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The buccalin-related peptides, buccalin A and buccalin 8, 
are members of a family of cotransmitters that modulate 
neuromuscular transmission in Aplysia. In this study, a third 
buccalin-related peptide, buccalin C, was purified from neu- 
ronal elements in the accessory radula closer, a muscle 
involved in the animal’s feeding behavior. Oligonucleotide 
probes based upon the amino acid sequence of buccalin C 
were used to isolate cDNA clones that encode a buccalin 
precursor polypeptide. The buccalin precursor contains 19 
distinct buccalin-related peptides, several of which are pres- 
ent in multiple copies. The buccalin gene appears to be 
present in a single copy, with one allele containing a small 
insert. Expression of this gene occurs in a tissue-specific 
manner and mRNA transcripts are abundant within neurons 
in the Aplysia CNS. This large family of neuropeptides may 
exert extraordinarily complex modulatory actions at syn- 
apses where they serve as cotransmitters. 

[Key words: neuropeptide, cotransmitter, precursor, Aply- 
sia californica, buccalin, neuromodulator, peptide family, 
polypeptide, mollusk, invertebrate] 

Biologically active peptides often coexist in neurons with “clas- 
sical” transmitter substances where they can act to modulate 
the efficacy or temporal characteristics of synaptic transmission 
(Jan and Jan, 1983; Lundberg and HGkfelt, 1986; Campbell, 
1987; Kupfermann, 199 1). The large identifiable neurons pres- 
ent in certain invertebrates have proved to be useful for the 
identification of neuropeptide cotransmitters and for studying 
properties of cotransmitter signaling (Adams and O’Shea, 1983; 
Bishop et al., 1984, 1987; Calabrese, 1989). 

In Aplysia, several neuropeptides are present in identified 

Received Aug. 28, 1992; revised Jan. 13, 1993; accepted Jan. 20, 1993. 
We thank Robert S. Woolley for assistance with the figures and Drs. Marc 

Glucksman, William C. Probst, and Wayne Sossin for reading earlier versions of 
the manuscript. This study was supported by USPHS Grants MH36730 and 
GM32099, and funds from the Whitehall Foundation and the M&night Endow- 
ment Fund for Neuroscience. 

Correspondence should be addressed to Dr. Mark W. Miller, c/o Dr. K. R. 
Weiss, Department of Physiology and Biophysics, Box 12 18, Mount Sinai School 
of Medicine, 1 Gustave Levy Place, New York, NY 10029. 

“Present address: Institute of Neurobiology, University of Puerto Rico, Boul- 
evard de1 Valle 20 1, San Juan, Puerto Rico 0090 1. 

Copyright 0 1993 Society for Neuroscience 0270-6474/93/133346-12$05.00/O 

neurons that comprise the circuits underlying feeding behavior 
(Lloyd et al., 1985, 1987, 1988; Ono, 1986; Cropper et al., 
1987a,b, 1988,199Ob; Church and Lloyd, 199 1). One such neu- 
ropeptide, buccalin A, was originally sequenced following pu- 
rification from neuronal elements in the accessory radula closer 
(ARC) muscle (Cropper et al., 1988). Buccalin A is synthesized 
in both of the motor neurons (B 15 and B 16) that innervate the 
ARC (Cropper et al., 1988, 1990b; Church and Lloyd, 1991), 
where it is colocalized with the conventional neurotransmitter 
ACh (Cohen et al., 1978) as well as additional neuropeptides 
(Cropper et al., 1987qb). It is transported via fast axonal trans- 
port to the muscle (Lloyd, 1988), where it is present in dense- 
core vesicles in neuronal varicosities and is released upon firing 
of the motor neuron (Cropper et al., 1990b; Vilim et al., 1990, 
199 1, 1992). Exogenous application of buccalin A produces a 
depression of ARC contractions evoked by stimulation of B 15 
or B16 but has no effect on contractions produced by direct 
application of ACh to the muscle. It was therefore proposed 
that buccalin A serves as a modulatory cotransmitter that acts 
by decreasing the release of ACh from neuronal terminals in 
the muscle (Cropper et al., 1988, 1990a). 

Histochemical and physiological experiments indicate that 
the modulatory actions of buccalin A are not limited to the 
Aplysia feeding system. Buccalin-like immunoreactive material 
is present in specific neurons in each of the major central ganglia 
(Miller et al., 1992). Exogenously applied buccalin A has mod- 
ulatory effects on mechanosensory neurons in the cerebral and 
pleural ganglia (Raymond et al., 1989; Rosen et al., 1989). The 
presence of varicosities containing buccalin-like immunoreac- 
tivity in tissues of the cardiovascular, reproductive, and diges- 
tive systems suggests that buccalin may have a variety of actions 
in the periphery. 

Recent studies indicate that buccalin A belongs to a family 
of related peptides that may be widely distributed among mol- 
lusks. A peptide with substantial homology to buccalin A was 
isolated from the central ganglia of the prosobranch Fusinus 
jiirrugineus (Kobayashi and Muneoka, 1990). This peptide 
(termed Fusinus buccalin) and buccalin A both depress con- 
tractions of the radula retractor muscle of Fusinus, indicating 
that the buccalin-related peptides may serve similar functions 
in different species (Kobayashi and Muneoka, 1990). Buccalin- 
like immunoreactive material is also present in the genital gan- 
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Table 1. Protocol for purification of buccalin C 

StetY Columnb Solvent A Solvent B Gradient’ 

1 Zorbax 0.01 M HFBA, 0.01 M HFBA, 20-35% B 

C8 KO CH,Cn in 120 min 

2 Zorbax 0.01 M TFA, 0.01 M TFA, 15-35% B 
C8 Hz0 CH,CN in 160 min 

3 Aquapore 0.1 M TEAA, 0.1 M TEAA, 5-27% B 
RP-300 KO 80% CH,CN, in 88 min 

20% H,O 

4 Aquapore 0.1 M HFBA, 0.01 M HFBA, 20-25% B 
RP-300 KO CH,CN in 20 min, 

25-29% B 
in 32 min 

5 Aquapore 0.01 M TFA, 0.01 M TFA, 15-45% B 
RP-300 H,O CH,CN in 30 min 

HFBA, heptafluorobutyric acid; TFA, trifluoroacetic acid; TEAA, triethylamine acetate. 
y Steps 1, 2, 4, and 5: pH 2.0; Step 3: pH 5.5. 

b Both columns: 4.6 x 250 mm. 
c All gradients were linear, and flow rate in each case was 1 ml/min. Fractions were collected every 30 sec. 

glion of the pulmonate snail Melampus bidentatus (Moffett, 
1990). Recently, a structurally related peptide, buccalin B, was 
purified from the ARC muscle of Aplysia and found to exert 
modulatory actions similar to those of buccalin A (Weiss et al., 
1988. 

In this study, a third buccalin-related peptide was purified 
from the ARC and a molecular cloning approach was used to 
characterize further the buccalin family of neuropeptides. The 
sequence of cDNA clones encoding a buccalin precursor indi- 
cates that this family is composed of an extraordinarily large 
group of neuropeptides that are derived from a single polypep- 
tide. The possible presence of up to 19 distinct but related pep- 
tides, several of which have been shown to modulate synaptic 
transmission in the ARC muscle, confers the potential for con- 
siderable complexity at synapses where members of the buccalin 
family act as cotransmitters. 

Some of these results have been reported previously in ab- 
stract form (Miller et al., 1989). 

Materials and Methods 
Purzjicution of buccalin C. Buccalin C was purified from the 100 gm of 
ARC muscle (material used in the purification of myomodulin B; see 
Cropper et al., 1991). Briefly, muscles were heated to 100°C in 0.1 M 

acetic acid (final tissue concentration, 0.1 g/ml), homogenized, heated 
again, and centrifuged at 7000 x g. The supernatant was applied to 
C- 18 cartridges (Sep-Paks, Waters) and peptides were eluted with 0.0 1 
M trifluoroacetic acid in 66% acetonitrile (CH,CN), 34% H,O. The eluate 
was subjected to five steps (Table 1) of sequential reverse-phase high- 
pressure liquid chromatography (RP-HPLC). RP-HPLC fractions were 
identified for subsequent chromatography by their bioactivity on the 
ARC muscle. Bioactive fractions decreased the size of muscle contrac- 
tions elicited by stimulation of either of the two motor neurons of the 
ARC (see Crooner et al.. 1987a. 1988). Purified material was subiected 
to autbmated-gdman degradatibn on gn Applied Biosystems 470k gas- 
phase sequencer at the Protein Chemistry Core Facility of Columbia 
University. Phenylthiohydantoin amino acids were analyzed on an Ap- 
plied Biosystems 120A PTH analyzer. 

Reverse transcription/PCR. Total RNA (1 rg) extracted from Aplysia 
nervous system, ovotestis, and heart tissue was reverse transcribed fol- 
lowing the manufacturer’s protocol (GeneAmp, Perkin Elmer Cetus). 
The oligonucleotides PCRS and MM025 (see Fig. 2) were used as 
primers for PCR (2 min at 95°C for 1 cycle; 1 min at 95”C, 1 min at 
60°C for 35 cycles; 7 min at 35°C for 1 cycle). PCR products were shown 
to originate from buccalin mRNA by Southern analysis, using an end- 
labeled internal oligonucleotide (BUC30; see Fig. 2) as a probe. 

Isolation and purification of cDNA clones. Two 64-fold degenerate In situ hybridization. The protocols of Angerer et al. (1987) and Tiedge 
20-mer oligodeoxynucleotide probes were derived from the amino acid (199 1) were followed. A 3sS-labeled RNA probe was generated from a 
sequence of buccalin C: GTAAANCCG/ATAG/ATGG/ATCG/AAA 390 base pair (bp) subcloned EcoRI-XhoI fragment from the coding 
and GTGAANCCG/ATAG/ATGG/ATCG/AAA (N: mixture of four region of the buccalin cDNA (corresponding to the bases 649-1039 of 
nucleotides direction 5’+ 3’). The oligonucleotides were end labeled with Fig. 3). Single-stranded RNA probes were produced following standard 
32P-r-ATP and used as probes to screen 5 x lo5 pfu from a buccal protocols (Promega) using T3 (antisense) or T7 (sense) RNA polymerase 

ganglion cDNA library (provided by R. Scheller, Stanford University). 
Hybridization solution consisted of 5 x saline-sodium citrate (SSC), 50 
mM NaPi (pH 6.8), 1 mM sodium pyrophosphate, 5 x Denhardt’s so- 
lution [Denhardt’s solution: 0.2% Ficoll, 0.2% bovine serum albumin 
(BSA), 0.2% polyvinylpyrrolidone], 20% formamide, and 100 &ml 
denatured salmon sperm DNA. Filters were hybridized overnight at 
40°C and washed (3 x 20 min) in 1 x SSC, 1% SDS at 42°C. A single 
candidate clone was purified through a tertiary screen; its insert [ 1.0 
kilobase (kb)] was subcloned into the plasmid vector pBluescript KS(-) 
(Stratagene), and sequenced on both strands using the Sequenase (U.S. 
Biochemicals) system. This clone is denoted pBU0 1 in Figure 2. 

A nondegenerate 30-mer oligonucleotide probe complementary to 
sequence near the 5’ end of BUOl (BUC30 in Fig. 2: S’TATCCATAC- 
CACGCTTTCCTAGACCAGGGG) was used to screen a randomly 
primed nervous system cDNA library (Beushausen et al., 1988) in order 
to isolate full-length clones. Sixty positive clones were isolated from 5 
x lo5 pfu. Twelve were randomly chosen, subcloned into the plasmid 
vector pSL300 (Brosius, 1989), and subjected to restriction enzyme 
analysis. Several clones, for example, pBU12 and pBUl3 in Figure 2, 
were sequenced on both strands. 

Genomic Southern blot analysis. Genomic DNA, isolated from the 
ovotestis of a single Aplysiu specimen, was digested to completion (over- 
night) with single restriction enzymes or pairs, size fractionated on a 
0.75% agarose gel (10 pg/lane), denatured, and electroblotted onto 
GeneScreen nylon membrane (New England Nuclear). The filter was 
prehybridized at 60°C for 3 hr in 6 x SSC, 10 mM EDTA, 5 x Denhardt’s 
solution (see above), 0.5% SDS, 10% formamide, and 100 &ml heat 
denatured salmon sperm DNA. The probes (either buccalin clone pBU 12, 
the 1.2 kb purified insert DNA from pBU 12, or a 1.4 kb NcoI-Bg/II 
fragment of pBUl3; see Fig. 2) were 32P-labeled by nick translation 
(Bethesda Research Laboratories) or by random priming (Prime-It, Stra- 
tagene, La Jolla, CA), heat-denatured (95”, 5 min), and hybridized over- 
night at 68°C. Filters were washed 2 x 30 min in 1 x SSC, 0.5% SDS 
at 65°C before autoradiography. 
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40 
min. 

Figure 1. Purification of buccalin C. Five sequential RP-HPLC passes (Table 1) were used to purify buccalin C from ARC muscles. Chromatographic 
conditions were progressively altered either by changing the hydrophobic ion pairing reagent included in the acetonitrile/H,O gradient or by changing 
the column. Fractions containing active peptides were identified by assay on the ARC muscle (see Materials and Methods). Bioactivity is expressed 
as percentage increase or decrease in the amplitude of muscle contractions elicited by stimulation of motor neuron B 15 or B 16 3 min after fraction 
application directly on the ARC muscle. I, Some of the bioactive fractions that eluted between 80 and 100 min increased contraction size while 
others decreased it, suggesting that a mixture of peptides was eluting in this region, and that this mixture had not been effectively separated by the 
chromatographic conditions used. 2, Rechromatography of the 80-l 00 min region of bioactivity in the presence of 0.1 M trifluoroacetic acid (Table 
1, step 2) yielded six discrete peaks of RP-HPLC fractions that decreased contraction size, and three peaks that increased it (not all shown). Note 
that the ordinate in this and subsequent panels expresses the percentage decrease of evoked contraction magnitude. Rechromatography of the peak 
indicated by the asterisk in 2 is shown in 3-5. 3, Rechromatography of the peak indicated by the asterisk in 2 (Table 1, step 3) in the presence of 
0.1 M triethylamine acetate yielded several discrete UV-absorbent peaks (top), one of which was bioactive (bottom). 4, Rechromatography of the 
bioactive peak shown in 3 (Table 1, step 4) in 0.0 1 M heptafluorobutyric acid yielded one UV-absorbent (top), bioactive (bottom) peak. 5, The final 
purification step (Table 1, step 5) performed in the presence of 0.01 M trifluoroacetic acid, yielded a single optically pure UV-absorbent (top), 
bioactive (bottom) peak. 

in transcription reactions with linearized templates. Sections (15-20 
pm) of the ring ganglia were collected on silanated slides (Clayton and 
Alvarez-Buylla, 1989), cross-linked using UV light (Tiedge, 199 1), treat- 
ed with proteinase K (10 &ml, 5 min), and subjected to postfixation 
(4% paraformaldehyde, 5 min). Prehybridization (l-2 hr) and hybrid- 
ization (3-5 x lo6 cpm/ml of probe, 12-l 8 hr) were carried out at 50°C 
in a solution containing 10 mM Tris-HCl, 0.6 M NaCl, 1 mM EDTA, 
10 mM dithiothreitol, 0.1% BSA, 0.02% Ficoll, 0.02% polyvinylpyrrol- 
idone, 10 &ml salmon sperm DNA, 50 &ml yeast total RNA, 50 pd 
ml Escherichiu coli transfer RNA, 50% formamide, and 10% dextran 
sulfate. Tissues were washed in 2x SSC at 45°C for 1 hr, subjected to 
an RNase digestion (30 &ml RNase A) at 37°C for 1 hr, and washed 
in 0.1 x SSC, 0.05% sodium pyrophosphate, 14 mM P-mercaptoethanol 
for 3 hr at 55°C. Following an overnight wash in this solution at room 
temperature, sections were dehydrated, dried under vacuum, and ex- 

posed to x-ray film. Kodak reagents (emulsion, developer, fixer) were 
used to produce microscopic visualization of the hybrids, and sections 
were photographed with a Leitz Orthoplan microscope. 

Results 
Purification and sequencing of buccalin C 
Buccalin C was purified from material extracted from the ARC 
neuromuscular system using five stages of sequential RP-HPLC 
(Table 1). Material was identified for rechromatography by its 
bioactivity in the ARC muscle (Fig. 1). Fractions containing 
buccalin C decreased the size of muscle contractions elicited by 
stimulation of either of the two motor neurons of the ARC (B 15 
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pBUO1 

Figure 2. Schematic representation of 
buccalin clones. Coding region is shown 
as open rectangle and noncoding regions 
are solid bars. pBUO1, A 1 kb clone 
isolated from buccal ganglion cDNA li- 
brary. BUC30, oligonucleotide probe 
(30-mer), complementary to a 5’ region 
of BUO 1, that was used to screen a ner- 

pBUO3 
i 

ci 

4 
vous system cDNA library. pBU03, 
EcoRI-XhoI fragment of oBUO1 that 

I was used as probe for in situ hybridiza- 
tion (Fig. 7B). pBU13, Longest fully 
characterized nervous system cDNA 

pBU13 

clone (Fig. 3). PCRS, MM025, oligo- 
nucleotide primers used in reverse tran- 
scription/PCR experiments (Fig. 7A). 
Arrows denote oligonucleotides and 
their direction (5’ to 3’). pBUI2, Ner- 
vous svstem cDNA clone. containing 

P 
pBU12 j 

and B16). Gas-phase sequence analysis of purified material 
yielded the following sequence and amounts (in picomoles) of 
amino acids: Gly( 168)-Phe( 123)-Asp(77)-His(42)-Tyr( 115)- 
Gly(88)-Phe(95)-Thr(10)-Gly(52)-Gly(58)-Ile(10). This new 
neuropeptide was termed buccalin C since it is structurally ho- 
mologous to two previously characterized peptides, buccalin A 
and buccalin B (Cropper et al., 1988; Weiss et al., 1988). 

Isolation of cDNA clones 

Screening a buccal ganglion cDNA library with two degenerate 
oligonucleotide probes designed from the amino acid sequence 
of buccalin C resulted in the isolation of a single 1 kb candidate 
clone (pBUO1, Fig. 2). The nucleotide sequence of the mRNA 
sequence corresponding to pBUO1 includes a consensus poly- 
adenylation signal AAUAAA (Proudfoot and Brownlee, 1976) 
and a polyA tail 17 nucleotides in length. Using these cues to 
define the strand and direction of coding, the sequence of pBU0 1 
was found to encode a polypeptide containing buccalin C and 
several additional buccalin-related peptides. This clone, how- 
ever, appeared to be incomplete, lacking a 5’ untranslated region 
and a domain corresponding to a signal sequence. A nondegen- 
erate oligonucleotide probe (BUC30, Fig. 2) complementary to 
the coding sequence near the 5’ end of pBUO1 was then used 
to screen a nervous system cDNA library at moderate stringen- 
cy. This screen yielded 60 candidate clones. Restriction mapping 
and sequencing of these clones showed that they overlapped 
with pBU0 1 and extended to varying lengths in the 5’ direction. 
Several clones, for example, pBUl3 (Figs. 2, 3), extended in 
both the 5’ and 3’ directions. 

The nucleotide sequence of pBU13 (2 194 bp) contains an 
open reading frame that predicts a buccalin precursor molecule 
505 amino acids in length (Fig. 3, amino acid sequence above 
nucleotide sequence). The assigned initiator methionine residue 
of the corresponding mRNA is located within a consensus se- 
quence (CACCAUGG) for eukaryotic initiation sites (Kozak, 
1983). It is preceded by at least 189 nucleotides in which no 
AUG codons are found and in which multiple termination co- 
dons are present in all three reading frames. The sequence of 
another clone (Fig. 2, pBU 12) indicates that the 5’ untranslated 
region extends at least an additional 8 1 nucleotides (bracketed 

farthest characterized G sequence 
(bracketed in Fig. 3). This clone was 

I I 
mbp 

used as probe for genomic Southern ex- 
periments (Fig. 5). 

in Fig. 3), but this sequence has not been confirmed on additional 
clones. 

The open reading frame of pBU 13 is terminated by a UGA 
stop codon that is followed by 477 nucleotides of 3’ untranslated 
sequence. Two consensus polyadenylation signals (both 
AAUAAA) are present beginning at positions 1638 and 1830 
(boldface in Fig. 3). Multiple polyadenylation signals have been 
noted in the genes of several regulatory peptides in Aplysia 
(Nambu et al., 1983; Taussig and Scheller, 1986; Wickham and 
DesGroseillers, 199 1). Of five clones sequenced in this region, 
only pBU0 1 has a polyA tail (17 adenosines) that begins at a 
position corresponding to nucleotide 1665 of pBU 13 (under- 
lined in Fig. 3). This observation could reflect differences in the 
methodologies used in the construction of the libraries from 
which these clones were isolated; pBUO1 was purified from a 
library in which an oligo-dT primer was used to direct first- 
strand synthesis while all other clones were isolated from a 
randomly primed library. If, however, the alternative poly- 
adenylation sites are used to generate multiple mRNAs, vari- 
ation of the 3’ untranslated regions may affect buccalin gene 
expression via the regulation of mRNA stability or translation 
(see Manley, 1988). 

The most 3’ end of pBU 13 consists of a tract approximately 
70 nucleotides in length that includes three ACAT sequences 
repeated in tandem (Fig. 3, positions 1948-l 960) and ends with 
14 CA repeats. Similar motifs are present in the 3’ untranslated 
regions of several other Aplysia neuropeptide genes, but their 
significance or role has not been determined (Nambu et al., 
1983; Taussig et al., 1984; Mahon et al., 1985; Shymala et al., 
1986). 

Multiple peptides may be derived from the buccalin precursor 

The initiator methionine of the buccalin precursor is followed 
by a highly charged region of seven amino acids that includes 
three histidine and two arginine residues. This sequence is fol- 
lowed by 11 uncharged amino acids, including one isoleucine, 
one valine, one alanine, and five leucines (underlined in Fig. 3). 
The signal sequence (or signal peptide), which serves to direct 
translocation of nascent secretory proteins into the lumen of the 
endoplasmic reticulum (Blobel and Dobberstein, 1975), typi- 
cally contains a positively charged amino-terminal N-region and 
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[TGGGGCTC 
-270 

TTTCGGAGAGGGGATCAGTTTAGCCWLTTTGTCGTCAGCAIGGCTGATTGTCAACCTACATGTTGTTTGTTGGGT 
-199 -150 

MET Ala His His Arg Gly His Arg His Ile Val Seru SOT I&U 
AAGCTCAGCCTTTATCTGTTCCCTCCCCTTCACC ATG GCG CAT CAC AGA GGC CAC AGA CAC ATC CTC CTC TAC GTC TCT CTC GCT CTC TCC CTG 

60 
-3 -1 

Gly Leu Ala Lsu Ala Glu Asp Ala Thr Asp Pro Ser Asp Asp Thr Gly Ser Phe Asp Asp Val Glu Ala Val Ser Glu Glu Ala Asp 
GGG CTG GCC CTG GCG GAG GAC GCA ACT GAC CCC AGT GAC GAC ACC GGC AGC TTT GAT GAC GTA GAA GCG GTC AGT GAG GAA GCG GAT 

t 147 

50 -1h D 
Leu Asp Pro Tyr Ser Met Ser Gln Glu Leu Am u Pro Asn Val Asp Pro Tyr Ser Tyr Leu Pro Ser Val Gly a 
CTG GAC CCT TAC AGC ATG TCT CAG GAA CTG AAC AM AW CCA AAC GTT GAC CCG TAC TCA TAC CTC CCG AGT GTA GGG AAA &3A 

231 
s r 100 
Ala Phe Asp His Tyr Gly Phe Thr Gly Gly Leu Gly s Ile Asp His Phe Gly Phe Val Gly Gly Leu Gly w 
GCT TTT GAT CAC TAC GGC TTT ACT GGA GGT CTC GGC MS A00 AAG ATC GAC CAT TTT GGA TTT GTT GGG GGA CTT GGC AM 101 

0 a 
315 

Gin Ile Asp Pro Leu Gly Phe Ser Gly Gly Ile Gly a Tyr Asp Ser Phe Ala Tyr Ser Ala Gly Leu Gly u 
CAA ATT GAC CCT TTA GGA TTT TCT GGG GGT ATC GGG AAQ uy: TAC GAC TCT TTT GCC TAC TCT GCT GGA CTC GGA AAA CGA 

396 
Al x? 150 
Gly Met Asp Ser Leu Ala Phe Ser Gly Gly Leu Gly a Gly Met Asp Ser Leu Ala Phe Ser Gly Gly Leu Gly a 
GGA ATG GAC AGT TTA GCA TTT TCG GGT GGC CTC GGA AAG ADA GGA ATG GAC AGT TTA GCA TTT TCG GGT GGC CTC GGA AAG AGA 

480 
A3 A4 
Gly Met Asp Ser Ieu Ala Phe Ser Gly Gly Leu Gly a Gly Met Asp Ser LQU Ala Phe Ser Gly Gly Leu Gly w 
GGA ATG GAT AGT TTA GCA TTT TCA GGT GGA CTC GGA AX XZA,GGA ATG GAC AGT TTA GCA TTT TCG GGC GGA CTC GGA AU AGA 

564 
A5 200 A6 
Gly Met Asp Ser Leu Ala Phe Ser Gly Gly Leu Gly w Gly Met Asp Ser Leu Ala Phe Ser Gly Gly Leu Gly a 
GGA ATG GAT AGT TTA GCA TTT TCA GGT GGC CTC GGA AU3 %ZA GGA ATG GAC AGT TTA GCA TTT TCA GGT GGA CTC GGA AAG AGA 

649 
I Jl 
Gly Met Asp Ser Phe Thr Phe Ala Pro Gly Lau Gly a Gly Met Asp Ser Leu Ala Phe Ala Gly Gly Leu Gly a 
GGA ATG GAT AGT TTT ACG TTC GCC CCT GGT CTA GGA AM m GGT ATG GAT AGT CTA GCG TTC GCA GGT GGA CTG GGA AM m 

732 
x 250 Ll 
Met Asp Gly Phe Ala Phe Ala Pro Gly Leu Gly a Met Asp Ser Phe Ala Phe Ala Pro Gly Leu Gly a 
ATG GAC GGC TTT GCT TTT GCT CCA GGC CTT GGG AAA CGA ATG GAC AGT TTT GCT TTT GCA CCT GGT CTG GGT AAA AGA 

810 
J2 L2 
Gly Met Asp Ser Leu Ala Phe Ala Gly Gly Leu Gly u Met Asp Ser Phe Ala Phe Ala P-; Gly Leu Gly u 
GGA ATG GAC AGT CTA GCT TTT GCT GGG GGT TTG GGA AAA COO ATG GAC AGC TTT GCT TTT GCT CCA GGA CTT GGA AAQ CGA 

a91 
L2 300 81 
Met Asp Ser Phe Ala Phe Ala Pro Gly Leu Gly a Gly Leu Asp Arg Tyr Gly Phe Val Gly Gly LQU Gly m 
ATG GAC AGT TTC GCT TTT GCT CCT GGT CTG GGT AAA AM GGA CTT GAT CGC TAC GGA TTT GTT GGC GGC TTG GGG AAA CGA 

972 
Y BaAPA 350 
Gly Met Asp His Phe Ala Phe Thr Gly Gly Leu Gly u Asp Ser Gly Glu Ala Ser Gly Asp Leu Glu Glu Gly u 
GGG ATG GAT CAT TTC GCT TTT ACT GGA GGA CTC GGC AA0 WG GAC TCG GGC GAG GCC TCG GGA GAC CTC GAG GAA GGG AAG AGA 

1056 
I B2 
Gly Leu Asp Ala Tyr Ser Phe Thr Gly Ala Leu Gly m Gly Leu Asp Arg Tyr Gly Phe Val Gly Gly ku Gly a 
GGT TTG GAT GCC TAC AGC TTT ACC GGA GCT CTG GGG AX3 UA GGG TTA GAT CGG TAC GGA TTC GTT GGA GGC CTC GGC MA CGA 

1140 
0 P 400 
Gly Met Asp Asp Phe Ala Phe Ser Pro Gly Leu Gly s Met Asp Ser Phe Met Phe Gly Ser Arg Leu Gly a 
GGA ATG GAC GAC TTC GCT TTT TCT CCG GGC CTT GGA AN3 AW &ZQ ATG GAT TCT TTT ATG TTC GGA AGT CGC TTA GGA AAG AGA 

1224 
Q R 
Gly Met Asp Arg Phe Ser Phe Ser Gly His Leu Gly s Met Asp Gln Phe Ser Phe Gly Pro Gly Leu Gly a 
GGG ATG GAC AGA TTT AGT TTT TCC GGC CAC TTA GGA AN3 &Y.J AU ATG GAT CAG TTT TCT TTT GGA CCG GGT CTC GGC AAG CGA 

1301 
Cl 450 c2 
Gly Phe Asp His Tyr Gly Phe Thr Gly Gly Ile Gly LvpBEo Gly Phe Asp His Tyr Gly Phe Thr Gly Gly Ile Gly u 
GGG TTC GAC CAC TAC GGC TTT ACG GGC GGC ATC GGC AX CGA GGG TTC GAC CAC TAC GGC TTT ACG GGC GGC ATC GGC AAG CGA 

1392 
S BGPAPB 
Gln Leu Asp Pro Met Leu Phe Ser Gly Arg Leu Gly a Ser Ser Ser Glu Gln Glu Glu Glu Asp Val Arg Gln Val Glu 
CAG TTG GAT CCC ATG TTG TTT TCT GGT CGT CTG GGA AA0 AGA AGT AGC AGC GAA CAG GAG GAG GAG GAT GTG AGG CAG GTG GAG 

1476 
500 

w Ser Thr Thr Glu Glu Gln Ser Ser Lys Ser Phe l 

AM = TCA ACG ACA GAG GAA CAG TCG TCG AAG AGC TTG TGA GAGTGACCGCTGTGACGTAGTATCCCGCCTGATW;CCAGGGAGACAGGCGTGTGTGC 
1575 

GGGCAGAGACATCGAGAGACCAGGCCACTCCCTCTTCTCCTCTGTCTGTCTAGAGATACTC~~GGTTCCCCTCCTCCAC~GG~GTG~~AGTTCTTTT~~G- 
1698 

TTTGTWLCTTTTGCTGGCTCTTGTGTGCAATGATATATCCTGGACATTACTTGCTAGATCTA~~CTCTGTTGTT~CTGCCTGTCG~TG~TG~TCTTTT~GAGCA 
1801 

GTTTGCTGGTTTGTTTGTAGACACACGCGCATATATACATACATACAT~CAC~AC~ACAC~ACACACACACACACACACACACACACA 
m5 

Figure 3. Nucleotide sequence of a clone (pBU 13) isolated from an Aplysia cDNA nervous system library. The predicted amino acid sequence 
of the buccalin precursor is shown above the nucleic acid sequence. Numbers above and below the sequence denote amino acid and nucleotide 
positions, respectively, assigned relative to the initiator methionine residue (MET). Eleven consecutive amino acids that may form the hydrophobic 
domain of a signal peptide are underlined. The proposed site of signal peptidase cleavage is denoted by a arrow below the sequence. Di- and tribasic 
potential sites of endopeptidase cleavage are shown in underlined boldface. Boldface letters above the amino acid sequence refer to peptides that 
could potentially be cleaved from the precursor (tabulated in Fig. 4). With the exceptions of peptides that were previously identified (buccalins A, 
B, and C), the buccalin-related peptides are designated in the order of their position on the precursor. The stop codon is denoted by an asterisk, 
and consensus polyadenylation signal sequences are in boldface. The site of polyadenylation of a second clone (pBU0 1, Fig. 2) is underlined. BGPAP, 
Buccalin gene-predicted acidic peptide. 



The Journal of Neuroscience, August 1993, 13(8) 3351 

A 

A 
B 
C 
D 
E 

F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 

Q 
R 
S 

B 

A 
B 

Buccalin-related Peptides 

Amino Acid Sequence 

-I.2 -11 -10 -9 -6 -7 -6 5 -4 -3 -2 -1 

Gly-Met-Asp-Ser-Leu-Ala-Phe-Ser-Gly-Gly-Leu-NH2 

Gly-Leu-Asp-Arg-Tyr-Gly-Phe-Val-Gly-Gly-Leu-NH2 
Gly-Phe-Asp-His-Tyr-Gly-Phe-Thr-Gly-Gly-Ile-NH2 

Pro-Asn-Val-Asp-Pro-Tyr-Ser-Tyr-Leu-Pro-Ser-Val-NH2 

Ala-Phe-Asp-His-Tyr-Gly-Phe-Thr-Gly-Gly-Leu-NH2 
Ile-Asp-His-Phe-Gly-Phe-Val-Gly-Gly-Leu-NH2 

Gln-Ile-Asp-Pro-Leu-Gly-Phe-Ser-Gly-Gly-Ile-NH2 

Tyr-Asp-Ser-Phe-Ala-Tyr-Ser-Ala-Gly-Leu-NH2 
Gly-Met-Asp-Ser-Phe-Thr-Phe-Ala-Pro-Gly-Leu-NH2 

Gly-Met-Asp-Ser-Leu-Ala-Phe-Ala-Gly-Gly-Leu-NH2 

Met-Asp-Gly-Phe-Ala-Phe-Ala-Pro-Gly-Leu-NH2 

Met-Asp-Ser-Phe-Ala-Phe-Ala-Pro-Gly-Leu-NH2 
Gly-Met-Asp-His-Phe-Ala-Phe-Thr-Gly-Gly-Leu-NH2 

Gly-Leu-Asp-Ala-Tyr-Ser-Phe-Thr-Gly-Ala-Leu-NH2 

Gly-Met-Asp-Asp-Phe-Ala-Phe-Ser-Pro-Gly-Leu-NH2 

Met-Asp-Ser-Phe-Met-Phe-Gly-Ser-Arg-Leu-NH2 
Gly-Met-Asp-Arg-Phe-Ser-Phe-Ser-Gly-His-Leu-NH2 

Met-Asp-Gln-Phe-Ser-Phe-Gly-Pro-Gly-Leu-NH2 

Gln-Leu-Asp-Pro-Met-Leu-Phe-Ser-Gly-Arg-Leu-NH2 

Buccalin Gene Predicted Acidic Peptides 

Asp-Ser-Gly-Glu-Ala-Ser-Gly-Asp-Leu-Glu-Glu-NH2 

Copies 

6 

2 

2 
1 
1 
1 
1 
1 
1 
2 

1 
3 
1 
1 
1 
1 
1 
1 
1 

1 

Figure 4. Peptides encoded by the 
buccalin precursor polypeptide. A, Tab- 
ulation of peptide sequences and copy 
numbers present on the buccalin pre- 
cursor protein. Designation of peptides 
corresponds to Figure 3. The glycine 
residues present at the carboxyl end of 
each peptide in the precursor are pos- 
tulated to contribute to amidation. Pep- 
tides are aligned and amino acid posi- 
tions are assigned relative to the 
carboxyl terminus. Note that the only 
residue that is invariant throughout all 
of these peptides is the aspartate in the 
- 9 position. B, Amino acid sequences 
of the BGPAPs. These two peptides are 
flanked by dibasic cleavage sites in the 
buccalin precursor. The amide group at 
the carboxyl end of BGPAP A is pro- 
posed to result from cleavage of a gly- 

Ser-Ser-Ser-Glu-Gln-Glu-Glu-Glu-Asp-Val-Arg-Gln-Val-Glu 1 tine residue present in the precursor. 

a central hydrophobic H-region (von Heijne, 1988). The presence 
of a glycine residue at position 21 of the buccalin prepropoly- 
peptide (Fig. 3, asterisk) is in agreement with a common pattern 
in which a glycine defines the border between the central h-re- 
gion and the carboxy-terminal C-region of signal peptides. In 
eukatyotes, this glycine residue typically occurs in the -5 po- 
sition with respect to signal peptidase cleavage. We have there- 
fore tentatively assigned the site of cleavage in the buccalin 
prepropolypeptide following the alanine in position 25 (Fig. 3, 
arrow). This proposed signal peptidase cleavage site conforms 
to the “(-3, - 1)” rule (von Heijne, 1986), since these positions 
are both occupied by small apolar alanine residues (Fig. 3, de- 
noted -3 and - 1 above amino acid sequence). 

The proposed signal peptide cleavage site is followed by an 
acidic sequence in which aspartic and glutamic acid residues 
account for 13 of 35 positions. Such negatively charged regions, 
commonly found in polypeptide precursors, may provide charge 
neutralization offsetting the predominance of basic residues in 
the segments containing peptides (Schaefer et al., 1985). Fol- 
lowing this acidic region, the precursor assumes its predominant 
structure consisting of contiguous buccalin-related peptides 
flanked by di- or tribasic endoproteolytic cleavage sites (Fig. 3, 

boldface). The Lys-Arg basic pair predominates, accounting for 
29 of 32 potential cleavage sites. The remaining three are tri- 
basic, including two Lys-Arg-Lys sites and one Lys-Lys-Arg. 
Cleavage at tribasic residues has been demonstrated in the egg- 
laying hormone precursor of Aplysia (Newcomb and Scheller, 
1987). A glycine residue precedes each potential cleavage site. 
This glycine is likely to act as a nitrogen atom donor in the 
formation of an a-amide group at the carboxyl terminus of each 
peptide (Bradbury and Smyth, 1991). Amidation of the buc- 
calin-related peptides is required for bioactivity (Cropper et al., 
1988; Weiss et al., 1988). 

Nineteen distinct peptides with buccalin-like sequence ho- 
mology are present on the precursor (tabulated in Fig. 4A); 
included are buccalins A, B, and C, the three peptides that have 
been biochemically purified (Cropper et al., 1988; Weiss et al., 
1988). The remaining 16 buccalin-related peptides have been 
designated buccalin D through buccalin S in the order of their 
appearance on the precursor. Assuming that the glycine residue 
located at the carboxyl terminus of each peptide contributes to 
its amidation, 12 of the buccalin-related peptides are 11 amino 
acids in length, 6 are 10 amino acids, and 1 (buccalin D) is 12 
amino acids long. For comparison, the peptides were aligned 
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Figure 5. Organization of the buccalin precursor polypeptide. Hatched region represents the proposed signal peptide, and the BGPAPs are stippled. 
VerticaI lines denote di- and tribasic cleavage sites. Note that the six copies ofbuccalia A are contiguous while copies of other peptides (e.g., buccalin 
L and buccalin B) are separated on the precursor. 

and amino acid positions assigned relative to their carboxy ter- 
mini (Fig. 4A). The only residue that is invariant throughout 
the buccalin family is the aspartic acid in the -9 position. 
Substitutions at some positions appear to be conservative, main- 
taining the hydrophobicity of positions - 1, -5, -7, and - 10 
and the presence of an aromatic residue in position - 5. At other 
positions, amino acid substitutions are less restricted, for ex- 
ample, position - 8, in which nine different amino acids occur, 
including the positively charged arginine (buccalin B and Q) and 
the negatively charged aspartic acid (buccalin 0). 

The buccalin-related peptides are present in varying copy 
numbers on the precursor (Fig. 4A). The majority (14) of the 

8.4 - 

4.8 - 

3.6 - 

2.3 - 

Figure 6. Southern analysis of the buccalin gene. A, Genomic DNA 
(10 p&lane) was isolated from the ovotestis of a single Aplysiu specimen. 
The DNA was digested to completion with the restriction enzymes or 
pairs shown for each lane, fractionated on a 0.75% agarose gel, dena- 
tured, blotted onto nitrocellulose, and hybridized to a buccalin clone 
(pBU12) 3ZP-labeled by nick translation. One hybridizing band was 
observed with each digest, indicating that this gene is present in a single 
copy in the Aplysia genome. The size standard was a BstEII digest of 
wild-type bacteriophage XDNA. 

peptides occur in a single copy, but three (buccalin B, C, and J) 
are present in two copies, one (buccalin L) occurs in three copies, 
and one (buccalin A) is found in six copies. Up to 29 buccalin- 
related peptides can therefore potentially be cleaved from each 
precursor polypeptide. Some of the peptides that are present in 
multiple copies, for example, the six copies of buccalin A, are 
positioned contiguously on the precursor (Fig. 5). Others, for 
example, the two copies of buccalin J, are separated by inter- 
vening peptides. The nucleotide sequences specifying particular 
amino acids in the peptides that are present in multiple copies 
exhibit varying degrees of homology. For example, the two cop- 
ies of buccalin C are encoded by identical nucleotide sequences. 
The sequence encoding the six copies of buccalin A is also well 
conserved, with differences in codons occurring only in the wob- 
ble position of two glycine residues (amino acid positions -3 
and -4) and one serine (amino acid - 5). In contrast, in the two 
copies of buccalin B the codons for the leucine residues in the 
-2 position (TTG and CTC) and - 11 position (CTT and TTA) 
are less conserved. 

Two additional peptides on the buccalin precursor are flanked 
by dibasic cleavage sites. These peptides do not share sequence 
similarity with the buccalin-related peptides. They are both rich 
in acidic residues and have therefore been designated the buc- 
calin gene-predicted acidic peptides (BGPAPs; Fig. 4B). One of 
these peptides (BGPAP A) is flanked by buccalin-related pep- 
tides, while one (BGPAP B) is located near the carboxyl ter- 
minus of the precursor (Fig. 5). If the BGPAPs are subjected to 
further posttranslational processing following cleavage, the gly- 
tine residue at the carboxyl end of BGPAP A is likely to act as 
a nitrogen donor to an amide group. 

Organization of the buccalin gene 

In order to determine the number of buccalin genes present in 
the Aplysia genome, DNA was isolated from the ovotestis of a 
single specimen and digested with individual restriction endo- 
nucleases or enzyme pairs (Fig. 6). No restriction sites for the 
enzymes used in these experiments are present in the known 
sequence of the buccalin gene. Digested DNA was blotted and 
probed with a 1.2 kb buccalin clone (Fig. 2, pBU 12). A single 
hybridizing band was observed with each enzyme or pair, in- 
dicating that the buccalin gene is present in a single copy in the 
genome of Aplysia. 

Single-copy genes of invertebrates are known to exhibit sub- 
stantial sequence polymorphism among individuals (B&ten et 
al., 1978). In order to examine one source of such polymor- 
phism, allelic variation, in the region of the buccalin gene, ge- 
nomic DNA isolated from three specimens was digested with 
EcoRI and NcoI and probed with the insert from pBU12 (Fig. 
7A). The pattern of hybridization obtained, in which single hy- 
bridizing bands occurred in some individuals (e.g., lanes G2 in 
Fig. 7A) while doublet bands were present in others (lanes G3), 
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9.4- 

6.6 - 

4.4 - 

2.3 - 

indicates that an insert is present on one allele of the buccalin 
gene (cf. Scheller et al., 1982; Nambu et al., 1983). 

The organization of the buccalin gene was further examined 
by using a fragment of known length (- 1.8 kb NcoI-BglII frag- 
ment of pBU 13; see Fig. 2) to probe digested genomic DNA. 
This probe hybridized to a band -2.8 kb in length when the 
genomic DNA was digested with NcoI and BglII (Fig. 7B, mid- 
dle lane), suggesting that approximately 1 kb of intervening 
sequence is present in the buccalin gene between these two re- 
striction sites. Preliminary PCR experiments (not shown), in 
which genomic DNA was amplified with specific pairs of oli- 
gonucleotide primers, indicate that an intron is present toward 
the 3’ end of the coding region of the gene, in the region between 
the BumHI site and the termination codon. 

Buccalin gene expression 
The general tissue distribution of buccalin gene expression was 
examined using a protocol for reverse transcription of RNA and 
PCR amplification of cDNA. RNA isolated from ApZysiu CNS, 
ovotestis, and heart was reverse transcribed and amplified using 
PCRS and MM025 oligonucleotides (Fig. 2) as primers. Fol- 
lowing agarose gel fractionation, a single product (approximately 
1400 bp in length) was detected in the nervous system lane. 
Probing a blot with an internal oligonucleotide (BUC30, Fig. 2) 
confirmed that this product represents amplified buccalin cDNA 
(Fig. 8A, lane NS). No products were detected in the ovotestis 
or heart cDNA (Fig. 8A, lanes OV and HT), indicating that 
expression of the buccalin gene does not occur in these tissues. 

RNA in situ hybridization experiments were used to localize 
the expression of the buccalin gene in the ApZysia CNS. A 390 
nucleotide antisense probe (Fig. 2, pBU03) was hybridized with 
20 pm sections of the ring ganglia. Hybridization was observed 
in a small subset of neurons and in a few cell clusters in the 

B 
Y 

Figure 7. Southern analyses of the 
buccalin gene polymorphism and or- 
ganization. A, Genomic DNA (10 & 
lane) from three Apfysiu specimens (GI, 
G2, and G3) was digested to completion 
with EcoRI or NcoI, fractionated on an 
agarose gel, transferred, and probed with 
the 1.2 kb insert from buccalin clone 
pBU 12 (see Fig. 2) labeled by random 
priming. Hybridization to doublet bands 
in the blots of some individuals and 
single bands in others indicates that an 
insert is present in the region of one 
buccalin allele. The size standard was 
a Hind111 digest of bacteriophage 
XDNA. B, Genomic DNA ( 10 &lane) 
isolated from the ovotestis of a single 
Aplysiu was digested with NcoI, &/II, 
or both enzymes. The DNA was frac- 
tionated on an agarose gel, transferred, 
and probed with an approximately 1.8 
kb Ncol-BgfII fragment of pBU 13 (see 
Fig. 2) labeled by nick translation. Hy- 
bridization ofthisnrobe to a band -2.8 
kb in length (middielane) indicates that 
there is approximately 1 kb of inter- 
vening sequence between these two re- 
striction sites in the buccalin gene. Hy- 
bridization to bands in DNA digested 
with individual enzymes (flankzng 
lanes) demonstrates the efficacy of each 
digestion. The size standard was a BstEII 
digest of bacteriophage XDNA. 

cerebral and pedal ganglia (Fig. 8B; cf. Miller et al., 1992). 
Expression of the buccalin mRNA was particularly abundant 
in the cytoplasmic region of the neuronal cell bodies. 

Discussion 
The generation of diversity in the buccalin neuropeptide family 
The buccalin-related peptides represent an example of the most 
fundamental classification of peptide relatedness, the intragene 
family, in which a set of peptides with similar sequences are 
derived from a single precursor encoded by a single gene (Price 
et al., 1987). Although several neuropeptide precursors in Aply- 
sia contain multiple related peptides (e.g., Scheller et al., 1983; 
Taussig and Scheller, 1986; Miller et al., 1993) the 19 related 
peptides on this buccalin precursor constitute the largest such 
family characterized to date. Recent reports (Kobayashi and 
Muneoka, 1990; Moffett, 1990) indicate that the buccalins be- 
long to a larger intraphyletic peptide family (Price et al., 1987). 
However, since the buccalin gene of Aplysia described in this 
study is the first to be studied, little is presently known con- 
cerning the extent of the variety and distribution of these pep- 
tides in mollusks. 

Neuropeptide diversity is generated, in part, from the flexi- 
bility of gene organization and expression (Scheller et al., 1982; 
Buck et al., 1987; Sessin et al., 1989). The diversity of the 
buccalin-related peptides may have arisen via multiple intra- 
genie unequal crossing-over events (see Sharp and Li, 1987). 
The resulting iterative precursor structure resembles the orga- 
nization of the precursors for the neuropeptide FMRFamide 
that have been characterized in Aplysia (Schaefer et al., 1985; 
Taussig and Scheller, 1986) the pond snail Lymnaea stagnalis 
(Linacre et al., 1990), Drosophila (Nambu et al., 1988; Schneider 
and Taghert, 1988), and Caenorhabditis elegans (Rosoff et al., 
1992). Elongation with repeating peptide units may confer sev- 
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Figure 8. Expression of the buccalin precursor mRNA. A, Reverse transcription/PCR analysis of buccalin gene expression. Aplysia RNA isolated 
from the nervous system (NS), ovotestis (OP), and heart (Hr) was reverse transcribed, and the resulting cDNA was amplified using the oligonu- 
cleotides BUPCRS and MM025 (see Fig. 2) as primers. Amplification products were fractionated on an agarose gel, transferred to nitrocellulose, 
and probed with an internal oligonucleotide (BUC30, Fig. 2) end-labeled with polynucleotide kinase. A single hybridizing band, approximately 1.4 
kb in length, is present in the NS lane only, indicating that buccalin gene expression is tissue specific. B, In situ hybridization of a ?j-labeled RNA 
antisense probe generated from a 390 bp subcloned EcoRI-XhoI fragment (pBU03 in Fig. 2) from the coding region of the buccalin cDNA 
(corresponding to the bases 649-1039 of Fig. 3). Single-stranded RNA probes were produced using T3 (antisense) or T7 (sense) RNA polymerase 
in transcription reactions with linearized templates, following standard protocols (Promega). Sections (20 pm) of the ring ganglia were collected on 
silanated slides (Clayton and Alvarez-Buylla, 1989), cross-linked using UV light (Tiedge, 199 l), treated with proteinase K (10 &ml, 5 min), and 
subjected to postfixation (4% paraformaldehyde, 5 min). Prehybridization (l-2 hr) and hybridization (3-5 x 106cpm/ml of probe, 12-18 hr) were 
carried out at 50°C. Bright-field image (antisense probe) shows the presence of autoradiographic signal (black grains) over neuronal somata in the 
nedal zanelion. Cell nuclei (n) are hematoxvlin counterstained. Arrows indicate neurons in which hybridization did not occur. No specific signal 
was observed with the sense RNA probe. Scale bar, 100 pm. 

era1 advantages to a peptide precursor. The production of mul- 
tiple copies of a particular peptide (e.g., the six copies of buccalin 
A) from each precursor polypeptide could serve to increase the 
quantity of that peptide that can be stored in a vesicle (Schaefer 
et al., 1985). The presence of multiple related peptides on such 
a precursor may ensure the co-release of a specific complement 
of peptides that differ in their susceptibility to proteolysis or in 
their efficacy as agonists, but that are all required for complete 
receptor activation (see below). 

In contrast to the Aplysia and Lymnaea FMRFamide pre- 
cursors, where the repeating units consist of a peptide copy and 
an acidic spacer peptide, the contiguous arrangement of the 
buccalin-related peptides indicates that the most basic repeat 
unit consists of a peptide (1 O-l 2 amino acids) plus a Gly-Lys- 
Arg sequence. It has been proposed that acidic spacer regions 
could provide neutralization for the positively charged peptides 
and cleavage sites and may aid in packaging precursor products 
in the secretory granule (Schaefer et al., 1985; Scheller and Kirk, 
1987). The contiguity of the peptides in the buccalin precursor 
resembles the arrangement of the FMRFamide precursor in 
Drosophila and an exon that encodes two N-terminal-extended 
FMRFamide-like peptides in Lymnaea (Saunders et al., 199 1). 
Interestingly, in the precursors that do not contain repeating 
acidic sequences, there are regions (e.g., the 35 amino acids 
following the signal sequence of the buccalin precursor, and the 
BGPAPs) that are rich in acidic residues. 

Cotransmitter diversity and neuronal signaling 
The combination of cotransmitters with classical neurotrans- 
mitters serves to increase substantially the potential information 

content of synapses (Bumstock, 1985; Hokfelt, 1987; Kupfer- 
mann, 199 1). Buccalin-related peptides have been localized to 
both of the buccal cholinergic motor neurons (B15 and B16) 
that innervate the ARC muscle (Cropper et al., 1988, 1990b; 
Weiss et al., 1988; Church and Lloyd, 1991). The buccalins that 
have been most completely assessed for bioactivity (buccalins 
A and B) reduce evoked ARC contractions, and it has been 
proposed that they act presynaptically to decrease the release of 
ACh (Cropper et al., 1988, 1990a). 

The proposed mechanism of action of the buccalin-related 
peptides in B 15 and B 16 requires that the neurons that produce 
these peptides also produce buccalin receptors that are posi- 
tioned at or near their synaptic terminals. The presynaptic buc- 
calin receptors may mediate both homosynaptic regulation of 
ACh release and/or heterosynaptic interactions between B 15 
and B16. It is possible that different variants of the buccalin- 
related peptides could execute each of these actions, depending 
upon their differential susceptibility to proteolysis. Although 
presynaptic cholinergic receptors have been shown to mediate 
both increases and decreases of central synaptic transmission at 
neuro-neuronal synapses in the buccal ganglion ofAplysia (Baux 
and Taut, 1987; Fossier et al., 1988), the role of ACh in het- 
erosynaptic interactions at the ARC muscle could be limited 
due to effective hydrolysis by cholinesterases (Cohen et al., 1978; 
but see Lloyd, 1991). If buccalin-related peptides are able to 
diffuse between the terminals of B 15 and B 16 (see Jan and Jan, 
1982, 1983), then they may play a role in heterosynaptic control 
of ACh release. 

The degree to which the large number of related peptides 
present on the buccalin precursor provides flexibility or preci- 
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sion of signaling will depend upon the specificity exhibited by 
the receptors in the systems at which they act. In the ARC 
neuromuscular system, buccalin B is two to three times as potent 
as buccalin A in reducing neuron-evoked contractions (Weiss 
et al., 1988). Similarities of structure suggest that the different 
buccalin-related peptides could act as partial agonists for a non- 
selective receptor, with the overall response reflecting their 
summed efficacies and stoichiometry. This seems to be the case 
for the actions of FMRFamide-related peptides on neurosecre- 
tory cells in Lymnaea (Brussaard et al., 1988, 1989) and on 
cardiac receptors in Helix and Lymnaea (Price, 1986; Buckett 
et al., 1990) where structure-activity and cross-desensitization 
experiments have identified receptors that respond to multiple 
family members. The presence of multiple peptides and copies, 
coupled with this type of nonselective receptor, could simply 
provide an advantageous redundancy to the system. 

Alternatively, receptors may be present that are finely tuned 
to peptide variation (see Kemenes et al., 1992). For example, 
two classes of receptors on neurons in the snail Helix are dif- 
ferentially sensitive to FMRFamide and native N-terminal-ex- 
tended heptapeptides (Cottrell and Davies, 1987; Payza, 1987). 
In what may represent an extreme example of peptide receptor 
specificity, autoexcitatory responses of a cluster of neurosecre- 
tory cells in Lymnaea require the simultaneous presence of four 
different peptides, three of which have very similar structures 
(Ter Maat et al., 1988; Vreugdenhil et al., 1988; see also Roth- 
man et al., 1983). If any one of these peptides is omitted from 
the applied solution, responses cannot be elicited by increasing 
the concentration of the remaining related peptides (Brussaard 
et al., 199 1). In light of such apparent potential for peptide 
receptor specificity, it would be interesting to compare the struc- 
ture-activity profiles of the buccalin receptors on identified neu- 
rons in Aplysia (Alevizos et al., 1989; Raymond et al., 1989; 
Rosen et al., 1989). 

Clearly, genetic mechanisms for producing related neuropep- 
tides and multiple peptide copies provide neuronal systems with 
considerable potential for generating complex, redundant, and 
specific forms of signaling. The presence of the large family of 
buccalin-related cotransmitters within well-defined neural cir- 
cuits in Aplysia may provide favorable systems in which these 
mechanisms can be further studied. 
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