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Abstract

Serine protease inhibitors (serpins) are a superfamily of structurally conserved proteins
that are key regulators of proteolysis in plants, animals, and certain viruses. The S.
mansoni genome contains eight full-length serpins. Semi-quantitative PCRs performed
on S. mansoni cDNA samples verified the transcription of these eight putative serpins.
All identified serpin sequences had homology to other members of the serpin family and
contained all the structural components needed for functionality. Some schistosome
serpins are predicted to be non-inhibitory while others showed clear tryptic or
chymotryptic protease specificity. Two of these serpins, SmSrpQ and SmSerp C, were
of particular interest owing to their secretion by the infective larva of S. mansoni. Little
published data exists examining the function of SmSrpQ, SmSerp C, or any other of the

schistosome serpin.

SmSrpQ and SmSerp C are only expressed during larval development and, in the case of
SmSrpQ, in the early stages of mammalian infection. >>S-SmSrpQ was able to form an

SDS-stable complex with a component of the larval lysate but no complex was detected



with several mammalian host proteases. Formation of a complex was sensitive to the
protease active site inhibitors PMSF, Z-AAPF-CMK, and Z-AAPL-CMK. Similar
experiments were carried out with >>S-SmSerp_C, which formed a complex with trypsin,
human plasma kallikrein, and a molluscan protease, most likely the tryptases found in the

intermediate host of S. mansoni, Biomphalaria glabrata.

Invasion by S. mansoni larvae is facilitated by cercarial elastase (SmCE), a serine
protease. The band detected between *°S-SmSrpQ and a protease in cercarial lysates was
also detected in western blot analysis of parasite lysates. These blots showed that when
active SmCE was present, a complex of comparable size to SmCE bound to SmSrpQ was
observed. This data together with the results from immunolocalization of these proteins
in the parasite and in simulated infections suggest that SmCE degradation of skin tissue is

carefully regulated by SmSrpQ during larval invasion.

SmSrpQ inhibition of SmMCE and SmSerp C inhibition of kallikrein and a snail protease

confirm the inhibitory nature of these serpins and suggests a role in the pathogenesis/

biology of the parasite.
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Introduction

Schistosomiasis & Serine Protease Inhibitors



I. Schistosomiasis

Disease and global distribution. The blood flukes Schistosoma mansoni, S.

Jjaponicum, and S. haematobium are the three main etiological agents of human
schistosomiasis, also called bilharziasis. These parasitic worms infect approximately 235
million individuals, and 732 million are at risk of infection worldwide due to exposure to
infested waters [1]. Given the high degree of misdiagnosis, it is likely that the true
number of infections is closer to 391 to 587 million [2]. The parasites are endemic to 74
developing countries and are found throughout the tropical world with 80% of cases in
sub-Saharan Africa [1, 3]. Of the three species, S. mansoni is the most widely
distributed, affecting people in Africa, the Middle East, South America, and the
Caribbean. S. japonicum is confined to China, the Philippines, and Indonesia and S.

haematobium is found in Africa and the Middle East.

Largely a chronic disease of the poor who have inadequate access to a safe water supply,
schistosomiasis can affect children’s physical, sexual, and mental development. It can
impair people’s ability to work due to chronic fatigue [4] leading to poor school and job
performance, exercise intolerance, and an increase use of health-care facilities. These
health problems may arise from the anemia caused by hemoglobin feeding juvenile and
adult worms [4]. The high morbidity account for the 1.7 million DALY (disability
adjusted life years) attributed to this disease [5]. DALY are a measure of disease burden
on a population; they are a time based measure that counts the number of years of life lost
due to premature death or life with less than full health caused by disease. Severe

schistosomiasis can lead to liver fibrosis, hepatosplenomegaly, and portal hypertension.



Urinary schistosomiasis can produce hematuria, cystitis, bladder calcification, kidney
damage, and can increase the risk for squamous cell carcinoma of the bladder. The
severe consequences of long term infection has been attributed to the formation of
granulomas around schistosome eggs trapped in the liver, spleen, lung, bladder, and

sometimes the central nervous system [6].

While research to expand treatment options is ongoing [7], praziquantel is, at present, the
sole chemotherapeutic treatment recommended for schistosomiasis. The mechanism of
drug killing remains unknown despite over 20 years of use as a chemotherapeutic agent.
Praziquantel is only effective against adult worms and young larva but is not active
against juvenile worms. No anti-schistosome vaccine currently exists but efforts are
underway to develop such a vaccine [8]. Currently, interest is focused on the
tetranspanin tegumental proteins to which resistant individuals from endemic areas have

been shown to produce protective IgG1 and IgG3 [9-11].

Life cycle. Mammalian schistosomes are digenetic flatworms that spend part of their

lifecycle in a freshwater mollusk host and part in a vertebrate host (Figure 1. 1). While S.
mansoni and S. haematobium largely infect only humans, S. japonicum has a wide range
of vertebrate hosts such as domestic animals, field rodents, dogs, and cats. These serve
as important reservoirs of disease [12]. There are schistosome species that do not infect
humans, such as Schistosomatium douthitti that infect a wide range of rodents and

Trichobilharzia species that infect several types of birds. These species can cause



cercarial dermatitis or “swimmer’s itch” in humans but are unable to mature into

adulthood and egg production in humans [13-15].

The life cycle of schistosomes begins with the infected snails releasing free-swimming
cercariae (larvae) into fresh water where humans fish, bathe, wash clothing, and play.
When the cercariae come in contact with the skin of the vertebrate host, they are
stimulated by the lipids on the surface of skin to invade and release the content of their
secretion glands [16]. Once in the skin, cercariae transform into schistosomula. They
degrade the host extracellular matrix by secreting proteolytic enzymes to facilitate entry
into the host dermal blood vessels [17]. The schistosomula reach the lungs and later
migrate to the portal venous system where they mature into adult worms. While male
maturation is independent of the female adult, the female does not complete its physical
and reproductive growth until it has situated itself inside the gynaecophoric canal of the

male worm [18].

Mating pairs migrate either to the mesenteric venules (S. mansoni and S. japonicum) or
the venous plexus of the bladder (S. haematobium) where the female worms begin egg
production. In a mouse model of infection, a mature S. mansoni pair can produce on
average a total of 340 eggs/day and a mature S. japonicum pair can produce
approximately 1000 eggs/day [19]. The eggs enter the lumen of the intestine or bladder
and are then deposited into fresh water where they hatch into another larval stage: the
miracidium. Miracidia find and penetrate the snail intermediate host. Biomphalaria

species are the molluscan hosts of S. mansoni, several species from the Oncomelania



genera act as the S. japonicum intermediate host, and S. haematobium develops in
Bulinus species. After entry into the snail foot, miracidia mature into mother sporocysts.
These mother sporocysts migrate to the hepatopancreas of the mollusk and after several
rounds of asexual reproduction transform into daughter sporocysts. The daughter

sporocysts then give rise to the free-swimming cercariae (Figure L. 1).

Architecture of the skin. The skin is often referred to as the first line of defense

against infection. It covers an average area of 1.7 m” and accounts for approximately
15% of the total weight of a human [20]. A schistosome cercariae/ schistosomula must
traverse multiple layers of skin cells and extracellular matrix (ECM), evade the sentinel
innate and adaptive immune cells that inhabit the skin, and then penetrate the endothelial

blood vessel wall before reaching its desired destination: the host blood stream.

Skin sits atop a subcutaneous layer of adipose tissue and is divided into two principal
parts: the epidermis and the dermis (Figure I. 2). The epidermis, due to its lack of blood
vessels, depends wholly on the underlying dermis for nutrients. Composed of 95%
keratinocytes [20], the epidermis is divided into four distinct layers each varying in the
level and type of keratin content. The lowest layer, the stratum basale, is the only layer
capable of cell division thus it is responsible for the continual renewal and wound healing
of the epidermis. These basal keratinocytes contain the lowest level of keratin. Hemi-
desmosomes connect the basal layer to the underlying basement membrane. The
basement membrane spans the dermo-epidermal interface. It consists of a layer of

laminin and a layer of collagen type IV.



As epidermal cells differentiate and mature, they migrate up the epidermis and form the
next layer of cells called the stratum spinosum. Cells of this layer lose the columnar
structure and increase their keratin content. They even change the type of keratin they
produce. These cells maintain close cell-cell contact via desmosomes. The next layer,
the stratum granulosum, derives its name from the dense granules of keratin fibrils and
adhesion proteins that cement the cells of the stratum corneum. Tight junctions maintain
the stratum granulosum’s integrity and the fluid impermeability of the epidermis [21].
The stratum corneum is the terminal maturation step of epidermal keratinocytes. It is
composed of anucleated dead cells called corneocytes. Filled with keratin and held firm

by a lipid rich cement, the stratum corneum can be 15-25 corneocyte layers thick [20].

The dermis, contains a more heterogeneous cellular and ECM composition (Figure 1. 2).
The interstitial matrix of the dermis, produced by resident fibroblasts, is composed of
mostly collagen fibers (type I and III), which provide mechanical support, elastin fibers
that give elastic recoil to the dermis, and “ground” substances such as glucoaminoglycans
that aid in water absorption and protect against compressive forces. It is in this layer
where the cutaneous lymphatic and blood vessels reside. Most of the cells involved in

skin immunobiology are located in the dermis.

Cutaneous immunology. The immunobiology of the skin was first described in

detail in 1983 by Streilein [22] in which the skin was recognized as possessing its own

unique immunological system. The keratinocytes of the epidermis contain receptors, for



example Toll-like receptors, that recognize conserved microbial components often called
pathogen-associated-molecular patterns (PAMPs). Activation of these receptors leads to
a predominantly pro-inflammatory response, which can include the production of type I
interferon, tumor necrosis factor-a. (TNF-a), as well as neutrophil chemokine, IL-8 [23].
Keratinocytes can themselves release any number of cytokines, chemokines, and
antimicrobial peptides thus they can actively recruit effector cells and modulate an
immune response [24]. Additionally, keratinocytes can detect irritants, allergens, and
toxins. Activation of these receptors leads to an inflammasome mediated pro-
inflammatory response including allergic contact dermatitis [25]. The epidermal layer
also contains specialized dendritic cells (DCs) called Langerhans cells and several
populations of T cells [26, 27]. Langerhans cells have long been thought to be involved
in antigen presentation and priming naive T-cells [28], however, recent data suggests
cross-presentation is actually carried out by a subset of DCs from the dermis [29].
Activated dermal DCs play an active role during inflammation whether allergic [30] or
pathogenic [31] in origin by quickly migrating to the lymph nodes where they can prime

and activate T-cells [32].

The dermis, in addition to several populations of DCs [24], is also home to a diverse
population of immune cells including macrophages and mast cells. In some
circumstances neutrophils, CD8" and CD4" T-cells, and yd T-cells may also be found.
Dermal sentinels of the innate immune system such as macrophages, mast cells, and
immature dendritic cells are particularly important in response to the initial infection of

the skin. Mast cells have an extensive repertoire of proteases. Human mast cell granules



contain up to four tryptases (al, BI, 8, and yI), chymase, and cathepsin G. Similar to
neutrophil proteases, these mast cell proteases appear to play multiple roles in
inflammation [33]. Neutrophil granular proteases (cathepsin G, neutrophil elastase,
proteinase-3) are released into the extracellular environment following activation during
an inflammatory response. Recent studies have revealed that these proteases are involved
not only in bacterial killing but also in proteolytic activation of chemokines and
cytokines, activation of receptors PAR-2 (proteinase-3) and TLR4 (neutrophil elastase),

and cleavage of ICAM1 and VCAMI [34].

Cercarial invasion. In order for schistosome larvae to reach the host circulatory

system and establish a long-term infection, they must breach the normally impermeable
barriers of the epithelium and the dermis as well as circumvent the skin immune
sentinels. To accomplish this, each cercaria and schistosomula possess secretory cells
(Figure 1. 3) whose contents are released into the skin. The secreted material contains
proteases involved in ECM and cell junction degradation and proteins thought to aid in
immune evasion [35-37]. The secretory cells or “glands” consist of the pre-acetabular
glands (two sets of cells located anterior to the acetabulum sucker), the post-acetabular
glands (three sets of cells located posterior to the acetabulum sucker), and the head gland.
While the head gland is located close to the oral aperture of the larva, the post and pre-
acetabular glands have elongated processes, called ducts, that extend from the body of the

cell to the aperture (Figure 1. 3).



Studies on the migration of S. mansoni through skin tissue have identified several factors
important for successful infection. The larvae release a serine protease, cercarial elastase,
that has been shown to degrade dermal extracellular matrix [38] and has been implicated
in the degradation of desmosomes. Invading larva produce a zone of tissue degradation
as they travel through the layers of the skin (Figure I. 4). The larvae also release
eicosanoids along with other factors upon entry into the host that are thought to be
important in subverting the host immune system. Of these, prostaglandin (PG) E,, seems
to play a role in inhibiting TNF-dependent migration of Langerhans cells out of the
epidermis [39] and PGE; also promotes the production of IL-10 by epithelial cells [40].
Mice deficient in IL-10 show a significant delay in larval penetration due to enhancement
of dermal immune response [40]. When examining the skin ultrastructure, S. mansoni
infection induces a thickening of the epidermis and dermis as well as an influx of
neutrophils and mast cells [41]. It has been shown that cercarial secretion products can

induce mast cell degranulation in vitro [42].

I1. Serine protease inhibitors (serpins)

Structure/ function. Serpins are a structurally conserved family of macromolecular

protein inhibitors found in virtually all biological systems (reviewed in [43], [44], [45]).
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 metastable tertiary structure of a serpin features 7 to 9 a-helices and 3 p3-
sheets (Figure 1. 5). Key to the inhibitory activity of the serpin is the reactive center loop

(RCL) [46]. In the native, active form, it lies outside the main body of the serpin between



B-sheets A and C and serves as the protease ‘bait’ but in its inactive or “latent” state the
RCL is partially inserted into the body of the serpin [47, 48] thus unavailable for
cleavage. The RCL is composed of approximately 20 amino acid residues (P17-P4) with
the P1 side chain fitting into the S1 specificity pocket of the target protease (Figure I. 7).
Following proteolytic cleavage and formation of the acyl-enzyme intermediate, the RCL
inserts into the body of the serpin, completing the antiparallel organization of $-sheet A
(Figure I. 6). The crystal structure of the trypsin-al-antitrypsin complex reveals that
once the complex forms, translocation distorts the structure of the protease by 37%, while
the serpin itself remains largely unchanged [49]. The crystal structure confirms that
translocation of the protease dislocates the active site serine, takes it out of productive
alignment with the rest of the catalytic triad, and results in the destruction of the oxyanion
hole. This complex between a protease and serpin can be visualized in several manners.
In one method the serpin is radiolabeled and incubated with the cognate protease. The

complex can be detected on SDS-PAGE as a shift in molecular weight (Figure 1. 8).

The biological role of serpins. Serpins are found in animals, viruses, plants, archea,

and bacteria. They can fulfill both inhibitory and non-inhibitory roles. Based on their
genomes, C. elegans, D. melanogaster, and A. thaliana contain 9, 32, and 13 serpins
respectively [45]. Thirty-seven serpins have been isolated in humans [45]. While some
mammalian serpins are well characterized, the function of many of these serpins remains
a mystery. A recent study on C. elegans serpin SRP-6, examined the role this
intracellular serpin plays in survival of the worm during osmotic shock. SRP-6 is proven

to inhibit both cytosolic calpain and lysosomal peptidase and, thus, allow the worm to

10



maintain cellular integrity during stressful stimulation [50]. Serpins also play an
important role in the immune response of insects. In D. melanogaster Spn43Ac regulates
the immune response to fungal infection by inhibiting the cleavage of the Toll ligand
spaeztle [51]. There is evidence that SRPN6 of the malaria mosquito vector Anopheles

gambiae 1s important for parasite clearance and/or lysis [52].

The mammalian serpins are involved in the regulation of proteases in blood coagulation,
fibrinolysis, apoptosis, development, and inflammation as well as non-inhibitory
functions. Maspin (mammary serine protease inhibitor), for example, is normally found
in mammary epithelial cells where it is involved in mammary gland development [53].
Its expression is markedly reduced in breast cell carcinomas [54] and while the exact
mechanism by which maspin acts as tumor suppressor is still under investigation, it has

been shown to inhibit the motility of carcinoma cells in cultures [55].

Antithrombin is a classic example of a mammalian inhibitory serpin. This 58 kDa serpin
is considered the most important inhibitor of blood coagulation [56]. It can reach plasma
levels of 150 ug/ml [56]. In combination with its cofactor heparin it is the most effective
inhibitor of Factor Xa, Factor [Xa, and thrombin. Mice with a gene deletion of
antithrombin die at 16.5 gestational days of substantial liver and myocardial hemorrhages
[57]. Humans with inherited antithrombin deficiencies suffer from a predisposition to

venous thrombosis [58].

11



Serpins in human disease and microbial pathogenesis. Serpins have been

implicated in different human diseases. Many of these diseases arise from mutations
within the body of the serpin that lead to misfolding and subsequent polymerization.
Serpinopathies, as they are called, include early onset dementia, non-smoking related
emphysema, and liver cirrhosis. Crystallographic studies have indicated that these
polymers could arise from domain swapping between serpins [59]. Other diseases arise
from deficiencies in the production of certain serpins. For example, deficiency in C1-

inhbitor leads to increased vascular permeability resulting in angioedema [60].

In terms of infectious diseases, several poxvirus serpins have received attention due to
their ability to inhibit apoptosis and modulate the immune response. One of these viral
serpins, CrmA (cytokine response modifier A), has been shown to effectively inhibit both
interleukin 1 converting enzyme [61] and granzyme B [62]. These enzymes lie
upstream of the pro-apoptotic response to viral infection. Research on these cowpox viral

serpins can provide valuable insight into the pathogenesis of human poxviral infection.

Data on the function of serpins in parasitic diseases, on the other hand, has been limited.
Two serpins have been cloned from the lymphatic filariasis agent Brugia malayi: BmSpn-
1 [63] for which there is little functional data, and BmSpn-2 [64]. BmSpn-2 was
originally thought to aid in microfilarial immune evasion by inhibiting neutrophil elastase
and cathepsin G [64], but a follow-up study showed that it is unable to form a stable
complex with either of these proteases [65]. However, BmSpn-2 is released into the

blood of the host by microfilariae, suggesting that it plays some role in host-parasite

12



interactions (2003). Investigation of the Onchocerca volvulus serpins Ov-spi-1 and Ov-
spi-2 by RNAi1 showed that knockdown of these serpins led to impaired L3 molting and

viability. However, the endogenous targets have not been identified [66].

13
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Figure 1. 2: Skin architecture and immune effector cells. The protective barrier
of the skin is divided into two sections: the epidermis (divided into four

layers: the stratum basale, the stratum spinosum, the stratum granulosum, and

the stratum corneum) and the dermis. The dermis is largely composed of a

fibrous network of collagen and elastin which give the skin its strength and
elasticity. Most immune effector cells are located in the dermis. Adapted from [24].
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sucker \ @/ Post-acetabular gland

Cercarial tail

Figure 1. 3: Schistosoma mansoni cercarial secretory glands.
Schematic drawing of a cercaria highlighting the secretion
glands: head gland (yellow), pre-acetabular gland (blue), post-
acetabular glands (red). In dark grey is the acetabulum sucker.
The secretory glands occupy close to 40% of the parasite.
Adapted from [76].
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/ (RCL)

Back

Reactive Center Loop

M / (RCL)
B-sheet B { (— B-sheet C
Helix D \ f
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Figure 1. 5: Structure of al-antitrypsin (adapted from PDB 2QUG) viewed
from two angles. The RCL is highlighted in red and B-sheet A is in yellow.
The P1-P1’ site of the RCL notes the location of the peptide bond cleaved
by the cognate protease before inhibition.
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Protease <

Serpin

Figure 1. 6: Mechanism of serpin inhibition. The initial trypsin (protease) and
serpin Michaelis complex (adapted from PDB 1K90). Upon cleavage of the RCL
(black), the loop inserts into the B-sheet A of the serpin (PDB 1E2X).
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Figure 1. 7: Serine protease active site with catalytic triad and substrate
binding pocket. The active site serine, activated by the nearby base
(His) acts as the nucleophile, attacking the carbonyl carbon of the
substrate. R, amino acid side chains of substrate; S, protease subsite
pocket; P substrate amino acid residue. The scissile bond is depicted

by a bold red line.
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<— Complex

CrmA
<«—Cleaved
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Figure 1. 8: Complex formation between granzyme B and CrmA. An
SDS-PAGE gel of radio-labeled viral serpin CrmA (cytokine response
modifier A) and human granzyme B. Lane 1 is CrmA alone

(triangle); lane 2-4 is CrmA incubated with decreasing amounts of
hGraB for 30 minutes at 37°C. Complex between CrmA and hGraB
was observed along with cleaved CrmA . The middle doublets could be
degradation products.
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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 clades. S. mansoni shows a greater multiplicity of
serpin genes, perhaps reflecting more specific adaptation to infection of a human host
versus the zoonotic S. japonicum. The S. japonicum genome contained one partial and
three complete serpin sequences. In contrast, S. mansoni contained eight serpins. The
active transcription of the eight S. mansoni serpins was verified using semi-quantitative
PCRs. Of the eight S. mansoni serpins, Smla, Smlb, and Smlc were nearly identical
except at a few loci, most notably in the reactive center loop (RCL) region. However, the
transcription of these serpins was differentially regulated throughout the life cycle of S.

mansoni.

Introduction

It is estimated that over 10% of the world population is affected by helminth-induced
disease with sub-Saharan Africa bearing most of the burden [1]. Helminths are a diverse
group of parasitic worms divided into two phyla: nematodes (roundworms) and
platyhelminths (flatworms). Ascaris lumbricoides, Strongyloides stercoralis, Trichuris
trichiura, and Enterobius vermicularis are example of roundworms known to infect
humans. Ascaris infection rates are estimated as 1.5 billion infected individuals while
trichuriasis affects 1.1 billion people [1]. The platyhelminths include the cestodes (e.g.

Taenia sp and Echinococcus sp) as well as the trematodes (e.g. Clonorchis sinensis and
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Fasciola hepatica). Schistosoma sp belong to the latter group of platyhelminths.
Although the infection rates do not number in the billion, platyhelminths represent a
significant burden of disease; approximately 77 million people suffer from infection with

Taenia saginata [1] and over 200 million individual are afflicted with schistosomiasis

[2].

Helminth evolution and the development of the human immune system are thought to be
deeply intertwined. Historical records can place the scourge of helminthes on human
health as far back as ancient Egypt, China, Greece, and India [3]. In fact, fossilized
helminth eggs have been found in pre-Colombian human coprolites [4] and in the
remains of Egyptian mummies [5]. Epidemiological data has indicated an inverse
relationship between the de-worming of a population and the rise in immunological
dysfunction. From such data arose the hygiene hypothesis, originally proposed in 1989
by Stanchan [6] which postulates that lack of early exposure to infectious agents
{especially parasitic worms} increases the susceptibility to develop allergies and
autoimmune diseases. This hypothesis has gained a great deal of supporting evidence to
the extent where helminth infections have been proposed as treatment (and perhaps a
cure) for several immune-mediated maladies [7]. Understanding their biology and how
helminths interact with their human hosts could prove invaluable to not only treating
infections in developing world, but also to broaden our understanding of autoimmune and

allergic diseases in industrialized countries.
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Schistosomes are dioecious and not hermaphroditic, a unique feature among the
platyhelminths. It consists of 8 pairs of chromosomes, seven autosomal pairs and one sex
determining pair. The recent completion and annotation of the S. mansoni and S.
Jjaponicum genome has facilitated greatly the study of these unique trematodes. By
current estimates, the 363 megabase genome of S. mansoni contains 11,809 genes
encoding 13,197 transcripts [8]. All five classes of proteolytic enzymes were present and
account for 2.5% of the genome [8]. S. mansoni has one third the number of putative
protease sequences found in their human host (335 sequences vs. 945 sequences).
Endogenous inhibitors of proteolytic of activity are not as abundant as the proteases with
only 34 genes in the nuclear genome [8]. Although only two cystatins (cysteine protease
inhibitors) were originally reported, an in-depth search has revealed three. Of the 21
serine protease inhibitors found in the annotated genome database, 13 were of the 12

Kunitz-type family of inhibitors and eight were of the 14 serpin family.

The S. japonicum genome is slightly larger than that of S. mansoni. It is approximately
397 megabase pairs with a total of 13,469 genes [9]. The genome contains 314 putative
proteases which include 108 metalloproteases, 102 cysteine proteases, and 65 serine
proteases [9]. It was noted that both schistosome genomes, in a variety of cases, shared
more orthologues with vertebrates than nematode worms [8, 9]. Indicating adaptation to
survival with in their mammalian host. Unfortunately no mention has been made on the

number and class of inhibitors found in the S. japonicum genome.
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This study presents a comprehensive examination of the schistosome serpin family of
inhibitors in the literature and schistosome genomes. Their possible roles in the biology

of the parasite are explored.

Experimental Procedures

Genome search and phylogenetic analysis. The genome databases of both S. japonicum
and S. mansoni are partially annotated but to ensure no potential serpin sequences were
missed, the database search utilized the protein sequence of canonical serpin al-
antitrypsin as the query sequence in order to find predicted protein sequences with serpin-
like domains. The schistosome sequences obtained were then used as the query
sequences to find any remaining putative serpins in the genome database. These findings
were then compared to previously published putative serpins sequences. Multiple protein
sequence alignments were carried out using Clustal W v1.8 as previously described [10]
and the phylogenetic tree was carried out using the Phylogeny.fr platform [11]. The
structure of al- antitrypsin has been published [12] and was used to predict the location
of conserved tertiary structures along the schistosome serpin sequences. To predict the
location of the reactive center loop of the sequences, each predicted serpin was aligned

with al-antitrypsin, Cl-inhibitor, and/or ovalbumin.

BLAST and target protease prediction. Each predicted serpin was queried against the
NCBI BLASTp non-redundant database in order to find similar mammalian serpins. The
peptidase database MEROPS was used to predict mammalian proteases that could

potentially bind to the RCL and cleave at the P1-P1’ position. The P3 and P2 positions
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were also taken into consideration when selecting candidate proteases. In the case of
Smp 155550 (Sm1b), Smp 155560 (Smlc), and Smp 062120 (Sm1a) the position of the
predicted P1 amino acid of Cys or Tyr is highly unusual thus the Arg in the P2 position

was also considered as the possible P1 position.

RNA isolation and semi-quantitative PCR. S. mansoni (Puerto Rican isolate) cercariae
were harvested from B. glabrata by light induction and washed with water.
Approximately, a 250 ml cercarial pellet, a 350 ml adult worm pellet, and four snail
hepatopancreases were used to isolate total RNA. RNA samples were collected by
homogenizing and sonicating tissue in Trizol (Invitrogen) according to manufacturer’s
recommendation. RNA pellets were resuspended in water and treated with DNAse |
(New England Biolabs). Samples were then heat-treated and cleaned using RNeasy Mini
Kit (Qiagen). Concentrations of final total RNA samples were determined using
NanoDrop 3300 (Thermo Scientific). ¢cDNA was synthesized using SuperScript I1I Kit
(Invitrogen) according to manufacturer’s instruction using an 18-mer oligo-dT primer. A
control reaction containing no reverse transcriptase was also carried out. The
amplification program was as follows: 10 cycles of 94°C for 30 seconds, 50°C for 30
seconds, 72°C for 1 minute and 30 seconds, followed by 20 cycles of 94°C for 30
seconds, 50°C for 30 seconds, 72°C for 1 minute and 30 seconds with 5 seconds added to
the extension time after each cycle. PCRs were conducted using an in-house Phusion

polymerase.
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Cloning and sequencing. For the cloning of Smla, Sm1b, and Smlc cDNA from late
sporocysts, cercaria, schistosomula, and adults was used as template for PCR reactions.
Primers were designed to span the whole transcript and add a Sacl at the 5° end and Smal
at the 3’ end for future cloning. PCRs were carried out using the High Fidelity PCR Kit
(Roche) using forward primer: 5’-GGC CAG TTT ACC CCA CCT AAA GTC ACG
AG-3’ and reverse primer: 5’-CGA ACC ATC TGT GTT GCT GTA GCT GCA GC-3’.
The amplification program was as follows: 10 cycles of 94°C for 30 seconds, 55°C for
30 seconds, 72°C for 1 minute and 30 seconds, followed by 20 cycles of 94°C for 30
seconds, 58°C for 30 seconds, 72°C for 1 minute and 30 seconds with 5 seconds added to
the extension time after each cycle. PCR products were gel purified and cloned into
pCR2.1 TOPO plasmid (Invitrogen). Eight E. coli colonies were isolated from each life
stage. The procedure was repeated to select eight more colonies. Plamids were retrieved
using Qiagen Miniprep columns (USA) according to the manufacturer’s recommended

protocol. Sequencing was carried out by Elim Biopharmaceuticals (USA).

Results and Discussion

Schistosome serpins and developmental stage distribution. The completion of the S.
mansoni and S. japonicum genomes has made it possible to explore the proteome of both
parasites for proteins key to survival and pathogenesis. By searching the parasite
databases for proteins homologous to the canonical serpin ol-antitrypsin, eight complete
serpin sequences were identified in the S. mansoni gene database. The S. japonicum

database has one partial and three complete serpin sequences (Figure 1. 1). The S.
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haematobium genome is incomplete as of the writing of this study, but a GenBank search

identified one serpin in the organism.

Semi-quantitative PCRs were carried out to verify the expression of the S. mansoni
serpins uncovered in our search (Figure 1. 2). Neither the expression profile nor the
relative abundance of these serpins was identical. SmSerp C was only found in the early
and late sporocysts, a pattern also observed with Smp 090090. SmSerp C was initially
identified in a proteomic analysis of the secreted products of cercariae [13]. Release of
this serpin into the host was validated by another study that analyzed the proteins released
by cercariae invading human skin using mass spectrometry [14]. It is not surprising then
that the SmSerp C transcripts are found in the snail hepatopancreatic stage of the parasite
since it is at this stage that proteins released by mature cercariae are synthesized [13].
Transcripts for SmSrpQ, also identified in the secretion products of invading larva [15,
16], were detected in the early and late sporocysts, and in cercarial RNA samples. This
suggests that SmSrpQ is utilized for a longer period of time during invasion than
SmSerp C, and therefore is transcribed beyond the hepatopancreatic life stage.

Smp 055330 is present in the early and late sporocysts but it is also present in egg/
miracidia. Miracidia are the snail infective stage and Smp 055330 seems to be
associated with the life stages involving the molluscan host. Attempts to amplify

Smp 055530 from its predicted start site were unsuccessful but amplification was

achieved from the proceeding Met, eliminating the long N-terminal extension.
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The sequences of Smla, Sm1b, and Smlc were very closely related (Figure 1. 5) such
that they could not be differentiated by simple PCR. Sequencing of whole transcripts
revealed differences in relative abundances of each gene during the life cycle of the
parasite (Table 1. 3). Smla was most abundant in schistosomula (8/10 clones) while
Smlc transcripts were predominantly found in cercariae (16/34 clones). Neither Smla
nor Sm1b were found in cercariae. Transcripts of Sm1b were the least abundant overall
(6/50 clones) and Smlc transcripts were ubiquitous and most abundant out of the three

genes (34/50 clones).

Phylogeny of schistosome serpins. Phylogenetic analysis of the Schistosoma serpins
assigns two major branches to the group (Figure 1. 3a, blue). Branch 1 consists of

Smp 090080, ShSPI, and Sjp_ 0085750 clustered closely together, with Smp 090090,
Sjp_0113720, and SmSerp_C more distantly related. The remaining serpins form the
second major branch (Figure 1. 3a, yellow). With Smlc, Smlb, and Smla, most of the
variation occurred at the RCL region (Figure 1. 4). Considering the chromosomal
arrangement of S. mansoni serpins (Figure 1. 3b) and the clustering pattern of the
phylogenetic tree, the multiplicity of S. mansoni serpin genes compared to those of S.
Jjaponicum 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 mammalian parasites [17]. 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.

haematobium also exhibits similar gene duplication events when its genome is published.
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With the exception of Sjp_ 0113720, alignment of the Schistosoma serpins with a.1-
antitrypsin and the superimposition of the structural components of a1 -antitrypsin, show
that these proteins contain all elements necessary for functionality (Figure 1. 2). Their
predicted structures reveal the interesting phenomenon of elongation of the regions
surrounding helix D. Branch 1 sequences (Figure 1. 3a) 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 extension of the region connecting helix C to helix D. In
either case, this extension could have ramifications on 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 release of glucocorticoids by corticoid-binding
globulin, a non-inhibitory serpin [18]. Heparin activation of antithrombin is mediated
through its binding site on helix D [19]. On the other hand, MENT, a serpin important in
heterochromatin formation, contains an extension in the region between helix C and D
that forms a loop outside the body of the serpin [20]. The authors speculate it may be

involved in DNA binding.

ShSPI was discovered using a Igt11 cDNA library from adult worms [21].
Immunolocalization suggested ShSPI was on the surface of adult worms. Although one
study indicated that ShSPI could bind to trypsin but not elastase or chymotrypsin [22],
there was no corroborating evidence to validate active site binding. Closely related to
ShSPI, Sjp 0085750 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 [23].
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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 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 [23].

Fewer studies have been conducted on the serpins clustered in the second phylogenetic
branch (Figure 1. 2a). An antisera screen against cercarial secreted products from a
cercarial cDNA library identified a partial gene product, clone 8, with homology to serpin
MNEI [16]. 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 SmSrpQ. A proteomic
study of skin lipid-induced cercarial secretion products also found a unique peptide

belonging to clone 8/ SmSrpQ [15].

Validation of theoretical sequences Smla, Sm1b, Sm1c. The gene duplication event
that gave rise to these three serpins afforded the opportunity to compare recent changes
that have evolved in each gene. Because differences between the three serpins are so
minimal (Figure 1. 4), primers could not be designed to individually amply each
transcript. This required sequencing of randomly selected clones from cDNA samples
from each life stage of S. mansoni. Of the 64 clones sequenced, 50 yielded full-length

sequences.
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Once aligned, several differences from the predicted amino acid sequence were apparent
(Table 1. 4). The predicted variation in the RCL region was confirmed. The gate region
of a serpin, located primarily in $-sheet C stand 3 (s3C) and s4C, has been shown to be
important in the latency to inhibitory state transition of PAI-1 [24]. In Smla-c (Table 1.
4) position 197 & 200 lie within s3C. The changing of a Leu for Met may not be of
consequence but there is a biochemically significant difference between a basic residue
like Lys and an acidic residue like Glu. Such a change can affect how the gate region

functions in controlling the inhibitory fold of the RCL.

The transition of the RCL of a serpin into the main body of the protein requires
movement of helix F (hF) and opening of $-sheet A stand 3 and 5 (s3A and s5A) in order
for insertion to take place [25]. The initial opening of s3A and s5A occurs at the breach
region between the two stands and the shutter region lies at the center of sA3 and 5. Both
are important for accepting the hinge region of the RCL and stabilizing the new sA4
(formerly the RCL). Position 152 and 154 are predicted to lie in the breach region. At
position 154 the sequence contains either a Pro or Cys (several clones contained His).
These side chains have vastly different hydrogen bonding abilities. Changes in the
breach regions have been shown to lead to an increase in serpin polymerization [26]. The

shutter region appears unchanged in all three serpins.

Putative protease targets of schistosome serpins. To predict protease targets, the RCL of

all the serpins were aligned with known serpins: inhibitory serpins al-antitrypsin and

Clinh and non-inhibitory serpin ovalbumin (ovalb) (Figure 1. 5a). The predicted P1
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positions (Figure 1. 5a, black triangle) as well as the P2 and P3 positions were used to
predict possible proteases that could cleave the RCL scissile bond (Table 1. 2). In the
case of Smla-c, Clinh, which has a shorter RCL than other mammalian serpins [27], was

used to predict the P1 region (Figure 1. 5c, black triangle).

The RCLs of ShSPI, Smp 090080 and Smp 090090 contain a feature unusual for
inhibitory serpins (Figure 1. 5b). The P12-P9 region of the RCLs of most inhibitory
serpins is characterized by amino acids with short side-chains (Ala, Gly, Ser) [28], but
this feature is not present in ShSPI, Smp 090080 and Smp 090090 (Figure 1. 4b, blue
line). Whether the unusual RCL amino acid sequence signifies a non-inhibitory function

is a subject for future study.

The predicted RCL sequence of Sjp 0113080 has a Leu-Ser at the P1-P1” specificity
determining region. This corresponds to the predicted substrate specificity of the
cercarial elastase [29]. The S. japonicum genome contains only one cercarial elastase
gene. S. japonicum cercarial elastase antibodies were reported to localize in infected
mouse skin [9], neither a protein corresponding to the putative protease, nor enzymatic
activity was found in the cercarial secretions of S. japonicum [30]. Less is known about
the S. haematobium cercarial elastase (ShCE). ShCE transcripts can be found in the
sporocysts and it is closely related to SmCE [29]. ShSPI, Smp 090090, SmSrpQ, and
Sjp_0113080 could be involved in the regulation of these elastases, although host

proteases cannot be ruled out as potential targets.
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A putative serpin, Smpi56, was partially purified from extracts of adult S. mansoni [31].
Smpi56 was able to form an SDS-stable complex with neutrophil elastase, pancreatic
elastase, and an endogenous cercarial protease. Because the sequence of Smpi56 is not
known, the authors were unable to positively identify it as a serpin. It did exhibit the
biochemical characteristics of an inhibitory serpin and could therefore be Smp 090090
which has a Leu-Ser P1-P1° motif (Table 1. 2). However, the unconventional RCL of
Smp 090090 makes it difficult predict its ability to form an inhibitory complex with a

protease and no Smp 090090 transcripts were found in adult worms (Figure 1. 2)

Serp C contains an Arg at the P1 position, making it a good candidate for trypsin-like
protease inhibition. Considering its release into the host during invasion, thrombin,

coagulation factors, and kallikrein-related peptidases are all potential targets (Table 1. 2).

Concluding Remarks

The role of serpins in schistosomiasis was last reviewed 14 years ago [32]. Although
there are caveats and limitations to using of the RCL sequence as an accurate predictor of
protease specificity (the existence of exosites in and outside the RCL region [33] and the
differing binding specificities 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 [9] and 97 cysteine and 78 serine
proteases in the S. mansoni genome [8], the 12 predicted full-length schistosome serpins

may perform specific, focused functions in these organisms.
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Figure 1. 1: Primary amino acid sequence alignment. The predicted or known
sequences were aligned with al-antitrypsin using Clustal W v1.8. Highlighted
regions show at least a 50% sequence identity. The location of the helices
(cylinders), B-sheets (black lines), and RCL (bold red line) were approximated
using the known al-antitrypsin structure.
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Figure 1. 2: Semi-quantitative PCRs of S. mansoni serpins. Equal
amounts of cDNA from the developmental life stage of the parasite were
used to determine active transcription of the eight putative S. mansoni
serpins. Lane 1: uninfected B. glabrata; lane 2: early/daughter sporocysts;
lane 3: late sporocysts; lane 4: cercaria; lane 5: adult worms; lane 6: egg/
miracidia; (-) blank control. The cytochrome oxidase (SmCOx) gene was
used as cDNA loading control.
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Figure 1. 3: (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 [11].

(b) Serpin gene arrangement in S. mansoni. The location of each gene

in their respective supercontig. Double lines denote the location of an unrelated
gene.
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Figure 1. 5: Alignment of the theoretical translation of Smla, Smlb, and
Smlc. The predicted sequences of Smla, Smlb, and Smlc. Identical
amino acids are in black. A region of high divergence is the RCL region
particularly the protease specificity-determining region of the RCL
(P4-P1°) and the distal hinge region of the RCL (red bracket).
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Table 1. 3: Number of clones of Smla, Sm1b, and Smlc isolated during
different developmental life stages of S. mansoni.

Late Sporocysts  Cercariae Schistosomula Adult Total
Smla 0 0 8 2 10
Smlb 2 0 2 2 6
Smlc 7 16 2 9 34
Total 9 16 12 13 50
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Chapter 2

SmSrpQ:
An Endogenous Inhibitor of Cercarial Elastase
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Abstract

The larvae of Schistosoma mansoni invade their mammalian host by utilizing a serine
protease, cercarial elastase (SmCE), to degrade macromolecular proteins in host skin.
The catalytic activity of serine and cysteine proteases can be regulated after activation by
serpins. SmSrpQ, one of two S. mansoni serpins found in larval secretions [35, 37, 67,
68], is only expressed during larval development and in the early stages of mammalian
infection. In vitro, *°S-SmSrpQ was able to form an SDS-stable complex with a
component of the larval lysate but no complex was detected when **S-SmSrpQ was
incubated with several mammalian host proteases. Formation of a complex was sensitive
to the protease active site inhibitors PMSF, Z-AAPF-CMK, and Z-AAPL-CMK.
Western blot analysis of parasite lysates from different life stages showed that when
active SmCE was present, a complex of comparable size to SmCE bound to SmSrpQ was
detected. SmSrpQ and SmCE are located in adjacent but discrete compartments in the
secretion glands of the parasite. Fluorescent immunohistochemical analysis of simulated
infection showed co-localization of SmCE and SmSrpQ in host tissue suggesting a post
release regulation of parasite protease activity during skin transversal. The results of this
study suggest that cercarial elastase degradation of skin tissue is carefully regulated by

the invading larvae.

Introduction

Mammalian S. mansoni infection begins with larval degradation of extracellular matrix
and cell-cell contacts in the dermis and epidermis, respectively. It is then followed by

breach of the vascular endothelium, migration of schistosomula to the lungs, prolonged
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residence of adults in the hepatic portal system, and egg passage through the intestinal
wall (Figure 2a). Proteomic analyses of S. mansoni larval secretions have identified
several parasite proteins that could function in host immune evasion and/or promotion of
parasite survival [37, 68-70]. Using antisera raised against proteins in larval secretions,
Harrop et al. published the partial sequence of a serpin (clone 8, AAB86571) with
homology to leukocyte elastase inhibitor [67]. The biological function of this
schistosome serpin remains principally speculative. Here data are presented that show
the complete clone 8 protein, hereafter called SmSrpQ (Smp 062080), is a serpin

involved in regulating the activity of a parasite-derived protease within the host.

Experimental Procedures

Parasite material. S. mansoni (Puerto Rican isolate) were maintained in the laboratory by
using Biomphalaria glabrata as the intermediate snail host and golden hamsters
(Mesocricetus auratus) as the mammalian host. Cercariaec were harvested from B.
glabrata by light induction and washed according to a previously published protocol
[71]. Cercariae used for schistosomula production were washed twice in RPMI and
mechanically sheared using a 22-gauge needle to remove their tails. They were then
cultured for 24-48 hours in Basch Schistosoma culture medium 169 (SCM) with 10%
fetal calf serum and penicillin/ streptomycin to produce schistosomula. Lung
schistosomula were dissected from hamster lungs and adult worms were perfused from
hamster livers three days and 6 weeks post infection, respectively. Cercarial/ adult/ snail
hepatopancreatic lysates were prepared by freeze/thawing parasites or snail tissue once in

an ethanol/ dry ice bath followed by homogenization and sonication using the Sonifier
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250 (Branson, USA) at 30% output for 30 seconds. Lysates were centrifuged at 16,000g
for 15 minutes in the Centrifuge 5415D (Eppendorf, Germany) and supernatants were

collected.

Northern blots and gPCR. Total RNA samples were collected by homogenizing and
sonicating tissue in Trizol (Invitrogen) according to manufacturer’s instructions. RNA
was resuspended in water, and treated with 5 units of DNAse [ (New England Biolabs)
for 1 hour at 37°C. Samples were then heat-inactivated and cleaned using the RNeasy
Mini Kit (Qiagen). Concentrations of final total RNA samples were determined using
NanoDrop 3300 (Thermo Scientific). For quantitative PCRs and cloning, cDNA was
synthesized using SuperScript I1I Kit (Invitrogen) according to manufacturer’s instruction
using oligo-dT. A control reaction containing no reverse transcriptase was also carried
out. All gPCR reactions were carried out using Roche Light Cycler 480 SYBR green
master mix and the Applied Biosystems 7300 Real-Time PCR System. Primers were
designed to amplify a 250bp fragment with an amplification program 95°C for 10 min, 45
cycles of 95°C for 30 sec, 55°C for 60 sec and 30 sec at 72°C (forward primer: 5’-GGT
TTT ATG GAG ATA TAG TAG AAG AAA AAC AGA GTC ATT CG-3’; reverse
primer: 5’-GGT TGA TAG TGA TTG AGA CGA AAA GAG TTC TTG ATT TTT TC-
3”). Reactions were carried out in triplicate with cytochrome oxidase (forward primer:
5’-TAC GGT TGG TGG TGT CAC AG-3’; reverse primer: 5’- ACG GCC ATC ACC
ATA CTA GC-3’) as an internal standard. For northern blots, Sug of total RNA were
denatured in formaldehyde and formamide then loaded onto a 1.1% agarose/

formaldehyde gel and run for 90 minutes at 72V. After electrophoresis, RNA was
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transferred to polyvinylidene membrane (Bio-Rad) and crosslinked to the membrane
using Stratalinker (Stratagene). *°P labeled DNA probes were generated using RediPrime
IT DNA labeling kit (GE LifeScience) according to the manufacturers instruction. Blots
were hybridized overnight at 42°C in 50% formamide, 5X SSC, 4X Denhardt solution,

0.1% SDS, and 0.1% sodium pyrophosphate.

Recombinant protein expression and antibody production. cDNA from cercariae,
prepared as described above, was used to subclone SmSrpQ into pET28a+ for E. coli
over-expression using forward primer 5’-GAG CTC ATG GAT GTA TTA CAA TCC
CTT AAA AC-3’ and reverse primer 5’-GCG GCC GCT TAA TAT TGA TCT ATT
GGA TTT G-3’. The amplicon was first cloned into TOPO-TA pCR2.1 (Invitrogen),
digested with Sacl and Notl, and directionally ligated into pET28a+ (Novagen).

Plasmids were transformed into Xjb (DE3) autolysing E. coli strain (Zymo Research) and
induction was carried out according to the manufacturer’s instruction. Inclusion bodies
were collected and solubilized in 6M guanidine solution (6M guanidine, 100mM Tris,
500mM NaCl, 20 mM imidazole, pH 8.0). Hexa-His-tagged SmSrpQ was bound to Ni*"
IMAC agarose beads, washed with 8M urea buffer (8M urea, 100mM Tris, 500mM
NaCl, 25mM imidazole) and eluted with 8M urea solution with 500mM imidazole.
Purified protein was excised from SDS-PAGE gel and analyzed by mass spectrometry or
used for the immunization of 8 week old BALB/c mice. Pre-bleeds were collected and
mice received two boosts every 4 weeks. Excised protein gel slices were homogenized in
PBS and TiterMax Gold (Sigma-Aldrich) was used as an adjuvant. Rabbit anti-SmCE

antibodies were previously generated [36].
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Western blots. 10ug of crude lysates were incubated at room temperature for 10 minutes
in 20mM Tris (pH 7.5) and 25mM NaCl. Samples were boiled under reducing
conditions, resolved by SDS-PAGE analysis, and transferred to PVDF membranes. Blots
were blocked overnight with 5% milk in TBS-T (Tris buffered saline with 0.25% Tween
20). Blots were incubated for 1 hour at room temperature with mouse anti-SmSrpQ
antibodies (1:2000) or rabbit anti-SmCE antibodies (1:2000), washed with TBS-T and
then incubated for 1 hour with horseradish peroxidase conjugated IgG (GE Lifescience)
(1:2000). Membranes were extensively washed and visualized with ECL western
detection reagents (GE Lifescience). Protein concentrations were determined by
Bradford assay [72] using Bio-Rad Protein Assay (BioRad, USA) and BSA as a standard.

Readings were done using Spectramax Plus 384 (Molecular Devices, USA).

Collection of material from newly transformed schistosomula. Freshly collected
cercaria were transformed into schistosomula in RPMI by passing the larvae through a 22
gauge needle 10 times and tails were removed. Schistosomula were cultured in 4 mls of
schistosomula culture media containing 2% bovine serum albumin at 37°C. After each
incubation period the parasites were removed washed, gently centrifuged, transferred into
fresh media, and visually inspected under a microscope to insure viability and intact
morphology. At each time point all media was collected including the wash media.
Plates were scraped as previously described [68] to remove any adherent secreted
granules which were then collected and pooled with the media. 1mM PMSF was added

to prevent proteolytic cleavage of proteins. Samples were lyophilized and resuspended in
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water for western blot analysis.

Confocal imaging. Parasites were fixed overnight in cold acetone at -20°C then air dried
as previously described [73] prior to blocking overnight in blocking buffer (PBS, 0.5%
Triton X-100, 5% BSA, and 5% milk). Primary antibody was diluted 1:2000 in blocking
buffer and incubated overnight at 4.0°C, followed by three 4hr washes in wash buffer
(PBS, 0.5% Triton X-100); secondary antibody (Invitrogen, Alexa Fluor) was diluted
1:2000 in blocking buffer, incubated overnight and washed extensively. Images were
taken using the Zeiss LSM 510 Confocal Microscope. All confocal images were taken
with the gain and offset values set from negative controls using pre-bleed serum to ensure

a low background signal.

EXx vivo skin invasion and immunohistochemistry. Human skin sections were removed
from the abdomen of a recently deceased human male in accordance with IRB approved
necroscopy practices. Skin samples were washed with RPMI and the subcutaneous fat
removed. Cercarial infection was carried out by placing skin sections over warm RPMI
filled wells as previously described [71]. After a two-hour incubation at 37°C, skin
sections were removed and fixed in 10% phosphate-buffered Formalin (Fisher Scientific),
embedded in paraffin, and sectioned. Fluorescent staining was carried out by blocking
the sections in 20% normal goat serum in PBS with 0.5% Triton X-100. Antibodies were
diluted in PBS with 2% normal goat serum and 0.5%Triton. Primary antibodies were

diluted 1:100 and incubated for 2 hours. Secondary antibodies (AlexaFluor, Invitrogen)
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were diluted 1:250 and incubated for 1 hour. Slides were mounted in Vectamount with

DAPI (Vectashield). Images were taken using the Zeiss LSM 510 Confocal Microscope.

FS-labeled in vitro cell free SmSrpQ expression and inhibitor assays. Reactions were
carried out using the TNT Quick Coupled Transcription/ Translation System (Promega,
WI) according to the manufacturers instruction. Briefly, the pET28a+SmSrpQ plasmid
was linearized downstream of the SmSrpQ ORF using Notl and the transcription/
translation reaction was incubated at 30°C for 90 minutes. All inhibition reactions were
performed in 20mM Tris, 25mM NaCl, pH 8.0 at room temperature. Cercarial lysate was
incubated for 10 min at room temperature with Z-AAPF-CMK, Z-AAPL-CMK, Z-
AAPV-CMK, E-64, or PMSF prior to incubation with **S-SmSrpQ for 10 minutes at
room temperature. CMK inhibitors were purchased from Bachem (Torrence, CA) while

PMSF was purchased from Sigma-Aldrich (St Louis, MO).

Transverse urea gels (TUGs). Transverse urea gels were pored as previously described
[74]. Briefly, 7.5 % non-denaturing PAGE gels containing a urea gradient were created
by making two volumes of gel mixture. One contained 8M of the denaturant urea and the
other contained no urea. Gels were slowly pored using a gradient maker. After
solidification, gels were turned 90° such that the urea gradient ran horizontal to the path
of the electric field (Figure 2. 1b). Radiolabeled sample of SmSrpQ was mixed with
native loading buffer (Invitrogen) and evenly distributed across the top of the gel.

Electrophoresis was carried out at 75V for 2 hours using Tris-Glycine-SDS (Bio-Rad)
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running buffer. SDS was added to the buffer do to difficulties with the sample entering

the gel matrix.

RESULTS

qPCR and northern blot analysis of SmSrpQ transcript levels. The full-length amino
acid sequence of clone 8 was completed and renamed SmSrpQ. The predicted P1-P1’
RCL specificity was determined to be Leu-Ser (Figure 2. 1a). qPCR analysis revealed
that SmSrpQ is expressed in the late schistosome sporocysts when cercariae are
completing development in the intermediate snail host, and in aquatic free-swimming
cercariae. Transcript levels remained high in cercariae-derived schistosomula after 24
hours of in vitro culturing (Figure 2. 2b). These life stages correspond to the early skin
invasion stages of infection (Figure 2. 2a). Peak mRNA transcript levels were seen in the
cercarial stage. There was less transcript signal in early daughter sporocysts. To verify
this expression profile in the life stages where snail RNA might mask the qPCR signal of
schistosome transcripts, northern blot analysis was performed (Figure 2. 2¢). DNA
probes detected peak transcripts in late sporocysts. Transcripts were also detected in
daughter sporocysts when cercarial development commences and in cercariae. SmSrpQ
was not detected in adult worms. Northern blot analysis also did not detect any

expression in egg/ miracidia total RNA extracts.

Functional expression of SmSrpQ. The amino acid sequence of SmSrpQ contains all

the components necessary to function as an inhibitory serpin [75]. To confirm its ability

to act as a suicide substrate inhibitor and form a complex with proteases, radiolabeled
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6X-His tagged SmSrpQ (Figure 2. 1a) was produced using a cell free transcription/
translation reaction. The reaction yielded the expected 49 kDa serpin protein (Figure 2.
3a) in which half of the **S-SmSrpQ was in the inhibitory conformational fold and the
remaining in the latent conformation (Figure 2. 1¢). The recombinant serpin formed a
complex with a component of the cercarial lysate, producing a product of approximately
68 kDa (Figure 2. 3a, black arrow). A lower molecular weight band was also detected
consistent with the cleaved serpin (Figure 2. 3a, double arrow). *>S-SmSrpQ only bound
to a protease species found in the late sporocyst and cercaria stages. >°S-SmSrpQ did not
bind to any components of the lysate from early daughter sporocysts, uninfected snail or
adult worms (Figure 2. 3b). *>S-SmSrpQ was not able to form a complex with neutrophil
elastase, chymotrypsin (Figure 2. 3¢), pancreatic elastase, or recombinant human
chymase (data not shown). To confirm that the serpin-protease complex was formed via
the enzyme active site, the crude cercarial lysate was preincubated with PMSF, a small
molecule chemical inhibitor that irreversibly modifies the active site serine of serine
hydrolases (Figure 2. 4). At 400, 200, and 100 uM of PMSF, uncleaved **S-SmSrpQ
(double arrow, lane 3, 4, and 5 respectively) was detected. In the methanol control (lane
2) both cleaved and complexed *>S-SmSrpQ are seen, the presence of uncleaved serpin
correlated with a corresponding decrease in amount of complex detected (black arrow) as

evidenced by a decrease in band intensity.

To examine the active site P1 specificity of the serpin-targeted protease, the lysate was

preincubated with tetrapeptide chloromethylketone (CMK) inhibitors and the formation

of the serpin-protease complex was assessed. Complex formation was highly sensitive to
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Z-AAPF-CMK. 25 uM Z-AAPF-CMK decreased complex formation by 39% when
compared to the DMSO control reaction (Figure 2. 5a). Z-AAPL-CMK also had an
effect at 200 uM and 100 uM while preincubation with Z-AAPV-CMK had no effect on

complex formation (Figure 2. 5b).

Western blots of SmSrpQ and SmCE during early life stages. The predicted specificity
of the RCL of SmSrpQ), the sensitivity to PMSF, and the specific effects of the CMK
inhibitors were all consistent with the previously reported biochemical characteristics of
SmCE [38]; SmCE is the major protease found in larval stages. To confirm the presence
of a protein complex between endogenous SmCE and SmSrpQ, western blots were
performed on the crude lysates from different life stages. The lysates were incubated at
25°C for 10 minutes to allow a complex to form. Western blots of uninfected snails and
adults detected no SmSrpQ (Figure 2.6a, lane 1 and 5 respectively). Although, SmSrpQ
protein (double arrow) was detected in the daughter sporocysts, no complex (black
arrow) was seen. Late sporocysts and cercarial lysates contained both unbound SmSrpQ
and complexed serpin (Figure 2. 6a, lane 3 and 4 respectively). The size of the complex
was approximately the same size and in the same life stages as the 68 kDa complex
detected with the in vitro translated *°S-SmSrpQ. Protein levels of SmSrpQ were higher
in the cercarial stage than in late sporocysts. Active SmCE protein (Figure 2. 6b, open
arrow head) was found in the lysates of late sporocysts and cercariae. Daughter
sporocysts exclusively contained the higher molecular weight, inactive zymogen (Figure

2. 6b, black star). The higher molecular weight band corresponding to a complex
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between SmCE and SmSrpQ was detected in late sporocysts and cercarial lysate (Figure

2. 6b, black arrow).

Localization of SmSrpQ within the parasite. Given that SmCE and SmSrpQ are
produced by the parasite at similar time points and SmCE appears to be active in late
sporocysts and cercariae the question was raised: does SmSrpQ prevent parasitic tissue
damage from SmCE activity within the parasite? To address this question, localization
studies of the SmSprQ and SmCE in cercariae, 24hr schistosomula, and three day old
lung stage schistosomula were performed to identify the location and any interaction of
SmSrpQ and SmCE. S. mansoni larvae contain several secretory glands that release
material onto and into the host during skin invasion: the post-acetabular glands, the pre-
acetabular glands, and the head glands (Figure I. 3). Factors needed for parasite binding
and penetration are packaged in acetabular secretory granules and exit from extended
cellular processes called ducts. These cell processes extend along the body of the larva to
allow release of secretions into the environment at the head of the parasite [76]. Confocal
images show that SmSrpQ was located in the post-acetabular glands and their
corresponding ducts, in one set of pre-acetabular glands, and the head gland of the
cercaria (Figure 2. 7a, red). In 24 hour schistosomula residual SmSrpQ is seen in similar
regions of the parasite (Figure 2. 7b, red) except that no serpin protein was detected in the
head gland. In the cercaria, SmCE was located in a separate set of pre-acetabular glands
and their corresponding ducts (Figure 2. 7a, blue). In the 24hr schistosomula, SmCE is
found as residual protein in the pre-acetabular glands (Figure 2. 7b, blue). SmCE was

neither detected in the head gland nor in the post-acetabular glands. Lung stage
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schistosomula isolated from infected hamsters had virtually no SmSrpQ and SmCE
(Figure 2. 7c). The tegument and other cells of the larvae were free of SmSrpQ and

SmCE at all three time points.

SmSrpQ and SmCE release and ex vivo skin co-localization. Lacking co-localization
on the tegument and within the parasite, it was asked if regulation of SmCE activity by
SmSrpQ occurred outside of the parasite and if release of these two proteins was
temporally regulated. Newly transformed schistosomula were placed in SCM with 2%
BSA and incubated at 37°C. Their secretions were collected at 30 minute to 1 hour
intervals and analyzed by western blot. Release of SmSrpQ (Figure 2. 7a) and SmCE
(Figure 2. 8b) was greatest after 30 minutes incubation. The remaining time points show

a similar waxing and waning pattern of release for both proteins.

To localize SmSrpQ and SmCE during infection, a skin infection was simulated by
exposing human skin sections to cercariae for two hours. SmCE and SmSrpQ co-
localized in human skin in zones of tissue degradation both in the dermis and superficial
epidermis (Figure 2. 9b, section 6, magenta). Some SmSrpQ remained within the
parasite (Figure 2. 9b, black star) but none localized to the tegument or other cells of the

organism.

DISCUSSION

SmSrpQ is a serpin originally identified in the secreted products of invading S. mansoni

larvae (cercariae). Northern blot and qPCR analysis showed that SmSrpQ is expressed
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from the initiation of cercarial development in daughter sporocysts until 24-hour
schistosomula. This suggests that SmSrpQ plays a role in the early stages of infection
when cercariae and schistosomula invade host skin to enter dermal blood vessels. No
transcripts were found in adult worms or the egg/ miracidium stage nor was SmSrpQ
protein detected in lung stage schistosomula. Recombinant SmSrpQ was unable to bind
host proteases, namely, neutrophil elastase (Figure 2. 3c) and cathepsin G (data not
shown) but was able to complex with a component of the larval lysate. PMSF, a serine

protease inhibitor, blocked serpin-protease complex formation (Figure 2. 4).

Invasion of human skin by S. mansoni requires the disruption of the epidermal cell layer,
the basement membrane, and the extracellular matrix of the dermis. Host desmosome
proteins, complement factors, immunoglobulin, as well as epidermal cell lysis products
are examples of protein degradation produced in the wake of larval invasion [35].
Extracellular matrix and cell-cell junction degradation has been attributed to serine
protease activity, particularly to SmCE [36, 38, 77, 78]. SmCE is one of the most
abundant proteins in cercarial secretions [37]. A synthetic tetrapeptide library screen of
purified native SmCE showed that the S1 pocket of the protease prefers a Leu, Phe, or
Met substrate sidechain [36]. The primary sequence of SmSrpQ predicts a Leu-Ser in the

P1-P1’ position in the reactive center loop (Figure 2. 1a).

Z-AAPF-CMK is an effective inhibitor of cercarial invasion and a known inhibitor of

SmCE [71]. When cercarial lysates were preincubated with Z-AAPF-CMK a marked

reduction in complex formation with SmSrpQ was observed (Figure 2. 5a). This is in

58



contrast to the complete lack of effect on complex formation following preincubation of
the lysate with Z-AAPV-CMK (Figure 2. 5b), which does not inhibit SmCE but does
inhibit neutrophil elastase [79]. Western blots of lysates confirmed that complex
formation only occurs when active SmCE -was present (Figure 2. 6). In early daughter
sporocyst lysates, where only the SmCE zymogen form was present, no complex with

SmSrpQ was detected.

One potential role for SmSrpQ, as a cytosolic serpin maybe to prevent parasite tissue
damage in the event of accidental SmCE release. This would be similar to monocyte/
neutrophil elastase inhibitor (MNEI), which is an intracellular serpin of cells of the
myeloid lineage [80]. This potent inhibitor of neutrophil elastase, cathepsin G, and
chymase [81], lacks a signal sequence, and functions to protect granulocytes from
intracellular release of protease found in azurophilic granules [81]. Localization of
SmSrpQ versus SmCE (Figure 2.7a) suggests it is unlikely that SmSrpQ interacts with
SmCE inside the parasite given SmSrpQ is in the head gland, post acetabular, and
disparate set of pre-acetabular glands, while SmCE resides in the adjacent set of pre-
acetabular glands. The complex formation seen by western blots (Figure 2. 6) is likely
due to the break down of this spatial/cellular barrier between these two proteins upon
lysis of the parasite. Electron-micrograph localization in frozen thin sections showed
SmCE in both pre- and post acetabular glands [77] but subsequent studies using confocal

imaging have not detected SmCE in the post-acetabular glands [82].
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The co-localization of SmSrpQ and SmCE (Figure 2. 9b) in human skin invasion assays
suggests that the parasite is regulating the ECM degrading activity of SmCE in the host.
This role for SmSrpQ is similar to that of al-antitrypsin in lung tissue. Patients with an
ol -antitrypsin deficiency suffer from severe early onset emphysema. This condition
results from an imbalance in neutrophil elastase proteolytic activity in bronchial and
alveolar tissue [83]. During inflammation leukocytes release ECM degrading enzymes,
such as neutrophil elastase, that may inadvertently cause tissue damage [84]. a.l-
Antitrypsin and to a lesser extent ai2-macroglobulin regulates elastase activity and limits
the ECM damage in the lung. Like schistosome cercariae, inflammatory cells such as

macrophages and monocytes secrete both protease and the corresponding inhibitors [84].

Inflammatory damage to host skin tissue, called cercarial dermatitis, can be observed
with the accidental infections of humans by avian schistosomes, such as Trichobilharzia
regenti, that are not adapted to a human host. Initial infection with 7. regenti larvae
causes an acute inflammatory response characterized by edema, thickening of the skin,
and a large infiltration of mast cells, neutrophils, and other leukocytes [85] leading to the
killing of most parasites within the dermal tissue. S. mansoni is a schistosome more
adapted to the human host. Infection experiments using human skin [86] or a mouse
model [41] have shown a limited immune response to invading larvae with no significant
parasite killing, resulting in parasites being able to enter the host blood vessels.
Dermatitis can occur after a heavy exposure to cercariae, but symptoms subside after 48

hours and the rare cases are confined to non-sensitized individuals e.g. tourists [87].

60



S. mansoni effectively invades intact skin and has developed multiple mechanisms to
evade the host immune response and establish an infection that can debilitate but not kill
the host. The tight post-translational regulation of SmCE by SmSrpQ may represent an
adaptation to limit host tissue damage to the region of larval invasion and minimize any
ensuing innate immune response. Concomitant release of SmSrpQ and SmCE in human
skin may be an adaptation to prevent severe inflammation due to excessive or

uncontrolled damage to host cells/ tissue.
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Figure 2. 3:35S-SerpQ complex. (a) SmSrpQ was cloned into pET28a+ and expressed
using the rabbit reticulolysate system (Promega) in the presence of 35S-methionine
yielding an approximately 47 kDa protein. When incubated with cercarial lysate, two
bands were noted, the inactive cleaved serpin band (double arrow) and an upper band
(complex) (double arrow). (b) The 35S-labeled SmSrpQ was incubated at room
temperature with lysates from uninfected snail, snails 35 days after infection (daughter
sporocyts), snails 8 weeks after infection (late sporocyts), cercaria, and adult lysates.

(c) When 35S-SmSrpQ is incubated with host proteases no complex was detected; shown
are decreasing concentration of human neutrophil elastase (lane 7-12) and chymotrypsin
(lane 2-6), 35S-SmSrpQ alone (lane 1).
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Figure 2. 4: Effect of active site inhibitor PMSF on complex formation.
Cercarial lysate was preincubated with small molecule inhibitors for 10 min
at RT, followed by incubation with 35S-labeled SmSrpQ. Lysates were
incubated with decreasing concentration of PMSF (lane 3-7) or methanol
(lane 2). The effect of PMSF was measured by comparing the band intensity
of the complex (black arrow) to the methanol control. The double arrow
denotes the presence of cleaved as well as uncleaved serpin.
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Figure 2. 6: Life cycle western blot analysis. Western blot analysis of

(a) SmSrpQ and (b) SmCE protein levels during early parasite development.
Primary antibodies were diluted 1:2000. Approximately 5 pgs of each lysate
was used. Lane 1: ninfected snails; lane 2: snail lysate 35 days post infection
(daughter sporocysts); lane 3: snail lysate 8 weeks post infection (late
sporocysts); lane 4: cercarial lysate; and lane 5: adult lysate. Upper band is
marked by black arrow, uncomplexed SmSrpQ is marked by double arrow,
open arrowhead denotes active SmCE, and SmCE zymogen is marked by a
black star.
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Figure 2. 8: Secretion of SmSrpQ and SmCE by schistosomula. The proteins
released from newly transformed schistosomula were collected over time. 10
pgs were loaded and western blots were preformed probing for SmSrpQ (a),

SmCE (b). Blots were ponceau stained and shown is the BSA used as a loading
control (c).
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Co-localization

Figure 2. 9: Immunolocalization of SmSrpQ and SmCE during a mock infection.
The release of SmSrpQ and SmCE during a simulated infection of human skin tissue
was visualized using the red channel for SmSrpQ (panel 1), blue channel for SmCE
(panel 3), yellow channel is for DAPI which stains the nuclei of epidermal and parasite
cells (panel 2), co-localization is shown in magenta (panel 5, 6).
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Chapter 3

Expression and Purification of
SmSrpQ & SmSerp C
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Abstract

SmSrpQ and SmSerp Q are released by the S. mansoni larvae during skin penetration.
To further understand their biological role and biochemical properties, both of these
proteins were recombinantly expressed. SmSrpQ was expressed in S. cerevisiae. High
levels of rSmSrpQ were achieved by fusing the serpin to the human ubiquitin protein and
placing expression under the control of the GAPDH promoter rather than the ADH2
promoter. The expression of rSmSerp C was achieved using E. coli and pET28a+.
Furthermore, radio-labeled SmSerp C was able to complex with trypsin, human plasma
kallikrein, and a molluscan tryptic serine protease, most likely a B. glabrata tryptase.
SmSrpQ inhibition of SmCE, shown previously in Chapter 2, and SmSerp C inhibition
of kallikrein and a snail protease indicate the inhibitory nature of these serpins and their

potential role in the pathogenesis/ biology of the parasite.

Introduction

Heterologous expression of serpins has been achieved in many expression systems.
Which system works best will depend on the individual composition of the serpin.
Unlike recombinant expression of other proteins, each expression system carries the
added risk of endogenous proteases cleaving the reactive center loop or forming a
complex with the recombinant serpin, rendering an unusable serpin protein. Of the
serpins from S. mansoni, SmSrpQ and SmSerp C, were expressed in the early stages of
larval development (Figure 1. 2) and have been isolated from the secreted content of the

invading larva [37, 67]. Thus, these two serpins appear to play a role in pathogenesis.
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Heterologous expression of SmSrpQ and SmSerp C would be instrumental in

understanding early parasite invasion of the human skin.

Producing the schistosome serpin of interest in sufficient quantities is necessary for
carrying out kinetic analysis of enzyme inactivation, antibody production, and for
obtaining crystal structures among other experiments. In the case of SmSrpQ, several
expression systems failed to produce active serpin protein (unpublished data). E. coli
expression yielded cleaved serpin and the majority of the recombinant protein produced
was found in inclusion bodies. Even though human plasminogen activator inhibitor-1
[88] and al-antitrysin [89] have been successfully refolded from inclusion bodies, this
was not the case with SmSrpQ. The baculovirus expression system has also lead to
successful serpin expression [90, 91] but insect cells only produced inactive full length
SmSrpQ (data not shown). Intracellular yeast expression using Saccharomyces
cerevisiae 1s a system that yielded high levels of active serpin in several cases [rev in 92]

and was used to express SmSrpQ.

Unlike bacterial expression of SmSrpQ, high level of soluble protein was obtained of
rSmSerp_C using E. coli strain BL21(DE3). Here we present work cloning, expressing,

and purifying SmSerp C and SmSrpQ using two expression systems.

Experimental Procedures

Construction S. cerevisiae expression plasmids. For intracellular yeast expression two

plasmids were constructed: pBS24.1SmSrpQ and pBS24.1GapSmSrpQ2. Cloning of
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SmSrpQ into pBS24.1 involved the removal of an internal BamHI site SmSrpQ using
internal primers (reverse: 5’-CAG CAT CTT CGG GGT CCA TCT GAA ACG CCA
CAG ATT C-3’; forward: 5°-CTG TGG CGT TTC AGA TGG ACC CC-3’). The primer
at the 5 end incorporated a Xbal restriction site and a 6X-His tag (5’-TCT AGA ATG
GAT CAT CAC CAT CAC CAT CAC GAT GTA TTA CAA TC-3’). A Sall restriction
site was incorporated at the 5’end of SmSrpQ (reverse primer: 5’-GTC GAC TTA ATA
TTG ATC TAT TGG ATT TGT AAC ATG TCC-3’). SmSrpQ was amplified from
cercarial cDNA and cloned into TOPO-vector pCR2.1 (Invitrogen). Sall and Xbal sites
were used to clone the SmSerpQ insert from pCR2.1 into the yeast shuttle vector pAB125
creating a fusion gene containing the alcohol dehydrogenase 2 promoter (ADH2p)
upstream of SmSrpQ. This fusion gene was cloned into the expression vector pBS24.1
using BamH]I and Sall restriction site (Figure 3. 1a). pBS24.1 contained with URA3 and
LEU2d genes needed for auxotrophic selection of recombinant yeast clones. For the
construction of pBS24.1GapSmSrpQ2 (Figure 3. 1b), the codon for SmSrpQ was
resynthesized to favor the yeast codon usage; a 5’Sacll restriction site and 6X-His tag,
and a 3’ Sall were also added to the resynthesized gene: SmSrpQ2 (Figure 3. 2).
Resynthesis was carried out by GenScript (USA). The protein sequence of SmSrpQ
remained unchanged. SmSrpQ2 was amplified (F: 5°’- CCG CGG TGG TGG TCA TCA
TCA TCA TCA TCA T-3’ and R: 5°-GTC GAC TCA TCA GTA TTG GTC TAT TGG
GTT-3’), cloned into pCR2.1 and digested with Sacll and Sa/l. The insert was ligated to
yeast vector pBM100 (courtesy of Phillip Barr) creating a fusion gene containing the
human ubiquitin protein under the control of the glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) promoter. BamHI and Sall restriction sites were used to clone
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the fusion gene into pBS24.1 and thus creating pBS24.1GapSmSrpQ2 (Figure 3. 1b).
pBS24.1GapAAT (Figure 3. 1¢) contained the resynthesized human a.1-antitrypsin-

ubiquitin fusion protein. It was used as a positive control.

Yeast transformations. S. cerevisiae strain BJ2168(circle-) was used for all yeast
expression (courtesy of Phillip Barr). Yeast cells were grown at 30°C. Yeast were
transformed in lithium acetate (LiAc) as previously described [93]. Briefly, overnight
cultures of BJ2168 were diluted to ODgpp=0.02 and then grown until ODgy was between
1.5 and 2.0 in 50 mls of YPD media. They were then collected and washed twice with
water. Cells were resuspended in one ml of water and 100 ul of cell suspension was used
for each transformation. Cells were pelleted and resuspended in 100mM LiAc, 35%
PEG, 100 ug of denature salmon sperm DNA, and concentrated plasmid samples. This
transformation mix was incubated for 40-50 minutes in a 42°C water bath. Cells were
then washed and resuspended in water. Transformants were plated in fresh SC-Ura.
Colonies were streaked in SC-Ura media and single colonies were selected for

expression. Transformations were verified by PCR.

Expression of SmSrpQ. Induction of yeast strains containing pBS24.1SmSrpQ were
carried out by growing transformants for 72 hours in SC-Ura with 8% glucose followed
by 48 hours of growth in YPD. Cells were then washed to remove excess glucose and
resuspended in SC-Ura with 8% succinate. After 48 hours, yeast cells were pelleted and
lysed using a microfluidizer. Cleared lysate was used for purification. Yeast

transformants containing pBS24.1GapSmSrpQ2 were grown in SC-Ura with 8% glucose
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for 72 hours and then in YPD for 48 hours. Cells were collected, lysed in nickel binding
buffer (100mM Tris, pH 8.0, 750 mM NaCl) and cleared lysates were used for protein
purification. Alternatively, when the first step of purification was ion exchange, lysis
buffer consisted of 20 mM Tris (pH 8.0) and 25 mM NaCl. All lysates contained 200 ul
of yeast protease inhibitor cocktail (Sigma). Whole lysates were analyzed using SDS-

PAGE for initial screenings.

Purification of SmSrpQ. One tablet of EDTA-free protease inhibitor cocktail (Roche)
was added to each lysate. When ion exchange was the initial purification step, lysates
were passed though 5ml Q-Sepharose HP column (HP-Q, General Electric) using the
Acta FPLC (Pharmacia). Protein was eluted using 20 mM Tris (pH 8.0) and 1M NaCl.
Pooled eluted HP-Q samples or the initial lysates were incubated with nickel agarose
beads for 2 hours. Beads were then washed overnight at 4.0°C followed by two more
washes with nickel wash buffer (100mM Tris, pH 8.0, 750 mM NacCl, 25 mM imidazole).
Recombinant protein was eluted in 100mM Tris (pH 8.0), 750 mM NacCl, 500 mM

imidazole. Protein samples were analyzed by SDS-PAGE and western blots.

Cloning and expression of SmSerp C. SmSerp C was amplified from late sporocyst
cDNA using forward primer: 5’- GAG CTC ATG GGT TTC ACA ACT AAT G-3’ and
reverse primer: 5’-GTC GAC TCA TTT ATT GTT CGT TAA AG-3’. Sacl and Sall
restriction site were incorporated to the 5’ and 3’ end, respectively. PCR product was gel
purified and cloned into TOPO-TA plasmid pCR4.0 (Invitrogen). The clones were

digested with Sacl and Sal/l and ligated to pET28a+ (Novagen) (Figure 3. 1d). E. coli
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strain BL21(DE3) chemically competent cells (Stratagene) were transformed with
pET28aSerp C plasmids according to the manufacture’s instructions. Colony PCRs
were used to verify the presence of SmSerp C in bacterial transformants. Inductions
were carried out by diluting overnight cultures 1/100 in luria broth (with kanamycin).
Cells were grown for 3 hours and they were then split. Half of the cells were induced
with 0.5mM IPTG (Roche) and the other half was left without IPTG. Cell were then

grown for 3 hours and then pelleted and washed.

Ion exchange and nickel purification of SmSerp C. Initial colony screening was
conducted by collecting cells and resuspending them in water and SDS-loading buffer
(Invitrogen) with DTT. Samples were boiled for 10 minutes and 10 ul were loaded on 4-
12% Bis-Tris SDS gels (Invitrogen). Crude nickel purifications for screening purposes
were conducted by denaturing whole cells in 6M Guanidine-HCI. The mixture was spun
at 13000g for 15 minutes. His-tagged SmSerp C was purified using Qiagen nickel spin
columns and purification was done per manufacturer’s recommendation under denaturing
conditions. Large scale purification of soluble E. coli lysate was carried out by
resuspending cell pellets in 50 mM sodium phosphate buffer (pH 7.0) and one tablet of
protease inhibitor cocktail (Roche). A microfluidizer was used to lyse the bacterial cells.
Cell lysate was spun for 40 minutes at 25000g. The supernatant (soluble fraction, SF) was
loaded onto a SP-sepharose FF (General Electric) column and purification of positively
charged proteins was conducted using an Acta Purifier FPLC (Pharmacia). Eluted
proteins were incubated with nickel agarose beads (Qiagen) for 2 hours. Beads were then

washed overnight at 4.0°C followed by two more washes with nickel wash buffer (100ml
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Tris, pH 8.0, 750 mM NaCl, 25 mM imidazole). Recombinant protein was eluted in
100mM Tris (pH 8.0), 750 mM NacCl, 500 mM imidazole. Protein samples were
analyzed on SDS-PAGE gels. Mass spectrometry analysis was conducted by the UCSF

Mass Spectrometry Facility (San Francisco, California)

In vitro translation of *°S- SmSerp _C and complex formation assays. Reactions were
carried out using the TNT Quick Coupled Transcription/ Translation System (Promega,
WI) according to the manufacturers instruction. This system required the use of an
expression plasmid under the T7 promoter. Briefly, the pET28aSmSerp C plasmid was
linearized downstream of the SmSerp C ORF using X#ol and the transcription/
translation reaction was incubated at 30°C for 90 minutes. Complex formation assays
with SmSerp C and trypsin (Sigma), plasma kallikrein, cercarial lysates, and snail lysates
were carried out at 30°C for 8-10 mins in 20mM Tris (pH 8.0) and 25 mM NacCl.
Thrombin (Sigma) assays were for 10 mins at 30°C in 100 mM NaCl, 25 mM CacCl,, 0.1
units of heparin. Coagulation Factor Xa was incubated with SmSerp C in 20 mM Tris
(pH 7.4), 700 mM NaCl, and 25 mM CacCl, for 10 min at 30°C. Assays were analyzed
with SDS-PAGE. Gels were dried and visualized with phosphoimage screens (General

Electric) and the Typhoon Trio (GE Lifesciences).

Results

Expression and purification of rSmSrpQ. Expression of SmSrpQ using the
pBS24.1SmSrpQ construct was under the ADH2 promoter region (Figure 3. 1a).

Because this promoter is repressed 100 fold by the presence of glucose [94], induction
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was conducted with an alternate non-fermentable carbon source. Out of the alternative
carbon sources tested (Figure 3. 10), 8% succinate (lane 10), 8% galactose (lane 5), and
8% mannitol (lane 8) induced the highest amount of rSmSrpQ (Figure 3. 10b, arrow).
For large-scale expression 8% succinate was used. After ion exchange and batch nickel
purification very little rSmSrpQ was isolated (Figure 3. 4a). The presence of rSmSrpQ
was only visible in western blots (Figure 3. 4b) and not seen with Coomassie blue
staining. Western blots showed a clean doublet band in the nickel elutions (Figure 3. 4,

lane 5-8). Some rSmSrpQ was in the nickel bead flowthough.

To increase the expression levels, SmSrpQ was fused to ubiquitin. The conserved
ubiquitin cleavage site of Arg-Gly-Gly was placed before the 6X-His tag on rSmSrpQ.
The fusion protein was placed under the constitutive GAPDH promoter. Expression
under the GAPDHp, when compared to the previous expression attempts (Figure 3. 4b),
nearly doubled in some clones (Figure 3. 5b, lanes 3, 4, 8). Yet, the expression levels
obtained with the positive control, a1-antitrypsin (Figure 3. 5a, lane 10 and 11), were
high enough to detect the al-antitrypsin protein in crude lysate (Figure 3. 5a, red arrow)
and the cleaved ubiquitin protein (black arrow). The codon usage for al-antitrypsin was
reengineered to favor the yeast codon usage. No ubiquitin protein was detected in the
rSmSrpQ clones (Figure 3. 5a, lanes 1-8). Once SmSrpQ was resynthesized (Figure 3. 2)
the ubiquitin protein was detectible in the crude lysates (Figure 3. 5c, black arrow) and
the band at the corresponding rSmSrpQ2 molecular weight was thicker (Figure 3. 5c, red

arrow) compared to the negative control (Figure 3.5¢, lane 4). Nickel purification of
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SmSrpQ2 showed Coomassie levels of protein of the expected molecular weight of

rSmSrpQ2 (Figure 3. 6, lanes 4-6, black arrow).

Expression and purification of rSmSerp_C. E. coli BL21(DE3) was used for the
expression of rSmSerp C using the pET28a+ plasmid. Although the initial screening for
expression on whole lysate bacterial lysate showed no difference between induced
(Figure 3. 7a, lanes 2-6) and uninduced (lane 7), nickel purification of denatured lysates
showed a band in the eluant of the expected molecular weight (Figure 3. 7b, lanes 3, 6,
8). This band was not seen in the purified uninduced control (Figure 3. 7b, lane 2). The
clone in lane 7/8 was used for large-scale induction and purification. Cation exchange
chromatography followed by nickel batch purification of the pooled eluant yielded high
levels of SmSerp C (Figure 3. 8a, lanes 5-8 and lanes 11-13). Mass spectrometric
analysis of the protein corresponding the molecular weight of SmSerp C showed 85%
peptide coverage of Smp 003300 (the Sm genome database designated name of

SmSerp C) (Figure 3. 8b).

SmSerp _C complex formation assays. In vitro translation of SmSerp C using the
pET28a+ vector yielded doublet bands of the expected molecular weight of
approximately 49 kDa of uncleaved **S-SmSerp_C and the cleaved form (Figure 3. 9a).
After an 8-minute incubation with trypsin, a higher molecular weight band is detected
(Figure 3. 9b, red arrow) as well as a lower molecular weight band (arrow head). A
higher molecular weight band(s) was also detected when *>S-SmSerp C was incubated

with uninfected snail lysate (Figure 3. 9e, lane 1) and human plasma kallikrein (lanes 5-
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8). No higher molecular weight band was detected following incubation with thrombin

(Figure 3. 9¢), Factor Xa (Figure 3. 9d), and cercarial lysate (Figure 3. 9e, lane 3).

Discussion

SmSerp C and SmSrpQ are serpins released by the S. mansoni cercaria/ schistosomulum
upon invasion of the host skin. These two serpins are of the same length (388 amino
acids) and molecular weight but vary greatly in their protease specificity (Figure 3. 3).
The Leu-P1 of SmSrpQ is a preferred residue of the S1 pocket of chymotrypsin like
serine proteases while the Arg-P1 of SmSerp C is favored by trypsin like proteases.
Heterologous expression of these two serpins provide an important tool for verification of
their inhibitory properties. E. coli proved not to be an ideal expression system for the
production of rSmSrpQ but S. cerevisiae was a more successful source of rSmSrpQ.
Bacterial BL21(DE3) cells, however, were able to produce large quantities of uncleaved

soluble rSmSerp C.

Initial yeast production of rSmSrpQ resulted in small quantities of rfSmSrpQ (Figure 3. 5)
even though the expression vector used, pBS24.1, had been successfully in producing
recombinant protein from Chagas’ disease insect vector Triatoma protracta [95]. To
improve the level of expression, the ADH2 promoter was replaced with the non-glucose
repressible GAPDH promoter. This construct was then ligated to the human ubiquitin
gene that was shown to increase the production of foreign genes in yeast by more than a
hundred fold [96]. Both of these alterations nearly double the amount of rSmSrpQ found

in the soluble yeast lysates (Figure 3. 6b, lanes 1-8) as compared to the un-ubiquitinated
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rSmSrpQ expression (Figure 3. 5b, lane 1). Yet, expression in the al-antitrypsin control
was significantly higher. Expression was high enough to detect, in the crude lysates, the
cleaved ubiquitin protein (Figure 3. 6a, black arrow) and ra1-antitrypsin (red arrow). A
key difference between the ral-antitrypsin and rSmSrpQ was the re-engineering of the
coding region of al-antitrypin to favor the S. cerevisiae codon usage. Once SmSrpQ was
resynthesized (Figure 3. 2), expression levels matched the positive control (Figure 3. 6¢).
Ni""-agarose batch purification of rSmSrpQ yielded several milligrams of protein per liter

of cells. The activity of the recombinant product remains to be tested.

Evidence of the activity of inhibitory activity of SmSrpQ against SmCE has been
presented in the previous chapter, there is, however, no information on the activity of
SmSerp C. To verify the predicted inhibitory nature of SmSerp C in that it was capable
of forming a complex with trypsin-like proteases, a radiolabeled recombinant protein
under the T7 promoter was produced (Figure 3. 10a). *>S-SmSerp C was able to form a
complex with trypsin, plasma kallikrein, and a component of the snail lysate (Figure 3.
10, red arrows) but not with thrombin or Factor Xa. In multiple cases a lower molecular
weight band was detected (Figure 3. 10, black arrow head). The pET28aSmSerp C
construct contains a thrombin cleavage site that would remove the N-terminal His-tag
from the recombinant protein. Cleavage at this N-terminal site and at the RCL by a

tryptic protease would account for the observed drop in molecular weight.

Parasitic inhibition of plasma kallikrein and a trypsin-like protease in snail lysate

suggests several important biological functions of SmSerp C. Human plasma kallikrein,
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is a trypsin-like serine protease involved in the cleavage of high molecular weight
kininogen into bradykinin which controls vascular permeability [97] and plasma
kallikrein is involved in the coagulation contact activation pathway [98]. Incubating
plasma kallikrein with *>S-SmSerp_C resulted in multiple bands (3. 10e, lanes 5-8),
which correspond, to several glycosylated species of kallikrein [99] previously seen in
human plasma purified kallikrein [100]. The early release of SmSerp C from the larva
[37] and expression profile (Figure 1. 2) suggests the serpin could function earlier during
infection, before the parasite reaches the blood vessel. Tryptic kallikrein-like protease 5,
7, and 14 have been isolated in various levels of the epidermis [101], their function in the
skin is largely unknown. Studying the biological role of SmSerp C in the skin could also
elucidate the functions of kallikrein and tryptic kallikrein-like proteases in the skin if,

indeed, these are the targeted proteases.

»S-SmSerp_C also formed an SDS-stable complex with a tryptic serine protease in the
snail lysate (Figure 3. 10e, lane 1-2, red arrow). A previous study isolated two tryptases
from the snail host of schistosomes: BgSP-a and BgSP-f [38]. The infected snail
produced a less intense higher molecular weight band perhaps do to competition with the
endogenous SmSerp C or because parasitic infection causes a reduction in the levels of
snail tryptases. This complex was not detected in snail-tissue free larval lysate (Figure 3.

10e, lane 3).

As a proof of principle, the pET28aSmSerp C was used for recombinant expression in E.

coli. Although bacterial expression of rSmSrpQ yielded either cleaved or insoluble
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protein, expression of rtSmSerp_C resulted in high levels of soluble protein (Figure 3. 9a).
Mass spectrometry showed an intact recombinant protein, complete with its RCL (Figure
3. 9b, black line). Removal of the thrombin cleavage site would be ideal for kinetic
analysis but the recombinant protein can still be used to verify complex formation with

tryptic proteases.

The purification of recombinant SmSrpQ and SmSerp C is a step forward in uncovering
the biochemical properties that govern the inhibitory activity of these serpins. The
conformational state of the recombinant proteins remains to be verified. *>S-SmSerp C
appears to have inhibitory activity against trypsin, snail tryptases, and human plasma
kallikrein while SmSrpQ behaves as an autoregulator of SmCE. The recombinant
proteins would allow for a more comprehensive understanding of the nature of the

inhibition of these proteases.
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BamH| A
Sacll Sall
(d) pET28SmSerp C
T7p thrombinv cleavage site
r) B | & SmSerp C
A A
Sacl Sall

Figure 3. 1: Expression vector constructs. (a) pBS24.1SmSrpQ S. cerevisiae
expression vector under the ADH2 promoter region. (b) pBS24.1GapSmSrpQ2
yeast expression vector using the constitutive GAPDH promoter. SmSrpQ was

resynthesized to favor the Saccharomyces codon usage and fused with the

ubiquitin protein. The construct also contains a 6X His-tag and the Arg-Gly-Gly
motif needed for endopeptidase cleavage of ubiquitin. (c) Positive expression
control vector pPBS24.1GapAAT features the resynthesized al-antitrypsin gene
fused with ubiquitin.
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(a) kDa

Figure 3. 4: Comparison of non-fermentable carbon sources. Yeast cells
(WT BJ2165 and pBS24.1SmSrpQ transformants) were first grown in SC-Ura
with 8% glucose then the glucose was replaced with non-fermentable carbon
sources. WT cells (lanes 1-3) were grown in lane 1: 8% galactose; lane 2: 8%
mannitol; lane 3: 8% succinate. pBS24.1SmSrpQ transformants were grown in
lane 4: 8% arabinose; lane 5: 8% galactose; lane 6: 1% glucose; lane 7: 8%
glycerol; lane 8: 8% mannitol; lane 9: 8% raffinose; lane 10: 8% succinate.

(a) Coomassie Blue stained SDS-PAGE. (b) immunoblot.
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Figure 3. 5: rSmSrpQ purification. rSmSrpQ was purified from the soluble
fraction of yeast lysate. After passage through a Q-Sepharose FF column,
samples were incubated with Ni++-agarose beads and proteins were eluted
with 500mM imidazole. (1) soluble fraction; (2) Q-sepharose flowthrough;
(3) pooled Q-sepharose eluant; (4) Ni++-agarose flowthrough; (5-8) Ni++-
agarose elutions 1-4. (a) SDS-PAGE; (b) western immunoblot.
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Figure 3. 6: Ubiquitin-SmSrpQ expression using ADH2p and GAPDHp.
(a) Crude lysate SDS-PAGE analysis of: lanes 1-8: SmSrpQ-ubiquitin;
lane 9: WT BJ26128; lane 10 and 11: al-antitrypsin-ubiquitin. Red arrow
in lane 10 points to al-antitrypsin protein band and the black arrow shows
cleaved ubiquitin (Ub) protein in al-antitrypsin samples. (b) Western
immunoblots of (a) samples. (c) Crude lysate SDS-PAGE analysis of

rSmSrpQ2-Ub after SmSrpQ was resynthesized. Lane 1-3: SmSrpQ2-Ub
clones; lane 4: negative control.
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Figure 3. 7: rSmSrpQ2 purification. rSmSrpQ2 was isolated using Ni++-
agarose beads. Lane 1: soluble fraction of al-antitrypsin clones;

lane 2: soluble fraction of rSmSrpQ2 clones; lane 3: Ni++ purification
flowthrough; lane 4-7 rfSmSrpQ2 elutions.
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Figure 3. 8: rSmSerp C colony screening. (a) SDS-PAGE analysis

of E. coli BL21 lysates. Lane 1: empty vector; lane 2-6: induced
SmSerp C clones; lane 7: uninduced rSmSerp_C clone. (b) Gel analysis
of clones after Ni++-agarose spin column purification under denaturing
conditions. Uninduced sample (lane 1: soluble fraction; lane 2: purified
samples); three induced clones (lanes 3, 5, and 7: soluble fractions; lanes
4, 6, and 8: purified samples).

92



kDa 3 4 5 6 7 8 9 10 11 12 13
—
— -
Al Sl
56 - ey 3
36 .
28 I
-

(b)

1 Acc. #: Smp 003300 Species: SCHISTOSOMA MANSONI Name: serine protease inhibitors,
29046.m002665, 29046.t000051

Protein MW: 43776.2 Protein pl: 9.2 Protein Length: 388

1 MEGFTTHEPRY HVFARDLLDI SATGTHDYLS SPISVFLLLT TLLGSGGPEG NTEVQIAEAL ELDDTEEYQK LASRTFALLY
81 HNLTHEKIEG KQVISIGNGM FLONETKIKP HFLTRMENIF HNDVFNVDFT KAEDARKNIN EWVSNETSHL IPTVLEEPLP
161 PTTLLGLINT LYFEGEWEEP FSHHSTTEGE FEPNNQPIIK IPMMHIMDSI E¥YGLFPEYKI HMISKSFMNP RFSFIVILPT
241 EPGELEYADN VLRGEIKLPH LVSKLESKQV ALSLPEFRLD FSIDLIETLE NMYITDLFDS AKADLRGITD SKVHVQVLOH
321 SVALEVNEDG VEAAAATVMG ICLRSARPPP SIRFDVHESF ICYVYDEILKE TSLFAGRIIK PVPLTHNK

Figure 3. 9: rSmSerp_C purification. Bacterial lysates from two clones, clone 1
(lanes 1-8) and clone 2 (lanes 9-13), were purified using SP-Sepharose columns
followed by Ni++-agarose batch purification. Lane 1: soluble fraction; 2: SP-
Sepharose flowthrough; 4 and 9: SP-Sepharose pooled elutions; 5 and 10: Nit++-
agarose flowthrough; 6-8 and 11-13: Ni++-agarose elutions. (b) Mass
spectrometry results of nickel eluted protein. Results indicate 85% peptide
coverage of Smp 003300, the database name of SmSerp C.
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(b)

36

Trypsin

(c) (d)

Thrombin

Figure 3. 10: 3%’-SmSerp_C complex formation assays. (a) In vitro translation
resulted in a product approximately 49 kDa in mass. 35S-SmSerp_ C incubated
with (b) trypsin; (c) decreasing concentrations of thrombin; (d) factor Xa;

(e) uninfected B. glabrata lysate (lane 1), 10 week infected snail (lane 2), S.
mansoni cercarial lysate (lane 3), decreasing concentrations of human plasma
kallikrein (lanes 5-8). Red arrows indicate potential serpin-protease complex
and open arrows denote un-His tagged cleaved protein.
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Chapter 4

Concluding Remarks
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From complement activation, coagulation, and fibrinolysis to vascular permeability,
many mammalian proteolytic cascades are carefully regulated by serpins. Several of
these proteinaceous inhibitors retain the tertiary structure common to the protein family
yet perform non-inhibitory functions. For example, transport of hormones thyroxine and
cortisol is serpin mediated [102]. With all the biological functions mediated by serpins,
little information exists on the regulatory (and non-inhibitory) roles of the numerous
serpins identified in human parasites. In this dissertation, I not only identified the serpins
found in the trematode parasites S. mansoni and S. japonicum but also provided empirical

information on the likely function of two of these serpins.

Many questions remain as to the exact role of all of the 13 schistosome serpins. With the
progress of the S. haematobium genome annotation, more schistosome serpins are likely
to be identified. Because genetic manipulation of the nuclear genome of schistosomes is
not yet possible, RNA interference remains one possible way to assess the biological role
of the schistosome serpins. In adults, RNAi has been used to knock-down proteolytic
activity in the worm gut [103] but not all genes are amendable to transcriptional knock-
down by RNAi [104]. In S. mansoni, only the Smla-c serpins are present in the adult
worms (Figure 1. 2). In contrast, all the serpins are expressed in the daughter and late
sporocysts. RNAI results in sporocysts has been reported [105, 106], but these
experiments were performed on primary (mother) sporocysts transformed in vitro from
miracidia. A recent proof of principle study demonstrated that by adding
polytheleneimine to the dsSRNA soaking mixture, it was possible to successfully deliver

dsRNA or siRNA constructs to the hepatopancreas of uninfected B. glabrata [107]. If
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this delivery method can effectively and reliably knock-down transcripts within the
sporocysts of an infected snail for a prolonged period of time, it would be a step forward

in understanding the function of parasite serpins.

Although RNAI knock-down cannot be reliably achieved in all schistosome
developmental life stages, biochemical and structural characterization of many
schistosome serpins can still be carried out. Two S. mansoni serpins, SmSrpQ and
SmSerp C, were expressed and purified using three different expression systems: rabbit
reticulolysate-T7 cell free system, S. cerevisiae, and E. coli. SmSrpQ and SmSerp C are
phylogenetically (Figure 1. 3) and biochemically (Figure 3. 3) disparate from each other
yet early data suggest that both are involved in how the parasite interacts with its hosts.
The production of properly folded recombinant protein will allow calculation of the
kinetic constants that govern serpin-protease interactions. Furthermore, the effects of
cofactors can be explored. Does the level of degraded ECM play a role in the interaction
of SmSrpQ and SmCE? SmSerp C is able bind to both human plasma kallikrein and
molluscan protease(s). If one or both of these proteases are the true target, what pivotal
role do these proteases play in the host response to the parasite such that the parasite has

developed a method to subvert their activity?

Purification of recombinant protein will also assist in understanding what effects the
amino acid changes in the otherwise identical Smla, Sm1b, and Smlc proteins have on
protease specificity and/ or allosteric control. The amino acid changes found in the

“gate” region of B-sheet C and “breach” region f3-sheet A of the Smla-c could affect the
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conformational state of the serpin and, therefore, how each serpin behaves in vivo.
Recombinant expression and crystallization of schistosome serpins can also clarify the

nature of the 9-16 amino acid extension of helix D.

Schistosome research in the post-genomic era promises a greater understanding of the
dynamic relationship these parasites possess with their hosts. It is hoped that new lines of
inquiry building from the findings of this body of work will lead to the recognition of
new drug targets and vaccine candidates against the schistosome. 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.

98



Abbreviations & References

99



Abbreviations

AAPF-CMK: Z-Ala-Ala-Pro-Phe- chloromethylketone
AAPL-CMK: Z-Ala-Ala-Pro-Leu- chloromethylketone
AAPV-CMK: Z-Ala-Ala-Pro-Val- chloromethylketone
ADH2p: alcohol dehydrogenase 2 promoter

BLAST: Basic local alignment search tool

DALYs: disability adjusted life years

DCs: dendritic cells

DMSO: dimethyl sulfoxide

ECM: extracellular matrix

GAPDHDp: glyceraldehyde-3-phosphate dehydrogenase promoter
ICAM: inter-cellular adhesion molecule

IMAC: immobilized metal affinity chromatography
MNEI: monocyte/ neutrophil elastase inhibitor

PAI-1: plasminogen activator inhibitor 1

PAMPs: pathogen-associated-molecular patterns

PAR: protease activated receptor

PBS: phosphate buffered saline

PGE: prostaglandin E

PMSF: phenylmethylsulphonyl fluoride

RCL: reactive center loop

RT: room temperature

SCM: Schistosoma culture media

Serpin: serine/ cysteine protease inhibitor

SmCE: S. mansoni cercarial elastase

SmSerp C: S. mansoni serpin C

SmSrpQ: S. mansoni serpin Q

TLR: Toll-like receptor

TNF-a:: tumor necrosis factor a

VCAM: vascular cell adhesion molecule
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