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Based on the sequencing of genomic and cDNA clones, we 
were able to determine that the FMRFamide gene consists 
of five exons covering at least 20 kb and predict the pres- 
ence of further novel peptides. The exons are alternatively 
spliced: exon I (hydrophobic leader sequence) to exon II 
(tetrapeptides) and exon I to exons Ill (heptapeptides), IV, 
and V. A cDNA clone encoding the heptapeptides is de- 
scribed and has also been shown to encode further novel 
peptides SKPYMRFamide, HDYMRFamide, and SSFPRYam- 
ide. Analysis of the right internal parietal nerve using mass 
spectrometry showed that the novel peptide SKPYMRFam- 
ide was cleaved from the precursor. This peptide excites 
neurons, suggesting a physiological function in the CNS. 

[Key words: Lymnaea, FMRFamide, genomic organization, 
alternative splicing, neuropeptide, mollusk, mass spectros- 
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FMRFamide is a member ofa large family of structurally related 
neuropeptides that have been isolated from species spanning 
almost all phyla of the animal kingdom (reviewed by Greenberg 
and Price, 1992). Most is known about the function of 
FMRFamide in mollusks. It has been shown to have cardioex- 
citatory effects in a number of species (e.g., Price and Greenberg, 
1977; Buckett et al., 1990) as well as activity on other peripheral 
muscles (e.g., Cottrell et al., 1983; Weiss et al., 1984). Central 
neuronal actions by this peptide are also well known in mollusks 
(Abrams et al., 1984; Cottrell and Davis, 1987). The cloning of 
DNA sequences that encode FMRFamide and related peptides 
from a number of invertebrate organisms has shown that these 
peptides are often highly repeated within a protein precursor 
and are found together with a number ofnovel peptides (Aplysia, 
Schaefer et al., 1985; Drosophila, Nambu et al., 1988; Schneider 
and Taghert, 1988; Lymnaea stagnalis, Linacre et al., 1990; 
Saunders et al., 1991; Calfiactis, Darmer et al., 1991; Helix, 
Lutz et al., 1992; Caenorhabditis elegans, Rosoff et al., 1992). 

In Lymnaea, the exon encoding the tetrapeptide members of 
the family FMRFamide/FLRFamide is expressed in approxi- 
mately 280 cells in the CNS, including the very well-character- 
ized pair of E,, (Egp heart excitatory) motoneurons. This is 
expected, as the peptides probably act as transmitters in this 
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system (Buckett et al., 1990; Brezden et al., 1991). As a con- 
sequence of alternative RNA splicing, a second exon encodes a 
class of N-terminally extended peptides, predominantly GDP/ 
SDPFLRFamide, which are expressed in approximately 57 cells 
(Bright et al., 1993) including a cardiorespiratory cell, the vis- 
ceral white interneuron (VWI) (Skingsley et al., 1993). To some 
extent, peptides encoded by this exon can mimic aspects of the 
action ofthe VW1 but cannot explain all its actions. For instance, 
the inhibitory effects of the VW1 on its postsynaptic cells can 
be satisfactorily mimicked by GDPFLRFamide, but this does 
not explain the excitatory responses on other neurons (Skingsley 
et al., 1993). The possibility arises that the VW1 therefore con- 
tains other peptides (or other transmitters) that may be encoded 
on separate exons within the same gene. Recently an FMRFam- 
ide-like heptapeptide SKPYMRFamide has been characterized 
biochemically in Lymnaea (de With et al., 1992) but has not 
been identified within the already described exons of the 
FMRFamide gene. To obtain a complete analysis of neuropep- 
tide coding in the FMRFamide gene, we have used a combi- 
nation of cDNA cloning and genomic sequencing to determine 
whether further neuropeptide encoding exons exist within the 
FMRFamide gene. 

We describe the isolation, for the first time, of a cDNA en- 
coding the GDPSDPFLRFamide peptides and show that this 
cDNA encodes two further exons not previously described, 
making a total of at least five exons within the FMRFamide 
locus oflymnaea. This cDNA encodes the previously unknown 
peptides SSFPRYamide and HDYMRFamide as well as 
SKPYMRFamide and a potential tetrabasic neuropeptide pre- 
cursor cleavage site. It is likely that these sequences now com- 
plete the description of all the open reading frames and potential 
peptides encoded within the Lymnaea FMRFamide gene. 

Materials and Methods 
Molecular biological techniques. Standard molecular biological tech- 
niques were performed according to Sambrook et al. (1989). 

Construction of oligonucleotides. The oligonucleotides were construct- 
ed on an Applied Biosystems 38 1A DNA synthesizer according to the 
manufacturer’s instructions. The sequences of the oligonucleotides were 
(5’ to 3’) Primer 17 (P17), AAACAGCAAGTGGCTACGGACGACA 
(sense, nucleotides 5446-5470 of genomic sequence M87479); Primer 
19 (P 19) ATTACATGCGTTTCGGGCGCACTTC (sense, nucleotides 
1202-l 226 of pC2); Primer 20 (P20), CTCGGACGCGGACGCCTCT- 
CTCTCGT (antisense, 97 l-947 of uC2): Primer 2 1 (P2 1). GAAGTG- 
CGCCCGAAACGCATGTAAT (antis&e, 1226-1202 of pC2); and 
SP3. CATCAAATGGCTGACCTGTGTCATGGC (sense. 248-275 of 
pC2). The Xgt 10 forward and reverse primers were as in Saunders et al. 
(1992). 

Isolation of a cDNA clone, pC2. A Xgt 10 cDNA library, constructed 
from the CNS of Lymnaea stagnalis, was screened using the synthetic 
oligonucleotide Primer 17. This was labeled with +P-ATP (Amer- 
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sham, UK) and hybridizations performed under the following condi- 
tions: 6 x SSC, 5 x Denhardt’s solution, 6.5% PEG 8000 (polyethylene 
glycol), and 0.5% SDS at 65”. In total, 40,000 pfu ofthe amplified library 
were screened. Duplicate lifts were taken and positively hybridizing 
plaques isolated. This was repeated until single plaques could be se- 
lected. DNA was isolated from the phage and digested with EcoRI to 
release the insert, which was then subcloned into pUC 19. 

Screening of a genomic library. An EMBL3 clone (from an EMBL3 
partial Sau3A library, A. B. Smit, Amsterdam) containing an insert of 
approximately 20 kb and encoding both the hepta- and tetrapeptide 
coding sequences was screened using oligonucleotides P19 and P20 
(labeled with y-‘*P-ATP using T4 polynucleotide kinase). Positively 
hybridizing EcoRI fragments were subcloned into pUC19 for DNA 
sequencing. 

Nucleotide sequence analysis. Using double-stranded DNA the sub- 
clones were sequenced in both orientations. The sequencing was per- 
formed using &S-dATP (Amersham, UK) and Sequenase 2.0 kits 
(U.S. Biochemicals, UK). The reactions were then separated on a 7 M 
urea, 6% polyacrylamide gel. The resulting data were analyzed using 
the DNAstar (DNAstar Ltd., UK) package of programs. 

Mass spectroscopy. The right internal parietal nerve was dissected and 
analyzed by mass spectroscopy exactly as described previously (Jimenez 
et al., 1994). A Finnigan MAT Vision 2000 laser desorbtion time-of- 
flight mass spectrometer was used in conjunction with a pulsed N, laser 
(337 nm; pulse width, 3 nsec) to irradiate (lo6 to 10’ W/cm2) the sample. 
After initial external calibration, the spectra were calibrated internally 
on previously identified peaks. Forty spectra were accumulated, and the 
mass accuracy of the instrument was 0.1%. 

Physiology. Neuropeptides SDPFLRFamide and SKPYMRFamide 
were applied to the surface of identified neurons via pressure pipettes 
while recording the responses using intracellular microelectrodes. Meth- 
ods were the same as Skingsley et al. (1993). Isolated Lymnaea brains 
were continuously perfused with HEPES-buffered saline (Benjamin and 
Winlow, 198 1) during pharmacological application of neuropeptides. 
Concentrations of peptide in the pipette were between lo-’ and 1O-4 
M, but the final concentration of peptide reaching the receptors was 
likely to be l-2 orders of magnitude lower than this. Intervals of at least 
10 min with continuous perfusion of saline occurred between successive 
applications of agonists. 

Results 
Isolation of heptapeptide cDNA clones 
It had previously been shown that the tetrapeptide FMRFamide 
(Linacre et al., 1990) and the heptapeptides GDPSDPFLRF- 
amide (Saunders et al., 199 1) were encoded by separate exons 
and that both exons are spliced onto a common 5’ exon that 
encodes a hydrophobic leader sequence (Saunders et al., 1992). 
The heptapeptide cDNA sequence was not complete as a PCR 
product containing only the 5’ end of the cDNA had been iso- 
lated and sequenced. A cDNA XgtlO library was therefore 
screened for clones that extended the sequences of the hepta- 
peptide transcript 3’. Positively hybridizing clones were then 
picked, analyzed, and sequenced. One clone, pC2 (Fig. l), when 
translated, was found to contain an open reading frame encoding 
the common hydrophobic leader sequence, and the contiguously 
encoded heptapeptides GDPSDPFLRFamide and their vari- 
ants. The cDNA sequence then diverged from the genomic hep- 
tapeptide coding sequence at the previously postulated 5’ con- 
sensus splice site (Saunders et al., 1991) and was extended 3’ 
by 536 bp. The new sequence was found to encode two further 
FMRFamide-like peptides and a novel unrelated hexapeptide 
in addition to the previously described EFFPLamide, GDP/ 
SDPFLRFamide, and related peptides. These are SKPYMRF- 
amide, HDYMRFamide, and SSFPRYamide (Fig. 2A). Each 
putative peptide has a C-terminal glycine necessary for ami- 
dation and each is bounded by single basic amino acids that are 
thought to be necessary for processing from the precursor. A 
similar tetrabasic cleavage site to that described in the tetra- 
peptide precursor (Fig. 2B) is also present in the heptapeptide 

Figure 1. The complete nucleotide sequence of the cDNA clone pC2, 
which contains heptapeptide encoding sequences. The predicted amino 
acid sequence of the protein precursor is shown below the nucleotide 
sequence. Those amino acids in boldfaceindicate the peptides that could 
be processed from the protein precursor. Numbers above refer to the 
nucleotide sequence and numbers below to the amino acid sequence. 
The lines above the nucleotide sequence indicate the exons from which 
the cDNA was derived. 

precursor, and in both cases the four basic amino acids are 
followed by serine and threonine. 

The first stop codon (TGA) in the heptapeptide cDNA is 
followed by multiple stop codons in all three reading frames. 
Analysis of the sequence indicates that there are several putative 
polyA addition sites (consensus AAUAAA), but the presence 
of additional nucleotides after these sites and no evidence for a 
polyA tail in the transcript suggest that these sites are not used. 

Isolation of tetrapeptide cDNA clones 

It had previously been shown that the first stop codon in the 
tetrapeptide open reading frame is followed by multiple stop 
codons in all reading frames. Though there are putative polyA 



6566 Kellett et al. * Genomic Organization of the Lymnaea FMRFamide Gene 

A RRKRST 
. 

I III IV V 

I II 

q Splicedhydrophobic 0 FLRFa 0 QFVRl.3 
leader sequence 

Figure 2. A, The predicted protein precursor encoded by pC2 showing 
the potential peptides contained within the precursor. Each peptide 
finishes in a C-terminal glycine and is separated from its neighbor by 
single basic amino acids. B, Shows for comparison the precursor protein 
encoded by the tetrapeptide mRNA. A tetrabasic cleavage site can be 
seen in both precursors and is followed by a conserved serine and 
threonine. 

addition sites in the untranslated 3’ region, they do not appear 
to be used since there is no evidence of a polyA tail in the 
cDNAs so far analyzed. Further screening and polymerase chain 
reactions (PCR) to extend the FMRFamide transcript 3’ failed 
to identify a polyA tail. 

Attempted isolation of other spliced transcripts 

As the hydrophobic leader sequence is spliced onto both the 
tetra- and heptapeptide exons (Saunders et al., 1992), the pos- 
sibility exists that this same sequence could also be spliced 
directly onto further exons. To investigate this, PCR was per- 
formed as described previously in Saunders et al. (1992) on 
lysates of the cDNA library with primers specific for the hy- 
drophobic leader sequence and XgtlO, as illustrated in Figure 
3A. Amplification, cloning, and sequencing (Fig. 3B) of the PCR 
products gave, in addition to the tetrapeptide and heptapeptide 
exons, many products that contained stop codons in all three 
reading frames. Only one continued as an open reading frame, 
but it did not encode any additional peptides. This suggests that 
there are no additional major transcripts other than the two 
described here. 

Analysis of genomic clones 

By analyzing a XEMBL 3 recombinant clone it had already been 
established that the tetra- and heptapeptides are encoded by 
exons located on separate EcoRI fragments of 4.1 kb and 3.4 
kb, respectively (Linacre et al., 1990; Saunders et al., 199 1). 
Detailed restriction and sequence analysis has shown that the 
tetrapeptide exon is 1170 bp in length and is separated from 
the heptapeptide exon of 672 bp, by an intron of 2.9 kb (GenBank 
accession no. M87479). The question arose as to whether the 
novel sequences in the pC2 cDNA are encoded by further exons. 
The XEMBL 3 genomic clone was screened using synthetic oli- 

gonucleotides P20 and P19 (Materials and Methods), whose 
sequence was derived from the 3’ end of the newly described 
pC2 cDNA sequence. Southern blot analysis of the genomic 
clone digested with EcoRI and probed with oligonucleotides P20 
and P19 showed that the oligonucleotides hybridized to separate 
EcoRI fragments that were distinct from the EcoRI fragments 
encoding the tetra- and heptapeptide exons. The 5’ oligonucle- 
otide P20 hybridized to an EcoRI fragment of 1.6 kb, whereas 
the 3’ oligonucleotide P 19 hybridized to an EcoRI fragment of 
4.0 kb. The finding that the 3’ portion of the new cDNA, pC2, 
hybridized to two different EcoRI fragments suggested that pC2 
cDNA sequence was made up of at least a further two exons. 
By detailed restriction mapping, Southern blotting, and then 
subcloning and sequencing the EcoRI fragments, we were able 
to establish a genomic map with respect to the organization of 
the exons, introns, and the splice sites by comparing the genomic 
and cDNA sequence data (Fig. 4). One new exon (IV) is 173 bp 
in length, encodes a tetrabasic cleavage sequence, and is sepa- 
rated from the exon encoding the heptapeptides GDP/ 
SDPFLRFamide by an intron of approximately 2.1 kb. ‘The 
other exon of 363 bp encodes the peptides SSFPRYamide and 
HDYMRFamide. This is separated from the preceding exon by 
an intron of approximately 3.5 kb. Interestingly, the third pep- 
tide SKPYMRFamide is encoded by a sequence that is formed 
by the splice junction between the two newly described exons. 

Comparisons of the donor and acceptor splice sites with the 
vertebrate splice site consensus sequences (Fig. 5) indicate that, 
in general, the 5’ donor splice sites show a high degree of se- 
quence similarity with their vertebrate counterparts. In the two 
cases where determined (exons III and IV), there is a homology 
of at least six of nine nucleotides that fit the consensus splice 
site, and in both cases, this includes the highly conserved AG/ 
GTAA. The mammalian 3’ acceptor splice consensus sequence 
is TAG/G, the AG/ is conserved in each exon at the 3’ acceptor 
splice sites, and the regions upstream of the splice sites are 
pyrimidine rich. However, it appears (from the cDNA data) that 
the exon I 5’ donor site differs from the mammalian consensus. 

Mass determination of novel peptides 
In an attempt to identify the neuropeptides encoded in the pC2 
cDNA, made up of exons I, III, IV, and V, a section of the 
internal right parietal nerve was analyzed by mass spectroscopy. 
Figure 6A shows the presence oftwo major peaks with molecular 
masses of 850.6 and 880.7. These masses correspond to those 
expected for the peptides GDPFLRFamide and SDPFLRFam- 
ide, encoded seven and six times, respectively. The signal in- 
tensity reflects the relative number of peptides encoded. Two 
other predicted peptides can be assigned to the spectrum, 
SDPYLRFamide (896.4) and SKPYMRFamide (927.5). The 
peak heights are equivalent and are consistent with each peptide 
being represented only once in the precursor cDNA. The other 
peaks could not be assigned to known peptides, nor was the 
predicted peptide HDYMRFamide (867) visible, although a 
consistent peak of 863.4 was observed. 

Comparison of pharmacological eflects of SDPFLRFamide 
and SKPYMRFamide 

The characterization of these peptides by protein sequencing 
(Ebberink et al., 1987; de With et al., 1992) and mass spec- 
troscopy shown here, led to pharmacological experiments that 
compared the responses of the two peptides on identified central 
neurons of Lymnaea. The postsynaptic cells of the VW1 were 
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Figure 3. Strategy for the isolation of further cDNAs containing exon I. A, The possible orientations of exon I containing cDNAs relative to the 
XgtlO cloning arms as used in PCR. The arrows indicate the direction in which the primers were used (either XgtlO forward or reverse, together 
with the exon I-specific SP3). B, Position of the primer (SP3) relative to the tetra- and heptapeptide (pC2) encoding cDNA sequences. Four PCR 
products are shown: PCRl is identical to pC2; PCR2 differs from pC2 at the splice site and maintains an open reading frame for at least 39 amino 
acids (not shown). Products PCR3 and PCR4 diverge immediately after the primer. 

used, as these are the targets of the N-terminally extended pep- 
tides (heptapeptides, hexapeptides) encoded on exons III-V of 
the FMRFamide gene (Bright et al., 1993; Skingsley et al., 1993). 
As was found previously, SDPFLRFamide inhibited neuronal 
firing (e.g., Egp cell of Fig. 6B). However, SKPYFMRFamide 
often excited the same cells (Fig. 6C) and therefore more closely 
mimicked the VWI’s synaptic effect on the Egp cells, which was 
also excitatory (Benjamin et al., 1988; Skingsley et al., 1993). 
This suggested that closely related peptides can have the op- 
posite effects on the same neuron, presumably by acting on 
different receptors. 

Discussion 
Organization of the FMRFamide locus 
The Lymnaea FMRFamide gene as described here has been 
found to consist of at least five exons that are alternatively 
spliced to produce two different mRNAs. One mRNA encodes 
for the tetrapeptides (FLRF/FMRFamide), whereas the other 
encodes for the heptapeptides (SDP/GDPFLRFamide) and oth- 
er novel peptides (summarized in Fig. 7). There is no evidence 
to suggest the presence of a single message encoding both tetra- 
and heptapeptides from in situ hybridization experiments using 
exon- and intron-specific probes (N. Santama, personal com- 
munication), nor have cDNAs characterized in this series of 
experiments indicated a single transcript containing both the 
tetra- and heptapeptide exons. 

In both the tetra- and heptapeptide cDNAs the open reading 
frames terminate in stop codons, which are followed by multiple 

stop codons in all reading frames, indicating the completion of 
the coding sequence. Potential polyA addition sites that agree 
well with the corresponding consensus site (AAUAAA) have 
been identified in the 3’ untranslated regions ofthe cDNA clones 
for both types of mRNA. They do not appear to be used, how- 
ever, as no cDNA clone yet isolated terminates in a polyA tail. 
Such a lack of a polyA tail could point to the presence of other 
untranslated exons that are spliced to these cDNAs. Further 
experiments using PCR and library screening have failed to 
identify any such sequences or polyA tails. 

PVU Pvu Pvu 

EPB D d%fI*b EA E D D ADEP 

‘- 4.1- -3.4-h&.-4.0 
0.06 0.10 

Figure 4. The genomic organization of the FMRFamide locus as de- 
termined by DNA sequencing, restriction mapping, and Southern hy- 
bridization (S, SalI; E, EcoRI; B, BamHI; P, PstI; D, DraI; Pvu, PvuII; 
A, AccI; E*, a polymorphic EcoRI site. Exons are depicted by solid fines 
(Z-v). The first exon encodes the hydrophobic leader sequence, exon II 
(the tetrapeptides), and exons III, IV, and V (the heptapeptides and 
other peptides encoded by pC2). Distances between EcoRI sites are 
indicated. 
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Figure 5. Comparison of the 5’ and 3’ boundaries of the exons of the 
FMRFamide gene with the vertebrate consensus splice site sequences 
(Padgett et al., 1986). The FMRFamide exon splice sites were deter- 
mined by comparison of cDNA and genomic sequences (ND, not de- 
termined). a indicates that the cDNA at genomic sequences are identical 
(i.e., no splicing) but contain stop codons at predicted po1yA addition 
sequences. 

One PCR product did, however, reveal the presence of an- 
other potential exon (Fig. 3). Sequence data indicated the primer 
had annealed correctly and the sequence matched that of exon 
I (hydrophobic leader sequence) but then diverged from both 
exon II and exon III sequences at the splice site. Only a small 
amount of further sequence data has been determined for this 
potential exon; however, there is sufficient sequence to enable 
the construction of an oligonucleotide probe for the use in in 
situ hybridization experiments. Ifthe probe is found to hybridize 
to mRNA in the cytoplasm then further attempts to isolate a 
cDNA clone containing a larger fragment of this putative exon 
will be performed. 

Comparison of the FMRFamide locus in Lymnaea and other 
organisms 
Genes encoding FMRFamide and FMRFamide-related pep- 
tides have been identified in other invertebrate species. Com- 
parisons of these genes with the Lymnaea gene has identified 
certain similarities. In Aplysia, five cDNAs encoding multiple 
copies of FMRFamide have been sequenced, and it was sug- 
gested by Taussig and Scheller (1986) that the variations dis- 
played by the clones may be due to alternate RNA splicing. 
Little is known, however, regarding the genomic sequence and 
hence the organization of the gene. 

Comparisons may also be drawn between Helix and Lym- 
naea. It has been shown that Helix produces two mRNAs, both 
of which are incomplete at the 3’ termini. One encodes the 
tetrapeptides FMRFamide and FLRFamide, and the other en- 
codes the heptapeptides (Lutz et al., 1992). Although this would 
appear to be similar to Lymnaea, no evidence for alternate 
splicing has yet been demonstrated. Of the remaining genes for 
which the exon organization is known, Drosophila has two ex- 
ons, one being noncoding, and C. elegans, five exons (Chin et 
al., 1990; Schneider and Taghert 1990; Rosoff et al., 1992). 
Thus, in terms of genomic organization, Lymnaea most resem- 
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Figure 6. Mass spectroscopic analysis of the right internal parietal 
nerve and physiological activity of SKPYMRFamide. A, Approximately 
0.5 mm of nerve was analyzed as described in Materials and Methods. 
Peaks corresponding to predicted peptides are indicated. A 1 set pressure 
pulse of SDPFLRFamide (B) hyperpolarized an Egp cell, whereas 
SKPYMRFamide (C) produced the opposite depolarizing response 
leading to spiking, on the same cell. The cell in B was depolarized 
slightly, whereas it was at resting membrane potential (&VIP) in C. 

bles C. elegans, though in C. elegans the introns are very short. 
The FMRFamide encoding genes in Drosophila and C. elegans 
differ from those of Lymnaea in that both encode multiple 
copies of N-terminally extended versions of the peptide but no 
copies of the tetrapeptides, as found in mollusks. 

Peptides encoded by the FMRFamide locus and their 
physiological actions 
The overall structure of the protein precursors and the peptides 
encoded by each mRNA can be deduced from the cDNA se- 
quences. In Lymnaea, the tetrapeptide precursor encodes mul- 
tiple copies of FMRFamide that are delineated by dibasic amino 
acids at the N-terminus. The heptapeptides are arranged dif- 
ferently, being divided by a single basic amino acids. The ex- 
ceptions in the pC2 cDNA are EFFPLamide and HDYMRF- 
amide encoded at the extreme N and C termini; these have 
N-terminal dibasic amino acids. In Lymnaea, both precursor 
proteins contain a tetrabasic amino acid sequence, RKRR (te- 
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Figure 7. Summary diagram of the genomic organization of the 
FMRFamide locus, the alternatively spliced mRNAs, and the potential 
peptides derived from these precursors. 

trapeptides), and, as shown here, RRKR (heptapeptides) fol- 
lowed by conserved serine (S) and threonine (T) amino acids. 
These conform to the consensus sequence [RX(WR)R] for 
cleavage by furin-like enzymes that are involved in the initial 
rapid cleavage of protein precursors and have been found in 
genes encoding other neuropeptides, for example, egg-laying 
hormone (ELH) in Aplysia (Nambu and Scheller, 1986; New- 
comb et al., 1988). A peptide predicted from the DNA sequence 
spanning the region between the FLRFamide cleavage and tet- 
rabasic cleavage sites has recently been isolated (Santama et al., 
1993) and may have a significant modulatory role on the tetra- 
peptides encoded by the same exon. By analogy we would pre- 
dict the existence of a peptide spanning exon III and IV, the 
N-terminal amino acid being generated by the cleavage of lysine 
after the last SDPFFRFamide peptide and at the C-terminal by 
the cleavage of the RRKR sequence. In the ELH prohormone 
of Aplysia it has been shown that after the initial cleavage at 
the tetrabasic cleavage site, the N-terminal and C-terminal pep- 
tides are differentially packaged into vesicles (Fisher et al., 1988; 
Newcomb et al., 1988). This raises the possibility that the tet- 
rabasic cleavage sites in the tetrapeptide and heptapeptide pre- 
cursors are playing a role in separating peptides that have dif- 
ferent physiological actions to different classes of secretory vesicle. 
The absence of HDYMRFamide and SSFPRYamide from the 
mass spectrum may indicate that differential processing and 
sorting is occurring at this stage, or possibly later stages; indeed, 
preliminary independent data suggest that at least one peptide 

(SDPFFRFamide) is not produced. However, more trivial ex- 
planations cannot be ruled out. 

As the heptapeptide and tetrapeptide exons are differentially 
expressed, for example, in the E,, cells (Bright et al., 1993; 
Santama et al., 1993) and the VW1 (Skingsley et al., 1993), these 
are likely to be of some physiological consequence. The target 
for the E,, cell (the heart) would be expected to respond more 
specifically to the tetrapeptides, for example, FMRFamide rath- 
er than the heptapeptides, and indeed this is the case (Buckett 
et al., 1990). Conversely, follower neurons of the VWI, which 
expresses exons III-V, the heptapeptides, would be expected to 
respond more selectively to these peptides than the tetrapep- 
tides. Again, in the case of the inhibitory effects of 
GDPFLRFamide compared with FMRFamide, this has been 
shown to be true. In view of the existence of exons IV and V, 
then it is tempting to argue that each of these exons may encode 
a class of peptide with further types of physiological effects. As 
shown in Figure 2, exon IV encodes the tetrabasic cleavage 
sequence as well as the N-terminal part of the heptapeptide 
SKPYMRFamide. Exon V encodes the C-terminal portion of 
SKPYMRFamide as well as the six amino acid peptides 
SSFPRYamide and HDYMRFamide. It was important to de- 
termine whether these peptides differ in their physiological ac- 
tions relative to SDPFLRFamide and the other heptapeptides. 
Preliminary physiological studies showed this to be the case. 
While SDPFLRFamide inhibited central neurons, the newly 
characterized SKPYMRFamide had the opposite excitatory ef- 
fects. This could more fully account for the effects of the VW1 
on its follower cells, which are often excitatory (Skingsley et al., 
1993). The generality of this observation, that different peptides 
encoded within the same precursor may have contrasting effects 
on the same target cells, will be important to establish. 
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