CHAPTER 4

Neuropeptides in Helminths:
Occurrence and Distribution
NikkiJ. Marks and Aaron G. Maule*

Abstract

ematode neuropeptide systems comprise an exceptionally complex array of ~250 peptidic
Nsignaling molecules that operate within a structurally simple nervous system of ~300

neurons. A relatively complete picture of the neuropeptide complement is available for
Caenorbabditis elegans, with 30 flp, 38 ins and 43 nlp genes having been documented; accumulat-
ing evidence indicates similar complexity in parasitic nematodes from clades I, III, IV and V. In
contrast, the picture for parasitic platyhelminths is less clear, with the limited peptide sequence
data available providing concrete evidence for only FMRFamide-like peptide (FLP) and neu-
ropeptide F (NPF) signaling systems, each of which only comprises one or two peptides. With
the completion of the Schmidtea meditteranea and Schistosoma mansoni genome projects and
expressed sequence tag datasets for other flatworm parasites becoming available, the time is ripe
for a detailed reanalysis of neuropeptide signaling in flatworms. Although the actual neuropeptides
provide limited obvious value as targets for chemotherapeutic-based control strategies, they do
highlight the signaling systems present in these helminths and provide tools for the discovery of
more amenable targets such as neuropeptide receptors or neuropeptide processing enzymes. Also,
they offer opportunities to evaluate the potential of their associated signaling pathways as targets
through RNA interference (RNAi)-based, target validation strategies. Currently, within both
helminth phyla, the ffp signaling systems appear to merit further investigation as they are intrinsi-
cally linked with motor function, a proven target for successful anti-parasitics; it is clear that some
nematode NLPs also play a role in motor function and could have similar appeal. At this time, it
is unclear if flatworm NPF and nematode INS peptides operate in pathways that have utility for
parasite control. Clearly, RNAi-based validation could be a starting point for scoring potential
target pathways within neuropeptide signaling for parasiticide discovery programs. Also, recent
successes in the application of i72 planta-based RNAi control strategies for plant parasitic nematodes
reveal a strategy whereby neuropeptide encoding genes could become targets for parasite control.
The possibility of developing these approaches for the control of animal and human parasites is
intriguing, but will require significant advances in the delivery of RNAi-triggers.

Introduction

Twenty years ago almost nothing was known about the occurrence and distribution of
peptide signaling molecules in helminth nervous systems. This was despite the publication of
a physical map of the nervous system of the free-living nematode, Caenorbabditis elegans by
White and coworkers,! the first ultrastructural reconstruction of an entire metazoan nervous
system and one of the foundation stones to the subsequent exploitation of C. elegans as a model
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organism for laboratory-based research. Although several authors had reported the occurrence
of neurosecretory vesicles in parasitic nematodes in the 1960s,>? it was not until indirect immu-
nocytochemical methods were applied to helminths in the mid-late 1980s, that data started to
accumulate on the occurrence and distribution of neuropeptides in nematode and platyhelminth
nervous systems.*!* These and subsequent studies provided information that revolutionized our
view of the chemical complexity of helminth nervous systems and provided strongevidence that
neuropeptides played a major role in neuronal signaling processes in worms.

Although invaluable in demonstrating the widespread occurrence of neuropeptides in worms
and indeed generating data on the complexity and organization of nervous systems in numer-
ous helminth parasites, these studies did not provide information on the primary structures of
these peptides. This breakthrough followed the sterling efforts of Tony Stretton and colleagues
who managed to extract, purify and sequence small quantities of neuropeptides from large-scale
tissue extracts of the gastrointestinal parasite of pigs, Ascaris suum."* Subsequent studies on
this and other nematodes generated a constant flow of new peptide sequences that served to
expand our knowledge of their peptide complements.”>* One noticeable feature at this time
was that almost all the primary sequence data were for multiple members of one neuropeptide
family, the FMRFamide-related peptides (FaRPs) or FMRFamide-like peptides (FLPs). During
the same period, the structures of a relatively small number of flatworm neuropeptides were
determined.’*? Again, FLPs featured amongst the flatworm neuropeptide sequence data, but
a second family, designated neuropeptide F (NPF) was also much in evidence.

In the 1990s, the molecular biological and genomics revolutions were making a significant im-
pact on nematode neuropeptide discovery. The first reported nematode ffp gene was significant in
that it encoded multiple copies of distinct FLPs and was alternatively spliced to facilitate variation
in the resultant peptide products.’*® However, even then, the extent of neuropeptide diversity in
nematodes was not realized. In the late 1990s, several groups reported the occurrence of numer-
ous neuropeptide genes, including insulin-like peptide encoding izs and multiple flp genes in C.
elegans. ¥ The completion of the C. elegans genome (at time of writing, still the only complete
[to the last base] metazoan genome sequence) provided the opportunity for more comprehensive
neuropeptide gene discovery efforts and allowed the identification of a wide range of non-izs and
non-flp neuropeptide genes that were grouped together and designated 7/p (neuropeptide-like
protein) genes.“"* Taken together, these findings resulted in a broad reevaluation of the importance
and complexity of neuropeptides to neuronal signaling processes in nematodes and presented C.
elegans neurobiologists with a bewilderingly diverse catalog of peptide signaling molecules for which
there was very little known about the associated biology. Further, this knowledge base provided a
tool for the interrogation of expressed sequence tag (EST) datasets which have been accumulating
for numerous, important pathogenic nematodes since the turn of the century. Recently, this has
facilitated the discovery of flp genes in a wide range of parasitic nematodes revealing significant
conservation in the flp complements across phylum Nematoda. %

In direct contrast to the situation in nematodes, progress in flatworm peptide discovery stalled
through the late 1990s and early years of this century, largely because the laborious biochemical
methods used to generate individual peptide sequences were now out of vogue and could not
compete with the rapidly evolving genomics approaches. Although our knowledge of flatworm
neuropeptides is still trailing far behind that for nematodes, significant EST deposits for a relatively
small number of flatworms and genome sequence data for the blood fluke S. 7ansoni and the
turbellarian S. mediterranea, at least threaten to rectify this situation and provide much needed
data on neuropeptide complements in platyhelminths.

For those working in helminth parasite control, interest in neuropeptide signaling systems stems
from several observations. Firstly, unlike the situation in mammals, where neuropeptides are most
commonly involved in the modulation of synaptic function, invertebrate neuropeptides act as both
modulators and fully fledged neurotransmitter molecules. This latter function has much appeal as a
target system for chemotherapies aimed at disrupting normal parasite behaviors. Secondly, there are
stark differences in the neuropeptides found in invertebrates and vertebrates such that target proteins
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ensconced within the associated signaling pathways are likely to be distinct from host proteins.
Thirdly and most importantly, many of the leading anthelmintics (especially those used to treat
nematode parasites) disrupt neuromuscular function, primarily by acting at receptors within classical
transmitter signaling pathways. % Currently, none of these drugs act on the neuropeptide signaling
processes which impact neuromuscular function, exposing the potential of these systems as target
sources. Several recent reviews provide comprehensive coverage of neuropeptides in flatworms and
nematodes.®¥° This chapter aims to provide an overview of current knowledge on neuropeptides
and their expression in helminths and how this might relate to targets for parasite control.

Nematode Neuropeptides

Allnematodes have around 300 neurons (the C. elegans hermaphrodite has 302 neurons), making
their nervous system the most structurally simple amongst the triploblastic metazoans. Nematodes
appear to compensate for these structural limitations by employing a huge number of intercellular
signaling molecules, of which the largest structural class is the neuropeptides. In nematodes, these
neuropeptides currently fall within three distinct groupings, the insulin-like peptide family encoded on
ins genes, the FMRFamide-like peptide family encoded on flp genes and a group encompassing all other
neuropeptide families designated the neuropeptide-like proteins and encoded on 7/p genes. Presently,
these groupings encompass 102 distinct genes that encode in excess of 250 different neuropeptides—a
quite staggering complement for relatively simple animals with ~300 nerve cells.

Nematode FMR Famide-Like Peptides (FLPs)

Nematodes show exceptional diversity with respect to the complement of FLPs they express. The
number of different FLPs identified (so far) in C. elegans stands at >70 and these are encoded on a
battery of 30 distinct genes (designated flp-1 to flp-28, flp-32 and flp-33); note that flp-32 has only
been predicted such that its transcript awaits identification.**#>*>! Bioinformaticand PCR/DNA
sequencing studies have provided the bulk of the available data on C. elegans FLPs, 04435152 and
until recently, only a small number of studies contributed peptide sequence information.'®*% More
recently, the powerful peptidomic approaches adopted by the Schoofs laboratory have provided
peptide structural data that support many of the carlier predictions on peptide sequences and
which have uncovered some additional peptides, e.g., a flp-33 encoded peptide.”*>

C. elegans has been the most important tool in our understanding of the nematode FLP comple-
ment, although studies on other species have contributed to this knowledge base. Multiple FLPs
have been structurally characterized from the large gastrointestinal parasite of swine and Clade III
nematode, A. suum.'*'¢772>5% Small numbers of FLPs have been structurally isolated from Panagrellus
redivivus,>"?! the free-living, Clade III nematode (C. elegans belongs to Clade V) and the sheep
parasite from Clade V, Haemonchus contortus™* A screen of the growing expressed sequence tag
(EST) datasets for parasitic nematodes revealed that there was much similarity in the ffp genes across
phylum Nematoda.”® Indeed, all but one (ffp-20) of the C. elegans flp genes were identified in the
EST dataset of at least one parasitic nematode. All in all, this effort uncovered a total of 33 flp genes
encoding over 90 distinct FLPs in 33 different nematode species from Clades I, III, IV and V; there
was no evidence of significant inter-Clade or inter-lifestyle variation in FLP complement. The range
of FLP signature sequences that have been identified in nematodes are outlined in Table 1. One fea-
ture that stands out is the large number of species in which most flp genes have been identified. Only

flp-29,-30 and 31 do not appear to be expressed in C. elegans. Indeed, flp-30 and 31 have only been

identified in plant parasitic nematodes of Clade IV and could play a role specific to plant-nematode
interactions. flp-29 has been identified in parasites of Clades IIl and V and yet appears to be absent
from C. elegans (also Clade V) such that it could play a role in parasite-specific activities.

Most FLPs appear to be associated with intercellular communication in nematodes and they
have been shown to have wide-ranging functions. In particular, many are associated with the
modulation of motor activities or sensory modalities such that the appeal of proteins associated
with these signaling pathways as drug targets is strong. The specific functions of nematode FLPs
are discussed in detail in Chapter 5 and will not be discussed further here.
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Nematode FLP Distribution/Expression

Much evidence relating to the expression of FLPs in nematodes has accumulated from immu-
nocytochemical studies using polyclonal antisera that cannot distinguish between the multiple
similar epitopes the FLP family presents. Although most of these studies do not inform on the
distribution of individual FLPs in nematodes, they have provided an overview of FLP distribu-
tion in a variety of species.*®! The take-home message from these efforts has been that FLPs are
widely expressed in nematode nervous systems (reports range from 50 to 75% of neurons) and
that they occur in all neuronal subtypes (inter-neurons, motor neurons, pharyngeal neurons and
sensory neurons). FLP-immunopositive neurons are common in the brain (circumpharyngeal
nerve ring) and associated ganglia as well as in the innervation of muscular organs such as the
ovijector/vulva and pharynx.

Most is known about fIp expression in C. elegans which has been monitored using upstream
promoter regions of flp genes fused to green fluorescent protein (GFP) coding regions in trans-
genic animals following germ-line transformations.”"*>¢* The expression of flp-1 to fIp-23 has
been examined, although no expression was observed for flp-9, flp-14, flp-16 or flp-23. While
the vast majority of flps were expressed exclusively in neurons, some were also expressed in non-
neuronal cells: fIp-2 and flp-11 were expressed in head muscles; fIp-5 and flp-15 were expressed in
pharyngeal muscles; flp-11 and flp-15 were expressed in socket and/or sheath cells which form
the amphidial channels; fIp-10 was expressed in vulval muscles; flp-11 and flp-2 were expressed
in uterine cells. Multiple neuronal cells expressed more than one flp gene, but no two flp genes
have identical expression patterns providing a mosaic of ffp expression. The extent of expression
varied considerably with between 2 and 44 neurons expressing individual ffps. In total, the 19 flp
genes for which robust expression was recorded (faint GFP expression was ignored) occurred in
53% of C. elegans neurons; since the expression of 4 flp genes was not determined and another
10 flp genes remain to be examined, this is likely to be an underestimate of overall ffp expression
in the worm. Expression onset for most flps is during embryogenesis with the earliest expression,
during gastrulation, being noted for flp-15; most flps display expression onset at the comma stage,
a mid-stage in gastrulation where the embryo appears slightly folded within the egg. It is unclear
why some flps display such early expression, but they may play roles in aspects of neuronal de-
velopment. In some neurons, selected flp genes are coexpressed with classical neurotransmitters.
However, no consistent relationship between the expression of any individual f/p and any classical
transmitter was reported.

A gene expression fingerprint of C. elegans embryonic motor neurons revealed the expression of
multiple fIp genes (flp-2, 4, 5, 8, 9, 12, 13, 14, 15, 16, 18 and 19) using GFP fused to the UNC-4
transcription factor that encodes a paired-class homeodomain protein that is expressed in thirteen
embryonic motor neurons.®® Subsequent work used microarray-based methods to monitor gene
expression in C. elegans neurons.* Findings revealed that 20 of the 23 flp genes examined displayed
enriched expression in a larval pan-neural dataset; those not showing enrichment included flp-14,

flp-20 and flp-23. Furthermore, a subset of five flp genes (flp-2, 4, 5, 12 and 13) were enriched in

the A-class cholinergic neuron subset, with flp-13 being the most-highly enriched. These efforts
offer a powerful approach to understanding the relationships between gene expression and neural
function in C. elegans and have clearly emphasized the association between fIps and motor func-
tion in nematodes.

In situ hybridization (ISH) has been employed to examine the expression of 5 flp genes in the
larval (J2 stage) potato cyst nematode (PCN).® As with the pattern of expression observed in C.
elegans using GFP reporter constructs, ISH indicated neuronal expression with variable patterns
for each gene examined. Although the absence of a neuronal map for G. pallida and the inability
to identify the neuronal axons using ISH made cell identification difficult, comparisons with the
expression patterns for the homologous flps in C. elegans revealed positional differences in the cells
expressing some genes. Although Gp-flp-1 expression was confined to the retrovesicular ganglion
(RVG; comprises cell bodies of interneurons and motorneurons situated just posterior to the
ventral ganglion), fp-1 expression was reported in the RVG as well as ventral cord interneurons,
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amphidial neurons and a pharyngeal motorneuron. Gp-flp-6 staining was identified in phasmid-like
(chemosensory) cells as well as in the lumbar ganglion of PCN J2s; diffuse Gp-flp-6 staining occurred
around the circumpharyngeal nerve ring and pharynx (metacorpal bulb). In contrast, /-6 expression
in C. eleganswas not reported in phasmids or the lumbar ganglion but was confined to amphidial cells
and a pharyngeal interneuron. Similarly, differences were apparent in the expression data for flp-12
and Gp-flp-12. The former occurred in a variety of ring neurons, interneurons and motor neurons
associated with the head whereas the latter was identified in the RVG and neurons associated with
the preanal area and lumbar ganglion. Gp-flp-14 expression was detected in head motorneurons and
nerve ring interneurons but the expression of flp-14 has not been determined for C. elegans. Clearly,
asnapshot of fIp gene expression in PCN J2s suggests that fIp expression in this plant parasite differs
from that seen in C. elegans. While the benefits of work on C. elegans are unquestionable, these data
highlight the importance of performing research on target parasite species.

Another approach to unraveling FLP signaling networks in nematodes has involved the
application of mass spectrometric methods to A. suum.>*%¢" This approach has relied on mass
spectrometric identification interfaced with chemical derivatization of individual FLPs from neu-
ronal structures including the circumpharyngeal nerve ring (CNR), ventral ganglion, RVG, dorsal
ganglion, lateral line ganglia (LLG), ventro-dorsal commissures and segments of the dorsal and
ventral nerve cords. These efforts mapped the expression of ~40 neuropeptides and revealed that
there were similarities and differences in the FLP peptide complements of each neural structure.
FLPs were the most abundant neuropeptides identified and, not surprisingly, the CNR expressed
the most diverse range of FLPs (peptides with signatures common to products from the follow-
ing C. elegans genes: flp-1, 3,4, 6, 8, 9, 11, 12, 13, 14, 16, 18 and 21I). All but one (flp-3) of the
peptides identified in the CNR was also identified in the ventral ganglion; in addition, the ventral
ganglion also expressed ILMRFamide (As-flp-29). Not surprisingly, the RVG appeared to express
a less diverse complement of FLPs than the CNR and ventral ganglion with no signals being
detected for flp-6, 13, 21 or 29. The dorsal ganglion expressed peptides matching those expressed
on flp-3, 4, 6, 13, 14 and 18 whereas the LLG expressed peptides predicted to be encoded on
genes homologous to flp-4, 6, 8, 11, 12, 13, 14, 16, 18 and 21. Although the peptide complement
of the dorsal cord appeared less complex than that of the ventral cord, both expressed peptides
corresponding to those encoded on flp-1, 4, 8, 11, 12, 13, 14, 18 and 21; a mass corresponding
to aflp-16 product was only detected in the ventral cord. The ventro-dorsal commissures yielded
little in the way of strong peptide signals although peaks matching flp-9 and flp-21 products were
detected; the authors voiced caution as this tissue is likely to contain nonneural hypodermal tissue.
Itis evident from this work that many fp genes are expressed across the main neural processes in A4.
suum. Immunocytochemical methods which employed a monoclonal antibody have been used to
investigate the distribution of the 4s-flp-8 gene products (AF1; KNEFIRFamide) in A. suum.?>>
A small subset of neurons in the head (including pharyngeal neurons) and neurons in the dorsal
and ventral nerve cords were immunopositive. It is noteworthy that ffp-8 was not reported to be
expressed in pharyngeal or nerve cord neurons in C. elegans.

The available literature provides data on flp expression that were derived using different tech-
niques from only a few nematode species and reveals a rather complex and incomplete picture which
indicates both similarities and differences in inter-species fIp expression patterns. For example, the
RVG of 4. suum expresses peptides corresponding to predicted products of flp-1, 3,4, 8, 9, 11, 12,
14, 16 and 18. In contrast, using GFP-reporter data, flp-1, 2, 7, 10, 11, 13 and 21 were detected
in the C. elegans RVG; the only matched expression being for genes flp-1 and flp-11. The small
amount of ISH data from G. pallida indicated the expression of Gp-flp-1 and Gp-flp-12 in the
RVG, corresponding to the 4. suum data. However, Gp-flp-14 was not detected in the G. pallida
RVG but was reported in the 4. suum RVG. This difference could be due to the distinct life stages
being compared as larval C. elegans have 16 RVG neural cells whereas adults have 20 and the data
for A. suum was derived from adules whereas that for G. pallida was derived from J2 larvae. Clearly,
too little is known about the cellular complement and organization of these structures to make
unequivocal statements regarding flp expression.
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A recent study on the afp-6 gene (= As-flp-11) employed mass spectrometry, ICC and ISH
to determine the expression of As-flp-11 in A. suum.>* Both ICC (using affinity purified antisera
to both AMRNALVRFamide and NGAPQPFVRFamide) and ISH (using an As-flp-11 specific
riboprobe) localized expression to a single RIS-like cell in the ventral ganglion; in C. elegans RIS
isa GABAergic interneuron which is known to express glutamate, dopamine and serotonin recep-
tors.**7° This contrasts markedly with the expression reported for flp-11 in C. elegans which was
widespread and did not include the RIS neuron. The accumulation of data on fIp gene expression
across different nematodes is providing an extremely complex picture where highly diverse and
species specific peptide expression patterns are superimposed upon an anatomically simple and
structurally rigid nervous system.

Nematode Insulin-Like Peptides (INSs)

INSs play key roles in development and metabolism across the metazoa (for more details, see
Chapter 5). Forty genes encoding peptides which belong to this family (daf-28 and all the known
ins genes) have been reported in the literature (see Table 2).373%507174 In vertebrates, insulin is
composed of two polypeptide chains (A and B chains) which are linked by two disulfide bonds; an
additional disulfide bond occurs within the A chain. Proinsulin, formed when the signal peptide
is removed from preproinsulin, comprises the A and B chains and an interconnecting C peptide
which is removed by endopeptidases during maturation. In contrast to the highly complex situation
in C. elegans, only 10 insulin-related peptides are known from humans. Also, unlike the structural
similarity of the human insulin-related peptides, there is much variation in the organization of
C. elegans INS peptides. The C. elegans peptides possess A and B chains, but most commonly
lack the intervening C peptide (although it is present in INS-1 and INS-18). Variations in the
arrangement of the disulfide bonds have enabled the delineation of three distinct classes of C.
elegans INS peptides, the o, B and y (see Fig. 1). At time of writing, virtually nothing is known
about INS peptides in parasitic nematodes. However, even a cursory glance at the EST datasets
for parasitic nematodes reveals a bountiful supply of INSs and much scope for work in this area.
Although their involvement in developmental processes, aging regulation and the control of dauer
formation in C. elegans does not immediately strengthen their candidature as targets for parasite
control, there is an obvious need to know more about their role in parasites and the potential of
their signaling pathways as drug targets.

Nematode INS Distribution/Expression

Data relating to s gene expression have been examined for 15 ins genes (ins-1, 2, 3,4, 5, 6, 7,
89, 11,18, 20,21, 22, 23)in C. e[egam using upstream promoter regions fused to GFP coding
regions;” currently there are no immunocytochemical or 77z sizu hybridization data for i7s genes or
their products. Most izzs genes examined were found to be expressed in a variety of neurons across
numerous life stages (embryos, larvac and adult worms), although no expression was identified for
ins-20. Excluding ins-20, expression was detected for all the #7s genes examined in all larval stages
(L1 to L4) and adults except ins-2, which was not detected in L4s and adults. All except i7s-9
were detected in the embryos. Although expression of most 77zs genes was particularly prevalentin
sensory neurons (all were detected in some sensory neurons), especially the amphidial and labial
neurons, thirteen i7s genes (all except ins-9) were also expressed in other (nonsensory) neurons
including dorsal and ventral nerve cord neurons, tail neurons and pharyngeal neurons. An elevated
expression in C. elegans embryonic and larval stage motor neurons was also reported for some izns
gene mRNAs using microarray profiling techniques.®*** For example, a larval pan-neural dataset
revealed enhanced expression of ins-1, 3, 17, 18, 21, 22, 23, 24, 26, 30 and daf-28.5* Also, six ins
genes are expressed in nonneuronal tissues, including the hypodermis (ins-4), intestine (ins-1,
ins-18), pharynx (ins-2), vulva (ins-2, ins-5, ins-8) and vulval muscle (i7s-1).” Unfortunately, there
are no data on the structure and expression of INSs in parasitic nematodes. However, it would be
interesting to compare INS expression between different nematodes to see if the complexities and
differences seen with the FLPs are also apparent in this neuropeptide family.
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Nematode Neuropeptide-Like Proteins (NLPs)

In contrast to the FLP and INS family groups, the NLP category has developed as a repository
for all the neuropeptides in nematodes which do not qualify as INSs or FLPs. The consequence
of this is that the NLPs comprise a wide range of peptide families that display quite disparate
structures (and presumably functions). Regardless of this fact, the NLPs have been referred to
as a peptide family when they actually represent an amalgamation of multiple peptide families
who'’s only common feature is neuronal expression; note that some NLPs were designated as
such and do not display neuronal expression (n/p-23, 26, 29, 30, 31) such that they may not be
bona fide NLPs, unless neuronal expression is subsequently proven. Indeed, this has been further
confirmed for peptides encoded by 72/p-27, 29 and 31 as they were identified as infection-inducible
anti-microbial peptides, although the modulation of expression by exposure to bacterial or fungal
pathogens was only established for 7/p-29 and 31; this role was proposed for 7/p-27 encoded
peptides based on their structural similarities to 7/p-31 encoded peptides.”

The NLPs were originally described as comprising 32 genes that were reported to encode
neuropeptides belonging to 11 distinct families.*** These included novel neuropeptide families
that were not previously identified in other species as well as peptides that displayed structural
similarities with neuropeptide families from other invertebrate phyla. The former included:
peptides with DRV C-terminal signatures encoded by 7/p-4; GGxYamides encoded by 7/p-10;
LxDxamides encoded by 7/p-11; LQFamides encoded by 7/p-12; MRxamides encoded by #lp-17;
histidine rich peptides encoded by 7/p-16; peptides with a nonterminal GxRLPN motif encoded
by np-19; and, a range of glycine-rich, FG containing peptides with variable sequences encoded
on nlp-26. The latter included: those with a GFxGF motif, described as orcokinin-like peptides
(orcokinin is a myotropic neuropeptide from the crayfish, Orconectes limosus) and encoded by
nlp-3, 8, 14and 15; those with a FRPamide signature, designated myomodulin-like and encoded
by nlp-2, 22 and 23; those with MSFamide signatures, designated buccalin-like (buccalin is
a neuropeptide from the mollusk Aplysia californica that modulates acetylcholine-induced
myoexcitation) and encoded by 7/p-1, 7 and 13; those with a MGL/Famide signature, assigned
allatostatin-like and encoded by 7/p-5 and 6; those with a YGG Wamide signature were identified
as similar to the APGWamide from 4. californica and were encoded by nlp-24, 25, 27, 28, 29,
30, 31 and 32; those with the N-terminal signature GGARAFamide were identified in other
nematode ESTs and in predicted products from 7/p-9 and 21; and, C-terminal FAFA signatures,
identified in other nematode species and encoded by 7/p-18 and 20.

The original NLP identification was based largely on genome searches that relied on pattern
finding approaches that exploited the nature of invertebrate neuropeptide genes to encode mul-
tiple copies of similar peptides. However, the authors of this approach stated that singly encoded
neuropeptides that did not display homology with other identified neuropeptides would not be
identified using these methods.* It seems likely therefore that other NLPs await discovery and
some evidence for this evolved from two dimensional nanoscale liquid chromatography and
tandem mass spectrometry approaches.’ These efforts identified the occurrence of 21 peptides
predicted from known 7/p genes and peptide products from an additional seven (zp-35 to
nlp-41) ‘probable’ nlp genes.” In addition, other putative z/p genes (nlp-33, 34 and 42) have
been annotated on WormBase (http://www.wormbase.org/db/gene/gene_class?name=nlp;
class=Gene_class) (see Table 3). The genes 7/p-33 and 34 both encode peptides with YGGY
sequences similar to those of #/p-24, 25 and 27 to 32. The peptides identified by tandem mass
spectrometry and encoded by #lp-35, 36, 37, 39, 40 and 41 all appear to encode novel pep-
tide families. The peptide products of #/p-38 include three putative peptides with LWamide
C-termini, including two GLWamides and one SLWamide. Interestingly, all three of these pep-
tides encompass a signature sequence (WxxxxxxWamide) that is reminiscent of the arthropod
B-type allatostatins (also designated myoinhibiting peprides).

Many of the NLPs reported in C. elegans have also been predicted in the closely related C.
briggsae > The free-living bacterivore, Pristionchus pacificus was reported to have ESTs encoding
FAFA and YGGWamide peptides.”? Examination of EST data for parasitic nematodes revealed
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that peptides structurally similar to many of the NLPs were also present across the nematode
clades:** Ancylostoma caninum ESTs encoded peptides from the FAFA, GFGX, GGxYamide,
MSFamide, FRPamide, GGARAF, MGL/Famide and LxDxamide NLP families; Brugia malayi
ESTs included FRPamide and YGGWamide peptides; Globodera pallida/rostochiensis ESTs
encoded FAFA, GFGX and GGARAF peptides; H. contortus ESTs encoded MSFamide and
MRXamide peptides; Heterodera glycines ESTs encoded FAFA, GFGFX, GGXYamide and
MSFamide peptides; Me‘loia'og_yne incognita/javanica ESTs encoded GFGFX, GGXYamide,
MSFamide, GGARAF, LQFamide and YGGWamides; Onchocerca volvulus and Ostertagia os-
tertagia ESTs encoded GFGFX peptides; Strongyloides stercoralis ESTs encoded FAFA, GFGFX
and GGARAF peptides; Toxocara canis ESTs encoded FRPamide peptides.

The afp-5 gene in A. suum encodes seven different peptides with C-terminal (D/S)R(D/N)
F(M/L)(N/H/S)Famide signatures, but it is unclear if these are best annotated as FLPs or
NLPs. Products from two other A. suum nlps have been identified by mass spectrometric meth-
ods.*” These also include peptides identical to and structurally related to C. elegans NLP-12s
(YRPLQFamides). As-nlp-12 and Trichostrongylus colubriformis (Tt-nlp-12) transcripts were
characterized and ESTs encoding NLP-12 peptides were identified from Meloidogyne spp.,
Necator americanus, O. ostertagia and Wuchereria bancrofii”® An additional and novel NLP
signature (RWNamide) was predicted on two peptides, NRRRNAAARWNamide and
NRRRNATARWNamide from an 4. suum EST and a peptide corresponding to the former
sequence was identified by mass spectrometry.”” From the small amount of data available on
NLPs from parasitic nematodes it is clear that they are highly divergent peptides that occur
across Phylum Nematoda and, due to their dissimilarity to vertebrate peptides their signaling
systems could make appealing drug targets. However, much work is needed to unravel the roles
of these peptide signaling molecules.

Nematode NLP Distribution/Expression

Aswith flp and ins expression, the expression of #lp-1 to 32 in C. elegans has been investigated
using promoter sequences from 7/ps to drive GFP expression in transgenic animals.”? Expression
was not identified for nlp-4, 17, 22, 25, 28 or 32 and with a small number of exceptions (/p-23,
26, 29, 30 and 31), most of the other z/ps displayed neuronal expression. Those not expressed
in neurons could have been wrongly designated as z/ps. It is noteworthy that all of those not
expressed in nerves are expressed to varying degrees in hypodermal tissue and two of these (2p-29
and 37) are the aforementioned anti-microbial peptides. The other 2/ps were expressed in a wide
variety of neurons including those of the head and tail, sensory neurons, circumpharyngeal nerve
ring and associated ganglia, RVG, nerve cords, vulva and pharynx.*? Just like the situation with
flps, nlps appear to have distinct but overlapping distribution that presents a complex mosaic
of expression across the nervous system of C. elegans. Remarkably, 9 different nfp genes are
expressed in the ASI (amphidial) neurons (nlp-1, S, 6, 7, 9, 14, 18, 24 and 27; note that flp-10
and 21 are also expressed in these cells) revealing that individual neurons can possess a highly
complex array of neuropeptide signaling molecules. The application of a microarray profiling
technique to monitor elevated expression of mRNAs in embryonic motorneurons identified
multiple nlps, including #lp-3, 5,7, 9, 10, 11, 15, 17, 18, 21, 28, 29, 30 and 31.°* A pan-neural
dataset from larval C. elegans revealed enhanced expression of #lp-1, 2, 3,5, 6,7, 8, 9, 10, 11,
12,13,14,15,17,18,20and 21. As well as neuronal expression, multiple 7/ps are additionally
expressed in the intestine (#/p-1, 2, 3, 6, 8, 9, 13, 14, 15, 16, 18, 20, 21, 27and 29), spermatheca
(nlp-S, 13, 18, 19, 20, 24 and 27), embryo (nlp-9, 11, 21 and 31), rectal gland (nlp-18) and
vulval secretory cells (nfp-2).%2

Reverse transcriptase (rt-)PCR indicated that #/p-12 was expressed throughout the larval
and adult stages of C. elegans; transcription was also identified in the L3 and adult stages of 7.
colubriformis. Curiously, ISH identified 7¢-nlp-12 expression in a single tail neuron, matching
that reported for C. elegans.”® However, rt-PCR indicated the expression of As-n/p-12 in both
head and tail tissue,”® matching mass spectrometric data which identified masses identical to
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NLP-12 predicted peptides in the nerve ring, RVG, ventral and dorsal nerve cords.*” Furthermore,
peptides matching the mass of the RWNamides were detected by mass spectrometry in the nerve
ring, ventral ganglion and RVG of A. suum.?” Therefore, it seems that the pattern of neuropeptide
distribution/expression in nematodes differs across species and may reflect significant plasticity
in the nervous systems of nematodes which could facilitate the various behaviors and life styles
they adopt in spite of a rather structurally-simple nervous system. Clearly, the sophistication and
huge success (in terms of biomass) displayed by nematodes may be, in part, due to their highly
complex networks of peptide signaling molecules that appear to facilitate much diversity and,
ultimately, subtlety in intercellular communication.

Platyhelminth Neuropeptides

Unlike the situation in nematodes, flatworms have nervous systems that commonly comprise
several thousands of neurons and there appears to be no rigorous conformity in structure across
the classes. Having said that, a bilobed anterior brain that supplies longitudinal cords which are
connected by commissures to create a ladder like ( =orthogonal) arrangement provides the most
common structural theme to their central nervous system (reviewed by ref. 77). Disadvantaged
by the unavailability of complete and readily accessible genomic information, our knowledge of
flatworm neuropeptides is sparse, even though the first report of neuropeptide immunoreactiv-
ity in the nervous system of flatworms was in 1981 with a report on vertebrate neurohormone
immunoreactivities in the free-living turbellarian, Dugesia lugubris.”® Many subsequent studies
have employed immunocytochemistry to map the distribution of immunoreactivities to a vast
range of vertebrate and invertebrate neuropeptides in all four classes of flatworms (reviewed by
refs. 45,47, 49, 77,79-81). This section will focus only on those peptides for which peptide or
nucleotide sequence data are available. Taking this approach, two distinct neuropeptide families
dominate current understanding of flatworm neuropeptides, the FLPs and NPF.

Platybelminth Neuropeptide F (NPF)

In the late 1980s/early 1990s, indirect immunocytochemistry and confocal microscopy
combined to record the widespread occurrence in flatworm parasites of immunostaining with
antisera that were raised against the C-termini of vertebrate neuropeptide Y (NPY) family
peptides.'*13828 Most commonly, these antisera had been raised against pancreatic polypeptide
(PP) or peptide YY (PYY); less commonly, immunoreactivity was reported to NPY, a third
member of this vertebrate peptide family. Within vertebrates, these three peptides were usually
36 amino acids long and had several structural features in common: a polyprolyl N-terminus;
tyrosyl residues situated 10 and 17 amino acids from the C-terminus; and, an RXRYamide
C-terminal signature. Note that relatively recent gene duplication events that have led to the
rapid evolution of the duplicate genes have generated additional members of the NPY family
that have quite distinct structural features and biological functions—these will not be consid-
ered further here.$4$¢

In the early 1990s, NPF from the cestode Moniezia expansa (mxNPF) became the first
flatworm neuropeptide to be structurally characterized following acid ethanol extraction of
whole worms and a series of chromatographic purification steps interfaced with radioimmu-
nometric monitoring of the immunoreactive fraction.”® This peptide comprised 39 amino
acid residues and possessed a distinctive RPRFamide C-terminal signature and came to define
a new class of peptides, designated NPF. Although this peptide was a little longer than any
previously reported NPY superfamily member, it did display key assets that led the discover-
ers to designate this peptide as an invertebrate NPY. These features included the C-terminal
arginyl residues and tyrosyl residues situated 10 and 17 amino acids from the C-terminus;
these are invariant amongst vertebrate NPY superfamily peptides (Table 4). Further efforts
structurally characterized a 36 amino acid NPF from the land planarian Artioposthia triangu-
lata (subsequently redesignated Arthurdendyus triangulatus).> This peptide had an identical
GRPRFamide C-terminus and the signature tyrosyl residues in identical relative positions.
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One feature which was characteristic of vertebrate NPY superfamily peptides and yet absent
from these worm NPFs was a polyprolyl N-terminus, leaving their relationship to the vertebrate
peptides unclear. However, characterization of Mx-npf, the first known flatworm neuropeptide
encoding gene, revealed another characteristic that indicated a relationship to NPY superfamily
peptides. This was a Phase-2 intron within the penultimate R residue, a feature common to
both 7py superfamily genes in vertebrates and Mx-7pf¥” However, this trait was not observed
in the Az-npf gene or in the more recently characterized S. mansoni and S. japonicum npf
genes.®® Alignment of the prepropeptides for all known platyhelminth NPFs and a selection
of other invertebrate NPFs and human NPY reveals the diversity in peptide sequence around
the conserved C-terminal and fixed tyrosyl residues (see Table 4). Further evidence to support
the relationship between helminth NPF and vertebrate NPYs was derived from examination
of the solution structure of Mx-NPF using nuclear magnetic resonance. This work revealed a
random structure for the N- (Pro' to Asn'®) and C- (Gly* to Phe*) termini either side of an
alpha helix with a structure described as similar to that of porcine NPY.”°

Platybelminth NPF Distribution/Expression

Information on the distribution/expression of NPF in flatworms is restricted to immu-
nocytochemical data generated using C-terminal or whole-molecule directed antisera and
fluorescence or confocal scanning laser microscopy. However, it is highly likely that previous
staining patterns obtained using antisera to vertebrate NPY superfamily members (pancreatic
polypeptide, peptide YY and/or neuropeptide Y) were in fact due to their cross-reactivity
with NPFE. Studies in the carly-mid 1990s began to employ specific NPF antisera to localize
expression to the nervous systems of M. expansa and other platyhelminth parasites.”?” General
observations included the fact that immunostaining was confined to neuronal elements and
that expression was widespread in the nervous system with both central and peripheral nerves
being immunopositive. The widespread distribution of NPF-immunoreactivity was evident in
cestodes, monogeneans and trematodes with much staininglocalizing not only to the cerebral
ganglia and associated nerve cords but also to innervation of muscular organs such as suck-
ers and/or holdfasts, egg chambers (ootypes), uteri and pharynges. Comparative studies on
the distribution of NPF, serotonin and acetylcholine expression indicated that peptidergic
signaling systems more closely following those of the cholinergic systems and were distinct
and clearly distinguishable from serotoninergic nerve pathways (for example, see reference
98). Further, immunogold labeling of immunogenic peptides for electron microscopic obser-
vation localized staining in dense-cored secretory vesicles in a number of different flatworm
parasites and confirmed that these were associated with secretory pathways.?>?>9>77:910 The
broad range of immunocytochemical studies on NPF in flatworms confirms the abundance
of this peptide in flatworm neuronal tissues, a situation similar to that seen for NPY in the
vertebrate brain.

Platybelminth FMRFamide-Like Peptides (FLPs)

FMRFamide-like peptides (FLPs) in flatworms conform to the most common FLP signature
of a C-terminal tetrapeptide comprising an aromatic residue, a hydrophobic residue and an
RFamide. The only published data on FLP sequences from flatworms have been derived from
biochemical studies that employed ethanolic extraction and chromatographic purification
procedures similar to those used for M. expansa NPF, except that FLP antisera were employed
in radioimmunometric-based peptide monitoring. Again, the first success was seen with the
large and widely available tapeworm, M. expansa with the structural characterization of the
hexapeptide GNFFRFamide.’" At this time, this peptide remains the only FLP that has been
structurally characterized from a parasitic platyhelminth.

Three other FLPs have been structurally characterized from free-living turbellarians includ-
ing: GYIRFamide (from Bdelloura candida, an ecto-commensal of the horseshoe crab; Girardia
tigrina, a fresh water planarian; Procerodes littoralis, a marine planarian); YIRFamide (from B.
candida); RYIRFamide (from the land planarian, 4. triangulatus) (see Table 5) (R.N. Johnston,



Neuropeptide Systems as Targets for Parasite and Pest Control

68

“(D 2y Suimojjoy Ajareipawiwl uopod dojs e sassassod esuedxa “py) apndad ay) jo
SNUILWIR)-D) 9y} Je Jouop apiwe [ADA]3 ay) SuImo||o} (4213 ul paxdo|q) sa)is 23eAea|D JIseqIp aArY 4dN-dW 1daoxa ‘|je Jeyy ajoN "A apndadoinau ‘AdN ‘susides owopy
‘SH {(podouyie) sayseSouejaw ejiydosolq ‘wi {isnjjow) sijeuse)s earuwAT ‘s {(ysnjjow) edjuIojed eisAjdy Oy {luosuew ewosolsiyds ‘Ws {(wlomiel) apojewa.y)
wnoiuode/ euwiosolsiyds ‘IS {(wiomiely apo)sad) esuedxa BIZaluopy ‘D (WIOMIB]} UBLIE|[2QINY) Snenduel) snApuspinyly/ )y "Paulllapun aie sanpisal Uowwod
pue pjoq ur pay3iysdiy are umoys slaquiaw Ajiwe) sy} Inoy3noiy) [edRUSPI Ak Jey) SPIde oulwy INOY3NOIY) pasn SpIde oulwe 1o} UOIeJoUU’ Ja)I3| d[3UIS,

MAYdAITILIdANTLS TN TTAS I TLAdS S DAIOAL NI AHYTYSA XIVHAEVAVATDANAAMSAAV IV IYOTOANTISTY TLIDS TOTHMND T AdAN-SH
ATSAITDONNYNIDTNINAWNTHNTTT TN TS DN IDITATVIADXXIATAOTIN AVAVHINAANNEAdUSNS VAATOOV Y TTY TYADVATI OYHLIOON 4dN-wa
AAOMNYSAADIAADSITANASATYON VDIIdIDATVARENTY N TAN I TANINM ATHIUOIALTHY A 1O TATNAY TS TATISATTTIHIN 4dN-$1
OATLMYYYATd AMIONIN AITINMASADY I DIIAIONISAXAEANTYVIAOITOOVS LATAINAdAVTNASNA VI AS TAVINOS TTTANTI AMON 4dN-2V

NI TINIADANNANAT TAMOTTIOTTANNT TANMHTANNAM TdNANY T DIIAIOTTNAAYAINENAMNIVASLAITSWIMYIYOVIOOANd TNS TNNNINTNTIAYNTATSNS
OATTAMTTTIITTIISHSNNSMANMNASAODXNASAN 4dN-ws

IAINIAOANATINALIINEITOOI TISNTTHNOWADAANNIHASN DAY SDYTHA AV AINIWANNAVAS LA TINTIVIVOVIOOTAdONTINSNSSTHIVNOTIINSOAT
ADITTTITTININSNWTIANMYSSAOE XOHOHI 4dN-IS
DIVAUDIIVAXINIOYTAQITYVINATATASANATISAOAA TN ARV SIAAWATINTAN 4dN-2W
MEXDTIODNATAH Y DIIdIDXTOI AMSANITAIOAEAIS SASSUAUTHAAN VAN LASSINT TATVIATASAATASTASH 4dN-WV
+s90uanbag py outwy 4 apndadoinap apndadoadaig apndag

uosriedwod 10y umoys a4e ssofanbas pajoajas *saduanbas 1osindaid apndadoidaid (JgN) 4 apndadoinaN ‘¢ ajqe;




Neuropeptides in Helminths 69

Table 5. FMRFamide-like peptide (FLP) sequences from platyhelminths and a mollusk

Species (platyhelminth unless indicated) Amino Acid Sequence*
Arthurdendyus triangulatus RYIRF.NH,
Bdelloura candida GYIRF.NH,
YIRF.NH,
Girardia tigrina GYIRF.NH,
Moniezia expansa GNFFRF.NH,
Procerodes littoralis GYIRF.NH,
Macrocallista nimbosa (mollusk) FMRF.NH,

*Single letter annotation for amino acids used throughout. The FLP signature comprising: aromatic
amino acid, hydrophobic amino acid, arginine and phenylalaninamide, is shown in boldface text.

Queen’s University Belfast, unpublished observations).”>*** In all cases, only one FLP (and
possibly two FLPs in the case of B. candida) has been identified in acid ethanol extractions
of flatworms, a situation that contrasts markedly with the FLP diversity seen in nematodes.
Although no trematode or monogenean FLPs have been structurally characterized, the chro-
matographic fractionation of acid ethanol extracts have only reported a single immunoreactive
peak, consistent with the occurrence of one FLP or a small number of FLPs in these species.?*”
More recent genomic and EST analyses have identified a raft of novel neuropeptide encoding
transcripts, including some encoding FLPs, in S. mansoni and other free-living flatworms (P.
McVeigh and G.R. Mair, Queen’s University Belfast and T.A. Day, lowa State University, un-
published data). It seems likely that our very limited knowledge of platyhelminth neuropeptides
will be radically expanded soon.

Platybelminth FLP Distribution/Expression

Many immunocytochemical studies document the widespread occurrence of FLP im-
munoreactivity in platyhelminths and provide a broad picture that is similar to that seen for
NPF (reviewed by refs. 45,47,49,77). The first immunocytochemical study reporting FLP
immunoreactivity in the nervous system of a parasite demonstrated anti-FMRFamide antisera
cross-reaction with central and peripheral nerve elements in the tapeworm, Diphyllobothrium
dendriticum.” Subsequent studies revealed that this observation was common to the other
classes of flatworm parasite and confirmed a widespread distribution for this peptide family.”"
The data generated on FLP distribution displayed the same key features as that for NPF im-
munoreactivity in that both central and peripheral nerve elements were immunopositive. As
with NPF, FLP distribution patterns are similar to those of acetylcholine but distinct from
those for serotonin (for example see refs. 101-107). Furthermore, ultrastructural studies have
localized immunoreactivity to dense-cored secretory vesicles in nerves of both the central and
peripheral nervous systems of parasitic flatworms (reviewed by refs. 45,47,49,77,79-81,108).
Of particular note, is the widespread abundance of FLP-immunoreactivity in the innervation
of muscular structures associated with the body wall, attachment organs, reproductive systems
and feeding organs such as the pharynx. One particularly interesting observation made us-
ing immunocytochemistry was the link between the expression of FLPs in the reproductive
system of the monogenean parasite Polystoma nearcticum and spawning of the grey treefrog
host, Hyla versicolor."” This work revealed a role for FLPs in the reproductive synchrony
between the parasite and its host. All these observations have pointed to a role for flatworm
FLPs in muscle modulation, hypotheses which were subsequently confirmed experimentally
(see Chapter 5 in this book).
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Targets for Parasite Control

Currently, much more is known about parasite neuropeptides than either the receptors they
act upon or the associated signaling pathways (see Chapter 5 in this book). Indeed, only a small
number of neuropeptides have been receptor-matched in C. elegans (see Chapter 5 in this book)
and no neuropeptide receptors have been functionally characterized from a parasitic worm.
Regardless, the peptides themselves are useful as tools to initiate receptor discovery efforts and
also to validate signaling pathways as targets. The application of gene silencing through RNA
interference (RNAI) as a mechanism to validate potential targets in parasitic worms has been
widely discussed.!*!"* However, complications in the utility of RNAi abound from the lack of
genomic data and optimized RNAi protocols for the vast majority of parasites, although the
S. mansoni and B. malayi genome projects and ongoing efforts to address RNAi optimization
are beginning to counter these weaknesses.!'*!'¢ Further, the application of RNAI to parasitic
nematodes and, indeed, to neuronal targets in C. elegans, has had mixed and moderate successes,
respectively (for example see refs. 117-122).

Even where RNAI has proven successful, within the confines of target validation studies
it can only really inform on the potential utility of antagonistic drugs and does not speak to
the potential of agonists that act on the same pathways. Nevertheless, even before receptors
and signaling pathways are determined and characterized, the application of RNAI for each
neuropeptide-encoding gene could offer a rational approach to the selection of neuropeptide
signaling pathways for further study. For example, null phenotypes associated with the silenc-
ing of a neuropeptide gene would effectively rule out that pathway from a target discovery
program. In contrast, a lethal or incapacitating phenotype associated with silencing a neuro-
peptide gene would be extremely appealing; at time of writing a lethal phenotype associated
with neuropeptide silencing has not been reported. However, the silencing of five different fp
genes in G. pallida each generated worms with profound aberrant phenotypes which appear
incompatible with survival in the host and which indicate the importance of neuropeptide
signaling pathways to parasite behavior.'”* So even though only five neuropeptide genes have
been examined in this way, already several offer appeal as targets for the control of plant
parasitic nematodes. Clearly, interrogating the entire peptide complement in this way could
provide a large set of validated target systems. Although there appear to be numerous hurdles
to the application of RNAI in some animal parasites,'*! the success seen in the application of
RNAI to interrogate gene function in plant parasitic nematodes (reviewed by refs. 120,124)
and the potential for the application of plant-based RNAI strategies for parasite control are
very promising.'>'* Time will tell if the translation of these successes to animal and human
parasites is a real possibility.

Conclusion

This chapter has focused on neuropeptide signaling molecules that play a major role in worm
neurobiology and beyond. Due to the success of anthelmintics that have acted to compromise
normal motor function in helminth parasites, peptides with associated roles have much appeal
as conduits to target systems for parasite control. Although the peptides themselves do not
provide useful chemotherapeutic targets, the various enzymes that contribute to generation
of the mature peptide products, the receptors (ion channels or G-protein coupled recep-
tors) they interact with, the enzymes that break down the peptides after signal initiation and
components of the signaling pathways they trigger, all provide potential targets for parasite
control (see Fig. 2).

Unfortunately, at this time, our knowledge of these facets of peptide signaling networks in
parasitic worms is at best rudimentary, although data on neuropeptide degradation is starting
to accumulate for C. elegans,*'*'** and an amidating enzyme has been characterized from S.
mansoni." At least some of these will have potential in mechanism-based drug discovery pro-
grams. The recent successes in the application of RNAi-based control measures for plant parasitic
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Figure 2. Within neuropeptide signaling systems in parasitic worms there are five obvious
groups of targets that could be exploited for parasite control. Here, these are shown for the
hypothetical GYIRFamide encoding gene. 1) The enzymes associated with preproprotein
processing (prohormone convertases and carboxypeptidases) could provide targets that
would compromise multiple neuropeptide signaling pathways by stopping the generation of
mature peptide products. 2) A similar scenario would apply to the amidation process whereby
peptidylglycine a-hydroxylating monooxygenase (PHM) and peptidyl a-hydroxyglycine
a-amidating lyase (PAL) act sequentially to generate C-terminal amide moieties from glycyl
residues. Most neuropeptides display C-terminal amidation and this is commonly essential
to receptor binding and/or activation. Again, compromising the amidation process would
prevent the generation of amidated peptide products and thus would broadly disrupt pep-
tide signaling processes. 3) Receptors often receive the most attention with respect to drug
target exploitation, mainly because high throughput screens involving receptors are well
established. Critically, data on neuropeptide receptors in C. elegans and some parasites are
now beginning to accumulate and appear to offer real potential for receptor exploitation.
4) Very little is known about neuropeptide signal termination in parasitic worms, but com-
promising the signal termination processes would have obvious merits in the disruption of
peptide signaling pathways. Again, if the peptidases involved are widely conserved across
peptide signaling networks then there is the potential for broad-scale disruption of these
signaling pathways. 5) Least is known about the signal transduction pathways associated
with neuropeptide action, but often these encompass various enzymatic steps which pro-
vide multiple opportunities for disruption of the associated signaling processes. All of these
target groups may also be amenable to gene silencing through RNA interference (RNAI)
which could provide a valuable tool for the validation of these targets in parasites. If RNAi
approaches become feasible for parasite control (and they show promise for the control of
plant parasitic nematodes) then the genes encoding neuropeptides could be added to the
above-mentioned list of target groups.

nematodes underscore the potential of this approach and could provide a real opportunity to
exploit neuropeptides for parasite control.

Note Added in Proof

A recent bioinformatic trawl of the available flatworm EST and genomic datasets identi-
fied ~60 distinct neuropeptide precursors encompassing 96 neuropeptides from 10 species of
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flatworm."* Although some of these peptides belong to peptide families previously recognised
in flatworms (FLP- and NPF-like families) or other animal phyla (myomodulin-, buccalin- and
neuropeptide FF (NPFF)-like peptide families) most are novel and, therefore, flatworm-specif-
ic. This is significant as ligand uniqueness underscores the potential for the cognate receptors to
provide drug targets that are easily discriminated between parasite and host. For more details,
readers are directed to the original manuscript available at http://www.sciencedirect.com/
science?_ob=MImg&_imagekey=B6T7F-4W1BVIT-1-D& _cdi=5057& _user=126523&_
orig=search&_coverDate=09%2F30%2F2009& _sk=999609988&view=c&wchp=
dGLbVIz-zSkWA&md5=53005d80cea0568efb49434fe9aclc8c&ie=/sdarticle.pdf.
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