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PREFACE

Cysteine proteases expressed by pathogenic organisms play key roles in virulence
including host entry, feeding and suppression of host immune responses. This volume
gives comprehensive coverage to all aspects of pathogen cysteine proteases and brings
together numerous scientific advances which have been made over many years. Thus, the
biochemistry, molecular biology and structure-function relationships of these important
pathogen enzymes are covered in detail.

Chapters 1 and 2 review recent developments in bacterial cysteine proteases. Chapter
1 highlights the role of staphopains as virulence factors from Staphylococcus aureus
which is timely given the increasing prevalence of antibiotic-resistant isolates of this
pathogen. Chapter 2 covers the central role of Porphyromonas gingivalis gingipains in the
development of periodontal disease. With emphasis on structure-function relationships,
this chapter probes the potential for bacterial cysteine proteases as novel targets for
anti-infective therapy.

Chapters 3 to 7 focus on protozoan parasites of medical importance. In Chapter 3, the
cysteine proteases, falcipains, expressed by malaria (Plasmodium spp.) are described with
emphasis on their involvement in the digestion of haemoglobin by the intra-erythrcocytic
stages of this parasite. Falcipains are promising drug targets and efforts to optimize
falcipain inhibitors as antimalarials are discussed. Chapter 4 describes how cysteine
proteases are employed by the apicomplexan parasite 7. gondii for host cell invasion,
replication, and nutrient acquisition. Chapter 5 provides an overview of how cysteine
proteases from the intestinal parasite Entamoeba histolytica manipulate and destroy host
defences to facilitate nutrient acquisition and colonisation of new hosts. Chapter 6 details
advances in our understanding of the cysteine proteases of the kinetoplastid parasites
Leishmania and Trypanosoma. The crucial role of cysteine proteases in kinetoplastid
metabolism and virulence has made these enzymes leading targets for antiparasite therapy.
This topic is covered in detail in Chapter 7 which chronicles the development of new
drugs that target Trypanosome cysteine proteases.

Chapters 8 to 10 cover cysteine proteases from helminths of medical and veterinary
importance. With emphasis on the cathepsin L family, Chapter 8 highlights how recent
advances in proteomics, gene silencing and crystallography are allowing researchers to
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probe the molecular functions of these important enzymes from trematodes of the genus
Fasciola and Schistosoma and others. Building on this, Chapter 9 details how cysteine
proteases play a central role in the disease caused by Trichobilharzia, a helminth parasite
of birds that is emerging as a significant human infection. Chapter 10 covers how cysteine
proteases play a crucial role in the acquisition of nutrients in blood-feeding nematodes
and reviews the latest developments in their potential use as antinematode vaccines.

Chapter 11 highlights how cysteine proteases facilitate digestion and embryogenesis
in several important parasitic arthropods. Chapter 12 covers the various mechanisms by
which pathogen-derived cysteine proteases modulate host immune responses to promote
their survival. Chapter 13 concludes the book with a review of pathogen cysteine protease
inhibitors (cystatins) thus providing a comprehensive view of cysteine proteases from
both proteolytic and inhibitory standpoints. Written by leading researchers from Europe,
Australia and North America, Cysteine Proteases of Pathogenic Organisms is essential
reading for students and professionals interested in human medicine and infectious
disease research.

Mark W. Robinson, PhD
Infection, Immunity and Innovation (i3) Institute
University of Technology Sydney, Ultimo, Sydney, Australia
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CHAPTER 1

PAPAIN-LIKE PROTEASES
OF STAPHYLOCOCCUS AUREUS

Tomasz Kantyka,' Lindsey N. Shaw? and Jan Potempa*:!-

!Department of Microbiology, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University,
Poland; *Department of Cell Biology, Microbiology and Molecular Biology, University of South Florida, Tampa,
Florida, USA, *Oral Health and Systemic Disease Research Facility, University of Louisville School of Dentistry,
Louisville, Kentucky, USA

*Corresponding Author: Jan Potempa—Email: jspote01@louisville.edu

Abstract:

Staphylococcus aureus remains one of the major human pathogens, causing a number
of diverse infections. The growing antibiotic resistance, including vancomycin and
methicilin-resistant strains raises the special interest in virulence mechanism of this
pathogen. Among a number of extracellular virulence factors, S. aureus secretes
several proteases of three catalytic classes—metallo, serine and papain-like cysteine
proteases. The expression of proteolytic enzymes is strictly controlled by global
regulators of virulence factors expression agr and sar and proteases take a role ina
phenotype change in postlogarithmic phase of growth. The staphylococcal proteases
are secreted as proenzymes and undergo activation in a cascade manner.

Staphopains, two cysteine, papain-like proteases of S. aureus are both ~20 kDa
proteins that have almost identical three-dimensional structures, despite sharing
limited primary sequence identity. Although staphopain A displays activity similar
to cathepsins, recognising hydrophobic residues at P2 position and large charged
residues at P1, staphopain B differs significantly, showing significant preference
towards p-branched residues at P2 and accepting only small, neutral residues
at the P1 position. There is limited data available on the virulence potential of
staphopains in in vivo models. However, in vitro experiments have demonstrated
a very broad activity of these enzymes, including destruction of connective tissue,
disturbance of clotting and kinin systems and direct interaction with host immune
cells. Staphopain genes in various staphylococci species are regularly followed by
a gene encoding an extremely specific inhibitor of the respective staphopain. This
pattern is conserved across species and it is believed that inhibitors (staphostatins)
protect the cytoplasm of the cell from premature activation of staphopains during
protein folding. Notably, production and activity of staphopains is controlled on each
level, from gene expression, through presence of specific inhibitors in cytoplasm,

Cysteine Proteases of Pathogenic Organisms, edited by Mark W. Robinson and John P. Dalton.
©2011 Landes Bioscience and Springer Science+Business Media.



2 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

to the cascade-like activation in extracellular environment. Since these systems are
highly conserved, this points to the importance of these proteases in the survival
and/or pathogenicity of S. aureus.

INTRODUCTION

All cysteine peptidases belonging to clan CA have a common fold motif, consisting
of an aminoterminal domain that is mostly a-helical and a carboxy-terminal domain
featuring an antiparallel B-sheet, with the Cys and His catalytic residues forming a
thiolate-imidazolium dyad. The clanis divided into 24 families, out of which papain-like
proteases constitute the major, most populous family (C1) exemplified by papain and
mammalian cysteine cathepsins. It is an evolutionary paradox that this major family of
cysteine peptidases encompassing more than 3,300 sequences listed in the MEROPS
Data Base (http://merops.sanger.ac.uk) have relatively few representatives in bacteria.
All together, circa 300 homologues of papain have been identified in prokaryotes
and a gene encoding papain-like protein were found in 121 out of 764 bacteria
with completely sequenced genomes. In this context, it is interesting to note that all
Lactococci spp. and Streptococci spp. with sequenced genomes contain at least one
C1 family representative, aminopeptidase C. Up to date there are no reports that this
peptidase or its homologues are involved in any aspect of bacterial pathogenicity. In
stark contrast, cysteine proteases grouped in four different families, including family
C10, C47, C58, and C66 and exemplified by streptopain (SpeB) of Streptococcus
pyogenes, staphopains of Staphylococcus aureus, YopT peptidase of Yersinia pestis,
and IdeS peptidase S. pyogenes all contribute to the bacterial pathogenicity. Apparently,
despite preserving the typical fold of papain-like proteases these enzymes evolved
to function as virulence factors and this is discussed in the following sections of this
chapter taking as the example staphopains.

THE PATHOGENIC POTENTIAL OF S. AUREUS

Despite the progress in the disciplines of infectious medicine and pharmacology,
S. aureus continues to be amajor human pathogen. Infections caused by this micro-organism
range from superficial lesions, such as wound infections and abscesses, to life-threatening
syndromes, including bacteremia, endocarditis, meningitis and osteomyelitis. The
increasing prevalence of antibiotic-resistant strains, especially methicillin resistant
S. aureus (MRSA) and the emergence of vancomycin resistant S. aureus (VRSA), has
rendered staphylococcal infections a serious public health concern.

S. aureus expresses more than 50 extracellular virulence factors, ranging from toxins
(hemolysin, enterotoxins, toxic shock syndrome toxin), through to surface proteins
(Protein A, FnBP and other MSCRAMM’s), to secreted enzymes, such as proteases,
nucleases and lipase.'? As these factors are employed at different stages of infection, they
are strictly and co-ordinately regulated. The major control of expression and activity of
these factors, is exerted by a quorum sensing system, referred to as the accessory gene
regulator (Agr, see Fig. 1).3 This complex regulatory mechanism ultimately functions
via the RNAIII product, generated from one of the two divergent promoters of the agr
operon, P3. The other promoter, P2, encodes the agr structural genes, agrBCDA. AgrB
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Figure 1. A schematic representation of the Staphylococcus aureus quorum sensing system.

is a transmembrane transport protein with endopeptidase activity and facilitates AgrD
cleavage, followed by secretion of the resulting octapeptide,® subsequently termed the
auto-inducing peptide (AIP). AgrC forms a membrane-bound histidine kinase, which
senses external levels of AIP. This binding event results in auto-phosphorylation of
AgrC, followed by transfer of this phosphate to the intracellular AgrA protein. AgrA
is a DNA-binding protein which leads to activation of the P2 and P3 promoters, as
well as direct activation of specific toxin genes’® (Fig. 1). This process is required
to diversify the composition of cell surface proteins and to transform the bacterial
phenotype from one of adhesion, expressing a variety of surface proteins responsible
for binding to host tissues, into one of invasion, producing factors which degrade tissues
and allow for the spread of infection from initial colonisation foci.”!" An additional
regulatory system, mediated by the DNA-binding protein SarA (staphylococcal
accessory regulator) acts in a somewhat opposing manner.'>'* While the agr system
promotes transformation of S. aureus cells into a migratory phenotype, SarA promotes
the adhesive properties of the bacterial cell. Additionally, sard regulates virulence
factor synthesis, both directly or indirectly, by modulating the transcription of other
virulence determinant regulators.!® Furthermore, analysis of the phenotype of sard
mutants reveals intensive overexpression of extracellular proteases,'® demonstrating
the restricting effect of SarA on protease production. Along with these intracellular
regulating factors, this pathway of phenotypic switching, which is a hallmark of S.
aureus infection, requires proteolytic enzymes to cleave the surface proteins, which
decorate the exterior of the cell.

Ithas been proposed that a core assembly of secreted proteins, commonly identified
among clinical isolates of S. aureus, constitute its basic virulence unit; a minimal
adaptation required to cause the majority of infections.!” However, as significant diversity
of secreted proteins between strains has been described,'® the importance of particular
proteins and expression patterns for successful pathogenesis and/or commensalism
remains poorly understood."’
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Figure 2. Protease operons under control of the agr and sar global regulatory systems of virulence
factor synthesis. (arrows—stimulation, bars—repression)

THE PROTEOLYTIC ENZYMES OF S. AUREUS

Amongst the proteins secreted by S. aureus are proteolytic enzymes belonging to three
distinct catalytic classes, namely metallo- (aureolysin), serine (V8, Spl proteases, epidermiolytic
toxins) and cysteine (staphopain A, StpA and staphopain B, StpB) proteases.?>* Based on in
vitro studies, staphylococcal proteases are considered potentially important virulence factors.
They possess the ability to degrade critical components of the host defence system, such
as elements of the complement system, cytokines and receptors on host immune cells;*%
thus providing defence against the host immune response.!’*° They can also contribute to
virulence directly, or indirectly, by interception of host enzymes and degrading endogenous
proteinase inhibitors, resulting in tissue damage.?>*! Besides host-derived proteins, S. aureus
proteases cleave a score of self-derived surface proteins, affecting its adhesive phenotype,
thus contributing to bacterial detachment.”!! Taken together, this implies the need for strict
control of their expression and regulation of their activity. Therefore, it is not surprising
that the transcription of each protease encoding operon is tightly controlled in a growth
phase-dependent manner. Specifically, their transcription is positively regulated by the agr
quorum-sensing system and repressed by the pleiotropic virulence determinant regulator,
SarA (Fig.2).'%3>% The interplay between these two major global regulators, alongside several
other modulators of gene expression, results in enhanced synthesis of these extracellular
proteases in the postlogarithmic phase of growth, similarly to the majority of secreted
virulence factors in S. aureus.'>1632333

GENETIC ORGANISATION OF THE STAPHYLOCOCCAL PROTEOLYTIC
ENZYMES

The genes encoding extracellular proteolytic enzymes in S. aureus are clustered
into four distinct loci on the chromosome (Fig. 3). The staphylococcal serine
protease (ssp) operon consists of three genes: sspA encoding the serine V8 protease
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Figure 3. The organisation of protease genes within the S. aureus genome. Positions of protease operons
in the S. aureus JH9 genome™ are marked with respective distances. The schematics of protease operons
are not drawn according to scale.

(glutamylendopeptidase I), sspB, encoding the cysteine protease staphopain B (StpB) and
sspCencoding staphostatin B (StpinB), which is a specific inhibitor of StpB activity.!*+36-38
The serine protease-like operon (sp/) is located 0.8 Mb downstream of the ssp operon,
grouping together up to six genes that are homologous to sspA4. This operon is closely
followed by the staphylococcal cysteine protease operon (scp), consisting of two genes:
scpA encoding staphopain A (StpA) and scpB encoding staphostatin A (StpinA), a specific,
intracellular inhibitor of StpA, homologous to StpinB.*****! Further downstream of these
loci, a single gene, aur, encodes the metalloprotease aureolysin.

EXPRESSION AND ACTIVATION OF S. AUREUS EXTRACELLULAR
PROTEASES

Staphylococcal proteolytic enzymes are expressed as preproproteins, with a large
propeptide domain. Firstly, signal sequences target the polypeptide chains for translocation
across the cell membrane. Subsequently, in the extracellular environment, the proproteins
are folded into enzymatically inert zymogens, most likely in the vicinity of the bacterial
cell surface.
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Figure 4. Diagrammatic representation of the posttranslational steps of activation of extracellular
proteases of S. aureus. Broken lines represent putative proteolytic steps in the cascade, arrows with
lines represent activation events and bars represent inhibition.

The zymogens are activated in an interdependent, cascade-like manner. The
staphylococcal metalloprotease, aureolysin, activates SspA (V8 protease) by limited
proteolysis, which in turns activates proStpB, releasing the mature active form of the
enzyme.?*323436 Aureolysin appears to be activated via autocatalysis;** which is in
agreement with the self-processing of other thermolysin-like enzymes.* Interestingly,
prostaphopain A (pro-StpA) seems to be located outside this activation cascade,
although it has been suggested that the zymogen is proteolytically activated by an as
yet unknown enzyme (Fig. 4). In an attempt to explain prostaphopain A activation,
it has recently been suggested that its maturation involves autocatalytic processing,
as some structural adaptations for autocatalytic processing have been identified in
the proenzyme.!”!84445 However, these conclusions were drawn based on in silico
modelling of the pro-StpA structure and thus require experimental verification.*
Nevertheless, if confirmed, the suggested mechanism may provide a back-up system
to the proteolytic cascade, as activation of proSspA and proStpB has been observed
in gur-negative mutant strains.**

The mature forms of both the staphopain enzymes are ~20 kDa proteins. Despite
negligible similarity at the level of amino acid sequence to papain, or cathepsins, the
staphopains are folded in a papain-like manner.’”* Interestingly, although StpA and
StpB share almost identical 3-dimensional structures (Fig. 5), they differ significantly
in their specificity. While both enzymes prefer hydrophobic amino acid residues at the
S2 specificity subsite, StpB strongly favours p-branched side chains, such as found
with isoleucine. Even more significantly, the staphopains differ with respect to S1
subsite specificity. In stark contrast to the StpA S1 subsite, which accepts large, charged
residues, StpB prefers small, neutral ones, such as glycine and alanine. This makes
StpB a unique papain-like protease with regards to its specificity. Interestingly, the
observed differences in specificity cannot be explained by a comparison of StpA and
StpB structures.’” Apparently, the minor difference in topology of substrate-binding
clefts dictates this remarkable disparity in staphopain specificity.
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Figure 5. Comparison of the 3-dimensional structure of the staphopains. The superimposed structures
indicate high similarity of the staphopain molecules and their fold. StpA (red) (accession code
1CV8,*) and StpB (green) (accession code 1Y4H,*”) differ mainly in the exposed loop region (panel
A). The structure of the staphopain active sites (panel B) reveals that the topology of their catalytic
residues (displayed as sticks) is basically identical. A color version of this image is available at www.
landesbioscience.com/curie.

STAPHOPAIN ACTIVITY AND ITS RELEVANCE TO VIRULENCE

The elaborate and unusual mechanism of controlling proteolytic activity in S. aureus
strongly suggests that extracellular proteases and staphopains in particular, are very
important factors for growth and survival. Each step in releasing staphopain activity is
strictly regulated, starting at the level of gene transcription, through to preproprotein
secretion and folding and finally zymogen activation and control of mature enzyme
activity by specific inhibitors. Such complicated mechanisms have to be energetically
expensive, yet their conservation among S. aureus strains emphasizes the importance
of these enzymes for the pathophysiology of S. aureus. Results from numerous in vitro
investigations support this conclusion, but there is still a lack of convincing in vivo data
demonstrating that the staphopains are essential virulence factors.

Initial results have shown significant reductions in virulence in murine abscess,
bacteraemia and wound infection models when analyzing polar ssp4 mutants.*® With
that said, other research appears to contradict this, as reviewed elsewhere.*’” To date, only
the importance of StpB in a mouse abscess model of infection has been documented.*
However, it must be kept in mind that mice serum, in stark contrast to human serum,
inhibits StpB activity. In addition, this inhibitory capacity for staphopains is at much
higher levels than seen in humans, due to enzyme inhibition by o,-macrogobulin and
macroglobulin-related proteins described as murinoglobulins (our unpublished results).
Taking this fact into consideration, murine, or more generally rodent models, may not
be entirely suitable for investigating the role of staphylococcal proteases in infection.

In contrast to these inconclusive in vivo studies, the results of in vitro experiments
strongly implicate S. aureus-derived proteases as important pathogenic determinants
(Fig. 6). Specifically, these enzymes are able to inactivate a-1-protease inhibitor and
a-1-antichymotrypsin, two important endogenous protease inhibitors that are essential
for controlling neutrophil serine proteases.”>?¢ In addition, they have been shown to
degrade a variety of pathogenically-relevant substrates, including fibrinogen, fibronectin
and high molecular mass kinininigen.!**#%4° From the perspective of staphylococcal
lung infections it is important to underline that StpA possesses very potent elastinolytic
activity (48). Furthermore, prothrombin activation by aureolysin® and the action of the
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Figure 6. Staphopains as potential virulence factors.

staphopains on kininogen, may contribute to the pathological outcomes of septic S. aureus
infections. To this end, studies using a guinea pig model of infection demonstrated that
synergistic release of bradykinin by the staphopains leads to an increase in capillary
blood vessel leakage into surrounding tissues.?’ Finally, staphopain B has been shown
to interact with cells of the host immune system. By shedding CD31 from the surface of
neutrophils, this protease may affect apoptotic neutrophil clearance in inflamed infection
loci in host organisms.*® These results, alongside the finding that the staphopains are the
most intensively secreted proteolytic enzymes of all staphylococcal proteases,’! and their
conservation among clinical S. aureus isolates, strongly argues for the important role of
these enzymes in staphylococcal infections.

STAPHOSTATINS ARE EFFECTIVE REGULATORS OF STAPHOPAIN
ACTIVITY

As briefly described above, the activity of the staphopains is strictly regulated
posttranslationally. This regulation is partially enforced by their grouping in the same
operon as the gene encoding their specific inhibitors, the staphostatins. The first protein
belongingto this group, staphostatin B (StpinB,,,), encoded by the sspC gene, was described
in 2002," where its role in the maturation of staphopain B (StpB,,) was suggested.
However, the finding that StpinB,,, is located intracellularly and lacks a signal peptide,®
led to the proposition that it actually plays a protective role as a cytoplasmic inhibitor of
prematurely unleashed proteolytic activity of preproStpB. The second inhibitor of the
staphostatin family identified was staphostatin A (StpinA,,,.), encoded by the scpB gene.
This protein is found in the scp4B operon, akin to that of the staphopain B-staphostatin
B arrangement and constitutes a highly efficient inhibitor of StpA,,, activity.*®
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Table 1. Amino acid sequence identity (%) among staphopains (Stps and
staphostatins (Stpins)

Sequence Identity

Inhibitor StpinA,, StpinA,, StpinA., StpinA,,cne StpinA,,,* StpinB,,
StpinA,,. -

StpinA.,,; 54 -

StpinA.,, 21 20 -

StpinA,,,ch.o1 99 53 21 -

StpinA,,,.* 24 26 23 22 -

StpinB,,,, 19 26 26 19 15 -
StpinB,,,, 20 21 24 20 0 56
Protease StpA..- StpA.,; StpA..* StpA .-croo1 StpA,am StpB....
StpA -

StpA.,; 75 -

StpA..* 59 59 -

StpArcror 78 79 61 -

StpA, o 68 68 65 69 -

StpB., 49 48 49 49 47 -
StpB,um 49 49 50 51 49 82

All sequences of the respective genes were obtained from GeneBank. Translated protein sequences were
used for comparison. (*) denote truncated and nonfunctional pseudogenes.

Seemingly, the clustering of staphopain and staphostatin genes into operons is
conserved, although to varying degrees. In addition to the S. aureus examples, staphopain
followed by staphostatin in one transcriptional unit has been found in S. warneri (StpB,,,,
and StpinB,,,), S. carnosus (StpA., and StpinA,,) and S. epidermidis (StpA,, and
StpinA,,,). Interestingly, this arrangementis absentin S. capitis, S. haemolyticus, S. hominis,
S. lugdunensis and S. saphrophyticus. Moreover, in the S. aureus poultry isolate CH-91,
there is a third StpA-like (StpA.,.,cio1) enzyme, in addition to the classical StpA,,,. and
StpB,..; with all three protease genes followed by a specific inhibitor (StpinA,,,, StpinB,,,
and StpinA,,,ch.01, respectively). A comparison of amino acid sequences clearly shows that
conserved StpAs are clustered with conserved StpinAs, while StpBs are found together
with StpinBs (Table 1). Cumulatively, this pattern suggests that the staphopains have
evolved alongside their inhibitors and argues that the staphostatins are indispensable for
regulating and/or folding of their cysteine protease counterparts.

A perhaps more compelling line of evidence indicating the coevolution of staphopains
and staphostatins comes from an analysis of the inhibitory interaction of these proteins
in different staphylococcal species. As summarized in Table 2, StpAs, regardless of the
species of origin, are inhibited by StpinAs, while StpBs interact only with StpinBs, without
any cross-reactivity between the groups. This unique specificity of inhibition is especially
intriguing in light of the high conservation of staphopain A and staphopain B structure.
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Table 2. Inhibition pattern of staphopains (Stps) and staphostatins (Stpins)

Protease
Inhibitor StpA.,.. StpA.,i StpA . cr-o1 StpB..., StpB,arm
StpinA,,, ++ +++ ++ - _a
StpinA,,; - +++ ++ - -
StpinA urcror + +++ +++ - -
StpinB,,, - - - .. -
StpinB,,, - - - +++ (+)P

Inhibition was classified according to the K; order of magnitude. (+++) K; = 3 nM, (++) K; =30 nM,
+ K; > 30 nM. (a)—no inhibition detected, (b)—complex formation detected using gel filtration; no
kinetic data available.”

Taken together, this analysis strongly suggests that groups A and B arose by duplication
of an ancestral operon in a common progenitor of modern staphylococci and have been
subject to independent evolution ever since. In each subgroup, a change in protease
specificity requires parallel adjustments in the specificity of the co-expressed inhibitor.
Such continuous and subtle adjustment in the structure of the two interacting proteins
represents an intriguing example of molecular co-evolution. The lack of cross-group
inhibition indicates that from the time of initial operon duplication, the staphopains in
each subgroup have diverged to fulfill different functions.

Despite the limited degree of identity at the level of amino acid sequence (Table 1),
staphostatin A and staphostatin B have very similar 3D structures, which resemble that
of the lipocalins (Fig. 7).*! Each polypeptide chain is folded into 8-stranded, antiparallel
[-barrels, with a short a-helix extending from one side. The reactive-site, constituted by
the Gly100-Thr101 and Gly98-Thr99 peptide bonds (P1 and P1’ positions), in staphopain
A and staphopain B, respectively, is located on a loop near the C-terminus of the molecule.

Analysis of the structure of the StpB-Stpin inhibitory complex reveals that staphostatin
binds to the protease in a substrate-like manner, without any proteolysis occurring.
Apparently, this is due to the presence of a glycine residue at the P1 position of the
inhibitor. From the analysis of Ramachandran plots it is clear that Gly98 takes up a
sterically unique conformation within the enzymatic pocket of the protease. This makes
the Gly-Thr peptide bond inaccessible for nucleophilic attack by the catalytic machinery
of'the protease, thus rendering the complex incredibly stable (Fig. 8). Indeed, mutagenesis
experiments which change the P1-Gly to any other residue, convert the inhibitor into a
very good substrate for the target enzyme.

It is clear that the staphostatins are powerful intracellular inhibitors of staphopain
proteases and constitute a novel and distinct family of protein inhibitors, bearing a
characteristic fold and unique mechanism of inhibition. They inhibit their respective
staphopain with K; values in the nanomolar range, constituting a shield against accidental
proteolytic activity of prematurely folded and processed staphopains in the cytoplasm.
Although an additional chaperone role for the staphostatins was suggested,* it appears
their primary role is as inhibitors. This is confirmed by the lethal effect of expressing
staphopain A without its respective inhibitor, staphostatin A, in E. co/i.* Significantly
and conversely, active-site mutated enzyme can be expressed in very large amounts
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Figure 7. A comparison of 3-dimensional structures of staphostatin A and B. Shown are ribbon
representations of NMR-derived staphostatin A (red, pdb accession code 10H1%) and the crystal
structure of staphostatin B (green, pdb accession code INYC*) of S. aureus. The P1 Gly and Pl Thr
are displayed as sticks. The overall structure of both proteins is highly similar, nevertheless noticeable
differences in location of helices and differential folds of RLS can be observed. A color version of
this image is available at www.landesbioscience.com/curie.

without any affect on the host, or requirement for inhibitor. The widespread nature of
this regulation system, of cysteine protease followed by inhibitor in the same operon in
many staphylococcal sp., indicates the indispensability of controlling staphopain activity.

Figure 8. The 3-D structure of staphopain-B—staphostatin B complex. A) A general overview of
the inhibitory complex (pdb accession code 1Y4H>*) of StpinB (violet) and StpB (orange). B) A
close-up view of the active site of the enzyme with an inserted inhibitory reactive loop. The catalytic
residues, together with the P1 Gly residue of StpinB, are displayed as sticks and are labeled. Due to
the characteristic fold of the inhibitor reactive site loop, its P1 residue clearly points out of the active
site, rendering hydrolysis impossible.
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CONCLUSION

In many respects, the staphopains are a very interesting family (C47) of clan
CA of cysteine proteases. The tight, multilevel regulation and conservation of
staphopain-staphostatin arrangements, along with the unique specificity of staphopain
B and the spectrum of human proteins degraded by these enzymes, argues that they are
important virulence factors of S. aureus. This aspect of staphopain function deserves
intensive investigation, since if they are proven to be essential factors in human
staphylococcal infections they may prove to be important targets for the development
of therapeutic inhibitors. The clear difference in proteolytic specificity when compared
to the cathepsins, which is apparently related to unique features of the substrate binding
cleft, is attractive for the design of staphopain-specific inhibitors, which would likely
have low or no cross-reactivity with similar human enzymes.
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Abstract: Periodontitis is a disease affecting the supporting structures of the teeth. The most
severe forms of the disease result in tooth loss and have recently been strongly
associated with systemic diseases, including cardiovascular and lung diseases and
cancer. The disease is caused by biofilms of predominantly anaerobic bacteria.
A majorpathogen associated with severe, adult forms of the disease is Porphyromonas
gingivalis. This organism produces potent cysteine proteases known as gingipains,
which have specificity for cleavage after arginine or lysine residues. The lysine-specific
gingipain, Kgp, appears to be the major virulence factor of this organism and here
we describe its structure and function. We also discuss the inhibitors of the enzyme
produced to date and the potential pathways to newer versions of such molecules
that will be required to combat periodontitis.

INTRODUCTION: PERIODONTAL DISEASE—SIGNIFICANCE
AND AETIOLOGY

Periodontal disease is a complex disorder involving Gram-negative anaerobic
bacteria interacting with host cells with the combined effect leading to the destruction
of the supporting structures of teeth. The supporting structures include the gingiva
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(gums), the periodontal ligament between the cementum and the junctional epithelium
and the alveolar bone. Periodontal disease affects approximately 30% of the adult
population and is amongst the most prevalent oral diseases contributing to tooth loss in
adults.!? Furthermore, epidemiological evidence from the past few decades has pointed
to a correlation between periodontal disease and several systemic disorders, including
circulatory diseases, respiratory infections, premature delivery and low birth weight of
infants, neuronal damage, renal malfunction, certain cancers and autoimmune diseases.*!°
Although the mechanismsunderlying this correlation may vary among systemic conditions,
insult by periodontopathic bacteria and their toxic products and/or the hyper-inflammatory
effects of the host immune response are likely to be involved.!!

Periodontal disease is an inflammatory disorder instigated and mediated by multiple
bacterial species, which usually change dynamically during different states of disease and
differ among individuals.'? The disease starts in the marginal gingiva as a reversible
inflammatory state, called gingivitis, resulting from the excessive accumulation of bacterial
dental plaque reaching deep into the gingival sulcus.'*" This generates a local environment
prone to colonization by and the proliferation of anaerobic periodontopathogenic bacteria.
As the infection progresses, some of the harmful bacterial species induce damage to the
sub-gingival tissues such as the periodontal ligament and the junctional epithelium, leading
to loss of attachment and the formation of periodontal pockets. These pathogenic changes
are accompanied by massive destruction of the soft tissues and permanent alveolar bone
resorption.'*!® This more advanced stage is defined as periodontitis,'> which eventually
leads to tooth loss due to the lack of periodontium support.'>!” Periodontal disease is a
multifactorial disease, in which the onset and outcome are affected by a variety of risk
factors involving the host, bacteria and environment.'* Of the 300~400 bacterial species
residing in the periodontal environment, only 10~20 may be periodontopathic,'? including,
but not limited to the cluster of ‘red complex’ bacteria comprising Tannarella forsythia,
Treponema denticola and Porphyromonas gingivalis, often found in large numbers in
the biofilms of adult periodontitis patients.'s!

Porphyromonas gingivalis

Among the putative periodontopathic bacteria, P. gingivalis is believed to be one
of the major pathogens involved in the progression of periodontal disease, based on
the observation that increased P. gingivalis levels were associated with an increased
severity of periodontal disease.? The results of experimental oral infection of primates
with P. gingivalis strongly support this hypothesis, by showing that the sub-gingival
inoculation of the bacteriuminto P. gingivalis-free monkeys resulted in the development of
periodontitis. Significantly, in this model, the levels of the bacterium in the sub-gingival area
closely correlated with the aggravation of periodontitis, marked by an exacerbated loss
of alveolar bone.?!

P. gingivalis is a nonmotile, Gram-negative obligatorily anaerobic coccobacillus,
typically 0.5~3.5 um in diameter®* that is a late colonizer of the dental bacterial plaque. It
utilizes bacteria already resident in the oral cavity for initial settlement.?* The bacterium
has a hemolytic nature and exhibits a characteristic black pigment that contains the
metabolic derivatives of heme, extracted from hemoglobin or other heme-containing
proteins, on the cell surface and in the centre of aged colonies grown on blood agar.?*?
Metabolically, P. gingivalis is an asaccharolytic species which generates energy and
obtains carbon by fermentation of peptides and amino acids.?**® Different P. gingivalis
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strains can be categorised according to their pathogenicity, which is evaluated by the
severity of the inflammatory responses in mice following subcutaneous injection of
bacteria.”” Virulent strains such as W50 can cause severe spreading abscesses and induce
fatal sepsis in murine models after 2~4 days, while less-virulent strains such as W186
may only result in localized pustules.?”’

P. gingivalis exerts its pathogenic effects via the production of a variety of virulence
factors, including the capsule, outer membrane vesicles and abundant adhesive structures,
such as fimbriae, hemagglutinin/adhesins and lipopolysaccharide (LPS).2*?%32 More
importantly, the virulence factors of P. gingivalis also comprise a group of proteolytic
endopeptidases, of which cysteine proteases with trypsin-like activity are closely associated
with tissue damage and host immunity disruption in periodontitis.?***?*> The enzymes,
referred to as gingipains,* are responsible for the vast majority of the extracellular
proteolytic (85%) and trypsin-like amidolytic activities (99%) of P. gingivalis and hence
are believed to be critical for the virulence of this pathogen.?” Indeed, a few spontaneous
mutants of the virulent P. gingivalis strain W50 with lowered trypsin-like amidolytic
activities have been found to be avirulent in murine models.**

GINGIPAINS

Members of gingipains (family C25) strictly cleave peptide bonds with either
Arg-Xaa or Lys-Xaa at the cleavage site and the responsible enzymes are referred to
as Arg-gingipain and Lys-gingipain, respectively.’’*4! Arg-gingipains include two
members, Arg-gingipain A (RgpA) and Arg-gingipain B (RgpB), encoded by two closely
related genes, rgpA and rgpB, respectively. Lys-gingipain (Kgp) is encoded by a single
gene, kgp.*** A number of studies have shown that P. gingivalis mutants with a deficiency
of one or more of the gingipain genes exhibited lower pathogenic potential in mice
than wild type bacteria, hence confirming that the gingipains are the main contributors
to the virulence of P. gingivalis.***" Furthermore, O’Brien-Simpson et al*’ compared
the virulence of P. gingivalis isogenic mutants defective in the individual gingipain
gene in a murine lesion model, to estimate the extent of contribution of each of the three
gingipain proteases to the pathogenic potential of the bacterium. They reported that Kgp
contributed more to pathogenicity than the two Arg-gingipains and thus this gingipain
can be considered to be the major virulence factor of P. gingivalis.*’ This finding has
been further confirmed by Pathirana et al who conducted a similar experiment with a
recently developed murine periodontitis model and found that Kgp contributed more to
pathogenicity than RgpB and much more than RgpA. Therefore, Kgp represents one of
the major determinants of the virulence of P. gingivalis.*®

THE BIOLOGICAL FUNCTIONS OF KGP

Kgp participates in many P. gingivalis-mediated pathogenic processes by binding
various targets and importantly, cleaving multiple proteins (Fig. 1).* Kgp can bind red
blood cells and many heme-containing proteins, including hemoglobin and acts as a
major hemolytic enzyme to produce and store iron/heme, which is a vital growth factor
essential for the survival and function of P. gingivalis.>*>? The importance of Kgp in
providing iron/heme for P. gingivalis has been demonstrated by the observation that
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Figure 1. Diagrammatic overview of the postulated contributions of the gingipain enzymes from
Porphyromonas gingivalis to the progression of periodontitis. A healthy tooth and surrounding oral
tissue, is converted to one exhibiting the symptoms of periodontitis as shown by the summarised clinical
indicators on the right of the diagram. Sites of periodontitis show destruction of supporting tissue,
lowered levels of the alveolar bone socket and enhanced depth of probing (visualized by the metal
probe on the right). The gingipains of P. gingivalis are postulated to contribute to the progression of
the disease by affecting the indicated systems to dysregulate normal responses to the bacterium and
thus enhance the clinical indications and contribute to disease.

Kgp-null P. gingivalis strains lacked the black pigment characteristic for this species
and were less virulent.**> In concert with the two Rgp members, Kgp also directly
binds and cleaves fibrinogen and indirectly breaks down collagens via the activation
of the matrix metalloproteinase system, resulting in an increased bleeding tendency
and tissue damage at the infected periodontal site.*” Whilst the proteolytic activity of
Kgp is important for generating peptides/amino acids as the energy and carbon source
suitable for the asaccharolytic nature of P. gingivalis, it is also utilized by P. gingivalis
to manipulate and evade the host immune response via complex mechanisms,* 2 mainly
involving the degradation of surface molecules of immune cells ¢ and interference
with the cytokine system of the host.®"¢” In addition, Kgp can also bind host epithelial
cells and other bacteria, providing a biological basis for the attachment and colonization
of P. gingivalis.****® Cumulatively, Kgp is critical for the survival and pathogenicity of
P. gingivalis and hence is a promising target for inhibitors to control periodontal disease.

THE STRUCTURAL CHEMISTRY OF KGP

The precursor of Kgp is a polyprotein consisting of domain components evolutionarily
related to those of RgpA and RgpB!7*"#>% (Table 1). The RgpB polyprotein does not
have HA domains™ and is 72%, 99%, 52% and 51% identical in the sequences of the
pro-domain, catalytic sub-domain, [gSF sub-domain and C-terminal domain, respectively,
to those of the RgpA polyprotein.” However, Kgp., only shares 27% sequence identity to
RgpA... and RgpB.” The C-terminal HA domains of Kgp polyprotein are highly similar
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Table 1. The domain structure of RgpA-, RgpB- and Kgp-polyproteins
Domain Structure
Polyprotein (from N- to C-terminus) Descriptions References
RgpA (1706 resi- Signal peptide 23 residues 17, 37,
dues) 49, 69
Pro-domain 204 residues
Arg-specific catalytic  Together forming a 45 kDa
subdomain Arg-specific protease domain
(RgpAcat)
IgSF* subdomain
RgpA,, RgpA hemagglutinin/adhe-
sin (HA) domain 1, formerly
rHGP-44*
RgpAa, RgpA HA domain 2, formerly
rHGP-15
RgpA.; RgpA HA domain 3, formerly
rHGP-17
RgpAas RgpA HA domain 4, formerly
rHGP-27
C-terminal domain 70 residues
RgpB (736 residues)  Signal peptide 24 residues 49
Pro-domain 205 residues
Arg-specific catalytic  Together forming a 45 kDa
subdomain Arg-specific protease domain
(Rngcat)
IgSF subdomain
C-terminal domain 71 residues
Kgp (1723 orl732 Signal peptide 19 residues 37, 40,
residues) 49, 76-78

Pro-domain
Lys-specific catalytic
subdomain

IgSF subdomain
Kgpai 2.3.(see Table 2)

C-terminal domain

209 residues
Together forming a 48 kDa
Lys-specific protease domain

(Kgpcal)

Kgp HA domains, formerly
kHGP*
70 residues

* 1gSF = immunoglobin superfamily; rtHGP = Arg-specific high molecular weight gingipain; kHGP
= Lys-specific high molecular weight gingipain. The HA domains of RgpA and Kgp were formerly
named by their molecular weights.

in sequence to those of RgpA polyprotein, in particular Kgp,,, which, apart from two
residues, is identical to RgpA,,.”>” Several repetitive Adhesin Binding Motifs (ABMs)
were identified in the HA domains of Kgp and RgpA. These ABMs connect the HA
domains in terms of their sequence similarity and link the HA domains to other proteins,”
for example, the ABM2 (SYTYTVYRDGTKIKEGLTATTFEEDGVAA) is responsible
for the interaction between Kgp and extracellular matrix proteins,**’ while ABM3
(VTLKWDAPNGTPNPNPNPNPNPNPGTTTLSESF) is critical for attachment of Kgp
to hemoglobin and red blood cells.*”* These HA domains of the Kgp polyprotein vary
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Table 2. The HA domains of Kgp-polyproteins from different P. gingivalis strains

P. gingivalis Strain HA Domain Structure Former Name References
381 Kgpa kHGP-39
Kgpas kHGP-15 78
Kgpas kHGP-44
W50 Kgpa: kHGP-39
Kgpaz kHGP-15
Kgpas 37
Kgpas Collectively kHGP-44
Kgpas

HG66 and ATCC33277 Kgpa
Collectively kHGP-44

Kgpa
KgpA3 kHGP-15 40
Kgpas kHGP-17
Kgpas kHGP-27
W12 and W83 Kgpai kHGP-44
Kgpas kHGP-15
Kgpas 76,77
Kgpas Collectively kHGP-44

in number and order among P. gingivalis strains. Four Kgp variants have been identified
to date®’#%76-78 (Table 2). It is interesting to note that recently Li et al”® have postulated a
different set of protein boundaries for the HA domains of Kgp and RgpA and proceeded
to successfully express and purify a so-called K2 domain which is largely equivalent
to the domain termed Kgp,, or kKHGP-15 previously (Table 2). Bioinformatic analysis
suggests that the domains belong to the Cleaved adhesin domain family, with affiliation
to the galactose-binding domain-like superfamily. They also solved the structure of this
protein (Fig. 2) and showed that it was a (3-strand rich structure in a “jelly-roll” fold,
with numerous loops connecting the $-strands, resembling carbohydrate binding domains
and so-called MAM domains found in receptor-type tyrosine-protein phosphatases and
ephrin type A/B receptors. They demonstrated that the domain was able to weakly bind
to galactose containing carbohydrates and that it could act as a hemolysin in its uncleaved
form. This study most likely will constitute a breakthrough in our understanding of the
structure and function of the HA domains of the gingipains and further work in this
regard will be of great interest.

Similar to other gingipains, the mature Kgp exists extracellularly inmultiple isoforms,
including monomeric soluble forms, membrane-associated forms of monomers and
RgpA-Kgp complexes.”'7>80-87 The processes of secretion and maturation of Kgp are
complex and not fully understood. Generally glycosylation at the C-terminal domain
is believed to provide the anchor for the membrane-associated Kgp isoforms,?* and
the maturation of Kgp requires N- and C-terminal modifications in the intra-domains of
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Figure 2. The domain structure of Kgp and known three-dimensional structures for the domains. The
gene sequence for Kgp is shown as a grey bar overlaid with the translated domain structure as recently
elucidated by Li et al.” The structure of the catalytic region of Kgp (blue bar) is postulated to be
similar to that solved for RgpB,** the three-dimensional structure of which is shown as a ribbon diagram.
The catalytic residues, Cys,y, and His,;;, are shown in pink ball and stick to indicate the position of
the active site. The recently determined structure of the K2 haemagglutinin/adhesin domain of Kgp is
shown as a ribbon diagram in light green.

Kgp polyprotein. Interestingly, these intra-domain modifications were found to require
the activities of both Rgp and Kgp.”" Furthermore, the Kgp polyprotein in an Rgp-null
P. gingivalis mutant was found in the fully mature form,* and the introduction of RgpB
into a P. gingivalis mutant lacking all three gingipain members was found to result in
mature RgpB.* These phenomena of auto-processing of the gingipains may explain the
initial source of active gingipains, which participate in the proteolytic modification of
subsequently produced Kgp polyprotein.

The crystal structure of Kgp is yet to be determined, but despite the fact that the
identity between the catalytic domains of Kgp and RgpA/RgpB is only around 27%,
there is a strong likelihood that Kgp.,, will have a similar conformation to RgpB, for
which a crystal structure is available.”®®! Topologically, the crystal structure of RgpB
displays an N-terminal domain and a C-terminal domain (Fig. 2).”* The N-terminal
domain is comprised of A- and B-sub-domains, each of which has a characteristic o/f3
motif that is made up of a central -sheet sandwiched by a-helices. This o/p-sandwich
structure can also be seen in caspase-1 and -3.°> The B-sub-domain encompasses the
catalytic residues of the Cys-His dyad and hence the N-terminal domain represents the
catalytic domain. The C-terminal IgSF domain is composed entirely of f3-sheets, which
is a topological homologue to an IgG domain (Fig. 2).”

As mentioned, Kgp cleaves Lys-Xaa bonds and RgpB cleaves Arg-Xaa bonds
exclusively, meaning a strict preference for Lys and Arg as the P1-residue (note that the
nomenclature for proteases” indicates that cleavage occurs in substrates between the P1
and P1' residues, with substrate residues N-terminal to P1 labelled P2, P3 etc and those
C-terminal to P1' labelled P2’, P3’ etc; subsites binding the substrate residues in the enzymes
are correspondingly labelled, eg. the S1 subsite binds the P1 residue etc.) for Kgp and RgpB,
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respectively and a broad spectrum of residues at the P1’ position for both gingipains.*’-*
The structural basis for this substrate specificity of Kgp can be inferred based on that of
RgpB from its crystal structure. On the surface of the B-sub-domain of RgpB, adjacent to
the catalytic dyad (His,;, and Cys,44), a deep S1 pocket is formed by the peptide segments:
Tyrags~Metygs, Thrype~His,  and Val,,~Cys,y,. Ofthese, Met,gs and Val,,, were hypothesized
to be important in determining the P1-Arg specificity of RgpB by participating in lining
the side and bottom of the S1 pocket, respectively.”* This S1 pocket is not only an optimal
conformational fit for the side chain of the P1-Arg, but also contains a negatively-charged
Aspy; at its bottom, contributing an electrostatic stabilisation for the bound P1-Arg.*?
Compared to this, in the modelled S1-pocket of Kgp, Aspags and Gluy, form a small
negatively-charged patch,* which may be important for binding the positively-charged Lys;
Phe,4, in Kgp is a bigger residue than Val,,, in RgpB and thus may contribute to altering
the shape of the S1 pocket to exclusively accommodate Lys residues. On the other hand,
outside the S1 pocket of RgpB, around the catalytic dyad, there is a relatively flat and open
surface, which can accommodate different types of amino acids.’> Based on the topological
and functional similarities and molecular modelling experiments, a similar flat and open
area is also expected to exist outside the S1-pocket of Kgp, around its catalytic dyad (His,;,
and Cys,4).* Therefore, for all members of the gingipain family, in contrast to the high
specificity for the P1-residue of the substrate, less specificity is predicted for the residues
closely flanking the P1-residue, including the P3-, P2-, P1'- and P2'-residues.”

THE CATALYTIC MECHANISM OF KGP

A detailed understanding of the mechanism by which Kgp interacts and cleaves
its substrates is critical for the development of Kgp inhibitors. Since members of the
gingipain family (C25) share the characteristic catalytic dyad motif, His-Gly-X-Ala-Cys,
with all other familial members of the CD clan of cysteine proteases, including family 14
(caspases), family 11 (bacterial clostripains), family 13 (plant and animal legumains) and
family 50 (separase), the principal catalytic mechanism is therefore likely to be shared by
all members of cysteine proteases in the CD clan, including Kgp.*** This mechanism, in
general, is similar to that exerted by papain-like (Clan CA) cysteine proteases.

Inthis catalytic mechanism (Fig. 3), under activated conditions, the negatively-charged
Sy atom of the catalytic Cys first attacks the carbonyl carbon of the scissile bond of the
substrate, forming an enzyme-substrate complex.>? The resulting proximity of the substrate
and the catalytic dyad leads to a nucleophilic interaction between the N atom of the scissile
bond and the Nd atom of'the catalytic His. Consequently, the scissile bond breaks, releasing
the prime side of the substrate in the form of an amide.”” The remaining acyl-enzyme
intermediate is the subject of nucleophillic attack by a water molecule, which attacks the
carbonyl carbon from the previous scissile bond, resulting in the release of the remaining
N-terminus of the substrate and the functional protease molecule.*>*°

Based on the catalytic mechanism and the P1 specificity of Kgp, it is possible to
attenuate the proteolytic activity of Kgp via the inhibition of the catalytic Sy atom, by
introducing a peptidyl inhibitor containing a P1-Lys and close to it, one or more functional
groups such as an aldehyde group, which can tightly bind to the Sy atom.®® In this scheme,
the interaction of the peptide chain with the catalytic site of Kgp, including the binding of
P1-Lys to the S1-pocket, brings the functional group into close proximity to the catalytic
Sy atom. Consequently, a covalent Sy-functional group bond is formed, interrupting the
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Figure 3. The catalytic mechanism of cysteine proteases. The catalytic dyad is illustrated in blue. The
red arrows indicate the movement of protons. A) The catalytic Sy atom attacks the carbonyl carbon
of the scissile bond of a substrate, forming (B) an enzyme-substrate complex. In this complex, the N
atom of the scissile bond attacks the N atom of the catalytic His residue, resulting in the breakage
of the scissile bond and the release of the prime side of the substrate in the form of an amine. C) An
acyl-enzyme intermediate is formed. D) A water molecule attacks the acyl-enzyme complex, leading
to (E) the release of the N-terminus of the substrate in the form of a carboxylic acid and a functional
enzyme molecule. Under activated conditions, the catalytic dyad of the cysteine protease switches into
the active or charged form (A).

catalytic function of Sy.””*® Furthermore, it can be postulated that the efficacy of'a peptidyl
Kgp inhibitor would be greatly dependent on the effectiveness of the interaction between
the peptide chain and the Kgp catalytic site. This interaction is not only affected by the
binding of the P1-Lys to the S1 pocket, but also by the interaction amongst the residues
flanking P1-Lys, including the P3-, P2-, P1'- and P2'-residues, with their corresponding
sub-sites on Kgp. Supporting this hypothesis, Abe et al found that there was a decrease
in cleavage of Lys-Xaa bonds by Kgp when the P2-residue is an Arg or Lys, although the
amino acid specificity for P2-residue is theoretically broad.” Moreover, in another study,
Abe et al found that Kgp was able to cleave the peptidyl substrate Z-His-Glu-Lys-MCA
nearly 20-fold more effectively than Boc-Val-Leu-Lys-MCA, indicating that there may
be preferences for the P3- and/or P2-position of substrates cleaved by Kgp.'® Thus, it is
possible that peptides of certain amino acid sequence may be more preferred by Kgp for
interaction and cleavage. These peptides therefore would constitute optimal scaffolds
for developing effective Kgp inhibitors. However, the overall specificity of Kgp at the
S3,S2, S1’ and S2' sub-sites, where the P3-, P2-, P1’- and P2’-residues of the substrates
or inhibitors bind, has never been fully profiled.
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PREVIOUSLY DEVELOPED KGP INHIBITORS

A few Kgp inhibitors from natural sources have been tested (Table 3)101-195
however, they only showed limited inhibitory activity. Furthermore, a number
of enzyme-substrate-based Kgp inhibitors have been developed (Table 4)*!:106-199,
For example, the ketopeptide inhibitor KYT-36 (carbobenzoxy-Glu(NHN(CHj)
Ph)-Lys-CO-NHCH,Ph) was designed based on the sequence of histatin 5, a natural
gingipain inhibitor in human saliva.'® It displayed modest inhibitory effects in keeping
with the weak inhibition of Kgp by histatin 5. In stark contrast, an acyloxymethyl ketone
inhibitor (carbobenzoxy-Phe-Lys-CH,0CO-2,4,6-Me;Ph) and an aza-peptide Michael
acceptor inhibitor (PhCH,CH,CO-Leu-ALys-CH = CHCOOE:t) for Kgp have shown much
higher inhibitory potency for Kgp, with k. values (the second-order rate constant of an
inhibitory reaction, which indicates how fast an effective inhibition occurs) in the range
of 10° M''s"".#" As mentioned, since the amino acid specificity of Kgp at the positions
closely flanking the S1-pocket has not been fully profiled, there may be some optimal

Table 3. Kgp inhibitors from natural sources

Inhibition or Association

Inhibitor Source Rate Constants*** Reference
Histatin 5 Human saliva 1Csy=14x10°M 101
CrmA (Asp>Lys) Cowpox virus ki =2.1 x 10° Ms! 102
p35 Baculovirus Ki=2x10""M 102
Cranberry nondialysable fraction ~ Cranberry not determined 103
Cranberry polyphenol fraction Cranberry not determined 104
Pancreatic trypsin inhibitor Pancreas Kus = 2.0 x 10* M! 105

*#*Inhibition or association rate constants:

ICsy, the half maximal inhibitory concentration, is the amount of inhibitor taken to effectively inhibit
half of the initial amount of enzyme. ICs, indicates the functional strength of an inhibitor against an
enzyme, not the affinity of binding between them.

k., the second-order rate constant of an inhibitory reaction, indicates how fast an effective inhibition
occurs.

Ki is the dissociation constant of an inhibitory reaction. It indicates the affinity of the binding between
inhibitor and enzyme.

Table 4. Synthetic Kgp inhibitors

Inhibition or
Association Rate

Inhibitor Chemical Property Constants Reference
Cbz-Phe-Lys-CH,0O- Acyloxymethyl ketone ki =4.2 x 10 M's? 41
C0-2,4,6-Me;-Ph
Chlorhexidine Chlohexidine Ki=1.65x10*M 106
A71561 Amide Ki=9x10"°M 107
KYT-36 Ketopeptide Ki=13x10"M 108
aza-peptide Michael acceptor  aza-peptide Michael Kass = 3.3 x 10 M's™ 109
(with Lys) acceptor

Rational-designed inhibitors ~ Chloromethyl ketone Kaes = 106 ~ 107 Mg 110
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enzyme-substrate-based Kgp inhibitors, which achieve a higher range of &, values, yet
to be developed. In agreement with this hypothesis, some small dipeptide chloromethyl
ketone Kgp inhibitors, recently developed by Biatas et al by structure-based rational
design, for the first time were found to exhibit rapid interaction with Kgp, with &, values
reaching 107 M's"1.1"% Importantly, Biatas et al also highlighted the critical role of the
P2-residue, which acts as a hydrophobic interactant in the Kgp inhibitors.''° This finding
reflected the necessity of determining the full specificity of the active site of Kgp to allow
the development of optimal Kgp inhibitors.

CONCLUSION

It is evident that the lysine-specific gingipain, Kgp, is a major virulence factor of
the anaerobe, P. gingivalis, which in turn is a major pathogen of adult periodontitis. The
development of inhibitors of this enzyme will therefore be of critical importance to combat
this disease. Understanding of the catalytic mechanism, transition state intermediates
and the full specificity of the enzyme appear to be prerequisites for the development of
further selective, potent inhibitors of Kgp.
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Abstract:

A number of cysteine proteases of malaria parasites have been described and
many more are suggested by analysis of the Plasmodium falciparum genome
sequence. The best characterized of these proteases are the falcipains, a family
of four papain-family enzymes. Falcipain-2 and falcipain-3 act in concert with
other proteases to hydrolyze host erythrocyte hemoglobin in the parasite food
vacuole. Disruption of the falcipain-2 gene led to a transient block in hemoglobin
hydrolysis and parasites with increased sensitivity to protease inhibitors. Disruption
of the falcipain-3 gene was not possible, strongly suggesting that this protease
is essential for erythrocytic parasites. Disruption of the falcipain-1 gene did not
alter development in erythrocytes, but led to decreased production of oocysts in
mosquitoes. Other papain-family proteases predicted by the genome sequence
include dipeptidyl peptidases, a calpain homolog and serine-repeat antigens
(SERASs). Dipeptidyl aminopeptidase 1 appears to be essential and localized
to the food vacuole, suggesting a role in hemoglobin hydrolysis. Dipeptidyl
aminopeptidase 3 appears to play a role in the rupture of erythrocytes by mature
parasites. The P. falciparum calpain homolog gene could not be disrupted,
suggesting that the protein is essential and a role in the parasite cell cycle has been
suggested. Nine P. falciparum SERAs have cysteine protease motifs, but in some
the active site Cys is replaced by a Ser. Gene disruption studies suggested that
SERA-5 and SERA-6 are essential. Activation of SERA-5 by a serine protease
seems to be required for merozoite egress from the erythrocyte. New drugs for
malaria are greatly needed and cysteine proteases represent potential drug targets.
Cysteine protease inhibitors have demonstrated potent antimalarial effects and
the optimization and testing of falcipain inhibitor antimalarials is underway.
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INTRODUCTION

Malaria, particularly disease caused by Plasmodium falciparum, is one of the most
important infections of humans. There is new optimism regarding malaria control, with
increasing use of effective control measures, including insecticide-impregnated bednets,
indoorresidual spraying of insecticides and new efficacious drug combinations to treat and
prevent malaria.! However, the control of malaria continues to be challenged by resistance
to most available drugs. Thus new antimalarial drugs, ideally directed against new targets,
are needed. Among potential new targets for chemotherapy are Plasmodium proteases.
Many proteolytic enzymes appear to play key roles in the life cycles of malaria parasites.
This chapter will focus on cysteine proteases. Recent advances, including the sequencing
of Plasmodium genomes (http://plasmodb.org) and the development of techniques for
manipulating Plasmodium genes, have improved ourunderstanding of the cysteine protease
repertoire of malaria parasites and have begun to illuminate specific functions of these
enzymes. In parallel with biochemistry advances, drug discovery projects designed to
identify new antimalarial cysteine protease inhibitors are underway. This chapter, which
updates a prior review on this topic,” will survey available information on Plasmodium
cysteine proteases and prospects for exploitation of this class of enzymes as drug targets.

CYSTEINE PROTEASE NOMENCLATURE

Cysteine proteases utilize a catalytic cysteine, which mediates protein hydrolysis
via nucleophilic attack on the carbonyl carbon of a susceptible peptide bond. Cysteine
proteases are subdivided into clans, which do not share sequence or structural identity
and probably arose independently.® Clan CA proteases utilize catalytic Cys, His and Asn
residues that are invariably in this order in the primary sequence of the protease. Clan CA,
Family C1 (papain-family) cysteine proteases are well characterized for many eukaryotic
organisms,* and these are the best characterized cysteine proteases of Plasmodium. In
P. falciparum, analysis of the genome sequence suggests that clan CA cysteine proteases
include four falcipains, three dipeptidyl peptidases, nine proteins related to the serine-rich
antigen (SERA) and a calpain homolog (Table 1).° Also of interest in Plasmodium is
clan CD, which utilizes a catalytic His-Cys dyad. Clan CD proteases includes caspases
in higher organisms and sequence analyses suggest that members of the C13 and C14
families are present in plasmodia. Clan CE, which is characterized by catalytic residues
in the order His, Glu (or Asp), Cys, is also represented in the P. falciparum genome.

FUNCTIONS OF PLASMODIUM CYSTEINE PROTEASES DETERMINED
FROM INHIBITOR STUDIES

Studies with protease inhibitors have provided valuable information regarding
the functions of cysteine proteases in malaria parasites.® Most available inhibitors are
directed toward clan CA proteases, but do not offer marked specificity within this large
clan. Therefore, they have been most useful to identify cysteine protease functions rather
than the roles of specific enzymes.

The timing of effects of cysteine protease inhibitors provides clues regarding protease
functions. In a characterization of the effects of leupeptin and E-64 against cultured
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P. falciparum parasites, the inhibitors were maximally active against mature trophozoites
and schizonts, although 8 hour incubations during any portion of the life cycle elicited some
inhibition of parasite development.” These results supporta critical role for cysteine proteases
introphozoite hemoglobin hydrolysis, butalso suggestadditional cysteine protease functions.

Hemoglobin Hydrolysis

The best characterized function of Plasmodium cysteine proteases is the hydrolysis
ofhemoglobin. Erythrocytic malaria parasites multiply asexually, reaching large numbers
in the circulation and causing the clinical manifestations of malaria. During this cycle,
parasites take up erythrocyte cytosol through a specialized organelle, the cytostome,
transport the cytosol to an acidic food vacuole and degrade hemoglobin.® As hemoglobin
is processed, its heme component is converted into hemozoin pigment and globin is
hydrolyzed to its constituent amino acids. Hemoglobin hydrolysis appears to be necessary
to provide amino acids for parasite protein synthesis,*” to maintain the osmotic stability
of malaria parasites,'® and to provide space for the growing intraerythrocytic parasite.
Hemoglobin hydrolysis is likely the result of a cooperative process involving proteases
of multiple catalytic classes, including cysteine, aspartic and metallo proteases.®

The first evidence for a role of cysteine proteases in hemoglobin hydrolysis came
from studies with protease inhibitors. Incubating parasites with broadly active cysteine
protease inhibitors, such as leupeptin and E-64, caused the food vacuole to swell and fill
with undegraded hemoglobin.!"!* Although aspartic proteases also have a clear role in
hemoglobin hydrolysis,'* only cysteine protease inhibitors cause the food vacuole swelling
that is indicative of a block in hemoglobin processing.!* Analysis of proteins from cysteine
protease inhibitor-treated parasites has identified large quantities of intact native hemoglobin,
suggesting that cysteine proteases participate in initial cleavages of hemoglobin.'®

Cysteine proteases also contribute indirectly to hemoglobin hydrolysis via the
processing of aspartic proteases. The processing of the aspartic proteases plasmepsin
I and plasmepsin II was inhibited by tripeptide aldehyde cysteine protease inhibitors,
but not by other cysteine protease inhibitors (including leupeptin and E-64) suggesting
that a cysteine protease other than falcipain-2 or falcipain-3 mediates the processing of
plasmepsins.!” However, in more recent studies, plasmepsin processing was inhibited by
the cell permeable cysteine protease inhibitor E-64d and more so by a combination of
E-64d and the aspartic protease inhibitor pepstatin.'® Processing at the natural cleavage
site of plasmepsin II was blocked by E-64d, but not pepstatin, indicating that falcipains
play a primary role in activation of plasmepsins. Autohydrolysis by plasmepsins also
occurs, but with slower kinetics. E-64 inhibited plasmepsin processing in a cell-free
system, indicating that the limited ability of falcipain inhibitors to block processing in
earlier studies was due to lack of access to intracellular enzyme targets. Purified falcipain-2
and falcipain-3 cleaved plasmepsin II at the native cleavage site, strongly suggesting that
these proteases are responsible for plasmepsin processing. These results appear to explain
why cysteine, but not aspartic inhibitors cause the accumulation of large quantities of
undegraded hemoglobin in P. falciparum trophozoites'> and why these two classes of
inhibitors demonstrate synergistic antimalarial activities."

The precise pathways of cleavage of hemoglobin have been defined for plasmepsins,'’
but it has been difficult to do this for falcipains, presumably due to rapid action of these
proteases against multiple peptide bonds. Indeed, recent detailed studies utilizing either
overlapping peptides representing the sequence of hemoglobin or intact hemoglobin
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demonstrated that falcipain-2 and falcipain-3 rapidly cleave the protein at multiple sites.?
A higher degree of specificity was seen with peptide substrates and peptidyl inhibitors,
with a preference for cleavage after a P, Leu.

Available datasuggestaremarkable degree of redundancy in proteases of P. falciparum
that are responsible for hemoglobin hydrolysis.* This process appears to involve multiple
falcipains and plasmepsins, as described above and also the metalloprotease falcilysin,?
dipeptidyl aminopeptidase 1 (see below),? and metalloaminopeptidases.?* This redundancy
allows parasites to tolerate loss of certain proteins, including disruption of genes encoding
all 4 food vacuole plasmepsins,* falcipain-2, or falcipain-2’. However, some of these
mutant parasites have altered phenotypes, including increased sensitivity to cysteine
and/or aspartic protease inhibitors.?”*® Redundancy between protease classes is not
complete and so inhibition of falcipains, plasmepsins and likely other protease classes
is deleterious to parasites. Not surprisingly, inhibition of both cysteine and aspartic
proteases offers synergistic antimalarial activity.!” Interpretations of inhibitor studies are
complex, as inhibitors may act against proteases in addition to hemoglobinases®® and as
differential effects are, at times, explained by differing cell permeability. Nonetheless,
synergistic activity against multiple protease classes offers a promising opportunity for
potent antimalarial activity.

Erythrocyte Rupture

Cysteine protease inhibitors also block the rupture of erythrocytes at the completion
of the erythrocytic cycle. Cysteine protease activity therefore appears to be required
for the release of merozoites, which rapidly invade other erythrocytes to reinitiate the
asexual cycle. Older studies showed the accumulation of mature schizonts in cultures
treated with leupeptin.?*3! E-64 blocked lysis of the schizont parasitophorous vacuole
membrane, suggesting that cysteine protease activity is required for the hydrolysis of
membrane-associated proteins to mediate merozoite release.* In a study using different
techniques, two other cysteine protease inhibitors (leupeptin and antipain) blocked lysis
of the erythrocyte membrane.** Considering these results together, it appears that the
release of merozoites is a two-step process, requiring hydrolysis of proteins associated
with the parasitophorous vacuole and erythrocyte membranes, although the sequence
of these two steps is in dispute. Differential effects of studied inhibitors may have been
due to differences in inhibitor specificities, suggesting that different proteases act upon
targets in the two membranes, or to differences in access to intracellular targets. In any
event, these results suggest that cysteine proteases hydrolyze proteins associated with the
parasitophorous vacuole and erythrocyte membranes to facilitate erythrocyte rupture. Of
note, more recent studies have suggested key roles for SERA-5, dipeptidyl aminopeptidase
3 (see below) and subtilisin-like serine proteases®* in erythrocyte rupture, but the specific
proteases responsible for cleavage of erythrocyte proteins are unknown.

Erythrocyte Invasion

Mostreports have notidentified an effect of cysteine protease inhibitors on the invasion
of erythrocytes by merozoites.® Rather, this process has generally been blocked by serine
protease inhibitors such as chymostatin, although older literature is confused by some
reports that did not clearly distinguish between inhibitor effects on erythrocyte invasion
and rupture. In P. knowlesi and P. chabaudi, species from which invasive merozoites
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can be obtained, thus simplifying analysis, the serine protease inhibitor chymostatin, but
not the cysteine protease inhibitors leupeptin or E-64, inhibited erythrocyte invasion.*%3
However, arguing for a role for cysteine proteases in invasion, a specific inhibitor of
falcipain-1 blocked invasion of erythrocytes.*¢ Importantly, interpretation of these results
has been complicated by consideration of additional studies of falcipain-1 and this specific
inhibitor, as will be discussed below. More recently, a P. falciparum serine protease,
PfSUB2, has been shown to mediate the cleavage of merozoite surface proteins that is
required for erythrocyte invasion.>” Considering available data, it seems clear that serine
proteases are required for erythrocyte invasion by P. falciparum, but the role of cysteine
proteases in this process is uncertain.

Nonerythrocytic Parasite Stages

During gametogenesis, hydrolysis of the gametocyte surface protein Pfs230 generates
two polypeptides which remain associated with the newly-formed gamete.*® The cleavage
of Pfs230 is blocked by E-64d, suggesting that a cysteine protease is responsible for
this cleavage, but the relevant enzymes have not been identified.** Further, treatment
with E-64d* and the knockout of falcipain-1*' both led to markedly decreased oocyst
production, suggesting a specific role for this protease in sexual-stage parasites. High
concentrations ofa compound directed against falcipains blocked microgamete formation,
but E-64d did not inhibit this process and inhibitors of other classes of proteases were
more potent, suggesting principal roles for other classes in microgamete formation.*
In a genetic approach, disruption of the gene encoding a P. berghei cysteine protease
expressed in mosquito stages (egress cysteine protease-1, an ortholog of P. falciparum
SERA-8) blocked egress of sporozoites from oocysts, proving a role for SERA-family
proteases in oocyst rupture.*

FALCIPAIN CYSTEINE PROTEASES

The falcipains comprise four papain-family (clan CA, family C1) enzymes of
P. falciparum including falcipain-1, which is encoded on chromosome 14 and falcipain-2,
falcipain-2’ (or falcipain 2B; 99% homology with falcipain-2 in the catalytic domain) and
falcipain-3, which are encoded within a 12 kb stretch of chromosome 11. The falcipains
are fairly typical papain-family cysteine proteases, but they have some unusual features,
including unusually large prodomains, predicted membrane spanning sequences within
the prodomains and an unusual insertion between highly conserved residues near the
carboxy terminus.** Homology between falcipain-1 and the other falcipains is relatively
low (~40% identity between the catalytic domains). Falcipain-2 and falcipain-3 are
much more similar in sequence (68% identity), share similarly sized prodomains (that
of falcipain-1 is much longer) and include an unusual amino-terminal extension of the
catalytic domain that is not found in falcipain-1. Based on these comparisons and similar
findings with homologs in other Plasmodium species, it seems appropriate to consider
two distinct groups of falcipains, the falcipain-1 and falcipain-2/3 sub-families. Other
Plasmodium species contain a single homolog of falcipain-1 and varied numbers of
falcipain-2/3 homologs.*’ In P. vivax, the second most important human malaria parasite,
a single homolog of falcipain-1 (72% identity between the catalytic domains)*® and three
homologs of falcipain-2/3 (60-70% identity)* have been characterized. Analysis of
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murine malaria parasites, including P. berghei and P. vinckei, has identified only single
homologs of falcipain-1°° and falcipain-2/3.%' Identity between human and rodent parasite
proteases is lower than that between P. falciparum and P. vivax proteases, but identities
within sub-families are generally over 50% (in catalytic domains), compared to 30-40%
identities between falcipain-1 and falcipain-2/3 sub-families.*’

Expression of Falcipains by Erythrocytic Parasites

Affinity purification of falcipain-2 demonstrated that the enzyme is responsible for
over 90% of the cysteine protease activity that is identified in trophozoite lysates with
standard peptidyl substrates.*> Abundant falcipain-3 is also expressed by erythrocytic
parasites, butitisrelatively inactive against peptidyl substrates.* Falcipain-2 and falcipain-3
differ in their timing of expression, with maximal expression in early trophozoites for
falcipain-2 and late trophozoites for falcipain-3.2746 Immunoblots have also identified
falcipain-1 expression across the erythrocytic cycle.”* This enzyme was localized to
merozoites by immunofluorescence microscopy,’ and transcription of the gene was
maximal in ring forms.>** However, a proteomic analysis identified falcipain-1 peptides
only in sporozoites.>

Biochemical Characterization

Biochemical characterization of falcipain-2 and falcipain-3 was expedited by the
development of efficient systems for heterologous expression in E. coli followed by
refolding of the active enzymes.***¢%¢ The biochemical features of the two enzymes are
very similar, but not identical, which offers clues to potential differences in functions.
Both falcipain-2 and falcipain-3 have low pH optima, consistent with activity in the acidic
food vacuole. As with most other papain-family proteases, the P, position of substrates is
most important for specificity and both proteases prefer peptidyl substrates with Leu at
this position. Falcipain-2 is much more active against peptidyl substrates, is uniquely able
to activate and undergo autohydrolysis at neutral pH and is more stable at neutral pH.*
Considering specificity for peptide substrates and inhibitors, important differences were
seen between falcipain-2 and -3 and homologs from the rodent parasites P. berghei and P.
vinckei.>! Differences in specificity between falcipain-2 and -3 were less pronounced.*®’

Both falcipain-2 and falcipain-3 have been localized to the food vacuole by cell
fractionation,** immunofluorescence and immunoelectron microscopy.*® Both enzymes
are synthesized as membrane-bound proforms that are processed to soluble mature forms,
but falcipain-2 is processed to the mature protease much more quickly than falcipain-3,
likely due to its susceptibility to autohydrolysis at neutral pH. Cysteine protease inhibitors
and brefeldin A, but not aspartic or serine protease inhibitors, blocked the processing of
both enzymes, suggesting that falcipain-2 and -3 process by autohydrolysis after exiting
the endoplasmic reticulum/Golgi network.’® These results suggest that the proteases are
synthesized as integral membrane proteins in a specific cellular compartment before
delivery to the food vacuole and auto-hydrolysis to release soluble active proteases.

Falcipain-2’, a near-identical copy of falcipain-2, has also been heterologously
expressed and biochemically characterized.**' No biochemical differences between
falcipain-2 and falcipain-2" have been identified. However, expression of the enzymes
is not identical and the knockout of falcipain-2, but not falcipain-2’, has a noteworthy
phenotype (see below). Thus, falcipain-2’ cannot replace the function of falcipain-2 but
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the biological role of this enzyme is unknown. Falcipain-1 has also been heterologously
expressed by a number of groups, but in all cases expression has been at low levels,
limiting biochemical evaluation.®*

Hydrolysis of Natural Substrates

Both falcipain-2 and falcipain-3 hydrolyze native hemoglobin and denatured globin,
with maximal activity near the pH (~5.2) of the food vacuole.®® As is typical for cysteine
proteases, maximal activity requires a reducing environment, although relatively low
concentrations of glutathione that are likely physiological are adequate to support this
activity. Falcipain-2 also hydrolyzes the erythrocyte cytoskeletal proteins band 4.1 and
ankyrin at neutral pH, suggesting an additional role for this protease (which undergoes
activation at neutral pH) in erythrocyte rupture.®>s” However, a biological role for
falcipain-2 in this process has not been confirmed.

Functions of Different Falcipain Domains

The mature forms of falcipain-2, falcipain-3 and some homologs from other
Plasmodium species are capable of refolding to active enzymes after expression in E. coli
by dilution in alkaline buffer.’® These are the only papain family proteases known to
refold without their prodomains.®® However, correct folding does require the presence
of a small amino terminal extension (17 amino acids in falcipain-2) which can mediate
correct folding either when it is included upstream of the recombinant catalytic domain
or in the refolding buffer as a separate folding domain-prodomain polypeptide.® All
falcipain-2/3 proteases, but no other known papain-family proteases (and no falcipain-1
sub-family enzymes) contain an ~20 amino acid extension at the amino terminus of the
catalytic domain. The 14-15 amino acids immediately N-terminal of the catalytic domain,
beginning with a fully conserved Tyr, are required to mediate folding.” The amino terminal
domains show only moderate homology between members of the falcipain-2/3 sub-family,
but there is functional conservation, as chimeras of the falcipain-2 catalytic domain with
folding domains from other members of the family folded with similar kinetics.” The
folding domain was not required for activity once folding had occurred and interaction
between catalytic and folding domains were independent of the active site.”

As is the case with other papain-family proteases, the prodomain of falcipain-2
is a potent inhibitor of the enzyme.® The inhibitory domain was recently defined as
encompassing a C-terminal portion of the prodomain (Leul55-Asp243) that includes
previously described “ERFNIN” and GNFD” domains that appear to mediate inhibition
by prodomains in many papain family proteases.”!

N-terminal portions of the falcipain-2 prodomain mediate trafficking of the mature
enzyme to the food vacuole, its principal site of action. Studies of chimeras with portions
of the prodomain fused to green fluorescent protein and containing instructive deletions
and point mutations indicated that both a 20-amino acid stretch of the lumenal portion
and a 10-amino acid stretch of the cytoplasmic portion of the falcipain-2 prodomain were
required for efficient trafficking to the food vacuole.”” Mutants with altered trafficking were
arrested at the plasma membrane, implicating trafficking via this structure. Photobleaching
studies indicated that falcipain-2 is trafficked to the food vacuole via cytostomal vesicles.”
Thus, falcipains utilize a previously undescribed bipartite motif-dependent mechanism
for targeting to the food vacuole via the plasma membrane and cytostomal vesicles.
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Falcipains also contain an insertion near the C-terminus of the mature protease that
is unusual for papain-family proteases.” Removal of this 10 amino acid insertion had no
effect on the activity of falcipain-2 against a number of peptide and protein substrates.
In contrast, the altered protease had a dramatic loss in activity against hemoglobin.
This loss in activity was due to an inability of the mutant protease to bind hemoglobin.
Thus, cleavage of hemoglobin by falcipain-2 requires an unusual motif for binding to
hemoglobin prior to its hydrolysis.™

Biological Roles of Falcipains—RNA Interference

RNAI directed against either falcipain-1 or falcipain-2 inhibited the development of
erythrocytic parasites, with accumulation of undegraded hemoglobin and the appearance
of abnormal vacuoles that resembled, but were probably not identical to those caused by
incubation with cysteine protease inhibitors.” Treating mice infected with P. berghei with
short interfering RNAs encoding the P. berghei homologs of falcipain-2 and falcipain-3 led
to parasites with large vacuoles, although murine malaria progressed similarly in treated and
control animals.” RNAI directed against falcipain-2 also arrested parasites at the schizont
stage, suggesting a role for the protease in erythrocyte rupture.”” Taken together, available
RNAI experiments suggest specific roles for falcipains, for the most part consistent with
models based on biochemical results, but it remains unclear if RNA1i systems are present
in P. falciparum and so interpretations of these studies are not straightforward.

Biological Roles of Falcipains- Disruption of Falcipain Genes

Gene disruption studies have provided the most definitive results on falcipain functions.
All four falcipain genes were disrupted by transfecting parasites with plasmids encoding
truncated genes. Falcipain-2 knockout trophozoites had markedly diminished cysteine
protease activity and swollen, dark-staining food vacuoles, consistent with a block in
hemoglobin hydrolysis, as caused by cysteine protease inhibitors.”’ However, more
mature knockout parasites had normal morphologies. Expression of other falcipains and
plasmepsin aspartic proteases was similar in wild type and knockout parasites. Although
the multiplication rates of wild type and knockout parasites were similar, the knockout
parasites were about 3-times more sensitive to the cysteine protease inhibitors E-64 and
leupeptin and over 50-fold more sensitive to the aspartic protease inhibitor pepstatin.
These results assign a specific function for falcipain-2, the hydrolysis of hemoglobin in
trophozoites. This is the first proven function for a plasmodial protease. In addition, they
highlightthe cooperative action of cysteine and aspartic proteases in hemoglobin degradation.
In contrast to results for falcipain-2, repeated attempts to knock out falcipain-3 were
unsuccessful, although replacement of the protease gene with a tagged functional copy was
possible.” This result argues strongly that falcipain-3 is essential for erythrocytic parasites.
Knockout of falcipain-1 and of falcipain-2’ was successful,**>7® and in each case knockouts
demonstrated morphologies and growth rates unchanged from those of wild type strains.
For falcipain-1, the compound previously described as a specific inhibitor, YA29,% also
inhibited falcipain-2 at micromolar concentrations and its effects were the same as those of
E-64 and leupeptin, without the inhibition of erythrocyte invasion described previously.*? In
summary, falcipain-3 appears to play an essential role in erythrocytic parasites, falcipain-2
participates in hemoglobin hydrolysis, but is not essential and falcipain-1 and falcipain-2’
have unknown and nonessential functions in erythrocytic parasites. In contrast, knockout
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of falcipain-1 led to markedly decreased production of oocysts in mosquitoes.*' Falcipain-1
RNA*and protein®? are expressed in erythrocytic parasites and the protein has been localized
to merozoites by immunofluroescence.’*** However, the apparent lack of effect of the
falcipain-1 knockout on erythrocytic parasites, markedly decreased oocyst production by
a falcipain-1 knockout clone,*' and the identification of falcipain-1 peptides in a proteomic
screen only in sporozoites (Table 1) suggest that the principal roles of falcipain-1 are in
nonerythrocytic stage parasites.

OTHER CLAN CA CYSTEINE PROTEASES OF MALARIA PARASITES
Dipeptidyl Peptidases

The P. falciparum genome includes three sequences with homology with dipeptidyl
peptidases which remove dipeptides from the amino-termini of polypeptides (Table 1).
Overall identity between the three sequences is only ~30%; identity with the falcipains is
20-25%. Purified P. falciparum dipeptidyl aminopeptidase 1 cleaved dipeptide substrates
and was localized to the food vacuole, suggesting that it contributes to late steps in
hemoglobin hydrolysis.?* A chemical genetic screen identified specific inhibitors for
dipeptidyl aminopeptidases 1 and 3.7 In studies of cultured parasites, inhibition of dipeptidyl
aminopeptidase 1 had nonspecific effects, which were difficult to distinguish from inhibition
of falcipains, consistent with a role for the enzyme in hemoglobin hydrolysis. Specific
inhibition of dipeptidyl aminopeptidase 3 led to the accumulation of erythrocytes containing
mature schizonts, suggesting that this protease plays a role in the rupture of erythrocytes at
the conclusion ofthe erythrocytic cycle. Evaluation of inhibitor effects on protease maturation
led to a model for erythrocyte rupture in which dipeptidyl aminopeptidase 3 activates the
serine protease PfSUB1, which in turn activates SERA 5 (see below).”

Calpain Homolog

Calpains of higher organisms are cysteine proteases that are calcium-dependent and
contain both catalytic and calcium binding domains.* Homologs in other organisms may
not have calcium dependence. The P. falciparum genome sequence encodes a single calpain
homolog. This protein is localized to the nucleolus of erythrocytic parasites.®! Disruption
or truncation of the calpain gene was not possible, but replacement with a functional copy
was successful, strongly suggesting that P. falciparum calpain is essential for erythrocytic
parasites.®> Knock down of calpain expression impaired parasite growth and delayed
progression through the cell cycle.*? P. falciparum parasites also appear to utilize a host
calpain; immunodepletion of calpain-1 from erythrocytes blocked egress of mature parasites,
suggesting that parasites utilize erythrocyte calpain-1 to facilitate this process.®

SERAs

The serine rich antigen (SERA, now named SERA-5),% an immunogenic protein and
potential vaccine component, was noted many years ago to have similarities in sequence with
cysteine proteases. A second member of the family, serine rich protein homolog (SERPH or
SERA-6), was described soon thereafter.® Subsequent sequencing has identified an array of
8 SERA-family proteins encoded on chromosome 2 and a single additional member of the
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family encoded on chromosome 9 (Table 1). In all cases, the proteins contain a “protease
domain”, equivalent in size and in some sequence features to a papain-family catalytic
domain, located within a much larger protein without other apparent similarity to cysteine
proteases. Within the protease domain, all SERA-family proteins share modest homology
with papain-family proteases, but it is noteworthy that canonical clan CA active site residues
are either fully conserved (SERA-6, 7 and 8) or substituted (e.g., a replacement of the
catalytic Cys with Ser in SERA-5). Homologs of SERAs are also seen in other Plasmodium
species.’* A number of the SERAs are expressed in erythrocytic parasites, with maximal
expression of SERA-5, but also marked expression of SERA-3, 4 and 6, primarily in the
trophozoite and schizont stages.¥** SERA-5 and SERA-6 are most likely to be essential,
as only these SERA genes could not be disrupted in cultured parasites.®*®' Recombinant
SERA-5, which includes a cysteine protease scaffold but replacement of the canonical Cys
by Ser, exhibited serine protease (chymotrypsin-like) activity, with autohydrolysis inhibited
by serine protease inhibitors and modest activity against peptidyl serine protease substrates.®
SERA-6, which contains typical papain-family active site residues, is most likely a more
typical cysteine protease, but biochemical evidence to support this conclusion is lacking.

Since cysteine protease inhibitors block erythrocyte rupture (see above) and as both
SERA-5 and SERA-6 have been localized to the parasitophorous vacuole that surrounds
mature schizonts,*? these proteins and perhaps other SERAs, may be responsible for
proteolytic cleavages required for the egress of merozoites from the erythrocyte. The
processing of SERA-5 was well studied some years ago; a series of processing steps
occurs at the time of erythrocyte rupture, with steps both sensitive and insensitive to
cysteine protease inhibitors.** Recent work has shown that SERA-5 is activated by
the serine protease PfSUBI1, which is released into the parasitophorous vacuole space
immediately prior to parasite egress from the erythrocyte.” As noted above, PISUB1
may require activation by the cysteine protease dipeptidyl aminopeptidase 3. Although
some details remain uncertain, it appears that the egress of mature P. falciparum from
erythrocytes requires a series of events, culminating in the activation of SERA proteases
by the serine protease PfSUB1.3* However, specific functions of SERAs remain unclear.

Clan CD Cysteine Proteases

Based on evaluation of the genome sequence, P. falciparum may express a number
of clan CD proteases, but none have been well characterized or demonstrated to have
enzymatic activity (e.g., metacaspasel and 2, Table 1).°* Considering roles in other
biological systems, clan CD proteases are likely to have tighter substrate specificity than
clan CA enzymes, suggesting roles in fine regulation of parasite metabolism.* This high
level of specificity suggests promise for clan CD protease inhibitors as highly specific
antimalarial drugs. It has been noted that the P. falciparum metacaspase-1 gene encodes
an N-terminal caspase recruitment domain, suggesting a role in parasite apoptosis.”
However, a homolog of this gene from P. berghei was not expressed in erythrocytic-stage
parasites and knockout of the gene was not deleterious to the murine parasites.”

An Endogenous Inhibitor of Cysteine Proteases.
P. falciparum expresses an endogenous cysteine protease inhibitor, falstatin,

presumably for control of parasite and/or host protease activity.”” Recombinant falstatin
was a potent reversible inhibitor of falcipain-2, falcipain-3 and related host and parasite
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proteases. It is expressed in schizonts, merozoites and rings, but not in trophozoites, the
stage at which the cysteine protease activity of P. falciparum is maximal. Falstatin localizes
to the periphery of rings and early schizonts, is diffusely expressed in late schizonts and
merozoites and is released upon erythrocyte rupture. Treatment of late schizonts with
antibodies thatblocked the inhibitory activity of falstatin against falcipain-2 and falcipain-3
dose-dependently decreased the subsequent invasion of erythrocytes by merozoites. These
results suggest that P. falciparum requires expression of falstatin to limit proteolysis by
certain host or parasite cysteine proteases during erythrocyte invasion. This mechanism
of regulation of proteolysis suggests new strategies for the development of antimalarial
agents that specifically disrupt erythrocyte invasion.

POTENTIAL FOR CYSTEINE PROTEASE INHIBITORS
AS ANTIMALARIAL DRUGS

Ascysteine proteases play essential roles in erythrocytic malaria parasites, an obvious
consideration is the inhibition of these enzymes to treat malaria. A number of older studies
have supported this concept, with the demonstration that cysteine protease inhibitors
have potent in vitro and in vivo antimalarial effects.® Specifically, peptidyl fluoromethyl
ketone,****” vinyl sulfone,'®1? and aldehyde'® inhibitors of falcipains blocked the
development of cultured parasites at nanomolar concentrations. Some nonpeptide falcipain
inhibitors showed more modest antiparasitic activity.!*1% The inhibition of parasite
development was generally accompanied by a specific block in hemoglobin hydrolysis,
marked by the appearance of swollen, dark staining food vacuoles and antiparasitic effects
correlated with the degree of inhibition of falcipain-2 and falcipain-3.'% Many potent
inhibitors also blocked homologous enzymes from P. vivax* and P. vinckei,>® although
specificities varied, particularly between proteases of human and murine parasites.

Drug discovery directed against falcipains is now facilitated by available structures
of falcipain-2 and falcipain-3 complexed with a number of small molecule and protein
inhibitors.!””-!!% These structures are similar, but not identical to those predicted by
modeling exercises,!'"!'? and suggest explanations for subtle biochemical differences
between falcipain-2 and falcipain-3.

Cysteine protease inhibitors have also exhibited antimalarial effects in vivo, although
these results must be interpreted in light of important differences between homologous
proteases of human and rodent parasites.’'® Treatment of P. vinckei-infected mice
with fluoromethyl ketone,**! vinyl sulfone,'” and aldehyde!'® inhibitors led to partial
or complete protection against lethal malaria. Also, inhibitors of cysteine and aspartic
proteases showed synergistic antimalarial effects both in vitro''"'? and in vivo,'” suggesting
the possibility of combined protease inhibitor antimalarial therapy. Extensive studies of
the antimalarial activity of nonpeptidyl inhibitors of falcipains are now underway.!''*2?
Concerning the potential for resistance to antimalarial cysteine protease inhibitors, parasites
were selected for resistance to a vinyl sulfone falcipain inhibitor, but the selection was
slow and the mechanism of resistance was complex.'? This result might indicate that
resistance to antimalarial cysteine protease inhibitors will be slow to develop, but the best
means of avoiding resistance will likely be the use of combination antimalarial therapy.

Differences between the cysteine proteases of human and rodent malaria parasites
challenge standard approaches to drug discovery in which rodent parasite models play
a critical role in compound screening.’:''* This problem might be circumvented by
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development of recombinant rodent parasites that express the human parasite proteases'**
or the use of new models that allow propagation of P. falciparum in immunocompromised
mice.'? The P. falciparum mouse model was recently used to demonstrate potent in vivo
antimalarial activity of falcipain inhibitors.!

CONCLUSION

Our understanding of the cysteine protease repertoire of malaria parasites has
increased markedly in recent years. Falcipain-2 and falcipain-3 are key hemoglobinases
that are appropriate targets for antimalarial chemotherapy. Efforts to optimize falcipain
inhibitors as antimalarials are currently underway. Our understanding of the biological
roles of parasite dipeptidyl peptidases, calpain and SERAs is improving and all of these
proteases also offer potential targets for chemotherapy. Some proteases have key roles
in nonerythrocytic parasite stages that might be relevant in chemoprevention or vaccine
strategies. Further characterization of these proteases should expedite efforts to improve
the control of malaria.
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Abstract: Cysteine proteases are important for the growth and survival of apicomplexan
parasites that infect humans. The apicomplexan Toxoplasma gondii expresses five
members of the C1 family of cysteine proteases, including one cathepsin L-like
(TgCPL), one cathepsin B-like (TgCPB) and three cathepsin C-like (TgCPCl1,
2 and 3) proteases. Recent genetic, biochemical and structural studies reveal
that cathepsins function in microneme and rhoptry protein maturation, host cell
invasion, replication and nutrient acquisition. Here, we review the key features
and roles of 7. gondii cathepsins and discuss the therapeutic potential for specific
inhibitor development.

INTRODUCTION

Peptidases play a critical role in protein catabolism by hydrolysis of peptide
bonds in the polypeptides.! Peptidases are classified into seven categories based on
the principal catalytic residue in the active site: Aspartic, Cysteine, Glutamic, Serine,
Threonine, Metallo and Mixed, each of which can be further divided into clans and
families. Cysteine peptidases, also called thiol peptidases, use the nucleophilic thiol
group of cysteine for hydrolysis. Cathepsin peptidases belonging to the C1 family clan
CA of “papain-like” cysteine peptidases are widely distributed in eukaryotic organisms.
During catalysis, a basic amino acid in the catalytic triad, usually histidine, de-protonates
the cysteine thiol group, which attacks the carbonyl carbon group in the substrate for
hydrolysis. The hydrolytic cycle is completed when the newly-derived substrate terminal
amine accepts the proton from the active site histidine, thus regenerating the prehydrolysis
status of the active site.”

Cysteine Proteases of Pathogenic Organisms, edited by Mark W. Robinson and John P. Dalton.
©2011 Landes Bioscience and Springer Science+Business Media.
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GENERAL ROLES OF CATHEPSINS IN BIOLOGICAL SYSTEMS

In eukaryotic cells, cathepsin proteases act classically as lysosomal hydrolases that
digest endogenous and exogenous endocytosed polypeptides.> However, increasingly it
is appreciated that cathepsins can also play more specialized roles in higher eukaryotic
organisms including spermatogenesis, antigen presentation, tumor invasion, degradation
of matrix proteins and TNFa-induced apoptosis.*® Upregulated cathepsin L enzyme in
tumor cells plays an important role in nonmetastatic tumor cell conversion into a highly
invasive metastatic state.” In unicellular eukaryotes such as Plasmodium falciparum,
cathepsin L-like proteases (falcipains 2a, 2b and 3) are responsible for hemoglobin
digestion within the parasite food vacuole during erythrocyte infection.!™!> Falcipain
1, which resides in intracellular vesicles, plays a yet-to-be-defined, nonessential role in
parasite invasion of erythrocytes,'®!” but it is required for efficient parasite development
within infected mosquitoes.'® In Trypanosoma b. brucei and related species, cathepsin L
and cathepsin B localize to endolysosomes.!” Cathepsin L is not essential but it facilitates
traversal of the blood-brain barrier by 7. b. rhodesiense in experimentally infected mice,?
possibly by activating a protease-activated receptor.?! T. b. brucei cathepsin B appears to
be required for parasite survival® perhaps because of its role in degrading endocytosed
host transferrin for iron acquisition.?>?* Accordingly, like higher eukaryotes, protozoan
parasites appear to use cathepsin endopeptidases for protein degradation and other
specialized roles.

PROPERTIES OF TOXOPLASMA GONDII AND ITS CATHEPSINS

T. gondii is a ubiquitous apicomplexan parasite that infects a wide range of
warm-blooded animals. It is estimated that almost one-third of the human population
is infected by this parasite.?* Infection with Toxoplasma can lead to encephalitis,
chorioretinitis and congenital birth defects. AIDS and immunocompromised patients
are at especially high risk of developing toxoplasmosis. As an obligate intracellular
parasite, 7. gondii must invade host cells to survive and expand the infection. Unlike
intracellular bacteria and viruses, 7. gondii and other related parasites use a unique
gliding motility mechanism for invading host cells. Toxoplasma parasites lack specialized
appendages for motility and instead utilize an intrapellicular actin-myosin system to slide
on a substrate or a host-cell surface.? During cell invasion, two subcellular organelles,
micronemes and rhoptries, sequentially discharge their contents at the apical end of
the parasite to mediate entry.?® As the parasite invades the host cell, a parasitophorous
vacuole (PV) membrane is formed and surrounds the parasite.”” After the parasite
finishes entry, other organelles, termed dense granules (DG), secrete proteins into
the PV. DG proteins are thought to function in modification of the PV for nutrient
acquisition.”® While most microneme and rhoptry proteins are subjected to limited
proteolysis (a process termed proteolytic maturation) as they traffic to their respective
secretory organelles, DG proteins are not processed and follow a constitutive secretion
pathway to the PV.? Protease inhibitor studies revealed that cysteine proteases are
involved in the maturation of microneme and rhoptry proteins and the biogenesis of
some subcellular organelles.?*-*?

The endosomal system in 7. gondii is generally similar to that of other eukaryotic
cells, but it also displays some unique features (Fig. 1). Recently, a dynamic Vacuolar



CATHEPSIN PROTEASES IN TOXOPLASMA GONDII 51

Figure 1. The endosomal system of 7. gondii and the subcellular locations of cathepsins. TgCPL
and TgCPB are predominantly expressed in the VAC and a diminutive amount of TgCPL is seen in
the late endosome (LE) where it has been implicated in the maturation of promicroneme proteins.>>3*
TgCPB was also reported to be distributed in the rhoptry to function in the processing of prorhoptry
proteins.’® Immunofluorescence microscopical studies revealed that TgCPC1 protein is secreted into
the PV after cell invasion, where it may digest exogenous proteins to meet the parasite’s nutrient
needs.”” Exogenous polypeptides may also be endocytosed and trafficked to the VAC for nutrient
acquisition. Abbreviations used: B, cathepsin B-like protease; C, cathepsin C-like protease; EE,
early endosome; ER, endoplasmic reticulum; Go, Golgi apparatus; IMC, inner membrane complex;
L, cathepsin-L like protease, LE, late endosome; M, microneme; MP, micropore; N, nucleus; PLV,
plant-like vacuole; PV, parasitophorous vacuole; PVM, parasitophorous vacuole membrane; R, rhoptry;
VAC, vacuolar compartment.

Compartment (VAC) (also termed the Plant-Like Vacuole or PLV) was identified
in the Toxoplasma endosomal system.**** The VAC is often closely associated with
the late endosome (LE) in the intermediate apical region of the parasite. The major
population of the 7. gondii cathepsin L (TgCPL) and cathepsin B (TgCPB, also
termed toxopain-1 or CP-1) is distributed in the VAC3?*%3*3 (and Dou and Carruthers,
unpublished data), suggesting this organelle may have a role similar to lysosomes.
Although a low proportion of extracellular tachyzoites of 7. gondii show endocytic
ability,**7 it remains possible that endocytosis of parasite membrane proteins or host
cell polypeptides and oligopeptides is more active in intracellular replicating parasites
with a high nutrient demand.
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Chromosome Organization

Five cathepsin proteins are encoded in the genome of 7. gondii: one cathepsin
L-like protein (TgCPL), one cathepsin B-like protein (TgCPB) and three cathepsin
C-like proteins (TgCPC1, 2 and 3) (Table 1). These five cathepsin genes are distributed
among four distinct chromosomes. 7gcpl is encoded in chromosome Ib and has four
exons while 7gepb consists of seven exons and is encoded on chromosome XII. Tgepcl
and Tgcpc3 are encoded on chromosome IX and therefore could have resulted from
intra-chromosomal gene duplication, although they are separated by a considerable distance
on the chromosome. Tgcpcel and Tgepe3 have nine and fourteen exons, respectively.
Tecpce? has ten exons on chromosome I11. All 7. gondii cathepsin genes have homologs
among the three sequenced strain types of 7. gondii, except Tgcpc3. Tgepe3 is not present
in the genome sequence of the Type I reference strain GT1 (www.toxodb.org), probably
due to incomplete sequence coverage.

Catalytic Residues and Motifs

Toxoplasma cathepsins have almost identical amino acid sequences in their catalytic
region as other members of the papain family. The conserved cysteine, histidine and
asparagine residues form a triad in the active site that catalyzes peptide cleavage (Fig. 2).
TgCPL has several conserved motifs including ERFNIN, which is a signature motif within
the prodomain of cathepsin L and H proteases, a KNFD motif (also in the prodomain)
and a SPV domain in the mature enzyme.” TgCPB has 12 cysteine residues in the
mature form, which may participate in the formation of six disulfide bonds. A conserved
motif (GCNGG) that exists in the human cathepsin B is also present in TgCPB. Besides
endopeptidase activity, TgCPB also shows exopeptidase activity, which is contributed
by an intact positively charged occluding loop that can bind to the terminal carboxylic
acid of the target substrate.*

Like human cathepsin C, also called dipeptidyl peptidase [ (DPPI), all mature TgCPCs
are composed of an N-terminal residual prodomain (exclusion domain), a heavy chain

TgCPL |NTC Propeptide H C  Catalytic H N |

TgCPB E Propeptide H c Catalytic H N h

TgCPCH1 H Propeptide H c Catalytic H N h
TgCPC2 E Propeptide H C  catalytc H N _
TgCPCS M Propeptide H c Catalytic H N h

? ‘I?O 2?0 3?0 4?0 5?0 6?0 ?IDD 8?0

Figure 2. Schematic representations of 7. gondii cathepsin-like proteases. Domains are represented
by rectangles whereas joining regions or extensions are depicted as elongated bars. The positions of
catalytic triad residues (C, H and N) are indicated. Abbreviations used: NTC, N-terminal cytosolic
domain; SA, signal anchor; SP, signal peptide. Scale is in amino acids.
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and a light chain. As a dipeptidyl peptidase, the aspartic residue at the N-terminus of the
exclusion domain can block formation of the substrate binding cleft with the polypeptide
beyond its S2 substrate-binding site.*®* Unlike other cathepsin-like enzymes, a halide
ion is required for its activity and a conserved tyrosine residue that binds a chloride
ion in the crystal structures of the rat and human cathepsin C proteases also exists in
Toxoplasma CPCs.***! In addition, a tyrosine-based motif, YXX® (X is any amino acid
and @ is a bulky hydrophobic amino acid) is present in all Toxoplasma CPCs.* TgCPC2
and TgCPC3 also display a dileucine-motif, which in higher eukaryotes participates in
endosomal/lysosomal protein targeting.*? TgCPC2 has a 100-residue C-terminal extension,
the biological role of which remains unknown.

Three-Dimensional Structure of TgCPL and TgCPB

Recently, Larson et al solved the three dimensional structure of autoactivated TgCPL
with its propeptide resident in the active site cleft.> The structure of mature TgCPL is
very similar to previously determined papain-like cysteine protease structures. TgCPL
consists of two domains divided by a deep active site cleft; one domain is primarily
a-helical and the other contains a B-barrel-like fold and several a-helices.** The Cys;,,
His,s; and Asng residues (numbered according to ref. 32) cluster together and form the
active site triad. Three disulfide bonds stabilize the TgCPL structure, a feature that is
common in the papain-like cysteine proteases. The propeptide occupies the active cleft in
a reverse orientation compared to that of the substrate, thus forming a stable interaction
that inhibits its endopeptidase activity until activation and propeptide dissociation
occur.’> An aspartic acid residue occupies the S2 substrate-binding site, which is a
major specificity-determining site. Although initial homology modeling predicted that
the aspartic acid created an unusually shallow S2 substrate-binding site,** the crystal
structure of TgCPL revealed that the aspartic acid does not overtly occlude the pocket.*
Accordingly, TgCPL hydrolyzes synthetic substrates with a variety of hydrophobic amino
acids in the P2 position.*

Although a crystal structure of TgCPB is not available, homology modeling studies
based on human lysosomal and rat cathepsin B show a glutamic residue at the base of the
TgCPB S2 pocket,*® which can interact with positively charged residues, such as arginine
at the P2 site. An occluding loop that is close to the substrate-binding cleft blocks the
C-terminal end of the active site. Two positively charged histidine residues in this loop
can associate with the C-terminal carboxylate group of the P2’ residue to endow this
enzyme with exopeptidase activity.*

Activation Profile and Optimal pH for Activity

Recombinant TgCPL and TgCPB can be auto-activated at low pH in the presence
of areducing agent.’**>33 Recombinant TgCPL is active on both peptide and polypeptide
substrates.** Recombinant TgCPC1 and TgCPC2 failed to auto-activate in vitro, indicating
that they require exogenous cleavage by another protease molecule for activation.* The
heavy chain and residual prodomain of TgCPC1, which remain associated with the active
enzyme, were copurified from a tachyzoite lysate, indicating that the expected activating
proteolysis occurs in vivo.** Human DPPI protease is trans-activated by cathepsin L cleavage
at several sites, but it remains to be determined if TgCPCs are activated by TgCPL.*
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Almostall cathepsin proteases perform optimally within alow pH range.® Recombinant
TgCPL efficiently cleaves a recombinant proform of 7. gondii MIC2-Associated Protein
(proTgM2AP) at pH 5.5-6.0,%* and the optimal pH range for digesting a Lys-Gln-Leu-Arg
substrate is 5.5-6.5 with maximum activity at pH 6.5.3° Recombinant TgCPB expressed
in E. coli can self-cleave at pH 6.0, but currently the optimal pH for TgCPB proteolytic
activity is unknown. TgCPCl is active within a broad pH range from 4.5 to 8.0 and shows
the highest activity near pH 6.5.%°

PHYLOGENETIC RELATIONSHIPS

A molecular phylogenetic analysis of the catalytic domains of papain-like proteases
in apicomplexan parasites is shown in Figure 3. Cathepsin L- and B-like proteins are
recognized by the presence of an “ERFNIN” motifin the prodomain or an occluding loop,
respectively. Six members of the parvapain family in Theileria parva are all cathepsin
L-like and are probably the earliest origin of the apicomplexan papain-like proteases.
The occluding loop in cathepsin B may have been gained during evolution to grant it
exopeptidase activity. Deletion of this loop by mutagenesis completely eliminates this
activity.* Similarly, the N-terminal residual prodomain in cathepsin Cs (exclusion
domain) may also have evolved from the prodomain of cathepsin L to associate with their
catalytic heavy and light chains to contribute to their exclusive exopeptidase activity.
The activation of human DPPI by cathepsin L and not cathepsin B may also indicate that
cathepsin Cs are derived from cathepsin L and co-evolve with cathepsin B.** Among
the apicomplexan parasites for which genome sequence is available, a cathepsin B-like
protease only exists in 7. gondii. The early ancestor of apicomplexan parasites, Perkinsus
marinus® encodes ten cathepsin B-like proteases, implying that apicomplexans (except
T. gondii) probably lost cathepsin B, perhaps due to redundancy with cathepsin L- and
cathepsin C-like proteases.

LOCALIZATION, PHYSIOLOGICAL FUNCTIONS AND REGULATION

TgCPL is principally expressed within the VAC oftachyzoites and bradyzoites.?*
Its function in the VAC is not known, but since the VAC resembles a lysosome
or lytic vacuole, TgCPL is proposed to function in protein degradation within this
compartment. The VAC contains internal membrane tubules and vesicles typically
seen in multivesicular bodies, a major center for membrane protein turnover. TgCPL
is also associated with the residual body in the PV after cell division, where it could
contribute to the destruction of mother cell organelles that are not partitioned into
daughter cells.** Additional subpopulations of TgCPL are localised within small
cytoplasmic vesicles throughout the cytoplasm and within the late endosomes (LE),
which is characterized by the presence of TgRab7, vacuolar pyrophosphatase 1 (TgVP1)
and immature microneme proteins also known as proMICs.**** ProMICs display
an N-terminal or internal propeptide that is proteolyzed within 15-60 minutes after
synthesis.******Parussini et al found that TgCPL contributes to the proteolytic maturation
of proTgM2AP and proTgMIC3 based on delayed maturation in a TgCPL-deficient
strain and correct processing of recombinant proTgM2AP by recombinant TgCPL in
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Sequence-based relationships among 7. gondii cathepsins. A) Molecular phylogenetic

relationships among cathepsin proteases in apicomplexan parasites. The tree was generated by
neighbor-joining analysis using POWER (http://power.nhri.org.tw/power/home.htm). Subgroups
are shaded according to their similarity to cathepsins based on homology and the presence of an
“ERFNIN” motif (cathepsin L-like) or occluding loop (cathepsin B-like). The analysis was restricted
to apicomplexan parasites with complete or nearly complete genome sequences. One species from
each genera was selected based on the maximal genome sequence coverage. Plasmodium SERA
proteins were excluded due to their substantial divergence. Figure legend continued on next page.
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Figure 3, continued from previous page. The Plasmodium falcipains PfFP2a and PfFP2b are
identical in sequence and thus are shown in the same dendrite. Note that the Babesia and Theileria
proteases have not been systematically named previously and hence are designated here according to
the nomenclature adopted for the Plasmodium and Cryptosporidium cathepsins. An asterisk indicates
a protease missing at least one amino acid involved in catalysis. Abbreviations used: Bb, Babesia
bovis; BP, Bovipain; Cp, Cryptosporidium parvum; CP, Cryptopain; Pf, Plasmodium falciparum;
FP, falcipain; Tg, Toxoplasma gondii; Tp, Theileria parva; PP, parvapain. B) Multiple sequence
alignment of apicomplexan cathepsin catalytic-proximal sequences. Sequences obtained from the
MEROPS database (http://merops.sanger.ac.uk) include only the catalytic domain beginning six amino
acids upstream of the catalytic cysteine and ending two amino acids downstream of the active site
asparagine. Sequence alignment was compiled using ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/
index.html). Fully conserved residues are indicated by asterisks and highly similar and similar residues
are indicated by two dots and one dot, respectively. TpPP3 lacks the conserved cysteine residue in
the catalytic site, which is replaced with an alanine.

vitro.** Moreover, the propeptide cleavage sites of proTgM2 AP and proTgMIC3 contain
residues favorable for TgCPL recognition and proteolysis based on screening of a
peptide substrate library and mapping of the autocatalytic cleavage site of recombinant
TgCPL. Maturation of proTgM2AP and proTgMIC3 was not completely abolished in
TgCPL-deficient parasites, suggesting the existence of alternative maturase(s) within
the T. gondii endocytic pathway.

TgCPL proteolytic activity is regulated in several ways. First, like most papain-like
enzymes, TgCPL is initially synthesized as an inactive zymogen with the propeptide
sterically occluding the active site cleft.*> This arrangement probably prevents TgCPL
activity as it traffics through the proximal secretory system (ER, Golgi), thereby avoiding
proteolysis of inappropriate substrates. Second, TgCPL activity is pH regulated, with
optimal activity occurring under moderately acidic conditions (pH 5.0-6.5),%** which
TgCPL probably encounters as it enters the endocytic system and undergoes maturation
to remove the autoinhibitory propeptide. Third, 7. gondii expresses two inhibitors of
cysteine proteases termed toxostatin-1 and toxostatin-2.* Overexpression of toxostatin- 1
in 7. gondii tachyzoites inhibited TgCPL and TgCPB activity by 80-90% in parasite
extracts. Although it remains unclear if this inhibitor encounters TgCPL or TgCPB within
intact cells, toxostatin-1 and toxostatin-2 could serve to prevent unwanted proteolysis
by TgCPL or TgCPB that strays to an inappropriate location within the parasite. Finally,
TgCPL processing of its substrates is likely regulated spatially by membrane segregation
via delivery of substrates to the VAC or shuffling diminutive quantities of TgCPL to the
LE for limited proteolysis of proMICs and possibly other substrates.*

TgCPB expression and activity have been detected in tachyzoites. It remains
uncertain whether TgCPB is expressed in bradyzoite tissue cysts since its transcript
was not detected by RT-PCR in cysts recovered from mouse brains,* but was shown
by microarray analysis to increase upon induction of bradyzoite differentiation in
vitro (www.toxodb.org). TgCPB occupies the rhoptries based on immunoelectron
and immunofluorescence microscopical studies,*® although it was not identified in the
rhoptry proteome.’' TgCPB was also detected in the residual body and an electron
lucent vacuole that is probably the VAC,* raising the possibility that TgCPB works
in concert with TgCPL at these locations. Parasites treated with a cathepsin inhibitor
showed impaired invasion, altered rhoptry morphology and delayed maturation of
TgROP2, implicating TgCPB in ROP protein maturation and parasite invasion.*
An antisense inhibition approach was used to knockdown the expression of TgCPB,
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resulting in decreases in parasite cell invasion, replication and parasite tissue burden
in a chicken embryo model of infection, indicating that TgCPB contributes to multiple
processes during infection.*

TgCPC1 and TgCPC2 are expressed in tachyzoites, with TgCPC1 transcripts being
~20-fold more abundant than TgCPC2.* None of the TgCPC transcripts including
TgCPC3 were detected in bradyzoite tissue cysts. TgCPC3 is expressed in the sporozoite
stage based on the presence of expressed sequence tags (www.toxodb.org). TgCPC1 and
TgCPC2 have been reported to occupy DGs and the PV during parasite replication.>
Partial gene disruption of TgCPC1 by replacement of exons 3-5 with a selectable
marker resulted in ~4-fold upregulation of TgCPC2 mRNA, suggesting that TgCPC2
compensates for the loss of TgCPC1 and that these proteases might function in the same
process or pathway.** A selective inhibitor of cathepsin C partially impaired parasite
replication and reduced parasite tissue burden in experimentally infected chicken
embryos, implicating TgCPCs in parasite replication.* The inhibitor also stabilized
the expression of E. coli f-lactamase within the parasitophorous vacuole of transgenic
parasites, suggesting that TgCPCs function in the degradation of exogenous proteins.
Proteins derived from the host endoplasmic reticulum were recently shown to be present
within the lumen of the PV in infected dendritic cells, indicating that such proteins are
available to contribute to the parasites nutritional needs.>

THERAPEUTIC POTENTIAL

T. gondii cathepsins are considered potential therapeutic targets based on genetic
and inhibitor studies. For example, genetic disruption of TgCPL diminishes parasite cell
invasion and growth (ref.** and Dou and Carruthers, unpublished data). Also, parasite
treatment with the cathepsin inhibitor morpholinurea-leucyl-homophenyl-vinyl sulfone
phenyl (LHVS, also known as K11017) impairs cell invasion by blocking secretion of
adhesive proteins from parasite micronemes.’' LHVS principally targets TgCPL based on
analysis with a fluorescent derivative of LHVS,*? but our recent findings suggest that it
can also inhibit TgCPB (Dou and Carruthers, unpublished data). Antisense inhibition of
TgCPB expression or treatment with cathepsin inhibitors diminished parasite replication,
cellinvasion and infection in vivo.**> Similarly, targeted deletion or chemical inhibition
of TgCPC1 reduced parasite replication and infection.” Nevertheless, it should be
noted that none of the 7. gondii cathepsins have been validated as essential enzymes
and the cathepsin inhibitors that have been tested to date show relatively low potency
with effective concentrations in the low- to mid-micromolar range.****34 Tt remains
unclear whether this is due to poor penetration into 7. gondii infected cells or partial
refractivity to inhibition of the parasite cathepsins within the intracellular environment.
Additional genetic ablation studies should provide a clearer picture of the importance
of these proteases and their potential for therapeutic development.

CONCLUSION AND FUTURE PERSPECTIVES

The emerging view of 7. gondii cathepsins is that, like their homologs in other
eukaryotes, they function in protein degradation along with playing more specialized roles
in the maturation of invasion proteins. However, much remains to be done including the
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identification of their full range of protein substrates within the parasite, their dependency
on one another for activation and their participation in similar or distinct processes
within the endocytic system and parasitophorous vacuole. Additional reverse genetic
evidence that TgCPB and the TgCPCs are important to parasite survival would further
boost their stock as potential targets. The screening, identification and target validation
of small molecule inhibitors with greater potency will also be an important avenue of
future work. Recent advances in gene tagging for marker identification should illuminate
additional features ofthe 7. gondii endosomal system and help identify the pathways taken
by cathepsins to reach their subcellular locations.> This goal will also be facilitated by
the use of conditionally expressed dominant negative mutants of membrane trafficking
determinants.>**” Finally, now that evidence is emerging showing that host ER proteins
gain access to the PV, studies of parasite endocytic uptake within infected cells might
shed light on whether 7. gondii, like its kin the malaria parasite, taps host proteins for
nutritional gain.
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Abstract:

Cysteine proteases of the protozoan parasite Entamoeba histolytica are key virulence
factors involved in overcoming host defences. These proteases are cathepsin-like
enzymes with a cathepsin-L like structure, but cathepsin-B substrate specificity. In
the host intestine, amoeba cysteine proteases cleave colonic mucins and degrade
secretory immunoglobulin (Ig) A and IgG rendering them ineffective. They also
act on epithelial tight junctions and degrade the extracellular matrix to promote
cell death. They are involved in the destruction of red blood cells and the evasion
of neutrophils and macrophages and they activate pro-inflammatory cytokines
IL-1p and IL-18. In short, amoeba cysteine proteases manipulate and destroy host
defences to facilitate nutrient acquisition, parasite colonization and/or invasion.
Strategies to inhibit the activity of amoeba cysteine proteases could contribute
significantly to host protection against E. histolytica.

INTRODUCTION

Cathepsins are globular lysosomal proteases that are involved in protein turnover
within the cell.! Protein turnover occurs as part of normal cellular function, as is the
case with degradation of intracellular proteins or those taken up from other cells. In
some disease states such as cancer however, degradation of extracellular matrix proteins
facilitates spread of disease."? In this chapter we examine the cathepsin-like enzymes of
Entamoeba histolytica and their role in the pathogenesis of amoebiasis.
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The protozoan parasite, E. histolytica infects an estimated 500 million people each
year, resulting in over 100,000 deaths.* Amoebiasis is the second leading cause of
mortality due to a protozoan infection—second only to malaria.* While the vast majority
of cases are asymptomatic,* 10% result in invasive disease. In the developing world,
amoebiasis is one of the leading causes of childhood diarrhoea causing death.** Amoeba
cathepsin-like proteins (cysteine proteases) are prominent virulence factors contributing
to the pathogenesis of invasive amoebiasis.’

Life Cycle of E. histolytica

Humans, the definitive hosts of E. histolytica, become infected when they ingest
cysts in contaminated food or water.* Once ingested, these excyst in the terminal ileum
releasing trophozoites, which then migrate to and colonize the colon. In asymptomatic
infections, trophozoites colonize the intestinal mucus layer and behave as harmless
commensals. The life-cycle is completed when trophozoites encyst and are excreted in stool
to perpetuate transmission via fecal-oral spread.>® In invasive amoebiasis, trophozoites
invade the mucosal barrier, resulting in amoebic dysentery and/or colitis. In some cases,
amoebae enter the portal circulation and disseminate to extra-intestinal sites where they
can establish infections such as amoebic liver abscesses (ALA) and/or brain abscesses.

E. histolytica Virulence Factors

Inaddition to cysteine proteases (CPs), the invasive potential of . histolyticais mediated
by a number of virulence factors including the galactose-N-acetyl-D-galactosamine (Gal/
GalNAc) lectin and amoebapores.**!! The Gal/GalNAc lectin on the parasite surface, binds
with high affinity to galactose and N-acetyl galactosamine residues on colonic mucins to
facilitate colonization of the mucus layer and invasion of the large intestine,'*!* as well
as mediating parasite adherence to host epithelial cells.!®!>!¢ Amoebapores are small pore
forming molecules with a molecular mass of approximately 8 kDa that are preferentially
active at a lower pH.!” They are nonenzymatic and insert into the membrane of target cells
forming pores, that result in cytolysis of both bacterial and eukaryotic cells.'”" Other
virulence factors include phospholipases and collagenase,”” EnSTIRP (E. histolyticaserine-,
threonine- and isoleucine-rich protein) and lipophosphopeptidoglycan (LPPS) involved in
epithelial cell adhesion and cytotoxicity,” the SREHP (serine-rich E. histolytica protein)
that facilitates binding and phagocytosis of apoptotic cells,?* Eh arginase which impairs
nitric oxide (NO) production by activated macrophages, a superoxide dismutase that
detoxifies superoxide to hydrogen peroxide (H,0,) and perioxiredoxin which neutralizes
H,0,.** While a complete review of E. histolytica virulence factors is beyond the scope
of this chapter, an excellent review is provided in reference 4.

EhCPs are the major proteases of E. histolytica and are expressed both intracellularly
and extracellularly.?® They are key virulence factors in the pathogenesis of invasive
amoebiasis'®**?” and degrade extracellular matrix proteins,” human immunoglobulins
IgG and secretory IgA? and components of the complement system.***! EhCPs also
cleave colonic mucins®? and cause cell cytolysis,'* they trigger inflammatory responses,
directly destroy tissue and mediate evasion of host defences.'® CP activity is associated
with parasite virulence and the highly virulent HM-1 strain of E. histolytica has elevated
protease activity and cytotoxicity compared to less virulent strains.>
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EhCPs are referred to as cathepsin-like enzymes because their structure is similar to
cathepsin-L, however their substrate specificity resembles cathepsin-B.>** All amoebic
CPspossess the structural component Glu-X;-Arg-X,-Ile/Val-Phe-X,-Asn-X;-1le-X;-Asn
(ERFNIN) motifin the pro-sequence.’*3¢ In addition, some of these proteases also possess
a hydrophobic sequence near the C-terminus which facilitates binding to the extracellular
membrane of the trophozoite.** The substrate specificity for EhCPs requires two large
positively charged amino acids, specifically arginine at the P1 and P2 positions* and bind
with high affinity to the cathepsin-B synthetic substrate benzyloxycarbonyl-arginine—
arginine—4-amino-7-methylcoumarin (Z—Arg—Arg—AMC), but have a low affinity for Z—
Arg—AMC or Z-Phe—-Arg—AMC, which are substrates for cathepsin Hand L respectively.?’

There is a great deal of ambiguity regarding the nomenclature of EhCPs since they
are often referred to as proteases, mucinases or hemoglobinases. For the purposes of this
discussion, an EhCP will be defined as a protease that is activated by the CP activators
dithiothreitol (DTT) or 2-mercaptoethanol and is inhibited by CP inhibitors and not serine
protease inhibitors like phenylmethylsulfonyl fluoride.?” The most common CP inhibitor
is E-64 (L-trans-epoxysuccinyl-leucylamido (4-guanidino) butane), but others described
in the literature include: N-ethylmaleimide (NEM), para-hydroxymercuribenzoate
(p-HMB), p-chloromercuribenzoate (p-CMB), a-2 macroglobuline, N-tosyl-L-lysine
chloromethylketone (TLCK), N-tosyl-phenylalanine chloromethyl ketone (TPCK),
benzyloxycarbonyl-Phe-Phe fluoromethylketone (z-FF.fmk), benzyloxy-carbonyl-Phe-Ala
fluoromethylketone (z-FA.fmk) and iodoacetamide.®® Studies have also identified
endogenous E. histolytica CP inhibitors, including amoebiasin 1 (EhICP1)* and the
chagasin-like inhibitor EnICP2.%

Recent developments in the E histolytica genome project have uncovered over 40
genes encoding CPs, which are moderately expressed, though only 8 of these are expressed
by amoeba in culture***'-* and fewer still are expressed at significant levels.'® Those not
expressed in vitro are thought to play a role in infection of the human host, invasion and
destruction of host tissue and completion of the parasite life cycle.?** Encystation and
excystation, as well as amoebic growth and survival and processes enabling the digestion
of red blood cells and bacteria are also thought to involve EnCPs 3447

Structure and Function of E. histolytica Cysteine Proteases

EhCPs cleave proteins through the hydrolysis of peptide bonds. CPs possess a cysteine
residue in the active site whose thiol group binds the substrate to facilitate catalysis,?
where the thiol acts as a nucleophile donating its electrons to a histidine residue which
acts as a general base.! They are typically active in most environments over a range of
pHs (pH 5.5-7.5) as long as the thiol group is not reduced.?

CPs are synthesized as a polypeptide consisting of a hydrophobic presequence (12-20
amino acids), a pro-domain (55-148 amino acids) and a catalytic domain or mature
enzyme (109-488 amino acids) (Fig. 1).%>** The pro-domain maintains the protease in an
inactive state and acts as a template during translation.” The enzyme is activated when
the pro-domain loses its configuration via cleavage by another protease or exposure to
an acidic environment, such as the lysosome.!

EhCPs are categorized as EnCP-A or EhnCP-B.** Proteases of the EnCP-A subfamily
typically have shorter pro-domains (72-90 residues) and shorter catalytic domains
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Figure 1. Structure of Entamoeba histolytica cysteine proteases. Amoeba cysteine proteinases are
synthesized with both a pre- and a pro-domain that are removed to activate the mature enzyme. The
predomain is important for translation and trafficking, while the pro-domain maintains the protein in
an inactive state. In the lyosome, the pH facilitates dissociation of the pro-domain to leave the mature
enzyme. Adapted from references 34, 37 and 124.

(190-254 residues) compared to those of EhCP-B (105-144 residues and 230-353 residues)
respectively.* There are a few exceptions however. EhCP15 has the shortest pro-domain
(55 residues), but it is in the EhCP-B group while EhCP17 with the longest pro-domain
(148 residues) is in the EhCP-A group.** EhCP-A proteases have a conserved DWR
motif (Asp-Trp-Arg) at position 6-8 with an active site cysteine at position 25, while in
EhCP-B this is replaced with a cysteine residue at position 8 and active site cysteines at
positions 30-38.* The catalytic centre of CPs consists of four active site residues: glycine
(Gly), cysteine (Cys), histidine (His) and asparagine (Asn).*

CPs range in size from 16 to 66kDa.”* The molecular mass of the twelve mature
proteases expressed in vitro range between 24-35 kDa.?* The three genes ehcpl, ehcp?2
and ehcp5 are responsible for 90% of the total CP activity in E. histolytica in vitro.*
EhCP1 and EhCP2 are membrane bound, while EhCP3 is localized to the cytoplasm.?
EhCP5 and EhCP112 possess RGD (Arg-Gly-Asp) sequences that anchor them to the
membrane,* without the need for a transmembrane-spanning domain or a GPI anchor.
This allows the proteins to be localized to putative patches on the surface of amoeba.*-*°
The 10 best-known EhCPs are described in greater detail in Table 1.

Role of Cysteine Proteases in Parasite Survival

Studies have suggested that the role of EhCPs is primarily related to survival and not
tissue destruction.”! Amoeba CPs appear to aid in protein breakdown prior to ingestion
of bacteria or red blood cells (RBC) and upon bacterial phagocytosis, EhCP2, EhCP3
and the 112kDa surface protein are targeted to the phagocytic vesicle, suggesting a role
for these in nutrient absorption.?>** Furthermore, inhibition of CPs drastically impairs
growth of trophozoites,’! as well as parasite survival and nutrient metabolism.’ Taken
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together, these data suggest a primary role for CPs in nutrient acquisition, though since
they are located on the surface or released extracellularly, they may also be involved in
host invasion.”

Cysteine Proteases in the Pathogenesis of Invasive Amoebiasis

The role of EhCPs in parasite virulence and invasive disease is underscored by the
relative absence of these proteins in the morphologically identical but noninvasive species,
Entamoeba dispar.®® Clinical isolates from E. histolytica have 10-1,000 times more CP
activity in culture than isolates from E. dispar.** Amoebae expressing the highest levels
of EhCP5 were obtained from patients with amoebic liver abscess (ALA).> Amoeba
virulence has been associated with CP activity in trophozoite extracts® and ALA formation
was inhibited in the presence of CP inhibitors.”” Furthermore, CP mRNA levels were
significantly higher in more virulent isolates of amoeba’ and the HM-1 strain was found
to have more CP activity than the less virulent HK-9 strain.’*>* Thus, amoeba CPs are
responsible for both parasite survival and nutrient acquisition, as well as causing intestinal
inflammation, tissue damage in colitis and extra-intestinal infections.*!4¢

HOST DEFENCE AND AMOEBA CYSTEINE PROTEASES

Amoebae CPs are critical in invasion due their ability to dismantle both innate and
adaptive host defence mechanisms (Figs. 2 and 3). EhCPs cleave a wide range of host
molecules that result in de-polymerization of the mucus layer, destruction of the colonic
epithelium with its accompanying tight junctions, inactivation of immunoglobulins and
either activation or inactivation of components of the complement cascade.

Cleavage of the Mucus Layer

The intestinal mucus layer forms the first line of host defence against enteric pathogens
and is largely composed of the secreted mucin MUC2.5"-*° Suspended in this layer are a
number of defence mediators including trefoil peptides (TFF3) and resistin-like molecule
beta (RELM-p) secreted by goblet cells, as well as secretory [gA and antimicrobial peptides
such as defensins, lysozyme and cathelicidins,®-% which collectively form a formidable
chemical-physical barrier. In the intestinal lumen, polymeric MUC2 is hydrated to form
a gel-like layer that protects intestinal epithelial cells from direct contact with commensal
bacteria and pathogenic micro-organisms in the lumen, while acting as a lubricant to
allow movement through the intestine.38:6463

We have shown that E. histolytica colonizes the large intestine by binding with high
affinity to the galactose and N-acetyl galactosamine residues on colonic mucins'>!* (Fig. 3A).
Inasymptomatic infections, amoebae are proposed to inhabit and graze within the superficial
layer of mucus. To invade host tissue however, amoebae must subvert the entire mucus strata
to come in contact with underlying cells. In this regard, amoebae CPs play a critical role
in penetrating the mucus layer (Fig. 3B). First, E. histolytica secretes mucin secretagogues
that stimulate goblet cell release of preformed and newly synthesized mucins® (Fig. 3F).
In vitro, colonic mucins protect against amoeba adherence to epithelial cells.'>* However,
robust amoeba-induced mucin secretion is proposed to deplete mucin stores and ultimately
facilitate parasite invasion via depletion of the mucus layer.®”*® EhCPs complement this
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Figure 2. Mucosal host defences in the gut. Entamoeba histolytica trophozoites must overcome these
defences to successfully cause invasive amoebiasis.

activity by degrading colonic mucins® (Fig. 3B). Secreted CPs have been shown to cleave
colonic mucins in a dose- and time-dependent manner,*”* which can be abrogated with the
CP inhibitor E-64. In addition, mucins degraded by amoeba CPs have a lower molecular
weight and a lower density than intact mucins® and they are markedly less effective than
native mucins at inhibiting amoeba adherence to epithelial cells.” Subsequently, it was
shown that EhCPs cleave MUC?2 at the C-terminus at 2 distinct sites,??> which results in
mucus depolymerization. Therefore, CPs degrade colonic mucin, thereby disrupting the
mucus layer and facilitating penetration that ultimately leads to invasion.

In addition to the generic pharmacological CP inhibitors, antisense RNAs can be
used to inhibit specific CPs. A recent study’ used antisense RNAs against EnCP5 (to
knockdown expression in trophozoites) with a variety of mucin and nonmucin producing
cell lines including: chinese hamster ovary (CHO) cells, which is an epithelial cell line
that does not produce mucins,”! LS 174T and HT-29 cells, which are mucin producing
cells derived from colorectal adenocarcinomas’! and the clone HT29CI.16E, derived
from wild type HT-29 cells with increased mucin production. Trophozoites with reduced
CP5 activity were ineffective at degrading colonic mucins and could not overcome the
mucus barrier to disrupt LS 174T and HT29CI.16E monolayers, but they could adhere
to and disrupt CHO monolayers.” In addition, decreased EhCP5 activity resulted in
reduced mucin degradation, as illustrated by high levels of mucin in the void volume
fractions of the Sepharose 4B column.” The mucinase activity of amoeba CPs was further



70 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

Mucus
Layer

Matrix

Intestinal 1 .
epithelial cell Goblet cell Macrophage @Neutrophll @Erylhrocyte
/;ELM'B d TFF3 IslgA \(IQG W1 Defensins

Figure 3. Amoebic cysteine proteases compromise the integrity of mucosal host defences. E. histolytica
binds to and colonizes the mucus layer (A). EhCPs then degrade colonic mucins (B), cleave secretory
IgA (C) and degrade 1gG (D). Trophozoites also destroy epithelial cells (E) causes mucin depletion
of the goblet cells (F), increase paracellular permeability (G), neutrophil degranulation (H) and
erythro-phagoytosis (I).

illustrated by the observation that both wild type and CP5 deficient amoeba were able
to bind and destroy CHO cells in the absence of a mucin barrier, but in LS 174T cells
only trophozoites with CP5 were able to bind and destroy cells.” Interestingly, antisense
inhibition of EhCP5 resulted in inhibition of CP5 as well as other CPs, suggesting that
they may be co-ordinately regulated.”

Degradation of Secretory IgA

IgA isproduced by plasma cells in the lamina propria and it is taken up and transported
through intestinal epithelial cells with the aid of the polymeric immunoglobulin receptor
(pIgR). Onthe luminal side, the pIgR is cleaved by proteolytic enzymes, leaving intact [gA
to diffuse through and bind to the mucus layer. IgA is the most abundant immunoglobulin
at mucosal surfaces and is the first line of specific defence against enteric pathogens.”
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Secretory IgA (sIgA) is released into the intestinal lumen, as a dimer linked by disulphide
bonds and surrounded by a carbohydrate rich secretory component,®” which provides
protection against degradation by proteolytic enzymes. sIgA has been shown to reduce
mucosal colonization by pathogens and limit their growth, as well as neutralize toxins
and enzymes.” It may also play an indirect role in antibody-mediated cytotoxicity and
increase the action of nonspecific antibacterial factors.™

E. histolyticahas been shown to elicit a sIgA response and anti-Gal lectin sIgA in the
stool is protective against new infections.” sIgA antibodies also inhibit amoeba adhesion
to target cells,’® protect against parasite colonization” and reduce proteolytic activity
invitro.”” In addition, sIgA along with apo-lactoferrin and lysozyme, found in both human
and bovine milk, showed amoebicidal activity.” Two types of sIgA: IgA1 and IgA2 have
been identified and they differ in size with I[gA1 containing a 12 amino-acid proline-rich
sequence in the hinge region that is absent in IgA27 that affords IgA2 protection from
bacterial proteases. In the colon, approximately 60% of the sIgA is IgA2.” Bacterial
proteases cleave [gA1 at defined sites in the proline-rich sequence, to produce intact Fab
and Fc fragments.” Viable trophozoites, parasite sonicates and media conditioned by
exposure to live amoebae completely degrade serum IgA in a dose-dependent manner.”
Amoebae also degrade both IgA1 and IgA2,”? in conditions that preserved trophozoite
viability” (Fig. 3C). This degradation required the presence of an activating reducing
agent (DTT), but was completely inhibited by the CP inhibitor E-64, indicating that the
active enzyme was an amoeba CP.”

Much of the function of an antibody depends on its structural integrity,” so cleavage by
amoeba CPs could compromise the effectiveness of sIgA. The absence of the proline-rich
region however rendered IgA2 more resistant to amoebic surface associated CPs since
degraded IgA2 was better able to agglutinate amoeba than degraded IgA1.”> Cleavage
of sIgA might also reduce affinity for E. histolytica antigens, as well as interfere with
antigen disposal or mask the immunogenic determinants by coating them with intact Fab
fragments of cleaved IgA.” Thus, much of the protective effects of IgA are lost in the
presence of cleavage by amoebic CPs.

Interestingly, both serum and secretory IgA are susceptible to degradation by amoeba
CPs, but they differ in the cleavage sites.”” Degradation of serum IgA by trophozoites,
led to a loss of the intact heavy chain, but an increase in the immunologically reactive
fragments and this could be inhibited with E-64 or TIA.” Three amoeba strains HM-2,
HM-3 and HM-38 all contained a 70 kDa protease capable of cleaving IgA into intact Fab
and Fc fragments, analogous to the effect of bacterial proteases.” Since the heavy chain
is degraded though, the immunologically reactive fragments would coat E. histolytica
trophozoites as a method of immune evasion without activating complement.

Degradation of IgG

IgG has been described as the most abundant immunoglobulin in blood and tissue.
However, it is also present in the intestinal lumen and, together with secretory IgA,
is important for humoral immunity across mucosal surfaces.*® IgG is synthesized and
secreted by the plasma B-cells of the lamina propria and transported to the intestinal
lumen by the human neonatal Fc receptor.®® In the intestinal lumen, IgG can bind to its
cognate antigen and the IgG-antigen complex can then be transported back (again with
the aid of the neonatal Fc receptor) to the lamina propria to be processed by dendritic
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cells and CD4* T-cells.® IgG has been shown to have a protective role by neutralization
of pathogen toxins, complement activation and opsonization.®!

Over 95% of individuals infected with E. histolytica respond by producing IgG
regardless of whether the infection is symptomatic or asymptomatic.?” However, it is
difficultto ascribe a protective role to IgG since the level of antibody response correlates
with the length of disease, not the clinical response to infection.®? Furthermore, in the
presence of IgG, the parasite is still able to colonize the intestine, leading to invasive
amoebiasis and in rare cases, ALA.?% This may be due to the fact that IgG is cleaved
by amoeba CPs (Fig. 3D). E. histolytica CPs have been likened in their structure and
substrate specificity to cruzipain, the major CP of Trypanosoma cruzi trypomastigotes.*
Cruzipain binds nonimmune IgG at the Fab fragments and cleaves the Fc fragments,
so the IgG can bind antigenic components, but not activate the immune system.®
Purified amoeba proteases also cleaved polyclonal human and monoclonal murine
IgG in a dose-dependent manner and this was completely inhibited by the CP inhibitor
P35017.% The major cleavage site for amoeba CPs occurred near the hinge region of
IgG, however cleavage also occurred at multiple sites along the heavy chain resulting
in almost complete degradation of this portion of the immunoglobulin.? Furthermore,
the cleaved products were less able to bind to the antigenic portion of amoebae,”
rendering the IgG nonfunctional and limiting the effectiveness of the host humoral
response to the parasite.?>” Cleavage of IgG may reduce affinity for and interfere with
antigen disposal and is thought to be a key mechanism by which amoebae evade the
immune system.*’

Destruction of Intestinal Microvillar Architecture

Beneath the mucus layer, the next major physical barrier encountered by amoeba
is the selectively permeable colonic epithelium, which is sealed by intracellular tight
junctions.® Intestinal epithelial cells provide an effective barrier against trans-cellular
permeation of water soluble molecules, while the tight junctions form an effective barrier
against paracellular permeation of luminal contents.?

The intestinal epithelial cells are the primary defence that prevent luminal antigens,
solutes and micro-organisms from making direct contact with underlying cells. However,
this barrier simultaneously allows nonpathogenic bacteria to communicate with the
immune system facilitating maturation of the intestinal immune compartment and promotion
of immunological tolerance, both of which contribute to intestinal homeostasis.®>%
In addition, intestinal epithelial cells are required for nutrient absorption, electrolyte
transport, mucus glycoprotein production® and production of antimicrobial peptides and
bacteriolytic enzymes. 62638

The surface-bound Gal/GalNAc-lectin allows amoeba to directly bind host epithelial
cells, bacteria, human colonic mucins and erythrocytes.'>**! This binding is necessary
for adherence to and cytolysis of epithelial cells as well as amoeba invasion.'** Indeed,
studies have shown that N-acetyl-D-galactosamine and to a lesser extent galactose,
inhibit adherence.”®' Trophozoites kill host cells when they come in direct contact™
and prevention of adherence inhibits destruction of individual cells or cell monolayers,
indicating that this is crucial to cytolysis.”

Villin is the main actin-bundling protein found in the intestinal microvilli’*® and
disturbance of the microvilli requires proteolysis of the villin. Proteolysis of villin occurs
within one minute of direct contact between live trophozoites and intestinal enterocytes*® and
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thisactivity is dependent on amoebic CPs”* (Fig. 3E). Indeed, pretreatment of trophozoites
with the synthetic CP inhibitor z-FA.fmk blocked EhCP activity and prevented villin
proteolysis and the associated microvillar defacement.*® This was further confirmed by
the observation that trophozoites with reduced CP activity (pSA8 and SAW760 strains)
showed reduced villin proteolysis when cocultured with enterocytes. > Similar results were
also observed with the inhibitors N-tosyl-phenylalanine chloromethyl ketone (TPCK)
and N-tosyl-L-lysine chloromethyl ketone (TLCK).” Both TLCK and TPCK were also
found to inhibit E. histolytica serine protease activity,* but subsequent studies revealed
that pretreatment of amoebae with these compounds inhibited their ability to cleave the
cathepsin-B synthetic substrate z-Arg-Arg-pNA.”* Studies with Caco2 cell monolayers
in vitro showed a cauliflower-like microvillar pattern that was completely disrupted
when cells were cocultured with live amoebae. This disruption in the microvillar pattern
was lost when amoebae were pre-incubated with TLCK or TPCK.” In addition, TLCK
and TPCK reduced villin proteolysis observed with live trophozoites and prevented
trophozoite-induced destruction of cell monolayers in vitro.” These results clearly show
that in order to invade enteric cell layers, amoeba must overcome the host microvilli
barrier, which they effectively accomplish by villin proteolysis.

Destruction of Extracellular Matrix/Architecture

EhCPs have a broad range of substrate specificity and can cleave casein, gelatin and
insulin (reviewed inref. 23). In addition, CPs disrupt monolayers of fibroblasts in culture*
and they degrade fibronectin, laminin and collagen, all of which are components of the
extracellular matrix.!"!72%2 This has serious implications since cells die in the absence
of an extracellular matrix. Cell apoptosis occurs when cells lose direct contact with each
other, or with the basement membrane.”** Amoeba CPs have been shown to disrupt cell
monolayers and digest the proteins of the extracellular matrix, as well as induce cells to
detach and round up® without directly inducing cytolysis?**® and this was completely
inhibited by CP inhibitors.

A direct relationship was observed between CP activity and the cytopathic effect
of amoebae on tissue culture monolayers in vitro.>**! Increased cytopathic effects were
observed in both E. histolytica and E. dispar when EhCP2 was over-expressed.”® The
inverse was also true. A protease- and phagocytosis-deficient mutant of E. histolytica,
L6 was shown to have less CP activity than wild type amoeba, with the level of activity
being comparable to that of the noninvasive E. dispar.”’ In this mutant, although the
E. histolytica genes ehcpl, ehep2, ehep3, ehep and ehepl 12 were expressed, there was
an 8-10 fold decrease in the levels of EhCP1, EhCP2 and EhCP5 produced,” which are
the CPs typically responsible for 90% of the protease activity of amoeba.** Additionally,
this protease-deficient mutant was less virulent and demonstrated reduced cytopathic
effects compared to the wild type HM-1 strain.’* Furthermore, both E. histolytica and E.
dispar, engineered to over-express EhCP5 in vitro, showed no apparent differences in
their viability or growth rates, but CP activity was increased 2.8-3.0 fold in engineered
E. dispar compared to wild type, leading to increased monolayer destruction.’® In addition,
a recent study to examine the effect of various virulence factors on amoebic invasion
revealed that trophozoites deficient in EhCP5 were unable to penetrate the submucosa,
while amoebae deficient in either the heavy chain ofthe Gal/GalNAc lectin oramoebapores
were still capable of penetrating this layer.*!
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Activity on Tight Junction Proteins

The apical junctional complex (AJC) is composed of tight junctions and adherens
junctions and is a dynamic structure that regulates the movement of molecules between
epithelial cells.? The AJC is particularly sensitive to changes in physiologic conditions
and disturbance frequently results in increased epithelial permeability and exposure of
intestinal tissue to luminal antigens and/or pathogens.* Recent studies in our laboratory
have shown that the pro-mature cysteine protease pcp5 of E. histolytica is able to induce
an NF-kB-mediated pro-inflammatory response through the RGD motif binding to av3
integrin on colonic cells.”® In addition, this induced expression of the pro-inflammatory
cytokines TNF-a, IL-1B, COX-2 and IL-6 in vivo.”® Since tight junctions are sensitive to
inflammation,®” expression of these pro-inflammatory cytokines could induce disassembly
of the apical junctional complex and endocytosis of component proteins.

The tight junctions between intestinal epithelial cells have three main functions: they
hold adjacent cells together, regulate the passive movement of luminal fluid and solutes
through the paracellular spaces and maintain a polarized gradient across the membrane.*
The tight junctions consist of a series of transmembrane proteins including the claudins,
occludin, zonula occludens, junctional adhesion molecules (JAMs), E-cadherin, cingulin
and actin.® The barrier formed by these tight junctions between cells, is very sensitive
to regulatory changes in response to inflammation, complement factors and toxins.”

Amoebae weaken cellular tight junctions by disturbing them and cleaving tight
junction proteins’ (Fig. 3G). The integrity of the tight junction barrier can be measured
by the trans-epithelial resistance (TER),!® where the TER is inversely proportional to
the paracellular permeability and a low TER is reflective of increased permeability and
compromised barrier integrity. Cells cocultured (on filters) with amoeba have a reduced
TER. However, this is prevented by pre-incubation of amoeba with CP inhibitors TLCK
or TPCK,” which delayed (TLCK) or inhibited (TPCK) functional disturbance of the tight
junctions,’ indicating that E. histolytica CPs are involved in tight junction disturbance
(Fig. 3G). In addition, both TPCK and TLCK prevent proteolysis of the tight junction
protein ZO-1, butonly TPCK prevents proteolysis of ZO-2 in cocultures with enteric cells.’

Erythro-Phagocytosis: Destruction of RBCs

Amoebae CPs are involved in parasite survival as well as virulence and they play a
role in the phagocytosis of erythrocytes. Erythro-phagocytosis was reduced by 63% in
amoeba deficient in CPs as compared to wild type amoebae.!®! Over-expression of EnCP2
was associated with a slight decrease in erythro-phagocytosis,”® while another study
showed that EnCP5, though not involved in growth rate, cytopathology or haemolysis,
plays a role in the phagocytosis of RBCs.!°! More recently, amoebae deficient in EnCP1
and EhCP7 were shown to have impaired digestion and phagocytosis of RBCs.!* E.
histolytica possesses enzymes that are able to lyse the membrane of erythrocytes and
release their haemoglobin;'® these amoeba haemoglobinases are neutral proteases that
are activated by DTT and inhibited by E-64, NEM and pHMB, suggesting that they are
in fact CPs.'*” Strains of the parasite isolated from patients with ALA have more protease
activity and virulent strains of the parasite have the same pattern of haemoglobinases. !
The ability to phagocytose RBCs may be physiologically important for nutrient acquisition,
as amoeba continue to grow in culture if ferric ammonium citrate is replaced with human
haemoglobin.!'®
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EhCP5 appears particularly important for ingestion of RBCs, as gene silencing using
antisense mRNA reduced amoeba erythro-phagocytosis.'”" A stable transfectant of the
highly virulent strain HM-1:IMSS was generated using the gene encoding EhCP5. The
transfectant had the eficp5 gene inserted in the opposite orientation, between the 5" and
3’ un-translated regions and CP activity was decreased by 90%.!°! Though the transfected
amoebae maintained their ability to destroy tissue culture monolayers and their haemolytic
activity in vitro,'”! they had reduced erythro-phagocytic ability and in other studies this
has been linked to nutrient acquisition.!®

Immune Evasion: Neutrophils and Macrophages

Neutrophils and macrophages are the first cells to respond to the site of infection
and tissue invasion.!” Neutrophils in particular are the first cells of the host immune
system to interact with invading amoeba and they play a protective role in the early
host response in the liver.!** CBA mice are partially resistant to amoebic challenge, but
when pretreated with the neutrophil depleting antibody (anti-Grl), this resistance was
lost and severe intestinal pathology was observed.! In addition, intestinal epithelial
cells produce a number of pro-inflammatory cytokines including IL-1p and IL-8 which
further attract neutrophils and macrophages to the site of invasion.!*1%17 Upon arrival,
these cells are activated by tumour necrosis factor (TNF-a) and/or interferon gamma
(IFN-y) and activated cells are able to kill amoebae in vitro.!!!° Interestingly, studies
have also shown reduced intestinal inflammation in SCID mice depleted of neutrophils
in response to amoebic infection, suggesting a role for these cells in the propagation of
an inflammatory response.! Amoebae have been shown to lyse neutrophils to release
cell mediators that can lead to hepatocyte death.' In this section we examine the role of
amoebic CPs on various pro-inflammatory cell mediators, including IL-1f and IL-18.

Activity on Pre IL-1f3

Interleukin 1 beta (IL-1p) is a pro-inflammatory cytokine produced abundantly by
activated macrophages as well as many other cell types.®! Increased levels of IL-1p are
associated with intestinal inflammation including that found in patients with inflammatory
bowel disease. In addition, at physiologically relevant concentrations, IL-1f3 causes an
increase in intestinal epithelial tight junction permeability, leading to inflammation.®
IL-1p is synthesized as an inactive precursor of 31 kDa, which is proteolytically cleaved
by IL-1f converting enzyme (ICE; also known as caspase-1) to form the active 17 kDa
protein.''! E. histolytica lysates or purified amoebic CPs are capable of mimicking the
activity of ICE and cleaving pro-IL-1f to form the active mature cytokine.*® In this regard,
intestinal epithelial cells thatare damaged/lysed by amoebarelease pro-1L-1{ thatis cleaved
and activated by extracellular EnCPs, to amplify the inflammatory process.®*¢!'> EnCPs
cleave pro-IL-1p at a site consistent with a basic amino acid (Arg), thereby generating a
product that is 5 amino acids shorter than that produced by ICE.>

IL-1aand IL-1p stimulate production of pro-inflammatory cytokines including IL-8,
IL-6, growth related oncogene o. (GRO-a), COX-2 and granulocyte macrophage colony
stimulating factor (GM-CSF) by adjacent intestinal cells through activation of the NF-xB
pathway.'%!113:114 B]gckade of intestinal cell IL- 1 and IL-8 productionreduced E. histolytica
induced gut inflammation and tissue damage, as measured by neutrophil influx, histology
and changes in intestinal barrier permeability.!'? In the gut, IL-1f signalling increases
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intestinal permeability to luminal contents including pathogenic and nonpathogenic
micro-organisms, which will in turn cause further inflammation and prolong a heightened
inflammatory state. In addition, the trans-epithelial resistance (TER) is compromised in
a prolonged inflammatory state, resulting in increased damage to host cells.

IL-18 Cleavage

The IL-1 superfamily of cytokines includes IL-1a, IL-1p and IL-18, all of which
are involved in promoting inflammation and enhancing immune responses.'> IL-18 is
produced by antigen presenting and intestinal epithelial cells among others and the IL-18
receptor is found in a variety of organs in the body, including the small and large intestine.
IL-18 induces IL-12 receptor expression on naive T-cells and the reverse is also true. In
the presence of both IL-18 and IL-12, there is a synergistic effect, leading to increased
T-cell proliferation and IFN-y production (reviewed in ref. 115). IFN-y in turn acts
synergistically with IL-12 to promote Th1 cell development. IL-18 is also a co-inducer
of Th1 type responses, stimulating IFN-y and activating macrophages capable of lysing
trophozoites.''? IL-18, like IL-1p is a pro-inflammatory cytokine, which is secreted as a
precursor protein that must be cleaved by caspase-1 to form the mature cytokine.''"!!3
Unlike IL-1B, EhCPs cleave both pro- and mature IL-18, to form a series of biologically
inactive fragments.'!! This is analogous to the effect of caspase 3 on IL-18,!'"5 but the
cleavage sites are different.!!!

This dichotomy where EhCPs have opposite effects on two very similar
pro-inflammatory cytokines is particularly interesting. While no studies have specifically
addressed this issue, it has been suggested that IL-18 enhances host defence in a number
of infections including those against parasitic, fungal and bacterial pathogens.''!!> In
particular, IL-18 mRNA is induced in mice pericutaneously-injected with the helminth
parasite Schistosoma mansoni. Mice injected with a plasmid for both IL-18 and S. mansoni
glutathione S-transferase exhibited increased antigen specific IFN-y in spleen cells and
this correlated with protection against schistosomiasis.!'> However, excess IL-18 is
detrimental and may cause injury to the host, so degradation of IL-18 by EhCPs may be
associated with promoting parasite or host survival, or both.

Cleavage of C3 to Activate Complement

The complement protein C3 is a 115 kDa glycoprotein composed of an o chain
and a 3 chain, linked by disulphide bonds and noncovalent forces.!'®* Upon activation of
complement, C3 is cleaved in the o chain by C3 convertases, to generate C3a a 9 kDa
protein with anaphylatoxin activity and C3b composed of the remainder of the a chain,
the o’ chain and the entire 3 chain.?""'"® EhCPs mimic this cleavage and cleave between
amino acid residues 78 and 79 as compared to the C3 convertases, which cleave between
residues 77 and 78. The CP degradation of C3 is both time- and dose-dependent.’! As
with the fragments generated by the C3 convertases, the C3b fragment generated by
amoebic CPs, is susceptible to Factor I inactivation through the binding of Factor H.*!

While studies have shown that E. histolytica is not susceptible to attack by the
complement membrane attack complex due to its sequence homology to CD59'"7 others
indicate that this is not always the case.*® The majority of the C3 is present in the fluid
phase but some is bound through intact o chains, to the surface of both complement
sensitive and resistant amoebae. Interestingly, this binding is not mediated by either the
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thiol ester, or a specific receptor on the surface of the amoebae.*” Additionally, this bound
C3 is not internalized by the parasite, nor is it susceptible to the action of C3 convertases,
or other proteins in the fluid phase.*® On activation of complement, EnCPs cleave the
C3 present in the fluid phase, but the o chains of the C3 bound to the amoeba surface
remains intact.’ C3 is very sensitive to cleavage by EhCPs since low levels of CP as
in those present in noninvasive strains, is sufficient to cleave C3 in the fluid phase.’**!
Cleavage of C3 in the fluid phase generates C3b, instrumental to the formation of the
membrane attack complex (C5b-C9).3%!"® These terminal complement components kill
susceptible, nonpathogenic strains, but not resistant, pathogenic amoebae.*® Moreover,
amoeba resistance to complement is inhibited by preincubating trophozoites with the
irreversible CP inhibitor E-64.%

Degradation of Anaphylatoxins C3a and C5a

The complement anaphylatoxins, C3a, C4a and C5a are fragments produced by
the activation of the complement system. They produce a localized inflammatory
response by causing degranulation of mast cells, basophils and phagocytes.!’® In
addition, anaphylatoxins also stimulate smooth muscle cell contraction and increased
permeability of blood capillaries.'!® This results in an influx of antibodies and phagocytic
cells to the site of antigen entry, through leukocyte chemotaxis along a concentration
gradient of anaphylatoxins. Two of the main components of the complement system
are the glycoproteins C3 and C5, both of which are composed of an o and a f§ chain.!'®
As mentioned above, C3 is cleaved to form C3a and C3b. Similarly, C5 is cleaved to
produce C5a, a protein of 11 kDa and C5b.!"” Both C3a and C5a bind to receptors on
mast cells and basophils to stimulate degranulation and histamine release along with
smooth muscle contraction and increased vascular permeability.'"* C5a also induces
chemotaxis of neutrophils, macrophage activation and the release of proinflammatory
cytokines including IL-1, IL-6 and IL-8 (reviewed in see ref. 119).

EhCPs activate the alternative pathway of the complement system by cleaving both
C3 and C5 to generate C3a- and C5a-like proteins.!!® In addition, these CPs circumvent
normal host immunity and inactivate the pro-inflammatory factors C3a and C5a.!”
Amoebic CPs cleave C3 between amino acids 78 and 79, to generate C3a- and C3b-like
molecules.3"!"” The a chain of the C3 was cleaved at one site, while the C3b-like molecule
did not undergo further digestion and remained haemolytically active.’! The C3a-like
cleavage fragment was degraded in as little as 5 minutes of incubation with the protease,
though this was concentration-dependent.!”® In addition, the C3a-like molecules did
not maintain their reactivity, since they were unable to induce platelet aggregation in a
bioassay for the activity of complement.'"’

Interestingly the concentration of EhCPs required to cleave C5 was five to ten times
less than that which was necessary to cleave C3, but this level was easily attainable under
physiological conditions.'!? Proteolysis in this case generated a lower molecular weight
C5a protein versus the C5 convertase and increased protease concentration or time of
incubation resulted in complete degradation of the a chain.!"® Thus, C5a was cleaved in
a dose-dependent manner and it was unable to induce human neutrophil chemotaxis in
a bioassay for complement activity.!"”

Thus EhCPs activated the alternative pathway of complement and generated
nonimmunoreactive C3a- and C5a-like molecules, as well as a haemolytic C3b-like
protein. Interestingly, this C3b-like protein caused passive lysis of nonpathogenic but
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not pathogenic strains of E. histolytica.*® This may help to explain the observations that
clinical isolates of patients with invasive amoebiasis are resistant to complement-mediated
lysis,'?® as well as the fact that pathogenic, but not nonpathogenic strains of E. histolytica
participate in the haemolysis of host RBCs.!®* They may also help to explain the relative
paucity of acute inflammation seen in patients with prolonged infection, or the lack of
neutrophils in patients with ALA.

CYSTEINE PROTEASES AS TARGETS FOR DISEASE INTERVENTION

EhCPs forms a particularly good target for disease prevention and intervention for
a number of reasons. Firstly, they are essential for the parasite life cycle in terms of
encystation, excystation and nutrient acquisition, so any disruption in the CPs involved
in these processes would affect parasite viability. Furthermore, CPs are one of the key
virulence factors involved in intestinal colonization and invasion, disruption of host tissue
and modulation of cell-mediated immune responses,”!?! so prevention of these would
have a significant impact on disease pathogenesis. Finally, EhCPs are easily inhibited by
chemical means, or silenced with the use of antisense RN A and the presence of conserved
sites provides potential targets for vaccine development. A number of natural and synthetic
inhibitors against EhCPs have been identified; a summary of which can be found in
reference 7. Thus E. histolytica CPs provide attractive targets for novel chemotherapeutic
intervention'”? and CP inhibition is a viable target for antiparasitic therapies against
parasite invasion, as has been shown with Trypanosoma cruzi, Plasmodium falciparum
and Cryptosporidium parvum.’’

Vaccines and Antibodies to Amoeba Cysteine Proteases

Specific IgG responses have been observed in over 95% of patients with invasive
amoebiasis, or asymptomatic colonization,®? but the level of antibody correlates to the
length of the disease as opposed to the severity or clinical response to infection.?*5? In
addition, secretory IgA is protective against adhesion and colonization™ and EhCP112
was found to be immunogenic in patients with amoebiasis.'* In fact, recent studies
have shown that animals inoculated with a plasmid mixture containing Fhadhl12 and
Ehcpl12 DNA had a higher survival rate and significant prevention against liver abscess
formation.'” Interestingly though, a poor humoral response but a strong cell-mediated
response was observed in these animals.'” Taken together with the various strategies
to inhibit EhCP expression, vaccine control using CP targets, is an exciting area worth
further investigation.'??

CONCLUSION

Although these findings indicate the potential for pharmacological CP inhibitors
and antisense RNA use in disease prevention and intervention, a number of unanswered
questions remain. Previous studies have found that 90% of expressed CP protein is
derived from EnCP1, EhCP2 and EhCP5 combined.?**%!°! However, inhibition of a single
gene, ehcp5 reduced CP activity by 90%, suggesting that inhibition of EhCP5, resulted
in reduced expression of EhCP1 and EhCP2.°® An understanding of transcriptional/



CATHEPSIN-LIKE ENZYMES OF ENTAMOEBA HISTOLYTICA 79

translational regulation of EnCP expression would facilitate development of strategies
for disease prevention.

In addition, the majority of EhCPs present within the parasite’s genome are not
expressed in vitro and consequently little is known about their function. A better
understanding of the specific CPs involved in parasite encystation and excystation
presents the opportunity to develop strategies that prevent either of these processes
thereby disrupting the parasite life cycle. In addition, a number of other eukaryotes
produce cystatins, which are thought to play a role in protecting cells from their own
CPs.* Further studies to delineate the structures of these with a view to determining the
binding requirements of the parasite enzyme*’ and candidates for anti-amoebiasis drugs
are needed.* In addition, the pro-regions of the CPs or the amino acid residues at the
N-terminal end, inhibit the enzyme and provide valuable information on protease folding
and trafficking,*” all of which may be exploited in amoebiasis control. While some studies
have investigated the use of synthetic protease inhibitors that are able to enter the cell
more readily than E-64,%*!"! more work needs to be done in the area. Ultimately, a better
understanding of EhCPs and their role in the parasite life cycle and virulence would
facilitate their use as treatment or prevention mechanisms.
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Abstract: We review Clan CA Family C1 peptidases of kinetoplastid parasites (7rypanosoma
and Leishmania) with respect to biochemical and genetic diversity, genomic
organization and stage-specificity and control of expression. We discuss their
contributions to parasite metabolism, virulence and pathogenesis and modulation of
the host’s immune response. Their applications as vaccine candidates and diagnostic
markers as well as their chemical and genetic validation as drug targets are also
summarized.

INTRODUCTION

Kinetoplastids are a group of flagellated protozoa that include free-living and parasitic
organisms. Of health and economic importance are the trypanosomatids, a collection of
obligatory parasites within the kinetoplastids. In particular, 7rypanosoma and Leishmania
species afflict millions of people and animals throughout the world. In sub-Saharan Africa,
Trypanosoma brucei gambiense and Trypanosoma brucei rhodesiense are the causative
agents of human African trypanosomiasis (HAT; sleeping sickness) whereas 7. b. brucei,
Trypanosoma congolense and Trypanosoma vivax are responsible for ‘Nagana’ disease
in cattle. In Central and South America, Trypanosoma cruzi is the pathogen for Chagas’
disease in humans and the leading cause of heart disease. Leishmania parasites produce a
spectrum of disease depending on the species and the immunological status of the human
host (see ref 1. for review on kinetoplastids and disease).
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This chapter reflects that most of the research on kinetoplastid peptidases has involved
Clan CA family C1 papain-like cysteine peptidases (CPs; http://merops.sanger.ac.uk/)
and cathepsin L-like peptidases more so than cathepsins B. The salient features of these
peptidases are summarized in Table 1. Other CPs not covered here, but that have been
described in these organisms, include members of the Clan CA family C2 (calpains) and the
Clan CD families C13 (GPI:protein transamidase), C14 (metacaspase) and C50 (separase).
The reader is referred to comprehensive reviews of protozoan Clan CD peptidases® and
CPs in parasites in general.’ Finally, the topics of kinetoplastid Clan C1 peptidases and
their endogenous protein inhibitors have been very recently covered in detail.*?

HISTORY OF KINETOPLASTID CP DISCOVERY

The early characterizations of peptidolytic activity in kinetoplastids that appeared
from the late 1970s though the 1980s all pointed to the presence of significant CP activity
as biochemically dissected through the use of synthetic peptidyl substrates, reducing
agents (such as dithiothreitol) and protein- and peptidyl-based inhibitors.*!* Essentially,
biochemical activity similar to that of mammalian cathepsin L and localized to the
endo-lysosomal system®'*!¢ was responsible for the majority of the CP activity measured.
Also, forboth T. congolense '* and Leishmania,'*low levels of enzyme have been localized
to the parasite surface and flagellar pocket, the latter a major site for endocytosis as well
as membrane and protein recycling in kinetoplastids.

Expression of the cathepsin L-like enzymes is developmentally-regulated among
the different parasitic stages in the intermediate and definitive host. Thus, for 7. brucei,
greater expression is found in the bloodstream ‘short stumpy’ (insect-infective stage)
forms relative to either the bloodstream ‘long-slender’ or insect procyclic forms.!”!® For
T. congolense, activity is likewise greater in the bloodstream forms compared to the
insect-stage epimastigotes.' In various Leishmania species, the cathepsin L-like enzymes
are mainly expressed in intracellular amastigotes,?*?! yetin Leishmania mexicana, whether
expression is greater in the human-infective metacyclics or amastigotes depends on the
gene isoform in question.?? Expression of T. cruzi cathepsin L (aka: cruzain or cruzipain)
is greater in epimastigotes and amastigotes than in the extracellular human-dwelling
trypomastigotes, whereas cruzipain 2 activity is greatest in the latter stage. For both
enzymes RNA levels are similar among the three stages.” There is also evidence that
individual 7. cruzi cathepsin L isoforms are preferentially expressed at different life
stages,?* suggesting that functional redundancy is not absolute.

With the application of DNA sequencing to kinetoplastids in the late 1980s and
early 1990s, the genes for cathepsin L-like peptidases were identified in the 7. brucei
subspecies,”?¢ T. congolense,” T. cruzi®® and Leishmania.**' Most of the enzymes are
unusual in possessing an 11-13 kDa C-terminal extension downstream of the peptidase’s
catalytic domain and for which a function(s) is still unknown 20 years after the original
identification.” Only recently for Leishmania pifanoi has there been evidence to suggest
that the extension may assist penetration of the host macrophage.*

Soon after the sequencing of cathepsin L-like genes, cathepsin B activities and
sequences were identified in Leishmania.*>% In 1998, a cathepsin B from 7. cruzi was
characterized and sequenced.’®” It was not until 2004 that a similar cathepsin B was
sequenced and characterized in 7. brucei as a direct result of the availability of improved
genome sequence information.* The same was true in 2008 when 13 cathepsin B genes
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were characterized in 7. congolense,® one of which may have been described earlier."
The cathepsins B of 7. congolense are mainly expressed in bloodstream forms and, at
least in those isoforms studied, are localised in the lysosomal compartment.’* The same
seems to be the case for 7. brucei.® The cathepsins B from T. cruzi, Leishmania chagasi
and Leishmania donovani are expressed in all life-cycle stages.?6374

NOMENCLATURE

As the research summarized above progressed, different groups assigned various
names to the cathepsin L-like activities under study. Often the suffix ‘-ain’ or ‘-ipain’
was used to indicate relatedness to the archetypal plant enzyme, papain. For example
with the African trypanosomes, the term ‘Trypanopain-Tb’#! has appeared to distinguish
this enzyme from that found in 7. congolense called ‘Trypanopain-Tc.’** Further, for
T. brucei the terms, ‘rhodesain’ and ‘brucipain’ have been employed to distinguish the
respective enzymes found in 7. b. brucei and T. b. rhodesiense.'® The ad hoc nature
of these names, while understandable, is neither consistent nor helpful to those in the
field, let alone to those new to the area. Thus, the present authors recently proposed an
unambiguous nomenclature system for kinetoplastid C1 peptidases (both cathepsin B
and L)* based on that described earlier (Table 1).* The enzyme in question is designated
with three to six capital letters, i.e., CATB and CATL for kinetoplastid cathepsin B-
and L-like peptidases, respectively. Then, the first letter of the genus followed by the
first two letters of the species (all in italics) is placed in front to indicate the organism,
e.g., TcoCATL for the CATL of T. congolense. For sub-species, the first letter each of the
genus, species and subspecies is taken, e.g., ThhCATL and ThrCATL, for the CATL of
T. b. brucei (brucipain) and 7. b. rhodesiense (rhodesain), respectively. Isoforms can be
identified using numbers, e.g., TcoCATB1, TcoCATB2, etc. for the CATB isoforms of 7
congolense. In the case of the L. mexicana CPA and CPB 1-18 isoforms, the isoenzymes
can be distinguished by combinations of capital letters and numbers, e.g., LmeCATL-A
and LmeCATL-B1, LmeCATL-B2 etc.

GENOMIC ORGANIZATION AND CONTROL OF GENE EXPRESSION

In trypanosomatids, key differences from other eukaryotes include the organization
ofthe genome into polycistronic gene clusters,**¢ a simplified transcriptional machinery and
mRNA trans-splicing coupled with polyadenylation.*’ In 7. cruzi, 12% of protein-encoding
genes are found in clusters (of more than two genes), 46 of which (3836 genes) contain 20
or more paralogues. For example, many housekeeping genes occur in highly-conserved
tandem clusters throughout the genome.* In Leishmaniamajor, 36% of the protein-encoding
genes are found as clusters of gene families, mostly in repeat units of two or more.* In
T. brucei, the chromosomes contain long, nonoverlapping gene clusters that are probably
transcribed as polycistrons.* In like fashion, kinetoplastid CATL genes occur as tandem
arrays containing multiple gene copies that are regarded as one polycistronic unit, however,
stage-regulated expression of their products is often observed (see below).

In 7. brucei, CATL is encoded by more than 20 genes arranged in tandem.?>** The
genome of 7. cruzi contains a number of clusters each containing 3-5 gene copies that
are spread across different chromosomes.* Also, T. cruzi contains a second CATL
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gene isoform (cruzipain-2) that shares 88% identity with the other CATL genes that
are 93-99% homologous to one another.*® The CATL gene cluster in L. chagasi and L.
donovani comprises five tandemly organised gene copies, but the genome of the latter
species also contains an additional CATL gene that is not part of the cluster.* In L. major,
CATL genes occur in multiple copies on a single chromosome of about 0.6 Mb but the
exact genomic organization and the number of copies are unknown.* In L. mexicana and
L. pifanoi, CATL genes are arranged as single- and multi-copy genes. The multi-copy
genes are organised as tandem arrays of 18 and 8-20 copies in L. mexicana and L. pifanoi,
respectively.?2%! In addition, single- and multi-copy CATL genes in L. pifanoi have
distinct chromosomal locations.”

LmeCATL-B1-18 (also termed cpb1-18*") differ from the single copy LmeCATL-A
(termed cpa)®® in that the latter possesses a 3-amino acid insertion at the amino terminal of
the predicted mature peptidase. The tandemly-arranged CATL genes are polycistronically
transcribed but the expression of the products of individual gene copies of the array
is stage-regulated. Specifically, LmeCATL-B1 and B2 (cpbl and cpb2) are expressed
predominantly in metacyclics, whereas copies LmeCATL-B3-18 are expressed mainly
in amastigotes.”> The regulation of expression is achieved by posttranscriptional
mechanisms that were investigated with the re-integration of individual LmeCATL
genes in L. mexicana mutant lines lacking the whole CATL-B gene array. It was found
that the 3'-untranslated region of LmeCATL-B3-18 and the intercistronic sequence
downstream of LmeCATL-B1 and B2 actas cis-regulatory elements in post-transcriptional
stage-specific gene expression.? It was proposed that an insertion at the 3'-untranslated
region of LmeCATL-B1 and B2 mediates metacyclic-specific stage-regulated expression
by affecting the maturation of polycistronic pre-mRNA. The expression of the single
LmeCATL-A geneis stage-regulated at the RN A and protein levels. The gene is expressed
in all life-cycle stages but most so in amastigotes and stationary phase promastigote
cultures which contain the infective metacyclic form of the parasite.*

The organization of kinetoplastid CATB genes is usually much simpler. In 7' cruzi and
Leishmania spp. they occur as single- or double-copy genes.***374 ThrCATB occurs as
asingle-copy gene and its expression is greatest in bloodstream forms'®** being regulated
atthe RNA level.*® In contrast, for 7. congolense, three evolutionary clusters of 13 CATB
genes have been identified.* These genes are not tandemly linked but scattered across
different chromosomes. Also, at the RNA level, stage-specificity of expression depends
on the gene in question.*

PEPTIDASE TRAFFICKING, PROCESSING AND BIOCHEMISTRY

Similar to mammalian Clan CA peptidases, those from kinetoplastids are synthesized
as zymogens that are peptidolytically processed to maturity by removal of an N-terminal
pro-domain. Maturation of CATL is thought to occur in different compartments of the
secretory pathway, either by self (auto)-activation or frams-activation.>> In T. cruzi,
pro-TcrCATL seemsto be mainly activated in the Golgi and then sorted to the reservosomes
or flagellar pocket.” In L. mexicana, the CATL-B zymogen is first secreted to the flagellar
pocket where itundergoes frans-activationby CATL isoforms (including CATL-A), before
being endocytosed and targeted to the multi-vesicular tubular structure.® Although it is
not known exactly where pro-7hrCATL is converted to the mature form, disruption of
lysosomal trafficking by RNA interference (RNA1) directs a considerable amount of the
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zymogen to the flagellar pocket™ suggesting that, similar to 7. cruzi, conversion might
occur intracellularly between the Golgi and lysosomes. In every case, processing occurs
in nonacidic sub-cellular compartments which is different to the situation for mammalian
cathepsins.”*¢ Indeed, although auto-processing of recombinant trypanosomatid pro-CATL
is most efficient at acid pH, spontaneous processing is also observed at neutral-alkaline
pH.245758

The pro-domain of 7crCATL and LmeCATL is responsible for accurate lysosomal
trafficking of the peptidases®® and for ThrCATL, also involves a trans-membrane receptor.>
Pro-domain released by peptidolysis re-associates tightly to inhibit mature 7c#CATL and
ThrCATL, however, the inhibition can be overcome at acidic pH.*® This finding may
explain the paradox that despite peptidolytic excision of the pro-domain early in the
secretory pathway, the domain can mediate subsequent targeting to lysosomes. The activity
of mature CPs can be further regulated by the chagasin family (Clan JL, Family 142) of
protein inhibitors.®"*? Produced by a few protozoa, these are tight-binding inhibitors of
Clan CA peptidases and have been shown to interact with CPs in 7. cruzi and T. brucei.*>%

Unlike the mammalian lysosomal C1 peptidases, most kinetoplastid CATLs are
stable and active at neutral through alkaline pH values and possess broader, if individually
varying, subsite specificities against small molecule substrates and inhibitors. #5865 The
stability at neutral pH may reflect the action of those peptidases in diverse sub-cellular
locations, particularly at the parasite-host interface, including the flagellar pocket.
TerCATL isunique amongkinetoplastid CATLs in possessing both CATL-and CATB-like
specificities by accepting either hydrophobic or positively charged substrate residues in
the P2 position—a phenomenon that is pH dependent.®¢’"" TerCATL and LmeCATL
also act as carboxypeptidases over a broad pH range in vitro’? and their activities are
similar to the carboxydipeptidase activities of mammalian CATB and mammalian CATL,
respectively.” In the presence of glycosaminoglycans, the activity of TcrCATL toward
peptidyl substrates is increased and its sensitivity to protein CP inhibitors reduced,”
possibly a physiologically-relevant mechanism to ensure that 7crCATL secreted at the
host-parasite interface is maximally active. A similar characteristic has been observed
for recombinant 7hrCATL that shows increased activity towards peptidyl substrates in
the presence of glycosaminoglycans (Costa TFR and Lima AP, unpublished data).

For kinetoplastid CATBs, there is little information available regarding processing
and trafficking. Biochemically, recombinant 7coCATB1 and TcoCATB6 are optimally
active at acidic (but different) pH values and retain activity at neutral pH.* These and
other data demonstrating considerable differences in the substrate and inhibitor specificities
of kinetoplastid CPs suggest unique physiological functions, including outside of the
acidic lysosome. Most interestingly, one group of these genes (7coCATB7-13) encodes a
serine in place of the predicted catalytic residue cysteine, likely rendering the translation
products peptidolytically inactive,* or, possibly, imparting an entirely different catalytic
activity, as has been demonstrated for the Plasmodium faliciparum SERAS protein.”

VACCINES AND DIAGNOSIS

Kinetoplastid CATB and CATL enzymes are potential candidates for vaccine
development, either by preventing infection or decreasing pathology.* Immunization of
cattle with recombinant 7coCATL did not prevent infection with 7. congolense but the
vaccinated cattle maintained or gained weight and had less-pronounced anaemia during
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the chronic phase of the disease.” Injection of mice with TcrCATL DNA stimulated
cytotoxic T-lymphocytes that recognized and killed 7. cruzi-infected cells.”” In other
experiments, immunization of mice with recombinant 7c¥CATL conferred protection
against experimental infection.” Likewise, immunization with DNA plasmids encoding
Leishmania CATLs resulted in protective immunity in murine models of cutaneous and
visceral leishmaniasis.”*! Finally, vaccination of BALB/c mice with CATB was partially
protective against Leishmania infantum infections.®

As TcoCATB elicits a strong immune response in cattle infected with 7. congolense,
it was suggested that this peptidase represents a candidate antigen for diagnosis of Nagana
disease.* High levels of anti-7coCATL antibodies are found in trypano-tolerant but not
trypano-susceptible cattle indicating that 7coCATL is a marker of trypano-tolerance in
cattle.® In patients with Chagas’ disease, 7crCATL is immunogenic and could be employed
as a specific antigen for routine screening of 7. cruzi infections in blood donors.3+%¢
TcerCATL’s immuno-dominant domain corresponds to the C-terminal extension.®’

DRUG TARGETS

The few drugs that are available to treat kinetoplastid diseases suffer from a variety of
problems, including limited efficacy, toxicity, the need for parenteral administration and the
establishment of drug resistance.! New options for safe, effective and orally-administered
treatments are urgently needed.

Since the first proof-of-principle study in 1993,% Family C1 peptidases have been
validated as drug targets in many parasitic organisms, including kinetoplastids.***! Atfirst,
the idea that these peptidases were attractive drug targets at all seemed counter-intuitive
in respect of the fears for off-target toxicity through inhibition of orthologous host C1
peptidases. However, over time and experimentation, an understanding has arisen that
these concerns can be offset by (i) the propensity of many parasitic organisms to rapidly
accumulate molecules (including drugs) from their environment, (ii) the lack of functional
redundancy, both qualitative and quantitative, in parasite C1 peptidases relative to the
mammalian host (for example the lysosomal concentration of cathepsins B, L and D is
as high as 1 mM?) and (iii) the projection that short course therapies would be sufficient
(under one month in the case of 7. cruzi) to effect cure such that any off-target host
toxicity might be managed.

Initial demonstrations of small molecule inhibition of parasite CPs that limited
kinetoplastid survival in vitro came in the early 1990s using peptidyl fluoromethyl
ketone inhibitors against 7. cruzi trypomastigotes and 7. brucei bloodstream forms,** and
diazomethyl ketones against 7. brucei procyclics.'? These studies were followed with
critical in vivo experiments for 7. brucei demonstrating that inhibition of CP activity
(with diazomethyl ketones) decreased parasitaemia to below detectable levels, at least
for a few days upon cessation of treatment and that infected mice exposed to the inhibitor
lived longer (68 days versus 39 days without inhibitor).”* Importantly, the inhibition of
CP activity correlated with antiparasite activity including a phenotype of an enlarged
lysosome suggesting that peptidolysis in the lysosome was being inhibited.’*

The medicinal chemistry focus to design more specific and less toxic inhibitors to
TerCATL (cruzain) over the last 15 years, has identified a variety of peptidomimetic
and nonpeptidyl inhibitors®®1? of which to date, the vinyl sulfone, K11777, is making
progress to clinical candidacy (see also the chapter entitled ‘Cruzain: The Path from Target
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Validation to the Clinic”).'" K 11777 also had potent in vitro and in vivo bioactivity against
T. brucei," presumably by targeting ThrCATL, although it is possible that ThrCATB
may also be a target given that the inhibitor is nonselective. In addition, for 7. brucei,
the search for potent bioactive chemical entities has identified nonpeptidyl chalcones,
acyl hydrazides and amides that inhibit 7ThACATL up to 50-100-fold more efficiently
than mammalian CATL, some of which protect mice from otherwise lethal infections.'®
Also characterized as ThrCATL inhibitors was a series of aziridine-2,3-dicarboxylates, %
and of both ThrCATL and ThrCATB, thiosemicarbazones'’” and purine-derived
nitriles.!® Natural products have been studied as inhibitors of 7Th*CATL and ThrCATB;
diketopiperazines encountered in deep water sediment-derived fungi,'® and triterpenoids!!
and Croton oil from Costa Rican flora.'"! Finally, given that 7hrCATB is an essential
gene (discussed below) there has been a recent effort to develop peptidyl nitrile inhibitors
discriminating this peptidase from ThrCATL.!"? However, in the longer view of drug
development, including the time and resources required, it may not be necessary to
derive absolute specificity for either ThHCATL or ThCATB* considering the biological
advantages offered by the parasite (discussed above) and the excellent selectivity indices
already achieved for 7. brucei in vitro using nonspecific, ‘off-the-shelf” CP inhibitors.**!!®

The vinyl sulfone, K11777, has also been employed as a tool to study trypanosome
pathogenesis. Specifically, the inhibitor limited the ability of 7.b. rhodesiense to cross
an in vitro model of the human blood brain barrier, thereby implicating 7hrCATL in
parasite entry into the brain.!"* This chemically-defined potential function was supported
by RNAiof ThrCATL in T. brucei.'’> Also, CATL secreted from 7. b. rhodesiense induced
calcium signaling in brain endothelial cells in vitro.!"* The gene expression profiles in
these cells exposed to 7. b rhodesiense in vitro revealed alterations in several gene groups,
particularly those associated with inflammation''® indicating additional contributions by
CPs to pathogenesis.

Though itis clear that CP inhibitors kill kinetoplastids, to date they have not provided
the chemical selectivity that is required to determine peptidase essentiality or accurately
interrogate the biological function of individual CPs. The alternative genetic approaches
of targeted gene disruption and RNAi have improved our understanding in both these
regards, particularly for Leishmania and T. brucei. For the latter, RNAi has shown that
ThrCATB is essential to parasite survival both in vitro® and in vivo (mice were cured
of infection).!"> Subsequent studies of a 7. brucei cell line defective in one ThrCATB
allele resulted in slower growth and swelling of the flagellar pocket and endocytotic
compartment.''”” Whether ThrCATL is essential was unclear given that gene suppression
by RNAI in vitro was not total.*® In vivo, partial suppression of CATL expression by
RNAI did not cure mice, but prolonged their survival,''> perhaps indicating that CATL
may be more a virulence factor than an essential gene.

VIRULENCE FACTORS AND IMMUNOMODULATORS

Over a decade of comprehensive gene deletion studies in L. mexicana, targeting
CATL-A, CATL-B, CATB or various combinations thereof, has shown that they are not
essential but are important as virulence factors that modulate both pathology and the host
immune response.*>* 1118121 Deletion of the entire LmeCATL-B array reduced promastigote
infectivity to macrophages in vitro, whereas amastigotes infected macrophages with the
same kinetics as wild type parasites.’' Significant restoration of virulence and a return to a
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Th2-type immune response in BALB/c mice required the reinsertion of the entire CATL-B
array; re-introduction of single components of the array, namely the amastigote-specific
CATL-B2.8 gene or the metacyclic stage-specific CATL-B2 gene, failed in both respects. !
The findings suggest that LmeCATL-B genes are not entirely redundant. Similarly, deletion
of LmeCATL-A did not generate morphological or behavioral phenotypes that differed from
controls (growth rate or infectivity to macrophages).'* Thus, this particular LmeCATL was
not considered important for parasite virulence. In contrast, L. infantum lacking CATL-A
were significantly less virulent in vitro and in vivo and the re-introduction of just one allele
was sufficient to improve infectivity to human macrophages,'?* thus suggesting that this
CATL isoform is important in visceral leishmaniasis.

L. mexicana mutants lacking both CATL-A and CATL-B genes did not induce lesion
growth in BALB/c mice, indicating that a combination of enzymes with CATL-like
activities was required for establishment of infection.!'* Also, in mice infected with such
mutants there was a shift from a Th2-type to a Th1-type immune response. When these
CATL-deficient parasites were tested as vaccines in different strains of mice they induced
various degrees of protection from challenges with wild type L. mexicana.''® In hamsters
the CATL-deficient mutants delayed onset of disease as recorded by smaller lesions and
lower parasite burden.'? Finally, for LmeCATB mutants, infectivity to macrophages was
decreased in vitro and in vivo and the resulting lesions were smaller.!2

More recent studies have demonstrated direct immuno-modulatory effects of
Leishmania CPs. LmeCATL-B2.8 increased IL-4 production, polarized splenocyte
anti-CD3-stimulated responses toward a Th2-type bias, induced IgE production,
cleaved CD23 and CD25 from murine lymphocytes and enhanced lesion size in mice.'!
LmeCATL-B suppressed the antileishmanial Th-1 type protective immune response!"® and
was central to the parasite’s ability to modulate signaling via NF-k B and consequently inhibit
IL-12 production in macrophages.'?’ Finally, LmeCATL-A and LmeCATL-B participate
in the autophagy pathway and their genetic deletion prevents cell differentiation from
the metacyclic to the amastigote form providing an explanation as to why LmeCATL-A
and LmeCATL-B mutants lack virulence in vitro and in vivo.'?

CONCLUSION

Over the last 30 years, we have witnessed tremendous advances in our understanding
ofthe importance and diverse functionality of Clan CA Family C1 peptidases in the biology
and pathogenesis of parasitic kinetoplastids. Fundamental research with Leishmania,
specifically the genetic ablation of CP genes, has elucidated the contributions of CPs
to cell differentiation, virulence, modulation of the hosts’ immune response and not
least, the species-specific idiosyncracies that arise. The applicability of CPs as vaccine
candidates is also an active area of research. Likewise, the continuing progress in the
design of small-molecule CP inhibitors offers hope for improved therapies of human
African trypanosomiasis and Chagas’ disease.
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Abstract: Cruzain is the major papain-like cysteine protease of Trypanosoma cruzi, the
etiological agent causing Chagas’ disease in humans in South America. Cruzain is
indispensable for the survival and propagation of this protozoan parasite and therefore,
it has attracted considerable interest as a potential drug target. This chapter charts
the path from the initial identification of this proteases activity and its validation as
a bone fide drug target to the arduous task of the discovery of an inhibitor targeting
this protease and finally the path towards the clinic.

INTRODUCTION

In 1909, the Brazilian physician Carlos Chagas identified the euglenoid parasitic
protozoan, Trypanosoma cruzi as the agent causing the potentially fatal infection, American
trypanosomiasis; later to become known as Chagas’ disease.! Chagas’ disease is directly
responsible for 50,000 deaths annually and is endemic in Mexico and many parts of South
America. In 2010, the Center for Disease Control (CDC) estimated that there are between
8-11 million people infected with Chagas’ disease in Latin America with over 100 million
at risk, equating to about 25% of the population. The annual economic loss attributed to
the disease is estimated to be in the order of 18 billion US dollars.?

The complex digenic lifecyle of T. cruzi involves shuttling between mammalian hosts,
including humans, and an insect stage. Chagas’ disease is transmitted by the hematophagous
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reduviid bug (also known as the kissing bug or assassin bug), a predatory blood-sucking
insect. As it bites and feeds on mammalian blood, the kissing bug deposits infected feces
into the skin and thus allows the transmission stage of the parasite, the trypomastigotes,
to invade; invasion occurs through the bite wound and mucous membranes. The blood
stream trypomastigote stage can invade a large number of cell types, a process that may or
may not employ phagocytosis. Once in a cell the parasite transforms into the nonflagellar
replicative amastigote. Infection of visceral organs causes a number of mega-syndromes,
notably in the heart, colon and esophagus; heart failure is common in infected patients.
Prior to host cell rupture, the amastigotes transform back into trypomastigotes that, once
free, can either re-invade a new host cell or be taken up via a blood meal by the kissing
bug. In the insect stage, the replicating form is the epimastigote; during movement into
the insect rectum the parasite transforms into the transmissive metacyclic trypomastigote.

Transmission from infected blood and congenital transmission from mother to child
have been well documented. The oral route is also a cause of transmission via ingestion
of unwashed or undercooked food. In addition, due to increased international travel and
immigration patterns, the last two decades have seen a significant spread of the disease
spread to Southern US and Europe.

CURRENT TREATMENTS FOR CHAGAS’ DISEASE

Although no prophylaxis currently exists, the nitroheterocyclics nifurtimox (Lampit,
Bayer) and benznidazole (Radanil/Rochagan, Roche) are used in the clinic to cure acute
phase Chagas’ disease. However, these drugs are not available in the USA or Canada
except through compassionate distribution by the CDC. These drugs have substantial side
effects and are poorly effective (10-20%) against long-term (>10 years) chronic infections
of Chagas’ disease.’ In addition, treatment with the aforementioned drugs have lengthy
regimens of 2 to 3 pills per day for 60-120 days; the severe side-effects frequently result
in patients abandoning treatment.

Thereisclearly anurgent and pressing need to develop new antiChagas’ chemotherapies
withimproved patho-pharmacological properties compared to the currently available drugs.
As the T cruzi parasite undergoes cycles of intracellular replication, rupture and invasion,
metabolic enzymes have become the focus of drug targeting. Key pathways of interest
include polyamine metabolism, sterol and isoprenoid biosynthesis, redox sytems, transport
pathways, trypanothione synthesis, trans-sialidase, pentose phosphate, arginase kinase and
proteases.*° Ofthe 200 or so proteases (MEROPS, see below) identified in 7. cruzi, a papain
family enzyme, termed cruzain, is critical in the pathobiology of Chagas’ disease and has
shown great promise as a novel drug target in the development of new antiChagasides.

CRUZAIN

In the mid to late 1970s, a number of protease activities, including cysteine protease
(CP) activities, were described in crude T. cruzi extracts.”® By the 1980s, CPs had been
localized to the lysosome and purified to homogeneity from parasite extracts.”!! The last
two decades have seen a progressive increase in the detailed molecular, biochemical,
structural and drug-targeting of cruzain as evidenced by the publication output (Fig. 1).
The enzyme was originally termed cruzipain as it was the major 7. cruzi papain family
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Figure 1. A temporal overview of publication output, key milestones and industry-academic partnerships
involved with K777. The present day represents K777 progressing through IND-enabling studies in 2010.
TDRU, Tropical Disease Research Unit; NIAID, National Institute for Allergies and Infections; SCBRPD,
Sandler Center for Basic Research in Parasitic Disease (now Sandler Center for Drug Discovery).

CP. Cruzipain (a.k.a. Gp57/51; EC = 3.4.22.51; Swiss-Prot P25779 (CYSP_TRYCR))
referred to the native parasite-derived enzyme and ‘cruzain’ to the recombinantly-expressed
protein (Fig. 2). However, in the literature, cruzain and cruzipain are used interchangeably
and for purpose of this chapter, cruzain will be used to describe all forms.

signal seq. | pro-region catalytic domain | C-terminal extension
1o 1221123 w'ms 467
[ 1]
A N Hg HIN ¢ cruzipain
] |
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Figure 2. Domain structure of A) native cruzipain and B) *recombinant cruzain used in biochemical and
structural studies. Key; the N- and C- are the amino and carboxyl ends of the protein; C, H and N are
the catalytic Cys,s, His;s and Asnyg, (cruzain numbering); squares above the catalytic domain represent
internal disulfide bonds; N (filled squares) and O (filled circles) glycosylation sites are marked; the
cleavage site between the pro-and catalytic domain and catalytic domain and the C-terminal extension
is highlighted with a grey arrow and amino acids flanking the scissile bond are shown.
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Cruzain has a typical domain architecture common to papain family enzymes. These
comprise a signal peptide directing the protein to the ER, an indispensible multifunctional
pro-region functioning first as an intramolecular chaperone responsible for the correct
folding of the nascent enzyme, second as a potent inhibitor of cruzain enzymatic activity'?
and third as an essential element for intracellular trafficking.”® In addition, cruzain
contains a 205 amino acid core enzymatic domain that harbours all the catalytic residues,
namely Cys,s, Hisg, Asnig, and the oxyanion hole, Asn,; (cruzain numbering). Cruzain
is heavily N- and O-glycosylated (up to 10% of the total mass) and the high mannose
N-glycans have been shown to be sulfated.!*!¢ Indeed, the glycosylation allowed affinity
purification of native cruzain using ConA-sepharose.'” Cruzain may also be sialycilated in
the C-terminal domain.'® In addition, 7' cruzi, related trypanomastigotes and some plant
CPs possess aunque C-terminal extension of unknown function (Fig. 2). The C-terminal
domain contains considerable posttranslational modifications and has been shown to be
an immunodominant protein, antibodies against which are found in patients with Chagas’
disease.'”?! A variant of the canonical C-terminal extension that is highly hydrophobic
has also been described, however, there is no evidence that this variant is expressed.?

Cruzain is ubiquitously expressed in all life stages of the parasite (in all strains studied)
with higher levels in the epimastigotes.® In 7. cruzi, the cruzain activity represents a
vastly-expanded number of parologous genes lacking introns arranged in tandem repeating
arrays on a number of chromosomes. Depending on the strain and life-cycle stage, 37-130
copies havebeendescribed.>* Thenumber of genes and varied posttranslational modifications
probably explains the heterogeneity observed in purified protein from parasites, with pl
values between 6.4 to 8.1 and a molecular mass estimation between 40kDa to 60kDa.>>%

BIOCHEMISTRY OF CRUZAIN

Cruzain belongs to the Clan CA, family C1A cysteine peptidases as described
by MEROPS, an online curated database of protease information, classification and
nomenclature (http://merops.sanger.ac.uk/). As a member of the cathepsin L-superfamily,
cruzain is described in the literature as cathepsin L-like. However, maybe a more accurate
description would be to call cruzain cathepsin F-like, as it has greater sequence identity to
(50.5%) and the least sequence divergence from, the human cathepsin F enzyme within the
cathepsin L-superfamily (Fig. 3A). All papain family enzymes have a primary preference
for amino acid residues that correspond to the P2 of the substrate and interact with the S2
subsite of the enzyme active site.?” The amino acid at the base of the S2 substrate-binding
pocket of papain family enzymes plays a significant role in the physicochemical preference
for substrate residues at that position; typically amino acids with a noncharged aliphatic
or aromatic side group. Sequence pileup analysis and modeling using the available papain
atomic structure first revealed that the critical amino acid residue at the base of the S2 pocket
of cruzain was Gluys (Fig. 3B), which was unusual because at that time acidic S2 residues
were only characterized in cathepsin B-like enzymes. All natural variations of cruzain that
have been characterized have a Glu at this position.?*?%-° The presence of Glu at position
205 in the base of the S2 pocket was confirmed when the molecular structure of cruzain was
determined.! Because cruzain possesses Glu,s, it can accommodate Arg at the P2 position.

While hydrophobic side chains at P2 are preferred at the pH optimum of cruzain
(pH 5.5), substrate specificity has been shown to be influenced by the pH of the milieu.”
The carboxylic acid moiety of Gluys swings into the S2 pocket at neutral pH but is
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Figure 3. A) Phylogenetic tree using the core catalytic domain generated using ClustalW, reveals
that cruzain is most similar to human cathepsin F. B) Comparison of the residue at the base of the
S2 sub-site generated using ClustalW (at www.sacs.ucsf.edu) shows that, unlike all human cathepsin
L-superfamily members, cruzain possesses an anionic (Glu,ys) residue at that position.

directed away at acid pH.” This becomes biologically significant in the amastigote stage
where cruzain is found on the parasite surface in contact with host cell cytoplasm. For
recombinant cruzain, the Kmvalues for the fluorescent peptide substrates, Z-Arg-Arg-AMC
and Z-Phe-Arg-AMC, are typically around 120uM and 5-10uM, respectively, at the acid
pH optimum.??33 The preference for hydrophobic residues is corroborated by studies
using a positional scanning combinatorial peptide substrate library with a fixed P1 Arg,**
where an S2 preference for Leu>Phe>Tyr>Val>Trp>Ile was obtained. Studies mapping
preference for macromolecular substrates revealed that of the 49 characterized cleavage
sites, 33 had a Leu at the P2 position (MEROPS). It is noteworthy, that the 2 autocatalytic
cis-processing sites of the native form of cruzain, namely between the prodomain and
catalytic domain and also between the catalytic domain and the C-terminal extension, both
cleave after the tripeptide sequence -Val-Val-Gly (corresponding to P3-P2-P1; Fig. 2A).
Further details of the contribution of Glu,ys and chemical nature of the hydrophobic S2
pocket are discussed in the structure section below.

The gene encoding cruzain was originally cloned and sequenced in the early 1990s.%°
The primary amino acid sequence of cruzain is most closely related to the cysteine
protease of T. brucei (59.3%) and murine cathepsin L (44.2%). The enzyme was first
expressed in E. coli as a fusion polypeptide, with proteolytic processing events required
to obtain the mature, active cruzain (this form was subsequently crystallized).*® For the
purpose of obtaining homogenous enzyme for crystallization and structural studies, a
C-terminal truncated form (cruzain-Ac) was engineered by insertion of a stop codon in
the gene at a position corresponding to the site of auto-proteolysis observed with the
native enzyme purified from epimastigotes (Fig. 2B). The first X-ray crystallographic
structure was solved from this construct of cruzain, bound to a small-molecule inhibitor,
Z-Phe-Ala-fluoromethylketone. This 2.35 A atomic structure elucidated the key binding
and specificity elements of cruzain’s active site region and was the starting point for all
future structure-guided drug design studies of this enzyme.



CRUZAIN: THE PATH FROM TARGET VALIDATION TO THE CLINIC 105
BIOLOGICAL ROLES OF CRUZAIN

Cruzain is expressed in all life-cycle stages and has been localized to the lysosome,
the prelysosomal ‘reservasome’, the flagellar pocket and to the plasma membrane in
both epimastigotes and amastogites.?***37-4 In addition to contributing to general protein
turnover as well as nutrient processing, cruzain may play a number of additional essential
roles. Cruzain’s role in invasion was proposed as Fab fragments of antibodies that targeted
cruzain markedly reduced the invasion of trypomastigotes into macrophages.*” In addition,
strains with higher cruzain activities were shown to be more invasive, a process that was
sensitive to CP inhibitors.*! Plasma membrane resident cruzain has been shown to degrade
the Fc region of antibodies, a mechanism that may thwart complement activation.*>*

Cruzain has also been shown to have a kininogenase activity and liberates the
pro-inflammatory peptide Lys-bradykinin as well as trans-activating prekallikrein, which
in turn may generate more Lys-bradykinin.®#% Lys-bradykinin (a.k.a. kallidin) is
proinflammatory and also can activate host immune cells and therefore stimulate uptake
of the parasite and contribute to propagating the disease.*® Cruzain can hydrolyse human
kininogen at Leu-Gly 1 Met, Leu-Met! Lys and Phe-Arg ! Ser (corresponding to the respective
P3-P21P1").» Consistent with these extracellular roles, cruzain has also been shown to
be released into the growth medium during in vitro culture of 7. cruzi trypomastigotes.*’
Studies employing CP inhibitors have revealed a role for cruzain in the differentiation of
trypomastigotes to amastigotes and amastigotes back to trypomastigotes*®* as well as in the
proliferation of epimastigotes and amastigotes.’*>? Consistent with the varied localization
of cruzain, it has been shown to have a broad pH profile ranging from pH 4.5 to pH 9.*5*

In 7. cruzi infection in humans there are a number of de novo naturally-occurring
macromolecular inhibitors of cruzain. In addition to the cognate pro-domain (Ki at
pH 7.0 is 0.018 nM)* parasites also express a cystatin-family inhibitor, chagasin, which
significantly affects invasion and differentiation of 7. cruzi.**>7 Cruzain is also inhibited
by plasma alpha-2-macroglobulin and kininogens as well as the intracellular stefin A and
stefin B.*8-3-60 [n a natural infection a strong humoral immune response against cruzain is
elicited. Although the response is protective in that it limits the chronic infection, it cannot
clear the parasite.®'> Vaccination with cruzain as an antigen has generated varying degrees
of protection, nonetheless, parasite eradication in patients has not been achieved. Taken
together, these results suggest that using cruzain as an antigen in a vaccine formulation
is not a viable option at this point.'>%-%> In light of this, chemotherapeutic targeting of
cruzain is an appealing approach for the development of both a prophylaxis and cure
for Chagas’ disease.

CHEMICAL INHIBITION OF CRUZAIN—FIRST STUDIES
AND BIOLOGICAL DATA

Early studies on chemical inhibition of cruzain activity in the parasite indicated
parasite death was, at least in part, due to accumulation of the proteases precursor within
the Golgi.***® This mechanism of drug action reflects the autocatalytic activation of
cruzain during, or shortly after, transit through the Golgi of the parasite. In the absence
of protease activity, the prodomain remains attached to the catalytic domain of cruzain
leading to unprocessed cruzain accumulation within the Golgi compartment. Eventually
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this protein accumulation leads to shock of the parasite Golgi and the entire endoplasmic
reticulum and finally, parasite death.’ Several classes of small-molecule inhibitors have
been evaluated for their activity against cruzain. Many of these have been visualized via
X-ray crystallographic structure determination in complex with cruzain. While most of
these compounds have been peptidyl in their backbone®' - some recent potent inhibitors
are nonpeptidyl.”"”> The warheads that have been most examined structurally are based
on vinyl sulfone, epoxysuccinate or ketone-based inhibitors.

THE STRUCTURAL BASIS OF CRUZAIN INHIBITION

As described above, cruzain is a papain-family cysteine protease that is folded into
two domains. One is predominantly alpha-helical and the other consists of extensive
antiparallel beta sheet interactions. The active site is found in the cleft at the interface
of the two domains and within this cleft is, expectedly, the catalytic triad of residues
Cys;,s, His;so and Asn,;s and extended substrate binding sites. [Note: cruzain numbering
adheres to the numbering used in the original cruzain X-ray crystal structure, even though
convention has changed and the most recently solved structures employ a slightly different
numbering scheme.] The specificity of cruzain, as with other proteases of this family, is
largely determined by the composition of the S2 pocket of the substrate binding cleft.
Cruzain’s S2 pocket is essentially hydrophobic in nature and is lined with residues Metgs,
Alays;, Leujs; and Gly . At the base of the pocket is Gluys. There is ample room in
the pocket for hydrophobic moieties at the P2 position of inhibitors and cruzain favors
Phe and Leu at this position.**’*” However, as mentioned previously, because Glu,s
presents the opportunity for interactions with amines as well, Arg is also accepted at
the P2 position. Cruzain prefers Phe over Arg, however, with a kcat/Km ratio of 90 at
the acid pH optimum.?! Comparison of the X-ray crystal structures of cruzain bound to
three small molecule inhibitors, benzyol-Arg-Ala-fluoromethyl ketone (Cbz-RA-FMK),
benzyol-Tyr-Ala-fluoromethyl ketone (Cbz-Y A-FMK) and benzyol-Phe-Ala-fluoromethyl
ketone (Cbz-FA-FMK) illustrates cruzain’s ability to accommodate either hydrophobic or
basic residues in the S2 pocket.>'7° This flexibility is largely based on the ability of Glu,s
at the base of the S2 pocket to swing into a position pointing into the pocket to interact
with an incoming P2 moiety when that is favorable or to swing out of the pocket, orienting
toward the outside of the protein when it is not. When Cbz-RA-FMK is bound to cruzain
(PDB ID: 1AIM), Glu,s points into the S2 pocket forming a salt-bridge with the Arg side
chain at P2. A similar orientation of Glu,s pointing inward to bind with an Arg moiety
was observed in the structure of cruzain bound to NMePip-R-hPhe-vinylsulphonephenyl
(PDBID: 2LXS). In contrast, when Cbz-FA-FMK is bound, placing Phe into the S2 pocket,
Gluys is oriented out of the pocket, pointing towards the outside of the protein. When
Cbz-YA-FMK is the inhibitor (PDB ID: 2AIM), the Tyr at P2 adopts the same rotomer
conformation as that found in the Cbz-FA-FMK structure and once again, Glu,s orients
itself to interact with the tyrosine hydroxyl. Peptide-based small molecule inhibitors in
complex with cruzain have been extensively visualized via X-ray crystallography. Several
of'these complexes employ inhibitors containing a vinylsulfone warhead, which interacts
with cruzain’s active site Cys,s via an irreversible Michael addition.”>™*7%7 A series of
nonpolar interactions between a Phe moiety in the P2 position and the richly hydrophobic
S2 subsite and a constellation of strong hydrogen bonds between the sulfone moiety and the
S1' residues of cruzain offer a consistent mode of binding for this class of inhibitors.
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Figure 4. A) Structure of K777. B) Chemical mechanism of cruzain inhibition by K777. 1) The active
site Cys and His are in equilibrium with (2) the thiolate-imidazolium charge relay dyad. In the activated
form, the sulfur of the active site Cys initiates (3) a Michael addition by attacking the p-carbon of
the y-amino vinyl sulfone, K777. 4) Protonation of the a-carbon in the intermediate complex results
in formation of a stable thiother. N.B. in solution the f-carbon of the vinyl sulfone is not polarized
and so cannot undergo nucleophilic attack. However, once in correct register in the active site of a
cysteine protease, the f-carbon is activated by the protonated imidazole, of the active site histidine. R,
N-methyl piperazine-urea-phenyalanyl-homophenylalanyl of K777; R’, phenyl.

A vinylsulfone-cruzain complex of keen interest is that of K777 (Fig. 4A) bound
to cruzain (Figs. 5A,5B), as this inhibitor is currently in preclinical development as
a therapeutic against Chagas’ disease (discussed in detail later; chemical mechanism
Fig. 4B).>% The crystallographic structure of this complex (PDB ID: 20Z2) was solved
and refined to 1.95 A resolution. It shows that K777 spans subsites S3-S1’ of cruzain
and forms an irreversible covalent adduct with the sulfur of Cys,s. The network of polar
interactions between Gln, g, Glyg, Asp;ss, His;soand Trp,;; observed is consistent with those
found in all cruzain-vinylsulfone complexes that have been solved. These interactions
serve to anchor the peptidyl backbone of the inhibitor into the protease active site. Since
there is a hydrophobic Phe moiety in the P2 position of K777, Glu,s at the base of the
S2 pocket is observed to point out towards the surface of the enzyme in order to avoid
potentially unfavorable interactions (Figs. 5A,B).

The structures of two nonpeptidyl small molecule cruzain inhibitors have recently been
solved in complex with the enzyme. First, a 1,2,3-triazole-based flurorophenoxymethyl
ketone was visualized via X-ray crystallography to 1.2 A resolution (PDB ID: 3IUT).”
This compound (full chemical name: (3S)-3-(4-{(1S)-1,2-dimethyl-1-[(quinolin-
6lmethyl)amino]propyl}-1H-1,2,3-triazol- 1-yl)heptan-2-one) completely eradicates the
T. cruzi parasite in cell culture. It also represents a very promising mechanism-based
pharmacophore due to its high selectivity for cysteine protease inhibition.”®”® In addition,
this class has shown to be well tolerated in animal studies and a tetrafluorophenoxy methyl
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Figure 5. A) Cartoon representation of cruzain, with bound K777 inhibitor in the active site cleft,
shown in stick representation. B) Cruzain’s active site cleft with bound K777 inhibitor. Cruzain’s
surface is shown with K777 in stick representation. The Phe moiety of K777 points into the enzyme’s
S2 pocket. Figures prepared with PyMol [A: DeLano, W.L. The PyMOL Molecular Graphics System.
(2008) DeLano Scientific LLC, Palo Alto, CA, USA. http://www.pymol.org].

ketone-based caspase inhibitor is currently in Phase II clinical trials.” Aryloxymethyl
ketone inhibitors are well-studied as caspase inhibitors,3*8! but this pharmacophore had
not previously been structurally visualized with cruzain or any other member of the
papain superfamily. The proposed mechanism of inhibition of cysteine proteases by
activated ketones involves nucleophilic attack of the cysteine thiolate on the carbonyl
carbon, leading to the formation of a thiohemiketal stabilized by the oxyanion hole.”8#!
Breakdown of the tetrahedral intermediate then results in a displacement of the leaving
group and hence irreversible inhibition. The high-resolution crystal structure of the
cruzain-inhibitor complex reveals that the thiol nucleophile of the active site Cys;s
has effectively displaced the tetrafluorophenoxy moiety of the inhibitor and a 1.83 A
bond is formed between Cys,s and inhibitor. The pharmacophore is further stabilized
in the S1’ subsite through the hydrogen bonds with the peptide amide of Cys,s and with
Ne2 of Glnyy. Gluygs again demonstrates its flexibility and is found in dual conformations
with one conformer pointing towards the inhibitor and interacting with the amine
functionality via two water molecules. A second conformer adopts a solvent-exposed
orientation and points out of the S2 pocket. The triazole moiety of this nonpeptidic
inhibitor provides stabilizing interactions with the enzyme’s active site similar to what
has been seen with the amide bond in traditional peptidic inhibitors. This first structure
of this pharmacophore complexed with cruzain enabled enhanced design of a new
generation of inhibitors that showed a 4-fold increase in inhibitory activity and, for select
inhibitors, improved physicochemical properties such as reduced molecular weight, lower
hydrophobicity and a reduction in the number of rotatable bonds. In addition, several
of these newer inhibitors exhibited comparable or modestly improved potency in cell
culture evaluation.

The second nonpeptidic cruzain inhibitor visualized in complex via X-ray
crystallography—full chemical name (1R,2R)-2-[(4-chlorophenyl)carbonyl]-N-{(1S)-
1-[2-(phenylsulfonyl)ethyl]pentyl} cyclohexanecarboxamide—contains a vinylsulfone
warhead.” The 1.75 A structure (PDB ID: 3HD3) illustrates that the nonpeptidic P2/P3
moiety in such analogs bind the S2 and S3 subsites of cruzain, effectively recapitulating
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important binding interactions found in more traditional peptide-based protease inhibitors
and natural substrates. Comparison ofthe nonpeptidic vinylsulfone inhibitor’s interactions
with cruzain to those found between inhibitor K777 and cruzain reveals several conserved
interactions at the S1, S1’ and S2 subsites. These include the formation of two hydrogen
bonds to the inhibitor backbone and another two with the sulfone moiety in the S1’
subsite. Conversely, the presence of a nonpeptidic group at P2 results in the loss of a
hydrogen bonding interaction to the inhibitor backbone that is present in the cruzain-K777
complex. As is typically found in subsites S3-S1’ in the peptidyl inhibitors that have
been visualized, nonpolar residues also contribute to the successful binding of enzyme
and inhibitor in the nonpeptidic inhibitor complex. With a nonpolar P2 moiety placed
in the S2 subsite, Gluy,s is once again seen to point out from the S2 pocket and toward
the surface of the protein.

The structures of cruzain bound to two potent reversible small molecule inhibitors
have also been solved to 1.2 A (PDB IDs: IME3 and 1ME4) and these compounds are
based on an hydroxymethyl ketone scaffold.® N-Cbz-Phe-Phe hydroxymethyl ketone
and 3-pyridinylmethoxycarbonyl-Phe-hPhe hydroxymethyl ketone were not covalently
bound at Cys,s but were anchored by a series of hydrophobic interactions with the P2 Phe
moiety in the S2 pocket as well as through stabilization with a series of hydrogen bonds
with Glygs. Additionally, both compounds exhibit a strong hydrogen bond between His, 5o,
part of the canonical catalytic triad and the hydroxyl group of the inhibitor.

K777: THE PATH TO THE CLINIC

Khepri Pharmaceuticals showed that peptidomimetic scaffolds containing a vinyl
sulfone moiety could selectively inhibit cysteine proteases such as cruzain over other
protease classes (Fig. 4A). In addition, these vinyl sulfones also appear to be selective for
cysteine proteases over other classes of proteins containing activated sulfers.® Treatment
with this class of inhibitor not only cleared parasites from infected mammalian cells but
also cured acutely infected mice.** Additionally, it appeared that development of resistance
to this class of inhibitor would be slow to occur.®® The results with this class of compound
were compelling enough to convince the National Institute of Allergies and Infectious
Diseases (NIAID) to fund preclinical safety studies to assess K777, one of the most active
compounds of this class against 7. cruzi in vitro and in vivo. SRI International performed
in vitro mutagenicity tests as well as single-dose escalation exploratory toxicity studies in
rats and dogs. These data indicated that K777 was not mutagenic and clinical observations
indicated that K777 was well tolerated in both species. Based on these data, more detailed
pharmacokinetics and a 7-day preliminary toxicity study (100 mg/kg, daily oral dosing) were
performed using dogs. Severe emesis was noted in the dogs as well as significant elevations
in liver enzymes, indicating that target organ toxicity for K777 would likely be the liver.
Dogs are prone to emesis, so this was not necessarily an issue specific to the compound;
however the emesis issue confounded clear interpretation of exposure data in the dog, so
a second investigational study using monkeys was carried out to determine if this species
would be more appropriate for use in more detailed toxicity and safety studies. A 7-day
study in cynomolgus monkeys, evaluating oral daily dosing of K777 at 200 mg/kg showed
again, significantly elevated liver enzymes, confirming that the liver was the likely target
organ for toxicity. Pharmacokinetics in the monkey indicated that K777 had a reasonable
exposure and half-life of 5 hours, suggesting K777 could be orally dosed in humans.
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Historically the Institute of One World Health 1OWH) had an active Chagas program.
There had been very little success in identifying compounds effectively targeting 7. cruzi
butthe efficacy studies and early preclinical data for K777 were promising. In2002,iOWH
licensed K777 from Celera (formerly Khepri) with the hope of accelerating preclinical
development efforts. IOWH performed several in vitro studies as well as in vivo central
nervous system safety testing in rats, which showed K777 was well tolerated neurologically
with only modest symptoms occurring at significantly high doses. While data generated
by iOWH did not uncover any other concerns with K777,iO0WH later determined that the
risks associated with potential liver toxicities and the possible challenges in large-scale
production of K777 warranted dropping this compound from their portfolio. In 2005,
iOWH returned ownership of K777 and associated manufacturing processes to Celera
and in 2007 dropped their Chagas program. The Sandler Center at UCSF along with the
NIAID continued their interest in this compound and eventually UCSF was granted rights
to K777 by Celera. During this time the Sandler Center performed numerous studies on
K777 that have added to the evidence that the targeting of cruzain can be an effective
means for eliminating 7. cruzi in acute models of infection in mice. In addition, a study
of acute 7. cruzi infection in dogs showed that oral treatment with K777 at 50 mg/kg
twice daily for 14 days was sufficient to protect against cardiac damage, as assessed by
histopathology and troponin I levels.* The Sandler Center has also verified the efficacy of
K777 against various 7. cruzi strains (e.g., Y, Tulahuén, CL, CA-1/72, PSD-1 and PSD-2
isolates), that represent a spectrum of 7. cruzi with various tissue tropisms, as well as
againstnifurtimox- and benznidazole-resistant 7. cruzi.3 Importantly, K777 also produced
an additive effect on parasite killing when used in combination with benznidazole.®

To determine at what exposures elevated liver enzymes are detected and to evaluate
other potential target organ effects that may need to be monitored in the clinic, a 14-day
toxicity study in rats was performed. This study was performed under Good Laboratory
Practices (GLP) and thus was of sufficient quality to submit as part of the K777
Investigational New Drug (IND) application to the FDA for approval of use of K777 in
humans in clinical trials. A recovery arm was included in this study to evaluate whether
any toxic effects, including those in the liver, were reversible upon cessation of drug
treatment. This 14-day dosing study in rodents (SRI International) confirmed that modest
(2-3x) ALT elevation occurs only at doses at or above 150 mg/kg and were reversible
upon cessation of treatment. No treatment-related histopathological abnormalities were
noted in any tissues at any doses, including the liver. Using allometric scaling to estimate
the human equivalent dose from Chagas’ infected mouse and dog model studies, it is
predicted that a human oral dose of approximately 4 mg/kg for 14-30 days may be an
effective therapeutic regimen for Chagas’ disease intervention with this protease inhibitor.
In comparison, the no observable adverse effect level (NOAEL) is anticipated to be
approximately 24 mg/kg with amaximum tolerated dose of 160 mg/kg. Thus, there appears
to be a 6 fold window between efficacious doses and drug-induced clinical morbidities.

On September 15th 2009, representatives from the Sandler Center and NIAID met
with the FDA in a type B pre-IND meeting and agreed on what is needed to complete
the IND package for K777. A significant portion of the IND package is already in place;
outstanding elements as of this write-up include a 28-day nonrodent toxicity study with
cardiopulmonary safety assessments and manufacture of the drug for use in the clinic.
The Drugs for Neglected Disease Initiative (DND1) joined forces with the Sandler Center
and NIAID in the fall of 2009 to obtain funds to complete the IND package. Efforts are
currently under way with a projected date for filing of the IND with the FDA in late 2012.
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One of'the first challenges in the clinic for K777 is going to be selecting the appropriate
patient population for Phase I trials. The acute population has easily-detectable levels of
parasite in blood; however, at the same time treatment is occurring the immune system
is also at work clearing the parasite, likely making it difficult to distinguish drug effects
from effects due to normal clearance by the body’s natural defenses. In addition, this
patient population responds well to current therapies. If a patient is fortunate enough to
be diagnosed at this early stage, there is an ethical dilemma in treating patients with a
drug of unproven human efficacy during the narrow window when they have a known
effective drug (albeit with severe side-effects). Finally, aside from children, patients are
rarely diagnosed in the acute stage, making recruitment for such a study difficult. Since the
initial goals of a Phase Il clinical trial will focus on changes in parasite levels, rather than
progression to cardiac disease or mortality, the logical population will likely be patients
in the indeterminate stage with no to few cardiac manifestations. This patient population
is becoming diagnosed more frequently due, in part, to testing of blood donor samples
for T. cruzi infection and represents a group where effectiveness of current therapies
is questionable. In addition, as only 30% of these patients are projected to develop
infection-related morbidities, it is questionable whether to subject patients to the severe
side-effects of the current therapies available. One of the biggest challenges when using
this patient population, where parasite levels are very low and sequestered in inaccessible
tissues such as cardiac muscle, will be in defining cure. Currently patients are diagnosed
serologically; however, this method only determines if patients have been exposed to
infection but cannot confirm current infections. Patients which have gone from sera-positive
to sera-negative are presumed cured but this transition can take years to occur. The current
standard for determination of significant changes parasite burden is via assessment by
polymerase chain reaction (PCR) -based techniques. Although this method is highly
sensitive, a negative result does not necessarily indicate parasite is no longer present, as
there are typically very small total numbers of parasites in chronically-infected patients
and these parasites are sequestered in cells, limiting the amount of parasite detectable
in blood sample. Thus it is necessary to examine blood samples several times, over the
course of months, with numerous repeat negative results to suggest that the parasites
may in fact be cleared. Currently there are clinical trials on-going, such as the BENEFIT
trial (Benznidazole Evaluation for Interrupting Trypanosomiasis) which is incorporating
long-term monitoring of progression and mortality coupled to detection of parasite using
PCR.#* This on-going international, multi-center, double-blind, placebo-controlled trial of
trypanocidal treatment with benznidazole in patients with chronic Chagas’ heart disease
may well provide the needed evidence whether PCR-determined reduction of parasite
load is predictive of improved outcome in chronically-infected patients.

CONCLUSION

The cysteine endoprotease cruzain from 7. cruzi represents one the first examples
of a protease from a parasitic organism that has had an inhibitor progress through the
tropical diseases drug pipeline. Once validated as a bona fide drug target, the active
enzyme was heterologously overexpressed, the structure derived and with aid of high
throughput biochemical screening the peptide-based vinyl sulfone K777 was identified.
This lead compound was shown to possess potent activity against the parasite in disease
models. K777 is now in IND-enabling studies, poising this inhibitor for use in the clinic
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in humans. Thus, K777 may soon enter the clinic as one of the first protease targeted
drugs to be used in treatment of a neglected tropical disease.
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Abstract:

Helminth parasites (nematodes, flatworms and cestodes) infect over 1 billion
of the world’s population causing high morbidity and mortality. The large
tissue-dwelling worms express papain-like cysteine peptidases, termed cathepsins
that play important roles in virulence including host entry, tissue migration and
the suppression of host immune responses. Much of our knowledge of helminth
cathepsins comes from studies using flatworms or trematode (fluke) parasites.
The developmentally-regulated expression of these proteases correlates with
the passage of parasites through host tissues and their encounters with different
host macromolecules. Recent phylogenetic, biochemical and structural studies
indicate that trematode cathepsins exhibit overlapping but distinct substrate
specificities due to divergence within the protease active site. Here we provide
an overview of the evolution, biochemistry and structure of these important
enzymes and highlight how recent advances in proteomics and gene silencing
techniques are allowing researchers to probe their biological functions. We focus
mainly on members of the cathepsin L gene family of the animal and human
pathogen, Fasciola hepatica, because of our deep understanding of their function,
biochemistry and structure.
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INTRODUCTION

Helminth parasites include the nematodes, flatworms and cestodes. Human diseases
caused by these large tissue-dwelling parasites are amongst the most prevalent on earth
with over one billion people infected worldwide, predominantly in poverty-stricken
regions in developing countries.'

The flatworms (trematodes or flukes), are of major importance since many species are
important human pathogens.? Medically important trematode genera include Schistosoma,
Paragonimus, Opisthorchis, Clonorchis and Fasciola. Blood flukes of the genus Schistosoma
reside in the vascular system of humans and cause a disease known as Bilharzia or
schistosomiasis. This disease afflicts >250 million people in over 70 tropical countries
and results in >280,000 deaths annually in sub-Saharan Africa alone and is by far the most
important trematode infection.** Tissue flukes reside in the lungs (e.g., P. westermani) or
liver (C. sinensis, Opisthorchis spp.) placing >600 millon people at risk of infection across
Asia.> Liver flukes of the genus Fasciola infect domestic animals (sheep, cattle and water
buffalo) causing a disease known as fasciolosis. Although traditionally regarded as a disease
of livestock, fasciolosis has recently emerged as an important human zoonosis in South
America, Egypt, Iran and Vietnam. Estimates suggest that 2.4 to 17 million people are
infected worldwide, with a further 91.1 million people currently living at risk of infection.>>"#

TREMATODE CYSTEINE PROTEASES

Trematodes express several types of peptidases that are involved in many aspects of
the host-parasite relationship.” Of particular significance are those belonging to the papain
superfamily (clan CA, family C1: CA1 peptidases) referred to as cathepsin L, B, F and C
proteases.'?!? Cysteine proteases make up a large proportion of the total transcripts of each
of trematode parasites studied to date. For example, nearly 15% of the transcripts derived
from adult F. hepatica (http://www.sanger.ac.uk/Projects/Helminths/),"* 10% from adult
C. sinensis,'*" as well as 18% and 27% from adult diploid and triploid P. westermani,
respectively,'® encode cysteine proteases. Cathepsin L, F and B proteases are often found
among the profile of molecules secreted by trematodes, termed their secretome (also
known as excretory-secretory proteins; ES), which allows them to perform a number
of critical extracellular roles in parasite-host interactions.'”'® The ability of secreted
trematode cathepsin proteases to modulate the host immune response is well documented
and will be covered in the chapter by Donnelly et al.'” By contrast, cathepsin C, functions
alongside aminopeptidases in the hydrolysis of ingested host macromolecules that have
been absorbed into the gastrodermis from the gut lumen and is therefore not found in fluke
secretions.!®!3 While the types of cathepsin proteases expressed by each trematode species
is similar, their developmental expression within each parasite may vary considerably.!®!3
For example, Fasciola express both cathepsin L and cathepsin B-like proteases but, as
discussed later, the expression of the latter is restricted to early invasive-stage parasites.
On the other hand, Schistosoma express cathepsin L-like, cathepsin F-like and cathepsin
B-like proteases in the early and late stages of infection. Interestingly, cathepsin F-like
proteases are the predominant cysteine proteases expressed by the Asian flukes including
Clonorchis spp., Paragonimus spp. and Opisthorchis spp.?*** and may be related to their
use of fish as intermediate hosts. A detailed classification and characterisation of the
trematode cysteine proteases can be found in Kasny et al.!!
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EVOLUTIONARY RELATIONSHIPS OF TREMATODE CYSTEINE
PROTEASES

Phylogenetic studies indicate that at the time of helminths emergence 480 to
540 million years ago, several cathepsin classes had evolved:’ two with endopeptidase
activity (cathepsin L, F), one with both exo- and endopeptidase activity (cathepsin B)
and one with dipeptidylpeptidase activity (cathepsin C).!%!213 Sequence homologies of
trematode cysteine protease mature domains reveal clustering into to three subfamilies:
cathepsin L-like, cathepsin B-like and cathepsin F-like indicating that these enzymes
diverged early during eukaryotic evolution (Fig. 1). In contrast to the other cysteine
proteases which are endopeptidases, cathepsin Cs are exopeptidases and are involved
in removing dipeptides from the N-terminus of oligopeptides and macromolecules.
To date, trematode cathepsin C proteases have only been identified in S. mansoni and
S. japonicum, termed SmCC and SjCC and share more than 60% sequence similarity. In
terms of phylogeny, cathepsin C genes do not cluster with cathepsin Ls instead they are
more related to those of cathepsin B.%

CathepsinF
CsCP3

CathepsinC

CsCB1

FhCB3

CathepsinL e

Cathepsin B

Figure 1. Papain-like cysteine proteases of trematode pathogens. Trematode pathogens express 4 major
classes of cathepsin proteases (L, B, F and C) that have functions in parasite virulence including tissue
invasion and feeding. Bootstrapped (1000 trials) neighbour-joining phylogenetic tree showing the
evolutionary relationship of the trematode cathepsin superfamily. The tree was constructed using trematode
c¢DNA sequences (including the prosegment region); adapted from references 12 and 13. The branches
are coloured according to the 4 major enzyme classes. Fh, Fasciola hepatica; Fg, Fasciola gigantica;
Pw, Paragonimus westermani; Sj, Schistosoma japonicum; Sm, Schistosoma mansoni; Ov, Opisthorchis
viverrini, Cs, Clonorchis sinensis; CP, cysteine protease; CB, cathepsin B; CC, cathepsin C; CL, cathepsin
L. Reprinted from Robinson MW, Dalton JP, Donnelly S. Pathogen cathepsin proteases: it’s a family
affair.Trends Biochem Sci 2008; 33:601-608, with permission from Elsevier.
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Gene duplication followed by divergence is one of the primary means by which
organisms generate proteins with new functions® and there is evidence that this process
has created the diversity of cathepsin proteases expressed by F. hepatica.'* Phylogenetic
analysis of trematode CA1 peptidases reveals that the cathepsin Ls of Fasciola and
Schistosoma species separate into two lineages. The Fasciola cathepsins L1, L2 and
L3 and cathepsins L2 and L3 of schistosomes (SmCL2, SmCL3, SjCL2 [S. japonicum
CL2], SjCL3) belong to a lineage that includes human cathepsin L (cathepsin L-like
group). Sequence analysis by Caffrey et al of a protease previously known as SmCL1,
revealed that this protease is actually more homologous to cathepsin F of P. westermani
cathepsin F (61%) than to SmCL1 (44%)."® Accordingly, both SmCL1 and SjCL1 were
recently renamed cathepsin F. Phylogenetic analysis of C. sinensis cathepsin Fs (CsCF)
demonstrates the existence of a large gene family, comprising of at least 12 CsCF genes
grouping into three different subfamilies.?

FASCIOLA AS AN EXAMPLE OF A LARGE CYSTEINE PROTEASE
GENE FAMILY

The various developmental stages of F. hepatica express and secrete cathepsin L and
B proteases, but not cathepsin F. In fact >80% of proteins secreted by F. hepatica adults
are cathepsin L cysteine proteases.!”*” No other class of endoprotease of exoprotease
have been identified in fluke secretions, demonstrating an exclusive reliance by adult
parasites on cathepsin Ls. The cathepsin L-like protease genes of F. hepatica constitute
a large and well-characterised multi-gene family that belong to a clade that includes
mammalian cathepsin L, S and K proteases (parasite enzymes show 40-55% similarity
with their mammalian homologues).'

The functional diversity of the various members of the Fasciola cathepsin L gene
family, their relationship to pathogen virulence and host adaptation are of particular
interest from an evolutionary view point as they reflect both adaptation and speciation of
this parasite.”!>!”? [rving et al** showed that the duplication and subsequent divergence of
this family was estimated to have occurred over the last 135 million years. Interestingly
the timing of these duplications correlates with the evolution of rodents, ruminants and
higher mammals. However, most of these duplications took place relatively recently,
approximately 25 million years ago, at about the same time climatic conditions favoured
the development of grasslands and the expansion of common hosts of F. hepatica. This
suggests that the divergence of the cathepsin L protease family was important in the
evolution and adaptation of this parasite to a wider host range.”

Phylogenetic analysis revealed that /. hepatica expresses the largest monophyletic
cysteine protease family described to date.!”* The family can be grouped into five distinct
phylogenetic clades; cDNAs for two of these are found only in the early infective larvae
(clades FhCL3 and FhCL4) while the remaining three clades (clades FhCL1, FhCL2
and FhCL5) were derived from adult parasites taken from bile ducts (Fig. 2).!”* FhCL3
is believed to be the most ancient member of this gene family. Adult FhCL2 arose and
subsequently evolved following duplication of the ancestral FhCL3 gene and likewise,
a subsequent duplication event in FhCL2 gave rise to the FhCL1 gene. Thus, a family of
proteases with subtle, but important, amino acid changes within the enzyme's active site
cleft evolved (see below).?** It has been suggested that these residue changes conferred
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Figure 2. Phylogenetic analysis of the Fasciola cathepsin L gene family (adapted from Robinson et al'7).
The Fasciola cathepsin L gene family expanded by a series of gene duplications, followed by divergence
of residues in the active site, which gave rise to three clades associated with mature adult worms and two
clades specific to infective juvenile stages. These changes resulted in repertoire of cathepsin L proteases
with overlapping and complementary substrate specificities. Bootstrapped (1000 trials) neighbour-joining
tree constructed using Fasciola hepatica and Fasciola gigantica cathepsin L ¢cDNA sequences. The
tree is rooted to Carica papaya papain. This research was originally published in Molecular and
Cellular Proteomics. Robinson MW, Tort JF, Wong E et al. Proteomics and phylogenetic analysis of
the cathepsin L protease family of the helminth pathogen, Fasciola hepatica: expansion of a repertoire
of virulence-associated factors. Mol Cell Proteomics 2008; 7:1111-1123. © 2008 the American Society
for Biochemistry and Molecular Biology.

overlapping and yet complementary specificities enabling the parasite to degrade a wider
variety of host macromolecules.”*

Our recent proteomics analysis of the secretome of mature flukes was in agreement
with the phylogenetic studies and confirmed that adult flukes residing within the bile
ductsrely solely on cathepsin Ls for feeding on host blood.'*!7?>?” Clade FhCL1 and clade
FhCL2 proteases were by far the most predominantly expressed proteins, accounting for
67.39% and 27.63% of total secreted cathepsin Ls respectively.!” Furthermore, neither
FhCL3 or cathepsin B (FhCB) proteases were secreted by adult flukes, supporting a
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specific role for these enzymes in the infective larval stages that initiate and establish
infection through the host intestinal wall.*!

VARIATION IN THE S2 SUBSITE OF THE ACTIVE SITE
AND ITS INFLUENCE ON ENZYME SPECIFICITY

It is well established that substrate specificity of papain-like cysteine proteases is
primarily determined by the composition and arrangement of amino acids that create
the S2 subsite within the active site.?*** The deep S2 subsite is composed of residues
occupying positions 67, 68, 133, 157, 160 and 205 (papain numbering) within the active
site which interact with the P2 amino acid of the substrate. It is these positions which
exhibit most variation among members of the papain superfamily. An analysis of these
residues in the various Fasciola cathepsin L clade members reveals divergence within
the S2 subsite, in particular at the three positions that have the greatest influence on P2
binding i.e., residues 67, 157 and 205.%

F. hepatica cathepsins L1 and L2 have partly overlapping specificities, often making
it difficult to discriminate between them biochemically. However, our biochemical data
using both native and recombinant forms of FnCL1 and FhCL2 show just how significant
changes within the S2 subsite can be. Overall, FhCL1 (S2 subsite: Leus;, Val;s; and
Leu,ys) showed an affinity (k,/K,) for small, fluorogenic substrates in the following
order: Z-Leu-Arg-NHMec > Z-Phe-Arg-NHMec >> Z-Pro-Arg-NHMec whereas for
FhCL2 (S2 subsite: Tyrg;, Leu,s; and Leu,s) the order of affinity was Z-Leu-Arg-NHMec
>> Z-Phe-Arg-NHMec = Z-Pro-Arg-NHMec. While both enzymes efficiently cleaved
substrates with hydrophobic residues (Phe and Leu) in the P2 position, the catalytic rates
(k../K,) are 25- and 8-fold greater, respectively, for FhCL1 than FhCL2. Another key
difference was that while FnCL1 showed a lower affinity for substrates containing proline
at the P2 position, FhCL2 displayed a greater preference for Z-Pro-Arg-NHMec with
an approximately 6-fold greater affinity for this substrate at pH 5.5 and 3-fold greater
affinity at pH 7.3 than FhCL1.%

Recently, we correlated the ability of FhCL2 to accommodate Pro in the S2
subsite with the capacity to cleave native collagen, which contains the repeat motif
Gly-Pro-Xaa (where Xaa is any amino acid).” Since collagen is a major component
of interstitial matrices, this property is likely to be important for disrupting cellular
integrity making it easier for the parasite to migrate through host tissues. We believe
the evolution of this biochemical property by trematode proteases has been critical
to the expansion of parasites into various hosts. The ability of papain-like cysteine
proteases to degrade collagen is quite rare, having been previously restricted to a
small number of bacterial collagenases, matrix metalloproteases and, more relevantly,
human cathepsin K but not human cathepsin L.** Recently, Corvo et al demonstrated
that recombinant FhCL3 displayed a restricted substrate specificity, with a 70-fold
preference for Tos-Gly-Pro-Arg-AMC as well as an ability to cleave native collagen.*
FhCL3, secreted by the newly excysted juvenile stages (NEJs), is known to play a
pivotal in the initial steps of host penetration.’!

The overall similarity between trematode cathepsin L-like peptidases and their human
homologs ranges between 35-47%. A comparison of residues within the S2 pocket of
the various FhCLs family members, human cathepsin L and cathepsin K is shown in
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Table 1. Residues forming the S2 active site of human and F. hepatica cathepsin L
proteases. Comparison of the residues from the S2 active site that contribute to differential
substrate-binding in Fasciola hepatica cathepsin Ls (clades 1-5) and human cathepsin L.
(Residues were identified using primary sequence alignments and analysis of the atomic
structure of F. hepatica cathepsin L1;* PDB ID: 206X)

Residues

67 68 133 157 158 160 205

Human cathepsin L Leu Met Ala Met Asp Gly Ala
Human cathepsin K Tyr Met Ala Leu Asn Ala Leu
Adult: FhCL 1A Leu Met Ala Val Asn Ala Leu
FhCL 1B Leu Met Ala Leu Asn Ala Leu

FhCL 2 Tyr Met Ala Leu Thr Ala Leu

FhCL 5 Leu Met Ala Leu Asn Gly Leu
Juvenile: FhCL 3 Trp Met Ala Val Thr Ala Val
FhCL 4 Phe Met Ala Leu Asn Ala Phe

Table 1. Most variation occurs in residues at positions 67 (Leu, Tyr, Trp or Phe) and
205 (Leu, Val or Phe), however, variation can also observed at position 157 which lies
at the opening of the S2 pocket.” Interestingly, all cathepsins with the ability to degrade
collagen posses a Tyr residue at position 67. Using site-directed mutagenesis, Lecaille
et al substituted Tyr,; in human cathepsin K to Leuy; (creating a similar S2 subsite to that
of human cathepsin L) and showed that the resulting enzyme lacked the ability to degrade
collagen.* However, we found that replacing Leus, of FhCL1 with Tyr, thus mimicking
the S2 subsite of FhCL2 and human cathepsin K, neither enhanced the ability of variant
FhCL1Tyrs; to accept Pro at the P2 position nor did it endow the engineered enzyme
with an ability to degrade collagen.?® These results clearly suggest the contribution of
other key residues within the S2 pocket regarding collagenase activity.

FhCL5 which diverged from FhCL2 prior to its divergence from FhCL1 exhibits an
intermediate S2 subsite (Leug;, Leu,s;, Leuys). Smooker et al demonstrated that despite
sharing 80% sequence identity to FhCL2, FhCL5 did not exhibit substantial activity
against substrates containing Pro in the P2 position.?* However, by mutating Tyr,; for Leu,
the ability of FhCL5Tyr,; to cleave substrates containing P2 Pro was greatly enhanced.
Taken together these results indicate that separation of FhCL1 and FhCL5 from FhCL2
was accompanied by the loss of the ability to cleave substrates with a P2 proline, like
collagen. Recently Lowther et al demonstrated that this alteration enabled the S2 subsite
of FhCL1 to “open up” so that it could accommodate hydrophobic amino acids, such
as Leu, Ala, Phe and Val.* Interestingly, these residues are the most common residues
found in host haemoglobin (accounting for 42% of the protein), the major source of
nutrients for adult flukes.
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ATOMIC STRUCTURE AND SUBSTRATE SPECIFICITY

Although eukaryotic cathepsins are diverse at the primary sequence level, their
atomic structures are remarkably conserved. We have recently solved the 3-D atomic
structure of the F. hepatica FhproCL1 zymogen at 1.4 A, using an active site mutant
FhproCL1Gly,s (PDB ID 206X).? This structure is almost identical to that of human
cathepsin L (PDB ID 1CJL), despite their primary structures exhibiting only 35% identity
(and 71% similarity). The mature domain of FhproCL1Gly,; is bi-lobed: the left-hand
lobe (L) is predominantly composed of a—helices, whereas the right-hand lobe (R)
contains several elements of f—sheet. The L and R lobes fold together to give the typical
“V”-shaped active site cleft configuration at the interface between the two domains.**
The N-terminal extension, or prosegment, runs through the active site cleft, in a reverse
direction to a normal protein substrate and prevents uncontrolled proteolysis (preventing
premature activation of the catalytic domain).*-*’

Asmentioned previously, the ability to accept or exclude particular substrate moieties
is highly dependent on the size, shape and volume of the S2 pocket, as well as an ability
to form stabilizing interactions. In the atomic structure of FhproCL1Gly,s, Leus; and
Val,s; are situated at the entrance to the pocket and act as “gatekeepers”, while Metgs,
Alas; and Alag, sit below them deeper within the pocket and Leu,s lies at the floor of
the pocket (Fig. 3). The crystal structure of the FhproCL1Gly,s was used to create a
robust homology model of FhCL2 that was compared to the atomic structure of human
cathepsin K (PDB ID 1ATK) to investigate which residue(s) are important in determining
the ability of both cathepsin K and FhCL2 to degrade collagen. Although the S2 pockets

Autocatalytic activation S2 active site

Figure 3. Structural analysis of F. hepatica cathepsin L proteases. Fasciola cathepsin Ls are stored in
specialised secretory vesicles within the parasite’s gut epithelial cells as inactive zymogens consisting of
a prosegment and mature enzyme domain. The prosegment is removed by catalytic cleavage following
secretion into the parasite intestine to reveal an active mature protease. A) Surface representation of the
major F. hepatica secreted cathepsin L protease (FhCL1) (PDB ID: 206X). The prosegment is shown as
a green ribbon and the catalytic machinery is shown in yellow (P1 residues) and magenta (P2 residues).
B) At low pH (4.0-4.5) the prosegment is auto-catalytically removed (B) to produce the mature active
enzyme. C) Detail from the active site of the enzyme. S2 residues that determine substrate-binding
specificity are labelled. Reprinted from Robinson MW et al. Trends Biochem Sci 2008; 33:601-608;%
©2008, with permission from Elsevier.
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of human cathepsin K and FhCL?2 are very similar, there are some noteworthy differences
within a 5 A radius of the active site. Most significant is the ‘gatekeeper’ residue 157,
which sits near the opening of the S2 pocket. Residue 157 is a Val in FhCL1 and is one
carbon shorter than the Leu found in FhCL2 and human cathepsin K and accordingly
its extension into the pocket is approximately 1.5 A less and thus does not allow it to
extend far enough into the available space to participate in aliphatic interactions. Hence
the absence of both stabilizing Tyr and Leu residues would account for the lack of favour
for P2 proline in the S2 pocket of FCL1 (and human cathepsin L).?

Based simply on spatial constraints, a Pro residue would be accommodated in the S2
area of FhCL2. Our analyses suggest that acceptance of P2 Pro is achieved by providing
opportunities for stabilizing interactions with the 5S-membered proline ring of the substrate
at the entrance to the pocket and that such stabilization involves ring-ring interactions
between Tyr,; and the P2 Pro. The location and positioning of Leu,s; in FhCL2 and human
cathepsin K suggests its availability to further stabilize the presence of a P2 Pro, perhaps
with constructive aliphatic interactions.”

Our biochemical and structural data on FhCL2 and that of Corvo et al on FhCL3
clearly demonstrate that both enzymes, like cathepsin K, cleave collagen within the
triple helical regions.*® However, both FhCL2 and FhCL3 can digest native collagen
at neutral pH while degradation of collagen by cathepsin K requires acidic conditions.
In humans, cleavage of collagen by cathepsin K is essential for bone remodelling. In
contrast, FhCL3 activity is vital for penetrating the host gut wall, while adult parasites
which must penetrate and migrate through large host organs, including the liver, require
FhCL2 activity for degrading collagen-rich interstitial matrices, both likely occurring
under physiological pH.*-31-3

THE ROLE OF THE PROSEGMENT IN REGULATING THE FUNCTION
OF TREMATODE CATHEPSINS

Cathepsin proteases are produced as inactive zymogens requiring the cleavage of
prosegments to become functionally active.>*** Prosegments function as regulators of
enzymatic activity by binding to the substrate cleft,*!%"8 as intermolecular chaperones that
are important for correct protein folding,*“° and are involved in intracellular trafficking of
human cathepsins to the lysozome.*' Activation of cathepsin proteases, to generate active
mature enzyme, occurs via a specific cleavage event between the prosegment region and
the catalytic domain. Processing is believed to be facilitated by a low pH environment
which disrupts the salt bridge involving an Asp contained within a conserved GXNXFXD
motiflocated between residues —-42 and -36 (papain numbering). In mammalian cells, this
environment is provided by the acidic lysosome. Subsequent removal of the prosegment
involves possible intramolecular and/or intermolecular cleavages that take place within
the central portion of the prosegment and then at the C-terminal region close to the
N-terminus of the mature enzyme.>’#!4?

We and others have proposed that auto-activation of trematode zymogens to the
mature active form occurs in the slightly acidic milieu of the parasite gut. Experimental
evidence for auto-activation comes from in vitro studies using recombinant FhproCL1
and have demonstrated that autocatalytic activation can occur within the pH range
4.5 to 7.3.%4 Recently Lowther et al have shown that activation occurs far more rapidly
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B FhCL consensus -E----S--LSHG--Y--==-=-=
FhCL 1A iel T.MSRA.DI..H.VP.EANNRa
FhCL 1A au3 T.MSRA.DI..H.VP.EANNRa
FhCL 1B _nll T.MPRA.DI..H.IP.EANNRa
FhCL IB_ar T.MPRA.DI..H.IP.EANNRa
FhCL 2_ie2 I.IPRS.EL..R.IP.KANKLa
FgCL 2_thD I.IPRS.EL..R.IP.KANKPa
FhCL 5_au4 T.MPRA.EL. .H.IP.KANKRa
FhCL 5_au5 T.MPRA.EL. .H.IP.KANKRa
FgCL 3_thG I.MSPE.ES..D.IS.EAEGNd
FhCL 3_uy3 M.MSPE.ES. .D.IS.EAEGNd
FhCL 4_uy4 R.IPRA.DM. .H.IP.EANDRa
FgCL 4_thl-l R.IPRA.DIH.H.IP.EANDRa

Figure 4. Structural and sequence analysis of Fasciola cathepsin L prosegments. Cathepsin L prosegments
regulate enzyme activity by binding to the substrate cleft and act as a molecular chaperones to ensure
correct folding of the enzyme. Prosegment removal is mediated by cleavage at two conserved motifs
towards the C-terminal end of the molecule. A) The atomic structure of the F. hepatica major secreted
cathepsin L protease prosegment region (PDB ID: 206X). The conserved Leu-Ser|His motif required
for zymogen auto-catalytic processing is highlighted in red and the asparagine residues required for
trans-activation by apsaraginyl endopeptidases are shown in blue. B) Primary sequence alignment of the
nonconserved prosegment C-terminal regions from selected Fasciola cathepsin L proteases. A consensus
sequence for all Fasciola cathepsin Ls (FhCL consensus) is shown at the top of the alignment. Gaps
in the alignment are represented by a dash (-) and amino acids that are conserved in all sequences are
indicated by a dot (.). Prosegment residues are in capital letters whereas the first amino acids of the
mature enzymes are in lowercase letters. The colouring of residues follows that of (A). Reprinted from
Robinson MW et al. Trends Biochem Sci 2008; 33:601-608.2 ©2008, with permission from Elsevier.

at lower pH values (activation at pH 4.0 was 40-times faster than at pH 7.0).% The precise
nature of the initial events that transform the inactive zymogen to active enzyme still
remains a mystery. The presence of a functional active site cysteine (Cys,s) is essential
for activation of both human and F. hepatica cathepsin Ls.*’#'** Using the same active
site variant as used in our crystallographic studies (FhproCL1Gly,s), we have shown that
this variant cannot auto-catalytically process. Processing of this variant could however be
achieved via trans-processing using pre-activated wildtype FhCL1. This intermolecular
processing occurred as a result of direct cleavage within the Leu,,-Ser,, | His;, motif



126 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

located at the nonconserved C-terminal region of the propeptide. Mutations that alter this
motif to a Proj,-Ser,, | His,, prevent or slow down FhproCL1 activation.*

Robinson et al recently demonstrated that phylogenetic analyses using only the
prosegment domains of the Fasciola cathepsin Ls produced a tree similar to that produced
by the mature domains indicating parallel adaptation of both regions.!” An alignment
of the prosegments (residues P1 to P91) shows that the N-terminal and intermediate
regions (residues P1 to P70) of these enzymes are remarkably conserved across all
cathepsin L clades. It is noteworthy that although the C-terminal portion of the F. hepatica
cathepsin L prosegments (21 residues, P70 to P91) show striking variability between
the phylogenetic clades it is conserved within each clade. This is particularly evident
in the final five residues which form the boundary between the prosegment and mature
enzyme and gives each clade its signature sequence as shown in Figure 4. In addition to
the conserved Leu,,-Ser,, | His,, motif (described above) that occurs within this region,
cleavage of the prosegment after a conserved asparagine residue is believed to be
required for trans-activation by asparaginyl endopeptidases (see below).!” The FhCL1
atomic structure suggests that this region does not make contacts with the main body of
the enzyme, but rather moves freely in space creating a ‘protease-accessible’ region that
facilitates prosegment removal.?’

Since the stability of the propeptide-protease complex is dependent on electrostatic
interactions, reduction of the environmental pH likely weakens the bonds between the
propeptide and the catalytic site. As a consequence, the proenzyme possibly adopts a
looser conformation, in which the propeptide is bound less tightly into the active site
making it more susceptible to proteolysis.****¢ However, circular dichroism studies reveal
that activation does not involve significant conformational changes in the structure of
FhproCL1, procathepsin L or procathepsin B.***4> These data suggest two distinct
possibilities: (1) the initial event may involve an active proenzyme, possibly created
by the reduced pH, trans-processing another proenzyme setting off a chain reaction or
(2) trans-processing by an enzyme of a different class.

TRANS-ACTIVATION OF TREMATODE CATHEPSINS BY ASPARAGINYL
ENDOPEPTIDASE?

Schistosome asparaginyl endopeptidase (SmAE; also known as Sm32 or schistosome
legumain) is a clan CD cysteine endoprotease that cleaves C-terminal to asparginyl (Asn)
residues and was originally thought to have a direct role in the hydrolytic degradation
of host haemoglobin. In support of exogenous cleavage of trematode cathepsins by a
different type of enzyme, Dalton and Brindley, proposed that SmAE was responsible
trans-processing and activating the cysteine proteases involved in the haemoglobin
degradation cascade.*” They also proposed that the enzyme’s primary role was the
trans-processing and activation of other schistosome proteases after noting that zymogens
of Clan AA aspartic proteases (cathepsin D) and Clan CA cysteine proteases cathepsins
L, F, B1 and C each possessed an asparaginyl endopeptidase cleavage site at the juncture
between the prosegment and mature enzyme domain. Immunolocalisation studies have
shown that asparaginyl endopeptidases are co-expressed with the haemoglobin-degrading
cathepsin proteases in the gastrodermis surrounding the gut lumen of several trematode
species including F. gigantica and F. hepatica,**> O. viverrini,’' and C. sinensis.” Sajid
et al provided experimental support for this hypothesis by showing that recombinant
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SmAE could convert the schistosome cathepsin Bl zymogen to a mature enzyme in
vitro.*”3 Furthermore, Fasciola cathepsin L and B cysteine proteases also have preserved
the asparaginyl endopeptidase-processing site at the prosegment-mature domain junction
and SmAE was also shown to trans-process F. hepatica cathepsin B.'7** If exogenous
cleavage is the primary mechanism for cathepsin activation, then inhibiting asparaginyl
endopeptidase activity could be an attractive target for pharmacological intervention. Gene
silencing studies by Delcroix et al demonstrated that 20% of cathepsin B activity was
lost when SmAE expression in 3-week old male and female schistosomes was knocked
down using RNAi.>> However, cathepsins are capable of autoactivation which begs the
question, why do trematodes require two different mechanisms for the activation of their
cysteine proteases?

Toanswer this question, we have proposed that the cleavage events leading to cathepsin
prosegment removal take place in two steps.!” Initially in a bimolecular process, a small
number of cathepsin L zymogens either autoactivate at low pH or are trans-activated
by asparaginyl endopeptidase. These enzymes are then able to trans-process another
cathepsin L zymogens through specific cleavage at the Leu-Ser| His motif and thus the
rate increases exponentially.? Interestingly, the prosegment of O. viverrini cathepsin F
(Ov-CF-1) lacks the conserved asparagine residues found in other trematodes and could
not be trans-processed by O. viverrini asparaginyl endopeptidase that is also localised
in the gut cells of adult worms.?> However, we have recently shown that O. viverrini
cathepsin B (Ov-CB-1) is capable of trans-processing Ov-CF-1 via a specific cleavage
between the prosegment and mature enzyme domain.>®

BIOLOGICAL ROLES OF TREMATODE CATHEPSIN PROTEASES

The phylogenetic and biochemical studies described above collectively show how
divergence within the F. hepatica cathepsin L family produced a repertoire of enzymes
with overlapping and complementary substrate specificities. This parasite also expresses
cathepsin B proteases that exhibit independent regulation to the cathepsin L proteases but
function in concert with these to facilitate parasite infection and migration.

Following ingestion by amammalian host, FasciolaNEJs must penetrate and traverse
the wall of the duodenum, move through the peritoneum and penetrate the liver. After
migrating through and feeding on the liver, the parasites move to their final destination
within the bile ducts where they mature and produce vast quantities of eggs (30-50,000
eggs/day/worm)."* Using an integrated transcriptomics and proteomics analysis of the
molecules secreted by various developmental stages of F. hepatica, Robinson et al
demonstrated that cysteine protease expression/secretion is highly regulated during the
development of the parasite and correlates with its penetration and migration through the
tissues of the host.* By combining the temporal expression of individual cysteine proteases
with our understanding of fluke biochemistry and recent insights from RNAI studies,
we now have a complete picture of how the developing F. hepatica migrates through
host tissues and sustains itself during its maturation. (Fig. 5). Dormant larvae emerge
from cysts in the duodenum of their mammalian hosts as NEJs and directly penetrate
the gut wall and NEJ-specific proteases such as FhCL3 and cathepsin B have specialised
functions in relation to these tasks.*! Using inhibitors of cathepsin-like proteases we have
previously shown that excystment of the infective larvae is dependent on both FhCL3
and FhCB. Together these enzymes account for over 80% of the total protease activity
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Infective stage: | ture stage: —- Mature stage:
Penetration Migration/Feeding Feeding/Reproduction

FhCLS
FhCL2

F. hepatica protease expression

Figure 5. Developmental regulation of Fasciola hepatica cathepsin proteases. Trematode pathogens
such as F. hepatica undergo complex life-cycles involving transitions between host organ systems and
tissues. Movement from one site to another, as the life-cycle progresses, is associated with the differential
expression of cathepsin enzymes. A) Penetration of the host intestinal wall by newly excysted juvenile
(NEJ) F. hepatica is facilitated by the secretion of proteolytic enzymes. This process involves cathepsin
B and clade 3 cathepsin Ls. B) The migration of immature flukes through host liver tissue corresponds
to a period of rapid growth and development of the parasite. At this stage, host protein degradation is
achieved primarily by Fasciola clade 1 and 2 cathepsin Ls although some cathepsin B and clade 3 and
4 cathepsin L activity may remain. C) Adult F. hepatica reside within the bile ducts where they feed on
host red blood cells. Proteomics analyses have shown that clade 1, 2 and 5 cathepsin Ls are the only
proteases secreted by adult flukes, thus suggesting crucial roles for these enzymes in penetrating the bile
duct wall and digesting host haemoglobin. Pie charts represent protease expression levels determined
by quantitative mass spectrometry analysis of F. hepatica secretory proteins.* Reprinted from Robinson
MW et al. Trends Biochem Sci 2008; 33:601-608.2 Copyright 2008, with permission from Elsevier. This
research was originally published in Robinson MW et al. Mol Cell Proteomics 2009; 8:1891-1907;*
Copyright 2009, with permission of the American Society for Biochemistry and Molecular Biology.

detectible in NEJ stage.* Further experimental evidence has been provided by McGonigle
et al who have shown that RNAi-mediated silencing of either cathepsin B or cathepsin
L-like transcripts in infective juveniles blocks their ability to penetrate the intestinal
wall of experimentally-infected rats.’! Together this evidence clearly demonstrates that
both enzyme types are required for successful host penetration. Similar studies on the
infective larvae of other medically important trematodes also demonstrate a reliance of
cysteine proteases for successful infection.!"!257

As the immature flukes enter the liver parenchyma and begin feeding on the tissue,
the secretion of FhCL3 and FhCB is much reduced and account for only 3% and 2%
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of total secreted protease activity respectively. Concurrently, the expression of other
cathepsin L proteases is up-regulated: FhCL1 (50%), FhCL2 (27%) and FhCL5 (7%)
become more highly represented in the secretome. This striking modification of protease
activities represents a clear shift in the requirements of the parasite for a different subset
of proteases during this developmental phase.*

Adult flukes residing in the bile ducts become obligate blood-feeders and draw blood
through punctures they make in the duct wall. The nutrients obtained from this process
are used to support the production of an enormous number of progeny.'* Biochemical
and immunological studies indicate that by the time the parasites have moved into the
immunologically safe environment of the bile ducts, they become reliant solely on cathepsin
L proteases to degrade host haemoglobin and serum proteins; expression profiles: FhCL1
(69%), FhCL2 (22%) and FhCLS5 (9%)."” Accordingly, FhCL1, FhCL2 and FhCL5
proteases must collectively possess the hydrolytic machinery capable of digesting the
macromolecules in the bloodmeal to peptides that are sufficiently small to be absorbed
into the parasite gastrodermis. Recently, we showed that one of these enzymes, FhCL1,
can efficiently degrade haemoglobin to peptides of between 3-14 amino acids that are
presumably absorbed into the gastrodermis for further catabolism to amino acids by
intracellular cathepsin C and aminopeptidases.®® Thus, the developmentally-regulated
expression of trematode cathepsins correlates directly with the passage of the parasite
through the various host tissues and macromolecules its encounters, implying that
individual enzymes have evolved very specific functions.

Studies on the infective larvae of other trematodes, including those of Schistosoma
spp., Trichobilharzia spp., Paragonimus spp. and Clonorchis spp. point to the universal use
of cysteine proteases in host infection as well as haemoglobin degradation.!>s”® There is
strong experimental evidence supporting the critical roles played by these enzymes in the
establishment and maintenance of infection; a) blocking proteolysis of host haemoglobin
with cysteine protease inhibitors results in significant antiparasitic and antipathology effects
in schistosomasis;**® b) administration of cysteine protease inhibitors such as K11777 to
S. mansoni-infected mice reduces worm burden and egg production;* and ¢) vaccination
of sheep and cattle with purified F. hepatica cathepsin L elicits protection (50-73%) and
antifecundity effects against challenge infection. It has been proposed that the effects of
inhibitors and vaccines on parasite development may be mediated through disruption of
parasite feeding and migratory behaviour, while the antifecundity effects may be related
to the inability of starved parasites to synthesise viable eggs.®> New insights into the
fundamental roles of other trematode cysteine proteases have recently been provided by
a number of RNAI and transgenesis studies.®*®* Skelly et al were the first to successfully
perform knockdown of protease expression in schistosomes.% Specific silencing of SmCB1
activity was demonstrated by immunofluorescence, RT-PCR and more importantly proteolytic
activity. SmCB1 had been proposed to play a central role in haemoglobin digestion in the
schistosome gut. While long-term suppression of SmCBI1 did retard schistosome growth,
parasites were still viable and capable of degrading host haemoglobin. In contrast to
Fasciola parasites, the picture of haemoglobin degradation is somewhat more complicated
in schistosomes as they also possess an aspartic protease, SmCD, which acts as part of a
multi-enzyme cascade to perform this task. One possible reason for the lack of any notable
deleterious phenotype may have been due to proteolytic compensation by SmCD in this
pathway. These results clearly indicate that although SmCBI1 is necessary for normal
parasite development, its function is not essential in the process of haemoglobin catabolism.
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Inarecent transcriptional study analysing temporal transcriptional changes in S. mansoni
during early schistosomula development, Gobert et al found that genes encoding cathepsin
proteases were highly up-regulated by day five and included SmCB (65-fold), cathepsin L
(37-fold), cathepsin D (13-fold) and cathepsin C (11-fold).® This strong temporal control
of protease expression, similar to that seen in Fasciola, is again indicative of a complex
array of functionality. Delcroix et alused RN Ai to dissect the roles of a number of proteases
believed to be involved in haemoglobin degradation and found the primary role of SmCD
to be in haemoglobin proteolysis, as was previously hypothesised by Brindley et al.>>¢” The
same study demonstrated the primary role of SmCBI1 to be albumin degradation. Recently,
Morales et al also using RNAi demonstrated that SmCD is essential for schistosome
survival due to its critical role in haemoglobin catabolism.®®

LOCALISATION PATTERNS AND SECRETION OF TREMATODE
CATHEPSINS

Immunolocalisation and in situ hybridisation studies on F. hepatica have shown that
cathepsin L proteases are synthesised within the gastrodermis that lines the parasite gut.®!
These cells have both a secretory and absorptive function and spread extended lamellae
into the gut lumen.* Liver flukes possess a blind-ended gut, requiring the contents of the
gut to be emptied by frequent regurgitation (approximately every 3 h) and refilled with
fresh host blood.® Using antibodies directed against the propeptide of FACL1 we have
demonstrated that it is the inactive procathepsin L that is packaged into secretory vesicles
within the gut epithelial cells.** Electron microscopy revealed the specific location of
these cathepsin L-containing secretory bodies to be at the apex of the gastrodermal cells
ready for secretion into the gut.***! Collectively these observations provide important
insights into the regulation of F. hepatica protease activity. First, the accumulation of
inactive procathepsin L molecules, rather than active mature proteases reduces the risk
of potential internal damage due to uncontrolled proteolysis. Second, protease activation
takes place following secretion of proteases into the low pH environment of the parasite
gut lumen. Once activated, proteases are in direct contact with the bloodmeal and thus
are ready to digest host macromolecules for protein catabolism. In addition, active mature
cysteine proteases are released regularly into the surrounding host tissues where they
participate in functions outside the parasite gut.

Immunohistochemical studies have also localised a number of schistosome cysteine
proteases to the parasite gut.”’? One of the best characterised schistosome proteases is
SmCB. SmCB has two distinct forms, SmCB1 and SmCB2, with similar biochemical
properties. SmCBI is expressed in the gut where it was originally thought to participate
in haemoglobin degradation but it has since been shown to be involved in the digestion
of albumin.* In contrast, SmCB2 has been localised to the tegument and parenchyma but
its function is still unknown.'® SmCF (previously known as SmCL1) is also expressed in
the schistosome gut but there is some conjecture as to the exact localisation of SmCL2.
SmCF and SmCL2 have been localised within the reproductive system of female worms
and the gynecophoral canal of males,” and in the gastrodermal surface of both males and
females.®® In contrast to the findings of Michel et al”® Bogitsh et al did not find SmCL2 in
the reproductive organs.®® However, the recently-discovered SmCL3 has been detected
in the gastrodermis of both males and females but also within the female vitellaria.™
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Immunolocalisation studies have shown that the major cathepsin F proteases of
adult C. sinsensis (Cs-CF-4 and Cs-CF-9) and P. westermani are expressed exclusively
in the cells lining the gut.?"*% In contrast, the cathepsin F expressed by O. viverrini
(Ov-CF-1) has been localised within the gut, vitellaria, testes and eggs of adult worms?
suggesting a wider role for this protease. Interestingly, the cathepsin Fs expressed and
secreted from P. westermani newly excysted metacercariac (PwMc28a and PwMc28b)
have been localised to the tegument and anterior border of the oral sucker. This suggests
that proteases are secreted trans-tegumentally or exit via the excretory canal network in
the juvenile fluke that have not yet developed a functional gut.’

THE ROLE OF PH IN REGULATING CATHEPSIN FUNCTION
IN TREMATODES

Oncereleased from the gut, the extracorporeal roles of trematode proteases are performed
at physiological pH, i.e., between two and three pH units higher than the microenvironment
in which the proteases function in the parasite gut. The gut lumen of F. hepatica, like that
of other trematodes, is believed to be slightly acidic (around pH 5.5) however, the precise
pH is unknown.”” Estimates suggest the gut lumen of S. mansoni is in the range pH 5.0-6.07
to 6.84,% although studies by Delcroix et al suggest the existence of micro-compartments
between the lamellae of the gut with pH as low as 3.9.%° Our studies show that FhCLs are
active over a broad pH range (3.0-9.0) and are highly stable at neutral pH. This points to
a specific adaptation of parasite cysteine proteases to carry out functions over a wide pH
range (recombinant FhCL1 retained 100% of its activity when incubated at 37 °C for 24 h
and ~45% activity when incubated at 37 °C for 10 days at pH 4.5). It is interesting to note
that the pH optimum of FhCL1, pH 6.2, is approximately mid-point between the pH values
at which it works inside and outside the parasite.*®

Mammalian lysosomal cathepsin Ls are active only at approximately pH 4.5, in keeping
with the environment in which they function and are inherently unstable at neutral pH so that
cellular damage due to leakage from the lysosome isavoided.?” Interestingly, Corvo etal found
the pH profile of FhCL3 to be in the neutral range with an optimum pH of 7.0.% In contrast
to FhCL1 that displays impressive stability at low pH, FhCL3 demonstrated only 35% of
maximum activity at pH 5.5.% In terms of stability, FhCL3 retained 50% activity after 8 h at
neutral pH and 37 °C. FhCL3 is not secreted by adult parasites and therefore does not play
any role in the acquisition of nutrients from haemoglobin or serum proteins. These findings
are consistent with the secretion and function of this enzyme in the environment encountered
by the NEJ stages and hence it’s proposed role in penetration of the host duodenum.**3!

CONCLUSION

While there have been numerous comprehensive studies characterising the biochemical
properties of trematode cathepsins, their exact biological roles are often merely inferred and
at best poorly understood. For instance, although many cysteine proteases are expressed in
the parasite gut, the transcription levels of some of these enzymes are 50- to 1000-fold less
than those of other gut-associated proteases. Prime examples are FhCL5 and SmCL3 the
expression levels of which are relatively minor when compared to FhCL1 or SmCB1.4.7
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Proteases by their nature are promiscuous, functioning both within the parasite and externally
at the host-parasite interface. The exact proteolytic contribution to parasite biology of such
proteases remains ambiguous. The ability to isolate and purify native enzymes and/or
produce recombinant forms of parasite enzymes has been fundamental in terms of both our
understanding cysteine protease biochemistry and in inferring their biological roles. >34
Using both native and recombinant forms of F. hepatica cysteine proteases we have shown
that these enzymes efficiently degrade a variety of host macromolecules. We have proposed
that by producing proteases with overlapping specificity, F. hepatica parasites could more
efficiently infect and penetrate host tissue and organs. Our integrated transcriptomics and
proteomics analysis has provided an in-depth overview of protein secretion by F. hepatica
parasites.'”* However, it is only when these data are combined with the recent functional
RNAI studies that we now are able to definitively state that these enzymes are crucial to
successful establishment and maintenance of F. hepatica infection.’!

Trematode cysteine proteases are promising targets against which novel intervention
strategies can be targeted. New insights into fundamental trematode biology are continually
emerging through various genomics, transcriptomics and proteomics projects and due to
the application of genetic manipulation technologies such as RNAi and transgenesis.*7*%0
Integration of these functional analyses will be invaluable in furthering our understanding of
parasite pathogenesis and represents asignificant step toward a comprehensive understanding
of host-parasite interplay. Although RNAi and transfection are powerful tools in validating
the function of target molecules these technologies are still in their infancy when it comes
to their use in trematode biology. However, their continued development and integration
with other postgenomic technologies will allow us to answer many biologically-relevant
questions and aid both antiparasite vaccine and drug discovery programs.
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Abstract: Trichobilharzia regenti and T. szidati are schistosomes that infect birds. Although
T. regenti/T. szidati can only complete their life cycle in specific bird hosts
(waterfowl), their larvae—cercariae are able to penetrate, transform and then migrate
as schistosomula in nonspecific hosts (e.g., mouse, man). Peptidases are among
the key molecules produced by these schistosomes that enable parasite invasion
and survival within the host and include cysteine peptidases such as cathepsins
B1 and B2. These enzymes are indispensable bio-catalysts in a number of basal
biological processes and host-parasite interactions, e.g., tissue invasion/migration,
nutrition and immune evasion. Similar biochemical and functional characteristics
were observed for cathepsins B1 and B2 in bird schistosomes (7. regenti, T. szidati)
and also for their homologs in human schistosomes (Schistosoma mansoni, S.
Jjaponicum). Therefore, data obtained in the research of bird schistosomes can
also be exploited for the control of human schistosomes such as the search for
targets of novel chemotherapeutic drugs and vaccines.

INTRODUCTION

Members of the genus Schistosoma are amongst the most important human parasites.
They affect more than 200 million people in tropical and subtropical countries; research
on these pathogens is supported by many institutions including WHO TDR (http://
apps.who.int/tdr/). However, the importance of the remaining genera within the family
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Schistosomatidae for human/animal health seems to be neglected and these parasites are
studied only by a few research teams. This applies to bird schistosomes in general and
in particular the largest genus Trichobilharzia (consisting of more than 40 species; see
web pages of the Schistosome Group Prague, www.schistosomes.cz).

As far as Trichobilharzia spp. is concerned, freshwater larvae (cercariae) of these
trematodes are notorious due to their ability to penetrate human skin and cause cercarial
dermatitis (swimmer’s itch) (Fig. 1). Reports on the attacks of humans by cercariae of
Trichobilharzia spp. (and other bird schistosomes) are increasing, e.g., the disease affects
15% of swimmers in the Savoy district, France,! and approximately one-half of Swedish
municipalities (125 out of 248) with lakes that have reported problems with dermatitis.?
As a probable consequence of recent global climate changes® or special conditions in
water reservoirs (e.g., geothermally warmed lakes), cercarial dermatitis has also been
reported from cold lake areas in higher latitudes.** Based on such data, cercarial dermatitis
is regarded as an emerging disease.

The occurrence of cercarial dermatitis is always linked with transmission of
schistosomes between water snails and birds. Studies have shown that members
of Schistosomatidae belong to the most common parasites of birds; although
under-reported in the past, they are now frequently detected in bird tissues. For example,
visceral Trichobilharzia spp. was found in 78-100% of New Zealand scaup (4Aythya
novaeseelandiae) in New Zealand® and 94% of'three anatid species in the United States,’
and nasal Trichobilharzia spp. parasitized 75% of mallards in Iceland.’ If heavily
infected, birds may suffer from the infection; their internal organs and tissues (e.g.,
the lungs, liver, intestine and central nervous system) may be impaired and serious
clinical symptoms such as enteritis, hepatitis, endophlebitis, leg paralysis and balance/
orientation disorders may appear. Fatal infections of birds have also been reported (for
a review see ref. §).

Experimental infections proved that Trichobilharzia larvae not only penetrate the
skin of mammals, but may escape and migrate via the circulatory system through the
mammalian body. Therefore, juvenile parasites of visceral Trichobilharzia can regularly
be found in the lungs of first-time infected mammals. In addition, our view on schistosome
migration and pathogenicity was substantially changed in 1999 when neurotropic
migration of 7. regenti was discovered (see http://www.schistosomes.cz/regenti.htm).’
To our knowledge, this is the only schistosome for which migration of schistosomula
through the nerves and attack of the spinal cord and brain of birds (natural host) and
experimental mammals (accidental host) has been described. The importance of these
findings for assessment of human infections by bird schistosomes remains to be clarified. !

Thanks to their two-host life cycle and availability of experimental intermediate
and definitive hosts, bird schistosomes represent convenient model organisms for
studies of host-trematode (host-schistosome) interactions at the molecular level.
Three research streams are noteworthy in this regard: (a) monitoring of immune and
hormonal (neuroendocrine) status of Lymnaea stagnalis snails infected by T. szidati,'"®
(b)identification of chemical stimuli produced by snail/vertebrate hosts that trigger specific
behavioral responses of 7. szidati miracidia and cercariae,'! and (c) characterization of
essential peptidases used by 7. regenti and T. szidati for tissue lysis and digestion.'*!3
Data and hypotheses arising from the latter subject will be discussed in this chapter.

@ Synonymy of German and Dutch isolates of Trichobilharzia ocellata and T. szidati was explained by
Rudolfova et al.®
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Figure 1. Cercarial dermatitis (swimmer’s itch; B). It is a severe inflammatory reaction caused
by penetration of the skin by schistosome larvae (cercariaec) which frequently belong to the genus
Trichobilharzia. Nowadays, cercarial dermatitis is classified as an emerging disease reported from a number
of lakes in all over the world, with evident economic impact in recreational areas. Numerous cases of
human cercarial dermatitis imply that precautions should be adopted in risk areas, e.g., application of
protective cream against cercariac developed by Wulff et al (2007).” On the other hand the emergence of
swimmer’s itch can bring an economic profit to some entrepreneurs (picture A). Picture (A) was kindly
provided by Zazzle.com (web sites http://www.zazzle.com/swimmers_itch_tshirt-235405014772762831),
amendments by Kasny.

PEPTIDASES OF TRICHOBILHARZIA

Although members of the genus Trichobilharzia parasitize bird definitive hosts
exclusively, their strategies of exploiting enzymatic equipment are, in general, similar
to the well described human schistosomes, such as Schistosoma mansoni, S. japonicum
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0.1 mm

Figure 2. Cercaria (A) and schistosomulum (B) of Trichobilharzia regenti. PG—postacetabular glands
(stained by lithium carmine). G—gut. Photo (B) taken by Katefina Blazova, MSc.

and S. haematobium. From the biochemical/molecular point of view, 7. regenti and
T. szidati were frequently investigated to elucidate the proteolytic machinery linked with
skin penetration (cercariae) and tissue migration (schistosomula).!*17'° It was confirmed
that, for this purpose, these two schistosomes adopted typologically similar enzymes
(peptidases).'>!® The most active peptidases present in T. regenti/T. szidati penetration
glands of cercariae and gut of schistosomula belong to the group of cysteine peptidases
(CP) including also cathepsin B1 and B2 (Fig. 2).!*!'” These are now intensively studied,
because cathepsins B1 or B2 might operate as potent penetration enzymes similar to
those expressed by S. mansoni and S. japonicum.'*'%2022® The immunogenicity of
Trichobilharzia cercarial whole extract and excretory-secretory products (ESP) has been
recently demonstrated and secreted cathepsin Bs (CBs) have been considered as allergic
factors t00.2*?* Their contribution to the development of cercarial dermatitis (swimmer’s
itch) is currently under investigation.

T. regenti/T. szidati cathepsin B1/2 (TrCB1/2, TsCB1/2) genes were identified and
cloned recently by Dvoféak et al (TrCB1),"* Doleckova et al (TrCB2)* and Kasny et al
(unpublished) (TsCB1/2) (Table 2). TrCB1/2 and TsCB1/2 figure amongst other cca 25
orthologous trematode peptidases of CA peptidase clan, CA1 family, cloned from nine
trematode species (MEROPS database 9.1, see Fig. 3).!826©

® In S. mansoni and some other schistosomes, serine peptidases (elastases) are believed to be respon-
sible for degradation of skin proteins,** but these were not found in T regenti and T. szidati.!>1%?**
Activity of the presumed T. ocellata CE (= T. szidati)*® originating from excretory/secretory products
was monitored by Bahgat and Ruppel."” It has been discussed by several authors that the activity reported
by Bahgat and Ruppel”” was probably of trypsin-like type, whereas the activity of S. mansoni CE is
chymotrypsin-like."**”% Up-to-now no cercarial elastase gene has been identified in 7.regenti/T.szidati .5

© Without broader contextual comments, phylogenetic relationships of 4 Trichobilharzia spp. cathepsins
B and the other 30 trematode representatives analyzed by methods of molecular phylogenetics are shown
in Figure 3. CB1/2 peptidases expectably split into two main phylogenetic clades of cathepsin Bl and B2
(blue and green branch, Fig. 3), although the clades are related not very distantly (Fig.3). According to
this analysis, it is supposed that former submission of certain cathepsin genes into CB1 and CB2 group
could be incorrect (e.g. Fasciola hepatica CB2, GB AN: AJ488928). Trematode cathepsin B sequences
show demonstrable sequence similarity to enzymes of other metazoans. The presented phylogenetic tree
reflects also the results of alignment analysis, showing that there is only 48-51% sequence identity between
schistosome cathepsins B1 and B2 (Table 1, Fig. 4A,E).
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Figure 3. Phylogenetic tree of cathepsin B protein sequences. The cathepsin B peptidases split into two
groups, cathepsins Bl and B2 (blue and green branch). Cathepsins B1/2 of trematodes are highlighted
by bold labels and cathepsins of Trichobilharzia by grey ovals (I. regenti/T. szidati CB1—light gray
oval and CB2—dark gray oval). All cathepsin B sequences are supplemented by GenBank accession
number. The black star indicates cathepsin Bl of Fasciola hepatica which was previously incorrectly
named as cathepsin B2. The tree was constructed using maximum likelihood method in RAxML
(PROTGAMMAWAG model of amino acid change).” Values at internal branches represent maximum
likelihood bootstraps/Bayesian posterior probabilities (asterisk designates values lower than 50% or
0.50). Cathepsin C sequences were chosen as outgroups to root the tree. To illustrate relationships to
nontrematode peptidases the representative cathepsins B from other large groups of organisms were
included in the tree (http://www.ncbi.nlm.nih.gov/Genbank/index.html).”’

T. regenti/T. szidati Cathepsin B1

Cathepsins B1 are probably the best characterized peptidases among trematode
enzymes (for review see refs. 18, 27 and 28). It was shown that CB1 is one of the pivotal
peptidases of the worm gut, involved in blood protein digestion (hemoglobin etc.) by
S. mansoni, S. japonicum and most likely also T. regenti schistosomula/adults.!*-3¢®
These properties have made CB1 a potential target of novel antischistosomiasis drugs.

CBI is present in the gastro-intestinal content of 7. regenti schistosomula (and
probably also in 7. szidati) and released outside the worm body, implying its interaction

37-40
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with the host immune system.'* Therefore, it is hypothesized that cathepsin B1 could
be potentially exploited for serodiagnosis of Trichobilharzia infection in humans with
symptoms of cercarial dermatitis.!'s*

Cysteine peptidase activity (possibly of cathepsin B1) in cercariae and schistosomula
of T. regenti/T. szidati was identified, but at present, only 7. regenti CB1 (isoforms
TrCB1.1/TrCB1.4 see below) has been produced in a recombinant form (differently
glycosylated recombinant pro-enzymes of 38-45 kDa).!41¢

TrCB1 amino acid (AA) sequence shows 92% similarity to TsCB1 (see Table 1).
TrCB1/TsCBI1 possess equal number (342/342) of AAs, includinga21 AA signal sequence
and a 68 residue pro-peptide region (Kasny et al unpublished, SignalP 3.0 software).'
Dvorak etal'*described six TrCB 1 isoforms from schistosomula (TrCB1.1-6.) (Table 2).©©
TrCB1.1 was determined as the most abundant (68%) among all sequenced clones (the
otherisoforms were represented as follows: 10%—1.2,5%—1.3, 13%—1.4,3%—1.5/1.6;
TrCB1.1-TrCB1.6 GenBank accession number; GB AN: AY648119-24).!* Cathepsin
B1 from 7. szidati sporocysts with cercarial germ balls was amplified by Kasny et al
(unpublished) employing the primers previously designed for TrCB1.1 full sequence (see
Tab. 2, TsCB1: GB AN: EU877763, Kasny et al unpublished). No isoforms of TsCBI1
were recognized (Kasny et al unpublished).

Both T. regenti/T. szidati cathepsins B1 possess three highly conserved catalytic
residues Cys/His/Asn equally numbered for TrCB1.1 (GB AN: AY648119) and TsCB1
(GB AN: EU877763) as Cys-29/His-199/Asn-219 (Fig. 4E, Kasny et al unpublished,
MEROPS 9.1).%* TrCB1/TsCB1 sequences possess the other AAs such as GIn-23,
Gly-72, Gly-73, Trp-221, which were previously defined as highly conserved with side
chains which possibly interact with the residues of bound substrate.!**'*? Twelve Cys
residues are present in the CB1 molecule and form intra-molecular disulfide bridges
which are conserved for both members of the genus 7richobilharzia, as well as other
schistosomes.'#4!43

Multiple alignment analysis of all TrCB1 isoforms (TrCB1.1-TrCB1.6) showed
that in the AA sequences of TrCB1.5 and TrCBI1.6, residue Cys-29 that occurs within
the conserved sequence motif CGSCWATF is substituted by Gly-29 (Fig. 4D).!44445
Expression of recombinant TrCB1.6 is currently in progress, but we hypothesize that
substitution within the catalytic triad could lead to crucial biochemical changes such as
the loss of enzymatic activity due to the lack of nucleophile.'* Moreover, the synthetic
dipeptidyl-7-amido-4-methylcoumarin (AMC) fluorescent substrate Z-Phe-Arg-AMC is
not incorporated so “deep” into the active site cleft of TrCB1.5. This is supported also
by a 3D model showing the binding of Z-Phe-Arg-AMC (see Fig. 4C,D). Substitution of
AAs in the cathepsin B1 catalytic domain has previously been reported in S. japonicum

@Sequence of TrCB1/TsCBI contains hemoglobinase motif (YWLIANSWxxDWGE, Fig. 4E) typical for
blood-feeding helminths,* Asn219 of catalytic triad (Cys-29/His-199/Asn-219) is underlined (see Fig. 4E).
It was recorded by Dvoték et al' that recombinant TrCB1.1 and TrCB1.4 isoforms can degrade duck, turkey
and bovine hemoglobin during overnight incubation at pH 4.0-7.0, although the myelin basic protein was
more effectively degraded substrate under these conditions.*TrCB1/TsCBI1 of bird schistosomes occurred as
highly active peptidases with low abundance."*'® Up to now TrCB1/TsCBI1 have not been reliably identified
in worm extracts even by sensitive mass-spectrometry methods (Kasny et al unpublished).

©@Sequence analysis revealed 6 genes coding cathepsin B-like peptidase isoforms differing in amino
acid code (85%—99%) and confirmed their orthology to the schistosomal gut-associated cathepsin B
enzymes, SmCBI1 and SjCBI1, with 70% sequence identity (Table 1)." Therefore, the isoforms were named
TrCB1.1—TrCBI1.6 in accordance with the previously used terminology.?’*?
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Figure 4. 3D modelling and sequence analysis of Trichobilharzia cathepsins B1/B2. 3D Trichobilharzia
regenti CB1.1 protein structure was built using Modeller 9.7 software.” The model is based on two different
template structures: human pro-cathepsin B (PDB ID: 3pbh)” and bovine cathepsin B complexed with the
inhibitor NS-134 (PDB ID: 1sp4).%° The fluorogenic peptide substrate Z-Phe-Arg-AMC was docked at the
active site clefts of TrCB1.1 via PatchDock and SymmDock server.®' Legend is continued on next page.



146 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

Figure 4, continued from previous page. Panel A, E; the red areas with white numbers of amino acids
(e.g., Y-123) shown on the surface of 3D cathepsin B molecule (panel A) represent 3D positions of major
visible AA sequence differences between 7. regenti cathepsin Bl.1. and B2. This also corresponds to
differences of red labeled AA representatives shown in the “text alignment” of TrCB1.1/TrCB2 on panel
E. Occluding loop is in green on panel (A) and two histidines responsible for CB1/2 exopeptidase activity
are in light blue (panel A,E). Panel (E) shows sequence alignment of TrCB1.1 and TrCB2 cathepsins.
Above the sequences, the letter “p” indicates numbering of the pro-peptide region (labeled by light brown
together with dark brown), light brown color only shows the signal sequence, the number “1” indicates
the start of mature enzyme AA sequence. Catalytic Cys-29 is marked in yellow, His-199 in dark blue
and Asp-219 in purple. The conserved sequence motif CGSCWAF is underlined and the hemoglobinase
motif YWLIANSWxxDWGE is dashed underlined. The zoomed occluding loop structure is shown on
panel (B), cysteines which form the occluding loop (Cys-99—C-128, Cys-107—Cys-118) are in yellow.
Position and orientation of exo-peptidolytically active His109—His-110 are shown on panel (B), too. The
fluorogenic peptide substrate Z-Phe-Arg-AMC shown in blue (orientation labeled by white bold F and R)
(panel A,C,D) is docked into at the active site cleft between two CB1 domains; it is labeled by orange
oval (panel A) or orange arrow (panel C,D). The active site residue of TrCBI1.1 isoform Cys-29 is in
yellow (panel C,E) and its substitution in TrCB1.5 isoform by Gly-29 in orange (panel D). The alignment
was performed via ExPASy Proteomics Server using CLUSTALW alignment tool.

and other examples can be found in schistosome EST databases.**® Various substitutions
in the catalytic Cys-His dyad are common and present in 8% of genes encoding helminth
Clan CA family C1 peptidases (papain-like cysteine peptidases to which cathepsin B
is assigned). Generally, enzymes with active site mutations are not rare in metazoan
organisms,* including parasites.*® Biological function of catalytically inactive isoforms
could hypothetically lie in regulation of peptidase activity. An increased expression of
inactive isoenzymes could induce a decrease in expression of active enzyme forms and
in this way suppress the level of proteolytic activity (and vice versa).!**

Cathepsin B-like activity was detected against the fluorescent AMC substrates
Z—Phe-Arg-AMC and Z-Arg-Arg—AMC in samples (whole worm extracts and ESP)
of all Trichobilharzia larval stages (T. regenti and T. szidati miracidia, cercariaec and
schistosomula) at pH optima between 4.5-6.0 (Kasny unpublished, see Table 2).!+1¢
Similar enzymatic activity was observed with recombinant schistosomula TrCB1 enzymes
(TrCB1.1/TrCB1.4)."* The recombinants and cercarial whole worm extracts/ESP were
also capable of effectively degrading native macromolecular proteins such as hemoglobin,
myelin basic protein, collagen, keratin, fibronectin and immunoglobulin G (Kasny et al
unpublished).!*1624® The ability of Trichobilharzia cysteine peptidases (CB1/2) to degrade
skin macromolecular components, together with the localization of these enzymes in
the gut of schistosomula and probably also in cercarial penetration glands, supports the
theory that cysteine peptidases participate in cercarial penetration through the host skin
and migration of schistosomula within the host tissues (Fig. 2A).'*18 TrCB1.1/TrCB1.4
recombinants and cercarial whole worm extract/ESP activities are inhibited by a panel of
general cysteine peptidase (CB1) inhibitors including E-64, CA-074, Z-Phe-Ala-CHN,,
Z-Phe-Phe-CHN,, Z-Phe-Tyr-CHN, and also by elastatinal—an irreversible inhibitor of
neutrophil/pancreatic elastases (see Table 2).!*!6 The data above (except for elastatinal)
correspond with results observed in studies of human schistosomes. !¢

(OMyelin basic protein is the major component of the nervous tissue and its degradation by both isoforms
of T. regenti cathepsins TrCB1.1/TrCB1.4 probably corresponds with a unique migration route of schis-
tosomula through the peripheral nerves and spinal cord to the brain and nasal cavity (see also note d).
T. regenti schistosomula might use myelin as the main nutrient. In addition, less than 5% of schistosomula
isolated from CNS contained hematin in the gut.'*’° and hemoglobin probably becomes a major nutritive
source first after schistosomula migration to the nasal cavity.’



CATHEPSINS B1 AND B2 OF TRICHOBILHARZIA SPP. 147

S2 subsite of papain-like peptidases is a major determinant of their substrate
specificity.”” Substrate specificities of Trichobilharzia cathepsin B peptidases were revealed
using a limited set of dipeptidyl fluorogenic substrates with varying P2 residues (Phe,
Leu, Val and Arg). TrCB1.1 displayed a P2 preference in the order Val>Phe>Leu>Arg
at acidic pH whilst the activity against substrates containing Arg at P2 was optimal at
pH 7. The TrCB1.4 isoform has P2 preference for Val>>Leu>Phe with essentially no
activity against substrates with Arg at P2 at any pH. This “cathepsin L-like preference”
expressed by TrCB1.4 can be explained by replacement of negatively charged Glu-245
by a smaller neutral Ala-245 which causes a change in both the charge and the volume of
S2 subsite binding pocket. This was verified using comparative 3D models of TrCB1.1
and TrCB1.4 atomic structures.'*

T. regenti CB1.1 and CB1.4 isoforms differ in their in vitro processing from
exo-peptidolytically active pro-enzyme (see below) to endo-peptidolytically active mature
enzyme. Recombinant TrCB1.1 is incapable of auto-processing, but similar to S. mansoni
CB1, it could be fully-processed by two other cysteine peptidases from the clans CD and
CA, namely asparaginyl endopeptidase and cathepsin C, which cleave off the N-terminal
pro-peptide.'*?”32 On the other hand, the TrCB1.4 zymogen was shown to be resistant
to the action of S. mansoni asparaginyl endopeptidase but it could be trans-processed to
the mature enzyme following overnight incubation at pH 4.0.!442(©

In addition to the endopeptidase activity of TrCB1 (provided by Cys-29/His-199/
Asn-219), this enzyme would also be expected to display exo-peptidase activity due to
a unique structural component—the occluding loop (see Fig. 4B). The occluding loop is
present in all trematode cathepsin B1 genes characterized to date.!*!7-324351-53 Thig 20-30
AA long sequence motifcomprises a catalytic dyad (His-110—His-111) thatis responsible
for peptidyl C-terminus (exo) dipeptidase activity.'#323455® Besides exopeptidase activity,
the occluding loop stabilizes the conformation of the pro-enzyme active site cleft at low
pH (e.g., in the lysosome) via a His-110—Asp-22 salt bridge and consequently affects
the processing of the endopeptidase and its activity (see Fig. 4).*:35%57 Due to the
deprotonation of His-110 (followed by breaking of the H-110—Asp-22 salt bridge) at
higher pH (e.g., when the peptidase is released from the lysosome), the bond between the
occluding loop and the enzyme is destabilized which theoretically leads to an increase of
endopeptidase activity.”>’ The primary action of CB1 as an exo-peptidase in the acidic
environment of the lysosome could imply that endopeptidase activity may have arisen
later in eukaryotic evolution,3*57-58

TrCBI1.1 gene expression is probably developmentally regulated. Cathepsin B1
enzymes are highly expressed as pro-enzymes, predominantly by the adult worms and
intra-vertebrate larval stages of S. mansoni, S. japonicum and T. regenti.*3%*% Low

@TrCBI.1 is in vivo probably fully-processed by T. regenti asparaginyl endopeptidase and cathepsin C.
In vitro TrCBI.1 could be activated by orthologous enzymes of nonrelative species (e.g., Ixodes ricinus
asparaginyl endopeptidase and rat cathepsin C). This mode of activation is called “trans-activation”
or “trans-processing” and was previously used in context of pro-enzyme conversion experiments with
S. mansoni CB1."*327" Whether SmAE action during the peptidase processing in schistosomal gut in vivo
reflects the situation in vitro is subject of ongoing experiments and discussions.*>’>”® By using peptidyl
substrate libraries it was proved that S. mansoni asparaginyl peptidase (the same CA Clan of peptidases
to which cathepsin B belongs) is strictly selective for asparagine at P1 subsite position. 737

]t has been proposed that prolins and cysteins situated in both end parts of CBI occluding loop may
assist to keep the structure stability via interhydrogen bonds (Fig. 4B).*!



148 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

level expression of the TrCB1.1 gene was detected in eggs, miracidia, sporocysts with
cercarial germ balls and cercariae.*® Its activity is significantly increased in schistosomula
and adults, that are highly metabolically active, within their definitive bird hosts.* This
developmentally-dependent switch likely correlates with the development of the parasite’s
intestine and initiation of digestion.'**¢ Levels of TrCBI.1 transcripts in schistosomula
and adults support a central role for this peptidase in schistosome digestion.!'#*3-343

T. regenti/T. szidati Cathepsin B2

As mentioned above, cysteine peptidase activities were described in homogenates
of cercariae, in the contents of their penetration glands and in schistosomular extracts
of T. regenti and T. szidati. Fluorometric analyses using synthetic fluorogenic peptide
substrates (e.g., Z-Phe-Arg-AMC, Z-Arg-Arg-AMC at pH optimum between 4.5-6)
and a set of inhibitors (e.g., E-64 and CA-074) showed that cathepsin B-like activity
predominated in these 7. regenti/T. szidati samples (see Table 2).!4"

The TrCB2 gene was cloned from intra-molluscan stages of 7. regenti (sporocysts
containing developing cercariae—cercarial germ balls) and an active recombinant form
ofthe enzyme was expressed in the yeast, Pichia pastoris (TrCB2: GB AN; EF682129)."7
For TsCB2, only sequence data is available (TsCB2: GB AN: EU877763, Kasny et al
unpublished). Both TrCB2 and TsCB2 are 344 AAs in length and include a 21 AA signal
sequence and a 68 AA long pro-peptide region (SignalP 3.0 software).!” TrCB2 showed
a high AA sequence similarity of 98% with TsCB2 and 81% with S. japonicum and S.
mansoni cathepsin B2 (Table 1)."” Therefore, the molecular characteristics of TrCB2
are very similar to those of SmCB2, SjCB2 and partially to TrCB1 as discussed above
(Table 1, Fig. 4A,E).®

Recombinant TrCB2 migrated in SDS-PAGE gels as a 32 kDa band. After
deglycosylation its size was reduced to 30 kDa which was slightly higher than the
calculated theoretical molecular mass of 28.5 kDa. It is expressed as a pro-enzyme which
auto-activates under the conditions of yeast expression medium. N-terminal sequencing
revealed three residual AAs (Leu-68/Asp-69/Glu-70) of the pro-domain remaining after
auto-activation (Fig. 4E) when compared to predicted mature domain processing site.!’?
A similar situation was observed in the case of S. mansoni CB2 where six pro-domain
residues (Gly-68/Ty-69/1le-70/Ser-71/Asp-72/Glu-73) remained after auto-activation.*>0)
Analysis of subsite specificities of recombinant TrCB2 by means of positional scanning
a synthetic combinatorial peptide substrate library® showed preferences for Lys or Arg
at the P1 position of the substrate and for hydrophobic residues at P2 and P3 positions
in accordance with TrCB1 and SmCB2. 41743

Using DCG-04, a biotinylated derivative of the inhibitor E-64,% cysteine peptidases
(possibly CBs) migrated at 31-33 kDa on ligand blots of 7. szidati/T. regenti cercarial
extracts and 30-32 kDa on blots with recombinant TrCB2.">” Immunoblots employing

OThis includes catalytic AA triad Cys29/His199/Asn219, a highly conserved sequence motif CGSCWAF,
residues of the papain superfamily endopeptidases interacting with the chain of the substrate—GIn-23,
Gly-72, Gly-73, Trp-221, 12 cysteine residues conserved between schistosome and human enzymes which
form 6 intramolecular disulfide bridges, an occluding loop (Cys-99—Cys-128) responsible for dipeptidyl
peptidase activity (Fig. 4B)* and a slightly modified unique motif YWLIANSXxxDWGE ascribed to
those cathepsins which are assumed to cleave hemoglobin in blood-feeding helminths (see Fig. 4E).°

(Presence of six extra AAs probably does not affect biochemical properties of recombinant enzymes.*
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anti-TrCB2 and anti-SmCB2 polyclonal antibodies showed reaction in a corresponding
area using protein extracts of 7. regenti cercariae. The same antibodies revealed two
bands in homogenates of schistosomula at 31 kDa and 28 kDa which may reflect either
different posttranslational modifications or different phases of pro-enzyme activation
in vivo.'” Moreover, both immune sera reacted also with protein extracts of S. mansoni
cercariae and adults, thus indicating immuno-cross-reactivity between cathepsins B2 of
both species.

Besides confirming the presence of CB2 in cercariae of 7. regenti, the immunoblots
showed that CB2 is also present in cercariae of S. mansoni, a species for which this
peptidase was known only from adults.!”* Histological sections of T. regenti cercariae
showed that TrCB2 is immunolocalized in postacetabular penetration glands which is
in agreement with the results of Dvofak et al*® who demonstrated CB2 in the secretome
of penetration glands of S. japonicum cercariae. In S. mansoni however, CB2 has so far
been immunolocalized to the dorsal and lateral tubercles of the tegument of male worms
and in the parenchymal cells of both sexes.* These observations suggest that cathepsin
B2 peptidases may play different roles in the various developmental stages throughout
schistosome life cycle.

Occurrence of CB2 near the body surface of blood-dwelling adult schistosomes
suggests its participation in the turnover of tegumental proteins, degradation of
endocytosed host proteins or protection against the host immune response.** However,
the fact that 7. regenti and S. mansoni cercariae contain CB2 in penetration glands
implies its involvement in degradation of tissues during invasion of the host via the skin.
This hypothesis was supported by Doleckova et al'” who demonstrated the capability
of recombinant TrCB2 to cleave skin proteins including keratin, collagen and elastin.®
Thus, it seems that cercariae from different schistosome species employ distinct tools for
histolysis and in this respect, bird schistosomes of the genus 7richobilharzia seem to be
more similar to S. japonicum than to S. mansoni, regardless of phylogenetic relationships.
Hydrolytic activity of T. regenti CB2 against other protein substrates (e.g., fibrinogen and
myelin basic protein) could also be employed by schistosomula and adults to facilitate
migration, feeding and immune evasion within the host. On the other hand, it may
simply reflect an overall broad substrate specificity similar to other cysteine peptidases,
including cathepsins B.*%

The low activity of TrCB2 towards hemoglobin is noteworthy, illustrating the fact
that CB2 probably is not an intestinal digestive peptidase involved in blood digestion
by schistosomes (see note d).

The temporal expression of the CB2 gene has recently been evaluated by means of
real-time PCR by Dole¢kova et al.*® The highest level of TrCB2 expression was observed
in schistosomula and adults (similar to TrCBI1 transcript levels). On the other hand, the
results show a TrCB2 expression pattern distinct from that of TrCB1.1, most significantly
in the eggs, miracidia and sporocysts with cercarial germ balls, where a relatively high
level of expression of TrCB2 was recorded, compared to cercariae. It has been speculated
that TrCB2 could be involved in the invasion of cercariae into the skin.!” Steady and
relatively high expression of TrCB2 in intra-molluscan stages is, therefore, of particular
interest. These stages are believed to be transcriptionally highly active because they
reproduce asexually (mother and daughter sporocysts) giving rise to thousands of larvae

(WEJastin is a structural protein of connective tissue. It is resistant to hydrolysis by most peptidases.
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that must synthesize all the enzymatic equipment (including cathepsin B2) necessary to
infect the next host.*

CONCLUSION

Investigations of schistosomes of the genus Trichobilharziais becoming increasingly
important. Its members deserve our interest because they are the causative agents of
cercarial dermatitis of humans and particular attention should be paid to the neuropathogenic
species T. regenti. Nowadays, an increasing risk of infections by bird schistosomes in
some areas is attracting newly established research teams. Their ongoing studies may
elucidate the unknown aspects of Trichobilharzia (neuro-) pathogenicity which should
also provide relevant comparative data for human schistosome research.

Undoubtedly, parasite-derived peptidases including cathepsins B are the key factors
in trematode survival, because they are involved in many physiological processes like
tissue invasion/migration, nutrition, immune evasion and other host-parasite interactions.
Although cathepsin B-like activities have been detected in several developmental stages
of T. regenti and T. szidati, their origin is still not fully understood. Based on gene
expression analyses, these activities could be attributed to both CB1 and CB2, at least in
schistosomula and adult worms. Our knowledge about localization of both enzymes in
particular life stages is still not complete, but the data presented above suggest multiple
roles for cathepsin B during the development of bird schistosomes. From this point of
view, only sporadic evidence of their involvement in the biology of intra-molluscan stages
has been published compared to those developmental stages invading vertebrate hosts.
It is generally accepted that cathepsin B1 plays a crucial role in protein digestion within
the schistosome gut. The existence of multiple isoforms in case of 7. regenti cathepsin
B1 with significant differences in their biochemical properties, despite high sequence
similarities, are worthy of further investigation. The intra-vertebrate stages of this species
encounter various protein substrates during their migration and therefore a wide range of
proteolytic activities may be advantageous in terms of parasite adaptability. Whether the
low activity of T. regenti cathepsins B towards hemoglobin and high activity on myelin
basic protein reflects the unique neurotropism of this species among other schistosomes
still remains a matter of ongoing research. We can only speculate on the role of cathepsin
B2 in schistosomes. Its presence in different compartments of particular life stages (the
tegument of adult S. mansoni and the penetration glands of 7. regenti cercariae) implies
a role in household biological processes. Besides host invasion, it might play a role in
nutrition or parasite-host interactions such as immune evasion.

The eventual involvement of schistosome cathepsin B peptidases in pathology of
disease caused by human schistosomes is only partially understood. In Trichobilharzia,
preliminary data suggest that cathepsins B may be involved in the development of cercarial
dermatitis. In 7. regenti, particularly, their histolytic effect on the nervous tissue may
contribute to host neuromotor disorders and paralyses. The ability of 7. regenti to invade
the CNS of primary-infected nonspecific mammalian hosts again raises a question about
the plasticity of the parasite which may be based also on the variability of proteolytic
equipment. Further characterization of peptidases of bird schistosomes will contribute
to a better understanding of multiple peptidase functions in trematode biology and
parasite-host interactions based on proteolysis.
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Abstract: Parasitic nematodes express and secrete a variety of proteases which they use
for many purposes including the penetration of host tissues, digestion of host
protein for nutrients, evasion of host immune responses and for internal processes
such as tissue catabolism and apoptosis. For these broad reasons they have been
examined as possible parasite control targets. Blood-feeding nematodes such as
the barber-pole worm Haemonchus contortus that infect sheep and goats and
the hookworms, Ancylostoma spp. and Necator americanus, affecting man, use
an array of endo- and exopeptidases to digest the blood meal. Haemoglobin
digestion occurs by an ordered and partly conserved proteolytic cascade. These
proteases are accessible to host immune responses which can block enzyme
function and lead to parasite expulsion and/or death. Thus they are receiving
attention as components of vaccines against several parasitic nematodes of social
and economic importance.

INTRODUCTION

Proteases are ubiquitous in biological systems, ranging from viruses to vertebrates.
They have numerous functions including digestion of food, immune recognition of
pathogens and are components of highly-regulated cascades such as the blood-clotting
cascade, the complement system and apoptosis pathways. Proteases are divided into five
major subgroups on the basis of their catalytic type namely aspartic, cysteine, metallo,
serine and threonine proteases. It has been proposed that one of the main selection
pressures to initiate the host-parasite relationship may have been nutrient acquisition for
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Figure 1. Adult H. contortus and the hookworms are blood-feeding. Panel A shows the intestine of
adult Haemonchus filled with the blood meal (red against a white background). Panel B shows the
intestine (centre) surrounded by body wall musculature within a thick outer cuticle. The intestine is
lined with microvilli, the brushborder (panel C) and a coiled structure (contortin) is evident between the
microvilli (panel D). The proteases targeted by vaccination are found on the surface of the microvilli
(panel E) and antibody thus induced binds to the surface of the gut and, in most cases, inhibits the
enzyme activity impairing worm nutrition resulting in stunted growth and worm expulsion.

the parasite.! However, parasite proteases have been implicated in the degradation of
tissue barriers and evasion of host immune responses as well as metabolic roles such as
protein turnover and processing within the parasite itself. The present author’s interest
in nematode proteases was stimulated by a series of papers published in the 1950s by
Thorson. These papers followed a logical process of investigation starting with studies
of the mechanism of immunity to Nippostrongylus brasiliensis (muris) in the rat.>* Eye
catching, from a vaccination point of view, were follow-up studies in the dog hookworm
Ancylostoma caninum. Firstly, a study which demonstrated proteolytic activity in extracts
of the oesophagus from the adult parasite that could be inhibited by immune serum* and
another that showed the induction of acquired immunity in dogs by the injection of similar
extracts.’ Blood-feeding nematode pathogens digest haemoglobin as a source of nutrition®
and the intestinal brush border is a rich source of proteases containing aspartyl, cysteinyl,
metalloproteases as well as di- and aminopeptidases (Fig. 1). Haemoglobin digestion is
conducted by a semi-ordered pathway which is remarkably similar in distantly related
organisms such as Plasmodium, hookworms and the ovine abomasal nematode parasite
Haemonchus contortus.® This similarity and evolutionary conservation will become
evident in the descriptions below of the proteases used by H. contortus and hookworms
to survive in the mammalian host.
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HAEMONCHUS CONTORTUS
General Background

Proteases with acidic pH optima which hydrolysed haemoglobin were first described in
avariety ofadult parasitic helminths including the nematodes Angiostrongylus cantonensis,
Dirofilaria immitis, Trichuris muris and Ascaris suum.” The highest levels were found
in the blood-feeding genera. The highest specific activity was found in the intestines and
activity could be inhibited by pepstatin, an aspartyl protease inhibitor. Finally, this activity
resembled cathespin D rather than that of pepsin. Cysteine protease activity was also detected
but not always implicated in haemoglobin digestion.” Evidence that adult Haemonchus
contained elastase-like activity with a possible anticoagulant function was presented.® At
the same time, Cox and coworkers®!! described a family of cysteine proteases with putative
fibrinogen-degrading properties which were associated with moderate vaccine-induced
protective immunity inlambs.'? Moreover, Knox etal'* showed that proteases (predominantly
cysteine proteases) present in detergent extracts of adult Haemonchus were capable of
degrading haemoglobin, albumin and fibrinogen. These proteases were inhibited by sera
from lambs which were protected against Haemonchus challenge by immunisation with
gut membrane proteins.® This entire body of work indicated that proteases were valid
vaccine candidates and subsequent work has confirmed this opinion.

[*H]leucine-labelled haemoglobin'* was used to assess the role of secreted and
intestinal cysteine proteases from adult H. contortus in worm metabolism. After 24 hour
incubation, radioactivity was detectable within worm tissues and the process was inhibited
by puromycin, a protein synthesis inhibitor. These observations indicated that haemoglobin
was digested and the resulting amino acids incorporated into worm proteins. The latter was
not affected by a specific cysteine protease inhibitor but the inhibitor did markedly reduce
haemoglobin degradation in the culture medium supporting arole for cysteine proteases in
extracorporeal digestion. The studies described above collectively indicated that proteases
played akeyrole in parasite nutrient acquisition and, as such, would be good vaccine targets
ifaccessible to the immune response. Concurrently, ground-breaking work emerged from
Australia where Willadsen and coworkers!® pioneered the use of “concealed antigens” as
vaccine components in ticks—these antigens are not normally recognised by humoral
immune responses induced by natural infection. Concealed antigens are usually expressed
in the intestine and can be disrupted by vaccine-induced host humoral responses. Again
coincidently, vaccination of lambs with a protein fraction enriched for a helical polymer
(contortin) known to be present in the pharynx and intestine of L4 and adult worms,
reduced worm burdens in vaccinated lambs by 78% compared to controls.'® The protein
polymer was insoluble and could be enriched from phosphate-buffered saline extracts
of adult parasites by ultracentrifugation.'” The function of contortin was undefined but
it was suggested that it could be an immobilized anticoagulant.'® These studies focussed
attention on proteins (in particular proteases) expressed in the intestine of blood-feeding
nematodes which may be essential for digestion (Table 1).

Proteases and Vaccination

The two most effective native vaccine antigens for H. contortus defined to date are
both isolated from detergent-soluble extracts of the adult parasite, are both expressed in
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the microvillar surface of the intestine and both show protease activity. The antigens have
been termed H11, an aminopeptidase family,'® and an integral membrane glycoprotein
complex, termed Haemonchus galactose-containing glycoprotein complex (H-gal-GP)."
Both independently induce high levels of protection (>90% reductions in egg output)
in a range of sheep breeds when evaluated indoors under experimental conditions and
are effective against anthelmintic-resistant strains of H. contortus. When tested as a
combination they also protected newly weaned Merino lambs grazing contaminated
pasture in New South Wales.?’ Enzyme activity associated with both antigens is inhibited
by IgG antibodies from vaccine-protected sheep.

HIl

H11isa 110 kDa integral membrane glycoprotein complex expressed exclusively in
the intestinal microvilli of the parasitic stages. It is a highly effective immunogen (>90%
reductions in faecal egg output, >75% reduction in worm burden) against H. contortus
challenge!'® and protection is closely correlated with specific systemic IgG titres to H11.2!
c¢DNA cloning and sequence analysis showed that H11 was an aminopeptidase* and has
several isoforms'® (H11-1 to H11-4). The native form of H11, purified by lectin-affinity
chromatography, comprises a mixture of these isoforms and both aminopeptidase A and
M-type activities.'® The isoforms have a short N-terminal cytoplasmic tail, a transmembrane
region and an extracellular region organised into four domains.'® Enzyme activity is
localised exclusively in the microvilli and is inhibited by H11 antisera in vitro, the level
of inhibition observed being correlated to protection in vivo.?! H11 is thought to be
involved in the final breakdown of small peptides that are produced by digestion of dietary
protein and the mechanism of protection may be antibody-induced disruption of nutrient
uptake. Of note, the level of protection attained diminished markedly with dissociation
and reduction insinuating that conformational epitopes contributed to the expression of
protective immunity. The extracellular domains of H11-1, -2 and -3 were expressed as
enzymatically active recombinant proteins in insect cells but were not protective in trials
despite inducing antibodies which inhibited enzyme activity in the recombinant and native
H11 proteins.'” Vaccination with bacterially-expressed versions of these domains induced
modest but consistent protective immunity in lambs. Several experiments'® suggested
that protection was not necessarily dependent on inhibition of enzyme activity. Glycan
modification was considered central to the expression of protective immunity given that
native H11 possesses highly immunogenic and novel N-linked glycans® which are quite
distinct from glycans expressed by insect cells. Worms recovered from sheep immunized
with native H11 have a coating of sheep antibody bound to the worm gut surface, whereas
those recovered from sheep immunized with baculovirus H11 do not;!'” an observation
which could be ascribed to the differing glycan components in the two vaccines.

H-gal-GP

H-gal-GP is found on the microvillar surface of the intestine and is purified from
integral membrane protein extracts of the adult parasites using lectins with specificity for
N-acetylgalactosamine.* As a vaccine, it reduces worm burdens and faecal egg output
from challenged lambs by 72% and 93% respectively over a number of independent
trials. Early biochemical analyses showed that preparations of the complex had
haemoglobinase activity and contained aspartyl-, metallo- and, on occasion, cysteine
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proteases. The components of the complex have been precisely defined using N-terminal
sequence analysis of the individual peptide components from the four major protein
zones combined with ¢cDNA library immunoscreening.>>? The level of protection
correlates with antibody concentration indicating that protection is antibody-mediated.
A major component of this highly-protective antigen complex is a family of four zinc
metalloendopeptidases, designated MEPs 1-4 with MEP-1.2%* MEP1 was shown to be
a putative zinc metallopeptidase which showed homology with the mammalian Type
II integral membrane protein neutral endopeptidases.?! The protein was localised to the
luminal surface of the nematode gut whilst RT-PCR and immunoblot analyses showed
that expression was restricted to the blood-feeding stages. Southern blotting indicated
that MEP1 belonged to a multi-gene family. Further analyses showed that MEP1
and 3 both had a predicted Type II integral membrane protein structure.’® In contrast
MEPs 2 and 4 had signal peptides indicative of secreted proteins. Proteomic analysis
of H-gal-GP showed that the extracellular domain of all 4 MEPs was cleaved close to
the transmembrane region/signal peptide with additional cleavage sites mid-way along
the polypeptide. A version of H-gal-GP lacking MEP3 was purified from adult worms
using jacalin lectin and was an equally effective vaccine as entire H-gal-GP reducing egg
output by 86% and worm burden by 52%.3' A combination of all four MEPs, separated
from the rest of the complex by gel filtration after solubilisation in 8 M urea, significantly
reduced H. contortus egg counts by 45% and 50%. MEP3 alone or MEPs 1, 2 and 4 in
combination, electro-eluted from the complex following SDS gel electrophoresis, each
reduced egg counts by about 30%.* These data indicated that the MEPs all contributed to
the protection induced by H-gal-GP. Protection was lost when sheep were immunized with
fully reduced and denatured H-gal-GP or with bacterially-expressed recombinant forms of
MEP 1 or the principal domains of MEP3, suggesting that conformational epitopes on the
MEPs are required for immunity.** Another component of H-gal-GP was shown to be an
aspartyl protease with homology to mammalian pepsinogen sequences (HcPEP1), again
expressed on the luminal surface of the gut in the blood-feeding stages.? The enzyme was
shown to be almost exclusively expressed by the blood-feeding parasite stages. Antibody
produced to a bacterially-expressed version bound to the luminal surface of the gut in
the adult parasite. At the same time, biochemical analyses had shown that H-gal-GP had
haemoglobinase activity which was inhibited by the aspartyl protease inhibitor pepstatin
(D.P. Knox, unpublished data). The proteinase may play a central role in digesting the
blood meal and, for this reason, is considered a potential sub-unit vaccine candidate.
A second aspartyl protease, designated HcPEP2, showed 50% sequence identity with
HcPEP1.** A fraction of H-gal-GP prepared by gel filtration in 8 M urea, containing
both HcPEP1 and 2, reduced faecal egg output by 48% and final worm burdens by
36% compared to controls. The HCPEP1 and 2 fraction did not protect if electro-eluted
from SDS-dissociated H-gal-GP, nor did bacterially-expressed recombinant HcPEP1,
suggesting that conformational epitopes are important for inducing immunity. Very
recent structural analyses using electron microscopy suggests that the complex is the
structural equivalent of a bacterial proteosome (J Trinnick and W.D. Smith, unpublished
data). Antibody purified from vaccinated, protected lambs inhibits the aspartyl protease
activity of the complex by at least 50% (Ekoja and Smith, Parasite Immunology, In press)
suggesting that this may be the mechanism which mediates protection. The contribution
of the metalloproteases to vaccine efficacy has yet to be clarified and antibody inhibition
studies are ongoing. As discussed below, Haemonchus shares several protease classes
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implicated in blood meal digestion with hookworms and the data suggest evolutionary
conservation of this process.

Does Glycan Contribute to Immunity-Induced by Vaccination with H11 and H-gal-GP?

A considerable portion of the antibody response induced in the host following
immunisation with H11 and H-gal-GP and for that matter TSBP (see below), is directed
at the glycan components. The hypothesis that the glycan moieties themselves may
induce protective immunity was tested using the equivalent lectin-binding fraction
from C. elegans.® C. elegans is closely related to H. contortus, both being Clade V
nematodes and has similar glycan moieties with some unique to nematodes.?! A subset
of glycoproteins from C. elegans, isolated using ConA-lectin chromatography, were
strongly recognised by the antiglycan component of the antibody response to H-gal-GP in
sera from vaccinated and protected lambs. The efficacy of these C. elegans glycoproteins
as immunogens against H. contortus challenge infection was tested in sheep, the point
being to seek evidence that the antiglycan antibody response could protect lambs against
infection. Despite the generation of a high titre systemic IgG antibody response to the
C. elegans glycoproteins which strongly recognised all the components of H-gal-GP and
bound to the microvillar surface of the gut of H. contortus, no protection against challenge
infection was observed.** These data suggested that glycan alone was not protective but
this does not rule out the possibility that it plays a role in inducing the correct antibody
response with the required avidity.

Cysteine Proteases

Cathepsin B-like cysteine proteases generally constitute large multi-gene families in
both parasitic and nonparasitic helminths, including blood-feeders such as H. contortus,
hookworms and the schistosomes. In addition, they are found in free-living Caenorhabditis
sp. Ineach case they are expressed in the nematode gut and/or found in excretions/secretions
and, on this basis, have been implicated in digestion of proteins for nutrient acquisition.
They are now under close scrutiny as vaccine candidates in a variety of helminths. The
cathepsin B gene family has undergone enormous expansion in blood-feeding helminths
representing approximately 16% of all intestinal transcripts in H. contortus® and are the
most abundant and diverse protein family in the gut of this parasite. Cathepsin Bs are also
highly represented in the hookworm intestinal transcriptome.*® This diversity may lead
to redundancy of function and differing antigenicity with implications for recombinant
protein vaccine efficacy making them unsuitable targets for monovalent antihelminth
vaccines. It noteworthy that antibodies raised in mice to recombinant protein forms of
four distinct cathepsin Bs expressed in the intestine of the hookworm Necator americanus
showed minimal cross-reactivity with each other while each antiserum did bind to the
intestine of the adult parasite.’® Despite these factors, cathepsin Bs are showing promise
as components of vaccines against blood-feeding nematodes.

Twelve-month old lambs were immunised with a fraction enriched for
fibrinogen-degrading proteins derived from the intestine of adult H. contortus.'* Modest
protective immunity, evidenced by significant reductions in mean faccal worm egg counts,
adult worm burdens and modified female fecundity ratios at necropsy, were detected in
vaccinated sheep compared to control animals. A major component of this protective
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extract was a cathepsin B-like protease with a predicted protein sequence of 342 amino
acids with an N-terminal signal sequence indicative of secretion.’ The genomic sequence
was determined and designated 4C-2.'° The AC-2 gene spanned 8 kb, had 11 introns one
of which interrupted the proposed active site region. Importantly, Southern blots indicated
that the protease was encoded by a small gene family. Northern blots indicated that mRNA
transcripts for the gene family were present at low levels in a mixed population of L3
and L4 larvae but were highly abundant in adult worms. These data correlated with the
onset of blood-feeding, indicative of a role in blood digestion. Further members of this
gene family were identified with one, AC-3, being linked in tandem to the 4C-2 gene."!
The authors described other family members, designated AC-4 and AC-5 and showed
that the predicted amino acid sequences of AC-3, AC-4 and AC-5 shared 64-77% identity
with one another and with the previously reported AC-1 and AC-2 sequences. The amino
acids surrounding the active site cysteine were highly conserved, as were the positions
of other cysteine residues in the mature protein sequences.

Fractions, greatly enriched for cysteine proteases (TSBP), were prepared from PBS
soluble and detergent soluble (Triton X-100) membrane proteins by affinity chromatography
using Thiol-Sepharose, amatrix which selectively binds proteins with free sulphydryl (SH-)
groups such as cysteine proteases. Lambs vaccinated with the membrane fraction showed
significant levels of protection (50% reduction in worm burdens) against homologous
challenge in sheep.*® Immuno-localisation studies showed that these proteases were
present in the microvillar surface of the intestine. Further fractionate/vaccinate studies
were undertaken, each with the purpose of refining the antigen subset. TSBP cysteine
proteinases were purified by ion-exchange or by affinity-chromatography using recombinant
H. contortus cystatin® and were just as efficacious as unfractionated TSBP in sheep
vaccination trials providing further confirmation that TSBP-induced protection could be
ascribed to the cysteine proteases. These proteases were further defined by cDNA library
screening with sera from vaccinated lambs*® which identified three immuno-positive
cDNAs encoding cathepsin B-like cysteine proteinases, hmepl, 4 and 6 (hmcp 2, 3
and 5 being PCR homologues not implicated in protection to date). A combination of
bacterially-expressed recombinant glutathione S-transferase (GST) fusion forms of hmcep
1, 4 and 6 were tested as a vaccine with encouraging results reducing worm burdens by a
statistically significant 38% but not faecal egg output compared to challenge controls.*! A
major proportion of the IgG response detected was directed against the GST component
and the trial was repeated using nonfusion recombinant proteins with a similar impact
on the outcome of a challenge infection (Fig. 2)*.

Cysteine Protease Genetic Diversity

The hmcep genes (cloned from a UK isolate of the parasite) showed about 70%
amino acid identity to the AC family members (USA isolate) and attempts to amplify
AC-1 from the UK isolate consistently failed (Redmond and Knox unpublished data).
Geographical strain diversity could have considerable implications for the production
of a globally-effective recombinant vaccine. Around this time, Karanu and colleagues
described differences in secretory protease profiles between two Haemonchus isolates
derived from the same goat herd in the same geographic location in Kenya and with a
USA isolate.” Moreover, it was noted that experiments at this time had not identified
a single secretory protease from H. contortus that was conserved among the restricted
number of isolates tested.** However, AC sequences were identified in the Haemonchus
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Figure 2. Fibrinogen degradation by contortin. The upper a-fibrinogen peptide is cleaved by the
dipeptidyl-peptidase 1V activity of contortin, an action which impairs cross-linking in the fibrin clot.

expressed sequence tag (EST) database comprising ~5,000 sequences established from a
UK worm isolate and held at NEMBASE. In addition, a more recent analysis of cathepsin
B-like cysteine proteases expressed in the adult H. contortus intestine conducted using
material from the USDA Beltsville isolate identified ESTs encoding the ~mcp sequences.*
Moreover, a study of genetic variability in cysteine proteases was undertaken which
analysed polymorphism of 5 previously reported genes (AC-1, AC-3, AC-4, AC-5 and
GCP-7) by PCR-SSCP and sequencing procedures in two different strains of H. contortus
derived from North American and Spain.*® The SSCP data identified 20 different alleles
for the 5 loci assessed with loci for AC-1, AC-3, AC-4 and GCP-7 having 5, 8, 2 and
4 alleles, respectively. All these loci were polymorphic with allele frequencies ranging
from 0.0070 to 0.8560 and these were significantly different between strains. Of note,
AC-5 did not display significant polymorphism between strains. Nucleotide analyses
indicated that variations between strains were translated in some cases into changes in
the amino acid sequence. This work supported previous observations based on sequence
comparisons.*’ These authors compared several domains which define cathepsin B-like
function including the occluding loop, S2 and S2 subsites and the pro region. They
subdivided the sequences into four groups and identified putative orthologues in Ascaris
suum and C. elegans and made several noteworthy conclusions. First, that variability in
the domains analyzed suggested substantial functional diversity in enzymatic properties of
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nematode cathepsin Bs. Second, that nutrient digestion was a potential factor promoting
cysteine protease diversification in these organisms (which could affect antigenicity).
A follow-up analysis quantified the extent of diversity of H. contortus cathepsin B-like
genes from available EST datasets.*® Contig analysis of 686 cb/ ESTs from a USA isolate
resolved 123 clusters. Sixty percent of these clusters were present in a UK isolate. These
analyses also indicated the likelihood of antigenic diversity which is relevant to vaccine
strategies. The authors noted that the extreme abundance and diversity of intestinal
cathepsin B-like transcripts appear to be relative specializations for H. contortus. Also
of relevance in this context is a study from Utrecht* which identified seven cathepsin
B-like cysteine proteases in the excretory-secretory (ES) products of H. contortus. This
used a combination of two-dimensional (2-D) zymography and biotinylated inhibitors to
localize active proteases in 2-D gels. Mass spectrometry identified these as AC-4, HMCP1,
HMCP2 and GCP7 plus three novel CBLs encoded by clustered ESTs. H. contortus ES
products were fractionated using Thiol-Sepharose affinity chromatography and the bound
proteins eluted in two steps, 25 mM cysteine followed by a harsher reducing agent, 25
mM Dl-dithiothreitol (DTT).>® Sheep were vaccinated with these eluate proteins and
significant protection against a single challenge infection was stimulated by proteins in
the DTT-eluted fraction in which egg output and worm burden were reduced by 52% and
50%, respectively compared to controls. The DTT-eluted fraction consisted predominantly
of cysteine proteases but also contained metalloprotease activity. Subsequently, the same
group’! used a recombinant H. contortus cystatin affinity column to obtain a sub-fraction
of ES enriched for cysteine protease activity. Only a single cysteine protease band was
evident in substrate gels after this procedure which was identified as AC-5 using mass
spectrometry analysis . Lambs vaccinated with cystatin-binding proteins had reduced
worm burdens and faecal egg output (36% and 32% respectively compared to controls
and after challenge higher local and systemic IgA and IgG responses were evident in the
cystatin-binding vaccinate group.

A sequence comparison of cysteine proteases from blood-feeding helminths reported
to play a role in the degradation of host hemoglobin was undertaken.> Species included
Haemonchus, Schistosoma spp. and the hookworm, A. caninum. For comparative purposes,
they included several cysteine proteases from C. elegans and from other nonhelminth
species. The sequences were aligned using a specialized alignment programme which can
identify short highly-conserved sequence blocks. The study highlighted an amino acid
motif from the active site region that was present only in the blood-feeding helminths.
They then used the pattern search tool Prosite with the motif from the Asn active site
region (Y-W-[IL]-[IV]-A-N-S-W-X-X-D-W-G-E)aswellasa BLAST search tool. They
identified an additional 8 cathepsin B-like cysteine proteases containing the helminth
blood-feeder motif. In each case, the possibility that a cysteine protease played a role in
blood—feeding was supported by existing literature.

The ES products of adult H. contortus contain several proteases®* and their substrate
specificity is somewhat contradictory. They show closest homology to the cathepsin Bs
yet in general terms, have substrate specificity against small peptide substrates indicative
of cathepsin Ls; the activity in the intestine and ES of adult Haemonchus showing greater
preference for Phe-Arg than Arg-Arg dipeptide substrates indicative of cathepsin L and
B-like proteases respectively. Cathepsin B-like substrate preference has been attributed to
a Gluy,;s residue (mammalian cathepsin B numbering) in the P2 position in the active site,
this residue in the equivalent position being absent in the majority of the cathepsin B-like
sequences isolated from Haemonchus at this time.* As an intriguing aside, a family of
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cysteine proteases was identified in C. elegans> (all of the intestinal proteases identified
in H. contortus had homologues in C. elegans®*). RNA interference (RNAi) was used
in C. elegans to knockdown expression of several family members simultaneously and
treated worms showed no phenotype and appeared to feed normally.>

Asparaginyl endopeptidases (or legumains) may play a role in the activation of
cathepsin B and L-like proteinases by cleavage of the peptide backbone between the
prosegment and mature enzyme domains although this function is still open to some
debate.’® An EST sequence encoding a full-length legumain from H. contortus was
characterized.”” RT-PCR showed that the legumain transcript was present from the L4
life-cycle stage onwards, coincident with the onset of blood feeding and the expression
of intestinal cysteine protease genes. Immuno-localisation showed that the enzyme was
expressed near the microvillar surface of the intestinal cells.

Contortin

The suggestion that contortin may be an immobilised anticoagulant received
recent confirmation®® in an analysis of a standard contortin preparation using mass
spectrometry. Contortin comprised two major proteins, Hc-PCP1 and HcPCP2, with
homology to prolyl carboxypeptidases. The proteins shared 64% amino acid sequence
identity and contained two prolyl carboxypeptidase S28 type domains organized in a
tandem repeat. The transcripts of both genes are present from the L4 stage onwards,

100
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Figure 3. Protection induced in lambs, as judged by final worm burdens, against Haemonchus by
vaccination with a native cysteine protease enriched fraction termed TSBP (black), a sub-fraction
containing cysteine proteases alone (grey) and a bacterially-expressed recombinant cocktail vaccine
(white) comprising the 3 known cysteine protease components of TSBP. Protection induced by the
recombinants is lower than that by the native proteins inferring that correct protein folding contributes
to the complete induction of protection.
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coinciding with the onset of blood feeding. Contortin has dipeptidyl IV activity and this
rapidly (within seconds) inhibited blood coagulation. Mass spectrometry showed that
contortin degraded the C-terminal end of the alpha-fibrinogen chain which is essential
for clot formation (Fig. 3). This cleavage was notably rapid, degradation occurring
within seconds. Some preliminary work requiring confirmation (Knox, unpublished
data) suggests that antibody to contortin inhibits DPP IV activity but it remains to be
seen if this correlates with protection.

Ostertagia Ostertagi

Targeting intestinal proteases as an approach to vaccination may extend beyond
obligate blood-feeding nematode genera. Homologues of H. contortus intestinal
cysteine proteases were identified in the bovine abomasal parasite Ostertagia
ostertagi by screening a genomic DNA library with a H. contortus cathepsin B-like
cysteine protease cDNA as a hybridization probe.> Three cathepsin B-like genes were
identified with 66% homology to each other and similar levels of homology to some
Haemonchus AC genes, particularly in the region encoding the mature protein. In
addition, the exon/intron structure of homologous genes was conserved between the
species. The O. ostertagi CP-3 protein was most closely related to the H. contortus
AC-5 protein. Geldhof et al®® prepared cysteine protease-enriched fractions from both
a detergent-soluble extract of adult O. ostertagi and ES products by thiol-sepharose
chromatography. They tested their protective efficacy against O. ostertagi in cattle
and only the ES-derived proteins were protective. In a follow-up trial®', ES-Thiol
was sub-fractionated using MonoQ-Sepharose anion exchange chromatography to
determine whether the cysteine protease component or a dominant protein, an ASP
homologue, were responsible for the induced protection. Both the cysteine protease
and ASP fractions were protective in calves (reductions in cumulative faecal egg
output of 74% and 80% respectively).

HOOKWORMS—NECATOR AMERICANUS AND ANCYLOSTOMA SPP
General Background

There has been long-standing interest in the anticoagulant properties of the ES
from the dog hookworm A. caninum.®*® The latter®® showed that this anticoagulant
activity could be attributed to an elastase-like 36 kDa protease which could degrade
fibrinogen into five smaller polypeptides each with anticoagulant properties and convert
plasminogen to a mini-plasminogen-like molecule. The protease was purified from adult
parasite extracts by several chromatographic steps, had optimal activity at pH 9-11 and
was inhibited by EDTA, indicative of a metalloprotease.® The enzyme could degrade
elastin and trypsin-labile glycoproteins in a rat vascular smooth muscle extracellular
matrix. Moreover, the enzyme could be detected in extracts from the infective larval
stage suggesting that the enzyme has a function at an earlier point in the parasite
life-cycle. 4. caninum L3 infective larvae were stimulated to feed in vitro and released
two metalloproteases (50 kDa and 90 kDa) which were associated with feeding in vitro
by the use of inhibitors.®” It was suggested that the adult hookworm utilizes the protease
for digesting the bolus of intestinal mucosa lodged in its buccal capsule and plays a
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haemorrhagic role.®® Moreover, metalloproteases released from the Ancylostoma spp.
degraded human fibronectin to a 60 kDa polypeptide intermediate, but had no effect on
solubilized bovine elastin or human laminin.®® Gelatinolytic protease activity at pH 8.5
was detected in exsheathing fluid (EF) and ES products of infective L3 from N. americanus.

EF contained a single cysteine protease (116 kDa) and proteases in the size range
62 to 219 kDa in the L3 ES products. Evidence presented suggested that ES comprised
a mixture of cysteine, metallo and serine proteases. ES degraded IgG, IgA and IgM
(but not IgD or IgE) at the Fc region, this being inhibited by PMSF indicative of the
action of a serine protease.® Taken together these studies suggest that proteases are
used by hookworm larvae to establish infection, by the adults for feeding purposes
and by both stages to evade the host immune response. Further evidence for the latter
role was provided when it was shown that adult N. americanus ES products inhibited
cosinophil recruitment in vivo by proteolytic degradation of eotaxin.”” EDTA and
phenanthroline inhibited this activity, indicative of the action of metalloproteases.
These authors suggested that the production of enzymes inactivating eotaxin may be a
strategy employed by helminths to prevent recruitment and activation of eosinophils
at the site of infection.

Proteases and Vaccination
Cysteine Proteases

Adult and larval extracts as well as ES from adult 4. caninum contain cysteine
proteases.”! One gene, AcCP-1, encoded a cathepsin B-like enzyme with closest
identity to H. contortus cysteine proteases (61%).” This gene encoded a protease of
343 amino acids with a mature form of 255 amino acids. A second gene, AcCP-2,
encoded a mature cysteine protease of 254 amino acids that showed 86% identity to
AcCP-1. Antibody to recombinant AcCP-1 reacted with the oesophageal, amphidial and
excretory glands in sections of male and female adult hookworms and with an antigen
of approximately 40 kDa in adult ES products. Homology modelling of AcCP-1 (using
the crystal structure of human cathepsin B as a template) predicted that substrate binding
and specificity differed between AcCP-1 and cathepsin B and showed that AcCP-1
would preferentially cleave the cathepsin L substrate Phe-Arg over Arg-Arg, the bond
favoured by cathepsin B.” This offers a structural explanation why this cathepsin B-like
protease from hookworm shows cathepsin L-like substrate specificity. Ac-CP-2 was
expressed as a catalytically-active recombinant protein and used to vaccinate dogs
prior to challenge infection.” Compared to controls, the vaccinates showed a decrease
in faecal egg output and the number of female worms while adult parasites surviving
in the intestine at post mortem were smaller than those from control dogs. Antibodies
stimulated by vaccination with Ac-CP-2 inhibited proteolysis of a peptide substrate
and bound to the intestinal brush border of the parasite. These data suggested that
the parasite imbibed antibody with the blood meal and that these antibodies impaired
digestion of the blood meal and resultant nutrient acquisition.

The human hookworm, N. americanus also expresses a number of cysteine
protease genes.” Four genes forming a robust clade with other hookworm genes
were described and were most similar to Haemonchus intestinal counterparts. All
were up-regulated in the blood-feeding adults compared to the L3 stage and were
expressed in the gut tissue. Of these, (Na-cp-2, -3, -4 and -5) Na-CP-3 was expressed
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in a catalytically-inactive form in yeast and it was shown to undergo autoactivation
at low pH. This recombinant digested gelatin, the fluorogenic peptide substrate
Z-Phe-Arg-AMC but not Z-Arg-Arg-AMC and did not degrade haemoglobin unless
this had been partially broken down by prior incubation with aspartyl proteases
from N. americanus. The remaining proteases (Na-CP-2, -4 and -5) were expressed
as insoluble inclusion bodies in Escherichia coli. Mouse-derived antibodies to all 4
proteases bound to the intestine of adult worms but, intriguingly, showed minimal
cross-reactivity with the other gene products.

Aspartyl Proteases

The first indication that hookworm aspartyl proteases may be valid vaccine targets
came in a study where dogs were vaccinated with 3 different recombinant fusion
proteins, one of which was an aspartyl protease, Ac-APR-1.7° The dogs mounted a strong
antibody response to the protein and the numbers of adult worms retrieved from small
intestine was reduced compared to controls. Moreover, worms appeared to be displaced
from their predilection site into the colon, the effect being particularly pronounced
for female worms and correlated with antibody titre. These data were consolidated
by observations that dogs vaccinated with an enzymatically active yeast expressed
recombinant version of Ac-APR-1 showed significantly reduced worm burdens and
faecal egg outputs induced compared to control dogs following challenge infection with
A. caninum larvae.”” The vaccine reduced blood loss and the development of anaemia.
IgG from vaccinated animals inhibited activity of the recombinant enzyme and bound
to the intestines of worms retrieved from vaccinated dogs. Subsequently, the same
group’® expressed the equivalent protease (Na-APR-1) from the human hookworm N.
americanus in a catalytically active form and as an inactive mutant which retained the
ability to bind substrates. Dogs vaccinated with the mutant enzyme were significantly
protected against infection with 4. caninum and data suggested that the protective
effect was due to conformational changes induced by neutralising antibody responses
to vaccination. Antibodies binding to native Na-APR-1 not only neutralized enzymatic
activity of Na-APR-1 but also neutralized activity of APR-1 orthologues from three
other hookworm species that infect humans. Moreover, anti-Na-APR-1 IgG1 was the
most prominently detected antibody in sera from people resident in high-transmission
areas for N. americanus, indicating that natural boosting may occur in exposed humans.
A panel of monoclonal antibodies with neutralizing activity was established and
used to define a particular epitope, AGPKAQVEAIQKY (A(291)Y) responsible for
this activity.” The epitope was fused to other helminth vaccine antigens, including
S. mansoni Sm-TSP-2 and N. americanus Na-GST-1 and antibodies against both
chimeras neutralized the enzymatic activity of Na-APR-1. This observation indicates
that multivalent helminth vaccines are a possibility. The driver for this ambition is
discussed in reference 80.

Metalloproteases
A zinc metalloendopeptidase cDNA (Ac-mep-1) was cloned from 4. caninum adult

hookworms®!' with a predicted molecular weight of 98.7 kDa and contained predicted
zinc-binding domains (HExxH and ENxADxGGQG), signature sequences of the Neutral
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Endopeptidase 24.11 (neprilysin) family of enzymes.®! The protease had sequence
homology to the MEPs from H. contortus described above and was only expressed in
adult worms. Moreover, the protease was localised to the microvilli of the worm intestine
indicative of a role in digestion of the parasite blood meal.

Haemoglobin Digestion and Protease Substrate Specificity

Hookworms frequently reach the gut of nonpermissive hosts but fail to successfully
feed, develop and reproduce.®? As it has been suggested that host-parasite co-evolution
compromised the ability of hookworms to feed in nonpermissive hosts, the digestion
of human and dog haemoglobin by baculovirus-expressed cathepsin D-like protease
from the canine hookworm A. caninum (Ac-APR-1) and its counterpart from the human
hookworm N. americanus (Na-APR-1) was compared. Both cleaved human and dog
haemoglobin in vitro but each were more efficient at degrading the protein from the
permissive host and cleavage occurred at specific sites. Intriguingly, both proteases have
identical residues lining their active site clefts but showed differing substrate specificities.
Moreover, Williamson et al®** described the cloning and functional expression of an
aspartic protease, Na-APR-2, from the human hookworm N. americanus which they
noted was more similar to a family of nematode-specific, aspartic proteases (nemepsins).
The recombinant protein cleaved human hemoglobin and serum proteins almost twice
as efficiently as the same substrates from the dog. Combined, these studies suggest that
hookworm aspartyl proteases contribute to host specificity. An extension of these studies,*
showed that Ac-APR-1 and Na-APR-1 were expressed in the L3 infective stage as well
as adult worms. Both proteases degraded skin macromolecules and serum proteins with
an efficiency reflecting host-specificity. This study also showed that despite having active
site clefts comprised of identical primary sequences, residues in the S3 pocket adopted
different conformations which may account for the differing substrate preferences.
Antisera against both proteases partially inhibited (16-26%) migration of hookworm
L3 through hamster skin in vitro, further implying a connective tissue invasive role for
these enzymes in addition to digestion of serum and erythrocyte proteins for nutrition.

Haemoglobin digestion in Plasmodium is undertaken by at least three different
mechanistic classes of enzyme in an ordered manner.® Initial haemoglobin degradation
is undertaken by aspartic proteases followed by degradation into smaller peptides by
cysteine proteases and then metalloproteases in sequence. Exopeptidases complete
the digestion to constituent amino acids. The preceeding descriptions of blood meal
digestion in Haemonchus reinforces the view that this degradation pathway is conserved
in blood-feeding nematodes.® Catalytically active forms of Na-APR-1, a cysteine protease
Na-CP-3 and the metalloprotease Na-MEP-1 were used to assess their roles in haemoglobin
digestion by adult N. americanus.®® Recombinant Na-APR-1 cleaved intact human
haemoglobin. In contrast, Na-CP-3 and Na-MEP-1 could not cleave intact haemoglobin
but did cleave globin fragments released by hydrolysis with Na-APR-1, data the authors
considered implying an ordered process of hemoglobinolysis. Multiple (74) cleavage
sites within haemoglobin alpha- and beta-chains were identified after digestion with
all 3 proteases and the proteases demonstrated promiscuous subsite specificities within
haemoglobin. Aromatic and hydrophobic P1 residues and hydrophobic P1° residues were
preferred by Na-APR-1 and hydrophobic P1 residues by Na-MEP-1.
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Proteases and Establishment in the Host

Metalloproteases have been implicated in host penetration by hookworm infective L3s
including skin penetration and tissue migration.** Metalloprotease secretion was initiated
when third-stage infective larvae were stimulated to feed in vitro, two distinct zones of
proteolysis at 50 kDa and 90 kDa being detected by substrate gel electrophoresis.®® These
authors suggested that the specific release of proteases associated with the initiation of
feeding serves an integral function in the transition of the free-living stage to parasitism.
A protease associated with this activity, Ac-MTP-1, was cloned and showed sequence
homology to members of a family of zinc metalloproteases called the astacins.®” These
proteases have a short N-terminal signal peptide indicative of secretion, a propeptide and
a catalytic domain containing the characteristic zinc-binding region and “Met turn”.®
Ac-MTP-1 also contains a C-terminal epidermal growth factor-like domain and a CUB
like domain. The precise function of Ac-MTP-1 is unknown but it may have a variety of
functions by reference to the broader literature on astacins.®” These include digestion and
hatching, growth factor processing and pattern formation in embryos. They suggested that
Ac-MTP-1 synthesis and its release in ES products may have a regulatory role during the
developmental changes associated with the activation to parasitism and the subsequent
molt to the L4 during infection. They also suggested that the protease may activate host
TGF-B molecules during infection which could stimulate parasite development directly,
or determine tissue predilection site. Alternatively, Ac-MTP-1 may have arole inimmune
evasion such as the inhibition of neutrophil infiltration.®” Whatever its precise function,
the protease has been evaluated as a possible component of a hookworm vaccine. Hotez
et al® vaccinated laboratory dogs with a recombinant fusion protein encoding Ac-MTP-1
and vaccinated and control dogs were then challenged by s.c. injection of 500 L3 of the
canine hookworm 4. caninum. The vaccinated dogs had IgG2 and IgE isotype responses
specific to anti-Ac-MTP-1-fusion protein recognising a protein of the estimated apparent
molecular weight of Ac-MTP-1 in activated L3 secretory products. The IgG2 titre had
a statistically significant inverse association with intestinal adult hookworm burden and
quantitative egg counts. These promising data have been reinforced by a vaccination study
where Syrian Golden hamsters were vaccinated with the recombinant fusion proteins
Ay-ASP-2 and Ay-MTP-1 from the infective larvae of the hookworm Ancylostoma
ceylanicum.*® This cocktail reduced worm burden and faecal egg counts by 36% and
59% respectively (p<0.001) and was beneficial for parameters of health including blood
hemoglobin levels and body weight compared to each antigen or adjuvant alone. Taken
together, these data suggest that combination of two or more antigens may present an
effective vaccine development strategy to improve protection and/or disease symptoms in
affected individuals. Adult 4. caninum also secrete an astacin-like protease (Ac-MTP-2)°'.
The full-length cDNA encoded 233 amino acids and included a conserved Met-turn sequence
(SXMHY) and zinc-binding signature sequence. However, this (GXXXEHXRXER) is
truncated compared to other astacins (HHXXGXXHEXXRXDR). Enzymically active
recombinant Ac-MTP-2 protein was inhibited by 1,10 phenanthroline and by Ac-TMP,
a putative tissue inhibitor of metalloprotease that is abundant in adult ES products.
Ac-MTP-2 was localized to the oesophageal glands uterus. The authors suggested that
Ac-MTP-2 functions in the extracorporeal digestion of the intestinal mucosal plug lodged
in the buccal capsule of the adult parasite.’!
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CONCLUSION

The above descriptions emphasise the potential of proteases as targets for vaccines or
drugs to control blood-feeding helminths. Where comparisons are possible, there is a strong
suggestion that native parasite proteases stimulate greater protective immunity than their
recombinant counterparts. This has been particularly evident with H11 and H-gal-GP where
the best recombinant protein vaccine efficacy obtained to date does not approach the levels
obtained with native counterparts, even when cocktail vaccines are tested.” Likely reasons
are the recombinants lack important conformational epitopes or they do not have appropriate
posttranslational processing. Analyses have shown that the major N-linked glycans found
in H11 had up to three fucose residues attached to chitobiose cores, structures which are
predicted to be highly immunogenic in mammals.?? These carbohydrates may contribute to
the protective immune responses stimulated by vaccination with gut-expressed glycoproteins.
Indeed, as noted earlier, a considerable component of the IgG response in lambs immunised
with H-gal-GP is directed against the glycan component. Bacterial expression is likely
to be inappropriate because the recombinant product will not be processed in the correct
manner. Insect cell and yeast based expression systems have been used as alternatives and
there are numerous examples of successful expression of functionally active, glycosylated
helminth proteases in these systems. However, even this capability is not necessarily the
solution. Functionally active recombinant versions of the H11 isoforms were expressed in
baculovirus but did not stimulate protective immunity against Haemonchus in lambs (S.E.
Newton, personal communication). Qualitative differences were evident in the antibodies
induced by native H11 compared to the insect cell product, antibodies to the native protein
being found coating the surface of the gut of worms recovered from vaccinated sheep but
not in worms from lambs given the recombinant proteins. This may be due to inappropriate
glycosylation or the glycan may mask protective epitopes. Further work is required to define
the precise nature of the epitope(s) which are critical for the expression of protective immunity.
Whatever the reason, the reduced efficacy of recombinant antigens compared to their native
counterparts has implications for interpreting the outcome of recombinant vaccine trials.
Antigens showing moderate efficacy as recombinant proteins may actually be highly effective
in native form and the degree of protection observed in a trial has major implications for the
further progression of an antigen in any vaccine production pipeline. One approach to the
issue of antigen expression is to express nematode genes nematode-derived cell lines®” or
in C. elegans.** This has been achieved by microinjection of a plasmid construct carrying
the gene of interest downstream of a suitable C. elegans promoter.”* A cathepsin L from
Haemonchus was expressed in an enzymically active, glycosylated form in under control
of the promoter of the orthologous C. elegans cathepsin L gene. The recombinant protein
carried a His tag which was exploited to purify the protein from liquid cultures by nickel
affinity chromatography in sufficient quantity for a vaccine trial.”* In more recent work, an
isoform of H11 has been expressed using this system and is undergoing functional analysis
including comparing the glycan structures with the native protein (Britton, unpublished data).
Another approach is the use of Phage Display Libraries to identify and produce peptide
phage “mimotopes” which mimic the shape of structural epitopes, including carbohydrate.
The approach has been used to screen cathepsin L mimotopes of Fasciola hepatica in
sheep. Seven positive clones which were recognized by rabbit antisera to cathepsin L1/L2
from Fasciola, each with sequences which could be mapped to the native protein, were
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isolated. Lambs vaccinated with some individual clones and some mixtures had reduced
worm burdens and egg outputs compared to controls indicating that the approach may
provide an alternative method for vaccine production.”

Perhaps the biggest technological shift impacting on helminth protease discovery
and functional definition is the rapid advance in genome sequencing technologies. For
the blood-feeding nematodes, sequencing initiatives have already revealed numerous,
previously uncharacterized proteases. Bioinformatics analyses can be used to predict
function and whether or not a protease is likely to be secreted but a key issue, in terms of
identifying control targets, is whether the protease is essential for parasite survival. The
abundance of potential protease targets being revealed by mass sequencing necessitates
more rapid and specific methods to identify which gene products are practically useful as
targets for control. One option is RNAi, a process which down-regulates the expression of
agene by transcript removal following the addition of gene-specific double-stranded RNA
(dsRNA). The technique has been used widely in C. elegans to define gene function on the
basis of phenotype.” RNAI appears to be very inefficient (<30% of genes susceptible) in
H. contortus® but some genes are sensitive including, in current work, the H11-1 isoform
(Samarasinghe, Knox and Britton, unpublished data). Knockdown of this gene transcript
in L3 larvae prior to infection of lambs resulted in >50% reductions in worm burdens,
egg output and H11 enzyme activity compared to controls. These data are encouraging
at two levels. First, larvae exposed to dsRNA treatment retain their infectivity which
enables follow-up in vivo testing and, second, that the phenotypic outcome of RNAI in
vivo does correlate with a vaccination approach where the function of the target protein
product is impaired by antibody or cell-mediated host immune responses. RNA1 is in its
infancy as a tool for use in the parasitic nematodes of man and livestock but it has the
potential to allow precise screening of the gene datasets for control targets for vaccination
or chemotherapy as well as defining gene function.
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Abstract: Cysteine proteases have been discovered in various bloodfeeding ectoparasites.
Here, we assemble the available information about the function of these peptidases
and reveal their role in hematophagy and parasite development. While most of the
data shed light on key proteolytic events that play a role in arthropod physiology,
we also report on the association of cysteine proteases with arthropod vectorial
capacity. With emphasis on ticks, specifically Ixodes ricinus, we finally propose
a model about the contribution of cysteine peptidases to blood digestion and how
their concerted action with other tick midgut proteases leads to the absorbance of
nutrients by the midgut epithelial cells.

INTRODUCTION

Cysteine proteases are involved in different physiological procedures associated
with the development and tissue homeostasis of hematophagous arthropod ectoparasites.
Most of these proteases belong to the papain-like superfamily of cysteine proteases,
while legumains/asparaginyl endopeptidases and caspases that play a role in mosquito
biology have also been reported. Here we review the available information about cysteine
protease activities in bloodfeeding arthropod ectoparasites with particular emphasis on
their varied roles at the molecular level. The chapter is divided into three parts; cysteine
protease activities in (i) ticks, (ii) mosquitoes and (iii) other bloodfeeding arthropods.

Cysteine Proteases of Pathogenic Organisms, edited by Mark W. Robinson and John P. Dalton.
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CYSTEINE PROTEASES OF TICKS

Ticks are mites (Acari) classified to the suborder Ixodida. Approximately 850
species described worldwide are represented by two major tick families, Ixodidae (hard
ticks) and Argasidae (soft ticks).! Both groups are obligate bloodfeeding ectoparasites
of terrestrial vertebrates and are important vectors of human and animal diseases,
transmitting viruses, bacteria (notably Rickettsia), protozoa and fungi.? Ticks express
cysteine peptidases with important roles in two major physiological events that are
crucial to the ectoparasitic lifestyle: digestion of host blood and embryogenesis.

Blood feeding and digestion are essential events for ticks. Vertebrate blood is arich
source of nutrients for energy metabolism to support their demanding activities. There
are remarkable differences in bloodfeeding strategies between hard and soft ticks.® In
soft ticks, nymphs and adults of both sexes feed rapidly and drop off the host within half
an hour to hours. Feeding and oviposition of female soft ticks are repeated and feeding
performance is not related to mating status. Virgin females may conserve nutrients upon
fertilization that can occur in up to 150-200 days in Ornithodoros moubata.* Hard ticks
feed only once in each life-cycle stage. Adult females take in a single large blood meal,
lay down a single large clutch of eggs and then die.* The process of female feeding
lasts for several days and consists of the slow feeding period (6-9 days) followed by
rapid engorgement (12-24 hrs prior to detachment)® in mated females.”®

Despite being bloodfeeding arthropods, ticks are believed to digest blood proteins
intracellularly, within the endosomes of their gut cells. Thus, the gut lumen serves
as their nutrient storage organ.” Digestive gut cells use both receptor-mediated and
fluid-phase endocytosis to take up the liquid blood meal from the gut lumen.’ Proteolytic
degradation occurs in the endosomal pH environment, well below the pH 6.3-6.5 of
the gut contents.” The acidic optimum of proteolysis in tick gut cells is around pH
3.0'% and is consistent with the activity range of specific cysteine and aspartic protease
activities in the midgut, as shown with specific substrates and inhibitors in Boophilus
(Riphicephalus) microplus."!

Tick Cathepsin-Like Cysteine Proteases

Purified enzymes/activities and genes encoding for cysteine and aspartic proteases,
both putatively involved in blood digestion, have been reported individually from
several tick species in the last decade. Cathepsin L from B. microplus (BmCL1) was
identified in 2000."? Later, RT-PCR and western blot profiling using antibodies against
the Escherichia coli-expressed recombinant BmCL1 confirmed that the enzyme is
solely expressed in the gut of tick feeding stages. BmCLI1 is expressed as a 42 kDa
precursor protein with a 23 kDa mature peptidase domain. Immunogold electron
microscopy localized the antigens to secretory vesicles of gut epithelial cells; however,
localization has been proposed from the gut ultrastructure without any additional
histochemical markers.'* Predominant gut cysteine peptidases of 40 kDa and 48 kDa
were identified in another hard tick species, Haemaphysalis longicornis, by performing
inhibition studies against the gelatin substrate." Two mRNAs encoding proteins with
homology to cathepsin L were also identified by RT-PCR using cDNA isolated from
H. longicornis gut." Recently, a gut-associated H. longicornis cathepsin L (HICPL-A)
was prepared as recombinant enzyme in E. coli, purified as both zymogen and mature
enzyme and functionally characterized.'® Expression of the HICPL-A gene was found to
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be up-regulated during feeding on vertebrate hosts. Recombinant HICPL-A showed an
optimum activity at pH 3.6 against both fluorescent peptidyl and bovine haemoglobin
substrates.'® Moreover, an individual enzyme classed as a cathepsin B, termed “longipain”,
was described from H. longicornis and proposed to have a critical role in the transmission
of Babesia spp.'” According to the authors, the longipain message is solely expressed
in the gut tissue and up-regulated during tick feeding. Antibodies recognize the 39 kDa
mature domain of the enzyme in immunoblots. Longipain appears to be expressed in
the lysosomal vacuoles and gut cell surface and possesses the “occluding loop” that is
typical of cathepsin B enzymes and necessary for its exopeptidase activity. Longipain
expressed in Pichia pastoris showed unusually different pH optima for ZFR-AMC and
ZRR-AMC peptidyl substrates. RNAi knockdown of longipain demonstrated its role
in blood digestion and transmission of Babesia sp.”

Tick Asparaginyl Endopeptidases

The CD clan member Ixodes ricinus asparaginyl endopeptidase/legumain (IrAE) is
the first member of its class described in arthropods.'® It was cloned from a gut cDNA
library of partially engorged females. Semi-quantitative RT-PCR profiling of IrAE
mRNA levels in different tissues from feeding female ticks revealed that the enzyme
message was expressed specifically in the gut. Immunofluorescence microscopy with
specific serum raised against the E. coli-expressed recombinant zymogen localized IrAE
in the digestive vesicles of gut cells and to the peritrophic matrix. Expression of the IrAE
protein on the gut cell surface was further confirmed by immunogold electron microscopy.
Recombinant IrAE produced in P. pastoris resembled its ortholog from the helminth parasite
Schistosoma mansoni (SmAE) in its ability to auto-catalytically activate and to process
schistosomal cathepsin B to its mature form. It has a strict specificity for asparagine at
P1 and both recombinant and native enzymes show a drop of activity dependent on pH
values (the enzyme loses its activity at pH values greater than 6.0)."* Two comparative
studies on the specific inhibition of IrAE and SmAE have been published. A set of novel
selective legumain-specific inhibitors, the aza-peptide Michael acceptors and epoxides,
show very similar preferences for both the helminth and tick enzymes, suggesting their
similar substrate preferences/enzymatic roles.'** Two different legumains/AEs have
been also described in H. longicornis; HILgm1?' and HILgm2.?> Based on the collective
findings of the authors, the HILgm1 and HILgm?2 expression profiles* are associated with
the tick gut (where they have also been localized by immunohistochemistry) suggesting
aroleinblood feeding. The authors subsequently expressed an active recombinant enzyme
in E. coli. However, some of the biochemical properties of the recombinant protein,
including a pH optimum of about pH 8.0, were quite unusual for legumains and most
likely will require further investigation. In a more recent analysis,”* RNAi knockdown
of HILgm1 and HILgm?2 gene expression resulted in tick rejection from the host before
the ticks reached repletion; a significant reduction in engorged tick body weight was
also observed. Silencing legumain gene expression by RNAI also had a major impact
on embryogenesis by delaying oviposition (characterised by a reduced number of eggs
and structurally deformed eggs that failed to hatch). According to Alim et al,** HILgm1
and HlLgm?2 play a role in gut cell proliferation and morphology as demonstrated by the
disruption of developmental events within the midgut cells and certain damage of midgut
tissue in legumain gene-silenced ticks.
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Mechanism of Haemoglobin Digestion by Tick Proteases

Based on the numerous individual reports about tick digestive cysteine peptidases
and keeping in mind that gut-related aspartic**® and leucine?” aminopeptidases have
been reported from ticks, it is evident that degradation of host proteins in tick gut
cells is a complex process that is not performed by a sole “hemoglobinase” enzyme
activity. Rather, the digestive process relies on a network of gut-associated cysteine and
aspartic proteases analogous to what has been well studied in S. mansoni***° and other
flatworm parasites.”® The digestive network consists of key cysteine endopeptidases
of the papain family (clan CA) cathepsins B, C and L, asparaginyl endopeptidase
(clan CD) and the aspartic peptidase cathepsin D (clan AA). Furthermore, the presence
of a multienzyme complex of digestive cysteine and aspartic peptidases was supported
by analysis of the first tick gut expressed sequence tag (EST) project by Anderson et al.?!
The analysis 0of 1,679 ESTs from midgut cDNA libraries of Dermacentor variabilis female
ticks (the mialome, as it was named) at varying stages of feeding was performed. Fourteen
different cysteine peptidase transcripts were found; of the 24 total cysteine peptidase ESTs,
19 ESTs were found in the 6-day-fed female guts, whereas only 5 ESTs were found in
the 2-day-fed library, further confirming that expression of midgut cysteine peptidases
is induced relatively late during hard tick feeding, in agreement with previous reports on
individual cysteine peptidases. Phylogenetic analysis of these sequences identified three
major groups of cysteine peptidases: legumain-like, cathepsin B-like and cathepsin L-like.?!

To fully address the hypothesis that a conserved multienzyme network, comprised of
cysteine and aspartic peptidases, functions to digest host blood in ticks and helminthes,
awide screening for the (i) expression and (ii) activity of schistosomal enzyme homologues
was performed. A single tick species at a certain bloodfeeding stage was selected; the
partially engorged females of 1. ricinus, the major Lyme disease vector in Europe.
(i) Reverse genetics/PCR-based screening with gut cDNA template and primers that
amplify conserved protease domains revealed expression of mRNA sequences encoding
cathepsins B, C and L (IrCB1, IrCC1, IrCL1), the aspartic peptidase (IrCD1) and the
asparaginyl endopeptidase (IrAE1).!#2¢ RT-PCR profiling revealed their association to
gut tissue and, importantly, their simultaneous expression in tick gut cells upon feeding.
(i1) Recentbiochemical screening uncovered the entire enzymatic core of hemoglobinolysis
in the gut cells of 1. ricinus feeding females.*> The activity-based profiling employed
enzyme-specific substrates and inhibitors to define endogenous peptidase activities
in tick gut tissue extracts (GTE). The overall hemoglobinolytic activity measured in
GTE during feeding is highly elevated from the 6th day after attachment to the host,
which corresponds to partially engorged ticks. Authentic enzyme activities associated
to coding sequences for IrCB1, IrCL1, IrCC1, IrAE1 and IrCD1?¢ were clearly detected
and their optimal pH working conditions were estimated. Their exclusive role in tick gut
hemoglobinolysis was confirmed by zero hemoglobin degradation in assays when a set of
inhibitors targeting the full spectrum of the identified peptidases was applied. Moreover,
all the endogenous forms of the described enzymes were visualized by activity-based
probes on SDS-PAGE gels. Their dominant abundance in GTE was also confirmed by
mass spectrometry. For hemoglobinolytic studies, bovine haemoglobin was incubated
with GTE in the presence of various protease-specific inhibitors. Haemoglobin fragments
were purified and analyzed by mass spectrometry. A specific haemoglobin cleavage map
with marked cleavage sites for each studied protease type was created.*? Collectively, the
large amount of data obtained from the reverse genetics approach and the biochemical
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Figure 1. Schematic image of the uptake and digestion of host hemoglobin by Ixodes ricinus female
ticks. In focus: the model of the proteolytic degradation cascade of host hemoglobin in endosomes of
the gut cells as proposed by Horn et al*> with marked positions of the cysteine and aspartic peptidases
identified from the gut cDNA.?

mapping of tick gut hemoglobinolysis has resulted in the proposal of a mechanistic
model for hemoglobinolysis in /. ricinus midgut cells (Fig. 1). Upon fusion of endosomes
with lysosomes that carry the proteolytic machinery, [rCD endopeptidases, supported
by IrCL and IrAE are responsible for the primary globin cleavage. Production of small
secondary fragments is performed primarily by the IrCB. The endopeptidase-cleaved
peptides are further processed by the exopeptidase (carboxy-dipeptidase) activity of [rCB
and (amino-dipeptidase) IrCC. Single amino acids are then released from the resulting
dipeptides by leucine or serine monopeptidases.*

Most of the research reviewed here contributes to the understanding of the function
ofthe digestive cysteine proteases in hard ticks. Significantly less has been reported about
the soft ticks, although the presence of similar enzyme activities, namely cathepsin B, C
and legumain/AE, has been reported in O. moubata.>

The Role of Cysteine Proteases in Tick Embryogenesis

The second major physiological event in the tick body where cysteine proteases
have been reported to play a role is embryogenesis, specifically the degradation of yolk
proteins. During embryonic development, ticks rely on yolk reserve substances, mainly
vitellin. Degradation is limited to the acid environment of the yolk spheres (specialized
organelles that are considered as lysosomal-like organelles) since they contain both
substrate (vitellin) and the degradative machinery. There is limited data on the particular
enzymes involved in vitellin processing. Except for the reported yolk-degrading aspartic
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peptidases, the yolk proteolytic activity has been essentially attributed to a cathepsin L-like
enzyme through substrate and inhibitor specificity studies. In the soft tick O. moubata, the
activity has been demonstrated as two bands of 37 kDa and 39 kDa on gelatin gels with
maximum degradation efficiency at pH 3-4. At neutral pH, the protein binds vitellin.** In
a later study it was shown that the enzyme is stored as an inactive zymogen that can be
activated by a low pH environment.* However, molecular or biochemical identification
of the specific protease activity, e.g., based on cDNA or mass spectrometry data, is still
missing. This mechanism seems not to be soft tick specific, as a vitellin-degrading cysteine
endopeptidase (VTDCE) has been identified from eggs of the hard tick B. microplus,
as well.*® Purified endogenous VTDCE is tightly associated to vitellin, is inhibited by
E64 and appears as a dimer of 17 kDa and 22 kDa. Vaccination of bovines with purified
VTDCE induces a partial protective immune response against B. microplus infestation.*’
A further vitellin-degrading enzyme (RmLCE) was purified and identified from larval
extracts of B. microplus larvae.* Ithas been proposed that VTDCE is a maternally-derived
protease with restricted specificity and that RmLCE is synthesized in larvae to complete
hydrolysis of the remaining vitellin peptides. Such an enzyme might help tick survival
by providing amino acids for protein catabolism enabling larval survival until the first
blood meal is achieved.

Unlike the digestive machinery, the yolk-processing cascades have remained
conserved among bloodfeeding insects and ticks. Based on the similarities with gut cells,
i.e., receptor-mediated endocytosis followed by subsequent endosomal degradation of
vitellin, we speculate on the existence of a similar degradation enzyme matrix of cysteine
and aspartic peptidases in guts and eggs/larvae. Different enzyme isoforms, possibly
mutated duplicates of ancestral single-copy genes, encoding peptidases with varying
substrate specificity for vitellin should be identified and their specific role confirmed by
expression profiling, RNAi knock-down and proteomic analyses.

CYSTEINE PROTEASES IN MOSQUITOES
Cysteine Proteases and Mosquito Embryogenesis

An unusual cathepsin-B-like cysteine protease has been cloned and characterized
from the yellow fever- and malaria-transmitting mosquito Aedes aegypti.*® It is named
vitellogenic cathepsin B (VCB) and it is produced in the fat body of vitellogenic female
mosquitoes afterblood feeding. Exclusively secreted by their fat body as a latent proenzyme,
it is stored in yolk bodies of the developing oocytes in the inactive proenzyme form of
44 kDa.* The kinetics of its secretion by the vitellogenic fat body are similar to those of
the yolk protein precursors and its synthesis does not take place in the ovaries. Instead,
the protein is taken up by the ovaries through endocytosis, again similar to the yolk
protein precursors. Upon embryogenesis it is processed to a mature 33 kDa VCB that is
active against Z-Arg-Arg-pNA, a cathepsin B-specific substrate. The fat body-secreted,
hemolymph form of VCB cannot be activated by acidic pH alone through autocatalysis,
but acidic pH was sufficient for the activation of VCB in ovarian extracts, suggesting
a physiological mechanism that ensures uptake of VCB by the oocytes in the latent,
inactive proenzyme form and ensures its activation only in the mosquito embryo.* There,
VCB degrades vitellogenin, the major yolk protein precursor. Vitellogenin degradation
is inhibited by the thiol protease inhibitor E-64, further confirming the involvement of
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cysteine protease activity. Finally, the addition of an anti-VCB antibody to the embryonic
extract prevented cleavage of vitellogenin, strongly indicating that VCB is involved
in embryonic degradation of vitellin in vivo. In conclusion, VCB, similar to other key
proteins in mosquito embryogenesis, is produced by an extraovarian tissue (fat body)
and is endocytosed by the follicular cells, where it accelerates yolk protein degradation,
a key event for the production of nutrients for the developing embryo.* An orthologous
or homologous cathepsin in the mosquito Anopheles gambiae shows a blood-inducible
pattern of expression in the fat body by quantitative real-time PCR (qPCR) analysis with
a maximum accumulation of 35- to 74-fold, 24 hrs. after every blood meal.*°

Finally, a study on the role of cathepsins in the development and maturation of
the ovaries of the mosquito Culex pipiens pallens showed that cathepsin B- and L-like
proteinases gradually accumulate in the developing ovaries after a blood meal and that
they require more than 10 min of preincubation under acidic conditions to reach their
maximum activities.* In contrast, homogenates of degenerating follicles, 3 days after
blood feeding, display proteolytic activities without any acid treatment, suggesting that
these proteases are already active in the mosquito ovaries at that time point and that they
remained as inactive forms in the mosquito ovaries immediately after mosquito blood
feeding. Chemical and immunohistochemical analyses also showed that, 3 days after blood
feeding, more proteinases were located in the cytoplasm, rather than being associated with
yolk granules.*! In conclusion, these ovarian cysteine proteases from C. pipiens, apart
from being activated at the onset of embryogenesis, are also activated during oogenesis,
presumably to enhance oosorption, i.e., degeneration of some follicles in the developing
ovaries. In this way, oosorption may enable females to recycle nutrients to developing
oocytes when nutrient availability is poor.

Mosquito Caspases

The development and tissue homeostasis of Aedes aegypti is also safeguarded
by the regulated activity of its caspases, key enzymes that serve as the initiators and
executioners of apoptosis throughout the animal kingdom.** These enzymes fall into
two categories depending on the size of their prodomain. Those caspases containing
long prodomains (caspase recruitment or death effector domains) are called initiator
caspases, because they activate the early apoptotic cascades. Those with short prodomains
are called effector caspases, as they are involved in downstream apoptotic steps such as
cleavage of the substrates/cellular proteins required to execute cell death (protein kinases,
chromatin modifying enzymes and DNA repair proteins).* There is a key difference
between Drosophila and vertebrates in the regulation of caspase activity; insect caspase
activity is almost constitutive, abundant in all insect cells and inhibited by members of
the inhibitors-of-apoptosis family (DIAP1: Drosophila inhibitor of apoptosis 1) in the
cells that do not have to undergo apoptosis. In vertebrates, caspase activation requires
the presence of death signals in the environment of the cells that will undergo apoptosis
and members of the vertebrate inhibitors-of-apoptosis family contribute to apoptosis
termination.*> Although most information about insect caspases comes from studies in
Drosophila, the cloning and functional characterisation of initiator caspases (named
Aedes Dredd and Aedes Dronk, respectively) from the mosquito Ae. aegypti has been
reported.** Aedes Dredd (4eDredd) contains two N-terminal death effector domains and
the well-conserved caspase catalytic domain. Multiple sequence alignments, homology
modeling and functional substrate assays of the recombinant protein suggest that 4eDredd
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is an ortholog of Drosophila Dredd and human caspase-8, all key players in the death
receptor-mediated apoptotic pathway.* gPCR analysis revealed low levels of 4eDredd
transcripts throughout the body of the mosquito and throughout its development. Transcript
levels in callow pupae were five- to-six-fold higher than in other developmental stages. In
adult mosquitoes, transcript levels were the highest in the fat body tissues, up to four-fold
higher than the levels found in salivary glands and ovaries. AeDredd transcripts were
also two-fold higher in midgut tissues when compared with those in salivary glands and
ovaries.” Exposure of third instar larvae for 24 or 48 hrs to ecdysone did not significantly
change AeDredd transcription, but 30 min exposure of adult midguts to ultraviolet light
induced a six-fold higher AeDredd transcription level compared with the control.**

Aedes Dronc (AeDronc) is another initiator caspase in Ae. aegypti that is predicted
to contain an N-terminal caspase recruitment domain and the conserved caspase subunit,
which has aunique sequence, SIRCG, surrounding the catalytic Cys.* Molecular modeling,
phylogenetics, sequence comparison analyses and its substrate specificity show that it
is the mosquito homolog of Drosophila Dronc and human caspases-2 and -9. 4eDronc
appears to be involved principally in insect development; gPCR revealed that 4eDronc
transcript levels in third instar larvae were 26-fold higher than those in the early instar
stages. Transcript levels in fourth instar larvae were 12-fold higher than those in the third
instar larvae, while transcript levels in callow and black pupae were 126 and 53-fold
higher, respectively, than those in the third instar larvae.** Thus, the highest levels of
transcripts are detected in late instar larvae and early and late pupae, which corresponds
to tissue reorganization events and pulses of the steroid hormone ecdysone. Indeed, a
six-fold increase in AeDronc transcripts was observed after 24 hrs of exposure of third
instart larvae to ecdysone and a 16-fold increase after 48 hrs of exposure. An analysis
of total cellular protein from larvae treated with ecdysone showed an increase in both
AeDronc-specific activity and the downstream, effector caspase-like activity. The
AeDronc-specific activity increased at 24 hrs and remained relatively constant up to 48
hrs, whereas the more generic effector caspase-like activity steadily increased up to 48 h.**
Overall these data demonstrate that exposure of third instar larvae to ecdysone results
in a significant increase in both transcript levels and caspase activity, suggesting that
AeDronc may play a role in the tissue reorganization that takes place during mosquito
metamorphosis. 4eDronc transcripts were also found in all adult tissues, with the highest
levels detected in the fat body, a tissue with high cell turnover rates and the primary
immune response tissue in insects.*

Recently, it was shown that 4eDredd interacts with a mosquito FADD caspase
adaptor, named Aedes FADD, that is required for antibacterial immunity in Ae. aegypti.®®
Moreover, caspase-like activity was detected in the invaded midgut cells of Ae. aegypti
when infected with Plasmodium gallinaceum.*® Currently, little is known about the
biochemical pathways involved in controlling apoptosis in the malaria-infected mosquito
midgut, but anacaspase-7 is one of the three apoptosis-related molecules that has been
identified in cDNA libraries enriched in mosquito midgut sequences expressed immediately
after midgut invasion by a malaria parasite.*’ Anacaspase-7 shares 40% identity and 60%
homology with the Drosophila caspase DECAY and immunolocalization experiments
revealed a putative protease present only in gut cells after invasion by large numbers of
ookinetes. Increased apoptosis has also been detected in malaria-infected mosquito ovaries.
Activation of a caspase-like molecule in Anopheles gambiae ovaries upon Plasmodium
yoellinigeriensis infection has been detected with FAM-VAD.fmk in approximately 25%
of the ovarian follicles, but its molecular identity remains unknown.*®
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CYSTEINE PROTEASES IN OTHER BLOODFEEDING ARTHROPODS
Tsetse Fly Cathepsin B

A cathepsin B enzyme (GmCatB) is involved in protein digestion in the midgut of
Glossina morsitans morsitans (tsetse fly), the vector of African trypanosomes.* The
cDNA for GmCatB was shown as bloodmeal-induced in a subtractive suppression
hybridization experiment and it encodes a protein of 340 amino acids with a predicted
molecular mass of 38.2 kDa.* The first 19 amino acids of the protein are hydrophobic,
suggesting a clear secretory signal peptide sequence at its N-terminus. Further structural
analysis indicates that the following 65 amino acid residues (from position 20 to
84) correspond to the propeptide of the enzyme, demonstrating that the protease is
expressed as an inactive zymogen.* This prodomain is likely proteolytically removed
for the protease to be activated, resulting in a mature protein of 28.6 kDa. GmCatB
transcription is constitutive and further induced throughout the digestion cycle within
a few hours following ingestion of the first bloodmeal. It is also parasite-responsive,
as its expression is two- to three-fold higher in trypanosome-infected flies, not only in
their midgut but in their fat body as well.** Analysis of GmCatB transcripts showed high
levels of expression in larvae and pupae, while in adult flies, although it was found to
be preferentially expressed in the midgut, transcripts corresponding to GmCatB could
be detected in the proventriculus and fat body tissues. No transcripts were detected in
tsetse fly salivary glands.*

Cathepsin-Like Proteases of Triatomids

Using specific substrates and inhibitors, cathepsin B- and cathepsin L-like activities
were also identified in the gut extracts of the bloodsucking bug Triatoma infestans,
the vector of Trypanosoma cruzi (the etiologic agent of Chagas’ disease).”® More
specifically, small intestine extracts from unfed bugs hydrolysed ZPhe-Arg-pNA; this
activity was optimal at pH 5 and low but variable outside this pH range. It decreased
during the first 2 days after feeding, but then increased to a maximum value at 5 and
10 days post feeding.>® The activity was inhibited by both E-64 and CA-074, which are
known chemical inhibitors of cysteine proteases, but inhibition was always less when
using the specific cathepsin B inhibitor CA-074.° A cDNA encoding a cathepsin B-like
proteinase (CatB1) was cloned, revealing an open reading frame of 996 nucleotides that
encodes for a deduced protein of 332 amino acids with a predicted molecular weight
of 36.3 kDa. The CatB1 protein contains a 16-residue secretory signal peptide, while
a propeptide cleavage site was predicted between residues Thr69 and Leu70. The
calculated mass of the mature protein is approximately 27 kDa, while the occluding loop,
characteristic for cathepsin B-like enzymes, was found between the two Cys residues at
positions 118 and 138. The deduced proenzyme sequence showed 48—-60% identity to
cathepsin-B enzymes from different arthropods and 60% identity to that from humans,
while the lowest identity was observed with the fat body-cathepsin B of the dipteran
Ae. aegypti.®® The CatB1 gene was expressed at low, constitutive levels in unfed and
fed T. infestans fifth instar larvae.*® In addition, the cDNA encoding a cathepsin L-like
proteinase from 7. infestans (CatL1) was also cloned;*° the open reading frame of 984
nucleotides encodes for a theoretical protein precursor with a molecular weight of 36.5
kDa. The CatL1 protein also possesses a 16-residue N-terminal signal peptide and its
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propetide contains 95 amino acids. As a result, the predicted mature enzyme consists
of 217 amino acid residues and its estimated molecular weight is 23 kDa. The CatL1
precursor has 55-60% identity to cathepsin-L like enzymes from different insects
and 68% identity to that of Rhodnius prolixus.>® The three amino acid residues of the
catalytic domain, CHN and the GCNGG motif were conserved in both cathepsins from
T. infestans, but ERYNIN and KNFD motifs occurred only in the CatL1 sequence,
defining it as a cathepsin L-like cysteine protease.>

Cathepsin B activity was present also in the midgut of R. prolixus, the main
triatomine vector of Chagas’ disease in Central America and the Andean region, not
only before its feeding but also for 35 days after the blood meal. There was a 10-fold
increase in this activity from unfed to 6 days post feeding of bugs and cathepsin B
activity was higher in mated females than males.*' Cathepsin B was localized to small,
Golgi-derived vesicles in the intestinal cells of the small intestine and to lysosomes
in cells of all midgut regions.> Apart from cathepsin B, cathepsin D activity has also
been reported in the midgut of this insect based on the enzymatic activities of crude
midgut extracts or their inhibition by specific inhibitors,*** however, amino acid or
nucleotide sequences of any of these proteases have yet to be identified. The cloning
of a 1.2 kb ¢cDNA encoding for a cysteine protease from R. prolixus (RpCat) that
shows a high similarity to cathepsin L-like enzymes has also been reported.”> The
RpCat gene is expressed only in the midgut of adults, but not in the salivary glands
or other tissues and in the Ist to 4th nymph instars, but not in 5th instar nymphal
stages, indicating that its expression may be regulated by hormonal conditions that
are modified before transformation into an adult.”® The open reading frame of the
cDNA encodes a zymogen of 316 amino acids that includes an N-terminal 99-residue
propeptide. The enzyme has a C-terminus that could direct it to a secretory route,
suggesting its participation in blood digestion.® The estimated molecular weights of
the zymogen and the mature protease are 33.7 kDa and 23.8 kDa, respectively. The
motif, ERFININ, that is characteristic for cathepsin-L like cysteine proteases was also
identified in the prosegment region between amino acids 29 and 48.°° Moreover, it has
been demonstrated that insect cathepsin-like enzymes are involved in the proteolytic
activation of canatoxin that results in production of entomotoxic peptide(s) involved in
the deleterious effect of the protein in R. prolixus.>® Canatoxin is a toxic protein isolated
fromthe jackbean Canavalia ensiformis. The presence of canatoxin-like proteins in other
leguminous seeds, including many edible ones, are suggestive of a physiological role,
perhaps related to plant defense. Canatoxin toxicity has also been assessed in various
insects, including Manduca sexta, Schistocerca americana, Drosophila melanogaster,
Ae. aegypti, R. prolixus and Callosobruchus maculatus. Canatoxin was given in their
diets and found to be lethal when fed to insects relying on cathepsins as their main
digestive enzymes, such as C. maculatus and R. prolixus.’” In contrast, insects with
trypsin-based digestion (the other four tested) were not affected.’’

Copepod Cysteine Proteases

Cysteine proteases are also present in the bloodfeeding parasitic copepod
Phrixocephalus cincinnatus.’® Substrate specificity, pH profile and inhibitor sensitivity
indicate that the proteolytic activity found in these copepods could be partially attributed
to cysteine proteases that they are mostly similar to mammalian cathepsins B, L and H.*®
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CONCLUSION

Cysteine peptidases play an important role in extracellular and intracellular protein
degradation and processing in a wide range of organisms from bacteria to mammals.
They have been studied in various species including bloodfeeding arthropods (Table 1).
In ticks they have been shown to be the key digestive enzymes in the gut epithelium

Table 1. Cysteine proteases that have been identified and functionally characterized
from bloodfeeding arthropods

Name Species Specificity MW (kDa) Tissue Ref.

Ticks

BmCL1 Boophilus Cathepsin L 42 Gut 12,13
(Rhipicephalus)
microplus

HICPL-A Haemaphysalis Cathepsin L 29 Gut 16
longicornis

IrCL1 Ixodes ricinus  Cathepsin L~ 30 Gut predominantly, 26, 32

also salivary glands,
ovary, mal. glands

IrCBI Ixodes ricinus  Cathepsin B 32 Gut 26, 32

Longipain Haemaphysalis Cathepsin B 39 Gut 17
longicornis

IrCC Ixodes ricinus ~ Cathepsin C  23-25 Gut predominantly, 26, 32

also salivary glands,
ovary, mal. glands

IrAE Ixodes ricinus  Legumain/AE 38-40 Gut 18,32
HILgm1 Haemaphysalis Legumain/AE 38 Gut 21
longicornis
HILgm?2 Haemaphysalis Legumain/AE 36 Gut 22
longicornis
Other arthropods
Vitellogenic ~ Aedes aegypti ~ Cathepsin B 33 Adult ovaries, fat 39
cathepsin B body
Aedes Dredd Aedes aegypti  Initiator 55 (Estimated, Abundant, higher 43
caspase containing the expression in early
death domains) pupae and adult fat
body
Aedes Dronk Aedes aegypti  Initiator 52 (Estimated, Abundant, higher 44
caspase containing expression in late
the caspase instar larvae, early
recruitment and late pupae and
domain) adult fat body

continued on next page
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Table 1. Continued

Name Species Specificity MW (kDa) Tissue Ref.
GmCatB Glossina Cathepsin B 28.6 Abundant, high 49
morsitans (Estimated) levels in larvae and
morsitans pupae, expressed in

all adult tissues apart
from the salivary

glands
CatBl1 Triatoma Cathepsin B 27 (Estimated) Low, constitutive 50
infestans levels in unfed and
fed fifth instar larvae
CatL1 Triatoma Cathepsin L 23 (Estimated) Not known 50
infestans
RpCat Rhodnius Cathepsin L 23.8 Only in adult 55
prolixus (Estimated) midguts and in Ist to
4th nymph instars

The name, the species in which it was characterized, specificity, molecular weight of the mature enzyme
(kDa) and tissue specificity are provided for each cysteine protease, as well as the corresponding reference
in the chapter. ‘Estimated’ means that the gene sequence was used for molecular weight calculation, but
there are no experimental data to support the calculation.

and to have specific roles in embryogenesis (i.e., degradation of yolk proteins). The
evolutionarily older gut-associated cysteine and aspartic peptidase matrix, best described
from bloodfeeding helminths, was conserved up to the insects and in Coleoptera, Diptera
and Hemiptera, cysteine proteases have been considered as targets for pest control.
However, these organisms have also evolved serine peptidase-based extracellular
machinery not present in ticks. Cysteine proteases, such as cathepsin B and L, have also
been shown to have importantroles in embryogenesis and tissue remodelling during insect
metamorphosis, while they can also participate in nutrient recycling and availability to
the developing organism. Moreover, caspases have been proposed as important players
in the apoptotic machinery of bloodfeeding arthropods. Finally, there is accumulating
evidence that cysteine proteases may play a role in disease transmission as well, but
this hypothesis remains to be tested as to whether it applies to pathogen transmission by
different bloodfeeding arthropods.

ACKNOWLEDGEMENTS

This work was supported by grant No. Z60220518, grant No. TAA600960910,
grant No. IAA600960811, and grant No. KIB600960911 from the Grant Agency of the
Academy of Sciences of the Czech Republic and the Research Center No. LC06009 from
the Ministry of Education, Youth and Sports of the Czech Republic. LM.B.F., E.C. and
M.K. were supported by the Intramural Research Program of the Division of Intramural
Research, National Institute of Allergy and Infectious Diseases, National Institutes of
Health. We thank NIAID intramural editor Brenda Rae Marshall for assistance and Dr
Mark W. Robinson and Professor John P. Dalton for critical comments on the chapter.



CYSTEINE PROTEASES FROM BLOODFEEDING ARTHROPOD ECTOPARASITES 189

Because .M.B.F. and E.C. are government employees and this is a government
work, the work is in the public domain in the United States. Notwithstanding any other
agreements, the NIH reserves the right to provide the work to PubMedCentral for display
and use by the public and PubMedCentral may tag or modify the work consistent with its
customary practices. You can establish rights outside of the U.S. subject to a government
use license.

CONFLICT OF INTEREST

The authors declare that there are no conflicts of interest regarding this manuscript.

REFERENCES

1. Nava S, Guglielmone AA, Mangold AJ. An overview of systematics and evolution of ticks. Front Biosci
2009; 14:2857-2877.

2. de la Fuente J, Estrada-Pena A, Venzal JM et al. Overview: Ticks as vectors of pathogens that cause disease
in humans and animals. Front Biosci 2008; 13:6938-6946.

3. Grandjean O, Aeschlimann A. Contribution to the study of digestion in ticks: histology and fine structure
of the midgut ephithelium of Ornithodorus moubata, Murray (Ixodoidea, Argasidae). Acta Trop 1973;
30:193-212.

4. Obenchain FD, Galun R. Physiology of Ticks, 1st ed. Oxford: Pergamon Press, 1982.

5. Harrison FW, Foelix RF. Chelicerate arthropoda. New York ; Chichester: Wiley; 1999.

6. Tarnowski BI, Coons LB. Ultrastructure of the midgut and blood meal digestion in the adult tick Dermacentor
variabilis. Exp Appl Acarol 1989; 6:263-289.

7.SauerJR, Hair JA. Morphology, Physiology and Behavioral Biology of Ticks. New York: Halsted Press, 1986.

8. Kaufman WR. Tick-host interaction: a synthesis of current concepts. Parasitol Today 1989; 5:47-56.

9. Sonenshine DE. Biology of Ticks. Oxford: Oxford University Press, 1991.

10.Reich CI, Zorzopulos J. Boophilus microplus: characterization of larval proteases. Exp Parasitol 1978;44:1-6.

11. Zorzopulos J, Reich CI, Galassi N. Boophilus microplus: characterization of larval phosphomonoesterases
and isolation of subcellular fractions with high phosphatase activity. Exp Parasitol 1978; 45:128-138.

12. Renard G, Garcia JF, Cardoso FC et al. Cloning and functional expression of a Boophilus microplus
cathepsin L-like enzyme. Insect Biochem Mol Biol 2000; 30:1017-1026.

13. Renard G, Lara FA, de Cardoso FC et al. Expression and immunolocalization of a Boophilus microplus
cathepsin L-like enzyme. Insect Mol Biol 2002; 11:325-328.

14. Mulenga A, Sugimoto C, Onuma M. Characterization of proteolytic enzymes expressed in the midgut of
Haemaphysalis longicornis. Jpn J Vet Res 1999; 46:179-184.

15. Mulenga A, Sugimoto C, Ingram G et al. Molecular cloning of two Haemaphysalis longicornis cathepsin
L-like cysteine proteinase genes. ] Vet Med Sci 1999; 61:497-502.

16. Yamaji K, Tsuji N, Miyoshi T et al. Hemoglobinase activity of a cysteine protease from the ixodid tick
Haemaphysalis longicornis. Parasitol Int 2009; 58:232-237.

17. Tsuji N, Miyoshi T, Battsetseg B et al. A cysteine protease is critical for Babesia spp. transmission in
Haemaphysalis ticks. PLoS Pathog 2008; 4:e1000062.

18. Sojka D, Hajdusek O, Dvorak J et al. IrAE: an asparaginyl endopeptidase (legumain) in the gut of the hard
tick Ixodes ricinus. Int J Parasitol 2007; 37:713-724.

19. Gotz MG, James KE, Hansell E et al. Aza-peptidyl Michael acceptors. A new class of potent and selective
inhibitors of asparaginyl endopeptidases (legumains) from evolutionarily diverse pathogens. J] Med
Chem 2008; 51:2816-2832.

20. Ovat A, Muindi F, Fagan C et al. Aza-peptidyl Michael acceptor and epoxide inhibitors—potent and
selective inhibitors of Schistosoma mansoni and Ixodes ricinus legumains (asparaginyl endopeptidases).
J Med Chem 2009; 52:7192-7210.

21. Abdul Alim M, Tsuji N, Miyoshi T et al. Characterization of asparaginyl endopeptidase, legumain induced
by blood feeding in the ixodid tick Haemaphysalis longicornis. Insect Biochem Mol Bio 2007;37:911-922.

22. Alim MA, Tsuji N, Miyoshi T et al. HILgm2, a member of asparaginyl endopeptidases/legumains in
the midgut of the ixodid tick Haemaphysalis longicornis, is involved in blood-meal digestion. J Insect
Physiol 2008; 54:573-585.



190 CYSTEINE PROTEASES OF PATHOGENIC ORGANISMS

23. Alim MA, Tsuji N, Miyoshi T et al. Developmental stage- and organ-specific expression profiles of
asparaginyl endopeptidases/legumains in the ixodid tick Haemaphysalis longicornis. J Vet Med Sci
2008; 70:1363-1366.

24. AlimMA, Tsuji N, Miyoshi T etal. Legumains from the hard tick Haemaphysalis longicornis play modulatory
roles in blood feeding and gut cellular remodelling and impact on embryogenesis. Int J Parasitol 2009;
39:97-107.

25. Boldbaatar D, Sikalizyo Sikasunge C, Battsetseg B et al. Molecular cloning and functional characterization
of an aspartic protease from the hard tick Haemaphysalis longicornis. Insect Biochem Mol Biol 2006;
36:25-36.

26. Sojka D, Franta Z, Horn M et al. Profiling of proteolytic enzymes in the gut of the tick Ixodes ricinus
reveals an evolutionarily conserved network of aspartic and cysteine peptidases. Parasit Vectors 2008; 1:7.

27. Hatta T, Kazama K, Miyoshi T et al. Identification and characterisation of a leucine aminopeptidase from
the hard tick Haemaphysalis longicornis. Int J Parasitol 2006; 36:1123-1132.

28. Caffrey CR, McKerrow JH, Salter JP et al. Blood ‘n’ guts: an update on schistosome digestive peptidases.
Trends Parasitol 2004; 20:241-248.

29. Delcroix M, Sajid M, Caffrey CR et al. A multienzyme network functions in intestinal protein digestion
by a platyhelminth parasite. J Biol Chem 2006; 281:39316-39329.

30. Williamson AL, Brindley PJ, Knox DP et al. Digestive proteases of blood-feeding nematodes. Trends
Parasitol 2003; 19:417-423.

31. Anderson JM, Sonenshine DE, Valenzuela JG. Exploring the mialome of ticks: an annotated catalogue of
midgut transcripts from the hard tick, Dermacentor variabilis (A cari: Ixodidae). BMC Genomics 2008; 9:552.

32. Horn M, Nussbaumerova M, Sanda M et al. Hemoglobin digestion in blood-feeding ticks: mapping a
multipeptidase pathway by functional proteomics. Chem Biol 2009; 16:1053-1063.

33. Grunclova L, Horn M, Vancova M et al. Two secreted cystatins of the soft tick Ornithodoros moubata:
differential expression pattern and inhibitory specificity. Biol Chem 2006; 387:1635-1644.

34. Fagotto F. Yolk degradation in tick eggs: I. Occurrence of a cathepsin L-like acid proteinase in yolk spheres.
Arch Insect Biochem Physiol 1990; 14:217-235.

35. Fagotto F. Yolk degradation in tick eggs: II. Evidence that cathepsin L-like proteinase is stored as a latent,
acid-activable proenzyme. Arch Insect Biochem Physiol 1990; 14:237-252.

36.Seixas A, Dos Santos PC, Velloso FF etal. A Boophilus microplus vitellin-degrading cysteine endopeptidase.
Parasitology 2003; 126(Pt 2):155-163.

37. Seixas A, Leal AT, Nascimento-Silva MC et al. Vaccine potential of a tick vitellin-degrading enzyme
(VTDCE). Vet Immunol Immunopathol 2008; 124:332-340.

38.Estrela A, Seixas A, Termignoni C. A cysteine endopeptidase from tick Rhipicephalus (Boophilus) microplus)
larvae with vitellin digestion activity. Comp Biochem Physiol B Biochem Mol Biol 2007; 148:410-416.

39. Cho WL, Tsao SM, Hays AR et al. Mosquito cathepsin B-like protease involved in embryonic degradation
of vitellin is produced as a latent extraovarian precursor. J Biol Chem 1999; 274:13311-13321.

40. Nirmala X, Marinotti O, James AA. The accumulation of specific mRNAs following multiple blood meals
in Anopheles gambiae. Insect Mol Biol 2005; 14:95-103.

41. Uchida K, Ohmori D, Ueno T et al. Preoviposition activation of cathepsin-like proteinases in degenerating
ovarian follicles of the mosquito Culex pipiens pallens. Dev Biol 2001; 237:68-78.

42. Cooper DM, Granville DJ, Lowenberger C. The insect caspases. Apoptosis 2009; 14:247-256.

43. Cooper DM, Pio F, Thi EP et al. Characterization of Aedes Dredd: a novel initiator caspase from the yellow
fever mosquito, Aedes aegypti. Insect Biochem Mol Biol 2007; 37:559-569.

44. Cooper DM, Thi EP, Chamberlain CM et al. Aedes Dronc: a novel ecdysone-inducible caspase in the
yellow fever mosquito, Aedes aegypti. Insect Mol Biol 2007; 16:563-572.

45. Cooper DM, Chamberlain CM, Lowenberger C. Aedes FADD: a novel death domain-containing protein
required for antibacterial immunity in the yellow fever mosquito, Aedes aegypti. Insect Biochem Mol
Biol 2009; 39:47-54.

46. Zieler H, Dvorak JA. Invasion in vitro of mosquito midgut cells by the malaria parasite proceeds by a
conserved mechanism and results in death of the invaded midgut cells. Proc Natl Acad Sci USA 2000;
97:11516-11521.

47. Abraham EG, Islam S, Srinivasan P et al. Analysis of the Plasmodium and Anopheles transcriptional
repertoire during ookinete development and midgut invasion. J Biol Chem 2004; 279:5573-5580.

48. Ahmed AM, Hurd H. Immune stimulation and malaria infection impose reproductive costs in Anopheles
gambiae via follicular apoptosis. Microbes Infect 2006; 8:308-315.

49. Yan J, Cheng Q, Li CB et al. Molecular characterization of three gut genes from Glossina morsitans
morsitans: cathepsin B, zinc-metalloprotease and zinc-carboxypeptidase. Insect Mol Biol 2002; 11:57-65.

50. Kollien AH, Waniek PJ, Nisbet AJ et al. Activity and sequence characterization of two cysteine proteases
in the digestive tract of the reduviid bug Triatoma infestans. Insect Mol Biol 2004; 13:569-579.



CYSTEINE PROTEASES FROM BLOODFEEDING ARTHROPOD ECTOPARASITES 191

51. Houseman JG, Downe AER. Activity cycles and the control of four digestive proteinases in the posterior
midgut of Rhodnius prolixus Stal (Hemiptera: Reduviidae). J Insect Physiol 1983; 29:141-148.

52. Billingsley PF, Downe AER. Ultrastructural localisation of cathepsin B in the midgut of Rhodnius prolixus
Stal (Hemiptera: Reduviidae) during blood digestion. Int J Insect Morph Embryol 1988; 17:295-302.

53. Terra WR, Ferreira C, Garcia ES. Origin, distribution, properties and functions of the major Rhodnius
prolixus midgut hydrolases. Insect Biochem 1988; 18:423-434.

54.Houseman JG, Downe AER. Characterization of an acidic proteinase from the posterior midgut of Rhodnius
prolixus Stal (Hemiptera: Reduviidae). Insect Biochem 1982; 12:651-655.

55. Lopez-Ordonez T, Rodriguez MH, Hernandez-Hernandez FD. Characterization of a cDNA encoding a
cathepsin L-like protein of Rhodnius prolixus. Insect Mol Biol 2001; 10:505-511.

56. Ferreira-DaSilva CT, Gombarovits ME, Masuda H et al. Proteolytic activation of canatoxin, a plant toxic
protein, by insect cathepsin-like enzymes. Arch Insect Biochem Physiol 2000; 44:162-171.

57.Carlini CR, Oliveira AE, Azambuja P etal. Biological effects of canatoxin in different insect models: evidence
foraproteolytic activation of the toxin by insect cathepsinlike enzymes. ] Econ Entomol 1997; 90:340-348.

58. Perkins PS, Haley D, Rosenblatt R. Proteolytic enzymes in the blood-feeding parasitic copepod, Phrixocephalus
cincinnatus. J Parasitol 1997; 83:6-12.



CHAPTER 12

HOW PATHOGEN-DERIVED
CYSTEINE PROTEASES MODULATE
HOST IMMUNE RESPONSES

Sheila Donnelly,*! John P. Dalton? and Mark W. Robinson'

1i3 Institute (formerly IBID), University of Technology, Sydney, Ultimo, Australia; *Institute of Parasitology,
McDonald Campus, McGill University, St. Anne de Bellevue, Quebec, Canada
*Corresponding Author: Sheila Donnelly—Email: sheila.donnelly@uts.edu.au

Abstract: In mammals, cysteine proteases are essential for the induction and development of
both innate and adaptive immune responses. These proteases play a role in antigen-
and pathogen-recognition and elimination, signal processing and cell homeostasis.
Many pathogens also secrete cysteine proteases that often act on the same target
proteins as the mammalian proteases and thereby can modulate host immunity from
initial recognition to effector mechanisms. Pathogen-derived proteases range from
nonspecific proteases that degrade multiple proteins involved in the immune response
to enzymes that are very specific in their mode of action. Here, we overview current
knowledge of pathogen-derived cysteine proteases that modulate immune responses
by altering the normal function of key receptors or pathways in the mammalian
immune system.

INTRODUCTION

It is the role of the immune system to synthesise and release effector molecules that
detect, implement or orchestrate an appropriate response to a potential threat or danger
signal. To regulate many aspects of this process, cells of the immune system utilise
protease activity. One major group of cysteine proteases, termed cathepsins, are common
constituents of the endolysosomal compartments of immune cells where they have critical
roles in events such as antigen presentation and zymogen processing. Despite a widely
held belief that the cathepsins were enzymes that function only at the acidic pH within
the lysosomal compartment, it is now evident that they also operate in the cytosolic
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Table 1. Summary of the immuno-modulatory cysteine proteases of pathogenic organisms

Cysteine Observed Effect
Pathogen Disease Protease on Immune System
Helminth
Fasciola hepatica  Fascioliasis Cathepsin L1 Degrades endosomal TLR3
Cleaves hinge region of IgG
Cathepsin L2 Cleaves hinge region of IgG
Necator Helminthiasis Uncharacter- IL-4 production by
americanus ised basophils
Paragonimus Paragonimiasis Uncharacter- Cleaves hinge region of IgG
westermani ised
Schistosoma Schistosomiasis Cathepsin B Inhibits macrophage
mansoni activation by Thl
stimulants
Cleaves hinge region of IgG
Spirometra Sparaganosis Cathepsin Cleaves hinge region of IgG
mansoni S-like protease
Protozoan
Entamoeba Amebiasis EhCpl,EhCp2, Converts Pro-IL-18 to
histolytica EhCp5 mature, active IL-18
Cleaves Pro-IL-18
Degrades C5a and C3a of
the complement pathway
Cleaves hinge region of
IgAl and IgA2
Leishmania Leishmaniasis Cathepsin B Induces Th2 cytokine
mexicana responses
Cleaves CD25 from T-cells
Inhibition of NF«B binding
to DNA
Plasmodium Malaria PfUCHL3 De-ubiquitinase activity—
falciparum no specific target identified
PfUCHS54
Toxoplasma Toxoplasmosis TgUCHL3 De-ubiquitinase activity—
gondii no specific target identified
Trypanosoma Trypanosomiasis ~ Cruzipain Degradation of NFkB
cruzi
Cleaves hinge region of IgG
Bacteria
Chlamydia Chlamydia ChlaDubl De-ubiquitinase activity—
trachomatis no specific target identified

continued on next page
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Table 1. Continued

Cysteine Observed Effect
Pathogen Disease Protease on Immune System
ChlaDub2 De-ubiquitinase activity—
no specific target identified
Escherichia coli Gastroenteritis ElaD De-ubiquitinase activity—
no specific target identified
StcE Degrades the complement
Cl-inhibitor serpin
Porphyromonas Periodontal Arg-specific Cleaves CD14 from
gingivalis disease gingipain monocytes and fibroblasts
Lys-specific Cleaves IL-6, IL-1Ra,
gingipain IL-12, TNFa, IFN-Y
Cleaves IL-8
Activates complement C3,
C4,C5
Prevotella Periodontal Interpain A Activates the C1 comple-
intermedia disease ment complex
Streptococcus Pharyngitis Streptopain Converts Pro-IL-1f to
pyogenes (SpeB) mature, active IL-1§
Degrades IgA, IgD, IgG,
IgE and IgM
Cleaves C3 complement
protein
IdeS Cleaves hinge region of IgG
Salmonella sp Salmonellosis AvrA De-ubiquitinates IkBa
Yersinia sp Yersiniosis YopJ De-ubiquitinates TRAF2,
TRAF3 and TRAF6
De-ubiquitinates IkBa
Virus
Coronaviridae Gastroenteritis, PLP domains De-ubiquitinates IRF3
SARs,
common cold
Herpes simplex Oral and/or UL36 De-ubiquitinase activity—
virus 1 genital herpes no specific target identified
adenovirus Respiratory adenain De-ubiquitinase activity—
disease, no specific target identified

Gastroenteritis
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and nuclear compartments of cells, as well as the extracellular space.! As a result of
this widespread localisation, cathepsins can exert diverse effects on the development
and regulation of immune responses by playing key roles in cytokine regulation, cell
development, induction of apoptosis and influencing Toll-like receptor (TLR) signalling. '

Many pathogenic organisms synthesize proteases thatresemble host cathepsins (Table
1), both functionally and structurally and have fundamental roles in the life-cycle and
survival of the pathogen. For example, parasitic helminths (worms) secrete proteases in
large quantities to degrade the extracellular matrix during host invasion,** intracellular
protozoans require proteases for invasion, nutrition and exit from host cells,’ bacterial
cathepsins perform housekeeping roles like amino acid uptake and fimbriae maturation®’
and viral proteases are involved in processing of viral gene products.®’ A number of the
target amino acid sequences for pathogen cathepsins are also present in key molecules
involved in regulating the host immune response including immunoglobulins (Ig),
cytokines, TLRs and ubiquitin (Ub). It has been suggested that adaptation of pathogen
proteases to target these structures has occurred in an evolutionary process to increase
pathogenicity.>!° This has been influenced by the unique biochemical challenges presented
to each pathogenic organism and is linked, in part, to their localisation as extracellular or
intracellular organisms and therefore their exposure to different cellular structures and
macromolecules. Here, we review the functions that have been attributed to pathogen
cysteine proteases in the evasion, suppression and modulation ofthe host immune response.

ADAPTIVE IMMUNE RESPONSES

The immunity and pathology occurring in response to infection with any pathogen is
predominantly mediated by T-lymphocytes. In general, control of infection and healing
is associated with a polarized Thl type response whereas the induction of interleukin
(IL)-4-dominated Th2 responses are largely suboptimal against a number of pathogens.

Induction of Th2 Immune Responses and/or Suppression of Th1 Responses

In certain protozoan infections, cysteine proteases are critical for the induction of
Th2 type immune responses. Leishmania are obligate intracellular parasites that live
as nonmotile amastigotes within cells of the mononuclear phagocyte lineage of their
mammalian hosts. The outcome of infection in leishmaniasis is determined by the Th1
versus Th2 nature of the effector response with parasites successfully establishing infection
by driving a Th2 immune response.!! Inhibition of Leishmania mexicana cathepsin B,
with a specific inhibitor, caused a switch in the polarisation of T-cell differentiation from
a Th2 to a protective Th1 phenotype in mice.'>"* In addition, mutants of L. mexicana
lacking cysteine protease activity induced less IL-4 and IgE in BALB/c mice compared
to wild type parasites.'* Finally, the delivery of recombinant cysteine proteases derived
fromeither L. mexicana, or Trypanosoma cruzi, elicited strong Th2-type responses typified
by enhanced mRNA expression and production of Th2 cytokines (IL-4, IL-5 and IL-13)
from the draining lymph nodes and also a polarised splenocyte response toward a Th2
bias in response to stimulation with anti-CD3.'>-!¢

The ability of cysteine proteases to induce Th2-type immune responses is dependent
on their enzymatic activity'>!” and also on their substrate specificity as only cysteine
proteases belonging to clan CA demonstrate an ability to promote the differentiation of
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Th2."®Injection of the plant-derived cysteine protease papain to mice was shown to promote
the activation of basophils, which then present antigen to CD4* T-cells and induce Th2 cell
responses through the secretion of IL-4 and thymic stromal lymphopoietin.!” Therefore,
it was suggested that basophils detect the presence of protease products which in turn
activates these cells to induce a Th2 response.'® This strategy of immune recognition is
distinct from typical recognition by cells of the innate system since it is not dependent
on the detection of pathogen molecular structures. Instead, it requires the detection of
enzymatic activity associated with the presence of a pathogen or antigen. The immune
outcome closely resembles the type of reaction that is triggered by helminths and has
led to the suggestion that the innate immune system has evolved a detection mechanism
based on sensing the abnormal protease activity associated with helminth infection.'®
This idea has support in studies showing that the secreted proteases of the hookworm
Necator americanus induce Type 2 cytokine production by basophils."®

Another means by which cysteine proteases could modulate host immune responses
towards a Th2 environment may be associated with their ability to inhibit Th1 immune
responses. In support of this idea, it was shown that the predominant secreted product
of the human and animal helminth pathogen Fasciola hepatica, a cathepsin L1 cysteine
protease, suppressed the onset of protective Th1 immune responses in mice to infections
with therespiratory microbe Bordetella pertussis, making them more susceptible to disease.
In addition, injection of the cysteine protease immediately prior to immunization of mice
with a B. pertussis whole-cell pertussis vaccine prevented the development of a Thl
response to the vaccine.?*?? Studies with L. mexicana cathepsin B suggest that cleavage
of CD25 from the surface of T-cells may prevent the development of Thl responses.'
Infection with the helminth Schistosoma mansoni may provide another example of how
cysteine proteases suppress Thl responses. The acute stages of schistosomiasis leads
to the development of a weak Th1 response, but this switches to a potent Th2 response
when female worms become fecund and release eggs that get trapped in host liver and
intestinal tissues.? Secretions from the trapped eggs are responsible for the induction of
this Th2 response. The major schistosome proteases, cathepsin B and cathepsin L, are
expressed and secreted by the egg stage of the parasite®* and, therefore, may facilitate
this immune switching.

INNATE IMMUNE RESPONSES

Substantial evidence supports the view that cysteine proteases secreted by a range
of pathogens specifically prevent cells of the innate immune response promoting
Thl-adaptive immune responses.'®??’ The mechanisms are varied and depend on the
substrate specificity of the protease and of the location of the pathogen within the host.

The innate immune system constitutes the first line of host defence during infection and
playsacrucial role inthe early recognition of invading pathogens. Unlike the adaptive immune
response, the innate immune response is relatively nonspecific, relying on the recognition
ofevolutionarily conserved structures on pathogens, termed pathogen-associated molecular
patterns (PAMPs), through a limited number of pattern recognition receptors (PRRs).?® A
number of different PRR families have been described but the best characterised is the
family of TLRs. To date, 13 TLRs have been identified in humans and are distinguished
by their recognition of distinct PAMPs derived from various pathogens.”
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Interaction between a PAMP and its corresponding TLR, present either at the cell
surface or intracellularly, leads to the recruitment of an adaptor molecule, followed
by the activation of downstream signal transduction pathways.?®?° These signaling
pathways are classified on the basis of their utilization of different adaptor molecules,
i.e., MyD8&8 or TIR domain-containing adaptor inducing IFNf (TRIF) and, additionally,
their respective activation of individual kinases and transcription factors.’**! Three major
signaling pathways mediating TLR-induced responses have been described (i) NFxB,
(i1) mitogen-activated protein kinases (MAPKSs) and (iii) IFN regulatory factors (IRFs).
NF«B and MAPKSs are essential in the induction of a proinflammatory response whereas
IRFs are required for stimulation of IFN production.?®*? Ultimately, TLR-induced signal
transduction pathways result in the activation of gene expression and synthesis of arange
of molecules such as cytokines, chemokines and immunoreceptors.?*° Together, these
coordinate the immediate host response to infection and provide an essential link to the
adaptive immune response. Given that the containment and eradication of pathogens is
dependent on efficient recognition and signaling through PRRs, it is perhaps not surprising
that some pathogens have evolved strategies to interfere with this process.

Degradation of Pattern Recognition Receptors

Among the various bacterial species associated with the development of
periodontitis, the Gram negative anaerobic bacterium Porphyromonas gingivalis is
suspected to be one of the most important causative agents of the chronic form of
this disease.”* Arg- and Lys-gingipain cysteine proteases are the main endopeptidases
produced by P. gingivalis and are considered to be important virulence factors*
as both proteases inhibit CD14-dependent monocyte activation. CD14 is a 55-kDa
glycosylphosphatidylinositol (GPI)-anchored membrane protein, which functions in
the detection of many Gram-negative bacteria by cells of the innate immune response.
Presentation of CD14-associated bacterial lipopolysaccharide (LPS) to TLR4 and the
accessory molecule MD-2, leads to the release of protective inflammatory factors by
macrophages and dendritic cells.® Both Arg- and Lys- specific gingipains from P.
gingivalis preferentially cleave CD14, butnot TLR4, from the surface of macrophages,**’
making the cells hyporesponsive to LPS stimulation. The gingipains display a preference
for cleaving CD14 over other polypeptides on human monocytes which can be explained
by the high frequency of Arg-X and Lys-X peptide bonds in the amino acid sequence of
CD14 .38 This preference is further demonstrated by the observation that gingipains also
specifically remove CD14 from the surface of gingival fibroblasts.* As a consequence of
this proteolysis, macrophage recognition of the bacterium is attenuated thus neutrophil
degranulation and respiratory burst mediated by fibroblast-secreted IL-8 is reduced.
Therefore bacterial survival in the periodontal tissues is promoted.*

Like the gingipains, the major cysteine protease of F. hepatica, cathepsin L1, is
secreted into the extracellular environment during infection and also inhibits macrophage
recognition of bacterial products. However, this inactivation is not mediated by cleavage
of cell surface CD14. Instead, cathepsin L1 is internalised by the host’s phagocytic
macrophages and trafficked to the endolysosomal compartments where it specifically
degrades TLR3.% This variation in proteolytic activity reflects clear differences in
substrate specificity between the Arg-/Lys-specific gingipains and cathepsin L1 which
prefers hydrophobic residues such as Leu, Phe and Ala.*'** Considering both CD14 and
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members of the Toll receptor family contain multiple leucine-rich repeat motifs* it is
perhaps surprising that cathepsin L does not cleave either CD14 or TLR4 from the surface
of macrophages yet specifically degrades intracellular TLR3. Unlike the surface Toll
receptors, TLR3 undergoes conformational changes in response to lysosomal acidification**
which may make it susceptible to cleavage by cathepsin L, a protease that is stable and
functional over a broad pH range.*!

In general, macromolecules internalized by macrophages are degraded into
antigenic peptides by the range of endogenous cathepsins resident in the endolysosomal
compartments. However, F. hepatica cathepsin L1 is resistant to this endosomal
degradation and data shows that the mature enzyme is highly resistant to proteolytic
degradation by various endopeptidases.* It has also been reported that F. hepatica
cathepsin L1 can degrade cystatins/serpins such as SCCA1 and SCCA2% which may
protect the enzyme from inhibition by cystatins within the lysosome that are known to
regulate the activity of resident endolysosomal cathepsins.*®

During schistosomiasis, the eggs released by S. mansoni suppress the maturation
of dendritic cells in response to the bacterial products poly-1:C and LPS.*’ Similar to
F. hepatica cathepsin L1, immature dendritic cells rapidly internalized egg antigens
and targeted them to endolysosomal compartments.*® The egg antigens contain cysteine
proteases cathepsin B and cathepsin L which, like F. hepatica cathepsin L1, may cleave
TLRs within the endosome thus preventing the dendritic cells from maturing in response
to activation signals.?® This in turn would inhibit Th1 responses and allow the promotion
of Th2 responses which correlates with the immune switching during egg deposition.

Inhibition of NFxB Signalling

Several studies have demonstrated that eradication of the intramacrophage-dwelling
Leishmania sp. requires the induction of Th1 cells. Prolonged survival of these pathogens
is associated with the parasites ability to regulate IL-12 production by macrophages
and therefore control the production of protective IFN-y.*>* Most mouse strains are
resistant to infection with L. major but develop nonhealing lesions following infection
with L. mexicana.*® The inability of these mouse strains to heal following infection with
L. mexicana is associated with a higher level of parasite cysteine protease B activity and
subsequently lower induction of IL-12.% This role for the parasite protease was confirmed
by the observation that amastigotes of protease deletion mutants of L. mexicana had
limited ability to inhibit IL-12 production and unlike the wild type parasites, were unable
to suppress a Type | adaptive immune response.*® The mechanism of action appears to be
the specific proteolytic degradation of NFkB, which did not affect the nuclear translocation
of this transcription factor, but did prevent it binding to DNA and therefore inhibited its
ability to induce IL-12 gene expression.>

The infection of cells with the obligate intracellular protozoan parasite, Toxoplasma
gondii also results in the inhibition of IL-12 expression via interference with NFxB
activation. In this case the termination of NF-«xB activity was associated with a reduction
of the phosphorylation of p65/RelA, an event required for the translocation of NF-xB
to the nucleus.’” While a number of cysteine proteases have been identified from
T. gondii,*® the possibility of their involvement in this immune-modulatory effect has
not been investigated.
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Prevention of Ubiquitination

Following interaction between a PAMP and its corresponding PRR, the activation of
downstream signal transduction pathways is dependent on the ubiquitination of protein
components of the signalling cascade.?®3! Ubiquitination is an enzyme-mediated process
by which ubiquitin (an 8 kDa protein) is covalently attached to lysine residues of target
proteins. While this alteration to proteins does not mediate degradation it has functional
consequences for the modified protein such as changes in their conformation, subcellular
localization or catalytic activity. However, ubiquitination is a reversible modification and
the rapid removal of ubiquitin from substrates is catalysed by de-ubiquitinating enzymes
(DUBs) which are predominantly classed as cysteine proteases. The human genome is
predicted to encode almost 500 proteins that are known to recognize ubiquitin and attach
it to specific substrates and over 90 DUBs that reverse that reaction.®

During virus replication, the innate immune response is activated, resulting in the
production of several hundred antiviral proteins converting the intracellular environment
into a suboptimal context for replication.®® In response to this selective environment,
evidence suggests that a number of viral proteases have adapted a ubiquitin-removal
specificity asamechanism to disable the host immune system and optimize the intracellular
environment for efficient virus replication and release.!® For example, the nonstructural
protein of severe acute respiratory syndrome (SARS) corona virus, nsp3, known to be
involved in the processing of replicase polyproteins, has recently been shown to carry a
conserved deubiquitinase (DUB) motif within its papain-like protease (PLpro) domain.*!-62
This protein efficiently inhibits IRF3 ubiquitination in a protease dependent mechanism.®
IRF3 is a critical transcription factor for the activation of antiviral IFN and requires
ubiquitination to translocate to the nucleus. Its inhibition by a viral DUB could explain
why cultured cells infected with Coronaviridae characteristically produce very low levels
of TFNs.%+¢ Indeed, most viruses, including all highly pathogenic human viruses, attempt
to modulate this aspect of the innate immune response early in infection.®

Virus-encoded DUBs from a variety of virus families have been described,'”
including UL36 of herpesviruses such as herpes simplex virus Type 1, Epstein-Barr
virus and mouse and human cytomegalovirus;*7° the adenain protease of adenovirus;”!
and the PLP domains from Coronaviridae.” These proteases are unique to the viral
pathogens and quite distinct from host-encoded DUBs. While a pathogenic role has not
been assigned to many of these viral DUBs, it is tempting to speculate that the prevention
of ubiquitination of essential transcription factors is a common mechanism to suppress
antiviral IFN production.

Despite having no intrinsic ubiquitin system, several bacterial strains have been found
to contain ubiquitin-specific cysteine proteases. Like the viral DUBs, these proteases
interfere with innate cell signalling, inhibiting activation of antibacterial responses by
specifically targeting elements of the NFxB pathway. For example, YopJ secreted by
Yersinia sp. was first described as a DUB, preventing ubiquitination of the TLR-adaptor
proteins TRAF2, TRAF3 and TRAF6.7>™ Tt has also been reported that YopJ can
de-ubiquitinate the transcription factor IkBa, thereby preventing its degradation and the
subsequent translocation of NF-kB to the nucleus.” Similarly, AvrA, a protease secreted
by Salmonella sp. stabilises IkBa by preventing its ubiquitination and thereby inhibits
NF-kB activated inflammatory responses of the host.” De-ubiquinitase activity has also
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been attributed to cysteine proteases secreted by Chlamydia trachomatis (ChlaDub1 and
ChlaDub2)"" and Escherichia coli (ElaD)’ although a precise role has not yet been defined.

Bioinformatic analyses have predicted that a number of medically-relevant parasitic
protozoa encode putative DUBs.” However, only three have been functionally assessed
for their ability to bind to ubiquitin. Plasmodium falciparum (the causative agent of
malaria) expresses two DUBs, namely PFUCHL3 and PFUCH54% and a third, TgUCHL3,
a homologue of PfUCHL3, is expressed by T. gondii.*' It has been hypothesized that
these proteases may only function within the parasite itself and not target host proteins.
There is currently no information on their physiological effects.

DEGRADATION OF SOLUBLE MEDIATORS OF IMMUNE RESPONSE
Degradation of Cytokines and Their Receptors

Cells of the innate and acquired immune systems communicate via the release of
cytokines. These proteins are released in response to the presence of pathogens or to
components of damaged tissue and are essential for the induction of an inflammatory
response as well as its regulation and resolution. Interruption ofthis communication network
profoundly impacts on the outcome of infectious disease. One method of disruption of
signalling, performed promiscuously by cysteine proteases derived from P. gingivalis,
occurs through the proteolytic modification of cytokines (IL-6, IL-1Ra, IL-12, TNF-a,
IFN-y) and their receptors (IL-6R).?

A second method of interference by pathogen proteases is mimicking the activity of
host proteases used in the regulation of cytokine activity. Unlike most other cytokines,
IL-18 and IL-1p lack a signal peptide and are first synthesized as biologically inactive
precursors (prolL-18 and prolL-1f). These precursors are cleaved by caspase-1
(IL-1B-converting enzyme [ICE]), between Asp-116 and Ala-117%# to produce the mature
active cytokines. Cysteine proteases isolated from Streptococcus pyogenes (SpeB) and
Entamoeba histolytica both convert Pro-IL-1f to a mature cytokine, targeting cleavage
sites 1 and 5 amino acids from the caspase-1 site of action, respectively.’*3 In both cases
the resultant cytokine retains biological activity which leads to the augmentation of an
inflammatory response. For E. histolytica this action may facilitate its spread beyond
cells in direct contact with amoebic trophozoites.* In addition, the ICE-like activity of
pathogen cysteine proteases suggests a mechanism which could activate caspases within
infected cells and thus induce cell death by apoptosis.

Another cysteine protease from E. histolytica cleaves pro-IL-18.%¢ However, the
proteolytic action removes Glu-42, a key residue for biological activity of IL-18,%” and
therefore, the cleavage product is an inactive protein. It was suggested that the secondary
structure of IL-18 may contribute to the choice of cleavage site, as the amino acid sequence
does not correlate with known peptide substrate specificities.®’

Effect on Chemokines

Chemokines are a distinct, large superfamily of cytokines encompassing small
structurally-related proteins. Physiologically, chemokines have an important role in the
recruitment of leukocytes during an acute inflammatory response. Host proteases tightly
regulate this cellular recruitment by modulating the activity of chemokines via specific
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cleavage of their N- and C-termini.®*# The proteolytic cleavage of the N-terminus enhances
activity for several CXC inflammatory chemokines, including the main neutrophil-attracting
chemokine CXCLS8 (IL-8). This function has been appropriated by the gingipains of
P. gingivalis which efficiently cleave IL-8 at the N-terminus, enhancing its activity,” an
action which correlates with the massive infiltration of neutrophils observed at sites of
periodontitis. However, when associated with bacterial outer membrane vesicles the same
proteases can also degrade IL-8. It has been suggested that this dual role of enhancing
and inhibitory activity results in the association of pro- and anti-inflammatory reactions
to distal and proximal positions of the bacterial plaque, respectively, and explains why
there is no elimination of infection despite the accumulation of neutrophils.”

Degradation of Immunoglobulins

Immunoglobulins (Igs) play a key role in host immune defence mechanisms by
specifically recognising invading organisms and mediating their killing by professional
phagocytes or the complement system, or both. Igs are composed of antigen-recognising
Fab regions, linked through a flexible hinge region to a constant Fc effector region. The
Fc section interacts with Fc receptors on phagocytic cells and triggers the activation of
the classical pathway of complement. The classical pathway is initiated by the binding
of complement factor C1q to specific IgG or IgM. This interaction triggers a cascade of
events resulting in the opsonisation of antigen with C3b forming an immune complex
which is efficiently recognized by phagocytes.

Despite the fact that mammalian hosts infected with the helminth F. sepatica develop
specific antibodies®' and that the major protein isolated from eosinophils is highly toxic
to newly excysted juvenile (NEJ) worms,” no evidence exists of antibody-mediated
cosinophil damage to NEJs in nonpermissive bovine hosts.”* While effector cells readily
adhered to NEJs in the presence of immune sera, they failed to adhere if the parasite’s
excretory/secretory (ES) products were added which indicated that the contents of ES
were preventing interaction between immune sera and eosinophils. In the presence of
leupeptin, the effector cells remained attached to the NEJs, suggesting a role for cysteine
proteases.’ Subsequently, in vitro studies have demonstrated that the papain-like cathepsin
L1and L2 proteases secreted by F. hepatica cleaved all human IgG subclasses in the hinge
region. Despite clear evidence that these proteases have distinct peptide bond preferences,
both cathepsin L1 and L2 cleaved each of the IgG molecules at the same peptide bond.”

The ability to degrade human IgG subclasses is not exclusive to the cathepsin Ls
of Fasciola. Similar proteolytic cleavage sites and specificity for human IgG subclasses
have been shown for the major secreted cysteine proteases of other helminths, such as
Paragonimus westermani,*® Spirometra mansoni’’ and Schistosoma mansoni®® which
all degrade host IgG in vitro and prevent parasite specific antibody-mediated eosinophil
activation.” Cruzipain, the cysteine protease secreted by the protozoan parasite 7. cruzi
also exhibits cathepsin-like activity, cleaving all human IgG subclasses at the hinge
region in a similar but not identical region to cathepsins L1 and L2 of F. hepatica.'®
The fact that the main cleavage sites for this range of proteases all exist within the hinge
regions of IgG, suggests that the conformation of the antibody molecules influences the
accessibility of enzymes and therefore determines the specificity of cleavage, irrespective
of the amino acid preference of each protease active site.

In all cases, the end result of proteolytic cleavage by these parasite proteases is the
release of intact monomeric fragments of Fab.>%1% The Fab fragments retain their capacity
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to bind to surface antigens, a term called ‘fabulation’. Surface epitopes are therefore
masked from intact and functional antibodies, while the loss of Fc fragments eliminates
the interaction of IgG with effector cells and prevents resultant antibody-dependent
cytotoxicity. In addition, the Fc fragments produced by initial proteolyic cleavage at the
hinge region are further degraded by proteases from F. hepatica and T. gondii cruzipain in
the CH2 region producing Fc-like-fragments of 14 kDa composed of the CH3 domain.”*!%
As the complement factor C1q specifically binds to the CH2 region of IgG, removal of
this would prevent the initiation of the classical pathway.

Despite lacking sequence identity to the helminth papain-like proteases, the cysteine
protease (IdeS) secreted by the pathogenic bacterium S. pyogenes adopts a canonical papain
fold'*! and like papain, cleaves IgG in the flexible hinge region of the IgG heavy chain
generating intact Fab and Fc fragments.'* Similar to the outcome with helminth-specific
immune responses, survival of opsonised bacteria against the phagocytic actions of
macrophages or polymorphonuclear leukocytes is significantly enhanced in the presence
of IdeS, due to the proteolytic interference of Fc-mediated killing.!'”® Amongst the
microbial secreted cathepsins, IdeS is unique in its specificity for IgG, with no additional
substrates identified to date. The other major cysteine protease secreted by S. pyogenes,
SpeB, is structurally homologous to papain and cleaves IgG in the flexible hinge region,
although at a different cleavage site.!” However, the proteolytic activity of SpeB towards
immunoglobulins is notrestricted to IgG. This protease also degrades the carboxy-terminal
of the heavy chains of IgA, IgD, IgE and IgM.'*

Specific-IgA protease activity is a well-established feature of many human infectious
diseases thattake place at, or originate from, mucosal surfaces.!!% For bacterial pathogens
the IgA proteases have been primarily classified as serine or metallo-type proteases
cleaving only the IgAl subclass of antibody, because the susceptible site is one of the
Pro-Ser or Pro-Thr peptide bonds located within a 12-amino acid proline rich sequence
in the hinge region of IgAl but absent from IgA2.1%17 However, the cathepsin B-like
cysteine protease (EhCp5) secreted by the protozoan E. histolytica with a preference for
Arg-Argresidues displays an ability to cleave both IgA 1 and IgA2 degrading the antibody
structures at positions 245 and 250 of the hinge region.!®!*” Similar to the proteolytic
cleavage of IgG described above, release of Fab fragments inhibits antigen disposal
as immunogenic determinants are masked by fabulation. Moreover, removal of the Fc
region eliminates the ability of IgA to agglutinate, preventing opsonophagocytosis thus
facilitating survival of pathogenic organisms at the mucosal surface.

Inactivation of Complement Pathways

The complement system is composed of three distinct pathways: (1) classical pathway,
activated by antigen-antibody complexes; (2) lectin pathway, activated by carbohydrate
arrays found on microbial surfaces; and (3) alternative, activated by C3 binding to the
surface of micro-organisms. Central to all pathways of activation is the formation of C3
and C5 convertase complexes. In particular, the C3 protein and its activated form, C3b,
is an integral component of the C5 convertase complex whichever pathway of activation
has been engaged. Cleavage of these molecules produces the C3a and C5a fragments
which are responsible for attracting white blood cells to the site of infection and therefore
form a link between the innate and adaptive immune systems.



HOW PATHOGEN-DERIVED CYSTEINE PROTEASES MODULATE HOST 203

Ofthe members of the complement cascade, cysteine proteases secreted by pathogens
primarily target components of the C3 and C5 convertase complex. A number of
bacterial proteases, including the SpeB cysteine protease of S. pyogenes cleave C3 and
thus inactivate or prevent the formation of the C5 convertase complex.''*!!! Similarly,
the cysteine protease from E. histolytica prevents the formation of the membrane attack
complex (MAC) and the release of the pro-inflammatory mediator, C5a by degrading
both C5a and C3a directly.'®-!'?

The refractoriness of P. gingivalis to the immune response has been attributed to the
biphasic effects of gingipains on the complement system. The lysine-specific gingipain is
capable of degrading the C5areceptor, but more importantly the arginine-specific enzymes
cleave C3, C4 and C5.' Sharing substrate specificity with the proteases required for
complement activation, the gingipains activate C3, C4 and C5 by cleaving them at their
activation sites. However, at high concentrations the Arg-gingipains completely degrade
and thus inactivate the complement proteins.''* This has led to the suggestion that early
infections by P. gingivalis may actually stimulate complement activation to cause an
inflammatory state that is advantageous to the bacterium. However, as infections become
chronic the higher number of bacteria lead to the degradation of complement. This idea
is supported by data showing that the cysteine protease, Interpain A, secreted by the
periodontal bacterium, Prevotella intermedia, which co-aggregates with P. gingivalis,
activates the C1 complex in serum, causing deposition of C1q on bacterial surfaces and
resulting in a local inflammatory reaction during the initial stages of infection.'"*

Activation of the complement cascade involves a number of proteases which are
tightly regulated by cystatins and serpins. The StcE cysteine protease of E. coli uniquely
prevents complement activation via the classical pathway by specifically cleaving the
serpin, Cl-inhibitor, which regulates the proteases of the initiating C1 complex of the
classical pathway.''

CONCLUSION

The immune system has evolved many different strategies to control many types of
infections and thus prevent associated disease. Equally, pathogenic organisms appear
to have developed processes to evade, suppress or subvert the immune response with
pathogen-derived cysteine proteases emerging as key molecules. Whilst some of these
proteases share a common origin with mammalian-encoded proteases, most of them have
ancientintrinsic functions, such as processing pathogen protein components and may have
acquired the specificity for host protein targets by interaction with their host’s immune
system over time. As many of these proteases have evolved distinct biochemical features
from their mammalian counterparts they remain attractive as targets for new antimicrobial
drugs. In addition, some of these proteases may be useful as novel therapeutics for the
treatment of Th1 inflammatory disorders particularly in light of the current strategy of
developing antagonists of innate immune responses as immunotherapeutics for sepsis
and autoimmune disease.
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Abstract: The cystatin superfamily comprises several groups of protease inhibitors. In this
chapter we will focus on 125 family members, which consist predominantly of the
Type 2 cystatins. Recently, a wealth of information on these molecules and their
activities has been described. Parasite cystatins are shown to have dual functions via
interaction with both parasite and host proteases. Thereby, parasite cystatins are not
only essentially involved in the regulation of physiological processes during parasite
development, butalso represent important pathogenicity factors. Interestingly, some
studies indicate that parasite cystatins evolved exceptional immuno-modulatory
properties. These capacities could be exploited to interfere with unwanted immune
responses in unrelated human inflammatory diseases. We highlight the different
biological roles of parasite cystatins and the anticipated future developments.

INTRODUCTION: CYSTATIN SUPERFAMILY-CLASSIFICATION
AND STRUCTURAL CHARACTERISTICS

In this chapter we will discuss recent understanding of the biological role of parasite
cystatins belonging to the MEROPS family 125, which consists predominantly of Type
2 cystatins (http://merops.sanger.ac.uk). Cystatins are inhibitors of cysteine proteases of
the papain-like family (C1) in animal and plant taxa. The endogenous role of cystatins in
multicellular organisms is mainly to protect cells from proteolytic damage. The general
function of the cystatin superfamily and their phylogenomic analysis has previously been
extensively reviewed.!> Currently, two main classification methods for cystatins are
used. The older classification divides cystatins into different types according to sequence
similarities and on the basis of typical cystatin-like features such as the occurrence of
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disulfide bonds and the number of cystatin-like elements.® A more recent classification
system is provided by the MEROPS database for peptidases and their inhibitors that
groups molecules hierarchically into families based on amino acid sequence and structure
(http://merops.sanger.ac.uk).” According to this classification cystatins belong to family
125 that has been further subdivided into 3 subfamilies. Type 1 cystatins (also named
stefins) are grouped in 125 subfamily A and consist of low molecular weight cytoplasmic
proteins of about 11 kDa that possess no disulfide bonds or glycosylation sites. Human
cystatin A is a representative prototype for this subfamily. Type 1 cystatins exclusively
inhibit papain-like peptidases of family C1 and have related structural features to Type
2 cystatins.!

Mostcystatins, including those expressed by parasites, are classified as Type 2 cystatins
that group into 125 subfamily B. The representative molecule for this subfamily is chicken
cystatin (ovocystatin) for which the first crystallographic cystatin structure was determined.®
Unlike Type 1 cystatins, these widely distributed inhibitors are secretory proteins of about
13-15 kDa. They typically possess an N-terminal signal peptide and 2 conserved disulfide
bonds (Fig. 1). A further structural characteristic is the existence of a conserved glycine
residue within the N-terminal region of the protein that may function as a hinge between
the flexible N-terminal segment and the rest of the molecule.” The N-terminal region
containing the conserved glycine residue, together with a central Q-X-V-X-G motif and
a C-terminal PW hairpin loop forms the cysteine protease interaction site. These three
elements direct the cystatin molecule into the active site cleft of the cysteine protease. All
three regions form a hydrophobic wedge-like structure, which is highly complementary
in shape to the active site of the protease, which mediates protease inhibition.

Cystatins of the 125B subfamily inhibit family C1 peptidases. However, some also
possess a distinct conserved S-N-D/S motif, between the first conserved glycine and the
central cystatin motif, that is responsible for the inhibition of legumain-like peptidases
(C13 family).!® Of note, an unusual characteristic of some cystatins is the existence of
dimeric or oligomeric structures that reduce the inhibitory function of the protein.!!
A naturally-occurring point mutation (L68Q) in human cystatin C supports protein
aggregation and leads to a severe phenotype of amyloidosis.'? The point mutation favours
the natural feature of cystatins to dimerize through three-dimensional domain swapping
leading to oligomerization and/or amyloid formation through conformational changes
of the B-hairpin loop L1.12

The Type 3 cystatins are divergent and include kininogens, fetuins and histidine
rich proteins.”® The only true inhibitors of cysteine proteases within this group are the
kininogens, which consist of multi-domain proteins and group primarily into the MEROPS
125B subfamily. These high molecular weight proteins (>60 kDa) possess tandem repeats
of cystatin Type 2-like domains and an extended number of disulfide bridges. They are
found in the extracellular fluid and are typically glycosylated. Fetuins and histidine-rich
proteins are also secreted proteins but lack cystatin activity and group into the MEROPS
125C subfamily. They are sometimes categorized as ‘unclassified cystatins’.

PARASITE CYSTATINS

Parasite cystatins of the family I25 are predominantly found in three distinct parasitic
groups: parasitic nematodes (phylum Nematoda), trematoda (phylum Platyhelminthes)
and ticks (phylum Arthropoda). Table 1 summarizes the functions of characterized
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parasitic cystatins listed in the database of family 125. Undoubtedly, this list will expand
in the future as detailed phylogenomic in silico analysis of the cystatin superfamily from
a larger number of genomes will be possible.> However, it is interesting that all parasite
family 125 cystatins so far listed derive from parasites that include phases of tissue
migration (nematodes and trematodes) or prolonged contact with host tissue during blood
feeding (ticks). Parasite cystatins are mainly shown to regulate the activities of histolytic
proteases or to contribute to the immunomodulatory mechanisms of parasites (Table 1
and discussed below in detail). The three dimensional structure of parasite cystatins and
their molecular interactions with cysteine proteases has yet to be determined. However,
based on their homology with vertebrate cystatins, it is likely that parasite cystatins will
represent similar structures and mechanisms of inhibition as shown for other cytstatins.'*

Migration of nematodes and trematodes within tissue or through tissue barriers
requires a high energy expenditure. However, this migration enables parasites to escape
from harmful immune responses at the site of mucosal surfaces or within tissues and
thus facilitates parasite survival.!>'® Larval stages of liver flukes (e.g., Fasciola hepatica
and Fasciola gigantica) migrate through the parenchyma of the liver, while adult worms
are located in the bile ducts. Trematode cystatins from Fasciola spp. and Schistosoma
spp. are members of the 125 family, which group either into Type 1 or Type 2 cystatins
(Table 1). In contrast, filarial nematodes are transmitted via arthropod vectors and are
either found in lymphatic/subcutaneous tissue (adult stages) or in the peripheral blood
and cutaneous tissue (microfilariae). Filarial cystatins are the best characterized parasite
cystatins within the 125 family and all belong to subfamily B (Table 1). Among other
molecules, they take part in the evasion strategies of the worm by conferring immune
modulatory functions (see below). Although cystatins from nematodes lack the second
disulfide bond that is characteristic of other Type 2 cystatins, it has been proposed that
the overall structural features are similar (Fig. 1)." Ticks are ectoparasites and comprise
important vectors of human and animal diseases, such as lyme disease and borreliosis.
Some tick cystatins are transmitted to the host as part of the saliva and protect ticks from
proteases and harmful immune reactions.!” Cystatins from ticks are heterogenous and are
found in 125 subfamilies A and B. In addition to classical 125 family cystatins, parasites
express other unrelated cysteine protease inhibitors. These belong mainly to protozoan
parasites. Examples are the homologues to chagasin and amoebiasin from Trypanosoma
spp. and Entamoeba spp. that are members of the MEROPS family 142.'8 Other examples
of protozoan parasites that form their own families are falstatin (Plasmodium spp.)'*>°
and toxostatin®' (Toxoplasma gondii) from MEROPS family 172 and 181, respectively.
However, these will not be discussed in detail in this chapter.

BIOLOGICAL FUNCTION OF PARASITE CYSTATINS
Protease Inhibition in Physiological Processes

One major function of parasite cystatins is the regulation of endogenous physiological
processes like oogenesis, moulting during larval development and migration through
host tissues. Thereby, parasite cystatins inhibit parasite and host proteases to promote
parasite development.

One ofthe first parasite cystatins identified was onchocystatin, a highly-antigenic protein
from the human pathogenic filaria Onchocerca volvulus. Onchocystatin is expressed in the
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cuticle of L3, L4, male and female adult worms and within the eggshell of microfilariae.
It was suggested that onchocystatin might interfere with physiological processes during
moulting fromthe larval stage L3 to L4 and the development of microfilariae in the uterus.?>*
Studies with Caenorhabditis elegans revealed an essential role of cystatin during oogenesis
and fertilization, indicating a similar role for cystatins of parasitic nematodes.** In further
studies, homologous cystatins from various parasitic nematodes were identified and their
inhibitory capacity to block host proteases has been characterized. Protease inhibition assays
and Ki-value determinations are mainly performed with host proteases as there is often
limited access to purified parasite proteases. Analysis with recombinant filarial cystatins
such as onchocystatin (Ov17, Ov-CPI-2), Av-cystatin (Av17, from Acanthocheilonema
viteae) and Bm-CPI-2 (from Brugia malayi) revealed that papain-like host proteases are
efficiently inhibited.?>-?” For example, onchocystatin inhibited host cathepsin L (Ki = 0.038
nM), cathepsin S (Ki = 0.033 nM) and cathepsin B (Ki = 0.494 uM).

The release of biologically active cystatins is not restricted to filarial nematodes, as
recombinant cystatins from the gastrointestinal nematodes Nippostrongylus brasiliensis
(nippocystatin) and Hemonchus contortus revealed similar functions by inhibiting host
cathepsins.?®*° In B. malayi three distinct cystatins (Bm-CPI-1, -2, -3) have been identified
and the analysis of their expression patterns revealed stage specific differences. Bm-CPI-2
is expressed throughout the life-cycle while Bm-CPI-1 and Bm-CPI-3 are expressed at
later stages in the mosquito vector but not in the mammalian host. This indicates a specific
role for different cystatins in the host or during parasite transmission.'

In parasitic trematodes a multi-domain cystatin of F. hepatica efficiently inhibits
parasite cathepsin L1 activity, which is important for successful penetration of host
intestine.’'*? The protein showed structural features familiar to Type 3 cystatins but
phylogenic analysis revealed that it was more closely related to Type 2 cystatins.’!
F. gigantica expresses a heat stable Type 1 cystatin designated as Fg-Stefin-1, that was
proposed to protect the intestine and tegumental surface of the parasite from extracellular
proteolytic damage.*® The cystatin in the blood fluke Schistosoma mansoni (Sm-cys),
the causative agent of schistosomiasis, belongs to the Type 1 cystatins and is equally
expressed by male and female worms. Studies suggest an involvement of Sm-cys in the
regulation of haemoglobin degradation in the schistosomula, which use red blood cells
as a main source of amino acids. This suggests a possible function for Sm-cys in the gut
of the parasite.’*

In disease-transmitting ectoparasites, most of the cystatins have been identified in
ticks. They are expressed mainly in the saliva or midgut in order to regulate proteolytic
processes or help to evade harmful immune responses that occur during the relatively long
feeding process on the host. For example, knock-down of cystatin expression by siRNA in
salivary glands and midgut of Amblyomma americanum led to reduced feeding abilities,
which suggests that cystatin protects ticks from harmful ingested host factors.!” Further,
the Type 2 cystatins from Haemaphysalis longicornis are potent cathepsin L inhibitors
(HlI-cyst-1: ICso = 0.202 pM; Hl-cyst-2: ICs, = 1.68 uM) and are differentially expressed
in the salivary glands (H/-cyst-1) or the midgut (HI-cyst-2, -3). The expression levels of
these cystatins are markedly induced during blood feeding suggesting an important role
in the regulation of midgut cysteine proteases and/or in immune evasion.**** Cystatins
from Ornithodorus moubata (Om-cystatin-1 and -2) prevent endogenous peptidases
from digesting stored blood meals and possibly play a role in heme detoxification.*’
OmClystatins are also differentially expressed in the midgut (Om-cystatin-1, -2) and the
salivary glands, ovaries and malpighian tubulus (Om-cystatin-2), highlighting the various
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functions of cystatins in ticks. In addition, cystatin from Boophilus microplus inhibits
the vitellin-degrading cysteine endopeptidase and therefore might affect embryogenesis
by regulating endogenous proteolysis.*! Sialostatin L and L2 from the saliva of Ixodes
scapularis inhibit various mammalian cathepsins such as cathepsin L (Ki = 4.7 nM) and
cathepsin V (Ki = 57 nM) and contribute to the blood-feeding success of the ticks.*>*
In conclusion, parasite cystatins perform key roles in the inhibition of parasite and host
proteases thatare involved in essential physiological processes during the parasite life-cycle.

INTERFERENCE WITH ANTIGEN PROCESSING AND PRESENTATION

Many immunological processes rely on extracellular and intracellular activities of
proteases and their respective inhibitors. In particular, cysteine proteases are involved
in processes such as antigen processing and presentation and regulation of pattern
recognition receptor (PRR) signalling.** These proteases are mainly localized within the
endolysosomal compartment and are regulated by a variety of endogenous inhibitors,
including cystatins.!* Most parasite cystatins are potent inhibitors of host cysteine proteases
and thus they are involved in immune modulation of host cells.*

The first evidence that parasite cystatins directly interfere with antigen presentation
came from studies with filarial cystatins. Bm-CPI12, from B. malayi, inhibits the cysteine
proteases cathepsin B/L, S and asparginyl endopeptidase (AEP) in lysosomal extracts
of human EBV-transformed B-cell lines. These proteases are important enzymes for
antigen processing and presentation; thus, their inhibition probably leads to a reduced
MHC class-II-mediated antigen presentation in antigen presenting cells (APCs) (Fig. 2).
Indeed, Bm-CPI-2 inhibited in vitro processing of tetanus toxin antigen by these lysosome
fractions and also inhibited the processing of the invariant chain (Ii) of class-II molecules,
which together mediated a reduced presentation of selected tetanus toxin epitopes by
APC.?® AEP inhibitory domains are common in mammalian cystatins and were identified
for various filarial cystatins, but not for the free-living nematode C. elegans raising the
possibility that AEP inhibitory function was acquired during co-evolution of the host
and the parasite.*® Further evidence, for the manipulation of parasite specific antigen
presentation by filarial cystatins, was provided by an experiment with constant in vivo
application of Ls-cystatin, from Litomosoides sigmodontis, by micro-osmotic pumps
implanted into the peritoneum of mice. Subsequent challenge with microfilariae revealed
a reduced antigen-specific response in spleen cells of Ls-cystatin-treated animals.’
Similarly, nippocystatin treatment of ovalbumin-immunized mice inhibited antigen-specific
restimulation of spleen cells, indicating that other nematode cystatins mediate similar
effects.” These studies indicated that not only unrelated antigen presentation is inhibited
but also parasite-specific responses are blocked by parasite cystatins.

In human PBMC cultures, onchocystatin reduced the purified protein derivate
(PPD)-induced proliferation, giving further evidence for a direct modulation of antigen
presentation in APCs by parasite cystatins.?” Interestingly, these experiments also show
that HLA-DR and CD86 surface expression on human monocytes was reduced in PBMC
cultures treated with onchocystatin, an effect that was dependent on a direct stimulation of
IL-10 and other cytokines. This suggests a second, receptor-mediated effect of cystatins
on their target cells. Comparable effects were mediated by the tick cystatin sialostatin
L, which was shown to down-modulate MHC-II and costimulatory molecule CD86
of lipopolysaccharide-primed murine dendritic cells and to suppress antigen-specific
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Figure 2. Proposed mechanisms of host cell modulation by parasite cystatins. Parasite cystatins can
manipulate host antigen presenting cells at different sites. Parasite cystatins are actively taken up via
endocytosis (1). Within the endolysosomal compartment parasite cystatins prevent antigen degradation
by inhibiting proteases such as cathepsins and AEP (2). The inhibition of these target enzymes also
blocks the processing of the MHCII invariant chain (Ii) peptide to CLIP, thus leading to reduced antigen
presentation (3). Theoretically, parasite cystatins may also interfere with the processing of pattern recognition
receptors, which might render APCs insensitive for activation via specific pathogen-associated molecular
patterns (PAMPs) (4). In addition, parasite cystatins induce activation of MAPK and NF-kB pathways
to induce IL-10 and low levels of pro-inflammatory cytokines such as TNF-a and IL-6. The release of
TNF-a subsequently induces the expression of iNOS. Stimulation with parasite cystatin leads also to
the expression of dual specificity phosphatases (DUSPs) that negatively regulate MAPK pathways (5).

proliferation in vitro and in vivo.* Thus, interference with antigen processing and
presentation is a major feature of parasite cystatins (Fig. 2).

MODULATION OF CYTOKINE RESPONSES AND NITRIC OXIDE
PRODUCTION

An intrinsic feature of endogenous and parasite cystatins is the modification of the
cytokine and nitric oxide (NO) production of APCs, such as macrophages.’ Thereby,
the presence or absence of pro-inflammatory stimuli such as IFN-y and TNF-a or an
anti-inflammatory mediator like IL-10 define the modulatory features of cystatins.
Stimulation of IFN-y-primed peritoneal macrophages with chicken cystatin drastically
increases NO production by a mechanism that is independent of the protease inhibitory
activity.* The NO production is an indirect effect of the release of TNF-a and IL-10
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and could be blocked by neutralizing anti-TNF-a antibodies.*® Interestingly, endogenous
murine cystatin C also induces the release of TNF-a and IL-10 in I[FN-y primed mouse
macrophages.’! Similarly, our laboratory showed that cystatins of filaria, onchocystatin
and Av-cystatin induced NO production in IFN-y primed macrophages. This influence
was dependent on TNF-a and IL-10, suggesting a conserved, yet unknown mechanism
by which cystatins activate macrophages to produce cytokines.”> The increased IL-10
production in mouse spleen cells and human PBMC was responsible for the reduced
proliferative T-cell responses and reduced HLA-DR and CD86 surface expression on
APC in the presence of Av-cystatin and onchocystatin respectively.?>?”33 Comparison
of the effects of filarial cystatins and cystatin from the free-living nematode C. elegans
revealed similarities such as NO production in IFN-y primed macrophages. However,
filarial cystatin was a more potent suppressor of immune responses including T-cell
proliferation. This was accompanied by the release of higher IL-10 levels.>* Recent
data indicated that filarial cystatin exploits signalling events via mitogen-activated
protein kinases (MAPK) to induce the production of the anti-inflammatory cytokine
IL-10 in macrophages. In this setting the MAPK activation by cystatin was regulated
via induction of dual specificity phosphatases, which are known feedback regulators of
MAPK. Preliminary data further suggests that MAPK activation induced, in parallel,
low level expression of pro-inflammatory cytokines such as TNF-a. Cystatin-induced
cytokine production was associated with the activation of transcription factors such as
CREB, STAT3 and NF-xB (Klotz et al, unpublished data).>'*> On the contrary, studies
with sialostatin L from /. scapularis indicate that parasite cystatins interfere with toll
like receptor-mediated release of IL-12 and TNF-a but not IL-10 by dendritic cells.*®
Therefore cystatins, in addition to their function as protease inhibitors, exhibit intrinsic
structural features that enable them to modulate the host immune system, possibly
by receptor engagement. Parasite cystatins have further evolved immune regulatory
capacities and probably comprise additional sequence characteristics that enable them
to manipulate and reprogram host immune cells. Which common receptors (if any) and
pathways are manipulated by various parasite cystatins or whether different cystatins
ligate specific receptors and effect different downstream signalling pathways remains to
be investigated in future studies.

ANTICIPATED DEVELOPMENTS

Interestingly, the intrinsic immunomodulatory activities of cystatins, in particular
those expressed by parasites, might be utilized to modulate unrelated inflammatory
immune responses. In this respect, we showed that a cystatin from a parasitic nematode
significantly reduced allergic and inflammatory responses in two murine disease models.
In a mouse model of allergic airway hyperreactivity, we showed that treatment with
filarial cystatin during sensitization with a model allergen, or before challenge, led to
a significant reduction of several disease-related parameters. Filarial cystatin induced a
significant reduction in influx of inflammatory cells and suppressed the production of IgE,
IL-4 and bronchiole mucus in the lung. These effects were dependent on macrophages
and IL-10, because the cystatin effect could be abrogated by applying IL-10 receptor
antibodies or by depletion of macrophages.® Similarly, Escherichia coli-expressed
cystatin from N. brasiliensis suppressed antigen—specific, but not total serum, IgE in
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ovalbumin-immunized mice and further reduced levels of IL-4 and IFN-y in response to
stimulation with antigen.”

Another cystatin from the tick Ixodes scapularis, sialostatin L, has been shown to
exhibit anti-inflammatory and immunosuppressive activities.** Target cells of sialostatin
are myeloid-derived cells and its immunomodulatory activities were mediated via
inhibition of cathepsin S. In addition, administration of sialostatin in experimental
murine autoimmune encephalomyelitis significantly prevented disease symptoms.** The
applicability of cystatins to interfere with disease progression has also been shown in
a completely different approach with endogenous cystatin. Chicken cystatin, like other
cystatins, was shown to induce NO production in IFN-y primed macrophages and this
property was successfully exploited to cure lethal murine visceral leishmaniasis.”” Further
studies on chicken cystatin identified the specific immuno-modulatory peptide within
cystatin that ameliorates disease progression®® via protein kinase-dependent signalling
pathway in macrophages.*® Taken together, the data on parasite as well as host cystatins
clearly indicate the strong immuno-modulatory capacity of cystatins. It is likely that
cystatins from parasitic organisms have adapted during co-evolution to achieve stronger
modulatory effects.

CONCLUSION

An inevitable feature of the parasitic life style is the close contact with host tissue.
In particular, helminths reside in the tissues and are thereby directly exposed to the
immune system. In chronic infections like filariasis, those interactions last for decades.
The necessity to modulate the host immune system might be one fundamental reason
why modulatory cystatins have evolved in parasites that are exposed for a prolonged
time to the host immune system. However, it is not surprising that parasites adopted the
general immune-modulating features of cystatins during evolution in order to ensure their
parasitic life style. Future studies have to draw particular attention to the mechanisms
manipulated by parasite cystatins in host cells that could potentially lead to sophisticated
applications against overshooting inflammation either by applying parasite cystatins
directly or by targeting particular pathways addressed by these molecules. In this respect,
future studies will pinpoint human diseases where modulatory mechanisms exhibited by
parasite cystatins could be beneficial. Hence, it may be speculated that the regulatory
influence of parasite cystatins could lead to the development of new drugs that interfere
with inflammatory-driven diseases.
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