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The central nervous system of the pond snail, LJVMM sru~~rlis, contains many large, identified neurons which can be easily manipulotcd making 
it an advantageous model system to elucidate in vivo the architecture of ncuronal signal transduction pathways. We have isolated three cDNA 
clones encoding G protein o subunits that arc expressed in the L~maeu CNS. i.e. Ga,. Ga, and Gai ***. The deduced proteins exhibit a very high 
degree of sequence identity to their vertebrate and invertebrate counterparts. The strong conservation of G protein a subunits suggests that 
functional insights into G protein-mediated signalling routes obtained through the experimental amenability of the LJV~UIOCU CNS will have 

rclevnnce for similar pathways in the mammalian brain. 

G protein cz subunit; Central nervous system; cDNA cloning; Ly~~~rraeu srag~.~lis 

1. INTRODUCTZGW 

G protein-mediated signal transduction pathways 
play an important role in cellular communication (for 
reviews see [l-4]). Such signalling systems enable neu- 
rons to sense physiological and environmental informo- 
tion that is conveyed by a wide variety of messenger 
molecules dispatched by other cells, and to generate 
appropriate responses. Specific transmembrane recep- 
tors bind the sigcal molecules and subsequently stimu- 
late the exchange of GDP for GTP on G proteins (gua- 
nine nucleotide-binding regulatory proteins) that relay 
the information to intracellular enzymes or ion chan- 
nels, thus evoking cellular responses. The signalling 
process is terminated by the G protein’s intrinsic 
GTPase activity. It is !?ow well-known that G protein- 
coupled receptors, G proteins and their effecters are all 
Ii>dltibers of large (supe!*)families. We are interested how 
the multitude of receptor, G protein and effector sub- 
types that cs.n be co-expressed in a single neuron is 
exploited so as to transduce the multiple informational 
inputs that are to be considered in its decision making. 

G proteins are heterotrimeric proteins that consist of 
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a, jl and y subunits. The GI subunit furnishes the GTPase 
activity and determines the identity of the G protein 
since it is thought to dictate receptor and, in many cases, 
effector specificity. The function of the 3 and y sub- 
units, which act as a single jr subunit, would be recep- 
tor coupling and noise suppression. Recently, evidence 
has n::cumulated suggesting that ,&r subunits can iii fact 
be the signalling moiety for some effecters (see e.g. 
[5-73). Molecular biological studies have indicated the 
presence of at least 16 different G protein a subunit 
subtypes in mammals. Based on amino acid sequence 
comparisons these subtypes can be grouped into four 
families called Gad, Gai, Ga9, and Gall [4]. The corre- 
sponding G proteins have been named accordingly and 
each modulates a specific (set of) effector such as 
adenylyl cyclase, phospholipase C, cGMP phosphodi- 
esterase or an ion channel. In the brain a subset of G 
proteins is known to be expressed: i.e. G,, Gil, G,, G,, 
Gg and G,, [S-13]. G, proteins are expressed most abun- 
dantly and may comprise as much as 1% of the total 
membrane protein in brain [14]. 

Although extensive molecular biological and bio- 
chemical studies have provided much information 
about G proteins, hardly anything is known about the 
coupling of specific G protein subtypes with receptor 
and effector subtypes in viva. This is especially true for 
the G protein function in neurons, which may be due 
to the enormous complexity of the vertebrate brain. 

The pond snail, Lyntu-tec~ stagnalis, possesses a sim- 
ple, surveyable and accessible nervous system which 
comprises a mere is,000 neurons clustered in a small 
number of defined ganglia. The relative case by which 
some CPI IL, fial~~ \Jv-ivv p+rl., w.,.l Iw~ll.,lll.d,, I- ..--. -- -p :-- I,-.-~ /en wn .-‘L -.-4 :~-r;fh+ nP,,pCnS 

can be manipulated [15] makes it an excellent model 
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for the in vivo dissection of neuronal G protein-medi- 
ated signalling pathways, Due to their large size, many 
molluscan neurons are very suitable for micro-injection 
of a diversity of agents that can perturb (G) protein 
expression and function (e.g. DNA, RNA, peptides and 
antibodies), the effects of which can be subsequently 
monitored by application of various electrophysiologi- 
cal techniques [ 16,171. Moreover, a number of identified 
Lymaea neurons have been well-characterized mul- 
tidisciplinary [ 151. 

As a first step towards studying the architecture of 
neuronal G protein-mediated signal transduction path- 
ways and their function in cellular decision making, we 
have undertaken the isolation of cDNA clones encoding 
G protein cc subunits that are present in the Lymtmeu 
CNS. Here we report on the cloning of cDNAs that 
code for lymnaean Ga,, Gx, and Gai subunits. The 
primary structures of the deduced proteins have been 
very conserved (76-90% amino acid identity with verte- 
brate and invertebrate counterparts), with motifs that 
are critical for guaninc-nucleotide binding and (at least 
for Ga,) effector-coupling being perfectly conserved. 
This suggests that results of functional studies in our 
invertebrate model system will have relevance for the 
understanding of signalling pathways involving G pro- 
teins in the mammalian brain. 

2. MATERIALS AND METHODS 

For the cloning of u LJVUIIIIL’U Ga, homologuc, 5105 clones of a 
@IO cDNA libmry of the adult f..~vnu~u CNS wcrc screened under 
low stringency conditions with B 1 2 kb HhnI DNA fragment mntain- 
ing the entire coding region of P Xrrro~~s Go, cDNA [IR], One clone 
which still hybridized at high stringency (6YC, 0.2 x SSC), 
AGAOL23, was plnquc-purified and the insert was subcloned in 
pBlucscript KS(+) for sequence analysis, 

To pick up a subunit sequences using the PCR technique, two 
dqencmte oligo primers were developed. The sense primer, WI (5’- 
GGGAATTCT/ClYTICTIGGIGCIGGIGAA/GA/TG/CIGG-3’ 
with I=inosine) is based on the amino ncid sequence LLGAGESti and 
contains an EcoRl cloning site. The anti-sense primer, W2 (S- 
TAGGGATCCG/TT/CTGNCCNCCNACA/GTC-3’ with N=GiAI 
T/C), is based on the sequence DVGGQR and contains a &~rr!-lI 
cloning site. Total RNA was isolaM from L~~ntrrrren CNS tissue [19] 
and reverse transcribed with oligo-dT as a primer according to the 
manufacturer’s instructions (BRL). An aliquot of the cDNA prepnra- 
tion equivalent to approximately one CNS was used us a templntc in 
a PCR reaction with the primers WI and W2. The resulting 525 bp 
PCR product was subcloncd and clones exhibiting different restriction 
patterns with rcspcct to the corresponding L~~~crcu Ga, cDNA frag- 
ment were sequenced. To identify full length cDNA clones, clonc- 
spezilic PCR primers were devised and used in a PCR screening of 53 
fractions of a AZAP tl t_wll/lueR CNS cDNA library (each fraction 
containing 100,000 independent clones) according to Gibbons et al. 
[?O]. The corresponding PCR products were used as probes to isolate 

the pertinent A clones. The cDNA inserts were excised in viva as 
pBluescript 11 SK(-) phagemids. DNA sequences were dctcrmined for 
both strands using the didcoxy nuclcotidc chain termination method 
[21]. 

3. RESULTS AN-D DISCUSSION 

Since G, proteins have been shown to be abundantly 
expressed in vertebrate neural and neuroendocrine tis- 
sues, we first embarked on cloning a Ga:, cDNA. A 
Lymmea stagnalis CNS-specific cDNA library was 
screened under low stringency conditions with a Xen- 
opus Ga, cDNA probe [ 181. One clone that still hybrid- 
ized at high stringency, AGAOL23, was sequenced. The 
1GAOL23 clone carries an insert of 1300 bp, with a 
1062 bp open reading frame being flanked by 111 bp of 
leader sequences and 127 bp of trailer sequences that do 
not contain any polyadenylation signal. The predicted 
protein of 354 amino acids exhibits a high degree of 
amino acid sequence identity with various Ga, subunits 
from other organisms (e.g. 80%, 82% and 90% with 
Xertopus [ 181, rat [8-lo] and Drosophila [22-241 Ga, 
forms, respectively; Fig. 1 A), whereas the homology 
with Gai proteins is less pronounced (68-71%). This 
strongly suggests that the aGAOL23 cDNA codes for 
a Lynvmd Ga, homologue. The cysteine residue at 
position -4 relative to the C terminus which serves as 
a site for ADP-ribosylation of Ga, proteins by pertussis 
toxin (PTX) has been conserved. Moreover, the central 
parts of the putative guanine nucleotide-binding do- 
mains (regions A, C, G and I in the nomenclature of 
Halliday [25]) have been perfectly conserved in the Lyw 
naea protein with respect to Ga, subunits of other spe- 
cies. 

Subsequently, we decided to use the PCR technique 
to seek for other G protein a subunits that are expressed 
in the Lymaea CNS. To be able to pick up multiple a 
subunit cDNA sequences simultaneously, degenerate 
oligonucleotide primers WI and W2 were synthesized 
on the basis of two of the amino acid sequence motifs 
that form part of the well-conserved guanine nucleotide 
binding pocket of G protein a subunits (see section 2). 
Using these primers, a PCR reaction was carried out 
with CNS cDNA as a template. The majority of PCR 
products that were obtained contained sequences de- 
rived from the Ga, cDNA which we described above, 
but two products turned out to contain coding informa- 
tion for Lymnaeca Ga, and Gai homologues. cDNA 
clones containing a complete open reading frame were 
isolated for both G&i and Ga, by following a PCR 
strategy to screen a Lymnaea CNS-specific XZAPII 
cDNA library [20]. 

3 

Fig. i. Comparison of the arninu acid sryucucr of ~.JWIIIU~U Ga, (A), i& (3) and Gu, (2j proteins with fimsfip~h and Kit COUiiWiXiiiS 
[8-10,22-24,26,27]. Numbering refers to the LJVMZ~UR amino acid sequence. Dots represent identical amino acid residues, dashes reprcscnt gaps 
to allow optimal alignment. The a,, 3 and a,L denotations indicate specific splice forms of the pcrtincnt a subunits: ai1 is one of three a, subunits 

known in mammals. 
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A 

B 

c 

10 20 30 40 50 60 70 80 90 
Lymnaea 00 ffiCTLSAEERAAM!dk%.AIEKliLKED~ IKLLLfXiAGESG~TPVKQ14(1IHEG~EDNKQYKP~S~I~BLVAI:IRAMOP 
Dfosophlla a$ . . ..~.......~*".*.........I..............................S...A..F...~.*.*..........L...P. 
Rata, . . . .."..'..L.............~~~ "..~.........~..............D..~..~...............A..V...D. 

100 110 120 130 140 150 160 170 180 
Lymnaea a, LSIPFGDNERESDAKMVLDVIAl%fEDTEPFSEELIAAMKRL WVI)SGVQECMFUUEYi~SARXFLDDIJJ~YM@TEQDILRTKV 
Dro8ophllact$ . ..*YS~..........F"~~..H.................*.~.....FS*S....*......*..........*.*....*...... 
mrao .G\rEY..K..KA.S...C..VS . . . . . . . ..A...S.*M.**G...I...FN.S~. _"......Y..S...~..A..~........... 

190 200 210 220 230 240 250 260 270 
Lymnaea 0, KTTGIVEV~SFKN~FKLFDVGCQASERKKWIHCFED\ITAIIFCVAMSEYDQYLHEDE'ES~~DSIC~5IfLFIN 
Drosophllec$J2 . . .."....".."..""""""""""".........................................D........ 
htcb . . . . . ..T..T....".R.............................L.~..............H . ..M.........F.ID........ 

280 290 300 310 320 330 340 350 
Lymnaea % KKDLFEEKIKKSPLTICFPEYTGKPMYQEASAYIQAPFEAIANNtRGCGLY 
Drcwphlla 002 "~.~.~.~~~.~."~.~....~.~~~..A~.....~......~~......M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ml% . . . ..G...............P.SNT.~.A....T...S..~.PN......~..........V.......~............ 

Lymnaea rr, 
Drosophila aB 
Rat %L 

Lymnaca % 
Drosophila a3 
Rat qJL 

Lymnaea QS 
Drosophila a8 
Flat QSL 

Lymnaea Q 
Drosophila cxB 
Rat %L 

Lymnaea a, 
Drosophilti ag 
iwa$L 

Lymnaeaq 
Draa~philaq 
Ratq1 

Lymnaea pri 
Drosoph ila q 
Rat q1 

Lymnaea q 
Drosophila q 
Rtatq1 

Lymnaea q 
Drosophila q 
fuq1 

10 20 30 40 50 60 70 
MjCF----RQTRDD-EDDKL~IEKQUU(DKLLYRGT1IRLLLLGAGESG~TI~~~ILHVNGL-------SPEER 
. . ..GSPTSK~SDVNS"S'SQ*~DA'SR"Q"'Q"'A . . ..""...............,,,~.F --'DS'K 
. ..LC.NS--K-.~.QRNEE.AQR..........Q...QY..A .'....'..........'.'........F~~~~D~~N.~.K 

80 90 100 110 120 130 140 150 160 
KQK~~IIKRNVN)AILTITGAMSN~PVQLEHPQNKAKM)YI~KASQ~FDYPPfFYEY~ILWKDKGV~ERSNEYQLI~~L 
. . ..D...K.I............T.....A..~.EPR.E....Y..SPD.N...E..."..E.......~............K... 
AT.VQ...N.~~..~..VA.....V.,.~.~.~,QF~....~VlrPJVPN..F..~..."~..~.~..~.~Y .,............*. 

170 180 190 200 210 220 230 240 250 
DR~f~RQAEYTPSEQDI~CRVLTSGIFE?XFSMKMJFMMFD~~PADERRWWIQCFNDVTAIIF~ACSGYMrN~~T~SL 
. ..ST.~p~...N.'..."'........'K.* . . . . . ..""..".......................S........P.....~... 
.KIDV.K..D.V..D..L............... Q............................,.....~.S.S...,I...~...Q.A. 

260 270 280 290 300 310 320 330 340 
D~KSIWNNRWLRTISVILF~KQI)LLREKVWIGKSKIEDYFPEYARY4VPPDA55--~PG~~~~IRDEFLRISTASCDGRHY 
.."""""....I.............I......~~..S.F~ ..~.I.~D~IM'S~'P..I.'.'.'....."..""'K.. 
N...."..................,.....L . . . . . . . . . . ..F...~.S..TP-.....P~.~....................... 

350 360 370 
CYPHFTCA~TENfi~~IIQ~~RQYEU 
. . . . . . . . . . . . ..K..................... 
. . . . . . . . . . . . . . . . . . . . . , . , . , . , . . . . . . . . 

10 20 30 40 50 60 70 SO 90 
M3~SQE-D~~RSKQIDKSLRMMjE~CrKLLL~~~STI~~II~KGYSQEECM~V~SNAIQBMfAIIKAMGQ 
. ..AV.TIIR..E.I....N..~..AE..R ..S.........................DT . . . . . ..PJE.m..F..m..I...V..R...R 
. ..TL.A.-.........M..~..E . . . . . ..~.........................A...E...K...A.....T...I....~...~ 

100 110 120 130 140 150 160 170 180 
LKIQFGHPDRAEDARQFFAl~EG~~LSGI!3 
. ..~.~.S.~~.....~H.SA.~..IL~.I~L..K..~.~...QP.~...........G....S'...~Q.N....Q......... 
. ..D..IIAA..D....L.V...A.E..F.T...A.VI......S...A..N . . . . . . . . . . . A.. ..D . . . . AQ.Ne..‘Q . . . . . . . . . 

190 200 210 220 230 240 250 260 270 
TTGIVETHFTFKDL~IFKDVGGPRSEN(KWIHCFEGVIIFWI\MSEYDLTLAEDQ SKKLFDSICNNKWFTETSIILFUJK 
. . ..~.~..S~.Q....L....................,.,..~..L.G...~....~.....~..L........S...~.......... 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C..L'D..'V....*"...H................*....,.... 

280 290 300 310 320 330 340 350 
KPLFEEKI~SRLTICFPEY'PGANTYE~YIQLQFRJ~TKEIYSHF?CATDmRNRFVFDAV?I)VT1KNNLIQ)CGLF 
. . . . . . ..-~............~..F....N..IpllK......~..Q....~.L.........K................QI'.. 
. . . . ..*.........y..*~.~...........~*..~ . ..R.......T........K........................ 
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Two cDNA clones encoding a Lymnaeu Ga, protein 
were isolated and the coding region of the clone with the 
longest insert, ;1GASLll (3300 bp), was sequenced. Pre- 
ceded by a 206 bp leader, the open reading frame codes 
for a protein of 376 amino acids which exhibits a high 
degree of homology with known Ga, proteins (Fig. 112). 
The deduced t_~mnnea protein product shares 80% and 
76% amino acid identity with Drosophila [2G] and rat 
[8,9] Ga, subunits, respectively. Both the cores of the 
guanine nucleotide-binding motifs and the arginine res- 
idue that is a site for ADP-ribosylation of Ga, proteins 
by cholera toxin (CTX) have been conserved (the CTX 
target site is located at position 183 in the LJlmnaea 
protein). 

One Gai-specific cDNA clone, AGAIL2, was isolated. 
It carries a 1200 bp insert with 159 bp of leader se- 
quences being followed by a 1062 bp open reading 
frame. The predicted 354 amino acid protein highly 
resembles Gai subunits from other organisms (Fig. 1C). 
It shares 85% amino acid identity with the rat Gail 
subtype [8,9] and 76% with the Dfosophih DGal pro- 
tein [27]. Again, the central parts of the GDP/GTP- 
binding motifs have been perfectly conserved, as has the 
PTX site of Gai proteins (position -4 relative to the C 
terminus). 

The strong conservation of all three deduced Lytn- 
naea G protein cx subunits with respect to their verte- 
brate and invertebrate homologues indicates their es- 
sential role in cell function. The cores of all sequence 
motifs that are supposed to constitute the domain that 
is involved in guanine nucleotide-binding and GTP-hy- 
drolysis (regions A, C, G and I [25J) have been perfectly 
conserved. Conservation continues throughout the a 
subunits. Substitutions most prominently occur be- 
tween the A and C regions and near the N-terminus of 
the proteins, where the /?y subunit complex is supposed 
to bind. The C-terminal half is more conserved and it 
is probably this part of the cc subunits that is interacting 
with receptors and effecters. Indeed, amino acid se- 
quence motifs implicated in the coupling of Ga, with 
adenylyl cyclase by a study of Berlot and Bourne [28] 
have been completely conserved. Thus, these communi- 
cation interfaces of G proteins have been well-con- 
served in evolution, indicating that G protein-coupled 
signalling systems do not allow many alterations to 
occur. This, then, also implicates that results of func- 
tional studies performed on Lymnaea G protein a sub- 
units should be transferable, in principle, to their mam- 
malian counterparts. 

We do not know as yet whether the proteins encoded 
by the cDNA clones that we have isolated up till now 
represent all Gcs,, Ga, and Ga, subunits present in Lym- 
naea. It is known that in Dfusophi~a and mammals alter- 
native sp!icing gives rise to multiple Ga, and GE, pra- 
teins [ 10,22,29-341, whereas three distinct Gai genes are 
known in mammals [9,35,36]. Thus, it is very well possi- 
ble that multiple forms exist in Lymnaen as well. 
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Ci, proteins have been reported to be expressed abun- 
dantly in the central nervous system [14]. Therefore, it 
comes as no surprise that the majority of cDNA se- 
quences isolated from a CNS-specific cDNA prepara- 
tion by PCR amplification with primers that have been 
developed on the basis of two amino acid motifs that are 
highly conserved in a subunits encode a Lymnaea Ga, 
subunit. Although differences in the efficiency of PCR 
amplification cannot be ruled out, it seems that the Gai 
and Gee, subunits are expressed in the CNS at a level 
that is significantly lower than that of Ga,. We have 
performed preliminary studies on the expression of 
Ga,, Gai and Ga, mRNAs and proteins in Lymtuea 
(not shown), which seem to confirm the latter notion 
and indicate that the expression profiles are very remi- 
niscent of the expression patterns of vertebrate G pro- 
teins. 

One of the PCR primers is based on an amino acid 
sequence that is derived from the so-called A region of 
the guanine nucleotide-binding pocket [25]. This se- 
quence is conserved in most members of the Ga, and 
Gai subfamilies, but differs slightly from the corre- 
sponding sequence in members of the Ga, and Gall 
families [4]. Hence, the latter will be difficult to pick up 
with the PCR primers used in this study. However, 
using other PCR primers we have been able to clone a 
Ga, cDNA clone which is currently being character- 
ized . 

Having shown that in the mollusc Lymnaea srugnafis 
vertebrate-like 0 proteins are present, we are now aim- 
ing to take advantage o f the experimental amenability 
of the Lynvtaea CNS with its giant neurons, a number 
of which have already been functionally characterized 
in a multidisciplinary fashion, to study the coupling of 
receptors and effecters by G proteins in vivo. 
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