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Abstract 

Heterotrimeric  GTP-binding  proteins (G proteins) that  are made up of a and by subunits couple many kinds of 
cell-surface receptors to intracellular effector enzymes or ion channels. Every cell contains several types of re- 
ceptors,  G  proteins, and effectors.  The specificity with which G  protein  subunits  interact with receptors and 
effectors defines the range of responses a cell is able to make to  an external signal. Thus,  the G  proteins  act as 
a critical control point that determines whether a signal spreads  through several pathways or is focused to a sin- 
gle pathway. In this review, I will summarize some  features of the structure and function of mammalian  G  pro- 
tein subunits, discuss the role of both a and by subunits in regulation of effectors, the role of the by subunit in 
macromolecular assembly, and  the mechanisms that might make some responses extremely specific and others 
rather  diffuse. 
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The surfaces of cells are constantly  barraged by hundreds of 
chemical and physical signals that activate  membrane-bound 
receptors. These activated  receptors  initiate  a flow of  infor- 
mation that passes through a set of coupling proteins (called 
G  proteins because they bind GTP)  to intracellular effector en- 
zymes or ion channels. Changes in effector activity  cause 
changes in second messenger levels (such as CAMP or inositol 
phosphates) or in ionic composition that ultimately lead to a cel- 
lular  response.  Most of the receptors that  transmit signals 
through G  proteins have a  characteristic  topology with seven 
membrane-spanning helices (Dohlman et al., 1991). Every cell 
contains  receptors for many kinds of chemical signals, as well 
as many different types of G proteins. These proteins are het- 
erotrimers made  up of CY, 0, and y subunits, each of which has 
several closely related isoforms.  The specificity with which the 
G  protein  subunits interact with receptors and effectors defines 
the range of responses a cell  is able to make to  an external sig- 
nal. Thus,  the G  proteins  act as a critical control  point that de- 
termines whether a signal spreads  through several pathways 
leading to pleiotypic responses, or whether it  is focused to a sin- 
gle pathway and a single response. Over the last decade,  there 
has been enormous progress in understanding how signals are 
transmitted across the plasma membrane. However, it  is  still not 
understood exactly what determines the specificity of a cell’s 
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response to a  hormone or other agonists. In  this review, I will 
summarize some features of the structure and function of mam- 
malian G protein subunits and then discuss the mechanisms that 
could make some responses extremely  specific and others rather 
diffuse. 

Recent detailed reviews covering various aspects of receptor 
structure  and G  protein  action include: Gilman (1987), Ross 
(1989), Bourne et al. (1990,  1991), Kaziro et al. (1991), Simon 
et al. (1991), Kobilka (1992), Savarese and Frazier (1992), Spie- 
gel  et al. (1992), and Clapham and Neer  (1993). 

Mechanism of action of G proteins 

G  proteins cycle between a  GTP-liganded active form  and a 
GDP-liganded inactive form (Fig. 1). The CY subunits bind GTP 
and hydrolyze  it to GDP. All isoforms of CY subunits  are 
GTPases,  although  the intrinsic rate of GTP hydrolysis varies 
greatly from one type  of a subunit to another (Carty et al., 1990; 
Linder et al., 1990). Figure 1 illustrates the cycle of activation 
and inactivation. When GDP is bound to  the CY subunits, they 
associate with By subunits to form the inactive heterotrimer. The 
inactive state of  a  G  protein is the GDP-liganded heterotrimer. 
In this form,  the G  protein is able to associate with an inactive 
receptor.  Although  GDP-liganded CY subunits are able to bind 
to receptor without by, the association is greatly enhanced by 
its presence (Fung, 1983; Florio & Sternweis, 1985; Hekman 
et al., 1987). Both the CY and the by subunits  appear to bind to 
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Fig. 1. The  regulatory cycle of the  heterotrimeric G proteins. See text 
for  a  description  of  the cycle. Open circles represent inactive states of 
the  subunits;  shaded circles represent  active  forms. 

the receptor (Florio & Sternweis, 1985; Im et al., 1987; Kelle- 
her & Johnson, 1988). Upon binding of agonist, the receptor be- 
comes activated and undergoes a conformational  change that 
is transmitted to the a subunit, causing the affinity of the a sub- 
unit for GDP  to decrease. GDP comes off the active site, allow- 
ing GTP  to bind. GTP binding is favored because in cells, the 
concentration of GTP is much higher than GDP, and because 
the affinity of the a subunit is greater for  GTP  than  for GDP. 
Once GTP is bound,  the a subunit assumes its activated con- 
formation and dissociates both  from the receptor and from By. 
The G  proteins are functional dimers because (3 and y do not 
dissociate unless they are denatured. When the a and Py sub- 
units are dissociated from each other, each interacts with effec- 
tors (reviewed by Clapham & Neer, 1993). The patterns and 
mechanisms of effector regulation by the  G protein subunits will 
be discussed  below. The activated state lasts as long as GTP re- 
mains on  the active site of the CY subunit.  Once GTP is cleaved 
to GDP, the subunits reassociate, become inactive, and return 
to  the receptor. It is important  to notice that the rate of GTP 
hydrolysis determines the timing of activation not only of the 
a subunit,  but of Py as well. Reassociation turns off both sub- 
units. Thus, although the by subunit  does not bind GTP, its 
activation depends on  that of the a subunit. 

In the last year, an important additional component has b d n  
added to  our understanding of the regulation of G  protein ac- 
tivation. Two effectors, phospholipase C (Berstein et al., 1992) 
and  cGMP phosphodiesterase (Arshavzky & Bownds, 1992), 
have been shown to enhance the  GTPase activity of the a sub- 
unit that regulates them. It had previously been thought  that 
only  the low molecular weight, monomeric  GTP-binding pro- 
teins such as ras were regulated by GTPase-activating proteins 
(GAPS) (Trahey & McCormick, 1987; Gibbs et al., 1988). The 
finding that  an effector can modulate the  GTPase activity of the 
a subunit means that such an effector can influence the  dura- 
tion of its  own activation. In principle, different  effectors may 
be able  to  do so to different degrees. 

Originally, it was thought  that only the a subunit  of G  pro- 
teins regulated effectors, whereas the role of By subunits was 

to inactivate a subunits, damp  the signal, and prevent noise in 
the absence of hormonal  stimulation  (Birnbaumer, 1987; Birn- 
baumer et al., 1990; Gilman, 1987). There is ample evidence that 
activated a subunits do, indeed, directly activate  effectors,  but 
the  paradigm changed with the discovery in 1987 that Py sub- 
units could also regulate effectors (muscarinic K+ channels in 
the heart) (Logothetis et al., 1987). It has now become appar- 
ent that many  effectors are regulated both by a and by by sub- 
units in flexible and apparently complex ways. Table 1 lists the 
effectors that  are regulated by CY, Py, or both  subunits. When 
an effector is regulated by both  subunits, the action of fly can 
be conditional upon activation by a, or regulation by each sub- 
unit can be independent of the  other. One of the surprises in the 
last two years has been the  extraordinary  subtype specificity of 
the activation  patterns. These different responses provide flex- 
ible systems to integrate or differentiate responses to external 
stimuli. Three examples will be discussed below. 

Structure of a subunits 

The a subunits are proteins with molecular weight from 39 to 
52 kDa. There are over 20 G protein a subunits (16 gene prod- 
ucts and several alternatively spliced isoforms; reviewed  by 
Kaziro et al., 1991; Simon et al., 1991). There are four  major 
classes of a subunits defined by amino acid sequence similar- 
ity. The CY, class was first recognized by its ability to activate 
adenylyl cyclase and includes the  ubiquitous a, and aOIf (an 
a subunit  from  olfactory neuroepithelium). The ai class was 
named for  the ability of some of its members to inhibit ade- 
nylyl cyclase and includes ai-lr  ai-2r ai.3r a, (a predominantly 
neural a subunit), a,, atz (the retinal a subunits), and a,. All 

Table 1. Effectors regulated by G protein subunits 

(Y Subunits fly Subunits Referencesa 

K +  channel ( I K A ~ ~ )  

K +  channel (IKATp) 

Adenylyl cyclase I 
Adenylyl cyclase I1  (IV) 
Adenylyl cyclase Il l  
Phospholipase CD 1 
Phospholipase C02 
Phospholipase  C@3b 

cGMP  Phosphodiesterase 

Calcium  channel 
- 

- 

K +  channel 

Adenylyl cyclase I 
Adenylyl cyclase I1  (W) 

Phospholipase CB1 
Phospholipase CD2 
Phospholipase CD3 
Receptor kinases 

- 

(&adrenergic, muscarinic) 

Phospholipase  A2 
Calcium channel (?) 
Yeast pheromone  response 

pathway 

1 
2 
3 

4 

5 

a References: 1. Logothetis  et al., 1987,  1988; Yatani et al.. 1987, 
1988; Kurachi et al., 1989a. 2. Ito  et al., 1992.3. Tang  and Gilman, 1991, 
1992.4. Blank et al., 1991,  1992; Taylor et al.. 1991; Boyer et al., 1992; 
Campset al., 1992; Conklin  et al., 1992; Katzet al., 1992; Smrcka  and 
Sternweis, 1993; Wu et al., 1993b. 5. Haga  and  Haga, 1992; Pitcher 
et al., 1992.6.  Stryer  and  Bourne, 1986.  7. Jelsema and Axelrod, 1987. 
8. Kleuss et al., 1991,  1992.  1993.  9. Whiteway et al., 1989. 

Forms  of  phospholipase C@ that  are weakly activated by the (Y or 
& subunits. 
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the members of this class, except a=, can be modified by per- 
tussis toxin. The aq class includes aq, a l l ,  and aI6. Members 
of  this class activate  phospholipase  C (see below). The  fourth 
class includes a I Z  and a I 3 ,  whose function is not yet known. 
Some a subunits are very  cell-specific (for example, at is found 
only in the retina and aOlf only in the olfactory  neuroepithe- 
lium), but most are widely expressed, and individual cells con- 
tain many subtypes (Kim et al., 1988). 

The a subunits of heterotrimeric G proteins make up one sub- 
family of a superfamily of guanine nucleotide-binding proteins 
that  share considerable sequence similarity around their guanine 
nucleotide-binding sites. These proteins include elongation fac- 
tors (EFTu), the oncogene ras, and  the family of small GTP- 
binding proteins related to ras, such as rai, rab, rac, etc. (Bourne 
et al., 1990). The a subunit sequences that  are similar to  EFTu 
and ras are indicated in Figure 2. EFTu and ras have been crys- 
tallized (Jurnak, 1985; la Cour et al., 1985; Pai et al., 1989; 
Milburn et al., 1990). It seems reasonable, therefore, to predict 
the characteristics of the guanine nucleotide-binding site of the 
a subunit of heterotrimeric G proteins on  the basis of the two 
known structures. For example, some  mutations are known to 
inhibit the GTPase activity of ras. Mutations in the correspond- 
ing residues of the a subunit of heterotrimeric G proteins  also 
inhibit GTPase activity. The characteristics of the guanine  nu- 
cleotide-binding site of the heterotrimeric G proteins have been 
reviewed recently (Bourne et al., 1991). In  this review, I will 
focus on  the sites of protein-protein interaction that may  be  less 
obvious from  comparisons with the available crystal structures. 
For  another recent review on this  subject, see Conklin and 
Bourne (1993). 

Interaction of G protein a subunits with receptors 

Receptors bind to  the carboxyl-terminal region of a subunits. 
Covalent  modification of some classes of a subunits by a bac- 
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Fig. 2. Some  functional regions of a,. The five sequences that make 
up the guanine nucleotide-binding site are  indicated  by  the  shaded blocks 
marked GI-G5.  The switch region is a region whose cognate in rus has 
the largest conformational difference between the GTP- and GDP- 
liganded forms (reviewed  by  Bourne et al., 1990). Solid triangles indicate 
the two sites accessible to cleavage by  trypsin  in  the  native molecule (Fung 
& Nash, 1983; Neer et al., 1988). The site in the switch region is only 
accessible in the GDP-liganded  form of the a subunit. In the GTP- or 
GTPyS-liganded  forms, trypsin only cleaves the site near the amino- 
terminus. C215 is the cysteine that can  be cross-linked to Py by bisma- 
leimidehexane.  Mutation of Cys 325 to alanine causes a IO-fold drop 
in affinity  for GDP with no change in GTP  affinity  (Thomas et al.,  
1993a). The open triangle indicates the extent of the deletion in the car- 
boxyl-terminus of  a, that led to a large decrease in GDP  affinity 
(Denker et al., 1992b). 

terial toxin from Bordetella pertussis gave the first clue to a 
potential site of receptor interaction and subunit. Pertussis toxin 
modifies a cysteine four amino acids from the carboxyl-terminus 
and prevents the G protein from communicating with the recep- 
tor (West et al., 1985). Mutagenesis  of the carboxyl-terminus can 
block interaction of the G protein with receptor without affect- 
ing its ability to bind GTPyS or Py (Sullivan  et al., 1987). Some 
antibodies directed against peptides in the carboxyl-terminus 
can uncouple receptors from G proteins (Simonds et al., 1989b; 
Gutowski et al., 1991). Finally, Hamm et al. (1988) showed that 
a  peptide representing the last 11 residues of the retinal G pro- 
tein, at, ,  uncouples the G protein from  the receptor, photo- 
rhodopsin. In addition, the  peptide,  itself, is able to induce a 
change in the  absorption spectrum of photorhodopsin, suggest- 
ing that it is able to cause a conformational change in photo- 
rhodopsin. In an extension of these studies, Dratz et al. (1993) 
analyzed the interaction of the C-terminal 11 amino acid pep- 
tide of at by nuclear Overhauser effect spectroscopy (NOESY). 
Their results suggest that a glycine within the peptide forms part 
of a P turn  that  appears  to bind directly to rhodopsin. 

The essential function of the activated receptor is to induce 
a conformational change in a, that decreases its affinity for 
GDP. It may do so by actually moving the carboxyl-terminus 
so as  to relieve a  constraint on GDP association. Deletion of 
14 amino acids from  the carboxyl-terminus of the Go a subunit 
decreases its affinity for  GDP without affecting the affinity for 
GTPyS. These results are consistent with the idea that the car- 
boxyl-terminus may act as a lever whose position is changed 
or which is twisted by the receptor (Denker et al., 1992b). The 
extreme carboxyl-terminal of a subunits also has an  important 
role in defining the specificity  of G protein receptor interactions. 
Replacement of four  amino acids at  the carboxyl-terminus of 
aq with the  four amino acids normally found in ai., allowed aq 
to couple to receptors different  from  those that normally acti- 
vate it.  Thus,  the D,-dopamine and  AI-adenosine receptors 
normally couple to ai.2 not to aq and do not stimulate phospho- 
lipase C activity. However, they were able to activate  a chime- 
ric aq molecule that had the  four carboxyl-terminal amino acids 
of ai.2 and so stimulate  phospholipase activity (Conklin et al., 
1993).  Several  lines of evidence  suggest that the amino- and car- 
boxyl-termini of a subunits are  on  the same face of the mole- 
cule and, indeed, may be close to each other (Navon & Fung, 
1988; Holbrook & Kim, 1989). However, it is not yet clear 
whether the N-terminus plays a role in binding to  the receptor. 

Another region important  for receptor activation of a sub- 
units is in the G5 region (see Fig. 2). The equivalent region in 
ras includes several amino acids whose side chains interact di- 
rectly with the guanine ring of the nucleotide or stabilize inter- 
actions between the guanine ring and amino acid residues in the 
G4 region. Hamm et al. (1988) analyzed the effects of a pep- 
tide representing residues 3 11-328 of transducin a and  found 
that this peptide also blocked activation of transducin by photo- 
rhodopsin and, like the C-terminal  peptide, could itself in- 
duce changes in the spectrum of photorhodopsin.  Furthermore, 
Hamm et al. (1988) found that  the two peptides were able to act 
synergistically both in their effects on a subunit receptor inter- 
actions and  on  the induction of spectral changes in  photorho- 
dopsin. The importance of this region in regulating GDP affinity 
is further strengthened by the finding that mutation of a highly 
conserved cysteine (Cys  325) to alanine diminishes the affinity 
of a, for  GDP by approximately 10-fold without  affecting 
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GTP affinity  (Thomas  et al., 1993a). It is likely that  this region 
not  only  contains  the site  of interaction  of a subunits  with re- 
ceptor  but is a region of  important  conformational changes dur- 
ing  G protein  activation. 

Interaction of G protein a subunits with effectors 

Two different  kinds  of  studies  have  defined the regions of a sub- 
units  that  are likely to  interact with effectors.  In an extensive 
analysis  of the regions of a, responsible for  activating adenylyl 
cyclase by systematic  replacement  of residues  in a, with ala- 
nine, Berlot and  Bourne (1992) concluded  that  three regions 
in the  carboxyl-terminal  third of a, determined  the  ability  of 
the  molecule to  activate adenylyl  cyclase. Substitution of a, 
sequences  from  two  of  these regions into  an ai.2 background 
was able  to  convert  the ai.*, a  molecule that  normally  inhibits 
adenylyl  cyclase, into  one  that  stimulates adenylyl  cyclase. The 
importance of one  of  these  regions was also highlighted by 
Artemyev  et  al. (1992) and  Rarick et al. (1992) who  found  that 
a  peptide  corresponding to residues 293-3 14 of the retinal cy sub- 
unit, a,, was able  to  stimulate  cGMP  phosphodiesterase activ- 
ity, suggesting that it was part of the  effector  surface of at .  
Both  the  receptor  and  effector  binding  regions of a subunits 
are  found  on  the  same  plane of the molecule that  has been 
termed  the  “membrane”  face in contrast  to  the  opposite side of 
the molecule that  contains  the  GTP-binding pocket and is called 
the  “cytosolic”  face  (Holbrook & Kim, 1989). 

Interaction of a subunits with /3y 

The association-dissociation  of a and @y subunits is a hallmark 
of  the  mechanism of action of the  heterotrimeric G proteins. 
Binding of the @y subunit  to a increases the affinity  of the a sub- 
unit  for  GDP  100-fold, stabilizing the  heterotrimer in  its asso- 
ciated, inactive form  (Higashijima  et  al., 1987). What  parts of 
the a subunit  are  important  for  association with by? One  im- 
portant  region is the  amino-terminus.  Removal  of 2 kDa  from 
the amino-terminus,  either by proteolysis or by mutation, blocks 
the  formation of  heterotrimers  without  affecting the  GTPase ac- 
tivity of the  remainder  of  the molecule (Fung & Nash, 1983; 
Neer  et al., 1988; Graf et al., 1992). 

The amino-terminus  of some a subunits is myristoylated. This 
lipid modification  enhances  their  ability  to  associate with 07, 
although it is not  absolutely essential  (Buss  et al., 1987; Linder 
et al., 1991; Denker  et al., 1992a). The  amino acids  in the  amino- 
terminal  2-kDa  fragment  are  also  important.  Denker  et  al. 
(1992a) narrowed  the  important region by showing  that  amino 
acids 7-10 have an  important  role  in a, and Py interactions 
whether a, is myristoylated or not. Deletion  of  these four  amino 
acids (but  not  the  four neighboring amino acids on  the carboxyl- 
terminal side) diminishes  the  ability of a, to  interact  with  the 

subunit.  However,  other  amino  acids  can  be  substituted  at 
this  position to  restore  the  length,  and  the a, subunit is again 
able  to  bind fly. Analysis of chimeric molecules (Osawa et al., 
1990) and  chemical  modifications  (Dhanasekaran  et  al., 1988) 
have suggested that  other  regions  of  the a molecule  may  also 
be involved  in Py interactions. 

Although proteolysis,  mutagenesis, and modification are use- 
ful  for identifying regions that  are potentially important  for sub- 
unit  interactions,  they  are  not  able  to  distinguish  direct  effects 
from  overall  changes in conformation.  Analysis  of  chemical 

cross-linking can give more  direct  information  about  the  orien- 
tation  of  protein  surfaces. A homobifunctional  cross-linking 
reagent,  bismaleimidehexane, can cross-link five different a sub- 
units  to 07, suggesting that a conserved cysteine is the site of 
cross-linking.  Thomas et al. (1993a) showed  that  mutation  of 
Cys 215 (a cysteine conserved  in all  five a subunits  tested)  to 
alanine  had  no effect on  the ability of a. subunits to  form het- 
erotrimers  with 0-y subunits  but  completely  blocked  the  cross- 
linking  reaction.  This cysteine  is located on  the  membrane  face 
of  the  molecule  and is within the  conformationally sensitive 
switch  region  (Fig. 2). For  example,  this region contains a tryp- 
tic cleavage site that is accessible in a-GDP  but  not in a-GTPyS. 
The  equivalent region  in rus shows  the  greatest  guanine nucle- 
otide-induced change  in  conformation  (Pai et al., 1989; Milburn 
et al., 1990). It is in  one  of  the  most highly conserved  regions 
of a subunits. Because 0 subunits  are extremely  similar to  each 
other, it might  be expected that  the  surface  that  binds 0 might 
be very similar among a subunits.  Furthermore, because asso- 
ciation  of Py with a depends  on  the  nucleotide  bound  to a, it 
is reasonable  that 07 should  bind  to a region that  changes  con- 
formation.  The putative Py binding surface potentially  overlaps 
the  effector  binding site  because the  equivalent  of  Cys 215 in 
a, is Cys 237 in c y s ,  a residue  found in one  of  the  three  short 
clusters of amino  acids  that  are essential for  activation  of  ade- 
nylyl cyclase. The  implication of partly  overlapping sites is not 
clear.  As will be discussed below,  two  subtypes of adenylyl 
cyclase (Type 11 and  Type IV) can be activated synergistically 
by a and fly subunits  (Tang & Gilman, 1991, 1992). These  sub- 
types  of  adenylyl cyclase are  not  the  ones  that were present  in 
the S49 lymphoma cells used to  map  the  effector  domains  of 
a, (Berlot & Bourne, 1992), but if all  adenylyl cyclases bind  to 
the  same region on cys, then it is unlikely that  the a subunit  can 
simultaneously  bind effector  and fly. The inference is that cy and 
by will bind to separate sites on adenylyl cyclase and  other effec- 
tors.  In  addition,  the  observation  supports  the idea that  the sub- 
units  must  dissociate to  be  active.  Otherwise,  the Py subunit 
might  block  the  effector site on the a subunit. 

Dissociation of a and Py in the membrane 

In  solution,  binding  of  nonhydrolyzable  GTP  analogues (such 
as  GTPyS) clearly  causes a and by subunits  to dissociate (Huff 
& Neer, 1986; Gilman, 1987). GTP does  not cause dissociation, 
although  this is probably because it is rapidly cleaved to  GDP. 
GTP  also  does  not dissociate G, that  has been ADP-ribosylated 
by pertussis toxin, a modification that  should block GTPase ac- 
tivity (Huff & Neer, 1986). An  important  question,  therefore, 
is whether or not  the CY and fly subunits actually  dissociate in the 
native  membrane.  This  point is central if it is really true  that a 
and Py subunits  must  dissociate  to  carry  out  their  functions. 

The best  evidence for  dissociation  during  the  activation cycle 
is the  observation  that  the  subunits of the retinal G protein, G,, 
dissociate  from  the  membrane  and  each  other  upon  activation 
by  rhodopsin  (Fung, 1983). The evidence for  dissociation of 
other types  of G proteins  that remain membrane-bound  through- 
out  the  activation cycle is still indirect but,  on  balance, suggests 
that  they d o  dissociate.  Exogenous  subunits  added to  mem- 
branes  can interact with endogenous G proteins, suggesting that 
exchange is possible (Gilman, 1987). A mutant a, subunit (gly- 
cine 226 replaced by alanine) does  not dissociate from by (Miller 
et al., 1988). The  isolated  GTPyS-liganded  mutant  subunit is 
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able to activate  adenylyl cyclase  in vitro,  but  not when it is ex- 
pressed in cells that  also  contain by. One  explanation  for  the 
discrepancy between the  observations in vitro  and in vivo is that 
the  mutant a subunit  does  not  dissociate  from @y in  vivo but 
must d o  so to  activate adenylyl  cyclase (Lee et al., 1992a). 

The  subunits  may  dissociate  and yet not  be  free  to  diffuse 
throughout  the bilayer. Indeed, a subunits  that have been cross- 
linked  with bismaleimidehexane  can  bind GTPyS  and  assume 
an activated  conformation (Yi et  al., 1991). The  subunits  may 
pivot at  the  covalent cross-link and  move  apart,  but  they  can- 
not dissociate  completely. It is not  known  whether such a cross- 
linked G protein can activate  effectors. Mattera et al. (1987) also 
identified  an  activated,  pertussis  toxin-resistant  state  of  the Q 

subunit  that,  on  the basis of  sedimentation  properties, was ap- 
parently  associated with @r. 

Interaction of a subunits with  membranes 

Myristoylation  of  some a subunits is essential for  association 
with  membranes.  Mutation  of  the  myristoylated glycine to  ala- 
nine  shifts  the a subunit  to  the cytosol (Jones et at., 1990; 
Mumby et at., 1990b). This  requirement  does  not seem linked 
to  the  ability to associate with @y because a subunits expressed 
in excess of  endogenous @y associate with membranes (Bloch 
et al., 1989; Simonds et  al.,  1989a;  Blumer & Thorner, 1990; 
Mumby et al., 1990b). Mumby et al. (1990b) calculated  that 
membranes  from COS cells expressing a12 contained  about five 
times as much ai-2 as 07. Thus, cy associates with the  membrane 
independently  of its ability to  form a heterotrimer. 

It is not  clear how myristoylated a subunits  interact with the 
membrane.  The  hydrophobic  myristate  may  intercalate  into 
the lipid bilayer.  Modification with a less hydrophobic  fatty 
acid, I I oxymyristate  causes a  significant fraction of a, and 
ai to  be  cytoplasmic  (Mumby et al., 1990b). If some cells nat- 
urally incorporate a somewhat  more  hydrophilic  fatty  acid  into 
a subunits  than  others,  then  the  partitioning  of  the a subunit 
between membrane  and cytosol may well vary. It remains to  be 
seen how  much  heterogeneity there is in lipid modifications that 
occur in various cells (Kokame et al.,  1992). At present,  there 
is no evidence for a specific receptor  for  myristoylated Q sub- 
units.  Some a subunits (a,) are  not  myristoylated  and these 
must  be held  in the  membrane in other ways. The a, subunit, 
for  example,  may  be  anchored  through  its  carboxyl-terminus 
(Audigier  et al., 1990), although  there is conflicting  evidence on 
this  point  (Juhnn et at., 1992). Myristoylation  of a subunits 
affect  two key functions:  association with the  membrane  and 
with @y. Alteration of either is likely to have major consequences 
for signal transduction. 

In addition  to  myristoylation, several types of a subunits 
(ao, ail -3 ,  aZr aq) are palmitoylated probably  at a site within 30 
amino  acids  of  the  amino-terminus  (Linder et al., 1993). The 
function of  the protein-bound palmitate is not yet known.  How- 
ever,  palmitoylation is a reversible modification,  and  deacyla- 
tion  could cause release of G protein a subunits  into  the cytosol. 

Structure of the By subunit 

Like  the a subunit,  the @ subunit is a member of an  extended 
family,  but  the  functional  consequences  of  family  membership 
are much less clear with @ than with a. The  amino acid sequence 
of  the @ subunit suggests that it is made  up of two different types 
of  structures (Fig. 3). The 39-amino  acid amino-terminal region 

is predicted to  form  an  amphipathic a helix that might be in- 
volved in coiled-coil interactions  (Lupas et al., 1992). Coiled- 
coil interactions  have been proposed to  hold @ to y, and a further 
triple coiled-coil was suggested to hold @y to a. It seems unlikely 
that  an a helix at  the  amino-terminus  of  the a subunit is essen- 
tial  for  heterotrimer  formation because mutation  of  arginine 
residue 9  in the  putative a helix to  proline  had  no  effect  on  as- 
sociation  (Denker et al., 1992a). The  remainder  of  the @ protein 
is made  up  of seven repeating  units  of  approximately  43  amino 
acids each (Fong et  al., 1987). Similar  repeating  units  are  found 
in a large number  of  other  proteins  whose  functions  appear  to 
have  nothing  to  do with  signal transduction  (van  der Voorn & 
Ploegh, 1992). It is not yet clear what  functional  features  have 
conspired  to  conserve  these  repeating  units in proteins  that  are 
found in all eukaryotic families. 

The  deduced  amino  acid sequences for  the  four  known  mam- 
malian @ subunits  are between 83  and 90%  identical to  each 
other  (Fong et al., 1987; Gao  et  at., 1987; Levine et al., 1990; 
von Weizsacker et at., 1992). The  complete  deduced  amino acid 
sequences  of seven mammalian y subunits  have been reported 
(Hurley et al., 1984; Yatsunami et al., 1985; Gautam et  al., 1989; 
Cali et at., 1992). These molecules are much more different from 
each  other  than  are  the /3 subunits or a subunits.  The  retinal 
y I  subunit is only 38% identical to  brain y2 and  equally  differ- 
ent  from  the  other  mammalian ys. The @ subunit  from  squid is 
very similar to  mammalian P I ,  but  the y subunit  from  squid 
that was  isolated in association with the @ subunit is so dissimi- 
lar  from  mammalian y that  the  relationship is only barely sta- 
tistically significant compared  to a random sequence (Lott et  al., 
1992). The existence of four  different @ subunits  and  at least 
seven y subunits suggests that 28 different  combinations are pos- 
sible. In fact,  not all the possible pairs  can  form. Analysis of 
the  combinatorial possibilities by in vitro  translation  and by 
transient  expression in COS cells showed  that PI was able  to 
interact with yI and y2, but  the very similar @? molecule was not 
able  to  form a dimer with yl, only with y2 (Schmidt et al., 
1992; Pronin & Gautam, 1992). These results were confirmed by 
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Fig. 3. Diagram of subunit structure. The 6 subunit is  represented as 
a linear sequence with its amino (N)- and carboxyl (C)-terminal ends in- 
dicated.  The a and y subunits have been placed relative to the /3 sub- 
unit in order to indicate the known regions of contact between these 
subunits (Bubis & Khorana,  1990; Yi et al., 1991; Thomas et al., 199313). 
Two types of repetitive sequences have been identified within the pri- 
mary sequence of 0. These are putative a-helical heptad repeats (open 
bars) of the type observed in coiled-coil structures (Lupas et at., 1992), 
and WD-40 repeats (shaded bars) (Fong et al.,  1987).  The  locations of 
32 potential tryptic cleavage sites in 0 are  indicated  by  vertical  bars. The 
site at which the 6 subunit of native fly is cleaved by  trypsin  is indicated 
with an arrowhead. (Reprinted with permission from T.C.  Thomas 
et at., 1993b. Biochemistry 32:8628-8635. Copyright 1993 American 
Chemical Society.) 
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synthesis and analysis of the proteins in insect Sf9 cells (e.g., 
Iniguez-Lluhi et al., 1992). 

The different fly pairs differ in their ability to bind a subunits 
(Cerione et al., 1987; Casey et al., 1989; Fawzi et al., 1991) 
and  to activate effectors. Retinal By (PI y l )  is  less effective than 
brain By (predominantly 0, y,, p2y2) in activating the cardiac 
atrial K+  channel  (Logothetis et al., 1988). The PI y2 and PI y3 
dimers were  10-20 times more  potent in stimulating Type I1 ad- 
enylyl cyclase than were p l y l  dimers  (Iniguez-Lluhi et al., 
1992). 

The y subunits  differ  not only in their sequence but also in 
their lipid modification.  Mammalian y subunits  undergo  three 
modifications: first, prenylation on a cysteine four amino acids 
from the  carboxyl-terminus,  then cleavage of the last three 
amino acids followed by carboxyl methylation of the carboxyl- 
terminus (Backlund et al., 1990; Fung et al., 1990; Maltese & 
Robishaw, 1990; Mumby et al., 1990a; Yamane et al., 1990; 
Sanford et al., 1991). The 15-carbon farnesyl group  on y I  (Lai 
et al., 1990)  is  less hydrophobic than  the 20-carbon geranyl- 
geranyl group  found on y2 and presumably on other nonretinal 
y subunits.  Prenylation is not necessary for by formation be- 
cause mutation of the prenylated cysteine  (Cys  68) to serine does 
not impair dimerization. However, @y dimers with unprenylated 
y subunits cannot activate  effectors and, in some cases, fail to 
form heterotrimers with a subunits (Iniguez-Lluhi et al., 1992; 
Katz et al., 1992; C.J. Schmidt & E.J. Neer, unpubl.).  The im- 
portance of prenylation for a& association may depend criti- 
cally on  the a subunit.  Wildman et al. (1993) found  that 
transducin a subunits  apparently do not  discriminate between 
prenylated and nonprenylated forms of PI y2. The fly subunit 
must be prenylated to associate with membranes. When normal 

and y subunits are transiently expressed in COS-M6 cells, the 
dimers are found in the membrane fraction.  Mutation of Cys  68 
of y to serine  prevents association of the By dimer  with the mem- 
brane (Simonds et al., 1991; Muntz et al., 1992). 

The /3y subunit forms a very stable  structure whose function 
is not affected by cleavage  of the molecule into two tryptic frag- 
ments. Despite the presence of 32 potential tryptic cleavage  sites 
in the PI subunit, cleavage of purified native bovine brain by 
with trypsin yields only  two @-derived fragments.  Trypsin- 
cleaved By remains in a complex that has the same apparent sed- 
imentation coefficient as intact fly and retains its ability to 
associate functionally with the a subunit  (Fung & Nash, 1983; 
Thomas et al., 1993b). There are no disulfide bonds in the fly 
subunit, so that  the stability of the cleaved molecule cannot be 
attributed to covalent linkages (Thomas et al., 1993b). The  sta- 
bility of the by subunit may reflect strong noncovalent interac- 
tions among  the repetitive structural units of p. 

Although they apparently do not form separate  functional 
domains,  the two  tryptic  fragments are convenient for identi- 
fying portions of the molecule that interact with a and with y. 
The  16kDa amino-terminal  fragment of p can be cross-linked 
to y by bismaleimidehexane or copper  phenanthroline, whereas 
the 26-kDa carboxyl-terminal portion can be cross-linked to a 
with bismaleimidehexane (Bubis & Khorana, 1990; Yi et al., 
1991; Thomas et al., 1993b). The y2 subunit has only one cys- 
teine at position 41 that is available for cross-linking (the other 
cysteine is prenylated). The y1 subunit  does  not  contain  this 
cysteine but has a pair of cysteines at positions 36 and 37. These 
cysteines were shown to cross-link to Cys 25 in PI (Bubis & 
Khorana, 1990). The precise site in p that is cross-linked to a 
is not yet known. 

Regulation of effectors by G proteins 

Table  1 lists the effectors that  are regulated by G protein sub- 
units.  Three  effectors that  are regulated both by a and Py 
subunits are discussed below. 

Independent  activation of K +  channels 
by a and by subunits 

Both the a and fly subunits  can  activate the muscarinic K +  
channel in cardiac atria (Logothetis et al., 1987, 1988; Yatani 
et al., 1987; Kurachi et al., 1989a). Another K+ channel, the 
ATP-dependent K +  channel, measured in the same excised 
membrane  patches as the muscarinic K +  channel, is activated 
only by a subunits, illustrating the effector  subtype specificity 
of activation mechanisms (It0 et al., 1992). Several a subunits 
in the ai family (ai.], ai.2, ai.3, and a,) can activate the mus- 
carinic channel when applied to  the cytoplasmic surface of 
an excised membrane patch, but the a, and aq types do not 
(Logothetis et al., 1988; Yatani et al., 1988). The  channel can 
also be maximally activated by by subunits from bovine brain 
(predominantly the p ly2 ,  p2y2 type), whereas the by subunits 
isolated from retina (P ly l  type) are much less effective. Acti- 
vation by a and By subunits is not  additive, so that the channel 
can be maximally activated by either one or the other (Logothetis 
et al., 1988). The precise mechanism of activation by either a 
or By subunits is not  known.  The Py subunit  probably has at 
least two  pathways for activating the channel-one  indirect, 
through activation of phospholipase A, and subsequent forma- 
tion of arachidonic acid metabolites (Kim et al., 1989; Kurachi 
et al., 1989b), and the other possibly direct. The mechanisms for 
activating the channel  cannot be precisely defined until chan- 
nels have been isolated,  cloned, and reconstituted in purified 
systems. 

Synergistic regulation of adenylyl cyclase 
by a and by subunits 

Adenylyl cyclase is the best understood example of interactive 
regulation of an effector by a and By subunits (Tang & Gilman, 
1991,  1992). All subtypes of adenylyl cyclase can be activated 
by the a, class of a subunits  but not by other types of a sub- 
units.  However, the response to fly is  very specific to subtypes. 
Thus, Type I adenylyl cyclase, the calmodulin-sensitive adenyl- 
ate cyclase predominantly found in the nervous system, is in- 
hibited by &. Type 111 adenylyl cyclase is neither inhibited nor 
further activated by by. In contrast, Types I1 and IV adenylyl 
cyclases are activated by as and  are further synergistically ac- 
tivated five- to sixfold by by. The  activation seems to be direct 
because both a and by subunits are able to activate purified 
enzyme (Taussig et al., 1993). Regulation of Type I1 adenylyl 
cyclase by a and Py subunits  can occur in cells, not only in re- 
constituted systems. Federman et al. (1992) created COS cells 
expressing a variety  of transfected receptors, G protein subunits, 
and Type I1 adenylyl cyclase. Receptors acting through G pro- 
teins whose a subunit normally inhibits adenylyl cyclase were 
able to stimulate Type I1 adenylyl cyclase provided the Py sub- 
unit and some activated a, were also present. Because the a 
subunits with  which these receptors interact do not stimulate ad- 
enylyl  cyclase, the activation by these receptors was presumably 
through the /3y subunits of their G proteins. 

What is the usefulness of such dual regulation? Bourne and 
Nicoll(l993) suggested that such systems could work as coinci- 
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dence detectors that allow a powerful response to paired signals, 
but only  a weak or insignificant response to unpaired signals. 
The presence of  a  particular adenylyl cyclase might then deter- 
mine the pattern of response to activation of cell-surface recep- 
tors. Indeed,  some  subtypes  of adenylyl cyclase are expressed 
in very specific subsets of neurons (Glatt & Snyder, 1993). Such 
mechanisms might be important at synapses to allow neurons to 
coordinate their responses to incoming stimuli. 

Regulation of phospholipase C by a and fly subunits 

Phospholipase  C exists in several versions, some of  which (such 
as  PLCP 1-4) are regulated by G protein subunits, whereas oth- 
ers (such as PLCy)  are not (Blank et al., 1991,  1992; Taylor 
et al., 1991;  Boyer et al., 1992; Camps et al., 1992; Conklin 
et  al., 1992; Katz et al., 1992; Rhee & Choi, 1992; Wu et al., 
1993a, 1993b). As with adenylyl cyclase, the pattern of regula- 
tion of PLCP by a and by subunits is characteristic for each  iso- 
form. The G protein a subunits of the aq class that includes aq, 

a l l ,  and aI6  activate PLCPl = PLCP2 > PLCP3. All of these 
a subunits lack the site for covalent modification by pertussis 
toxin so they are resistant to inhibition by the toxin. The Py sub- 
units  stimulate PLCP in a  different rank order: PLCP3 > 
PLCP2 > PLCPl (Smrcka & Sternweis, 1993). In  contrast to 
adenylyl cyclase, the activation of PLCP isoforms by either sub- 
unit is independent and does  not require priming of the enzyme 
by a or By (Smrcka & Sternweis, 1993). When both activated 
subunits are present simultaneously, the resultant activity is 
sometimes additive and sometimes not (Smrcka & Sternweis, 
1993). The independent actions of the subunits on  PLCP activ- 
ity reflects their binding to different regions of the enzyme: Py 
binds in the amino-terminal two-thirds of the molecule, whereas 
a binds in the carboxyl-terminal region (Park et al., 1993; Wu 
et al., 1993a, 1993b; P. Gierschik & J. Exton, pers. comm.). 

Muscarinic cholinergic receptors transiently expressed  in COS 
cells can activate PLCP2, provided that by is also transfected 
(Katz et al., 1992). Pertussis toxin blocks the activation of 
PLCP2 through  the muscarinic receptor. Stimulation of PLCP 
isoforms by Py may explain the sensitivity of PLC in some cells 
to inhibition by pertussis toxin.  Pertussis toxin uncouples the 
G protein from  the receptor, thus preventing exchange of GTP 
for  GDP  on  the a subunit and blocking dissociation and acti- 
vation of both a and fly. It is a  reasonable hypothesis that sen- 
sitivity to pertussis toxin indicates activation of PLC by by. 

Role of the subunit in macromolecular assembly 

Another way that G protein subunits can regulate protein func- 
tion is  by promoting  the assembly of active complexes. The By 
subunit plays such a role at two stages of receptor function: ac- 
tivation and down-regulation. G protein-coupled receptors ex- 
ist in two  forms,  free receptor  (low-affinity  receptor) and 
receptor in a  ternary complex with inactive aPy heterotrimers 
(Kent  et al., 1980). The latter has a high affinity for agonists and 
is  poised to activate the G protein. Although a subunits can bind 
to receptors,  the formation of the complete  ternary complex is 
enhanced by by subunits (Fung, 1983; Florio & Sternweis, 1985; 
Phillips et al., 1992). 

Once ligand activates the receptor, ct and by are released and 
0-y takes on its second function with  respect to receptors: to pro- 
tect the cell from overstimulation by promoting feedback inac- 
tivation of the receptor. This function has been  best studied for 

the P-adrenergic and muscarinic receptors. These receptors are 
regulated by phosphorylation at serine and threonine residues 
on their cytoplasmic carboxyl-terminal  tails by similar or iden- 
tical receptor-specific kinases. The  phosphorylated receptor is 
less susceptible to subsequent activation. Thus,  a feedback loop 
is created that controls the  duration of receptor activation (Sib- 
ley et al., 1987). Recently, Haga  and  Haga (1992) and Pitcher 
et al. (1992) have found  that  the Py subunit stimulates phos- 
phorylation of the muscarinic and P-adrenergic receptors by 
their respective kinases. Phosphorylation of the &adrenergic 
receptor by P-adrenergic receptor kinase (PARK) is increased 
approximately 10-fold by 0-y when all the components were re- 
constituted in phospholipid vesicles. In  contrast, the & subunit 
had  no effect on  the ability of PARK to phosphorylate synthetic 
peptide  substrates. Pitcher et al. (1992) concluded that  the ac- 
tivating effect of the subunits was not on  the intrinsic catalytic 
activity of PARK but was caused by assembling PARK with its 
receptor substrate,  thus effectively increasing the  substrate con- 
centration.  The  same  laboratory had earlier shown that activa- 
tion of the 0-adrenergic receptor causes translocation of  PARK 
from  the cytosol to  the membrane (Strasser et al., 1986). Thus, 
it appears that the Py subunit plays two roles in receptor regu- 
lation, each of them involving macromolecular assembly. It 
facilitates the association of a subunits and PARK with recep- 
tors. It is tempting to consider that this assembly function is 
not  unique to receptor regulation, but is a  common  property 
of the / 3 ~  subunit,  and  that this mechanism may be involved in 
some of the  other instances of activation by fly that  are less 
clearly understood. 

The specificity question 

Although clearly a  great  deal is known about  the  structure, 
organization, and function of the transmembrane signaling  sys- 
tem, a key question remains mysterious. Given the exuberant 
abundance of receptors,  G  proteins and effectors, all with sim- 
ilar structures, how  is the specificity of cellular responses to hor- 
mone maintained? The  nature of the question  can be defined 
by considering two examples of cellular specificity, one  natu- 
ral and  one experimentally created. 

The heart is an example of a tissue that keeps opposing sig- 
nals quite  distinct: it responds to stimulation of 0-adrenergic 
receptors with an increase in the  rate  and force of contraction 
and to stimulation of muscarinic cholinergic receptors with a de- 
crease in the rate and the force of contraction. The P-adrenergic 
receptor is coupled to G,, the G protein that causes stimulation 
of adenylyl cyclase, whereas the muscarinic receptor is coupled 
through the Gi class of G proteins to a variety of functions  in- 
cluding activation of phospholipase C  and of an inward-rectifying 
K+ channel (Neer & Clapham, 1988). Cardiac cells are able to 
keep the pathways quite  distinct. Even when the P-adrenergic 
receptor is  maximally activated, it  is not able to activate the K+ 
channel (D. Clapham, unpubl.). Similarly, the muscarinic recep- 
tor does not cause any increase  in  adenylyl  cyclase. One straight- 
forward idea for the biochemical basis of this specificity would 
be that the P-adrenergic receptor is able to interact with G, but 
not with Gi. This idea could be tested by reconstituting purified 
P-adrenergic receptors with G, and Gi and asking whether a 
productive interaction between the two can take place. Such ex- 
periments were first carried out by Asano et al. (1984) and by 
Cerione et al. (1985), and  the results revealed a  surprising de- 
gree of cross-talk.  In fact, in a  reconstituted system, the pure 
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&adrenergic  receptor  could  couple  both to  G, and  to Gi, al- 
though  it  interacted  with G, two-  to  threefold  better  than  with 
Gi. However,  in the  cardiac cell, the  concentration  of Gi is sub- 
stantially  greater  than G,. Why  then  does  the  &adrenergic re- 
ceptor  not  activate  the  K+  channel? 

The relative promiscuity  of  receptor G protein  interactions  has 
been borne  out in many  other  subsequent  reconstitution  stud- 
ies (e.g., Cerione  et  al., 1986;  Senogles  et al., 1990; Munshi 
et  al., 1991). In  some  cases,  differences in affinity  have been 
found, but the rule seems to  be  that receptors  discriminate rather 
poorly  among a subunits when pure  components  are reassem- 
bled in phospholipid vesicles. Receptors that  are  able  to discrim- 
inate  one family of G proteins  from  another (e.g., G, from Gi) 
discriminate  much less effectively among  the  isoforms  of Gi. 
As discussed above,  there seems to  be  greater specificity  in the 
ability  of G protein  subunits to  activate  effectors. Nevertheless, 
specificity at  the G protein-effector interface  cannot  overcome 
any  diffusion  of  the signal that originates at  the receptor-G pro- 
tein interface. If a receptor  activates multiple G proteins  and all 
of  them very specifically activate  their  effectors,  the signal  ini- 
tiated by that  receptor will still spread  through  multiple  second 
messenger  systems. 

A second  striking  example of  specificity  in transmembrane 
signaling  comes from  an elegant series of experiments by Kleuss 
et al. (1991, 1992, 1993). These  investigators  inhibited  the syn- 
thesis  of  two  alternatively spliced forms  of Go, (3, and y sub- 
units  in  GH3 cells by injection  of  antisense  oligonucleotides. 
The results revealed an extraordinary specificity of action. Elim- 
ination of one  isoform  of Go blocked  inhibition  of a calcium 
channel by the  somatostatin  receptor,  whereas  elimination of 
the  other  alternatively spliced isoform  eliminated  inhibition 
of the  same calcium channel by the muscarinic  receptor. Because 
the  two  alternatively spliced forms  of a. differ  in  their  car- 
boxyl-termini  (Hsu  et  al., 1990; Strathmann et al., 1990), a 
region thought  to  define  the receptor interaction, it makes sense 
that  the  alternatively spliced G protein  might  couple  to  differ- 
ent  receptors. 

The  tight specificity extends  also  to 0 and y subunits.  Anti- 
sense oligonucleotides  against 0, block  the  somatostatin re- 
sponse,  whereas  antisense  oligonucleotides  aimed  at p, block 
the  muscarinic  response.  The  GH3 cells used  in these experi- 
ments  also  contain &, but  that seemed not  to  be involved  either 
with  the  muscarinic or the  somatostatin  receptor.  Antisense 
oligonucleotide  experiments  that  eliminate y subunit  isoforms 
showed that y2 has  the  same response pattern  as P I ,  and y4 cor- 
relates  with &. Thus,  the  conclusion  would  be  that  the  soma- 
tostatin  response is mediated  through CY,, PI y2, whereas  the 
muscarinic  response is mediated by a02p3y4. Eliminating  the 
Py subunits  completely  blocks  the  response  to  its  correspond- 
ing  receptor.  One  interpretation  of  this is that  particular  pairs 
of fly subunits  are  required  to  bring  the a subunits  back  to their 
correct  receptors,  but  that  the  effector  regulation is carried  out 
entirely by the a subunit.  An  alternative  explanation is that 0-y 
subunits  might  also  be  able  to  inhibit  the  channel,  and  either a 
or @y subunits  can  produce  the full effect.  This  would  be a pat- 
tern  similar to  that seen for a and by subunits  with respect to  
the  K+  channel  (Logothetis  et  al., 1988). 

Although  these  examples  are  certainly  striking,  the specific- 
ity of  cellular  responses should  not  be  overstated  and is not uni- 
versal. For example,  Mortensen  et  al. (1991) eliminated all 
expression of ai.2 from  mouse  embryonic  stem cells. In  these 
cells, ai.2 is the  predominant CY subunit of the ai class.  Yet, the 

cells grew normally  and  differentiated  into  myocytes,  neurites, 
and  other cell types,  as  readily  as  control cells. Either ai.2 has 
no  function  in these cells or, more likely, the  function  can  be 
taken  over by other ai isoforms.  There  are  examples of re- 
ceptors  that  appear, even in the  context  of  intact cells, to  be 
able  to  interact  with  more  than  one G protein  and  thus  are  able 
to initiate  more  than  one  signaling  pathway  (e.g.,  Abou- 
Samra et al., 1992; Eason  et  al., 1992; Gudermann et al., 1992; 
Dell'Acqua  et al., 1993). The  problem  to resolve is how  the cell 
defines which pathways  must  proceed  through a  single second 
messenger  system and which can be allowed to  spread  through 
more  than  one. 

Part  of  the  explanation is likely to lie in the kinetics of the 
reaction  and  in  the  particular set of  receptor a ,  P,y, and  effec- 
tor  subtypes expressed in a given cell. This precise fingerprint 
is part  of  what  distinguishes  one cell from  another.  The recip- 
rocal  regulation  of a subunits  and  effectors  may  turn  out  to be 
an  important  element in specificity. An  effector  may be a good 
GTPase-activating protein (GAP)  for  one G protein but not  for 
another. If the  effector  has a large  effect  on  the  GTPase  activ- 
ity,  activation will be short lived, whereas if  it has a small ef- 
fect,  the  activation will last longer.  Modulating  the ability of  an 
effector  to exert its GAP function is one way to increase the dis- 
crimination  among  subunits.  It is even possible that  the /3y sub- 
unit  affects  the  GAP activity of  effectors. 

One  obvious  difference between reconstitution systems  (in- 
cluding even transfection  experiments  in  COS cells) and  an in- 
tact,  undisturbed cell is that  the physical organization of the 
transmembrane signaling  system is likely to be quite  different. 
Simply  making  membranes  from cells increases the  mobility of 
membrane  proteins by more  than  an  order  of  magnitude (Beth 
et al., 1986). Thus, in an intact cell, receptors, G proteins,  and 
effectors  may  be  arranged  and  organized in microdomains  and 
not have free access to all other  components of the system. There 
is good evidence that  pools  of  second messengers do exist in 
cells, perhaps reflecting the  spatial  organizations of the enzymes 
and  channels  that  generate  them  (Dufau et al., 1978; Buxton & 
Brunton, 1983;  Lechleiter  et al., 1991). Such a  possibility re- 
frames  the  question, so that  to  understand specificity, we must 
understand  what  determines  the assembly  of the  complete sig- 
naling system. There is some evidence that such geographical 
arrangements  do, in fact, exist, although  the evidence for  func- 
tional  importance is far  from conclusive  because  localization is 
to cellular  regions that  are very large  (e.g., apical  or  basolateral 
surfaces of polarized cells [Peraldi et al., 1989; Ercolani  et  ai., 
19901 or growth  cones  of  neurites  [Strittmatter et al., 1990; 
Zubiaur & Neer, 19931) compared  to  the  microdomains  that 
might affect  the specificity of transmembrane  signaling. 

Covalent  modification of G proteins  may  affect  the speci- 
ficity of their  interactions. Several types of G protein  subunits 

az) can  be  phosphorylated on serine or threonine resi- 
dues,  but  the  phosphorylation  has been difficult  to  correlate 
exactly  with changes  in activity (Katada et al., 1985;  Daniel- 
Issakani et al., 1989; Bushfield  et al., 1990; Lounsbury et al., 
1991). Recombinant a subunits  of  various types can be phos- 
phorylated in vitro  on  tyrosine residues by pp60'"" or by insu- 
lin receptors,  but  changes in activity  were modest  (Hausdorff 
et al., 1992) or nonexistent  (Krupinski  et al., 1988). None  of  the 
studies of phosphorylation of G proteins have  tested the  idea 
that  phosphorylation of a G protein  affects  the specificity of its 
interaction  with  receptors or effectors.  There is now  increasing 
evidence from  other  phosphorylation systems,  in particular  the 



G proteins 1 1  

role  of SH2 domains in  recognizing tyrosine  phosphorylated 
proteins, suggesting that  the  role  of  phosphorylation  may  not 
be to  change  the  function  of  the  protein,  but  rather  to  change 
its  localization or to  specify the  other  proteins with which it may 
interact  (Koch  et  al., 1991). 

Another  way  to  enhance specificity is through  intracellular 
molecules whose role is specifically to  enhance  or  blunt  the func- 
tion of certain  activated G protein  subunits.  There  are examples 
both  for a and  for by of such  intracellular  regulatory  proteins. 
For fly, the best characterized  example is phosphoducin, a  phos- 
phoprotein  first  identified  in  the  retina  that  binds  to fly. Phos- 
ducin is able  to  inhibit f ly function in vitro  and  may serve  a 
similar  role in  vivo (Lee et al., 1992b). Calmodulin is another 
candidate by regulator  (Katada et al., 1987). An  example  of a 
regulatory  protein  for  an a subunit is GAP43 or neuromodu- 
lin, a growth cone-associated protein. Despite  its name, it is un- 
related  to  GTPase  activating  proteins  also called GAP.  The 
neuromodulin  (GAP43) protein is able  to  enhance  GTPyS bind- 
ing to  the Go subunit by a mechanism  that  appears  to be dif- 
ferent  from  hormone  receptors because the  activation is not 
blocked by a pertussis  toxin (Strittmatter et al., 1991). Although 
the  interaction of GAP43 with Go suggests that  the  transmem- 
brane signaling system could be modulated by intracellular pro- 
teins,  the physiological  significance of the  interaction is, as  yet, 
not  understood. 

There is considerable evidence that  the specificity of cellular 
responses is not reflected  in the selectivity of receptor  interac- 
tions with G proteins. It is still an  open question under what cir- 
cumstances  and  to what  extent  similar G proteins can substitute 
for  each  other in the cell. It is also  not clear to  what degree any 
answer  can be generalized from  one cell type  to  another. I have 
outlined  above a  variety  of mechanisms  that might be superim- 
posed on  the minimal  degree  of selectivity seen in  reconstitution 
experiments to  restrict  the  potential  for  cross-talk  among  dif- 
ferent  signaling pathways.  The weight given to each of these po- 
tential  mechanisms  might vary greatly from cell type to cell type. 
Although  there is no  doubt  that  the minimal number of proteins 
needed to  transmit a signal across  the  plasma  membrane of  a 
cell is a receptor, G protein,  and  effector  (Cerione et al., 1984; 
May et al., 1985), the  challenge  now is to  define  the  further 
extent of the  system.  The  signal-transducing  proteins  are  not 
isolated  in the cell membrane  but interact with the cytoskeleton, 
with intracellular  enzymes, and with several classes of  receptors. 
Interaction  with  any  one  of  these is very likely to  alter  both  the 
possibility and  the consequences  of interactions with other  parts 
of  the  macromolecular  array. Unraveling  how  it all really works 
in the cell is sure  to  produce  many  surprises,  but  also new in- 
sights into  the  mechanisms  that  control these complex  informa- 
tion  networks. 
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