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To date, 53 peptides with C-terminal RFamides have
een identified by the genome sequencing project in
he nematode, Caenorhabditis elegans. In this study
he FMRFamide-related peptide (FaRP) KPSFVRF-
mide (879.90 Da [MH]1) was structurally character-
zed from extracts of the nematode, Caenorhabditis
legans. Two copies of KPSFVRFamide are encoded by

gene designated flp-9. RT-PCR identified a single
DNA product which was confirmed as flp-9 by se-
uence determination. Flp-9 cDNA was isolated from

arval stages of C. elegans but was not detected in
dult worms, indicating that its expression is may be
evelopmentally regulated. KPSFVRFamide displays
equence homology to the nematode peptide, KPNFIR-
amide (PF4). The physiological effects of KPSFVRF-
mide, PF4 and the chimeras, KPNFVRFamide and
PSFIRFamide, were measured on body wall muscle
nd the vagina vera of the parasitic nematode, Ascaris
uum. KPNFVRFamide and KPNFIRFamide had Cl2-
ependent inhibitory activity on innervated and de-
ervated muscle-preparations, whereas KPSFVRF-
mide and KPSFIRFamide did not elicit a detectable
hysiological effect. Although all 4 peptides had inhib-

tory effects on the vagina vera, KPSFVRFamide and
PSFIRFamide (threshold, >0.1 mM) were less potent

han KPNFVRFamide and KPNFIRFamide (threshold,
10 nM). © 1999 Academic Press

FMRFamide-related peptides (FaRPs) comprise a
biquitous family of neuropeptides to which has been
ttributed signaling or transmitter functions in inver-

1 To whom reprint requests should be addressed. E-mail:
.marks@qub.ac.uk.
The sequence reported in this paper has been deposited in Swiss

rot. data base (Accession No. Q18502).
222006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
enus clam, Macrocallista nimbosa FaRPs have been
haracterized from numerous invertebrate species in-
luding the parasitic pig nematode, Ascaris suum (1),
he sheep nematode, Haemonchus contortus (2), and
he free-living nematode species, Caenorhabditis el-
gans (3–6) and Panagrellus redivivus (7–9). To date,
he C. elegans genome sequencing project has identi-
ed 18 FMRFamide-like peptide (flp)-encoding genes
10). Most of these genes encode either multiple differ-
nt isomeric peptides or multiple copies of a single
eptide, and some have been found to have alternative
9 splice leader sites such that different transcripts can
e generated.
Although some nematode FaRPs have been found in

oth parasitic and free-living forms, most have only
een identified in one or other nematode type. Avail-
ble structural information, suggests that there are
ifferences as well as similarities between the FaRP
omplements of parasitic and free-living forms. Never-
heless, all of the FaRPs which have been structurally
haracterized from free-living forms and tested for ac-
ivity on body wall musculature of A. suum have been
ound to be physiologically active. Indeed, most have
otent and distinguishable actions on this preparation,
onfirming its usefulness as a model for physiological
nalysis of the actions of FaRPs from free-living nem-
todes (11).
The present study describes the structural charac-

erization, expression, gene organization and physio-
ogical activity of the C. elegans FaRP, Lys-Pro-Ser-
he-Val-Arg-Phe.amide (KPSFVRFamide). Its physio-

ogical actions on the musculature of A. suum are
ompared to the structurally-related free-living nema-
ode FaRP, KPNFIRFamide (PF4). Furthermore, chimeric
eptides were designed and employed in structure-



activity studies to identify the residues responsible for
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he observed differences in physiological activity be-
ween these two FaRPs.

ATERIALS AND METHODS

Tissue extraction. Cultures of C. elegans were grown and har-
ested as previously described (12). Worms were placed in acid
thanol (ethanol/0.7 M HCl: 3:1, v/v; 8 ml/g wet weight of worm) and
omogenized for 1 min using a Polytron PT 10-35 (Kinematica
mbH, Switzerland). The homogenate was processed for a further 2
in using a Braun Cell homogenizer containing 20 ml of 0.5 mm

lass beads and stored overnight at 4°C. Tissue debris was removed
y centrifugation (30 min, 4,000 3 g) and the supernatant acidified
sing 0.1% trifluoroacetic acid (TFA). Alcohol was removed from the
ample under pressure and the remaining extract lyophilized.

Peptide purification. The lyophilized sample was reconstituted in
ml of 2 M acetic acid and centrifuged (30 min, 4,000 3 g) prior to

ractionation on a Sephadex G50 (fine) column (90 3 1.6 cm) (Phar-
acia, Sweden). Fractions (2.5 ml) were collected every 15 min and

n aliquot (10 ml) removed for FaRP radioimmunoassay (RIA). Im-
unopositive fractions were pumped onto a Whatman Partisil 10
DS-3 column which was eluted with a linear gradient of 100% A

0.1%)TFA in HPLC-grade water), 0% B (0.1% TFA in acetonitrile) to
0% A, 70% B in 70 min at a flow rate of 3 ml/min. Following RIA, the
mmunoreactive peptide was subjected to four further purification
teps using: Vydac diphenyl (0.46 3 25 cm), Vydac C-18 (0.46 3 15
m), Kromasil C-18 and C3 (0.46 3 25 cm) columns. All analytical
olumns were eluted with a linear gradient at a flow rate of 1 ml/min
nless otherwise stated.

FaRP-radioimmunoassay. A 10 ml aliquot was removed from
ach G50 fraction and reconstituted in 400 ml of assay buffer (40 mM
odium phosphate, 0.2% bovine serum albumin, pH 7.2). The FaRP-
IA employed antiserum RIN 8755 (Peninsula Laboratories, En-
land). RIA details have been previously published (9).

Structural characterization. The purified peptide was subjected
o automated Edman degradation using a Beckman Instruments LF
600 TC sequencer, and mass spectroscopy using a MALDI time-of-
ight instrument (Fisons Instruments, UK).

Parasite material. Adult female A. suum (25-30 cm) were col-
ected from a local abattoir and maintained in fresh Ascaris Ringers
olution (ARS) [NaCl (4 mM), CaCl2 (5.9 mM), MgCl2 (4.9 mM),
4H11NO3 (Tris) (5 mM), NaC2H3O2 (125 mM) and KCl (24.5 mM),
H 7.4 ] at 37oC.

Myoactivity. A 2 cm section of body wall was used as the muscle-
trip preparation. This was prepared by removing a 2 cm segment
ust above the gonopore, cutting along the lateral line and removing
he intestine from the muscle field. A final cut along the remaining
ateral line provided two muscle strips, one containing the dorsal
erve cord and muscle fields and the other the ventral nerve cord and
uscle fields. Denervated muscle strips were prepared following the

bove protocol except that incisions were made along either side of
he respective nerve cords, thus removing the main nerve cords from
he preparation.

The muscle strip was secured to a stationary holdfast at one end
nd an isometric force transducer at the other in a tissue chamber
sing fine wire hooks. Movement generated by the muscle strip was
ecorded on a Gould recorder. Muscle strips were maintained at 37oC
nder anaerobic conditions (5% CO2, 10% H2 and 85% N2) in either
RS or modified ARS during experimentation.
A 2 cm muscle segment, 1 cm either side of the gonopore was

emoved to prepare the vagina vera for recording. The vagina vera
distal gonoduct) was exposed by cutting along a lateral line and
emoved by a transverse cut through the vagina uteri (proximal
223
era was then placed in a recording chamber (4 ml) containing
anks’ balanced Salt Solution (HBSS, Gibco/BRL, Life Technologies,
K) at 37°C. The preparation was attached by suction to an inflex-

ble pipette (distal end of preparation), the second flexible pipette
as attached to the proximal end of the vagina vera at a fixed
istance from the first (5 mm) and a small amount of tension
,0.1mg/mm) was applied. Any movement generated by the tissue
etween the two pipettes was measured using a photo-optic trans-
ucer system (13, 14, 15), and the signal generated was amplified
nd stored on a chart recorder. Pen deflections # 0.1 mg/mm were
isregarded to avoid noise and background vibrations and a naive
reparation was used for each experiment.
The effects of the peptides on the vagina vera preparation were

nalysed using three parameters: (a) tension, (b) contraction fre-
uency and (c) contraction amplitude at the time points: 0 (i.e.
mmediately prior to peptide addition), 2, 5, 10 and 20 min. For the
urpose of statistical analysis the tension, frequency and amplitude
ere examined during the 2-min period prior to each of these time
oints. The tissue was exposed to the peptide for 10 min after which
he medium in the experimental chamber was replaced with fresh
BSS.

Statistical analysis. Statistical analyses of the results from the
. suum vagina vera experiments employed single factor repeated
easures ANOVA and Fischer’s probability of least significant dif-

erences to determine if the test peptides induced significant
P,0.05) changes in the three parameters (tension, amplitude and
requency) under study. Student’s t-test, non-paired was used to
etermine if differences in the 3 contractility parameters between
reated and vehicle (4 ml of distilled water) control groups, time-
atched, were significant.

Physiological salines. All experiments were carried out in ARS or
BSS unless stated. The ionic dependencies of the peptides were

xamined using a range of modified ARS which included high K1,
a21-free and Cl2-free. High K1 ARS was composed of 125 mM KCl

nstead of the normal 24.5 mM. In Ca21-free media, CaCl2 was
eplaced with CoCl2. Cl2-free ARS comprised: C3H5O2Na (4 mM),

3H5O2
1/2Ca (5.9 mM), MgSO4 (4.9 mm), Tris (5 mM), NaC2H3O2

125 mM) and KC2H3O2 (24.5 mM).
The peptides employed in the present study were obtained from
enosys Biotechnologies (Europe) Ltd (Cambridge, UK) and Pepti-
ogenics Inc. (San Jose, California, USA).

Electrophysiology. Methods for recording membrane potentials
ave been previously described (16,17). Segments of A. suum body
all were prepared by the same method used for the motility exper-

ments but were pinned onto a Sylgard-lined chamber which was
erfused with Artificial Perienteric Fluid [APF, NaCl (67 mM), Na
cetate (67 mM), CaCl2 (3 mM), MgCl2 (15.7 mM), KCl (3 mM), Tris
5 mM), glucose (3 mM), pH 7.6 with glacial acetic acid] maintained
t 37oC. A single micro-electrode (4 M KC2H3O2, 0.1 M KCL, 10-40
V) was inserted into the selected muscle cell body. The electrode
as attached to an Axoclamp 2A amplifier (Axon Instruments, Fos-

er City, CA). Membrane potentials were recorded only from those
uscle cells which displayed a steady resting potential between -25

nd -40 mV.

Molecular methodology. Wild-type C. elegans were synchronised
nd staged as described in Wood (18). Total RNA was isolated from
taged and mixed stage animals with RNAzol (Biotecx) according to
anufacturers instructions. One mg of RNA was reverse transcribed
ith avian myeloblastosis virus reverse transcriptase (Promega, WI,
SA) using an oligo (dT) primer. One to two ml of cDNA was used for

ach polymerase chain reaction (PCR), which consisted of: 30 ng 59
rimer (59-ATGTGTGTGTATGTGTGTGC-39), 30 ng 39 primer (59-
AAGACATATCTATCTAC-39), 60 mM Tris (pH 8.5), 3.5 mM MgCl2,
5 nM (NH4)2SO4, 0.1 mM dNTPs (Promega), and 5 U Taq polymer-
se in a total volume of 25 ml. PCR parameters were as follows: 30



cycles of 94oC for 15 sec, 60oC for 1 min, and 72oC for 1 min.
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mplification products were electrophoresed through a 0.8% low
elt agarose gel and excised. The products were ligated into a TA

loning vector (Invitrogen, CA, USA) using a modification of the
anufacturers protocol as follows: 10 ml of excised fragment in low
elt gel was used in a final volume of 40 ml. The DNA sequence of the

nsert was determined using a USB Sequenase 7.0 kit. Products were
eperated on a 6% polyacrylamide gel containing 7M urea, and
isualized by autoradiography.

ESULTS

eptide Isolation

A single peptide species was identified throughout
Fig. 1A-C) and peptide recovery following each chro-
atographic step was .90%. Approximately 900 pmol

f the peptide was purified to homogeneity. As only the
eak fractions were taken at each stage, the purified
eptide represented 75-80% of that present in the orig-
nal extract.

tructural Analysis

Approximately 300 pmol of the purified peptide was
ubjected to Edman degradation analysis and the un-
quivocal primary structure of the heptapeptide, Lys-
ro-Ser-Phe-Val-Arg-Phe-NH2, was determined in a
ingle gas-phase sequencing run (Table 1). In addition,
he molecular mass of the purified peptide was deter-
ined using a MALDI time-of-flight instrument as

79.50 Da (MH1), which compares favourably with the
heoretical mass of the deduced sequence (880.06 Da),
ncorporating a C-terminal amide.

yoactivity

Data are presented as mean 6 standard deviation.
ll peptide effects were reversible and could be re-
eated after washout.

omatic Muscle Preparation

KPSFVRFamide. KPSFVRFamide (#10 mM) had
o significant effect on the baseline tension, contrac-
ion frequency or contraction amplitude of either inner-
ated or denervated somatic body wall muscle strips
rom A. suum (Fig. 2A). As a positive control, 10 mM
cetylcholine (ACh) was added to the muscle strip.
Although KPSFVRFamide was inactive on the body
all muscle of A. suum, robust responses were ob-

erved with the closely related peptide, KPNFIRF-
mide (as previously reported, 19). The addition of PF4
KPNFIRFamide) to somatic muscle strips resulted in

rapid inhibitory response (Fig. 2C) and had a final
hreshold concentration for activity of 1 nM.

Based on the profound differences between the ac-
ions of these two peptides on body wall muscle, the
224
ffects of chimeric peptides which possessed an N3 for
3 or a I5 for V5 substitution (or both) were examined to
etermine the functional pharmacology of the PF4 re-

FIG. 1. Gel permeation chromatogram (Sephadex G-50) of FaRP-
mmunoreactivity in an acid ethanol extract of C. elegans (A). The void
V0) and total volume (Vt) of the column are indicated as is the FaRP-
mmunoreactivity (arrow). (B) Semi-preparative reverse-phase chro-

atogram of the FaRP-immunoreactive G50 fractions. The column was
luted with a linear gradient of 0.1% TFA/CH3CN (dashed line). The
lution position of the FaRP-immunoreactive fraction is indicated by an
rrow. (C) Final analytical reverse-phase HPLC fractionation of the
MRFamide-immunoreactive peptide (arrow). The column was eluted
t a flow rate of 1ml/min with a gradient established using 0.1% (v/v)
FA in water and 0.1% (v/v) TFA in acetonitrile.
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ponse. Results obtained using the chimeric peptides
re given below.

KPSFIRFamide. KPSFIRFamide (#10 mM) had no
ignificant effects on the baseline tension, contraction
requency or contraction amplitude of either inner-
ated or denervated somatic body wall muscle strips
rom A. suum. The addition of 10 mM g-amino-butyric-
cid (GABA), as a positive control, resulted in the ex-
ected decrease in baseline tension (Fig. 2B).

KPNFVRFamide. KPNFVRFamide (#10 mM) was
ound to have inhibitory effects on A. suum muscle
trip preparations. The peptide caused a rapid de-
rease in baseline tension (10 mM; 2.34 6 0.18g; n 5
2), which was qualitatively and quantitatively similar
o that induced by PF4. KPNFVRFamide also inhibited
pontaneous contractions in those preparations which
isplayed inherent spontaneous activity and had a
hreshold concentration for activity of 0.1 nM. The
nhibition exhibited by the peptide was not dependent
n the presence of nerve cords, with a decrease in
aseline tension being noted in both innervated and
enervated muscle preparations (Fig. 3A & B). The
ffects were identical on both ventral and dorsal
uscle-strip preparations and were completely revers-

ble.
Incubation of the muscle strips in Ca21-free media

id not decrease the inhibition caused by the addition
f peptide (Fig. 3C). Similarly, the inhibitory effect
nduced by the peptide was not abolished following
ncubation in high K1 media (Fig. 3D). However, mus-
le preparations which were incubated in Cl2-free me-
ia displayed a significant increase in muscle tone (10
M, 0.98 6 0.27, n 5 7, p , 0.01) (Fig. 3E).

agina Vera

KPSFVRFamide. KPSFVRFamide had inhibitory
ffects on the vagina vera of A. suum. Addition of 10
M KPSFVRFamide significantly reduced contraction

requency and amplitude while increasing baseline
ension (Fig. 4A, Table 2). The addition of 0.1 mM

Automated Edman Degradation Analysis of C. elegans
FMRFamide-Immunoreactive Peptide

Cycle no. PTH-amino acid Yield (pmol)

1 Lys (K) 35
2 Pro (P) 37
3 Ser (S) 20
4 Phe (F) 26
5 Val (V) 24
6 Arg (R) 15
7 Phe (F) 1.2
8 —
225
imilar effects to the addition of 10 mM.
The threshold for activity of KPSFVRFamide was 0.1

M with 57% (4 out of 7) preparations displaying a
ignificant inhibitory response (Table 2). Addition of
.1 mM KPSFVRFamide did not significantly alter
aseline tension or contraction amplitude but signifi-
antly decreased contraction frequency (Fig. 4B, Table
). It should be noted that the preparations were only
uiescent for 50 % of the experimental period.
It should be noted that KPNFIRFamide (PF4) dis-

layed potent myoinhibitory actions when added to the
agina vera complex causing a cessation of muscle
ontractions (Fig. 2D).

FIG. 2. Muscle tension recording showing the effects of 10 mM
PSFVRFamide (A), 10 mM KPSFIRFamide (B) and 10 mM KPN-
IRFamide (C) on Ascaris suum body-wall muscle strips. The effects
f PF4 on the vagina vera of A. suum is also shown (D). As positive
ontrols, 10 mM ACh and GABA were added to the muscle prepara-
ions.
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KPSFIRFamide. KPSFIRFamide was also found
o be inhibitory when added to the vagina vera prep-
ration. Addition of 10 and 1 mM KPSFIRFamide
esulted in complete inhibition of spontaneous ac-
ivity (Fig. 4C). A similar result was obtained with

mM KPSFIRFamide (Table 3). A significant de-
rease in contraction frequency but not amplitude
r baseline tension was noted with 0.1 mM. The
hreshold concentration for activity was 0.1 mM
Fig. 4D, Table 3).

KPNFVRFamide. KPNFVRFamide had more po-
ent inhibitory effects on the vagina vera than
PSFVRFamide and KPSFIRFamide, having a

hreshold for activity of 10 nM. This is similar to
he threshold activity of PF4 (KPNFIRFamide). At
oncentrations of 10 mM and 1 mM KPNFVRFamide
here was a complete inhibition of the rhythmic
ontractions of the vagina vera with contraction am-
litude reduced to 0 (Fig. 4E, Table 4). This effect was
till significant 5 min after wash-out (P , 0.0001, n 5
). Baseline tension also increased following the addi-
ion of 10 mM and 1 mM KPNFVRFamide. A qualita-

FIG. 3. Muscle tension recordings showing the effect of 10 mM
PNFVRFamide on innervated (A) and denervated (B) muscle-strip
reparations from Ascaris suum. The effects of 10 mM KPNFVRF-
mide on A. suum muscle strips maintained in Ca21-free (C), high-K1

D) and Cl2-free (E) Ascaris Ringers solution are also shown. Peptide
ddition is indicated by arrow heads. Horizontal scale bars represent
min while vertical scale bars represent 1 g.
226
ponse was observed following the addition of 0.1 mM
PNFVRFamide. Although 10 nM KPNFVRFamide

esulted in a significant decrease in contraction fre-
uency it had no significant effects on contraction am-
litude or baseline tension (Fig. 4F). No significant
ffects were noted following the addition of 1 nM
PNFVRFamide to the preparation.

FIG. 4. Muscle tension recordings of KPSFVRFamide (A, B);
PSFIRFamide (C, D); and KPNFVRFamide (E, F) on A. suum
agina vera. Peptide addition is indicated by arrows. Each recording
as obtained from a different specimen. Note that the effects of the
eptides were reversible.
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lectrophysiology

Muscle cell bellies displayed no significant alteration
n membrane potential (n 5 7) in the presence of 10 mM
PSFVRFamide (Table 2). In contrast, KPNFIRF-
mide reduced membrane potential (24 to 26 mV,
510). Both chimeric peptides hyperpolarized the
uscle cells; 10 mM KPSFIRFamide caused a small,

eversible hyperpolarization (24.26 1.2, n 5 6), while
more profound effect was observed for KPNFVRF-

mide (29.06 6 1.72, n 5 9; Table 5).

olecular Characterisation of the Genomic Region
and Transcript Corresponding to flp-9

Searches of the C. elegans Genome Sequence data-
ase revealed a putative gene encoding the peptide
PSFVRFamide. The genomic locus was designated as
p-9. To determine whether this gene was expressed,
RNA from mixed-stage worms was reverse-

ranscribed and flp-9-specific primers were used for

Effects of Varying Concentrations of KPS

[Peptide]
Baseline tension

(mg/mm)

10 mM increase* co
0.48, 5 min p.a.
(P,0.0001, F530.38, n56) (P

1 mM increase* de
0.39, 5 min p.a. 60
(P,0.0001, F523.79, n56) (P

0.1 mM no effect de
20
(P

Note. Values represent maximal changes observed during the ex
therwise stated; p.a., post addition; * denotes statistical significanc

TAB

Effects of Varying Concentrations of KPS

[Peptide]
Baseline tension

(mg/mm)

10 mM increase* co
0.56, 5 min p.a.
(P,0.0001, F57.73, n56) (P

1 mM increase* co
0.40, 5 min p.a. 0-
(P,0.0001, F515.73, n56) (P

0.1 mM no effect de
50
(P

Note. Values represent maximal changes observed during the ex
therwise stated; p.a., post addition; * denotes statistical significanc
227
CR amplification. A single product of approximately
00 bp was detected and subcloned. Nucleotide se-
uence determination of one of the resulting plasmids
onfirmed its identity as a flp-9 cDNA. The predicted
ropeptide encodes two copies of KPSFVRFamide, both
f which are flanked by potential dibasic cleavage sites.
To determine the ontogenic expression of flp-9,

taged mRNA from eggs, the four larval stages and
dults was reverse transcribed and amplified with flp-
-specific primers. Products corresponding to flp-9
ere detected with mRNA from all stages except adults

Fig. 5). As a control, primer sets from several other
enes known to be expressed in adults (flp-3, flp-6, flp-7
nd flp-10) were used to amplify products from the
ame preparation of adult mRNA, and all resulted in
he amplification of fragments of the expected size
data not shown). These data indicate that the expres-
ion of flp-9 is developmentally regulated and suggest
hat the physiological role of KPSFVRFamide is re-
tricted to larval stage animals.

RFamide on the Vagina Vera of A. suum

ntraction frequency
(% time 0)

Contraction amplitude
(% time 0)

lete inhibition* complete inhibition*

.0001, F5539.2, n56) (P,0.0001, F5325.1, n56)
ase* decrease*
10 min p.a. 50%, 10 min p.a.
.0001, F565.24, n56) (P,0.0005, F516.69, n56)
ase* no effect
5 min p.a.
.0001, F5179.6, n56)

rimental; effects lasted for the duration of the experiment unless

3

Famide on the Vagina Vera of A. suum

ntraction frequency
(% time 0)

Contraction amplitude
(% time 0)

lete inhibition* complete inhibition*

.0001, F5147, n56) (P,0.0001, F537.21, n56)
lete inhibition* complete inhibition*
in p.a. 0-8 min p.a.

.0001, F549.56, n56) (P,0.0002, F512.48, n56)
ase* no effect

.005, F57.43, n56)

rimental; effects lasted for the duration of the experiment unless
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ISCUSSION

In the present study, a novel FaRP, KPSFVRF-
mide, was isolated and sequenced from an acid etha-
ol extract of the free-living nematode, C. elegans.
Two copies of KPSFVRFamide were found to be en-

oded on the flp-9 gene of C. elegans. The encoding gene
as been localized to a genomic cluster in the middle of
hromosome IV between the genetic markers lin-24
nd unc-30 (Fig. 5). PCR experiments on mRNA ex-
racted from eggs, the four larval stages and adult
orms, revealed that this gene is selectively expressed

n the non-adult stages of the worm. Studies in Dro-
ophila have suggested developmentally regulated
oles for FaRPs with three neuronal types displaying
MRFamide-like immunoreactivity during larval
nd/or pupal stages but not the adult (19).
KPSFVRFamide shows considerable structural ho-
ology (86%) with the previously identified FaRP,
PNFIRFamide (PF4), which was isolated from the

ree-living nematode, P. redivivus (9). PF4 is very sim-

Effects of Varying Concentrations of KPN

[Peptide]
Baseline tension

(mg/mm)

10 mM increase* co
0.36, 5 min p.a.
(P,0.0001, F525.19, n56) (P

1 mM increase* co
0.43, 10 min p.a. 0-
(P,0.0001, F517.92, n56) (P

0.1 mM increase* de
0.41, 10 min p.a. 10
(P,0.0001, F510.35, n56) (P

10 nM no effect de
84
(P

Note. Values represent maximal changes observed during the ex
therwise stated; p.a., post addition; * denotes statistical significanc
t
h
(
a
p
I
r
m
C
t

c
.
F
F

TABLE 5

228
lar to KPNFLRFamide, a peptide predicted to be en-
oded on the C. elegans flp-1 gene. Physiological stud-
es on A. suum body wall muscle found that PF4 and
PNFLRFamide had comparable inhibitory activities
nd potencies, such that the leucine for isoleucine sub-
titution did not confer any apparent differences to the
iological activity of these peptides (20).
However, the current study revealed that KPSFVR-

amide had no significant effects on tension or contrac-
ile parameters of ventral or dorsal somatic body-wall
uscle of A. suum. Also, in contrast to PF4, it had no

ffect on the membrane potential of body-wall muscle
ells. Clearly, the substitution of serine for asparagine
t position 3 and/or valine for isoleucine at position 5 is
ritical for the biological activity of this peptide.
To examine the potential effects on biological activity

f the serine residue at position 3 and the valine resi-
ue in position 5, chimeras of KPSFVRFamide and
F4 were synthesized and their physiological actions
ompared. KPNFVRFamide was found to relax inner-
ated and denervated muscle-strip preparations with a
hreshold for activity of 1 nM; it also caused a distinct
yperpolarization of somatic body-wall muscle cells
similar to that observed for PF4). Clearly, the aspar-
gine residue in position 3 of the novel C. elegans
eptide converts it to a peptide with PF4-like activity.
n common with PF4, the KPNFVRFamide-induced
elaxation of the muscle strip was not found to be
ediated by either K1 or Ca21 ions. Experiments in
l2-free media indicated that, like PF4 (21), the ac-

ions of KPNFVRFamide were dependent on Cl2.
Although KPSFIRFamide induced a modest muscle

ell hyperpolarization in A. suum, the extent was
50% less than the hyperpolarization caused by KPN-
VRFamide. In contrast to KPNFVRFamide, KPSFIR-
amide had no significant effects on A. suum muscle-

RFamide on the Vagina Vera of A. suum

ntraction frequency
(% time 0)

Contraction amplitude
(% time 0)

lete inhibition* complete inhibition*

.0001, F553.03, n56) (P,0.0001, F553.03, n56)
lete inhibition* complete inhibition*
min p.a. 0-11 min p.a.
.0001, F596.52) (P,0.0001, F532.01, n56)
ase* decrease*

100%
.0001, F5108.7, n56) (P,0.0001, F512.91, n56)
ase* no effect

.0001, F5179.6, n56)

rimental; effects lasted for the duration of the experiment unless
FV

Co

mp

,0
mp
11
,0
cre
0%
,0
cre
%
,0

pe
e.
Effects of KPSFVRFamide and Chimeric Peptides
on Ascaris suum Muscle Cell Membrane Potential

Peptide (10 mM)
DSm (mV)
(at peak) Replicates

PSFVRFamide 2.07 6 2.74 7
PSFIRFamide 22.00 6 1.20 5
PNFVRFamide 29.06 6 1.72 9
ontrol 0.38 6 0.38 8

Note. Control: perfusion with artificial perienteric fluid (APF); mV
iven as means6standard error.
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trip tension, contraction frequency or amplitude. Why
he membrane potential changes caused by KPSFIRF-
mide were not translated into measurable changes in
uscle contractility or tension is unknown. The hyper-

olarization may be due to pharmacological effects of
igh concentrations of this peptide on receptors which
re not physiological targets. A similar explanation
ay hold for the modest effects of KPSFVRFamide on

he vagina vera; no peptide with strong homology to
PSFVRFamide has been reported from A. suum. It is
lso possible that the membrane potential changes
ay have been sub-threshold for the induction of me-

hanical activity. The lack of biological activity for the
arent peptide, KPSFVRFamide, and very minor ac-
ivity observed for KPSFIRFamide, points to the im-
ortance of the serine residue in position 3 of the pep-
ide in distinguishing the biological activity of
PSFVRFamide and KPNFIRFamide.
This study has identified a novel C. elegans neu-

opeptide (KPSFVRFamide), localized it to the flp-9

FIG. 5. (A) Chromosomal localization of flp-9. flp-9 is located
n cosmid C36H8, which has been positioned to a gene cluster in
he middle of chromosome IV between the genetic markers lin-24
nd unc-30. Arrow denotes direction of gene transcription. (B)
enomic organization of flp-9. Exons are denoted as boxes, introns
s lines. flp-9 has at least 3 exons and 2 introns. The start site of
ranscription (arrow) and the polyadenylation site are unknown.
he FaRP-encoding sequence is shaded. (C) Amino acid sequence
f the putative flp-9 propeptide. Two FaRPs are encoded by the
ene and are indicated in bold. Dibasic cleavage sites are under-
ined. Other non-FMRFamide-related peptides may also be de-
ived from flp-9. (D) Expression of flp-9. To confirm that flp-9 is
xpressed, RNA isolated from different developmental stages and
dults were reverse-transcribed and amplified with flp-9 specific
rimers. Amplification products corresponding to the flp-9 tran-
cript (arrow) were detected in cDNA from eggs (E) and larval
nimals (L1 through L4), but not from adults (A). No product is
etected when no cDNA is added (2), amplification from a plasmid
ontaining the flp-9 cDNA (1) is shown as a control for the cDNA
amples.
229
tructurally similar to previously identified nematode
aRPs, it does not display the same biological activities
n nematode somatic musculature. Studies using chi-
aeras of KPSFVRFamide revealed that the serine

esidue in position 3 is responsible for its lack of myo-
ctivity. Also, since there is developmentally regulated
xpression of the flp-9 gene, KPSFVRFamide is impli-
ated in juvenile-specific functions.
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