
Amblyomma americanum serpin 41 (AAS41) inhibits 
inflammation by targeting chymase and chymotrypsin

Tae Kwon Kima,1, Lucas Tirlonia,b,1, Markus Bergerc, Jolene K. Diedrichd,e, John R. Yates 
IIIe, Carlos Termignonib,g, Itabajara da Silva Vaz Jrb,f, Albert Mulengaa,*

aDepartment of Veterinary Pathobiology, College of Veterinary Medicine, Texas A&M University, 
College Station, USA

bCentro de Biotecnologia, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

cCentro de Pesquisa Experimental, Hospital de Clínicas de Porto Alegre, Porto Alegre, RS, Brazil

dFoundation Peptide Biology Lab, Salk Institute for Biological Studies, La Jolla, CA, USA

eDepartment of Molecular Medicine, The Scripps Research Institute, La Jolla, CA, USA.

fFaculdade de Veterinária, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil

gDepartamento de Bioquímica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, 
Brazil

Abstract

Ticks inject serine protease inhibitors (serpins) into their feeding sites to evade serine protease-

mediated host defenses against tick-feeding. This study describes two highly identitical (97%) 

but functionally different Amblyomma americanum tick saliva serpins (AAS41 and 46) that are 

secreted at the inception of tick-feeding. We show that AAS41, which encodes a leucine at the P1 

site inhibits inflammation system proteases: chymase (SI = 3.23, Ka = 5.6 ± 3.7×103M−1 s−1) and 

α-chymotrypsin (SI = 3.18, Ka = 1.6 ± 4.1×104M−1 s−1), while AAS46, which encodes threonine 

has no inhibitory activity. Similary, rAAS41 inhibits rMCP-1 purified from rat peritonuem derived 

mast cells. Consistently, rAAS41 inhibits chymase-mediated inflammation induced by compound 

48/80 in rat paw edema and vascular permeability models. Native AAS41/46 proteins are among 

tick saliva immunogens that provoke anti-tick immunity in repeatedly infested animals as revealed 
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by specific reactivity with tick immune sera. Of significance, native AAS41/46 play critical 

tick-feeding functions in that RNAi-mediated silencing caused ticks to ingest significantly less 

blood. Importantly, monospecific antibodies to rAAS41 blocked inhibitory functions of rAAS41, 

suggesting potential for design of vaccine antigens that provokes immunity to neutralize functions 

of this protein at the tick-feeding site. We discuss our findings with reference to tick-feeding 

physiology and discovery of effective tick vaccine antigens.
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1. Introduction

Ticks and tick-borne diseases (TBD) have enormous impacts on public and veterinary 

health. Amblyomma americanum is an important tick species that transmits both human and 

animal TBD agents. In public health, A. americanum is the principal vector of Ehrlichia 
chaffensis, the causative agent of human monocytic ehrlichiosis [1], and E. ewingii, which 

also causes ehrlichiosis in humans, referred to as human granulocytic ehrlichiosis [2–4]. 

This tick also transmits Francisella tularensis the causative agent of tularemia ([81],[5]), 

a yet to be described disease agent, suspected as Borrelia lonestari, which causes Lyme 

disease-like symptoms referred to as southern tick associated rash illness (STARI) [6,7] and 

also an E. ruminantium-like organism referred to as the Panola Mountain Ehrlichia (PME) 

[8,9]. There is also evidence that A. americanum may transmit Rickettsia amblyommii, R. 
rickettsia, and R. parkeri, the causative agents to rickettsiosis to humans [10,11]. This tick 

has also been reported to transmit the Heartland and Bourbon viruses to humans [12,13]. 

Most recently, this tick has been shown to be responsible for causing a α-gal allergy or 

mammalian meat allergy (MMA) in humans after a tick bite [14]. A. americanum appears 

to be the most dominant tick species that bite humans in the Southern USA as this tick was 

reported to be the cause in 83% of human tick infestations in the Southern states [15].

In veterinary health, A. americanum transmits Theileria cervi to deer [16], and E. ewingii 
to dogs [17]. A. americanum was also shown to transmit Cytauxzoon felis to cats [18]. 

There are reports of mortality in deer fawns that were attributed to a combination of heavy 

A. americanum infestation and T. cervi infections [19]. In livestock production, heavy 

infestations were thought to cause low productivity in cattle [20,21].

The disruptive feeding style of ticks; lacerating the host tissue and allowing blood to 

accumulate at the feeding site for ingestion triggers host defense pathways, the majority of 

which are serine protease mediated including blood clotting, inflammation, and complement 

activation, that are tightly controlled by serine protease inhibitors (serpins) [22–24]. On this 

basis, ticks were proposed to utilize serpins to evade host defense responses to tick feeding 

[25]. Tick serpin encoding cDNAs have since been cloned and expressed showing to be 

functional inhibitors of host defense system proteases [26–32]. There is also evidence that 

tick serpins might be effective targets for tick vaccine development [25,33–35]. When tick 
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serpin transcripts were silenced by RNAi, tick feeding was disrupted and caused abnormal 

tick phenotypes [28,36,37].

In proposing that ticks use serpins to evade host defenses against tick feeding, the 

assumption is that ticks inject serpins into the host during feeding. Our laboratory and 

others have confirmed that different tick species including A. americanum, do indeed inject 

serpins into the host during feeding [27,31,38,39]. We have recently described up to 121 

different serpin transcripts that are expressed by male and female A. americanum ticks [40]. 

We have shown that some of the 121 serpins are present in saliva of A. americaum that 

were stimulated to start feeding [41] and during tick feeding [42]. We previously described 

three A. americanum tick saliva serpins, AAS6 (formerly called Lospin6, [29]) and AAS19 

[28] that have anti-blood clotting functions, and AAS27, an inhibitor of plasmin and trypsin, 

has anti-inflammatory functions [30]. The goal of this study was to define the functional 

roles of A. americanum tick saliva serpins, AAS 41 and 46. Data in this study demonstrate 

that although AAS41 and 46 are 97% identical with only two amino acid differences in the 

function domain reactive center loop (RCL), each one is functionally unique with the former 

having anti-inflammatory function, inhibiting chymase and chymotrypsin, while the latter 

shows moderate to no inhibitory activity. Findings in this study have been discussed in the 

context of the molecular basis of tick feeding and discovery of tick vaccine antigens.

2. Materials and methods

2.1. Ethics statement

All experiments were done according to the animal use protocol approved by Texas A&M 

University Institutional Animal Care and Use Committee (IACUC#2018–0001 (continued 

from 2014–0310 to 2014–0311) that meets all federal requirements, as defined in the Animal 

Welfare Act (AWA), the Public Health Service Policy (PHS), and the Humane Care and Use 

of Laboratory Animals.

2.2. Pairwise sequence alignment of Amblyomma americanum (AAS) 41 and 46

Coding sequences (CDS) of nucleotide sequences AAS 41 and 46 (NCBI accession #s 

GAYW01000021 and GAYW01000194, respectively) encoding the mature protein amino 

acid sequences were aligned using ClustalW in MacVector (MacVector, Apex, NC, USA) 

using default settings. Alignments were visualized using the Picture tab in MacVector.

2.3. Tick feeding, dissections, total RNA extractions, cDNA synthesis, and protein 
extractions

Amblyomma americanum ticks were purchased from the tick laboratory at Oklahoma State 

University (Stillwater, OK, USA). Routinely, ticks were fed on six female Oryctolagus 
cuniculus specific pathogen free New Zealand white rabbits as previously described [29,43]. 

Rabbits were housed in a temperature-controlled room (22–23 °C, on a 12 h light/dark 

cycle) and were given ad libitum access to water and food. A. americanum ticks were 

restricted to feed onto the outer part of the rabbit ear with orthopedic stockinet’s glued with 

Kamar adhesive (Kamar Products Inc., Zionsville, IN, USA). Six male ticks were pre-fed 
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for three days prior to introducing 15 female ticks in each of the ear stockinette (total of 30 

female ticks per rabbit).

Ticks were collected and dissected as previously described [29]. Ticks that were partially 

fed for 24 and 48 h (n = 45 ticks per time point), 72 and 96 h fed (n = 30 ticks per 

time point), and 120 h fed (n = 15 ticks) were manually detached. Within the first hour 

of detachment, tick mouthparts were inspected to remove remnant host tissues and washed 

in RNase inhibitor diethylpyrocarbonate (DEPC)-treated water to prepare for dissections. 

Dissected tick organs: salivary glands (SG), midguts (MG), ovary (OV), synganglion (SYN), 

Malpighian tubules (MT), and carcass (CA, the remnants after removal of other organs) 

were placed in RNA later (Thermo Fisher Scientific, Waltham, MA, USA) or 1 ml Trizol 

total RNA extraction reagent (Thermo Fisher Scientific) and stored at −80 °C until total 

RNA extraction.

Total RNA was extracted using the Trizol reagent according to manufacturer’s instructions 

(Thermo Fisher Scientific) and re-suspended in DEPC treated water. Total RNA was 

quantified using a microplate plate reader Synergy H1 (BioTek Instruments Inc., Winooski, 

VT, USA) and/or the Infinite M200 Pro plate reader (Tecan Group Ltd., Männedorf, Zürich, 

Switzerland). Up to 1 μg total RNA was used to synthesize cDNA using the Verso cDNA 

Synthesis Kit following the manufacturer’s instructions (Thermo Fisher Scientific).

To extract native proteins from specified tissues noted above, tissues were placed into sterile 

1.5 ml tubes and sheared using sterile fine scissors in IP/Clean Blot Lysis buffer containing 

protease inhibitor cocktail (Thermo Fisher Scientific). Crude protein extracts from 22 days 

post-oviposition eggs, whole immatures (larvae and nymphs), and adult A. americanum ticks 

were flash frozen in liquid nitrogen and extracted in 1× PBS, 1 mM PMSF, 1 mM E-64 mM, 

10 mM EDTA, pH 7.4 by crushing using a pestle or shearing using fine scissors. Protein 

extracts were stored in −80 °C until use for western blotting analysis.

2.4. Quantitative RT-PCR and western blotting analyses of AAS41/46 mRNA and protein 
in different life stages and tick organs

Quantitative (q) RT-PCR on Applied Biosystems 7300 Real Time PCR System (Thermo 

Fisher Scientific) or CFX96 Touch Real-Time PCR Detection System (Bio-Rad Laboratories 

Inc., Hercules, CA, USA) was used to determine transcription profiles during feeding 

as described [43]. In triplicate biological samples, template cDNA was synthesized from 

dissected SG, MG, and CA of unfed ticks and ticks that partially fed for 24 and 48 

h fed (n = 15 ticks per pool), 72 and 96 h fed (n = 10 ticks per pool), and 120 

h fed (n = 5 ticks per pool). Forward (5′GCAGCGACGACGAAGGCG3′) and reverse 

(5′GCCTGAAGATGTGCGTG-3′) qRT-PCR primers were designed using the Primer3 

software (http://bioinfo.ut.ee/primer3-0.4.0/) for AAS 41 and 46, targeting an amplicon 

size of ~100 base pairs (bp). The Ct values and PCR efficiency of each reaction was 

determined using the LnReg program [44]. To verify if primer pairs are specific to 

these serpins, nucleotide sequences for each primer were subjected to Blastn (https://

blast.ncbi.nlm.nih.gov/Blast.cgi) searches against the Ixodidae database. Cycling conditions 

were set to the following: stage one at 50 °C for 2 min, stage two at 95 °C for 10 min, 

and stage three contained two steps with 40 cycles of 95 °C for 15 s and 55 °C for 1 
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min. Reaction volumes in triplicate contained 10-fold diluted cDNAs that were originally 

synthesized from 1 μg total RNA, an optimized concentration of 350 nM of forward and 

reverse selected serpin primers each, and 2× SYBR Green Master Mix (Thermo Fisher 

Scientific). For internal reference control, a forward (5′GGCGCC GAGGTGAAGAA3′) 

and reverse (5′CCTTGCCGTCCACCTTGAT3′) primers targeting of A. americanum 40S 

ribosomal protein S4 (RPS4: NCBI accession # GAGD01011247.1) which is stably 

expressed in I. scapularis during feeding [82] was used. Relative quantification (RQ) of 

selected serpin transcripts was determined using the comparative CT (2−ΔΔCt) method [45] 

and adopted in [43]. The data was presented as percent mean (M) transcript abundance ± 

SEM per tissue.

To relate AAS41/46 protein expression to tick physiology, total protein extracts of tick 

eggs (22 days after being laid) and whole ticks: unfed larvae, nymph, male and female, 

and dissected organs (SG, MG, OV, SYN, MT and CA) of adult A. americanum ticks that 

were partially fed for 24, 72, and 120 h were subjected to western blotting analysis using 

a monospecific antibody to recombinant (r)AAS41/46 (detailed below). The monospecific 

antibody was purified from rabbit polyclonal antibody to cocktail mixture of recombinant 

tick saliva serpins using the Sepharose 4B CNBr-activated resin following manufacturer’s 

instructions (Sigma-Aldrich, St. Louis, MO, USA). Approximately 2.3 mg of affinity 

purified rAAS41/46 (detailed below) that was coupled to 0.3 g of resin was reacted with 

rabbit polyclonal antibody that was diluted in phosphate-buffered saline, pH 7.4, (PBS) 

for 2 h at room temperature. The resin was washed with 30 ml of PBS and the bound 

monospecific antibody was eluted in ten 1 ml aliquots of 100 mM glycine-HCl, pH 2.4 and 

was immediately neutralized with 50 μl of 2 M Tris base. Eluted antibody fractions were 

dialyzed against PBS (pH 7.4). The polyclonal antibody to rAA41/46 that was used here was 

produced in a parallel study by immunizing rabbits twice biweekly with 50 μg of affinity 

purified cocktail mixture of serpins including rAAS41/46 that were mixed with TiterMax 

Gold adjuvant (Sigma-Aldrich).

2.5. RNAi-mediated silencing analysis to determine AAS41/46 importance in tick feeding

RNAi-mediated silencing of AAS41/46 mRNA was done as described [29,43]. 

Double stranded RNA (dsRNA) was synthesized using the Megascript RNAi kit 

(Thermo Fisher Scientific) according to manufacturer’s instructions. The dsRNA 

target sequence was searched against tick sequences in GenBank to verify 

specificity. Due to high nucleotide identities (N97%), dsRNA was synthesized 

targeting both serpins using 2 μg of purified PCR product as template, 

with forward (5′TAATACGACTCACTATAGGGCTGCACGAGACTCTGGGTTA3′) and 

reverse (5′TAATACGACTCACTATAGGGGGTAGACGTGGACATGATGC3′) primers 

with added T7 promoter sequence (bolded). PCR primers for an unrelated tick gene, 

enhanced green fluorescent protein coding cDNA (EGFP: NCBI accession # JQ064510.1) 

with added T7 promoter sequence [43] were used to synthesize the control EGFP-dsRNA. 

We performed five dsRNA synthesis reactions according to the manufacturer’s instructions 

and precipitated the combined fractions using sodium acetate precipitation methods to 

produce high amounts of dsRNA (3–5 μg/μl) that allow us to inject sufficient dose in 

unfed ticks in low volume. Briefly, 1:10 volume of 3 M sodium acetate pH 5.2 was mixed 
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by vortexing to the dsRNA samples. Then four volumes of 100% ethanol were mixed and 

incubated overnight in −20 °C. The mixture was centrifuged at 14000 rpm for 30 min at 4 

°C and the pellet was resuspended in water and purified using the dsRNA binding columns 

from the Megascript RNAi kit (Thermo Fisher Scientific).

Transcription analysis in this study and relative protein abundance was determined using 

published normalized spectral abundance factors (NSAF) of AAS 41 and 46 [41,42] 

indicated that AAS41/46 was highly expressed in unfed ticks, and the protein was injected 

at high abundance at start of feeding. Therefore, we first depleted AAS41/46 mRNA 

from unfed ticks before assessing the effects of RNAi-mediated silencing as published 

by our lab [36,46]. Subsequently RNAi-mediated silencing ticks were incubated for the 

empirically determined time frame that was required to deplete mRNA from unfed ticks 

before placing on animals to feed to assess the effects of RNAi-mediated silencing. This 

was to suppress the highly abundant AAS41/46 mRNA present in unfed ticks to prevent 

the translation of AAS41/46 protein at the start of feeding, which could compromise the 

effects of RNAi-mediated silencing. To determine time depletion of mRNA in unfed ticks, 

three female A. americanum ticks were injected with 0.5–1 μl (~3 μg/μl) EGFP-dsRNA 

or AAS41/46-dsRNA and incubated at 25 °C with >85% humidity alongside non-injected 

control ticks. Total RNA from individual ticks were extracted using Trizol method and 1 

μg was used for cDNA synthesis to determine the levels of AAS41/46 transcripts at days 

3, 7, 14 and 21 post-injection by qualitative PCR using the primers for recombinant protein 

expression (described above).

To assess the effects of RNAi on tick feeding, EGFP-dsRNA or AAS41/46-dsRNA injected 

female ticks (n = 15) were incubated at 25 °C with >85% humidity for 21 days (time 

period required to deplete mRNA from unfed ticks). Subsequently ticks were fed on specific 

pathogen free New Zealand white rabbits to assess the effect(s) of RNAi-mediated silencing 

by several parameters: tick attachment (time when all ticks have mouthparts attached to the 

rabbit) and mortality rates (number of dead ticks), feeding period (FP-time to replete feeding 

and detachment after tick attachment), engorgement weight (EW- total weight [mg] of tick) 

as an index for amount of blood ingested by the tick, and egg mass conversion ratio (EMCR- 

egg weight/engorgement weight) as measure of utilizing blood meal to produce eggs. Tick 

phenotypes during feeding was documented daily using the Canon EOS Rebel XS camera 

attached to a Canon Ultrasonic EF 100 mm 1:2:8 USM Macro Lens (Canon USA Inc., 

Melville, NY, USA).

Prior to assessing the effects of RNAi-mediated silencing, disruption of AAS41/46 mRNA 

was verified in feeding ticks by quantitative (q) RT-PCR. Three ticks were manually 

detached from the rabbit ears 72 h post-attachment and individually processed for dissection 

of tick organs (SG, MG, and CA) as described above, mRNA extraction using the 

Dynabead mRNA Direct Kit (Thermo Fisher Scientific) and cDNA synthesized from ~200 

ng of mRNA using the Verso cDNA Synthesis Kit (Thermo Fisher Scientific). Relative 

quantification (RQ) of transcripts was determined using the formula, S = 100 − ( RQT
RQC * 100)

where S = mRNA suppression, RQT and RQC = RQ of tissues in selected serpin-dsRNA 
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injected and EGFP-dsRNA injected ticks, respectively. Data was presented as the mean (M) 

of selected serpin mRNA suppression ± SEM.

2.6. Expression of recombinant AAS 41 and 46 in Pichia pastoris

Recombinants (r) AAS 41 and 46 serpin proteins were expressed using 

the Pichia pastoris and pPICZα plasmid expression system (Thermo Fisher 

Scientific) as described previously [29,43]. The mature protein open reading 

frames for AAS41 (NCBI accession # GAYW01000021) and AAS46 (NCBI 

accession # GAYW01000194) [40] was sub-cloned into pPICZα-C using 

forward (5′ATCGATGCAAGAGGAGGACAAGGTGAC3′) and reverse primers 

(5′GCGGCCGCTTAGTGGTG GTGGTGGTGGTGAAGATGGTTCACTTGACCCGGA5) 

with added respective ClaI and NotI restriction enzymes sites (in bold), an extra nucleotide 

guanine (in italics) in the forward primer to put in-frame with the expression vector, 

and addition of a hexahistidine-tag (underlined) in the reverse primer. The pPICZα C-

rAAS41 or -rAAS46 expression plasmids were linearized with PmeI and electroporated 

into Pichia pastoris X-33 strain (Thermo Fisher Scientific) using ECM600 electroporator 

(BTX Harvard Apparatus Inc., Holliston, MA, USA) with parameters set to 1.5 kV, 25 

μF, and 186 Ω. Transformed colonies were selected on Yeast Extract Peptone Dextrose 

Medium with Sorbitol (YPDS) agar plates with zeocin (100 μg/ml) incubated at 28 °C. 

Positive transformants were inoculated in buffered glycerol-complex medium (BMGY) and 

grown overnight at 28 °C with shaking (230–250 rpm). Subsequently the cells were used 

to inoculate buffered methanol-complex medium (BMMY) to A600 of 1, after which protein 

expression was induced by adding methanol (0.5% final concentration) every 24 h for 

five days. The pPICZα plasmid permits secretion of the recombinant protein into spent 

culture media, and was precipitated by ammonium sulfate saturation (75% saturation) with 

stirring overnight at 4 °C. The precipitate was pelleted at 10,000 rpm for 1 h at 4 °C and 

resuspended in and dialyzed against column binding buffer (20 mM sodium phosphate, 500 

mM NaCl, 5 mM imidazole, pH 7.4) for affinity purification.

To verify expression of rAAS41 and 46, western blotting analysis was performed using 

the horseradish peroxidase (HRP)-labeled antibody to the C-terminus hexa-histidine tag 

(Thermo Fisher Scientific) diluted to 1:5000 in 5% blocking buffer (5% skim milk powder 

in PBS w/Tween-20). The positive signal was detected using Amersham ECL Prime Western 

Blotting Chemiluminescent Reagent (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). 

A negative control of pPICZα-C was included under same procedures. Subsequently, 

rAAS41 and 46 was affinity purified under native conditions using Hi-Trap Chelating HP 

Columns (GE Healthcare Bio-Sciences). Affinity purified putative rAAS41 and 46 were 

dialyzed against reaction buffer (20 mM Tris-HCl, 150 mM NaCl, pH 7.4) for downstream 

assays. To verify purity and background contamination, affinity purified rAAS41 and 46 

were resolved on a 10% SDS-PAGE and silver stained. Samples with least background 

were selected and concentrated by centrifugation using 10 kDa molecular weight cut off 

Centrifugal Concentration Devices (Pall Corporation, Port Washington, NY, USA). Protein 

concentration were determined using the BCA quantification kit (Thermo Fisher Scientific).
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2.7. Prediction and validation of post-translational glycosylation

Post translational glycosylation in eukaryotes is involved in promoting protein folding and 

improves protein stability thereby functional roles of proteins. Amino acid sequences of 

AAS 41 and 46 were scanned for potential N-linked and O-linked glycosylation sites 

using the software NetNGlyc 1.0 Server [47] and NetOGlyc 4.0 Server [48], respectively. 

Scanning AAS 41 and 46 amino acid sequences revealed three N-linked and six O-linked 

glycoslyation sites and thus to confirm if functional, affinity purified rAAS 41 and 46 were 

treated with protein deglycosylation enzyme mix according to manufacturer’s instructions 

(New England Biolabs, Ipswich, MA, USA). Deglycosylation was verified by western 

blotting analysis using an antibody against the C-terminus hexa histidine-tag (Thermo Fisher 

Scientific) and the positive signal detected using HRP chromogenic substrate (Thermo 

Fisher Scientific).

2.8. Determine if native AAS41/46 are part of tick salivary immunogens that provoke host 
immunity against tick feeding in repeatedly infested animals

Deglycosylated and non-deglycosylated affinity purified rAAS41 and 46 were subjected 

to western blotting analysis using tick-immune rabbit sera that were repeatedly infested 

with new cohorts of female and male A. americanum ticks every 24 h, 48 h, or until 

replete feeding that were produced in previous studies [29,49]. Due to the post-translational 

modifications in expressing recombinant proteins in P. pastoris, deglycosylated and non-

deglycosylated rAAS 41 and 46 were used in western blots to confirm if antibody binding 

was directed at the protein backbone and not glycans that were attached onto the protein.

2.9. Inhibitor function profiling

Inhibitory activity profiles of rAAS 41 and 46 were tested against a panel of 19 

mammalian serine proteases related to host defense pathways against tick feeding. 

Mammalian proteases (noted with molar concentration per reaction) tested were: pancreatic 

bovine α-chymotrypsin (2.7 nM), pancreatic porcine elastase (61.8 nM), human neutrophil 

proteinase-3 (280 nM), human chymase (83.3 nM), pancreatic bovine trypsin (0.2 nM), 

pancreatic porcine kallikrein (10 nM) (Sigma-Aldrich, St. Louis, MO, USA), human 

neutrophil cathepsin G (425.5 nM) (Athens Research & Technology), human plasmin (5.3 

nM), human factor XIa (3.7 nM), bovine factor IXa (314.4 nM), human factor XIIa (15 nM), 

human thrombin (19.2 nM) (Enzyme Research Laboratories), human neutrophil elastase 

(14.9 nM), human t-PA (23.6 nM), human u-PA (29.6 nM) (Molecular Innovations, Inc., 

Novi, MI, USA), human factor Xa (10 nM) (New England Biolabs), and papain (427 

nM) (Spectrum Chemical Manufacturing Corp., New Brunsick, NJ, USA). Mouse and rat 

chymase were obtained from peritoneal-derived mast cells described below.

Substrates were used at 0.20 mM final concentration, including N-succinyl-Ala-Ala-Pro-

Phe-pNA for chymase, cathepsin G and chymotrypsin, N-benzoyl-Phe-Val-Arg-pNA for 

thrombin, and trypsin, N-succinyl-Ala-Ala-Ala-pNA for pancreatic elastase and pGlu-Phe-

Leu-pNA was used for papain (Sigma-Aldrich, St. Louis, MO, USA). The substrate D-Pro-

Phe-Arg-pNa was used for factor XIa, factor XIIa, and kallikrein, and substrate Bz-Ile-Glu 

(γ-OCH3)-Gly-Arg-pNA for factor Xa (Aniara Diagnostica, West Chester, OH, USA). 

Substrate H-D-Val-Leu-Lys-pNA was used for plasmin (Chromogenix, Philadelphia, PA, 
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USA). The substrate CH3SO2-D-CHG-Gly-Arg-pNA was used for factor IXa, u-PA and 

t-PA (Molecular Innovations, Inc., Novi, MI, USA). The substrate N-methoxysuccinyl-Ala-

Ala-Pro-Val-pNA was used for neutrophil elastase and proteinase-3 (Enzo Life Sciences, 

Farmingdale, NY, USA).

Reagents were mixed at room temperature and reactions performed in triplicate. Initially, 1 

μM of rAAS 41 or 46 was pre-incubated with optimized amounts of the protease for 15 min 

at 37 °C in 20 mM Tris-HCl, 150 mM NaCl, BSA 0.1%, pH 7.4 buffer. The corresponding 

substrate (0.20 mM) for each enzyme was added in a 100 μl final reaction volume and 

substrate hydrolysis was measured at A405nm every 11 s for 30 min at 30 °C using the 

Synergy H1 (BioTek Instruments Inc.). Acquired A405nm data was subjected to one phase 

decay analysis in Prism 6 software (GraphPad Software, La Jolla, CA, USA) to determine 

plateau values as proxy for initial velocity of substrate hydrolysis (Vmax) or residual enzyme 

activity. The percent enzyme activity inhibition level was determined using the formula: 

100 − ( Vmax(Vi)
Vmax(V0) ) * 100) where Vmax (Vi) = activity in presence of rSerpin, and Vmax (V0) = 

activity in absence of rSerpin. Data was presented as mean ± SEM of triplicate readings.

2.10. Stoichiometry of inhibition (SI) and Complex formation assay

The stoichiometry of inhibition (SI) for rAAS41 was determined against chymase and 

α-chymotrypsin as they were inhibited by >80% in the inhibitor profiling assay (above). At 

various molar ratios (0 to 10) of rAAS41:protease, various concentrations of rAAS41 were 

pre-incubated with constant concentration of chymase (13 nM) and chymotrypsin (8 nM) for 

an hour at 37 °C. The residual enzyme activity was measured using colorimetric substrates 

specific for each enzyme as described above. The data was plotted as the residual activity 

( V i
V 0 ) versus inhibitor to enzyme molar ratio. SI or the molar ratio of rAAS41:protease 

when enzyme activity is completely inhibited was determined by fitting data onto the linear 

regression line using Prism 6 software (GraphPad).

A typical inhibitory serpin forms a stable complex to the target protease [50,51]. Complex 

formation assay was done by incubating deglycosylated rAAS41 and human chymase (0.1 

μg) or chymotrypsin (0.1 μg) at various molar ratios (0.625 to 10) in 20 mM Tris-HCl, 

150 mM, NaCl, pH 7.4 for 1 h at 37 °C. We used deglycosylated rAAS41 to improve 

on visualization of rAAS41 and target protease complex. Following incubation, denaturing 

sample buffer was added to the reaction mix, and incubated at 95 °C for 5 min in thermal 

cycler. Samples were subjected to 12.5% SDS-PAGE and visualized by silver stain.

2.11. Rate of reaction (Ka) between rAAS41 and chymase or chymotrypsin

The rate of rAAS41 inhibiting chymase or chymotrypsin (Ka) was determined using 

the discontinuous method as described [52]. Constant amounts of chymase (33 nM) or 

chymotrypsin (8.3 nM) for different periods of time (0–15 min) were incubated with various 

amounts of rAAS41, 33–500 nM for the former and 8.3–100 nM for latter, at 37 °C followed 

by measurement of residual protease activity. The pseudo-first order constant, kobs, was 

determined from the slope of a semi-log plot of the residual protease activity against time. 
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The second-rate constant (Ka) was determined by the slope of the best fit line of the kobs 

values that were plotted against rAAS41 concentration.

2.12. Effects of rAAS41/46 monospecific antibody on rAAS41 inhibitory activity

The purified monospecific antibody to rAAS41/46 (described above) was used to check if 

antibody-binding to serpin could block their protease inhibitory activity. Affinity purified 

rAAS41 (136 nM for chymase and 170 nM for chymotrypsin) was pre-incubated with 

various amounts of purified monospecific antibody to rAAS41 (varying from 0 to 2 μM for 

chymase and 0 to 1 uM for chymotrypsin) or purified rabbit IgG from pre-immune sera (2 

μM for chymase and 1 μM for chymotrypsin) for 30 min at 37 °C prior to adding chymase 

(10.8 nM) or chymotrypsin (12.8 nM) and continuing to incubate for an additional 15 min at 

37 °C. Subsequently N-succinyl-Ala-Ala-Pro-Phe-pNA substrate (0.20 mM) were added to 

a 100 μl final reaction volume and substrate hydrolysis was measured at OD405nm every 15 

s for 15 min at 30 °C using the Synergy H1 microplate reader (Biotek, Winooski, Vermont, 

USA). The percent enzyme activity inhibition level was determined as previously described 

[30]. Data are representative of three independent replicate readings.

2.13. Anti-inflammatory function of rAAS41

To investigate the effect of rAAS41, chymase-mediated inflammation induced by compound 

48/80 (reviewed in [53]), paw edema and vascular permeability rat models were used. These 

experiments were performed using adult male Wistar rats that were supplied by the Central 

Animal Facility (Universidade Federal do Rio Grande do Sul, Brazil). Rats were housed in 

a temperature-controlled room (22–23 °C, on a 12 h light/dark cycle) and were given ad 
libitum access to water and food. To induce inflammation, compound 48/80 (1 μg total in 

saline) with endotoxin free rAAS41(25 μg per paw) was injected in rat paws. Paw volume 

as an index of inflammatory edema was measured using a digital plethysmometer (Insight, 

Ribeirão Preto, SP, Brazil) to document inflammation. Before paw volume measurements, 

the paw was marked at the ankle in order to immerge always at the same extent into the 

plethysmometer. The left paw was used as a control and received the same volume of saline. 

As a control, each group of rats (n = 5 per group) received the same volume of saline 

(vehicle) in the presence of rAAS41. Paw volume (in ml) was measured at 0, 30, 60 and 120 

min after compound 48/80 injection. Three measurements were performed per time point 

by the same operator. The increase in paw volume was calculated by subtracting average 

volume of the right paw by the average volume of the left paw at each time point.

For vascular permeability assay [54], male Wistar rats (weighing between 250 and 400 g) 

that were anesthetized by intraperitoneal injection of xylazin (10 mg/kg) and ketamine (75 

mg/kg) were injected intravenously through the tail vein with 700 μl of Evans blue dye (50 

mg/kg in saline). At 5 min post injection, animals (n = 6) were injected intradermally at two 

sites dorsally (n = 6; 12 spots per treatment) with (i) normal saline, (ii) compound 48/80, 

(iii) compound 48/80 with 25 μg of rAAS41 in saline, and (iv) 25 μg of rAAS41 diluted in 

saline in 100 μl volumes. At 60 min post treatment, animals were euthanized and an area of 

skin encompassing the entire injection region was removed and photographed to document 

leakage of the Evans blue dye. Subsequently, Evans blue dye spots were excised and the dye 

was extracted by incubating skin pieces in 2.5 mL of 50% formamide for 24 h at 55 °C. 
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Subsequently after centrifugation at 4000 rpm for 10 min, absorbance of the supernatant was 

measured at 620 nm on the SpectraMax spectrophotometer (Molecular Devices, San Jose, 

CA, USA).

2.14. Rat and mouse peritoneum-derived chymase activity

Rat and mouse native chymase were extracted from peritoneum-derived mast cells (PDMC) 

extracts from adult Sprague Dawley rats and C57BL/6 mice provided by the Tissues Share 

Program at Texas A&M University, Comparative Medicine Program (CMP), Laboratory 

Animal Research and Resources (LARR) facility. To obtain the peritoneal cells, animals 

were first euthanized according to American Veterinary Medical Association (AVMA) 

Guidelines for the Euthanasia of Animals, and sterilized by dipping into 70% ethanol. Using 

sterile scissors and forceps, the outer skin of the peritoneum was excised and gently pulled 

back to expose the inner skin lining (the peritoneal cavity). A 25 ml volume of ice-cold 

PBS pH 7.4 was injected using a 27-gauge needle and syringe into the peritoneal cavity 

and gently massaged the peritoneum to release any attached cells into the PBS solution. 

Using a 25-gauge needle and syringe, the peritoneal fluids were collected and centrifuged 

at 1300 rpm for 5 min at 4 °C to obtain the cells (pellet). To remove red blood cell 

(RBC) contamination, the pellet was resuspended in RBC lysis buffer (155 mM NH4Cl, 

10 mM KHCO3, 0.1 mM EDTA, pH 7.4), incubated for 5 min at room temperature and 

centrifuged at 1300 rpm for 5 min at 4 °C. Washing with RBC lysis buffer was repeated 

twice. Subsequently, the cell pellet was resuspended in lysis buffer (20 mM Tris-HCl, 2 

M NaCl, pH 7.4) and sonicated (3 cycles of 10 s ON and 30 s OFF, 50% amplitude) on 

ice. After lysis, PDMC extract was centrifuged at 12,000 rpm for 15 min at 4 °C and the 

supernatant containing PDMC proteases, including chymase was collected and stored at −80 

°C upon use. Total protein concentrations of PDMC extracts were determined using the 

BCA quantification assay (Thermo Fisher Scientific).

For enzyme activity determination, an aliquot of the PDMC supernatant containing 1 U of 

chymase activity was incubated with rAAS41 (1 μM) at 37 °C for 15 min and triggered 

the reaction by adding the substrate N-Succinyl-Ala-Ala-Pro-Phe-pNA (0.2 mM - final 

concentration). Protease kinetics was monitored for 15 min at 30 °C with reads at every 11 

s (in triplicate) using the Synergy H1 microplate reader (Biotek, Winooski, Vermont, USA). 

One unit of chymase is defined as the amount of protease necessary to achieve a velocity of 

0.17 mOD405nm/s using experimental conditions described above.

To detect rat mast cell protease-1 (rMCP-1) proteolytic activity from rat PDMC extract, 

zymography was performed as previously described (Vandooren et al., 2013). Affinity 

purified rAAS41 (4 μg) was incubated at 37 °C with equal volume of rat PDMC extracts for 

various time points as described above and resolved using 10% SDS-PAGE containing 0.1% 

casein as the substrate. The enzymatic activity was visualized by Coomassie blue staining 

and destaining procedures.

To determine if rAAS41 forms an irreversible complex with native rat chymase, affinity 

purified rAAS41 (4 μg) was incubated with same volume of rat PDMC extract in 20 mM 

Tris-HCl, 150 mM, NaCl, pH 7.4 buffer for various time points: 5, 15, 30, 45, and 60 min. 

The samples were treated with deglycosylation enzyme mix under denaturing conditions 
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according to manufacturer’s instructions (New England Biolabs). The rAAS41-native rat 

chymase complexes were resolved on 12% SDS-PAGE and visualized using Pierce Silver 

Stain for Mass Spectrometry kit (Thermo Fisher Scientific).

2.15. Sample preparation and LC-MS/MS

To confirm that rAAS41 was forming a complex with native rat chymase from the 

PDMC extracts, silver stained gel bands were excised, destained, and analyzed using 

LC-MS/MS. Gel bands from the silver stained SDS-PAGE were destained according to 

the manufacturer’s instructions (Thermo Fisher Scientific) and washed with 100 mM 

ammonium bicarbonate and dehydrated with acetonitrile. Gel pieces were then rehydrated in 

modified trypsin solution (20 ng/ml, Promega, Madison, WI, USA) in 50 mM ammonium 

bicarbonate and the digestion carried on overnight at 37 °C. Tryptic peptides were extracted 

from gel pieces with 50% acetonitrile/5% formic acid solution. Tryptic peptide extracts 

were dried and reconstituted in 20 μl 5% acetonitrile/0.1% formic acid solution for mass 

spectrometry analysis.

Reverse phase pre-columns were prepared to analyze peptide mixtures by nanoflow liquid 

chromatography mass spectrometry using an Easy NanoLC II and a Q Exactive mass 

spectrometer (Thermo Scientific) as previously described [41]. Peptides eluted from the 

analytical column were electrosprayed directly into the mass spectrometer. Buffer A 

consisted of 5% acetonitrile/0.1% formic acid, and buffer B was 80% acetonitrile/0.1% 

formic acid. Using a flow rate of 400 nl/min, a gradient of 45 min or 60 min was used 

depending on the gel band intensity. The gradients rapidly increased from 1 to 10% of buffer 

B, followed by a linear gradient up to 35% of buffer B, and then with another rapid increase 

up to 90% of buffer B. The column was held at 90% of buffer B for 1 min, reduced to 1% of 

buffer B and then re-equilibrated prior to next injection.

The mass spectrometer was operated in a data dependent mode, collecting a full MS scan 

from 400 to 1200 m/z at 70 K resolution and an AGC target of 1e6. The 10 most abundant 

ions per scan were selected for MS/MS at 17.5 K resolution and AGC target of 2e5 and 

intensity of 1000. Maximum fill times were 20 and 120 ms for respective MS and MS/MS 

scans, with dynamic exclusion of 15 s. Normalized collision energy was set to 25.

2.16. LC-MS/MS data analysis

Tandem mass spectra were extracted from raw files using RawExtract 1.9.9.2 [55] and 

searched with ProLuCID [56] against a combined database including AAS41 and rat 

proteins from GenBank using Integrated Proteomics Pipeline – IP2 (Integrated Proteomics 

Applications). The search space included all fully-tryptic and half-tryptic peptide candidates. 

Carbamidomethylation on cysteine was used and static modification. Data was searched 

with 50 ppm precursor ion tolerance and 20 ppm fragment ion tolerance. Identified proteins 

were filtered using DTASelect [57] and required a minimum of two peptides present, 

precursor delta mass cutoff of 10 ppm and <1% false-discovery rate (FDR).
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2.17. Statistical analysis

Statistical software packages in PRISM version 6 (GraphPad Software Inc.) were used. 

Unpaired student t-test and Mann-Whitney analysis were used to determine if differences 

between AAS41/46-dsRNA and EGFP-dsRNA injected ticks are significant. Likewise, the 

unpaired student t-test was used to determine the statistical significance of paw volume and 

of the extracted Evans blue dye between treatments. Data is represented as mean of three 

biological replicates for RNAi-mediated silencing and five to six for paw edema assays. P ≤ 

.05 was considered statistically significant.

3. Results

3.1. Highly identical A. americanum serpin (AAS) 41 and 46 are highly expresses as 
glycoproteins in Pichia pastoris

Amblyomma americanum serpins (AAS) 41 and 46 (accession #s GAYW01000021 and 

GAYW01000194) are highly identical, showing 97% amino acid identity with differences 

of two amino acids within the functional reactive center loop (RCL) domain and six 

amino acids outside the RCL (Fig. 1, Supplementary Fig. 1). To begin understanding 

functional roles of these two proteins, we successfully expressed, and affinity purified both 

recombinant (r)AAS 41 and 46 in Pichia pastoris (Fig. 2 and Supplementary Fig. 2). The 

deduced molecular weight of both rAAS 41 and 46 with an added fusion tag was around 46 

kDa. However in a SDS-PAGE analysis, both recombinant proteins migrated around 50 kDa. 

Amino acid sequence analysis predicted that both rAAS 41 and 46 have three N-linked and 

six O-linked glycosylation sites. When treated with glycosidases, rAAS 41 and 46 migrated 

lower than non-treated controls confirming the observed high molecular weight was due to 

glycosylation (Fig. 2).

3.2. Amblyomma americanum serpin (AAS) 41 and 46 are highly expressed at unfed and 
early tick feeding stages in multiple tick tissues

Fig. 3 summarize AAS41 and 46 transcription and protein expression during tick feeding. 

Due to the high sequence identities, the transcription and protein secretion profiles in Fig. 

3 represents both AAS 41 and 46. Quantitative RT-PCR analysis shows that AAS41/46 

mRNA is highly transcribed in salivary glands (SG), midguts (MG), and carcass (CA, tissue 

remnant after removal of SG and MG) of unfed ticks and also present in fed ticks (Fig. 3 

A1–A3). Transcription level of AAS41/46 mRNA is up to 30-, 10-, and 60- fold higher in 

respective SG, MG, and CA at the unfed stage compared to feeding stages. It is important 

to advise the reader to note that the 120 h time point was used as the calibrator, where the 

lowest transcript expression was detected.

The secretion dynamics of native AAS41/46 (Fig. 3B) was determined based on previously 

published tick saliva proteomes of unfed ticks that were not stimulated to feed (taken from 

incubator), those that were stimulated to start feeding on rabbits, dogs, and humans [41] and 

those that had fed on rabbits [42]. It is interesting to note that similar to the transcription 

profile (Fig. 3B), native AAS41/46 protein was secreted at high levels in unfed ticks and 

during the 24–72 h of feeding as revealed by normalized spectral abundance factors (NSAF, 

index for relative protein abundance).
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Finally, the immunoblots of native tick protein extracts of tick eggs and unfed whole ticks 

(larvae, nymph, adult female and male ticks) were probed using purified monospecific IgG 

antibodies to rAAS41/46 produced in rabbits (Fig. 3C). As shown in figure 3C1, native 

AAS41/S46 protein is expressed in all A. americanum tick life stages (eggs, larvae, nymphs, 

adult female and male). As equivalent amounts of total protein were electrophoresed, it is 

apparent that higher amounts of AAS41/46 are highly expressed in the adults. Fig. 3C shows 

the expression of AAS41/46 protein in dissected tick organs (salivary glands [SG], midgut 

[MG], and carcass [CA]), of unfed (UF) and those that fed for 24 and 72 h and replete fed 

(RF). Consistent with data in Fig. 3A and B, Fig. 3C show that native AAS41/46 were most 

abundantly present in tissues of unfed ticks and reduced during feeding (Figs. 3C2\\C4). The 

pre-immune sera did not bind native AAS41/46 confirming specificity of the test.

3.3. Native AAS41/46 protein is among tick saliva immunogens that provoke tick feeding 
resistance in repeatedly infested rabbits

Fig. 4 shows by western blot analysis that native rAAS 41 and 46 were among tick saliva 

immunogens that provoke immunity against tick feeding in repeatedly infested rabbits. Both 

rAAS 41 and 46 specifically bound antibodies to saliva of A. americanum female ticks that 

repeatedly infested rabbits for 24 h (Fig. 4A), 48 h (Fig. 4B), and were replete fed (Fig. 4C). 

Fig. 4D show that pre-immune sera did not bind rAAS 41 and 46 demonstrating specificity 

of the assay.

3.4. Functional roles of AAS41/46 are important to tick feeding success

To gain insight on the functional importance of AAS41/46 in tick feeding, we assessed the 

effects of RNAi-mediated silencing on A. americanum feeding summarized in Fig. 5. Given 

the fact that AAS41/46 were highly expressed in unfed ticks, it was important to first deplete 

the AAS41/46 transcript from unfed ticks before assessing the effects of RNAi-mediated 

silencing on tick feeding as described by our group [83],[84]. The rationale for depletion 

of target mRNA from unfed ticks is to prevent ticks from expressing the cognate protein 

when placed on rabbits to feed. In our experience, without depletion of mRNA from unfed 

ticks, the effects of RNAi-mediated silencing on constitutively expressed proteins such as 

AAS41/46 might be masked by proteins that were expressed before disruption of mRNA 

took effect.

To deplete mRNA, unfed ticks that were injected with AAS41/46-double stranded RNA 

(dsRNA) were analyzed using qualitative RT-PCR for cognate mRNA expression at 3, 

7, 14, and 21 days post dsRNA injection (Supplementary Fig. 3). As shown, most of 

AAS41/46 mRNA was depleted by day 21 after injecting dsRNA in two of the three 

ticks (Supplementary Fig. 3). Subsequently, dsRNA injected ticks were incubated for three 

weeks before assessing the effects of RNAi-mediated silencing on tick feeding. To validate 

target mRNA suppression in A. americanum ticks that had attached to feed, four ticks per 

treatment at 72 h of post-attachment were sampled and confirmed in individual ticks that 

AAS41/46 transcript was suppressed by 16–53%, 59–74%, and 68–84% in respective SG, 

MG and CA (Fig. 5A) when compared to the GFP-dsRNA injected control.
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To assess the impact of disrupting AAS41/46 mRNA on feeding success, ticks were allowed 

to feed to repletion. Overall, RNAi-mediated silencing did not affect tick attachment and 

feeding rates as both control (GFP-dsRNA injected) and treatment ticks attached within 24 

h of placement and completed feeding up to 10 days. Replete fed ticks were photographed 

to document morphological phenotypes due to RNAi (Fig. 5B). Subsequently engorgement 

mass of replete fed ticks, as index for amount of blood consumed by the tick, showed that 

RNAi-mediated silencing significantly (p = .0376) reduced the amount of blood ingested by 

ticks (Fig. 5C1). Replete fed ticks were incubated at 22 °C with >85% relative humidity to 

allow for egg laying. Our data show that, though not significant, RNAi-mediated silencing 

caused a reduction in total egg mass (Fig. 5C2), and the ability of fed ticks to convert 

the blood meal into eggs (Fig. 5C3). It is interesting to note that while 57% (4/7) of 

EGFP-dsRNA injected ticks laid eggs, AAS41/46-dsRNA injected ticks had only 33% (2/6) 

(not shown).

3.5. Recombinant (r)AAS41 is an inhibitor of chymase and chymotrypsin while rAAS46 is 
not inhibitory

To gain insight into probable functional roles of rAAS41 and 46 at the tick feeding site, 

their inhibitory activity was screened against 19 mammalian serine proteases related to host 

defense pathways as described [28,30]. This analysis revealed that rAAS41 (1 μM) inhibited 

activity of human chymase (83.3 nM) by 95%, rat and mouse chymase (PDMC extract) 

by a respective 100 and 96%, bovine pancreatic α-chymotrypsin (2.8 nM) by 99%, papain 

(4.3 μM) by 60%, cathepsin G (425.5 nM) by 23%, and pancreatic elastase (61.8 nM) by 

19% (Fig. 6A). In contrast rAAS46 (1 μM) inhibited activity of human chymase (83.3 nM) 

by 11.6%, mouse chymase (PDMC extract) by 6%, bovine pancreatic α-chymotrypsin (2.8 

nM) by 16%, papain (4.3 μM) by 62%, cathepsin G (425.5 nM) by 29%, human neutrophil 

proteinase 3 (280 nM) by 36%, and pancreatic elastase (61.8 nM) by 19% (Fig. 6B).

To check for inhibitory efficiency, the stoichiometery of inhibition (SI) for rAAS41 upon 

human chymase and bovine pancreatic α-chymotrypsin activities were determined. Further 

biochemical assays were not performed for rAAS46 as initial protease inhibition assays 

did not show inhibitory activity (>70%) against the 19 screened mammalian proteases. 

Accordingly, the SI index for rAAS41 was 3.18 against bovine pancreatic chymotrypsin 

(Fig. 7A) and 3.23 against human chymase (Fig. 7B). A typical inhibitory serpin will 

form a SDS and heat stable complex with its target protease [50,51]. Fig. 7C and D 

show that rAAS41 formed stable complexes with respective to human chymase and bovine 

α-chymotrypsin as revealed by high molecular weight complexes that were stable with 

SDS and heat treatments (indicated by arrow head). These irreversible complexes between 

rAAS41 and the target proteases were observed at similar molar ratios comparable to the SI.

The association rate constant (ka) of rAAS41 with human chymase was determined under 

pseudo-first order conditions using a discontinuous method [52]. The ka for the interaction 

of rAAS41 and human chymase and chymotrypsin were determined as respective ka 5.6 ± 

0.37 × 103 M−1 s−1 (Fig. 8A) and 1.6 ± 4.1 × 104 M−1 s−1 (Fig. 8B) demonstrating that 

rAAS41 might be an effective inhibitor of these proteases.
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Given that rAAS41 was immunogenic (Figs. 3 and 4) the ability of antibodies to rAAS41/46 

to interfere with function of rAAS41 was tested. Fig. 9 shows that purified monospecific 

antibodies to rAAS41/46 dose responsively blocked inhibitory functions of rAAS41 against 

chymase and chymotrypsin by 17–84% and 5–60% respectively.

3.6. rAAS41 inhibits compound 48/80 induced inflammation in a rat model

To investigate if rAAS41 was functional in vivo the rat paw edema model was used (Fig. 

10). Injection of compound 48/80 (a mast cell degranulator) induced acute inflammation 

that was characterized by edema formation, as revealed by an increase in paw thickness 

reaching a maximum 30 min post injection. When co-injected with rAAS41 (25 μg/paw) 

edema formation was significantly reduced by 38% (p = .0142) at 30 min, 72% (p = 

.0009) at 60 min, and 55% (p = .0072) at 120 min post-injections compared to injection of 

compound 48/80 only (Fig. 10A). When injected intradermally, compound 48/80-induced 

mast cell degranulation also increases vascular permeability into the subcutaneous tissue 

and estimated using the Miles assay by measuring Evans blue dye fluid extravasation in rat 

skin [54]. When compared to saline injection, compound 48/80 significantly increased the 

vascular permeability into skin subcutaneous tissue. However, co-injection with rAAS41 (25 

μg/spot) significantly reduced the amount of tissue extravasated Evans blue dye that was 

secreted when compared to injection of compound 48/80 only (p = .0033) (Fig. 10B and C).

3.7. AAS41 is an inhibitor of mast cell native chymase from rat and mouse peritoneal 
fluids

Given that rAAS41 inhibited compound 48/80 induced inflammation that is chymase 

mediated (reviewed in [53]), Fig. 11 shows rAAS41 inhibition of chymase in a complex 

native solution. As shown in Fig. 11A, incubating rAAS41 (1 μM) at 37 °C for 15 min 

inhibited 100% chymase activity in rat peritoneum-derived mast cells (PDMC) extracts that 

contained 1 U of chymase activity. Likewise, under the same conditions, incubation of 

rAAS41 at various time points (5–60 min) progressively formed the rAAS41-rat chymase 

complex (Fig. 11C) as confirmed by LC-MS/MS analysis of the complex (Supplementary 

Table 1 and Supplementary Figure 4). Data in Supplementary Table 1 confirmed that 

rAAS41 formed an irreversible complex with native rMCP-1 as demonstrated by the 13 

peptides that were identified in the complex mixture that matched to rMCP-1 (Uniprot #: 

P09650). Finally, Fig. 11C, confirms that chymase activity against casein was progressively 

inhibited by rAAS41 (Fig. 11C).

4. Discussion

This study demonstrates that two highly identical A. americanum tick saliva serpins, AAS 

41 and 46 that are 97% identical have different biological functions. Host inflammation 

response to tick feeding is one of the cardinal host defenses that the tick must modulate 

to successfully feed and transmit TBD agents. While anti-inflammatory properties of tick 

saliva are well documented [58,59] the molecular identity of mediators in A. americanum 
saliva anti-inflammation effect are not fully known. This study provides evidence that 

AAS41 is likely among the saliva proteins that A. americanum utilizes to evade the host’s 

inflammation defense against tick feeding by targeting chymase and chymotrypsin. This 
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study builds upon our recent study that described A. americanum tick saliva serpin (AAS) 27 

as an inhibitor of inflammation that acts via trypsin and plasmin [30].

Given the high sequence identity (97%) between AAS 41 and 46, our transcription, RNAi-

mediated silencing, and western blotting analyses is for both proteins. Our qRT-PCR and 

western blotting analyses data showing that AAS41/46 mRNA and protein are expressed 

in multiple tick organs suggested that one of these proteins or both played significant 

roles in tick feeding physiology. The finding that AAS41/46 proteins are highly abundant 

in unfed and early stage of tick feeding (24–72 h feeding time points) make these two 

proteins attractive candidates for anti-tick vaccine development. The 24–72 h tick feeding 

time points co-incides with key tick feeding processes when the tick creates its feeding 

lesion (through first 24–36 h of feeding [60,61]), and starts to transmit tick-borne disease 

agents (after first 48 h of feeding [62–64]). From this perspective it was encouraging to 

note that RNAi-mediated silencing of AAS41/46 mRNA significantly reduced the feeding 

efficiency resulting in reduced blood meal feeding and fecundity. These findings support the 

use of AAS41/46 as potential candidate vaccine antigens. Repeatedly infested animals can 

mount strong immunity against tick feeding that manifests in reduced tick feeding efficiency, 

high tick mortality [65–72], and most importantly those animals are protected against 

TBD infections [73–76]. Thus, it was encouraging by findings that both rAAS 41 and 46 

specifically bound immune sera of repeatedly infested rabbits that had acquired protective 

immunity against tick feeding. These data suggest that native AAS41/46 is likely among 

tick salivary immunogens that provoked host immunity against tick feeding in repeatedly 

infested animals, and thus might be useful as a vaccine antigen target to prevent tick-borne 

disease infections. The finding that antibodies to rAAS41/46 blocked inhibitory functions of 

rAAS41 against both chymase and chymotrypsin is encouraging. These data, point to the 

possibility of designing an anti-tick vaccine that can immunologically block the functions of 

proteins important for the tick feeding process.

When ticks attach onto host skin to begin feeding, mast cells alongside neutrophils and 

macrophages are among pro-inflammatory immune cells that infiltrate the tick feeding site 

[77]. There is evidence that mast cells play critical roles in host response to tick feeding and 

comprised of 10% of the cutaneous cellular responses at the tick feeding site in cattle that 

were fed by A. americanum [69,70]. Two studies demonstrated that mast cell deficient mice 

could not develop resistance against Haemaphysalis longicornis larvae tick feeding [78], 

while wild type mice with intact mast cell response expressed tick feeding resistance by 

massive degranulation of these cells at the feeding site [79]. Although there is no empirical 

data, the observed mast cell degranulation at the tick feeding site is expected to result in 

release of chymase, which will lead to enhanced inflammation. On this basis, our findings 

that rAAS41 inhibited chymase and compound 48/80 induced inflammation, strongly 

suggest that A. americanum might utilize native AAS41 to inflammation in response to 

tick feeding by inhibiting chymase that is secreted by degranulating mast cells at the tick 

feeding site.

Ticks accomplish feeding by creating a lesion in the skin and ingesting blood that 

accumulates in the wound [60]. The expected host response is tissue repair, which if 

successful will prevent the tick from completing a blood meal. Chymotrypsin and trypsin 
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play critical roles in tissue repair [24], such as might be required at the tick feeding 

site. Following injury, α1-antitrypsin and α2-macroglobulin, inhibitors of both trypsin and 

chymotrypsin are secreted in abundance, and if left uncontrolled could lead to delayed 

wound healing [24]. Given that rAAS41 is a strong inhibitor of chymotrypsin, it is 

conceivable that native AAS41 in A. americanum tick saliva might interfere with the host’s 

tissue repair response by inhibiting chymotrypsin at the tick feeding site. It is notable that 

native AAS41/46 are secreted at low levels from 168 h feeding when the tick is preparing to 

complete feeding, and the tick may no longer need to control inflammation.

It is important to note that a typical inhibitory serpin forms a complex with its target 

protease that is resistant to SDS and heat denaturation, has stoichiometry of inhibition (SI) 

of close to 1, and a rate of inhibition (Ka) of 105 M−1S−1 [50]. It is notable that rAAS41 

formed an SDS and heat resistant complexes with chymase and chymotrypsin, had low SI 

values of under ~3, and Ka values of 103 and 104 for chymase and chymotrypsin, which 

is close to what has been observed for other tick inhibitory serpins [30,32,80]. One of the 

interesting lessons from this study is that function of tick serpins were not extrapolated from 

sequence homology. It is noteworthy that despite the high sequence similarity between AAS 

41 and 46, the two proteins are functionally different. The function of serpins is strongly 

influenced by the amino acid residue at the P1 position [50,51]. The difference in function 

between rAAS 41 and 46 might be explained by the fact that the former has a leucine at its 

P1 site, while the latter has a threonine amino acid residue at this position.

In conclusion, this study brings a significant contribution toward understanding the 

molecular basis of tick feeding physiology and discovery of putative antigens for anti-tick 

vaccines. In order to improve the design of tick vaccines, it is imperative to understand the 

functions of candidate antigens in tick feeding regulation. The goal is to utilize such data to 

design effective tick vaccine antigens that will provoke host immunity neutralizing functions 

of those proteins at the tick feeding site.
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Fig. 1. 
Amblyomma americanum serpin (AAS) 41 and 46 are highly identical. Mature protein 

amino acid sequences of AAS 41 and 46 were aligned using ClustalW in MacVector. The 

reactive center loop (RCL) is boxed in blue; the P1 active P1 site in the RCL is indicated 

with an asterisks (*) showing AAS41 has a leucine “L” and AAS46 has threonine “T” at the 

P1 site.

Kim et al. Page 24

Int J Biol Macromol. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Recombinants Amblyomma americanum serpin (rAAS) 41 and 46 are expressed as 

glycoproteins in Pichia pastoris. P. pastoris transformed with AAS 41 and 46 recombinant 

plasmids were cultured at 28 °C and recombinant protein expressions were induced by 

inoculating 0.5% methanol (final concentration) daily through five days. Affinity purified 

rAAS 41 and 46 treated with deglycosylation enzyme mix (+) or without treatment (−) were 

resolved by 10% SDS-PAGE for western blot analysis using antibody to the hexa-histidine 

tag.
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Fig. 3. 
Amblyomma americanum (AAS) 41 and 46 transcript and protein are expressed in major 

tick organs and secreted saliva with identical profiles. (A) Temporal and spatial expression 

analysis of AAS41/46 mRNA was determined in dissected organs of unfed, 24, 48, 72, 96, 

and 120 h fed ticks: salivary glands (A1), midguts (A2) and carcass (A3; tick remnant after 

removal of SG and MG) were analyzed by qRT-PCR. (B) Normalized spectral abundance 

factor (NSAF) (y-axis) as index for relative AAS41/46 protein abundance extracted from 

published work [41,42] in saliva of unfed tick not exposed to the host (taken straight from 

incubator) and exposed to different hosts: dog-, human-, rabbit, and during feeding (24–192 

h, BD, and SD; x-axis). BD = fully engorged but not detached; SD = fully engorged 

spontaneously detached. (C) Monospecific IgG to AAS41/46 (0.5 mg/ml, 1:500 dilution) 

that was purified from serum of rabbits that were repeatedly infested with A. americanum 
ticks was used to screen for native AAS41/46 in all life stages: egg, larvae, nymphs, female 

and male ticks (C1) and dissected adult tick tissues: salivary glands (C2), midguts (C3) and 

remnants as carcass (4). Purified IgG of non-infested rabbits were included as controls for 

respective western blots.
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Fig. 4. 
Amblyomma americanum serpins (AAS) 41 and 46 are immunogenic tick saliva proteins. 

Immunoblots of purified recombinant AAS 41 and 46 (deglycosylated and non-treated) were 

probed with antibodies to tick saliva proteins of A. americanum ticks that repeatedly fed on 

rabbits for 24 h (A), 48 h (B), and replete fed (C). Pre-immune serum was used for negative 

control (D). All antibodies were used at 1:500 dilution.
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Fig. 5. 
RNAi-mediated silencing of Amblyomma americanum serpins (AAS) 41/46 mRNA affects 

tick feeding. Double stranded (ds) RNA of AAS41/46 and GFP (control) was synthesized 

in vitro and microinjected in ticks to trigger disruption of AAS41/46 mRNA. (A) At 48 h 

post attachment AAS41/46-dsRNA and GFP-dsRNA injected ticks sampled disruption of 

cognate mRNA was validated by qRT-PCR in tissues that were dissected from individual 

ticks. (B) A. americanum adult female ticks were allowed to feed to repletion and observed 

phenotypes were documented upon detachment from the host. (C) Effects of RNA-mediated 

silencing on: (C1) amount of blood ingested, (C2) quantity of eggs laid, and (C3) ability to 

convert blood meal into eggs.
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Fig. 6. 
Protease inhibitor profiling for affinity purified recombinant Amblyomma americanum 
serpin (rAAS) 41 and 46. Indicated proteases (concentration indicated in materials and 

methods) were incubated with affinity purified (A) rAAS41 or (B) rAAS46 (1 μM) at 37 °C 

for 15 min followed by addition of appropriate substrate (0.2 mM). Protease kinetics was 

monitored every 11 s over 15 min in triplicate.
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Fig. 7. 
Affinity purified recombinant Amblyomma americanum serpin (rAAS) 41 forms stable 

heat- and SDS- stable complexes with target proteases. Stoichiometry inhibition (SI) was 

determined by measuring residual enzyme activity of (A) human chymase (13 nM) and 

(B) bovine α-chymotrypsin (8 nM) following incubation rAAS41 at variable molar ratios 

(rAAS41:protease) ranging from 0 to 10. The data were plotted as residual protease 

activity (Vi/V0) versus molar ratio (rAAS41:protease). Increasing amounts of rAAS41 

were pre-incubated for 1 h at 37 °C with 0.1 μg of human chymase (C) or 0.1 μg of 

bovine α-chymotrypsin (D) in molar ratios varying from 0.625:1 to 10:1 (rAAS41:protease). 

Samples were treated with a deglycosylation enzyme (DE) mix (to remove glycans that were 

masking results) and resolved on a 10% SDS-PAGE and silver stained to visualize covalent 

complexes. The rAAS41:protease complex is denoted by the black arrow (←). The (+) or 

(−) denotes treatments with or without deglycosylation, respectively.
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Fig. 8. 
Recombinant Amblyomma americanum serpin (rAAS) 41 is an effective inhibitor 

of chymase and α-chymotrypsin. Discontinuous method inhibition of chymase or 

chymotrypsin by rAAS41 was conducted as described in materials and methods. 

Semilogarithmic plots of residual enzymatic activity of chymase (A) and α-chymotrypsin 

(C) versus time of incubation for reactions at various concentrations of rAAS41 (33–500 

nM) for the former and rAAS41 (8.3–100 nM) for the latter. Plot of kobs as a function 

of rAAS41 concentration for chymase (B) and α-chymotrypsin (D). Linear regression of 

the slope represents the second-order rate constant (ka) for the inhibition of chymase and 

α-chymotrypsin by rAAS41.
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Fig. 9. 
Recombinant Amblyomma americanum serpin (rAAS)41 inhibition of chymase and α-

chymotrypsin is reduced using monospecific antibody to rAAS41. In triplicate reactions, 

purified monospecific IgG antibodies to rAAS41 or pre-immune (PI) serum were incubated 

with 136 nM or 170 nM of rAAS41 at 37 °C for 30 min before the addition of 10.8 nM of 

chymase (A) or 12.8 nM of α-chymotrypsin (B) following an additional 15 min incubation 

at 37 °C. Subsequently, the chymase or α-chymotrypsin substrate (0.2 mM) were added 

and protease kinetics was monitored for 15 min every 15 s. Data is reported as residual 

enzymatic activity.
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Fig. 10. 
Recombinant Amblyomma americanum serpin (rAAS) 41 blocks compound 48/80-induced 

acute inflammation in rats. (A) Rat paw edema induced by intradermal injection of 100 μl 

of compound 48/80 (1 μg) in saline (circles), co-injected with 25 μg of rAAS41 (squares), 

or 100 μl of rAAS41 only (triangles). Edema formation was estimated using a digital 

plethysmometer at different intervals. Posterior paws from 5 animals were used for each data 

point. *p = .0142, **p = .009, and ***p = .0072 (t-test). (B) Vascular permeability (Miles 

assay) was performed by intravenous injection of 700 μl Evan’s blue dye into the tails of 

rats. Ten minutes later, 100 μl of (i) saline, (ii) compound 48/80 (1 μg) only, (iii) compound 

48/80 (1 μg) co-injected with rAAS41 (25 μg), or (iv) only rAAS41 (25 μg) was injected 

intradermally on the dorsal right (R) and left (L) sides of the rat. After 60 min, animals were 

euthanized and skin removed to allow injection sites to be photographed. (C) Evans blue 

extravasation was estimated after extraction with formamide and reading at absorbance 620 

nm. Results are the average of experiments obtained with 6 animals. *p = .0033 (t-test).
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Fig. 11. 
Recombinant Amblyomma americanum serpin (rAAS) 41 inhibits and forms covalent 

complex with rat mast cell protease 1 (rMCP-1). (A) Inhibition of rat mast cell protease-1 

(rMCP-1) activity from peritoneum-derived mast cells (PDMC) protein extract (1 U of 

chymase activity) was incubated with rAAS41 (1 μM) at 37 °C for 15 min following 

addition of substrate N-Succinyl-Ala-Ala-Pro-Phe-pNA (0.2 mM). Protease kinetics was 

monitored for 15 min with reads at every 11 s in triplicate. MW = molecular weight, MM 

= molecular marker, C+ = positive control. (B) Purified rAAS41 and rMCP-1 complex 

was resolved by 12% SDS-PAGE and visualized by silver staining. As controls, the gel 

was loaded with a protein extract containing rat chymase isolated from PDMC (1) and 

A. americanum serpin AAS41 (2). Complex formation (in red arrow) was evaluated by 

incubating equal volume of PDMC with AAS41 (4 μg) at 37 °C for various time points: 5 

min (3), 15 min (4), 30 min (5), 45 min (6) and 60 min (7) and treated with deglycosylation 

enzyme mix. The enzyme deglycosylation mix only was loaded as a control (8). (C) 

Zymography was performed using 10% SDS-PAGE containing 0.1% casein. Gel was loaded 

with a protein extract containing rMCP-1 activity isolated from PDMC only (1) and rAAS41 

only (2) as controls. Inhibition of rMCP-1 was performed by incubation with equal volume 

of PDMC with rAAS41 (4 μg) at 37 °C for different times: 5 min (3), 15 min (4), 30 min (5), 

45 min (6) and 60 min (7).
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