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ABSTRACT

Serpins are a structurally conserved family of macromolecular inhibitors found in numerous biological systems.

The completion and annotation of the genomes of Schistosoma mansoni and Schistosoma japonicum has enabled

the identification by phylogenetic analysis of two major serpin clades. S. mansoni shows a greater multiplicity of

serpin genes, perhaps reflecting adaptation to infection of a human host. Putative targets of schistosome serpins can

be predicted from the sequence of the reactive center loop (RCL). Schistosome serpins may play important roles in

both post-translational regulation of schistosome-derived proteases, as well as parasite defense mechanisms against

the action of host proteases.
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SCHISTOSOMIASIS

DISEASE, DISTRIBUTION, MORTALITY/MORBIDITY

The blood flukes Schistosoma mansoni, S. japonicum,

and S. haematobium are the three main etiological agents

of human schistosomiasis. These parasitic worms infect

approximately 207 million individuals, and 700 million

are at risk of infection due to exposure to infested wa-

ters (Who 2010). The parasites are found throughout

the tropical world. S. mansoni is the most widely dis-

tributed, affecting people in Africa, the Middle East,

South America, and the Caribbean while S. japonicum

is confined to China, the Philippines, and Indonesia. S.

haematobium is found in Africa and the Middle East.

Schistosomes are digenetic flatworms that spend

part of their lifecycle in a freshwater mollusk host and

part in a vertebrate host (Box 1). Infected snails release

free-swimming cercariae (larvae) into fresh water where

humans fish, bathe, wash clothing, and play. Once the

cercariae come in contact with the skin of the vertebrate

host they begin to invade, stimulated by the lipids on
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the surface of skin (Shiff et al. 1972). Once in the

skin, cercariae transform into schistosomula, degrading

the host extracellular matrix by secreting proteolytic

enzymes to facilitate entry into the host dermal blood

vessels (He et al. 2005). The schistosomula reach the

lungs and later migrate to the portal venous system,

where they mature into adult worms. Mating pairs mi-

grate either to the mesenteric venules (S. mansoni and

S. japonicum) or the venous plexus of the bladder (S.

haematobium). Female worms produce eggs that are

then released into fresh water and hatch into another

larval stage, the miracidium. Miracidia find and pene-

trate the snail intermediate host and after several rounds

of asexual reproduction transform into sporocysts which

give rise to the free-swimming cercariae (Box 1).

Largely a chronic disease of the poor with inade-

quate access to a safe water supply, schistosomiasis can

affect children’s physical, sexual, and mental develop-

ment as well as impair people’s ability to work due to

chronic fatigue. Severe schistosomiasis can lead to liver

fibrosis, hepatosplenomegaly, and portal hypertension.

Urinary schistosomiasis can produce hematuria, cysti-
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Box 1 – Schistosome life cycle. The main developmental stages of schistosomes as they cycle from fresh water mollusks and humans. The

intermediate hosts of the parasites are Biomphalaria sp (S. mansoni), Oncomelania sp (S. japonicum), and Bulinus sp (S. haematobium). Shown

are the mollusk stage of the parasites (sporocysts), the free swimming cercaria and miracidia, as well as the adults in human circulatory system.

tis, and is a leading risk factor for squamous cell carci-

noma of the bladder. No anti-schistosome vaccine exists.

While research to expand treatment options is ongoing

(Abdulla et al. 2009), Praziquantel is at present the sole

chemotherapeutic treatment recommended for schisto-

somiasis.

SERPINS

BIOCHEMICAL FUNCTION, INVOLVEMENT

IN PHYSIOLOGY AND DISEASE PATHOGENESIS

Serpins are a structurally conserved family of macro-

molecular inhibitors found in virtually all biological sys-

tems (reviewed in (Gettins 2002), (Law et al. 2006),

(Silverman et al. 2001)). The mechanism employed by

serpins to inhibit proteases is also highly conserved.

Serpins are suicide hemi-substrate inhibitors that are

approximately 40-50 kDa in size. The conserved meta-

stable tertiary structure of a serpin features 7 to 9 α-

helices and 3 β-sheets (Box 2a). Key to the inhibitory

activity of the serpin is the RCL (Crowther et al. 1992).

In the native, active form, it lies outside the main body

of the serpin, between β-sheets A and C and serves as

the protease ‘bait’. The RCL is composed of approx-

imately 20 amino acid residues (P17-P4) with the P1

side chain fitting into the S1 specificity pocket of the

target protease, with cleavage of the RCL occurring at

the P1-P1’ position. In the initial interaction of the ser-

pin with the target enzyme the active site serine forms

a transient covalent ester linkage with the serpin. Fol-

lowing proteolytic cleavage, the RCL inserts into the

body of the serpin, completing the antiparallel organi-

zation of β-sheet A (Box 2b). The crystal structure of

the trypsin-α1-antitrypsin complex reveals that once

the complex forms, translocation distorts the structure
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Box 2 – (a) Structure of α1-antitrypsin (adapted from PDB 2QUG) viewed from two angles.
Noted structural components are the reactive center loop, helix A, helix F, helix D, helix C, β-sheet
A. The P1-P1’ site of the RCL notes the location of the peptide bond cleaved by the cognate protease
before inhibition. (b) Mechanism of serpin inhibition. The initial trypsin (protease) and serpin
Michaelis complex (adapted from PDB 1K9O). Upon cleavage of the RCL (black), the loop inserts
into the β-sheet A of the serpin (PDB 1E2X).

of the protease by 37%, while the serpin itself remains

largely unchanged (Huntington et al. 2000). The crystal

structure confirms that translocation of the protease dis-

locates the active site serine, taking it out of productive

alignment with the rest of the catalytic triad, resulting in

the destruction of the oxyanion hole.

Serpins are found in animals, viruses, plants, ar-

chea, and bacteria. Based on their genomes, C. elegans,

D. melanogaster, and A. thaliana contain 9, 32, and 13

serpins respectively (Silverman et al. 2001). In mam-

mals serpins are involved in the regulation of proteases

in blood coagulation, fibrinolysis, apoptosis, develop-
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ment, and inflammation. Serpins also play an important

role in the immune response of insects. In D. melano-

gaster Spn43Ac regulates the immune response to fun-

gal infection by inhibiting the cleavage of the Toll lig-

and spaeztle (Levashina et al. 1999). There is evidence

that SRPN6 of the malaria mosquito vector Anopheles

gambiae is important for parasite clearance and/or lysis

(Abraham et al. 2005).

The function of serpins in schistosomes remains

speculative and studies of other pathogenic parasites

have provided few clues to serpin function. Two ser-

pins have been cloned from the lymphatic filariasis

agent Brugia malayi: BmSpn-1 (Yenbutr and Scott

1995) for which there is little functional data, and

BmSpn-2 (Zang et al. 1999). BmSpn-2 was originally

thought to aid in microfilarial immune evasion by in-

hibiting neutrophil elastase and cathepsin G (Zang et al.

1999), but a subsequent study showed that it is unable

to form a stable complex with either of these proteases

(Stanley and Stein 2003). However, BmSpn-2 is released

into the blood of the host by microfilariae, suggesting

that it plays some role in host-parasite interactions

(Stanley and Stein 2003). Investigation of the Oncho-

cerca volvulus serpins Ov-spi-1 and Ov-spi-2 by RNAi

showed that knockdown of these serpins led to impaired

L3 molting and viability. However, the endogenous

targets have not been identified (Ford et al. 2005).

SCHISTOSOME SERPINS

PHYLOGENY AND STAGE SPECIFICITY

The completion of the S. mansoni and S. japonicum

genomes has made it possible to explore these parasites’

proteomes for proteins key to their survival and patho-

genesis. By searching parasite databases for proteins ho-

mologous to the canonical serpin α1-antitrypsin, eight

complete serpin sequences have been identified in the S.

mansoni gene database. The S. japonicum database has

one partial and 3 complete serpin sequences (Table I).

The S. haematobium genome is incomplete as of the

writing of this review, but a GenBank search identified

one serpin in the organism.

Phylogenetic analysis of the Schistosoma serpins

assigns two major branches to the group (Fig. 1a).

Branch 1 consists of Smp_090080, ShSPI, and Sjp_00-

85750 clustered closely together, with Smp_090090,

Sjp_0113720, and Smp_003300 more distantly related

but still falling within this grouping. The remaining ser-

pins form the second major branch (Fig. 1a). Smp_15-

5560, Smp_155560, Smp_062120 are virtually identical,

with most of the variation occurring at the RCL (Ta-

ble I). Considering the chromosomal arrangement of S.

mansoni serpins (Fig. 1b) and the clustering pattern of

the phylogenetic tree, the multiplicity of S. mansoni ser-

pin genes compared to those of S. japonicum has likely

arisen through several gene duplication events. This is

not surprising, given recent findings that S. japonicum

appears to be a more ancestral species among mam-

malian parasites (Snyder and Loker 2000). S. mansoni

and S. haematobium are more human-directed parasites

than S. japonicum, leading to speculation that serpin

gene duplications in S. mansoni reflect adaptations to the

human host. It will be interesting to see if S. haemato-

bium also exhibits similar gene duplication events when

its genome is sequenced.

With the exception of Sjp_0113720, alignment of

the Schistosoma serpins with α1-antitrypsin, and super-

imposition of the structural components of α1-anti-

trypsin, show that these proteins contain all elements

necessary for functionality (Fig. 2). Their predicted

structures reveal the interesting phenomenon of elonga-

tion of the regions surrounding helix D. Branch 1 se-

quences (Fig. 1) indicate a 9-16 amino acid extension

of the helix D region across all three species. This

could indicate either an elongation of helix D or an ex-

tension of the region connecting helix C to helix D.

In either case, this extension could have implications

for the biochemical properties and functionality of these

serpins. Previous work on helix D has suggested it is

involved in the allosteric control of the binding and re-

lease of glucocorticoids by corticoid-binding globulin, a

non-inhibitory serpin (Lin et al. 2010), and heparin ac-

tivation of antithrombin is mediated through its binding

site on helix D (Belzar et al. 2002). On the other hand,

MENT, a serpin important in heterochromatin forma-

tion, contains an extension in the region between helix

C and D which forms a loop outside the body of the

serpin (Grigoryev et al. 1999). The authors speculate it

may be involved in DNA binding.

The RCLs of ShSPI, Smp_090080 and Smp_090-

An Acad Bras Cienc (2011) 83 (2)



“main” — 2011/5/14 — 13:05 — page 667 — #5

SCHISTOSOME SERINE PROTEASE INHIBITORS 667

TABLE I

Serine Protease Inhibitors of Schistosoma mansoni, S. japonicum, and S. haematobium.

Database
gene namea

Alias ref.
in literatureb

Size
(kDa)

Reactive Center Loop (RCL)
P17-P2’ (P1-P1’)

Similar
mammalian
serpinc

Potential
protease
targetd

Ref.

S. mansoni
Smp_003300 Serp_C 43.7 EDGVEAAAATVMGIGLR-SA α1-AT

(Bos 53%)
SmCl2, Thrm,
CF, KRPs

Curwen
et al. 2006

Smp_090080 AAA29938 SPI 46.0 ESGIEATTVTSPIFVPI-SA Neuroserpin
(Mus 48%)

Elastase-2
(Non-inhibitory)

Smp_090090 None 46.3 EVGMEARSVANAMFIPL-SS Neuroserpin
(Homo 52%)

CT, Cat G, CE
(Non-inhibitory)

Smp_062080 AAB86571 43.3 EQGVVAAAASSVEVVQL-SA SCCA-2
(Mus 53%)

NE, Cat G,
CT, CE

Harrop
et al. 2000

Smp_155530 None 51.0 EEGVVAAGVTACVFDNC-DS SCCA-2
(Mus 55%)

Sig. Peptidase
complex(SPC)

Smp_155550 None 43.5 EKGAVAAAATATRMIRC-TA PAI-2
(Rattus 53%)

Thrm, SPC

Smp_155560 None 43.6 EKGAVAAAATATQMVRC-TA SCCA2/SCCA1
(Bos 52%)

Thrm, CF, SPC

Smp_062120 None 43.8 EKGAVAAAATATQMVRY-SA PAI-2
(Mus 54%)

DPPIII, Thrm

S. japonicum
Sjp_0113080 AAW25282 43.0 EKGAEAAAATATKIIPL-SL PI-6

(Rattus 53%)
CT, Cat G,
KRPs, CE

Liu et al.
2006

Sjp_0076600 None 45.0 EEGAVAAAASATVMLKC-SA SerpinB6c
(Mus 57%)

SPC

Sjp_0085750 AF308366 45.6 ESGIEAASVTSPIIVPI-SA Neuroserpin
(Homo 50%)

Elastase-2 Yan et al.
2005

Sjp_0113720 None 26.4 EKGVEAAAATAIYSLGR-SL Ovalbumin
(Rattus 52%)

KRPs, Thrm,
CFc

S. haematobium
ShSPI AAA19730 45.9 ESGIEATTVTSPIFVPF-SA Ovalbumin

(Rattus 48%)
CT, chymase,
CatG, CE
(Non-inhibitory)

Blanton
et al. 1994

aName given to the gene in the database (www.genedb.org). bOther name/annotation given by authors of this or other publications prior to

genome annotation. cObtained using BLASTp non-redundant database (% similarity). dMatches obtained by using the MEROPS database

and alignment results.

090 contain a feature unusual for inhibitory serpins

(Table I). The P12-P9 region of the RCLs of most

inhibitory serpins is characterized by amino acids with

short side-chains (Ala, Gly, Ser) (Hopkins et al. 1993),

but this feature is not present in ShSPI, Smp_090080

and Smp_090090. Whether the unusual RCL amino

acid sequence signifies a non-inhibitory function, or if

elongation of the helix D region is important for cofactor

binding, is a subject for future study.

ShSPI was discovered using a λgt11 cDNA library

from adult worms (Blanton et al. 1994). Immunolocal-

ization showed ShSPI on the surface of adult worms.

Although one study suggested that ShSPI could bind

to trypsin but not elastase or chymotrypsin (Huang et al.

1999), there was no corroborating evidence to validate

active site binding. Closely related to ShSPI, Sjp_0085-

750 was the subject of another study. Transcripts of the

Sjp_0085750 gene were found in male and female adult

worms, and to a lesser extent in cercariae (Yan et al.

2005). Yan et al. showed that this serpin localized to the

surface of the adult worms, much like ShSPI, as well

as the gut epithelium of the worm. When the authors
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Fig. 1 – (a) Phylogenetic analysis of Schistosome serpins. The thirteen serpins were aligned using MUSCLE and a bootstrapped maximum

likelihood tree was generated using PhyML 3.0. The percentage branch bootstrap support values are shown on branch splits. Method of analysis

is fully described in (Dereeper et al. 2008). (b) Serpin gene arrangement in S. mansoni. The location of each gene in there respective supercontig.

Double lines denote the location of an unrelated gene.

evaluated the immune response to Sjp_0085750, they

noted a Th2-type humoral response in mice. Protection

studies with the serpin antigen showed a decrease in

worm burden, suggesting a potential use of this parasite

serpin as a vaccine candidate.

The most distantly related serpin in branch 1,

Smp_003300, was initially identified as Serp_C by a

proteomic analysis of the secreted products of cerca-

riae (Curwen et al. 2006). Release of this serpin into

the host was validated by mass spectrometry analysis

of proteins released by cercariae invading human skin

(Hansell et al. 2008). The gene is not found in the

same contig as Smp_090090 and Smp_090080 nor is

it flanked by any other serpin.

Fewer studies have been conducted on the serpins

clustered in the second phylogenetic branch (Fig. 1a).

An antisera screen against cercarial secreted products

from a cercarial cDNA library identified a partial gene

product, clone 8, with homology to serpin MNEI (Har-

rop et al. 2000). The authors found the protein product in

cercarial and lung stage parasite lysates but not in adult

worms. Based on the sequence, clone 8 is Smp_062080.

A proteomic study of skin lipid-induced cercarial secre-

tion products also found a unique peptide belonging to

clone 8/ Smp_062080 (Knudsen et al. 2005).

SCHISTOSOME SERPINS

PUTATIVE TARGETS

A putative serpin, Smpi56, was partially purified from

extracts of adult S. mansoni (Ghendler et al. 1994).

Smpi56 was able to form an SDS-stable complex with

neutrophil elastase, pancreatic elastase, and an endo-

genous cercarial protease. Because the sequence of
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Fig. 2 – Primary amino acid sequence alignment. The predicted or known sequences were aligned with α1-antitrypsin using Clustal W v1.8.

Highlighted regions show at least a 50% sequence identity. The location of the helices (cylinders), β-sheets (black lines), and RCL (bold black

line) were approximated using the known α1-antitrypsin structure.
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Smpi56 is not known, the authors were unable to pos-

itively identify it as a serpin. It did exhibit the biochem-

ical characteristics of an inhibitory serpin and could

therefore be Smp_090090 which has a Leu-Ser P1-P1’

motif (Table I). Cercarial elastases as well as mammalian

elastases favor hydrophobic residues in their S1 pock-

ets, making Smp_090090 potentially able to form the

complexes Smpi56 was reported to form. However, the

unconventional RCL of Smp_090090 makes it difficult

predict its ability to form an inhibitory complex with

a protease.
The predicted RCL sequence of Sjp_0113080 also

has a Leu-Ser at the P1-P1’ specificity determining re-
gion. The S. japonicum genome contains one cercarial
elastase gene. S. japonicum cercarial elastase antibodies
were reported to localize in infected mouse skin, suggest-
ing that the S. japonicum protease was released by the
parasite during skin invasion (Consortium 2009). How-
ever, neither a protein corresponding to the putative pro-
tease nor enzymatic activity were found in the cercarial
secretions of S. japonicum (Dvorak et al. 2008). Less
is known about the S. haematobium cercarial elastase
(ShCE). ShCE transcripts can be found in the sporocyts
and it is closely related to SmCE (Salter et al. 2002).
ShSPI, Smp_090090, Smp_062080, and Sjp_0113080
could be involved in the regulation of these elastases, al-
though in the absence of further studies host proteases
cannot be ruled out as potential targets.

Smp_003300/ Serp_C contains an Arg at the P1 po-
sition, making it a good candidate for trypsin-like pro-
tease inhibition. Considering its release into the host
during invasion, thrombin, coagulation factors, and kalli-
krein-related peptidases are all potential targets.

CONCLUDING REMARKS

The role of serpins in schistosomiasis was last reviewed
14 years ago (Modha et al. 1996). Although there are
caveats and limitations to using of the RCL sequence
as an accurate predictor of protease specificity, such as
the existence of exosites in and outside the RCL region
(Whisstock et al. 2010) and the differing binding speci-
ficities of protease substrate binding pockets beyond the
S1-S1’ sites, RCL-based specificity predictions can still
lead to testable hypotheses about the function of serpins
in these parasites. With 102 cysteine proteases and 65

serine proteases identified in the S. japonicum genome
(Consortium 2009) and 97 cysteine and 78 serine pro-
teases in the S. mansoni genome (Berriman et al. 2009),
the 12 predicted schistosome serpins may perform spe-
cific, focused functions in these organisms. It is to be
hoped that new lines of inquiry building on the findings
detailed in this review will advance our understanding of
host-parasite biology and lead to the recognition of new
drug targets and vaccine candidates against the schisto-
some parasites.

ABBREVIATIONS

Serpin: serine protease inhibitor; RCL: reactive cen-
ter loop; MENT: myeloid and erythroid nuclear termi-
nation stage-specific protein or heterochromatin asso-
ciated serpin; MS: mass spectrometry; MNEI: mono-
cyte / neutrophil elastase inhibitor; CT: chymotrypsin;
CE: cercarial elastase; α1-AT: alpha 1 antitrypsin; SC-
CA: squamous cell carcinoma antigen; PAI: plasmino-
gen activator inhibitor; PI: protease inhibitor; Cl: cathep-
sin L; Thrm: thrombin; CF: coagulation factor; Cat G:
cathepsin G; NE: neutrophil elastase; SPC: signal pepti-
dase complex; DPP: dipeptidyl aminopeptidase; KRPs:
kallikrein related peptidases.

ACKNOWLEDGMENTS

We would like to express our gratitude to Potter Wick-
ware (Sandler Center for Drug Discovery, UCSF) and
Mohammed Sajid (Leiden University Medical Center,
Netherlands) for their editorial comments. This work was
supported by the National Institute of General Medical
Science training grant, R25 GM56847, the UCSF Mi-
crobial Pathogenesis Host Defense training grant, T32-
AI060537, and the Sandler Center for Drug Discovery.

RESUMO

Serpinas são uma família de inibidores macromoleculares es-

truturalmente conservados encontrados em inúmeros sistemas

biológicos. O término e a anotação dos genomas de Schisto-

soma mansoni e de Schistosoma japonicum permitiram a iden-

tificação por análise filogenética de dois principais clados de

serpinas. S. mansoni mostra uma multiplicidade maior de

genes de serpinas, talvez refletindo uma adaptação à infecção

de um hospedeiro humano. Alvos putativos das serpinas de

esquistossomos podem ser preditos a partir da sequência do
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“loop” do centro reativo. Serpinas de esquistossomos podem

ter importantes papeis tanto na regulação pós-traducional de

proteases derivadas do esquistossoma, quanto nos mecanismos

de defesa contra a ação de proteases do hospedeiro.

Palavras-chave: esquistossomose, inibidor, protease, serpina,

genoma.
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