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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 
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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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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 
Conserved 

L·J 

Optn end 

Closed end 

CysIl7·Cys l~O 

TI 

Cys2-Cysl2 1 
T2,NT, 
TSGP1, 
,\1oubatill 

Cys I19·Cys l~8 

Conserved 

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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