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Abstract
Salivary protease inhibitors are key components of the anti-hemostatic repertoire that enables
hematophagous arthropods to maintain blood flow during feeding. Here, we characterized Pertinaxin, a
previously unstudied Kunitz-type protease inhibitor identified in the salivary gland transcriptome of
Simulium pertinax. Pertinaxin displays the conserved structural features of the Kunitz family and shares
substantial sequence similarity with other black fly salivary inhibitors. Recombinant Pertinaxin delayed
human plasma coagulation in complementary assays and inhibited selected serine proteases, with
factor Xa (FXa) emerging as a prominent target. FXa inhibition occurred in the nanomolar range, whereas
thrombin was not significantly inhibited and elastase activity was only minimally affected. Kinetic
analyses further supported a concentration-dependent inhibitory effect of Pertinaxin on FXa activity.
Together, these characterize Pertinaxin as a functionally active salivary Kunitz-type protease inhibitor
with anticoagulant activity and expand our understanding of the antihemostatic repertoire of S. pertinax
and the molecular strategies employed by simuliids during blood feeding.

Introduction
Hematophagous insects represent major vectors of human and animal diseases, and rely on specialized
physiological adaptations to achieve successful blood feeding [1]. Over the course of evolution, these
insects have developed a sophisticated salivary repertoire capable of counteracting host hemostatic,
inflammatory, and immune responses [2].

Black flies (Diptera: Simuliidae) include highly anthropophilic species such as Simulium pertinax (S.
pertinax), an important human-biting species in South America [3]. Like other hematophagous insects,
black flies secrete saliva containing bioactive molecules that interfere with host defenses and facilitate
blood meal acquisition [4].

To ensure uninterrupted blood feeding, these salivary molecules disrupt hemostasis, a tightly regulated
physiological process that maintains blood fluidity under normal conditions while rapidly halting
hemorrhage following vascular injury [5, 6]. This defense system relies on a complex cascade of
biochemical interactions involving the vascular endothelium, blood platelets, and plasma coagulation
proteases [7, 8].

Upon endothelial damage, exposure of tissue factor (TF) initiates the extrinsic coagulation pathway,
which converges with the intrinsic pathway at the level of factor X activation [9]. Within the common
pathway, activated factor X (FXa) serves as the primary driver of thrombin generation. Following
recruitment to anionic phospholipid membranes, FXa assembles with factor Va (FVa) into the
prothrombinase complex, thereby markedly enhancing the conversion of prothrombin to thrombin and
promoting subsequent fibrin formation [10, 11].

Given its pivotal role in thrombin generation, FXa represents an important target for anticoagulant
intervention [12, 13]. Despite the clinical success of direct FXa inhibitors, bleeding remains an important
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limitation of anticoagulant therapy, highlighting the continued interest in alternative anticoagulant
strategies. Hematophagous organisms, in turn, constitute a rich source of naturally occurring molecules
capable of interfering with host hemostasis, including salivary protease inhibitors that act on
coagulation factors [1, 14, 15].

Among the diverse components of black fly saliva, Kunitz-type proteins constitute an important class of
serine protease inhibitors that interact with target proteases through an exposed reactive-site loop [2, 4].
Salivary Kunitz-domain proteins characterized in simuliids, such as Simukunin from Simulium vittatum
[14] and Guianensin from Simulium guianense [15], have been shown to target FXa and other serine
proteases involved in coagulation and inflammation.

Despite the pharmacological potential of black fly salivary proteins, only a limited number of individual
salivary protease inhibitors have been biochemically and functionally characterized. In a previous study
by our group, transcriptomic profiling of S. pertinax salivary glands identified a diverse repertoire of
predicted secreted proteins, including several transcripts encoding conserved Kunitz domains [16].
Among these Kunitz-domain sequences, one transcript, designated Pertinaxin (GenBank: PX745386),
was selected for heterologous expression and functional characterization. Here, we describe the
structural modeling, recombinant production, and detailed biochemical characterization of Pertinaxin
with particular emphasis on its effects on human plasma coagulation and serine proteases involved in
hemostasis.

Material and methods

Sequence analysis and structural modeling
The Pertinaxin sequence (GenBank: PX745386) was previously identified among ten predicted secreted
Kunitz-domain proteins in the Simulium pertinax salivary-gland transcriptome [16]. The presence of a
signal peptide, the Kunitz domain annotation, and the boundaries of the predicted mature protein were
established in that previous transcriptomic study. Accordingly, the previously defined mature Pertinaxin
sequence was used in the present work for recombinant expression and subsequent in silico
characterization.

For comparative sequence analysis, full-length amino acid sequences of representative and functionally
characterized Kunitz-type inhibitors from other Simulium species were retrieved from GenBank. Multiple
sequence alignment of Pertinaxin with these homologous proteins was performed using ClustalW with
default parameters to evaluate sequence conservation, the characteristic cysteine framework of the
Kunitz fold, and the putative P1 and P1´reactive-site residues. For a broader comparison of the FXXGGC
region, Kunitz-domain sequences from representative culicid mosquitoes were also retrieved from
GenBank and aligned over the region spanning the first to the sixth conserved cysteine residue.
Physicochemical properties of the mature Pertinaxin sequence, including predicted molecular weight
and theoretical isoelectric point, were calculated using ProtParam available through the ExPASy server.
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The three-dimensional structure of mature Pertinaxin was predicted with AlphaFold 3 [17] through the
AlphaFold Server, using three fixed model seeds and five models per seed (15 in total). Per-residue
confidence (pLDDT) and predicted TM-score (pTM) were recorded, inter-model variability was assessed
as the mean pairwise Cα RMSD after superposition on residues 1–56, and disulfide geometry was
inspected as the Sγ-Sγ distance for each cysteine pair. The highest-ranked model of the first seed was
selected for display. Secondary structure was assigned with DSSP (mkdssp 4.2.2) and used to color the
cartoon, which was rendered in PyMOL 3.2.0 (open-source build, Schrödinger LLC).

Cloning and expression of Pertinaxin
The gene encoding the mature Pertinaxin protein was cloned into the bicistronic pSUMOUlp1 expression
vector [18], which coexpresses the SUMO protease Ulp1 to promote intracellular cleavage and removal
of the N-terminal SUMO fusion partner during recombinant protein production. The C-terminal
polyhistidine tag was retained in the mature recombinant protein to enable subsequent affinity
purification and immunodetection. Briefly, the Pertinaxin coding sequence was amplified by PCR using
primers containing BamHI and XhoI restriction sites. The amplified fragment and the pSUMOUlp1 vector
were digested with the corresponding restriction enzymes and subsequently ligated. The ligation mixture
was used to transform chemically competent Escherichia coli TOP10 cells (Invitrogen), and positive
clones were screened by colony PCR. The integrity of the recombinant construct was subsequently
confirmed by Sanger sequencing, as previously described [19].

For recombinant protein expression, E. coli BL21 Star™ (DE3) cells were transformed with the pSUMOUlp1-

Pertinaxin construct. A single colony was inoculated into LB medium supplemented with
chloramphenicol (34 µg/mL) and incubated overnight at 30°C with shaking at 180 rpm. The overnight
culture was then diluted 1:50 into fresh LB medium containing the same antibiotic and grown under the
same conditions to mid-log phase (OD₆₀₀ ≈ 0.6). Recombinant protein expression was induced with
isopropyl-β-d-thiogalactopyranoside (IPTG) at a final concentration of 1 mM, followed by incubation for 4
h at 30°C.

Cells were harvested by centrifugation and stored at -20°C until purification. Aliquots collected
immediately before and after IPTG induction were analyzed by 13.5% SDS-PAGE under reducing
conditions to assess recombinant protein expression.

All procedures involving genetically modified microorganisms were conducted in a biosafety level 2 (P2)
facility authorized by the Institutional Biosafety Committee (CIBio) and the Brazilian National Technical
Commission on Biosafety (CTNBio), under authorization No. 6691/2019, dated November 19, 2019.

Purification of Pertinaxin
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Bacterial pellets were resuspended in binding buffer (20 mM sodium phosphate, pH 7.4, 500 mM NaCl,
20 mM imidazole) and lysed by ultrasonication on ice. Cell lysates were clarified by centrifugation
(10,000×g, 15 min, 4°C), and the soluble fraction was subjected to immobilized metal affinity
chromatography (IMAC) on an ÄKTA start™ chromatography system, taking advantage of the C-terminal
polyhistidine tag retained in Pertinaxin.

Purification was performed using a 1 mL HisTrap HP column (Cytiva, Marlborough, MA, USA; Cat. No.
17524701). After washing, Pertinaxin was eluted in a stepwise manner with elution buffer containing 20
mM sodium phosphate, 500 mM NaCl, and imidazole at concentrations of 100, 200, 300, 400, 500, and
1,000 mM. Fractions containing Pertinaxin were dialyzed against Tris-buffered saline (20 mM Tris, 150
mM NaCl, pH 7.4). Protein purity and integrity were assessed by 13.5% SDS-PAGE under reducing
conditions and proteins were visualized by Coomassie Brilliant Blue staining [19]. Protein concentration
was determined in duplicate using the bicinchoninic acid (BCA) assay (Pierce™ Protein Assay Kit), with
bovine serum albumin (BSA) as the standard.

Western blot analysis
For immunodetection, proteins were transferred onto a nitrocellulose membrane, using the Trans-Blot®
SD Semi-Dry Transfer Cell (Bio-Rad® Laboratories, Hercules, CA, USA) according to the manufacturer’s
instructions with modifications. The C-terminal polyhistidine tag of Pertinaxin was detected using a
mouse monoclonal anti-polyhistidine antibody (Sigma Life Science, Merck Corporation, Darmstadt,
Germany) at a 1:1,000 dilution, followed by a horseradish peroxidase-conjugated anti-mouse IgG
secondary antibody (Sigma Life Science, Merck Corporation, Darmstadt, Germany) at a 1:1,000 dilution.
Immunoreactive bands were visualized using 0.05% (w/v) 4-chloro-1α-naphthol in 15% (v/v) methanol in
the presence of 0.03% H₂O₂ (v/v), as previously described [19].

Human plasma collection and preparation
Human blood samples were obtained from healthy adult volunteers (18–60 years old) who provided
written informed consent. Peripheral venous blood was collected into tubes containing 3.2% sodium
citrate, and platelet-poor plasma (PPP) was prepared by two consecutive centrifugation steps at 2,000 ×
g for 15 min. The resulting PPP was used for plasma recalcification, prothrombin time (PT), activated
partial thromboplastin time (aPTT), and rotational thromboelastometry (ROTEM) assays. All procedures
were approved by the Research Ethics Committee of the Butantan Institute through Plataforma Brasil
and conducted in accordance with the Declaration of Helsinki (CAAE: 93911025.0.0000.0366).

Recalcification time (RT) assay
The RT assays were performed as previously described by Tsujimoto et al. [14], with minor
modifications. Briefly, aliquots (80 µL) of citrated human platelet-poor plasma samples were mixed with
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Pertinaxin (20 µL; final concentrations as indicated) and HEPES-buffered saline (40 µL; 150 mM NaCl, 10
mM HEPES, pH 7.4) in a flat-bottom 96-well plate. These mixtures were preincubated at 37°C for 15 min.
Coagulation was initiated by the addition of 10 µL of prewarmed 225 mM CaCl₂ solution, resulting in a
final CaCl₂ concentration of 15 mM. Absorbance at 650 nm was immediately monitored at 10-s intervals
at 37°C using a SpectraMax 340 microplate reader (Molecular Devices). RT was defined as the time
required for the absorbance to reach an OD₆₅₀ of 0.04, corresponding to the increase in turbidity
associated with clot formation. Samples that did not reach this threshold within the 2100-s monitoring
period were considered not to have clotted within the assay observation window.

Prothrombin time (PT) and activated partial thromboplastin time
(aPTT) assays
PT and aPTT assays were performed as previously described by Aounallah et al. [21] and Batista et al.
[22] with minor modifications, using commercial kits (STA-PTT Automate 5 for aPTT and STA-
Neoplastine® CI Plus for PT) and a semi-automated coagulation analyzer (START STAGO®, Diagnostica
Stago).

For the aPTT assays, 30 µL of platelet-poor plasma samples were incubated with STA-PTT Automate 5
reagent (50 µL) in the presence or absence of Pertinaxin (20 µL; final concentrations as indicated) at
37°C. Coagulation was initiated by the addition of 50 µL of 25 mM CaCl₂, and aPTT values were recorded
by the coagulation analyzer.

For PT assays, 30 µL of platelet-poor plasma samples were incubated with Pertinaxin (20 µL; final
concentrations as indicated) at 37°C, followed by the addition of STA-Neoplastine® CI Plus
thromboplastin reagent (50 µL) to initiate coagulation. PT values were recorded using the coagulation
analyzer.

For PT and aPTT assays, control reactions were performed using the corresponding vehicle buffer in
place of Pertinaxin. Recombinant SUMO was tested at a concentration equimolar to the highest
Pertinaxin concentration used in each assay to control for nonspecific effects associated with the
recombinant-protein preparation.

Rotational thromboelastometry (ROTEM) analysis
ROTEM assays were performed as previously described by Prezoto and Oguiura [23], with minor
modifications using human platelet-poor plasma samples and a ROTEM® Delta instrument
(Instrumentation Laboratory, Germany). The reaction mixture consisted of 260 µL of human platelet-poor
plasma, 20 µL of 200 mM CaCl₂, and 60 µL of Tris-HCl buffer with or without Pertinaxin at the indicated
concentrations. The clotting time (CT) parameter, defined as the time elapsed from the beginning of the
assay until the onset of clot formation, was used as the primary parameter to assess the effect of
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Pertinaxin on coagulation [24]. The assay was monitored for up to 3000 s; samples in which clot
formation was not detected within this period were considered not to have clotted within the observation
window.

Serine protease inhibition screening
The inhibitory activity of Pertinaxin against selected serine proteases was evaluated using chromogenic
substrate assays under conditions optimized for each enzyme. The panel comprised trypsin (T1426,
Sigma-Aldrich), elastase (E8140, Sigma-Aldrich), human thrombin (Enzyme Research Laboratories, South
Bend, IN, USA), plasmin (P1867, Sigma-Aldrich), and human factor Xa (Enzyme Research Laboratories,
South Bend, IN, USA).

Each enzyme was preincubated with Pertinaxin at fixed concentrations of 0.5 or 1 µM in 20 mM Tris-HCl,
150 mM NaCl, 0.1% BSA, pH 7.4 for 10 min at 37°C prior to substrate addition. Reactions were initiated
by the addition of the corresponding chromogenic substrate: S-2238 (H-D-Phe-Pip-Arg-pNA·2HCl; 0.2
mM) for thrombin, S-2251 (H-D-Val-Leu-Lys-pNA·2HCl; 0.2 mM) for plasmin, and S-2765 (Z-D-Arg-Gly-Arg-
pNA·2HCl; 0.2 mM) for FXa, all purchased from Chromogenix (UK); S-4760 (N-succinyl-Ala-Ala-Ala-p-
nitroanilide; 2 mM) for elastase and B3133 (Nα-benzoyl-L-arginine 4-nitroanilide hydrochloride; 2 mM) for
trypsin were purchased from Sigma-Aldrich.

Substrate hydrolysis was monitored spectrophotometrically over time, and initial reaction velocities (V₀)
were determined from the slopes of the linear portions of the kinetic curves by linear regression.
Enzymatic activity in the absence of Pertinaxin was defined as 100%, and residual activity in its presence
was expressed relative to the corresponding uninhibited control. For proteases substantially inhibited by
Pertinaxin, concentration-response assays were performed using increasing inhibitor concentrations.
IC₅₀ values were determined from normalized enzymatic activities by nonlinear regression using a four-
parameter variable-slope [inhibitor] vs. normalized response model in GraphPad Prism 10. The molar
inhibitor-to-enzyme ratio at the IC₅₀ was calculated as IC₅₀/[enzyme].

FXa inhibition and kinetic characterization
FXa inhibition by Pertinaxin was characterized using the chromogenic substrate S-2765 (Chromogenix),
with modifications from previously described methods [25]. Assays were performed in 20 mM Tris-HCl,
150 mM NaCl, 0.1% BSA, pH 7.4 at 37°C using human factor Xa (Enzyme Research Laboratories, South
Bend, IN, USA).

For concentration-response analysis, FXa (10 nM, final concentration) was preincubated with increasing
concentrations of Pertinaxin (0–12 nM, final concentrations) for 10 min at 37°C. Reactions were initiated
by the addition of S-2765 to a final concentration of 200 µM and monitored at 405 nm at 37°C. Initial
reaction velocities (V₀) were determined from the linear portion of the progress curves and normalized to
the uninhibited control, which was defined as 100% activity. The apparent IC₅₀ was determined by
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nonlinear regression using a four-parameter variable-slope [inhibitor] versus normalized response model
in GraphPad Prism 10.

For kinetic characterization, FXa (4 nM) was assayed with increasing concentrations of S-2765 (20–400
µM) in the absence or presence of Pertinaxin (0, 1, 1.5, and 2 nM). Reactions were performed in a final
volume of 100 µL in clear, flat-bottom 96-well microplates at 37°C. Substrate hydrolysis was monitored
at 405 nm, and initial reaction velocities (V₀) were determined from the linear portion of the progress
curves. Absorbance rates were converted to product formation rates (µM/min) using a molar extinction
coefficient for p-nitroaniline of ε₄₀₅ = 9.9 × 10³ M⁻¹ cm⁻¹ and an optical path length of 0.37 cm.

Apparent Michaelis-Menten parameters (Km,app and Vmax,app) were obtained by nonlinear regression
at each Pertinaxin concentration. The complete data set was additionally analyzed by global nonlinear
regression using a classical mixed-inhibition model in GraphPad Prism 10, from which an apparent
inhibition constant (Ki,app) and α were obtained. Because the inhibitor concentrations used (1–2 nM)
were comparable to or lower than the total FXa concentration (4 nM), inhibitor depletion may become
significant under these experimental conditions. Therefore, the fitted constants were treated as apparent
parameters and were not used to assign an inhibition mechanism. Lineweaver-Burk and Dixon
transformations were generated as complementary descriptive analyses and are provided as
supplementary material.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 10 (GraphPad Software, Boston, MA,
USA). Data are presented as mean ± standard deviation (SD). Experiments were performed in technical
triplicate, unless otherwise indicated. Comparisons among multiple groups were performed using one-
way analysis of variance (ANOVA) followed by Dunnett’s or Šídák’s multiple-comparisons test, as
appropriate and as indicated in the corresponding figure legends. Concentration-response curves were
analyzed by nonlinear regression using a four-parameter variable-slope model, and apparent IC₅₀ values
are reported with their corresponding 95% confidence intervals (CI). FXa kinetic data were analyzed by
nonlinear regression as described above, and fitted kinetic parameters are reported with 95% CI where
applicable. Differences were considered statistically significant at p < 0.05. For coagulation assays in
which clot formation was not detected within the predefined observation period, the assay upper limit
was used only for graphical representation, and these censored observations were excluded from
inferential comparisons of clotting time.

Results

Identification and selection of Kunitz-domain protein
Ten sequences encoding predicted secreted Kunitz-domain proteins were previously identified in the
Simulium pertinax salivary gland transcriptome [16]. Among them, the most highly expressed transcript
was chosen for further investigation. Sequence analysis revealed that this specific transcript shares
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72.3% amino acid identity with the mature sequence of Simukunin, a functionally characterized Kunitz
inhibitor from Simulium vittatum [14]. Given its high expression level and high sequence identity to
Simukunin, this sequence was selected for cloning and functional characterization and designated
Pertinaxin (accession number PX745386).

The Pertinaxin open reading frame encodes a precursor containing an N-terminal signal peptide
(Fig. 1A), with the predicted mature protein having a molecular mass of 9.79 kDa and a theoretical
isoelectric point of 9.34. Sequence alignment with the black fly Kunitz inhibitors Sibanin [26], Guianensin
[15], and Simukunin [14] revealed six conserved cysteine residues occupying the canonical BPTI
positions of the mature protein (Cys5, Cys14, Cys30, Cys38, Cys51 and Cys55), consistent with the
disulfide pairing C5–C55, C14–C38 and C30–C51 that defines the Kunitz fold. The alignment also
revealed the conserved Kunitz family signature and the putative P1-P1′ reactive-site residues Arg15-Ala16
(Fig. 1B).

Within the conserved FXXGGC region, Pertinaxin displayed an FEYGGC sequence, differing from the
FYYGGC sequence conserved among the other aligned black fly Kunitz inhibitors. Comparison with
Kunitz domains from culicid mosquitoes showed additional variation at the two variable positions of this
motif, with FTFGGC observed in C. p. pallens and A. aegypti and FKFGGC in A. maculipalpis and A.
funestus (Supplementary Fig. S2).

The predicted structure displayed the canonical Kunitz architecture, with a two-stranded antiparallel β-
hairpin packed against the C-terminal α-helix, the three predicted disulfide bonds consistently observed
across all models (Sγ–Sγ distances 1.85–2.11 Å) and Arg15 exposed at the tip of the reactive-site loop
(Fig. 1C). Confidence was not uniform along the chain: the conserved Kunitz core (residues 1–56) was
predicted with high confidence and was essentially invariant across the fifteen models (mean pLDDT
93.8; mean pairwise Cα RMSD 0.19 Å), whereas the basic C-terminal extension (residues 67–84) was
predicted with low confidence and adopted divergent conformations (mean pLDDT below 50; mean
pairwise Cα RMSD 15.4 Å after superposition on residues 1–56), indicating that its conformation is not
defined by the model.

Expression and purification of Pertinaxin
Recombinant Pertinaxin was expressed in E. coli BL21 Star (DE3) using the pSUMOUlp1 expression
system [18]. The resulting recombinant protein retained additional vector-derived GS and LE residues
alongside a C-terminal 6×His tag (GS-Pertinaxin-LE-6×His), yielding a calculated molecular mass of
approximately 11 kDa. SDS-PAGE analysis revealed a predominant band with an apparent molecular
mass around 13 kDa (Fig. 2A). Immunoblotting with an anti-His antibody confirmed the presence of the
His-tagged recombinant protein at the corresponding apparent molecular mass (Fig. 2B). The
purification procedure yielded approximately 0.8 mg of recombinant Pertinaxin per liter of bacterial
culture.
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Effects of Pertinaxin on human plasma coagulation system
The anticoagulant activity of Pertinaxin was initially evaluated using a human plasma coagulation.
Pertinaxin prolonged the RT in a concentration-dependent manner compared with the control (Fig. 3A).
At 7 and 14 nM Pertinaxin, clot formation was not observed within the 2100-s monitoring period, and
these conditions therefore exceeded the upper observation limit of the assay. In contrast, the
recombinant SUMO control did not significantly affect the RT compared with the buffer control.

Pertinaxin produced a concentration-dependent prolongation of both PT and aPTT (Fig. 3B, C). In the PT
assay, the highest Pertinaxin concentration tested (0.3 µM) reached the upper observation limit of the
assay (#), whereas lower concentrations produced measurable prolongation of clotting time. The
recombinant SUMO control did not significantly alter either PT or aPTT compared with the corresponding
buffer control.

Figure 3 Effect of Pertinaxin on plasma coagulation. (A) Plasma recalcification time in the presence of
buffer alone (Control), recombinant SUMO (14 nM), or Pertinaxin (0.85-14 nM). (B) Prothrombin time
(PT) and (C) activated partial thromboplastin time (aPTT) in the presence of Control, recombinant SUMO
[0.3 µM (PT) or 1.5 µM (aPTT)], or increasing concentrations of Pertinaxin. Conditions marked with # did
not clot within the respective assay monitoring period and are displayed at the upper observation limit
for graphical representation. Results are expressed as mean ± SD of triplicates. Statistical significance
was assessed by ordinary one-way ANOVA followed by Dunnett’s multiple-comparisons test versus the
respective control; conditions marked with # were excluded from the statistical analysis. *p < 0.05, ****p 
< 0.0001; ns, not significant

The anticoagulant effect of Pertinaxin was further evaluated by rotational thromboelastometry (ROTEM)
using calcium-triggered plasma coagulation. Pertinaxin delayed the initiation of clot formation, as
evidenced by a concentration-dependent prolongation of the CT parameter compared with the control
(Fig. 4). At 0.75 and 1 µM Pertinaxin, no clot formation was detected within the 3000-s observation
period. These findings were consistent with the conventional plasma coagulation assays and further
demonstrated a concentration-dependent anticoagulant effect in human plasma.

Screening of serine protease inhibition
The inhibitory activity of Pertinaxin was initially evaluated against a panel of serine proteases, including
elastase, thrombin, plasmin, trypsin, and FXa (Fig. 5). Pertinaxin exhibited a distinct inhibitory profile
among the proteases tested. Thrombin activity was not significantly affected at any of the
concentrations tested, whereas elastase showed a modest but significant reduction in residual activity.
In contrast, Pertinaxin markedly reduced the residual activities of plasmin, trypsin, and FXa at both
concentrations tested. Plasmin retained only a small fraction of its activity, while trypsin and FXa
activities were nearly abolished under the screening conditions.
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Figure 5 Inhibitory activity of Pertinaxin against selected serine proteases. The inhibitory activity of
Pertinaxin was evaluated against elastase, thrombin, plasmin, trypsin, and factor Xa (FXa) at inhibitor
concentrations of 0.5 and 1 µM. Enzyme activity was determined from the initial reaction rates obtained
by linear regression of the linear portion of the kinetic curves and normalized to the respective control
reaction performed in the absence of Pertinaxin, which was defined as 100% activity. Results are
expressed as residual enzyme activity (%) and presented as mean ± SD of triplicates. Statistical
comparisons were performed separately for each enzyme using one-way ANOVA followed by Šídák’s
multiple-comparisons test, comparing each Pertinaxin concentration with its respective control *p < 0.05,
**p < 0.01, ****p < 0.0001; ns, not significant

Based on the marked reduction in residual activity observed for plasmin, trypsin, and FXa,
concentration–response assays were performed to further characterize the inhibitory potency of
Pertinaxin against these enzymes (Table 1). Pertinaxin inhibited all three proteases in a concentration-
dependent manner, with apparent IC₅₀ values of 6.17 nM for FXa (95% CI: 5.8–6.4 nM), 40.13 nM for
trypsin (95% CI: 36.76–43.06 nM), and 82.3 nM for plasmin (95% CI: 71.4–94.6 nM), determined at
enzyme concentrations of 10, 60, and 10 nM, respectively. The corresponding IC₅₀/[enzyme] molar ratios
were 0.617, 0.669, and 8.23, respectively. For FXa and trypsin, these ratios were below unity, indicating
that the inhibitor concentration required for half-maximal inhibition was of the same order as the enzyme
concentration present in the assay. Under such conditions, the apparent IC₅₀ is influenced by the enzyme
concentration and therefore should not be interpreted as a direct measure of inhibitor affinity. For
plasmin, in contrast, the inhibitor was in molar excess over the enzyme. Accordingly, the values in
Table 1 are reported as assay-dependent apparent IC₅₀ values and should not be interpreted as direct
affinity constants.

Table 1
Apparent IC₅₀ values of Pertinaxin against selected serine proteases. Values were

obtained by nonlinear regression of normalized residual enzyme activity at the
indicated enzyme concentrations. The IC₅₀/[enzyme] molar ratio is provided to

indicate the relationship between inhibitor potency and the enzyme concentration
used in each assay

Enzyme Enzyme (nM) Apparent IC₅₀ (nM) 95% CI (nM) IC₅₀/[enzyme]

Factor Xa 10 6.17 5.8–6.4 0.617

Trypsin 60 40.13 36.76–43.06 0.669

Plasmin 10 82.3 71.4–94.6 8.23
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Table 1
Apparent IC₅₀ values of Pertinaxin against selected serine proteases.

Enzyme Enzyme (nM) Apparent IC₅₀ (nM) 95% CI (nM) IC₅₀/[enzyme]

Factor Xa 10 6.17 5.8–6.4 0.617

Trypsin 60 40.13 36.76–43.06 0.669

Plasmin 10 82.3 71.4–94.6 8.23

Given its low-nanomolar apparent IC₅₀ and its pivotal role in coagulation, FXa was therefore selected for
further characterization of Pertinaxin-mediated inhibition.

Concentration-dependent inhibition of FXa amidolytic
activity
The concentration-dependent inhibition of FXa by Pertinaxin was subsequently examined in greater
detail (Fig. 6). Progress curves showed a progressive reduction in S-2765 hydrolysis with increasing
Pertinaxin concentrations (Fig. 6A). At 10 and 12 nM Pertinaxin, FXa activity was nearly completely
abolished under the assay conditions.

Initial reaction rates derived from the linear portion of the progress curves were normalized to the control
and used to generate a concentration-response curve (Fig. 6B). Pertinaxin inhibited FXa in a
concentration-dependent manner, yielding an apparent IC₅₀ of 6.17 nM (95% CI: 5.8–6.4 nM) under these
assay conditions.

Figure 6 Concentration-dependent inhibition of FXa by Pertinaxin. (A) Progress curves of FXa-mediated
substrate hydrolysis in the absence (Control) or presence of increasing concentrations of Pertinaxin (3–
12 nM), monitored by absorbance at 405 nm. The first 10 min of the reaction progress curves are shown.
(B) Concentration-response curve for FXa inhibition by Pertinaxin. Initial reaction rates were determined
from the slopes of the linear portion of the progress curves and normalized to the control in the absence
of Pertinaxin, defined as 100% activity. Concentration-response data were fitted by nonlinear regression
to determine the half-maximal inhibitory concentration (IC₅₀), yielding an apparent IC₅₀ of 6.17 nM under
these assay conditions (95% CI: 5.8–6.4 nM). Data are expressed as mean ± SD

To further characterize the effect of Pertinaxin on FXa catalysis, substrate saturation curves were
obtained at fixed inhibitor concentrations. Increasing concentrations of Pertinaxin produced a
progressive decrease in apparent Vmax, while apparent Km values remained comparatively stable
(Fig. 7; Table S1).

Global nonlinear regression of the complete data set to a classical mixed-inhibition model yielded an
apparent Ki of 2.65 nM (95% CI: 1.97–3.83 nM) and a fitted α of 1.119 (95% CI: 0.667–1.793) (Table 2).
The 95% confidence interval for α encompassed unity, indicating that the fitted behavior was compatible
with the noncompetitive limit of the mixed-inhibition model.
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Table 2
Apparent kinetic parameters for FXa inhibition by Pertinaxin.
Parameters were obtained by global nonlinear regression of

substrate-saturation data (S-2765, 20–400 µM) obtained with 4
nM FXa in the presence of Pertinaxin (0–2 nM), using a

classical mixed-inhibition model. Values are reported as best-fit
estimates with their corresponding 95% confidence intervals
Parameter Best-fit value 95% CI

Apparent Vmax (µM min⁻¹) 6.994 6.699–7.318

Apparent Km (µM) 106.7 94.30-120.9

Apparent Ki (nM) 2.65 1.97–3.83

α 1.119 0.667–1.793

Table 2
Apparent kinetic parameters for FXa inhibition by

Pertinaxin.
Parameter Best-fit value 95% CI

Vmax (µM min⁻¹) 6.994 6.699–7.318

Km (µM) 106.7 94.30–120.9

Ki (nM) 2.65 1.97–3.83

α 1119 0.667–1.793

Because the Pertinaxin concentrations used in these experiments (1–2 nM) were comparable to or lower
than the total FXa concentration (4 nM), inhibitor depletion may influence the observed kinetic behavior.
Accordingly, the fitted parameters were considered apparent values and were not used to assign a
specific inhibition mechanism. Lineweaver–Burk and Dixon transformations are presented as
complementary descriptive analyses in Figure S1.

Discussion
Kunitz-type protease inhibitors are recurrent components of the salivary repertoire of hematophagous
arthropods and contribute to the modulation of host hemostatic and inflammatory pathways [27, 28].
Here, we characterized Pertinaxin, a previously uncharacterized Kunitz-domain protein identified in the
salivary gland transcriptome of S. pertinax [16]. Pertinaxin prolonged coagulation in complementary
plasma-based assays and inhibited selected serine proteases, with a particularly pronounced effect on
factor Xa (FXa). These findings expand the repertoire of functionally characterized Kunitz inhibitors from
black flies and support FXa as an important target of simuliid salivary anti-hemostatic activity. The
conserved cysteine framework, predicted disulfide bonds, and surface-exposed reactive-site loop
identified in Pertinaxin are consistent with the structural organization characteristic of Kunitz-type
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protease inhibitors [27, 29]. Its mature sequence shares 72.3% amino acid identity with Simukunin from
S. vittatum [14].

Recombinant Pertinaxin was obtained as a soluble protein using the pSUMOUlp1 vector developed in our
laboratory [18]. Following intracellular SUMO removal, its calculated molecular mass was approximately
11 kDa, whereas SDS-PAGE showed an apparent mass of approximately 13 kDa. Differences between
calculated and electrophoretic molecular mass have been frequently reported for proteins displaying
anomalous migration in SDS-PAGE and may result from factors such as amino acid composition,charge
distribution or incomplete SDS binding [30, 31]. Immunodetection of the C-terminal His tag at the same
apparent molecular mass further supported the identification of this band as recombinant Pertinaxin.

Pertinaxin prolonged human plasma RT, PT, aPTT, and the CT parameter measured by ROTEM,
demonstrating a consistent anticoagulant effect under different experimental conditions. The magnitude
of the effect differed among assays, which is consistent with their distinct modes of coagulation
activation and analytical conditions. Prolongation of both PT and aPTT is compatible with interference at
or downstream of the convergence of the intrinsic and extrinsic coagulation pathways, although these
assays alone cannot identify the molecular target [32].

The protease-screening experiments provided additional mechanistic context, as FXa was strongly
inhibited whereas thrombin activity was not significantly affected. A similar profile has been reported for
Simukunin and Guianensin, which inhibit FXa without detectable inhibition of thrombin [14, 15].
Guianensin also prolongs PT and aPTT and interferes with prothrombinase activity [15]. Thus, the
plasma phenotype observed for Pertinaxin is compatible with an effect upstream of thrombin
generation, with FXa representing a plausible contributor to its anticoagulant activity. Pertinaxin,
however, was not restricted to FXa. It also inhibited trypsin and plasmin, whereas elastase was only
minimally affected. Because different enzyme concentrations were required in these assays, inhibitory
affinity cannot be directly ranked solely from the apparent IC₅₀ values.

Comparison with other characterized simuliid Kunitz proteins reveals distinct differences in their
protease-inhibition profiles. Simukunin strongly inhibits both FXa and elastase [14], while Sibanin binds
both enzymes with nanomolar affinity [26], and Guianensin displays a broader inhibitory spectrum [15].
These differences, despite conservation of the Kunitz scaffold, are consistent with the functional
diversity of this inhibitor family and suggest that sequence variation within the conserved Kunitz scaffold
may contribute to differences in protease recognition [27].

Interestingly, Pertinaxin differs from the other aligned simuliid Kunitz inhibitors within the otherwise
conserved FXXGGC region, displaying FEYGGC instead of FYYGGC. Although the functional significance
of this substitution remains unknown, variations in residues outside the reactive site of Kunitz inhibitors
have been shown to influence scaffold-loop organization [28] and protease recognition [29]. Thus, the
Tyr-to-Glu substitution observed in Pertinaxin could contribute to local structural or electrostatic
differences that influence protease recognition, a possibility that will require experimental validation.
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Targeted structure-function studies will be required to identify the residues responsible for the distinct
specificity of Pertinaxin.

Given its pronounced inhibition in the initial screening and its central role in coagulation, Pertinaxin-
mediated FXa inhibition was further characterized by kinetic analysis,with an apparent IC₅₀ of 6.17 nM in
the concentration-response analysis and a fitted apparent Ki of 2.65 nM in the substrate-saturation
experiments. Increasing Pertinaxin concentrations reduced apparent Vmax with comparatively smaller
changes in apparent Km, demonstrating a marked effect on FXa catalytic activity. However, the inhibitor
concentrations used in the kinetic experiments (1–2 nM) were comparable to or lower than the total FXa
concentration (4 nM). Under such conditions, enzyme-inhibitor complex formation can significantly
reduce the concentration of free inhibitor, limiting the applicability of classical inhibition models [33].

The kinetic parameters obtained here should therefore be regarded as apparent values, and neither the
mixed-model fit nor the Lineweaver-Burk and Dixon transformations are sufficient to assign a definitive
inhibition mechanism. This caution is particularly relevant under tight-binding conditions, in which
inhibitor depletion can substantially affect kinetic parameter estimates obtained with classical inhibition
models [33, 34]. Simukunin, for example, binds FXa with nanomolar affinity, whereas Guianensin forms a
high-affinity complex with catalytically accessible FXa [14, 15]. Direct binding measurements or kinetic
approaches accounting for inhibitor depletion will be required to establish the intrinsic affinity and
mechanism of the Pertinaxin-mediated FXa interaction.

The identification of FXa inhibition in Pertinaxin adds to accumulating evidence that targeting this
coagulation protease is a recurrent feature of the anti-hemostatic repertoire of black flies. Anti-FXa
activity has been detected in salivary gland extracts from different Simulium species [35], and individual
salivary Kunitz inhibitors, including Simukunin, Guianensin, and Sibanin, have subsequently been shown
to target FXa [14, 15, 26].

Together with these observations, the anticoagulant and enzymatic activities of Pertinaxin support the
view that Kunitz-type inhibitors contribute to the molecular diversity through which black flies interfere
with host coagulation during blood feeding. At the same time, differences in protease specificity among
these inhibitors indicate that conservation of the Kunitz scaffold does not necessarily imply equivalent
functional profiles. Further characterization of the Pertinaxin-FXa interaction, particularly through direct
binding and structure-function studies, will be important to define its intrinsic affinity, molecular
determinants of protease recognition, and contribution to the anti-hemostatic activity of S. pertinax
saliva.

Conclusion
This study provides the functional characterization of Pertinaxin, a salivary Kunitz-type protease inhibitor
from S. pertinax. Recombinant Pertinaxin impaired human plasma coagulation in complementary assays
and inhibited selected serine proteases, with a particularly pronounced effect on FXa. Its inhibitory
profile, characterized by marked inhibition of FXa, trypsin, and plasmin, limited activity toward elastase,
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and no significant effect on thrombin, differs from those reported for other characterized simuliid Kunitz
inhibitors and highlights the functional diversity of this protein family. Kinetic analyses confirmed
concentration-dependent inhibition of FXa activity, although the inhibition constants should be regarded
as apparent and do not permit definitive assignment of an inhibition mechanism. Together, these
findings identify Pertinaxin as a functionally active salivary anticoagulant and support FXa inhibition as
an important contributor to its anti-hemostatic activity. Further studies on the Pertinaxin-FXa relationship
and the structural determinants of protease recognition will help clarify its biological function.
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