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In the cerebral ganglia of the central nervous system of the freshwater snail Lynuzaea siagnalis many neuropeptides are proteolytically processed

from larger prohormones at sites marked by both single and multiple basic amino acids. In the present study we identified cloned cDNA and PCR

products corresponding lo three putative endoproteases that may be involved in prohormone processing. The cDNA encodes a protein of 653

residues with an overall sequence identity of 609, 419, 35%, 40%, and 27% with the recently characterized endoproteases PC2, PC1/3, PCA4, furin

and Kex2, respectively. The Lysmnnaca preproconvertase has ~809% homology with the catalytic domain, and ~40% and ~50% with the N-and C-1erminal

part, respectively, of the vertebrate PC2. Two cloned PCR products, Lfur 1 and Lfir 2, show highest sequence identity 1o furin. Expression of the
LPC2 gene is exclusively in the central nervous system, where two LPC2 transcripts of 3.0 and 4.8 kb were detected.

PC2-related convertase; Furin-related convertases; cDNA cloning; Polymerase chain reaction; Cerebral ganglia; Lymnaca stagnalis

1. INTRODUCTION

Proteolytic processing represents an ubiquitous cellu-
lar mechanism that plays a major role in the maturation
of prohormones, neuropeptides and other proteins [1,2].
Recently, the coding sequences for a number of verte-
brate processing enzymes were reported, i.e. furin [3-5],
PCI1/PC3 [6-9)], PC2 [7,10,11], and PC4 [12]. Furin has
been shown to correctly process several precursor pro-
teins, e.g. B-nerve growth factor [13]. Furthermore,
furin-like genes have been characterized from inverte-
brate species, i.e. from Drosophila melanogaster (Dfur
1 and Dfur 2; [14]) and Cacenorhabditis elegans (bli-4;
[15]). Mouse PC1/3 and PC2 and human PC2 are capa-
ble of cleaviag the proopiomelanocortin precursor [16],
each enzyme at distinct pairs of basic residues. The
PC1/3 and PC2 endoproteases are uniquely expressed
in endocrine and neural tissue. By contrast, mouse PC4
is exclusively expressed in the testis, and its processing
capacity is as yet not established [12]. Furins and the
PC1-4 are structurally and functionally related to the
prohormone processing enzyme Kex2 [4] of the yeast
Saccharomyces cerevisiae and to the subtilisins of bacte-
ria [17). These enzymes all share a well-conserved cata-
lytic domain. Furin and Kex2 share, in addition a pre-
proprotein region, a serine/threonine-rich region, a
transmembrane anchor and a cytoplasmic tail, which
are, however, not found in the PCl1-4.

In the central nervous system (CNS) of the mollusc
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Lymnaea stagnalis various prohormones have been
characterized, from which a large variety of neuropep-
tides can be derived by proteolytic cleavage [18]. Some
of these prohormones are exclusively cleaved at dibasic
residues, as in the precursors of APGWamide and mol-
luscan insulin-related peptides [19-22]. Cther pro-
hormones are, in addition, cleaved at tribasic and tetra-
basic sites and single basic residues, as in the precursors
of caudodorsal cell hormones-I and -1I [23] and
FMRFamide [24]. In view of the observed diversity in
prohormones and proteolytic cleavage sites, it can be
assumed that in the Lymnaea CNS different processing
enzymes occur that recognize distinct prohormones
and/or cleavage sites. In order to address this question,
we used polymerase chain reaction PCR and DNA
cloning to identify diverse processing enzymes that are
structurally related to the vertrebrate PC and furins. We
report here the characterization of a cDNA clone en-
coding Lymnaea PC2 (LPC2), as well as PCR products
that code for several putative convertases related to
furin.

2. MATERIALS AND METHODS

2.1. Animals
Aduit L. stagnalis (shell height, 28-34 mm) bred in the laboralory
under standard conditions [25] were used.

2.2, PCR

Degenerate oligonucleotides were synthesized, based on amine acid
sequences that are conserved among the PC1-4, Kex2, and furins,
namely His-Gly-Thr-Arg-Cys-Ala-Gly and Vai-Trp/Phe-Ala-Ser-Giy-
Asn-Gly-Gly. The sequence of oligo (OL1}). which is based on ihe
former conserved amino acid sequence is: 5-CGCGGATCCA(TC)-
GG (GATCAC(GATCHAC)G(GATCO)TG(TCYGC(GATCIGG-3’
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5! - GUCATGANCAAGGACTGTGTGG TTTTC T TCACGCGCTTCATTTTATC CAGTCACC TG TAACTTCCGTGGA
TAAAGATTCCAGAATCCATTTCCGGEATTAATGECG TG TATACGAATAGAAGCAACCAAADAAAAAATC TGAGGATAMATAMA TATITTGCCGTTOTGC
TGCTTATCATTTCATCGCSTTCAACACGECATCTOTACAACAGTAGACGCGCGETCAGCGCAGAGETICCACAGTE TCCAGTGGRGCTCEGGGGTTTCTAGS
1

ATCAATAGTTICTTCCTGGGATGGTCCCGTAAGCTGCTCA TG TCTTTATGCCIC TG TSC TGGGCCATC TC TG TCC CCGG CCTGGRGCAAGGAG TITGAC
Mer.AsnSerPhePheLeuGlyTrpSerArgLysValLeuValSarLeug;(;sLeuLeuCysTrpmaI leServValProGlyLeuGlyLysGluPhehsp

GTGGCCACCAACCACTGGCTEGTGCCAGCTAACGCACGACGGCGGCGAGGATETGGCCCGCCARETICCCCCGGAGACCGCGATTCACATATATCGCALCCE
valAlaThrAsnHisTrpleuvalQluLeuThrHisAspGlyGlyGluAspValAlaArgArgValAlanrgGluGluGly PheThrTy rIleGlyPro

CTTTTAGCTTCAAAGAGTAAGTTCCACTTCACACACGCEGGCGTECCACACGCCAGCAGCAAGAGGAGCATACCACACACCCGTCAGC TTCGAGTCCAT
LeuLeuGlySerLysSerGluPhelisPheThrHisAlaGlyVal ProHisAlaArgSerLyshrgSerllaProHisThrArgGlnleudrgValHils
100

CCTCAGCTGACGACAGCCTACCAGCACTCCGECTACATCCGECTCAASCEAGCG TACAAGGATECCECGAAGCTGCTGACCETCAACAAGCAGCACATC
ProGlnValArgThrAlaTyr8lnClnSerClyTyrMatirgval LysArg(féy'nlrLysAspAlaAlnLysLeuLeuTh rValAsnLysGlnMigIle
0

CGTCTGAAGGCCAAGCCAMAGCTCCCCAACGACCCEGACTTTGATAAGCAGTEGTACCTGAGGANCACAGEGCCAGTCCGECGECETCAAAGGCCITGAC
GlyLeulysilalysProlysLeuProfenispProAspPhedsplysGlnTrpTyrLeudrghsnThrGlyGlnSerGlyGlyVally sGlyLeuAsp

CTCAACGTAATGCCAGCATGGGAGATCGAC TATICCGG TGCAGGAGTCACTACAGCAATTA E SACGG TATCGATTATCTTCATGAACGATTTARAG
LeuAannlMel:AlaAl aTrpGludet8ly Ty sSerGlyhlaGlyvalThrThrAlalleMe AspGlyIleAspTyrieutisGluispLeulys
200

AATAATTATCACGCAGATCCAAGTTATCATTTTAGCAGCAATGACCCCUACCCTTACCCAAGCTATACAGACACGTGGTTCAACAG ﬁ GGACCAGG
AsnAsn’IyrHisAlaAspAlaSer‘x’yrAspPheSerSerAsnAspPro‘Iy:Pro'P_'gProArgTerhrAspT'hrTerheAsnSe 531y Thrdrg
25

TCGCGCCCGCGAGGTGTCCECAGCGAAAGACAATCGAGTCTETGCTC GGG CCTTCCCTACGEC TCCAAAGTGGCAGGTC T TAGAATCCT TGACCAGELC
CysAlaGlyGluvalSerdlaAlalyasAspAsnSlyValCysGlyValGlyValdlaTyrGlySerLyavalilaGlyLeuArgiletLeuAspGlnPro

TTCATGACAGATCTCATCGAAGCCAATGCCATGGCTCATATGCCAAATGTCATAGACATC TACAGTGCC IC ATGGGGACCTACGGACGATGGTAAMANACA
PheMetThrispLeulleGludlarsndlaMetGlyHisMei ProAsnVallleAsplleTyrSerAlasSerTrpGly ProThrAspAS PGy LysThe
300

GTAGATGGGCCCAGGAACTTGACCATGAGEGCCATAGTCAACGGTGTAAATAACCGGCETAACGGCCTCGEARMACCTATACGTGTGGECC TCAGGAGAC
ValAspGlyProdrgAsnleuThrMetArgalall eValAsnGlyValAsnAsnGlyAggAsnGlyLeuGl yAsnVallyrValTrpAlaSerGiyAsp
350

GGTGECCCCAACCATEAC TECAACTGCGACEGCTACGCTGCCAGCATETGGACCATCAGCATCAACTCGECCAGGAACGATGCACAGACGGCTGECTAC
GlyGly ProAsnAspAspCysAsnCysAspGlyTyralaAdlaSerMet TrpThrlleSerlleAsnSerAl aArgAsnAspGlyGinThrAlaGly Ty r

GACGAGTCCTGCTCCTCAACACTCGCCTCGACCTICAGCAACGGCAAGAGCAACTCACCAGACGLCAGCE IGGLCACCACAGATC TGTATAATAACTSC

AspGluSerCySSerSerThrLeumaSerThrPheserAsnGlyLysSerAsnSe:.ArgAspAlaGlyVa 1AlaThrTheAspLeuTyrAsnAsnlCy s

400 ————

ACAGCGAGTCAC"CAGGMC ﬁ CAGCGGCACCTGAGGCAGCTCRTRTATICECCCTCECEUTCGAGGC CAACCECAMCCTSACATGGAGEGACATG

ThrAlaSerHisSerClyIhy AlaAladlaProGlubladlaGlyValleuAl aLeuA%aLeuG lualaAsnArghsnLeuThrTrpArgAsphet
450

CAGCATCTGACCGTCCTCACG TCAAMGAGAARCAGCCTCTACGACTCCAACGUCATCCACCACTAGAAGCTCARCGECECCCATCTGCTC TTCAACCAT

GlnHisLeuThrValleuThrSerLysArgAsnSerLeuTyrAspSerAsnGlyIleHisHisTrplysLeunsnGlyAladisLeuLeuPheAsnHis

CTTTICGECTACGGEAE TTCTGGACGCCGCCAGCATGETGCACCTEGCCAGCCANATGECGTGGATTGC CAGAAAGG TTTCATIGCANACC TGGGACAGTC
LeuPheGlyTyrGlyValleuAspAlaAlaSerMetValaspleuAlaSerGlnTepArgGlyLeuProGluArgPhetisCysLysAlaGly Thrval
500

AGCGCTCAGANAGAATTCACATTCEGAAAGCCGCTGAGAATGAGCATAGAGTCCEACGGCTGCTTCGETACCGARLAATCAGE TCAACTACCIGGAGCAC
SerAlaGlulysGluPheThrPheGlyLysProLeudrgMaetSerlleGluSerAspGlyCyshPheGlyThrGluAsnGluValAsnTyrLeuGlutis
550

GTGCAGGCTTICATCACCCTICCGGTCCACCTACAGAGGTTETGTCACCATG TACATGACG TCACC CATGCGCACCACUGICAATGATCCTAAGTCAACGE
ValGlnAlaPhelleThrleulrgSer ThrTyrArgGlyCysVal ThrMet TyrMetThrSerProletClyThrTheSarMetIlaLauSerGlnarg

CCCAATGATGACCATCACAAGARCGEATTTACCCEATEGCCCTTTATGACCACTCACACCTGGGCCOARATG TCACGTGGCACCTGGACG TIGGACATT
ProAsnAspAspAspAspLysAsnulyPhe"‘hrp rgTrpProPheMetThrThrHisThrTrpAlaGludesSerArgGlyThe TrpThrLeudsplle

GTGA'IGGMCCcATCA’IGGGGGTCAAGACAAACM‘I‘GAGACGGGCC'IG‘I‘TCAAAGAA’IGGACA’I‘I‘GG'IGCTACACGGAACAAAGACGGCTCCCTACGCC
ValMetGluPrelleMetGlyVallysThrasnIleGluThrGlyLeuPhelysGluTrpThrleuValleutl sGlyThriysThralabProTyrala
650 653
AARNCAGCCAGCACATAAAGAGCG TCACGAGAAGCTGTACTTGGETCCACCGGECCCACGARAG TEGAGTEGTACAGGAGTAGTEGTCCCACGAGGETGGT
LysGlnProAlapsplysGludrgisGlulysLeuTyrLleuValArgairgAlatisGluSerGlyValvalGlnGlur*=

GCCTCETCATECTCTCGGCCAATCGEEACGCACGACCCAACTCTGCOCAG TCAAGCTACCACACCHEECEEACET TG TCCTAGAGEAGCCTCTGCCATCA
CTTACTATTCCAGTTGTC TIGTG TCAGTGGCACACTATICCAATAGTATTAGTCAATTCACTTTTTG T P TAAAACCAACAAAAAAATATTTCTTATTIT
CTATGAGATGTTCTCTAGTTCAGACCAANAACARATGGAAATTITCCGTAATAA PTATTTTC TT T T T T TAAAANA TAAGATCAAGAAAANACTCATGCA
ARATATGTTTTCATTACTTATTTTCTGCATCATATTTTAACTCAGAAAA LA TATC TTATTAATGACGTCAT T ICCOETGC TCTAGATG TGAATAGTGTC
CTCTAAGCTAAAARAAAABANRCCTTC TATTTC T I TC TCTTAA TTTTC TG TAAGAGAAC TATCGTCAACTA TTGATAA TGATAATATATATTTC TACAA
ARTTTAARAAGAGTATTTACACTATTTAABATIT-pO1Y (A) =3
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Fig. 1. Nucleotide and predicted amino acid sequence of LPC2. The number of nucleotides is indicated at the end of each line. The number of
amino acids are indicated above the sequence. The arrow indicates the putative cleavage site of the signal peptide. The proposed active site involving
Asp, His and Ser residues are indicated by boxes. Solid bars above sequencings indicate consensus sequence for N-linked glycosylation,

and the sequence of OL2, which is based on the latter amino acid
sequence it 5-CGCGOGATCC(GATCICC(AG)TT(GATC)CC-
(CATCHGCHGA) (GATC) GC (GAC) (AC) A (GATC) AC-3’. Two
additional degenerate oligonucleotides, OL3 and OL4, were synthe-
sized that are specific for respectively PC3- and furin-related enzymes;
OL3: 5-CGCGGATCCGGI(CTAT(GATCYAC)G(GATCIATG-
(CTTGATC)GA(TC)GG(GAT CYAT)T-¥, and OL4: 5-CGCG-
GATTCGG(GATCHGATCO) TIAC)GIATG(CT) TIGATCIGA(TC)
GG(GATC)GA-3". In the PCR with OL1-4, ¢DNA was amplified
using 50 cycles: 94°C for 45 s, 53°C for 45 s, and 72°C for | min.
Amplifiecd cDNA was digested with BamMl, subcloned, and se-
quenced.

214

2.3, Screening of the Lymnaea ¢DNA library

Approximately 80,000 clones of an amplified AZAP II cDNA li-
brary of the cerebral ganglia of the CNS of L. siagnalis were plated
at a density of 20,000 pfu/120 mm? filter and absorbed 1o Hybond-N
membranes (Amersham International Corp., UK). Clones were puri-
fied by rescreening at a lower plaque density. Hybridization of the
membranes was performed with a Digoxigenin labeled LPC2 PCR
product, generated between OL1 and OL2 on a single-stranded M13
clone containing LPC2 cDNA, according to the method of Lion and
Haas [26]. Prehybridization and hybridization of the filters was per-
formed in 6x88C (1xSSC: 0.15 M NaCl and 0.015 M Na-citrate), 1%
Boehringer Blocking Reagent (BBR; Boehringer Mannheini, FRG),
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Fig. 2. Schemaiic representation of the preproproleins of Lymnaea LPC2, human PC1/3 [8), human PC2 {10], mouse PC4 [12], yeast Kex-2 [4],

and human furin {1]. Numbers indicate amino acid residue [rom the start of the protein. Percentages indicate the amino acid sequence identity in

regions of the vertebrate and yeast proteases with corresponding regions in LLPC2, Indicated are the signal peptides (black boxed), the catalytic
domains (dotted), transmembrane domains (TM), and putative amphiphatic a-helices (AH).

0.19% N-lauroylsarcosine, 0.02% SDS, ut 68°C for 16 h. The filters
were washed in 1xSSC at 68°C for 45 min, in 0.3% Tween-20/TBS
(1xTBS: 0.1 M Tris-HCl and 0.015 M NaCl, pH 7.5) for 5 min,
blocked in 1% BBR/TBS, incubated in 1:10° diluted anti-Digoxigenin-
alkaline phosphatase conjugate, in 19% BBR/TBS, and washed in 0.3%
Tween-20/TBS for 3x10 min, The membranes were then equilibrated
in AP-buffer (100 mM diethanolamine-actelate, 2 mM MgCl,, 0.01
mM Zn-acetate, 0.02% thiomerosal) for 2 min, incubated in 0.24 mM
3--spiroadamantane)-4-methoxy-4-(3”-phosphorylox y)-phenyl-1,2,-
dioxetane (Tropix, USA) in AP buffer in a sealed plastic bag for 2 min.
After removal of the substrate the membrane was autoradiographed.

2.4. Size determination of LPC2, Liur | and Lfur 2 mRNA

Total RNA was isolated according to the method of Chomezynski
and Sacchi {27), and mRINA was isolated from the tolal RNA using
magnetic beads (Dynal A.S., Oslo, Norway). About 4 gg of mRNA
from the CNS and various other organs was glyoxylated, fractionaled
on a 1.6% agarose gel, transferred to a Hybond-N flier, and hybrid-
ized in 6x88C, 0.2% SDS, 5xDenhardts, and 10 mg/ml tRNA and
Herring sperm DNA, at 65°C for 16 h with the [¥-“PIAATP %-end
labeled oligonueleolide probes specific for LPC2 5-ACATTTGGCA-
TATGACCCATCGCATT-¥, Lfur 1 5-CTGAGGGTTCAGCCC-
TAGTGATTGG-%, and Lfir 2 5-ACTGCGATTAAAGCTCA-
GCGAGGTA-3 (specific activity >10° dpm/mg). Filters were washed
in 1xS8C, 0.29% 8SDS at 65°C for 20 min, and autoradiographed.
Glyoxylated yeast ribosomal RNAs, 26 S (3400 bases)and 17 S (1800
bases), were used as size markers.

2.5, Nucleotide sequence analysis

PCR products subcloned in M13mpl9 and pBlueseript 11 LPC2
cDNA generated by in vivo excision, were sequenced in both orienta-
tions according to the method of dideoxy chain termination {28), using
sequenase. Following sequencing from universal primer siles present
in the veciors, the sequence information was used to design new
primers and the sequencing continued. Reactions were performed with
standard nucleotide mixtures, or with ¢ITP as a substitute for dGTP.
Sequenase and reaction mixtures were obtained from USB.

3. RESULTS AND DISCUSSION

On the basis of the structural relationship of the cat-
alytic domain of various vertebrate PC, degenerate oli-

gonucieotide primers OL1 and OL2 were designed and
used to amplily a PCR fragment with an expscted
length of 320 bp. Analysis of the PCR mixture by elec-
trophoresis on an agarose gel revealed a single product,
which was subcloned and sequenced. It appeared to
encode a fragment with highest sequence identity to
vertebrate PC2 (data not shown). To identify the full
sequence of the Lymnaea PC2-like protein, we used this
c¢DNA fragment to screen 80,000 independent clones of
a cDNA library of the cerebral ganglia of L. stagnalis.
Sixty clones were found that gave a hybridization signal
and from 16 clones the insert lengths were determined
and the longest cDNA of 2778 nucleotides was se-
quenced (Fig. 1).

The cDNA consists of a single open reading frame of
1959 nucleotides (653 amino acids), flanked by a 269-
base-pair 5 untranslated leader sequence and a 3’ un-
translated region of 550 base-pairs. The deduced amino
acid sequence reveals that it is organized similarly to the
PC1-4 (Fig. 2), with a hydrophobic leader sequence, a
subtilisin-like catalytic domain, and a C-terminus lack-
ing a membrane anchor,

Northern blet hybridization of poly(A)” RNA from
the Lymnaea CNS, using as a probe a primer directed
to the LPC2 sequence, revealed two transcripts of 3 kb
and 4.8 kb (see below). The cloned ¢cDNA contains a
poly(A) tail and very likely represents the transcript of
3 kb. Translation of the mRNA is probably initiated at
the methionine residue at position 1. Cleavage of the
signal peptide most likely occurs after residue Ala-22
[29], generating a signal sequence of 22 residues. The
proprotein may be cleaved at two consensus motifs for
precursor cleavage catalyzed by furin {30}, at pesiiion
88 and/or 116 (Fig. 3).

Sequence alignment of the predicted protein with the
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300w (o) 350
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RAT pC2
MOUSE PC2
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MSTKSILLSRRPRDDDSKVGEDKWPFMTTHTWG EDARGTWTLEL - - - - ~GFVGSAPQRGLLKEWT LMLHGTQSAPY IDQVV-RDYQSKLAMSK
MGTKSILLSRRPRDDDSKVGFOKWPFMTTHTWGEDARGTWTLEL-~~~~ GFVGSAPQRGLLKEWTLMLHGTQSAPY IDQVV - RDYQSKLAMSK
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Fig. 3. Amino acid sequence alignments of PC2 ol Lymuaea stagnalis, Xenopus leavis [32}, human [8], ral [33], and mouse [7]. The subtilisin-like
catalytic domains are boxed and ihe residues important for catalylic activity, Asp, His and Ser are indicated by a triangle, Residues identical to
LPC2 and vertebrate PCs are indicated with an asterisk. Gaps introduced in the alignment are indicated by hyphens. Open circle indicates
PC2-specific Asp residue (see text); hatched bar, position of a RGD motif in the vertebrate PC2; wavy lines, position of putative cleavage sites

of the proprotein; thick black bars, M-glycosylation sites in veriebrate PC2

PC1-4, furins and Kex2 reveals that sequence identity
is highest with PC2. Interestingly, PC2 specific residues,
e.g Pro-244 and Asp-310 [8], are also present in LPC2:
Pro-264 and Asp-330. In all comparisons the catalyti-
cally important Asp, His and Ser resiclues align exactly
(Fig. 3). The PC2 sequences characterized in vertebrates
show a high degree of amino acid sequence identity,
overall ranging from 80% to 90% and in the catalytic
domain exceeding 95%. Based on both the sequence
identity and specific structural features, LPC2 must be
considered a member of the class of PC2 convertases,
although the sequence identity of LPC2 and the verte-
brate PC2 is significantly lower (~60% for the entire se-
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; thin black bars, glycosylation sites in LPC2,

quence and ~80% for the catalytic domain) than that
among vertebrate PC2. From this we conclude that,
apart from a few rigidly conserved structural features,
the evolutionary constraint on the primary structure of
the enzyme is less rigid than suggested by the data of the
vertebrate PC2 alone. Interestingly, LPC2 contains se-
quences that are entirely absent from the vertebrate
PC2, e.g. the 13 amino acid region immediately preced-
ing the catftlytic domain. Apart from the well-conserved
sequences in the catalytic domain, LPC2 and the verte-
brate PC2 share several conserved albeit functionally
ill-defined C-terminally located domains. However, un-
like in PC2 and PC1/3, a clear amphiphatic c-helix that
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CAOCQC‘I’ICN"OACA GAT CTC ATC GAA GCC AAT GCO ATG GOT CAT ATG CCA AAT GTC ATA GAC ATC TAC AGT GOC TCA TCG GOA COCT ACC GAC
Lfurl GGC =--- GAT GTG ACT GAC TCC OGTG GAG GOC CAA TCA CTA GGG CTO AAC CCT CAG CAC ATC CAC ATC TAC ACT OCA AGC TGG COC CCA GAC GAT
Lure =~~ GAA GTT TAT CAT GCC GTQ GAA CCT ALY TS CTG ACC 'I'TT AAT CGC ACT CAC ATA GAT ATA TAC TCG GCT AGC TGC GGG CCA GAT GAT
LpC2 Pro Phe Glu Ala|Asn AlQ Cly L]
Lfuri === ASpIVal Thr As val Glu AlajGln|Ser
Liura === Qlu|val Tyr Asp Ala Val Glu Ala|Thr|Ser
héur -== glu|val Thr Asp Ala val Glu Ala]Arg|Ser
Afur -=-- Qlujval Thr Asp Ala \'al Glu Ala]Arg|ser
Dfur 1 === hAgp(Val Thr Asp Ala val Glu Ala|Arg[Ser >
LPC2  CAT GGT AAA ACA GTA GAT GGG CCC AQG AAC TIC ACC ATG AGG GCC ATA GTC AAC GOT GTA AAT AAC CCG CCT AAC GGC CTC GGA AAC GTA TAC
Lfurl GAT GCA QO0GC ACT GTG GAT GGG C&C GCC ACT CTT GEC AGCC AAQ GCC TIC TAC GAT GUOC ATA ACA ARG GOT CGA GGA GGC CTG GGC TCC ATA TIT
Lfur2 OAT GGT AAA GTA GTG GAC GGT CCA GGA AAG TTG GCC AAG AAMA GOT TIC ATC AAC GUC ATA GAA CAT GGC CCGT AAC GGT ARG GOC TCT ATA TIT
LpC2  |ASp Oly Thr Val Asop Gly Pro|Arg Asn|Leuidh Ile val Asn|Gly|val Asn Asn
Lfurl |Asp Oly val Asp Gly Pro|Ala Thr|Leu Ala Loeu r Asp|Cly{lle Thr Lys
Lfur2 jAsp Gly Lys Val Asp Gly Pro]Gly Lye|Leu Ala Leu Ile AsniGly]Ile Glu His
nfur |Asp Gly Lys Thr Val Asp Gly Pro|Ala Arg|Leu Ala Phe Phe Arg|Glyjval Ser Gln
Afur Asp cly Lys ‘I'hr val anp Gly mo Ala Lyg|Leu Ala Phe Tyr Arg val Thr Gln
Dfur 1A tya Thr Val An olGle Glullau Ala Phe Ile Glu Thr Thr Lys]

Fig. 4. Nucleotide seqquence and amino acid sequence alignment of LPC2 cDNA, Lfier | and Lfier 2 PCR products, and selected furin and furin-like
proteins; hfier, human furin [5); X/ur, Xenopues furin [35); Dfter 1, Drosophila furin [14]. Identical amino acid residues are boxed. The amino acid
sequence depicled covers residue numbers 263-324 of the LPC2 protein.

may interact with the secretory granule membrane is
absent in LPC2 (cf. Fig. 2).

In studies of the functioning of members of the subtil-
isin family, it has been shown that the Asn residue is of
crucial importance in the catalytic mechanism [11,31).
It has been suggested that in PC2 the substitution of
Asn to Asp considerably narrows the acidic pH range
for optimal activity of the enzyme. Because both LPC2
and the vertebrate PC2 share an Asp residue (in LPC2,
Asp-330) at a position analogous to that of the Asn
residue in the subtilisins and in PC1/3 and PC4, we
favor the view that it indeed may be important in the
functioning of the enzyme.

All vertebrate PC2 sequences identified so far share
three putative N-linked glycosylation sites that, if used,
may be of importance for the functioning of the conver-
tases. In LPCs, of the three putative N-linked glycosyl-
ation sites only the glycosylation at position 395 is
shared with the vertebrate PC2. The remaining two pu-
tative glycosylation sites in LPCs are at unique posi-
tions (Asn-303 and Asn-423). This may indicate that
only Asn-395 is used as a glycosylation site in PC of
both invertebrates and vertebrates. All vertebrate PC2
share an Arg-Gly-Asp sequence which is thought to
serve as a receptor recognition signal for cellular matrix
proteins [34]. However, because the sequence is not
present in LPC2, this suggests that it does not function
as a recognition signal in the members of the PC family.

In order to study whether structurally different
though related convertases occur in the cerebral ganglia
of Lymnaea, a PCR approach was chosen in which the
LPC2/PC?2 specific residue Pro-264 was used to discrim-
inate between LPC2 and novel LPC sequences. Degen-
erate primers OL3 and QL4 were designed to identify
LPC that lack Pro-264 and have at position 265 either
a (furin- and Kex2-like) charged residue Glu or Asp, or
a (PC3.like) hydrophobic residue Leu, Met, or 1le.
Analysis of the PCR mixtures resulting from the combi-
nations OL3/OL2, and OL4/OL2 showed only PCR
products of the size expected for the combination OL3/
QL2, These products were cloned in M13mpl9 and 20

clones were sequenced in which two different LPC en-
coding products were identified, each from two inde-
pendent PCR (Fig. 4). Sequence alignment of these frag-
ments indicates two LPC, which are clearly different
from LPC2 and the vertebrate PC, but show highest
amino acid identity with furin. Therefore, they are ten-
tatively called Lfur 1 and Lfur 2. The PCR experiments
do not exclude the existence of a PC3-like protein in
Lymmnaea, since such a protein, unlike PC2, may have
residues different from Leu, Met or Ile at position 265.

To determine the tissue distribution of LPC2, L/ur 1
and Lfur 2, we carried out Northern Blot analysis of
poly(A)" RNA isolated from the CNS and various pe-
ripheral organs (Fig. 5). Transcription of the LPC2 gene
seems restricted to the CNS, because no LPC2 tran-
scripts were detecied in other organs. There were two
LPC2 transcripts with lengths of respectively 3.0 and 4.3
kb. The LPC2 transcript of 4.8 kb may represent an

Fig. 5. Size determination of LPC2 mRNA as determined by Northern

blotting. Poly(A)* RNA (4 ug), isolated from the CNS was size frac-

tionated on a 1.6% agarose gel, blotted to Hybond-N and hybridized

to **P-labeled oligonucleotide probes, specific for LPC2. 26 S (3400

bases) and 17 S (1800 bases) indicate the positions of yeast IRNAs

(transcript size markers). The sizes of the LPC2 transcripts are 3.0 and
4.8 kb.
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alternatively spliced mRNA or a related transcript from
an as yet unidentified gene. (Interestingly, two PC2
transcripts of different sizes have also been found in a
human insulinoma [10].) In the CNS, the Lfir 1 and
Lfur 2 transcript size could not be determined due to
low abundancy. PCR with Lfur 1 and Lfie 2 homolo-
gous primers demonstrated that in the cDNA library of
the cerebral ganglia the Lfur 1 and Lfir 2 cDNAs were
present at low frequency (1 out ~2x10° clones), which
may explain the failure to identify the transcript using
Northern blotting. It seems very likely, therefore, that
Lfur 1 and 2 are expressed in a limited set of neurons,
or alternatively, at very low levels throughout the CNS.

In summary, the identification of LPC2, Lfur 1 and
Lfur 2, makes it clear that in Lym#aea a class of related
though different putative convertases exists, which are
structurally related to vertebrate and Drosophila con-
vertases. These Lymnaea convertases occur in the CNS,
very likely in neurons of the cerebral ganglia that ex-
press a variety of prohormones and neuropeptides [18).
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