeeck, 1994). For rationa l vaccine design a thorough knowledge of 

the properties of potential vaccine targets is needed. This necessitates a deeper 

understanding of tic~-host interactions, which is at the heart a question of how ticks 

adapted to their blood-feeding envi ronment. 

1.2.1 Evolution of hematophagy 

Hemostasi s is an efficient defense mechani sm that prevents blood-loss through an open 

wound. The vertebrate hemostatic system originated approximately 400 million years 

ago (MYA) (Doolittle and Feng, 1987). In contrast, hematophagy (blood-feeding 

behaviour) evolved independently at least six times in the approximately 15000 species 

and 400 genera of the hematophagous arthropods (Table \.1) (Ribeiro, 1995). Many 

arthropods evolved blood-feeding capabilities during the Cretaceous and Jurassic Era' s, 

(145-65 MY A) (Balashov, 1984). Adaptation of hematophagous arthropods to a blood

feeding envi ronment thus entailed specific adaptation to an effic ient existi ng hemostatic 

system. Elucidation of the evolutionary mechanisms of blood-feeding arthropods could 

further our understanding of the evolution of complex systems as is exhibited at the 

blood-feeding interface, as well as allow the development of new control strategies 

based on novel as well as shared mechanisms. The subject investigated in this thesis is 

the adaptation of ticks to a blood-feeding environment, with specific reference to 

salivary gland proteins. 
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Table 1.1: Anhropods thal evolved hemarophagy independently. Orders or genera suggested to have 

evolved blood-feeding behaviour independently are shown in bold. Adapted from Ribeiro (1995). 

Insect or arachnid Family Genera Species 
order (common name) 
Diptera Sandtlies 6 70 

Blackflies 24 1571 
Horsefl ies 5 4400 
Tsetse flies I 23 
Stable flies 3 50 
Mosquitoes 36 3450 

Hemiptera Bedbugs 23 91 
Bat bugs 5 32 
Kissino bu C7 s 14 118 

Anoplura Lice 42 490 
Siphonapte.'a Fleas 239 2500 
Acari Soft ticks 3 178 

Hard ticks 12 657 
Total number 417 l4595 

1.2.2 The Ixodida or ticks 

Ticks are obligate hematophagous organisms and the most important ectoparasi tes of 

domestic animals. The Ixodida comprises three families (Fig. 1.1), the Ixodidae or hard 

ticks (Scutum present, short in female, long in male, capitulum at anterior of body in all 

stages), Argasidae or soft ticks (Scutum absent, capitulum on underside of body in 

nymphs and adults, an terior in larvae) and Nuttalliellidae that is monotypic 

(Hoogstraal, 1956). The Ixodida are part of the Phylum Arthropoda and group with the 

sp iders, scorpions, whip-scorpions, sun spiders, harvestmen, hooded tick spiders and 

fa lse scorpions in the Class Arachnida. Ticks are a small group Of a much larger group 

of mites that group in the subclass Acari, more specifically in the superorder 

Parasitiformes . Parasitiformes are characterized by the presence of free coxae, a ve ntral 

anal opening covered by plates, a hypostome and a sclerotized ring surrounding the 

cap itulum. Actinochitin is absent on the setae, distinguishing them from the other 

superorder Acariformes. 
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Superkingdom 
Eukaryota 

Kingdom 
Metazoa 

Phylur]1 
Arthropoda 

Subphylum 
Chelicerata 

Class I Subclass I Superorder 
Arachnida Acari Parasitiformes 

'-_------l ~::::;:==~ '-_"':":"""" 

I Order I 
~xodid~ 

Ixodidae 

Amblyomma (102) 
Aponomma (24) 
Boophilus (5) 
Denmacentor (32) 
Hyalomma (25) 
Margaropus (3) 
Rhipicentor (2) 

Anocentor (1) 
Anomalohimalaya (1) 
Cosmiomma (1) 
Haemaphysalis (150) 
Ixodes (234) 
Nosomma (1) 
Rhipicephalus (76) 

Family 

Argasidae 

Antricola (14) 
Argas (61) 
Nothoaspis (1) 
Ornithodoros (103) 

. Otobius (2) 

Nuttalli ellidae 

Nuttalliella namaqua 

Fig. 1.1: Hierarchy of the [xodida. Approximate number of species is indicated in brackets next to the 

genus name (Per,sanal communication, Dr. Lance Durden. 50111 Annual Acarology Summer Program. Ohio 

State University, 2000) . 

1.2.3 The origin of ticks 

Ticks were considered to be of the earl ier lineages of terrestria l arachnids, with 

proposed origins in the Devonian (350-400 MY A) (Oliver, 1989), late Si lurian (400 

MY A) (Lindquist, 1984), late Permian (Hoogstraal and Aeschlimann, 1982) and late 

Paleozo ic or early Mesozoic (225 MY A) (Hoogstraal , 1985; Balashov, 1989, 1994). 

These estimations were based on the ass umptions that the most primitive group of ticks 

are associated with the most primitive group of hosts, and that ticks must have arisen 

approximately at the same time as their particular host group. It has been proposed that 

ticks originated more recentl y in the early Cretaceous (Fillipova, 1977) or late 

Cretaceous (120 MY A) (Klompen et al. 1996). The latter is based on comparison of the 

distribution of ixodids worldwide, where some of the presumably basal lineages are 

exclusively Australian and suggests a major role of Australia in the evolution of ixodids. 

The late Cretaceous was the last time that Australia was part of Gondwanaland and 

indicates that this period played an importan t role in the origin of the Australian 

lineages , and by extension the entire tick family (Klompen el al. 2000). This period also 
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CHAPTER J: Evo/wion of hematophagy in ticks 

saw the emergence of mammals and was closely followed by dinosaur extinction (65 

MY A) . This provokes tantalizing suggestions that ticks evolved at the dawn of the 

emergence of mammals. 

1.2.4 Tick fossil records 

Ixodid foss ils were found in Baltic amber (Ixodes succineus, 30-40 MY A), Oligocene 

deposits (Ixodes tertiarius, 30 MY A), Dominican amber (Amblyomma testudinis, 

Ornithodoros antiquus, 30-40 MY A) and in the ear of a woolly rhinoceros 

(Dermacentor reticulates, 1-3 MY A (Scudder, 1885; Weidner, 1964; Lane and Poinar, 

1986; Poinar, 1995). The oldest fossil to date is an argasid (Carios jerseyi) found in 

New Jersey amber, 90-94 MYA( Klompen and Grimaldi, 2001). If ticks originated 120 

MY A, they already speciated by -92 MY A into the main tick families, as .well as 

argasid genus level. 

1.2.5 Speciation of ticks 

Phylogenetic analysis using 16S RNA placed the Argasinae basal to the Ixodidae, 

sugges ting that ixodids were derived from an Argas-like ancestor (Black and Piesman, 

1994). Phy logenetic analysis also suggested that Argasidae were paraphyletic 

(Crampton, McKay and Barker, 1996). However, re-analysis of ixodid and argasid 

relationships, using 18S RNA indicated strong support for the monophyly of Argasidae 

and Ixodidae (Black, Klompen and Keirans, 1997). It also placed Argasinae and 

Omithodorinae as single monophyletic groups, respectively, 'inside the Argasidae, 

which is concurrent with original morphologically based phylogenies (Hoogstraal and 

Aeschlimann, 1982). The question raised here is whether ticks adapted to blood-feeding 

environment before or after speciation of the main tick families? 

1.2.6 Ticks were free-living scavengers 

Holothyrida forms with the Ixodida and Mesostigmata the Order Parasitiformes (Evans 

1992). Phylogenetic analysis indicates that the Holothyrida rather than Mesostigmata 

are a sister-group to ticks (Dobson and Barker, 1999). It is of interest that the 

holothyrida are distributed only in areas that were part of Gondwanaland, which 

corresponds with the current ideas on tick origins (Klompen et al. 2000) . Holothyrida is 
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CHAPTER 1: Evolution ofhematophagy in ricks 

a group of free -living mites, which mainly live on body. fluids of dead organisms. It has 

been suggested that ticks shared this same trait before adaptation to a blood-feeding 

environment (Walter and Proctor, 1998). 

1.2.7 Questions regarding tick evolution 

The preceding sections lead to the following questions: 

I) What was the nature of the ancestral tick before adaptation to a blood-feeding 

environment (i.e. which anti-hemostatic strategies were present or evolved de 

novo)? 

2) Did ticks evolve anti-hemostatic strategies before or after divergence into the 

main tick families (i.e. did ticks evolve anti-hemostatic strategies more than 

once independently)? 

3) How did ticks acquire novel anti-hemostatic strategies (i.e. what were the , 
evolutionary mechanisms by which ticks adapted to an already present and 

complex hemostatic system)? 

4) What was the driving force behind the evolution of hematophagy in ticks? 

The answers to these questions can only be contemplated by a clear understanding of 

tick-host interactions: the interface where adaptation originated. 

1.3.1 Ti ck-host interactions 

To acquire a blood meal, ticks need to penetrate the host's skin and damage enough blood 

vessels for the release of blood. The depth of penetration and feeding time depends on the 

type of tick. Slow and fast feeding ticks have different mouthparts that cause different 

degrees of damage to the host (Binnington and Kemp, 1980). In ixodid ticks (slow feeders) 

the lesion develops gradually with the formation of a hematoma. It has been proposed that 

the main damage at the feeding lesion is caused by neutrophils attracted to the feeding site 

where they degranulate and cause inflammation (Ribeiro, 1987). Argasids feed rapidly 

with deep penetration of the host's skin and cause considerable damage. Bloodloss can still 

occur long after a tick has stopped feeding (Binnington and Kemp, 1980). 
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CHAPTER 1: Evo/ution ojhematophagy in ticks 

During probing for blood, capillary and small blood vqsels are lacerated, host cells are 

ruptured and hemorrhage occurs. This increases the blood volume at the site of feeding and 

leads to activation of the host's defence mechanisms which include the hemostatic (blood 

coagulation and platelet aggregation) and the immune system (Ribeiro, 1987). Platelet 

aggregation represents the most immediate defence and is sufficient to arrest blood flow 

from small vessels (Law, Ribeiro and Wells, 1992). It is possible that platelet aggregation 

directed the evolution of the salivary gland proteins of all blood sucking arthropods to a 

greater extent than did blood coagulation (Ribeiro, 1987). Coagulation may thus be of 

lesser significance in the host's defence against blood sucking arthropods. It may playa 

more important role during the ingestion of the blood meal and it was suggested that anti

coagulant inhibitors fro m ticks have their main function in the gut where they serve to keep 

the blood in a fluid form (Bowman el at. 1997). 

1.3.2 Platelet aggrega,tion and its role in hemostasis 

Platelet aggregation is essential for hemostasis (the cessation of bloodflow from a damaged 

vessel wall) by means of blood coagulation and formation of a fibrin clot that serves as a 

plug (Dam-Mieras and Muller, 1986). The whole blood coagulation cascade depends on a 

negatively charged membrane surface where the different serine proteases involved in the 

cascade can dock to be sequentially activated (Esmon, 1995). Normally the outer 

membranes of cells are depleted of negatively charged phospholipids. Platelets provide this 

membrane surface by the translocation of phosphatidyl serine from its inner to outer 

membrane during platelet activation and aggregation. Clotting proteins (fVII, fX and 

prothrombin) subsequently bind to the membrane through a Ca2
+ bridge by means of the 

modified amino acid y-carboxyglutamate (Gla) and are thus targeted and localized to the 

site of damage (Tans and Rosing, 1986). 

1.3.3 Collagen and its role in hemostasis 

Damage to the blood vessel wall exposes the collagen containing subendothelial layer. 

Collagen binds the plasma protein, von Willebrandt's factor (vWf), which changes 

conformation and activates platelets by binding to a specific vWf receptor (glycoprotein 

Ib) or to the main integrin involved in aggregation, (XUb/33 (Hawiger, 1992). This restricts 

platelets to the site of injury and prevents thrombosis by localization of the clotting 
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CHAPTER 1: Evolution ofhematophagy in ticks 

cascade. Collagen also activates factor XlI, the initiato( of the intrinsic pathway of the 

blood-c1Olting cascade (Zwaal, Bevers and Comfrius, 1986). 

1.3.4 Platelet activation 

Unactivated platelets are discoid and smooth and upon activation change to a spherical 

shape with numerous pseudopods. Activated platelets secrete their granule contents and 

eventually aggregate to form a platelet plug. Platelets can be activated by a variety of 

compounds (ADP, collagen, thrombin, thromboxane A2, epinephrine, platelet activating 

factor, thrombospondin) which binds to specific membrane receptors present on the 

platelet surface. Activation is mediated by signal transduction of the different receptors 

which activates either the cyclo-oxygenase or' phospholipase C pathway, or inhibits 

adenylate cyclase (Fig. 1.2). 

1.3.5 Inhibition of ade~ylate cyclase 

Epinephrine, thrombin and ADP bind to Gi-coupled receptors, and prevent the synthesis of 

cAMP through inhibition of adenylate cyclase. Raised cAMP levels lower the intra-platelet 

free calcium levels necessary for shape change and granule secretion. Modulation of 

cAMP levels thus aid in platelet activation, although it does not cause platelet shape 

change. 

1.3.6 The cyclo-oxygenase pathway 

Collagen, epinephrine and thrombin receptors are all linked to G-proteins that activate 

phospholipase A2, which cleaves phosphatidyl inositol and phosphatidyl choline to 

produce arachidonic acid. Cyclo-oxygenase then converts arachidonic acid to thromboxane 

A2 (TXA2) which is a platelet agonist as well as a vasoconstrictor. Overall, agonists 

exclusive to this pathway does not cause primary aggregation, but rather activation of 

platelets by TXA2 and subsequent activation and aggregation via the PLC pathway. 
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Receptors 

G, G, 
Adenylate PLA, PLC 
CYdaseC:) 

AA .... DA~ ""'-
i"'" IP, 

COX PKC 1.0 Ca·' 
I""T 

PG MLCkinase 

T ~ecretory response 

+ 
Platelet aggregation 

Fig. 1.2: Platelet activation mechanisms. Binding of different agonists to their specific receptors activates 

phospholipase Ai (PLA,) or phopholipase C (PLC) or inhibits adenyl ate cyclase. Arachidonic acid (AA) 

released by PLA2 is converted to prostaglandins (PG) by cyclo-oxygenase (COX) with subequent conversion 

to thromboxane A, (DCA,). PLC releases diacylglycerol (DAG) and inositol-! ,4,S-tnsphosphate (rp,) from 

tile plarelet inner membrane. IP) induces release of Ca2
+ from lh~ dense rubular system and calcium activates 

myosin light chain kinase (MLC kinase), which phosphorylates myosin, leading to shape change. OAG in the 

presence of calcium activates protein kinase C (PKC), which phosphorylates a number of platelet proteins, 

leading to secretion of granules. Inhibition of adenylate cyclase leads to a relaxed concrol of intracellular 

calcium concentration, which promotes those processes activated by calcium (Hawiger, 1989). 

1,3,7 The phospholipase C pathway (PLC) 

Thrombin, ADP, PAF and TXA, receptors are linked to G-proteins that activate PLC 

leading to the fonnation cif diacylglycerol (DAG) and inositol trisphosphate (IP3) through 

hydrolysis of phosphatidyl inositol diphosphate. DAG in the presence of calcium activates 

phosphokinase C (PKC) causing degranulation of platelets. IP3 releases Ca2
+ from the 

dense tubular system and this activates myosin light chain kinase resulting in the 

phosphorylation of myosin (Hawiger, 1989). Activated myosin binds actin to form the 

actomyosin cytoskeleton which facilitates shape change and formation of focal adhesion 

points (FAP). These FAPs form on the ends of philopodia and consist of a multi-protein 

integrin Cl.tIb~3 complex (Jamaluddin, 1991). Due to multiple phosphorylation events in the 
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CHAPTER I: Evolutioll ofhemalOphagy in ticks 

multi-protein complex, allb~3 undergoes a conformational change, with exposure of a 

fibrinogen-binding site and subsequent platelet aggregation through linkage of platelets by 

fibrinogen (Clark et al. 1994). Fibrinogen binds to al1b~3 through two RGD integrin 

recognition motifs on its a-chain and one non-RGD containing sequence on its y-chain 

(Hawiger and Timmons, 1992). 

1.3.8 Secretion of granule components 

Various biologically active compounds stored in a- and dense-granules are secreted during 

activation, which in turn, activate other platelets and induce inflammation (Table 1.2). 

Compounds of special interest for tick bio logy include ADP, which activates platelets and 

ATP, which causes mast cell degranulation and neutrophi l aggregation. This leads to local 

inflammation and vasoconstriction (Ribeiro, 1989). Serotonin' ,and tromboxane A2 

sti mulate vasoconstriction, while serotonin also promotes vascular permeability for the 

infiltration of mast cells and macrophages (B loom and Thomas, (987). 

Table 1.2: Biologically active compounds secreted by activated platelets. Adapted from lamaluddin (1991). 

Granule Contents Effect 011 hemostasis 
Dense granules ADP Activates platelets 

ATP Inflammation 
Ca2+ Shape change of platelets 
Serotonin Vasoconstriction and vascular penneability 

a -granules VWf Binds platelets to collagen 
Fibrinogen Platelet aggregation 
Fibronecrin Cell adhesion 
Plasminogen Precursor of plasmin 
Thrombospondin Activates coagulation 
Kininogen Coagulation factor 
fV Coagulation factor 
(lllb~J Platelet aggregation 

1.3.9 Blood coagulation 

The intrinsic pathway of blood coagulation starts with collagen-induced activation of fXlI 

which activates fXl as well as kallikrein. Kallikrein cleaves a precursor to form bradikinin , 

a peplide causing inflanunation, the sensation of pain and irrilation (Ribeiro, 1989). The 

extrinsic pathway starts with the release of thrombop lastin (tissue factor) from damaged 

endothelial cells, which activates factor va (Fig. 1.3) (Bevers, Cornfrius and Zwaal, 

1993). Both pathways eventually coalesce in the formation of factor Xa which in turn 
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CHAPTER 1: Eva/wian afhemalOphagy in licks 

produces thrombin. Fibrinogen is then cleaved by thr9mbin to fibrin which forms a 

network, the main constituent of the blood clot together with platelets and erythrocytes 

(Jackson and Nemerson, 1980). 

These events ultimately lead to edema, one of the signs many tick. resistant hosts display. 

Edema and associated irritation lead to host grooming, an important factor in the reduction 

of the tick burden (Wikel, 1996). 

Intrinsic pathway 

Surfa ce activation (co lla gen) 

XII XTTa 

~ 
XI ' XIa 

X 

Extrinsic pathway 

Vascubr damage (Tiss ue factor) 

VIla 

~ Tiss ue factor (TF) 

~Ia-TF 

Xa X 

~ , XIII 

Prothrombin Thrombin c...XITTa 

~~ 
Fibrinogen Fibrin F ib rin (hard clot) 

Fig. 1.3: The blood coagulation cascade. The intrinsic pathway is initiated by the binding of 001 to a 

negatively charged surface like collagen and is then activated by kallikrein. fXUa then activates fXI as we ll as 

prekallikrein. This leads to eventual activation of fX. The extrinsic pathway is activated by trauma that 

releases tissue factor. This binds to fV fl a, mat is activated by thrombin and together activates fX. Prothrombin 

is activated to thrombin by fXa which cleaves fibrinogen to fibrin that fOnTIS a network. Thrombin also 

acliv3res fXIIla which stabilizes the fibrin clot by crosslinkage. Adapted from Bloom and Thomas (1987). 

1.4.1 Anti-hemostatic components produced by ticks 

Ticks manage to down regulate the complex host immune and hemostatic mechanisms 

through secretion of bio-active components with a range of pharmacological properties 

which ease the burden of obtaining a blood meal. 
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1.4.2Immunomodulatory components in tick saliva 

Tick saliva contains prostaglandin E2 (PGE,) which promotes vasodilation, inhibits platelet 

aggregation, mast cell degranulation and T-Iymphocyte activation. PGE2 has been 

identified in the saliva of Ixodes scapularis, Amblyomma americanum and B. microplus 

(Dickinson el al. 1976; Ribeiro el al. 1985; Ribeiro, Makoul and Robinson, 1988; Ribeiro 

el al. 1992; Bowman el al. 1995). This alone counteracts a who le range of the host's 

defences. Anti-h.istamine is also present which prevents inilammation. Histamine-binding 

proteins that sequestrate histamine from the feeding-site have been identified in R. 

appendiculatus (Paesen el al. 1999; Paesen el al. 2000). The saliva of l. scapularis contain 

a carboxypeptidase activity which cleaves bradykinin and thus prevents irritation and pain 

(Ribeiro el al. 1985; Ribeiro and Mather, 1998). An anti-complement protein from the tick 

l. scapularis that inhibits erythrocyte lysis by human serum, has also been dpcribed 

(Valenzuela el al. 2000). 

1.4.3 Blood clotting inhibitors from ticks 

Numerous inhibitors for the different serine proteases involved in the clotting cascade have 

been described for hard and soft ticks (Table 1.2). Inhibitors of fY and fYil have been 

described for the hard tick Dermacenlor andersoni (Gordo n and Allen, 1991 ). Thrombin 

and fXa inhibitors have been described in a variety of hard ticks (Table 1.3). Tick 

anticoagu lant peptide (TAP) and fXaI (factor Xa inhibitors) as well as omithodorin and 

savignin (thrombin inhibitors) have been described for the soft ticks O. moubaw and 

Omilhodoros savignyi, respectively (Waxman el al. 1990; Gaspar el al. 1996; Joubert el 

al. 1998; van de Locht el al. 1996; Nienaber, Gaspar and Neitz 1999; Mans, Louw and 

Neitz,2002a). 

Fibrinogen which serves as the connective link during platelet aggregation and which is the 

precursor for the fibrin network is also under attack during feeding. A fibrinogenolyti c 

enzyme has been identified in the soft tick O. savignyi (Mahlaku, Gaspar and Neitz, 2000). 

Other enzymes present in the saliva of argasid ticks are the elastases and hyaluronidases 

(Neitz and Vermeulen, 1987). The function of these enzymes may be to assist in the 

enlargement of the feeding lesion through degradation of the extracellular-matrix, thus 

shortening the feeding time and promoting the formation of a hematoma (Kaufman, 1989). 
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Table 1.3: Anticoagulants from ticks. Adapted from Bowman el al. (1997). 

Species Source Target Mr (kO.) Reference 

R. appendicularus Salivary gland IXa 65 Limo el al. 1991 

H. lruncalum Salivary gland IX. 17 Joubert el af. 1995 

H. dromedarii Nymphs IX. 12,16 rbrahim·el al. 2001 

O. moubara Whole tick IXa 7 Waxman el al. 1990 

O. moubata Salivary gland Thrombin 12 van de Locht el af. 1996 

0. savignyi Salivary gland IXa 7 Gaspar el af. 1996; Joubert el al. 1998 

0. savignyi Salivary gland Thrombin 12 Nienaber el al. 1999; Mans el al. 2002a 

B. micropfus Salivary gland fXa and thrombin NA Anastopoulos el af. 1991 

B microp/us Whole larvae Kallikrein 10,18 Tanaka et af. 1999 

B. microplus Saliva Thrombin 60 Hom et af. 2000 

I. holocyclus Salivary gl.nd fXa and thrombin NA Anastopoulos el af. 1991 

H. fongicomis Salivary gland fXa and thrombin NA Anaslopoulos el af. 1991 

A. americaflunI Salivary gland fXa and thrombin NA Zhu el al. 1997 

I. ricinus Whdle tick Thrombin 7 Hoffmann el af. 1991 

D. andersoni Salivary gland tv and rvu NA Gordon and Allen, 1991 

1.4.4 Platelet aggregation inhibitors from ticks 

Moubatin , an inhibitor of collagen induced platelet ~ggregation has been identified in O. 

moubata, while tick adhesion inhibitor (TAl), inhibits the adhesion of platelets to matrix 

collagen (Waxman and Connolly, 1993; Karczewski el al. 1995). The thrombin inhibitors 

involved in the inhibition of the coagulation cascade also serve to inhibit thrombin-induced 

platelet aggregation (Nienaber, Oaspar and Neitz, 1999). Binding of fibrinogen to integrin 

anb~3 are also inhibited by the ROD-containing inhibitors vatiabilin from Dermacel1lor 

variabilis and savignygrin from O. savignyi, as well as the ROD lacking inhibitor, 

disagregin from O. moubata (Karczewski, Endris and Connolly, 1994; Wang el a/. 1996; 

Mans, Louw and Neitz, 2002b). Apyrase, an ATP-diphosphohydrolase enzyme inhibits 

platelet aggregation through hydro lysis of ADP (Law, Ribeiro and Wells, 1992). Apyrase 

activity has been found in the salivary gland extracts or saliva of 1. scapularis and O. 

mOL/bata and 0. savignyi (Ribeiro el al. 1985; Ribeiro, Endris and Endris, 1991; Mans et 

a/. 1998a; Mans et a/. 1998b). It was also shown that apyrase could playa role in the 

disaggregation of aggregated platelets, which could serve an important function in 

dissolving platelet aggregates, during feeding (Mans el al. 2000). Apyrase activity appears 
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however, to be absent from the saliva of A. americanum (Bowman et al. 1997). PGIz, 

PGD2 and PGE2 inhibi t platelet aggregation by preventing ADP secretion during platelet 

activation (Ribeiro, Makoul and Robinson, 1988; Bowman el al. 1995, Aljamali el al. 

2002). The various platelet aggregation inhibitors are summarized in Table 1.4. 

Table 1.4: Platelet aggregation inhibitors from ticks. Adapted from Bowman er ai . (1997). 

Species Compound Target Mr (k Da) Reference 

O. moubata Apyrase ADP NA Ribeiro er al. 1991 

0. moubata Moubatin Collagen 17 Waxman and Connolly. 1993 

O. moubara TAl Collagen 15 Karczewski er ai. 1995 

O. moubara Disagregin CtUb133 6 Karczewski er ai. 1994 

0. savignyi Apyrase ADP 67 Mans er al. 1998.2000 

0. savignyi Savignygrin Ct[]b~3 7 Mans er at. 2002b 

D. variabilis Variabilin CillbB, 5 Wang er ai. 1996 

l. dammin; PG1, PGI,-receptor NA Ribeiro er al. 1988 

A. americaflllm PGD, PG I/D2-receptor NA Bowman er at. 1995 

A. americanLlf1! PGE, PGEl-receptor NA Aljamali er al. 2002 

It is clear that there were a definite selective pressure on ticks to adapt to a blood

feeding environment and that an impressive array of anti-hemostatic components were 

evolved by ticks. The study of these salivary gland components could aid the 

understanding of the mechanisms that ticks evolved during their adaptation to a blood

feeding environment. 

1.5.1 Argasidae as models of a primitive ancestor 

The Argasidae are generally considered to be more primitive than the Ixodidae, by 

morphological, developmental and physiological criteria. The prototype ixodid ancestor is 

thus considered to be argasid-like (Oliver, 1989). Ixodids spend more time on the host, 

during which extensive changes take place in the salivary glands, while general argasid 

salivary gland structure is considered to be less complex than that of ixodids (Sauer et al. 

1995). The study of argasid salivary gland biology is thus a good place to start when 

investigating tick adaptation to a blood feeding environment and the possible state of a 

primitive ancestor. 

17 

 
 
 



CHAPTER I: Evolution ofhemalOphagy in ticks 

1.5.2 Ornithodoros savignyi as a model of argasid biology 

Harry Hoogstraal penned the behaviour of the sand tampan In classic prose: "at the 

Khartoum qaurantine one may see a long. seething line of thousands of hungry tampans 

helplessly confined to the shade of a row of acacia trees. A few yards away, separated only 

by the hot, nine o'clock sun, newly arrived canle tied to a post fence tempt the tampans to 

cross the glaring strip. The next morning, in the coolness of seven o'clock, those tampans 

under the trees are all blood bloated and resting comfortably in the sand, others dragging 

back from their hosts across the now nonexistent barrier, and the legs of the cattle are 

beaded with yet Olher podshaped licks laking their fill of blood in a regular line just above 

Ihe hoof" (Hoogsu'aal, 1956). The ferociousness of these ticks can be attested by personal 

experience. Using the dry ice collection method to lure these tick fr.om their hiding. places, 

we were surrounded by ticks in a twenty meter radius around the dry ice container (Nevill, 

1964). Ticks were ru~ning crazily this way and that way, seeking animals they could scent, 

in a futile attempt to be there first (personal observation, Upington, Western Cape 

Province, 1995). 0. savignyi is of local economic importance in that it kills many domestic 

animals, especially young calves and lambs. Originally, the consensus was that these ticks 

kill their hosts through exsanguination, but it was later shown that death is caused by a 

toxin which may cause serious allergic reactions in humans (Howell, Neitz and Potgieter, 

1975). 

These ticks are relatively easily obtainable and they require little care and their salivary 

glands are of managable size. 0. savignyi has a uniform integument which folds in on itself 

and allows the tick to obtain a large quantity of blood in a short feeding time (15-30 

minutes). Males are smaller than females and lack the large genital opening that identify 

females (Fig. (04). O. savignyi is diploid (2n = 20), with the presence of sex-chromosomes, 

XY and XX for males and females, respectively (Howell, 1966a). 
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Fig. 1.4: External anatomy of a female 0. s ffi'ignyi. Note the folded integumenL position of Ule capitulum 

and genital opening (Photograph:B.I Mans, 1996). 

1.5.3 The relationship between O. savignyi and O. moubata 

Extensive studies on anti-hemostatic components from the tick 0. moubata have been 

conducted. A study of a closely related tick, like 0. savignyi, could thus prove useful to 

gain comparative data, as there are few notable differences between these species. 

Morphologically they are similar, although 0. savignyi has two pairs of eyes situated in its 

supracoxal folds, which is lacking in 0. moubafa. While 0. savignyi burrows in sandy 

areas, 0. moubala is endophilous (nest-dwelling). During its lifetime 0. mOllbara is 

generally confined to a limited set of hosts that inhabit their burrow. 0. savignyi is more 

predatory and will feed on any mammal in its proximity (Hoogstraal, 1956). 0. moubata 

transmits Borrelia duttoni, which causes relapsing fever in humans and also transmits, 

african swine fever virus. In contrast, no pathogenic organisms have as yet been found 

associated with 0. savignyi, although natural infection with Borrelia spirochetes have been 

reported (Helmy, 2000). 0. savignyi do however, secrete toxic substances that can be 

lethal, especially in young animals. One adult tick or the salivary gland extract equivalent 

to half of a salivary gland can kill an adult mouse (20g) within 20 minutes (Mans ef at. 

200 I , Mans et at. 2002). 0. mOllbata however, does not secrete any toxins, exemplified by 

the feeding of 5 adult females, 10 males and 100 nymphs on an adult mouse to generate an 

immune response (Astigarraga el at. 1997). 
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1.5.4 Distribution of O. savignyi 

O. savignyi is distributed through the Nonh Western pru1s of South Africa and are also 

found in Egypt, Arabia, Ethiopia, Kenya and Zimbabwe (Paton and Evans, 1929). It lives 

in sandy regions where it resides below sand near trees, corrals and other places likely to 

attract animals. It has been reponed that the incidence of these ticks has risen in regions 

where soil is more rocky as in kraals, which is probably due to attraction by domestic 

animals (Howell , Neitz and Potgieter. 1975). 

1.5.5 Control of O. savignyi 

The use of acaricides to control these ticks is limited due to the nature of their disuibution 

over a large area and the fact that they do not reside on the host. P~aces where the. soi l has 

been treated with chemicals are avoided by these ticks. They can survive without feeding 

for up to five years, :vhich makes starvation a null option. These ticks can have a lifespan 

of up to 15-20 years if they only feed occasionally (every 5-6 years) (Astigarraga el al. 

1996). Long term biologica l control of these ticks would thus be a viable option. 

1.5.6 Bio-active components from O. savignyi 

O. savignyi is a rich source of bio-active components~ An acidic toxin has been previously 

isolated and characterized in terms of its Mr (15400 Oa), pI (5.01) (Neitz, Howell and 

Potgieter, 1969) and N-terminal amino acid sequence (Neitz el al. 1983). Re-purification 

confirmed the toxicity of this acidic toxin as well as a closely homologous non-toxin and 

the presence of yet another basic toxic activity (Mans el al. 2001). These proteins together 

with another highly abundant protein have been cloned and sequenced and shown to be 

pru1 of the lipocalin family. It has also been suggested that these proteins could be involved 

in granu le biogenesis (Mans el al. 2001). The toxins affect the cardio-vascu lar system 

rather than the nervous system, as is found in paralysis ticks (Mans el al. 2002). A factor 

Xa inhibitor has been identified, purified, characterized on kinetic level and has been 

cloned and expressed (Gaspar, Crause and Neitz, 1995; Gaspar el al. 1996; Jouben el al. 

1998). Savignin, a thrombin inhibitor has been purified, kinetically characterized, cloned, 

sequenced and a molecular model has been proposed (Nienaber, Gaspar and Neitz, 1999; 

Mans, Louw and Neitz, 2002a). Apyrase, a A TP-diphosphohydrolase enzyme and platelet 
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aggregation inhibi tor has been identified, purified, kinetically characterized and its 

disaggregation effect on aggregated platelets have been described (Mans et al. 1998a, 

Mans et al. 1998b, Mans et al. 2000). The savignygrins, a set of four platelet aggregation 

inhibitors proposed to target the platelet fibrinogen receptor, have been purified, 

characterized, cloned, sequenced, expressed and their relationship to the fXa and thrombin 

inhibitors elucidated (Mans, Louw and Neitz, 2002b; Mans, Louw and Neitz, 2002c). 

1.6.1 Molecular evolution as mechanism of adaptation to a blood-feeding environment 

Intrinsic to the word 'adaptation' is the notion of change, and applied to novel 

envi ronments, the idea of acquisition of novel properties or functions. In biochemical 

terms, the study of the adaptation of organi sms lies in the realm of molecular and 

protein evolution. As such adaptation entails the acquisi tion of n<?vel protein fUDctions. 

Several different modes for the acquisition of new protein function exist. An organism 

can utilize an ex isting function in a new way, fo r example, if apyrase had an 

intrace llular func tion in the endoplas mic reticu lu m or Golgi-apparatus (Gao, 

Kaigorodov and Jigami, 1999; Zhong and Guidotti , 1999) and it acqui res the signals for 

extracellular export, it might now also be invol ved in the regulation of platelet 

aggregation. Alternatively, a protein can through mutation acq uire a novel function 

while sti ll retaining its old function. This is referred to as gene sharing and such 

"moonligh ting" proteins with multiple functions are discovered frequently (Jeffery, 

1999). It has been estimated that there ex ists approximately a 1000-7000 different 

protein fo lds or topologies (Chothia, 1992; Orengo, Jones and Thornton , 1994). It has 

been predicted that the re are at least 1709, 6241, 13601, 18424 and 40580 protein 

codi ng sequences in Haemophilus, yeast, fly, worm and human genomes (Rubin et al. 

2000; Li et al. 2001). It should thus be clear that protein folds are utilized for more than 

one function. The problem that arises though, is how do new functions evol ve from old 

folds? Protein function tends to be conserved, so that except for the case of gene 

sharing, proteins would not lose their original function to gain a new function. This 

phenomenon is referred to as purifying or negati ve selection in that any mutation that 

would be deleterious for protein function would be removed from the population. The 

answer to th is lies in gene duplication, the single most important even t in the generation 

of new protein fu nctions (Ohno , 1970). 
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1.6.2 Gene duplication and the acquisition of novel protein. function 

Genes can be duplicated via unequal crossing-over during recombination, polyploidy 

(duplication of whole genomes), non-homologous chromosomal breakage and reunion 

or transposition (Maeda and Smithies, 1986). It has been estimated that gene duplication 

is a very common event during adaptive radiation (Ohno, 1970). In this regard, it has 

been estimated that there are at least 284,1858,8971,5536 and 4519-15121 duplicated 

genes in the genomes of Haemophilus, yeast, fly, wonn and humans, respectively 

(Rubin er al. 2000; Li el al. 2001). Gene duplication rates of 0.02-0.2 genes per million 

years have been estimated for different species, so that at least 50% of all genes in a 

genome are expected to duplicate and increase in frequency at least once every 35-350 

million years. With a genome size of 15000 genes it can be expected that at least 60-600 

duplicate genes arise in a pair of sister taxa per million years (Lynch and Conery,. 2000). 

When genes duplicate and retain their original function, a whole set of the same genes 

form a multigene fat;llly that leads to expression of highly abundant proteins (s uch as 

histones) or high-level transcription (such as rRNAs). However, gene duplicates are 

normally functionally redundant at the time of origin and there are seve ral possib le 

outcomes for the evolution of such duplicate genes: 

A) The vast majority of duplicated genes are silenced by deleterious mutations and the 

time it takes to silence a gene is considered to be relatively short (a few million years or 

less). B) Mutations in regulatory areas of the gene could lead to unique expression 

patterns in different tissues, where such a protein can acquire new functions due to a 

novel environment. C) During the acquisition of randomly sustained mutations, a 

duplicated redundant gene might acquire a novel, beneficial function that becomes fixed 

due to natural selection (Lynch and Conery, 2000). 

The latter mode of functional acquisition has been described as the mutation during 

non-functionality model (MDN). It has been argued that thi s model is flawed and not 

supported by current evidence on gene duplication. It has been predicted that duplicated 

genes would be subjected to purifying selection, so that the "redundant" gene retains its 

function. In this case the rate of synonymous substitution always exceed that of non

synonymous substitution (Hughes, 1994). In order for new functions to evolve, positive 

selection would be needed so that the rate of non-synonymous to synonymous 
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substitution would be higher. It is expected that diver~i fying selection wou ld operate 

shortly after gene duplication but would cease once a new function has evo lved so that 

the genes would be subjected again to purifying selecti on. New models to account fo r 

the evo lution of protein functions have been proposed: 

A) New functions might first evolve (gene sharing) before the duplication event, as this 

would allow genes to each retain a function after duplication. A period of non

functionality as described for the MDN model -is thus not required. Genes that do 

duplicate, which code for only one fu nction, and are not subj ected to purifying se lection 

would thus be rapidly non-functionalized and become pseudogenes. B) A gene can also 

duplicate and insert into another gene sequence or be fused at the start or end of an 

existing gene. Hetero-multimeric proteins can' form in this way, so that different 

functio nal domains are linked. Conversely , an internal-tandem duplication can lead to a 

homo-dimeric protein that contains two of the same structural domains. The duplicated 

domains can then ei t~er retain the same function or one domain can acquire a new one, 

leading to a multi-functional protein . Even here the protein that acquires the new 

func tion is postulated to go through a period of gene sharing. Gene duplication from 

indi vidual domains can now take place to give single domai n prote ins with novel 

functions (Hughes, 1994). In these models positive Darwinian selection plays an 

important role in the evolution of novel protein functions. While this seems to contradic t 

the now common accepted neutral theory of evolution, i.e. that random fixation of 

selectively neutral mutations is the predominant mode of evolution at molecular level 

(Kimura, 1983), there is really no contradiction, as the cases where dupli cate genes 

assume separate functions will be in the minority of all gene duplicatio ns. 

1.6.3 Orthologous genes 

When a speciation event takes place, so that the same gene is now found in two distinct 

species, such "duplicated" genes are called orthologous genes. Orthologous genes 

represent the same phylogeny as is found for the organisms and can thus be used to 

construct species trees (Fitch, 2000). Proteins coded for by orthologous genes generally 

retain the same function and conserved structure. Due to functional constraints the ratio 

of nonsynonymous to synonymous substitution is usually a constant, low value. 

Identities in amino acid sequences of orthologous proteins are a good indication of 
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regions critical for structure or functio n. Functions for n,ovel proteins that can be shown 

to be orthologs can thus be predicted with great confidence (Patthy, 1999). 

1.6.4 Paralogous genes 

Genes that duplicate and diverge in the same organism are called paralogous genes. 

Mixing of orthologous and paralogous genes can lead to a phylogenetic tree that has the 

correct sequence phy logeny, but does not indicate species phylogeny (Fitch, 2000). 

Generally paralogous genes change over time so that the encoded proteins have 

different functions although the same structural protein fold is retained. Residues that 

are essential for structure will be conserved, so that those regions that show marked 

differences are possible indications of new functional properties . Depending on the 

degree of divergeqce, paralogous proteins might have novel .functions, while still 

retaining the original function. Predicting functions for novel paralogous proteins can be 

difficult and cauti0'1 should be exercised when using homology to infer function. 

Because paralogous proteins generally diverge it can be difficult to detect distant 

homology with current homology-based methods and knowledge-based techniques 

might be needed to detect biological sign ificant similarities (Patthy, 1999). Closely 

linked paralogous genes with significan t si mi larity in sequence can undergo 

recombination , so that these genes evolve in a concerted fashion. This normally occurs 

close to the origin of duplication and ensures that divergence is slowed down, which 

reduces the chances for acquisition of new functions. but also protects redundant copies 

from rapid non-functionalization (Patthy, 1999). Paralogous genes in one species may 

thus share greater simi larity than ortho logous genes from different species, thereby 

complicating studies into the evolutionary relationships between proteins (Maeda and 

Smithies, 1986). 

1.6.5 Alleles 

Organisms that have more than one set of homologous chromosomes (diploid or 

polyploid) carry the same gene at the same chromosomal locus. If these genes differ due 

to mutation events, they are referred to as alleles. Due to sexual recombination, a 

population can consist of individuals that are either homozygous (same allele for a 

gene) or heterozygous (different alleles for a gene). The frequency of alleles in a 
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population is an indication of the polymorphism of suc~ a population. When one allele 

is exclusively expressed in a heterozygous individual, such an allele is dominant, whi le 

the other non-expressed allele is recessive (Page and Holmes, 2000). If both alleles are 

expressed they are co-dominant. Depending on the frequency of different alleles in a 

population, protein isoforms that represent different alleles presen.t in the population can 

be expected. Such isoforms can be encountered during a protein purification procedure 

so that care shou ld be exercised when gene dup lication events are considered. 

1.6.6 Homology and analogy 

Paralogous and orthologous genes are homologous . Homology indicates that tW'O 

genes/proteins have descended from a common ancestor. In conrrast, analogy indicates 

two genes that have descended convergen tly from unrelated ancestors. Two orthologous 

genes can independently attain a new function through divergence and as such be 

genetically homologous, but functionally analogous (Fitch , 2000). Homology is a term , 
and the correct terminology to use when comparing protein sequences is to refer to 

percentage identity or similarity and not to percentage homology. 

1.6.7 Detecting homology 

Detecting homology is crucial when establish.ing tlie origins of novel protein function 

and when elucidating evolutionary adaptive mechanisms. Several criteria have been 

used to test whether two proteins are derived from a common ancestor: I) similar DNA 

or protein sequences, 2) similar 3-D structures, 3) similar functions or protein-protein 

interactions. The criteria are in order of decreasing strength. If criterion I holds, the rest 

usually follows because similar sequences adopt similar structures and functions 

(Matthews et al. 1981). While this is the general case, care should be taken when 

inferring homology, as non-homo logous proteins might either display simi lar functions 

or structures and cannot be considered to be strong evidence for homology on their own 

(Murzin, 1998). It should be clear that this problem is further compounded by the 

existence of paralogous proteins that have similar structures, but dissimilar functions. 
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1.6.8 Detecting homology by immunologica l means 

The use of cross-reactivity between homologous proteins is an established method used 

to indicate sequence similarity and homology (Wilson. Carlson and White, 1977). It has 

been shown that the level of antigenic cross-reactivity correlate with the degree of 

similarity between two sequences (Van Regenmortel, Joisson and Wetter, 1993; Prager 

and Wilson, 1993). Immunological methods used to detect homology include 

microcomplement fixation, ELISA, immunoblotting and precipitin techniques. 

Microcomplement fixation can generally detect sequence identity above 70%, while 

ELISA and immunoblotting can detect sequence similarity between 30-40%, which is 

approximately the cut-off value for most orthologous proteins (Van Regen mortel el al. 

1993). Care should however, be taken due to the fac t that similar antigenic epitopes 

might occur in .unrelated proteins. In this regard, immunoblotting after gel 

electrophoresis has the added advantage of identifying antigens also by their molecular 

masses and due to SDS and heat induced unfolding only sequence specific epitopes are 

detected and not confo rmational epitopes, that might be mimicked in various different 

sequences . 

1.6.9 Detecting homology by database search 

Pairwise alignments are normall y used to determine the extent of identity or similarity 

between two proteins. To find similar proteins in the existing databases (SWISS-PROT 

or GenBank), a search tool such as BLAST (basic local alignment search too l) can be 

used, which employs a heuristic algorithm th at can detect 'relationships between 

sequences which share only iso lated regio ns of si milarity (AltSChul, 1990). Sequence 

databases are updated almost daily and share the sequence data submitted with other 

databases , so that they are in essence redundant and only differ in the way of annotation. 

Due to the size of sequence space, a sequence with significant similarity can be safely 

assumed to be a result of homology (Gogarten and Olendzenski, 1999). Problems arise 

in the "twi li ght zone" when sequence identity or simi lari ty (20-35% sequence identity) 

is so low that alignment methods fail to indicate homo logy. Methods generally indicate 

homology above 30% sequence iden tity, while below 25% identity less than 10% are 

assigned homologous. However, the " more similar than identical" rule can be used to 

identify homo logous proteins that fall into thi s area of fal se-positives and false-
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negatives. Proteins that are homologous, normally have ~ higher similarity than identity, 

whi le the similari ty and identity of non-homo logous proteins does not significantly 

differ (Rost, 1999). 

1.6.10 Detecting homology with multiple sequence alignment and phylogenetic analysis 

Multiple alignments can be used to detect more distant relationships between proteins 

and possible motifs involved in structure or function. Used in conjunction with 

phy logenetic analysis this is a powerful method to investigate evolu tionary relationships 

between homologous proteins. Closely linked to multiple alignment is the use of 

phylogenetic analys is to investigate possible evolutionary relationships between 

proteins. Thus, even if proteins are highly divergent, phylogenetic analysis can be used 

to infer homology. 

1.6.11 Structure as m~ans of detecting homology 

Because structure evolves more slowly than sequence, protein structure is generally 

conserved even for highly divergent proteins. Assigning structures or folds to novel 

proteins by methods such as fold recognition by threading or molecular modeling can be 

valuable aids in detecting distant homology. The chances of finding a correct structure 

or fold is quite good, since the number of different protein-folds is limited and will 

improve as more protein structures are solved in the near future (Chothia and Lesk, 

1986). However, the physico-chemical constrain ts of protein folding probably limited 

the number of protein folds in nature, so that different evolu'tionary fami lies with 

unrelated functions can share a common structure. Consequently structural similarity do 

not necessarily imply homology (Todd, Orengo and Thornton, 1999). The same 

argument is valid for similar functions, but unrelated structure, so that structure as well 

as function should be considered when used to infer homology (Murzin, 1998). It has 

been shown that most similar structure pairs have less than 12% pairwise sequence 

identity, whi le the average sequence identity centered around 8%, which is comparable 

to sequence identities of unrelated protei ns. In this "midnight zone", proteins could be 

similar due to convergent or divergent evo lutio n. The levels of significant sequence 

identity and similarity that can be used to infer structural similarity depend on the 

alignment length of two sequences (Rost, 1997). Normally the longer the protein, the 
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lower the percentage identity that implies identical struc;ture. The higher the percentage 

identity, the smaller would be the root mean square deviation (rmsd) of the coordinates 

of two structures. As a rule of thumb, RMSD values can be predicted for different levels 

of sequence identities: 80% (0.5-\.oA), 40% ( \.0-1.5 A) and 20% (\.5-2 .0 A). Presently 

molecular modeling of novel sequences using known three-dimensional structures to 

obtain a structure model, can only be attained at h.i gher than 25% sequence identity and 

structural models derived from lower identities should be treated with due caution if no 

other methods to detect homology are successfu l. 

1.7 Aim of thesis 

This thesis aims to look at adaptation of ticks to a: blood feed ing environment, in the light 

of gene duplicati on and gain/loss of protein function. Two prot~in families have been 

investigated. One concerns a family of platelet and blood coagulation inhibitors that 

possess the bovine p~ncreatic trypsin inhibitor fo ld (Pan 1). The other family of proteins 

form pan of the lipocalin family, which have diverse functi ons in the host, although 

evidence is presented of a universal function in tick sali vary glands (Pan 2). 
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PART 1 
Evolution of soft tick anti-hemostatic factors of the BPTI-like 

superfamily 

The subsequent three chapters di scuss the characterization of the platelet aggregation 

inhibitor sav ignygrin and its relatio n to the BPTI-like anti-coagulants from the same tick 

species. 

Chapter 2 focuses on the identification, cloning and sequence determination of the 

savignygrins, which exist as four conformational isoforms of which two are encoded by 

different genes. These proteins are shown to be homologous to disagregin, a platelet 

aggregation inhibitor previously described for O. mOl/bata. The savignygrins possess a 
, 

RGD motif lhal is absent in O. mOl/bata. 

Chapter 3 considers the cloning and molecular modeling of savignin, a thro mbin 

inhibitor previously described for the tick O. savignyi. This inhibitor is show n to be 

homologous to ornithodorin, the thrombin inh ibitor" of O. moubata, for which a three

dimensional structure was described. Simi lar mechanisms of inhibition are predicted for 

these inhibitors. In addi tion, association between the separate domains of sav ignin is 

proposed, sugges tin g a dissociation step during binding to thrombin. 

Chapter 4 investigates the evolutionary relationship between the platelet aggregation, 

thrombin and fXa inhibitors from O. moubata and O. savignyi. A model for the 

evolution of the respec tive inhibitor functions from a co mmon ancestor is proposed and 

it is shown that sav ignygrin possesses a BPTI-like fold. The implications of this protein 

fold for the mechanism of action of sav ignygrin is considered and it is suggested that 

the RGD motif as well as downstream acidic residues are invo lved in integrin 

recognition. 
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Chapter 2: Characterization of savignygrin, a platelet aggregation inhibitor 

from the soft tick, Ornithodoros savignyi • 

'Part of the work presented in this chapter has been accepted for publication in The Journal of Biological Chemistry 

(Mans, Louw and Neitz, 2002b). 

2.1.1 Introduction: Integrins 

Integrins are a family of adhesion receptors that propitiate cell-cell and cell-matrix 

interactions. Numerous physiological processes like hemostasis (receptors involved in 

platelet interaction with damaged vessel walls and platelet aggregation), fertilization 

(adhesion of sperm and oocyte), neuron-neuron interaction and inflammation 

(accumulation of leukocytes at affected sites) are mediated by integrins (Clemetson, 

1998). The functional receptor is expressed as a transmembrane hetero-dimer assembled 

from various combinations of the 17a and 8~ sub-units identified to date, forming the 

more than 20 current family members (Longhurst and Jennings, 1998; Plow et al. 

2000). Integrins have different ligand specificities (a2~I-collagen, a5~I-fibronectin , 

C4;~I- laminin, a,B3-vitronectin and al[b~3-fibrinogen), the latter whic~ • . c~n _also 

recognize fibroneclin, vitroneclin and von Willebrands factor. Most ligands recognized 

by integrins possess the recognition motif Arg-Gly-Asp (RGD) (Ruoslahti and 

Pierschbacher, 1987). Some ligands may also contain other sequences recognized by 

integrins, like the dqdecapeptide sequence HHLGGAKQAGDV contained in the y

chain of fibrinogen that binds to al[bB3 (Andrieux et al. 1989). 

2.1.2 allbB3 as model integrin 

al[b~3 (GPIIbllIa) is the most thoroughly characterized integrin and is the major integrin 

of platelets and the only adhesion receptor capable of mediating platelet aggregation by 

binding of fibrinogen or von Willebrands factor (Calvete, 1994; Calvete, 1995; Shanil 

el at. 1997; Plow et al. 2000; Plow el al. 2001). On resting platelets al[b~3 exists in an 

inactive conformation that binds irreversibly to the y-chain C-terminal dodecapeptide 

(HHLGGAKQAGDV) of immobilized fibrinogen (Calvete, 1995) . The unactivated 

form also has a ligand-binding site accessible to small molecules that contain RGD, 

KGD, RYD or OmGD motifs, that are presented on mobile recognition loops 

protruding 14-17;\ from the protein core (Calvete, 1995). The ligand-binding site can 
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also be reached by RGD-peptides that extend 11-32A frqm the surface of polyacronitrile 

beads (Beer, Springer and Kohler, 1992). These results suggest that the binding-pocket 

in unactivated allb~3 may resemble a narrow cavity buried 10-20A below the protein 

surface (Calvete, 1995). Upon platelet activation by various agonists, allb~3 undergoes a 

conformational change that allows binding of macromolecules 'containing the RGD

motif (Fig. 2.1). The ligand-binding site is probably discontinous and is formed by both 

a llb and ~3 subunits. It is speculated that there ' could be a divalent cation (Ca2
+ ?) 

binding site inside the ligand-binding si te that interacts with ligands containing aspartic 

acid residues, such as contained in the RGD motif (Calvete, 1994; Plow el al. 2000) . A 

ternary complex between RGD ligand and the receptor-bound divalent cation may be 

formed, until stabi lization of the RGD-integrin interaction, whereupon the divalent 

cation is displaced (0' Souza el al. 1994). Investigations into the secondary structure of 

the RGD motif using GRGDSP peptides predict that it occurs as a highly ordered and 

unusual struc ture thilt exhibits a double ~-bend nature, which could provide the 

necessary co nfonnational restraints to bind to cell-surface adhesion receptors (Reed er 

at. (988 ). 

Fig. 2.1: Activation dependent conformational change of Ci[]b03' The buried ligand-binding site of allb0J 

in resting platelets (A), are exposed afler platelet activation (B). The ligand-binding site as well as the 

putative cation-binding site is indicated by the dol. The circled Ca- site around 294-314 indicates the 

binding site for the y-chain fibrinogen C-terminal peptide. Adapted from Calvete (I994, 1995). 
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2.1.3 Snake venom disintegrins as platelet aggregation inhibitors 

Inhibitors specific for integrins are useful for the study of integrin function and for the 

development of pharmaceutical compounds. The disintegrins identified in snake venom 

are the most extensively characterized allbPJ antagonists. Their function is the 

maintenance of hemorrhage through inhibition of platelet aggregation, mediated by 

interaction with aUbPJ, thereby preventing fibrinogen binding (Huang, 1998). 

Disintegrins are a family of low molecular weight (5400-9000 Da) proteins that contain 

the RGD motif, except for barbourin (Scarborough et al. 1991). Most disintegrins 

inhibit platelet aggregation with IC50 values 3000-30 000 times lower (nM range) than 

the tetra peptide RGDS ()lM range) (Gould et at. 1990). The three dimensional 

structures (Fig. 2.2) of the Viperidae (viper) snake venom disintegrins echistatin, kistrin, 

flavoridin, dendroaspin (mambin) from Elapidae (mamba) and the leech derived 

decorsin show no classical secondary structure (Adler et al. 1991; Saudek, Atkinson and 

Pelton, 1991 ; Senn and Klauss, 1993; Krezel el at. 1994; Sutcliffe et at. 1994), but 

rather a dense core, consisting of p-turns kept intact by disulphide bonds, with a 

protruding hairpin-loop region that presents the RGD motif (Huang, 1998). 

Echistatin Fla\'oriilin Dccorsin 

Kistrin Dendroas ilin 

Fig. 2.2: TIlfee-dimensionaJ structures of (t1lb ~3 antagonists. Antagonists from the Viperidea (echistatin, 

kistrin, Oavoridin) and Elapidae (dendroaspin) snake venoms and leech-derived decorsin. TIle RGD 

sequence is colored in blue (Arg), green (Gly) and red (Asp), respectively. 
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The spatial configuration of the RGD motif at the en(! of the loop and the flanking 

sequences have been found to be important contributors to specificity for different 

integrins (Gould el al. 1990; Scarborough el al. 1993). The structural differences 

between the different snake venom inhibitors emphasize that their inhibitory activities 

are solely determined by the appropriate presentation of the RGD sequence (McDowell 

el al. 1992). 

Disintegrins are classified as a protein family based on alignment of sequences by 

conserved cysteines (Huang, 1998). Only a certain set of proteins from the Viperidiae 

snake family fall in this rigid classification scheme (Fig. 2.3). Elapidae snake venom

derived (mambin), leech-derived (decorsin and omatin) and tick-derived (variabilin and 

disagregin) inhibitors do nOl fall into this aligned family (Huan.g, 1998; Wang el ai. 

1996; Karczewski, Endris and Connolly, 1994). It can be expected that more 

diversification of this classification scheme will follow as more non-snake derived 

inhibitors are identified. 

EristoStatln: 
Eristocophin: 
Ecnistatin 
Eleg;lntin 
flavoridin 
JararaCln 
Kistrin 
viriain 
Barbourln 
Crotatroxin 
Albolabrin 
Trigramin 
Applaggin 
Halysin 
Bltis t atin 

Oendroaspin 

Drnatin 
Decorsin 

Variabilin 
Disagregin 

-.. . . . . . . . . . . .. . .. ROEEPCATGPCCRRCKFKRAGKVCRV RG NNOYCTGKSCDCPRNPWNG· 
..... ... .......... ·OROEEPCATGPCCRRCKFKRAGKVCRV Ref NNNOYCTGKSCOCPRNPWNG· 

. . . . . . . . . . . . . . . . . ........ EC ESGPCCRt~CKFlKEGT I CKA RG OMDDYCNGKTCOCPRNPHKGPAT 
... - .... EAGEECDCGSPEN· .. PCCDAATCKlRPGAQCADGlCCOOCRFKKKRTI CRA AG tJPDOACTGOSAOCPR ·NGL YS· 

..... ·GEECDCG'SPSN· . - PCCDAA TCKLRPGADCAOGLCCOOCRFKKKTGI CR I R~G FPDDRC TGLSNOCPRWNOL· 
... EAGEECDCGTPGN- .. PCCOAATCKLRPGAOCAEGLCCDOCR'FKGAGKI CRR RG NPODRCTGOSAOCPRtIRFHA· 
.. - . ·GKECOCSSPEN· .. PCCOAA TCKLRPGAOCGEGLCCEOCKFSRAGKI Cil I ~J[" PDORCTGOSAOCPR - - YH - . 

·····AGEECOCGSPAN···PCCOAATCKLRPGAQCAOGLCCOQCRFIKKGKICAR RG NPOORCTGQSAOCPRNRFH--· 
... -. EAGEECOCGSPEN· .. PCCOAATCKLRPGAQCAOGLCCODCRFMKKGTVCRV KG ,~NDOTCTGOSADCPRtlGL YG· . 

. ·AGEECDCGSPAti · .. PCCOAATCKLRPGADCAOGLCCODCRF IKKGTVCRP RG' NDDTCTGOSAOCPRNGL YG- . 
··EAGEOCDCGSPAN···PCCOAATCKLLPGAOCGEGLCCODCSFMKKGTICRA Aa· OLDDYCNGISAGCPRNPlHA··· 

.... - ..... EAGEOCDCGSPAN· . ·PCCDAATCKLLPGAOCGEGLCCOOCSFMKKGTICRR G OLODYCNGISAGCpRNPLHA· 
....... EAGE ECDCGSPEN· .. PCCOAl\. TCKLRPGADCAEGLCCOOCKFMKEGTVCA· AG OVNDYCNG! SAGCPRNPFH· 

........ . - EAGE ECDCGSPGN· .. PCCDAA TCKLRQGAQCAEGLCCOOCRFMKKGTVCR I Rei" OMGOYCNG I SAGCPRNPF· 
SPPVCGNE I LEDGEOCDCGSPANCODQCCNAATCKL TPGSOCNHGECCOOCKFKKARTVCR I RG· NDDYCTGKSSOCPWN- ·H-

"" ,,,. 
R I CYtJHLGTKPPTTETCOEDSCYKN IWTFDNI I RRGCGCFT RG PGPYCCESDKCNL 

~ 
IYVRPTKDElLYCGEFRElGOPOKKCRCDGKPCTVGRCNF RG UODKCr 
-·· AP···ALPOC·····OGODOEKCLCNKDECPPGOCRf RG DPYCE 

~ 
NTFSDENPGFPCOCTSAOAKRACGIQCACW RG TPGGGRRIIOGOQ 

SOOKCOGRPMYGCREDDOSVFGWTYDSNHGDCWKGSYCKHAAOPSNYFASDOECRNTCGA 
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Fig. 2.3: Amino acid sequences of different QIIbB3 antagonists. Disintegrins from the Viperidae family are 

similar, while dendroaspin from Elapidae snake venom have a totally different sequence and 

conformation. Leech-derived decors in and omatin shows similarity, while both tick-derived inhibitors 

(disagregin and variabilin) are unique. ROD sequences are boxed in grey and cysteines are shown in bold. 

Adapted from Huang. 1998. 
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2.1.4 Tick-derived allb~3 antagonists 

No homology exists between the tick-derived aIlb~3 antagonists. Variabi lin, from the 

hard tick, Dennacenlor variables, contains a RGD motif, not flanked by cysteine 

residues, while disagregin from the soft tick Ornithodoros moubata, contains no RGD 

sequence (Wang et al. 1996). Disagregin does however, inhibit the binding of the RGD 

containing peptide echistatin, which suggests that its binding site could be in close 

proximity 'to the RGD-binding site on aIlb~3. In addition, the y-fibrin ogen sequence 

HHLGGAKQAGDV competes with its binding to soluble aIlb~3, indicating an 

inhibition mechanism distinct from the disintegrins as well as poss ible multiple binding 

sites (Karczewski, Endris and Connolly, 1994; Karczewski and Connolly, 1997). It has 

not been determined whether the RED sequence of disagregin, might playa role in its 

mechanism of act·ion. Closely related homologues could thus provide important c 

information on its mechanism of action if conserved regions necessary fo r function can 

be identified. With this in mind, a homologue (designated savignygrin) from the tick, O. 

savignyi was purified. 

2.2 Materials and methods 

2.2.1 Chemicals used 

All materials were of analytical grade and deionized water was used in all experiments. 

Tris(hydroxymethyl) aminomethane (Tris), NaC!, ascorbic acid, ethylene diamine tetra

acetic acid (EDTA), HgCI2, sodium azide, methanol, acetic acid, glycine, ammo nium 

persulphate and N,N,N' ,N' -tetramethyl-ethylenediamine (TEMED) were obtained from 

Merck, Darmstadt, Germany. CaCI2, MgCh, ethylene-bis(oxyethylene nitrilo) tetra

acetic acid (EGTA) was from BDH Chemicals Ltd. Poole, England. ADP

di(monocyclohexylammonium) salt, diethyl pyrocarbonate (DEPC), dithiothreitol 

(DTT), fibrinogen, p-nitrophenol and tris(hydroxymethyl) amino methane (tricine) were 

obtained from Sigma Chemical Co., USA) . Human aIlb~3. a-thrombin, activated fXa 

and plasmin were obtained from Enzyme Research Laboratories, Inc. (South Bend, OR, 

USA). Microtitre plates were obtained from Bibby Sterilin, UK. Low molecular weight 

marker proteins were purchased from Pharmacia, USA and acrylamide, bisacry lamide, 

sodium dodecy l sulphate (S DS) from BDH Laboratory Supplies LTD., England. 

Coomassie Brilliant Blue was obtained from Bio-Rad Laboratories, USA and the 

Protein Assay Kit from Pierce, USA. Primers used were synthesized by GIBCO BRL 
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Custom Primers (Life Technologies) or Integrated DNA Technologies and resuspended 

at 100 pmoleil.d in 20% acetonitrile and stored at -20°C. Final concentrations were 

confirmed by spectrophotometric measurement at 260 nm. Isopropyl P-D

thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl p-D-galacto-pyranoside (X

gal) and RNAse were obtained from Roche Diagnostics. Yeast extract and tryptone 

were purchased from Oxoid Ltd. (Basingstoke, Hampshire, England). 

2.2.2 Collection of ticks and preparation of salivary gland extract (SGE) 

Ticks were collected from the North Western Province area of South Africa by sifting of 

sand. The salivary glands were obtained by dissection (Mans el al. 1998a). Female 

ticks were embedded in molten wax with their dorsal parts visible. The integument was 

then removed by latera l dissection of the cuticle with a # II scalpel under a 0.9% NaCI 

solution using a binocular stereomicroscope ( lOx magnification): Salivary glands were 

removed with fine forceps, frozen in liquid nitrogen and stored at -70 °C. A stock 

solution of salivary gland extract was prepared by resuspension of 12 salivary glands in 

5001'1 buffer solution (20 mM Tris-HCI, O.ISM NaCI pH 7.6 at 25°C). Resuspended 

glands were sonified with a Branson sonifier cell disrupter B-30 (Branson Sonic Power 

Co.) for 3x6 pulses at 30% duty cycle and an output control of 3, while keeping the 

solution on ice. Extracts were cen trifuged in a microfuge (10 OOOxg for 5 min) and the 

supernatant used for further studies. 

2.2.3 Measuring platelet aggregation using an aggregometer 

Platelet aggregation studies using an aggregometer were performed as described (Mans 

el al. 1998a) to monitor inhibition of platelet aggregation induced by ADP (10 I'M), 

collagen (40 I'g, Diagnostica Stago), thrombin receptor activating peptide (TRAP, 50 

I'M, Sigma) and epinephrine (10 I'M, Dioagnostica Stago). Aggregation of plate lets was 

monitored using the photometric method of Born and Cross (1963). Fresh blood was 

collected in Vacutainer tubes containing a citra ted buffer so lution (0.109 M), from 

human donors using no su bstances known to inhibit platelet aggregation, such as 

alcohol, garlic and aspirin for at leas t two weeks prior to donation . Platelet rich plasma 

(PRP) was prepared by centrifugation (170xg fo r 10 min) and plasma was co llected in 

plastic tubes. Platelet poor plasma was prepared by further centrifugation of the 

remaining blood from the platelet rich plasma at 2700xg for IS min. Platelet rich plasma 
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was diluted to a final count of 300 x 109 r' using a Coul,ter counter. Savignygrins (20 1'1 

at indicated concentrations) or 20 1'1 saline solution as con trol were pre-incubated with 

400 1'1 of the dil uted platelet rich plasma for 5 minutes to monitor for spon taneous 

aggregation. Platelet poor plasma (PPP) was set at 100% transmission and PRP at 0% 

transmiss ion . Aggregation was then induced by adding 20 1'1 of differe nt agonists to the 

PRP. 

2.2.4 Disaggregation of aggregated platelets by savignygrin 

It has been shown that apy rase can disaggregate aggregated platelets (Mans et al. 2000). 

To investigate whether the savignygrins could have a disaggregation effect on 

aggregated platelets , platelets were aggregated with 10 I'M ADP for 4 minutes before 

their addition (41 I'M final concentration). Plate lets were allowe9 to disaggregate for a 

further 4 minutes. As contro ls, platelets were also incubated with savignygrin without 

addition of AD P or, before additio n of ADP. Platelets were also analyzed with or 

wi thout the addition of ADP in the absence of savignygrin. All preparations were 

incubated for 8 minutes. Further analyses were conducted using electron microscopy 

(Mans et al. 2000). 

2,2.5 Electron microscopical analysis of platelet disaggregation by savignygrin 

Platelets were collected by centrifugation in 0.1 % glu taraldehyde (0.075M phosphate 

buffer pH 7.5) before fixing in 1% glutaraldehyde (phosphate buffer) for 2 hours. 

Platelets were secondary fixed in OS04 before sequential dehydration in ethanol. For 

scan ni ng electron microscopy (SEM), platelets were critical point dried and gold sputter 

coated before viewing in a lEOL 840 SEM (WD 16 mm, 5 keY, 4000X magnification). 

For transmissio n electron microscopy (TEM), platelets were infi ltrated with Quetol 

resin and 100 nm thick sections were prepared using a microtome, Sections were 

contrasted with lead citrate and uranyl acetate before viewing with a Philips 301 TEM. 

2.2,6 Platelet aggregation assay using a micro-plate method 

For monitoring of anti-platelet activity during purification and also for ICso 

determination of ADP-induced platelet aggregation, a microplate assay was used 

(Bednar et al. 1995). PRP was prepared as described and 100 1'1 was used per 
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microp late well. Savignygrins or saline (10 It! of indicated concentrations) were added 

and left to incubate for 3 minu tes before add ition of IO J.!I AOP (10 J.!M final 

concentration). Aggregation was allowed to proceed fo r 10 minutes, before absorbance 

was measured at 620 nm in a microplate reader (Titertek). Platelet suspensions were 

stirred with a Ti tertek® microplate shaker (Flow Laboratories) set' at a speed of 5 during 

the expreri ment. 

2.2.7 Inhibition of binding between monoclonal antibody P2 (a.·CD41) and platelets by 

savignygrin 

Monoclonal antibody P2 has been shown to imeract specifically with <Xllb (C04 1) of the 

intact allb~3 complex (McGregor el al. 1983). In hibition of P2 binding to platelets was 

assayed using flow cytometry (Liu el al. 1994). Platelet poor plasma (PPP) was 

prepared and used to dilute platelet rich plasma (PRP) to a count of 300xl09 

plateletslliter. PRP (20 J.!I), savignygrin (20 J.! I, at various concentrations) and 150 J.!I 

Ty rode buffer (0.4 mM NaH2PO" 0.4 mM NaCl, 136.9 mM NaCl, 2.7 mM KCI, 11.9 

mM NaHCO), 0.5 mM CaCh, pH7.4, 3.5 mg/ml BSA) were incubated fo r 30 minutes at 

room temperature in the presence or absence of ADP (20 J.!M final concentration). P2-

FITC conjugated mAb (10 J.! I, Imrnunotech, Coulter) was added and incubated for 30 

minutes at room temperature. The unfixed platelet so lution (120000 platelets/lOJ.! l) was 

diluted to 500 J.!I with Tyrode buffer before analysis with an Epics2 flow cytometer 

(Coulter Electronics, Inc.) by measurement of 10000 events. Fluorescent measurement 

was gated to count intact, non-aggregated platelets (3-5 J.!m diameter). Three separate 

experiments were used to determine the mean fluorescence. 

2.2.8 Inhibition of allb~3 binding to immobilized fib rinogen by savignygrin 

The binding of allb~) to fibrinoge n was performed as described (Seymour el al. 1990). 

ELISA plates were coated overnigh t with 100 J.! I fibrinogen (lOJ.!g/ml in 20 mM Tris

HCI, pH 8.5) before blocking with 100 J.!I block buffer (20 mN! Tris-HCI, pH 7.4, 0.12 

M NaCI, 2 mM CaCI2, 0.05% Tween 20, 0.5% BSA) for I hour. Wells were washed 3X 

with 100 J.!I block buffer before 50 J.! I of savignygrin (at various co ncentrations) were 

added to each well followed immediately by SO J.!I of purified allb~3 (40 J.!g/ml, Enzyme 

Research Laboratories). ELISA plates were incubated for 2 hours before washi ng wells 
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with block buffer (3X) and incubating wells for I ho,ur with 100 ILl P2-FITC (50X 

dilution from stock) , followed by washing 3X with block buffer. Block buffer (100 ILl) 

was added to wells and fluorescence measured using a Fluoroscan Ascent FL (Thermo 

Labsystems) with excitation at 485 nm and emission at 438 nm. Background was 

subtracted using we lls with no alJb~3. 

2.2.9 Inhibition of osteosarcoma cell adhesion by savignygrin 

The specificity of the sav ignygrins for integrins was inves tigated using the 

osteosarcoma cell line MG-63, known to express the integrin a'~3 which binds to 

vitronectin and fibrinogen (Stuiver, Ruggerri and Smith, 1996). Adhesion studies were 

perfomed as described (Wang et al. 1996). Cells were cultured in 90% Dulbecco's 

modified Eagle's medium (DMEM), supplemented with 2 mM .L-glutamine aJld 10% 

heat inactivated fetal calf serum (FCS) . Cells at 60% confluence were trypsinized 

(0.25% trypsin, 3 'TIm EDT A in phosphate buffered saline) at 37°C, 4 min, before 

neutralization with DMEMlFCS. Cells were pelleted at 120xg (5 min), resuspended io 

DMEMfFCS and were incubated at 37°C (30 min) befo re centrifugati on ( 120xg, 5 min). 

Cells were then suspended in se rum free DMEM at 2x 105 cells/m l and incubated with 

various concentrations of savignygrin for 30 min at 37°C. This mixture (100 ILl) was 

added to ELISA plate wells pre-coated overnight with IILglml vitronectin (Sigma Co., 

USA) or fibrinogen (Sigma Co., USA) and incubated for 2 hours at 37°C. Wells were 

washed 3X with wash buffer (20 mM Tris-HCI, pH 7.4, 2 mM CaCl2, 0.12M NaCl) 

before staining with 0.1 % bromophenol blue in I % acetic acid for I hour. Wells were 

then washed 3X with 1 % acetic acid before air drying. Bromophenol blue was eluted 

with 100 ILl buffer (50 mM Tris-HCl, pH 9.2) before absorbance was measured at 595 

nm. 

2.2.1 0 Inhibition of platelet adhesion to fibrinogen 

Adhesion of platelets to fibrinogen was performed as described previously (Keller et al. 

1992). The same coating procedures for fibrinogen (section 2.2.9) were followed, but 

100 ILl PRP (2-3X 108 platelets/ml) was added to wells. Savignygrin (10 ILl at various 

concentrations) was added and platelets were incubated fo r 2 hou rs at room 

temperature. Wells were washed with block buffer before lysis with reaction buffer (20 
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rnM citrate, pH 5.5, 0.1% Triton X-IOO, 10 rnM p-nitrophenol). The reaction was 

allowed to proceed at room temperature and absorbance was measured at 340 nm in a 

microplate reader (Titertek) every hour, until an adequate reading was obtained. 

2.2.11 Temperature stability of savignygrin 

Savignygrin ( 141lg protein in 300 III 20 rnM Tris, 0.15M NaC!, pH 7.4) was incubated 

at 94 °C for different time periods and immediately placed on ice for 10 minutes before 

centrifugation (14000xg for 15 minutes at room temperature), followed by measurement 

of platelet aggregation inhibitory activity. Activity was measured relative to untreated 

inhibitor. 

2.2.12 High performance liquid chromatography (HPLC) 

Beckman instrumentation was used for all HPLC work, which consists of two pumps 

(modu le 110B), an ;malog interface for control of solvent delivery from the pumps 

(module 406), a UY detector (module 166) and a Beckman 340 organiser with injector. 

This hardware was co ntrolled using Beckman System Gold software (1987). 

2.2.13 Size eXC lus ion HPLC (SEHPLC) 

Salivary gland extract (40 salivary glands, -1600 Ilg protein) were prepared, filtered 

through a 0.22 Ilm filter (Millex GY4, Milli pore Corporation, USA) and applied to a 

size exclusion column (G2000SWXL, 7.8mm x 30 cm, TosoHaas, USA). Isocralic 

condi ti ons (20 rnM TrisHCl, 0.15 M NaCI pH 7.6, flow speed: 1 rnJ/mi n, A28o) were 

used during SEHPLC. Prior to applicat ion onto the size exclusion column , buffers were 

filtered through 0.22 Ilm membranes (Millipore Corporation, USA). The co lumn was 

calibrated using molecular mass markers and a physio logical saline buffer (20 rnM Tris

HC!, 0. 15 M NaCl, pH 7.6) for elution. Molecu lar mass markers used were aldolase 

(158 kDa, 0.1 mg/rnJ), bovine serum albumin (BSA) (67 kDa, 0. 1 mg/ml) , ovalbumi n 

(43 kDa, 0.1 mg/rnJ), chymotrypsin (25 kDa, 0.05 mg/ml) and ribonuclease (13 .5 kDa, 

0.1 mg/ml) . Markers were obtained from Pharmacia. SGE was app lied to the column 

and I ml fractions were co llected and assayed for platelet aggregation inhibitory 

activity. 
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2.2.14 Anion exchange HPLC (AEHPLC) 

Fractions from SEHPLC were dialyzed against water (S lide-A-Lyzer cassettes, IOkDa 

molecular weight cutoff, Pierce) for two hours prior to app lication onto an anion 

exchange column (DEAE-SPW, 7.S mm x 7.S cm, TosoHaas) . Proteins were 

fractionated using a gradient system (fiowspeed: IrnJ/min , A2S0) with buffer A (20 mM 

Tris-HCI, pH 7.6) and buffer B (20 mM Tris-HCI, I M NaC!, pH 7.6) as set out in Table 

3.3. Proteins with known iso-electric points were used as standard markers. These were, 

apo-transferri n (pI-S.9, 1 mg/rnJ) , ~-Iactoglobulin (pI-S.14, 1 mg/rnJ) and chicken egg 

ovalbumin (pI-4.6, 1 mg/ml ) obtained from Sigma, USA. Fractions (l rnJ) were 

collected and assayed for enzyme activity. 

Table 2.1 : Flow conditions used during AEHPLC. 

Time (min.) Flow (rnVrn in.) % ButTer B Duration (min.) 
0 I 0 5 
5 , I 60 21 
26 I 100 10 
36 I 0 0.5 
36.5 I 0 10 
46.5 END 

2.2.15 Reversed phase HPLC (RPHPLC) 

Fractions from AEHPLC were desalted and fractionated using RPHPLC (Jupiter S/i CS 

300 A, 4.6 mm x 2S cm, Phenomenex, USA, fI owspeed: I ml/mi n, A280 or A230)' Elution 

was achieved wi th a gradient of buffer A (0. 1 % TFA, 0.1 % acetonitrile) and buffer B 

(0 .1 % TFA, 60% acetoni tri le) from 0-100% over 60 minutes. Peaks collected were 

dried in a vacuum concentrator (Bachoffer), rechromatographed on AEHPLC and 

desalted with RPHPLC. 

Table 2.2: Flow conditions used during RPHPLC. 

Time (min. ) Flow (mVrnin.) % Buffer B Duration (min.) 

0 I 0 5 
5 I 100 60 
60 I 100 10 
70 I 0 0.5 
70.5 I 0 10 
80.5 END 
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2.2.16 Quantitation of proteins 

Total protein of SGE was determined with the method of Bradford (1976), using the 

Pierce Coomassie Protein Assay kit (Pierce, USA). BSA was used as standard reference 

protein. Standard protein or sample (150 I,d) were pipetted into a microtitre plate well 

and 150 J!I of the Coomassie Protein Assay Reagent added, The microplate was shaken 

for 10 minutes before reading the absorbance at 620 nm with a SLT 340 A TC scanner 

(SLT Labinstruments), Determinations were performed in triplicate, Purified proteins 

were quantitated using amino acid analysis, 

2,2,17 Amino acid analysis 

Amino acid analysis was performed according to the PICa-TAG method 

(Bidlingmeyer, Steven and Tarvin, 1984), Protein was dried in, pyrolized hydrolysis 

tubes (PICO.TAG system) and placed in a larger glass vessel that contained 200 J!I of 

6M HCI, 7% thioglycolic acid solution and flushed with N2 and evacuated prior to 

incubation at 110 cC for 24 hours, After hydrolysis the amino acids were extracted three 

times from the membranes using 50 J!l of 30% methanol, 0, I M HCI while drying the 

extracts each time under vacuum, Derivatization of the amino acids was performed by 

adding 10 J!I of a 2:2: I mixture of methanol: water: triethylamine which was then dried 

again under vacuum before adding 20 J!I of a mixture of 7: 1: 1: I methanol: water: 

triethylamine: phenylisothiocyanate (PITC) , This was left at room temperature for 20 

minutes before the unreacted PITC was removed under continuous vacuum for I hour. 

Standard PITC-amino acid mixture (Waters) or samples were so lubili zed in 200 JlI 10% 

Na2HP04, 5% acetonitrile buffer and the pH was adjusted to 7.4 with 10% H3P04, 

Samples were filtered through a 0.45 J!m membrane before 20 J!I of standard or sample 

was injected onto the column, A reversed phased column (PICa-TAG, 3,9 mm x 150 

nun,Waters) was used for the separation of the amino acids with 0, 14 M sodium acetate, 

pH 5,7 for Buffer A and 60% aceton itrile for Buffer S, Gradient elution was used as set 

out in Table 3.4 and elution was monitored at 254 nm, The results were analyzed using 

Beckman System Gold software, 
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Table 2.3: HPLC gradiem conditions for amino acid analysis. 

Time (min.) Flow (mllmin.) % Buffer B Duration (min.) 
0 I 10 10 
10 I 51 0.5 
10.5 I 100 2.2 
12.7 1.5 100 0.5 
13.2 1.5 10 7.5 
20.7 END 

2.2.18 Total cysteine determination by performic acid oxidation 

Performic acid was prepared by adding H20, (10 Ill) to formic acid (90 Ill) and 

incubating the mixture at room temperature for I hour with regular vortexing. Protein 

samples (pyrolized tubes) and performic acid were then incubated on ice (30 min). 

Performic acid (20 Ill) was added to each sample, mixed thorougWy and incubated for 

16 hours at 4 0c. Octanol (20 Ill) was added, followed by additjon of HBr (7.5 Ill), a 

vortex step and incubation on ice (30 min) . The samples were evaporated under nitrogen 

gas and normal amino acid analysis procedures described above were then followed. , 

2.2.19 Alkylation of cysteines with 4-vinyl pyridi ne (4-VP) 

Inhibitor (250 pmole) was denatured with 8M guanidinium chloride (GdCl, 250 Ill) for 

2 hours in the presence or absence of 4% OTT, before addition of 2 III 4- VP (Sigma, St. 

Louis, MO, USA). Mixtures were incubated for 2 hours and alkylated protein was 

desa lted using RPHPLC and vacuum dried before amino acid analys is, activi ty 

measurements and N-terminal sequence determination. 

2.2.20 Tryptophan determination by methanesulfo nic acid (MSA) hydrolysis 

MSA (20 Ill, 4M containing 0.2% w/v tryptamine HC1) was added to protein In 

pyrolyzed hydrolysis tubes. The tubes were added to a larger vesse l con taining water 

(l00 Ill) and evacuated. Hydrolysis was performed at 110°C (24 hours). After 

hydrolysis the viaf was cooled to room temperature and the MSA neutralized with 4 M 

KOH (22 Ill), before drying under vacuum. Amino acids were extracted, derivatized and 

identified as described in section 2.2 .1 3. 
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2.2.21 N-terminal sequence analysis 

N-terminal sequence analysis of -I nmole alky lated protein was performed in a gas 

phase amino acid sequencer (Hewick el ai. 1981) modified as described (Brandt el ai. 

1984), at the sequence facility of Prof. W.F. Brandt (Department of Biochemistry, 

University of Cape Town). 

2.2.22 Tricine sodium dodecyl sulphate polyacrylalliide gel electrophoresis (SDS-PAGE) 

Purified proteins were analyzed using a tricine SDS-PAGE sys tem (Schiigger and von 

Jagow, 1987) that is suitable for resolution of proteins in the range of I-LOO kDa. A 

16.5 %T, 3%C separating gel (I M Tris-HCI, 0.1 % SDS, pH 8.45) and a 4%T, 3%C 

stacking gel (0.75 M Tri s-HCI, 0.075% SDS, pH S.45) were prepared from acrylamide 

(48% acrylamidel 1.5% N', N' -methy lene bisacrylamide) and electrophoresis buffer 

(3M Tris-HCI, pH 8.45, 0.3%SDS) stock solutions. These solutions were oIegassed for 

30 minutes and polymerized by addition of 50 I.d of 10% ammonium persulphate and 5 , 
Jl l ofTEMED. 

Protein was diluted 1:4 in reducing buffer (0.06 M Tris-HCl, pH 6.8, 2% SDS (w/v), 

0. 1 % glycerol (v/v), 0.05% B-mercaptoethanol (v/v) and 0.025% bromophenol blue 

(w/v) and boiled at 94 °C for 4 minutes. Low molecular mass and peptide mass markers 

were used for mass determination. The low molecular mass markers were 

phosphorylase b (94 kDa), BSA (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30 

kDa), trypsi n inhibitor (20 kDa) and a-Iactoalbumin (14.5 kDa). 'Peptide mass markers 

are fragments from a cyanogen bromide digestion of myoglobin to give a ladder of 

masses as indicated in results. Electrophoresis was carried out with anodal buffer (0.2M 

Tris-HCl, pH 8.9) and cathodal buffer (O.IM Tris-HCl, O.IM Tricine, 0.1 % SDS, 

pH-S.2 with no adjusting of pH) using a Biometra e lectrophoresis system (Biometra, 

GmbH) with an initial voltage of 60 V for 45 minutes and then a vol tage of 100 V until 

the bromophenol blue front reached the bottom of the gel. 

2.2.23 Stai ning of SDS-PAGE ge ls 

Savignygrins eluted from the gel under non-reducing conditions and normal methanol 

(40%), acetic acid ( 10%) fixation . Ge ls were thus fixed by washing steps in several 
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fixatives (Phoeli ng and Neuhoff, 1981). So l utio~ A (30% methanol, 3.4% 

sulphosalicylic acid di-hydrate, 5.7% trichloroacteic acid): 15 min, solution B (50% 

methanol, 0.12% acetic acid): 30 min, solution C (5% methanol): 2 X 15 min, solution 

D (10% glu tardialdehyde): 30 min, solution C: 3 X 30 min. Proteins were visualized by 

staining in 0.1 % Coomassie Brilliant Blue (40% methanol, 10% .acetic acid) and were 

destained in an excess of destaining solution (50% methanol, 10% acetic acid) . 

2.2.24 Tricine SDS-PAGE in the presence of urea 

Unfolding of inhibitors in the presence of urea was investigated by including 8 M urea 

in the tricine separating gel, or by using a gradient of 0-8 M urea perpendicu lar to the 

direction of electrophoresis (Goldenberg and Creighton, 1984). 

2.2.25 Electrospray mass spectrometry (ESMS) 

Molecular masses of the native or alkylated inhibitors were determined using 

electrospray mass spectrometry (ESMS) by Dr. M.J. van der Merwe (Department of 

Biochemistry, University of Stellenbosch). A YG Micromass Quattro trip le quadropole 

mass spectrometer equipped with an electrosp ray ionisation source was used 

(Micromass, UK). Capillary voltage (3.5 kY) was applied in the positive mode with 

source temperature 80 °C, cone voltage 70 Y and skimmer lens at 5 Y. Proteins (-300 

pmoles) were dissolved in 50% acetonitrile/O.l% formic acid (100 ILl) and injected (10 

ILl) into a stream of 50% acetonitri le at flow speed of 10 ILl/min, supplied from a 

LKB/Pharmacia 2249 gradient pump. Data was aquired in the continuum mode, 

scanni ng from mlz 500-2000 at 100 amu/second. Horse heart myoglobin was used to 

calibrate the instrument before analysis. 

2.2.26 Peptide mapping using matrix assisted laser desorption ionisation time of flight 

mass spectrometry (MALDI-TOF-MS) 

Peptide mapping was performed at the mass spectrometry unit (Department of 

Biochemistry University of Cape Town). Protein (10 ILg) was digested with tryps in 

(1: 10) for 4 hours at 37 °C in digestion buffer (100 mM sodium carbonate pH 8.2, 2mM 

CaCh). Digested protein (5 pmole) was crystallized in an equal volume of a-cyano-4-

hydroxycinnamic acid matrix before analysis with a DE-PRO MALDI-TOF (Perseptive 
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Biosystems, USA) mass spectrometer with a laser intensity of 1200, accelerating 

voltage (20000), grid voltage (91 -92%) and guide wire voltage (0. 1 %) using a li near 

flight path. The spectrometer was calibrated using a calibration mixture of external 

standards and forty to sixty scans were averaged . 

2.2.27 Origins of (+) and (-) forms : alleles or gene duplicates 

The possibility that the (+ )/( -) fonns might be ' alleles was considered. To test this 

hypothes is, SGE from twenty individuals were heat treated (60°C, 10 minutes), before 

separation with RPHPLC. Savignygrin fractions were analyzed using non- reducing 

tricine SDS-PAGE. 

2.2.28 Total RNA purification 

Whole nymphae (0.2g) were ground up in the presence of liquid nitrogen, while sali vary 

glands (120 glands) from female O. savignyi ticks were dissected as described 

previously and immediately transferred to 750 III of TRI-REAGEN"f'& (Molecular 

Research Center, INC). Total RNA was isolated according to the manufacturer's 

instructions. The RNA was dissolved in FORMAzoI® (Molecular Research Center, 

INC) and stored at -20°C. The purity of the RNA was determined by measurement of 

the 2601280 nm ratio which gave values of 1.24-1.29, for salivary gland preparations and 

1.53-1.65 for mouse lung preparations. RNA quality was assessed by electrophoresis on 

a 1% agarose gel prepared in 40 mM MOPS, 10 mM sodium acetate, l mM EDT A, 18 

% formaldehyde (Sigma) and DEPC treated dd H20. RNA samples were prepared in 40 

mM MOPS, 10 mM sodium acetate, I mM EDTA, 20% formaldehyde, deionized 

fo rmamide (Gibco, BRL) in DEPC treated, double dis tilled deionized water. 

Electrophoresis was conducted at 70 V for 30 minutes. RNA was quantified by 

spectrophotometric measurement at 260 nm, which gave a final concentration of 80 Ilgi 

20 III for salivary glands, 106 Ilgi 20111 fo r nymph and 93 Ilgi 20 II I for mouse lung. 

2.2.29 eDNA synthesis from total RNA 

Single-stranded eDNA, was prepared using Superscript™ II (Life Technologies) and 

the anchor-dT primer (Table 2.4) (Joubert el al. 1998). Total RNA (0.5 III - 2 Ilg) in 

7.51l1 DEPC treated H20 was denatured at 70°C fo r 3 minutes and snap cooled on ice. 

Five pmoles anchor-dT primer (I Ill), 3 III DTT (0.1 M), 200 uni ts of Superscript™ II 
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( I}.d), 4}.d 5X first strand buffer (250 mM Tris-HCl, 375 mM KC1, 15 mM MgCI2, pH 

8.3) was added and incubated at 42°C for 60 minutes before inactivation at 70 °C 

(2min) . Single-stranded cDNA was stored at -20 °C until used. Double stranded full

length cDNA was prepared with the Marathon cDNA amplification kit (CionTech) 

according to the manufacturers instructions. Total RNA (4 J.!g) was used for synthesis 

and first strand cDNA was synthesized with the anchor primer (l0 pmole) described 

above. 

2.2.30 Rapid amplification of 3' cDNA ends (3'RACE) 

To obtain the coding gene and 3' untranslated region (3' UTR) a degenerate primer 

(GrinA) was designed from the first seven amino· acids (YQPECLE) obtained by Edman 

degradation, using the program OLIGO Version 4.0 (National. Biosciences, .Hamel, 

USA) (Rychlick and Rhoades, 1989). Single-stranded cDNA (0.5 J.!I of the previous ly 

described single stra~d cDNA stock), GrinA (l00 pmole- I J.!I), anchor primer (5 pmole 

- 1 J.!I), 5J.!1 lOX PCR buffer (l00 mM Tris-HCI, 500 mM KCI, pH 8.3), 4 J.!I MgCl2 (2 

mM final concentration) and 4 J.!I dNTP's (200 J.!M final concentration) were adjusted to 

40 J.!I with H20. cDNA was denatured at 94 °C (3 minutes) and then cooled to 80 °C 

after which 0.5 J.!I TaKaRa TaqTM (5U/J.!I, TAKARA Biotechnology) diluted in 10 J.!I 

H20 was added. Amplification consisted of 34 cy~les of DNA denaturation (94 °C, 

30s), annealing (55 °C, 30s) and ex tension (72 °C, 2 minutes), followed by a final 

extension (72 °C, 7 minutes). All amplification procedures were conducted in a Gene 

Amp® PCR System 9700 (Perkin Elmer Applied Biosystems). 
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Cloning of ORF and 3'UTR 

1. Single·strandcd eDNA syntb cs i ~ 

mRNA 

Anchor (dT) primer 

2. peR with degenerate primer 

Degenerate primer 

3. Clone into pCEM-T Easy and sequence 

Expected gc nc structure 

Degenerate I)rimer ORF 

Anchorprimcr 

Fig. 2.4: Cloning strategy to obtain ORF and 3'UTR. (I) Single standed cDNA was synthesized with a 

anchor (dT) primer. (2) A degenerate primer and a anchor primer was used to amplify the product of 

interest. (3) The product was cloned inlO the pGEM T-Easy vector and sequenced. Indicated is the 

expected gene structure obtained with this method. 

2.2.31 Rapid amplification of 5' cDNA ends (5'RACE) 

To obtain the 5' UTR and signal peptide sequence a gene specific primer (GrinA1RB: 

ACT A TT TCC GTT CTO AAG) complementary to the coding sequence of the last six 

amino acids of savignygrin (KKACGNA) was designed. Double-stranded full-length 

cDNA (I III of a 50X dilution of cDNA stock so lution), GrinA1RB (5 pmoles), and 

AP2 (5 pmoles, Clontech Marathon kit) were used for amplification . A ll other 

ampli fication conditions were identical to that of the 3' RACE. 
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Cloning of S'RACE produclS 

t. Double· stranded cDNA synthesis· Cion Tech Marathon Kit 

-------------AAAAAAAA 

.. Ancho r (cJT) 

RNAse H + polymcrasc 

-+ -+ -+ 
-------------Anchor (dT) 

I Ada pte rs I ~dapters I 

2. PCR with J'·GSP primer 

Adapter primer .. 

.. GSP 

3. Clone into pGEM·T Easy vec tor lind sequence 

Gene structure 

ORF GSP 

Fig. 2.5 : Cloning strategy 10 oblain 5'UTR and ORF. (I) Double-S1anded eDNA was synthesized by firS!

strand eDNA synthesis from total RNA with an anchor (dT) primer. followed by second·strand cDNA 

synthesis with RNAse H and polymerase. Adapter primers were then ligated to the ends of the double

stranded cDNA . (2) A primer specific for the 3'end of the ORF (GSP) and a adapter primer were used to 

amplify the product of interest. (3) The product was cloned int~ the pGEM T·Easy vector and sequenced. 

Indicated is the expected gene structure obtained with this method. 

2.2.32 Cloning of low-molecul ar mass savignygri n inhibitor 

During the characteri zation of savignygrin two isoforms were observed. ESMS 

indicated that one had a slight ly higher molecular mass (6966 Da, designated the high 

mass inhibitor) than the other (6808 Da, designated the low mass inhibitor) . 3' RACE 

with the degenerate primer produced the hi gh mass inhibitor only. A si ngle colony 

obtained from the 5' RACE gave a sequence that differered at a single nucleotide 

(R52G). To determine whether this might be the low mass form a primer (GrinAB: ACT 

A TT TCC GTT CTG AAG) was designed with the single nucleotide differerence at the 3' 

end and 3' RACE was performed as described. A product was obtained that showed 

both R52G and N60G differences with the high mass inhibitor sequence. To confirm 

this difference a GSP (LMMprime: TGT ACC TCT CCT TGA AC) was designed in the 

3'UTR where di fferences were observed with the high mass inhibitor sequence. 5' 
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RACE was perfonned with the GSP to obtain the fu ll-lenght low mass inhibitor 

sequence. 

2.2.33 Analysis of PCR products 

Amplified products were analyzed by electrophoresis (68 Volts - .1.5 hours) using a 2% 

analytical grade agarose (Promega, Wisconsin, USA) gel with T AE (0 .04 M Tris

acetate, 0.001 M EDTA) as running buffer in a minigel apparatus (Biometra, GmbH). 

2.2.34 Quantitation of DNA 

DNA was quantitated by visual comparison to known concentrations of 100 bp ladder 

markers (Promega, Wisconsin, USA). 

2.2.35 Elution of RACE products from agarose gels 

Amplified products were extracted from agarose gels with the silica elution method 
, 

(Boyle and Lew, 1995). RACE products were excised from gels and gel pieces were 

dissolved in 1 ml Nal (0.9g/ml) at 55°C. DNA was adsorbed on 5JLl silica (100 mg/ml) 

(Sigma, USA) by incubation for 30 minutes on ice. Silica was washed 2X with wash 

buffer (10 mM Tris-HCI, 50 mM NaCI, 2.5 mM EDTA, pH 7.5 and 50% v/v ethanol) 

by centrifugation (30s in a microfuge). DNA was eluted with 10 JL l ImM Tris-Hc!, pH 

8.0 at 60°C (5 minutes). Yield was determined by comparison with known 

concentrations of 100 bp ladder electrophoresis markers (Promega, Wisconsin, USA). 

2.2.36 Purification of PCR products 

For certain applications PCR products were purified using the High Pure PCR Product 

Purification Kit (Roche Molecular Biochemicals). PCR product (l00 JLl) was added to 

500 JLI binding buffer (3M guanidine-thiocyanate, 10 mM Tris-HCI, 5% ethanol (v/v), 

pH 6.6) before addition to High Pure filter tubes. Tubes were centrifuged fo r 1 minute at 

12000xg and the flow through discarded. Filters were washed with 500JLl wash buffer (2 

mM Tris-HCI, 20 mM NaC!, 20% ethanol (v/v), pH 7.S) by centrifugation (12000xg, I 

minute), followed by another wash with 200JLl wash buffer. PCR product was eluted 

with 100JLl elution buffer (l mM Tris-HC1, pH 8.5). 
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2.2.37 AfT cloning of RACE products into pGEM T-Easy 

DNA product (3:1 insert to vector ratio) was ligated into the pGEM®-T Easy Vector 

(lJLI - SO ng) using Af[ cloning at 4°C (16-48 hours) with 1141 T4 ligase and 5141 2X 

buffer of the pGEM®-T Easy Vector System 1 (Promega, Wisconsin, USA) . T4 ligase 

was inactivated at 70 °C prior to transformation of competent cells. The products of at 

least three PCR reactions were cloned and at least 3 different clones of each PCR 

product cloned were sequenced from both up-and down stream ends . 

2.2.38 Preparation of competent cells 

Competent SURE (S tratagene, La Jolla, CA, USA) E. coli cells were prepared using the 

calcium/manganese-based method (Hanahan er al. 1991). Bacteria were grown 

overnight on M9 minimal medium agar (0.05 M Na2HP04-2H2<!, 0.02 M KH2P04, 8 

mM NaC!, 0.02 M NH4C!, 2 mM MgS04, O.OIM D-glucose, 0.1 mM CaCh, 1 mM 

thiamine hydrochloride, 1.5% agar (w/v), pH 7.4). Colonies were plated onto LB plates , 
(l % tryptone, 0.5% yeast extract, 1 % NaCl, pH 7.5, 1.5 % (w/v) agar with 12.5 JLg/ml 

tetracycline) and grown overnight at 30 0c. Several colonies were suspended in SOB 

medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KC1, pH 7.0) by 

vortexing and inoculated into SO ml SOB medium. Cells were grown at 30 °C with 

shaking (250xg) until OD600-0.3 after which the cells were pelleted by centrifugation 

(lOOOOxg, 15 min at 4°C). The supernatant was discarded and the pellet suspended in 

16.6 mJ CCMB 80 medium (80 mM CaC12-2H20, 20 mM MnCh-4H20, 10 mM 

MgCh-6H20, 10 mM K-acetate, 10% glycerol, pH 6.4) and incub'ated on ice for 20 min. 

Cells were pelleted by centrifugation (lOOOOxg, 10 min at 4 0c) and the supernatant 

discarded. The pellet was suspended in 4.1 mJ CCMB 80 medium, aliquoted and stored 

at -70 °C. 

2.2.39 Transfo rmation of SURE E. coli cells 

Transformation of competent cells was performed according to the heat-shock method 

(Sambrook er al. 1989). Transformation of cells with ligated plasmid was performed by 

preincubation of 100 141 cells (OD600 - 0.3) with plasmid at 4 °C (30 minutes), heat 

shock at 42°C (60s) and incubation at 4 °C (3 minutes) before growing cells in SOC 

medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KC!, SO mM D-
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glucose, pH 7.1) for I hour before plating 100 JLI of transformed cells onto 1.5% agar 

that contained 50 JLg/ml ampicillin, 40 JLl/plate X-gal (20 mg/mi DMSO) (Roche) and 4 

JLt/plate IPTG (400 mM) (Roche Diagnostics) . Postitive colonies were selected using 

blue-wh ite se lection with conventional minipreps of plasmids and res triction enzyme 

digestio n (Eco RI) of plasmid to identify inserts with the correct size. 

2.2.40 Screening for recombinant clones 

Blue/w hi te selection is based on the fact that the ~-galactamase gene is disrupted during 

insertion of foreign DNA into the multiple cloning site of the pGEM T-Easy vector. 

Vector that ligated wi thout foreign DNA produces ~-galactamase under induction of 

IITG and hydrolyses X-galactose which then forms a blue colored product that yields 

blue colonies. When the gene for ~-galactamase is disrupted, . no hydro lys is. of X, 

galactose occurs, which yields white colonies. White colonies were inocu lated into 3 ml 

LB broth (10 JLg/ml ampicillin) and grown for 16 hours at 30 0c. 

2.2.41 Miniprep of plasm ids 

Ce lls from positive colonies ( I m! cu lture) were coll ected by centrifugatio n (12000xg, 1 

min) in a microfuge and resuspended in 100 JLI min,iprep solution I (25 mM Tris-HCI, 

50 mM g lucose, 10 mM EDTA, pH 8.0). Miniprep solution 2 (ISO JLI, 0.2M NaOH, 1% 

SDS) were added and the solution were mixed by gentle inversion before incubation on 

ice (5 min) to lyse the cells. Ice cold miniprep solution 3 (250 JLI, 3M potassium acetate, 

pH 4 .2) was added and the solution was mixed by gentle inversion and incubated on ice 

(5 min) before centrifugation (l2000xg, 5 min) in a microfuge to precipitate 

chromosomal DNA. Abso lute ethano l (I mI) was added to the supernatant and 

incubated at room temperature (10 min) before centrifugation (12000xg, 15 min) in a 

microfuge to prec ipi tate plasmids . The supernatant was discarded and the pelleted 

plasmid was washed with 70% ethano l (1 mI) and again cen trifuged. The supernatant 

was discarded and the pellet dried using the Bachoffer vacuum co ncentrator (5 min). 

Pellets were dissolved in 30 JLI water (20 JLg RNAse) and 8 ILl were digested with 1 ILl 

EcoRI (lOU) in digestio n buffer (90mM Tris-HCI, 10 mM MgCl2, 50 mM NaCI, pH 

7.5) fo r 2 hours before agarose gel analys is. Of those recombinan t plasmids that showed 
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the correct insert size, the remaining 2 rnl of culture o,yas used for high pure plasmid 

purification for sequencing. 

2.2.42 High pure plasmid isolation 

Plasmids were purified for sequencing with the high pure plasmid purification kit 

(Roche Diagnostics). Cells (2 rnl culture) were collected with centrifugation (l2000xg, 

I min) in a microfuge and suspended in 250 ILl suspension buffer (50 mM Tris-HCI, 10 

mM EDTA, pH 8.0 at 25°C, O.lmg/rnl RNAse). Cells were Iyzed with 250 ILl lysis 

buffer (0.2M NaOH, I %SDS) by gentle inversion and incubation at room temperature 

(5 min) before addition of 350 ILl binding buffer (4 M guanidine hydrochloride, 0.5M 

potassium acetate, pH 4.2). The solu tion was mixed by gentle inversion and incubated 

on ice (5 min) to precipitate chromosomal DNA. Chromosomal !JNA was removed by 

centrifugation (12000xg, 10 min) and the supernatant added to a High Pure filter tube, 

which has a glass fibre filter for specific binding of plasmid DNA in the presence of 

chaotropic salts . The solution was centrifuged (l2000xg, I min) and the flow through 

discarded before addition of 700 ILl wash buffer II (2 mM Tris-HCI, 20 mM NaCI, 80% 

ethanol, pH 7.5) and recentrifugation ( 12000xg, I min). After another dry cenU'ifugation 

(l2000g, I min) to remove all ethanol, the High Pure fi lter tube was transferred to a 

new collection tube and plasmid was eluted with 100 ILl of elution buffer (I mM Tris

HCI, pH 8.5). 

2.2.43 Sequencing of recombinant pGEM T-Easy plasm ids 

Sequencing was performed using the Big Dye Sequencing Kit (Perkin Elmer, Foster 

City) on an ABI Prism 377 DNA sequencer (Perkin Elmer Appli ed Biosystems, 

California, USA) according to the manufacturers instructions using 2 ILl ready reaction 

mixture, 3 ILl 5X buffer (400 mM Tris-HCI, 10 mM MgCI2, pH 9.0), 1 ILl primer (3.2 

pmoles of upstream T7 or downstream SP6 promoter primers respectively), plasmid 

(150-250 ng) and water to a final volume of 20 ILl. Cycle sequencing was performed 

using 25 cycles of denaturation (96°C, lOs), annealing (50 DC, 5s) and extension (60 

°C,4 min). Big Dye products were precipitated with 64% ethano l (final vo lume 100 ILl) 

for 30 minutes and pelleted by centrifugation (12000xg, 25 minutes). Pellets were 

washed with 70% ethanol and dried on a vacuum concentrato r (Bachoffer) for 7 
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minutes. The pellet was suspended in 3 ILl loading dye (5: I ratio of deionized 

formamide: 25 mM EDTA, pH 8.0 and blue dextran, 30 mg/mI). Samples were 

denatured at 95 °C (2 min), snapcooled on ice and anal yzed on a 36 cm gel according to 

the AB! Prism 377 Genetic Analyser User's Manual. At least 3 different clones were 

sequenced for each fragment and each clone was sequenced with both primers. 

Sequences obtained were analyzed using the Staden package. DNA and deduced protein 

sequences were analyzed using BLAST (Altschul et al. (990) and alignments were 

performed with ClustalX (Jeanmougin et al. 1998). Protein molecu lar mass, amino ac id 

composition and theoretical tryptic digests of the deduced sequence were determined 

with the PAWS program (http: //www.proteometrics.com!software/paws.htm). 
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2.2.44 Primers used during study 

Primers used for the cloning and sequencing of the various proteins described in this 

study are indicated in Tab le 2.4. 

Table 2.4: Primers used in study 

Name Primer sequence Chapter 
General 
Anchor-dT GCT ATC ATI ACC ACA ACA CTC T"VN 2.3.7 
Anchor GCT ATC ATI ACC ACA ACA CTC 2.3.7 
AP2 AAC TCA CTA TAG GGC TCG AGC GGC 2. 3. 7 
TISeq TAA TAC GAC TCA CTA TAG GG 2.3.7 
SP6Seq ATITAG GTG ACA CTA TAG 2. 3. 7 

Savignygrin 
GrinA TA Y CAR CCN GAR TGY YTI G 2 
GrinAIRB GGA TCC TCA CGC A TI TCC GCA TGC CTI CTI 2 
GrinAB ACT A TI TCC GCT CTG AAG 2·. 
GrinAIF CAT ATG TAC CAA CCC GAG TGC CTG GAG 2 
LMMprime TGT ACC TCT CCT TGA AC 2 
Savionin 
ThrombA YTN AA Y GTI MGITGY AA Y AA 3 
Thromb CI CTC GAG TIC CAT TGA AAC GCC ACA 3 
TSGP's 
TOC TIY CCI ACI GA Y GCN TA 7 
TOE TIY CCI ACI GAR GCN TA 7 
C ITI CT A GCA GTC CTI GTC TI 7 
NTCI GTI CCA ACA TCC ACA TG 7 
TOKSI GCN AA Y GA Y GTI TGG AA Y GT 7 
c ln CTA CGG AAC TCT GCA GCC TI 7 
20kD GGI CCI GA Y GGI TGY GT 7 
20kDC I GTG TAG GGG ATG GGG CCA 7 
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2.3 Results 

2.3.1 Purification of the savignygrins 

Inhibition of ADP-induced platelet aggregation was used as a measure of activity during 

purification. Size exclusion chromatography was used as a first step in the purification 

procedure (Fig. 2.6a). Inhibition of platelet aggregation was observed across the whole 

protein spectrum and could be ascribed to the presence of apyrase activity in the high 

molecular mass region (500-20 kDa) as describea previously (Mans et al. 1998b) . Heat 

inactivation of apyrase shifted the inhibition pattern to the low molecular mass region 

«20kDa). Fractionation of the size exclusion fractions on the anion exchange column 

indicated inhibitory activity over a broad range (10-13 min) at an approximate iso-electric 

point range of 5-6 (Fig. 2.6b). Reversed phase chromatography separated the inhibitory 

activity into two distinct peaks designated A and B (Fig. 2.6c) . ESMS analysis showed 

that both peaks contained a high (6966 Oa) and low (6808 Oa) molecular mass species 

(results not shown). Separation of these species were attempted with rechromatography 

using AEHPLC (Fig 2.6d). Both peaks A and B separated into two peaks, indicating two 

species that differ in charge with approximate iso-electric points of 5.9 and 5.5, 

respectively. These peaks were designated A+. A-, B+ and B- on the basis of charge (as 

observed on AEHPLC) and hydrophobicity (as observed on RPHPLC). These different 

species were then desalted using RPHPLC (Fig. 2.6e and 2.6f). The yields obtained for 

three different separations were 45±lS J.lg, 37±9J.lg, 27±9J.lg and 27±9J.lg for the different 

forms (A+, A-, B+ and B-), respectively. This corresponds to approximately 1-3% of the 

total soluble salivary gland protein for each isoform. 
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Fig, 2.6: Purification of savignygrin. (a) SEHPLC of tick salivary gland extract. Lines indicate apyrase 

activity and fractions pooled for AEHPLC (savignygrin). (b) AEHPLC of the fractions obtained after 

SEHPLC. The line indicates the region of platelet aggregation inhibitory activity and also those fractions 

pooled for RPHPLC. Relative iso-electric points are indicated with arrows. (c) RPHPLC of fractions with 

inhibitory activity obtained from AEHPLC. Inhibitory activity was observed in two peaks assigned A and 

B. (d) Rechromatography of fractions A and B on AEHPLC. The chromatograms of A and Bare 

superimposed and peaks collected are indicated as A+, A-, B+ and 8-. (e) Rechromatography of fractions 

A+ and 8+ with RPHPLC. Chromatograms are superimposed. (f) Rechromatography of fractions A- and 

8- with RPHPLC. Chromatograms are superimposed. 
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2.3.2 Tricine SOS-PAGE analysis of the savignygrins 

Tricine SDS-PAGE analysis was used to determine th~ purity of the inhibitors and to 

investigate their behaviour under reducing as well as non-reducing conditio ns (Fig. 2.7a). 

Reducing conditions indicated that the isoforms were pure with a relative Mr of 6.3 kDa 

for all four. Non-reducing conditions showed a reduction in electrophoretic mobilities for 

the different inhibitors. The A+ form migrated at -IS kDa and the B+ form at -12 kDa. 

The minus forms had surprisingly an even lower inobility with A- at -32 kDa and B- at 

-30 kDa. This indicates that disulphide bonds may play an important role in the 

maintenance of conformation and that the different inhibitors have distinct 

conformations. Lack of unfolding and reduced SDS binding could account for the lower 

mobilities . Electrophoresis in the presence of urea was thus investigated (Fig. 2.7b). In 

the presence of 8M urea the reduced inhibitors had a slight decrease (-'2kDa) in 

electrophoretic mobility, indicating that reduced forms still bind SDS in the presence of 

urea . The non-reduced (+) forms however, showed a significant decrease in mobility. 

This indicated unfold ing by urea (increasing the hydrodynamic volume). By using a urea 

gradient (0-8M) perpendicular to the direction of electrophoresis the unfolding kinetics of 

a protein can be observed (Goldenberg and Creighton, 1984) . Unfolding kinetics suggest 

that the (-) forms are already in an unfolded form due to the little change in mobility 

across the gradient, while the plus forms are unfolded to a greater extent (Fig. 2.7c). 

These results suggested that the (-) forms are less stable than the (+) forms and correlates 

with the finding that the (-) forms were less stable than the (+) forms when their 

temperature stability was measured (Fig. 2.7d). Although, all four inhibitors were 

extremely stable (retaining >50% activity after 3 hours of boiling at 94 °C), the (-) forms 

were slightly less stable and probably unfold more easily under the extreme conditions of 

boiling in the presence of SDS as was performed for electrophoretic analysis . There were 

no marked inflection points for the inhibitors that would indicate a rapid transition from a 

fo lded to unfolded state. There is rather a gradual decrease in electrophoretic mobility 

with increased urea concentration, indicating slow unfolding of a very stable 

conformation (Goldenberg and Creighton, 1984). This is most possibly due to a dense 

core structure kept intact by disulphide bonds, which is inaccessible to SDS. These 
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proteins wou ld hence have a lower SDS :protein ratio and migrate to a greater extent on 

intrinsic charge. 
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Fig. 2.7: Electrophoretic analys is of the savignygrins. (a) Tricine SDS-PAGE analysis of the savignygri ns. 

Lane 1 indicates low molecular mass markers. Lane 2 indicates peptide molecular mass markers. Lane 3 to 

6 shows electrophoresis under reducing conditions for A+, A-, B+ and B-, respect ively. Lane 7-10 shows 

elect rophoresis under non-reducing condi tions for A+, A-, B+ and B-, respecti vely. (b) Tric ine SDS-PAGE 

in the presence of 8M urea. Lane I shows peptide molecular mass markers. Lane 2-5 indicate inhibitors 

(A+, A-, B+ and B- , respec ti vely) under reducing conditions. Lanes 6-9 show inhibitors (A+, A-, B+ and 

B-, respecti vely) under non-reducing condit ions. (c) Tricine SDS·PAGE analysis under non-reducing 

cond itions, wi lh a 0-8 M urea gradient perpendicular to the direction of e lec trophoresis . (d) Temperature 

stability of the savignygrins. Inhibitors were incubated at 94 °C for the indicated time periods before 

ac ti vity was determined. 
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2.3.3 Electrospray mass spectrometry of the savignygrins 

ESMS of the different forms shows that the (+) forms' have the same molecular mass 

(6966 Da), while the (-) forms also have the same mass (6S0SDa), but are 15S Da smaller 

(Fig. 2.S). These masses correlate well with those obtained by SDS-PAGE under 

reducing conditions. The spectra show the M5+ to M8+ ion species fo r all four forms. The 

maximum number of positive charges correspond well with amino acid analysis and 

sequence data which indicate nine lysine and arginine residues (Fig. 2.10). 
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Fig. 2.8: Etectrospray mass spectrometry analysis of the savignygrins. The M+5
, M+6

, M+7 and M+8 

protonated species of each inhibitor is shown. Molecular masses obtained after deconvolusion of the 

respective spectra are included in each figure. 

2.3.4 Peptide mass fingerprinting of the savignygrins 

Peptide maps of the different inhibitors obtained by trypsin digestion and analyzed by 

MALDI-TOF-MS, was essentially the same (Fig. 2.9). These resu lts indicate that the 

amino ac id sequences are simi lar. No difference could be observed that could account for 

the discrepancy between the (+) and (-) forms. 
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Fig. 2.9: Peptide molecular mass fmgerprint analysis of the savignygrins. MALDT-TOF-MS spectra of 

tryptic digests of the A+, 8+, A- and 8- fonns. Masses obtained for the fragments are indicated. 

2.3.5 Amino acid analysis of the savignygrins 

Amino acid analysis indicated that the overall compositions of the different inhibitors are 

similar (Fig. 2.10). No isoleucine or valine was detected, not even after hydrolysis up to 

72 hours (results not shown). From these data the percentage of hydrophobic amino acids 

(us ing Ala, Leu and Phe) are approximate ly 13%. Performic acid oxidation, alkylation of 

cysteines with 4-vinylpyridine and ESMS of the alkylated fo rms (results not shown) all 

confirmed that 6 cysteines are present. 
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Fig. 2.10: Amino acid analysis of savignygrins. Indicated are mole ratios of amino acids relative to Leu for 

the different inhibitors. Cysa indicates perfonmic acid oxidation and cysb alkylalion with 4-vinylpyridine. 

SD is for three individual determinations. 

2.3.6 Determination of disulphide content of the savignygrins 

By using 4-vinylpyridine in the presence or absence of OTT, the existence of any free 

sulphydryl groups can I;>e indicated. No alkylated cysleines were detected in the absence 

of OTT implying that all the cysteines are involved in disulphide bonds (Fig. 2.11). 

GdCI GdCI+DTT GdCIt4VP GdCltOfT t4VP 

OAt 

.A I 
oBt 

0& 

Fig. 2.11: Determination of the disulphide content of the savignygrins. Savignygrins were alkylated in the 

presence or absence of a reducing agent (011"). Indicated are results obtained from amino acid analysis of 

savignygrins that were denatured (GdCI), denatured and reduced (GdC I+OTI), denatured and alkylated 

(GdCI+4VP) and denatured, reduced and alkylated (GdCI+OTT +4 VP). 
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2.3.7 Disulphide bonds and their relevance for activity 

Alkylation with 4-VP in the presence of DTI, or reduction with DTI alone, abolished 

inhibitory activity completely (Fig. 2.12), indicating that di sulphide bonds are essential 

for the maintenance of act ivity. 
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Fig. 2.12: The effect of disulphide bonds on activity of the savignygrins. Activity of savignygrins that were 

denatured (GdCI), denatured and reduced (GdCI+DTT), denatured and alkylated (GdCI+4 VP) and 

denatu red, reduced and alkylated (GdCI+DTT +4 VP) . A final concentration of 300 nM for the savignygrins 

was used fo r activity measurements . All values were calculated with respect to a control sample that was 

not treated in any way. 

2.3,8 Biological activity of the savignygrins 

All four inhi bito rs inhibited platelet aggregation induced by ADP, collagen, TRAP and 

epinephrine while platelets aggregated with AD P were also disaggregated (Fig. 2.13a). 

An TCso of approximately 130 nM was determined for al l four inhibitors (Fig. 2.13b). 

This is well in the range of the disintegrin inhi bito rs and close to that of disagregin (104 

nM) (Gould et al. 1990; Karczewski, Endris and Connolly, 1994). A decrease in 

transmittance observed with added inhibi tor indicates acti vation of platelets and 

concomi tant shape change to the spheri cal form (Fig. 2.12a) . Thi s suggests post

activation inhibition at the level of the pl atelet integrin allb~3. To investigate this further, 

platelets treated with sav ignygrin were analyzed using electron microscopy. 
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Fig. 2.13: Inhibition of platelet aggregation induced by various agonis ts by ·savignygrin. ADP ( 10 IlM), 

collagen (2I'g). TRAP (50 I'M) and epinephrine (10 I'M) were used to induce platelet aggregation. Platelet 

rich plasma was incubated with savignygrin (300 nM final concentration , black tracings). Controls were 

incubmed with saline (grey tracings). Platelet aggregation is indicated by an increase in transmission. 

Simi lar tracings were observed for all the different isoforms. 

2.3.9 The influence of savignygrin on platelet shape change 

Platelets used as negative control show a di scoid (resting) shape with their granules intact 

(2 .l4a). Platelets aggregated with ADP show a fused state and secretion of granules (Fig. 

2. 14b). Platelets incubated with savignygrin . without ADP-induced activation, retain the 

discoid form associated with non-activated platelets and retain their granu les (Fig. 2.l4c). 

Platelets incubated with savignygrin and ADP possess an activated , spherical form and 
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retain their granules (Fig. 2.14d). Platelets aggregated with ADP and disaggregated with 

savignygrin possess the same shape as for those incubated with savignygrin and ADP but 

show a higher degree of dilatory open canaliculary system and show signs of 

degranulation (Fig. 2.14e). This is in contrast to results previously obtained for apyrase, 

which showed that removal of ADP leads to disaggregation but also signal transduction 

that manifests as reversible shape change (Mans el al. 2000). Platelets rather exhibited a 

simi lar shape as was found for platelets disaggregared with plasmin, a fibrino-(geno)- lytic 

enzyme, that severed the fibrinogen link between platelets, but had no signal transducing 

effect on platelets. These results are concurrent with targeting by savignygrin of the 

fibrinogen receptor that allows activation and degranulation of platelets, but inhibits 

fibrinogen binding, with no further effect on platelet signal transduction as observed fo r 

apyrase. 

2.3.10 Targeting of allb~3, by savignygrin 

To test the possibility that a[[b~3 is targeted, inhibition of binding of aCD41 (P2-FITC) to 

platelets and purified a[[b~J to immobi li zed fibrinogen was tested. Binding of P2-FITC to 

platelets was inhibited in a concentration dependent manner, both in the presence and 

absence of ADP (ICso-IS /LM) (Fig. 2.ISa). Inhibition in the absence of ADP, indicate 

that the savignygrins can bind to resting a[[b~3. Inhibition in the presence of ADP is much 

less than in the absence, suggesting that more competition exists between the antibody 

and the inhibitor. Furthermore, adhesion of a[[b~3 to fibrinogen was inhibited with an ICso 

-3 nM (Fig. 2.ISb). This is comparable with that of variabilin (9nM) (Wang et al. 1996) 

and decorsin (I.SnM) (Seymour et al. 1990). Taken together these results indicate the 

targeting of allb~3 by the savignygrins. 
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b)~~ 

c) 

d) 

e) 

Fig. 2.14: The di saggregation effect of savignygrin on aggregated platelets. (a) Platelets without addit ion of 

any compounds. (b) Platelets aggregated with ADP (10 I'M fina l concentration). (c) Platelets incubated 

with savignygrin. (d) Platelets incubated with savignygrin before add ition of ADP (10 I'M final 

concentration). (e) Platelets aggregated with ADP for 4 minutes and disaggregated with savignygrin. Scale 

bar = IJ.un. 
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Fig. 2.15: Targeting of allb~3 by savignygrin. (a) Inhibition of aC041-FITC binding to platelets. Platelets 

were incubated with savignygrin. at various concentrations in the presence or absence of ADP, before 

incubation with aC041-FITC. SO is for triplicate values. (b) Inhibition of the binding of purified allb~3 to 

immobilized fibrinogen. a[Jb~3 was incubated with various concentrations of savignygri n before addition to 

fibrinogen. Values indicated are SO for triplicate values. 
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2.3.11Integrin specificity of savignygrin 

The integrin av~3 recognizes most ligands, such as vitronectin and fibrinogen that bind to 

allb~3 (Plow et al. 2000). No inhibition of osteosarcoma ce ll adhesion to vitronectin or 

fibrinogen by savignygrin was observed, not even at a concentration of lOJ.tM, although 

adhesion of platelets to fibrinogen was inhibited at concentrations of 20 nM (5% of 

control) (Fig. 2. 16). This suggests that sav ignygrin is specific for aUb~3. 
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Fig. 2.16: Integrin specificity of the sav ignygrins. a) Adhesion of osteosarcoma cells to vitronectin and 

fibrinogen in the presence of savignygrin. b) Adhesion of platelets to fibrinogen in the presence of 

savignygrin. SD are for values in triplicate. 

2.3.12 N-terminal amino acid sequence determination of the savignygrins 

N- lerminal amino acid sequence determination of the inhibitors shows that they all have 

the same sequence (res ults no t shown) . The yields for the A+ feirm are indicated and lie 

on the linear curve expected for the cycles determined (Fig . 2. 17). Alignment with 

di sagregin from O. moubQ[a (Karczewski, Endris and Connolly, 1994) showed, that the 

cysteines were conserved al th ough the N-terrninal sequences show little similarity. A 

RGD motif in the sequence of savignygrin corresponds to the RED motif in the sequence 

of disagregin. Significant is that the sequence around the RGD motif is homologous to 

th at of disagregin with the only difference being an aspartic acid residue at position 17 

instead of a glutamic acid. This suggests that the sequence around the RGD motif is 

important for function, with negatively charged residues be ing prominen t. 
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Am ina acids (cycle #) 

Fig. 2.17: N·terminal sequence analysis of savignygrin. Sequencing yie lds for diffe rent cycles of A+ are 

indicated. Similar results were obtained for the A-, B+ and B- isoforms. 

2.3.13 Isolation of total RNA 

Mouse lung total RNA showed the characteri stic 28S, 18S and S.8S rRNA bands. Total 

RNA from tick salivary glands and nymphs only showed the 18S rRNA band and a 

second band with a much lower mobility (Fig. 2.18). This is unusual as the 28S rRNA 

intensity is normally double that of the 18S rRNA (Farrell , 1993). There was however, a 

fragment with a much lower mobility that may represent unprocessed 28S-S.8S rRNA. 

Similar results have been obtained when Xenopus oocytes are depleted of U8 sno RNA, 

which is essential for S.8S and 28S rRNA maturation (Peculi s, 1997). 

28S rRNA 
18S rRNA 

5S I'RNA 

1 2 3 4 

Fig. 2.18: Electrophoretic analysis of total RNA. Lane I indicates control RNA isolated from mou se lung. 

Lane 2 indicates isolations of total RNA from nymphae, and lanes 3 and 4 from tick salivary gland extracts. 
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2.3.14 Cloning and sequencing of savignygrin 

PCR under optimized conditions using the degenerate primer designed from the N

terminal sequence of sav ignygrin showed a product of 300 bp while 5' RACE of the 5' 

UTR indicated a slightly smaller product (Fig. 2. 19). Using the GrinAB primer a product 

of 170 bp was amplified for the 3'RACE, whi le a product of 400 bp was amplified for the 

5'RACE using the GrinLMM primer. Sequencing showed that the 3' RACE (291 bp) and 

5' RACE (324 bp) fragments cOrl'esponded well with the results obta ined with PCR for 

the (+) fo rm (Fig 2.20). 

5' 3' 5' 3' 

(+) (-) 

Fig. 2.19: RACE of the high (+) and low (-) mass forms of sav ignygrin. The 500 bp marker is indicated 

with an arrow. 5'RACE and }'RACE products are indicated for the (+) and (-) forms, respectively. 

2.3.15 Analysis of the recombinant amino acid sequence of savignygrin 

The cDNA sequences obtained for both (+) and (-) forms showed all primers used during 

PCR and the poly-A tail used during cDNA synthesis. The cDNAs also contained the 

stop codon (TGA) and the poly-adenylation signal AATAAA. The translated amino acid 

sequences correlated with an immature protein of 80 amino acids, while the mature chain 

consisted of 61 amino acids, with the first 21 amino acids corresponding to that obtained 

with Edman degradation (Fig. 2 .20) . It is well known that threonine residues give low 

yields during Edman degradation, which explains the threonine at position 20 that 

corresponds with the gap in the Edman derived sequence. Analysis of the immature 

protein using Signal P (N ielsen el al . 1997), predicted the presence of a signal peptide ( 19 
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ami no acids) and the correct cleavage site . There are relati vely few differences between 

the (+/-) forms at sequence level. The on ly gap present is in the S' UTR of the (-) form 

and most of the differences occur at iso lated positions in the 3'UTR. Two non

synonymous substitutions occur at positions R52G (R73G immature protein) and N60G 

(N8 1G immatu re protein) for the (+/-) fo rms, respectively and one synonymous 

substitution at position K56 (K77 immature protein). 

(+)ctcactatagggctcgagcggccgcccgggcaggt~gtatcatcgccccacca 
(-)ctcactatagggctcgagcggccgcccgggcaggt~gtatcatcgccccacca 

AP2 • 
(+)gccatgcaagccaacatctttgtcttcgccttcctgcttctcagcgtcgctgttgctgca 
(-)gccatgcaagccaacatctttgtcttcgcctt cctgcttctcagcgtcgctgttgctgca 

M Q A N I F V F A F L L L S V A V A A ----------------------------------

60 
53 

120 
113 

19 

(+)tacggatatcagcccgaatgcctcgagccatccctttatggttgccggggcgatgaagac 180 
(-)tacggatatcagcccgaatgcctcgagccatccctttatggttgccggggcgatgaagac 173 

Y G yap EeL E P SLY G eRG 0 E 0 39 --_. -------------------------
(+)gcaacatttggttggacattcgatcgtgaagatggcggttgcagacaaggttcatactgc 
(-)gcaacat ttggttggacattcgatcgtgaagatggcggatgcagacaaggttcatactgc 

A T F G W T FOR E 0 G G C R Q G S Y C 

(+) acacgtttcggacagccaaagaactatttccgctctga~gt actgcaag~~catgc 
(-)acacgtttcggacagccaaagaactatttccgctctga ggt actgcaagaaa~catgc 

T R F G Q P K N Y FRS E IG 0 C K K A C 
GrinAB. GSP 

(+) gg aat cgtja gagaagaaaaagaagcaa~~ag~t caaggaga~accaataaa 
(-)gg ggt cg ga gagaagaaaaagaagcaa ag tcaaggaga~aca aataaa 

G N/G A -
.. SP .. LMM 

(+)c~taaia¥aacccgct aaaaaaaaaaaaaaaaa gagtgttgtggtaatgatagc 
( -)c~ta~aacccgct aaaaaaaaaaaaaaaaa gagtgttgtggtaatgatagc 

.. Anchor 

240 
233 

59 

300 
293 

79 

360 
353 

82 

417 
410 

Fig. 2.20: Full-length cDNA sequence for savignygri n. The 5' adapter, 3' gene specific and 3' anchor 

primer are shown in bold. The stop codon (TGA), the poly-adenylation signal (AATAAA) and the poly-A 

tail are boxed. The N-terminal sequence obtained with Edman degradation are underlined while the N

terminal sequence used for degenerate primer design is shown in bold. The signal peptide is underlined 

with a broken line. 
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2.3.16 Comparison of data obtained from the deduced amino acid sequence and data from 

native savignygrin 

The theoretical peptide masses obtained for a tryptic digest of the deduced amino acid 

sequence correlate well with the empirical data obtained for the native inhibitors and 

show that the peptides obtained were distributed across the· whole sequence. The 

calculated masses of the deduced amino acid sequences also correspond with the masses 

of the (+)/(-) forms obtained with ESMS. Amino acid compositions ob tained for the 

native inh ibitors and the composition calculated from the deduced amino acid sequence 

obtained after cloning correlate closely (Fig. 2.21). Taken together, these data suggest 

that the correct sequences for the savignygJins were obtained . 
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2239.0 YQPECLEPSLYGCR (1- 14) 1868.1 1866.1 
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Fig. 2.21: Comparison of native savignygrin and the deduced ami no acid sequence. (a) A comparison of 

the amino acid composition obtained for the native (+)/(-) fonns and the composition calculated from the 

deduced amino acid sequences obtained after cloning and sequencing. (b) A representative peptide mass 

fingerprint of all four iso-fonns. obtained for the savignygrins. (c) A comparison of the peptide masses 

obtained experimentally for the nalive savignygrins and those calculated for the deduced amino acid 

sequence. Total protein molecular mass obtained for the (+)/(-) fonns by ESMS and a calculated molecular 

mass are also indicated. 
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2.3.17 Comparison of savignygrin with disagregin 

BLAST analysis of the protein sequences of savignygrin indicated significant homology 

(E-value: 4x lO. t3
) to the platelet aggregation inhibitor disagregin, from the related soft 

tick, O. l1loubafa. Alignment using the Dayhoff PAM250 matrix gave an identity of 44% 

and similarity of 72% (Fig. 2.22). 

Savignygrin (+): 1'Y~P 
Savignygrin (.): 1 · Y'P 
Disagregin : 1-510 
SSPro prediction: CCCCCCCCC 

· 61 
· 61 
· 60 

Fig. 2.22: Alignment of savignygri n with disagregin. Identity (66%) is boxed in black, while similar amino 

acids are boxed in grey. Secondary structure prediction using the SSPro server is indicated with C: random 

coil, E: extended /3-sheet, H: a-helix and *: no consensus secondary structure. GenBank accession codes 

are for savignygrin (+) (AF452885), savignygrin (-) (AF452886) and disagregin (A54369). 

2,3,18 Origins of (+)/(-) forms: alleles or gene duplication? 

The origins of protein isoforms are important when the evolutionary history of a protein 

is considered. Isoforms could be a conformational artefact inherent in the primary 

structure of the protein itself, as was observed for the AlB forms. Proteins can also be 

post-translationally modified to various extents, which can confer different chemical and 

physical properties to isoforms. The (+ )/( -) forms have been shown to differ on the gene 

level. As such, these isofonns might be either different alleles or might be gene 

duplications. To investigate these different possibilities, savignygrins from twenty 

individuals were prepared by RPHPLC and analyzed with tricine SDS-PAGE. The 

analysis indicated that all four isofonns were present in all twenty individuals (Fig. 2.23). 

It is known that 0. savignyi is diploid with the sex chromosomes being XX and XY for 

females and males, respectively (Howell, 1966a). It could further be assumed that the 

collected ticks are representative of a population that mated randomly. For a diploid 

random population, the Castle-Hardy-Weinberg Law states that the gene frequencies can 

be expressed as: (p+q)2 = p2 + 2pq + q2, where p and q are the frequencies of the 

homozygous alleles (AA, aa) and pq the heterozygous alleles (Aa) . The frequencies of 

the alleles vary between 0 and I so that the sum always equals I. Under these 

assumptions, the maximum heterozygosity attainable is at the point where p=q so that the 
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frequency of 2pq can never exceed 0.5 (Spiess, 1989). The probability of picking 40 

alleles (20 ticks) at random and finding all heterozygous is - 1 in a trillion (0.54°), seems 

very unlike ly. Another possibility could have been the locali zati on of the savignygrins on 

the sex chromosomes, so that males wou ld always be heterozygous. This was excluded 

by analysis of females only. The other possibility is positive overdominance, which is 

found when the heterozygote has a higher mean fitness than either homozygote (Parsons 

and Bodmer, 1961). In the present case this implies that both homozygotes are lethal as 

they are not present at all in the analyzed population. The close similarity in sequence and 

biological activity between the high and low mass forms would make this scenario 

extremely unlikely. The savignygrins are most of the time stored away until feeding and 

probably do not interact at all with important cellular processes within the tick. From 

these considerations, the possibility that the sav ignygrins are different alleles is very 

unlikely. The more likely scenario is that of a recent gene duplication event that wou ld 

ensure representation of the sav ignygrins in all ticks tested . 
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Fig. 2.23: Analysis of savignygrin isoforms in twenty ind ividuals. A representative chromatogram of the 

SGE [rom one tick fractionated with RPHPLC is indicated on the left. The horizontal line indicates 

frac ti ons analyzed. Non-reducing tricine SDS-PAGE analysis of savignygrin preparations from lO ticks is 

indicated on the right. Arrows indicate the savignygrin isoforms. Results for the other ten ticks were 

similar. 
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2.4 Discussion 

2.4.1 Savignygrin (+)/(-) isoforms: conformational and genetic origins 

Amino acid composition, peptide mass fi ngerprinting, ESMS and N-tenninal sequence 

analysis indicate that the 4 isoforms purified for savignygrin, have similar amino acid 

sequences. The translated amino acid sequences confirmed the oear identical sequences 

of the high (+) and low (-) mass forms and account for the ESMS derived mass difference 

observed, as well as the separation of these forms' during AEHPLC. Careful analysis of 

the native and recombinant amino acid compositions show that the (-) forms have lower 

aspartic acid and arginine values, but a higher glycine value, with respect to the (+) 

forms. This corresponds with the sequence data. It has been shown that the (+)/(-) forms 

must be gene duplicates . Interestingly, no isoforrTIS were observed for disagregi n and no 

difference could be observed in the electrophoretic mobi lities under reduced'· and aon

reduced conditions (Karczewski, Endris and Connolly, 1994). This could ind icate that the 

(+ )/( -) gene duplication' is a fairly recent event that occurred after the di vergence of these 

two tick species from a common ancestor. 

The presence of the AlB conformational isoforms are more problematic, as no sequences 

were obtained that could explain the differences. It is not surprising to find separation of 

a single protein into two peaks during RPHPLC and has been observed fo r a number of 

proteins. Such two-peak separations are generally observed for proteins that are stable 

under reversed-phase chromatography conditions (low pH and high concentrations of 

organic mobile phase), so that native as well as unfolded forms are present (Kunitani and 

Johnson, 1986). The high stability of the savignygrins correlates we ll with this data. It is 

thus proposed that the AlB forms are not sequential isoforms, but rather an artefact of the 

purification procedure. 

2.4.2 Conformational and stability differences observed between the (+)/(-) forms 

Electrophoretic analysis and temperature stab ility studies indicated that the (-) forms are 

less stable than the (+) forms. The R52G difference between the high and low mass forms 

occurs in a region predicted to be a a-helix. Destabilization of this a -helix by G52 could 

lead to the lower stability observed for the low mass fo rm. Glycine has been shown to be 
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one of the most helix-destabilizing residues (Chakrabartty, Schell man and Baldwin, 1991 

and references therein). This destabilizing effect is described as be ing due to greater 

flexibility of the glycine peptide backbone, which thermodynamically prefers a random 

coil stucture instead of the a-helical structure. Glycine also lacks the enthalpic interaction 

between C~ and the a-helix backbone that favours the helix. G52 as such probably 'does 

not destabilize the helix under native conditions, but under conditions of high 

temperature and SDS concentration as used during electrophoresis, leads to 

destabilization of the structure and the observed shift in electrophoretic mobility. The 

N60G difference between the high and low mass forms occurs outside any secondary 

stucture elements, right at the end of the protein sequence and would not be expected to 

have significant effects on the protein structure. 

2.4.3 Electrophoretic behaviour of the savignygrins 

All isoforms showed ' a decrease in electrophoretic mobility under non-reducing 

conditions, suggesting a compact structure that inhibits SDS binding. This is a 

phenomenon observed for proteins with intra-chain disulphide bonds (Pitt-Rivers and 

Impiombato, 1968) . The same unusual electrophoretic behaviour was observed for 

echistatin under non-reducing conditions, while an unusual rapid migration was observed 

for the S-alkylated protein (Gan et al. 1988). The low hydrophobicity (13% hydrophobic 

amino acids) of the savignygrins could also influence electrophoretic behaviour, as it was 

observed that pep tides with a low hydrophobicity behave unusually during 

electrophoresis, presumably due to reduced SDS binding (Hayashi and Nagai, 1980). A 

compact structure stabilized by disulphide bonds could explain the high temperature 

stabilities and why these inhibitors are not fixed by normal methanol:acetic acid fixation 

procedures after electrophoresis under non-reducing conditions. High temperature 

stabilities have also been observed for proteins with low hydrophobicity (Russouw et al. 

1995). 

2.4.4 Biological activity of savignygrins 

The biological activity of the savignygrins was not affected by sequence or conformation 

differences, as indicated by simi lar ICso values (-130 nM) for all four isoforms. This 
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could be accounted for in part by the RGD motif that is present in all four isoforms. 

Activation of platelets pre-incubated with savignygrin' was indicated by a decrease in 

transmittance during inhibition of platelet aggregation induced by various agonists. 

Electron microscopic analysis of platelets incubated with savignygrin before activation 

with ADP confirmed the discoid to spherical shape change associated with activation. 

Maintenance of a spherical shape during disaggregation of aggregated platelets by 

savignygrin indicated that no signal transduction events occur except for a dissociation of 

fibrinogen from o.Ub(33. This suggests post-activation inhibition by the savignygrins and 

implicates the common denominator of platelet aggregation, the integrin o.Ub(33. Inhibition 

of the binding of o.CD41-FITC in the presence or absence of ADP strongly suggests that 

savignygrins bind to resting as well as activated o.Ilb(33, corresponding with the above 

hypothesis. This is furthermore supported by the inhibition of binding of purified o.Ub(33 to 

fibrinogen. The discrimination observed for savignygrin between 0.,(33 and o.Ilb(33 was 

also found for disagregi'n (Karczewski, Endris and Connolly, 1994). 

2.4.5 The RGO motif of the savignygrins 

It has been shown that disagregin inhibits the binding of echistatin (which contains the 

RGD motif) to platelets, suggesting interaction with the RGD binding site of o.Ilb(33 

(Karczewski, Endris and Connolly, 1994). This is strongly supported by the presence of 

an RGD motif in the sequence of savignygrin. Although disagregin has a RED motif and 

peptide studies showed that the peptide REDV does not inhibit platelet aggregation, a 

restricted conformation induced by the three dimensional structure of disagregin could 

account for inhibitory activity (Chen et al. 1991) . This is supported by the dependence of 

savignygrin on intact disulphide bonds for the maintenance of an active but restricted 

biological conformation. The sequence adjacent to the RGD motif of savignygrin 

(YGCRGDEDA) is similar to that of disagregin (YGCREDDDS), which suggests that the 

sequence around the RGD motif could have an important effect on its function. Of 

particular interest is the fact that the two downstream residues are negatively charged. It 

is possib le that these residues interact with the Ca2
+ binding site localized inside the 

o.Ub(33 ligand-binding locus speculated to interact with the negatively charged aspartic 

acid of the RGD motif (Calvete, 1994). It was also shown that disagregin can inhibit the 

76 

 
 
 



CHAPTER 2: Characterization of savignygrin 

binding of the dodecapeptide sequence of y-fibrinogen to (XlIb~J (Karczewski and 

Connolly, 1997). There may thus be other binding sites for (XlIb~J, apart from the RGD 

motif in the savignygrins. 

Secondary structure elements are normally conserved in proteins with the same strucrural 

folds . This is exemplified by the conserved areas observed for the predicted ~-s heet and 

(X- helix elements in the alignment of di sagregin and savignygrin. Of interest is the fact 

that the region surrounding the RGDIRED motif is the largest conserved stretch between -disagregin and savignygrin. However, no consensus secondary strucrure is predicted in 

this region. As residues are normally conserved either for structural or functiOfl1li> 

purposes, this suggests that this region is important for activity. 

2.4.6 Secretion of savignygrin during feeding 

To have any biological 'significance du ring tick feeding, bioactive components have to be 

secreted (Law, Ribeiro and Wells, 1992). Secretory proteins are targeted to the 

endoplasmic reticulum via a hydrophobic signal peptide in thei r N-terminus, from where 

they are transported to the Golgi-network and finally secreted by either constitu tive or 

regulated secretion in secretory granules. Extracellular proteins in general are disulphide 

rich and disulphide bonds are absent in intracellular proteins due to the reduci ng 

environment inside the cell (Gierasch, 1989; von Heijne, 1990; Fahey, Hunt and 

Windham, 1977). The presence of a signal peptide in the full-length sequences 

savignygrin and the fact that all cysteines are involved in disulphide bonds, indicate that 

the sav ignygrins are targeted to the secretory pathway. No evidence that sugges ts 

secretion has been described for vari ab ilin (Wang et al . 1996) or disagregin (Karczewski, 

Endris and Connolly, 1994). 

2.4.7 Independent adaptation of hard and soft ticks to a blood feeding environment 

Variabilin, a 40 amino acid platelet aggregation inhibitor from the hard tick, D. variabilis 

contains a RGD motif in the last third of its sequence (Wang et al. 1996). There is no 

amino acid sequence similarity between variabi lin and sav ignygrin and the RGD position 

is completely different. This suggests that platelet aggregation inhibitors with RGD-like 
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moti fs have evolved after the di vergence of hard and soft ticks . This implies that the main 

tick families have adapted to their blood feeding envi ronments independently. 

2.5 Summary 

The relationship between the different isoforms of savignygrin IS summarized In Fig. 

2.24. 

(+) = 6966 Da (-) = 6808 Da 

AIl savignygrins have the same biological activity, 
indicated by a similar IC" (-130 nM) for inhibition 
of ADP-induced platelet aggregation. This is 
probably due to the RGD motif present in all the 
isoforms. 

AEBPLC separate the savignygrins into a positively 
charged, high molecular mass and a morc 
negatively charged, low mqlecularmass fon.n. These 
forms differ on amino acid sequence level with 
R52G and N60G, respectively and are probably a 
vCIJ' recent gene duplication even t. The (-) foml is 
also less stable than the (+) form . 

;I~ ' ;I~ 
> » >Both (+)/(-) forms separ·ate in to two pe,~,s during 

RPHPLC. These forms have the same sequence, but 
represent different conformations distinguished 
during RPIll'LC and non-reducing tricine SDS-

A+ B+ A- B- PAGE. 

Fig. 2.24 : The relationship belween the different isoforms of savignygrin. 

During the characterization of savignygrin, it became apparent that the plate let agregation 

inhibitors were related to the EPTI-Iike coagulation inhi bitors of soft ti cks. This 

relationship and its implications for the structu re and function of the platelet aggregation 

inhibitors will be treated in Chapter 4. The amino acid sequences for the fXa inhibitors of 

0. savignyi and O. moubata were known, as well as the sequence for omithodorin, the 

th rombin inhibitor fro m the tick, O. moubara. The amino ac id sequence for savignin , the 

thrombin inhibitor from the tick O. savignyi was not known at this stage and for the sake 

of a complete phylogenetic analysis, sav ignin was also cloned and sequenced. Chapter 3 

deals with the cloning, sequencing and molecu lar modeling of savignin and will serve as 

an introduction to the coagulation cascade inhibitors found in soft ticks. 
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CHAPTER 3: The inhibitory mechanism of savignin 

Chapter 3: Homology modeling of savignin, a thrombin inhibitor from the tick 

Ornithodoros savignyi* 

'Part of Ihe work presenled in Ihis chapler has been accepled for publication in Insecl Biochemistry and Molecular 

Biology (Mans, Louw and Neitz, 2002a) 

3.1.1 Introduction: The mechanism of serine protease activity 

Serine proteases are a ubiquitous fami ly that has been found in vertebrates, invertebrates, 

plants and prokaryotes. Serine proteases function as digestive enzymes (trypsin , 

chymotrypsin and elastase), clo tting agents (blood coagulation cascade) or playa role in 

invertebrate immunity. Phylogenetic studies indicate that most serine proteases are 

homologous except for subtilisin from B. substilis that attained its similar mechanism of 

action through convergent evolution (Perona and Craik, 1997). Toe central mechan isrp of 

action of seri ne proteases consis ts of a nucleophilic attack on the carboxyl group of the 

sciss ile peptide bond by, a reactive serine (Fig. 3. 1). 

o 
A5p·l02 ----<1-

o 

EA 

II 
~'57 

-A0 '''' ... HN'SN _ H. Ser· 195 
ASP-I02-----{~ V (0/ .... H-N , 

o ~I . 0" 
~ T'--' -"'H-N' 

TI, 

0 .. ··· 
ASP·,024 

o 

EA 

II 
C

57 

HN~ ""N 
H 

R'_N
t 

'H 

o ....... HN~57 (".,,, 

= A5p.l02--i- v N'" ":-1 -0 
\l , H' N 

EP 

o H-O o:~· .. 
Y ·· .. H·N· 
R 

Fig. 3.1: Mechanism of action of serine proteases. The serine proteases form a noncovalent enzyme

substrate complex. Attack by the hydroxyl group of serine gives a tetrahedral intermediate that col lapses to 

give the acy lenzyme and the released amine. The acylenzyme hydrolyzes to form the enzyme-product 

complex via another tetrahedral intermediate followed by release of the carboxyl group. Adapted from 

Fersht ( 1999). 
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The active-site serine is highly reactive due to the specific conformation formed with 

histidine and aspartic acid (catalytic triad) thal facilitates removal of the proton from 

serine's hydroxyl group, thus increasing the nucleophilic character of the oxygen, making 

serine more reactive (Fig. 3.2). 
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A!i)) - C - 0 -··· .... 1-1 - N '/ --::: N ... . ... H - 0 - Ser 

t • 

His 
o 

I: _ + .,. 
As l' - C - O· .. ····H - N N 0 - Ser 

l=-.' 

His Sub1l1r.lfe 

Fig. 3.2: The catalytic triad of the serine proteases. Due to the charge relay system of the catalytic lriad, 

aspartic acid and histidine ,facilitates the removal of a proton from serine's hydroxyl group, allowing 

nucleophilic attack by serine. Adapted from Fersht (1999). 

3.1.2 Specificity of serine proteases 

Serine proteases are specific with regard to the seq,uences that are hydro lyzed, Trypsin 

and chymotrypsin for example hydrolyzes at the C-termi nal side of basic (R, K) or 

aromatic residues (F, Y, W), respect ively. Specificity is determined by a series of subsites 

in the binding pocket that recognize the scissile residue as well as the adjacent amino 

acids (Fig. 3.3). Loops close to the reactive s ite, can enhance steric control to increase 

specificity. Protease inhibitors that can bind tightly into these restricted conformations are 

not hydrolyzed because the leaving amino group is constrai ned and does not diffuse away 

from the active site of the enzyme (Fersht, 1999). 
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o 0 0 0 0 0 
ij ij ij ij ij ij 

- NHCHC - NHCHC - NHCHC - NHCHC -NHCHC - NHCHC - NH -
I I I I I I 
R4 R3 P R2 R, P' R', . P' R'2 

p~ PJ 2 PI 1 2 

Cleavage 
(the scissile bond) 

Fig. 3.3: Schechter-Berger notation for binding sites in the binding pocket (Schechter and Berger. 1967). 

The active site involved in the catalytic active si te is named S" while the scissile residue is referred to as 

Pt. Upstream of (his residue, the residues are named P' Z-P'n and downstream to the scissile residue, Pl-Pn0 

Adapted from Fersht ( 1999). 

3.1.3 Serine protease zymogens and inhibitors 

Most serine proteases , occur as inactive zymogens that are activated by proteolysis. 

Activity of the zymogens is very low due to conformational restraints on the binding site. 

This is an important regulatory mechanism by which levels of active proteases are kept in 

check, while active serine proteases are regulated by specific inhibitors of which there are 

at least 16 different families (Bode and Huber, 1992). The PI-I, PI-2, STI-Kunitz, 

Bowman-Birk and squash seed inhibitors are all from plants . The most extensively 

characterized inhibitors are the serpins, the Kazal and BPTI (basic/bovine pancreatic 

trypsin inhibitor) families. The serpins are large glycoproteins (>40kDa) that interact 

transiently via an exposed binding loop with the active site, until hydrolysis of this loop 

and release (Bode and Huber, 1992). Most sma ll inhibitors react with their enzymes via 

an exposed binding loop (reactive site) with a characteristic canonical conformation. 

Most of these inhibitors have a compact conformation with a hydrophobic core stabilized 

by disulphide bonds. While the protein folds of these inhibitors might be conserved, the 

reactive site residue (P t ) is normally hypervariable, so that replacement with another 

residue normally leads to a change in inhibition specificity. This is in contrast to other 

proteins, where the active site residues are normally very conserved (Laskowski and 

Kato, 1980) . 
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3.1.4 The BPTl /Kunitz family of serine protease inhibitors 

The BPTIIKunitz family of serine protease inhibitors is small (50-65 res idues), with 6 

cysteines arranged in a characteristic disulphide bond pattern (Laskowski and Kato, 

1980) (Fig. 3.4A). The basic structure cons ists of an N-terminal 31O-helix around the first 

cysteine, a central double stranded anti-parallel ~-sheet linked by a hairpin loop and a C

termi nal three turn a -helix (Fig. 3.4B). The binding loop exhibits a characteristic 

conformation from PJ to P' J and is stabi li zed by a cysteine at P2 that is disulphide

connected to the hydrophobic core. The binding-site loop associates with the catalytic 

res idues of the cognate enzyme in a similar manner as the productively bound substrate, 

with the PI carbonyl carbon fixed in contact with the reactive serine. The scissile peptide 

bond remains intact, with a slight out-of-plane deformation of the carbonyl oxygen. The 

P3-P3' sites also interact with their cognate enzymes, while secondary contacts can a lso 

occur (Bode and Huber, 1992). 

a) b) 

r--:::4~.~::.::i'~-'L: ~ ~ ~ ~ 
PI 

a-helix 

3,,-heli x 

Fig. 3.4: BPTI -Kunitz inhibitor structure. (a) The characteristic disulphide bond pattern of BPTI-Kunitz 

inhibitors. Cysteines are indicated with dots and the PI site with an arrow. (b) The structure of BPT! with 

its reactive arginine indicated. Note the N-terminal 31O-helix, central ~-sheet and C-terminal a-helix. 

Adapted from Bode and Huber (1992). 

3.1.5 Tick-derived serine protease inh ibitors of fXa and thrombin 

Factor Xa (TAP and fXaI) and thrombin (ornithodorin and savignin) inhibitors from soft 

ticks are part of the BPTIIKunitz family. The mechanism of inh ibition is distinct from 

that found for the canonical BPTI inhibitors. Both tick inhibitors insert their N-terminal 

residues into the active site of their enzymes, in a manner reminiscent to that of hirudin, a 
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thrombin inhibitor from the leach Hirudo medicinalis (van de Locht el al. 1996; Wei el 

al. 1998). Hirudin inserts its first three N-terminal amino acids into the active-cleft of 

thrombin, forming a parallel ~- sheet structure with thrombin segment Ser214-Gly219. 

This is in contrast to the anti-parallel binding of the canonical BPTI inhibitors. The 

catalytic Serl95 of thrombin is not blocked. The extended c.arboxy-terminal tail of 

hirudin (148-165) runs along a groove extending from the active-site cleft of thrombin to 

the positively charged fibrinogen secondary recognition exosite, where it interacts 

electrostaticall y (GrUner el a/. 1990, Rydel el al. 1990). 

3.1 .6 The TAP-fXa complex 

TAP is the first inhibitor of fXa purified from soft ticks. It consists of 60 amino acids, 

with a molecular mass of 6850 Da (Waxman el al. 1990). It was recombinantly ·expressed 

in yeast and rTAP exhibited all the characteristics of the wild type inhibitor (Neeper el al . 

1990). TAP has limited homology to the Kunitz-type inhibitors, but determination of its 

disulphide bond pattern showed that it shared the characteristic disulphide bond pattern of 

the prototype BPTI-fold (Sardana el al. 1991). Determination of the solution NMR 

structure of TAP also indicated that the ~-sheet and a-helical secondary structure 

elements were similar to that of rhe BPTI-fold. DLie to insertions and deletions in the 

primary structure of TAP the loops before and after the ~-sheets differ extensively in 

conformation from the prototype BPTI-fold (Antuch eI a/. 1994). It was shown that TAP 

is a tight-binding competitive inhibitor of fXa that binds to fXa via a two-step mechanism 

that involves a secondary binding-site (Jordan el al. 1990; Jordan el al. 1992). Site

directed mutagenesis indicated two areas of the primary structure involved in fXa 

interaction, the primary recognition site being the first four N-terminal amino acid 

residues as well as a secondary site between residues 40-54 (Dunwiddie el al. 1992). The 

mechanism of TAP interaction is thus completely different from that of canonical BPTI

inhibitors. Determination of the crys tal struc ture of the TAP-fXa complex (Fig. 3.5) 

confirmed these biochemical studies and showed that the three N-terminal residues bind 

inside the PI, P2 and aryl binding pocket of the active-site while Asp47-Tyr49 and 

Asp55-I1e60 interact with a secondary binding site close to the active-site (Wei el al. 

1998) . To account for the two-step kinetic mechanism observed for TAP, it has been 
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suggested that an initial slow-binding step occurs at the secondary binding site, which 

induces a confonnation change in the N-tenninal residues with concomitant binding into 

the active site. This could in part explain the slow-tight binding kinetics observed for 

these inhibitors. Recently, the structure for a T AP-BPTI complex has been detennined 

and it was shown that the confonnation of the N-terminal residues probably differ quite 

extensively for the free and fXa bound TAP, which supports the hypothesis that the N

tenninal undergoes a confonnational change upon binding (St Charles et al. 2000). 

Fig. 3.5: The !Xa-TAP complex. (a) Factor Xa is indicated in red and TAP in blue. (b) TAP is indicated in 

blue and !Xa as a surface model. Blue and red surfaces correspond to positive and negative electrostatic 

potentials. respectively. The coordinates were obtained from the protein databank (PDB: I KlG). 

FXaI is orthologous to TAP and has been purified from 0. savignyi. It is a slow-tight 

binding inhibitor (Ki- 0.83 oM) with a molecular mass of 7183 Da, consisting of 60 

amino acids and it shows 46% identity and 87% similarity to TAP (Fig. 3.6) (Gaspar et 

al. 1996; Joubert el al. 1998). 

60 
60 

Fig. 3.6: Alignment of fXal and TAP. Shown is the conserved BPTI·fold disulphide bond pattern and 

similarity according to the PAM250 matrix (boxed in black). 

3.1.7 The omithodorin-thrombin complex 

Thrombin is characterized by its high specificity This is in part due to insertion loops 

(loop 60 and 149) present around the active site. which restrict access to the active site, so 

that typical BPTI-like inhibitors cannot bind (Stubbs and Bode, 1993). Thrombin also 
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contains a basic fibrinogen recognition exosite, which is important for substrate 

recognition. Omithodorin, a thrombin inhibitor from the tick O. moubala has been co

crystallized with thrombin (van de Locht, 1996). It consist of aN-terminal BPTI-Iike 

domain (I '-53 ' ) and a C-terminal BPTI-Iike domain (60 '-119 ') connected by 7 amino 

acid residues. The N-terminal domain is involved in interaction with the thrombin active 

site, via its N-terminal residues as well as secondary interaction with the insertion 60 

loop. It's C-terminal domain interacts with the basic fibrinogen recognition site via the C

terminal a-helix and possibly the overall negative electrostatic potential of this domain 

(Fig. 3.7). No mechanism of conformational rearrangement has as yet been proposed for 

ornithodorin. 

Fig. 3.7: The omithodorin-thrombin complex. Ca) Insertion of the N-terminal residues of ornithodorin 

Cyellow) into the active-site of thrombin (blue) arc shown, as well as the proximity of the insertion loops of 

thrombin to its active-site. (b) Interaction of the C-terminal helix with the basic fibrinogen recognition site 

is clear. The blue and red swfaces indicate basic and acidic electrostatic potentials, respectively. 

Coordinates are (pOB: I TOC). 

Savignin, an orthologous inhibitor from the tick 0. savignyi has been kinetically 

characterized and was shown to be a potent slow-tight binding inhibitor (Ki- 5pM), 

a lthough no specific mechanism could be assigned to it. A much lower affinity (Ki- 22 

nM) for y-thrombin, which lacks the fibrinogen recognition exosite, indicated that thi s 

site is important for high affinity binding. Changes in the ionic strength had no effect on 

the Ki of savignin, which indicates that electrostatic interaction is not the main type of 

interaction (Nienaber, Gaspar and Neitz, 1999). This chapter deals with the further 

characterization of savignin on the molecular level. 
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3.2 Materials and methods 

3.2.1 Cloning, sequencing and sequence analysis of savignin 

The experimental procedures described in Chapter 2 have essentially been followed to 

clone and sequence savignin. To obtain the coding gene and 3'. untranslated region (3' 

UTR), a degenerate primer (ThrombA: YTN AA Y GTl MGI TGY AA Y AA) was designed 

using the first seven amino acids (LNYRCNN) obtained previously (Nienaber, Gaspar 

and Neitz, 1999) . To obtain the 5' UTR and signal peptide sequence a gene specific 

primer (ThrombC 1: CTC GAG TIC CAT TGA AAC GCC ACA) complementary to the coding 

sequence of the last six amino acids of savignin (CGYSME) was designed. 3'RACE and 

5'RACE was performed as described and a 500bp product obtained for 3'RACE and a 

450bp product for 5.' RACE. These were cloned into the pGEM T-Easy Vector. for 

sequencing. 

3.2.2 Molecular modeling of savignin 

The deduced protein sequence of savlglll n, was submitted to the SWISS-MODEL 

Automated Comparative Protein Model ing Server (Peitsch 1995; Pe itsch 1996; Guex and 

Peitsch, 1997) for modeling. Procheck provided Ramachandran plot parameters 

(Laskowski et ai. 1996) and ProFit V 1.8 the root mean square deviation (RMSD) 

(http://www.biochem.ucl.ac.uki-martin/swreg. html) values for carbon 0. backbone fits of 

orn ithodorin and savignin. WHATIF (Yriend. 1990) was used to validate the model 

obtained and LIGPLOT (Wallace, Laskowski and Thornton, 1995) to calculate which 

residues interact between inhibitors (sav ignin and ornithodorin) and thrombin. The 

structure of the ornithodorin-thrombin complex (PDB ID: 1 TOC) was obtained from the 

RCSB Protein Databank (Berman el ai. 2000; http://www.rcsb.org/pdbl). All worm 

figures and surfac;e models were constructed with the Graphical Representation and 

Analysis of Surface Properties (GRASP) program (Nicholls, Sharp and Honig, 1991). 

Molecular distances were measured using Rasmol v3.7. The nomenclature used was 

adapted from van de Locht el ai. ( 1996) so that savignin and ornithodorin residues are 

indicated by primes. 
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3.3 Results 

3.3.1 RACE and sequencing of savignin 

3'RACE under optimized conditions with the degenerate primer designed from the N

terminal sequence of sav ignin gave a product of approximately 500 bp which include the 

ORF and 3' -UTR. 5' RACE resulted in a product of approx imately 450 bp, which include 

the ORF and 5' -UTR (Fig. 3.8) . The cDNA sequences obtained revealed all primers used 

during PCR and the ORF, 5' and 3' UTR's. The cDNA also contains the stop codon 

(TAG) and an unusual poly-adenylation signal AATACA. 

1 2 3 

Fig. 3.8: RACE of savignin. The ORF and 3'UTR of savignin were obtained from single-stranded eDNA 

with 3'RACE using a S' N-terminal degenerate primer and 3' poly-T anchor primer (lane 2). The 5' UTR 

and signal peptide sequence were obtained from double-s tranded cDNA using 5'RACE with a 3' gene 

specific primer and a S' adapter primer (lane 3). Lane I is 100 bp ladder with the sao bp marker showing 

twice the intensity of the other markers. 

3.3.2 Analysis of the recombinant amino acid sequence of savignin 

The translated amino acid sequence gave a protein of 134 amino acids, while the mature 

chain cons isted of 11 8 amino acids. The first 11 amino acids of the ORF corresponded to 

that obtained with Edman degradation (Fig. 3.9; Table 1). Analys is of the immature 

protein using SignalP (Nielsen et al. 1997), correctl y predicted the presence of the signal 

peptide (16 amino acids) and the correct cleavage site. 
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aactcactatagggctcgagcggccgcccgggcgggtgctttaccagccagaagatgctcttttacgtcgtaataact -75 
'MLFYVVIT-8 

ctcgtcgctggaacggtttctggattgaacgttcgatgcaacaacccgcatactgccaactgcgaaaatggtgcaaag -150 
L V A G T V S G L N V R C N N P H TAN C ENG A K - 34 

-----------------------------
cttgagagctattttagggagggggaaacgtgcgtagggtcaccagcatgtcctggagaaggatacgccactaaggag -225 

L E S Y F REG ETC V G SPA C P G E G Y A T K E - 60 

gactgtcagaaggcctgtttccctggcgggggagaccacagcactaatgtcgacagctcatgctttggtcaaccgccc -300 
o C Q K A C F P G G G 0 H S T N V 0 S S C F G Q P P - 86 

acttcctgcgagactggagcggaggtaacctactacgattctggtagcagaacgtgtaaggtactacaacatggctgt -375 
T S C E T G A E V T Y Y 0 S G S R T C K V L Q H G C -112 

ccatcgagtgaaaacgcattcgattcagagattgagtgccaagtcgc ttgtggc gtttcaatgga~agggctgt 
P SSE N A F 0 S E I E C Q V A C G V S M E LJ 

-450 
-134 

aggaagacacagcgtgaagtcggcatctgaaccgaacccaatctaatcatgacacaga 1aatacapcctQtagtaaaa -525 

aagtcFaaaaaaaaaaaaaaaa~gagtgttgtggtaatgatagc -569 

Fig, 3.9: cDNA sequence and deduced protein sequence of savignin. A eDNA sequence of 569 base pairs 

was obtained. The 5' adapter, 3' gene specifLc and 3' anchor primer are shown in bold. The stop codon 

(TAG), and unusual pOly-adenYlation signal (AATACA) and the poly-A tail are boxed. The N-tenninal 

sequence previously obtained with N-terminal Edman degradation is underlined while the N-terminal 

sequence used for degenerate primer design is shown in bold. The signal sequence is underlined with a 

dashed-line. 

3,3.4 Comparison of the recombinant sequence data with data from native savignin 

The predicted amino acid composition of recombinant savignin corresponds well with 

that obtained for the native inh ibitor (Fig. 3.10). 
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Asx Glx Ser Gly His Arg Thr Ala Pro Tyr Val Met lleu Leu Phe Lys Cys Trp 

Amino acids 

• Nati\'e 

DSequence 

Fig. 3.10: Amino acid composition of native and recombinant savignin. Comparison of the amino acid 

analysis values obtained for the native protein (adapted from Nienaber, Gaspar and Neitz, 1999) and the 

deduced amino acid composition obtained for recombinant savignin. 
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Furthermore, the molecular mass of savlgnm as determined by electrospray mass 

spectrometry (Nienaber, Gaspar and Neitz, 1999), correlated with the calculated mass 

obtained for the recombinant inhibitor (Table 3.1 ). The number of basically charged 

residues also corresponded with the number of charged species obtained during ES-MS 

(results not shown). The predicted iso-electric point is midway between the empirically 

determined points of the two iso-forms described previously. Taken together these results 

confirmed the correctness of the cDNA sequence as we ll as the deduced amino acid 

sequence of savignin. 

Table 3.1: Experimental parameters for native savignin compared with the values calcu lated from the 

recombinant sequence. The N-tenninal sequence, moiecul;.y mass and iso-electric point of native savignin 

(Nienaber, Gaspar and Neitz, 1999), compared with the deduced ami no ac id sequence and molecular mass 

and iso-electric point calculated from the deduced am ino acid sequence. Iso-erectric points were calculated 

using compute pUMr at the Expasy server (Bellqvist el al. 1993) 

Native protein Recombinant sequence 

N-terminal sequence LNYRXNNPHTA LNYRCNNPHTA 

Molecular mass 12430.4 Da 12435.4 Da 

Iso-electric point 4.2,5.0 4.55 

3.3.4 Sequence alignment of savignin with ornithodorin 

The DNA sequence of savignin had 83% identity with the DNA fragment (Genbank 

accession code: A23l91) that codes for the thrombin inhibitor omithodorin (Fig. 3. 11 ), 

from the related soft tick, O. moubala (van de Locht el at. 1996). 
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et 
tt 

-75 
-75 

-150 
-150 

ccgcccacttcctgcg 
ccgcccacttcctgcg 

amaet -225 
c~gaa -225 

magelmmgg~a 
gmcactmmcaDc 

acctactacgattctg 
acctactacgattctg 

tgtaaggtacta 
tgtaaggtacta 

ea~ 
geC 

-279 
-279 

Fig. 3.11: cDNA sequence alignment of savignin (top rows) with ornithodorin (bottom rows). The cDNA 

fragment of ornithodorin obtained for the cloning gene (which include the first 275 bp) corresponds with 

residues 103-379 of savignin (Fig. 3.9). Identity (83%) is boxed in black. Genbank accession codes are 

savign in (AAL372 I 0) and ornithodorin (A23 191 ). 

BLAST ana lysis of the deduced protein sequence of sav tgnm indicated s ignificant 

similarity (E-value: Ie-3D
) to ornithodorin (Genbank accession code: P56409). Alignment 

using the Dayhoff PAM250 matrix gave an identity of 630/0 and simi lari ty of S90/0 (Fig. 

3.12). 

Savignin : 
Ornithodorin: l' 

Savignin: 
Ornithodorin: 

I iii I 
61 ' . VOWlF\llOilIlIi:1:ET\ilAEV~~HGtilIlSWA[iD11lIIEil7omVSM~-
61 ' .MH~lffio~AEmrDI~iEmAASmmTt]EmV~APII}:i. 

60' Domain 
60' 1 

118 ' 
119 ' 

Domain 
2 

Fig. 3.12: Protein sequence alignment of savignin with ornithodorin. Identity (63%) is boxed in black while 

similar residues (89%) using the PAM 250 matrix (DENQH, SAT, KR, FY and LlYM) are shaded in gray. 

The N-terminal BPTI-like domain is from residue I-53 and the C-tenninal BPTI-like domain from residue 

61-118. The distinct disulphide bond pattern of the BPTI fold is indicated for each domain. Genbank 

accession codes are savign in (AAL372 10) and ornithodorin (P56409). 

3.3.5 Homology modeling of savignin 

Superposition of the a-carbon backbone structure of savignin onto that of ornithodorin 

gave an RMSD value of 0.252 A for the full-length sequence (Fig. 3.13a). The N- (1'-

53') and C-terminal (60' -liS') domains gave values of O. IOS A and 0.103 A respect ively, 

while the linker region (53' -60') showed the largest deviation (0.177 A). The modeled 

surface structure of savignin shows the two separate domains distinctly with the single 
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chain linker in-between. The C-terminal domain is shown to consist of a predominantl y 

negative electrostatic potential necessary for its proposed association with the basic 

fibrinogen binding exosite of thrombin (Fig. 3.13b). 

a) 

b) 

N-terminal domain 
1'-53' 

N-terminal 
domain 

Linker 
54'-60' 

C-terminal domain 
61'-118' 

C-terminal 
domain 

Fig. 3.13: Modeled structure of savigllill. (A) Model of the backbolle structure of savigll in (l ight gray) 

superimposed on that of ornithodorin (dark gray). The RMSD value obtained for the two backbone 

structures is 0.25 A. (B) A surface model of savignin with the C-terminal surface that interacts with 

thrombin's basic fibrinogen binding exosite boxed. The darker shadings of gray on the surrace indicate 

acidic surface potential. 1n the current orientation, no significant basic surface potential is observed. 
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3.3.6 Interaction of savignin with thrombin 

Docking of savignin with thrombin shows that the N-terminal fits inside the active site 

cleft of thrombin, as is found for omithodorin (Fig. 3.14a). It also shows the C-terminal 

domain helix of savignin interacting with the fibrinogen binding exosite of thrombin. A 

surface model of savignin fitted to thrombin shows insertion of the N-terminal sequence 

into the active site of thrombin, while interaction with the fibrinogen binding exosite is 

even more evident (Fig. 3.14b). Prediction of the residues of savignin that interact 

specifically with thrombin in the modeled structure indicates three main regions (Table 

3.2). The first is the N-terminal residues involved in the binding of savignin to the active 

site cleft of thrombin. The second region is the linker region between the two domains of 

savignin that is buried inside the structure of thrombin (Fig. 3.14b). The third region is 

around the C-terminal domain helix that is proposed to bind to the basic fibrinogen

binding site on thrombin. All interactions are mediated via hydrogen bonds or 

hydrophobic interactiohs. Residues of savignin involved in interaction with thrombin 

correlate to those of omithodorin, suggesting similar mechanisms of action. 
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a) 

Thrombin's 
active site and 
N-terminal of 
savignin 

b) 

Thrombin's 
fibrinogen binding 
exo-site and C
terminal of 
savignin 

Fig. 3.14: Interaction of savignin with th rombi n. (a) Structure of savignin (light gray) fi lled into that of 

th rombin (dark gray). The N-terminal of domain I of savignin fits into the active site c left of thrombi n 

whi le the C-terminal a-hel ix of domain 2 of savignin shows close proximity to the fibrinogen-binding 

exosite of thrombin. Residues that interac t between the two structures are indicated as dark and light grey 

for sav igni n and thrombin, respectively. (b) Surface model of savignin (gray) shows how the N- terminal 

residues are accommodated in the active si te cleft of thrombin (dark gray), while the Arg4' is excluded 

from the ac tive site (not shown), The proximity of savjgnin 's C-terminal domain and a-helix region to the 

basic fibrinogen -binding eXDsite of thrombin, is evident. Indi cated in light gray are the residues of thrombin 

that interact with savignin. 
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Table 3.2: Residues of omithodorin and savignin that interacts with thrombin as predicted by LIGPLOT. 

Chain parameters are obtained from the PDB file (1 TOC) of omithodorin and thrombin. 

Re~ion of savi~nin Ornithodorin Savignin 
N-lerminal domain Leu 1'- His 57 

Leu 1'- Leu 99 Leu 1'- Leu 99 
Leu 1'- Tyr 60A Leu 1'- Tyr 60A 
Leu 1'- Trp 60D Leu 1'- Trp 60D 
Leu 1'-Ser214 Leu 1'-Ser214 

Leu 1'- Gly 216 
Asn 2'- Gly 219 Asn 2 - Gly 219 

VaI3'- Ile 174 
Val 3'- Gly 216 Val 3'- Gly 216 
VaI3'-Glu 217 Val 3'- Glu 217 
Val 3'- Trp 215 VaI3'-Trp215 
Leu4'-Glu217 Arg 4' - Glu 217 
Leu 4'-Gly 219 Arg 4'- Gly 219 
Leu 4'- Arg 221 Arg 4' -'Arg 221 
Cys 5'- Trp 60D Cys 5'- Trp 60 D 
Asn 6'- Trp 60D 
Asn 6'- Tyr 60A 

Linker region Phe51'-Glu 192 Phe51 '-Glu 192 
Asp 56' - Arg 73 Asp 56' - Arg 73 
Ser 58'- Thr 74 Ser58'-Thr74 
Glu 60'- Thr 74 Asn 60' - Thr 74 
His 62'- Arg 77A 
Ser 64'- Arcr 77A 

C-terminal domain Glu 100'- Arg 77 A Glu 100'- Arg 77A 
Thr 102'- Arg 77 A Ala 102'- Arg 77 A 
Phe 103'- Arg 77 A 
Val 107'- Leu 65 lie 107'- Leu 65 

lie 107' - Ile 82 
Ile 107'- Met 84 

Glu 108'-lie 82 Glu 108'-lie 82 
Gin 110'· Gin 38 Gin 110'- Gin 38 
Val 111'- Gin 38 Val 111'- Gin 38 
Val 111 '- Leu65 Val 111'- Leu 65 
Val 111 '-lie 82 Val 111'- lie 82 
Ala 112'-Tyr76 
Gly 114'- Oln 38 Gly 114'- Gin 38 
Ala 115'- Gin 38 Val 1lS'- Gin 38 
lie 117'- Lys 36 
lie 117'- Leu 65 

Other Arg 24' - Trp 60 D Arg 24'- Trp 60 D 
Glu 25'- Trp 60 D 
Gly 26' - Pro 60 B Gly 26 - Pro 60 B 
Tyr 40'- Glu 146 Tyr 40 - Glu 146 
Gin 48'- Trp 148 Lys 48 - Trp 148 
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3.3.7 auality assessment of the modeled structure of savignin 

Analysis of the model of savignin using Ramachandran plots at a resolution of 2 A 
indicates that 75% of the residues are in regions that are most favored, 20.8% are 111 

additional allowed regions, 1 % in generously allowed regions and no residues 111 

disallowed regions (Fig . 3.15 and Table 3.3). 
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Fig. 3.15: Ramachandran plot of modeled structure of savignin. Position of residues is indicated by 

squares . Dark gray indicates most favored positions while lighter shades of gray indicate additionally and 

generally allowed regions respectively. 

Compared to the expected values of the matn chain parameters (quality assessment, 

peptide bond planarity, alpha carbon tetrahedral distorsion, hydrogen bond energies and 

overall G-factor) at 2 A, the obtained values are within the normal distribution or even 

better (results not shown). It can be concluded that the model proposed for savignin is of 

high quality. 
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Table 3.3: Statistics of Ramachandran plots of savignin and omithodorin. The number and percentage of 

residues and their localization on the Ramachandran plot is indicated for both omithodorin and savignin. 

Values obtained with Procheck. 

Characteristics Ornithodorin Savignin 

Residues in most favoured regions 75 (75 %) 75 (78 .1%) 

Residues in additional allowed regions 25 (25 %) 20 (20.8%) 

Residues in generollsly allowed regions 0 1(1.0%) 

Residues in disallowed regions 0 0 

Number of non-glycine and non-proline residues 100 96(100%) 

Number of end-residues (ex I. Gly and Pro) 3 2 

Number of glycine residues 9 13 

Number proline residues 6 7 

TOlal 118 118 

3.38 Unusual conformation of savignin and thrombin 

The number of thermodynamically unfavorable solute-solvent interactions is minimized, 

by burying hydrophobic residues inside a protein structure. Generally the reduc tion of a 

protein's surface that is exposed to solvent is achieved by adoption of a spherical 

structure and hence the globular nature of most proteins (Jones and Thornton, 1995). In 

terms of this general observation, the structure of savignin and ornithodorin seems 

unusual, in that it is not globular but rather extended, with a single amino acid chain 

being exposed to the solvent in the linker area. To see whether this is truly a deviation 

from general trends, the relationship between molecular mass and protein volume of 

various proteins were investigated. It is clear that a direct relationship exists between the 

molecular mass and volume of globular proteins (Fig. 3.16). A volume of -28000 A3 
is 

calcu lated fo r savignin with its mass as 12430 Da. However, the volume measured (using 

the Rasmol package) from the structure of ornithodorin and the modeled structure of 

savignin is -49000 A3, for which a molecular mass of -19 kDa is calculated. This is 

clearly outside normal deviation. Bikunin, which is also a double BPTI-domain protein, 

fa lls well into the expected mass volume relationship (Xu el al. 1998). 
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Fig. 3.16: Relationship between molecular mass and volume (,1.3) of various proteins. Hydrodynamic data 

of the various proteins were obtained from Creighton (1992). Dashed lines indicate values for (A) . . 
savignin' s volume calculated from its molecular mass, (B) mass and volume for bikunin and (C) savignin's 

mass calculated from irs measured volume. 

T::tblc 3.4: Proteins used for detennination of the relationship between molecular mass and volume. Values 

were obtained from Creighton (J 992). Masses and volumes determined from structures and sequence. 

Protein I Mr (Da) I Dimensions (A) Volume (A') 
BPTI 6520 29X19XI9 10469 
Cytochrome c 12310 25 X 25 X 37 23125 
*Savignin 12430 85 X 23 X 25 48875 
Ribonuclease A 13690 38 X 28 X22 23408 
*B ikuni n 13850 52 X 29 X 24 36 192 
Lysozyme 14320 45 X 30 X 30 40500 
Myoglobin (sperm whale) 17800 44X44X25 48400 
Adenylate kinase 21640 40 X 40 X 30 48000 
Bovine trypsin 23200 50X40X40 80000 
Bence Jones REI 23500 40X43 X28 48 160 
Bovine chymotrypsinogen 23660 50 X 40 X 40 80000 
Porcine elastase 25900 55 X 40 X 38 83600 
Substilin 27530 48 X 44 X 40 84480 
Carbonic anhydrase 28800 47X41X41 79007 
Superoxide dismutase 33900 72 X 40 X 38 109440 
Carboxypeptidase A 34500 50 X 42 X 38 79800 
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3.4 Discussion 

Savignin is the first serine protease inhibitor of thrombin from ticks for which a full

length cDNA has been obtained, which includes S' and 3' UTR's, a signal peptide 

sequence and the full-length gene coding for the protein (Fig. 3). Noteworthy is the 

presence of the less common poly-adenylation site, AATACA .(Mason el al. 1985) Of 

savignin, which differs from the more commonly found AATAAA sequence (Whale 

1992). An important characteristic for assignment of biological significance is the 

secretion of bio-active components during feeding. The presence of a signal peptide 

indicates targeting to the endoplasmic reticulum and the salivary gland granules, 

suggesting that savignin is secreted during feeding (von Heijne 1990). This is supported 

by the presence of a thrombin inhibitory activity identified in salivary gland secretions 

(Nienaber, personal communication). 

Comparison of the sequences of savignin and ornithodorin and their functions indicate 

that these proteins are orthologs. Significant is the conserved cysteine pattern 

characteristic of the Kunitz bovine pancreatic trypsin inhibitor (BPTI) family, wh ich is 

present in both domains (Laskowski and Kato, 1980). 

3.4.1 Interaction of savignin with the thrombin active-site 

Savignin is classified as a slow, tight binding competitive inhibitor of thrombin. Kinetic 

studies indicated that savignin competes with Chromozym TH, a chromogenic substrate 

for the active site of thrombin (Nienaber, Gaspar and Neitz, 1999). This is confirmed in 

the modeled structure, where the N-terminal residues (Leul-Cys5) of savignin bind inside 

the active site cleft and associates extensively with Ser214-Gly219 of thrombin (Fig. 

3.14, Table 3.2) by forming a parallel ~-sheet arrangement. Secondary interactions of the 

N-terminal domain are between the ~-hairpin loops of ornithodorin and savignin (Arg24-

Gly26) and the thrombin 60l00p and residues 40 and 48 of the <x-helix with the thrombin 

148100p (van de Locht el al. 1996). 
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3.4.2 Interaction of savignin with thrombin 's fibrinogen recog nition site 

Interaction of savignin with the fibrinogen recognition exosite of thrombin is crucial for 

the potent inhibition observed for a-thrombin (Ki-5 pM). y-thrombin lacks the fibrinogen 

binding exosite due to excision of Ile68-Arg77 (S tubbs and Bode, 1993). The affinity 

(Ki-22.3 nM) of savignin for y-thrombin was found to be three orders of magnitude 

lower than for a-thrombin (Nienaber, Gaspar and Neitz, 1999). Interaction of the C

terminal he lix of savignin with the fibrinogen recognition exosite as predicted for the 

modeled structure would thus seem to be of major importance in the stabil ization of 

savignin-thrombin interactions. Hirudin interacts with the fibrinogen recognition exosite 

via ionic interactions (G rUtter el al. 1990), while an increase in ionic strength did not 

influence the Ki value of savignin (Nienaber, Gaspar and Neitz, 1999). This indicates that 

ionic interaction between savignin and the fibrinogen recognition exosite of thrombin is 

not the major type of interaction (Nienaber, Gaspar and Neitz, 1999). The model of 
. 

sav ign in interac tion with thrombin confirms this, in that the main residues of savignin 

(Glu 100' -VallIS'), which includes the C-terminal a-helix of the second BPTI-like 

domain, interacts with the fibrinogen binding exosite of thrombin (Lys70'-Glu80') with 

specific H-bond interaction of Glul00 ' and Asn102' of sav ignin with Arg77A of 

thrombin (Table 3.2) . Triabin, a thrombin inhibitor from the triatomine bug, also shows 

hydrophob ic interaction with the fibrinogen-binding exosite, rather than ionic interactions 

(Fuen tes-Prior et al. 1997). 

3.4.3 Unusual conformatio n of complexed savignin and throm bin 

The crystal structure of omithodorin in complex with thrombin, and the modeled 

structure of savignin have an unusual conformation. It consists of two globular domains 

with a flexible linker area that interacts with thrombin via non-bond interactions (Table 

3.2). The question is whether it is the normal conformation in which the uncomplexed 

inhibitors exist, and the conclusion is that it is very unlikely , since a stretch of 9 amino 

acids ( in the linker) face the solvent. A so lution to this dilemma would be if the two 

globular domains fold back upon them self, with a tum in the linker area. Such a structure 

has been observed for the uncomplexed form of bikunin (a plasma serine protease 

inhibitor that also has two BPTI-like domains) (Xu et al. 1998). 

99 

 
 
 



CHAPTER 3: The inhibitory mechanism of savignin 

Association of the globular domains with each other could explain some of the 

phenomena observed for native savignin. Multiple associations of the globular domains 

with each other could give rise to conformational isoforms that were observed previously 

for savignin under both iso-electric focus ing conditions as wei! as non-reducing SDS

PAGE (Nienaber, Gaspar and Neitz, 1999). Under non-reducing conditions savignin also 

migrated at a much lower mass due to stabilizing disulphide bonds and/or domain 

association. To resolve this, the structure of the thrombin inhibitors in an uncomplexed 

form has to be determined. 

3.4.4 Kinetic mechanism of thrombin inhibition 

Several mechanisms · of inhibition by slow binding inhibitOl:s have been· proposed 

(Sculley, Morrsion and Cleland, 1996). In mechanism A, interaction is slow due to 

structural barriers encoUntered by the inhibitor, while in mechanism B the inhibitor reacts 

rapidly with the enzyme to form an intermediate, which slowly undergoes a 

conformational change to form the stable-enzyme-inhibitor complex. Analysis of the 

omithodorin-thrombin complex indicates no major conformational changes in thrombin's 

structure upon binding of omithodorin (van de Locht et at. 1996). This suggests that any 

major structure rearrangements would have to take place in the structures of savignin and 

omithodorin upon binding to thrombin. The time it takes for this conformational change 

to take place could explain the slow binding kinetics observed for savignin and 

omithodorin. TAP has been shown to bind to fXa in a two-step fashion, with initial slow

binding to the secondary site and subsequent rearrangement of the N-terminus leading to 

tight binding into the active site cleft of fXa (Jordan et at. 1992; Wei et at. 1998). 
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3.5 Summary 

A schematic summary of savignin' s proposed mechanism is shown in Fig. 3.17 . 

The C-terminal domain of 
savignin binds to thrombin's 
fibrinogen binding exosite. 
Binding induces a 
conformational change in the 

~ _stru~ture"of_SaVignin . 

TCfP"" ~ .. , " ".' ..!-• . ~ -~~=- . ..:: 
~~ 

" 

The N-terminal 
residues of savignin 
insert into the active 
site of thrombin. 

Fig. 3.17: A two·step mechanism for savignin binding to thrombin . 
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CHAPTER 4:Evo/ution of tick KunitzlBPTI inhibitors 

Chapter 4: Evolution of soft tick KunitzlBPTI anti-hemostatic components' 

'Part of the work presented in this chapter has been accepted for publication in the The Journal of Biological Chemistry 
(Mans, Louw and Neitz, 2002b) and Molecular Biology and Evolution (Mans, Louw and Neitz, 2002c). 

4.1.1 The KunitzlBPTI protein family 

The fact that BPTI-proteins are ubiquitous In plants, vertebrates and invertebrates, 

suggests that they originated at least 500 MY A and diversified through a series of gene 

duplications, very early in their evolution (Ikeo, Takahashi and Gojobori, 1992). 

Phylogenetic analysis of these proteins has been problematic, due to evolutionary 

convergence and gene duplication. Pritchard and Oufton (1999) recently conducted a 

phylogenetic analysis of 74 KunitzIBPTI sequences (Fig. 4.1). Rather than grouping into 

an organismal hierarchy, these inhibitors are grouped into functional classes that indicate 

their paralogous nature (Oufton, 1985; Ikeo, Takahashi and Gojobori, 1992; Pritchard.and 

Oufton, 1999). 

4.1.2 ~-bungarotoxins 

~-bungarotoxins are the outlier of the whole BPTI family and occur as a fusion protein 

with phosphoI' pase Az. This is probably an ancient gene duplication in the ancestor of 

both mammals and reptiles (Oufton, 1985). 

4.1.3 Inter-alpha trypsin inhibitor 

Inter-alpha trypsin inhibitors (bikunin) are synthesized as a double Kunitz domain fusion 

protein with the lipocalin, cx1-microglobulin, from which it is cleaved during secretion. 

Bikunin can inhibit trypsin, elastase and plasmin. It is intracellularly modified by 

attachment of a chondroitin sulphate chain to SerlO and before secretion is covalently 

bound to the C-terminal amino acid residue of other larger chains (HCI-3), via a protein

glycosaminoglycan-protein linkage (Akerstrom et ai. 2000). This fusion protein probably 

plays a role in extracellular matrix binding and stab ilization (Bost, Oiarra-Mehrpour and 

Martin, 1998). 

102 

 
 
 



CHAPTER 4:Evolution of tick KunitzlBPTI inhibitors 

SEA ANEMONE 
NEUROTOXIC 

SNAXEVE N OM 
NON_NEUROTOXI C 

SNAKE VEN OM 
NEUROTOXJC 

TFP! OOMAIN 2 

TFPI DOMAIN 1 

INTER ALPHA 
TRYPSIN INHI B I TOR 
DOMAIN 1 

COLOSTRUM/MILK 
PROTEINS 

Bon 

TFPI DOMAiN 3 

ALZHEIMER'S AMYLOI D 
KUNITZ DOMAINS 

SEA A N EMONE 
NON-TOXIC 

INTER_ALPHA 
TRYPSI N INHIBITOR 
DOMAI N 2 

Il._BUNGAROTOXIN 
CHAINS B 

% I OENTlTY 
80 70 60 

A.sKC1 
I P52_ANESU 

A.sKC2 
AsKC3 

IBP_TURRS 

IVB2_NAJNI 
IVBZ_HEMHA 

IVBT_N.tWNA 

IVB1 BUNFA 

IVBE_DENPO 

Ive , V IPAA 
IVB3:VI PAA 

I VST_ERIMA 

I VB2_VIPRU 
rSI K_HELPO ' ____________ . ___ _ 

DT"S1 
IVBK DEN PO 

IVSl_DENAN 
I vai OENPO 

JVBS':=-OENPO 

IVeC_NAJNA 

TFPI_HUMAN(2j 
TFP'_RAB IT(2) 

TFPI_RAT(2) 

TFPI HUMAN(') 
TFf5i_RABrT( 1 1 

TFPI_RAT(1} 

CA36_CHICK 

SBPI_SARBU 

TFP2_HUMAN(1) 

HC_BOVIN(1) 
HC P IG( , ) 

IATR SHEEP( l ) 
HC_HUMAN(1) 

IATR_HORSE( 1) 

HC MOUSE( 1 ) 
HC RAT{l) 

HC_MESAU(1) 
HC_MERUN( l ' 

HC_PLEPL 

IBPC_BOVIN 

POSSUM ELP 

BPT , _BOVI N 
ISO_BPTI_H 

BPT2_BOVIN 
lapS_BOVIN 

OVINE TI 

IBP,_TACTR 

TPF I HUMANPJ 

TFf1~~~~gl 
TFP2_HUMAN(3) 

KIBQ_ H UMAN 

A4_MACFA 

A4_~C~Lf 

:~-;-;~. 
:::::::l--.- .:=j '=:J :- ' ; , 
------------,----

'=-]--'--'--' . 

!;;;;=!::::=;::::J-~: 
, ' " I 

~-----------' ____________ ----.r-, 

.--------,- - ------' 

'::::3-

~.: ,-'-.~., 
: ' ,\ I 
~====~ ;:- : ' 
,I " I .---_._ ------;,-,. . 
i=r---' I , • f=-;:::J--,- ,-}--, 
• I l ~ . 1 

1 ___ 1, ( ! i i 
: ! ! i i 
~ ~~. , , 
~ l---(-------I£ ,--'! 
l----:----'- ---;----; i 

A4_M6lJSE 
APP2_H UMAN 

b :-~---:~:_i 
I: ' ,------11 

APP2_RAT 
ISHP_STOHE 
ITR"_RADMA 

HC_MERUN(2) 
HC_MOUSE(2) 

Hc~rvYe-~:0!~l 
IATR_HORSE(2) 

ITRS_RAT(2) 
HC_BOVtN(2) 

HC_HUMAN(2) 
IATR_SHEEP(2J 

H C_P'O(2) 

IVBl BUNMU 
lVS2 BUNMU 
IVB3=eUNMU 

, , ' 

1 :==='::1-----------, 
. ! t • 

i=-~ ; . 
~ t ,. ;==== ----.----,- ---, 
\--- ' l ~ , ) 
• j 1 \ 1 

; I--\_;~: ' 
; l 

40 

Fig. 4.1: UPGMA dendrogram from 74 KunitzlBPTI-homologous sequences. The clustering of sequences 

reflects functionality and class of target rather than species ancestry, with a high degree of paralogy 

(Pritchard and Dufton, 1999). 
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4.1.4 Sea anemone Kunitz inhibitors 

Kun itz inhibitors from sea anemones show either protease inhibitory activity with a 

narrow specificity (serine proteases) or a broad protease specificity that include serine, 

cysteine and aspartic proteases (Minagawa et al. 1997; Delfin et al. 1996). Some also 

display neurotoxic as well as trypsin inhibitory activity (Schweit'l et al. 1995). 

4.1.5 Alzheimer's amyloid Kunitz domain 

The Alzheimer's amyloid Kunitz domain is part of the ~-amyloid precursor protein for 

which no function has yet been elucidated (Ikeo, Takahashi and Gojobori, 1992). 

4.1.6 Tissue factor pathway inh ibitor (TFPI) 

TFPI exists as three tandemly linked Kunitz domains of wrnch the second domain 

inhibits fXa and regu lates hemostasis by inhibition of the tissue factor-fXa complex 

(Burgering f'I al. 1997): 

4.1.7 BPTI 

The BPTI-family functions as basic proteinase inhibitors in serum, although a specific 

function is not known (Birk, 1987). 

4.1 .8 Colostru m BPTI in hibitors 

Colostrum BPTI inhibitors are found in milk and probably function in allowing intestinal 

transmission of undegraded macromolecules, such as immunoglobins in young animals 

(Telemo et al. 1987). 

4.1.9 Snake venom Kun itz inhibitors 

The snake venom Kunitz inhibitors can be divided into those that inhibit proteases and 

those that show neurotoxicity and it is fairly certain that the gene duplication events 

giving rise to this family took place within the evolutionary history of the snake family 

(Dufton, 1985). 
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4.1.10 Arthropod derived Kunitz inhibitors 

Various serine proteases have been identified in insec t h~molymph (Sasaki, 1984; Sasaki, 

1988; Papayannopoulos and Biemann, 1992). [t is thought that these inhibitors function 

in the immune system of insects, by inhibiting fungal and bacterial serine proteases. 

Other functions might involve the regulation of endogenous proteases involved in 

hemolymph coagulation, pro-phenol activation or cytokine activation (Sasaki, 1988; 

Kanost, 1999). 

4.1.11 Tick derived Kunitz inhibitors 

Kunitz inhibitors from ticks involved in the regulation of blood coagu lation have been 

described (Chapter 3). Of interest are the recently described double-domain Kunitz 

inhibitors from larvae of the hard tick Boophilus microplus that .inhibits trypsin, elastase 

and kallikrein (Tanaka et al. 1999). There is also another BPTI-like sequence from B. 

microplus deposited in the Genbank named carrapatin (P81162), for which a BLAST 

search indicates. very high similarity with the second domain of TFPl. The present 

chapter investigates the relationship between the platelet aggregation and blood 

coagulation inhibitors from soft ticks and the functional mechanism of platelet 

aggregation inhibition. 

4.2 Materials and Methods 

4.2.1 Protein fold prediction of platelet aggregation inhibitors 

Amino acid sequences of disagregin and savignygrin were analyzed using the EMBL's 

advanced WU-BLAST 2.08 server (BLASTP2) with the non-redundant database 

(nrdb9S) using the default settings (Yuan et at. 1998.) Protein fold prediction was 

performed by submission to the 3D-PSSM Server (Kelley et al. 2000). Protein family 

classification was performed with the Family Pairwise Search v2.0 (Grundy and Bailey, 

1999). 

4.2.2 Retrieval of BPTI sequences 

Tick BPTI-sequences as well as those for the tick platelet aggregation inhibitors were 

obtained from the literature or generated in our own laboratories (Waxman et al. 1990; 
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Karczewski, Endris and Connolly, 1994; van de Locht et al . 1996; Joubert et al. 1998; 

Tanaka et al. 1999; Mans et al. 2002a). Other Kunitz inhibitor sequences were retrieved 

from the National Center for Biotechnology Information (NCB I) Genbank database, 

using the search term Kunitz. A representative subset of 62 sequences was used for 

multiple sequence alignment (Prichard and Dufton, 1999). Except for some tick-derived 

BPTI-inhibitors, all sequences were SWISS-PROT database entries. SWISS-PROT 

entries are followed by the common description and SWISS-PROT accession numbers. 

For proteins with no SWISS-PROT entry the descriptive names used in the literature are 

employed while the Genbank accession codes are provided below: 

TAP_ORNMO: Tick anticoagulant peptide (PI 7726), fXal: fXa inhibitor (AAD09876), ORNT_ORNMl: 

Omithodorin domain I . (PS6409), Savigninl: Savignin domain I (A~372 1O), DISG_ORNMO: 

Disagregin (g544 163), Savignygrin (AF45288S), ORNT_ORNM2: omithodorin domain 2 (PS6409), 

Savignin2: Savignin second domain (AAL372 10), A4_RAT: Alzheimer's disease amyloid 4 (P08S92), 
, 

A4_MACFA: Alzheimer's disease amyloid 4 (PS 3601), A4_SAlSC: Alzheimer's disease amyloid 4 

(Q9S24 1), A4_MOUSE: Alzheimer's disease amyloid 4 (PI2023), APP2_RAT: Amyloid-like protein 2 

(PIS943), APP2_HUMAN: Amyloid-like protein 2 (Q0648 I), AMBP_BOV2: bovine alpha-I

microglobulin domain 2 (P00978), IATR_SHEEP2: sheep alpha-I-microglobulin domain 2 (P 13371), 

AMBP ]IG2: pig alpha-I-microglobulin domain 2 (P04~66), AMBP _HUMAN2: human alpha-l

microglobulin domain 2 (P02760), AMBP_RAT2: rat alpha-l-microglobulin domain 2 (Q64240), 

ITR4_RADMA: trypsin inhibitor Radianlus macrodacrylus (P 16344), ISHl_STOHE: serine protease 

inhi bitor from Slichodacryia helianthus (P3 1713), BPTIl_BOVIN: bovine pancreatic trypsin inhibitor 

(P00974), BPTI2_BOVIN: spleen trypsin inhibitor (P04815), !BPS_BOVIN: serum basic protein (P0097S), 

TFPI_HUMAN3: human tissue factor pathway inhibitor domain 3 (PI0646), TFPCRABIT3: rabbit tissue 

factor pathway inhibitor domain 3 (P 19761), TFPCRA T3: rat tissue factor pathway inhibitor domain 3 

(Q0244S) , ISCI_BOMMO: silkworm chymotrypsin inhibitor (P I0831), ISC2_BOMMO: silkworm 

chymotrypsin inhibitor (PI0832), TIMTC3: silkwonn chymotrypsin inhibitor (TIMTC3), SBPCSARBU: 

grey flesh fly protease inhibitor (P26228), TIFHBP: flesh fly proteinase inhibitor (TIFHBP), 

CRPT_BOOMI: carrapatin Boophilus microplus (P81162), BMTI-2: B. microplus trypsin inhibitor second 

domain (Tanaka el al. 1999), TFPCHUMANI : human tissue factor pathway inhibitor domain 3 (P I0646), 

TFPI_RABITl: rabbit tissue factor pathway inhibitor domain 3 (PI976 1), TFPCRATl: rat tissue factor 

pathway inhibitor domain 3 (Q0244S), AMBP _BOV I: bovine alpha-I-microglobulin domain 1 (P00978), 

IATR_SHEEP I: sheep alpha-I-microglobulin domain 1 (PI3371), AMBP _PIG I: pig alpha-l

microglobulin domain I (P04366), AMBP _HUMANl: human alpha-l-microglobulin domain 1 (P02760), 

AMBP _RA Tl: rat alpha-l-microglobulin domain 1 (Q64240), T!BOC: bovine colostrum inhibitor 
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(TIBOC), TFPI_HUMAN2: human tissue factor pathway inhibitor domain 3 (P10646), TFPCRABIT2: 

rabbit tissue factor pathway inhibitor domain 3 (PI9761), TFPCRAT2: rat tissue factor pathway inhibitor 

domain 3 (Q02445), AsKCl: kalicludine sea anemone toxin (AAB35413), AsKC2: kalicludine sea 

anemone toxin (AAB3S414), IPS2_ANESU: sea anemone protease inhibitor SAS II (PI0280), 

ISIK_HELPO: roman snail isoinhibitor K (P00994), IYBK_DENPO: dendrotoxin K (P0098 I), 

IVBI_DENAN: alpha dendrotoxin (P00980), IVBE_DENPO: dendrotoxin E (P00984), lVB 1_ VIPAA: 

venom trypsin inhibitor I (P0099 I), IYB3_ VIPAA: venom basic protease inhibitor 3 (P00992), 

IYBT_ERIMA: venom trypsin inhibitor (P24S41 ), IYB I_BUNFA: venom basic protease inhibitors [)( 

AND VIlIB (P2S660) , IVBT_NAlNA: venom trypsin inhibitor (P20229), IVB2_NA1N1: venom basic 

protease inhibitor II (P00986), IVB2_HEMHA: venom basic protease inhibitor II (P0098S), 

lYB l_BUNMU: beta-I bungarotoxin chain B (P00987), IVB3_BUNMU: beta-2 bungarotoxin chain B 

(P00989). 

4.2.3 Multiple Sequence· Alignment 

Sequences were processed to give only a single BPTI core-domain, by truncation of 

amino acid sequences ohe amino acid before and after the first and last cysteine of the 

BPTI-fold, respectively (Pritchard and Dufton, 1999). For BPTI-proteins that exist as 

multiple-domains, each domain was treated as a single BPTI-fold. Multiple sequence 

alignment was performed with ClustalX, using the PAM2S0 matrix and default gap 

penalty options (Jeanmougin et al. 1998). Alignments were manually adjusted based on 

conserved cysteine positions and secondary structure considerations (Antuch et al. 1994). 

4.2.4 Neighbor joining Analysis of the BPTI-Family 

Phylogenetic analysis on the total BPTI-family was conducted using MEGA version 2.0 

(Kumar, Tamura and Nei, 1994). Neighbor joining (NJ) was performed using the number 

of amino acid differences per site to construct a distance matrix between sequences. 

Positions that contain gaps were completely deleted so that 39 informative sites were 

used for analysis. The confidence of the consensus tree obtained was estimated using 10 

000 bootstraps. Branches were collapsed below 60% confidence. 

4.2.5 Maximum Parsimony Analysis of Tick derived BPTI-lnhibitors 

NJ did not completely resolve the relationships within the soft tick BPTI-inhibitor clade. 

To obtain a more accurate description of the underlying relationships between tick BPTI-
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inhibitors, maximum parsimony (MP) US Ing the PHYLIP package, Version 3.2 were 

performed employing the PROTP ARS method using 1000 bootstraps, with or without 

gapped positions (Felsenstein, 1989). For comparative purposes BPTI-inhibitors from 

hard ticks as well as insect hemolymph were included, while ~-bungarotoxin chain B, 

proposed to be an outlier of the whole BPTI-farnily was used as outgroup (!keo, ' 

Takahashi and Gojobori, 1992; Dufton, 1985). 

4.2.6 Phylogeny of Soft Tick Inhibitors based on Protein Structure 

Three-dimensional protein structure is generally more conserved In evolution than 

sequence, so that homologous structures resemble each other closer than more distantly 

related ones. It has been indicated that structure comparison could indeed resolve 

phylogenetic relationships (Johnson, Sutcliffe and Blundell, 1990). Construction . of a 

pairwise distance tree based on root mean square deviation (RMSD) of the a-carbon 
, 

backbone structure could assist in the estimation of distant homologies. As the X-ray. 

diffraction structure of omithodorin (PDB code: lTOC; van de Locht el al. 1996) and 

NMR structure of TAP (PDB code: lTAP: Antuch el al. 1994) are known, modeling of 

their orthologs (savignin and fXaI, respectively) were conducted using the SWISS

MODEL Automated Comparative Protein Modeling Server (Guex et al. 1999) and 

MODELLER (Sali et al. 1995). The low percentage identity observed between the 

platelet aggregation inhibitors (PAl), omithodorin and TAP complicate their modeling 

using automated servers. Model structures using the MODELLER package could 

however, be obtained. The structure of BPTI (PDB code: IBPI) considered to be the 

prototype BPTI-fold, was used as outgroup. RMSD values between structure pairs were 

determined by fitting of the backbone structures using the McLachlan algorithm 

(McLachlan, 1982), as implemented in the protein least squares fitting program, ProFit 

V 1.8 (http://www.biochem.ucl.ac.ukl-martinl#profit). The phylogenetic tree was 

constructed by using a pairwise distance matrix of RMSD values and the program 

NEIGHBOR of the PHYLIP package. The quality of the modeled structures was assessed 

by construction of Ramachandran plots using Procheck (Laskowski el al. 1996). Protein 

structures were obtained from the RCSB Protein Databank (Berman el al. 2000; 

http://www .rcsb.org/pdb/). 
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4.2.7 Assay for serine protease inh ibitory activity 

Serine protease inhibitory activ ity was assayed as described (Nienaber, Gaspar and Neitz, 

1999). Concentrations used were, 0.5 nM fXa, 10 nM plasmin, SO nM trypsin, and 5 nM 

thrombin. Enzymes were obtained from Enzyme Research Laboratories, Inc. (South 

Bend, OR, USA). Enzyme and inhibitor (2.6 /LM savignygrin, fina l concentration) were 

incubated fo r IS min at 37°C before substrate was added and the reaction monitored at 

405 nm fo r 5 min utes. Ali experiments were performed in triplicate . Thrombin (5 nM) 

was incubated with savignygrin in 200/LI buffer (50mM Tris-HCI, pH 8.3, 227 mM NaCl, 

0.1 % BSA) before addition of 20/LI Chromozym TH (final concentratio n: 250/LM, Roche 

Molecular Biochemicals). fXa (0.5 nM) was incubated with savignygrin in 200/L1 buffer 

(SO mM Tris-HCI, pH 7.4, 0.15M NaCl, 0.1 % BSA) before addition of 20/Ll Chromozym 

X (final concentration: 1000 /LM, Roche Molecu lar Biochemicals). Bovine trypsin 

(50nM) was incubated with savignygrin in 200/L1 buffer (SO mM Tris-HCI, pH 7.4, 20 

nu\i[ CaCb) before addition of 20/L1 BAPNA (N-a-benzoyl-L-arginine-4-nitranilide, final 

concentration, 500 /LN!, Roche Molecular Biochemicals) . Plasmin (10 nM) diluted in 

buffer containing PEG6000 and 50mM glycine, pH 2.5, was incubated with sav ignygrin 

in 220/L1 buffer (SO mM Tris-HCI, pH 8.2, O.IM NaCI) before addi tion of Chromozym 

PL (final concentration: 500 /LM, Roche Molecular Biochemicals). Chromozym PL was 

prepared in 100 mM glycine, 0.2% Tween. Enzyme concentrations were determined by 

active-site titration using 4-NPGB (p-nitrophenyl-p ' -guanidinobenzoate in 2.25% 

dimethyl formamide in acetonitrile) (Chase and Shaw, 1967). 4-NPGB (SO /LM) was used 

in the case of thrombin , trypsin and plasmi n and 33.2/LM for fXa. Enzymes (100 /LI) were 

added to 400/Ll veronal buffer (O.IM sodium barbiturate, pH 8.3, 20 mM CaCI2) and 

incubated for a minute before addition of 5/L l of 4-NPGB . Reactions were mixed by 

inversion before measuring the burst at 410 nm (Hitachi U2000) until a plateau was 

reached. Enzyme concentrations were calculated from the released p-nitrophenol 

observed during the burs t. 

4.3 Results 

4.3.1 Protein fo ld prediction for the platelet aggregation inhibitors 

BLASTP2 analysis of disagregin and sav ignygrin indicated similarity to proteins from 

the BPTI-fami ly with P(N)-values ranging from 0.011-0.74 for the first fifty hits . The 

highest sco ring protein folds obtained for disagregin and savignygrin with the 3D-PSSM 
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Server are part of the BPTI-like superfamily (E-values : 0.178-0.855 for the first ten 

proteins), and contains the functionally diverse proteins BPTI, dendrotoxin, bungarotoxin 

and knottins. Assignment to a protein family in the structural classification of proteins 

(SCOP) database (Murzin el al. 1995) using the Family Pairwise Search indicated 

identity to the SCOP BPTI-like superfamily with E-values of 1.6e-15 and 7 .97e-16, f0r . 

disagregin and savignygrin, respectively. The second highest hits gave E-values rang ing 

from 0.09-1.42, indicating the high similarity to the BPTI protein fold relative to other 

protein folds . This strongly suggested that the platelet aggregation inhibitors exhibit a 

BPTI-fold. As both fXa and thrombin inhibitors with BPTI-folds have been identified in 

this tick genus, the hypothesis that all share a common ancestor was advanced. 

4.3.2 Multiple alignment of savignygrin with 8PTI inhibitors 

Alignment with various members of the BPTI family indicated that savignygrin and 

disagregin exhibit the ,conserved cysteine pattern characteristic of the BPTI-fold (Fig. 

4.2). Significant differences of the soft tick BPTI-inhibitors compared to the rest of the 

BPTI-family include amino acid insertions that lengthen the loops before the first ~-sheet 

and the C-terminal a-he lix. Significant deletions are a single deletion before C 14 (BPTI 

notation) and a deletion of G37 (BPTI notation), a residue conserved throughout the 

BPTI family. G37 precedes C38 (BPTI notation) that disulphide bonds with C14. This 

leads to displacement of the disulphide bridges and major distortion of the binding loop 

conformation (Antuch el al. 1994; van de Locht et al. 1996). Of interest is the occurrence 

of the RGD and RED motif in savignygrin and disagregin at the PI, P'" P' 2 positions 

respectively, normally associated with the substrate binding loop of canonical BPTI-like 

inhibitors (Laskowski and Kato, 1980). The high and low mass forms of savignygrin 

have been shown to differ at position R52G that occurs in the a-helix (Chapter 2). Of 

interest is that no glycine residues occur in the indicated a-helix for the other BPTI-like 

sequences used in the alignment. Also note the preponderance of serine and threonine at 

the start of the a-helix, which is in accord with the N-terminal capping preferences of a

helixes (Aurora and Rose, 1998). 
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Fig. 4.2. Multiple sequence alignment of BPTI inhibi tors with the sequences of di sagregin and savignygrin 
included. Identity ( 100%) is boxed in black. while 80% similarity using the PAM 250 matrix (DENQH , 
SAT, KR, FY and LlYM) are boxed in dark gray. The conserved disul phide bond pattern observed for 
BPTI proteins are indicated by connecting lines. Secondary structure was ass igned accord ing to known 
crystallography structures (Antllch el at. 1994). Proteins are grouped according to phylogenetic analys is 
and the different fun ctional properties are indicated. Sequence names correspond to SWISS-PROT entries. 
In the case of ti ck BPTI inhibitors names are indicated as lI sed in the literatu re, Residue numbering is 
according to BPTI notation, The *** indicate the P I. P'I and P' 2 (Schechter Berger notation) o f the 
substrate binding loop of canon ical BPTI-inhibito rs. 
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CHAPTER 4: Evolution of tick KunitzlBPTI inhibitors 

4.3.3 Identity and similarity within ortholog groups 01 the BPTI-Iamily 

Comparison of the percent identity/simi larity between different ortholog groups indicates 

that the orthologs of the BPTI-family generally have a constant rate of evolution within 

ortholog groups with an average percent identity and simi larity of 81 % and 89%, 

respectively (Fig. 4.3). The percent identity/similarity of two domains of the thrombin 

inhibitors (NTI for the N-terminal domains and CTI for the C-terminal domains) is 

slightly lower than average although th is is probabiy insignificant. In contrast, the percent 

identity/similarity of the fXa and platelet aggregation inhibitor orthologs fall well below 

average. While the percent identity and similarity of the family in general is similar, the 

percent similarity for the tick inhibitors is almost twice that of the identity. These results 

indicate that soft tick inhibitors show a higher evolutionary rate compared to other BPTI

inhibitors and a higher rate of non-synonymous versus synony·mous substitution. This 

suggests positive Darwinian selection, which could indicate selective pressure on ticks to 

adapt to a blood-feeding environment (Graur and Li, 2000). It has been shown that the 

struc ture of TAP has an increased internal mobility relative to BPTl (Antuch et al . 1994). 

This could indicate a less constrained structure for the fXal and PAl that might be able to 

accommodate higher evolution rates. Higher evo lutionary rates might also imply a 

relaxation of structural/functional constraints that is reflected in the fact that both fXal 

and PAL are phylogenetic ally the most divergent of the tick BPTI-like proteins. 
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Fig. 4.3. Percent identity and similarity observed between orthologs of the different functional classes from 

the BPT1-family. Indicated are average values with standard mean deviation for orthologs within a specific 

functional class. The average values for the whole family are indicated with a solid line for percent identity 

and dashed line for percent similarity. Percent similarity was obtained using the Dayhoff PAM 250 matrix. 
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CHAPTER 4: Evolution of tick KunitzlBPTI inhibitors 

4.3.4 Neighbor joining analys is of the BPTI-fam ily 

NJ grouped the BPTI-inhibitors into functional c lasses previously observed (Dufton, 

1985; Ikeo, Takahishi and Gojobori, 1992; Pritchard and Dufton, 1999). These include 

the 0-bungarotoxins which form an outlier group to the whole family, Alzheimer amyloid 

domains, the two inter-alpha-trypsin inhibitor domains that gro.up into separate clade's, 

the sea anemone BPTI inhibitors that group into non-toxic and neuro-toxic clades, insect 

he molymph derived inhibitors, which include inhi'bitors from the hard tick B. microplus, 

the TFPI domains that group into three separate clades and the snake venom BPTI-like 

inhibitors that group into neurotoxic and non-neurotoxic clades (Fig. 4.4). It was 

prev iously observed that no in formation on the organismal hierarchy could be obtained 

from UPGMA constructed trees of the BPTI-like family (Dufton, 1985; Pritchard and 

Dufton, 1999). This was also observed during the present study. Reasons' proposed 

prev iously for this problem include the limitation on di vergent change by protease 

inhibitory function ant! small size that probably led to evo lutionary convergence of 

character states, that does not reflect the total number of changes that have taken place in 

the past (Dufton, 1985). Numerous gene duplication events further complicate the issue. 

However, the soft tick blood coagulation and platelet aggregation inhibitors grouped into 

a monophyletic clade that indicates a common ancestor for these functionally distinct 

inhibitors and that these paralogous gene duplication events took place within the soft 

tick family. Disagregin, sav ignygrin, fXaI, sav ignin and omithodori n have all been 

isolated from salivary gland extracts. The poss ibility of a common ori gin for the platelet 

aggregation and blood coagulation inhibitors due to gene duplication is thus highl y 

probable if it is considered that these inhibitors are all expressed in the tick salivary 

glands. In con trast, the BPTI-inhibitors from the hard tick B. microplus group closer to 

BPTI inhibitors derived from insect he molymph that inhibit trypsin and chymotrypsin. 

BMTI inhibits trypsin , elastase and kallikrein further supporting functional similarity 

with insect hemolymph deri ved proteins (Tanaka el al . 1999). 
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Fig. 4.4 : A Neighbor joining dendrogram of 62 BPTI sequences. The tree was constructed based on amino 

acid diffe rences per site. Indicated is the percent confidence level from [0 000 bootstraps. Branches with 

confidence levels lower than 60% were collapsed. 

114 

 
 
 



CHAPTER 4: Evolution of tick KunitzlBPTI inhibitors 

4.3.5 Maximum parsimony analysis of the tick-derived BP~I-inhibitors 

Maximum parsimony using the alignment where gapped positions were removed, 

grouped BPTI-inhibitors derived from insect hemolymph and hard ticks into a 

monophyletic clade, while the soft tick anti-hemostatic inhibitors were grouped into their 

own monophyletic clade (Fig. 4.5a). The same unresolved relationship between the soft 

tick-derived inhibitors as for NJ was observed. In this case, fXaI and NTI are grouped 

together, while CTI is closer to PAL However, the gapped positions observed in the 

alignment, especiall y the insertions before the first ~-sheet and C-terminal a-helix could 

be information rich in terms of structure and functional constraints of these inhibitors . 

Maximum parsimony analysis using this information gave a more clear relationship 

between the tick-derived inhibitors (Fig. 4.Sb). CTI is basal to this clade, followed by 

NT!. The fXaI and PAL then group as the terminal clade. This indicates that at least three 

separate paralogous gene duplication events had occurred, with the evolution of platelet 

aggregation inhibitory activity being one of the last events . . ) 
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Fig. 4.5: Maximum parsimony analysis of tick BPTI inhibitors. (a) Maximum parsimony analysis of BPTI 

inhibitors derived from insect hemolymph and hard ticks, as well as soft tick inhibitors. Percent confidence 

is indicated for 1000 bootstraps. As outgroups the l3-bungarotoxins were used. All gapped positions in the 

alignment used were ignored. (b) Maximum parsimony analysis of the same dataset using the same 

conditions, with inclusion of the gapped positions. Branches with confidence levels below 50% were 

collapsed. 
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4.3.6 Structural comparison of the soft tick-derived BPTI-like inhibitors 

To differentiate between the different phylogenies obtained with maximum parsimony, 

an independent tree based on structural si milarities was constructed. The general 

topology of the structure tree is the same as that obtained with maximum parsimony, 

using the gapped alignment (Fig. 4.6). The CTI domains show closest structural 

similarity to BPTI (RMSD: 2.83±0.3IA), followed by the NTI domains (RMSD: 

3.4±0.39A) and lastly the fXa inhibitors (RMSD: 4.3±0.lA). Because the platelet 

aggregation inhibitors are paralogs to all three inhibitor folds they were modeled on all 

three inhibitor folds to test the hypothesis of being closer related to the fXa inhibitors. 

Models based on the cn fold (RMSD: 1.8±0.24A) and NTI fold (RMSD: 3.24±0.S2A) 

gave higher RMSD values than models obtained based on the fXaI fold (RMSD : 

1.13±0.29A). RMSD values between model pairs for disagregin and savignygrin also 

indicated lowest RMSD values for the TAP derived models (RMSD: 0.748A) compared 

to the models obtained 'from the thrombin inhibitor folds (RMSD: 2.035 and 1.82 for the 

N- and C-terminal domain derived models, respectively). These results suggest that the 

closest structural , as well as ancestral relative to the platelet aggregation inhibitors are the 

fXa inhibitors. 
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Fig. 4.6: A phylogenetic tree based on pairwise distances of root mean square deviation values (RMSO) 

obtained from comparison of different structural models. BPTI (POB code: IBPI) were used as the 

prototype BPTI Structural outgroup. The structures of TAP (PDB code: IT AP) and omithodorin (POB 

code: I TOe) were used to model the structures of fXal, savignin, disagregin and savignygrin. Values at 

tenninal nodes indicate the pairwise RMSD values between onhologs. Values at internal nodes indicate the 

average RMSD ± standard deviation for the grouped paraIog pairs. Values indicated at horizontal branches 

designate the respective average Rt\1SD ± standard deviation for the internal branch values in relation to 

that of BPTI. Branches for platelet aggregation inhibitors shown as dashed lines indicate models with the 

largest RMSD values and lowest confidence. 

4.3.7 Homology modeling of savignygrin 

Because the TAP derived model of savignygrin gave the lowest RMSD values, thi s 

model was used for structural and funct ional analysis . Fitting the structures of 

sav ignygrin and disagregin onto that of TAP gave RMSD values of 1.0 A and J.S A 
respectively (Fig. 4.7). Considering that RMSD values of 1.0-1.SA are normally obtained 

for structures of -40% sequence identity, this model is useful to predict functional 

parameters (Chothia and Lesk, 1986), especially considering that these proteins show 16-

26% identity, in contrast to the assumed -30% sequence identity needed for bui lding a 
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structure with molecular modeling (Sali el at. 1995). This is probably due to the rather 

conserved size of these proteins as well as the disulphide bond pattern. 

Fig. 4.7: Comparison of the PAl structural models with the IX. inhibitors. Structures of modeled IX.I 

(green), savignygrin (blue) and disagregin (red), superimposed onto the structure of TAP (yellow). RMSD 

values are 0.2 A, 1.0 A and 1.5 A for lXal, savignygrin and disagregin, respectively. 

4.3.8 Analysis of modeled structure 

Ramachandran plots showed that 6.2% of the amInO acids of savignygrin were in 

disallowed regions. (Fig.4.8; Table 4.1). Reasons for this high number, is probably due to 

the low sequence identity/similarity (26/44%) observed between TAP and savignygrin, 

which complicate modeling procedures. However, at least one disallowed residue (C39) 

in the structure of TAP is also in the disallowed region for savignygrin (C38). This is 

probably the reason for the second disallowed residue (CI3), which is the corresponding 

disulphide-bonding partner. The other reason for this distortion in conformation is the 

presence of an indel (2 residue deletion) in the sequence of savignygrin just before C 13, 

which probably puts a torsion stress on the formation of the loop and disulphide bond 

leading to the distortion ofD16 which also resides on this loop. 
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Fig. 4.8: Ramachandran plot of the modeled structure of savignygrin. Position of residues is indicated by 

squares. Dark gray indicates most favored posit ions while lighter shades of gray indicale additionally and 

generally allowed regions respectively. 

Table 4.1: Statistics of Ramachandran plots of rxal and savignygrin. The number and percentage of 

residues and (heir localization on the Ramachandran plot is indicated for both ornithodorin and sav ignin . 

Values oblained with Procheck. 

C ha r acteris tics IXal Savignvgr in 
Residues in most favoured regions 23 (60.5%) 30 (62.5%) 
Residues in add it ional allowed reg ions 14 (36.8%) 15 (3 1.2%) 
Resi dues in generously allowed regions 0 0 
Residues in disallowed reg ions I (2.6%) 3 (6.2%) 
Number of non-glycine and non-proline residues 38 48 
Number of e nd-residues (exi. Gly and Pro) 14 2 
Number of glyc ine res idues 6 8 
Number of proline residues 2 3 

Total 60 61 
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4.3.9 Structural implications for savignygrin 

The modeled structures indicate that the RGD and RED motifs of savignygrin and 

disagregin respectively, are located after the second cysteine on the substrate-binding 

loop assoc iated with canonical Kunitz inhibitors (Fig. 4.9A). The modeled structure also 

indicates the formation of three di sulphide bonds (CS-CS8, C13-C38, C32-CS4) thilt 

corresponds with that of the general Kunitz BPTI-fold. This is important, as di sulphide 

bond partners were not specifically des ignated during the modeling procedure and as 

such are completely dependent on the generally allowed stereochemistry of disulphide 

bridges (Sali and Blundell , 1993). These stereochemical requirements consist of di stances 

between the respective cysteine, a-carbon (4.6-7.4A) and su lphur (2-3A) atoms. 

Dihedral ang le (C~-S-S-C~) constraints are bimodal with peaks at -87 .1 °C and 93.9°C 

with a standard deviation of 10°C (Thornton, 1981; Sali and Blundell, 1993). This in 

itself is a further confirmation of the BPTI-fo ld of the PAl, but also that the modeled 

structures are probably 'very close to the native structure. A surface model of savignygrin , 

indicates that the RGD motif extends into the surrounding solvent. Of interest though, is 

the observation that the downstream acidic res idues form with the RGD motif a binding 

epitope (Fig. 4.9B). This suggested that the RGD motif as well as surrounding residues 

might indeed be involved in the inhibitory activities of these platelet aggregation 

inhibitors. 
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a) b) 

CS-CS8 

N-tcrm inal 

C-terminal C-terminal 

Fig. 4.9: The structure of savignygrin. (a) Intact di sulphide bonds (black) predicted by the model and the 

position of the ROD motif, with R1 4, 0 15, 016, E17, 01 8 indicated. (b) A surface model of savignygrin 

showing acidic (gray) and basic (black) electrostatic poten ti als. Indicated is the RODEO binding epitope, 

projecting upwards from the page. 

4.3.10 Serine protease inhibitory activity 

The sav ignygrins have an arginine residue at the PI pos ition of the canonical BPTI-like 

inhibitors. As inhibitors with an arginine or lys ine at the P I position inhibit trypsin- like 

enzymes (Laskowski and Kato, 1980), inhibitory activity agai nst trypsin, thrombin, fXa 

and plasmin (all recogni ze arginine at position PI ) was investigated. No sign ificant 

inhibitory acti vity was observed for any of the proteases tested (Table 4 .2). 

Table 4.2: Inhibition of serine protease activity. Acti vity is expressed relative to control values. SD± is 

indicated for triplicate values. Values in parenthesis indicate the molar ratio of savignygrin to protease, 

Serine protease Activity compared to control 

Thrombin (480: I) 11 4±5% 

FXa (436: I) 107± 13% 

Trypsin (48: I) 95 ± 12% 

Plasmin (240: I) 105± ll % 
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4.4 Discussion 

4.4.1 A novel BPTI-platelet aggregation inhibitor 

Savignygrin is the first platelet aggregation inhibitor described that is part of the 

KunitzIBPTI inhibitor family. Presentation of the RGD motif on the canonical substrate

binding loop is a novel way in which this motif is used to antagonize Cl.Ub~3. This cou ld 

open the way for the des ign of a new class of platelet aggregation inhibitors based on the 

BPTI-fold . Furthermore, homology with inhibitors of tXa and thrombin in the same tick 

genus, indicates definite gene duplication events that explains the evolutionary 

mechan isms of soft tick adaptation to a blood-feeding environment. 

4.4.2 Implicatio ns of the BPTI-fold for the structure of savignygrin 

Assignment of savignygrin to the BPT! family allows the assigninent of disulphide bond 

partners for the previollsly described disulphide nature of this inhibitor. It also sheds light 
, 

on some of its properties previously elucidated. Savignygrin was previollsly shown to be 

extremely stable in non-reduced fOlm under conditions of high temperature and in the 

presence of SDS and only unfolded under conditions of high temperature, SDS and urea. 

The high stability previously observed for the savignygrins are concurrent with a BPT!

like fo ld, as native BPT! has a melting point of -9S6C (Moses and Hinz, 1983). The high 

stability of BPTI has been attributed to the stabilizing effect of the disulphide cross-links. 

BPTI has also been shown to occur as a very disordered polymer in its reduced form, 

even in the absence of denaturants (Creighton, 1978). This could also be the case for the 

reduced forms of savignygrin that did not show any activity. 

4. 4.3 Savignin is a highly conserved protein: implications for structure 

It has been shown that a positive Darwinian selection existed for fXaI and PAL This 

implied a specific evolutionary pressure applied to the tick during adaptation to a blood

feeding environment. A much lower level of such selection seemed to have operated on 

the thrombin inhibitors. This would seem strange, as the thrombin inhibitors according to 

the phylogenetic analysis was a first defense against the host's hemostatic system. 

However, there could be several reasons for this. The thrombin inhibitors possess a 

double BPT! domain, which show multiple interactions with thrombin (van de Locht et 
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al. 1996). A higher degree of conservation could be expected due to functional 

constraints, although this alone could not explain the high degree of conservation (non

selection). Interactions with thrombin are after all still predominantly localized to the N

terminal sequences of the first domain and the C-terminal <x-helix of the second domain 

(van de Locht et al. 1996). Structural conservation to maintain the BPTI fold of the two 

domains could have been a reason for the high degree of conservation, but it has been 

shown that the structure of the thrombin inh ibitors already dev iate to some extent from 

that of the canonical inh ibitors (van de Locht et al. 1996). It was shown in Chapter 3 that 

the complexed structure of savignin with that of thrombin is highly unusual and that the 

two domains might rather associate in their native uncomplexed form as observed for 

bikunin. This would add another "protein-protein interaction functionality" to this 

protein, thus placing more selective pressure on it, thereby reducing the rate of 

di vergence. 

4.4.4 Soft tick BPTI proteins: a funct ional paradox 

The Kunitz family is a diverse group of proteins that were initially iden ti fied as protease 

inhibitors sharing the common characteristics of a conserved cysteine pattern and 

canonical inhibition mechanism (Laskowski and Ka~o, 1980). The soft tick inhibitors are 

the only seline protease inhibitors of the BPTI-family that do not inhibit their respective 

enzymes by the canonical mechanism (van de Locht et al. 1996; Wei el al. 1998). Their 

similar mechanisms are in fact totally unrelated to the canonical mechanism. The 

question raised is how could proteins with a very restricted protein fold have evolved a 

totally differen t mechanism to perform a similar function (i.e. why did the tick BPTI 

inhibi tors, switch mechanisms)? 

4.4.5 Evolution of tick BPTI-proteins: a paradox resolved 

It has been suggested that the on ly way new protein functions could evolve from 

duplicated genes, is by way of gene sharing for a single domain protein or as an existing 

bi-functional multi-domain protein, where duplication of each domain leads to 

acquisition of individual functions (Hughes, 1994). In the light of this a probable 

evolutionary scenario can be proposed based on considerations of thrombin's structure 

and function (Fig. 4.10). 
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(A) Thrombin exerts conformational restrictions on BPT} inhibitors due to the 

insertion loops (loop 60 and 149) present around its active site that prevents 

inhibition by the canonical mechanism (Stubbs and Bode, 1993) . This probably 

influenced the ancestral CTI domain, to evolve a new. functional mechanism: 

inhibition of fibrinogen binding to thrombin via its basic fibrinogen binding exo

site (Fig . 4 .10). This is reminiscent of the inhibition mechanism of triabin, a 

lipocalin that inhibits thrombin via its fibrinogen binding exo-site (Fuentes-Prior 

et al. 1997). This newly acquired functional mechanism probably relaxed the 

functional restrictions on the substrate-binding loop so that CTI lost its original 

protease inhibitory activity exerted via the canonical mechanism through the 

acquisition of mutations and indels. Targeting of the fibri!logen-binding·· exosite of 

thrombin would have allowed the tick to inhibit both clotting as well as platelet 

aggregation indllced by thrombin (S tubbs and Bode, 1995). It is arguable whether 

this mechanism of inhibition would have been efficient on its own, as it would not 

have inhibited catalytic activilY completely. 

(E) A tandem gene duplication and N-terminal fusion event led to the formation of a 

homodimeric BPT! protein. Conformational restrictions that the CTI domain 

placed on the NTI domain probably led to evolution of a new mechanism of 

thrombin inhibilion: insertion of its N-terminal residues into the active site of 

thrombin. This double-mechanism allows a much more specific mode of 

inhibition, where bOlh enzyme active site as well as additional substrale binding 

sites are targeted. 

(C) It is highly probable thallhe next gene duplication occurred from the N-terminal 

domain and led to an inhibitor lhat retained and modified the existing mechanism 

of NT! to larget fXa. While this would seem lO be a redundant strategy, the 

inhibilion of fXa ensures lhal even lower concentrations of thrombin wou ld be 

produced. The secondary inleraction sites observed for both NTI as well as fXaI is 
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probably gene -sharing remnants of CTI' s interaction with thrombin' s fibrinogen 

binding exosite. 

(D) Subsequent duplication of PAl from the fXaI domain led to a utilization of the 

now defunct and probably highly distorted, but still present substrate binding-loop 

of the canonical BPTI-inhibitors, to evo lve a new specificity for the platelet 

aggregation receptor allb~3. An alternatIve scenario supported by Neighbor 

joining and maximum parsimony (where gapped positions were ignored) , suggest 

that the PAl might have duplicated directly from the CTI domain, probably after 

the tandem fusion event. In both scenarios the fibrinogen-mimicki ng site of CTI 

probably played an important role in the initial targeting to the platelet fibrinogen 

receptor. This could explain observations that disagregin targets more than 'one 

site on allb~3 (Karczewski el al . 1997) and suggests that the C-terminal a-hel ix of 

the PAL might also be involved in integrin interac tions. The fact that no inhibitio n 

of serine proteases are observed for sav ignygrin fits with a scenario, where PAl 

evo lved after NTl, CTI and fXal lost the canon ical mechanism of serine protease 

inhibition. 

4.4.6 The BPTI-Fold as Evolutionary Unit 

It is not so surprising that soft ticks have used the BPTI-like fo ld to evolve new protein 

functions. The BPTl fo ld per se is not novel to seri ne protease inhibitors. A rather large 

group of these proteins are found in snake venoms, where they can act as toxins by 

blocking ion channels of the cardiac and nervous sys tems (Prichard and Dufton, 1999). 

Furthermore, the substrate-presenting loop of the BPTl-like fold is the ideal place for the 

presentation of recognition motifs, as that found for RGD-containing proteins. What is 

perhaps surprising is the absence of a RGD motif in the snake venom BPTI- like proteins, 

where the di sintegrin protein family exploits this motif (Huang, 1998). This might imply 

that in the case of snake venoms, the disintegrins were already present when the BPTI

like proteins acquired their respective funct ions. In ticks, such a disintegrin-like protein 

might have been absent, forcing the tick to rely on protein famil ies already present in its 

repertoire, to generate functional di versity. The loss of a restricted canonica l substrate-
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binding loop conformation probably further allowed utili zation of thi s loop for a novel 

presentati on mechanism, while the utilization of the fibrinogen-mimicking binding site of 

CTI could have been important for targeting to the relevant binding site. 

PAl 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I • 

Due to confol1uational restriction loops arowul 
th rombin 's active site, canonical BPTI-inhibitors 
caJUlOt inhibit t1u·ombin. cn evolved to target the 
fibrinogen binding e,o-site. The canonical BPTI
mechanism is lost due to mutation and indels. 

A tandem gene duplication and fusion event to the N
terminal of CTI leads to a homo-dimeric inhibitoo: 
Due to dimeric conformational restrictions a new 
mechanism of serine protease inhibition evolves: 
insertion of the N-t.enninaI residues into thrombin's 
active site, thereby avoid ing the restrictive loops. 

A gene duplication of NTI lcads to utilization of the 
novel protC.ilSe inhibitory mechanism, to evolve a new 
lXa inhibitol"y c,'pa bility . 

Gene duplication oflXaI leads to utilization ofthe stiU 
existing but redundant BPTI-substrate binding loop to 
evolve new specificity for the fibrinogen platelet 
rcccptm; amP)" The alternath'c evolutionary pathway 
suggested by Neighho lo-Joi l1ing and maximum 

'--j-~' parsimony when gapped positions are ignored, suggest 
r that the platelet aggregation inJubitors might h.'ve 

duplicated dircctlyfrom CTI. 

Fig. 4.10: Evolutionary mechanisms for the acquisition of new anti-hemostatic functions in soft ticks. The 

solid and broken lines indicate alternative pathways, supported by the different phylogeny approaches. NT! 

indicates the N-termjnal domain of the thrombin inhibitors, while CTI indicates the C-terminal domain of 

these inhibitors. PAl indicates the platelet aggregation inhibitors and fXaI the fXa inhibitors. 
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4.4.7 Independent evolution of anti-hemostatic inhibitors in hard and soft ticks 

It is interesting that BPTI inh ibitors from the hard tick, B. microplus is not grouped with 

the anti-hemostatic factors of soft ticks, but rather with hemolymph derived protease 

inhibitors, that inhibit their respective enzymes via the classical BPTI mechanism. fXa 

and thrombin inhibito rs from hard ticks have also been described with molecu lar masses 

(17-65 kDa) that differ significantly from that of the BPT! fo ld (Bowman el al. 1997). 

Furthennore, variabilin, a platelet aggregation inh'ibitor from the hard tick Dermacentor 

variabilis does not resemble the platelet aggregation inhibitors from soft ticks at all 

(Wang el al. 1996). Its cysteine pattern as well as the local ization of its RGD-motif 

differs completely from the observed BPTI-fold and the motif found in savignygrin. This 

would suggest that soft tick derived BPTI inhibitors only acquired their specific 

mechanisms of action after the divergence of hard and soft ticks, as well as suggesting 

independent adaptation to a blood-feeding environment. This is of interest because it 

would have been expected that ticks, being monophyletic, would have adapted to a 

blood-feeding environment before divergence. It also ra ises the question whether anti

hemostatic functions observed in the Ornithodoros genus are represented in other soft 

tick families? However, other signs of probable independent adaptation to a blood

feeding environment include different salivary gland morphologies, feeding behavior and 

reproductive strategies, that is all intimately linked with blood-feeding (Sonenshine, 

1991). However, while this study suggests independent acquisition of novel anti

hemostatic components by the two main tick families, the presence of apyrase in both 

families have been indicated (Law, Ribeiro and Wells, 1992). Apyrase, (ATP

diphosphohydrolase; EC 3.6.1.5) inhibits platelet aggregation induced by ADP as well as 

being able to disaggregate platelets aggregated by ADP (Mans et at. 1998b; Mans el al. 

2000) . It has been identified in all of the hematophagous arthropod famil ies investigated 

so far (Ribeiro, 1995), which suggests that this enzyme might have been present in the 

ancestral non-hematophagous tick. Of interest is the absence of apyrase in the sa liva of 

the tick, Amblyomma americanum (Bowman el at. 1997). 
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4.4.8 The driving force behind tick divergence 

Independent adaptation to a blood-feeding environment indicates a rapid divergence soon 

after the origin of the Ixodida (l20 MYA), with ticks be ing adapted to a blood-feeding 

life by 92 MY A. The question that is raised is what could have triggered such a rapid 

diversification into different tick famil ies? There is a current controversy around the 

divergence of early birds and placental mammals, where the fossil records argue for 

divergence around the Cretaceous-Tertiary (KiT) boundry (-65 MY A), while molecular 

phylogeny evidence suggest a much earlier divergence in the Early Cretaceous (120-80 

MYA) (Benton, 1999; Easteal, 1999; Madsen et ai. 2001; Murphy et ai. 2001). A rap id 

divergence and independent acquisition of hematophagous mechanisms in ticks from 

-120-90 MYA fits with the molecular phylogeny hypothesis. Radiation of birds as well 

as placental mammals would have provided ample opportunity. for ticks to find novel 

niches in which they could excel as blood-feeding artlu·opods. It could thus be argued that 

the emergence of hemqtophagy in ticks was triggered by the divergence of early modern 

birds and mammals. This provides an interesting counterpoint to suggestions that 

evolution of ticks was not as much influenced by host specificity as by ecological factors 

(Klompen et ai. 1996). While this might be the case for adaptation to the environment, 

independent evolution of anti-hemostatic strate.gies would suggest that host diversity 

could have influenced the adaptation of ticks to the vertebrate hemostatic system. 

Positive Darwinian selection would indeed suggest that the hemostatic system of the host 

plnyed a decisive role in the evolution of hematophagy in ticks. 

4.4.9 Implications ior pharmacological and vaccine development 

An intriguing possibi li ty that emerges from this study is the possibility to design a 

chimeric protein with fXa, thrombin and platelet aggregation inhibitory capacities. Such a 

protein might be useful as a multi-functional agent to contro l thrombosis in a regulated 

manner. Such a mUlti-epitope protein could also be used as a possible vaccine agent, to 

generate immune responses that could knock out more than one function necessary fo r 

tick feeding. 
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PART 2 
Evolution of the tick lipocalin family 

The next three chapters concern the evolution of the tick lipocalin superfamily and their 

diverse role in host pathogenesis, hemostasis and sal ivary gland granule biogenesis. 

Chapter 5 investigates the localization of savignygrin and apyrase to specific salivary 

gland granules. While not part of the tick lipocalin family, this chapter serves as a 

introduction to sali vary gland biology and ultrastructure. It shows that anti-hemostatic 

factors are synthesized in spec ific cell types where they are localized to granules. These 

results indicate that there are more than the previously descrIbed three celi types of 

argasid ticks present. 

Chapter 6 describes the identification of putative proteins (TSGPs) involved in granule 

biogenesis based on their abundance in sali vary glands and granules. These proteins are 

characterized in terms of their molecular properties and their possible involvement in 

granule biogenesis is considered. Two of these proteins are also identified as being toxins 

that affect the cardiac system of the host rather than being causative agents of tick 

paralysis. The absence of both toxins in O. moubata has interesting implications for the 

origins of tick toxicoses. 

Chapter 7 indicate that the proteins described in the previous chapter are all part of the 

tick lipocalin family. Theirrelationship to hard tick lipocalins is investigated and the 

implications of the lipocalin fold for structure and function is considered. A platelet 

aggregation inhibitor (sav ignygen), a homologue of moubatin, a platelet aggregation 

inhibitor from the soft tick O. moubata, was partially characterized. This inhibitor shows 

close homology to the TSGPs. 
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Chapter 5: Localization of anti·hemostatic factors to specific salivary gland 

granules 

S.1.1Introduction: Tick salivary glands 

During tick feeding, host fluid is imbibed and saliva is secreted in alternate directions, 

through a common buccal canal. Saliva originates from paired, alveolar salivary glands 

lying anterolaterally and extending posteriorly from both sides of the body, resembling 

bunches of grapes (Fig. 5.1) (Sauer et al. 1995). General salivary gland structure and 

biology have been described in several reviews (Kemp, Stone and Binnington, 1982; 

Fawcett, Binnington and Voight, 1986; Sauer et al. 1986; Sonenshine, 1991 ; Sauer et al. 

1995), while salivary gland ultrastructure has been described for the soft ticks A. 

arboreus, A. persicus and 0. mOl/bata, (Roshdy and Coons, 1975; El Shoura, 1985). 

Several gross differences can be observed between hard and soft tick salivary glands. (1) 

Soft tick salivary glands are surrounded by a myo-epithelial sheath, that is absent in hard 

tick salivary glands (L.B. Coons, personal communication). (2) During the extended 

feeding period observed for hard ticks, the ultrastructure of their granular cells undergoes 

a great change in structure, size and protein expression levels. The granular cells of soft 

ticks, which feed more than once for short periods do not undergo such changes. 

Fig. 5.1: Salivary glands from the soft tick 0. savignyi. Note the pair of large (5 mm X I mm X I mm), 

white salivary glands lying in an oblique position (photograph. B.J. Mans, 1996). 
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5.1.2 Agranular acini 

Salivary glands are composed of agranular (type I) and granular acini. Type I acini are 

found in the anteromesal or anterior portion of the salivary glands of soft and hard ticks, 

respectively. Type I acini is multi-cellular and include a single large lamellate cell as well 

as a constrictor cell and a variable number of peripheral lamellate and peritubular cell's. 

The morphology of these acini is simi lar to that of the salt glands from marine birds and 

it has been proposed that they function in the reguration of tick water balance. These acini 

might function by active water sorption from the atmosphere through secretion of 

hygroscopic substances onto the hypostome and subsequent swallowing of the diluted 

salt solution (Needham and Teel, 1986) . 

5.1.3 Granular acini 

Morphological studies have revealed significant differences between the granular acini of 

hard and soft ticks. Argasid salivary glands consists of a single granular acini, with three 

granular cell types whi le salivary glands of hard ticks are more complex with at least 

th ree granular acini. Type II acini consist of six granular cell types (a, b, cl-c4) and type 

III acini of three granular cell types (d, e, fl. Type IV acini only occur in males (Sauer er 

al. 1995). 

5.1.4 Argasid granular acini structure 

The classical histological and histochemical studies of the salivary glands of A. persicus, 

provided a detailed view of argasid salivary gland structure. It was shown that at least 

three distinct granular cell types existed (Roshdy, 1972). This was confirmed during 

ultrastructural studies of the salivary glands of A. arboreus (Roshdy and Coons, 1975). 

The granules of these ce ll types differed in electron density and submicroscopic 

appearance. Cell types a and b contain granules of varying electron density, while cell 

type c contain granules with an electron dense core (Fig. 5.2). Studies of the ultra

structure of O. moubata showed simi lar granule types (EI Shoura, 1985). The "a" ce ll 

granules contains an electron dense core similar to "c" cell granules of A. persicus and 

are secreted within 5 minutes of attachment to the host. The "b" cells granules are large 

and electron dense, while the "c" cells are small (1 J1.m diameter) with both electron-
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lucent and dense zones. For practical purposes, the descriptions of EI Shoura (1985) will 

be used in this discussion as 0. moubata is the closest to O. savignyi and no equivalent 

for the "c" cell granu les have been found in Argas ticks. 

o.d. 

a 

b 

c 

fig. 5.2: A schematic representation of the granular acini of the argasid tick, A. persicus. Adapted from 

Roshdy (1972). In a toluidine blue stain, "a" and "b" cell type granules appear unstained, while "c" cell 

type granules show dense core granules. Ad lumenal cells (a.d.) line the salivary gland duct. Note the lumen 

leading into the sali vary gland duct, into which granules are secreted during feedi ng. 

5.1.5 Biological sign ifi cance of salivary gland proteins du ring feeding 

The use of pharmacological stimulants such as pilocarpine (Howell, 1966b) or dopamine 

(Kaufman, 1977) that induces salivation of ticks, are normally used to infer physiological 

secretion of a compound by the tick . Proof of secretion is an essential requirement in the 

characterization of such bio-active compounds, as this is the on ly way to ascribe possible 

biological functi on in tick-host interactions (Law, Ribeiro and Wells, 1992). Whole 

sali vary glands have also been used as a source of bio-acti ve compounds, the rationale 

being that any bio-acti ve components derived from salivary glands are liable to be 
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secreted during feeding . This is a rather naive way to characterize secretory components 

and require more specific proof that they are indeed secreted. A specific indication of 

secretion can be targeting to the secretory pathway, as exemplified by the ER-signal 

peptide or specific localization to secretory granules, which are secreted during feeding. 

5.1.6 Evolutionary s ignificance of tick salivary glands 

A study into the evolution of secretory componenrs cannot fail to consider the biology of 

the salivary glands and their possible influence on tick evolution. For example, the 

number of granular cells differs in hard and soft ticks and can be distinguished based on 

morphological, histochemical and immunochemical means. These differences must 

obviously be accounted for by the expression of different proteins or synthesis of other 

chemical entities, such as carbohydrates by the different cell typt;s. In evolutionary terms 

the issue is raised whether these different cells all evolved from a single ancestral cell 

type and if so what effect this had on tick adaptation to a blood-feeding environment. 

This could be investigated by comparative ultrastructural studies of both hard and soft 

tick salivary glands and salivary glands from Nuttaliielia namaqua, as well as glands 

from their closest sister-group, the holothyrids. If holothyrids have less complex glands 

this could indicate that tick salivary glands evolved in complexity only after or during 

their adaptation to a blood-feeding environment. This hypothesis is supported by the fact 

that hard and soft tick sali vary glands differ in complexity and number of granu lar cells. 

In hard ticks, in which extensi ve changes occur in the glands during feeding, it may be 

argued that different granular types function at different times during feeding. However, 

the reason why soft ticks need more than one granular cell type is more problematic. 

They feed fast, so that granule contents are probably secreted at the same time or very 

shortly after one another, making more than one granular cell almost redundant. It can so 

far only be assumed that the different granular cell types perform specific functions. 

5.1.7 Salivary glands of other arthropods 

The presence of salivary glands and the secretion of sal ivary gland components is by no 

means a unique property of ticks, but can be found throughout the arthropoda. As such, 
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the question of how many processes are shared in salivary gland biology between ticks 

and other arthropoda and how many processes are unique to ticks are raised. Examples of 

processes include mechanisms of granule secretion, targeting to the secretory granules 

and granule biogenesis. Investigations into these properties can indicate whether sali vary 

glands evolved unique ways to accommodate a blood-feeding environment. 

5.1.8 Local ization of components to granule types 

Elucidation of the issues raised is a daunting task at the least and one could expect them 

to be answered over a number of years of hard and painstaking work. As such, future 

progress can only be expected with the development of techniques able to distinguish 

individual granular cell types on an analytical level. Unti l then, individual localization of 

different bio-active compounds to one or more granular cell types can contribute to an 

understanding of how these cells differentiated into such a complex organ as the modem 
--

tick salivary gland. It would also allow an initRll, although slow step, in the cataloging of 

granule composition and will give an indication of the similarities and differences that 

exist between different granule types. This chapter explores the biological significance of 

savignygrin through specific localization to salivary gland granules. 

5.2 Materials and Methods 

5.2.1 Assay for apyrase activity 

As a marker of secretory activity, the enzyme apyrase was used during this study, as it is 

known that this enzyme is secreted during pilocarpine stimulation (Mans, 1997). Apyrase 

activity was assayed as described previously (Mans, 1997; Mans el al. 1998a). Fractions 

tested (10 Ill) were added to 90 III of reaction medium (20mM Tris-HCI, 0.15M NaCI, 

5mM MgClz and 2mM nucleotide, pH 7.6) per well of a microtitre plate, covered with 

plastic wrap and incubated at 37 °C for 30 min. The enzyme reaction was stopped by the 

addition of the molybdic acid mixture (reducing solution) and free phosphate was 

determined as described below . The amount of phosphate released was determined from 

a standard orthophosphate standard curve. One enzyme unit (U) is defined as I Ilmole of 

inorganic phosphate released/min. A mixture (25 mJ) of 2.5% molybdate (w/v) and 

13.3% concentrated sulphuric acid (v/v) was added to 8 mJ of a 1% ascorbic acid solution 
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and mixed thoroughly. Thirty-three microlitres of this reducing reagent were then added 

to a standard orthophosphate or sample solution (l00 I.d) in a microtitre well and shaken 

for 10 minutes after which the absorbance was read at 620 nm with a SL T 340 A TC 

scanner (SL T Labinstruments). 

5.2.2 Purification of apyrase by HPLC 

Apyrase was purified by SEHPLC and AEHPLC (Mans et al. 1998b). A size-exclusion 

column (G3000SWxl, 7.8 mmx30 cm, TosoHaas) and step gradien t conditions were 

employed in the first purification step. SGE was app lied in 20mM Tris-HCI, pH 7.6, 

fo llowed by elution with 20 mM Tris-HCI, 0. 15 M NaCI, pH 7.6. A flow speed of I 

ml/min was maintained for 20 min, while the effluent was monitored at 280 nm. Apyrase 

activity was then eluted with higher ionic strength buffer (20 mM Tris-HCI, 0.5 M NaCI, 

pH 7.6) from the column. Fractions from the size-exclusion column were dialyz·ed against 

0.1 M NaCI (Slide-A-Lyzer cassettes, Pierce), before application to the AEHPLC as 

described in Chapter 2. 

5.2.3 Preparation of anti-sera 

Purified apyrase and savignygrin were prepared for immunization by tricine SOS-PAGE 

and Coomassie Brilliant Blue staining. Bands (-10 .p.g) were cut out, homogenized and 

suspended in 400 p.1 of O.lM phosphate buffered saline, pH 7.2 (PBS). The adjuvant was 

prepared as desc ribed (Vulliet, 1996). New Zealand White rabbits were first bled to 

ob tain na"ive sera and then immunized with antigen emulsified in Freund's complete 

adjuvant. After 6 weeks the rabbits were boosted with antigen prepared in Freund's 

incomplete adjuvant and this schedule repeated until a specific response could be seen at 

xlOOO dilution (- 18 weeks) with western blotting. Rabbits were bled ten days after each 

immunization to gauge the immune response. 

5.2.4 Western blot analysis of SGE 

SGE (-0.5 glands) was fractionated with tricine SOS-PAGE and blotted onto Hybont'!-P 

membranes (Amersham Pharmacia Biotech) us ing a Trans-Blo t SO Semi-Dry Transfer 
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Cell (Bio-Rad) blotting apparatus (20V, 45 min). Membranes were blocked with 1 % non

fat milk powder in PBS for 1 hour before rotary incubation overnight in their respective 

anti-sera (x500 dilution of sera in 0.1% non-fat milk powder). Blots were washed in PBS 

(x3) and incubated with peroxidase conjugated goat anti-rabbit IgG antibody (Sigma Co., 

USA) for 3 hours . After washing in PBS (x3), blots were developed in 20% methanol, 

0.06g chloronaphtol (S igma Co., USA) and 601'1 peroxide (SigmaCo., USA) in 100 mI 

PBS . 

5.2.5 Secretion of salivary gland components by various stimulants 

To investigate the secretion of salivary gland components, several procedures were 

investigated. (A) Ticks were allowed to feed tei complete engorgement on rabbits, by 

confining them to the ears. Salivary glands were then dissected at various time intervals 

for EM analysis. The salivary glands of two ticks were analyzed for each time interval 

taken. (B) Female ticks were also injected with a I % pilocarpine hydrocloride or 

dopamine solution into the genital pore with a 24G syringe (Howell, 1966b). Salivation 

was allowed to proceed until completion, before glands were dissected for EM analysis. 

(C) A backless-tick explant (Bell, 1980) was prepared by removing the dorsal cuticle and 

gut before bathing the glands in a 1 % pilocarpine or dopamine solution . Ticks were 

monitored for saliva secretion and glands were removed for EM analysis. (D) Salivary 

glands were dissected and bathed in solutions of I I'M pilocarpine or dopamine dissolved 

in salivary gland solution (20 mM TrisHCI, 0.15M NaCI, 2 mM KCI, 50 mM D-glucose, 

pH 7.6). After 5 minutes of incubation, the supernatant was tested for secretion of 

salivary gland components by assaying for apyrase. (E) Salivary glands from ten female 

ticks were dissected in 9% saline. Salivary glands were then transferred to 1 mI salivary 

gland solution. Salivary glands were sheared by repetitive tritituration using a 1001'1 

pipette. Acini were allowed to settle by gravitation and were washed 3X with 1 mI TBS. 

Acini were suspended in 1 mI TBS and 1001'1 were added to 9001'1 TBS with pilocarpine 

or dopamine to give a final concentration of 1 I'M. After incubation for 10 minutes, 

aliquots (l01'1) were taken of the supernatant and tested for apyrase activity. Acini were 

also processed for SEM and TEM analysis. (F) Twenty unfed female ticks with similar 

masses were compared to assess the efficiency of salivary gland secretion. Ten unfed 
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female ticks were allowed to feed to complete engorgement on mice before dissection of 

their salivary glands. Salivary glands from ten unfed ticks were dissected as controls and 

apyrase activity as well as protein concentration were determined as described 

previously. 

5.2.6 Preparation of tick salivary glands for immuno-Iocalization 

Salivary glands from female ticks that had not fed fo r at least two months were dissected 

in PBS and immediately fixed in I % formaldehyde and 0.1 % gl uteraldehyde for 3 hours . 

For SEM analys is, glands were additionally fixed in 0.1 % osmium tetra-oxide. Glands 

were then dehydrated in a sequential series of 30, SO, 70 and 100% ethanol (IS min x3) 

and critical point dried in CO2, sputter-coated with gold and analyzed with a JEOL 840 

SEM (5 or 30 kV). For immuno-localization and TEM analysis, glands were sequentially 

incubated in 30, SO, 70 and 100% LR White resin, for 15 minutes each. After 3 hours 

incubation in 100% LR White resin. the glands were embedded in 100% LR White and 

polymerized at 60 °C for 48 hours. Sections of 0.5 Ilm were prepared using an 

ultramicro tome for light-microscopy studies. Sections were either stained with a solution 

of 0.1 % toluidine blue or were further processed for immuno-cytochemistry at the light 

microscope level. Sections were blocked with 1 % antibody di lution solution (ADS, 1 % 

fish skin gelatin, 10 min) and stained with primary anti-sera or naive sera (200 X 

dilution) for 1 hour. Sections were washed 3 X with ADS before incubation with 

biotinylated goat a-rabbit IgG (1:200) for 1 hour. Sections were washed 3 X with PBS 

(0.15M phosphate buffer, pH 7.4) before incubation with an avidin-biotiny lated horse

radis h macromolecular complex (VECTASTAIN Elite ABC Reagent, Vector 

Laboratories , Inc., CA, USA). Sections were washed 3 X with PBS before incubation 

with DAB. Color development was observed until an adequate level of marking was 

reached. 

5.2.7Immuno-cytochemicallabeling of thin sections 

Thin sections (0. I Ilm) were prepared with an ultramicrotome and moun ted on nickel 

grids for immuno-cytochemical labeling. To remove excess aldehyde groups, thin 

sections were blocked in SO mM glycine for 5 minutes. Non-specific binding of 
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antibodies was prevented by blocking in 10% fetal calf serum. Sections were washed in 

PBS (x3) and then incubated in prepared anti-serum (x500 dilution) for 60 minutes. Anti

sera were changed every 30 minutes. After washing in PBS (x3) the sections were 

incubated with go ld conjugated (10 nm) goat anti-rabbit serum (Sigma) at x500 dilution 

for 60 minutes and then washed in PBS (x3) before fixation in 0.) % glutaraldehyde for' 5 

min. The sections were washed in PBS (xS) fo llowed by water (x5) before contrasting 

with uranyl acetate. It was found that with additional contrasting in lead citrate, no 

morphological differences could be detected for different granules. Samples were 

analyzed with a Philips 301 TEM. 

5.2.8 Immuno-fluorescent localization of savignygrin, using confocal microscopy 

Fixed glands were permeabilized in a graded series of me.hanol (0-100%) before 

rehydration in PBS. To minimize auto-fluorescence from glutaraldehyde fixation, glands 

were incubated overnight at 4 °C in 100 mM NaBH4 with the Eppendorf caps open. 

Glands were washed 3 X with TBSN buffer (10 mM Tris-HCI, pH 7.4, 155 mM NaCI, 

0.1 % Triton X-IOO) for 90 minutes with constant rotation before blocking with 2% BSA 

in TBSN. Glands were incubated with 50 X dilution of primary anti-sera or na"ive sera in 

PBS and 2% BSA for 8 hours. Glands were washed with TBSN for a further 48 hours 

with buffer washes every 8-12 hours before incubation with fluorescein-goat-Cl.-rabbit 

secondary antibody in TBSN (2% BSA) for 8 hours at 4 °C in the dark . Glands were 

washed in TBSN for 48 hours before dehydration in a graded series of methanol (0-

100%) over 90 minutes. Glands were mounted on microscope sli des in clearing solution. 

Glands were viewed with an Olympus BX50 microscope and Bio-Rad MRC-1000 

confocal laser scanning imaging system and COMOS imaging software (BioRad, 

Hercules, CA, USA). For low magnification a series of 2 Jlm optical sections (Z focus 

series) spanning 32 Jlm were merged to form a single image. For high magnification a 

series of nineteen, 1.34 Jlm optical sections (Z focus series) were merged to form a single 

image. Naive sera were used to assess both specificity as well as auto-fluorescence. 
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5.2.9 Immuno-fluorescentlocalization of microtubules using confocal microscopy 

Using the same procedures as for savignygrin, a-tubulin was also localized with 

polyclonal rabbit anti-tubulin antibodies (a kind gift from Prof. Charles Lessman, 

University of Memphis, Tennessee, USA). 

5.2.10 Carbohydrate and membrane staining of salivary glands using the Thiery test 

Thin sections (0.1 11m), embedded in LR White resin, were stained with the periodic acid, 

thiocarbohydrazide (TCH) -silver-proteinate method (Courtoy and Simar, 1974). Specific 

controls included staining with silver-proteinate alone, periodic acid oxidation and silver 

proteinate, TCH and silver-proteinate without periodic acid oxidation and oxidation with 

periodic acid and staining with TCH and silver-p·roteinate. Periodic acid (3%) incubation 

was performed for 30 minutes and sections washed three times· with ddH20. ··Reactions 

with TCH (0.2% in 20% acetic acid) were allowed to proceed for 4 hours before washing 

in 10% acetic acid, 5% acetic acid and I % acetic acid (x3). Sections were washed in 

ddH20 and incubated with silver-proteinate (I %) for 60 minutes and rinsed three times in 

ddHzO. Analysis was performed with TEM. 

5.2.11 Scanning electron microscopy of the salivary gland membrane system 

The presence of the Golgi-apparatus was investigated by SEM using the 0-0-0 

(osmium, DMSO, osmium) method (Tanaka and Fukudome, 1991). This method is useful 

to observe membrane systems within the cell. Salivary glands were fixed in 0.5% 

gluteraldehyde, 0.5% formaldehyde (0.075 M phosphate buffer (PB), pH 7.4) before 

post-fixation with I % osmium tetroxide for 2 hours. After rinsing with buffer the glands 

were immersed for 30 minutes in 25% and 50% dimethyl su lfoxide (DMSO), 

respectively. The glands were frozen on a metal plate prechilled with liquid nitrogen and 

were split open with a scalpel. The split pieces were immediately thawed in 50% DMSO 

at room temperature, before rinsing 5 X with PB until all DMSO was removed. A further 

fixation of 1 hour with 1 % osmium tetroxide was followed by an osmium maceration step 

(0.1 % osmium tetroxide in PB, pH 7.4 for 72 hours at 20°C). Glands were washed with 

buffer (3 X PB) before incubation with 1% osmium tetroxide fo r lhour followed by 2% 

tannic acid solution overnight and again I % osmium tetroxide for I hour. Glands were 
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dehydrated in a graded series of ethanol (0-100%) before critical point drying. Glands 

were coated with a ion beam gun using platinum. Samples were observed in the lEOL 

840 SEM. 

5.2.12 Sub-cellular fractionation of salivary gland granules using collagenase 

During the characterization of the salivary gland granules (chapter 5), granules were 

initiall y prepared using collagenase treatment of glands. Twenty glands were incubated 

with 0.5 mg collagenase type VII (Sigma, St. Louis, MO, USA) in digestion buffer (20 

mM Tris-HCI, 2 mM CaClz, 2 mM MgCI2, pH 7.4). Glands were gently resuspended 

every 20 minutes with a I mJ thin tip pipette. After 1 hour, fine spherical particles could 

be observed that sedimented under the influence of gravitation. After 3 hours of 

incubation the preparation was loaded onto a 0-50% preformed Percoll (S igma Co., USA) 

gradient (5% per 2 mJ-20 mJ in a column of -1 cm diameter). Granules were allowed to 

sediment using gravity and fractions were collected after the first visible sediment , 
reached the bottom (- 30 minutes). All fractions were tested for apyrase activity and 

labeled as (1) the supernatant after co ll agenase treatment, (2) the first fraction that 

sedimented, (3) first mJ from the bottom, (4) second ml from the bottom, (5) to (15). 

Fractions were also prepared for SEM as described for platelets (Chapter 2). 
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5.3 Results 

5.3.1 Purification of apyrase and generation of specific poiyclonal anti-sera 

The generation of polyclonal anti-sera specific for savignygrin commenced at a stage 

when the characterization of apyrase was still in progress (Mans, 1997). Localization of 

another anti-hemostatic component in tick salivary glands for comparative purposes were ' 

considered to be a fruitful endeavor. To this end, apyrase was purified by use of non

specific interaction with a silica-based size exclu'sion matrix (Mans, 1997; Mans el al. 

1998b), followed by AEHPLC (Fig. 5.3a and Fig. 5.3b). Tricine SDS-PAGE 

electrophoresis of apyrase and savignygrin was used as an extra purification step for the 

preparation of anti·sera (Fig. 5.3c). The specificity of the prepared anti-sera was 

determined using Western blot analysis of ctude salivary gland extract. No cross 

reactivity with salivary gland antigens were observed with na'ive sera. Apyrase .and 

savignygrin specific anti-sera showed labeling of a 67 kDa and 7 kDa component, 

respectively (Fig. 5.3d). No other cross reactivity was observed at this dilution (xl000). 

This was taken as an indication that the sera were mono specific for thei r antigens at the 

dilutions used. 
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Fig. 5.3: Purification of apyrase and specificity of anti·sera. Ca) SEHPLC of SGE. Apyrase was eluted from 

the SEHPLC matri x using a high ionic strength buffer. (b) AEHPLC of apyrase fractions from SEHPLC. 

Activity is indicated wi th triangles. Cc) SDS·PAGE purification of apyrase and savignygrin for production 

of anti·sera. Cd) Western blot analysis of a·apyrase and a·savignygrin anti·sera. Lane I indicates 

Coomassie Blue stain of salivary gland extract, lane 2 a-apyrase, lane 3 na'ive sera, lane 4 a-savignygrin, 

lane 5 na"ive sera. 

5.3.2 Morphological studies on the salivary glands of O. savignyi 

No descriptive study on the salivary gland morphology of O. savignyi could be located in 

the literature. For comparative purposes as well as for the sake of interest, morphological 

characterization of the salivary glands was conducted. Intact salivary glands are enclosed 

by a myo·epithelial sheath (L Coons, personal communication) (Fig. 5.4a; Fig. 5.4b). 

Individual acini can be observed, which upon exposure to higher electron voltages show 

the granules inside the cells (Fig. 5.4c). At least 4 different granu lar cells forming 

pyramidal shaped cells can be distingui shed. Granules ranged in size from 4-7 Jlm in 

diameter (Fig. 5.4d) . 
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Fig. 5.4: SEM analysis of salivary glands from O. savignyi. (a) An intact salivary gland with the myo· 

epithelial sheath visible, as well as single acini (-40-70 I'm diameter). Scale bar = 500 I'm. (b) An intact 

salivary gland showing the myo-epitheJia\ sheath as well as prominent acini, clustered together. Scale bar :; 

100 I'm. (c) An acini at high electron voltage (30 keY) show the packing of the salivary gland granules 

through the cell membrane. Scale bar:; 10 Jlrn. Cd) A ripped acini shows granules packaged inside a cel l. 

Scale bar = 10 I'm. 

5.3.3 Ultrastructural studies of the salivary glands 

Cross-sections through the salivary glands show their arrangement in acini and the 

pyramidal shaped granular cells (Fig. 5.5). At least three different cell types can be 

distinguished based on light microscopy observations. These include cell type a with 

dense core granules (diameter of 3-5 jlm), cell type b with homogenous granules 

(diameter of 4-10 jlm) that seem to occur more than once in an acini and cell type c with 

granules (diameter 1-2 jlm) with electron lucent cores. No other distinctive organelles 

inside the granular cells could be distinguished. 
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a) 

c) 

Fig. 5.5: Sections though a salivary gland cell o f an unfed tick. (a) The grouping of various granular cells 

in acini is c lear. Cells with dense core granules, as well as ce lls with homogenous granules can be 

observed. Scale bar = 100 /lm. (b) Agranular aci ni can be observed in the lower right hand corner. Scale bar 

= 100 /lm. (c) A single ac ini with at least fi ve different granular cells. A cell with dense core granules (a), 

th ree homogenous granular types (b) and a cell with granules with an electron lucent core (c) can be 

observed. Scale bar = 10 tLm. (d) Another acini containing at least seven cells. Scale bar = 10 ftlTI. 

5,3.4 Morphology of salivary glands from fed ticks 

The hypothesis that bio-active components are stored inside the salivary gland granules, 

has been advanced. Salivary glands from fed ticks were analyzed to investigate secretion 

of granules . Salivary glands showed secretion of granules immediately after feed ing, 

although not to the extent expected (total release of sali vary gland granule contents across 

the whole gland). Most cell s that showed granule release also retained several granules. 

Organelles (mitochondria) not previously observed were prominent in those cells that 

showed secretion (Fig. 5.6). 
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a) Fed 
Day 0 

c) 

, 

, 

b) Fed 
Day 0 

d) Fed 
Day 0 

Fig. 5.6 : Salivary glands from ticks dissected 10 minutes after feed ing to engorgement on a rabbit. (a) 

Granular cells show signs of granule secretion and a dilated lumen. Scale bar = 100 /lm . (b) Many acini do 

not show any signs of secretion or granule mobilization. Scale bar = 100 Mm. (c) An aci ni with a reduced 

number of granules. Prominent arc the other cellular organelles (mitochondria) visible afler secretion, that 's 

not normally observed in the salivary glands from unfed ticks. Scale bar = 101'm. (d) An acini that shows 

even morc signs of granule secretion. Scale bar;;;; 10 J.Lm. 

5.3.5 Morphology of salivary glands several days after feeding 

Salivary glands quickly recovered and one day after feeding resumed the general 

morphology observed for salivary glands of unfed ti cks. The only differences observed 

were some acini that still showed a dilated lumen, although their granular cells were still 

packed with granules (Fig. 5.7a; Fig. 5.7b). After 4-7 days no differences could be 

observed between unfed and fed tick sali vary glands (Fig. 5.7c; Fig. 5.7d). 
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a) I Fed 
IDay 1 
L 

c) 

Fig. 5.7: Salivary glands from ticks at different time periods after feeding . (a) Salivary glands one day after 

feeding appear as those of unfed ticks, although acini with dilated lumen are still vis ible. Scale bar = 100 

/lm. (b) An acini with a di lated lumen. Scale bar = 10 /lm. (c) Salivary glands four days after feeding 

appear as those of unfed ticks. Scale bar = 100 /lm. (d) Salivary glands seven days after feeding appear as 

those of unfed ticks. Scale bar = 100 /lm. 

5.3.6 Secretion of salivary gland components induced by various stimulants 

Secretion of sa li vary gland components was also investigated for the neurostimulants 

pilocarpine and dopamine. Results show that pilocarpine injected into the tick haemocoel 

induces salivation (Howell, 1966b). Using the same technique, dopamine failed to e li cit a 

response. EM analysis showed that very little secretion of granules could be observed for 

pilocarpine-stimulated salivation. This is concurrent wi th results that showed that apyrase 

specific act ivity was much higher in sali vary gland extracts than sali vary secretion 

(Mans, 1997). Addition of pilocarpine to a backless tick explant induced sali vation whi le 

dopamine did not. Neither pilocarpine nor dopamine induced secretion of apyrase in 

intact dissected sali vary glands . These results did not correlate with those obtained for 
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hard ticks , where dopamine injected into the hemocoel or applied to isolated salivary 

glands induced fluid secretion (Kaufman, 1976; McSwain, Essenberg and Sauer, 1992). It 

was considered that the myo-epi thelial sheath might hinder access to the acini in the 

intact sali vary glands. For this purpose acini were mechanically sheared (Qian et al. 

1998) before addition of pilocarpine or dopamine. Surprisingly dopamine induced higher 

secretion of apyrase than did pilocarpine, which was only sl ightly more than the 

background (Fig.5 .8). EM analysis of these acini revealed no detectable secretion of 

granules. 
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Fig. 5.8: Secretion of apyrase from exposed acini induced by dopamine. Mechanically sheared sali vary 

glands were incubated with either dopamine or pilocarpine (lILM) before assaying for apyrase activity. 

5.3.7 Secretion efficiency of salivary glands during feeding 

The low levels of secretion observed using EM analysis and chemical stimulation was 

further investigated using feeding ticks. Ten unfed ticks with similar masses (-0 .1 69g) 

were allowed to feed to engorgement (or until they dropped off) before dissection of 

salivary glands and compared to salivary glands from 10 unfed ticks (Fig. 5.9) . Engorged 

body masses from fed ticks showed a large standard deviation, while standard deviation 

values for both apyrase and protein concentration of the salivary glands were more 

comparable with those from unfed ticks. On average only 17% of the total apyrase 

activity and 37% of the total salivary gland protein were secreted. 
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Fig. 5.9: A comparison between salivary glands of unfed and fed ticks. Indicated are body masses for ticks 

before and after feeding expressed as a percentage of the average unfed mass. Apyrase activity is expressed 

as percentage ac tivi ty from the average unfed tick sal ivary gland extract. Prote in concentration is expressed 

as a percentage of the average unfed tick sali vary gland extract concentration. 

5.3.8 Immunolocalization of apyrase and savignygrin on light microscope level 

Immunolocalization of apyrase and savignygrin on light microscope level showed 

localization of both to granules of two different granular cell types (Fig. 5.10). 

Localization of savignygrin was more di stinct than that of apyrase, although specific 

marking was evident if compared to the na'ive controls . One of the granule types could be 

identified as cell type "a" dense core granules and the other as cell type "b" with a 

homogenous appearance. An additional granular cell type, "d" also had a homogenous 

appearance but showed no localization (Fig. 5.11). This brings the number of granular 

cell types observed for argasid ticks to a total of four. Note that thi s fits well with the 

results from Fig. 5.5 that indicate that the homogenous granules occur more than once per 

aClll J. 
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Na"ive sera 
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:--~r---.., 

" 
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Fig. 5.10: Immunolocalization of apyrase and savignygrin. Light micrographs for sections labeled with 

anti·apyrase, anti·savignygrin or their respective nai"ve sera are indicated. Localization LO dense core 

granules (a) and homogenous granules (b), as well as granules considered to be unlabeled (d) are indicated. 

Scale bar = 10 /1m. All micrographs were taken using the same brightness and contrast. 
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a -savignygl-in a -apyrase 

b 

b 

a 

d 

5 • 

Fig. 5.11: Immunolocal ization at a higher magnification. Localization to dense core granules (a) and 

homogenous granu les (b) are indicated. Note the absence of marking in granule type (d). Scale bar = 10 

J1111. 

5.3.9 Co-localization of apyrase and savignygrin at the ultrastructural level 

It was observed that both apyrase and savignygrin were localized to the same granule 

types. The dense core type "a" granules and type "b" granules which have a homogenous 

appearance showed specific labeling (Fig. 5.12a; Fig. 5. 12b). Granule types "c" and "d" 

that could be distinguished morphologically gave no significant labeling (Fig. 5. 13). 

Negative control s using naYve sera at the same dilutions did not show any specific 

labeling (results not shown). 
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a) 

b) 

Fig_ 5_12: Co-localizat ion of apyrase and savignygrin using immuno-gold labeling. (a) Localizat ion of both 

apyrase ( 10 nm gold) and savignygrin (20 nm gold) to the dense core granules (cell type "a"). (b) 

Localization of apyrase ( 10 nm gold) and savignygrin (20 nm gold) to homogenous granules (cell type 

"b"). Also indicated is a type "d" granule from another cell that shows no localizat ion. Scale bar = 500 nm. 
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a) 

b) 

Fig. 5.13: Granular cells that did not show significant labeling. Ca) Cell type "c" cells and Cb) cell type "d" 

cell s did not show any labeling. Scale bar = I iUll. 

5.3.10 Immuno-fluorescent localization of savignygrin to salivary gland granules 

During a vis it to the laboratory of Dr. Lewis Coons (May-June 2000, University of 

Memphis, Tennessee), I had the opportunity to localize savignygrin in the salivary glands 

using immuno-f1uorescent confocal microscopy. In contrast to the light microscopy and 

TEM results, which showed labeling of two different granule types, consistent label ing of 

only one granule type per acini was obtained (Fig. 5.14a). Granules also showed higher 

labeling on their outer edges compared to their cores (Fig. 5.l4b). An absence of labeling 

in some acini also suggests that there may be as yet an unidentified acini and granular 

cells present in soft tick salivary glands. 
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a) 

Fig. 5.14: Locali zation of savignygrin to a specific granule cell type with immuno-fluorescence confocal 

microscopy. (a) Localization of savignygrin 10 only one ceUtype per acini is clear. Note that for sOllle acini 

no labeling is obtained. Scale bar = 100 /L1ll. (b) Labeling at a higher magnification shows that granules are 

only labeled at their outer perimeters. Scale bar = 20 /L1ll. 

5.3.11 Absence of membrane vesicles involved in granule formation in mature cells 

The absence of any membrane systems such as endoplasmic reticu lum or Golgi apparatus 

were noticed in the thin sections prepared. To investigate thi s, a Thiery stain that gives 

good contrast for membranes and which also stains carbohydrates were employed. The 

only specific carbohydrate staining observed was the electron lucent cores of granule type 

"c" (Fig. 5. 1 Sa). In granular cells with mature granules, no ER or Golgi apparatus were 

observed although extensive membrane systems where found in a cell where immature 

granules were ev ident (Fig. S.lSb). 
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Fig. 5.15: Thiery slain of salivary glands, (a) Only ceillype "c" showed posi tive staining for carbohydrales 

in its electron lucent core. (b) Membrane systems (ER, Golgi?) were only observed once in the presence of 

small immature granu les. Scale bar = I ,.un. 

5.3.1 2 SEM investigation into membrane systems of salivary glands 

A technique that allows the selective removal of cytoplasmic components wh ile 

membrane systems are retained was employed to investigate the presence of Golgi 

apparatus (Tanaka and Fukudome, 1991). This technique has been successfu ll y used to 

investigate the three dimensional structure of various cell organelles such as ER, Golgi 

complex and mi tochondria, In the sali vary glands the only membrane systems left after 

osmium maceration, seem to be associated with the cytoskeleton (Fig. 5.16). All the 

granules seemed to have been removed completely, No structures that resemble the 

classic Golgi complex could be recognized. 
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Fig. 5.16: SEM analysis of membrane systems of the salivary glands after osmium maceration. Most of the 

sali vary gland granules were completely removed by this process and the only membrane systems present 

seem to be associated with the cytoskeletal network. 

5.3.13 Sub·cellular fractionation of salivary gland granules after collagenase treatment 

Results obtained from initial fractionation attempts of the sali vary gland granu les (see 

Chapter 6 for reason) could suggest reasons for the results obtained for the osmium 

maceration steps. Digestion with collagenase resulted in intact granu le preparation as 

observed by the absence of apyrase in the supernatant fraction (fraction 15) with which 

the preparation was washed before loading onto the Percoll grad ient. Fractionation 

showed that apyrase could be detected in a range of fractions, notably fract ion 1, that 

represents the sedimented fraction, that consist of partially digested intact gland 

preparation and fractions (4·10) that represent granules in various degrees of association 

(Fig. 5.17). 
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Fig. 5.17 : Sub-cellular fractionation of salivary gland granules using density gradient centrifugation 

collagenase treatment. (a) Apyrase activity tested for different fractions co llected. Fraction I represents 

sedimented material, fraction 2-14 represent I ml fractions (5% increments of Percoll, 0-50% gradient) 

collected from the bottom of the gradient and fraction 15 the supernatant of the last wash buffer before 

granule preparations were loaded onto the grad ient. Granules preparations of fractions 5 (b), 6 (c) and 8 (d) 

are indicated. Scale bar = 10 Jlm (b, c) or 100 Jlm (d). 

5.3.14Immuno-localization of a-tubulin to tick salivary glands 

Microtubules serve to organize the ER and Golgi complex as well as transporting 

secretory vesicles. Localization of the microtubules could thus indicate the possible 

presence of a Golgi complex. Microtubules (as detected by the presence of a-tubulin) 

could be detected in agranular acini of both hard and soft ticks, cell s from the myo

epithelial sheath , but no extensive pattern network could be observed in granular ce ll s. 

Some localization between granules is evident, although it is clear that these microtubules 

do not serve an organizing role (Fig. 5.18). 
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a) b) 

c) d) 

Fig_ 5_18: Localization of a-tubuli n to salivary gland granules. (a) Granular as well as cells from the myo

epi thelial sheath are indicated. (b) A cell from the myo-epithel ial sheath. (c) Agranular acini from the hard 

tick Dermacentor variabilis. (d) Agranular acini from the soft lick 0. savignyi. 
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5.4 Discussion 

5.4.1 Importance of the salivary glands in secretion 

Tick salivary glands differentiated into highly sophisticated organs during the adaptation 

of ticks to a blood-feeding environment. Control of tick homeostatic volume (Sauer et al . 

1986). secretion of cement by hard ticks (Kemp. Stone and Binnington, 1982) and 

proteins involved in mating (Feldman-Muhsam, 1986) can be considered as important 

functions performed by salivary glands. The biosynthesis, storage and secretion of bio

active compounds by feeding ticks can however, be considered as the main salivary gland 

function (Sauer et al. 1995), especially in soft ticks. For ticks to feed successfull y an 

ample suppl y of feed ing facilitating compounds must be avai lable at the time of feedi ng 

(Bowman et al. 1997). This is especially important in the case of argasid ticks for which 

feeding times are rel;Hively short (30 -60 min) and not suffici.ent for the induction of 

protein synthesis as observed for hard ticks (Fawcett, Doxley and BUscher, 1986). 

However, secretion 01 granules by the salivary glands of soft ticks seem to be very 

inefficient if considered that less than - 10% of a salivary gland acinus showed signs of 

secretion after feeding on rabbits or stimulation with chemical agonists. Only -17% of 

apyrase and -37% of the tota l salivary gland protein was secreted. It would seem 

implausible that the remaining granules are stored for futu re use during feeding, as the 

glands had recovered sufficiently a few days after feeding. The large size of the salivary 

glands is also totally unrelated to the amount of secretory product. In energy conservation 

terms this is a waste of biological resources. It can only be assumed that the tick pays this 

high price in order to ensure an adequate supply of anti-hemostatic factors. This again 

underlines the importance of the tick salivary glands in feeding and tick survival. 

5.4.2 Secretory mechanisms of argasid tick salivary glands 

This study did not specifically investigate the secretory mechanisms of the salivary 

glands. Pre liminary results obtained do however suggest several possibilities. The data 

obtained correlate with results from studies that showed that sali vary glands are not 

stimulated directly by cholinergic mimetics such as pilocarpine, but that this stimulation 

probably occurs via activation of the central nervous system (Kaufman, 1976; Kaufman 

and Harris, 1983). Secretion of apyrase induced by dopamine also suggests that this 
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adrenergic stimulant might directly stimulate salivary glands, probably through release of 

dopamine at the neuroeffector junction of nerves and salivary glands (Sauer, Essenberg 

and Bowman, 2000). In hard ticks it has been shown that dopamine can activate 

adenylate cyclase and PLA2 thereby mediating the synthesis of cAMP and PGE2 (Sauer, 

Essenberg and Bowman, 2000). Furtermore, PGE2 can function as a autocrine or 

paracrine hormone in salivary glands that can activate the PLC pathway leading to 

formation of IP), mobilization of intra-cellular calcium and exocytosis of anti-clotting 

factors (Qian et al. 1997; Qian et al. 1998). It would be interesting to know whether the 

secretory mechanisms of hard and soft ticks differ at all. From an evolutionary viewpoint 

it can be predicted that these mechanisms wou ld not differ too much, as the ancestral mite 

probably also secreted proteins during feeding. 

5.4.3 Localization of apyrase and savignygrin 

The co-localization of anti-platelet factors into specific granules suggests that other anti

hemostatic factors might be localized in the same granules. Western blot results and the 

high degree of localization suggest that immunolocalization was specific even though no 

adsorption controls were performed. Significant is the localization to dense core granules 

(cell type "a"). Dense core granules in other organisms are specifically involved in 

regulated secretion (Chidgey, 1993). It was also shown that these granules were released 

five minutes after the tick O. moubata commenced with feeding (El Shoura, 1985) 

implicating it in the feeding process. It has been previously shown that apyrase is 

secreted in tick salivary secretion after stimulation by pilocarpine (Mans el al. 1998a) and 

taken together with the results that indicate secretion of dense core granules it can be 

assumed that sav ignygrin is also secreted. The presence of a signal peptide in the 

sequence of savignygrin correlates with these results (Chapter 2). 

The anti-hemostatic components are also locali·zed to another granule type (cell type "b") 

apart from the dense core granules . The possibility that these granules may be immature 

forms of the dense core granules cannot be excluded. This would however, suggest a high 

degree of synchronization in the maturation of these granules and gi ven the large size of 

these granules would seem to be unlikely. Differences in the labeling of the different 
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granules might be due to a higher degree of condensation inside the dense core granules 

that could mask the antigenic epitopes. Apyrase was labeled to a lesser extent than 

savignygrin that could be due to either, a lower antibody titer or a lower concentration of 

apyrase sequestered in the granules . Apyrase is also present at a lower concentration in 

the salivary gland extract (-0.7 J!g per salivary gland; Mans eta/. 1998b) compared io . 

savignygrin (-5 .0 J!g per gland) and has a 9 times lower molar ratio (67 kDa: 7 kDa) 

compared to savignygrin. Comparisons of Western blots also show that the anti-sera 

directed against apyrase gave a much lower signal than that observed for savignygri n. 

5.4.4 Paradoxes between light, TEM and confocal microscopy 

Discrepancies were observed fo r the locajj"zation of savignygrin when normal 

immunocytochemical· techniques that employ thin sections is. compared to confocal 

microscopy that uses whole tissue. It is known that antibodies only penetrate tissue up to 

-IOJ!m during confocal microscopy. Most secretory granules are also very dense due to 

"condensation" .of secretory proteins. Inadequate penetration of granules could thus 

account for labeling of only the outer surfaces of granules. Granules with dense co res can 

be assumed to have higher densities than homogenous granules. This could also account 

fo r labeling of only one type of granule, because penetration of the dense core granule by 

antibody is hindered due to high density or masked binding epitopes of the antigen. This 

correlates with the fact that less labeling is observed for dense core granules compared to 

homogenous granules as observed during TEM. 

5.4.5 Thiery staining of salivary glands 

Carbohydrate staining using the Thiery test showed a positive reaction with the electron 

lucent cores of type "c" granules. No other granule type showed any specific 

carbohydrate staining, but rather showed stain ing with the si lver control. This could 

indicate that proteins sequestered inside these granules are not glycosy lated. In contrast, 

the type "b" and "c" granules and the periphery of the dense core granules (type "a") in 

the salivary glands of 0. moubata stained positive with the PA-TCH sta in (El Shoura, 

1985) . Alternatively it is also possible that all the controls necessary to ensure specific 

carbohydrate staining were not completed in the latter study. 
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5.4.6 ER and Golgi apparatus in the salivary glands 

The Golgi apparatus was observed in the mature granular cells of O. mouhala (EI Shoura, 

1985), which indicates active biosynthesis of granule proteins. This study showed that 

cells with mature granules had less vesicular membrane system in contrast to cells whe're 

biogenes is of granules is still taking place. Of interest are the sa livary glands of the hard 

tick R. appendiculatus where no Golgi apparatus' could be observed in the "d" and "e" 

cells of acinus III. It was speculated that granule formation occurs directly from the 

endoplasmic reticulum and it was taken as confi rmation that no Golgi specific 

glycosy lation events takes place and hence the absence of positive carbohydrate staining 

in these granule types (Fawcett, Binnington and Voight, 1986). This observation is quite 

astonish ing, as these are the only cells known to display this property. 

5.4.7 Relationship between ER, Golgi apparatus and secretory granules 

An inverse correlation between the ex tent of ER and the number of secretory granules 

was observed in secretory cells from the parotid, sali vary glands and pancreas (Ghadially, 

1988). It was speculated that thi s might either be due to the plane of sec tioning or that as 

Lhe granules accumulate Lhe ER regresses. Studies on the trans-Golgi network (TGN) 

have shown that extensive multilayered TGN occur in cells that do not form large 

secretory granules, such as Sertoli cells, noncil iated cells of ductuli efferentes and spinal 

ganglion ce lls. In cells (mucous cell s of Brunner's gland , pancreatic acinar cells, plasma 

cells, enterocytes, cardiocytes) that produce small to medium-sized secreto ry granules, 

the TGN is small. The TGN is absent in cell s (sec retory cells of seminal ves icles, 

lactating mammary glands) that form large secretory granules (Clermont, Rambourg and 

Hermo, 1995). Recent evidence into the nature of the Golgi complex has indeed indicated 

that this is a dynamic organelle not restricted to a specific morphological structure (Glick, 

2000). The cisternal maturation hypothes is propose that the Golgi is a dynamic outgrowth 

of the ER, with ER-derived membranes coalesc ing into new cis-cisterna that progresses 

(maturates) through the different Golgi compartments until it disintegrates into transport 

vesicles. Experiments that inhibited ER-to-Golgi traffic caused the Golgi to collapse into 

the ER. Other experiments where ER exit was blocked showed Lhat Golgi elements 
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disappeared in the order cis, medial , trans and when the block was released the Golgi 

elements reappeared in the same order (Glick, 2000). SEM, TEM and confocal 

microscopy in this study all showed that granu lar cells are filled with granules in what 

can be almost described as "bursting point". From this it should be clear that these cells 

are basically filled to capacity and as such would need some mechanism to stop granu1e 

biogenesis . It would seem logical that a removal of ER and Golgi would halt granule 

biogenes is. The mechanism of this process can only be speculated on. It is envisaged that 

the sequestration of all Golgi-network membranes into formation of granules might be 

part of a regulatory event in the synthesis of secretory proteins. Specific feedback 

mechanisms mus t ex ist that would down regulate protein synthesis and granule 

biogenesis when granule formation has been saturated. 

5.5 Conclusions derived from this study 

Apyrase and savignygri n were localized to two types of granules (type "a" and type "b"). 

Type "b" cannot. be distinguished on a morphological or histochemical basis from another 

cell type (type "d") that did not show any labeling. Localization of savignygrin using 

immunofluoresent confocal microscopy also suggests that there might be another 

granular acini not previously recognized. This data imply that the morphological and 

hi stochemical classification of sal ivary gland cell types should be approached with 

caution , as granules with the same appearance do not necessarily have the same protein 

expression patterns. New schemes of classification should rather consider the specific 

composition of the granules in terms of the proteins expressed in specific cell types. This 

urges for a more thorough investigation of granule composition, a task that might be 

accomplished by the new field of proteomic analys is (Wilkins et al. 1997 ). 

5.6 Salivary glands, toxins and granule formation 

The large size of the granules and their dense packing in the salivary glands stimulated 

our interest into the processes by which these granules might form. The next chapter 

deals with this phenomenon and identifies possible candidates that might be involved in 

the process of granule biogenesis. It also looks into the nature of toxicity described for 

thi s tick species. O. savignyi has been implicated in pathogenesis of domestic animals, 
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initially thought to be due to exsanguination of the host. However, it was shown that 

death could be due to toxic components present in tick salivary gland secretions and a 

toxic protein and a non-toxic homologue has been purified (Howell, 1966b; Neitz, 

Howell and Potgieter, Howell, Neitz and Potgieter, 1975). Conflicting reports indicated 

molecular masses of 15400 Da or 6346 Da, determined by sedimentation equilibriu'm 

centrifugation or based on amino acid composition, respectively (Neitz, Howell and 

Potgieter, 1969; Neitz et al. 1983). The toxin also eluted at a position similar to that of 

the savignygrins during AEHPLC (Neitz, 1976). The low molecular mass reported as 

well as the behaviour during ion exchange suggested that the savignygrins might be the 

toxin previously described. It made sense that the savignygrins might have been toxic as 

some members of the BPTI-family are neurotoxIC (Dufton, 1985). The possible toxicity 

of savignygrin was' thus investigated. While it was eventually shown' that.· the 

savignyglins are not the toxins, a firm belief was established that although specific toxic 

activities are present in the salivary glands, toxicity was of secondary function and that 

the toxins might have other more benign functions, such as a role in granule biogenesis. 
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Chapter 6: Major salivary gland proteins from the tick O. savignyi function as 

toxic and granule biogenic proteins' 

' Part of this chapter has been published in Electrophoresis (Mans el al. 200 I) and Toxicon (Mans el al. 

2002) 

6.1 PART 1: THE SECRETORY PATHWAY 

6.1.1 Targeting of secretory proteins to the secretory pathway 

All tick secretory proteins have to enter the secretory pathway. The conven ti onal pathway 

of protein secretion starts with targeting to the endoplasmic reticulum (ER), vesicular 

transport to the Golgi-apparatus and shuttling through the Golgi compartments to the 

trans-Golgi network (TGN), where sorting of proteins to their v!lf1ous destinations takes 

place (Arvan and Castle, 1998). Secretory and plasma membrane proteins are sorted to 

vesicles that are continuously secreted (constitutive pathway). This an terograde 

movement up the secretory pathway is considered to occur by default for all proteins that 

do not contain any other targeting signals to other ce llular compartments. Secretory 

proteins with the correct sorting signals may also be packaged into regulated secretory 

granules or sorted to endosomal organelles such as Iysosomes (Kelly, 1985; Chidgey, 

1993; Blazquez and Shennan, 2000). 

6.1.2 Targeting to the ER and Golgi·apparatus 

All proteins destined for secretion, sub-cellu lar organelles or the plasma membrane have 

an N-terminal signal peptide that targets it to the ER during protein translation (Nielsen et 

al . 1997). The common structure of signal peptides from eukaryotic proteins includes a 

positively charged n-region (only slightly arginine ri ch), followed by a hydrophobic h

region (short, very hydrophobic) and a neutral but polar c-region. The (-3, -I)-rule states 

that the residues at positions -3 and - 1 (relati ve to the cleavage site) must be small and 

neutral for cleavage to occur correctly (von Heijne, 1990). The signal peptide ensures 

translocation across the ER-membrane and after translocation is cleaved off by a signal 

peptidase. In the ER, chaperone assisted folding occurs as well as the forma ti on of 

disulphide bonds . While disulphide bonds are absent in cytoplasmic proteins, most of the 
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cysteines present in secretory proteins are disulphide bonded and function as a stabilizing 

force in the protein 's structure (Fahey, Hunt and Windham, 1977). N-glycosylation 

occurs in the ER and is involved in correct protein conformation folding. A C-terminal 

retention signal (KDEL) is present in resident ER proteins and ensures retention in the 

ER and retrieval from the cis-Golgi, if ER-proteins escape the ER (Nilsson and Warren, 

1994). Non-resident proteins are transported via COPlI coated vesicles to the Golgi 

apparatus (Chidgey, 1993 ; Blasquez and Shennan, 2000). In the Golgi apparatus a-linked 

glycosylation can occur, while sorting of proteins to their different cellular destinations 

takes place in the TGN. There are three pathways by which proteins are targeted: 

constitutive, regulatory and lysosomal (Kelly, 1985). 

6.1.3 The constitutive ·and regulated secretion pathway 

Consti tuti ve secretion is ubiquitous in all cells and considered to be the bulk-flow 

pathway of secretion, which secretes proteins withou t distinction. The secretory ves icles 

are normally small, electron lucent and characterized by uninterrupted secretion. Proteins 

secreted are normally plasma-membrane proteins or proteins secreted at a constant level. 

The regulatory pathway is limited to endocrine, exocrine and some neuronal ce lls. The 

vesicles that the proteins are packaged into are large, electron dense and are referred to as 

secretory gran ules. Secretion only takes place upon stimulation by a pharmacological 

agent (Chidgey, 1993: Urbe, Tooze and Barr, 1997; Arvan and Castle, 1998; Tooze, 

1998; Glombik and Gerdes, 2000). As such, ti ck salivary glands can be described as 

exocrine glands that undergo regulated secretion during feeding. There is a selecti ve 

sorting of regulated secretory proteins to granules and exclusion of those not involved, in 

contrast to the indiscriminate bulk-flow of the const itutive pathway (Urbe, Tooze and 

Barr, 1997). No specific signal sequence for regulatory secretion has been identified to 

date, due to the lack of sequence homology between secretory proteins. It has been 

suggested that targeting signals may be compri sed of surface epitopes rather than being 

sequence specific (Chidgey, 1993). Currently two possible targeting mechanisms are 

considered. 
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6.1.4 "Sorting for entry" or "sorting by retention" 

During "sorting for entry", proteins are selected in the TGN prior to immature secretory 

granule (ISG) formation, whi le "sorting by retention" indicate selective retention of 

granule specific proteins in the ISG and removal of mis-sorted proteins from the ISG 

(Arvan and Castle, 1998). 

6.1.5 Aggregation as a means of sorting 

The most characteristic feature of the regulated secretory pathway is the high 

concentration of secretory proteins and their aggregation into dense core granules. This 

process has been referred to as concentration, multimerization, polymerization and 

condensation. This part of the formation of granules (condensation of soluble secretory 

proteins into large aggregates) wi ll henceforth be described as granule biogenesis. These 

interactions seem to reflect progress ive protein insolubility that limits the abi lity of 

proteins to escape from the maturing granule (Arvan and Castle, 1998). A high local 

concentration of sec retory proteins in the TGN is necessary for efficient aggregation, so 

that so luble secretory pro teins are generall y very ab undant in cells with a regulated 

secretory pathway (Urbe, Tooze and Barr, 1997). Specific proteins are involved in 

granule biogenesis by sorting of other secretory proteins to the regulated secre tory 

granules by co-aggregation (Arvan and Castl e, 1998). These proteins have been identified 

in most endocri ne and exocrine cells. They are present in high abundance, have ac idic 

iso-electric points and can aggregate under condi tions of mi ld acidity (pH5-6) and high 

calcium concentrations (50- 100 mM), the conditions thought to be present in the TGN 

(Hutmer, Gerdes and Rosa, 199 1; Urbe, Tooze and Barr, 1997; Blasquez and Shennan, 

2000). 

6.1.6 Granule biogenesis in tick salivary glands 

In the soft tick Ornithodoros rnoubata, dense core granules were shown to be secreted 

wi thi n five minutes after attachment (EI Shoura, 1985) suggesting that these granu les are 

intracellular stores of bioactive components. Such dense core granules are known to be 

universal among regu lated secretory cell types (Arvan and Cas tle, 1998). One specific 

characteristic of granule biogenic proteins is their unusual abundance. In thi s study, 
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proteins from tick salivary glands were identified as potential proteins involved in 

granule biogenesis based on their high abundance and are referred to as tick salivary 

gland proteins (TSGPs) . A study of granule contents could provide important information 

on proteins involved in granule biogenesis and could aid the understanding of the 

observed diversity in the number of different granular cell types observed for tick 

sal ivary glands. Disruption of granule formation and subsequent secretion of granule 

contents could be an efficient strategy to control tick feeding. 

6.1.7 Granule biogenesis and tick toxicoses 

During the investigation into the toxicity of savignygrin and the characterization of the 

TSGPs, the surprising discovery was made that some of the TSGPs are the toxins 

previously described for the tick Ornithodoros savignyi. Therefore, a brief review ortick 

toxicoses is imperati ve . 

6.2 PART 2: TICK TOXINS 

6.2.1 Tick toxicoses 

Certain tick species can cause pathological changes in their host by inoculation of non

infectious components during feeding. Tick toxins have been identified in whole tick 

extracts, salivary gland secretions (SGS), SGE and tick eggs. Toxins can be a natural tick 

product that is either in itself toxic or is transformed into a toxic component in the host, 

or toxins are derived from breakdown of host tissue or are a product of a symbiotic 

organism in the tick (Gregson, 1973). Various other possibilities have also been reviewed 

(Neitz e/ al . 1983). While, arthropods such as spiders and scorpions are notoriously 

venomous organisms that utilize their toxins for protection as well as predation, the 

advantages of ticks being toxic is unclear. It has been suggested that tick paralysis may be 

a vestigial function conserved in ticks, when ticks evolved a parasitic lifestyle (Stone et 

al. 1989). Paralysis toxins have been attributed with functional significance during 

feeding of the tick, in that host mobility and grooming is impaired. Paralysis would also 

affect the respiratory system leading to heightened breathing rates and an increase in 

carbon dioxide expiration. This together with pheromone secretion could attract ticks to 
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the paralyzed animal , which accelerates the finding and feeding of ticks. It has been 

argued that this might be true for most ticks, even though no clin ical symptoms can be 

observed in the majority of feeding even ts (Got he, 1983). Toxins migh t also exert local 

anaesthesia, prevent blood coagulation or act as a general feed ing stimulant (Stone et al. 

1989). A role as a regulator of protein synthesis has also been suggested for the paralysis 

toxin from R. evertsi evertsi, based on localization to chromatin in the nuclei (Crause et 

al. 1993). 

6.2.2 Toxicoses from an evolutionary perspective 

Another cons ideration is whether tick toxins have a common ancestor shared wi th toxins 

from other toxic arthropods, as this would assig'n biological significance or function to 

tick toxins. Toxins might also have specific functions related to their toxicity that .was 

spec ifically acquired during adaptation to a blood-feeding environmen t. Toxicity cou ld 

also be a byproduct of proteins being in a novel environment and recognition of host 

targets, a chance event. To investigate these possibilities, it is important to clearly 

delineate va rious forms of toxicoses and find their shared properties or differences 

(mechanism of pathogenesis, homology), as thi s will give valuable information as to their 

origins. Such comparative studies are the one way in which a holistic view of tick 

toxicoses will be attained. 

6.2.3 Tick paralysis 

The most important tick tox icoses for veterinary and human medicine are tick paralysis 

(Gothe and Neitz, 1991 ). Of the approximately 869 tick spec ies, paralysis has been 

described for 55 hard ticks and 14 soft ticks (Gothe, 1999). However, for many of these 

species only a few, often inadequate or dubious records regarding the actual toxicity exis t 

in the literature. The most important include the hard ticks Ixodes holocyclus (Australia), 

Dermacentor andersoni, D, variabilis (North America), I. rubicundus and Rhipicephalus 

evertsi evertsi (Sou th Africa). Soft ticks for wh ich paralysis has been described, 

demonstrated or suspected include Argas walkerae, O. capensls, O. savignyi, Otobius 

l1legnini (South Africa) and O. lahorensis (Eurasia). In all ticks that induce paralysis the 

secretion of neurotoxin coincide wi th a definite rep letion phase. For R. evertsi evertsi 
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paralysis, toxicity is associated with a short period between day 4 and 5 of feeding and a 

specific body mass of 15-21 mg (Gothe and Uimmler~ 1982; Neitz and Gothe, 1986). 

Paralysis induced by the tick l. holocyclus only set in after 4-5 days of feeding, while 

paralysis for D. variabilis is only detected after approximately 6-8 days after attachment 

(Gregson, 1973; Masina and Broady, 1999). In the soft tick A. walkerae, it is only larvae 

that cause paralysis, which occurs after 5-6 days of feeding (Gothe, 1983; Gothe and 

Neitz, 1991). In all instances, paralysis coincides 'with the rapid engorgement phase that 

is marked by the production and secretion of numerous protein products by the sali vary 

glands. 

6.2.4 Pathogenic mechanisms of tick paralysis toxins 

Paralysis is normally exhibited as an ascending flaccid tetraple.gia, due to an impaired 

nervous system (Gothe and Neitz, 1991). While these are general observed symptoms, 

most neurotoxins have specific characteristics not necessarily shared with toxins from 

other tick species. 

6.2.5 Dermacentor anderson; 

D. andersoni affects motor neurons of the efferent pathway and not the afferent. The 

neuromuscular junction of peripheral nerves IS targeted through inhibition of 

acetylcholine release from the synapse, suggesting a pre-synaptic target (Gothe and 

Neitz, 1991). Feeding ticks affect dogs, sheep, cattle, gu inea-pigs, hamsters and man, but 

not cats , rabbits, rats and mice. In those animals affected the symptoms could be fairly 

rapidly reversed on removal of ticks, except for marmots that frequently do not recover 

(Emmons and McLennan, 1980). Gross symptoms of paralysis in marmots include the 

loss of the animals normal piercing cry (paralysis of the vocal cords) followed by an 

ataxia and weakness of the hind limbs. The condition progressess until the fore limbs are 

paralyzed and the animal is unable to move and lie on its side. There is retention of urine 

and faeces (Emmons and McLennan, 1980). No paralysis could be observed when SGE 

from fast feeding ticks were injected subcutaneously into mice and lambs and 

intraspinally into puppies (Gregson, 1943). Fractionated extracts also failed to produce 

any symptoms. However, paralysis was observed when saliva from fed females was 
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continuously injected subcutaneously into marmots and hamsters (Gregson, 1973). 

Variation in the ability of individual ticks to cause paralysis was also observed. This 

highlights the problems associated with paralysis from D. andersoni. It also points out 

why progress on this specific toxicoses has been so slow in recent years. No development 

of immunity has yet been reported for D. andersoni, while immunity to the holotoxin 

from l. holocyclus is well established. Hyper-immune serum against holotoxin also fails 

to relieve D . andersoni paralysis (Gregson, 1973). ' 

6.2.6 Ixodes h%cye/us 

l. holocyclus can paralyze dogs, cats, cattle, horses and humans. Only adult ticks have 

been associated with paralysis, while larvae only ·causes local irritation. SGE affects dogs 

and mice, although on ly suckling mice (4-5g) are generally af~ected, while adult mice 

(20-2Sg) do not show paralysis symptoms (Stone and Binnington, 1986). An increase in 

blood pressure occurs during paralysis, in contrast to paralysis caused by D. andersoni 

where blood pressure stays normal. Purification attempts of the neurotoxin from l. 

holocyclus showed that the paralysis toxin was associated with high molecular mass 

complexes (40-80 kDa) (Masina and Broady, 1999). A toxic lethal fraction (Mr<20 kDa) 

without paralyzing activity was also identified in I. ,holocyclus and it was suggested that 

this might be the agent of cardiovascular failure previously attributed to holotoxin (Stone, 

Doube and Binnington, j 979). Recently this toxin was purified and cloned and was 

shown to have a molecular mass of -5 kDa which binds to rat synaptosomes in a 

temperature dependent manner (Thul11, Gooley and Broady, 1992). This temperature 

dependence coinc ides with earlier observations that there is a temperature-dependent 

inhibition of evoked acetylcholine release during paralysis (Cooper and Spence, 1976). 

6.2.7 Rhipicephalus evertsi evertsi 

R. evertsi evertsi affects the peripheral nervous system by inducing a motor 

polyneuropathy in sheep and is appropriately known as spring lamb paralysis (Gothe and 

Kunze, 1982). Ticks fed on laboratory animals affected mice, rats, hamsters, guinea pigs 

and rabbits only slightly or not at all (Gothe and Uimmler, 1982). Injection of SGE into 

sheep, mice and chickens, failed to elicit a paralysis response (Viljoen et al. 1986). A 
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very sensiti ve in vitro assay using a sciatic nerve -gastrocnemius muscle preparation was 

developed to characterize this toxin (Yiljoen et al. 1986). In this assay the dissected nerve 

was bathed with SGE or purified neurotoxin in a specially constructed nerve bath with a 

volume of 60 JLI. In contrast to the in vivo tests, both SGE and neurotoxin preparations 

effectively paralyzed muscle contraction (Yiljoen et al. 1986;. Crause et al. 1994). 'It 

could thus be argued that the neurotoxin affects the nerve and not the neuromuscular 

junction. Large quantities of SGE (400-900 mg protein) were however used to elicit a 

response and it could be argued whether this was a truly specific response. However, total 

inhibition of nerve impulse propagation was observed with purified preparations 

(74JLg/mJ), which is probably much closer to physiological conditions (Viljoen et al. 

1986). The toxin from R. evertsi evertsi that purified as a -68 kDa protein (Viljoen et al. 

1986), was later shown to be the trimeric form of a -20 kOa protein (Crause etal. 1994). 

A monoclonal antibody directed against this toxin showed cross-reactivity with both non

paralysis (R. appendicitlatus, Hyalomma marginatum rufipes, Boophilus decoloratus and 

a non-paralysing strain from R. evertsi evertsi) as well as paralysis-inducing ticks (/. 

rubicundus, A. walke rae and a paralysis-inducing strain of R. evertsi evertsi). Significant 

was the fact that only paralysis-inducing ticks seem to posses a -68 kDa reactive antigen 

(Crause et ai. 1994). 

6.2 .8 Argas walkerae 

Electromyographical studies indicated that the fast conducting nerve fibers of the 

peripheral nervous system were affected and the paralysis was classified as a motor 

pOlyneuropathy that does not affect the afferent paths (Gothe et ai. 1971; Gothe and 

Kunze, 1971; Kunze and Gothe, 1971; Gothe and Neitz, 1991). The toxin seems to affect 

the liberation of acetylcholine as well as its receptor's sensitivity at the myoneural 

synapse (Gothe and Neitz, 1991). The monoclonal antibody directed against the toxin 

from R. evertsi evertsi also recognized protein complexes of molecular mass 60-70 kDa 

from crude A. waikerae extracts and prevented paresis of day old chicks (Crause et al. 

1994). The toxic fraction was purified using a bioassay based on injection of day old 

chicks. The purified fraction showed two bands, with molecular masses of 32 and 60 

kOa, using reducing SOS-PAGE, while one band (pI-4.5) was obtained with iso-electric 
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focusing. Macromolecular complexes (80-100 kDa) were observed using size exclusion 

chromatography (Viljoen et al. 1990). Recently, a monoclonal antibody directed against 

the toxin from R. evertsi evertsi, was used in an attempt to purify the neurotoxin from A. 

walke rae extracts and whilst a 68 kDa toxin was detected using western blot analysis, a 

11 kDa protein was purified that showed cross-reactivity with the mAb using enzyme 

linked irnmunosorbent assay (ELISA), although not being detected during western blot 

analysis (Maritz et al. 2000). Crude A. walkerae larval extracts inhibited potassium 

stimulated and veratridine evoked release of [3H1 glycine from rat brain synaptosomes, 

sugges ting that the toxin might be targeting ion channels involved in depolarization 

(Maritz el al. 2001). These conflicting results between purification by bio-assay and 

detection with a monoclonal antibody have not been resolved yet. 

6.2.9 Common ancestors for paralysis toxins 

There is no consensus yet whether the paralysis toxins from different species are 

homologs. Based on sequence similarity of holotoxin with scorpion toxins (data not yet 

published) it was speculated that other paralysis toxins from ticks might also be related 

(Masin a and Broady, 1999). On the other hand, insect neurotoxins from predatory mites, 

Pyemotes tritici (Superorder: Acariformes) have been shown to be unique with molecular 

masses of -30 kDa (Tomalski and Miller, 1991; Tomalski et al. 1993). Toxins from 

different arachnid subclasses (spiders and scorpions) also do not all fall into the same 

protein families (Menez, 1998; Escoubas, Diochot and Corzo, 2000; Rash and Hodgson, 

2002). Ticks are also more closely related to the ricinulei (tick-like spiders) and spiders, 

than scorpions (Lindquist, 1984; Schultz, 1990). The conclusion derived from this is that 

evolutionary relationships between toxins from the different arthropod classes cannot yet 

be inferred with certainty. 

6.2.10 Other forms of toxicoses considered as non-paralytic 

The fact that some forms of tick toxicoses are considered to be non-paralytic indicates 

that a study into the toxic mechanisms of ticks should take this into account. If toxicoses 

can be shown to clearly differ in their mechanisms of action, it would provide a specific 

reference point in cataloging the different toxicoses forms. 
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6.2.11 Toxins from tick eggs 

It has been shown that tick egg extracts from 17 ixodid species are toxic, while extracts 

from 5 argasids species were not (Riek, 1957). Egg toxins are interesting due to their 

possible relationship with tick paralysis and other tick toxicoses. They have been studied 

in various species (A. hebraeurn, R. eversti evertsi, H. truncaturn, B. rnicroplus, B. 

decloratus) (Neitz et al. 1981; Viljoen e[ al. 1985). The toxin from A. hebraeurn exhib its 

protease inhibitory activity. After injection with crude extracts, guinea-pigs showed 

several symptoms: hyperaestasia, serous nasal and eye discharge accompanied by 

conjunctivitis and rhinitis, ascending paresis and a loss of voice over a 15-36 hour period. 

Pathology included necrosis of the liver and oedema of the urinary bladder, lungs and 

skin (at the site of injection). Lesions were probably all of vascular origin. The toxin had 

a molecular mass of. -to kDa and a pI -7.5-8.5 (Neitz e[ al. 1981). Egg extracts and 

purified fractions from R. evertsi evertsi, H. truncaturn, B. rnicroplus and B. declO/'atus 

all induced anorexia and severe hyperaestasia, hyperaemia of the skin, muco-purulent 

occulo-nasal discharge, mucoid diarrhea which prior to death become haemorrhagic. 

Only partial paresis was observed. The egg toxins differed in molecular mass: 27-40 kDa 

for H. truncatwn, B. rnicropius and B. dec/oratus and -5-6 kDa for R. everrsi evertsi. The 

R. everrsi evertsi toxin also had a lower pI (-6) compared to the other toxins (8.3-9.3) 

(Viljoen et al. 1985). This indicates that the toxic entities in R. evertsi evertsi salivary 

gland and egg extracts are different molecular entities. 

6.2.12 Sweating sickness caused by Hyalomma truncatum 

Sweating sickness affects especially young calves and this disease is widely distributed in 

central , eastern and southern Africa. Lethal, as well as two milder forms, Mhlosinga and 

Magudu occur and are associated with sweating sickness-inducing (SS+) strains of H. 

[runcaturn, while non-inducing strains (SS-) also exist (Neitz, 1962). Symptoms include 

fever, eczema and anorexia. Removal of ticks results in immediate recovery and salivary 

gland secretions have been implicated in the disease, suggesting the presence of a toxin 

(Neitz, 1959). Analysis of anti-sera raised against SS+ and SS- forms shows the presence 

of at least four novel antigens in SS+ salivary gland extracts, which might be associated 

with toxicity (Burger et al. 1991). 
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6.2.13 Sand tampan toxicoses 

O. savignyi causes death of domestic animals, especially young calves and lambs. While 

death has been attributed to exsanguination (Howell, Neitz and Potgieter, 1975), the 

presence of a proteinaceous toxin in SGS, SGE and larval extracts of O. savignyi has 

been described. Toxic activity has not been found in coxal secretions or tick eggs, in 

contrast to eggs from hard ticks (Neitz, Howell and Potgieter, 1969; Neitz el al. 1983; 

Howell , Neitz and Potgieter, 1975). An acidic toxin has been purified and characterized 

in terms of molecular mass (15400 Da) and N-terminal sequence (Neitz, Howell and 

Potgieter, 1969; Neitz el al. 1983). 

6.2.14 Pathogenesis of sand tampan toxicoses 

A summary of the only report compiled yet on the symptoms pwduced by sand tampan 

toxicoses (C.J. Howell, unpublished research report, Onderstepoort Veterinary Research 

Institute, South Africa, ' 1969) follows: 

(I) "A Fries bull of 14 months (300 kg) was confined to a tampan infested camp 

where it was tethered to a tree for two hours daily. The animal remained in a 

standing position while in the camp and died shortly after removal on day four (8 

hours exposure). All bites were confined to the legs of the animal. No clinical 

signs of ill-health were observed during this period and only on day four, 

immediately after leaving the infested camp, did the animal appear in a state of 

shock prior to sudden collapse and death. Pathology showed edema in the 

myocardium, integument, intestinal tract, lungs, regional lymph glands and 

kidney. Eosinophilic granules were observed in the capillaries of the brain, 

myocardium, kidneys and adrenal glands. Degeneration of the myocardium and 

extensive n'ecrosis, hemorrhage, congestion and edema of the epidermis and 

petechial hemorrhages in the lungs were also observed. The animal possibly died 

of heart failure, although the basic lesions are probably due to an increased 

vascu lar permeability. 

(2) An adult merino wether (40 kg) was injected subcutaneous (2.5m! -58 mg per 

subcutaneous site) with 12.5 m! of SGS over a period of 4 hours. Two and a half 

hours after the final injection the animal lied down, whereupon it died 
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immediately. No clinical symptoms were observed up to this time, although 

pathological and histological changes were extensive. Congestion and edema 

were observed in myocardium, spleen, kidney, lungs and lymph glands. An 

increased vascular permeability that possibly resulted in a severe degeneration 

and necrosis of the capillary vessel walls was observed in the integument arid 

subcutaneous region." 

(3) "Subcutaneous injection of SGS (lOO /L1-2.3 mg), into albino rats, caused facia l 

irritation exhibited by rubbing of the face. A clear mucoid substance was 

discharged nasally after some hours, which soon became hemorrhagic. By this 

time there were signals of impaired breathing and the rats assumed an upright 

stance before becoming comatose, after which they never recover. rncreasing the 

dosage rate leads to less symptoms and a more rapid- mortality. Pathological 

changes include congestion, edema and emphysema of the lungs. 

(4) The feeding of lhree ticks on a guinea pig were enough to cause mortality with no 

symptoms being observed before death (Howell, Neitz and Potgieter, 1975). 

Pathological changes are confined to the lungs and vascular system and include 

congestion, edema and hemorrhages. 

(5) Subcutaneous injection of mice with SGS resulted in rapid death with few 

symptoms. Some animals appear completely normal until death, which proceeds 

swiftly. Some mice may jump in the air and immediately die with a few 

convulsive movements. Other mice appear slightly ruffled soon after injection, 

with accelerated breathing, which soon becomes labored, followed by animals 

reeling drunkenly about for a few seconds before dying after a few convulsive 

movements. Symptoms for the latter mice suggest respiratory failure, as the heart 

is still acti ve after all respiratory movement has ceased. No pathological 

symptoms could be observed." Feeding of one tick on a 20-24g mouse IS 

sufficient to cause death within 30 minutes (personal observation). 

The present study characterizes these toxic activities 111 terms of cardio-toxicity and 

shows that tick paralysis is not associated with the pathology induced by O. savignyi. 
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Successful neutralization of toxic acti vi ties could relieve the burden that these ticks place 

on their domestic hosts. 

6.3 Materials and methods 

6.3.1 Two-dimensional polyacrylamide gel electrophoresis 

SGE (-120 f1.g/ 10 f1.1) were prepared in water and diluted into 100 f1.1 sample buffer (8M 

urea, 2% CHAPS, 2% lPG-buffer pH 3-IONL, 0.3% DTT) and applied to IPG strips, 3-

10NL (non-linear) using the Immobiline® DryStrip Resweiling Tray (Sanchez el al. 

1997). The Multiphor II system (500V for 10 min, 1500V for 4 hours at lOW) was used 

for iso-electric focusing (first dimension), under conditions recommended by the 

manufacturers (Amersham Pharmacia Biotech, Uppsala, Sweden). The second dimension 

was performed using a vertical 16% tricine SDS-PAGE system (Schagger and . von 

Jagow, 1987). SDS-PAGE analysis without prior iso-electric focusing was performed 

with 16% tricine SDS'PAGE or 12% glycine SDS-PAGE (Laemmli, 1970). Gels were 

stained with Coomassie Brilliant Blue G250. 

6.3.2 Isolation of salivary gland granu les after disp ase treatment 

Due to the fact that no homogenous preparation of salivary gland granules could be 

obtained with collagenase digestion (Chapter 5), a new fractionation process was 

developed using dispase digestion. Salivary glands were dissected and a granule fraction 

was prepared by digestion with dispase (20 mM Tris-HCl, 0.15 M NaCl, 5 m:M CaCI2, 5 

mM MgCb, pH 7.2, Roche Diagnostics) for 3 hours at 37°C. After centrifugation 

(IOOxg, 10 min , room temperature), the pellet was layered onto a preformed Percoll 

densi ty gradient (70% initial concentration). After density gradient centrifugation (180xg, 

15 min, room temperature), visible bands (density - 1.14 g/ml) were processed for 

electron microscopy analysis. 

6.3.3 Electron microscopy and X-ray microanalysis of granules 

Granules were prepared for electron microscopy as described fo r platelets (chapter 2). 

For X-ray microanalysis, whole salivary glands were frozen in propanol, cooled with 

liquid nitrogen and lyophilized. Analysis was performed under low vacuum on uncoated 
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glands with a lEOL 5800L V SEM (0.3 Torr, 25 kV) by focusing (3 J.!m window) on 

visible granules beneath the cell membrane. Data were collected on a Noran Voyager ED 

System from four randomly selected granules with 7 J.!m diameters. 

6.3.4 Reconstituting the conditions present in the trans-Golgi network (TGN) 

Conditions thought to exist in the TGN include a mildly acidic pH and the presence of 

Ca2
+ (Arvan and Castle, 1998). It has been sho~n that proteins targeted to secretory 

granules can aggregate under these conditions (Colomer, Kickska and Rindler, 1996). 

Salivary gland extracts (lSG/lOJ.!1 or -6mg/ml protein), prepared in water, centrifuged 

(l4000xg, 25 min) and filtered through 0.22 J.!m filters, were diluted in a high Ca2
+ buffer 

(20mM MES, 50 ruM CaCh) and titrated to different pH values with HCI before 

incubation at 4 °c for 30 minutes . Extracts were centrifuged at 14000xg in a 

microcentriFuge for 25 minutes at room temperature. The supernatants were removed and 

precipitated protein washed twice in I mI of dilution buffer and recentrifuged before 

SDS-PAGE analysis. 

6.3.5 Purification of the TSGPs 

Tick sali vary gland extract (60 glands, -3600 J.!g) was prepared in 1 ml buffer A (20 ruM 

Tris-HCI, pH 7.4) and were heat treated (60°C, 5 minutes), as this is known to remove 

most proteins with molecular masses greater than 20 kDa (Fig. 6.4). Denatured protein 

was removed by centrifugation (10 min, microcentrifuge) and the supernatant was filtered 

through a 0.22 J.!m filter (Mill ipore Corporation, Bedford, Massachusetts) before 

appl ication to AEHPLC as described in Chapter 2. Alternatively, supernatant was applied 

to a cation exchange column (CEHPLC) (SP-5PW, 7.5 mm x 7.5 cm, TosoHaas) using 

the same conditions as for AEHPLC. Fractions from AEHPLC were adjusted to 1.7 M 

ammonium chloride and appl ied to a hydrophobic interaction column (HIHPLC) (TSK

Phenyl-5PW, 7.5 mm x 7.5 cm, Bio-Rad, Richmond, California). Fractions were eluted 

with a gradient of buffer A (20 mM Tris-HCI, I.7M NH4CI, pH 7.4) and buffer B (20 

mM Tris-HCI, pH 7.4) from 0-100% over 15 minutes. Fractions from CEHPLC and 

HIHPLC were desalted using RPHPLC as described (Chapter 2). Elution was achieved 

with a gradient of buffer A (0.1 % TFA, 0.1 % aceton itrile) and buffer B (0.1 % TFA, 60% 
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acetonitrile) from 0-100% over 5 minutes. SEHPLC was performed usi ng isocratic 

conditions (SEHPLC buffer) with a flow speed of 0.5 ml/mi n (Mans et al. 1998b). In all 

cases I ml fractions were collected and 200111 were injected subcutaneous to monitor toxic 

activity. Adult Balb/c mice (8- 11 weeks old, -20-24g) were used and survival was 

monitored over a period of 48 hours (Neitz, Howell and Potgieter, 1969). Injections were 

performed in duplicate . 

6.3.6 Characterization of TSGPs 

Proteins were quantitated with amino ac id analysis, alkylated, N-terminally sequenced, 

molecular masses determined using tricine SDS-PAGE, MALDI-TOF-MS and ESMS as 

described in Chapter 2. Peptide mass fingerprinting was performed as described 

previously. 

6.3.7 The effect of SGE on an isolated rat heart perfusion system 

An adult Sprague-Dawley rat was anaesthetized with sodium pentobarbitone. The heart 

was di ssected on ice using Tyrode buffer (5.4 mM KCI, 137.6 mM NaCI, 1.8 mM CaCh, 

1.0 mM MgCh, 5.0 mM Glucose, 11.6 mM HEPES, pH 7.4). The dissected heart was 

coupled to a reverse Langendorf perfusion sys tem and was perfused at 37°C with Tyrode 

for 30 minutes until a stable heartbeat was obtained. SGE (10 glands diluted into 10 ml 

Tyrode buffer: 60 Ilg protein /ml) was then injected into the flow stream. Experiments 

were performed in duplicate with different sali vary gland preparations. 

6.3.8 The effect of toxic fractions on mouse ECG patterns 

Female Balb/c mice were anaes theti zed with sodium pentobarbilOne (6%) solution and 

electric leads were connected to the left forepaw and right-hindpaw, with the earth lead to 

the left-hind paw. Mice were monitored until a stable ECG pattem was observed before 

toxic frac tions (200 Ill) were injected intra-peri toneal. The ECG pallem was monitored 

until cardiac seizure was observed. 
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6.4 Results 

6.4.1 Identification of major salivary gland proteins 

Putative proteins involved in granule biogenesis were identified by proteome analysis of 

SGE from O. savignyi. Two-dimensional analysis indicated the presence of at least 8 

major proteins in salivary gland extracts Ii'om O. savignyi (Fig. 6.1). Four were identified 

as major tick salivary gland proteins (TSGPs), based on their high abundance and similar 

molecular mass (-20 kDa) . It was hypothesized, that proteins with similar molecular 

masses might belong to the same protein family and would thus be suitable candidates for 

the study of gene duplication in tick sa li vary gland proteins. Analysis of the TSGPs 

shows molecular mass differences in decreasing order: TSGPl>TSGP4>TSGP3>TSGP2. 

This together with tricine SDS-PAGE and MALDI-MS were used to identify the 

respective purified proteins as TSGPs. 

-pI 
3 5 6 8 9 

6 

Fig. 6.1: The proteome of tick sal ivary gland extracl. Highly abundant proteins characterized in this study 

are numbered (TSGPl, TSGP2, TSGP3, TSGP4). Approximate molecular masses and pI's are indicated. 
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6.4.2 Purification of dense core granules 

While SGE can be considered to be representative of the proteins in the sali vary glands, 

confi rmation of the abundance of TSGPs in granu le preparations was al so required. 

Digestion of sali vary glands with dispase and subsequent density centrifugation resulted 

in a homogenous preparation of dense core granules (Fig. 6.2a-c). Compared to density 

markers these indi vidual granules had a density of - 1.l4g/ml. Analysi s of dense core 

granule showed enrichment of the TSGPs (Fig. 6.2d). The identity of the proteins present 

in the dense core granules were confirmed by two-dimensional electrophores is, where 

they gave a similar electrophoretic pattern as observed in Fig. 6.1 (results not shown). 

1 2 

:-
94 -67 

~ 43 .. 
9 30 -~ ... 

20 ~ -
14 -10 11m 

c) 
d) 

Fig. 6.2: Purificat ion of dense core granules. (a) SEM of a granule preparation after dispase treatment and 

density gradiel1l centrifugation. (b) An enlarged view of the granule preparation. (c) TEM of the dispase 

granule preparat ion, indicating a dense core granule. (d) Tricine SDS-PAGE analysis of a granule 

preparation. 
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6.4.3 Aggregation of proteins in acidic medium with high calcium concentration 

High calcium concentrations (10-100rnM) have been identified as a feature of secretory 

granules (Huttner. Gerdes and Rosa, 1991; Urbe, Tooze and Barr, 1997; Blasquez and 

Shennan, 2000). To confirm this in tick salivary glands, calcium was determined by X

ray microanalysis. Granules have calcium concentrations (0.3%-0.8%), which are similar 

to those of sodium (0.4-0.7%) and chloride (0.5-0.7%). The absence of potassium was 

notable (Fig. 6.3a). The granules thus have higher calcium concentrations than normally 

found in the cytoplasm (sodium-l0 rnM, chloride-8 rnM, calcium-O.OOI rnM, potassium-

155 rnM), and are closer to what is predicted for the TGN (calcium-IO rnM). With a 

granule density of 1.14g/rnJ and the elements expressed as a percentage weight basis, 

then calcium, sodium and chloride concentration's might be as high as 85-227 rnM, 199-

348 rnM and 161-225 rnM, respectively. 

Secretory proteins aggregate under acidic conditions and high calcium concentrations 

normally associated with the TGN (Arvan and Castle, 1998). Under these conditions 

enrichment of specific proteins is evident in precipitated aggregates. Proteins that have 

equal densities are only found in the supernatant (Fig. 6.3b). The relatively low amounts 

of protein that precipitated during high calcium and acidic pH could be due to inadequate 

conditions that do not truly resemble that of the tick TGN or granule. The low 

concentration of the salivary gland extract (6mg/rnJ) could also be too dilute for adequate 

aggregation. Higher concentrations, on the other hand, could lead to non-specific 

association. Specific aggregation under these conditions was however, observed and it 

was decided to further investigate the most highly abundant proteins present in the SGE, 

by HPLC purification. 
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a) b) 
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Fig. 6.3: Reconstitution of ill vitro conditions present in the TGN. (a) X-ray microanalysis of salivary gland 

granules. Inserted are the % ranges obtained for 4 separate granules. (b) Aggregation o f protein s under 

conditions of high calcium (50 mM) and different acidic pH . Lane I molecular mass markers, lane 2, 3, 4,5 

at pH 4, 5, 6 and 7 respectively. while lane 6 indicates supernatant. Precipitated protei n is indicated with 

arrow s, wh ile the TSGPs are bracketed . 

6.4.4 A comparison of the toxicity of SGS and SGE 

Some of the TSGPs were shown to be toxic during preliminary studies into the toxicity of 

the sav ignygrins (results not shown). For comparative purposes wi th results obtained for 

SGS, toxic activity in the SGE was investigated (Howell , Neitz and Potgieter, 1975). It 

should be noted that three-week old (lOg) mice were used fo r the SGS study, wh ile adult 

mice (20g) were used for the SGE study. With both SGE and SGS a concentration effect 

was noted, with survival of mice at gland equi valents of - 0.15 for both (Table 6.1). It was 

also found that 1 feeding tick caused mortality within 20 minutes after feeding. 

Previously, 200 ILl of SGS was injected into a mouse, which died within 6 minutes 

(Howell, Nei tz and Potgieter, 1975). Considering that a maximum of IOILI of SGS can be 

co ll ected from a tick, then SGS from 20 ticks were injected (Howell, 1966b). Mice 

injected with SGE (2 glands) died within 20-30 minutes (Table 6.1). While thi s is 5X 

longer than that fo und for the SGS it is also shorter than the expected lOX. This could be 

due to the fact that more secretory products are sequestered inside the salivary gland 

granules than are secreted dUling stimul ation with pilocarpine (Chapter 5). 
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Table 6.1: The effect of dilution on toxicity of SOE and SOS. Salivary gland or salivary gland secretion 

equivalents of a gland are indicated against the survival time. Values in parenthesis indicate the dilution 

factor, while the asterisk indicates times not recorded. SOS values have been reported previously (Howell, 

Neitz and Potgieter, 1975). 

SGE equivalents Survival time SGS equivalents Survival time 

I gland 30-60 minutes 5 glands (II I ) 20 minutes 

0.5 glands 8-9 hours 0.6 glancis (118) Within 24 hours' 

0.25 glands Within 48 hours' 0.3 glands (1116) Within 24 hours' 

0.125 glands Survived 0.15 glands ( 1/32) Survived 

6.4.5 Investigation into the poss ible neurotoxicity of SGE 

Since it has been shown that toxic activity in SGS is stable to temperatures of -80°C 

(Howell, Neitz and Potgieter, 1975), heat precipitation as a purification procedure was 

investigated. It was fOllnd that toxic activity was retained after treatment at 60°C (Table 

6. 1). Analysis of this preparation by tricine SDS-PAGE shows that the majority of 

proteins with Mr>20kDa were precipitated (fig. 6.4a). Proteins with Mr 6-20 kDa were 

fractionated us ing RPHPLC (Fig. 6.4a and 6.4b). Toxicity tests indicated a possible toxic 

activity eluting in fraction 3 (Fig. 6.4b). Paralysis like symptoms were however, only 

observed after -48 hours. The equivalent of 4 salivary glands was injected, which 

contrasts with the toxicity observed for one gland and less after heat treatment (Table 

6.1). Due to unpubli shed reports (C.J. Howell , 1969) of possible cardiac failure induced 

by the toxin, the effect of SGE on a Langendorf isolated rat heart perfusion system was 

tested. 
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Fig. 6.4: Analysis of temperature inactiva ted SGE. (a) Tricine SDS·PAGE of heat precipitated fraction (P) 

and different fractio ns obtained after RPHPLC frac tionation of the supernatant. (b) Preparati ve RPHPLC of 

temperature inactivated (60°C, 5 min) SG E (20 glands). Fractions collected, pooled and tested for tox icity 

is indicated (A· D), as well as those (1-8) analysed by tricine SOS·PAGE (Fig. 6.4a). 

6.4.6 The effect of SGE on an isolated rat heart perfusion system 

A rh ythmic beat was observed that changed shortl y after add ition of SGE to an 

arrhythmic beat displaying bradycardia before f inal heart arrest (Fig. 6.5). Thi s initial 

experi ment was taken as ev idence that the cardiac system rather than the nervous system 

is affected by the SGE from O. savignyi and toxic activities were purified before further 

ana lysis. 

Before SGE addition 

After SGE addition 
l-IL I f· i I I I I I I I I 

, I 
, 

I I 
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Fig. 6.5: The effect of SGE on a perfused rat heart sys tem. The rhythm of the heartbeat is indicated before 

and after addition of SGE. The arrow indicates the onset of heart arrest. 
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6.4.7 Purification of TSGPs and toxins 

HPLC purification of sa livary gland extracts conflfmed that the TSGPs are the main 

proteins present in tick salivary gland extracts (Fig. 6.6, Fig. 6.7 and Fig. 6.8). Yields of 

individual purified TSGPs were between 4% and 5% of the total ini tial salivary gland 

ex tract proteins (results not shown), giving the four proteins a cumulative concentration 

of 20% of the total protein in sali vary gland extract. Assuming normal losses (20-50%) 

incurred after HPLC purification, the true concentration of the TSGP's would even be 

higher and closer to 40% of the total protein content, based on their densities after IWO

dimensional electrophoresis and their enrichment in the granule preparation. This is quite 

extraordinary considering normal expected values of proteins in tissues (0.01 -0.1 %). The 

abundant nature of these proteins was confirmed 'by the similar profiles obtained by two

dimensional electrophoresis and HPLC purification. This is quite. important as it confirms 

the high abundance of specific proteins in the general proteome of the tick sa li vary gland 

by two diffe rent techni"lues. 

6.4.8 Fractionation of toxic activities 

Fractionation wi th AEHPLC showed that a basic (TSGP4) and acidic (TSGP2) toxic 

ac ti vi ty is present in SGE (Fig. 6.6a). While both fractions were lethal (survival times of 

15-20 min) on the AEHPLC, only TSGP2 showed similar toxicity after CEHPLC. 

TSGP4 induced inactivity, shivering and muscle twitching that endured for two hours 

afler which the mice recovered (Fig. 6.6b) . 
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Fig. 6.6 : [on exchange HPLC of tick salivary gland eX!ract. (a) AEHPLC with elution of TSGPs indicated. 

(b) CEHPLC with elution of TSGPs indicated. 

TSGP4 frac ti onation of the AEHPLC fraction using SEHPLC, showed that toxic activity 

was assoc iated with a -;- 17 kDa protein that corresponds with the toxic activity identified 

for CEHPLC (Fig. 6.7a). A non-toxic low molecular mass protein (LM: -6 kDa) 

separated from TSGP4 during SEHPLC. The SEHPLC preparation of TSGP4 was letha l 

at 34f.!g within 30 minutes, although toxic activity was rap idly lost if stored. The la
o
Qi.1i\¥ 

of TSGP4 observed during this study probably accounts for its absence during previous 

studies into the toxic nature of 0. savignyi (Neitz, Howell and Potgieter, 1969; Neitz et 

al. 1983; Howell, Neitz and Potgieter, 1975). Using the same SEHPLC conditions it was 

shown that the toxic activity of TSGP2 also eluted at a Mr-17kDa (results not shown). 

Rechromatography of the TSGP2 fraction from AEHPLC gave a protein with Mr-15kDa 

of which 24f.!g was lethal within 15-30 minutes (Fig. 6.7b). Dilution of this activity to 6 

f.!g was sti ll lethal over the course of one day , but 2f.!g failed to elicit any response. 
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Fig. 6.7: Fractionation of toxic fractions from AEHPLCC. (a) SEHPLC of TSGP4 after AEHPLC. (b) 

Rechromatography ofTSGP2 on AEHPLC. Inserted is a tricine SDS-PAGE gel that shows the TSGP4, LM 

and TSGP2 after their respective chromatography steps. LM is a low molecular highly abundant non-toxic 

protein with a similar pi as TSGP4. 

Fractionation of TSGP2 from AEHPLC using HlHPLC resolved 3 main peaks of which 

two components were non-toxic , one a homolog (TSGP3) and the other a highl y 

abundant protein (TSGP 1) (Fig. 6.8a). After rechromatography on AEHPLC the toxic 

preparation (24JLg) was also lethal within 30 minutes, supporting the observations of 

previous results (Fig. 6.8b). The toxicity of TSGP2 as observed during this study contrast 

sharply with the 400JLg of toxin that was necessary to kill a mouse within 90 minutes 

(Neitz, Howell and Potgieter, 1969). 
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Fig. 6.8. Fractionation of the acidic TSGPs. (a) HIHPLC of the TSGPl -3 fraction after AEHPLC. (b) 

AEHPLC ofTSGP2 after HIHPLC. 

6.4.9 The effect of differynt toxins on the cardiovascular system 

The effect of TSGP4 and TSGP2 on the cardiovascular sys tem was investigated by 

recording ECG patterns of mice injected with purified toxic fractions. Preparations of 

TSGP4 after SEHPLC (Fig. 6.7) induced development of a hyperacute T-wave (A-I), 

with first tachycardia (B-C) followed by bradycardia (E-I) with a gradual increase in the 

P-R interval (F-I) (Fig. 6.9). This eventually manifested as Mobitz type 1 second degree 

A V block (H), followed by a Mobitz lype 2 second degree A V block (I) (Goldberger and 

Goldberger, 198 1) . 
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Fig. 6.9 : The effect of TSGP4 on the mouse ECG patterns. The top panel indicates the ECG pattern before 

injection and the lower panels indicate different time periods after injection. 
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TSGP2 obtained from AEHPLC-HIHPLC-AEHPLC (Fig. 6.8) induced hyperacute T

waves (C) that diminished in amplitute (D), which was accompanied by a prolongation of 

the QT-interval (B-D) (Fig. 6.10) . This was followed by a T-wave inversion and a 

complete heart block after which a normal pattern was regained (E). Severe ventricular 

tachycardia ensued with a QT prolongation, reminiscent of "torsades de pointes" (F) 

(Echardt et al. 1998). 

Of interest is that non- anaesthetized control mice injected subcutaneous with TSGP2 

died within 30 minutes, while mice injected with TSGP2 intra-peritoneal only succumbed 

after an hour and TSGP4 injected mice survived even longer. Only freshly prepared 

TSGP4 fractions showed toxicity and lost acti viiy if left overnight at 4 0c. The delayed 

time of toxic activity could probably in both cases be assigned to the fact "that intra

peritoneal injected material is effectively removed due to slow clearance from the intra

peritoneal cavity or s'equestration in macro phages and organs. The results obtained 

together with that from the rat heart perfusion system and the nerve-muscle preparations, 

suggest that the pathology of these toxins are by targeting of the cardio-vascular system 

via disruption of electrical conductivity. 
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Fig. 6.10: The effect of TSGP2 on the mouse ECG patterns. The top panel indicates the ECG pattern before 

injection and the lower panels indicate different time periods after injection. 

6.4.10 Desalting ofTSGPs 

Proteins were desalted fo r sequenctng, ESMS and MALDI-TOF-MS purposes uStng 

RPHPLC (Fig. 6.11 ). All gave single peaks, although TSGPI gave a broad tailing peak. 
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Fig. 6.11: RPHPLC of TSGPs. Fractions obtained of the acidic TSGPs after IDHPLC and fractions 

obtained of TSGP4 CECHPLC were desalted using RPHPLC. 

6.4.11 Molecular mass analysis of TSGPs 

Due to previously reported discrepancies on molecular mass of the acid ic toxin (Neitz, 

Howell and Potgieter, 1969; Neitz et al. 1983), several different methods were used to 

determine the molecular masses of the toxins and TSGPs. Tricine SDS-PAGE analysis 

(Fig. 6.12) correlated well with masses obtained from MALDI-TOF-MS (Fig. 6.13) 

indicating that the molecular mass of the TSGPs ranged from 15800-18400 Da. MALDI

TOF-MS analysis of pyridylethylated TSGPs also indicated that these proteins have six 

cysteines. 
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Fig. 6.12. Reducing tricine SDS-PAGE analysis of purified TSGPs, Lane 1 and 2 indicate low molecular 

mass markers and peptide mass markers respectively. Lane 3, 4,5 and 6 indicate TSGPI-4, respectively. 
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Fig. 6.13. MALDl-TOF-MS of TSGPs, Molecular masses are indicated for the respective proteins, as well 

as the M+2W and 2M+W ion species, 
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ESMS analysis indicated masses comparable with those obtained from MALDI-MS and 

reducing tricine SDS-PAGE. TSGPI gave multiple ions ranging from +10H to +17H, 

while TSGP2 and TSGP3 gave ions ranging from +lOH to +15H and for TSGP4 multiple 

ions were obtained ranging from +IOH to +19H (Fig. 6.14). 
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Fig. 6.14: ESMS spectra obtained for the TSGPs. Masses obtained after deconvolution are indicated, as 

well as multiple ion species. 

6.4.12 Peptide mass fingerprinting of TSGPs 

Peptide mass fingerprints obtained for the TSGPs indicated that TSGPI and TSGP4 are 

unique proteins, while TSGP2 and TSGP3 share at least two peptide fragments and could 

thus be related (Fig. 6.15). 
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Fig. 6.15: Peptide mass fingerprin ts of TSGPs. Molecular masses are indicated for respective fragments. 

6.4.13 Amino acid analysis of TSGPs 

Amino acid analysis of the purified TSGPs indicated that the TSGPs have si milar amino 

acid compositions (Fig. 6. 16). Significant differences are the lower Asx and Glx and 

higher Arg in TSGP4, compared to TSGP 1-3. This can explain differences in their iso

electric points. The higher arginine in TSGP4 explains the larger ion species observed for 

thi s protein with the ESMS results compared to the other TSGPs. TSGP4 also have 

significantly higher serine than TSGPI-3. The fact that TSGPI gave sligh tl y lower values 

fo r arginine and lys ine compared to TSGP2 and 3, but still gave a higher number of 

charged species (+17H) compared to TSGP2/3 (+16H), is probably due to its higher mass 

compared to that of TSGP2 and TSGP3. Pyridylethylation in the presence or absence of a 

reducing agent also indicated that all cysteines (six according to MALDI-TOF-MS) are 

involved in disulphide bonds (results not shown). 
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Fig. 6.16: Amino acid analysis of the TSGPs. Indicated is the cysteine content as determined by 

pyrid ylethy lation. 

6.4.1 4 N-terminal amino acid analysis of the TSGPs 

N-terminal amino aci.d analysis indicated that TSGP 1 and TSG~4 have novel sequences, 

while TSGP2 and TSGP3 were 95% identical and showed identity to previously 

described toxic and nap-toxic homologs (Neitz, Howell and Potgieter, 1969, Neitz et ai. 

1983). No hits could be found using non-redundant BLAST analysis (Altschul et al. 

1990), indicating that all sequences are unique. When using the Protein Prospector 

package (h ttp://prospector.ucsf.edu/), which incorporates molecular mass, peptide mass 

fingerprint and N-terminal sequence data, no hits were found either. 
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Fig. 6.17: N- terminal sequence analysis of the TSGPs. N-terminal sequences obtained for the TSGPs are 

indicated. Cysteine residues were identified as their perethylated derivatives. The X in the sequences of 

TSGP2 and TSGP3 represent unidentified, modified amino acids. Identity between different sequences is 

indicated by black boxes. 'The N-terminal sequences of toxin (Nei tz el al. 1983), non-toxin (Neitz, 1976) 

and 20A I (Baranda el al. 2000) were obtained from literature. 
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6.4.15 Specificity of polyclonal anti-sera for TSGPs 

Polyclonal anti- sera were generated against the different TSGPs. Western blot analysis 

shows that all sera are specific for components in the -20 kDa range in crude SGE (Fig. 

6. 18a). Anti -sera raised against TSGP I and TSGP4 did not cross-react with other purified 

TSGPs. Anti-sera rai sed against TSGP2 did however cross-react with TSGP3, but not 

wi th TSGPI or TSGP4 (Fig. 6.18c). This together with the shared peptide fingerprints 

and N-terminal sequences of TSGP2 and TSGP3 indicate sequence similarity and 

probably homology. 

a) P4 

c) u -TSGPI u -TSGP2 
I 2 3 4 I 2 3 4 I 

b) 94 MM 

43 
30 

20 

14 

u -TSGP3 
2 3 4 

2 3 4 

u -TSGP4 
I 2 3 4 

Fig. 6.18: SpecifIcity of polycJonal anti-sera raised against different TSGPs. (a) Western blots of crude 

SGE with anti-se ra against TSGPI-4, respecti vely. Also indicated is na"ive serum (N) before immunization. 

(b) Purified fraction s used for cross-reactivity studies between the various TSGPs. Indicated is TSGPI (I), 

TSGP2 (2), TSGP3 (3) and TSGP4 (4). (c) Cross-reactivity of an ti-TSGPI, an ti-TSGP2, anti-TSGP3 and 

anti-TSG P4 wilh purified TSGPI (I), TSGP2 (2), TSGP3 (3) and TSGP4 (4), respectively. 

6.4.16 Localization of TSGPs to salivary gland granules 

If the TSGPs are invol ved in granule biogenesis then thi s should be mirrored in their 

locali zation to different granule types. Localization of the TSGPs to all the granule types 
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identified in the salivary glands (Chapter 5) first came as a surpnse (Fig. 6.19) . It is 

however, logical that proteins invo lved in granule biogenesis should be present in all 

granule types if they assist in their formation. 

ct-T SGPl Ci-TSGP2 

Fig. 6.19: Localization of the TSGPs to different sali vary gland granules . Scale bar = 100 i'm. 
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6.4.17 Protein concentration and its influence on granu le biogenesis 

Granule fonnation takes place at high protein concentrations in the TGN, resu lting in 

high intra-granular protein concentrations (-O.lg/ml) (Urbe, Tooze and Barr, 1997; 

Arvan and Castle, 1998). The density of the isolated tick salivary gland granules (1.14 

g/ml) is approximately lOX the reported intra-granular concentration. Expressed in terrils 

of percentage protein concentration this amounts to 114%. If it is considered that the 

TSGPs represent between 20-40% of the total soluble SGE proteins, then their density in 

the granu les is 0.228-0.57 g/m1. This is still higher than intra-granular concentrations of 

O.lg/ml (Urbe, Tooze and Barr, 1997; Arvan and Castle, 1998). 

Our first manuscript on the TSGPs commented 6n the relatively low amounts of protein 

that precipitated during conditions of high calcium concentration and acidic pH (Mans el 

al. 2001) . It was speculated that the conditions used (Fig. 6.3) do not truly resemble that 

of the tick TGN or granule and that the concentration of the salivary gland extract 

(6mg/ml protein) used could also be too dilute for adequate aggregation. Using higher 

concentrations, could however, lead to non-specific association. However, after a 

consideration of the implications of the density of the salivary gland granules and further 

reading into the field of molecular crowding, we were forced to consider the effect that 

protein concentration might have on granule fonnation. 

6.4.1 8 Molecular crowdi ng in the cell 

Molecu lar crowding is a phenomenon that would seem obvious, but for most part is 

ignored by the general biochemistry community when considering physiological cellular 

conditions. Cellular interiors have high total concentrations of macromolecules (20-30% 

of the total volume: compare this with the estimated 114% of the dense core granules!). 

Due to steric exclusion the volume occupied by these molecules are unavailable to other 

macromolecules: the excluded volume effect (Ralston, 1990; Zimmerman, 1993; Minton, 

1997; Minton, 2000; Minton, 2001; Ellis, 2001a; Ellis, 2001b). The effect is adequately 

described by consideration of a macromolecule that occupies 30% of the available space. 

While the remaining 70% of volume is accessible to smaller molecules, it is inaccessible 

to any molecules as large or larger than the described macromolecule (Fig. 6.20). 
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(al 

Fig. 6.20: The principle of volume exclusion. (a) The square indicates the volume of which 30% is 

occupied by a macromolecule. A small molecule has access to all of the remaining 70% volume. (b) A 

molecule simi lar in size is exc luded from [he remaining 70% as it cannot approach the molecules closer 

than the distance of indicated by the open circles. This is described as the excluded volume of a 

macromolecule. Fi gure adapted from Minton (200 I). 

, 
The phenomenon of molecular crowding has several consequences. By excluding volume 

to one another, macromolecules reduce configurational entropy and as such increase the 

free energy of a so lution. Volume exclusion in crowded media leads to destabi lization of 

test species, so that the most favored state excludes the least volume. Compact structures 

exclude less volume than extended structures, while oligomeric or polymeric aggregates 

also exclude less volume than individual subunits. Macromolecular crowding thus 

provides a nonspecific force for macromolecular compaction and association in crowded 

so lutions. Such macromolecular compaction or association can probably be equated with 

the concentration, multimerization, polymerization and condensation previously used to 

describe granule formation (Arvan and Castle, 1998). Molecular crowding effects could 

thus lead to condensation of secretory proteins irup .granules. A simple calculation of the 

volume that TSGPs encompass in a granule, indicate that they are optimally packed. This 

further support the possibility that molecular crowding leads to condensation of the 

TSGPs. 

6.4.19 TSGPs as densely packed spheres 

To demonstrate this, consider a granule with a diameter of 5 j.l.m. 

CA) The volume of a granule with a Sj.l.m diameter is: 
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v = 4/3fICr)3 

V = 4/3 fIC2.5XIO·6 m3) 

V = 6.545XlO·17 m) 

Cb) Subcellular fract ionation and density centrifugation showed that the granule has· a 

density of 1.14 glml . 

i.e. 1.14g per IXIO·6 m3 

From the above it follows that the mass of a granule with diameter of 5JLm 

IS: 

7.46XlO· II g. 

(c) It has been shown ,that the TSGPs can take up to 20-40% of the total SGE protein. · 

For the granule this means that the TSGPs are: 

1.49X 10. 11 g - 2.98X 10-11 g 

of the total protein in granule. 

(d) Assuming an average molecular mass of 17000 g/mol for the TSGPs, using the above 

masses we can calculate the amount of moles for the TSGPs in the granules. 

This gives: 8.76XIO-16 moles - 1.75XlO-15 moles. 

Using Avogadro's number (6.022XIO+23 molecules/mole) we carl calculate the number of 

TSGP molecules in the granule: 

5.2XIO+8 molecules - 1.05XlO+9 molecules. 

(e) Assuming a globular protein structure (this approximation is supported by the results 

presented in Chapter 7, that indicate that the TSGPs are part of the lipocalin family) and 

using the linear relationship between molecular mass and volume derived in Chapter 3 

(Fig. 3.20), a volume of -43A? is obtained. As IA = IXIO-IO m, the dimensions can be 

converted to volume, which gives : 

7.95XlO-26 m] 

The total volume for the TSGPs can be calculated: 
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(f) Using the volume determined for the granule, we find that this works out to 62%-

126% of the total volume of the granule. 

It would be imposs ible for the TSGPs to encompass 126% of the total volume of the 

granules. The estimation of 20%-40% is thus erroneous and the total TSGP 

concentrations are probably close to the determined 20%. Studies on the close packing of 

spheres have indicated that the maximum density that a large, random collection of 

spheres can attain is 63%-74% (Torquato, Truskett and Debenedetti , 2000). At 20% of 

the total protein concentration of the granule and 62% of the volume, the TSGPs 

approach the limits of their maximum density. This would have a profound influence on 

the packing of other macromolecules and the volume exc lusion effect should play a 

significant role during granule formation. 

To test whether volume exclusion might playa role during granule formation, SGE was 

incubated at pH 5.5 in the presence of 100 mM CaCl2 at various concentrations of 

dextran. Dextran is a useful polymer for the investi gation of volume exclusion effec ts 

(Elli s, 200 Ia). With increasing concentrations of dextran, specifically above 10%, more 

TSGPs and other sa li vary gland proteins are precipitated (Fig. 6.21) . This suggests that 

volume exclusion (probably due to increasing concentrations of TSGPs in the TGN) 

could playa significant role during granule biogenesis. 

I)ercentnge dextran 

l\L\I 0 0.3 0.6 1.2 2.5 5 10 15 

-
-

,.-
Fig. 6.21: Prec ipi tation of TSGPs in the presence of increasing concentrations of dextran. TSGPs are 

boxed. 
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6.5 Discussion 

6.5.1 Granule biogenesis in tick salivary glands 

Ticks secrete bioactive compounds during feeding that are stored in salivary gland 

granules until released by a stimulus (Sauer et al. 1995). Granule formation plays an 

important part in this process as a mechanism by which secretory proteins are packaged. 

An adequate understanding of granule biogenesis can therefore aid in the elucidation of 

tick secretory mechanisms and defining a potential target for the development of tick 

control methods. 

6.5.2 Evidence of TSGPs being granule biogenic protein 's 

Several different facts support a possible role for the TSGPs in granule biogenesis : 

1. All proteins involved in granule biogenesis occur at very high concentrations in 

secretory cell types (UrM, Tooze and Barr, 1997; Arvan and Castle, 1998) . The 

TSGPs are the most abundant proteins in the SGE and granules as determined by 

two-dimensional electrophoresis, density gradient centrifugation and HPLC. 

2. Proteins involved in granule biogenesis tend to aggregate under conditions of 

acidic pH and high calcium concentration (Huttner, Gerdes and Rosa, 1991; Urbe, 

Tooze and BaIT, 1997; Blasquez and Shennan, 2000). The TSGPs showed 

aggregation under such conditions. 

3. If the TSGPs are involved in the formation of all the different salivary gland 

granule types, then they should be present in all granules. The TSGPs were 

immuno-localized to all the different granular types in contrast to apyrase and 

savignygrin (Chapter 5). 

4. The TSGPs aggregated in direct relation to the degree of molecular crowding. It 

was also indicated that the TSGPs are packed close to the optimum packing that 

can be attained by spherical particles. These two observations suggest that the 

TSGPs at high concentrations as observed in the granules would experience 

molecular crowding effects, i.e. aggregation (Ellis, 2001a) . As was explained in 

the introduction, aggregation is synonymous with granule biogenesis (Huttner, 
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Gerdes and Rosa, 1991 ; Urbe, Tooze and Barr, 1997; Blasquez and Shennan, 

2000). 

5. If the TSGPs all exhibit the same function, then it could be expected that they 

should belong to the same protein family. Chapter 7 presents results that indicate 

that the TSGPs are indeed part of the same lipocalin protein family. 

Secretory granules have to be formed in some way. Literature has presented several 

criteria for proteins involved in thi s process. So far, it would seem as if the TSGPs fit 

these cri teria and are at this stage the best poss ible candidates for being granule biogenic 

proteins. The difficulties involved in finding an in vitro system that will simulate granule 

fo rmation makes it difficult at present to give a more conclusive explanation. 

6.5.3 Toxins from O. savignyi 

Results obtained in thi~ study confirmed the presence of at leas t two highly abundant and 

similar proteins: N-terminal sequence data, peptide mass profiles and western-blot 

analysis using polyclonal anti-sera indicate that TSGP2 and TSGP3 have simil ar amino 

ac id sequences. At least one of these proteins (TSGP2) has been previously identified as 

a toxin (Neitz el al. 1983). A non-toxic homologue (TSGP3) that co-purified with the 

toxic component has also been identi fied (Neitz, Howell and Potgieter, 1969). This study 

reconfirmed the toxicity of TSGP2 and non-toxicity of TSGP3 . The molecular masses 

obtained for TSGP2 ( 15877 Da) and TSGP3 (15957 Da) compare favorably with the 

masses obtained for the toxin (15400 Da) and non-toxin (16000 Da), respectively (Neitz, 

Howell and Potgieter, 1969). The iso-electric point of TSGP2 is more acidic than that of 

TSGP3 and compares favorably with the lower pI of the toxin (5.0 1) versus that of the 

non-toxin (5.1) previously described (Neitz, Howell and Potgieter, 1969). In addition it 

has been shown that a novel toxic acti vity is associated with TSGP4 that has a unique N

terminal sequence. TSGP1, showed 56% identity with the N-terminal amino acid 

sequence of the main antigen (20A l ) present in the salivary gland extracts of O. moubata 

(Baranda et al. 2000). 
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6.5.4 Non-paralytic nature of sand tampan toxicoses 

O. savignyi has been implicated in causing paralysis (Hoogstraal 1985; Gothe and Neitz 

1991; Gothe 1999). All publications ultimately refer back to Kone (1948), Rousselot 

(1956), Howell (1966b) and Howell, Neitz and Potgieter (1975). Perusal of these 

publications show however, no direct reference to paralysis associated with O. savignYi. 

Kone (1948) describes severe symptoms and death that ensues after exposure of cattle to 

tick bites, but interprets this as possible anaphylactic shock. Rousselot (1956) states that 

several hundreds of cattle on the border of Lake Chad were affected and that after three 

weeks, high mortality from asphyxiation had resulted, presumably from the bite of O. 

savignyi. Howell (1966b) discussed paralysis in general in the introductory section, but 

only indicated that bovines died overnight as a result of exposure to O. savignyi (Howell, 

1966). Perusal of the original literature dealing with toxicoses caused by the sand tampan 

and unpublished results on the el.inical symptoms and pathology of various animals 

exposed to the tick secretions, gave no indication of characteristic paralysis symptoms 

(flaccid tetraplegia). Although the toxins could have an effect on the central nervous 

system, symptoms suggest that the hemostatic, respiratory or cardiac system of the 

various host's are affected. These findings are concurrent with the data of this present 

study. This report emphasizes the need for more stringent studies into tick toxicoses . As 

yet, it is not known how many reports of toxicoses are accurate, which hinders 

comparative studies that can shed light on the origins of tick toxicoses. Whether tick 

toxins have a similar origin is of crucial importance, as this ' would give answers to 

questions such as whether toxins from different ticks have similar protein structures and 

toxic mechanisms. A consideration of literature of paralysis toxins argue that the 

molecular properties differ from that of the sand tampan toxins: 

(A) Paralysis toxins tend to form non-specific macro-molecular complexes so that 

molecular mass determination is complicated. Masses between 5-74 kDa have 

been reported for paralysis toxins from I. holocyclus, R. evertsi evertsi and A. 

walke rae (Viljoen et al. 1986; Crause et al. 1993; Maritz et al. 2000; Masina and 

Broady, 1999). In contrast, molecular mass determination of toxins from the 

present study, gave similar masses (-15-18kDa) using a variety of techniques, 
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which include sedimentation equilibrium ultra-centrifugation, MALDI-TOF-MS, 

ESMS, tricine SDS-PAOE and size exclusion HPLe (Neitz, Howell and 

Potgieter, 1969; Mans et al. 2001). These masses do not compare with any 

previously described for the paralysis toxins. 

(B) A slow feeding period is necessary for toxin production in hard ticks, whi'le 

subcutaneous injection of SOE of R. evertsi evertsi failed to produce paralysis in 

mice (2 .5 mg) and ovines (3.5 mg), although ovines became paralyzed upon 

challenge with ticks, while A. walkerae only paralyze 1 day old chicks (Viljoen 

et al. 1986; erause et al. 1993). In contrast the toxins from 0. savignyi are 

present in all tick stages, SOS and SOE and are able to kill a variety of mammals 

when injected subcutaneously. 

(e) A monoclonal antibody directed against the paralysis toxin from ·R. evertsi 

evertsi was shown to cross-react with epitopes from A. walkerae larvae and to 

protect day old chicks from paralysis (erause et al. 1994). The same monoclonal 

was used as an assay method to isolate the toxin from A. walkerae (Maritz et al. 

2000). No cross-react ivity was however, observed for sal ivary gland extracts of 

O. savignyi (Maritz, 1999). 

(D) It was also shown that A. walke rae larval homogenates inhibit the release of eH] 
glycine from potassium-stimulaled rat brain synaptosomes (Maritz et al. 2001). 

SOE from O. savignyi gave a lower percentage inhibition of this process than did 

SOE from adult A. walkerae, known to be non-paralytic (Maritz, 1999). 

(E) Sinus arrhythmia has been shown to occur in marmots exposed to D. andersoni, 

but these effects on the cardiac system were only observed after complete 

paralysis of all four limbs (Emmons and McLennan, 1980). While paralysis 

toxins might thus also affect the cardiac sys tem, paralysis symptoms would 

probably be observed first. In contrast, cardio-pathogenesis caused by O. 

savignyi is unaccompanied by paralysis. 

6.5.5 Cardio-pathogenic properties of sand tampan toxin 

The toxic effects during rat heart perfusion indicate that SOE can have a direct effect on 

the cardiac sys tem. Animal toxins induce their spec ific pharmacological effects through 
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toxin-receptor interactions, while many interact specifically on different ion channels 

(Kordis and Gubensek, 2000). Electrophysiological results suggest that cardiac ion 

currents are affected by the tick toxins, probably by blocking of specific ion channels. 

Potassium channel block is normally revealed as a prolongation of the cardiac action 

potential and its electrocardiac manifestation as a prolongation of the Q-T interval as 

observed for TSGP2 (Colatsky et al. 1994) . AV-block as observed for TSGP4 is 

generall y due to impaired ventricular depolarization and conduction through the A V

junction. The main ion channels involved in conduction through the AV-junction are 

calcium and sodium channels and could as such be the target of TSGP4 (Goldberger and 

Goldberger, 1981 ). 

6.5.6 Toxicity of TSGP2 versus the non-toxicity of TSGP3 

N-terminal sequences of TSGP2 and TSGP3 indicate 95% identity while amino acid 

analysis indicates simi lar compositions. TSGP2 and TSGP3 have identical elution times 

during RPHPLC that indicate similar global hydrophobicity. In contrast, TSGP2 and 

TSGP3 separate on HIHPLC, indicating differences in their surface hydrophobicity and 

hence surface conformation. This could account for the absence of apparent toxicity in 

TSGP3 and suggest that toxicity of TSGP2 is due to a local surface conformation 

difference. A mobile local surface conformation of TSGP4 and TSGP2 can also account 

for their lability observed during purification. 

6.5.7 Biological functionality of toxins 

The toxic nature of these proteins is probably of secondary importance, as is exemplified 

by the non-toxicity of TSGP 1 and TSGP3 . The environment also has a large effect on the 

stabil ity of the purified toxins, which cou ld indicate that the toxic nature of these proteins 

could be a secondary peripheral function. It cou ld be that the toxins perform a very 

different function in the blood-feeding environment or even in the salivary glands 

themsel ves. O. moubata has been shown to be non-toxic in a study where 5 female, 10 

male adults and 100 nymphs were fed on a mouse to induce an immune response 

(Astigarraga et al . 1997). This is in stark contrast to results obtained for one feeding tick 

in this study. O. moubata is a nidicolous tick that is probably in contact with only a few 
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individuals in its lifetime, so that any adverse effects could have serious implications for 

tick survi val. O. savignyi on the other hand, is free-li ving and not restricted by the limited 

set of hosts encountered in a burrow and could thus afford to be more aggress ive towards 

its host (Hoogstraal , 1956). The absence of toxic proteins in the SGE of O. moubata is 

concurrent with this view. While the killing o f its host might not .affect the survival of tlie 

tick population, to argue that toxicity might confer any evolutionary advantage to O. 

savignyi is a premature statement. It has been suggested that the toxins are part of a larger 

family involved in granule biogenesis of tick salivary gland granules. Poss ible functions 

in the regulation of the host's immune and hemostatic systems cannot be excluded either. 

This study indicates unique cardio-tox ic mechani'sms of toxicoses induced by O. savignyi 

and conclude that reports of paralysis caused by this ti ck species are erroneous. It 

emphas izes the need for a more thorough inves tigation into all FonTIs of ti ck- induced 

toxicoses, both to cata logue tick toxin variety but also to gain an understanding of toxin 

origins and possible biological relevance. The next chapter deals with the cloning and 

molecular characterization of the TSGPs and show that they are all part of the same 

lipocalin protein family. 
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The 

and consisted of 190 

the 

163 

proteins contain a 

176 amino (TSGP4). Signal P predicted the presence of the signal peptide and 

and 

correct cleavage site In all cases (von Heijne, 1990; et 1997). mature 

proteins of 171 amino acids (TSGP 1), 144 amino (TSGP2 and TSGP3) and 

156 (TSGP4) previously 

(Chapter 6). Of interest is Glu16 in the mature TSGP2/TSGP3 sequences, which showed 

up as a unidentified acid N-terminal sequencing (Chapter 6). elution 

Ie of this during N-terminal sequencing (personal observation), possibly 

indjcate carboxyl methylation, which probably involved salivary gland 

secretion (Van Waarde, 1987). 
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teaetat 

ct 
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ac 
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TEA K 

tactcttacct 
Y S Y L 

ccct 
P Y 

aa 
N 

aacg 
N 0 

gcac 
G T 

P 

etegage ecc 

ct 
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F G 

9 acaacctatc 

taag aa 
M' Q 

ct ccgg 
A E A GPO G 

gt 
C v 

att a 60 
L L 7' 

t - 120 
G S 27 J 

a atctccaactat gg 
G S f T I G 

80 
47' 

a - 240 
V K T T P c 

ttacattct 
V Y I L P 67 1 

cg 
A 

t 
o A S 

ctg 
K L 

acactgt 

ctaccctta 
R Y P Y 

atcaaaac 
I K 

catg 
R M 

taca 
G Y K 

ctca - 300 
D S 87' 

aaaatcat ac 
E G SKI I 0 

360 
107' 

T V T T 
gctctaca tcacct 9 

V L Y T H ~ G G 
ga -
G 

ttacactcttcg ca aca accattcct - 480 
V T L F' E G Q K G Q S K V Q G P F L 147' 

gaact acca agcaag aatccatg 9 ctgcgagga 540 
E L W Y H S G A S E E S M R C C E E E F 167' 

aatct gacg c ttcg t aac gactat 9 600 
R K N L K E G A V R K V N K N C 0 G 187) 

ga t cc a aac ecccatcecct aaa aaa - 660 
0 V A 190' 

a tacaaat ataa 9 720 

aat age - 729 

7.5: of TSGP 1. The 5' gene and 3' anchor are shown 

in bold. The site tail boxed. l1ie 

terminal amino acid sequence ""'''-'''''11,''('' obtained with N-terrninal Edman rlpi'lr""'/"1!-:ltlf"\n is underlined a 

solid sequence is underlined with a dashed-line. The N-terminal sequence for 

shown in bold. The Genbank accession code TSGPl is AF452888. 
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TSGP2: 
TSGP3. 

TSGP2: 
TSGP3: 

TSGP2: 
TSGP3: 

TSGP2: 
TSGP3: 

TSGP2: 
TSGP3: 

TSGP2. 
TSGP3: 

TSGP2: 
TSGP3: 

TSGP2: 
TSGP3: 

TSGP2: 
TSGP3. 

TSGP2: 
TSGP3: 

7.6: 

aactcac 
aactcact 

sequences of TSGP2 and TSGP3. 

while non-synonymous differences are boxed in gray. The Y 

are shown in bold. The codon 

M 

caaccggaaag 
caaccggaaag 
A T G K 

60 
- 55 

l' 

120 
11 
21 ' 

-180 
175 
41 ) 

240 
235 
61 ' 

-300 
295 
81 ' 

-360 
355 

100' 

-420 
415 

120' 

480 
-475 
140' 

540 
-535 
160' 

-595 
594 

162' 

-652 
-654 

nucleotide di fferences are boxed, 

and 3' anchor 

and tail are 

indicated black boxes. For the deduced amino acid sequences, the differences are indicated a slash 

The N-terminal amino acid sequences obtained with N-terminal Edman 

underlined in a solid line and the 

tenninal sequences used for ae~~enerare 

TSGP2 and TSGP3 are AF452889 and 

sequence is underlined with dashed-line. The N-

is shown bold. The Genbank accession code for 

 
 
 



aactcactata gctcg c cccgcc ataaac cat gtacat - 60 

tcgctg taa ga aatat actgc ctettcatttt 120 
M 0 C A L F I 13 ______________________ w~_." ___________________________ _______ w 

tccct gcggetaa a cet 9 a ca - 180 
S L A N 0 V W V L K G S 0 S 33 1 

a tcttat c aacat aa 9 aaacaaat catgaaa 240 
K F L M V K R T Y E R G A N K C V Y M K 53' 

acgagcat acgaa c tcatacac a acttat gatattcga cg 300 
R T S M 0 E S S H T L E V L M G Y S K A 73> 

gggacaae e a ttcgt gecateta eaaet 9 ,360 
G T T T 0 F V E P S K A T S E G 93 

9 eacetaeaat at tgt a gggaee eetcg gt caaattc - 420 
A S T Y N M M T V R R G P A S H • G V K F 113 ! 

9 etggtgtaeagegatgaeca getgeaatattetgeaaatgaagaeg teeattt 480 
E L V Y S OJ 0 Q G C N I L Q M K T S P F 

ee gaaa a 9 a geaaggea aa c - 54 
P G K C E L A P E G K K N V E S S 

eggeaa ea e 9 a aeg aeg a ctgc - 600 
S G K F A V E T P Y A E G C 

tee ee gee 9 act ttetga ae - 660 
R V P 176' 

ettta ge ae ag t 9 aatgatag 

7.7: The ul-''-'~_L.l.L~ and 3' anchor ,",,,,n,,"'rc- are shown 

in bold. The stop codon 

tenninal amino acid sequence 

\I\I_::lrlpn\/l:::Iftr\n site tail are boxed. The 

obtained with N-terminal Edman dei2:radatlcm is underlined in a 

line and the seqlLlenl::e is underlined with a dashed-line. The N-terminal sequence used for 

is shown in bold. The Genbank accession code for TSGP4 is AF452891. 
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contrast to nr;:;:"J"C" 

Table. 7.1: of the amino acid from the TSGPs and their deduced amino acid 

sequences. Indicated are molar fario's derermined 1. In the case of TSGPl, TSGP2 and TSGP3 

the values were a factor that six as this was detennined 

MALDI-TOF-NIS. are calculated molecular masses from the amino 

sequences as masses obtained from 

TSGP'} TSGP2 TSGP3 TSGP4 

AA AA AA 

15 16 14 II 

Glx 16 17 16 16 14 

6 5 14 15 

21 13 14 14 13 13 

His 3 3 3 4 4 2 2 

3 4 4 4 6 6 

Thr 1 1 11 11 12 13 

10 10 8 9 10 

Pro 8 6 7 7 7 

9 12 5 5 5 5 6 -7 

Val 13 13 12 13 9 11 12 13 
:;m,. 

Met 4 4 4 4 

6 6 6 6 

5 3 4 

Leu 9 9 10 10 11 II 8 8 

Phe 4 4 3 3 3 4 5 5 

13 13 13 13 13 12 15 14 

Total 157 140 141 139 141 148 154 

Mr 16699 15238 15872 15328 15950 16143 17161 

ESMS 18422 15877 15957 17170 
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Table 7.2: A cornpans{m a theoretical of the TSGPs with mass 

obtained MALDI-TOF-IVIS. Amino acid for the 1111'1-",,,,,,,,",1 are 1\..11'_"",\..1 in 
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regions of the tick lipocalins correspond with that of the secondary structure previously 

obtained for HBP2 and consists of two N-term.inal a-helixes, a 8 stranded anti-parallel ~

barrel with a (+ Ih topology and a C-terminal a-helix, characteristic of the lipocalin fold 

(Paesen et ai. 1999). 

( a ) f ............. · ................... -.1,.L. 1 (l ' 2 

: TSGP2 :-------DGPTGFPD 
i TSGP3 :-------DGPT6F E 
i Moubatin : - - - - -0 CSVSD LD 
i TSGP1 :----GP C-VGS A AGSPT 
: Ra-HBP2 :NQPDWA EAANGA 

Ra-HBPJ :-NPTWA AKLGS 
TSGP4 ---------- - --

TSGP2 
TSGP3 
Moubatin 
TSGP1 
Ra-HSP2 

! Ra-HBP3 

L·3 p·D L-4 I') · E L·5 

L-l ~\. B L· 2 

II-F L · 6 ~1 -G L - 7 

Il-e 
:55 
:55 
:57 
:66 
: 73 
:70 
: 51 

~----~ -------~~ 
~ M :110 

: 110 
: 113 

Y : 132 
: 138 
: 139 

!-.:-~.~.~-~- .. ---.-----... :-:-. ·-:-::-·':::-·:-::--·::-;-·7:-:·--:-::··:-::··i:;:::==:::::.:.........::~::::::::::~~--=-===:::::.:.~~--.:;~;.J -
_____ ~~l....J : 121 

(b) 

TSGP2 
TSGP3 
Moubatin 
TSGPI 
Ra - HBP2 
Ra-HBP3 
TSGP4 

88197 46/73 
48/73 

20 / 38 
18 / 38 
21/43 

: 144 
: 144 
: 152 
: 171 

LE· - . .• : 171 
PAPAON :182 

: 156 

15/34 
14 / 35 
13 135 
14 / 27 

14 / 30 17137 
12 / 29 18 137 
10/28 20 / 38 
10/24 12 / 27 
38/61 16 / 36 

12 / 31 

Fig. 7.8: Multiple sequence alignment of the tick lipocalins. (a) Alignment of TSGPs with the HBPs from 

the hard tick, R. appendicula(us and moubatin, from the soft tick O. moubaLa, the inhibitor specific for 

collagen-induced platelet aggregation. Secondary structures based on that of Ra-HBP2 are boxed and 

designated as a.-helixes or ~-strands. Solid lines indicate conserved cysteines and their corresponding 

disulphide bonds, as deduced from the structure of Ra-HBP2. Dotted lines indicate hypothetical disulphide 

bonds of the remaining cysteines for moubatin, TSGP l-3 and TSGP4. (b) Percentage identity/similarity 

between the different sequences are indicated . 

7.3.5 Phylogenetic analYSis of tick derived lipocalins in relation to the lipocalin family 

Previous phylogenetic analysis of the lipocalins excluded those from blood-feeding 

organisms, due to the low sequence similarity «20% identity) with other lipocalins and 

the absence of SCR motifs (Ganfomina et al. 2000; Gutierrez et al. 2000). The extreme 
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divergence of these lipocalins can introduce serious artefacts in the phylogenetic trees 

due to long branch attraction. While it would thus be difficult to determine an accurate 

relationship of tick lipocalins within the larger lipocalin family, phylogenetic analysis 

could be used to assess their homology and investigate their relationships within a tick 

lipocalin clade. The alignment of the lipocalin family previously .employed to investigate 

lipocalin evolution (Ganfomina el al. 2000; Gutierrez et al . 2000), was used as a profile 

to align both tick lipocalins as well as lipocalins from triatomine bugs. It is clear that the 

lipocalin family is highly divergent as exemplified by the low levels of sequence 

similarity indicated (Fig. 7.9). Only a few residue sites are conserved across the family 

and correspond to the SCR regions as indicated. From this it is clear that tick lipocalins 

are outliers even though a few residues in the SCRs are also found in the tick lipocalins. 

Figures on following pages 

Fig. 7.9: Alignment of the lipocalin family used for phylogenetic analysis. Indicated are the different 

monophyletic clades into which the lipocalins are grouped as well as the regions corresponding to SCRs of 

core lipocalins. Indicated are similarities based on the PAM 250 matrix (DNQH, SAT, KR, FY, LIMY) at 

80% identity. 
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Although the global tree obtained for the lipocalins using neighbor-joining, differ from 

that obtained with maximum likelihood, the main monophyletic clades were still present 

(Fig. 7.10). The groupings within individual monophyletic clades were also essentially 

the same as found previously (Ganfornina et al. 2000; Gutierrez et al. 2000). The 

lipocalins were still grouped into ancient lipocalins (clades I-III) which still formed a 

superclade although at cut-off value of 45% confidence, most arthropod groups from 

clade II were collapsed onto the main branch. This does however, give a better 

approximation of the true minimum evolutionary tree and shows that the sequences from 

clade II is problematic. The modern lipocalins (IV-XIII) grouped into a superclade of 

which the internal relationships differed from previous analysis. Clades VIII-XI, VI-VII 

and IV-V sti ll grouped as supergroups. The positions of clades XIII (grouping with VI 

and VII) and XII (grouping with IV) differered from previous analysis where XIII 

grouped with clades V-IV and XII grouped in a separate clade with IX, X, XI and VIII 

(Fig. 7. 3). A lipocalin from cockroach (Bger.AlI4) previously grouped between the 

ancient and modern superclades, separated from the arthropod clade II (Gutierrez et al. 

2000). It was suggested that this is an artefact that reflects the inability of categorizing 

highly divergent sequences, although it does show sequence similarity to the 

nitrophorins. Of interrest is that both Bger.All4 and the triatomine bug lipocalins 

(nitrophorins as well as platelet aggregation inhibitors grouped into a monophyletic 

clade) as well as the tick lipocalins were placed between the ancient and modern 

lipocalins. Tick lipocalins grouped as a monophyletic clade, confirming that they are 

homologous. Internally , the tick lipocal ins grouped into two monophyletic sub-clades 

composed of the hard tick (HBP) and the soft tick (TSGPs and moubatin) lipocalins. 
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7.3.6 Absence of TSGP2·4 in SGE from O. moubata 

Phylogenetic analysis indicates that TSGP2 and TSGP3 group below moubatin. The high 

sequence similarity between moubatin and TSGP2·3 suggest that these are fairly recent 

gene duplication events. The poss ibility was rai sed that these events occurred after the 

divergence O. moubala and O. savignyi. If so, then it could be expected that TSGP2-3 

will be absent from sali vary gland extracts (SGE) of O. moubata. This possibility was 

investigated by a comparison of SGE using two-dimensional e lectrophoresis. There are 

several differences in protein expression patterns between sa li vary gland extract from O. 

moubala and O. savignyi (Fig. 7.11). Most notably is the different patterns observed for 

the TSGPs. While the same abundance of acidic TSGPs are observed in the SGE of O. 

moubata, their molecular masses and pI 's differ from those of O. savignyi. A highly 

ab undant basic protein (TSGP4) which corresponds to the basic toxin is also absent from 

the O. moubala proteome. 

• 

.. 
• 

J 
Ornithodoros savignyi 

Ornithodoros moubata 

Fig. 7.11: A comparison of the SGE proteomes from O. l1IoubalQ and O. savigllyi. Acidic pi's are on the 

left and the anode at the boltom. The TSGPs previously identified are numbered 1-4. 
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To investigate this further, a comparative western blot analysis of SGE of O. moubala 

and 0. savignyi, was performed using the polyclonal anti-sera directed against the 

different TSGPs (Fig . 7.12). Coomassie Brilliant Blue staining of SGE from O. moubata 

and O. savignyi shows that the protein concentrations in SGE from O. moubata was 

higher than SGE from O. savignyi. A very low dilution factor (SOOx) was also used with 

all anti-sera. Under such conditions, the presence of any toxins or proteins with a related 

sequence should have shown up clearly if present in the SGE from O. moubata in 

equivalent concentrations. Cross-reactivity of a-TSGPI with a similar antigen in the SGE 

of O. moubata is evident. It is also clear that the signal for the O. moubala antigen is 

higher than that for O. savignyi, which fits with the higher protein concentration loaded 

on t~e, gel. The detected protein is most probably the highly abundant antigen (20AI) 

prev iously detected in O. moubala (Baranda el al. 2000) that also shows N-terminal 

similarities to TSGP I. In contrast, both anti-sera specific for TSGP2 and TSGP3 gave no 

cross-reactivity with SGE from O. moubata, indicating the absence of both these 

proteins. There is however, cross-reactivity between TSGP2 and TSGP3 as was shown 

previously, which results in a broad band within which two distinct bands can be 

observed. Anti-sera against TSGP4 indicate no cross-reactivity for a strong band present 

in the SGE from O. savignyi, although there seems to be weak cross-reactivity with a 

lower molecular mass entity. These results do however also suggest that TSGP4 is absent 

in the SGE of O. moubala. Immunodetection is a validated method by which similarities 

between proteins can be compared. The results obtained clearly indicate the absence of 

any toxic entities and suggest a reason for the inability of O. moubala to produce 

toxicoses in their hosts. 
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Fig. 7.12: Western blot analysis of TSGPs in SGE of O. mOl/bara and O. savigllyi. Indicated are molecular 

mass markers (MM), Coomassie Brillian t Blue staining of SGE of O. savigllyi (S) and O. mOl/bala (M). 

Cross-reactivity between anti-sera raised against TSGPI can be observed, whi le there is no cross-reactivity 

for TSGP2 and TSGP3 anti-sera. A low molecular mass protein cross-reacts with TSGP4 anti-sera, 

alLhough the main antigen is absent in SGE of O. mOllbata. 

7.3.7 Molecular modeling of the TSGPs 

The structure of HBP2 has been determined at high resolution of 1.25 A (Paesen et al. 

1999). Phylogenetic analysis indicates that the tick lipocal ins are homologous, although 

sequence identity (13- 15%) and similarity (27-34%) between the HBPs and TSGPs are 

quite low. Even with such low identity it might be possible to obtain structural models at 

low resolution (Fig. 7.13). The models obtained clearly indicate that all TSGPs exhibit 

the lipocalin fo ld although the models obtained gave very low RMSD va lues (4-6A). 

Fitting the models obtained onto the structure of HBP2 shows that the main deviations 

occur in the mobile loop areas, whi le the ~-barrel and (X-helix structures are conserved. 
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C-tcnninal 
lI elix 

TSGPI 

TSGPJ 

C-tcnnina l 
lIdix 

TSGP2 

TSGP. 
Opcn cnd 

Helix 

Fig. 7.13: Structural models obtained for the TSGPs filled onto the structure of HBP2. HBP2 is indicated 

as the black ribbon tracing and the respective TSGPs as the dark gray ribbon tracing. Also indicated is the 

open end of the f)-barrel and the N-and C-terminal a-helixes. 

7.3.8 Analysis of the TSGP structures 

Ramachandran plots for the TSGP structural models indicate that most of the psi/phi 

angles for the majority of the residues are in most favoured positions (Fig. 7.14). This 

centers around 72-76% for the TSGPs, with TSGPI (73.4%), TSGP2 (74.8%), TSGP3 

(71. I %) and TSGP4 (76.3%). The rest of the residues are predominantly in additionally 

allowed regions, with TSGPI (20.9%), TSGP2 (20.3%), TSGP3 (23. 1%) and TSGP4 

(17 .8%). There are 2.2%, 4.9%, 2.5% and 4.4% residues in generously allowed regions 

for TSGP 1-4, respectively. 
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Fig. 7.14: Ramachandran plots for the TSGPs. Residues are indicated by triangles in most favoured (dark 

gray), additionally allowed (gray), generously allowed (light gray) and disallowed (white) regions. 
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7.3.9 Implications of the TSGP structures 

The TSGP models show the lipocalin ~-barrel and in each case three intact disulphide 

bonds (Fig. 7.15). Of interest is that the disulphide bonds in all the structures are 

localized to one side of the ban·el. This could explain the lability observed for the toxins, 

as on ly one side of the barrel on the side of the C-terminal a-helix is stabilized. 

TSGPI 

In' lix 

TSGI'3 
Opell(,IIU 

"""'i1loc<>6.CI23 

C2-[' 122 

C2-CI22 
C%-C I23 

C-tl'rOlinnl 
ht'liJ; 

TSGI'2 

TSGN 

C117 -C141 

<..:29-CISJ 

C -tl.'nninal 
IIdiJ: 

Fig. 7.15: The structures of the TSGPs and their intact disulphide bonds. The ~-barrel is shown in black, 

helixes in dark gray and loops in light gray. The positions of the intact disulphide bonds are indicated. 

TSGPI is viewed from the side and looking into the N-terminal 31O-helix thal closes the b-barre!. TSGP2 is 

viewed direct ly into the barrel from the closed end, so that the N-terminal 31O'helix is at the top. TSGP3 is 

viewed from the side so that the disulphide bonds can clearly be seen. TSGP4 is viewed directly into the 

barrel so that the closed end is at the top. 
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7.3.10 Are toxins platelet aggregation inhibitors? 

Sequencing and phylogenetic analysis have shown that TSGP2 and TSGP3 are closely 

related to moubatin, the inhibitor specific for collagen-induced platelet aggregation. 

Other lipocalins from the blood sucldng bugs R. prolixus and T. pallidipenis have been 

shown to be specific inhibitors of the intrinsic Xase complelC (nitrophorin-2), ADP

induced plate let aggregation (RPAI) , thrombin (triabin) and collagen- induced platelet 

aggregation (pallidipin). This raised the question 'whether the TSGPs are involved in the 

regulation of the hemostatic system. Partial purification of a collagen-specific platelet 

aggregation inhibitory activity (designated savignygen) using RPHPLC and AEHPLC 

indicated no ADP- or collagen-induced platelet aggregation inhibitory activity associated 

with the toxins (Fig. 7.16a). ADP- and collageri-induced platelet aggregatory inhibitory 

activity was observed after RPHPLC in a distinct peak of which the first part (29-31) 

corresponded with savignygrin activity (Chapter 2), while the last part of the peak (31-33 

minutes) corresponded r.o a 17 kDa protein that showed cross-reactivity with polyclonal 

antibodies directed against TSGP2 (Fig. 7.16a and Fig. 7.16b). This fraction was partially 

purified and showed specific inhibition of collagen-induced platelet aggregation, but not 

ADP-induced platelet aggregation (Fig. 7.16d). Of interest is that both this protein as well 

as moubatin elutes at -20-25% acetonitrile, while the toxins elute at 40-45% acetonitrile 

(Waxman and Connolly, 1993). The N-terminal amino acid sequence obtained for the 17 

kDa protein was: AQDKCSEVRN (results not shown). 
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Fig. 7.16: Identification of savignygen , an inhibitor specific for collagen-induced platelet aggregation. (a) 

RPHPLC of SGE. Indicaled are Ihe fraclion s Ihal inhibiled ADP- and collagen-specific plalelet aggregation 

(CI). The TSGPs that did not inhibit platelet aggregation are also indicated. (b) Western-blot analysis of 

RPHPLC frac tions using a polyclonal ant ibody directed against TSGP2. Included is the corresponding 

SDS-PAG E electropherogram of the fraction s. Numbers corresponds to fractions (in minutes) obtai ned 

from the RPHPLC. (c) AEHPLC of the inhibitor fractions (38-40 minutes) after RPHPLC. (d) 

Rechromatography of the inhibitory fract ion obtained after AEHPLC. Indicated is percentage inhibition for 

ADP- and collagen-specilic platelet aggregation inhibition, as well as a tricine SDS-PAGE analysis of the 

obtained fraction (insert). N-terminal sequence analysis of this fraction gave the sequence: 

AQDKCSEVNR. 

[t was also shown previously that no inhibitory activity of thrombin or fXa is associated 

with the TSGPs (Gaspar et al. 1995; Gaspar et al. 1996; Nienaber, Gaspar and Neitz, 

1999). Using a phoLOdiode array detector to coll ect wavelength spectra during RPHPLC 

showed that no prosthetic heme groups are associated with the TSGPs, as is found for the 

nitrophorins (Montford, Weichsel and Andersen, 2000). Histamine-agarose affin ity 

238 

 
 
 



chromatography used to purify the HBPs failed to bind any TSGPs (results not shown) 

(Paesen et al. 1999). 

Discussion 

Evolution of tick lipocalins 

The absence of hi stamine-binding proteins In soft ticks suggests that a lipocalin-like 

protein was present in the ancestral tick, which after speciation duplicated and evolved 

new functions. In the case of hard ticks that feed fo r extensive peroids of time, regu lators 

of inflammation were evolved, while soft ticks that feed rapidly do not need anti 

inflammatory mediators. Instead, inhibitors of platelet aggregation as in the case of TAl, 

moubatin and savignygen evolved to cope with the host's hemostatic system. Recent 

ev idence indicates that ticks ori ginated in the late Cretaceous (-120 MY A) and had 

already speciated into the main tick families by approximately 94 MY A (Klompen and 

Grimaldi, 2001). Using this estimate, the divergence of these two lipocalin families can 

be dated to thi s period. The selective stress of adaptation to a blood-feeding enviro nment 

during thi s period of tick evolution, could account for the high degree of divergence of 

tick lipocalins relative to those of other arthropod lipocalins. 

7.5.2 TSGP1 

The placing of TSGP 1 basal to the rest of the soft tick inhibitors suggests that it was 

present before the divergence of O. savignyi and O. moubata. This fits with the presence 

of a highly cross-reactive protein in O. moubata as well as N-termi nal sequence si milarity 

to a highly abundant antigenic protein 20A l (Chapter 7). 
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CHAPTER 7: The lick lipocalinfamily 

7.5.3 TSGP2 and TSGP3 

Phylogenetic analysis indicate that TSGP2 and TSGP3 are grouped below moubatin . The 

absence of TSGP2rrSGP3 in SGE of O. moubata, the high sequence simi larity between 

moubatin and TSGP2-3, as well as between TSGP2 and TSGP3 suggest that these are 

fairly recent duplication events that occurred after the divergence of O. moubata and O. 
savignyi. 

7.5.4 Toxicity vs. non-toxicity: TSGP2 and TSGP3 

It was previously shown that TSGP2 and TSGP3 have identical elution times during 

RPHPLC, that indicate similar global hydrophobicity, corroborated by their similar 

amino acid sequences (Chapter 7). In contrast, TSGP2 and TSGP3 separate on HIHPLC, 

ind icating differences in their surface hydrophobicity and hence surface conformation. 

This is supported by the differences observed in the surface accessibility of the modeled 

structures of TSGP2 arid TSGP3. The high identity of TSGP2 to TSGP3 and the apparent 

lack of toxicity for TSGP3 indicate that the toxic activity is probably localized to a very 

small region of different local surface conformation. A likely candidate is on loop 5, 

where TSGP2 has an arginine, while both TSGP3 and moubatin have glycines. It seems 

improbable that two sequences sharing such high sequence identity, would exhibit 

different biological activities. However, different activities have also been indicated for 

the nitrophorins. Nitrophorin 2 exhibits anti-coagulant ac ti vity, which is absent in 

nitrophorins 1, 3 and 4 that share a high percentage of amino acid sequence similarity 

(Zhang el ai. 1998; Montford, Weichsel and Andersen, 2000). Another example is Coffea 

arabica methyltransferase (CaMXMT) which is an active enzyme in coffee plants, whi le 

a set of paralogues CaMTL (c. arabica methyltransferase-like) share high identity (80-

84%) but show no activity (Ogawa el ai. 200 1). 

7.5.5 TSGP4 

Westem blot analysis has indicated that TSGP2-4 are absent in O. moubala, although a 

degree of cross-reactivity was observed in both O. savignyi and 0. moubala using anti

sera raised against TSGP4. This might ind icate a related non-toxic protein present in both 

species . Phylogenetic analysis places TSGP4 before moubatin, which suggests that 
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TSGP4 might be present in both tick species. Caution should however, be exercised as 

these are paralogous genes and no knowledge exists about their last common ancestor. It 

could even be speculated that TSGP4 duplicated after divergence of the two tick species 

from a shared ancestral gene, indicated by cross-reactivity by western-blot analysis. 

7.5.6 Evolution of tick lipocalins and its implication for tick toxicoses 

Gain of tox ic fu nction after divergence of O. moubata and O. savignyi have important 

implications for the origins of toxicity in ticks. Recen! aquisition of genes coding for 

toxins through gene duplication discounts a common ancient origin for all tick toxins and 

suggests the probability of multiple unrelated origins for toxins . Protein and sequence 

data indicate specific differences between the TSGP toxins and paralysis toxins that 

shows that their molecular nature is different (Chapter 6). 

7.5.7 Tick lipocali ns as toxins 

That lipocalins can be deleterious is not surprising. Many common allergens involved in 

allergic reactions are lipocalins (Mantyjarvi, Rautiainen and Virtanen, 2000). Multip le 

molecular recognition properties and binding to cell surface receptors, are being 

considered to be general properties of lipocalins (Flower, 2000). It is possible that some 

exogenous lipocalins, derived from blood feeding organisms can recognize specific 

receptors and impede their function. In fact, lipocalins that inhibit collagen-induced 

platelet aggregation, probably interact with the collagen platelet receptor (Waxman and 

Connolly, 1993) . 

7.5.8 Structure of TSGPs 

The structure of HBP2 has two N-tenninal (X-helixes that close off the ~-baITel in contrast 

to other lipocalins which posses a N-ierminal 3IO-helix. Multiple sequence alignment 

indicate that the other tick lipocalins, probably also diverge from other lipocalins in this 

respect, although TSGP4 probably lacks the first short a-helix. It was previously shown 

that all cysteines of the toxins are involved in disulphide bonds (Chapter 6). Four 

cysteines conserved in al tick lipocalins are involved in disulphide bonds in the HBPs and 

serve to pin the C-tenninal region to the side of the barrel (Paesen et al. 1999). Cys 119-
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Cys 148 pins the start of the C-terminal a-helix to the start of the ~-G sheet, while Cys48-

Cys168 links the C-tenninal end with the base of the Q-Ioop (Fig. 7.15). Assuming that 

this disulphide bond pattern are consistent for other tick lipocalins , the remaining 

disulphide bonds present in the toxins can be inferred from the overall topology of the 

lipocalin fold of HBP2 (Fig. 7.17). In TSGP4 Cysl17-Cys I40 also pins the end of the C
terminal a-helix to the start of the ~-H sheet. The majority of the TSGP4 structure is thus 

not stabilized by disulphide bonds and could explain the lability of th is toxin . The same is 

true for TSGP2 and TSGP3, where the extended N-terminal helix is disulphide bonded to 

the C-terminal helix (Cys2-Cys I21 ). This probably stabili zes the position of the N-and C

terminal helixes relative to one another, but again stabili zation of t~majority of the 

structure by disulphide bonds is absent. Of interest is that whereas TSGP2 and TSGP3 

have intra-protein disulphide bonds, as exemplified by ESMS and electrophoresis under 

reducing and non-reducing conditions, HBP3 lacks the N- terminal cysteine and forms a 

disulphide-linked d ime'r. It has been shown that the core structure of HBP2 is extremely 

ri gid. In contrast the surface residues were found to be very mobile (Paesen el al. 1999) . 

This corresponds to the loop areas, which are also the leas t conserved in the tick lipocalin 

family and generally in all lipocali ns (Skerra, 2000). Such mobile structures could 

explain the lability of toxic activity (Chapter 6). 
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Cys-l8·CysI68 
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Fig. 7.17: The proposed disulphide bond pallem of Ihe tick toxins. A schematic representation of the 

topology of HBP2 indicates two N·tenninal a ·helixes (a· l , a·2) followed by an 8 stranded l3·barrel (I3·A 

to I3·H), which ends in a C·tenninal a ·helix a·3) that lies parallel to I3·G and 13·H, The conserved 

disulphide bonds of HPB2 is indicated wi th white circles (Cys48·Cys I68; Cys 119·Cys 148) and shows that 

the C· terminal end is bound to the start of I3 ·B and the start of the C·terminal helix to the start of I3·G. 

Assuming that this disulphide bond pallem is conserved across the tick family, it follows that for TSGP4 

the remaining disulphide bond is between the end of a·3 and the beginning of I3·H and for TSGPl, TSGP2, 

TSGP3, and moubat in at the start of a-I and the second cysteine at the beginning o f a-3. The proposed 

disulphide bond pallerns filS in well with the exisling topology known fo r HBP2 (Paesen eI al. 1999). 

7.5.9 Implications of molecular crowding for the evolution of tick lipocalins 

Molecular' crowding as mechanism of granu le formation has several implications for 

protein evolution. Molecular crowding as a phenomenon depends on high protein 

concentrations, while aggregation is also dependent on protein structure . Specific 

sequence signals possibly do not play such an important role in aggregation. This implies 

that residues important for the maintenance of the lipocalin fo ld wou ld be conserved. It 

has been shown that as little as 8% of all amino acid res idues are involved in the 

maintenance of protein structure (Rost, 1997). For the lipocalins this means that the rest 
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of the residues are under no selective pressure and can undergo genetic drift under 

neutrality theory. This could be one of the reasons why lipocalins is such a diverse 

protein family. It is also the ideal environment for the evolution of new protein function 

and could account for the fact that even orthologous proteins could be highly diverged. 

This is counter-intuitive to the general idea of the conservation .of orthologous functio'n, 

but would be the case if protein function is not coupled to specific sequence epitopes, but 

rather to a general protein fold. 

7.5.10 The tick lipocalin family 

The TSGPs are part of what is becoming an extended family of tick lipocalins. It is clear 

that these different paralogs evolved by gene duplication events. It is foreseen that more 

lipocalins with diverse functions will be found in different tick species. While··lipocalins 

have a conserved fold, there are several significant differences between those of ticks and 

the rest of the lipocaliu family. Vaccines targeted at these specific features, might thus be 

viable and it is possible that a wide range of cross-protection might be accomplished with 

these proteins. 
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CONCLUDING DISCUSSION 

"Nothing in biology makes sense except in the light of evolution" 

Theodosius Dobzhansky, 1973 

The current ideas on tick evolution and their adaptation to a blood-feeding environment 

were outlined in the introduction to this thesis . Ticks adapted to an efficient host 

hemostatic system by evolving numerous new protein functions capable of regulating this 

complex system. While many tick salivary gland proteins have been described, 

knowledge on the evolution of tick protein families is lacking. Evolution of novel protein 

function entails gene duplication and subsequent gain or loss of protein function. This 

implies that proteins with different functions but common ancestors must ··still share 

fundamental properties. In this study tick evolution was approached from the perspective 

of gene duplication and subsequent gain/loss of protein function. This thesis presents the 

fi rst comprehensive analysis of tick protein families in an evolutionary context. 

Two main protein families have been studied, a family of BPTI-like anti-hemostatic 

factors (Chapter 2-4) and a family of proteins that are part of the lipocalin protein family 

(Chapter 6-7). Protein family is being defined here as proteins that share a common 

structural protein fold, although their functions might differ, i.e. paralogous proteins. 

The BPTI-like family consists of at least three proteins with different functions . 

Phylogenetic analysis clearly showed that these proteins are monophyletic, which imply 

common ancestry . Common ancestry in this sense can only mean that there were multiple 

gene duplication events and subsequent mutation that led to a gam or loss of protein 

function. 

Several isoforms of the platelet aggregation inhibitor, savignygrin were identified 

(Chapter 2). As savignygrin was never described before, extensive characterization on 

protein and functional level was performed. These showed that savignygrin targets the 

integrin, Cl.Ilb~J, possesses an RGD motif and is the ortholog of disagregin (Mans, Louw 
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and Neitz, 2002b). The first evidence of gene duplication in argasid ticks is also 

presented. It appears to be a very recent gene duplication event, probably after the 

divergence of o. moubata and o. savignyi. An interesting question is why this second 

copy of savignygrin has not yet been inactivated as expected for duplicated genes (Lynch 

and Conery, 2000). A recent study has shown that duplicate genes might persist in· a 

lineage if they confer an advantage to the organism (Kondrashov et al. 2002). Advantage 

conferred at this early stage of gene duplication is ·considered to be due to the presence of 

higher concentrations of the translated protein from a gene. In the case of the 

savignygrins, this could be a relevant observation as the (+)/(-) forms each constitute 

-6% of the totai salivary gland proteins . Compared to the yields obtained for disagregin 

(0.225% of the total SGE) this seems to be exceptionally high (Karczewski, Endris and 

Connolly, 1994) . 

O. moubala has a limited number of hosts and predominantly feeds either on man or 

warthogs, and inhabits the burrow of its host. O. savignyi probably has a wider host range 

and will feed on any animal that shelters in the shade of trees where it resides 

(Hoogstraal, 1956). This behaviour of O. savignyi may explain the higher concentrations 

of platelet aggregation inhibitor. A wide host range may expose a tick to a diverse 

repertoire and concentration range of platelet receptors . It should thus be interesting to 

determine the number of 0'.I1b~3 receptors expressed on the platelet surfaces of different 

hosts. Expression of high concentrations of platelet aggregation inhibitor would 

obviously be advantageous for the tick to cover as wide a range of platelet receptor 

concentrations as might be encountered in different hosts. To test the hypothesis that 

purifying selection could be responsible for the maintenance of two gene copies for the 

savignygrins, the number of integrin O'.Ub~3 per platelet should be investigated for 

different domestic and wild animals. It is predicted that animals considered as hosts for 

O. savignyi should have higher numbers of this integrin than O. moubata hosts. If this 

proves to be correct, it can be speculated that the control of platelet aggregation during 

feeding of O. savignyi is still important. While the use of anti-coagulants has been 

dismissed as a suitable target for vaccine development, targeting of platelet aggregation 

inhibitors have never been attempted and can still be viable for vaccine development. 
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An alternative explanation for the two gene copies of the savignygrins, is that this is a 

very recent gene duplication event, so that one copy still needs to be inacti vated, or 

change function. A date for this gene duplication event can probably be estimated if the 

divergence of O. savignyi and O. moubata is considered. If we assume as upper limit that 

ticks originated 120 MY A (Klompen et al. 1996), then a di vergence rate for the platelet 

aggregation inhibitors can be calculated: 

r = d/2T 

Where r = rate of mutation expressed as changes per site per million years, d = total 

number of amino ac id substitutions calculated from: -In (i-p), .where p = di n (d is the 

number of am ino acid differences between two sequences and n is the total number of 

amino acid residues in t;equences of simi lar length). T = time of divergence in millions of 

years (Nei and Kumar, 2000). 

This gives a substitution rate of 3.32 X 10.9 per site per year for the platelet aggregation 

inhibitors. Assuming that thi s rate stays the same for all members of the platelet 

aggregati on fami ly, then the ca lcu lated time of di vergence for the +1- isoforms of 

savignygrin is 4.9 MY A. 0. savignyi and O. moubata have most probably di verged after 

the OIi gination of ti cks. If 92 MY A is taken as the time of divergence (Klompen and 

Grimaldi, 2001), a substi tution rate of 4.43 X 10-9 per site per year can be calculated for 

the platelet aggregation inhibitors. Using thi s rate gives a divergence time for the +1-

isoforms at 3.7 MY A. If very fast rates of substirution are assumed (as exemplified by the 

positive selection observed for the platelet aggregation inhibitors) then the fastest realistic 

rate wou ld probably be 1 X 10-8 per site per year (Grauer and Li , 2000.). Us ing this gives 

a time of divergence between O. savignyi and O. moubata at -40 MY A and can probably 

be taken as the lower limit for time of divergence between these two species. It also gives 

a time of di vergence fo r the +/- forms at 1.6 MY A. 

247 

 
 
 



CHAPTER 8: Concluding discussion 

The lower limit is still close to what is considered as ample time for a duplicated gene to 

be inactivated (Lynch and Conery, 2000). It could thus be concluded that purifying 

selection and concerted evolution is probably playing a role in the maintenance of two 

savlgnygrin gene copies. 

In Chapter 3 the thrombin inhibitor, savignin was characterized on molecular level in 

order to obtain data for a comprehensive phylogenetic analysis of the tick BPTI-family. 

Characterization of savignin in terms of its sequence and predicted structure confirmed 

that it is the ortholog of omithodorin and that they should have similar mechanisms of 

inhibition (Mans, Louw and Neitz, 2002a). The results from this study provide a link 

between the kinetic characterization of savignin (Nienaber, Gaspar and Neitz, 1999) and 

the structural characterization of omithodorin, for which no kinetic data were provided 

(van de Locht et al. 1996). The predictions of the intra-domain interactions of savignin 

provided insights into the evolutionary significance of domain interaction in terms of the 

conserved nature of the thrombin inhibitors (Chapter 4) . 

Chapter 4 described the relationship between the platelet aggregation inhibitors, 

savignygrin and disagregin and other members of the tick BPTI-family. The platelet 

aggregation inhibitors are identified as novel members of the BPTI-family and it is 

shown that the RGD motif of savignygrin is presented on what is known as the substrate

binding presenting loop of the canonical inhibitors (Mans, Louw and Neitz, 2002b). 

Common ancestry between different tick BPTI-like proteins was also investigated. These 

studies presented the first in-depth analysis of how tick proteins evolved new functions 

(Mans, Louw and Neitz, 2002c). The conclusions derived in this chapter have far 

reaching implications for the evolution of ticks and how they adapted to a blood-feeding 

environment (see below). Investigations into the validity of these conclusions should 

provide the tick research community with ample study opportunities that will stimulate a 

new synthesis of tick evolution. 

Chapter 5 provides important information on salivary gland morphology, not previously 

described for the tick, 0. savignyi. For the first time data is provided that shows the 
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presence of more than three granular cell types in argasid ticks . This is of cardinal 

importance for the classification of the granular cell types in tick salivary glands. These 

results clearly show that morphological and histochemical approaches need to be 

supplemented by biochemical and immuno-cytochemical techniques in order to describe 

granular cell types on a more analytical level. The localization of the same anti

hemostatics to different granular types (typed on the basis of morphology), however, 

complicates the assignment of definite granular types. 

Chapter 6 describes proteins that may be involved in granule biogenesis (Mans el al. 

2001). Tick sali vary gland granule biogenesis has not been described to date and this 

study is the first step in this direction. The nature of sand tampan toxicoses has also been 

revisited after a number of years since the first descriptions of this form of toxicoses 

(Neitz, Howell and Potgieter, 1969; Howell, Neitz and Potgieter, 1975). This culminated 

in the identification and characterization of a novel basic toxin and the confirmation of 

the properties of the acidic toxin previously described (Mans et al. 200 I ; Mans et al. 

2002). Pathogenesis of the cardiac system caused by these toxins is a novel form of tick 

toxicos is and distinguishes sand tampan toxicoses from paralysis toxins (Mans el al. 

2002) 

The identification of the TSGPs led to the discovery of a whole family of argasid tick 

lipocalins (Mans, Louw and Neitz, 2002d). There are at least 6 different lipocalin proteins 

in the Omilhodoros species (these include toxins and anti-platelet agents) and three more 

in hard tick species (histamine binding proteins). Except for moubatin, the TSGPs are the 

first lipocalins described for argasid tick species. It appears as if these proteins have 

different functions in the host although a common function in granule biogenesis have 

been proposed. Phylogenetic analysis also showed that these proteins are monophyletic. 

This again implies gene duplication events and subsequent gain or loss of protein 

function through mutation. The conclusions derived for the evolution of the tick toxins 

show that toxins might be recently acquired traits of the sand tampan. This has important 

implications for the origin and evolution of other tick toxins. The extensive lipocalin 

249 

 
 
 



CHAPTER 8: Concluding discussion 

fami ly further supports the concept that gene duplication played an important role during 

the evolutio n of novel protein func tions in argasid ticks. 

A cons ideration of the resu lts obtained during this study leads us back to the in troduction 

and the questions that were asked concern ing the adaptation of.ticks to a blood-feeding 

environment. We can now consider these questions in the light of the fi ndings presented 

in this study . 

Question: How did ticks acquire novel anti-hemostatic strategies? 

This study has confirmed evidence of gene duplication of two protein families. A general 

mechanism for the acquisition of novel protei"n functio ns through the use of a few 

relatively simple protein fo lds are proposed. Ticks generated functional diversity, by gene 

duplication and gain or loss of protein function. This allowed the generation of different 

anti-hemostatic factors by which ticks could regulate the hemostatic system of their 

host's. Other unknown functions were also generated, which are exemplified by 

peripheral toxic activities of some of these proteins such as TSGP2 and TSGP4. 

The use of a few common protein folds to generate diversity is a simple but elegant way 

for an organism to become more complex (complexity is here defined as having more 

potentia l protein functions and hence being able to adapt to a wide variety of possible 

environments) . It can be foreseen that new functions could sti ll be generated in ti me from 

these same protein folds in response to a changing environment. Th is same principle 

probably also holds fo r other, as yet undiscovered proteins present in the salivary glands. 

Question : What was the nature of the ancestral tick before adaptation to a blood-feeding 

environment? 

The question can be posed why a few common protein folds are used over and over 

again, while ticks should at least have the potential of hav ing many more protein folds in 

its repertoire. It can be predic ted that the tick genome should be between lOO-200 Mb and 

- l5000 genes (Grauer and Li, 2000). Perhaps the answer could be found in the ancestor 

to the holothyrida and Ixodida sub-orders. Such a mite may be presumed to be a free-
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living scavenger and would have needed its salivary glands to make the food source more 

accessible. It can be foreseen that matrix-degrading proteins, such as hyaluronidase and 

proteases, such as matrix metalloproteases may have been present, as this would have 

allowed the mite to enlarge its feeding site (Neitz and Vermeulen, 1987). A range of 

protease activities has been described in the SGE of O. savignyi (Mahlaku, Gaspar and 

Neitz, 2002). Serine protease inhibitors may have played a role to inhibit any protease 

activity present in the body fluids of the dead organisms it fed on. The ancestral 

lipocalins probably functioned in granule biogenesis, as this would have been an intrinsic 

property of the salivary gland as a secretory organ. Depending on the complexities of its 

food sources, it could be speculated that the salivary glands at the time of divergence 

between the holothyrida and ixodida, had already been differentiated organs. This means, 

that a certain subset · of proteins were expressed in these glands and that the number 

targeted to the secretory pathway would have been limited to those used during their 

feeding process. Ticks' may have originated with a limited set of proteins, from which 

new diversity had to be generated. This may account for the re-use of an existing protein 

fold. The state of this primitive salivary gland could also have influenced the protein 

repertoire of the ancestral tick. Proteins are not only expressed in the glands, but also 

need the signals necessary for secretion. 

Question: Did ticks evolve anti-hemostatic strategies before or after divergence into the 

main tick families? 

It has been suggested that hard and soft ticks adapted independently to a blood-feeding 

environment (Chapter 4). This was based on anti-hemostatic factors unique to hard and 

soft ticks. If the main ti ck families adapted independently to their new hemostatic 

environments, other features in their biology, that is also dependent on a blood-feeding 

lifestyle, should corroborate this, The feeding and reproductive strategies of hard and soft 

ticks differ quite remarkably. Adult female hard ticks feed once, secrete a salivary gland 

degenerating factor that causes the salivary gland to atrophy and proceeds to lay several 

thousands of eggs in one stage after which the tick dies, Adult soft ticks on the other 

hand, feed several times and lay several hundreds of eggs after each feeding period 

(Sonenshine, 1991). As these strategies are general throughout the Ixodidae and 
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Argasidae it can be assumed that these traits only evolved after the divergence of hard 

and soft ticks, probably at a stage when ticks were adapting to a blood-feeding 

environment. 

Question: What was the driving force behind the evolution of hemajophagy in ticks? 

It was proposed that the divergence of ticks into their different families might have been 

triggered by the divergence of mammals and birds (Chapter 4). The divergence of 

mammals and birds could also have been a poss ible reason for the evolution of 

hematophagy in ticks . The ances tral holothyrid related tick probably fed on dead 

arthropods. The emergence of numerous new potential mammalian and av ian hosts, with 

relatively thin epidermises that allows for the penetration and location of a fluid meal 

could have been a sufficient trigger that allowed a rapid adaptation to this new nH:he. 

This is probable when it is considered that ticks belong to the superorder Parasitifomles, 

which consists of the Holothyrida, Mesostigmata and Ixodida. Many Mesostigmata live 

as parasites on mammalian and avian hosts from where they feed on secretions obtained 

by penetrating the skin, causing blood and lymph fluid fl ow (Radovsky, 1985). An 

ancestral holothyrid-like mite could have made this transition from dead arthropods, to 

dead mammals and finally to live mammals, in the process starting to evolve components 

that can control its host's defense mechanisms. 

Implications derived from this study for future research into the "tick genome" 

It seems in retrospect that more questions were raised during this study than answered. 

While gene duplication events have been indicated for two protein families, the question 

of how many undi scovered members of both protein fami lies exist in diffe rent tick 

species is now more pressing than before. More problematic even is the high leve l of 

divergence of these sequences and the indications that many functional proteins might 

onl y have acquired novel functions after the divergence of hard and soft ticks. This 

implies that even if the genome of a hard tick species is sequenced to serve as a model for 

tick genome studies, we might sti ll miss some of the most important molecules invo lved 

in tick feeding from other s-pec ies. The choice of a model tick or ticks for genome 

sequencing will remain a central problem. Choosing a tick closest to the ancestral tick (if 
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we can predict the more ancient lineages correctly) will allow us to study early 

evolutionary events although we will miss those proteins recently diverged. The most 

fruitful endeavor would be to sequence the genomes of representati ves from both hard 

and soft ticks, as well as the Nuttallillidae. The latter is probably one of the most 

important targets, as it will provide us with an external reference point for the other tick 

families. As the Nuttallillidae is also the only monotypic family and occur only in 

Gondwanaland (the suggested cradle of tick origins), this tick might be the closest living 

fossil that we have to the ancestral tick. The scarcity of living specimens of this tick 

makes it a priority of study for tick biodiversity. If this tick species should be lost or 

become extinct we might lose one of the most valuable tick species sti ll living for the 

study of tick evolution. 

Future studies on the gene duplication mechanisms in argasid ticks 

Gene duplication everlts for both the BPTI-like inhibitors and lipocalins can now be 

studied at chromosome level. Questions remaining to be answered are whether the 

duplicated genes are localized to the same chromosomes, in what order t\ley are arranged 

on the chromosomes and what patterns of introns/exons they exhibit. Such knowledge 

has been fruitfully used to study mammalian lipocalin evolution (Salier, 2000). The 

known gene sequences can be utilized using in situ hybridization techniques and genomic 

libraries to answer these questions. If the genes from individual families are localized on 

the same chromosome, novel members of the different families could be identified, by 

limited chromosome sequencing. Studies into this field can allow the preliminary 

mapping of a tick genome, which could be important for future genome sequencing 

projects. 

Future studies on the TSGPs 

The expression of the TSGPs will allow the next step of characterization of these 

molecules. These include studies into the mechanisms of toxicity and the feasibility of 

their use as vaccine targets. While the TSGPs might not be a universal vaccine target that 

will provide cross-protection for all tick species, neutralization of the toxic activities 

alone would be a viable option to relieve the burden that these ticks place on their hosts. 
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Future studies on the BPTI-like hemostatic inhibitors 

Expression of the different members of the BPTI-family should provide the means for 

further structural characterization in terms of mechanisms. An intriguing possibility that 

emerges from this study is the design of a chimeric protein with fXa, thrombin arid 

platelet aggregation inhibitory capacities. Such a protein might be useful as a multi

functiona l agent to control thrombosis in a regulated manner and could also be used as a 

possible vaccine agent, to generate immune responses that could knock out more than one 

function necessary for tick feeding. The different evolutionary pathways proposed for the 

BPTI-like family can also be tested by a phylogenetic reconstruction of ancestral proteins 

and subsequent engineering of chimeric proteins (Chang and Donoghue, 2000). This 

could also allow the prediction of as yet undiscovered ancestral· proteins from the same 

family. 

Conclusion 

Evolution as a biological phenomenon is mu lti-disciplinary. It can be considered on the 

level of the gene, the genome, protein function, cellular metabolic processes, individual 

cells, organs or whole organisms and populations. As such no individual study into any of 

the above categories can provide an accurate description of evolution if the other parts are 

not also considered. This study considered gene duplication and subsequent gain/loss of 

protein function, and its role during the adaptation of ticks to a blood-feeding 

environment. However, gene duplication implies multi-gene families and gain/loss of 

function and the existence of various distinct functions. To this end, studies into possible 

functions of several proteins have been conducted, which include inhibitors of platelet 

aggregation, blood clotting, granule biogenesis and toxins . It can be certain that not all 

functions of the proteins studied have yet been elucidated as some may be multi

functional and/or be in the process of evolving new functions. Preliminary studies into 

salivary gland biology has also been conducted as it was made clear that a study of the 

evolution of bio-active components secreted during feeding cannot fai l to take into 

account the organ of origin. This study has shown that a holistic approach to evolution is 

necessary if we are to understand tick adaptation to a blood-feeding environment. The 
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CHAPTER 8: Concluding discussion 

results generated in this manner have left many avenues to be explored that will hopefully 

lead to a deeper understanding of ticks as highly adapted parasites. While a control 

method of ticks is envisaged at the end of the road, we hope that this study also shows 

ticks not only as villains but also as a part of a wonderful world of interaction at 

molecular level. Tick control after all is a necessity imposed .by the drive of man to 

conquer this world. As always we should consider the possibility that in changing this 

world we might also lose the keys to its mysteries. 

"The theory of evolution is quite rightly called the greatest unifying theory in bioLogy. 

The diversity Urgllnisms, simiLarities and differences between kinds of organisms, 

patterns of distribution and behavior, adaptatio~ and interaction, all this was mereLy a 

bewiLdering chaos off acts untiL given meaning by the evoLutionary theory" 

Ernst Mayer, 1970 
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