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Apyrase activity is present in the saliva of haematophagous
arthropods. It is related to blood-feeding because of the apyrase
ability to hydrolyse ADP, a key component of platelet aggregation.
Five apyrases with apparent molecular masses of 88, 82, 79,
68 and 67 kDa were identified in the saliva of the vector of
Chagas disease, Triatoma infestans. The large size observed
during purification of these enzymes suggested oligomerization.
In the present study, we confirmed, using gel-filtration and ana-
lytical ultracentrifugation, the presence of apyrase oligomers

with molecular masses of 200 kDa in the saliva. Electrophoretic
analyses showed that disulphide bonds were involved in homo-
oligomerization. In addition, heterogeneity in disulphide bonds
and in pI was detected, with the pI ranging from 4.9 to 5.4. The
present study gives the first insights into the quaternary structure
of soluble apyrases.
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INTRODUCTION

The adaptation of arthropods to haematophagy required the dev-
elopment of molecular tools able to counteract the host haemo-
static response, which relies mainly on vasoconstriction, blood
coagulation and platelet aggregation. Many such antihaemostatic
compounds have been described, providing some perspectives on
biomedical applications [1–4]. Platelet aggregation is one of the
first and most important haemostatic responses following injury
of small blood vessels and capillaries. Platelets can be activated
by many factors, such as thrombin, collagen, adrenaline and
ADP, and subsequently aggregate through a mechanism involving
fibrinogen receptors. It is therefore expected that haematophagous
arthropod saliva would contain compounds degrading or in-
hibiting those host factors.

The identification of triabin, which was characterized as a
ligand of the thrombin anion-binding exosite in the saliva of the
haematophagous insect Triatoma pallidipennis [5], led to the de-
termination of the triabin–thrombin complex structure [6].
Furthermore, it was shown that this triatomine possesses palli-
dipin, which is an inhibitor of the collagen-induced blood-clotting
pathway [7,8]. In addition, nitrophorins present in Rhodnius pro-
lixus display vasodilatory, as well as anticoagulant, activities; the
nitric oxide they carry inhibits platelet aggregation [9,10]. More
recently, a 19 kDa protein, RPAI-1 (Rhodnius platelet aggreg-
ation inhibitor 1), was characterized in this triatomine [11]. This
new anti-platelet factor belongs to the lipocalin family and acts
by sequestration of free ADP. The saliva of the tick Ornithodoros
moubata contains disagregin, an inhibitor of platelet fibrinogen
receptors [12,13]. Similar inhibitors were identified in another tick
species [14,15] and in deerfly [16]. Platelet aggregation can also be
triggered by the lipid PAF (platelet-activating factor) that is also
involved in inflammatory and allergic reactions. A phospholipase
C that specifically degrades PAF has been identified in the saliva
of the mosquito Culex quinquefasciatus [17]. In addition, a PAF
acetylesterase activity was also reported in cat flea [18].

The saliva of haematophagous insects therefore present a wide
range of anti-platelet activities, which inhibit the factors that are
released in response to a vascular injury. Among them, anti-
ADP activities are attractive therapeutic targets. Indeed, activated
platelets release ADP that recruits and activates more platelets,
inducing their aggregation. Thus ADP represents a final mediator
and amplifier of different activation pathways of platelet aggre-
gation [19]. The inhibition of collagen- and thrombin-induced
platelet reactivity by apyrase, an ADP-degrading enzyme [20,21]
reveals the central role of ADP in this process. Confirming the
importance of ADP, the human CD39 protein has been identified
as an apyrase present at the vascular endothelial surface [22].
This protein is thought to play a major role in the prevention of
thrombus formation, by controlling the extracellular level of ADP.
Although some 5′-nucleotidases and vertebrate ecto-apyrases
are assembled as oligomeric structures [23,24], the structural
characterization of soluble apyrases from the invertebrate salivary
glands is lacking.

Interestingly, the importance of salivary apyrases for obtaining
a blood meal is suggested by its ubiquitous presence in the saliva of
haematophagous insects. The apyrases of such insects were shown
to belong to two genetic families. The so-called Cimex family
is found in the Cimicidae (bedbugs) (Cimex lectularius) and in
the Phlebotominae (sandflies) (Phlebotomus papatasi) [25–27].
Expressed sequence tags presenting significant similarities with
this family of apyrases have been also identified in rat and human
with no clear associated physiological role [28,29]. The other
apyrase family appeared to have originated from the intracellular
5′-nucleotidases and has been described in the Culicidae Aedes
aegypti, Anopheles gambiae and Anopheles stephensi [30–32].
The information available in the literature for each species ranges
from reports of the DNA sequence of the apyrase genes and detec-
tion of enzyme activity to a few extensive biochemical studies.

Previously, we showed that the Triatoma infestans saliva con-
tains five apyrases from the 5′-nucleotidase family displaying
differences in primary sequences and originating from a least three
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genetic loci. These five proteins are likely to be active enzymes as
they bind an ATP analogue [33]. During purification, we noticed
that these proteins displayed a high native molecular mass. In the
present paper, we report the biochemical and biophysical studies
of the oligomeric nature of these salivary proteins.

EXPERIMENTAL

Triatomines, saliva and apyrase activity

T. infestans were reared in an insectary maintained at 28 +− 2 ◦C,
70% +−5 relative humidity, with photoperiods of 12 h. Saliva
(0.5–1 µl per adult triatomine) was collected in pipette tips placed
on the triatomines’ mouthparts. All experiments were performed
with pooled saliva obtained from insects at 20 days following a
blood meal. The saliva used in the reducing experiments was
collected using a pipette tip containing an equal volume of
2 mM NEM (N-ethylmaleimide). The saliva was filtered through
a 0.22-µm-pore-size membrane and stored at −80 ◦C until use.
T. infestans salivary apyrase activity was determined as described
previously [33].

IEF (isoelectric focusing) in agarose gels

Agarose gels (0.5 mm thick) were cast in a vertical mould,
according to the manufacturer’s recommendation (Amersham
Biosciences). The gels were made with 2 g of sorbitol, 19 ml
of water, 0.16 g of agarose IEF and 1.3 ml of ampholine, at pH
ranging from 3.5 to 10. The distance between electrodes was 9 cm.
Focusing was achieved with 1500 V, 5 mA/cm and 0.25 W/cm for
1000 V/h. The sample (5 µl) was applied on to the gel surface.
In-gel apyrase activity was revealed by the formation of a calcium
phosphate precipitate following incubation of the gel in a solution
containing 0.1 M Tris/HCl, pH 8.0, 20 mM NaCl, 20 mM CaCl2,
1 mM MgCl2 and 5 mM ATP, ADP or AMP, as described by
Mathews et al. [34] with washing steps performed in the presence
of substrate.

Native PAGE and in-gel activity

Native PAGE was performed using the method of Notarnicola
et al. [35], with modification. The electrophoresis buffer contained
25 mM Tris/HCl, 190 mM glycine and 10 mM sodium acetate at
pH 8.3. Linear gradient gels (3–15%) were cast with the same
buffer. Electrophoresis was carried out using the Multiphor II
system (Amersham Biosciences) at 7.1 V/cm for 30 min and
14.3 V/cm for 2 h. In-gel activity was detected using the procedure
described for IEF; however, the washing steps were performed in
the absence of substrate.

Analytical gel-filtration chromatography and analytical
ultracentrifugation

Analytical gel-filtration chromatography was conducted on a
Superdex 200 column (Amersham Biosciences) in 25 mM Tris/
HCl, pH 7.5, and 500 mM NaCl at a flow rate of 0.4 ml/min.
The absorbance at 280 nm was recorded, and 0.4 ml fractions
were tested for enzyme activity. The column was calibrated using
the known hydrodynamic radii (Rh) of thyroglobulin, ferritin,
aldolase and BSA [36]. Sedimentation velocity experiments were
performed using a Beckman XL-I analytical ultracentrifuge and
an An-60 Ti rotor. Experiments were carried out at 10 ◦C in
25 mM Tris/HCl, pH 7.5, and 500 mM NaCl. Samples of 100 µl
of total saliva at protein concentrations of 2.2, 4.4 and 10 mg/ml
and purified apyrase at 0.3 mg/ml were loaded into 3 mm
sapphire cells and centrifuged at 42000 rev./min. Scans were
recorded at 278 nm for total saliva or 228 nm for purified

apyrase, using a 0.003 cm radial spacing. We used the continuous
distribution c(s) analysis of P. Schuck (Sedfit: http://www.
analyticalultracentrifugation.com) to treat the data [37,38] (see
[39] for a review on the recent progresses in analytical ultra-
centrifugation). The c(s) method considers the sample as being
composed of a number of non-interacting species. For all species,
a common relationship is assumed that links the molar mass and
the hydrodynamic radius of the macromolecule, and thus its sedi-
mentation and diffusion coefficients, through the solvent den-
sity and viscosity and reasonable values of the partial specific
volume and frictional ratio of the macromolecule. It allows the
calculation of theoretical sedimentation profiles for any species.
The c(s) distribution corresponds to the best linear combination of
species that describes the experimental set of sedimentation
profiles. Sedfit also takes advantage of a radial and time-inde-
pendent noise-subtraction procedure. Because the sedimentation
profiles are mainly determined from the values of the sedi-
mentation coefficients, and in a minor way from the values of
the diffusion coefficients, the c(s) analysis is robust, even if the
details of the distribution can be sensitive to the hypothesis used.
The c(s) curves were obtained considering 200 particles with
sedimentation coefficients between 0.3 and 13 S, with a regu-
larization procedure leading to a smooth curve (F-ratio = 0.68).
We considered partial specific volumes, v̄, of 0.74 ml/g for the
polypeptide and 0.609 ml/g for the glycosylation contribution,
and tabulated values for the solvent density (ρ = 1.021 g/ml) and
viscosity (η = 1.377 cp), for the c(s) analysis. From the inferred
sedimentation coefficient, s, and the hydrodynamic radius, Rh,
from calibrated gel-filtration, the molar mass, M, of apyrase was
calculated using the Svedberg equation:

s = M(1 − ρv̄)/(NA6πηRh), where NA is the Avogadro number.

Non-reducing/reducing two-dimensional SDS/PAGE

Free cysteine residues from purified apyrase were blocked by
incubation for 10 min at room temperature (25 ◦C) with 10 mM
iodoacetamide to avoid formation of non-specific disulphide
bonds during sample preparation. Non-reducing Laemmli SDS/
PAGE buffer was added, and samples were boiled for 5 min and
submitted to non-reducing SDS/6% PAGE. Half of the gel lane
was then cut out longitudinally and disulphide bonds reduced
by incubation in reducing Laemmli sample buffer for 10 min at
room temperature. The remaining part of the gel containing non-
reduced apyrase and molecular-mass markers was silver-stained.
The in-gel reduced lane was horizontally applied on top of a 6%
gel and run into a second dimension. Molecular-mass markers
and reduced apyrase samples were simultaneously run only in
this second reducing dimension as references. Gels were silver-
stained.

Disulphide bond reduction and apyrase activity

Purified apyrases (2 µg) were incubated with different concen-
trations of DTT (dithiothreitol) for 30 min at room temperature.
Thereafter, free cysteine residues were blocked with a 10-fold
excess of iodoacetamide. Aliquots were diluted 10-fold and were
used to measure apyrase activity. Changes in band patterns
were detected by SDS/PAGE under non-reducing conditions.
Controls contained the same quantity of saliva and iodoacetamide
in the absence of DTT.

DTSSP [3,3′-dithiobis(sulphosuccinimidyl propionate)]
cross-linking experiments

DTSSP (Pierce) cross-linking was performed essentially as
described by the manufacturer. In short, purified apyrases
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Figure 1 IEF of T. infestans salivary apyrases

IEF (pH 3.5–10) followed by in-gel activity detected by the formation of a whitish precipitate
resulting from the reaction of calcium, with Pi released from ATP (lanes 1 and 2) and ADP (lanes 3
and 4), but not AMP (lanes 5 and 6). These samples were applied 1.5 cm from the activity area
on the basic (lanes 1, 3 and 5) or acidic (lanes 2, 4, and 6) sides of the gel. Arrows indicate
positions of focused pI standards.

(0.1 mg/ml) were incubated for 30 min with 0–25 µM DTSSP
in 50 mM Hepes, pH 7.5, and 500 mM NaCl to a final volume of
15 µl. After quenching by the addition of 0.5 µl of 1 M Tris/HCl,
pH 6.8, the reaction products were resolved by SDS/6 % PAGE
under non-reducing conditions.

RESULTS

Charge heterogeneity of T. infestans apyrases

In previous work, we reported that pooled T. infestans saliva
contains five apyrases of 88, 82, 79, 68 and 67 kDa in molecular
sieving experiments [33]. The large size of the apyrase oligomers
prevented proper IEF in polyacrylamide gels, therefore IEF was
performed in an agarose gel. Apyrase activity focused as a
smear in a region ranging from pH 4.9 to 5.4, as revealed by
the precipitate of Pi released from ATP and ADP, but not AMP
(Figure 1, lanes 1–2, 3–4 and 5–6 respectively). This activity re-
resents truly focused apyrase, as it migrated to the same position
when sample was applied on either side of the gel (Figure 1,
compare odd and even lanes for each substrate) and pI markers
were finely resolved into sharp bands (results not shown). This pI
heterogeneity may reflect various post-translational modifications
of the apyrases, and Western-blot experiments showed that all of
the five apyrases are distributed along the activity area (results
not shown). When IEF experiments were performed with saliva
collected from individual insects, the same pattern of multiple-
activity bands was observed, revealing that the observed hetero-
geneities do not derive from variation within the insect population.

Despite these multiple charges, the apyrase activity of crude
saliva upon native PAGE was rather homogeneous (Figure 2).
In this separation technique based on both charge and size of
the proteins, the enzymatic activity migrated as a broad band,
releasing Pi from ATP and ADP, but not from AMP (Figure 2,
lanes 1, 2 and 3 respectively). Pi release from ATP by the purified
apyrases was observed at the same position (lane 4).

Figure 2 Native PAGE of T. infestans salivary apyrases

A 0.2 µl aliquot of crude saliva (lanes 1, 2 and 3) and purified apyrase (lane 4) were resolved
in native PAGE, using a Tris/glycine/acetate system in a 3–15 % gradient gel. In-gel activity
(arrow) was detected by the formation of calcium phosphate precipitate after incubation, in the
presence of ATP (lanes 1 and 4) and ADP (lane 2), but not AMP (lane 3).

Analytical ultracentrifugation and analytical gel-filtration
chromatography

To determine the molecular mass of the large species displaying
apyrase activity in gel-filtration, we combined the results of
analytical gel-filtration and sedimentation velocity experiments.
Sedimentation velocity profiles of total saliva and purified
apyrase are shown on the top panels of Figures 3(A) and 3(B)
respectively. These profiles correspond to successive records of
the protein concentration along the centrifuge cell radius during
ultracentrifugation. Each set of velocity profiles was globally
analysed in terms of a continuous distribution of sedimentation
coefficients, c(s) [37,38]. The sample is qualitatively described
as an assembly of non-interacting particles, defined by their s
values, and the correctness of the fit is estimated by the residuals,
the differences between the experimental and the modelled
data. Sedimentation velocity profiles of total saliva and purified
apyrase (Figures 3A and 3B, top panels, respectively) were well
modelled using size-distribution analysis, as indicated by the
uniform residuals (Figure 3, middle panels). Comparison of
the s-distribution from total saliva and purified apyrase samples
revealed enrichment in the 5.7 S species, which appeared to be
the main species after purification (Figure 3A and 3B, bottom
panels, respectively). In total saliva, the more abundant species
with sedimentation coefficients ranging from 1 to 1.5 S must
correspond to the salivary proteins with a molecular mass below
45 kDa seen in SDS/PAGE [33]. For total saliva, the same
distributions of sedimentation coefficients were obtained at 10,
4.4 and 2.2 mg/ml, which suggested that the proteins were not
undergoing dissociation in the tested range of concentrations. The
same absence of dissociation upon dilution was observed through-
out the gel-filtration experiments on a Superdex 200 column. The
Rh of 6.1 nm obtained from calibrated gel-filtration experiments
allowed us to calculate for apyrase species a total molar mass
between 220 and 190 kDa depending on the hypothesis made for
the glycosylation level. The former considers the case of a non-
glycosylated form, the latter assumes a glycosylation of 30%, a
high value for a glycoprotein. We considered different apyrase
glycosylation levels because these levels could not be inferred
from SDS/PAGE experiments, since glycosylated proteins often
migrate abnormally. From the values of the molecular mass and
Rh, we derived a frictional ratio of 1.5 corresponding to a relatively
asymmetrical molecule.
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Figure 3 Sedimentation velocity analysis of total saliva and purified apyrases

Superposition of sedimentation profiles for the total saliva at 4.4 mg/ml protein (A, top) and purified apyrase at 0.3 mg/ml (B, top), obtained at 10◦C at a rotor speed of 42 000 rev./min. Scans (top
panels) recorded the absorbencies at 280 and 228 nm respectively as a function of the radius (cm). The last scans shown correspond to centrifugation for 10 h (A) and 3.5 h (B). Units in (A) and (B)
are absorbance units (‘OD’). The sedimentation profiles were modelled in terms of a continuous distribution c(s) of sedimentation coefficients s (S) (sed coefficient; bottom panels). The residuals
(middle panels) give the differences between the experimental and modelled profiles.

Figure 4 SDS/PAGE analysis of T. infestans apyrases

Purified apyrases were submitted to non-reducing SDS/6 % PAGE, then the gel lane was cut
out, and disulphide bonds were reduced by incubation in reducing sample buffer. The lane was
then applied horizontally on top of a 6 % gel and run into a second dimension. Upper and
left-hand lanes represent controls run only in the first non-reducing dimension (1st dim.)
and the second reducing dimension (2d dim.) respectively.

Electrophoretic analysis

Previous analysis showed that T. infestans saliva contains three
more abundant apyrases, showing apparent molecular masses of
88, 82 and 79 kDa on reducing SDS/PAGE, and two less abund-
ant species migrating as a doublet of 68/67 kDa [33]. Figure 4
shows that protein bands of up to 180 kDa were formed under
non-reducing conditions (first dimension). These bands in the
first dimension (non-reducing SDS/PAGE) were resolved in a
second dimension under reducing conditions to investigate the
presence of interchain disulphide bonds forming these high-
molecular-mass species. In this experiment, proteins were first
separated under non-reducing conditions, allowing disulphide-
linked proteins to co-migrate, and then in a second dimension

under reducing conditions, to subsequently separate the proteins
involved in disulphide-linked oligomers. Hetero-oligomer sub-
units linked by disulphide bonds form vertically aligned protein
spots and disulphide-linked homo-oligomers form a single spot,
as described by Molinari and Helenius [40]. The results shown
in Figure 4 indicate that the 88, 82 and 79 kDa proteins formed
disulphide-linked homo-oligomers, because they were not found
vertically aligned with other molecular species. However, owing
to the complexity of the band pattern in the 150 kDa region, we
cannot exclude the possibility that the 88 and 82 kDa proteins
also assemble as a hetero-oligomer. Nevertheless, it is likely
that each of the 88, 82 and 79 kDa proteins self-associates to
form the species seen under non-reducing conditions. A similar
experiment, which was performed with a 15 % gel for the second
dimension, showed the absence of a low-molecular-mass protein
linked to apyrases by disulphide bonds (results not shown).

The 88 kDa apyrase forms species of 192, 155, 153 and 128 kDa
apparent molecular masses under non-reducing conditions. Simi-
larly, the 82 kDa apyrase forms bands of 180, 149, 147 and
121 kDa, whereas the 79 kDa apyrase forms species of 145, 110,
103 and 79 kDa. These multiple bands are likely to represent
heterogeneity in disulphide bonds: the presence/absence of intra-
chain disulphide bonds or a variable number of subunits held by
disulphide bonds, for example. The minor doublet of 68/67 kDa
does not exhibit any disulphide bond as it migrates at the same
position under non-reducing and reducing conditions. On one
hand, the sedimentation experiment showed an average molecular
mass of 205 kDa and the absence of monomeric species. On the
other hand, disulphide bond analysis showed that the 68/67 kDa
proteins and the 79 kDa protein fraction have no interchain
disulphide bonds. Thus these species must form non-covalent
oligomers. The molecular-mass estimations must be considered
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Figure 5 Effects of DTT on intermolecular disulphide bonds and apyrase
activity

Purified apyrases were incubated with increasing concentrations of DTT (0, 0.1, 0.25, 0.5, 1
and 2 mM) for 30 min. After quenching with iodoacetamide, part of the sample was analysed
by non-reducing SDS/PAGE, and the other part was used to determine the relative enzymatic
activity in relation to the mock sample.

cautiously as intrachain disulphide bonds are known to modify
protein migration, making the protein more compact, thus migrat-
ing faster under non-reducing conditions [41]. Therefore no con-
clusion on complex stoichiometry should be formulated.

To avoid formation of artefactual disulphide bonds, saliva was
collected directly in NEM solution to block free cysteine residues.
Analyses of NEM-treated samples by electrophoresis and gel-
filtration chromatography confirmed the above findings (results
not shown). Taken together, these data suggest that the 88, 82
and 79 kDa polypeptides assemble into homo-oligomeric struc-
tures, most probably homodimers, with intermolecular disulphide
bonds.

Intermolecular disulphide bonds stabilize apyrase structure
and activity

The relationship between the presence of inter-molecular disul-
phide bonds and the activity of the T. infestans apyrases was
analysed by measuring the activity and monitoring the band
pattern using non-reducing SDS/PAGE (Figure 5). The enzymatic
activity and band pattern of purified apyrases were determined
after incubation with increasing concentrations of DTT and sub-
sequent addition of iodoacetamide to block the free cysteine
residues and remove the unreacted DTT. The extent of reduction
of the intermolecular disulphide bonds correlates with the loss of
apyrase activity. A complete reduction was observed upon in-
cubation with 2 mM DTT, concomitant with a 96% reduction of
enzymatic activity.

Figure 6 DTSSP cross-linking of T. infestans apyrases

Purified apyrases were incubated with increasing concentrations of DTSSP (0, 1, 2.5, 5, 10
and 25 µM) and submitted to non-reducing SDS/6 % PAGE. The position of molecular-mass
standards is indicated by arrows: myosin, 212 kDa;α-macroglobulin, 170 kDa;β-galactosidase,
116 kDa and transferrin, 76 kDa.

Chemical cross-linking

To investigate the involvement of the 88, 82, 79, 68 and 67 kDa
species in oligomers, purified apyrase aliquots were incubated
with increasing concentrations of DTSSP and were analysed by
SDS/PAGE under non-reducing conditions. Figure 6 shows that
incubation with an increasing concentration of DTSSP resulted in
the gradual disappearance of the bands observed under non-
reducing conditions along with the appearance of bands in the
200 kDa region. As expected, electrophoresis in a second dimen-
sion under reducing conditions showed that the 200 kDa bands
formed upon incubation with 25 µM DTSSP are composed of the
five apyrases with the same apparent stoichiometry as in the saliva
(results not shown). These findings are consistent with the mol-
ecular mass determined by analytical ultracentrifugation and con-
firm that, in addition to disulphide bonds, other types of inter-
actions are responsible for the quaternary structure of apyrases.

DISCUSSION

Triatomine vectors of Chagas disease were shown to overcome
host platelet aggregation by secreting apyrase in their saliva during
feeding [42], and we established further that T. infestans presents
five apyrases from the 5′-nucleotidase family [33]. In the pres-
ent report, we provide evidence that these proteins are assembled
into oligomers.

Comparison of T. infestans apyrase molecular masses deter-
mined by SDS/PAGE (ranging from 67 to 88 kDa) and by ana-
lytical centrifugation (205 +− 15 kDa) shows that these proteins
form oligomers, probably dimers or trimers. However, the exact
stoichiometry could not be solved because their apparent masses
obtained from SDS/PAGE are not appropriate for this purpose.
To our knowledge, soluble oligomeric apyrases have not been
reported previously, although this feature is present in membrane-
associated apyrases [43–45].

The 5′-nucleotidases that were shown to form oligomers have
their subunits linked sometimes by disulphide bonds [24], and this
information is consistent with our observation that the T. infestans
apyrases belong to this enzyme family [33]. Our electrophoresis
findings indicated that disulphide bonds could assemble apyr-
ases into homo-oligomers. The possibility of the hetero-oligomers
involving the 88 kDa and 82 kDa species is consistent with our
previous demonstration that these two molecular species cor-
respond to different alleles [33]. We hypothesize that the hetero-
geneity in disulphide bonds of some species, and their absence
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for the 68/67 kDa apyrases and the 79 kDa fraction, are probably
due to the disulphide bonds being an alternative oligomerization
mechanism for the apyrases. In favour of this reasoning is the ex-
isting heterogeneous population of oligomers, part of which being
assembled by disulphide bonds and another part or subpopulation
being held by non-covalent interactions. In this respect, co-
existing covalent and non-covalent oligomers have been described
for alternative oxidases of plants [46]. The advantage of a
multimeric over a monomeric structure remains unclear, but it is
possible that the quaternary structure allows both hydrophobic
regions to be buried within the protein assemblage and reduc-
tion of the molecule surface with the medium, thus limiting the
amount of water required to stabilize these proteins [47].

Cross-linking with DTSSP analysed by SDS/PAGE resulted
in the formation of high-molecular-mass bands with apparent
molecular mass close to 200 kDa, showing that interactions
other than disulphide bonds participate to form the quaternary
structure and that the different apyrase oligomers have similar
mobility when cross-linked. This is consistent with the repeated
observation that apyrase activity of T. infestans saliva is related
to five proteins that could not be distinguished under native
conditions, i.e. gel-filtration, native PAGE and ultracentrifugation
and during the various purification methods tested. Despite het-
erogeneity in disulphide bonds, the overall biophysical properties
of the oligomers seem to be very similar. We hypothesize that
an existing heterogeneity in inter- and/or intra-chain disulphide
bonds may result from domain swapping. Three-dimensional do-
main swapping is an oligomerization mechanism whereby a
domain from one protein subunit replaces the identical domain of
a neighbouring subunit and can involve rearrangement of disul-
phide bonds, passing from intrachain in the monomers to inter-
chain in dimers [48]. In addition, both swapped and unswapped
conformations could coexist [49]. This feature might be present
in T. infestans apyrases, resulting in the formation of different
conformers bearing different inter- and intra-chain disulphide
bonds. This hypothesis remains to be tested by crystallographic
studies.

T. infestans apyrases display pI values between 4.9 and 5.4, in
agreement with the broad elution pattern over the salt gradient on
an ion-exchange column and in chromatofocusing experiments
(results not shown). In this regard, apyrases can be classified
into two groups based on their pI: apyrases from mosquitoes
and sandflies with basic pI [25,26,50,51] and apyrases from
T. infestans and C. lectularius [52] with acidic pI. This classifica-
tion is independent of the apyrase genetic families, as mosquitoes
and T. infestans apyrases belong to the 5′-nucleotidase family, and
sandflies and C. lectularius apyrases to the Cimex apyrase family.
Thus one may speculate on the physiological reasons related to
these pI differences. Neither should they be related to feeding
mechanism because sandflies are capillary-feeding insects,
whereas mosquitoes, T. infestans and C. lectularius are vessel-
feeding. However, we noted a correlation between the pI of the
enzymes and blood meal duration, which is more important for
T. infestans and C. lectularius than for mosquitoes or sandflies.
Consistently, an apyrase from the 5′-nucleotidase family has been
detected in another arthropod with long feeding behaviour, the
tick Ixodes scapularis, with a predicted acidic pI [53]. However,
the biological mechanism, if any, underlying this pI segregation
remains to be determined.

We have shown that the T. infestans saliva in-gel activity
after IEF staining presents various active forms of apyrase with
distinct pI values, which supports further the originality of these
apyrases, as previous studies of pI values from apyrases in other
species revealed a single active form. However, the Anopheles
stephensi is an exception; its saliva apyrase displays three

activities at pI values of 6.9, 7.2 and 7.6 [34]. We believe the di-
versity of pI values in T. infestans might result from different
post-translational modifications of the corresponding proteins and
is related, at least partially, to the disulphide bond heterogeneity.
Indeed, the contribution of genetic polymorphism to the molecular
diversity described in the present study is limited as it merely
accounts for the presence or absence of the 88 and 82 kDa apyrases
[33]. Additional experiments will be conducted with recombi-
nant proteins in order to uncover the exact organization of the
oligomeric structures and the role of post-translational modifi-
cations, as a prerequisite to further pharmaceutical studies.
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