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doses of collagen (0.5 ng/ml). Because collagen, but not ADP or
thrombin, is the only platelet agonist that consistently pro-
motes an increase of extracellular O, (10, 11), it was hypothe-
sized that antigen-5 members might affect the pro-aggregatory
properties of ROS on platelets. Therefore, we compared the
effects of TIAV with Cu,Zn-SOD. Fig. 3B also shows that
Cu,Zn-SOD, like TIAV, attenuates platelet aggregation (but
not the shape change) by collagen (0.5 pug/ml). On the other
hand, arachidonic acid (58 wmol/liter)-induced aggregation is
not affected by both inhibitors (Fig. 3C). We also tested the
effects of TIAV in other parameters of platelet activation. Fig. 3,
D and E, demonstrate that TIAV dose-dependently inhibits
platelet ATP secretion and TXA, generation induced by colla-
gen, respectively. Because it has been reported that NADPH
oxidase inhibitors, such as diphenylene iodonium and apoc-
ynin, partially attenuate thrombus formation triggered by a col-
lagen surface at high shear rates in vitro (38), we tested TIAV in
this assay. Fig. 3F (left panel) shows thrombus formation in
control experiments. In the presence of TIAV (3 wmol/liter;
Fig. 3F, right panel), a slight effect could be observed in the
shape of the thrombus; however, this effect was variable and
dependent on the donor, being difficult to consistently
quantify.

DMAYV Scavenges O,—Experiments with platelets supported
the hypothesis that DMAV operates through scavenging of
O;. To test this, we employed PMA-stimulated neutrophils,
which generate intense production of O through activation
of NADPH oxidases. Our results show that DMAYV dose-de-
pendently inhibits the signal due to O; when evaluated by
either Diogenes reagent (Fig. 44) or lucigenin (Fig. 4B) with
IC;, of ~0.5 wmol/liter. We also tested the effects of DMAV
in O} generated in a cell-free system by X/XO according to
Reaction 1.

XO _
Hypoxanthine + O, + H,0 — Uricacid + O, + H*

REACTION 1

Fig. 4C demonstrates that DMAV diminishes the O, signal
(detected by Luminol) with concentrations similar to those
observed with neutrophils. In contrast, a number of other avail-
able recombinant salivary proteins expressed in E. coli (e.g.
DM146, triplatin, SVEP, yellow protein) or in insect cells (e.g.
ixolaris, 9.3 kDa) and purified as described for DMAV were
ineffective in the same assay (Fig. 4D).

To confirm the antioxidant activity of DMAYV using another
detection method, we evaluated its effects in the cyt ¢ reduction
assay using X/XO to generate O in vitro.
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Fig. 4E demonstrates that DMAYV produces partial inhibition
of cyt ¢ reduction, whereas three other recombinant proteins
(ixolaris, dipetalodipin, and BSA) were without effect. We also
determined that the enzymatic activity of X/XO, evaluated by
production of uric acid, was unaffected by DMAV (Fig. 4F).
Altogether, it was hypothesized that DMAYV operates either as a
non-catalytic scavenger of O (33) or as an enzyme (e.g. Cu,Zn-
SOD) that could dismutate O, to H,O, (39), according to Reac-
tions 2 and 3, where M is metal.

M@+ 50D + O, — M™*-S0D + 0,

M™*-SOD + O, + 2H* — M“*1*-50D + H,0,
REACTIONS 2 and 3

To test whether DMAYV also generates H,O,, peroxide pro-
duction was estimated using Amplex Red reagent in reactions
started with X/XO. In contrast to Cu,Zn-SOD, which increases
H,O0, formation, DMAYV did not increase its production (Fig.
4G).

DMAYV was also tested to determine whether it works as a
catalase according to Reaction 4.

2 H,0, > 2 H,0 + 0,
REACTION 4

An H,0, standard curve was constructed, followed by incu-
bation for 15 min with PBS or DMAV. H,O, was detected with
Amplex Red. Fig. 4H shows that no change in the concentration
of H,O, was observed. We aimed to determine whether DMAV
displays catalase activity using a direct method using a Clark
electrode, which measures oxygen concentration in a solution
(33). In this experiment, the solution containing xanthine
exhibited an oxygen concentration of ~280 um. When XO was
added to the chamber (under stirring conditions), the genera-
tion of O, was accompanied by consumption of O,, detectable
by a continuous downward inflection of the pen (Fig. 41). After
15 min, most O, that has been converted to O will spontane-
ously dismutate to stable H,O,. Accumulation of H,O, can be
detected by the addition of catalase (control) to this solution,
because conversion of H,O, into O, and water produces an
increase in O, levels according to Reaction 4, which is detected
by a sharp upward inflection of the pen (Fig. 4/). When the
experiments were performed as above but DMAV was added
instead of PBS, no change in oxygen consumption was noticed.
Furthermore, after the addition of catalase, the same change in
O; formation was observed (relative to PBS), implying that
DMAV is devoid of catalase activity.

FIGURE 1. Characterization of DMAV. A, Clustal alignment of DMAV (gi 344190589) and antigen-5 members from T. infestans (TIAV; gi149898844), Rhodnius
prolixus (RPAV; gi33518699), Aedes aegypti (AAAV; gi 18568278), Drosophila melanogaster (DrMAV; gi 7292999); Culex quinquefasciatus (CQAV; gi38350629);
Anopheles gambiae (AGAV; i118788028); Simulium nigrimanus (SNAV; gi 269146468); Simulium vitatum (SVAV; gi 197260688), Phlebotomus duboscqi (PDAV;
gi112497675),and Lutzomyia longipalpis (LLAV; gi4887102). B, phylogenetic tree for antigen-5 family members from several blood sucking salivary glands. Two
antigen-5 members studied herein are indicated as DMAV (*) or TIAV (#). C, purity of DMAV. An aliquot of purified DMAV was used for mass spectrometry and
yielded a mass of 25,337 Da (predicted mass, 25,341 Da). Inset on the left, SDS-PAGE of DMAV. Three ug of DMAV under non-reducing (DTT—) or reducing
(DTT+) conditions was applied to 4-12% NuPAGE. Molecular weight markers are show on the left. D, biophysical properties of DMAV. Analysis by SEC-MALS-
HPLC provided the molar mass distribution of the main peak compared with absorbance at 280 nm. Molecular weight markers were loaded in the same
column, and elution volume was compared with DMAV (arrow, inset) (inline multiangle light scatter). The solid and red lines represent absorbance 280 nm and
MALS results, respectively. E, CD analysis of DMAV in aqueous solution. The ellipticity (degrees cm?/dmol) was plotted as a function of wavelength (nm). Inset,
percentage of secondary structures.
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FIGURE 2. DMAV inhibits collagen-induced platelet aggregation. A, human platelet-rich plasma (2 X 10°/ul) was incubated with DMAV for 1 min (concen-
trations are given for each trace) followed by the addition of different platelet agonists, as indicated. Platelet aggregation was estimated by turbidimetry under
test tube-stirring conditions. Washed human platelets were employed when thrombin was used as an agonist. The traces represent a typical experiment. B,
DMAYV does not affect platelet adhesion tofibrillar or soluble collagen limmobilized in 96-well plates. Calcein-AM-labeled platelets were added to the wells and
incubated for 1 h at 37 °C. Wells were washed with Tyrode-BSA. EDTA was used as a control. Fluorescence was detected with excitation at 485 nm and emission
at 530 nm. Significance (*) was set at p < 0.05 (t test). C, DMAV does not interact with GPVI by SPR. GPVI was immobilized in a CM5 sensor chip, and DMAV was
used as an analyte. No increase in resonance was observed in the presence of DMAV (1 um). Convulxin (10 nmol/liter), a GPVI ligand, was used as positive control. D,
isothermal titration calorimetry for ADP or cTXA, interaction with DMAV. Top panels, base line-adjusted heats per injection of ADP (20 wmol/liter) or cTXA2 (20
wmol/liter) into DMAV (2.0 umol/liter). Bottom panels, molar enthalpies per injection for ADP or cTXA, interaction with DMAV. No binding was observed.

Proteins exhibit antioxidant activity through three distinct observed. As a control, free cysteines or reduced DMAYV pro-
mechanisms (i.e. methionine oxidation (40), cysteine oxidation duced a strong fluorescence signal (not shown). It is concluded
(41), and metal oxidation (39)). To verify whether free cysteines  that DMAYV does not contain free cysteines that could mediate
with the potential to scavenge O are present in DMAV, the its antioxidant activity. To verify whether methionines in
protein was incubated with benzofurazone 4-fluoro-7-amino- DMAYV were oxidized, the protein was incubated with X/XO,
sulfonylbenzofurazan, which reacts with free cysteines. No and its mass was evaluated by MS. No change in mass compat-
increase over basal levels of the fluorescence of DMAV was ible with methionine oxidation was observed (not shown).
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FIGURE 3. TIAV, another family member, inhibits collagen-induced platelet aggregation. A, SDS-PAGE for recombinant purified DMAV and TIAV. B, TIAV
inhibits collagen-induced platelet aggregation which is comparable with Cu,Zn-SOD. C, neither TIAV nor Cu,Zn-SOD (160 units/ml) inhibit arachidonic acid-
induced platelet aggregation. D, TIAV inhibits collagen-induced ATP secretion (estimated by luciferin-luciferase); £, TXB, production was detected by ELISA.
Significance (*) was set at p < 0.05. F, TIAV only marginally attenuated thrombus formation in a collagen surface at high shear rates. Experiments were
performed with different donors (n = 3). Error bars, S.E.

Next, DMAV was incubated with EDTA to chelate metals
potentially bound to the protein. Fig. 4/ shows that DMAYV loses
its antioxidant activity in the presence of EDTA (5 mmol/liter),
which is consistent with a metal-dependent activity. In con-
trast, no inhibition of the antioxidant activity of Cu,Zn-SOD
was detected, because it tightly interacts with Cu®>*/Zn>" (42).
The distinct sensitivity of DMAYV and Cu,Zn-SOD for EDTA
also implies that our preparation is devoid of contaminating
E. coli Cu,Zn-SOD.

DMAYV Binds Divalent Metal and ICP-MS Results—To esti-
mate the metal content of recombinant DMAYV, a highly puri-
fied sample was applied to ICP-MS, which is the most sensitive
method available to evaluate metals and other ions present in a
given sample (35). Fig. 5A presents the ratio (ion content in the
sample, ng/g)/(ion content in the buffer, ng/g) in the prepara-
tion. The results indicate that DMAV binds Co*", Zn**, and
Cu?*. In addition, Ni** was found in our sample (not shown),
which is often a contaminant detected by ICP-MS. No other ion
of the periodic table was found to interact with DMAV. Next,
we evaluated whether DMAYV binds additional metals provided
in purified form. For these experiments, DMAV was incubated
with EDTA and extensively dialyzed against Hepes-saline. Each
metal (30 wmol/liter) was added to DMAV (10 wmol/liter), and
after 30 min, the mixture was again extensively dialyzed. Fig. 5B
demonstrates that DMAV equally binds Cu**, Mn**, Ni*,
Co”", and Zn>*. When no metal was added to DMAYV, only
trace amounts of Zn>" and Cu®" were identified in the sample,
indicating DMAYV bound to trace metals present in the buffer.
Next, the relative specificity of DMAYV for Cu?" and other met-
als was evaluated. In competition assays, DMAV was added to a
mixture containing equal concentrations of Cu®>*, Mn>*, Ni*™,

ACSEV SN
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Control T

Co>", and Zn>" followed by dialysis. Only Cu>" was identified
in the preparation (Fig. 5C). In displacement assays, DMAV was
incubated with Mn>*, Ni*", Co®", and Zn>*, followed by the
addition of Cu”*, and dialyzed. Fig. 5D demonstrates that only
Cu®* was found associated with DMAV.

Fluorescence Spectroscopy for DMAV—Tryptophan fluores-
cence spectra of metal-free and Cu®*-complexed preparations
of DMAV were employed to determine the relative affinity of
the interaction identified by ICP-MS. The addition of CuSO,
induced quenching of the fluorescence to 30% of the initial
intensity, suggesting that tryptophan indoles moved to a more
hydrophobic environment (Fig. 6A4). In contrast, no change in
intrinsic fluorescence was observed when Li,SO, was added to
DMAV (Fig. 6A, dotted lines). Data points were fitted by non-
linear regression to a single-site hyperbolic model, which
resulted in an apparent K, of 20.7 umol/liter (Fig. 6B). This
value does not reflect the true affinity of DMAYV for the ion
because it varies with the concentration of DMAYV used in the
assay (20 wmol/liter). As an additional control, no change in the
intrinsic fluorescence spectroscopy was observed when CuSO,,
(60 wmol/liter) was added to DM146 (gi315270899), another
E. coli expressed salivary protein from D. maxima (Fig. 6C).
The UV spectrum of DMAV was performed, and peak absor-
bance was detected at 280 nm. Additional peaks were not
observed at longer wavelengths in the presence of Cu™ (data
not shown), in contrast to Cu™ oxidases (so-called “blue copper
proteins”) (43, 44).

Comparison of the Antioxidant Activities of Cu”"-DMAV
and Cu,Zn-SOD—To verify the antioxidant potential of the
protein, DMAV (10 wmol/liter) previously incubated with (20
wmol/liter) Cu®" was extensively dialyzed against PBS, pH 7.4.
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FIGURE 4. DMAV is an antioxidant that scavenges O;. A, neutrophils were activated with PMA (5 nmol/liter) in the presence of increasing concentrations of
DMAV. Superoxide was detected using Diogenes luminescent reagent for O5. B, neutrophils were activated as in A, but O was detected with Lucigenin (20
rmol/liter). C, O; was generated by an X/XO system; luminescence was detected using luminol (500 wmol/liter). D, several proteins (DM146, ixolaris, triplatin,
9.3 kDa, SVEP, and yellow protein; 2 umol/liter) were expressed and purified as DMAV and tested side by side. Detection of O3 was performed with Luminol (500
mol/liter). E, O5 was produced by the X (500 wmol/liter)/XO (1.2 milliunits/ml) system and detected by the reduction of cytochrome ¢ (12 umol/liter) at 550 nm.
Other available salivary recombinant proteins (dipetalodipin (DPTL), ixolaris, and BSA; 2 umol/liter) were tested side by side with DMAV (5 wmol/liter). F, DMAV
(5 wmol/liter) does not affect the enzymatic function of X/XO, determined by uric acid production at 293 nm. G, effects of DMAV on generation of H,0,. X (500
umol/liter)/XO (6.3 milliunits/ml) was used to generate H,0,, which was detected with the Amplex Red reagent. In control, spontaneous dismutation of O; is
observed, which is increased in the presence of Cu,Zn-SOD (4 milliunits/ml). DMAV (5 umol/liter) did not increase H,O, production. H, DMAV does not display
catalase activity. Different concentrations of H,0, were incubated for 15 min with PBS or DMAV (2 umol/liter) and detected with Amplex Red reagent as
described under “Experimental Procedures.” /, catalase activity. XO (0.7 milliunits/ml) was added to a solution containing hypoxanthine (500 um), and O,
consumption was detected with a Clark electrode. After 15 min, catalase (333 units/m) was added to the chamber, and a peak of O, is observed. No effects were
observed after the addition of DMAV (0.5 um). J, DMAV displays metal-dependent antioxidant activity. DMAV (5 umol/liter) or Cu,Zn-SOD (0.42 unit/ml) was
incubated with EDTA (5 mmol/liter) for 15 min and tested in the cytochrome ¢ reduction assay. Antioxidant activity of DMAV was abolished by EDTA (n = 3).
Significance (*) was set at p < 0.05 (analysis of variance). A.U., arbitrary units. Error bars, S.E.
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FIGURE 5. DMAYV is a Cu®>*-binding protein; ICP-MS results. A, recombinant DMAV was used for analysis of metal content by ICP-MS. Only Cu®*, Zn?*, and
Co*" were identified. B, DMAV (10 wmol/liter) was incubated with EDTA followed by the addition (separately) of divalent metals (30 wmol/liter each), dialysis
against Hepes (5 mmol/liter), and analysis by ICP-MS. C, competition assays. DMAV (10 wmol/liter) was added to a mixture containing 15 umol/liter (each) of
MnCl,, CoCl,, NiCl,, CuCl,, and ZnCl,, followed by dialysis and analysis of metal content by ICP-MS. D, displacement assays. DMAV (10 umol/liter) was incubated
with 15 wmol/liter (each) of Mn?*, Co®", Ni**, and Zn>* for 30 min, followed by the addition of Cu®*. After dialysis, metal content was evaluated by ICP-MS. For
ICP-MS experiments (A-D), absolute expanded uncertainty for the results is 50% of the measured value, whereas the relative expanded uncertainty is 20% of
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FIGURE 6. Cu®>* changes the intrinsic fluorescence spectrum of DMAV. A, fluorescence spectrometry. Changes of the intrinsic fluorescence of DMAV (20
umol/liter in 1 ml of TBS, pH 7.4) was estimated with emission at 346 nm and excitation at 278 nm. CuSO,, (1 mmol/liter in TBS) was added as 1-ul aliquots,
resulting in final concentrations indicated in the figure. The final volume of CuSO, was 18 ul. Li,SO, (18 ulat 1 mmol/liter; final concentration 60 umol/liter) did
not affect the intrinsic fluorescence of DMAV (20 umol/liter). B, the change in fluorescence was used to determine apparent K. C, CuSO, (60 umol/liter) does
not change the intrinsic fluorescence of an unrelated salivary protein (DM146; 20 wmol/liter) from D. maxima. A.U., arbitrary units.

To study the kinetics of the reaction of Cu>*-DMAV with O
generated by X/XO, the rate of formation of cyt c reduction was
spectrophotometrically monitored at pH 7.8 in the absence (V)
and presence (v) of various Cu>"-DMAV concentrations.
Results obtained by this method compare well with direct
measurement of O} estimated by pulse radiolysis (45). Fig. 7,

A and B, show the progress curves of cyt ¢ reduction with
increasing concentrations of Cu*>*-DMAYV or Cu,Zn-SOD
respectively.

Fig. 7, C and D, shows the dose-response curves for the
results presented in 7, A and B, respectively, with a calculated
IC,, of ~50 nmol/liter for Cu>*-DMAYV and 1 nwm for Cu,Zn-
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FIGURE 7. Comparison of the antioxidant activity of Cu>*-DMAV and
Cu,Zn-SOD. Cytochrome c reduction assays were performed by the addition
of XO (1.2 units/ml) to hypoxanthine (0.5 mm) in phosphate buffer, pH 7.8, in
the presence of Cu®>*-DMAV (A) (0 nm (a), 25 nm (b), 50 nm (c), 100 nm (d), 250
nm (e), 375 nm (f), or 500 nm (g)) or Cu,Zn-SOD (B) (0 nm (a), 0.4 nm (b), 0.8 nm (c),
1.6 nm (d), 3.2 nm (e), 6.5 nm (f), and 13 nm (g)). Progress curves are shown.
Transformation of the data in A and B is shown as a function of V,,,, and
[Cu?"-DMAV] (nm) (C) or [Cu,Zn-SOD] (nm) (D), respectively. Transformation of
the data in Cand D is shown as a function of V/v and [Cu?*-DMAV] (nwm) (E) or
[Cu,Zn-SOD] (nm) (F). V, initial velocity; v, final velocity. The linear transforma-
tion of the data suggests a catalytic process (34).

SOD. Data were analyzed by plotting V/v as a function of
[Cu>"-DMAV] according to Krishna et al. (33) (Fig. 7E). Fig. 7F
shows the same transformation for Cu,Zn-SOD. From the slope
of the line and knowing Kcyt-c™ + superoxide (33, 46) at pH 7,
the k,,,,, for the Cu?*-DMAYV interaction with O} was calcu-
lated to be 0.31 X 10® mol liter ' s~ *. This is ~30—50 times less
than the K, (2-3 X 10° mol liter "' s ') observed for [Cu,Zn-
SOD)] (33, 39, 45— 47). The antioxidant activity of Cu*" -DMAV
was not affected by the presence of catalase in the assay (not
shown). McCord and Fridovich (48) defined the specific activity
of SOD in units/mg, where 1 unit is the amount in mg of protein
that inhibits 50% of the reduction of 10 wmol/liter cytochrome
¢ by O (generated by the X/XO system) in a 3.0-ml reaction
volume containing 50 mmol/liter phosphate buffer at pH 7.8.
This is ~430 units/mg Cu®>*-DMAV. DMAV was devoid of
antioxidant activity when preincubated with Zn*" (data not
shown).

DMAYV Binds to Heparin and Sulfated Glycosaminoglycans—
It has been reported that extracellular SOD interacts with hep-
arin through its C terminus (49). To verify whether DMAV
interacts with sulfated glycosaminoglycans, it was immobi-
lized in a CM5 sensor chip, followed by injection of sulfated
glycosaminoglycans. Fig. 84 shows that DS50K and DS500K
avidly interact with DMAV. Binding was also detectable with
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heparin and heparan sulfate. In contrast, no signal was
observed when non-sulfated dextran 12K, non-sulfated dex-
tran 670K, chondroitin sulfate, or enoxaparin were used as
analytes (not shown). Next, the kinetics of DMAYV interac-
tion with DS500K and DS50K were studied. Sensorgrams are
shown in Fig. 8, B and C, and data were fitted with a bivalent
analyte model. In both cases, the association phase was fol-
lowed by a very slow dissociation rate, which does not allow
precise calculation of the k4. In these cases, the K, can be
determined by steady-state kinetics. Fig. 8D shows that
DS500K and DS50K interact with immobilized DMAYV in a
saturable manner with a K, of ~0.41 nmol/liter = 0.05 nmol/
liter and 1.96 nmol/liter = 0.2 nmol/liter, respectively. Fig. 8,
E and F, also demonstrates that DMAYV interacts with hepa-
ran sulfate or heparin, respectively. To estimate the K, of
heparin-DMAV interactions with accuracy, biotinylated
heparin was coupled to neutravidin immobilized in a CM5
chip, and DMAYV was used as an analyte. Sensorgrams are
depicted in Fig. 8G. The inset presents the fit of the data
using steady-state kinetics, which resulted in a K, of 97.0 =
4.5 nmol/liter. The interaction of DMAV with heparin was
also tested using a heparin-agarose column. Fig. 8HH demon-
strates that elution of DMAV was observed at ~1 mol/liter
NaCl. This result provides additional evidence to conclude
that DMAYV is a heparin-binding protein. In order to evalu-
ate whether DMAYV binds to membranes, it was incubated
with PC/PS or activated platelets as described under “Exper-
imental Procedures.” In both cases, no interaction was
observed (not shown), excluding DMAYV as a phospholipid-
binding protein.

Antioxidant Activity Is Present in the SG of D. maxima—To
examine whether the SG of D. maxima exhibits antioxidant
activity, salivary gland homogenate (SGH) was prepared, and
the supernatant was obtained after centrifugation. Fig. 94
shows that SGH inhibits the signal of O; generated by X/XO
with an IC,, of ~0.05 pairs/assay. In addition, SGH dose-de-
pendently attenuated collagen (0.53 ug/ml)-induced platelet
aggregation (Fig. 9B).

Because SGH is a complex mixture of proteins, and different
molecules may exhibit antioxidant activity or inhibit platelet
aggregation, our goal was to verify whether specific fraction-
containing DMAYV also exhibited the activities. SGH was pre-
pared from 100 pairs of glands and supernatant loaded into a
G-75 gel filtration column. Fig. 9C shows the elution profile of
the homogenate, which was characterized by a large peak where
most lipocalins (the most abundant protein family in triato-
mine saliva) are found. Recombinant DMAYV loaded onto the
same column under identical experimental conditions elutes
around 11.5-12.5 min, which is compatible with its molar mass
of 25 kDa (Fig. 9D). To determine the elution profile of native
DMAYV, an aliquot of each fraction was used to immobilize the
protein, and an ELISA was performed using polyclonal anti-
DMAYV antibody as a probe. Fig. 9E shows that the peak of
DMAV recognized by the antibodies coincides with the elution
pattern of recombinant protein. To confirm the presence of
DMAYV in the SGH, fractions 21 and 23, which flank the
maximum antibody titles indicative of DMAV by ELISA,
were chosen. These fractions were loaded into a one-dimen-
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FIGURE 8. DMAV interacts with sulfated glycans. A, DMAV was immobilized in a CM5 sensor chip followed by injection of 200 nmol/liter DS500K or DS50K or
heparin Grade | (40 umol/liter) and heparan sulfate (4 umol/liter). No signal was observed for 200 nmol/liter of chondroitin sulfate, dextran standard of 12,000
Da (non-sulfated), and dextran (non-sulfated) standard of 670,000 Da. All analytes were diluted in HBS-P. B, kinetics of DS500K interaction with immobilized
DMAV. DS500K was injected for 120 s for association phase and 600 s for dissociation phase. Concentrations were 6.25 nmol/liter (a), 3.125 nmol/liter (b), 1.56
nmol/liter (c), 0.78 nmol/liter (d), and 0.39 nmol/liter (e). The fitting using a bivalent ligand model is shown in red. C, kinetics of DS50K interaction with
immobilized DMAV. DS50K was injected for 120 s for association phase and 600 s for dissociation phase. Concentrations of DS50K were 12.5 nmol/liter (a), 6.25
nmol/liter (b), 3.125 nmol/liter (c), 1.56 nmol/liter (d), 0.78 nmol/liter (e), 0.39 nmol/liter (f), and 0.19 nmol/liter (g). The fitting using a bivalent ligand model is
shown in red. D, steady-state kinetics for DS50K and DS500K interaction with immobilized DMAV determined a K, of 0.46 nmol/liter (DS500K) and 1.97
nmol/liter (DS50K). E, kinetics of the interaction of heparan sulfate with immobilized DMAV. Heparan sulfate concentrations were 100 wmol/liter (a), 50
umol/liter (b), 25 wmol/liter (c), 12.5 wmol/liter (d), 6.25 umol/liter (e), and 3.125 wmol/liter (f). Results were fitted with a two-state reaction model. F,
kinetics of the interaction of heparin with immobilized DMAV. Heparin concentrations were 25 umol/liter (a), 12.5 umol/liter (b), 6.25 umol/liter (c), 3.12
rmol/liter (d), 1.56 umol/liter (e), 0.78 wmol/liter (f), 0.39 wmol/liter (g), 0.19 wmol/liter (h), 0.09 umol/liter (i), 0.04 wmol/liter (j), and 0.02 wmol/liter (k).
Results were fitted with a bivalent analyte model. G, kinetics of the interaction of DMAV with immobilized biotinylated heparin. DMAV concentrations
were 2000 nmol/liter (a), 1000 nmol/liter (b), 500 nmol/liter (c), 250 nmol/liter (d), 125 nmol/liter (e), 62.5 nmol/liter (f), 31.25 nmol/liter (g), 15.6
nmol/liter (h), 7.8 nmol/liter (i), 3.9 nmol/liter (j), 1.9 nmol/liter (k), and /, 0.9 nmol/liter (/). Inset, steady-state kinetics yield a K, of 97 nmol/liter. H, DMAV
interacts with a heparin-agarose column. DMAV (200 wl; 10 wmol/liter) was added onto the heparin column and equilibrated in Tris (20 mmol/liter), NaCl
(0.15 mol/liter), pH 7.4. After washing the column, a gradient (NaCl, 0-2 mol/liter) was applied for 40 min. The peak corresponding to DMAV eluted at
~1 mol/liter NaCl. mAU, milliabsorbance units.

sional SDS-PAGE followed by gel-tryptic digestion and guity as one of the most abundant components in addition to
MS/MS of the bands. Fig. 9, F (for fraction 21) and G (for lipocalins. Fractions 21 and 23 were also evaluated for the
fraction 23), shows that DMAV was identified without ambi- Cu®" content by ICP-MS. Fig. 9H demonstrates that Cu®" is
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detectable in fraction 21, and higher levels are observed in
fraction 23. Finally, fractions 21 and 23 exhibit antioxidant
activity using the cyt c reduction assay, which was metal-de-
pendent because it was blocked by EDTA (Fig. 91).
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based assays. Accordingly, recombinant DMAV was found to
scavenge O produced by neutrophil activated by PMA and
detected by two chemically unrelated luminescence reagents
that react with Oj (e.g. Diogenes reagent and lucigenin). DMAV
also inhibits luminescence generated by luminol or the reduc-
tion of cyt ¢ by O generated in the X/XO system. Because
DMAYV does not block uric acid activity or consumption of
oxygen after the addition of X/XO, it was evident that this mol-
ecule exhibits direct antioxidant properties through removal of
O;. In addition, the antioxidant activity of DMAYV is specific for
this molecule, because it was not found for several other salivary
proteins expressed in E. coli or in insect cells.

Control experiments excluded the possibility that free thiols
(41) or methionine oxidation (40) mediates the antioxidant
function of DMAV. In contrast, EDTA completely abolished its
antioxidant function, indicating a metal-dependent mecha-
nism. ICP-MS was used to determine the metal content in
DMAV. Results revealed that DMAYV binds divalent ions Mn>™,
Co*", Ni**, Cu*", and Zn*". Through competition and dis-
placement studies, it was concluded that DMAV has higher
specificity for Cu>" over other metals. Moreover, the addition
of Cu®* to apo-DMAYV decreased the intrinsic fluorescence of
the protein, indicating a conformational change upon binding.
This experiment estimated an apparent K, in the micromolar
range, which is an overestimation because it is of the same order
of magnitude as the protein concentration used in the assay.
Under identical experimental conditions, Li,SO, did not
induce protein intrinsic fluorescence change. Furthermore,
CuSO,, does not induce intrinsic fluorescence change in
DM146, an unrelated recombinant salivary protein.

Kinetic studies using a cytochrome ¢ reduction assay suggest
that Cu>"-DMAYV operates as a catalyst and not as a simple
scavenger of O} (33, 45). Our interpretation is that antigen-5
members belong to a novel family of metal-dependent antioxi-
dant enzymes. Of note, identification of Cu®" as a ligand for
DMAV is congruent with the identification of metal (i.e. Zn>™")
coordination in the structure of antigen-5 members from hook-
worm and snake venoms (50, 51). However, it remains to be
determined how DMAYV interacts with Cu*>* and the mecha-
nism of metalation. The finding that Cu®>* preferentially binds
to DMAYV is also particularly relevant because Zn** does not
exhibit redox potential and therefore cannot confer antioxidant
properties to a protein. Structural information will be critical to
gain further insight on the mechanism of action of DMAV.

With respect to metal requirements for antioxidant activity,
Cu®"-DMAYV resembles Cu,Zn-SOD, which binds Cu** and
also exhibits one of the highest k_,, values (k_,, for O;, ~2-3 X

cat cat

10° mol liter—* s71) (39, 45, 47). It has also been shown that
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several Cu®>" salts or low molar mass Cu®" chelates exhibit a
high catalytic redox potential and scavenge O, with efficiency
close to that of Cu,Zn-SOD (52-55). Cu®>*-binding proteins,
such as ceruloplasmin (56), prion protein PrP (57), and HAH1
(58), also display antioxidant activity. It is conceivable that
DMAYV employs an extremely efficient antioxidant mechanism
for removal of O; that takes advantage of the high catalytic
redox potential of Cu®* (K, for O3, 0.2—2 X 10° mol liter '
s~ "), which is 1000 times higher than that for Mn>" (K_,, for
03, 1.3-8.9 X 10° mol liter ' s~ %) (59, 60). It is important to
recognize that Cu®* binding molecules do not always behave as
antioxidants. For example, Cu®>*-bound amyloid B8 peptide
from Alzheimer disease (61) and «-synuclein-Cu®" (62), or
hydroquinone-Cu** complexes (63) are considered pro-oxi-
dants, because they promote H,O, formation without scaveng-
ing O. Accordingly, the pro- or antioxidant activity of Cu®*" in
a protein complex is dependent on the number of Cu** per
molecule, the redox state of Cu**, and the specific residues that
coordinate the interaction with the metal (64— 66).

Cu,Zn-SOD and Cu**-DMAVV differ in several respects. On
a molar basis, Cu>"-DMAYV is about 3050 times less active
than Cu,Zn-SOD. EDTA abolishes the antioxidant activity of
Cu?"-DMAYV and other complexes (52, 53), but not Cu,Zn-
SOD. This indicates that the interaction of DMAV with Cu®" is
not tight as observed with Cu,Zn-SOD (42, 45), as confirmed
experimentally (Fig. 6B8). Moreover, we did not detect accumu-
lation of H,O, production in the presence of DMAV. It is con-
cluded that the products of spontaneous dismutation are iden-
tical to the products of the DMAV-catalyzed reaction, as
initially reported for Cu,Zn-SOD (48). Furthermore, the Cu?*-
binding proteins such as tyrosinase, laccase, ascorbate oxidase
(66), and, most notably, ceruloplasmin, scavenge O, but do not
produce H,O, (56, 67). It has been suggested that dismutation
of O by these proteins occurs through mechanisms that result
in the production of water instead of H,0O, (66), although the
chemistry of such dismutation is not completely understood
(64-66). It is possible that DMAYV might operate in a similar
fashion.

Functionally, the antioxidant activity of DMAV or TIAV,
which was characterized here as scavenging of O, in vitro, is
consistent with inhibition of low doses of collagen-induced
platelet aggregation, ATP secretion, and TXA, production.
Indeed, Krotz et al. (10) and Caccese et al. (11) found that col-
lagen, but not ADP or thrombin, is the only agonist that
increases O, extracellularly. O;, released by platelets also medi-
ates platelet recruitment, by a mechanism inhibited by Cu,Zn-
SOD (10). Furthermore, extracellular antioxidant N-acetylcys-
teine inhibits aggregation by low doses of collagen only and

FIGURE 9. Dipetalogaster maxima salivary gland; effects on platelets, antioxidant activity, and Cu®* content. A, O; was generated by the X (500
umol/liter)/XO (1.2 milliunits/ml) in the presence of SGH of D. maxima. Superoxide was detected by chemiluminescence using luminol. B, effects on platelet
aggregation. Platelets were incubated with the SGH of D. maxima followed by the addition of collagen (0.53 ng/ml). Aggregation was detected by turbidimetry
in a Lumi-Aggregometer. C, fractionation of the SG of D. maxima. SGH corresponding to 100 pairs of D. maxima was applied to a Sephadex-G75 column as
eluted with PBS, pH 7.4, at a flow rate of 0.5 ml/min. D, recombinant DMAV (100 ng) was loaded into a Sephadex G-75 column equilibrated in PBS and eluted
at 0.5 ml/min. E, ELISA for DMAV. Fifty ul of each fraction collected in C was added to Immulon 2HB plates, followed by incubation of anti-DMAV polyclonal
antibodies and alkaline anti-rabbit phosphatase-coupled secondary antibodies as described under “Experimental Procedures.” Fraction 21 (F) and fraction 23
(G) were separated by one-dimensional NUPAGE, and the bands were used for in-gel tryptic digestion and MS. Each peptide mass was searched against a
database for the SG proteins from D. maxima. Results are indicated by arrows. 3-PGK, 3-phosphoglycerol kinase. H, Cu®>* content of fractions 21 and 23 was
estimated by ICP-MS. Expanded uncertainty of the bars are 50% of the value. /, antioxidant activity. Fractions 21 and 23 were tested for inhibition of cytochrome ¢
reduction using X (500 wmol/liter)/XO (1.2 milliunits/ml) with and without EDTA (5 mmol/liter). Significance (*) was set at p < 0.05 (Student's t test). Error bars, S.E.
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suppresses production of TXA, (12). In support of our findings
that DMAYV inhibits extracellular O is the result presented in
Fig. 3B showing that Cu,Zn-SOD inhibits platelet aggregation
by low doses of collagen only, but, as reported before, it does not
interfere with aggregation induced by high concentrations,
such as 6 ug/ml (10). Furthermore, the increase in extracellular
O; levels occurs after 2 min of collagen addition and coincides
with the appearance of large aggregates (8). Our results dem-
onstrated that the anti-aggregatory effect of DMAYV is only
observable at later time points (no effects in shape change),
when the production of O; has already started. Also, thrombus
formation under flow in a collagen surface is only partially
attenuated by negative modulators of intracellular O; produc-
tion, such as NADPH oxidase inhibitors (e.g. diphenylene iodo-
nium, apocyanin, and 2-acetylphenothiazine) or Cu,Zn-SOD
mimetic (e.g. MnTMPyP) (38, 68). In agreement with these
results, TIAV, which acts extracellularly, marginally affected
thrombus formation in vitro (Fig. 3F).

It is important to emphasize that although convulxin (Cvx)
generates intracellular ROS (24, 69), it does not promote ROS
increase extracellularly; nor does Cu,Zn-SOD inhibit platelet
activation by Cvx (69). These results are therefore in agreement
with the lack of effects of DMAYV in aggregation caused by low
doses of Cvx (Fig. 2A). Actually, this result is not surprising,
because Cvx is a strong agonist that promotes direct PLCy2
activation and that relies only marginally on secondary media-
tors (eg TXA, and ADP) to induce full platelet aggregation
(70-72). Although thrombin or thrombin-receptor activating
peptide (TRAP) induce ROS production intracellularly (38, 69)
and aggregation is negatively modulated by intracellular anti-
oxidants MnTMPyP (20) or Tempol (73), extracellular O} in
the supernatant of thrombin-activated platelets has not been
detected by Krotz et al. (10) or Caccese et al. (11). Plausibly,
this explains why DMAYV does not affect thrombin-induced
platelet aggregation (Fig. 24). Finally, our experiments using
ITC and platelet aggregation assays excluded the possibility
that pro-aggregatory molecules involved in platelet aggrega-
tion by collagen, such as ADP or TXA,, PGG,/PGH,, and
12-HETE (37), are targets for DMAV. It is concluded that
DMAV interrupts platelet aggregation by a mechanism
never reported before for a salivary protein that is explained
by scavenging O;. DMAYV also attenuates the O signal gen-
erated by PMA-activated neutrophils, validating the view
that different sources of ROS production are effectively
blocked by the inhibitor.

Removal of O; is particularly important because it is the lim-
iting step in the generation of other ROS (e.g. hydroxyl and
peroxyl). Although several reports have demonstrated a pivotal
role for intracellular Oy as a signaling molecule and inflamma-
tory mediator (74 -77), extracellularly O; also plays an impor-
tant role in inflammation, as evidenced by the inhibitory role of
extracellular SOD (EC-SOD or SOD3) in neutrophilic inflam-
mation in the lung and in the skin (78-83). Conceivably,
DMAV interferes with the proinflammatory effects of extracel-
lular ROS produced by neutrophils, platelets, and other cell
types (84, 85), resulting in attenuation of expression of proco-
agulant tissue factor, NET formation, cytokine release, lipid
peroxidation, and conversion of nitric oxide to peroxynitrite in
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the vasculature (86-90). In other words, scavenging of extra-
cellular O; down-modulates a myriad of proinflammatory
reactions.

SPR results and affinity chromatography experiments dem-
onstrated that DMAYV interacts with immobilized heparin (K,
~100 nmol/liter) and other sulfated compounds (e.g. heparan
sulfate and dextran sulfate). This finding reveals a remarkable
similarity of DMAV with extracellular Cu,Zn-SOD, which
binds heparin sulfate proteoglycans on cell surfaces via its hep-
arin-binding domain (86). It is conceivable that binding of
DMAV to endothelial cells increases the effective concentra-
tion of the enzyme and the antioxidant tonus at bite sites. Fur-
ther, the presence of DMAYV in the salivary gland was supported
by the identification of metal-dependent antioxidant activity in
chromatographic fractions containing native DMAYV, con-
firmed by mass spectrometry and ELISA. Nevertheless, purifi-
cation of native DMAV from the gland will be necessary in
order to fully characterize it as an enzyme in nature, through
the determination of the metal content and the kinetics and
products of the reaction with O;. Finally, it is notable that the
salivary glands of blood-sucking arthropods reportedly contain
at least one antiplatelet, one anticoagulant, and one vasodilator
(1). Based on the results presented herein, and because anti-
gen-5 members are ubiquitously found and relatively abundant,
itis fair to say that at least one antioxidant might also be present
in these glands.

The discovery of novel protein families in insect salivary pro-
tein or other exogenous secretions has proven particularly
important in our understanding of vertebrate vascular biology
and in providing tools for biochemistry and cell biology or to
predict the function of endogenous proteins (1, 2). By analogy
with DMAYV, we speculate that other endogenous CAP/anti-
gen-5 members (e.g GLIPR1, GAPRI, PI15, and CRISP) (26)
might also behave as metal-binding proteins with pro- or anti-
oxidant functions. In conclusion, expression of antigen-5 mem-
bers in the SGs of insects and ticks counteracts the diverse
proinflammatory function of O; in the microcirculation, con-
tributing to the successful feeding of blood-sucking arthropods.
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