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tion in the embryo appears to be very dif- 
ferent. Here, CPEB and Maskin are mostly 
confined to animal-pole blastomeres, the 
cells that give rise to ectodermal structures 
such as the skin and nervous system. With- 
in these blastomeres, CPEB and Maskin 
and cvclin B mRNA are associated with 
mitotic spindles and centrosomes (IZ), the 
microtubule machinery that separates 
chromosome pairs during the final stages 
of cell division. The abrogation of CPEB 
or Maskin activity by microinjection of an- 
tibodies or dominant-negative mutant pro- 
teins inhibits cell division and induces 
multipolar spindle assembly and accumu- 
lation of excess centrosomes. Importantly. 
injection of a mutated form of CPEB that 
is unable to associate with microtubules 
has little efTect on cyclin B synthesis but 
causes cyclin B mRNA to detach from the 
spindles. This leads to a dramatic decrease 
In cyclin B protein accumulation at the 
sp~ndles and the blocking of cell division. 

Disruption of spindle-associated transla- 
tion of cyclin B mRNA thus appears to 
block normal progression through the cell 
cycle. This unexpected observation sug- 
gests that controlling the location of cyclin 
B production, in addition to regulating the 
time and place of cyclin B destruction, 
may be essential for cells to progress 
through the cell cycle. 

It is unclear whether precise spatial 
control of cyclin mRNA translation is spe- 
cific to early embryonic development, or 
is common to all cells. In early embryos, 
the cells are generally large and the pro- 
duction of mitotic cyclins at their site of 
action (the centrosome and spindle appara- 
tus) may be particularly important for cell 
cycle progression. In smaller somatic cells, 
by contrast, there would appear to be rela- 
tively little need for local translation of cy-
clin B mRNA. However, cyclin B Cdkl is 
capable of modifying an enormous num- 
ber of cellular proteins, at least in vitro. 
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ells are arrayed with a large number 
of surface receptors that enable 
them to recognize and respond to 

neurotransmitters, hormones, odorants, 
and growth factors. When these extracel- 
lular ligands bind to their receptors, they 
activate a cascade of intracellular signals 
that alter effector molecules such as en- 
zymes or ion channels, leading to the gen- 
eration of physiological responses. Many 
plasma membrane receptors belong to the 
extensive G protein-coupled receptor 
(GPCR) family. When bound to their lig- 
ands, GPCRs become activated and inter- 
act with heterotrimeric guanine nucleotide 
binding proteins (G proteins), which dis- 
sociate into Ga and GPy subunits. These 
subunits then amplify and propagate sig- 
nals within the cell-by regulating the 
production of  second messenger 
molecules such as adenosine 3',5'-mono- 
phosphate (CAMP)-resulting in altered 
activity of effector proteins such as en- 
zymes or ion channels. 

There are many GPCRs at the cell sur- 
face that activate different G proteins and 
modulate different downstream effector 
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molecules Moreover. d~fferent GPCRs 
expressed In the same cell can actlvate the 
same G protein and efTector molecule. yet 
elicit completely different physiological 
responses. How, then, do cells manage to 
ensure that one signaling pathway is se- 
lectively and rapidly engaged without the 
activation of other oathwavs? The idea is 
emerging that cells might achieve the re- 
quired specificity and rapidity by organiz- 
ing macromolecular signaling complexes 
in the plasma membrane that contain the 
GPCR, its G protein, the enzyme generat- 
ing the second messenger, and the effector 
protein (see the figure). An elegant exam- 
ple of  how such a signaling complex 
might work is presented by Davare et al. 
on page 98 of this issue ( I ) .  

Stimulation of the P2 adrenergic recep- 
tor (P2AR), a GPCR, by its ligand results 
in activation of a signaling pathway that 
ultimately increases the activity of the L-
type class C calcium channel, Ca, 1.2. 4n 
increase in Ca, 1.2 channel activity results 
in altered contraction of heart muscle and 
modulation of nerve impulses in brain 
neurons. By immunoprecipitating P2AR 
from rat hippocampal neurons, Davare 
and colleagues ( I )  provide evidence that 
P2AR is associated with the central pore- 
forming air subunit of Ca,1.2. This asso- 
ciation appears to be specific for P2AR 

Local translation of this relatively nonspe- 
cific kinase could help to generate critical 
substrate specificity, even in smaller so- 
matic cells. Thus, cell cycle progression 
and patterning during embryonic develop- 
ment may be regulated by the local control 
of mRNA translation as well as by the 
temporal and local control of  protein 
degradation. 
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because the a,,  subunit was not detected 
in immune complexes containing other 
neuronal GPCRs. The authors pinpoint the 
carboxyl terminus of P2AR as the site 
where this receptor interacts with the 
Ca, 1.2 a,,. subunit. They also show that 
PzAR colocalizes with the Ca, 1.2 channel 
at postsynaptic sites (including the den- 
dritic spines) of excitatory neurons. 

Although these results indicate an asso- 
ciation between the P2AR and the Ca, 1.2 
calcium channel, a much more elaborate 
complex presumably exists. Stimulation of 
P2AR results in activation of CAMP-de- 
pendent protein kinase A (PKA), phospho- 
rylation of the a, ,  subunit, and increased 
activity of the Ca, 1.2 channel (1,2). Atten-
uation of channel activity depends on spe- 
cific phosphatases that dephosphorylate 
the a , ,  subunit. Both PKA and the phos- 
phatase PP2A directly associate with the 
a,,  subunit and modulate its activity (2). 
Davare et a1 now demonstrate that the a 
dnd Py G proteln subunlts as well as 
adenylyl cyclase (the enzyme that cat- 
dl) zes CAMP production) also associate 
ulth the a,,  subunlt Thus, P2AR and the 
Ca,1 2 calclum channel presumably as-
semble into a macromolecular complex 
that includes the G protein subunits, 
adenylyl cyclase, PKA, and the counter- 
balancing phosphatase PP2A (see the fig- 
ure). But how does this concoction of pro- 
teins propagate signals within the cell? 

The investigators address this question 
by recording the activity of the Ca,1.2 cal- 
clum channel in rat hippocampal neurons 
before and after activation of P2AR with al- 
buterol. (Albuterol is a selective P2AR ago- 
nist that mimics epinephrine, the natural 
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ligand of P2AR.) When albuterol is applied 
to the whole cell, there is no change in 
Cq1.2 channel activity as measured by a 
patch electrode attached to the neuronal 
plasma membrane. In marked contrast, 
when albuterol is added to the recording 
electrode, thus specifically activating those 
receptors close to the channel, a robust in- 
crease in Cav1.2 channel activity is ob- 
served. These results suggest that assembly 
of the P2AR and Cq1 .2 calcium channel in- 
to a macromolecular signaling complex en- 
sures that the receptor activates only this 
channel. When the full cellular complement 
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was even greater than that induced by addi- 
tion of the full agonist isoproterenol, which 
stimulated the full cellular complement of 
P2ARs. In this respect, it would be instruc- 
tive to see whether isoproterenol added to 
the patch electrode would produce similar 
or greater channel activation than the appar- 
ently robust activation measured with al- 
buterol in the same recording mode. 

The notion that receptors and their 
downstream effector proteins assemble into 
signaling complexes raises several key ques- 
tions. How general is this phenomenon? 
Can the P2AR assemble and modulate the 

ney (5), raising the possibility that multi- 
protein signaling complexes might regulate 
other classes of membrane proteins. Final- 
ly, other proteins that desensitize GPCRs 
associate with agonist-stimulated receptors 
to recruit and assemble complexes contain- 
ing signaling kinases (6-8). 

The Davare et al. work goes beyond ex- 
isting notions of how ion channels are reg- 
ulated by GPCRs. Previous studies have 
shown that when ion channels are activat- 
ed directly by G protein subunits, these 
events are confined to the plasma mem- 
brane (9) .  However, it is commonly as- 
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United w e  signal. (Left) Binding of a ligand (or agonist) t o  a C signaling pathway is nonselective because a single class of receptor can 
protein-coupled receptor (GPCR), such as the P2 adrenergic receptor engage many pathways, and different classes of receptors can activate 
(P2AR). leads to activation of heterotrimeric C proteins (Ca, CPy) and the same downstream effector. (Right) Davare et al. (7) propose a more 
the stimulation of adenylyl cyclase (AC), which increases production of integrated model of CPCR signaling in which, for example, P,AR forms a 
the second messenger molecule CAMP. An increase in CAMP promotes ac- multiprotein complex with specific signaling molecules such as the C a  
tivation of the CAMP-dependent protein kinase (PKA), which activates and CPysubunits, AC, PKA and its anchoring protein AKAP, the phos- 
various downstream effector molecules (active effectors). One such ef- phatase PPZA, and the final effector, the ~ - t y ~ e  calcium channel. Such 
fector is the L-type calcium channel (effector 4) whose activity is modu- multiprotein signaling complexes ensure rapid and specific activation of 
lated by PKA-mediated phosphorylation of its a,= subunit (2). This linear the correct signaling pathway. 

of P2ARs is stimulated, CAMP levels are 
presumably insufficient to elicit Cav1.2 
channel activation. However, when receptors 
in the immediate vicinity of the channel are 
stimulated, the local concentration of CAMP 
is high enough to activate Cq1.2. This ar- 
rangement affords the cell an attractive solu- 
tion to the problem of implementing a spe- 
cific response to one of many GPCRs. 

Besides providing insight into multipro- 
tein signaling complexes, the Davare et al. 
work raises pharmacologically pertinent 
questions that may shed light on the molec- 
ular basis of partial agonism. Do partial ag- 
onists that would normally elicit only a par- 
tial response, such as albuterol, display en- 
hanced efficacy when activating preassem- 
bled complexes (containing the receptor, G 
protein, and effector) compared with "unor- 
ganized" linear signaling pathways? The 
Davare et al. results suggest that this may 
be the case, because stimulation of the 
whole cell with albuterol did not elicit 
Cq1.2 channel activation, whereas addition 
of albuterol to the patch electrode resulted 
in robust channel opening. This response 

activity of other ion channels (such as lig- 
and-gated channels) or transporter proteins 
in neurons? Is the P2AR-calcium channel 
signaling complex restricted to neurons or 
does it assemble in, for example, heart mus- 
cle? A recent report suggests that P2AR-cal- 
cium channel complexes do exist in the 
heart (3). Do all GPCRs that activate ion 
channels form such complexes? What are 
the determinants controlling complex as- 
sembly at the plasma membrane? 

Recent evidence suggests that GPCRs 
form complexes with other signaling pro- 
teins in order to modulate their activity. For 
example, the dopamine D5 GPCR forms a 
complex with the ligand-gated GABA, (y- 
aminobutyric acid type A) channel through 
a direct interaction of its carboxyl terminus 
with the y subunit of the channel (4). This 
interaction is presumably crucial for the re- 
ciprocal modulation of dopamine and 
GABA signaling in hippocampal neurons. 
Furthermore, P2AR interacts with the 
Na+/H+ exchanger regulatory factor 
(NEW), which modulates the activity of 
the Na+/H+ transporter protein in the kid- 

sumed that activation of ion channels 
through second messenger-dependent ki- 
nases such as PKA can be sensed any- 
where within the cell because of the rapid 
diffusion of small second messenger 
molecules. The Davare et al. findings cer- 
tainly challenge the generality of this as- 
sumption. The assembly of complexes that 
contain the receptor and various compo- 
nents of the signal transduction machinery 
(as well as proteins that turn off the signal) 
may provide the cell with an exquisitely 
selective means to engage a specific sig- 
naling pathway in response to the binding 
of a ligand to its GPCR. 
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