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To successfully feed on blood, hematophagous arthropods
must combat the host’s natural hemostatic and inflammatory
responses. Salivary proteins of blood-feeding insects such as
mosquitoes contain compounds that inhibit these common
host defenses against blood loss, including vasoconstriction,
platelet aggregation, blood clotting, pain, and itching. The D7
proteins are some of the most abundantly expressed proteins in
female mosquito salivary glands and have been implicated in
inhibiting host hemostatic and inflammatory responses.
Anopheles gambiae, the primary vector of malaria, expresses
three D7 long-form and five D7 short-form proteins. Previous
studies have characterized the AngaD7 short-forms, but the D7
long-form proteins have not yet been characterized in detail.
Here, we characterized the A. gambiae D7 long-forms by first
determining their binding kinetics to hemostatic agonists such
as leukotrienes and serotonin, which are potent activators of
vasoconstriction, edema formation, and postcapillary venule
leakage, followed by ex vivo functional assays. We found that
AngaD7L1 binds leukotriene C4 and thromboxane A2 analog
U-46619; AngaD7L12 weakly binds leukotrienes B4 and D4; and
AngaD7L3 binds serotonin. Subsequent functional assays
confirmed AngaD7L1 inhibits U-46619-induced platelet ag-
gregation and vasoconstriction, and AngaD7L3 inhibits
serotonin-induced platelet aggregation and vasoconstriction. It
is therefore possible that AngaD7L proteins counteract host
hemostasis by scavenging these mediators. Finally, we
demonstrate that AngaD7L2 had a dose-dependent anticoag-
ulant effect via the intrinsic coagulation pathway by interacting
with factors XII, XIla, and XI. The uncovering of these in-
teractions in the present study will be essential for compre-
hensive understanding of the vector-host biochemical
interface.

Anopheles gambiae is the major African vector of the ma-
laria Plasmodium parasites that afflict more than 200 million
people and causes over 400,000 deaths each year worldwide
(1). Transmission of Plasmodium sporozoites to the host
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occurs during blood feeding, for which mosquito saliva plays a
critical role.

When a female mosquito takes a blood meal, the resulting
tissue injury exposes collagen and other matrix molecules
which activate the host’s hemostasis response. During hemo-
stasis, the host’s blood vessels constrict, platelets aggregate,
and blood clotting occurs to minimize blood loss and disrupt
the ability of the mosquito to blood feed. Many blood-feeding
arthropods have independently evolved pharmacologically
active salivary compounds that inhibit host hemostatic and
inflammatory responses and enable them to successfully blood
feed (2).

Many of the hemostasis processes that mediate a variety of
early responses to wounding are regulated, at least to some
extent, by biogenic amines and eicosanoids. Biogenic amines
that regulate blood clotting, vasoconstriction, and inflamma-
tion are released by platelets, mast cells, and sympathetic
neurons with the onset of feeding (3). Eicosanoids, secreted by
mast cells, affect swelling, itching, and pain at the bite site (4).
Inhibiting these processes is important for avoiding host
defensive behaviors that may interrupt feeding. Many salivary
proteins neutralize the small-molecule effectors of hemostasis
and inflammation by rapidly binding them with abundant
proteins having high-affinity ligand-binding sites (3, 5, 6). The
D7 family of proteins from mosquitoes, among others, has
been found to act in this manner (3, 7, 8). An evolutionary
arms race between arthropod blood feeders and their verte-
brate hosts has resulted in a plethora of diverse salivary pro-
teins, many arising from gene duplication events, needed to
bind the widely varying small-molecule effectors in the host
9).

The D7 protein family is specifically expressed in the sali-
vary glands of adult Diptera and are some of the most abun-
dantly expressed proteins in the salivary glands of female
mosquitoes (7, 10). The D7s are a multi-gene family with two
subfamilies in mosquitoes: the short-forms range from 15 to
20 kDa and have a single binding domain, and the long-forms
are 27 to 30 kDa and possess both C-terminal- and N-ter-
minal-binding domains (11-15). The C-terminal-binding
pocket is negatively charged and has been observed to bind
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Anopheline proteins counteract hemostasis

biogenic amines (3). The N-terminal-binding pocket is
distinct in sequence and structure; it is positively charged and
scavenges cysteinyl leukotrienes (CysLTs) and other biolipids
(14).

The D7 proteins are among the most abundant of the potent
antihemostatic salivary proteins from the female A. gambiae
(3, 13). A. gambiae has five short-form and three long-form
D7 proteins (13). The short-forms D7r1-4 are homologous
to the Aedes D7 C-terminal-binding domain and bind
biogenic amines. D7r5 has low expression yields, no observable
binding activity, and is proposed to be a pseudogene (3).
Although the A. gambiae short-forms have been characterized
extensively, the functionalities of the long-form proteins have
not been investigated.

In this study, we investigate the ligand-binding specificity
and physiological function ex vivo of the three A. gambiae
long-form salivary proteins: AngaD7L1, AngaD7L2, and
AngaD7L3. Protein sequence alignments suggested AngaD7L1
and AngaD7L2 involvement in lipid binding and AngaD7L3-
binding serotonin, which were confirmed by isothermal titra-
tion calorimetry (ITC). We found that AngaD7L1 binds
thromboxane A2 analog, U-46619, and leukotriene C, (LTC,)
and reduces U-46619-induced platelet aggregation and vaso-
constriction. AngaD7L2 weakly binds the leukotriene B,
(LTB4) and D4 (LTD,) and induces anticoagulation via the
intrinsic coagulation pathway by reducing the generation of
factor XIla (FXIla) and factor XlIa in plasma. Finally,
AngaD7L3 is the first characterized anopheline D7 long-form
protein to bind a biogenic amine, serotonin, resulting in
diminished platelet aggregation and vasoconstriction.

Results
Sequence alignment and initial characterization

The AngaD7L1 and AngaD7L2 amino acid sequences are
63% and 76% similar, respectively, to that of the Anopheles
stephensi D7L1 protein, a protein previously shown to bind
CysLTs and U-46619 (16). The specific residues involved in
lipid binding in the N-terminal-binding pocket were found to
be highly conserved in AngaD7L1 (9 of 11) and entirely
conserved in AngaD7L2 (11 of 11) (Fig. S1). Similarly,
AngaD7L3 exhibits 100% conservation (9 of 9) of C-terminal
residues involved in the binding of serotonin as revealed by
molecular modeling of AeD7L1 and the A. gambiae D7 short-
forms (3, 8, 17). Notably, the position of the highly conserved
biogenic amine-binding residue in AeD7L1 (His 189) and the
A. gambiae short-forms D7r1-4 is conserved in AngaD7L3

(His 228). This residue is responsible for the binding of D7
proteins with serotonin and catecholamines through hydrogen
bonding through their phenolic hydroxyl groups (14).

Recombinant protein expression and purification

Recombinant AngaD7L1, AngaD7L2, and AngaD7L3 were
expressed in human embryonic kidney cells and purified by
ion-exchange and size-exclusion chromatography as described
in Experimental procedures (Fig. S2, A-C). The identity of
purified recombinant proteins was confirmed by N-terminal
sequencing and visualized as a single band by Coomassie-
staining gel electrophoresis (Fig. S2D and Table S1).

ITC reveals novel binding activity of A. gambiae D7 long-form
proteins

We screened each of the three AngaD7 long-form proteins
against five biogenic amines (serotonin, histamine, epineph-
rine, norepinephrine, and tryptamine) and five lipids (leuko-
trienes B4, C4, D4, and E4, U-46619) involved in the
hemostatic and inflammatory responses and previously
observed to bind D7L proteins in other mosquito species using
PEAQ-ITC to determine the dissociation constant (Kp) of
each protein ligand combination and provide insight into their
potential roles in blood feeding. The scavenging mechanism of
action requires a high concentration of salivary protein at the
bite site. As D7 proteins bind their ligands in a 1:1 stoichio-
metric ratio, they must be in equimolar concentrations with
the mediators, which range from 1 to 10 uM for histamine and
serotonin (18). This may explain why D7 salivary proteins are
one of the most abundant components of the salivary glands.
In all cases, stoichiometries suggested a single ligand-binding
site for all ligands tested (N ~ 6 x 1071-1 x 10°% (Table 1,
Figs. 1, and S3-S5). AngaD7L1 was observed to bind U-46619
(Kp = 4 x 10* + 2 x 10> nM) and LTC, (Kp = 2 x 10% + 2 x
10® nM). AngaD7L2 binds LTB, (Kp = 8 x 10* + 1 x 10® nM)
and LTD, (Kp = 1 x 10°> + 1 x 10°> nM). AngaD7L3 binds
serotonin (Kp = 2 x 10" + 4 x 10° nM), a novel activity for a
member of the anopheline D7 long-form family. Given the Kp
values between ligands and their receptors are in the nM range
(19), AngaD7Ls would be a good competitor for scavenging
these molecules at the bite site.

A. gambiae D7L proteins inhibit platelet aggregation in vitro

AngaD7L1 binds the platelet aggregation mediator throm-
boxane A2 (TxA2) analog U-46619 (Fig. 1) and, therefore, we
hypothesized AngaD7L1 functions as a platelet aggregation

Table 1

Thermodynamic parameters of Anopheles gambiae D7 long-form proteins with biogenic amine and eicosanoid ligands measured by PEAQ-

ITC

Protein Ligand Kp + SD (nM) AH + SD (cal/mol) -TAS + SD (cal/mol/deg) Stoichiometry+ SD

AngaD7L1 LTC, 2x10°+2 x 10° -3 x 10" + 3 x 10 2 x 10 + 4 x 10" 9x10t+4x 10!
U-46619 4 x 10* + 2 x 10* -9 x 10° + 2 x 10° 5% 107" + 1 x 10° 7x107' +2x 107!

AngaD7L2 LTB, 8 x 102+ 1 x 10° -3x10"+5x 107! 1x 10" £ 5 x 10 6x10'+3x107!
LTD, 1x10°+1 x 10° -4 x 10* + 3 x 10 3 x 10* + 3 x 10! 1x10°+2 x 10°

AngaD7L3 Serotonin 2 x 10" + 4 x 10° -6 x10°+9 x 107! 5x10°+9x 107" 1x10°+4x 107

A minimum of three replicates were performed per protein-ligand interaction.
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Figure 1. PEAQ-Isothermal titration calorimetry with AngaD7 long-form recombinant proteins reveals binding with biogenic amines and lipids
involved in hemostasis. PEAQ-ITC trials conducted using 1:10 protein to ligand concentrations in TBS. AngaD7L1 binds (A) LTC4 and (B) U-46619;
AngaD7L2 binds (C) LTB4 and (D) LTD4; and AngaD7L3 binds (E) serotonin (5-HT). Titration curves are representative of at least three measurements. ITC,

isothermal titration calorimetry.

inhibitor. Platelet aggregation occurs very quickly upon tissue
injury as a mechanism to prevent further blood loss. Exposure
to collagen, from the subendothelial matrix, or thrombin ini-
tiates the formation of a platelet monolayer and the subse-
quent adhesion of activated platelets, ultimately forming a
platelet plug (9, 20, 21). At low collagen concentrations, TxA2
plays an important role in the extension and amplification of
platelet aggregation, but at high concentrations, collagen can
induce platelet aggregation independently of TxA2 by acting as
a strong agonist of the GPVI receptor on the platelet surface
(20). While D7 proteins do not bind collagen directly, they
sequester molecules such as TxA2 that amplify the platelet
aggregation process and thus reduce the effect. Hence, we

SASBMB

expect to see platelet aggregation inhibition at low collagen
concentrations but not at high concentration. We used a low
collagen concentration of 1 pg/ml for most assays. At a low
protein concentration (0.3 uM), AngaD7L1 did not inhibit
platelet aggregation (Fig. 2). At 1 uM, AngaD7L1 had a slight
effect on inhibiting platelet aggregation with the low collagen
concentration (1 pg/ml) (Fig. 2) but no effect with high
collagen concentration (10 pg/ml). At 3 pM, AngaD7L1
reduced platelet aggregation at the 1 ug/ml concentration of
collagen. When platelet aggregation was initiated with
U-46619, AngaD7L1 had a dose-dependent inhibitory effect
on platelet aggregation. At a high dose of U-46619 (0.7 uM),
0.3 uM AngaD7L1 did not have any effect in inhibiting

J. Biol. Chem. (2022) 298(6) 101971 3
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Figure 2. Effects of AngaD7 long-form proteins on platelet aggregation. Platelet-rich plasma (PRP) was incubated with varying concentrations of each
recombinant protein independently before the addition of platelet agonists. AngaD7L1 at various concentrations with agonist (A) 1 pg/ml collagen,
(B) 10 pg/ml collagen, (C) 0.7 uM U-46619, (D) 0.3 uM U-46619, (E) 1 uM arachidonic acid, and AngaD7L3 at various concentrations with agonists (F) 1 pg/ml
collagen, (G) 0.8 uM 5-HT, and (H) 0.8 uM 5-HT + 0.4 pg/ml collagen. Protein concentrations are indicated in uM under each curve. Individual curves

represent the change in % transmittance over time.

aggregation. However, when a lower U-46619 dose (0.3 pM)
was used, the lower concentration of AngaDL71 reduced
platelet aggregation. Similarly, at a concentration of 1 uM of
AngaD7L1, platelet aggregation was inhibited at both high and
low U-46619 concentrations, but the effect was strongest at
the lower concentration of U-46619. Finally, at a high con-
centration of protein (3 uM), AngaD7L1 inhibited platelet
aggregation at the high concentration of U-46619. AngaD7L1
had no effect on the TxA2 precursor, arachidonic acid, at any
concentration.

AngaD7L3 tightly binds serotonin (Table 1 and Fig. 1),
which is a platelet aggregation mediator and potentiator of
platelet agonists such as ADP and collagen. We therefore
hypothesized that AngaD7L3 also functions as a platelet ag-
gregation inhibitor. At the highest protein concentration
(3 uM) and low collagen concentration (1 pg/ml), AngaD7L3
had no collagen-induced effect on platelet aggregation (Fig. 2).
However, at the 3 pM concentration, AngaD7L3 did reduce
platelet aggregation when induced by serotonin alone (but not
at 1 uM of AngaD7L3). Serotonin alone is not a potent agonist,
and while it can induce platelet shape change, the platelets
eventually disaggregate (22). We therefore combined serotonin
and collagen to produce a full aggregation response.
AngaD7L3 had a dose-dependent inhibitory effect on platelet
aggregation when incubated with serotonin + collagen,
inhibiting aggregation the strongest at the high concentration
of 3 uM of AngaD7L3 (Fig. 2).

A. gambiae salivary D7L1 and D7L3 proteins are vasodilators

AngaD7L1 binds U-46619, an analog of the potent vaso-
constrictor thromboxane A2 (TxA2); similarly, AngaD7L3
binds serotonin which is also a potent vasoconstrictive agonist
(Fig. 1). We therefore hypothesized that the AngaD7L1 and

4 | Biol. Chem. (2022) 298(6) 101971

AngaD7L3 salivary proteins would act to abrogate vasocon-
striction to U-46619 and serotonin, respectively, in ex vivo
murine resistance arteries. To better understand the effect of
these salivary proteins on vasodilation, we used equimolar
concentrations of agonists and salivary proteins, in keeping
with the 1:1 stoichiometry determined in our ITC studies. In
third-order mesenteric arteries (n = 6, three male and three
female), U-46619 induced a rapid, dose-dependent vasocon-
striction (Fig. 3, A and C) with logIC50 = -8.2 (Table 2).
Following incubation with AngaD7L1 (10 uM), the vasocon-
strictive response to U-46619 was significantly inhibited,
shifting the logIC50 to —6.4, indicating ~70-fold reduction in
effective constrictive potency of U-46619 in the presence of
AngaD7L1. After washout of AngaD7L1, the vasoconstrictive
potency of U-46619 was restored (logIC50 = -8.2). No effect of
mouse sex was observed on vasoconstrictive potency of
U-46619 at baseline or after addition of AngaD7L1. In a
separate set of third-order mesenteric arteries (n = 7, three
female and four male), serotonin induced potent dose-
dependent vasoconstriction (Fig. 3, B and D) with
logIC50 = -7.0 (Table 2). Following incubation with
AngaD7L3 (1 uM), the vasoconstrictive response to serotonin
was significantly inhibited, shifting the logIC50 = -5.6, indi-
cating ~25-fold reduction in effective constrictive potency of
serotonin in the presence of 1 pM AngaD7L3. After washout
of AngaD7L3, the vasoconstrictive potency of serotonin was
restored (logIC50 = -6.9). No effect of mouse sex was observed
on vasoconstrictive potency of 5-Hydroxytryptamine (5-HT) at
baseline or after addition of AngaD7L3.

AngaD712 displays anticoagulant activity in normal plasma

The three recombinant proteins were each tested for anti-
coagulant properties by performing plasma recalcification

SASBMB
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Figure 3. AngaD7L1 inhibits vasoconstriction to U-46619, and AngaD7L3 inhibits constriction to serotonin, in isolated murine resistance arteries.
Third-order mesenteric arteries from C57BI/6J mice were cannulated in an ex vivo pressure myograph system to measure vasoconstriction in response to the
agonists (A) U-46619 (n = 6) and (B) serotonin (5-HT, n = 7) (black lines). After dose-response vasoconstriction was measured to each agonist, arteries were
incubated with AngaD7L1 (10 uM) and constricted again with U-46619 or AngaD7L3 (1 uM) and constricted again with 5-HT (red lines). The salivary gland
peptides were then washed off, and a final constriction curve to either U-46619 or 5-HT was performed (blue lines). AngaD7L1 (10 uM) significantly inhibited
the sensitivity to constriction with U-46619, shifting the loglC50 from —8.2 to —6.4, and AngaD7L3 (1 uM) significantly inhibited the sensitivity to constriction
with serotonin, shifting the loglC50 from —7.0 to —5.6 (Table 2). C and D, representative artery images of the vasoconstrictive responses to U-46619 or 5-HT
in the absence or presence of peptide. C, images of an area of a single artery taken at baseline and then following constriction to [10-8]M U-46619 and
[10-6]M U-46619, with and without the AngaD7L1 peptide. D, images of an area of a single artery taken at baseline and then following constriction to [10-7]
M 5-HT and [10-5]M 5-HT, with and without the AngaD7L3 peptide. The inner diameter of the artery for each response is displayed below (um).

assays. Samples containing AngaD7L1 and AngaD7L3 coagu-
lated at a rate similar to that of the negative control containing
Hepes buffer alone (Fig. 44). However, AngaD7L2 exhibited a
dose-dependent anticoagulant response (Fig. 4A). This is a
novel activity never reported in a member of any long-form of
D7 proteins. The samples with the highest concentration of
AngaD7L2 (final concentration 5 pM) were entirely unable to
coagulate and comparable to the response observed with the
potent anticoagulant positive control, Alboserpin (3 pM), an
FXa-directed anticoagulant from the saliva of Aedes albopictus
(23) (5 M, p < 0.0001****; 2.5 M, p = 0.0036**).

Prothrombin and activated partial thromboplastin clotting
times show that AngaD7L2 targets the intrinsic pathway of
coagulation

To determine which clotting pathway AngaD7L2 is involved
in, we performed prothrombin (PT) and activated partial

Table 2

Vasodilatory parameters of AngaD7L1 and AngaD7L3 by murine
mesenteric artery myography

Treatment LogICso SEM p-value
U-46619 only (n = 6) -8.21 0.14
+ AngaD7L1 (10 pM) -6.38 0.08 <0.0001
After AngaD7L1 washout -8.10 0.11 =0.54
Serotonin (5-HT) only (n = 7) -6.99 0.14
+ AngaD7L3 (1 uM) -5.57 0.20 <0.0001
After AngaD7L3 washout -6.87 0.15 =0.57

LogICs calculated from four parameter logistic regression, fit to vasoconstriction dose-
response curves (p-value comparing the peptide and washout against initial
constriction agonist).

SASBMB

thromboplastin  (aPTT) assays. As expected, neither
AngaD7L1 nor AngaD7L3 were involved in the extrinsic or
intrinsic pathways (Fig. 4, B and C). AngaD7L2 did not have an
observable effect on the PT pathway. However, time to coag-
ulation via the aPTT pathway was significantly increased in the
presence of AngaD7L2 (p = 0.0006***), confirming its role as
an anticoagulant and its specific involvement in the intrinsic
coagulation pathway.

AngaD7L2 binds coagulation factors Xll, Xlla, and X| as
determined by surface plasmon resonance

Because AngaD7L2 displays an anticoagulant activity, we
carried out a binding experiment with different coagulation
factors involved in the activation of the contact system. The
surface plasmon resonance (SPR) experiments show that
AngaD7L2 binds to human coagulation factors XII (FXII), XIIa
(FXIIa), and XI (FXI), but no interaction was detected with
other coagulation factors involved in the extrinsic or intrinsic
pathways of coagulation (Fig. 54). The binding affinity con-
stant (Kp) of AngaD7L2 and FXII, FXIla, and FXI were also
calculated using SPR analysis (Table 3). Typical sensograms of
kinetic experiments are shown in Figure 5, B-D. The best fit
was attained using a two-state reaction model. Similar to
hamadarin (24), AngaD7L2 appears to recognize conforma-
tional changes of factors XII, XIla, and XI induced by Zn**
binding. Using this model, the affinity of AngaD7L2 for FXII,
FXIla, and FXI were 16.4 nM, 5.03 nM, and 847 nM,
respectively (Table 3). Interestingly, AngaD7L2 binds to FXI

J. Biol. Chem. (2022) 298(6) 101971 5
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aPTT assays. Tests were performed in triplicate. Bars indicate SD. Significance was determined with one-way ANOVA followed by Dunnet’s multiple-
comparison test using the negative control as the reference (p < 0.01**; p < 0.001***; p < 0.0001****)_ aPTT, activated partial thromboplastin; PT,

prothrombin.

but not FXIa. This effect has also been observed in Beta-
Glycoprotein I (B2GPI), a plasma protein with both procoa-
gulant and anticoagulant properties, that binds directly to FXI
and prevents generation of FXIa by FXIla and thrombin
in vitro. Native and recombinant 2GPI has no influence on
the enzymatic activity of FXIa (25).

AngaD7L2 inhibits generation of FXlla and FXla in normal
plasma

We tested whether AngaD7L2 inhibited generation of
coagulation factors XIla and XlIa in normal plasma. The con-
tact pathway of coagulation was activated with aPTT reagent
in the presence of different concentrations of AngaDL2. The
inhibitory activity of AngaD7L2 was evaluated by measuring
the cleavage of the specific chromogenic substrates for FXIla
and FXIa. As shown in Figure 5, E and F, AngaD7L2 inhibited
the generation of FXIla and FXIa in a dose-dependent manner.
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We concluded that AngaD7L2 inhibits coagulation by directly
binding to FXII and FXIIa, preventing activation and initiation
of the extrinsic pathway of coagulation.

Discussion

It is widely known that salivary proteins suppress host he-
mostasis and inflammation to facilitate the intake of blood by
hematophagous arthropods. Arthropods have developed a
diverse group of proteins to achieve this, some with unique
and others with redundant functions. As one of the most
abundant female mosquito salivary proteins, the D7s play an
important role in combating host hemostasis. In this work, we
characterized the three A. gambiae D7 long-form proteins and
found unique properties from each other and from other
anopheline D7s. We found that the AngaD713 shows a similar
binding capacity as described for the short-form AngaD7s. It
binds only serotonin and no other biogenic amine or
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Figure 5. AngaD7L2 binds coagulation factors FXIl, FXlla, and FXI and prevents generation of FXlla and FXla in plasma. A, SPR-binding test of
AngaD7L2 and different coagulation factors. AngaD7L2 was immobilized on sensor CM5 chip, and factors XII, Xlla, X, Xla, X, Xa, IX, [Xa, VIII, Kallikrein, and
prekallikrein at 100 nM were flowed over the immobilized protein. B, kinetic analysis of AngaD7 with FXII (B), FXIla (C), and FXI (D). For all SPR assays, the
analytes were flowed over immobilized AngaD7L2 at a flow rate of 40 pl/min using a buffer containing 100 uM ZnCl, and the sensor chip surface was
regenerated by a pulse injection of 25 mm EDTA after each experiment. Inhibition of generation of factor Xlla and Xla by AngaD7L2 in human plasma (£ and
F). Various concentrations of AngaD7L2 were incubated with normal human plasma and the contact activation was initiated with diluted aPTT reagent (1:50
in PBS). The amidolytic activities of generated factor Xla and factor Xlla were determined by adding the chromogenic substrates Chromogenix S-2366 or
Chromogenix S-2302, respectively. Substrate hydrolysis was measured at 405 nm after 30 min. Bars indicate the SEM. Significance was determined with one-
way ANOVA followed by Dunnet’s multiple-comparison test using the negative control as the reference. aPTT, activated partial thromboplastin; SPR, surface

plasmon resonance.

eicosanoid. This is an unexpected result because this is the first
known long-form Anopheles D7 protein to bind to a biogenic
amine. Additionally, we found that the AngaD7L2 exhibited
anticlotting activity, a function never previously reported for a
mosquito D7 long-form protein.

Sequence alignments comparing the A. gambiae D7 long-
forms to other D7 proteins showed that AngaD7L1 and
AngaD712 amino acid sequences of the entire protein are only
partially conserved with A. stephensi AnSt-D7L1 amino acid
sequence. However, within the binding pocket, known amino
acid residues involved in lipid binding are highly conserved in
AngaD7L1 and completely conserved in AngaD7L2. The
solved crystal structure of the AnSt-D7L1 protein in complex
with U-46619 ligand demonstrated that U-46619 is stabilized
by hydrogen bonding interactions of the omega-5 hydroxyl
group with the phenolic hydroxyl group of Tyr-52 (16). Tyr-52
is also present in the Aedes albopictus AlboD7L1 and Aedes
aegypti AeD7L2; however, it is absent in Ae. aegypti AeD7L1,
which does not bind U-46619 (14). We also found that the

Table 3

Kinetics of AngaD7L2 and coagulation factors XI, Xll, and Xlla in
human plasma

Kp * SD
Analyte ka + SD (1/Ms) kd + SD (1/s) (nM)

FXI 9.92 x 10" £ 370 x 10* 696 x 107> + 1.20 x 10> 847 115
EXII 1.25 x 10° + 2.83 x 10>  1.69 x 1072 + 3.05 x 107> 164 + 2.97
FXIla 2.03 x 10° + 2.86 x 107  4.03 x 1071 + 548 x 10} 5.03 + 4.34

A minimum of three replicates were performed for each factor.
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biogenic amine-binding residues in the C-terminal of
AngaD7L3 are completely conserved when aligned with the
short-form A. gambiae D7s and Ae. aegypti AeD7L1, which are
proteins known to bind serotonin. AngaD7L3 only possesses
three of the 11 lipid-binding residues in the N-terminal
domain which explains its inability to bind CysLTs and
U-46619.

The D7 family of proteins act by scavenging small-molecule
effectors of hemostasis and inflammation by having high-
affinity ligand-binding sites (3, 5, 6). In this study, we tested
several mediators of host hemostasis previously found to bind
D7L proteins from other mosquito species and found that
AngaD7L1 is capable of binding both leukotriene C, and the
thromboxane A2 (TxA2) analog, U-46619. This is similar to
long-form D7 proteins from other mosquito species such as
the AnSt-D7L1, Ae. albopictus AlboD7L1, Ae. aegypti AeD712,
and Culex quinquefasciatus CxD7L2 (Fig. S6) (3, 14, 16, 22,
26-28). Ae. aegypti AeD7L1 binds LTC, but not U-46619.
Interestingly, AngaD7L1 did not bind any other leukotriene,
unlike the D7s from other mosquito species. Leukotrienes
induce inflammatory responses such as pain, swelling, itching,
and erythema in the host (4, 29). Thromboxane A2 induces the
hemostasis responses of vasoconstriction and platelet aggre-
gation that reduce blood flow to the injury site. AngaD7L12
showed only a weak binding affinity to the leukotrienes LTB,
and LTD, suggesting that it may be involved in anti-
inflammatory activity, however the extent to which it can do
so in vivo remains to be elucidated. AngaD7L3 did not bind
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any eicosanoids, but it did bind tightly the biogenic amine
serotonin. Serotonin induces several hemostatic responses in
the host such as vasoconstriction, platelet aggregation, and
blood clotting. While most African species of Anopheles, for
which an annotated genome exists, have three D7 long-form
proteins, Anopheles from Asia, Pacific, and Americas have
only two long-form D7 (17, 30-32). Asian and Pacific
Anopheles have one (or an incomplete/low quality) D7L1/
D7L2 and one D7L3 ortholog, whereas Anopheles from the
Americas have a D7L1 and D7L2, but no D7L3 ortholog (31).
Anopheles funestus and Anopheles christyi seem to be the only
African exceptions possessing fewer than three long-form D7s.
A. funestus has a D7L3 ortholog and an incomplete/low quality
of D7L1/D7L2, whereas A. christyi has only a single D7L3
ortholog (31). The short-form A. gambiae D7s have a nega-
tively charged patch that biogenic amines bind to that is
completely conserved in AngaD7L3 (3). The binding affinity
and sequence alignment results indicate that A. gambiae D7L3
is behaving similarly to the short-form AngaD7s D7r1-D7r4
(3). Characterizing other African Anopheles D7 long-form
proteins to see if this is a common trend among mosquitoes
possessing three long-form D7s would be interesting to
investigate in future studies.

Vasoconstriction, where the blood vessels constrict to pre-
vent further blood loss, is the first step in hemostasis and
occurs almost immediately upon tissue injury. AngaD7L1
inhibited vasoconstriction induced by U-46619, while
AngaD7L3 inhibited serotonin-induced vasoconstriction.
TxA2 is a product of the arachidonic acid metabolism cyclo-
oxygenase pathway (33). TxA2 is released from platelets and
smooth muscle during inflammation and injury and is a
powerful vasoconstrictor (33, 34). AngaD7L1 has a moderate
binding affinity for the TxA2 analog, U-46619, which is why a
higher concentration of protein was needed to sequester the
U-46619 and significantly reduce the vasoconstrictive effect on
the artery. This function is similar to that of D7s from other
mosquito species. AnSt-D7L1, AlboD7L1, CxD7L2, and
AeD7L2 also bind U-46619 (16, 22, 27, 28). Both AeD7L2 and
AnSt-D7L1 were also shown to inhibit vascular contraction
(16, 27). Serotonin is a complex substance that can be vaso-
active and cause both vasoconstriction and vasodilation (35)
and is a vasoconstrictive agonist of mesenteric arteries (36).
Since an insect bite injury occurs at the venule level, where
serotonin acts mainly as a vasoconstrictor, it often functions as
such during hemostasis. When induced by serotonin,
AngaD7L3 had a strong vasoconstriction inhibition effect,
which further validates its strong binding affinity for serotonin.
Based on our results in ex vivo—isolated small resistance ar-
teries, it is likely that in in vivo, both AngaD7L1 and
AngaD7L3 act to prevent vasoconstriction of host blood ves-
sels to aid maintenance of blood flow for feeding.

The second step in hemostasis is platelet aggregation,
where platelets stick together to form a temporary plug over
the vessel injury. Thromboxane A2 (TxA2) and serotonin, in
addition to being vasoconstrictors, are also agonists of platelet
aggregation. Both AngaD7L1 and AngaD7L3 had a dose-
dependent effect on platelet aggregation when induced by
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the stable analog of TxA2, U-46619, or serotonin, respectively.
Platelets play an important role in controlling bleeding at the
site of blood vessel injury. Activated platelets release TxA2,
which is a potent agonist of platelet aggregation. The inhibi-
tion of platelet aggregation induced by U-46619 has been
reported in other mosquito D7 proteins. AlboD7L1 and
CxD7L2 had a low U-46619-induced platelet inhibiting effect
because of their low binding affinity to U-46619 (22, 28).
AnSt-D7L1 and AeD7L2, which both tightly bind U-46619,
displayed a strong inhibition effect on platelet aggregation (16,
27). Alone, serotonin is a weak agonist to platelet aggregation,
but it can reduce the threshold concentration of other ago-
nists, such as collagen. By sequestering serotonin, AngaD7L3
prevents the potentiating effect of serotonin on platelet ag-
gregation. This effect has been observed in other non-
anopheline mosquito species such as Ae. albopictus AlboD7L1
and C. quinquefasciatus CxD7L2 (22, 28). The A. gambiae
short-forms D7r1-D7r4 are also known to bind serotonin and
likely inhibit platelet aggregation and vasoconstriction (3).
The third and last step in hemostasis is blood clotting,
where coagulated blood reinforces the platelet plug to seal the
wound. Blood clotting can be activated by the intrinsic and
extrinsic pathways, both converging to the activation of factor
X (FX) to FXa, which converts PT to thrombin (37). Many
arthropod coagulation inhibitors have been reported (38—-40).
In mosquitoes, proteins in the serpin family have been asso-
ciated with factor Xa inhibition. Stark and Jones identified the
first salivary serpin with anticlotting activity in Ae. aegypti
(41, 42). In Ae. albopictus, factor Xa inhibition is performed by
Alboserpin, a 45-kDa protein belonging to the serpin family of
protease inhibitors (23). The short-form A. gambiae D7r1 also
has anticlotting activity by inhibiting the aPTT time pathway
(3). AngaD7L2 is the first D7 long-form protein observed to
inhibit blood clotting. AngaD7L2 does this specifically by
binding to the factor XII of the intrinsic coagulation pathway.
Factor XII plays a role in the activation of classical comple-
ment pathway, the fibrinolytic system, and the initiation of
cell-mediated inflammatory responses (43). In addition to the
anticoagulant activity displayed by AngaD7L2, targeting FXII
may prevent the proinflammatory bradykinin-mediated re-
sponses in vivo, reducing local pain and vasoconstriction and
likely helping a successful blood meal intake. Therefore,
inflammation induced by bradykinin at the injured site will
prove a serious threat for blood-feeding animals. The possible
relevance of FXII contact activation in blood feeding in vivo is
poorly understood and more investigation is needed.
Hematophagous arthropods have diverse salivary molecules
that help them evade host hemostasis and successfully take a
blood meal. These salivary compounds have evolved inde-
pendently in different insect families, so that each one has its
own unique cocktail of pharmacologically active proteins. In
this study, we report two novel Anopheline D7 long-form
functions. AngaD7L3 binds the single biogenic amine seroto-
nin, a function previously reported only for short-form
Anopheles D7s. It would be worth investigating other Anoph-
eles D7s to determine if this function is shared among similar
species or if this is common in Anopheles as it is in among
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other mosquito genera. AngaD7L2 anticoagulation is also a
unique function for D7 long forms not yet reported in any
other mosquito species. These results highlight the complexity
of hematophagous arthropod salivary proteins and is likely a
function of the continuous evolutionary arms race between
arthropods and their hosts.

Experimental procedures
Sequence alignments

Amino acid sequences of the A. gambiae long- and short-
form D7s, Ae. aegypti AeD7L1, Ae. albopictus AlboD7L1,
A. stephensi AnSt-D7L1, and C. quinquefasciatus D7L1, and
C. quinquefasciatus CxD7L1 were retrieved from the Vector-
Base database (AGAP008278; AGAP008279; AGAP028120;
AGAPO008284; AGAP008282; AGAP008283; AGAP008281;
AGAP008280; AAEL026087; AALF024477; ASTEI02998;
CPIJ014549). Multiple alignments were obtained by Clustal
Omega and converted to text files for figure annotation.

Cloning, expression, and purification of A. gambiae long-form
proteins

One Shot TOP10 chemically competent Escherichia coli
(Invitrogen) were transformed with VR2001-TOPO vectors
containing the AngaD7L1, AngaD7L2, and AngaD7L3 se-
quences followed by a 6xHis-tag and a kanamycin resistance
gene. Plasmids were isolated and purified from kanamycin-
treated bacterial cultures using Nucleobond PC 10000 EF
Megaprep kit (Macherey-Nagel). Human embryonic kidney
293F cells were transfected with the respective plasmids at the
Frederick National Laboratory for Cancer Research, and su-
pernatants were collected 72 h after transfection. Recombinant
proteins were purified by affinity chromatography using
Nickel-charged HiTrap Chelating HP columns (Cytiva) fol-
lowed by size-exclusion chromatography in a HiLoad 16/600
Superdex 200 pg column for AngaD7L1 and AngaD7L3 and in
a Superdex 200 Increase 13/300 GL (GE Healthcare) for
AngaD7L2 due to small protein amount. Fractions were
visualized in Coomassie-stained gels.

Isothermal titration calorimetry

Binding experiments were performed using a MicroCal
PEAQ-ITC (Malvern Panalytical). AngaD7L1, AngaD7L2, and
AngaD7L3 recombinant proteins were diluted to 5 uM in TBS
(20 mM Tris—HCI, 150 mM NaCl, pH 7.4) and ligands (leu-
kotrienes By, C4, Dy, and E4, U-46619, serotonin, histamine,
epinephrine, norepinephrine, and tryptamine) were diluted to
50 uM in TBS. For lipid ligands (leukotrienes and U-46619),
the solvent was evaporated under a stream of nitrogen gas and
resuspended in TBS, vortexed, and sonicated for 10 min.
Protein and ligand samples were degassed using a MicroCal
ThermoVac (Malvern Panalytical) prior to loading. Injections
of 10 pl ligand were added to 200 pl of protein every 150 s.
Assays were performed at 30 °C and spun at 750 rpm. Stoi-
chiometries indicated a single binding site for each ligand and
therefore binding affinities were calculated using a single
ligand-binding model (N = 1).
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The calorimetric enthalpy (AH*“) for each injection was
calculated, and binding isotherms were fitted according to a
model for a single binding site by nonlinear squares analysis
using Microcal Origin software. The enthalpy change (AH) and
stoichiometry (1) were determined using (Equation 1),

Q = n®OMtAHYV, 1)

where Q is the total heat content of the solution contained in
the cell volume (V) at fractional saturation @, AH is the molar
heat of ligand binding, # is the number of sites, and Mt is the
bulk concentration of macromolecule in V.

The nM range of Kp values from tight binding protein—
ligand interactions is challenging to get in ITC instruments
because of the narrow window between getting enough data
points and getting a high enough heat change detectable by the
instrument. This problem is exacerbated with the PEAQ ITC
instrument because of the small cell volume capacity and
limitation is sensitivity of the instrument, leading to a large
viability and standard deviation between runs.

Platelet aggregation assays

Platelet-rich plasma was obtained from normal healthy
donors on the NCI IRB-approved NIH protocol 99-CC-0168,
"Collection and Distribution of Blood Components from
Healthy Donors for In Vitro Research Use’. Blood donors
provide written informed consent, and platelets were de-
identified prior to distribution. Human platelet-rich plasma
(~250,000 platelets/ul final density) and Tyrode—bovine serum
albumin buffer in the presence or absence of AngaD7L1,
AngaD7L2, or AngaD7L3 recombinant protein (0.3 pM, 1 pM,
or 3 uM) were placed in a Chrono-Log aggregometer model
700 (Chrono-Log Corporation) and stirred at 1200 rpm at
37 °C for 1 min prior to the addition of different agonists
(0.3 or 0.7 uM U-46619; 0.8 uM serotonin).

Vasoconstriction/myography assay
Euthanasia and collection of murine mesenteric arteries

Public Health Service Animal Welfare Assurance #A4149-
01 guidelines were followed according to the National Institute
of Allergy and Infectious Diseases (NIAID), National Institutes
of Health (NIH) Animal Office of Animal Care and Use
(OACU). These studies were carried out according to the
NIAID-NIH animal study protocol (ASP) approved by the
NIH Office of Animal Care and Use Committee, with ap-
provals ID ASP-LMVR-3 and ASP-LMVR-21E. While deeply
anesthetized by inhalational isoflurane (furane 4%), each
mouse was euthanized by bilateral pneumothorectomy, after
which the small intestine was removed from the abdomen and
placed in cold modified Krebs—Hepes buffer (KH buffer, pH
7.4; 4 °C). The KH buffer had the following composition
130 mM NaCl, 4.7 mM KCI, 1.20 mM KH,PO,, 1.20 mM
MgSO, - 7H,0, 14.9 mM NaHCOs3, 11 mM Dextrose, 1.6 mM
CaCl,, and 10 mM Hepes. Third-order arteries were dissected
from the mesentery of the small intestine and placed into an
isolated microvessel chamber (Danish Myo Technologies)
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filled with KH buffer at 37 °C. Each mesenteric artery was
subsequently doubly cannulated within this heated chamber
(37 °C) to allow the lumen and exterior of the vessel to be
perfused and superfused, respectively, with KH buffer from
separate reservoirs. The perfusing buffer reservoir was pres-
surized with room air.

Measurements of vascular reactivity in isolated mesenteric
arteries by pressure myography

The heated microvessel chambers described above were
placed on a 10x video microscope (Danish Myo Technolo-
gies). Each mesenteric artery was allowed to equilibrate for
60 min at a pressure of 60 mmHg to approximate in vivo
perfusion pressure of third-order murine mesenteric arteries.
Any vessel that did not demonstrate significant vasocon-
striction to 10 uM KCl at the equilibration pressure was
discarded. Following equilibration, the vasoconstrictor reac-
tivity of each artery was assessed in response to escalating
logarithmic doses of the vasoconstrictive agonists U-46619 or
serotonin (5-HT). The applied concentrations of the vaso-
constrictive agonists were U-46610 (10~ M-10"* M) and
5-HT (10~ M—-10"* M). Vessel diameter was measured by
digital caliper micrometer measurement of the video micro-
scope using DMT MyoVIEW software (Danish Myo Tech-
nologies). Vessel diameter was measured continuously prior
to agonist application and following each application of
agonist from 10™° M to 10™* M. The vascular response to
U-46619 or 5-HT was calculated as the percentage constric-
tion from baseline: the change in diameter between the
maximum constricted diameter at each dosage of agonist was
plotted as percentage change in diameter compared to the
vessel resting baseline diameter. Following completion of the
dose-response curve, vessels within the myograph chambers
were washed 3x with KH buffer and allowed to equilibrate to
baseline diameter.

The constriction response measurements to U-46619 or
5-HT were then repeated in the presence of arteries incubated
with salivary gland protein AngaD7L1 (10 uM, applied in ar-
teries constricted with U-46619) or AngaD7L3 (1 uM, applied
in arteries constricted with 5-HT). Following completion of
the dose-response curve in presence of the salivary gland
proteins, vessels within the myograph chambers were again
washed 3x with KH buffer and allowed to equilibrate to
baseline diameter. A final constriction response curve was
performed after salivary protein washout. Two-third order
mesenteric arteries were taken from a total of seven mice (four
male, three female). From each mouse, one artery was con-
stricted first with U-46619, then with U-46619 in the presence
of AngaD7L1 (10 pM), and lastly with U-46619 following
washout of AngaD7L1. The second artery was constricted first
with 5-HT, then with 5-HT in the presence of AngaD7L3
(1 uM), and lastly with 5-HT following washout of AngaD7L3.
For each artery, two measurements of the inner arterial
diameter were averaged for each dosage of vasoconstrictive
agonist. A total of n = 7 arteries were measured for response to
serotonin, and n = 6 (three male, three female) arteries were
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used for constriction with U-46619 due to functional loss of an
artery during experimental preparation.

For each treatment condition, the dose-response curve to
the vasoconstrictive agonist was fit with a four-parameter lo-
gistic regression, from which the logIlC50—the concentration
of constrictive agonist at which 50% of the total constriction
was achieved—was calculated. The logIC50 for the initial
constrictive response was compared with the logIC50
following incubation with either AngaD7L1 or AngaD7L3
protein to determine whether the proteins had significantly
increased the logIC50. The 1logIC50 of the washout curve was
compared to the initial response to test whether incubation
with the proteins had fundamentally altered arterial reactivity.
LogIC50 values and their SEM were compared statistically by
Welch’s ¢ test (GraphPad Prism v9.0.0).

Plasma recalcification assay

To measure recalcification time of human plasma, 30 pl of
BIOPHEN normal control plasma (Hyphen BioMed) was
mixed with equal volumes of serially diluted recombinant
protein samples (15 pM-0.1 puM), Hepes buffer (10 mM
Hepes, 150 mM NaCl, pH 7.3) (negative control), or 3 pM
Alboserpin (positive control) (23) in a 96-well flat-bottom
plate and incubated for 2 min at 37 °C. The coagulation
cascade was triggered by adding 30 pl of prewarmed 25 mM
CaCl, to each well. Data was collected in a VersaMax plate
reader (Molecular Devices) at 10-s intervals over 60 min.
Recalcification was determined as the time for each sample to
reach 0.025 absorption units at 650 nm.

Tests of intrinsic and extrinsic clotting pathways

AngaD7L2 was subjected to PT time and aPTT time tests
using a Startd Hemostasis Analyzer (Diagnostica Stago).
BIOPHEN normal control plasma (50 ul) (Hyphen BioMed)
was incubated with 5 pl of either Hepes buffer (negative
control), Alboserpin (3 pM) (positive control) (23), or re-
combinant protein diluted in Hepes buffer (15 puM), and
incubated at 37 °C for 2 min. For PT, 100 ul of Neoplastine CI
Plus reagent (Diagnostica Stago) was added and the clotting
time was recorded under stirring conditions. For aPTT, 50 pl
of aPTT reagent was added to the mixture of protein and
plasma and incubated for 3 min at 37 °C. Clotting was trig-
gered by the addition of 50 pl of prewarmed 25 mM CaCl,.
Time to clotting was recorded and the results were converted
to ratios and analyzed for significance using pairwise t-tests
(p = 0.05).

SPR analysis

All SPR experiments were carried out in a T200 instrument
(GE Healthcare) following the manufacturer’s instructions.
Sensor CM5, amine coupling reagents, and buffers were pur-
chased from Cytiva Life Sciences. Running buffer HBS-P
(10 mM Hepes, pH 7.4, 150 mM NaCl, and 0.005% (v/v)
surfactant P20) supplemented with 100 uM ZnCl, was used for
all SPR experiments. The Biacore T200 Evaluation software
v3.2 was used for kinetic evaluations, and the data fitted using
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the two-state binding model (conformational change).
AngaD7L2 (30 mg/ml) in 10 mM acetate buffer, pH 4.5 was
immobilized on a CM5 sensor via amine coupling. A blank
flow cell, without ligand, was used to subtract the buffer effect.
Binding experiments were carried out with a contact time of
120 s at a flow rate of 40 pl/min at 25 °C and the complex
dissociation monitored for 120 s. The sensor surface was re-
generated by a pulse injection of 25 mM EDTA after each
cycle. Human coagulation factors were at 100 nM concentra-
tion in running buffer. For kinetic experiments, FXII, FXIIa,
and FXI were flowed over immobilized AngaD71L2 at
40 ml/min. Complex dissociation was monitored for 2000 s,
and the sensor surface regenerated by a pulse of 20 s of 25 Mm
EDTA at 40 pl/min. Binding and kinetic analysis were carried
out in duplicate.

Generation of FXlla and FXla in normal plasma

To assess the inhibitory effects of AngaD7L2 on the
extrinsic pathway of coagulation, we monitored the generation
of activated contact factors XIla and Xla in vitro. Human
reference plasma (30 pl) (Diagnostica Stago) was preincubated
with AngaD7L2 (30 pl) at different concentrations. After
10 min at room temperature, 30 ul of diluted (1:50 in PBS)
aPTT reagent (Helena Laboratories) was added to activate the
contact system. After 10 min, the chromogenic substrate from
Chromogenix $2302 (FXIIa) or S2366 (FXIa) were added to a
final concentration of 0.2 mM, and the amidolytic activity of
the generated factors was monitored at 405 nm for 30 min
using a VersaMax microplate reader (Molecular Devices). All
experiments were carried in duplicate.

Data availability

All representative data are contained within the article.
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tion (3, 14, 16, 22, 27, 28).
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