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SIGNAL TRANSDUCTION PATHWAYS MEDIATED BY 

G PROTEINS 

The last five years have seen major advances in our understanding of the 
central and generalized role of G-proteins as transducers of receptor signals 
into effector responses as outlined in Scheme 1. Signal-transducing G pro­
teins, in contrast to other GTP-binding proteins, are heterotrimers formed of 
one GTP-binding (and hydrolyzing) a subunit, one {3 subunit, and one 'Y 
subunit. I This increase in knowledge is perhaps best illustrated by the fact that 

'Acronyms: ACTH, adrenocorticotropic hormone; Ang. II, angiotensin II; C3a, comple­
ment fragment 3a; C5a, complement fragment 5a; CCK, cholcystokinin; CGRP, calcitonin 
gene related peptide; CRF, corticotrpin releasing factor; CTX, cholera toxin; DRG, dorsal root 
ganglion; EGF, epidermal growth factor FSH, follicle stimulating hormone; G, G protein; 
GABA, gamma-amino butyric acid; GnRH, gonadotropin releasing hormone; 
GTPyS, guanosine 5' (y-thio)thriphosphate; GRF, growth hormone releasing factor; 
GRP, gastrin releasing peptide; 5HT, serotonin; Iso, isoproterenol: LDL, low density lipopro­
tein LH, luteinizing hormone; Lt, leukotriene (types: A4, B4, C4); MSH, melanocyte stimulat­
ing hormone; NE, norepineprine; NPY, neuropeptide Y; PAF, platelet activating factor; 
PG, prostaglandin (types: EI, E2, F2a, D, 12); PMI, peptide with N-terminal methionine and 
carboxy terminal isoleucine amide; PHI, peptide with N-terminal histidine and carboxy terminal 
isoleucine amide; PTH, parathyroid stimulating hormone; PTX, pertussis toxin; PYY, peptide 
YY; R, receptor; SRIF, (SST), somatostatin; TRH, thyrotropin releasing hormone; TSH, thyr­
oid stimulating hormone (thyrotropin); VIP, vasoactive intestinal peptide. 
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676 BIRNBAUMER 
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Scheme I Flow of information through G protein dependent signal transduction pathways. 

five years ago only two systems were known to be regulated through a 
G-protein: adenylyl cyclase, originally discovered in 1971 to be stimulated in 
a GTP-dependent manner (1, 2) and then to be inhibited in a GTP-dependent 
manner (3-7), and retinal phosphodiesterase, discovered by Wheeler & 
Bitensky to require GTP for. activation by light (8). However, from 1985 
onward, many other membrane functions were found to be regulated by a 
GTP-dependent process. These include receptor-mediated activation of phos­
ph9lipases C and.A2 [the first papers on GTP involvement in phospholipase C 
regulation appeared in mid-1985 (9, 10)) and a number of hormone- and 
neurotransmitter-regulated ionic channels [the first indirect data supporting a 
G protein regulation of ionic channels appeared in late 1985 (11, 12), and 
reports on the nucleotide regulation under cell-free conditions appeared in late 
1986 (13) and early 1987 (14; reviewed in 15)]. More types of membrane 
functions may have to be added in the not so distant future (Table 1). 

The increased awareness of G protein involvement in receptor action was 
due to two major developments: (a) the application of molecular biology 
(reviewed in 16, 17) and generation of peptide-directed antibodies (18, 19) to 
study the components involved, and (b) the cooperative interactions between 
two fields that had not interacted before, namely, biochemistry and 
electrophysiology (reviewed in 15,20). Whereas the latter development led to 
the rather dramatic broadening of the functions of G-protein action in signal 
transduction, the former allowed unequivocal description of the structures of 
the components involved. Together, these methodologies made it possible to 
rapidly and convincingly establish that G proteins are not just Gs, Gi, and Gt 
(transducin), but constitute a rather large family of homologous proteins (the 
a subunit of Gt was cloned in 1985, and those of Gso an incomplete Go. and 
two of the three G;'s were cloned in 1986), and that the same transduction 
mechanism exists not only in animal cells (21,22), but also in yeasts (23, 24), 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
75

-7
05

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



PROTEINS IN SIGNAL TRANSDUCTION 677 

Table 1 Classes of G protein effector functions 

Effector class· G Protein(s)b Effect Comment 

Proven in cell-free assays 

Adenylyl cyclases GsJ"Gt Stimulation! Table 3 
inhibition 

Retinal cGMP-specific PDE G, Stimulation Table 3 
Phospholipase C "Gp" (Go?) Stimulation c 
Phospholipase Az HGp

n Stimulation d 

Ionic channels (six types) Gk = G,' sl Stimulation! Table 6 

Go's; G, inhibition 

Suggested by indirect or intact cell studiese 

NalH antiport "W' (?) Stimulation 
Voltage-gated Ca2+ channels G,'s, Go's (?) Inhibition Table 7 
Insulin-sensitive glucose transporter G, (7) Stimulation g 
Liver Ca2+ pump G, (7) Inhibition h 
Renal NalK ATPase ? Inhibition i 
More ionic channels (?) ? Stimulation! Table 7 

inhibition 
Phospholipase D "Gp" (7) Stimulation j 
Nonretinal PDEs ? Stimulation k 

"The number of distinct gene products in each class may be large. For example, work from the laboratories 
of Gilman and Randall Reed shows that there are at least four adenylyl cyclases; the atrial, GH3, and 
hippocampal neuron Gk-gated K+ channels differ in conductance and G protein specificity; the heart and 
skeletal muscle dihydropyridine-sensitive Ca2+ channels stimulated by G, are products of separate genes. 

b Except in the cases of adenylyl cyclase inhibition ("G,") and phospholipase C activation ("G,,"), the G 
protein involved is known. In the cases of "Gt and "Gp", in vitro experiments with activated purified a 
subunits have failed. Although some preliminary data indicate that the PTX-sensitive "Gr" may be one of the 
Go variants, confinnation is needed. 

'These arc systems in which mediation by phosphorylation has not been ruled out but indications are strong 
that a direct G protein regulation is possible. 

C Litosch et al (9); Cockroft & Gomperts (10); for discussion and references, see Birnbaumer et al (16). 
d Murayama & Vi (150); Burch et al (151); for further discussion and references, see Birnbaumer et al (16). 
'Inferred from persistent PTX-sensitive thrombin response in phorbolester-desensitized fibroblasts (152). 
g Inkrred from kineti�s and toxin sensitivity of agonist-mediated regulation of glucose transport in fat cells 

(153). 
hInferred from effect uf glucagun peptide 19-29 on liver Ca pump (\54). 
'Inferred frum dupamine-mediated regulatiun uf (Na,K) ATPase (155). 
j Inferred from the fact that receptors that increase phospholipase D activity are coupled by G proteins and 

that GTPyS stimulates phospholipase D activity in isolated membranes (156). 
k Inferred from agonist-induced PTX-insensitive increased rates of cAMP hydrolysis (157). 

Drosophila melonogaster (25), Dictyostelium discoideum (26, 27), and high­
er plants (carrots), in which stimulation of phospholipid breakdown by 
iodoindoleacetic acid is dependent on the presence of GTP (28). 

Twenty-four separate G-protein--i:oupled receptors have been cloned (re­

viewed in 29), and it is now possible to count at least 86 molecularly and/or 
pharmacologically defined distinct receptors (Table 2) that are coupled to a 
large number of effectors by a family of 9 to possibly 12-15 G proteins in 
mammalian cells (Tables 3 and 4) and an as yet undisclosed number in 
nonmammalian cells (Table 5). 
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678 BIRNBAUMER 

Table 2 Ligands acting through G protein-coupled receptors 

Ligand(s) 

Neurotransmitters and autacoids 
Catecholamines 
Acetylcholine (M typc) 
Dopamine 
Serotonin 
Histamine 
GABA 
Glutamic acid 

Purines 

Peptide and glycoprotcin hormones 
ACTH 
Opioids (> 5 ligands) 

MSH, CRF, GRF, TRH, 
GnRH, SRIF 
Vasopressin/oxytocin 
Glucagon 
Glucagon 19-29 
CCK, PTH, Ang. II, GRP, 
calcitonin, CGRP, NPY, 
PYY, secretin, galanin, 
kyotorphin 
VIP 
PHI (PMI) 
Bradykinin 
LH, FSH, TSH 
Neurokinins [substance P 
(NKI) ,  substance K (NK2)] 

Arachidonic acid metabolites 

POE 112 
PGD, P0I2, thromboxane, 
LtA4, LtB4, LtC4, PGF2u 

Other 
Chemoattractant (fMet-Leu­
Phe or fMLP), C5a, C3a, 
thrombin 

Phosphatidic acid 
PAF 

Sensory 
Light 

Odor 
Taste (?) 

Minimum molecular diVt:rsity of receptors 
Pharmacological criteria Cloned 

8 (a)a,b; a2a,b,c, {31> (3z, (33) 
3-4 (MI, M2, M3) 
2 (0 1 ,  02) 
5 (SHT- I a,b,c, SHT-2, D) 
3 (HI ,  H2, H3) 
I (type B)  
1 (quisqualate) 

4 [PI (Ado l , Ado2); P2x, P2y] 

3 (fL, 8, K) 
6 (I each) 

4 (Via, Vlb, V2, aT) 
2 (GI ,  G2) 
1 
12 (I each) 

2 (VIP- I ,  VIP-2) 
I 
2 (BK I ,  BK2) 
4 (2 for LH, I each for TSH and FSH) 
3 (NK I ,  NK2, NK3) 

2 (POE-s, PGE-i) 
7 (I each) 

4 ( I  each) 

4 (low, red, green, blue) 
? 
? 

7 
S (M I-MS) 
I (02) 
3 ( l a, I e ,  2) 
None 
None 
None 

None 

None 
None 
None 

None 

None 

None 

None 
None 
None 
2 (LH2, TSH) 
2 (NK I ,  NK2) 

None 
None 

None 

None 
None 

4 
None 
None 

Detailed referencing of this table can be found in (29). 
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Table 3 Diversity of mammalian G protein a subunits 

Name 

as (1 gene, 4 splice variants) 
3 ais (3 genes: ajl> aj2, aj3)C 

aol (I gene: aol) 
a02 (splice variant of ao gene?) 

a.-rod 

a.-cone 

Clolf 
az/x 
"ap"-PhLC· 
"ap"-PhLA,e 

a For detailed referencing, see (29). 
b See Table 5. 

Purified' 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 

Yes 
?, nof 

'I, nof 

< Named in chronologie order of cloning (158). 

Cloned' 

Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
?,  nOf 

'I, nof 

Function(s) 
identified' 

Yes: 3b 
Yes 
Yes (?)d 

No 
Yes 
Inferred 

Inferred 

No 

Yes 

Yes 

d Stimulatory roles in both K+ channel (65) and phospholipase C (\59) regulation 
have been reported. 

e PTX-sensitive and PTX-insensitive activities have been reported; the 
heterotrimeric nature of the G protein involved is inferred from PTX sensitivity and 
from inhibition of "Gp"-mediated activities by f3y dimers (160). For detailed discus­
sion, see (16). 

fThe PTX-sensitive form may have been purified andlor cloned, but the PTX­
insensitive fonn is unknown. 

Table 4 Diversity in subunit composition of G protein {3y dimers' 

Subunits 

fJ Subunits: fJl (fJ36) , fJ2 (fJ3S), fJ3 (migration ?), fJ4 (migration) 
4 cloned 

fJl 
{32 
B3 
B4 

2 seen on SDS-PAGE 

y Subunits 

l'r-I (10 kDa); y.-2 (6 kDa) 

One cloned (74 amino acids long) 

Two seen on SDS-PAGE 
Antigenicity distinct from that of Yo's 
Silver staining distinct from that of 'Yo's 

'YG-a (6 kDa), yo-b (10 kDa) 

Peptide map of 6-kDa form distinct from that of the 6·kDa l'r 

Antigenicity distinct from that of l'r' s 
One cloned (71 amino acids long) 
At least two identified on SDS-PAGE 

yG-c (7 kDa) 

No cloned (?) 
Migration on SDS-PAGE distinct from that of other 'Yo's 
Antigenicity distinct from that of other 'Yo's 

References 

109, 161, 162 

163-165 

166 
_b 

165, 167-169 

170, 171 

110, III 

169, 171 

172 

169 

107, 169 

108 
168, 172 
112 

169 
168 
_c 

169 
168 

• f3 and y subunits are purified as dimers composed of mixtures of the subunits described in this table. 
b M. Simon, personal communication. 
C At the time of this writing, the protein correlate to the cloned y subunits has not been identified, but 

because of its length (71 amino acids), it is likely to be of the smaller class (6-7 kDa). 
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680 BIRNBAUMER 

Table 5 Nonmammalian G protein subunits as of mid-1989a 

Subunits Reference(s) 

Saccharo-Myces cerevisiae 
2 a subunits: GPA] (pheromone receptor responsive) 

GPA2 (adenylyl cyclase ?) 
I f3 subunit: STE 4 

I 'Y subunit: STE ] 8 

Dictyostelium discoideum 
2 a subunits: Ga-I (adenylyl cyclase stimulation?) 

I f3 subunit 

Drosophila melanogasler 

Ga-2 (phospholipase C and guanylyl cyc­
lase stimulation) 

4 a subunits: I ai-like 
I a,-like 

I f3 subunit 

Xenopus oocyte 
4 a subunits: 

2 aD-like (splice variants of same gene) 

23, 24 
173 
113 
113 

26, 27, 174 
27, 175 
27, 175 

26 

176 
177 
178, 179 
180 

181 aD-like 
a,-like 
aiz-like 

I an-like 

Olate et ai, unpublished 
Olate et ai, unpublished 
Olate et ai, unpublished 

a All identified by cloning, none purified. 

Table 6 Ionic channels regulated under cell-free conditions by pure G protein and/or GTP-yS 

Channel type G Protein Effect" Tissue or cell Ref. 

KOk (40 pS) Gi (1,2,3) + Heart 13, 14, 62, 
65, 93 

KGk (50 pS) Gi3 + GH3 cells 63, 98 

KOk (4 types) GOl + Hippocampal neurons 102 

KATP Gi3 + RIN cells, heart, skeletal muscle 182, 183, 
Na(K)[AmH] Gi3 + Renal medullary collecting tubule 66 

Ca[DHP] (L type) G, (all 4) + Heart, skeletal muscle 33, 67, 68, 
184 

Na[TTX] G, Heart 185 

KCa[Charyb] ? (lso/GTP) + Uterine smooth muscle 186 

Ca[Ni] (T type) ? (GTPyS) Rat dorsal root ganglion cells 187 

" +, stimulation; -. inhibition 
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PROTEINS IN SIGNAL TRANSDUCTION 681 

Effectors are also being cloned and characterized at the molecular level. At 
the time of this writing, these include two of the three transducin-responsive 
retinal phosphodiesterase (30-32), the Os- and calmodulin-responsive adenyl­
yl cyclases (33, 34), a Gs-sensitive voltage gated Ca2+ channel (35, 36), a G 
protein-regulated Drosophila phospholipase (25, 37), and its mammalian 
congeners (38, 39). However, it is clear that our knowledge of the molecular 
structures of effectors is lagging behind that of receptors and the G proteins 
proper, possibly because of the scarcity and complexity of effectors. Despite 
this, the discovery of new effector systems regulated by 0 proteins, as seen in 
functional assays, is at an all-time high, (Tables 1, 6, and 7). 

MECHANISM OF G PROTEIN ACTIVATION AND 

ACTION 

Roles of GTPase and Subunit Dissociation 

G proteins undergo cyclical activation/deactivation cycles under the influence 
of GTP and receptors. These cycles involve two chemical reactions: (a) a 
subunit dissociation, which follows as a corollary to the activation of the 0 
protein from GTP-G to GTP-G* and which results in the formation of 
GTP-a* plus {3y; and (b) the hydrolysis of OTP by a* to give the deactivated 
GDP-a complex, which then reassociates with {3y to give GDP-G* (Figure 
1). Release of GDP and the Mg2+ -dependent transition GTP-G to GTP-G* 
are the slow steps accelerated by ligand-occupied receptors [for a review, see 
Bimbaumer et al (40)]. 

Receptors catalyze the activation of G proteins by GTP (4 1-44). This 
requires that the receptor be dissociated from the G protein before the G 
protein is deactivated by the OTPase reaction. Individual reactions affected by 

Table 7 Ionic channels that may be under direct regulation by G proteins as inferred from 
whole-ceIl recordings 

Channel type Agonist G proteina Effect Cell Mimicked by Refer-
TPA ences 

Ca (N type?) Opioid Go> G; Inhibition NGI 08- 15  103 
Ca (L type) Ang II G; Stimulation YI Adrenal 188 
Ca (L type) GnRH G;lGo Stimulation GH3 ? 1 89 
Ca (L type) SST ? GTPyS Inhibition AtT-20 Yes 190 
Ca (?) GABA(B) ? GTP,),S Inhibition Chick DRG Yes (total) 1 9 1 ,  192 

NE (aAR) ? GTPyS Inhibition Chick DRG Yes (total) 191,  192 
Ca (?) GABA(B) ? GTPyS Inhibition Rat DRG No 1 93-195 
Ca (?) NPY Go > G; Inhibition Rat DRG Yes (partial) 104 

Bradykinin Go = G; Inhibition Rat DRG Yes (partial) 105. 196 
'All the G proteins involved are PTX sensitive. 
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682 BIRNBAUMER 

GTP./ 
� 

[2J - )." .. ,,'" GT: � cY: 
()( """1;""""-

tx.* (jfJ (J  ra * _--"" +<$ 
� GTP , 

GDP � GTP 
� "" � GTPase l¢J �  P� 

GDP Deactivation 

Figure I Regulatory cycle of a G protein. Squares and semisquares represent inactive con­
formations as they relate to modulation of effector functions. Circles and semicircles represent 
activated forms of the G protein. Activation is both GTP and Mg2+ dependent and is stabilized by 
subunit dissociation to give an activated GO'*-GTP complex plus the G{3y dimer. Hydrolysis of 
GTP by the GO' subunit deactivates it, increases its affinity for G/3y, and leads to reassociation to 
give an inactive holo-G protein with GDP bound to it. Reinitiation of the activation system 
requires release of GDP and renewed binding of GTP. Specificity of action is encoded in GO'. 
Different GO' subunits associate with a common pool of G/3y dimers. 

receptors are (a) stimulation of GDP release and facilitation of GTP binding 
(45), (b) facilitation of the transition from inactive to active conformation of 
the GTP-liganded G protein (46-48), and (c) facilitation of G protein subunit 
dissociation . Stimulation of GDP release was originally shown to occur in 
turkey erythrocyte membranes (45) and was confirmed in other systems. 
Facilitation of the activation reaction proper was shown to occur in rat liver 
membranes in which non hydrolyzable analogs of GTP activate adenylyl 
cyclase with distinct time constants (indicating that GDP release is not rate 
l imiting for the slower of the two) and in which hormonal stimulation 
accelerates the activation by all GTP analogs and hence affects the activation 
reaction proper (46-48). Facilitation of subunit dissociation by the receptor 
has not been shown experimentally, even though it is clear that activated G 
proteins tend to dissociate in solution (49-5 1 )  as well as in membranes 
(52-54) and that this reaction is the most likely candidate accelerated by 
hormonal stimulation. 

Figure 2 illustrates our view of the reaction sequences that make up the 
cyclical activation/deactivation process that a G protein undergoes in the 
presence of hormone receptor R. It should be noted that G protein subunit 
dissociation must occur before receptor separation if the receptor is to act as a 
catalyst, i .e .  separate from the G protein prior to GTP hydrolysis . The subunit 
dissociation reaction releases the R-G* complex from the thermodynamic 
microscopic reversibility constraint, which is imposed by the fact that the 
receptor participates in the "activation reaction" and which dictates that the 
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PROTEINS IN SIGNAL TRANSDUCTION 683 

Figure 2 Integrated view of receptor-mediated catalytic activation of a G protein in the context 

of the dual subunit dissociation and GTPase cycles of G proteins. The role of receptors is to 
promote nucleotide exchange and to stabilize a GTP-dependent "activated" form of the G protein, 

and the G protein undergoes a cyclical dissociation-reassociation reaction and oscillates between 

GOP, nucleotide-free, and GTP states. The cycles are driven energetically forward by the 

capacity of the G protein to hydrolyze GTP (43, 45,197,198) and kinetically by the dissociation 

of /3')1 dimer from the activated receptor-G protein complex. The receptor has high affinity for 

agonist (RH) when it is associated with the nucleotide-free trimeric a/3')1 form of the G protein and 
has low affinity for the agonist (Rd when it is free. Furthermore, the receptor has higher affinity 

for the trimeric 0(3')1 form of G than for the G-GDP, thus accounting for the finding that GOP and 

GOP analogs promote the Rwto-RL transition. The /3')1 dimers are required for the interaction of 

a with R, and after formation of G-GTP, no G* forms unless it is "aided" by receptor. Thus, 
receptor has an even higher affinity for the G*-GTP state than for the nucleotide-free state of G. 
As a consequence, receptor dissociation is absolutely dependent on reaction 3 (subunit dissocia­

tion). Thermodynamic reasons do not allow R both to stabilize the G* state and increase the 

likelihood to dissociate from it. Reaction 4 states, further, that the a*GTP loses its ability to stay 
associated with receptor and decomposes further into free activated a*GTP plus free receptor, 
thus accounting for the fact that under "working" conditions (saturation by both GTP and 

hormone and hence sustained regulation of effector), only a small proportion of receptors are 

found in their high-affinity, G prutein-associated state. It follows that the G protein cycle is 

driven forward not only by the GTPase but also, and obligatorily so, by the subunit dissociation 
reaction. Although not shown explicitly, reactions I, 2, and 3 are assumed to be reversible. The 
scheme accounts for the experimental findings that receptors act catalytically and therefore need 

to dissociate from the G protein at one time or another (41) and that receptors accelerate the 
transition from inactive G-GTP yS to active G*-GTPyS transition and therefore must have higher 
intrinsic affinity for the activated than the inactive state (46-48). 

affinity of R for G* has to be higher than for G. Once the G* has transformed 
into f3y plus 0'* (reaction products of the catalytic action of R), R is free to 
separate and proceed to interact with other G-GDP complexes. Although the 
reaction products are shown as f3y plus R-O'*, they could also be 0'* plus 
R-f3y. However, the point of the Figure 2 diagram is that it could not be R 
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684 BIRNBAUMER 

plus G* and that free R has to arise secondary to the formation of R-a* or 
R-f3y. 

The GTPase reaction is clearly the turnoff mechanism of the G protein. 
a-GDP complexes are inactive in regulating effector functions (55, 56). The 
GTPase activity of the a subunit is depicted in Figure 2 as being operative 
only after formation of free a*-GTP, but it is not known whether a trimeric G 
protein hydrolyzes GTP. As assessed with purified proteins, the GTPase 
operates with a kcat of 1 -4  min-1 (56-58) . 

Roles of G Protein Subunits in Signal Transduction 

ROLES OF a SUBUNITS The a subunits of G proteins, activated by GTP or 
GTP analogs and resolved from f3y dimers, are undoubtedly the mediators of 
the receptor signals. This has been shown for stimulation of the retinal cyclic 
GMP (cGMP)-specific phosphodiesterase by at (59) , for stimulation of 
adenylyl cyclase by as (50-6 1),  and for stimulation of a variety of ionic 
channels including the atrial and GH3 cell inwardly rectifying K + channels by 
ail. ai2, ai3 (62-65); an amiloride-sensitive cation channel by ai3 (66); and 
dihydropyridine-sensitive Ca2+ channels by the same as that stimulates 
adenylyl cyclase (36, 67, 68). 

ROLES OF f3y DIMERS Three roles for f3y dimers emerge from Figure 2 and 
from experiments on inhibitory effects of f3y's (Table 8): 1. as mentioned 
above, by dissociating from R-G*, f3y's allow R's to act as catalysts (41,42); 
2. because GDP-a's are not recognized by receptors (69-71) , f3y's are 
essential for reactivation of the G protein; and 3. by inhibiting ligand­
independent (i.e. unoccupied receptor-mediated) activation of the G protein at 
lower concentrations than ligand-stimulated (i.e. occupied receptor-mediated) 
G protein activation, f3y's act as noise suppressors (72-75). Because the final 
consequence of receptor-mediated activation is the same, roles 2 and 3 remain 
the same if the intermediary states are a* plus f3y-R instead of f3y plus a*-R; 
role 1 would then be ascribed to the dissociation of a*. 

Figure 2 assumes that effectors are regulated by the activated a* and not the f3y dimer. There are, however, two systems in which f3y dimers, rather than 

Table 8 Intramembrane roles of G protein f3y dimers 

Reaction 

Reassociation with ,pDP 
Dissociation from HR.G*GTP 
Reassociation with R.a*GTP 

Product 

GGDP 
HR.a*GTP 
R.GGTP 

Role 

Activation by R 
Signal amplification 
Noise reduction 
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PROTEINS IN SIGNAL TRANSDUCTION 685 

the a subunits, have been proposed to be the mediators of the receptor 
message. One is hormonal inhibition of adenylyl cyclase (c.f. 76), and the 
other is activation of phospholipase A2 in nonretinal tissues (77). Both are 
subjects of disputes, which are intimately related to definition of G proteins 
by function, cloning, and toxin sensitivity (78). 

Gi and inhibition of adenylyl cyclase: reduction of basal activity by {3yand 
mediation of hormonal inhibition by ai' The term OJ (formerly also ND is 
currently used for several pertussis toxin (PTX) substrates. Originally, 
however, it defined a functional entity, i.e .  the putative GTP-binding regula­
tory component of adenylyl cyclase that mediates hormonal inhibition of 
adenylyl cyclase (reviewed in 21, 40, and 79). The putative regulatory 
component became a molecular entity when Katada & Ui demonstrated a 
direct correlation between PTX mediated block of hormonal inhibition and 
ADP-ribosylation of a substrate of approximately 40 kilodalton (kda) (80). 
The finding that inhibitory regulation of adenylyl cyclase by guanine nucleo­
tides was unimpaired in as-negative S49 cyc- cells confirmed the existence of 
a Gj separate from Gs (81). In 1983, the purification of the "major PTX 
substrate" and the "putative inhibitory regulatory component of adenylyl 
cyclase" was published (82, 83), with the clear speCUlation that this was 
indeed Gj. Indeed, addition of the Gj trimer activated with the OTP analog 
GTPyS inhibited platelet adenylyl cyclase activity (84). However, upon 
resolution of activated Gj-a (aj*) from Gj-{3y, the inhibition by the activated 
Gj correlated with an autonomous and at the beginning surprising but never­
theless bona fide and reproducible inhibitory effect of the {3y dimer and not 
the a/ (84, 85). Two schools of thought developed. One is espoused by those 
who discovered the effect of {3y dimers, which, in addition to inhibiting 
membrane adenylyl cyclase, delay the activation of purified Gs in solution by 
nonhydrolyzable GTP analogs and accelerate the deactivation of aluminum 
fluoride-activated Os. It proposed that the {3y dimer, and not ai, is the 
mediator of hormonal inhibition of adenylyl cyclase and that the dimer does 
this through a mass action effect by combining with OTP-activated as and 
deactivating it (84, 85; for a review see 86). However, the data are circum­
stantial and may be represented as follows: hormonal inhibition does exist, {3y 
dimers inhibit Os. and aj, as tested, docs not inhibit membrane adenylyl 
cyclase; ergo, {3y mediates hormonal inhibition. The other school of thought 
(reviewed in 40 and 78; see 87 for additional data) proposes that even though 
the f3r dimer can inhibit adenylyl cyclase by the mechanism described above, 
it is not the mediator of hormonal inhibition of adenylyl cyclase such as seen 
with az-adrenergic or somatostatin receptors. The reasonings for this are 
mainly threefold: 1. Guanine nucleotide and hormonal (somatostatin) inhibi­
tion of adenylyl cyclase is not impaired in the S49 cyc- cell (81, 88-91), a 
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686 BIRNBAUMER 

mutant that lacks Gs (92). 2. Hormonal stimulation of aclenylyl cyclase does 
not exhibit competitive kinetics with respect to hormonal inhibition as would 
be predicted if the two pathways shared a common {3" intermediate (75, 87). 

3 .  Although stimulatory hormones do not interfere with the action of in­
hibitory hormones (75, 87), they do interfere with the inhibitory action of {3" 
dimers, the very effect that gave rise to the theory that {3" dimers mediate 
hormonal inhibition of adenylyl cyclase (72, 75}. It is worth noting that the 
effect of stimulatory hormones in interfering with the inhibitory actions of {3" 
dimers is abolished by forskolin, a drug that was present in all of the initial 
experiments on {3,,-mediated inhibition of adenylyl cyclase. Most probably, 
many of the conclusions drawn from studies in which forskolin was used in 
the assays (e .g .  84, 85) will need reevaluation . In the meantime, it will be 
necessary to contend with two independent mechanisms of inhibition of 
adenylyl cyclase: one due to Gja, mediating honnonal inhibition and operat­
ing regardless of activation of other G proteins;  and the other due to G{3", 
unrelated to physiologic inhibitory hormonal control of cAMP formation and 
operating primarily on agonist-independent (basal) adenylyl cyclase activity 
(noise suppression). Further studies arc necessary to resolve this issue. 

Despite the "nondefinition" of Gj, the above studies coined historically the 
name Gi for a group of three related PTX substrates, regardless of whether 
any one of the identified or cloned molecules is a true Gi mediating hormonal 
inhibition of adenylyl cyclase. 

Effect of {3" dimers on K+ channel activity: stimulation or inhibition? In 
contrast to the situation with adenylyl cyclase inhibition, in which all the 
laboratories involved are able to reproduce each other's findings and the 
differences in opinion are based on alternative modes of interpretation of the 
same sets of data, there is no consensus about the sense of the effect of {3" 
dimers on K+ channel activity . Opposing effects are being reported, depend­
ing on the laboratory carrying out the experiments. Thus, one group of 
researchers report that although addition of {3" dimers to quiescent membrane 
patches has no effect on K+ channel activity (62, 63, 93), addition to 
membrane patches with Kl channels stimulated either by GTP alone or by 
GTP plus the muscarinic agonist carbachol inhibits this activity (62, 75). This 
is interpreted as occurring by the same mechanisms by which {3" dimers 
inhibit adenylyl cyclase activity, i.e.  as a reflection of the noise suppressor 
activity of {3" dimers (see above) . Another group of researchers reports that 
addition of {3" dimers to quiescent patches stimulates K+ channel activity (77, 
94-96) and that this stimulation occurs in the absence of GTP and does not 
require Mg2+ (94). The difference is irreconcilable. The stimulatory effect of 
{3" dimers was originally assumed to be direct, but more recently it has been 
proposed to be secondary to stimulation of phospholipase A2 (77). Supporting 
arguments for {3" stimulation of phospholipase A2 were that the effect can be 
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PROTEINS IN SIGNAL TRANSDUCTION 687 

blocked by both an antibody to phospholipase A2 and an inhibitor of 
arachidonic acid metabolism and that the effect could be mimicked by supra­
micromolar concentrations of arachidonic acid or one of its metabolites. In 
these studies, neither the effects of {3r dimers nor those of the arachidonic 
acid or its metabolites required either GTP or MgH (77). In partial contradic­
tion to these results, those from another laboratory show that although 
arachidonic acid and a leukotriene derived from it stimulate K+ channels, 
they do so through a OTP-dependent step (97) . Studies showing that a 
monoclonal anti-a subunit antibody blocks Ok activity when added to inside­
out membrane patches under activating conditions are consistent with media­
tion of effects of receptors by the a subunit and a lack of activity of {3y dimers 
(98). However, as is the case for the role of {3y in hormonal inhibition of 
adenylyl cyclase, the true effect of /3y dimers on K+ channel activity, in terms 
of both mechanism and sense of effect, requires further investigation, possi­
bly by laboratories other than those currently engaged in this research. 

MOLECULAR DIVERSITY OF PTX SUBSTRATES 

Biochemical purification and molecular cloning have led to the molecular 
identification of seven PTX-sensitive Gll! subunits, of which six are the 
products of separate genes and the seventh, Oo2a, has not been cloned as yet 
(Table 3). Of these, the function of retinal rod and cone cell transducins (T-r 
and T-c) as stimulators of cGMP-phosphodiesterase is well established, but 
the function or functions of all the other PTX substrates, three Oi'S and two 
Go's, are still being unraveled. Although hormonal inhibition of adenylyl 
cyclase is blocked by PTX and PTX substrates have been purified, cloned, 
and named Gj-l, Gj-2, Gj-3 (in order of cloning), and Go, none has yet shown 
the expected adenylyl cyclase-inhibitory effect. In contrast, the three Gj's 
have Gk activity, being equipotent in stimulating the inwardly rectifying K+ 
channel involved in the bradycardic effects of vagal stimulation (65). Since 
Gj-3 stimulates the analogous channel involved in inhibition of pituitary 
hormone secretion by somatostatin (98), it is likely that OJ-l and OJ-3 do the 
same in this tissue as in the heart and that one or all OJ-type PTX substrates 
are responsible for PTX-sensitive slow inhibitory postsynaptic potentials in 
the central nervous system. Type B gamma amino butyric acid (GABAB), 
type M2 muscarinic, type la serotonin (5HT-la) and D2 dopamine receptors 
are receptors that mediate such slow inhibitory postsynaptic potentials (99-
101). Like Oja, Ooa stimulates ionic channels in central nervous neurons. 
However, the channels are different and of more than one type. They include 
nonselective monovalent cation channels and a K+ selective but nonrectifying 
channel, all of which are insensitive to any of the Gja's (102). In addition to 
its monovalent cation-stimulatory activity, Go is directly or indirectly in­
volved in the receptor-triggered inhibition of neuronal presynaptic Ca2+ 
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688 BIRNBAUMER 

channels, such as elicited by opioid (103) and neuropeptide Y and bradykinin 
(104, 105) receptors . 

It is interesting that all of the receptors that stimulate K+ channels via Gi 
and inhibit Ca2+ channels with involvement of Go and/or Gi also inhibit 

adenylyl cyclase. It may be that the PTX substrates of the Gi and Go type all 
have multiple effects providing for a coordinate cellular response in which 
cAMP levels are lowered (inhibition of adenylyl cyclase), Ca2+ levels are 
lowered (inhibition of Ca2+ channels) , and the cell is hyperpolarized (K+ 

channel activation) .  

G
y: 

TYPE G PROTEINS: HYDROLYSIS OF MEMBRANE 

PHOSPHOLIPIDS 

The G proteins that mediate the activation of membrane phospholipases have 
not yet been biochemicaIly identified. They are referred to as Gp and, 
depending on whether the phospholipase is of the C or A2 type, also as Gplc 
and Gpla (Table 1). Functional studies that are beyond the scope of this article 
but have been reviewed previously (16) indicate that they should be af3'Y 
trimers and should participate in the receptor- and GTPase-driven regulatory 
cycle shown in Figures 1 and 2. Studies with PTX indicate that there are at 
least two types of Gp: one sensitive to PTX and the other not. Responses to 
vasopressin, angiotensin II, and aI -adrenergic receptors in the liver and to 
thyrotropin- and gonadotropin-releasing hormom!s in the pituitary are due to 
stimulation of a phospholipase C by an PTX-insensitive Gp. Responses of 
neutrophils to chemoattractants are due to stimulation of a phospholipase C by 
a PTX-sensitive Gp. In addition, receptor-stimulated arachidonic acid release 

. from cells, such as is seen on stimulation of mast cells and macrophages by 
. activating substances or on stimulation of thyroid cells by aI-adrenergic 
receptors, is due to activation of a phospholipase A2 and occurs with the 
participation of a PTX-sensitive Gp. It is not known whether any of the cloned 
PTX substrates have Gp activity. Molecular cloning has recently provided a 
Ga, called Z/X, of unknown function (Table 3). Gz/xa lacks a PTX ADP­
ribosylation site and is found only in the brain and spleen. A homolog should 
exist in other tissues. Gz/x may be Gp or may have as yet unknown functions . 

MOLECULAR BASIS OF SIGNAL TRANSDUCTION: 

RECEPTOR-GO' INTERACTIONS AT THE AMINO ACID 

LEVEL 

The Point of View of the Receptor 

Cloning of receptors [the first nonopsin receptor, the f3-adrenergic receptor, 
was cloned in 1986 (106)] and of the subunits of G proteins, construction of 
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PROTEINS I N  SIGNAL TRANSDUCTION 689 

chimeras, and prolonged searching of the primary amino acid sequences for 
messages on structure-function relationships have resulted in several surprises 
as well as novel insights into molecular aspects of ligand-receptor and recep­
tor-G protein interactions. 

Thus , with the cloning of the first nonopsin gene, the f3-adrenergic recep­
tor, and since then 20 more, it has become apparent that G protein-coupled 
receptors all belong to a superfamily of opsinlike proteins, spanning the 
plasma membrane seven times and displaying an extracellular, often glycosyl­
ated amino terminus and an intracellular carboxyl terminus of variable 
lengths. On comparing structures predicted by computer analysis and the 
direct amino acid sequences ,  two facts became apparent: the molecules cannot 
be divided like the low-density lipoprotein or epidermial growth factor recep­
tors into three discrete domains coding for ligand binding, membrane anchor, 
and G protein regulation. Mutational studies from the laboratories of Dixon at 
Merck & Co. and Lefkowitz and Caron at Duke University, as well as 
previous studies on rhodopsin , indicate that both ligand binding and ligand­
mediated "activation" of receptors occur as a response of ligand interaction 
with a pocket formed from the transmembrane regions proper. In the recently 
c loned luteinizing hormone (LH) receptor there is an additional attachment 
site on a much larger amino-terminal domain. However, it is to be expected 
that "activation" will be due to interaction of a portion of the LH molecule 
with the hypothetical pocket formed by the transmembrane regions. It follows 
that one cannot cut off the ligand-binding and activation domain from one 
receptor and transfer it into another. It is also unclear which part of the 
receptor is responsible for G protein activation. Even though mutations in the 
third cytoplasmic domain close to attachments to the transmembrane regions 
lead to loss of receptor activity, suggesting this to be a critical area of 
receptor-G protein interaction, mutations of any one of the other cytoplasmic 
loops ,  or of the carboxyl terminus , also close to the transmembrane domains , 
also interfere with G protein activation by the receptor. It may be that, like Hie 
ligand, the G protein simultaneously contacts several of the transmembrane 
segments at their points of turning into cytoplasmic sequences. Thus, recep­
tors may have both a "ligand pocket" (opening toward the extracellular 
space), and a "G protein pocket" (opening toward the intracellular space) , 
both involving the general structure of the receptor, as opposed to a few 
individual amino acids or a discrete domain. By definition, this G protein 
pocket must be complex, having elements that provide for recognition of the 
f3r dimer aspect of the G proteins and elements that vary from receptor to 
receptor depending on the G protein it is designed to activate upon ligand 
binding. Sequence comparisons among four receptors that act by activating 
thc same phospholipase C signal transduction pathway, namely, the 
muscarinic M l, the adrenergic Cl'J, the serotonin SHT-Ic, and the substance K 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. T
ox

ic
ol

. 1
99

0.
30

:6
75

-7
05

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 C
en

tr
al

 C
ol

le
ge

 o
n 

12
/1

0/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



690 B IRNBAUMER 

receptors, fail to suggest which areas or portions of the receptors might be 
involved in G protein activation. 

The Point of View of the G Protein 

The same lack of clearly definable domains also applies to the G proteins. 
These proteins are heterotrimers whose a subunits do not interact with 
receptors unless they are associated with /3'Y dimers. There is no information 
about structure-function relationships for /3 subunits, although three mamma­
lian, one yeast, and one Dictyostelium discoideum /3 subunits have now been 
cloned (Tables 4 and 5). It is also not known whether 'Y subunits play a role in  
the interaction of  the G protein trimer with receptors . We have proposed that 
the 'Y subunits serve to anchor the complexes in the plasma membrane because 
{3is from erythrocytes are hydrophobic and insoluble in the absence of 
detergents, whereas those from transducin, which differ only in their 'Y 
subunits 007-109), are water soluble. However, this does not rule out a role 
for 'Y subunits in interaction with receptor. 'Y subunits have been cloned from 
retinal rod, brain, and yeast cells (110-113). Structurally they are related but 
also quite diverse , inviting mutational analysis to establish structure-function 
relationships. 

In contrast to {3 and 'Y subunits, structure-function studies are beginning to 
define the regions of Ga involved in its interaction with the receptor and 
effector. Thus, receptor-G protein interactions have been found to be im­
paired both in a functional mutation, UNC, which is at position -6 from the a 
subunit carboxyl terminus (114), and upon ADP-ribosylation of the a sub­
units by PTX (115), which occurs on the Cys at position -4 from the 
carboxyl terminus (116) . As these changes did not affect GTPase or GTP 
analog activation, it seems safe to conclude that the carboxyl termini of Ga's 
must be part of the "receptor interaction" domains of Ga's . Surprisingly, a 
study of the effector specificity of a chimera made by Masters et ai, in which 
the replacement of 60% of the amino-terminal pOltion of a's with that of an ai 
showed no loss of effector (or receptor) specificity ( 117) . This finding places 
one of the effector specificity determinants of the Ga subunit on the 40% 
carboxy-terminal portion of the molecule. The:se studies do not rule out 
interaction of either receptor or effector with the remainder of the Ga mole­
cule. The reported effects of carboxylterminal antibodies in blocking recep­
tor-mediated activation of various G proteins, su(;h as the effect of monoclon­
al antibody 4A interfering with rhodopsin activation of transducin (118 , 119) 
and with muscarinic receptor-mediated activation of atrial Gk (120) and the 
effects of peptide-directed carboxy-terminal antibodies interfering with recep­
tor-mediated activation (122) and inactivation of adenylyl cyclase (121), are 
in agreement with the conclusion that the carboxyl terminus of a Ga should be 
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100 200 300 354a.a. L-__________ �I ____________ �I __________ �I ____ �I 

Go+G2: GTP Binding Inhibition Inhibition of Activation Of by GTP plus Receptor GTPase but not by GTPyS 
� , I 

__ � __ �G�I _______________ 
Cl

T
I X��B�lm�H�d�2��� 

__ M�:t�b __ 
P-!rx 

�N� WA m w � I�COOH 

? 
? -----------.-----! 

Interaction with Receptor (e.g. mAChR) 
I ____ ? 
Interaction w ith Effector System (e.g. K+ Channel) 

Figure 3 Summary of assignments of functional domains to structural domains of Ga subunits. 

Gl and 02'. regions of contact of a subunits with guanine nucleotide. BamHI: position of 
restriction site used to create 60/40 chimeras between Ga, and Ga,. For more details, see (29). 

one of the points of contact of Ga with receptors . Figure 3 summarizes these 
findings. 

Homologous Signal Transduction System in Yeast: 
Pheromone-Induced Mating 

Haploid cells of Saccharomyces cerevisiae are of either the a or the a type, 
secreting, respectively, a or a mating factors (pheromones), which interact on 
a cells with a pheromone receptor (STE3) and on a cells with a pheromone 
receptor (STE2) to trigger, among other responses, cell arrest in G1 and 
mating between the opposite types to give ala diploid cells (cf 1 23 and 1 24). 
The STE2 and STE3 pheromone receptors belong to the opsin family of 
membrane proteins ( 1 25) and couple to a Gaf3y protein (Gm for mating) 
encoded by the CPAl(a), STE4({3), and STEI8(y) genes ( 1 13,1 26). Gm is the 
same in a and a cells, and its a, {3, and y subunits are highly homologous to 
mammalian Ga, G{3 and Gy, respectively. Disruption of the GPA1 gene 
results in a phenotype equal to pheromone stimUlation, i .e .  growth arrest (23 , 
24). This phenotype can be interrupted by disruption of STE4 or STEI8, 
indicating that in contrast to signal transduction in diploid animal cells, signal 
transduction in haploid yeast cells , destined to trigger responses leading to 
diploidy, is mediated by the fiy and not the a portion of the G protein (1 1 3) .  
CPA 1 , STE4, and STE18 genes are expressed only in haploid cells (23, 24, 
1 13). 

The structural homology between the mammalian a subunits and yeast am, 

found a functional correlate when it was shown that substitution of mamma-
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692 BIRNBAUMER 

lian as for yeast am (CPAJ) in gpaJ cells suppresses the gpaJ mutation (127). 
This indicates that mammalian Gsa interacts with yeast G{3y. A response to 
pheromone in gpaJ cells expressing Gsa was not restored, however, indicat­
ing that the mammalian a subunit does not interact with STE gene product. 
Presumably, for restoration of pheromone to happen, it will be necessary to 
supply the yeast cell with a Gsa-compatible receptor (e .g. f3-adrenergic 
receptor). This would make yeast cells mating competent in response to 
isoproterenol and convert them into an interesting system to analyze, via 
i solation of suppressor mutations, the sites of G-R interaction. 

SPECIFICITIES IN RECEPTOR-G PROTEIN-EFFECTOR 

INTERACTION 

Evidence for the notion that single G proteins are designed to interact with 
classes of receptors as opposed to single receptor subtypes comes from three 
sets of observations: (a) discoveries in the late 1960s that up to five different 
hormone receptors can activate a single adenylyl cyclase system in an isolated 
membrane (128, 1 29) (b) the discoveries in the early and middle 1970s that 
receptors can be transferred from one cell to another (130) and (c) that there 
are no species and/or tissue specificity restrictions as to the source of Gs for 
reconstitution of a hormonally stimulable adenylyl cyclase system in cyc­
membranes (13 1 ,  1 32). The discovery that the same splice variant of Gs that 
activates adenylyl cyclase is also able to regulate Ca2+ channel activity (68) 
indicates that one G protein can interact with more than one effector. The 
discovery that three different Gj proteins all activate the same K+ channel (65) 
indicates that several G proteins may regulate a single effector. Ashkenazi et 
al (133) showed that single receptors may affect more than one G protein. It 
follows that transmembrane wiring diagrams are in fact combinations of the 
following four basic configurations: 

E, 
./ 

H � R ---4> G 

H2 � R2 Q) � E.  

The complexity that may exist in the wiring of transmembrane signal 
transmission was well illustrated by the findings of Ewald et al with PTX­
treated rat sensory neurons (104, 105) . On studying the efficacy with which 
brain Gj and Go reconstitute Ca2+ current regulation by neuropeptide (NPY) 
and bradykinin, they discovered that the effect of NPY could be fully recon-
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stituted with Go, with Gi being much less potent, whereas the effect if 
bradykinin could be only partially reconstituted by Go, requiring Gi to achieve 
full reconstitution: 

The important notion that emerges from these findings is that the wiring 
diagrams describing signal transduction by G proteins must be determined 
individually and separately for each cell or tissue of interest. This includes the 
determination not only of the receptors that are present but also of the G 
proteins and effectors needed to process the receptor signals. 

ALTERED G PROTEIN FUNCTIONS: CLINICAL 

PERSPECTIVE 

There are disease states which are due to or associated with altered G protein 
function .  The classical example is, of course, the severe diarrhea associated 
with Vibrio cholerae infections , which is due to ADP-ribosylation of mucosal 
G., elevating cAMP levels and promoting serosal-to-luminal water transport 
in the small intestine colonized by the bacteria. Coli bacteria secrete a 
heat-labile toxin, enterotoxin, that is homologous to choleratoxin (CTX) and 
is very probably responsible for most of the symptoms associated with 
diarrheas that afflict travelers in less developed areas of the world. 

Most of the symptoms associated with whooping cough (caused by Bor­

detella pertussis) are due to PTX, including "sensitization to histamine," 
hypoglycemia, and the cough of neurological origin that persists after the 
infective stage of the disease has passed and drways no longer show signs of 
local irritation. The hypoglycemia, which also afflicts some children after 
vaccination against pertussis, is due to an abnormal increase in insulin levels 
in plasma, which, in tum, is due to the action of the PTX of the vaccine. The 
toxin ADP-ribosylates cell Gi and, in so doing, uncouples the insulin release 
control system of the cell from a tonic Gi-dependent az-adrenergic inhibition. 
Indeed, one of the groups that first purified PTX used this as a bioassay and 
had given it the name "islet-activating protein" (lAP) (134). 

In one genetic disease the levels of Gsa subunits are 50% of control levels 
in all somatic cells (135,  136). This disease, which is autosomal dominant, is 
clinically most noticeable as a lack of parathyroid hormone (PTH) action in 
the kidneys, which gave it the clinical name pseudohypoparathyroidism, (type 
la). As might be expected, patients with this condition exhibit other 
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abnormalities , unrelated to PTH action, which may also relate to the assumed 
primary Gsa defect. These include hypothyroidism, impaired prolactin secre­
tion in response to thyrotropin-releasing hormone, and decreased antidiuresis 
in response to vasopressin. Under normal circumstances, target cells for PTH 
and vasopressin are likely to have more limiting amounts of Gsa than the 
remainder of the cells of the body. The reason for the reduced levels of Gsa is 
bound to be complex. Patients with type Ia pseudohypoparathyroidism also 
exhibit olfactory dysfunction ( 1 37) . Thus, they not only have reduced classi­
cal Gsa, but very probably also reduced level of Golfa, the independent gene 
product that is normally expressed in high concentrations in olfactory cilia, 
where it mediates stimulation of adenylyl cyclase (138) . 

Another disease affecting Gs is a particular type of mitral valve prolapse 
which is associated with hyperresponsivencss to f3-adrenergic stimulation. 
The level of Gs in erythrocyte membranes of these patients is unaffected when 
tested for by CTX labeling but, on reconstitution with adenylyl cyclase Gs 
from these membranes, is 32% more active than that from control membranes 
( 139) .  The molecular basis of the increased specific activity of the Gs from the 
patients could be of a genetic nature , but need not be at the level of 
Gs. 

Although details still need further clarification , it is clear that heart failure 
is associated not only with alterations in f3-adrenergic receptor function but 
also with changes in G protein function. Thus, in human heart failure a 
diminished contractile response to f3-adrenergic agonists is correlated with a 
decrease in measurable /3-adrenergic receptor density and an increase in 
PTX-sensitive G protein levels without changes in Gs function as assessed by 
either cholera toxin labeling or a complementation assay (140). On the other 
hand, a decrease in Gs function was reported in ventricular failure induced by 
pressure overload in dogs (141) . This is a model system that is associated with 
a decrease in the proportion of f3-adrenergic receptors in the high-affinity 
agonist-binding state in the face of an increase of total receptor density . In 
both situations the heart failure is preceded by compensatory hyperstimulation 
by catecholamines,  and it is likely that the changes in receptor and its 
coupling are secondary to primary overstimulation of the receptor, i . e .  are the 
reflections of a complex desensitization process. Interestingly, long-term 
treatment of human patients with /31 -selective antagonists results in an 
enhancement in the coupling of and action of catecholamines through f3z­
versus aI -adrenergic receptors ( 142) . Whether this is associated with correla­
tive changes in one or the other of the Gsa splice variants, is a matter of 
speCUlation . 

G proteins are altered in experimental diabetes as well: decreases in both 
liver Gs activity and liver PTX substrates ,  relieved by insulin injection, have 
been reported in response to streptozotocin-induced diabetes ( 143 , 144). 
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A superactive Gs was found in some pituitary growth hormone-secreting 
adenomas with elevated cAMP levels (145). This raised the possibility that G 
proteins may, under certain circumstances, acquire oncogenic capacities. 
Proof for the causal role of Gs in the generation of this type of benign tumor 
was obtained by DNA sequence analysis. as genes from four independent 
tumors with high basal adenylyl cyclase activity, but not from tumors with 
normal adenylyl cyclase activity or from non-tumor tissues, were found to be 
mutated . Two of the mutations were from Arg201 to Cys20 1 ,  one was from 
Arg201 to His201 and the fourth was Gln227 to Arg227 ( 146). Arg201 is the site 
of ADP-ribosylation by CTX, which , like mutations of Gln227, leads to loss of 
the GTPase activity of as and concomittant superactivation by GTP. 

Lithium ion has been proposed to exert its anti-manie-depressive effects by 
acting at the level of G proteins ( 147; see also discussion in 148). However, 
lithium is known to interfere profoundly with G protein-independent 
polyphosphoinositide breakdown ,  and, as proposed by another research group 
( 1 49) , inhibition of inositolphosphate hydrolysis, rather than alteration of G 
protein function, may be the cause of the therapeutic action of lithium. 

CONCLUSION 

Signal transduction by G proteins is a fundamental and widespread mech­
anism used by a wide variety of hormones ,  neurotransmitters, and autocrine 
and paracrine factors to regulate cellular functions.  G proteins modulate not 
only cAMP formation, but also intracellular Ca2+ mobilization, arachidonic 
acid release, and, very importantly, membrane potential. Membrane potential 
is not only a trigger for neurotransmitter release and conduction of nerve 
impulses . In tissues such as secretory cells, it is the main regulator of Ca2+ 

entry. In the heart, the frequency of action potentials determines the frequen­
cy of contraction, and the duration of the depolarized state determines Ca2+ 

entry and the force of contraction .  More subtle changes in resting membrane 
potential alter the predisposition of the cell to be stimulated by other factors 
and hormones. It is easy to imagine that persistent changes in membrane 
potential may acutely and chronically affect the proliferative properties of the 
cell . 

The mechanism by which G proteins are activated provides for amplifica­
tion, reversal of action, and continued monitoring of hormone. It provides for 
amplification because few receptor molecules may act catalytically to activate 
many G proteins molecules; it provides for reversal of action because they 
have an internal turnoff mechanism whereby the Ga subunit hydrolyzes GTP 
to ODP; and it provides for continued monitoring of the primary messenger 
level because each activation cycle requires not only GTP but also occupied 
receptor. 
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Not all G proteins are known, and some are known whose functions are still 
unknown. More G proteins and more effector functions affected by them will 
surely be found. Work is in progress to unravel a complicated network of 
interactions among receptors, G proteins, and effector systems, which affects 
regulation not only of metabolic activities of organs such as liver, heart, and 
fat, but also of the integrative functions of the central nervous system. 
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