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The cerebral neurosecretory caudodorsal cells (CDCs) of the 
freshwater pulmonate snail Lymnaea stagnalis control egg 
laying, an event that involves a pattern of stereotyped be- 
haviors. The CDCs synthesize and release multiple peptides, 
among which is the ovulation hormone (CDCH). It is thought 
that each peptide controls a specific aspect of the processes 
involved in egg laying. We isolated and characterized a CDC- 
specific cDNA clone that encodes the ovulation hormone 
(CDCH). RNA blot analysis and in situ hybridization experi- 
ments demonstrated that the CDCs are the major cell groups 
in the cerebral ganglia that transcribe the CDCH gene. In 
addition to CDCH, the 259-amino acid-long CDCH prepro- 
hormone contains 11 other predicted peptides. The overall 
homology of the CDCH preprohormone with the egg-laying 
hormone (ELH) preprohormones of the marine opisthobranch 
snails Ap/ysia califorrtica and A. pawula is very low (29 and 
26%, respectively). However, a more detailed comparison 
revealed a highly differential pattern of conservation of pep- 
tide regions. Significant homology was found between the 
regions containing (1) CDCH and ELH, (2) repeated penta- 
peptides, (3) alpha-caudodorsal cell peptide and alpha-bag 
cell peptide, and (4) 2 regions representing as yet uniden- 
tified peptides. Insignificant homology was found when com- 
paring regions containing the other predicted peptides. The 
conserved peptides probably control similar aspects of the 
egg-laying fixed action patterns in these distantly related 
gastropod species. The pentapeptide region exhibits the 
highest level of homology (75%); in addition, an extra pen- 
tapeptide has been generated on the CDCH precursor. This 
indicates a vital function of these peptides in Aplysia, as 
well as in Lymnaea species. 

Lower animals provide simple behavioral systems that are at- 
tractive for the analysis of the role of the CNS in the control of 
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behavior. The gastropod molluscs Lymnaea stagnalis and Aply- 
sia calzjbrnica are particularly advantageous models for such 
studies; their CNS consist of only 1 O,OOO-20,000 neurons, many 
of which are unusually large and uniquely identifiable. Egg laying 
in these animals is an extensively studied and well-defined fixed 
action pattern involving a series of internal processes (ovulation, 
egg and egg mass or egg string formation) that closely correspond 
to a pattern of overt behaviors such as alteration of locomotion 
and feeding, specific postures, and ovipositions (Cobbs and Pin- 
sker, 1982; Rothman et al., 1985; Geraerts et al., 1987a). In the 
freshwater pulmonate L. stagnalis, these events are controlled 
by the neurosecretory caudodorsal cells (CDCs), large (diameter 
ca. 70 pm) polyploid cells that are located in 2 homogeneous 
clusters (total of 100 neurons) in the cerebral ganglia near the 
origin of the intercerebral commissure (COM), which serves as 
their neurohemal area (Roubos, 1984). The control event in egg 
laying is a ca. 60 min, pacemaker-driven, electrical discharge 
of all CDCs that can be elicited by the appropriate environ- 
mental stimuli (Kits, 1980; Ter Maat et al., 1983). During the 
discharge, the CDCs release the ovulation hormone (CDCH) 
from the contents of secretory granules in CDC axon terminals 
located in the COM (Geraerts et al., 1983, 1984). CDCH, a 36- 
amino acid-long peptide (Ebberink et al., 1985), induces ovu- 
lation and egg-mass production; furthermore, it probably also 
stimulates synthesis of secretory products in the female acces- 
sory sex glands and affects neurons in the neuronal circuits 
controlling locomotion and feeding (Goldschmeding et al., 1983; 
Wijdenes et al., 1983; Jansen and Ter Maat, 1985). During the 
discharge, 2 other identified peptides are released by the CDCs: 
CDCA (Mr < 1500 Da), which acts as an autotransmitter (Ter 
Maat et al., 1988a), and calfluxin, which affects calcium move- 
ments in the albumen gland cells, a female accessory sex gland 
(Dictus et al., 1987). In addition, the CDCs release at least 7 
other peptides with unknown functions (Geraerts et al., 1987b). 
The combined actions of this set of released peptides are thought 
to be responsible for the initiation and coordination of the egg- 
laying fixed action pattern (Geraerts et al., 1987a). 

Egg laying in the distantly related marine opisthobranch A. 
calzjixnica is controlled by the neurosecretory bag cells (BC), 
which have similar morphological and electrophysiological 
characteristics as the CDCs (Geraerts et al., 1987a). Several 
biologically active peptides have been purified from BC extracts 
and sequenced, including the egg-laying hormone (ELH) and 
alpha-bag cell peptide (cu-BCP) (Chiu et al., 1979; Rothman et 
al., 1983). ELH performs similar functions as CDCH. This sim- 
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ilarity in biological action is reflected in the primary structure 
of both peptides; these peptides are 36 amino acids long, have 
a strongly basic character, and share 16 amino acids in the same 
position (Ebberink et al., 1985). 

Using molecular biological techniques it was demonstrated 
that ELH and cu-BCP are synthesized as part of a common 
preprohotmone (Scheller et al., 1983; Jackson et al., 1986). Pulse- 
chase experiments suggest that CDCH and the other peptides 
released by the CDCs are also synthesized as part of a common 
precursor (Geraerts et al., 1985; Vreugdenhil et al., 1985). We 
have isolated and characterized a cDNA clone encoding the 
CDCH preprohormone in order to identify all the peptides, 
which may be involved in the regulation of egg laying in Lym- 
naea. Comparison of the CDCH preprohormone with the ELH 
preprohormone revealed a highly differential conservation of 
the peptides encoded within both preprohormones. 

Materials and Methods 
Construction and screening of cDNA libraries. Two cDNA libraries were 
constructed. The first cDNA library was made from mRNA isolated 
from the total CNS (CNS cDNA librarv). cDNA was made according. 
to conventional methods (Huynh et al.; 1985; Watson and Jackson, 
1985), cloned in the Vector XgtlO, and, after packaging, transfected to 
a C600 Hfl strain. Following this protocol we obtained 10’ independent 
clones. The second cDNA library was prepared from mRNA isolated 
from the cerebral ganglia (CG cDNA library). This library was con- 
structed in the Pst I site of the plasmid vector pBR322 by homopoly- 
merit (poly dC) tailing of the cDNA with terminal deoxy nucleotidyl 
transferase (Boehrlnger-Mannheim). Approximately 1000 ampicilline- 
resistant clones were obtained. 

The CNS cDNA library was first subjected to differential screening: 
20,000 clones were adsorbed to 3 replica nitrocellulose filters and sub- 
sequently hybridized with radioactive cDNA (specific activity, 2 x 10” 
dpm/pg mRNA) synthesized from mRNA extracted from 3 different 
sources: the cerebral ganglia (positive probe), the total CNS minus the 
cerebral ganglia, and a non-neural tissue, the digestive gland (both neg- 
ative probes). The filters were prehybridized, hybridized, washed and 
autoradiographed using standard techniques (Maniatis et al., 1983). 
Clones that hybridized with the cerebral ganglia probe only were isolated 
and purified by rescreening at a lower phage density. A collection of 
150 cerebral ganglia positive clones were then individually screened 
with a synthetic oligonucleotide mixture [SA(A/G)(A/G)TC(A/G)TC(G/ 
A/T/C)GT(A/G/T)AT] corresponding to a part of the CDCH amino 
acid sequence (Be-Thr-Asn-Asp&u; see Ebberink et al., 1985). This 
mixture was ‘*P-labeled with T4 polynucleotide kinase (Boehringer- 
Mannheim) at a specific activity of lo9 dpm/wg DNA. Nitrocellulose 
filters were prehybridized for 6 hr at 30°C in a solution containing 0.9 
M NaCl, 0.1 M T&-HCl (pH = 7.4) 0.01 M EDTA, 1% (wt/vol) Nonidet 
P40.2 x Denhardt solution (1 x Denhardt is 0.02% each of BSA. Ficoll. 
and’polyvinylpyrrolidone), ‘0.2% (wt/vol) SDS, 100 &ml denatured 
salmon sperm DNA, and 5 &ml tRNA. The filters were then hybridized 
at 37°C for 18 hr with the 32P-labeled oligonucleotide probe (10 &ml) 
in the above solution, washed at 24°C in 3 changes of 6 x SSC, 0.1% 
(wt/vol) SDS and autoradiographed for 48 hr. Positive clones were 
designated as CDCH clones. The CG cDNA librarv was screened usina 
one of the CDCH clones from the CNS cDNA library as a probe. Two 
positive clones designated as pLCA and pLCB were obtained. 

DNA sequenceanalysis. Restriction endonuclease fragments were sub- 
cloned into the phages M 13mp9 and M 13mp 10 and transformed into 
E. co/i JMlOl (Maniatis et al., 1983). Recombinant plaques were picked 
and single-stranded templates prepared and used for the dideoxy-chain 
termination sequencing described by Sanger et al. (1977). Ambiguities 
remaining after sequencing of both strands were solved by using the 
chemical modification and cleavage procedure (Maxam and Gilbert, 
1980). The 5’- and 3’-ends of the cDNA were sequenced by using syn- 
thetic oligonucleotides derived from known sequences as a primer in 
the dideoxy-chain termination method. 

RNA blot analysis. Total RNA was isolated from the cerebral ganglia 
using the method of Chirgwin et al. (1979). Size fractionation of RNA, 
subsequent transfer to Hybond filters (The Radiochemical Centre, 
Amersham), and hybridization were performed as described by Thomas 

(1980). The complete Pst I fragment from pLCA encoding CDCH was 
used as a probe in the hybridization analysis. This fragment was 32P- 
labeled by nick translation to a specific activity of 2 x lo8 dpmlpg 
DNA. 

In situ hybridization. Whole cerebral ganglia were fixed in Bouin and 
embedded in Paraplast. Sections of 7 pm were adhered to glutaralde- 
hyde-activated slides. After removal of the Paraplast, sections were 
hydrolyzed in 0.2 N HCl for 10 min, briefly rinsed in double-distilled, 
RNA&-free H,O, treated with 1% (wt/voi) Triton Xl00 for 10 min, 
rinsed in double-distilled. RNAse-free H,O. fixed in 2% naraformal- 
dehyde in PBS (4 min), rinsed in PBS with’0.2% glycerine, rinsed in 
PBS, upgraded in 100% ethanol, and air-dried. Sections were prehy- 
bridized in a moist chamber, containing 50% formamide, in a solution 
containing 50% formamide, 3x SSC, 5x Denhardt solution, 2 mM 
DDT, 10 pg/rnl salmon sperm DNA, and 200 &ml tRNA for 1 hr at 
37°C. After prehybridization, slides were upgraded in 100% ethanol and 
air-dried. The probe utilized during the hybridization was the same as 
described in the RNA blot analysis except that (&S)dATP was used 
as a label during the nick translation. The hybridization conditions were 
performed under the same conditions as the prehybridization, including 
the nick-translated probe (specific activity, 2 x lo* dpm/pg; 10 r&slide) 
instead of the carrier DNA, for 17 hr at 37°C. Slides, hybridized with 
nick-translated pBR322 DNA, served as a control. After hybridization, 
the slides were washed in 3 subsequent steps in 2 x SSC (room tem- 
perature, 30 min), 0.1 x SSC (room temperature, 30 min), and 0.1 x 
SSC (6o”C, 10 min). Finally, slides were upgraded in 100% ethanol, 
dipped in Kodak NTB 2 emulsion, and exposed for 24 and 48 hr. 

Results 
Isolation of CDCH cDNA clones 
To isolate cDNA clones encoding CDCH and related peptides 
a 2-step procedure was used. Since the CDCs synthesize rela- 
tively high levels of CDCH (Ebberink et al., 1985), it seems 
very likely that the mRNA encoding the CDCH preprohormone 
is highly abundant in these cells. We therefore used differential 
screening techniques in the first step of the screening strategy. 
We screened a CNS cDNA library using cDNA prepared from 
cerebral ganglia mRNA as a positive probe and cDNA prepared 
from mRNA derived from CNS minus the cerebral ganglia and 
from the digestive gland as negative probes. In this way we 
isolated 150 clones out of 20,000 that specifically hybridized 
with cerebral ganglia cDNA. Since the cerebral ganglia also con- 
tain peptidergic neurons other than the CDCs, 20 out of these 
150 clones were individually screened with a CDCH specific 
oligonucleotide mixture in the second step of the screening strat- 
egy. This screening resulted in the isolation of 7 positive clones, 
designated as CDCH clones. Restriction analysis showed that 
these CDCH clones contained inserts varying from 300 to 360 
base pairs (bp). Subsequent analysis revealed that they contained 
a stretch of 108 nucleotides encoding the complete sequence of 
the 36 amino acids of CDCH (cf. Ebberink et al., 1985), with 
only one difference (see below). However, no AUG start codon 
was found upstream of the CDCH reading frame, suggesting 
that we were dealing with a partial cDNA clone. Moreover, 
RNA blot analysis (see below) confirmed that these cDNA clones 
were incomplete, since a CDCH positive transcript was found 
having a length of 1150 bases. Rescreening of the CNS cDNA 
library did not result in obtaining clones with longer inserts. We 
concluded that incomplete methylation of an Eco RI site in the 
CDCH cDNA clone had occurred during the construction of 
the CNS cDNA library, because all CDCH cDNA clones con- 
tained the same 5’-end, and differences in the size of the inserts 
were due to different lengths of the poly A tails only. Moreover, 
no sequences were found at the 5’-end of the inserts correspond- 
ing to the 12 nucleotides of the Eco RI linker used in the con- 
struction of the CNS cDNA library. We therefore constructed 
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Figure 1. Partial restriction map and sequencing strategy for the CDCH-positive cDNA clone (pLCA). The DNA sequence was determined from 
the indicated restriction enzyme sites using the dideoxy method of Sanger et al. (1977) (closed sguares) or by the chemical modification and cleavage 
procedure described by Maxam and Gilbert (1980) (open squares). The 5’- and 3’-ends were sequenced using synthetic oligonucleotides as primers 
in the dideoxv chain termination nrocedure (ouen circ/esL Arrows below the map represent the direction and extent of sequence determination. A, 
Sau 3A, E, Eco Rl; P, Pst; S, Sai 1; T, Taq;‘I?T, nucleotides. 

a second cDNA library, however, from cerebral ganglia only. 
This cDNA library was screened with one of the CDCH clones 
isolated from the CNS cDNA library. Two positive clones were 
obtained having inserts of 1050 and 875 bp. We designated 
these clones as pLCA and pLCB, respectively. 

Primary structure of the CDCH mRNA 

The pLCA was completely sequenced according to the strategy 
outlined in Figure 1. Restriction analysis and partial sequence 
analysis showed that pLCB is identical with pLCA except for 
being shorter at its 5’ end. The nucleotide sequence, comprising 
1036 nucleotides, and the deduced amino acid sequence of pLCA 
are presented in Figure 2. RNA blot analysis (see below) revealed 
a CDCH positive transcript of 1150 bases, indicating that we 
cloned the full length cDNA assuming an average poly A tail 
of 100-l 50 nucleotides. The 5’-untranslated region shows a high 
A+T content. The coding region starts at the first ATG at po- 
sition 188 and consists of 259 triplets; it contains many inter- 
spersed direct repeats, some of which correspond to repeated 
amino acid sequences (see below). The G+C content of the 
coding region is high (63%). The 3’-untranslated region is re- 
markably short (48 nucleotides) and is again rich in A+T res- 
idues. The sequence AATAAA, thought to be important in the 
process of poly A addition, is observed 17 nucleotides upstream 
of the poly A tail. 

Primary structure of the CDCH preprohormone 

The amino-terminal region of the CDCH precursor has the 
characteristics of a hydrophobic leader sequence. Taking into 
account the hydrophobicity plot of the CDCH precursor (not 
shown) and the fact that Ala is the most frequent amino acid 
preceding the cleavage site of leader sequences (Steiner et al., 
1980), we predict that the leader sequence has a length of 34 
amino acids and ends after Ala 34. Moreover, this proposed 
cleavage site fulfills the (-3,-l) rule for signal peptidase recog- 
nition (von Heyne, 1983). After removal of the proposed signal 
peptide a mature CDCH prohormone is generated with a cal- 
culated molecular weight of about 26,000 Da. 

The 36 amino acids of CDCH are found near the carboxy 
terminus of the prohormone (residues 198 to 233) and are flanked 
on both sides by the dibasic sequence Lys-Arg, which is the 
most frequently used processing site in neuropeptide precursors 
(Steiner et al., 1980). The Gly-Lys-Arg sequence at the carboxy 
terminus of CDCH leads to amidation of CDCH, as this se- 
quence is a common signal for processing and subsequent ami- 

dation (Bradbury et al., 1982). The primary structure of CDCH 
is in good agreement with the peptide sequencing data (Ebberink 
et al., 1985). The only difference is a tryptophan residue at 
position 20 instead of the predicted lysine. Whether this dis- 
crepancy is due to an artifact or reflects polymorphism is at the 
present unclear. 

In addition to the pairs of basic residues flanking CDCH, the 
CDCH prohormone contains 9 other di- or tribasic residues 
which may serve as cleavage sites. If all these sites are recog- 
nized, 12 peptides can be generated from the CDCH prohor- 
mone. Of these, 4 peptides are of particular interest since they 
exhibit a remarkable homology, corresponding with a sequence 
repetition within the preprohormone gene. Three of the pre- 
dicted peptides are directly adjacent to each other (residues 103- 
125), whereas 4 pairs of Lys-Arg residues are flanking the pen- 
tapeptide sequences Arg-Leu-Arg-Phe-Asn, Arg-Leu-Arg-Ala- 
Ser, and Arg-Leu-Arg-Phe-His, respectively. This latter se- 
quence is repeated exactly in the middle of a predicted 11 -amino 
acid-long peptide (residues 142-152). CDCH and the 4 pre- 
dicted peptides described above all have a basic character; how- 
ever, the regions connecting these peptide domains have a strong 
acidic character. This implies that the CDCH prohormone com- 
prises alternating negatively and positively charged regions. This 
structural organization may be important for tertiary folding, 
and hence for the correct processing of the preprohormone. 

Expression of the CDCH gene 

We characterized the nature of the CDCH RNA transcripts 
present in the cerebral ganglia by RNA blot analysis and in situ 
hybridization. A single abundant CDCH-positive transcript with 
a length of 1150 bases is present in the RNA fraction derived 
from the cerebral ganglia (see Fig. 3A). The cellular localization 
of this CDCH-positive transcript was determined by in situ 
hybridization using a 35S-labeled Pst I insert from pLCA as a 
probe (see Fig. 3B). Hybridization was observed in all CDCs, 
and it was observed mainly in the cytoplasm. These results are 
in line with the immunocytochemical studies of Van Minnen 
and Vreugdenhil (1987) indicating that the CDCs express the 
CDCH gene. 

Discussion 

We have cloned and characterized a cDNA encoding a protein 
precursor that is cleaved to generate a set of small neuropeptides 
which are thought to govern egg-laying behavior in Lymnaea. 
The CDCH prohormone contains 11 potential cleavage sites 
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1 

ACACAGCCGGGCAGTGAGATTACGTGT 

100 
GCGTTGTCAACGACGATTACGAAACGGGACAACCAGTTCACAGGAAGGACCACCACTCAGACTTCTGGTCTTCTCGCACCTTT 

200 
ATG'AAG'ATG'TCA'GGG'CTT'CTC'AGC'AAA'CCCC'GAT'TAT'GGC'GTT'GTC'GGC'ATT'GTC'TTC'ACC' 
Met-Lys-Iulet-Ser-Gly-Leu-Leu-Ser-Lys-Pro-Asp-Tyr-Gly-Val-Val-Gly-Ile-Val-Phe-Thr- 
1 20 

300 
GTC'GTC'TTC'TGC'TGT'TGG'TGT'TCC'TCC'TCG'ACG'ACG'CAC'GCC'CTG'TCG'ATC'GCG'GAG'CCA' 
Val-Val-Phe-Cys-Cys-Trp-Cys-Ser-Ser-Ser-Thr-Thr-His-Ala-Leu-Ser-Ile-Ala-Glu-Pro- 

40 

GGG'AGG'GAT'CGG'TAC'GAC'AAG'AGG'TCC'CCC'ACG'GGC'CAC'GGT'GTC'GAG'GTT'GTG'GAG'TCT' 
Gly-Arg-Asp-Arg-Tyr-Asp-Lys-Arg-Ser-Pro-Thr-Gly-His-Gly-Val-Glu-Val-Val-Glu-Ser- 

60 

400 
GGC'GAG'GAC'TAC'GGG'TCG'AAC'AGA'CCC'CAA" 
Gly-Glu-Asp-Tyr-Gly-Ser-Asn-Arg-Pro-Gln-Pro-Val-Tyr-Gly-Asp-Glu-Asp-Glu-Glu-Asp- 

80 

TCC'GCG'GAC'GTG'TAC'GTC'GGC'TCC'GAC'GAA'AGC'TCC'AGC'GGC'GAA'AAA'ACG'AGG'CTC'ACG' 
Ser-Ala-Asp-Val-Tyr-Val-Gly-Ser-Asp-Glu-Ser-Ser-Ser-Gly-Glu-Lys-Thr-Arg-Leu-Thr- 

100 

500 
GCC'GCC'AAG'AGG'CGC'CTC'CGC'CTC'AAC'AAG'AGG'CGT'CTC'CGG'GCC'AGC'AAG'AGG'AGG'CTC' 
Ala-Ala-Lys-Arg-Arg-Leu-Arg-Phe-Asn-Lys-Arg-Arg-Leu-Arg-Ala-Ser-Lys-Arg-Arg-Leu- 

120 

600 
AGG'TTC'CAC'AAG'AGG'AGA'GTC'GAC'TCC'GCC'GAC'G~'TCG'~C'GAC'GAC'GGC'TTT'GAC'CGA' 
Arg-Phe-His-Lys-Arq-Arg-Val-Asp-Ser-Ala-Asp-Glu-Ser-Asn-Asp-Asp-Gly-Phe-Asp-~ 

140 

AAA'GCG'CGC'GAA'CCG'AGA'CTG'AGG'TTC'CAT'GAC'GTC'AGA'AAG'AGA'TCC'GCC'ACG'GCC'GAA' 
~-Ala-Arg-Glu-Pro-Arg-Leu-Arg-Phe-His-Asp-Val-Arg-Lys-Arg-Ser-Ala-Thr-Ala-Glu- 

160 
700 

GAG'GGA'TCC'GAA'AAC'GCG'GAA'ATC'GAA'GAG'TCC'CAT'CTC'GGG'AAT'TCC'CGA'AGT'CGC'AGA' 
Glu-Gly-Ser-Glu-Asn-Ala-Glu-Ile-Glu-Glu-Ser-His-Leu-Gly-Asn-Ser-Arg-Ser-Arg-Arg- 

180 

TCG'GCC'GGC'TCC'GCA'CCG'AGC'TCG'GCT'AAC"CTT'TCG'ATC' 
Ser-Ala-Gly-Ser-Ala-Pro-Ser-Ser-Ala-Asn-Glu-Val-Gln-Arg-Ser-Lys-Ar~-Leu-Ser-Ile- ----------- 

200 

800 
ACC'AAT'GAC'CTG'CGG'GCT'ATC'GCT'GAC'AGT'TAC'CTG'TAC'GAC'CAG'CAC'AAG'CTG'AGA'GAG' 
Thr-Asn-Asp-Leu-Arg-Ala-Ile-Ala-Asp-Ser-Tyr-Leu-Tyr-Asp-Gln-His-Lys-Leu-Arg-Glu- ____________________----------------------------------------------------------- 

220 

900 
CGG'CAA'GAA'GAG'AAC'CTA'AGA'AGA'CGT'TTC'CTA'GAG'CTC'GGC'~G'AGA'GGC'TCC'GCG'TTC' 
Ar~-Gln-Glu-Glu-Asn-Leu-Arg-Arg-Arq-Phe-Leu-Glu-Leu-Gly-Lys-Ar~-Gly-Ser-Ala-Phe- __ __------me---------- ------------------ 

240 

TTC'GAC'CAT'ATC'CCG'ATA'ATC'TTT'GGG'GAA" 
Phe-Asp-His-Ile-Pro-Ile-Ile-Phe-Gly-Glu-Pro-Gln-Tyr-Asp-Tyr-Gln-Pro-Phe-Lys-STOP 

259 

1000 
AATTATTTGCCTT~LAAGTTTTG~TAAAACCATAATTGGTCTCTTAAAAA~AAAI~AAAAAAAAAAAAA 

Figure 2. Nucleotide and deduced amino acid sequence of the CDCH preprohormone mRNA. Nucleotide residues are numbered in the 5’ to 3’ 
direction above the nucleotide sequence. The putative initiator methionine codon is present at position 188 and is followed by a 777-nucleotide- 
long open reading frame. The amino acid residues are numbered below the amino acid sequence, beginning with the initiator methionine. The 
dashed line indicates the predicted primary sequence of CDCH. Basic residues that form potential cleavage sites are underlined with a solid line. 
The nucleotides corresponding to the polyadenylation consensus sequence are also underlined with a solid line. 



4188 Vreugdenhil et al. * Structure of Ovulation Hormone Precursor 

Kb 

3.39, _. 285 

1.75.. -18 S 

1.15, 

Figure 3. Expression of the CDCH gene in the cerebral ganglia. A, RNA blot analysis of the cerebral ganglia. Five micrograms of total RNA from 
the cerebral ganglia were fractionated on a 1.2% agarose gel and transferred to Hybond filter. The 32P nick-translated Pst I insert of clone pLCA 
was used as a probe in the hybridization analysis. The positions of the 18s and 28s ribosomal RNAs are indicated. Yeast (Succharomyces 
curkbergensis) 17s rRNA (1750 bases) and 26s (3390 bases) rRNA were used as markers. B, In situ hybridization to sections of the cerebral ganglia. 
A %-nick-translated Pst I fragment from pLCA was applied to 7 pm longitudinal sections of the cerebral ganglia. Slides were dipped in Kodak 
NTB 2 emulsion, exposed for 24 hr, and examined by light microscopy. Arrows indicate hybridization in the cytoplasm of the CDCs. N. nucleus. 
x 500. 

(see Fig. 4A). If all these sites are recognized 12 peptides can be 
generated from the CDCH prohormone, a number close to that 
(10) released by electrically active CDCs (Geraerts et al., 1987b). 
Several experimental data fit in well with the hypothesis that 
the combined biological actions of this released set of peptides 
are necessary for the egg-laying action pattern in Lymnaea to 
occur. First, in contrast to similar experiments done with A. 
calijbrnica (Strumwasser, 1984; Strumwasser et al., 1987), in- 
jection of synthetic CDCH can elicit only the last part of the 
overt egg-laying behavior (Ter Maat et al., 1988b). Second, 
besides CDCH, other released peptides with a known function 
have been identified on the CDCH precursor, i.e., calfluxin and 
CDCA. The amino acid composition of purified calfluxin is 
identical with a 14-amino acid-long peptide that is encoded by 
the CDCH cDNA clone (Fig. 2, residues 126-l 39); in addition, 
a synthetic peptide corresponding to this region mimics the 
biological activity of native calfluxin, suggesting that (released) 

calfluxin is synthesized as part of the CDCH prohormone (Dic- 
tus and Ebberink, 1988). The second identified peptide, CDCA, 
triggers the electrical activity of the CDCs (Ter Maat et al., 
1988a). A synthetic nonapeptide corresponding to a g-amino 
acid-long peptide, a-CDCP, encoded by the CDCH cDNA clone 
(Fig. 2, residues 144-152) is capable of exciting isolated CDCs 
at a concentration of 1O-5 M (A.B. Brussaard, personal com- 
munication), indicating a structural relationship between CDCA 
and the encoded nonapeptide. We assume that the other pep- 
tides encoded by the CDCH cDNA clone are also released and 
that they are involved in the control of different aspects of the 
egg-laying fixed action pattern. 

Comparison of the CDCH preprohormone of L. stagnalis with 
the ELH preprohormones of A. californica and A. parvula 

The freshwater Lymnaeidae, having evolved from marine snails 
through land-based intermediates, are only distantly related to 

,20 A.A., 

A: COCH preprohormone: 

B : ELH preprohormone: 

s s 

Figure 4. Comparison of the CDCH (A) and ELH (B) preprohonnone. An S indicates the position of a cysteine residue. NH, represents a potential 
amidation signal. Percentages homology between corresponding regions are indicated. Gaps are introduced to achieve maximum homology. 
Furthermore, the positions of potential signal peptides are indicated (W), CDCH (Y-CDCPIo(-BCP (Bj), &..,-CDCP/p-BCP/r-BCP @), calfluxin 

, X-CDCP (X), and acidic peptide (AP). Known or potential cleavage sites are also shown @). 
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the marine Aplysiidae. The evolutionary distance between these 
families has been estimated to be 350 million years (Moore and 
Pitrat, 1960). Nevertheless, beside certain differences, striking 
similarities can also be seen in the egg-laying behavior of these 
animals (Geraerts et al., 1987a). It is therefore interesting to 
compare the CDCH preprohormone with the ELH preprohor- 
mones. Because the homology between both ELH precursors of 
A. calijhnica and A. parvula is high (Nambu and Scheller, 1986) 
we will limit ourselves to a comparison of the CDCH prepro- 
hormone and the ELH preprohormone of A. calijhnica. 

The overall homology between the CDCH preprohormone 
and the ELH preprohormone ofA. californica is very low (28.2%) 
compared with homology figures reported for other neuropep- 
tide precursors (e.g., Soma et al., 1984; Martens et al., 1985). 
Nevertheless, the structural organization of both preprohor- 
mones is very similar (see Fig. 4). They have long signal peptides 
as predicted, and nearly all the potential cleavage sites 
are conserved. A more detailed comparison gives a striking 
picture of homologous and divergent regions. In 3 regions sig- 
nificant homology is evident. The first region contains CDCH, 
which exhibits 51% homology with ELH. Peptide sequencing 
data have demonstrated a 44% homology between CDCH and 
ELH (Chiu et al., 1979; Ebberink et al., 1985). Our data dem- 
onstrate that, in addition, the processing sites (Lys-Arg) are 
completely conserved and that CDCH, like ELH, is amidated 
at its carboxy terminal because the sequence Gly-Lys-Arg serves 
as a combined proteolysis/amidation signal. The second region 
ofinterest contains (r-CDCP, which exhibits 69% homology with 
its counterpart on the ELH preprohormone, ol-BCP. or-CDCP 
has 5 uninterrupted amino acids in common with the 9-amino 
acid-long o(-BCP (see Fig. 5). The cleavage sites flanking LU-BCP 
are also completely conserved in the CDCH preprohormone. 
The third region contains 3 predicted pentapeptides, P,_,-CDCP, 
which exhibit a high degree of homology among themselves and 
also with a-CDCP and (u-BCP, and 75% homology with their 
counterparts on the ELH precursor, P-BCP and r-BCP (see Fig. 
5). As in the ELH preprohormone, the P,_,-CDCP region con- 
tains related pentapeptides that are all llanked by dibasic amino 
acid residues. Our data also show the generation of an extra 
predicted pentapeptide in the CDCH preprohormone. 

The significant homology found in the 3 regions suggests that 
the neuropeptides generated from them control similar aspects 
in the egg-laying fixed action patterns of both species. Indeed, 

Figure 5. Primary structure and the 
potential or known cleavage sites of ho- 
mologous peptides of the CDCH and 
ELH preprohormones. The standard 
l-letter code for amino acids is used. 
Identical amino acids are shown in bold 
type and homologous repetitive amino 
acid sequences are enclosed within a 
box. Potential or known cleavage sites 
are underlined. Gaps are introduced to 
achieve maximum homology. 

the well-established biological actions of CDCH and ELH (in- 
duction of ovulation, egg-mass and egg string formation) support 
this hypothesis. It is also likely that o(-CDCP and ol-BCP perform 
similar functions. The precise processing ofLu-CDCP is not known 
as yet. The conservation of the cleavage sites suggests that 
c~-CDCP, as wBCP (Rothman et al., 1983), is liberated from 
its precursor as a nonapeptide. However, the presence of an 
additional potential cleavage site (Arg-Lys) at the amino-ter- 
minal site of the (Y-CDCP region (see Figs. 4, 5) might give rise 
to a form of wCDCP that contains 2 extra amino acids. Al- 
though the processing and function of peptides generated from 
the third homologous region are largely unknown, we assume 
that they play an important role in egg laying because of the 
following. (1) This region contains predicted pentapeptides with 
a clear repetitive character (see Fig. 5). (2) The third region 
exhibits the highest level of homology and contains a predicted 
peptide domain (P-BCP/@,-CDCP, see Fig. 5) with even 100% 
homology. The related pentapeptides, &- and &CDCP, have 
diverged at only 2 and 1 positions, respectively, compared with 
their counterpart, y-BCP. (3) The CDCH preprohormone con- 
tains an extra pentapeptide. (4) All pentapeptide domains are 
flanked by Lys-Arg (except for r-BCP), which strongly suggests 
that these peptides are liberated from their precursors as pen- 
tapeptides. The pentapeptides may have a role as a neurotrans- 
mitter, as proposed for P-BCP (Scheller et al., 1983; Rothman 
et al., 1985). 

By introducing gaps in the peptide sequence of the CDCH 
preprohormone, significant homology was found in 2 additional 
regions (see Figs. 4, 5). In the region containing the predicted 
14 amino acid peptide connecting (r-CDCP with the /3_,-CDCP 
region, 2 stretches of 4 and 5 amino acids are 100 and 80% 
homologous, respectively, with the 27 amino acid counterpart 
on the ELH preprohormone (see Fig. 5). In Lymnaea, this pre- 
dicted 14 amino acid peptide most probably represents the pri- 
mary structure of calfluxin (Dictus and Ebberink, 1988). The 
homology suggests a similar biological action as the calfluxin- 
related peptide in Aplysia. Indeed, preliminary experiments in- 
dicate that bag cell extracts are capable of inducing calcium 
movements in the accessory genital mass of A. calzfirnica (M. 
de Jong-Brink, personal communication). A second region with 
significant homology was found directly beyond the carboxy- 
terminal processing site of a-CDCP and (r-BCP. The 23 amino 
acid peptide, X-CDCP, of the CDCH preprohormone shares 8 
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amino acid residues with its 19 amino acid counterpart on the 
ELH preprohormone (see Fig. 5), suggesting that these peptides 
also perform similar, but as yet unknown, functions. 

No significant homology could be identified in other regions 
of the CDCH preprohormone. This is especially true for the 
amino-terminal part of the preprohormone. Also the 27-amino 
acid-long acidic peptide of the ELH preprohormone of A. cal- 
z’jimzica, thought to play a role as a carrier protein (Scheller et 
al., 1983), has completely diverged to a less acidic L. stagnalis 
cognate of 23 amino acids. The divergence indicates that these 
predicted peptides have no physiological function (Soma et al., 
1983) and might be involved in the folding and/or correct pro- 
cessing of the preprohormones. 

The ELH gene of A. calzjbrnica is a member of a small mul- 
tigene family consisting of 4-5 distinct members (Mahon et al., 
1985). In addition to the ELH gene, members of the family 
encode the A peptide- and B peptide-preprohormones (Scheller 
et al., 1983; Mahon et al., 1985). In A. par&a, the ELH family 
consists of only 2 genes, both of which encode ELH-like pre- 
prohormones (Nambu and Scheller, 1986). It is thought that A. 
parvula is more primitive than A. californica, and that the A 
peptide and B peptide genes arose less than 140 million years 
ago (Nambu and Scheller, 1986). Preliminary results of Southern 
blot analysis suggest the presence of a small multigene family 
in L. stagnalis (E. Vreugdenhil, unpublished observations). Con- 
sidering the evolution of L. stagnalis, it will be interesting to 
characterize the genomic organization of this CDCH gene fam- 
ily. This characterization will give further insight into the evo- 
lution of peptide transmitters in general and will allow a better 
understanding of how egg laying and its accompanying behavior 
in L. stagnalis is controlled at the DNA level in particular. 
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