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Abstract 

Gnathostoma spinigerum is a causative agent of human gnathostomiasis and 

infects people residing in endemic areas as well as travelers. Cutaneous and 

visceral larval migrants cause clinical manifestations, resulting in severe morbidity 

and mortality. To survive in hosts, these parasites have evolved various immune 

evasion mechanisms, including the release of regulatory molecules. Serine protease 

inhibitors (serpins) that are present in many parasitic helminths are proteins 

suspected of suppressing host serine protease-related digestion and immune 

responses. In this study, the serpin secreted by G. spinigerum (GsSerp) was 

characterized using bioinformatics and molecular biology techniques. The 

bioinformatics revealed that GsSerp contains 9 helices, 3 β-sheets, and a reactive 

central loop, which are conserved structures of the serpin superfamily. Recombinant 

GsSerp (rGsSerp) was expressed in Escherichia coli (molecular weight, 39 kDa) and 

could inhibit chymotrypsin. Mouse polyclonal antibody against GsSerp could detect 

the native GsSerp in crude worm antigen but not the excretory–secretory product 

(ES) of infective-stage larva (aL3Gs). Moreover, the expression of GsSerp in the 

aL3Gs tissue was located in the hemolymph and intestinal tissue, indicating its role 

in parasite homeostasis. Our findings may help develop effective strategies for 

preventing and controlling gnathostomiasis. 

Keywords: Gnathostoma spinigerum, serine protease inhibitor, serine protease, 

recombinant protein 
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1. Introduction 

Human gnathostomiasis is a harmful food-borne zoonosis caused due to an 

infection of the third-stage larvae of Gnathostoma spp. G. spinigerum is a major 

etiologic agent prevalent in Asia, including India, Laos, Japan, and Thailand 

(Bowman, 2014). Humans are accidental hosts and are infected by the parasite 

following the consumption of raw or undercooked meat of infected animals 

(McCarthy and Moore, 2000; Ligon, 2005; Herman and Chiodini, 2009). The clinical 

features in humans can be divided into three phases: immediate symptoms, a 

cutaneous form, and a visceral form. Penetration of the larvae into deeper tissues 

and viscera, including lungs, eyes, ears, and gastrointestinal and genitourinary 

systems, and on rare occasions the central nervous system (visceral disease) can 

result in serious clinical symptoms (Herman and Chiodini, 2009). 

To survive in hosts, G. spinigerum utilizes several immune evasion 

mechanisms to modulate and inhibit host inflammatory and immune responses 

(Benjathummarak et al., 2016). The secretion of immunomodulatory molecules is an 

effective mechanism used by the parasite for altering host anatomy, physiology, 

biochemistry, and immunity (Dzik, 2006). Parasites employ secretory protease 

inhibitors to inhibit host proteolytic enzymes that are associated with digestion, 

coagulation, complement fixation, and immune response. Serine protease inhibitor 

(serpin) is a major inhibitor superfamily in parasitic helminths and plays a crucial role 

in host–parasite interaction and immunomodulation. Members of the serpin 

superfamily are typically 330–500 amino acids long and are classified into three major 

conserved structures: 3 β-sheets, 8/9 α-helices, and a reactive central loop (RCL) 

(Law et al., 2006). RCL forming above the serpin scaffold interacts with the active 
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site of specific serine proteases to inhibit their proteolytic activities (Law et al., 

2006). 

In parasitic helminths, serpins secreted by microfilariae of Brugia malayi 

specifically inhibit human cathepsin G and neutrophil elastase, which may contribute 

to immune evasion, facilitating the parasite’s longevity and pathogenicity (Zang et al., 

1999). Serpins secreted by Trichostrongylus vitrinus inhibit mast cell proteases, which 

may play an important role in regulating inflammation in the host (MacLennan et al., 

2005). In schistosomes, serpins secreted by S. japonicum inhibit chymotrypsin, 

trypsin, and thrombin (Zhang et al., 2018). Serpins secreted by Clonorchis sinensis 

significantly inhibit trypsin, chymotrypsin, and thrombin (Lei et al, 2013). Although 

several serpins secreted by helminths have been widely identified and intensively 

characterized, those secreted by G. spinigerum (GsSerp) have not been reported; 

moreover, there role in host–parasite interaction needs to be clarified. 

This study predicted the functions and properties of GsSerp obtained from the 

NCBI database using bioinformatic analysis. GsSerp cDNA was amplified and 

subcloned into a prokaryotic expression vector prior to the heterologous expression 

of recombinant GsSerp (rGsSerp) in Escherichia coli. The expression of GsSerp in 

the parasite and its tissue-specificity were determined using western blotting (WB) 

and immunohistochemistry, respectively. Moreover, the molecular functions of 

rGsSerp regarding the inhibition of serine proteases were analyzed. Understanding 

the basic properties as well as the inhibitory roles and targets of GsSerp may be 

advantageous for developing drugs and vaccines for treating gnathostomiasis. 

 

2. Materials and Methods 
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2.1 Ethics statement 

Animal experiments conducted in this study were approved by the Faculty of 

Tropical Medicine Animal Care and Use Committee (no. FTM-ACUC 035-2017).  

2.2 Parasite preparation 

 Advanced third-stage larvae of G. spinigerum (aL3Gs) were obtained from 

infected swamp eels (Monopterus albus) as previously reported (Saksirisampant and 

Thanomsub, 2012). Briefly, livers were separated from fresh eels and were 

homogenized in acid-pepsin solution [1%(w/v) pepsin (BDH Laboratory & Scientific 

Equipment, Safat, Kuwait), 1% (v/v) HCl], followed by incubation for 3 h at 37°C in a 

water bath with frequent stirring. After digestion, the supernatant was discarded and 

then the sediment was washed several times with tap water. This sediment was then 

transferred to Petri dishes to search for aL3Gs using a stereomicroscope. The larvae 

were transferred into new Petri dishes and then washed several times with 0.85% 

normal saline solution and finally with ddH2O. 

 

2.3 Bioinformatic analysis 

The nucleotide and deduced amino acid sequences (accession number 

MK387066) of GsSerp obtained from the NCBI database (http://www.ncbi.nlm.nih. 

gov) were used for bioinformatic analysis including for those of the protein properties 

(Pepstat; https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/), signal peptides 

(classical protein secretion) using SignalP 4.1 Server (Petersen et al., 2011), non-

classical protein secretion using Secretomep 2.0 server (Bendtsen et al., 2004), 

transmembrane helices using TMHMM (Krogh et al., 2001), and potential N- and O-

glycosylations using NetNGlyc 1.0 (Gupta et al., 2004) and NetOGlyc 4.0 (Steentoft 
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et al., 2013). Disulfide bond formation was predicted using the DiANNA 1.1 web 

server (Ferrè and Clote, 2006). The conserved serpin regions of GsSerp were 

analyzed using multiple alignments in the MUSCLE program and were compared 

with its orthologs (https://www.ebi.ac.uk/Tools/msa/muscle/). Phylogenetic 

relationship between GsSerp and its orthologs was computed using multiple 

alignments; a phylogenetic tree was constructed using the maximum likelihood 

method with 1,000 bootstrap replications using the MEGA X program (Kumar et al., 

2018). The accession numbers of all sequences used in this study are shown in 

Table 1. The secondary structure of GsSerp was predicted using the PSIPRED 

Protein Sequence Analysis Workbench (http://bioinf.cs.ucl.ac.uk/psipred/); and the 

tertiary structure was simulated using SWISS-MODEL (Waterhouse et al., 2018) 

using human neuroserpin as a template (PDB ID. 3f5n). 

 

2.4 RNA isolation and RT-PCR of GsSerp 

 Total RNA from aL3Gs was isolated using the TRIzol reagent (Invitrogen, 

Carlsbad, CA) as per the manufacturer’s instructions. DNase-treated RNA (5 μg) 

was used as a template for constructing first-strand cDNA using the RevertAid First 

Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). GsSerp cDNA 

was amplified using PCR in a total reaction volume of 20 µl containing 2 μl of cDNA, 

1× Taq polymerase buffer, 0.2 mM of each dNTP, 2 mM of MgCl2, 1 U of Taq 

polymerase (Thermo Fisher Scientific), and 100 nM of GsSerp forward (5′-

TAAGGATCCCATGGAAAAAGCACAAAAAGAT-3′) and reverse (5

′-TAACTCGAGACCGATGAAGAGAACACTACG-3′) primers. The restriction sites 

of BamH I and Xho I were incorporated at the 5′ end of the forward and reverse 
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primers (underlined), respectively. PCR was conducted at 94°C for 5 min; followed 

by 30 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min; and then a final 

step of 72°C for 5 min. The PCR product was cloned into pGEM®-T Easy vector 

(Promega, USA) as per the manufacturer’s instructions. Positive bacterial colonies 

(carrying pGEM®-T-GsSerp) were selected and were then subjected to plasmid 

isolation and DNA sequencing. 

 

2.5 Expression of rGsSerp protein 

pGEM®-T-GsSerp and pET20b+ (Novagen, Darmstadt, Germany) vectors 

were digested with BamHI (Thermo Fisher Scientific) and XhoI (Thermo Fisher 

Scientific) at 37°C for 2 h. After conducting agarose gel electrophoresis, linearized 

pET20b+ and GsSerp cDNA were excised and purified using the Gel/PCR DNA 

Fragments Extraction Kit (Geneaid Biotech Ltd., New Taipei City, Taiwan) as per the 

manufacturer’s instructions. GsSerp was ligated into pET20b+ using T4 DNA ligase 

(Thermo Fisher Scientific) prior to its transformation into the E. coli JM109 strain 

using the heat-shock technique (Froger and Hall, 2007). Colonies containing 

pET20b+-GsSerp were confirmed using colony PCR and DNA sequencing (Bioneer 

Corporation, South Korea). E. coli strain BL21 (DE3) (Novagen) was transformed with 

pET20b+-GsSerp for producing recombinant protein. The bacteria were cultured in 

LB medium containing 100-µg/ml ampicillin at 37C and 200 rpm until the OD600 

value reached 0.4–0.6. This was followed by the induction of the expression of 

rGsSerp by adding 1-mM isopropyl-β-D-thiogalactopyranoside (IPTG; Thermo Fisher 

Scientific). The culture was additionally incubated for 4 h before harvesting bacterial 

cells by centrifugation at 6000×g and 4°C for 30 min. The bacterial pellet was used 

for purifying rGsSerp as mentioned below. 
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2.6 Purification of rGsSerp and refolding 

rGsSerp was purified using immobilized metal affinity chromatography, as 

previously described with some modifications (Pakchotanon et al., 2016). Briefly, 

bacterial lysate was prepared by denaturing with 8-M urea before incubation with 

Talon® Metal Affinity Resin (Clontech Laboratories, Inc., Mountain View, CA) at 25°C 

for 1 h with agitation. After loading the mixture onto a Talon® 2 ml Disposable Gravity 

Column (Clontech Laboratories, Inc.), the resin was thoroughly washed with washing 

buffer (50-mM NaH2PO4, 300-mM NaCl, 10-mM imidazole, and 8-M urea; pH 6.3). 

Subsequently, rGsSerp was eluted using an elution buffer (50-mM NaH2PO4, 300-

mM NaCl, and 8-M urea; pH 6.3) containing a gradient of imidazole at the 

concentrations of 20, 100, and 250 mM. All fractions including flow through, washes, 

and eluates were analyzed using a 12% SDS-PAGE gel and stained with Coomassie 

Brilliant Blue G-250 (USB Corporation, Cleveland, OH). The expression and 

purification of rGsSerp were confirmed using immunoblot tracking using an anti-His-

tagged antibody (BioLegend, San Diego, CA) as mentioned below.  

Fractions containing purified rGsSerp were pooled and refolded by 

continuously reducing urea concentration. rGsSerp was transferred into a dialysis 

bag (6,000–8,000; Membrane Filtration Products, Seguin, TX) and then dialyzed 

against refolding buffer (25-mM Tris, pH 7.5, 250-mM NaCl, 0.5-mM DTT, 0.15% 

CHAPS, and 2.5% glycerol) containing 6-M urea for 3 h at 4C. The dialysis bag was 

transferred in a stepwise manner into refolding buffer containing 4- and 2-M urea for 

3 h at 4C. Finally, rGsSerp was dialyzed against 1× PBS (pH 7.4) for 16–18 h at 

4C, followed by centrifugation at 12,000 ×g for 30 min at 4C to remove protein 
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precipitate and debris (Pearce and Cabrita, 2011). The protein concentration was 

determined using a Coomassie Plus (Bradford) assay kit (Thermo Fisher Scientific). 

 

 

2.7 Production of polyclonal antibody 

 Five, 6–8-week-old, female, ICR mice purchased from the Mahidol University 

National Laboratory Animal Center were intraperitoneally injected with 100 µg of 

purified rGsSerp mixed with an equal volume of Imject™ Alum Adjuvant (Thermo 

Fisher Scientific). Two and four weeks later, the mice were injected with the same 

dose via the same route as first and second boosters, respectively. Blood was 

sampled 1 week after the second booster dose, and sera were obtained to determine 

the specific antibody titer using indirect ELISA as previously described with some 

modifications (Novo et al., 2010). Briefly, purified rGsSerp was coated into a 96-well 

ELISA plate and then supplemented with twofold serial dilutions of mouse anti-

rGsSerp, followed by incubation at 37°C for 1 h. After washing with 1× PBS 

containing 0.05% Tween 20 (PBST), 1:2,000 horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (SouthernBiotech, Birmingham, AL) was added and 

incubated at 37°C for 1 h. For detection, the ABTS® Peroxidase substrate (Sera 

Care, Milford, MA) was added into each well, and the absorbance was assessed at 

OD405nm.  

 

2.8 Western blot analysis 

WB was performed by modifying a previously described procedure 

(Pakchotanon et al., 2016). In summary, excretory–secretory product, crude worm 
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antigen (CWA), or rGsSerp was subjected to 12% SDS-PAGE prior to electrotransfer 

onto a PVDF membrane (Pall Corporation, Ann Arbor, MI). After blocking, the 

membrane was incubated with 1:800 mouse anti-rGsSerp polyclonal antibody at 

25°C for 1 h, followed by the addition 1:3,000 HRP-conjugated goat anti-mouse IgG 

(SouthernBiotech) for 1 h. The antigen-antibody complex was detected by incubating 

the membrane with a SuperSignal® West Dura Extended Duration Substrate 

(Thermo Fisher Scientific) and was then imaged using ImageQuant LAS 4000 Mini 

(GE Healthcare Bio-Sciences AB, Uppsala, Sweden).  

 

2.9 Immunolocalization of GsSerp in aL3Gs 

The immunolocalization of aL3Gs was performed using a slightly modified 

version of a previously described procedure (Adisakwattana et al., 2007). Briefly, 

fresh aL3Gs tissue prepared in the aforementioned manner was fixed with 4% 

paraformaldehyde prior to embedding in a paraffin block and cutting into 5-µm-thick 

sections. The sections were processed in a stepwise manner that included 

dewaxing, rehydrating, retrieving antigenic epitopes, and neutralizing endogenous 

peroxidase. The nonspecific binding of the tissues was blocked using 5% (v/v) fetal 

bovine serum in 1× PBS (pH 7.4) followed by incubation with mouse anti-rGsSerp 

polyclonal serum (1:200) or preimmune serum (1:200) as a control. After gentle 

washing, the tissues were coated with 1:1,000 HRP-conjugated goat anti-mouse IgG 

(SouthernBiotech). The tissues were colorimetrically assessed using the AEC 

staining kit (Sigma-Aldrich) as per the manufacturer’s instructions and were then 

counterstained using Mayer’s hematoxylin. After mounting, the sections were 

examined under a light microscope. 
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2.10 Inhibitory assays 

 The inhibitory activities of rGsSerp against four serine proteases, trypsin 

(Sigma-Aldrich), chymotrypsin (Sigma-Aldrich), porcine pancreatic elastase 

(Calbiochem® EMD Chemicals, Inc., San Diego, CA), and thrombin (Sigma-Aldrich), 

were determined. Inhibitory assays were performed as previously described with 

some modifications (Pakchotanon et al., 2016). In summary, each protease target 

was mixed with rGsSerp at molar ratios (enzyme/inhibitor) of 1:0, 1:1, 1:2, 1:4, and 

0:1, followed by incubation at 37°C for 30 min. The colorimetric substrates of trypsin 

(Nα-benzoyl-L-arginine 4-nitroanilide hydrochloride; Sigma-Aldrich), chymotrypsin 

(N-succinyl-Gly-Gly-Phe-p-nitroanilide; Sigma-Aldrich), porcine pancreatic elastase 

(elastase substrate IV; Calbiochem®), and thrombin (N-Benzoyl-Phe-Val-Arg-p-

nitroanilide hydrochloride; Sigma-Aldrich) were added to the final concentrations of 

0.5 µM, 0.5 µM, 50 nM, and 0.5 nM, respectively, and then incubated at 37°C. OD405 

was kinetically assessed using a SunriseTM microplate reader (Tecan Group Ltd., 

Männedorf, Switzerland). PMSF, at a concentration of 20 μM, was used as a control. 

The stoichiometry of inhibition (SI) was determined as previously described by 

Pakchotanon et al. (2016). In brief, chymotrypsin (0.2 μM) was incubated with 

different concentrations of rGsSerp (0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, and 2 

μM) at 37°C for 30 min prior to the addition of chymotrypsin substrate (0.75 mM). 

The kinetic activity was assessed using a SunriseTM microplate reader, followed by 

the determination of the SI of rGsSerp against chymotrypsin by plotting the 

relationship between residual activity and molar ratios. 

 

3. Result  

3.1 Bioinformatic analysis of GsSerp  
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 The full-length coding sequence of GsSerp was found to comprise1,077 bp 

and was translated into a protein containing 359 amino acid residues. The molecular 

weight and isoelectric point of GsSerp as predicted by Pepstat were 39 kDa and 

6.28, respectively. Moreover, the assessment of GsSerp’s status as a potential 

secretory protein facilitated by a classical or non-classical secretory pathway 

demonstrated that it does not contain a signal peptide but is potentially secreted via 

the non-classical secretory pathway (NN score = 0.630; cut-off: NN score > 0.6). A 

transmembrane helix was predicted in this protein, indicating that GsSerp presents a 

potential transmembrane region at the N-terminus (aa21–43) (Additional file 1: 

Figure S1). Potential N-glycosylation sites were detected at residues N135, N251, and 

N291, whereas potential O-glycosylation sites were at residues S174, T177, and T178. 

The prediction of disulfide-bond formation suggested that GsSerp does not have 

potential disulfide bond partners (Additional file 1: Figure S1).  

 The homology table comparing GsSerp and related orthologs indicated that 

GsSerp has high identity to serpins secreted by T. canis (TcaSerp) and A. simplex 

(AniSerp) (Additional file 2: Figure S2). Multiple sequence alignment of GsSerp 

with orthologs demonstrated that GsSerp contains the RCL and serpin signature 

(Fig. 1A). The RCL extends from amino acid residues 315–335, in which R331 and 

M332 are P1 and P1′, respectively, and the serpin signature motif is present at the C-

terminus of GsSerp at amino acid residues 339–349 (FTADHPFLFAI). A 

phylogenetic tree comprising GsSerp and its 16 orthologs (Table 1) suggested that 

GsSerp is closely related to orthologs in the nematode group, particularly TcaSerp 

(T. canis), AniSerp (A. simplex), AsSerp (A. suum), and TpsSerp (T. pseudospiralis), 

but is not closely related to those of trematodes, cestods, protozoa, and humans 

(Fig. 1B). 
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 Predicting the secondary structure suggested that GsSerp comprises nine 

α-helices and fifteen β-sheets (Additional file 1: Figure S1). Meanwhile, a tertiary 

structure (SWISS-MODEL) simulated using human neuroserpin (PDB ID 3f5n.2) as a 

template revealed the presence of 9 α-helices, 3 incorporated β-sheets, and a single 

RCL, which is the typical structure of the classical serpins (Fig. 2).  

 

 

 

3.2 Expression and purification of rGsSerp 

 To characterize the basic properties and functions of GsSerp, cloning and the 

expression of recombinant protein were conducted using a prokaryotic expression 

system. E. coli (DE3) containing pET20b-GsSerp effectively expressed rGsSerp at a 

molecular weight of approximately 39 kDa in the insoluble fraction (Fig. 3A). WB 

using mouse anti-His-tagged antibody was found to react with rGsSerp at the 

expected size in IPTG-induced bacteria but not in the non-induced control (Fig. 3B). 

 As it was expressed in the insoluble fraction, rGsSerp was purified using a 

Talon®metal affinity column under denaturing conditions. Thus, rGsSerp was 

successfully purified and could be detected with mouse anti-His-tagged antibody at a 

molecular weight of approximately 39 kDa (Figs. 3C and D). The purified rGsSerp 

was then dialyzed against 1× PBS to remove urea prior to immunizing the mice for 

producing rGsSerp-specific mouse polyclonal antibody. WB and ELISA were 

performed to determine antibody specificity and antibody titer. Results for WB 

indicated that the polyclonal antibody strongly reacted with rGsSerp (Fig. 4A) 
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whereas those for ELISA indicated that it elicited a high titer in all mice (range, 

12,800–25,600) (data not shown). 

 

3.3 Detection of native GsSerp in G. spinigerum  

The presence of native GsSerp in aL3Gs was detected using WB by reacting 

with mouse anti-rGsSerp polyclonal antibody. The results demonstrated that the 

polyclonal antibody could solely detect native GsSerp in CWA, but not ES, at a 

molecular weight of 39 kDa, which was similar to that of rGsSerp (Fig. 4B). 

The location of the expression of GsSerp in the parasite tissue was 

determined using immunohistochemistry. After reacting aL3Gs tissue sections with 

mouse anti-rGsSerp polyclonal antibody, GsSerp was found to be predominantly 

localized in the pseudocoelom fluid (hemolymph). In the digestive system, GsSerp 

was localized in gut cells, particularly and strongly in the lamella lining along the 

gut of the parasite (Fig. 5). The head bulb, esophagus, and somatic muscles 

underneath the cuticle showed negative results for the expression of GsSerp. 

Immunolocalization with preimmunized mouse serum also gave negative results 

(Fig. 5). 

 

3.4 Inhibitory assay 

 For assessing the inhibitory properties of rGsSerp, the protein expressed in 

the insoluble fraction required refolding before examining it for protein activity. 

Refolded rGsSerp was solubilized in 1× PBS without urea (data not shown). The 

inhibitory activity of rGsSerp with protease substrates mentioned above revealed that 
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rGsSerp could specifically inhibit chymotrypsin activity more than porcine pancreatic 

elastase, trypsin, and thrombin activities (Fig. 6). Considering this, assessing SI 

between rGsSerp and chymotrypsin revealed that the suitable molar ratio 

(inhibitor/enzyme) for inhibition was 10 (Fig. 7). 

 

 

 

 

4. Discussion 

During infection, G. spinigerum migrates through the body, causing cutaneous 

or visceral gnathostomiasis. For long-term survival in the host, inhibiting host 

proteolytic enzymes, especially serine proteases associated with digestion and 

immune responses, is an important mechanism to evade host defense mechanisms. 

Serpins secreted by several helminths play a crucial role in host–parasite interaction 

and regulate host serine proteases associated with digestion, such as trypsin and 

chymotrypsin (Molehin et al., 2012), and immune function, such as apoptosis, 

coagulation, granzyme killing, complement activation, and neutrophil function (Law, 

2006; Mangan, 2008; Molehin, 2012). However, the basic functions and properties of 

GrSerps have not been described elsewhere and, to the best of our knowledge, have 

been characterized here for the first time. 

ES proteins secreted by parasitic helminths have pleiotropic roles in their host 

as well as the parasite, including nutrient uptake, tissue invasion, metabolism 

regulation, immune response, and immunomodulation roles (Hewitson et al., 2009). 
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For example, the serpin secreted by T. vitrinus was reported to inhibit several host 

serine proteases, including mast cell proteases (MacLennan et al., 2005). Moreover, 

a novel serpin secreted by the microfilariae of B. malayi, Bm-SPN-2, was found to 

inhibit human neutrophil cathepsin G and neutrophil elastase (Zang et al., 1999). In 

this context, excretory–secretory potential of GsSerp was predicted and 

demonstrated that GsSerp assesses the potential for secretion, but did not, however, 

contain a signal peptide typical of classical secretion. When predicting a potential 

transmembrane helix, the result, however, demonstrated that GsSerp comprised a 

transmembrane region at the N-terminus, indicating its status as a membrane-

associated protein. The serpin secreted by S. japonicum (SjSPI) was found to 

contain a transmembrane domain with the potential to inhibit chymotrypsin, trypsin, 

and thrombin activities (Zhang et al., 2018). The serpin secreted by S. mansoni 

(SmSPI) and localized on the tegumental surface of adult males and females may 

play important roles in host–parasite interaction (Pakchotanon et al., 2016). 

However, such a membrane-associated serpin is yet to be described in parasitic 

nematodes. Therefore, GsSerp was further characterized in terms of in situ 

localization and inhibitory activity in this study. 

Comparing the amino acid sequences of GsSerp with those of its orthologs 

suggested that GsSerp has high homology with TcaSerp and Aniserp. Multiple 

sequence alignment indicated that RCLs of GsSerp, TcaSerp, and AniSerp were 

highly conserved and that the consensus pattern could be categorized into the 

inhibitory serpin family: p17 [E]-p16 [E/K/R]-p15 [G]-p14 [T/S]-p13 [X]-p12-9 [A/G/S]-

p8-1 [X]-p1′-4′(Mulenga et al., 2009). The P1 residue of GsSerp was similar to 

that of AniSerp and TcaSerp (Arg), whereas the P1′ residue differed in GsSerp 

(Met) from that in TcaSerp and AniSerp (Ser). However, variation at P1′ may affect 
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the substrate specificity of GsSerp. As previously mentioned, the 1-antitrypsin 

(1AT) variant containing conserved Arg at the P1 position but with random mutation 

at the P1′ and P2 positions demonstrated a variation of substrate specificity and 

inhibitory activity against serine proteases in the anticoagulation pathway (Polderdijk 

and Huntington, 2018). The phylogenetic analysis of GsSerp with its orthologs 

revealed the close relationship of GsSerp to nematode serpins including Aniserp, 

TcaSerp, AsSerp, and TpsSerp. These serpins may be used to guide the 

characterization of the properties and functions of GsSerp. In A. simplex, AniSerp 

identified in L3-stage larvae were found to inhibit several host serine proteases, 

including thrombin, trypsin, and cathepsin G (Valdivieso et al., 2015). The serpin 

secreted by A. suum (AsSerp) was reported to be secreted from spermatids during 

parasite spermatogenesis, which facilitates sperm motility and activation (Zhao et al., 

2012). 

In silico simulation of GsSerp tertiary structure using human neuroserpin as a 

template demonstrated that GsSerp comprises 9 α-helices, 3 incorporated β-sheets, 

and 1 RCL protruding from the protein core. The structure of classical serpin was 

found to be conserved and comprised 3 β-sheets (A, B, and C), 8–9 α-helices, and 

an RCL, the region responsible for the interaction with target proteases (Elliott et al., 

1996). In AniSerp, the 3D structure was simulated and also presented a conserved 

structure similar to that of a classical serpin member. The molecular docking of 

AniSerp with a thrombin showed that the RCL of the serpin specifically interacted 

with the structural groove of a thrombin, which is necessary for inhibition of thrombin 

(Valdivieso et al., 2015). However, intensive molecular docking of GsSerp with 

several host serine proteases has not yet been proposed and should be analyzed in 

the near future to identify a specific target prior to experimental confirmation. 
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To characterize the properties and functions of GsSerp, the recombinant 

protein was heterologously expressed in the prokaryotic expression system. In this 

context, rGsSerp was successfully expressed in E. coli at a molecular weight of 39 

kDa. However, multiple N- and O-glycosylation sites were predicted in GsSerp, but 

the molecular size of native GsSerp detected in CWA was similar to that of rGsSerp, 

indicating the lack of glycosylation of the native protein. In S. manosini, several 

serpin isoforms were predicted to contain multiple glycosylation sites, but their native 

proteins did not present post-translational modification in the form of glycosylation 

(Pakchotanon et al., 2016). Consistent with the status of the serpin secreted by B. 

malayi, native Bm-SPN-2 did not exhibit glycosylation, even in the presence of 

several glycosylation sites (Zang et al., 1999). As mentioned above, GsSerp 

contains a transmembrane helix at the N-terminus to allow its integration into the cell 

membrane instead of its external secretion. The detection of native GsSerp in aL3Gs 

CWA and ES suggested that GsSerp was present only in CWA and not in ES. 

SmSPI (S. mansoni) was not detected in ES but was found to be located in the 

parasite’s tegument and may play an important role in host–parasite interaction 

(Zhang et al., 2018). In G. spinigerum, the expression of GsSerp was localized in the 

hemolymph and intestinal tissue, particularly the lamella lining above intestinal cells. 

In contrast with SmSPI, GsSerp could not be detected in the outer layer of the 

cuticle or esophageal glands of aL3Gs. This may imply a functional role of GsSerp 

in parasite homeostasis, particularly in the regulation of serine proteases activity in 

the digestive tract, rather than host–parasite interaction. In S. mansoni, several 

serpin isoforms have been identified and found that one isoform, namely SmSrpQ, 

endogenously regulated homeostasis of serine proteases in cercaria but not played 

role in host-parasite interaction (Lopez Quezada et al., 2012). An imbalance 
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between serine proteases and serpins in the intestine can result in tissue damage 

due to excessive proteolytic capacity, which causes gastrointestinal diseases such 

as inflammatory bowel disease and celiac disease (Van Spaendonk et al., 2017). 

Therefore, the GsSerp isoform described in this study may be indispensable for 

regulating proteolytic activity in the digestive system of G. spinigerum. The inhibition 

of GsSerp may result in morbidity and mortality of this parasite, although this 

requires further clarification.    

 At equivalent molar ratios, rGsSerp was found to inhibit chymotrypsin activity 

rather than trypsin, porcine pancreatic elastase, and thrombin activities. However, 

rGsSerp weakly inhibited chymotrypsin activity (SI = 10), which may be due to 

substrate specificity or improper folding of rGsSerp regarding to refolding process. 

Therefore, comparison of protease inhibition between native GsSerp and rGsSerp 

should be performed in the future to clarify inhibitory activity of rGsSerp. Moreover, 

evaluation of suitable expression system may be required, if prokaryotic expression 

system and refolding would affect rGsSerp functions. In Aniserp, the protein 

containing Arg-Ser at P1-P1′ could inhibit thrombin, trypsin, and cathepsin G but not 

chymotrypsin activities (Valdivieso et al., 2015). Meanwhile, GsSerp containing Arg-

Met at P1-P1′ acted in an opposite manner. In addition to the P1′ variant, variation in 

the P2 residue may also affect substrate specificity and inhibition. In GsSerp, Thr 

was found to be located at the P2 position, whereas in AniSerp, Phe was found to be 

located at the P2 position. In the validation of α1AT variants, the variant Thr-Arg-Met 

(P2-P1-P1’), which mutated from Pro-Arg-Ser (P2-P1-P1’), exhibited lower 

inhibitory activity against anticoagulant enzymes, including activated protein C, 

thrombin, and factor Xa (Polderdijk and Huntington, 2018). However, the 

chymotrypsin inhibitory activity was not compared in that experiment. In this regard, 
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site-directed mutagenesis at P2 and P1′ of GsSerp should be performed to verify 

the association of P2 and P1′ in terms of substrate preference and inhibitory 

activity. 

 

5. Conclusion 

 In the present study, GsSerp was functionally characterized, to the best of 

our knowledge, for the first time in aL3Gs. rGsSerp was successfully expressed as 

an insoluble protein by E. coli. Protein refolding was performed prior to the activity 

assay. The result demonstrated that rGsSerp could inhibit chymotrypsin activity 

rather than trypsin, porcine pancreatic elastase, and thrombin activities. Native 

GsSerp was intracellularly expressed in muscles, hemocoel, and predominantly 

intestinal lamellae, suggesting its role in parasite homeostasis, particularly in 

regulating the parasite digestive enzymes. Understanding the role of GsSerp in 

regulating the hemostasis of serine protease in G. spinigerum may lead to the 

development of an effective treatment against gnathostomiasis. 
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Table 1  

Accession number of amino acid sequences used in this study 

Species Serpin name Accession number 

G. spinigerum GsSerp MK387066 

B. malayi BmSerp AAB65744.1 

Loa loa LlSerp XP003147498.1 

Anisakis simplex AniSerp CBX25525.1 

Trichinella spiralis TsSerp CBX25723.1 

T. pseudospiralis TpsSerp AEO72145.1 

Ascaris suum AsSerp AEH42098.1 

Toxocara canis TcaSerp KHN72249.1 

C. sinensis CsSerp ADI60059.1 

Paragonimus westermani PwSerp ABV57466.1 

Schistosoma mansoni SmSerp CCD60354.1 

S. japonicum SjSerp CAX69453.1 

Taenia solium TsoSerp ATG83396.1 

Echinococcus multicularis EmuSerp CAD12372.2 

Giardia lamblia GlSerp XP_001706503.1 

Entamoeba histolytica EhSerp GAT96449.1 

Homo sapiens Anti-trypsin AAB59375.1 
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Figure Legends 

 

Fig. 1. Multiple sequence alignment of GsSerp with closely related serpins secreted 

by A. simplex, T. canis, A. suum, and L. loa indicates conserved regions of the 

serpin superfamily (A). Identical and similar residues are represented 

by black and gray shading, respectively. Gaps are represented with a dash (-). The 

RCL is represented by an orange box below the region, and the serpin signature is 
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represented by a blue box below the region. P1 and P1′ residues are shown above 

the residues. Accession numbers of all amino acid sequences used in this analysis 

are presented in Table 1. Phylogenetic tree analysis (B) indicated that GsSerp 

(red) is closely related to serpins secreted by nematodes, particularly AniSerp (A. 

simplex), TcaSerp (T. canis), AsSerp (A. suum), and TpsSerp (T. pseudospiralis). 

 

Fig. 2. Tertiary structure of GsSerp determined using human neuroserpin (PDB ID. 

3f5n) as a template demonstrates 9 α-helices, 3 β-sheets, and 1 RCL, which are 

the conserved structures of the classical serpin group. 
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Fig. 3. rGsSerp was overexpressed at a molecular weight of 39 kDa (insoluble 

fraction) in the prokaryotic expression system (arrowhead) (A), and western blotting 

analysis using mouse anti-His-tagged antibodies confirmed the expression of 

rGsSerp (arrowhead) (B); M: broad-range prestained protein marker, No: non-

inducing, In: inducing, In-Sol: insoluble fraction, and Sol: soluble fraction. Purified 

rGsSerp using Talon® Metal Affinity Resin (Clontech) was analyzed by 12% SDS-

PAGE had a molecular weight of 39 kDa (C) (arrowhead). Western blotting using 
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mouse anti-His-tagged antibodies confirmed the purification result (D). M: broad-

range prestained protein marker, 1: flow through, 2–3: washing, and 4–13: elution. 

 

Fig. 4. Western blotting evaluating the specificity of mouse anti-rGsSerp polyclonal 

antibody for reaction with rGsSerp (arrowhead) (A). Mouse anti-rGsSerp polyclonal 

antibody detected native GsSerp in CWA at a molecular weight of 39 kDa but not in 

ES of aL3GS (B). M1–M5: mouse no. 1–5, +: immunized serum, −: non-immunized 

serum, C: crude worm antigen (CWA), and ES: excretory–secretory product. 
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Fig. 5. Immunolocalization of GsSerp in aL3Gs tissues using mouse anti-rGsSerp 

polyclonal antibody (A–C). Control tissue of aL3Gs tissue reacted with mouse 

preimmune sera (D). C, cuticle; E, esophagus; HB, head bulb; G, gut; PF, 

pseudocoelom fluid; and Sm, somatic muscle. GsSerp was predominantly expressed 

at the lamella lining along the gut (arrow).  
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Fig. 6. Inhibitory activity of GsSerp against the serine proteases chymotrypsin (A), 

thrombin (B), trypsin (C), and porcine elastase (D). Different molar ratios of each 

serine protease:rGsSerp (1:0, 1:1, 1:2, 1:4, and 0:1) were used. 20 µM PMSF was 

used as a control serine protease inhibitor. 
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Fig. 7. Stoichiometry of inhibition (SI) of rGsSerp determined against chymotrypsin 

  

                  



35 
 

GRAPHICAL ABSTRACT 

 

                  

View publication statsView publication stats

https://www.researchgate.net/publication/337748642

