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Living cells possess the remarhable ability to
discriminate among the enormous variety of chemical
and physical stimuli that they receive. G proteins are
a central component of the molecular machinery that
allows cells to respond appropriately to each of these
stimuli. G proteins are molecular switches whase
properties of guanine nucleotide binding and
hydrolysis are eminently suited to perform the
transduction of extermal signals into intracellular
effects. Dlolecular | analysis shows that the
components of signalling pathway-receptors and
effectors linked by G proteins as well as the subunits
of G proteins, are members of families of structu-
rally diverse proteins. This diversity of molecules
helps in processing the variety of signals a cell senses.
But it is unclear how both specificity and cross-
regulation of signalling pathways are achieved in the
same cell with high fidelity.

CENTRAL to all mammalian physiological processes is
the ability of a varniety of receptors on cell surfaces to
sense hormones, neurotransmitters and growth factors.
Signals that are sensed by these receptors are trans-
duced into intracellular effects through several different
mechanisms to bring about transient or lasting changes
in a cell’s traits. The most widespread of such signaliing
pathways are thaose regulated by a family of guanine
nucleotide binding proteins known as G proteins. G
proteins are coupled to specific receptors on the plasma
membrane. When the receptor senses a signal it triggers
off the exchange of guanosine triphosphate (GTP) for
guanosine diphosphate (GDP) in the G protein. The
activated G protein then modulates the function of an
effector motecule (Figure 1). Diverse families of
receptor molecules are coupled to G proteins. These
include receptors  for neuromodulators such as
acetylcholine, norepinephrine, serotonin and neuro-
peptides as well as receptors for hormones such as
adrenocarticotropic hormone (ACTH) and thyrotropin
reiease hormone (TRH). Examples of G protein coupled
receptors also mclude those in the sensory pathways
such as the light-sensing opsins In the photoreceptors
and odorant receptors. All these receptors share a
putative tertiary structure that is made up of seven
membrane spanning domains with the amino terminal of
the protein projecting into extracellular space and the
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carboxyl terminal lying in the cytosol. There arc also
several effector molecules whose functions are modu-
lated by G proteins. Examples are adenylate cyclases,
phospholipases and ron-conducting channels. Families
of related genes encode each of these effectors.

G protein-regulated signalling pathways show strik-
ing evolutionary conservation. The structure of G
proteins and their receptors is similar in yeast, shme
mould, nematode, insects and mammals. This review
will focus on the molecular biology of G proteins In
mammals. Present evidence indicates that in comparison
to other eukaryotes, mammalian systems possess con-
siderably more complex G protein-mediated signalling
circuitry. Other reviews emphasizing various aspects of
G protein biology are available!™.

To unravel the signalling circuitry regulated by G
proteins, considerable effort in recent years has been
devoted to the identification and characterization of their
molecular components. Molecular cloning techniques

a b
E*" GTP~=-GDP
=
|
E*?

Figure 1. Transduction of 2 signal by a G protein g, 1he receptor
(R) 15 actrvated by an external stimmulus (S} The actuivated receptor
(R*) induces the exchange of GDP for GTP 1n the G proicin «
subunit H. The ¢ subunit with GTP bound to 1t dissoctates {rom the

By complex and activates or inhibits an eftector (E) The By complex
may also act on the same or anather effector (E*7) ¢, The GTlasc
activity of the o subumit hydrolyses the GIP to GDP In the GDP
bound form the affinety ot the o subunit for the By complex
mcreases and the heterotnimer forms again Thus the GTP bound «
subunit s aclive and the GBP bound torm 1s wmactive The raie 4t
which GTP 15 hydrolysed to GDP therefore controls the period during
which the a subunit 1s capable of conveying a stgnal and bringing
about a physiological change
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have been used extensively 1o isolate and elucidate the
primary structure of G proteins, receptors and effectors,

G protein subunit structure and function

G proteins are heterotrimers made up of o, B and ¥
subunits. Although the subunit stoichiometry has never
been conclusively demonstrated it i1s generally assumed
that each G protein comprises a single subunit of each
kind. Molecular cloning of the complementary DNAs
for different G protein subunits indicates that each
subunit is part of a family of related proteins?®.

Although the primary structure of several of these
proteins has been deduced from their ¢cDNAs many
subunit types are yet to be characterized at the protein
level. About twenty o. subunit types have been identified
so far. This includes products of different genes as well

as products resulting from the differential splicing of

complex genes. Four B subunit types and at teast eight v
subunit types have been identified so far. The potential

exists for the occurrence of many more members of

these families especially in the case of the {§ and vy
subuhits where the searches have not been carried out as
intensively as in the case of the & subunit. Subtypes that
occur either in small populations of specific cell types
or subtypes that are expressed transiently during the
differentiation of a cell type or during the development
of an organism may not have been identified.

Of the three G protein subunits the primary structure
of the o subunits is best understood in terms of function.
They possess four structural domains that are involved
in interactions with GTP. The amino-acid sequences In
these domains are conserved 1n a variety of GTP-

binding regulatory proteins including the ras family of

oncogenic proteins®. In some well-characterized
signalling systems there is convincing evidence that the
¢ subunit modulates the function of the effector. os
stimulates the activity of all adenylate cyclases and it
activates cGMP phosphodiesterase 1n rod photarecep-
tors®- 7, as is present in the G protein, Gs (stimulatory)
and ot n Gt or transducin, a G protein present In
photoreceptors. These two G proteins were among the
first to be identified!-7. G proteins have traditionally
been defined by their o subunits,

The extent of primary structure homology among the o

subanits of G proteins varies, Based on this homology
they can be divided into subfamilies®. In comparison to

the o subunits the four identified B subunits of G
proteins, B1-34, are highly homologous sharing more

than 80% homology®. In the case of the G protein vy
subunits, molccular characterization indicates  the

potential existence of subfanmulies similar o the o

subunits?- ¥
The capabihity of two different bacterial toxins to

affect the function of some G protein o subunits has
been of value in dissecting the role ol G proleins in
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signalling pathways®. Both pertussis toxin and cholera
toxin catalyse the addition of an adenosine diphosphate
(ADP) ribose moiety to the o subunit. ADP ribosylation
by pertussis toxin prevents interaction of the o subunit
with the receptor. ADP nibosylation by cholera toxin
inhibits GTPase activity and leads to constitutive
activation of the o subunit. These toxins are specific to
different G protein o subunit types, For instance oi and
ao are modified by pertussis toxin while as is modified
by cholera toxin. Several o subunits such as oz and
members of the aq family are insensitive to both toxins.
Finally ot and oc fall in a distinct class of o subtypes
that are modified by both toxins.

Different members of the o subunit family have been
implicated in the modulation of a variety of signalling
pathways Apart from activating adenylate cyclase os
seems fo activate Ca™ channels and mhbit Na”
channels!% 11, Members of the oq subfamily regulate
phospholipase C isotypes!?. Three properties of the «
subtypes with regard to function are worthy of note.
First, some o subtypes seem to modulate the activity of
several effectors. Second, « subunits can show extreme
specificity in terms of modulating the activity of effector
molecules. For instance, members of the oq subfamily
activate one type of phospholipase C, PLC-f}1, but not
PLC-B2 or other types such as PLC-y or 812 %, Third, «
subtypes that are closely related can still play distinctly
different roles as in the case of the products of
differential splicing from the oo gene—cael and ool o
ol couples the muscarinic receptor to inhibition of Ca™
channels in GH3 cells while @02 couples the
somatostatin receptor to inhibition of the same channels
in these cells’*. One explanation for the non-specific
activity of some o subunits is that some of this activity
is artifactual resulting from assaying in reconstituted
systems. But if these functions are replicated in vivo it
certainly raises questions about the mechanisms that
prevent unwanted cross-talk between pathways mediated
by the same G protein.

Cowparison of the amino-acid sequences of the G
protein B and 7y subunits with other known proteins
reveals little about their role in signalling. One of the vy
subunits shows some homology to a 1as oncogenic
protein!’. The [ subunits of G proteins share a structural
motif that is made up of eight repetitive domains of ~ 40
amino acids, each of which termunates with a tiypto-
nhan-aspartate sequence (WD), This motif is present in
a number of other proteins that arc all potentially
involved in protein-protein interaction'®,

Reconstitution  eaperiments  with  sipgnailing ¢oin-
ponents either iz vizro or in cell hines have been more
productive in identifying some of the roles of the Py
complex in sighal transduction, Clues regacding the role
of GG protein [y complenes have emetged hom dattorent
lines of investigation. They posmt to a role for these
subunits in receptor coupling of the holemenie G protemn
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and o the modulinon ot etiedror tunction, A number of
104 l‘ﬁ"‘d”llihlﬂi ll-llj]ctllthd 1‘]411 lh'l.? ﬁT
COTHPION 1 r;qum:d for reeeptar activabion of the «

subunit 1 er nstance. the By complexy ol GL s required
Strong evidence now

Judies  hasoe

for ot o et act with thodopaa!
Cut s Tor the delton of Goprotemn Py complenes on
cttector moetocules Punitied By complesnes from brain
modulate the actnily of  adenylate coyclase, phos-
phohipase C and K ton channels in the heart™ '™ 1% An
unanticipated rote for the By complex that does not fall
o the fanchione] classgs above is n the mohilization
ol the B adiencrore receplor kinase to membrane bound
roveptors that are phosphorylated by the kinase=". It i
possible that with the 1denttfication of more novel f and
o subunits other tunctions of these subunits will become
apparent Overall, 1t is already c¢lear that a G protem
wiien activated has the capabiluy (0 act throueh both the
¢ ~subunit and the vy subunits. This tniroduces an
additional level of control over the signalling pathways
that receptors actnvate. Thus a single receptor could
activate two different signalling paths. [t 1s also possible
that the action of an « subunit on an cffector can be
modified by a By compley activated by another receptor,

Specificity of G protein action

Knowledge that G proteins. receptors and effectors are
Famidies of motecules with varied structures provides a
ncat  explanation for the complenity of signalling
circuitry in mammalian cells. But the mechanisms that
reculate their interactions are unclear. One mechanism
that brings about specificity of action is cell type
spectfic evpresston of G protein subumit types. For
mstance ate and B3 are present in cone photoreceptors
but not rods?! 22 y3 is present predominantly in the
sanghon cell laver of the retina®. ao is present in
refative abundance m growth cones*'. Although this has
not been demonstrated, distinct  fupnctions ot such
specialized subunmit types could confer unique signathng
properties to these cells.

But many G protein subunit ypes are ubiquitously
expressed and a single cell can possess many different
receptors, Goprotemn subunus and etfectors. If all the
difterent ¢ subunits were equally capable of assoclating
with all members of the B and y subunit families, 1t
would result in an enormous variety of G proten hetero-
trrmers  Fhis raises questions about the wechanisims that
attvuuaie unwanted cross-talk between some pathways
and enhance essential interaction betwecn other path-
wdy s, One such mechanisin could rely on the differental
affimities  that stwenalling components have for cach
other. There iy evidence for scelective association of G
proten B and ¥ subumt typess? 3 Such selectivity in
assoctations  will allow  only  certain holomeinic G
proteins to farm anside a cell even though wmany
different types are present in it. As a result only certain
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signalling pathways can be active i this cell There 15
also indirect and direct evidence for specific interaction
of receptors with 3 and y subtypes. In a cell line where
the somattostatin and the muscarinie receptor are coupled
to Ca' ' channels. inlubitton of expression of certamn f§ or
v subtypes speeifically affected either somatostaun or
muscarinic receptor coupling to the 1on channely:® =7 in
our laboratory. we have examined the ability of Gt made
up of the same o and B subumits but different recombi-
nant y subunits to interact with thodopsin. The different
heterotrimers show signtficant differences in attinity for
rhodopsin indicating that the y subumit has g strong
influcnce on the affinity of the G protem for the
receptor->.

Another device that the ccll could employ to increase
specificity 1s to physically isolate the components of
different signalling pathways, Even 1 a single cell that
expresses more than one subuinit type of a G protemn
these subtypes may be located in different parts of the
cell. Some of the functions of G proteins indicate that
such localization does take place. For nstance, G
protein involvement i endoacytotic and cxocytotic
processes has been shown ? '°. Also, in polarized
epithelial cells, o subunits simtlar to os and v regulate
the sorting of proteins n the trans-Golgi network so that
they are directed to different surfaces’!. These actions of
G proteins require them to be targeted to specific
internal oreanciles where they may perform diverse
functions. In support of this notion there is evidence for
a1-3 presence on the Golgr apparatus and for the
localization of G protein [3 and y subunits to mternal
organelles’ *, It is possible that intracellular
mechanisms exist that regulate both the assembly ot G
protein subunits into a heterotrimer and the appropriate
localization of a holomeric G proteint This question has
not been examined in detail so lar.

Other mechanisms  that determine  specificity  may
depend on the post-ttanslational modification ot the &
protein subumits. The ¢ and y subuitits are modified by
lipid addition. The role of the hipids s not [ully clear
An obvious conjecture, since G proteins are associdted
with membranes 15 that they are necessary lor mem-
branc binding Some of the o subunits which are unini-
stoylated at the amino terminus, do not bind to memb-
ranes or the By complex when they are not maristoyla-
ted™ ¥ Sipudarly, the v subunits  which  awe
isopreny lated at a cysleine at the carboryi terminus do

nol associate with membrancs when not  isopreny -
lated? V. An  exciting  possibility s that  these

modifications of the o« and the 7y subunits are a
mechanism for regulating the level of active G protems
Two strands of evidence support this nouon  the o
subunit of transducin 1s modificd at the amino termoius
by a minture of fany acids with ditlering degrees of
hydrophobicity and consequently different strengths
of binding to the Py complex!™. The v subunit of
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ransducin, 1, 15 present in two forms'®. One form that
is 1soprenylated and another that has the caiboxyl
cystemne removed The form without the farncsylated
cysteine mteracts. poorly with the ot subunit It there
were mechamisms that regulate the proportion of the
different forms of ot or yi, the kinetics of signalling
processes mediated by these  subunits  can  be
stienificantly altered.

The propetties of G protemns outlined above indicate
their potential 1o play an important role in the three
broadly related areas of mammalian biology discussed
below. At present the evidence 1s hinted for the role of
G proteins In signalhing 1 the nervous system  and
development as well as for G piotein mutants being at
e basis of many disease processes, In the tuture we ¢an
anticipate more cvidence for G proten-regulated
pathways playing a direct 1ole in neuronal and develop-
mental signafling  Also, 1t would be surprising f the
intensive focus on the human genome does not implicate
alterattons mm G protein subuntts as a cause for disease
SLALLS

G proteins in ncuronal signalling and
devclopment

Sianalling mn the nervous system 15 immensely complex.
'he properties of G piotens in controliing information
Now mside a cell are enquisiely well suned for their
role m neuronal signalling In seme cases such as Gs,
nore than one signal can trigger off a single G protein
In other cases the same signal can activate more than
one G motem't G protem action on effector molecules
Is also simtar to coupling with reeeptors. In some
instances. one G protem can acl on many ¢ffectors (e g |
() and 1n others the same effector can be activated by
many G ptotemns'= In addition, the potential for both the
¢t subunit and the By complex of a G protein to act on
effectors  muroduces the capacity to  activate 1wo
pathways inresponse to one stenal. 1f G protemns behave
similarly w1 vive they can both integrate signals and also
disseminate imformation in different ways.

Flectiical signalling resulting from the activity of ion
channels 15 an ubiquitous property of neurons, G protein
modulation of son channcls has an inbuilt malleability
that 1s of considerable value 1n the regulation of
membrane currents. The o subunit and the By complex
are active at different concentrations in the modulation
of K channels The By complen is active at higher
concentrations (n comparidon (o the o subumt. But the o
subunit activates fewer channels with a longer lag
ume'®  In a cell, activation of a smaller number of
ieceptors could result in the o subumit acting alone
while the activation of more reeceptors and thus more G
proteins would result in more rapid and luller activation
of ¢hannels G protein action en an jon conducling
channel can also be direet or indirect. Direct action
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would be more rapid but transicnt while indirect action,
which resulted 1n covalent modification of the on
channel protetn would be slower but longer lasting

G protemms can be ewpected to pld}: a role 1n
devcelopment because of their ability to trigger off
ccltular changes The inhibition of growth cones during
the development of nerves has been shown to be
mediated by G proteins Receptor(s) that sense the target
acl thtough pertussis toxin sensttive G protemns-’ Cell
adhesion molecules, N-cadherin and NCAM that induce
morphoiogical dilferentration of PCI2 cells also act
through pertussis toxin sensitive G proteins®®. The
naturc of the receptors and also the G proteins mvolved
in these pathways is of considerable interest Are there
classes of receptors and G proteins with distinet pro-
perties that are involved in developmental signalling”
Not surprisingly G protemn action has now been shown
to be critical for the differentiation of one cell type into
another*?. In this case, teratocarcimoma cells differ-
entlated into endoderm-like cells 1n the presence of
retinoic acid when the expression of the o2 subunit was
reduced by antisense RNA

G proteins in human discase

Grven the widespread regulation of neurobormonal
signalling pathways by G proleins, a variety ol human
dis€ase states can be expected fo result fiom alterations
in these proteins. Choelera, the mfectious discasce that s
life threatening n the devceloping countries resulls from
a bacterial toxin entering intestinal cells and consti-
tutively activating the G protemn, Gs which alfects wate
and salt retention Albright hereditary osteodystiophy, a
rare genetic disorder that 1s charactenzed by several
abnormalities including sheletal defects 15 assocrated
with s mutations . Human pituitary tumours have been
shown to contain s mutants whose G [Pase activity 1y
affected resulting in constitutive activation of the «
subunit'®  Simular mutant forms of o1 are present m
other endocrme tumours'’. A similar mutant form ot oy
has been shown to transform a cell line indicating
oncogenic potential ' These mutant o subunit ty pes are
teminiscent of the matant forms of the ras proteins that
cause oncogenic changes i cells® Other evidence fon
diseases caused Dy aberrant G protem signalling 1s
emcrgimg  The amyloid precursor protem (APP) bas
been shown to be coupled to Go'. Mumant formis of APP
have been implicated in Alzhcimet’s disease whieh s
characterized by piogressive dementia 1n older hunians
Constitutive activation of Go is thus a potenttal cause
for the discase,

An approach towards cluctdating the tole of G proteins
in discase s mappwg the genes for the various memibers
of the «., B and v subunit fanmlics on human chramo-
somes. Most of the genes [or the o subunit (y pes have
been mapped on the mouse and human chromosomes™,
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It venes for G oprotein subumits show hinkage to loci
assoctated waith human diseases it would indicate their
potential role in causine the disease.

Remaining questions

How specific 1s the action of a G protein in a cell? {s it
possible to design and target agents to a specific G
proteint that will accentuate or attenuate its activity?
Such agents can be therapeutic in the case of known
diseases that arg due to aberrant neurchormonal re-
gulation and in the case of disease processes induced by
alterattons 1n a G protein.

Inquiry Into the basis of biological phenomena have
been characterized by bursts of progress following the
ssnthesis and application of novel techniques. ft is
therefore difficult to point out the best strategy to
elucidate the basis of biological signalling. A personal
predilection 15 for a molecular genetic approach where
the effects of structurally altered proteins on native and
reconstituted signalling systems are examined using
biochemical as well as physical techniques.
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