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Abstract The a subunit polypeptides of the G proteins G, and G,, stimulate and inhibit adenylyl cyclase, 
respectively. The a, and a,, subunits are 65% homologous in amino acid sequence but have highly conserved GDP/GTP 
binding domains. Previously, we mapped the functional adenylyl cyclase activation domain to a 122 amino acid region 
in the COOH-terminal moiety of the a, polypeptide (Osawa et al: Cell 63:697-706, 1990). The NH,-terminal half of the 
a, polypeptide encodes domains regulating py interactions and GDP dissociation. A series of chimeric cDNAs having 
different lengths of the NH,- or COOH-terminal coding sequence of a, substituted with the corresponding sequence 
were used to introduce multi-residue non-conserved mutations in different domains of the a, polypeptide. Mutation of 
either the amino- or carboxy-terminus results in an a, polypeptide which constitutively activates CAMP synthesis when 
expressed in Chinese hamster ovary cells. The activated a, polypeptides having mutations in either the NH,- or 
COOH-terminus demonstrate an enhanced rate of GTPyS activation of adenylyl cyclase. In membrane preparations 
from cells expressing the various a, mutants, COOH-terminal mutants, but not NH,-terminal a, mutants markedly 
enhance the maximal stimulation of adenylyl cyclase by GTPyS and fluoride ion. Neither mutation at the NH,- nor 
COOH-terminus had an effect on the GTPase activity of the a, polypeptides. Thus, mutation at NH,- and COOH-termini 
influence the rate of a, activation, but only the COOH-terminus appears to be involved in the regulation of the a, 
polypeptide activation domain that interacts with adenylyl cyclase. 
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INTRODUCTION 

G proteins couple specific receptor activation 
with the regulation of effector enzymes and ion 
channels 11-31. G, and G, are two related G 
proteins whose (Y subunits (a, and ai2) are 65% 
homologous in primary sequence [41, share com- 
mon (3y subunits 151, but selectively couple to 
different receptors [2,31. G, functions to stimu- 
late adenylyl cyclase and the synthesis of CAMP, 
while G, functions in part to inhibit adenylyl 
cyclase. The activation and turn-off of G pro- 

N. Dhanasekaran's present address is Department of Phar- 
macology, University of Wisconsin Medical School, Madison, 
WI 53706. 
Received July 22, 1991; accepted July 28, 1991. 
Address reprint requests to Gary Johnson, Division of Basic 
Sciences, National Jewish Center for Immunology and Res- 
piratory Medicine, Denver, CO 80206. 

teins, such as G, and Gi2, involves two indepen- 
dent mechanisms. G protein activation requires 
hormone receptor-catalyzed dissociation of GDP 
from the GDP/GTP binding domain of the a 
subunit. The subsequent binding of GTP to the 
a subunit then induces conformational changes 
that result in (3y dissociation and aGTp regulation 
of specific effector enzymes. The (Y chain polypep- 
tide also encodes a GTPase activity which slowly 
hydrolyzes (kcat - 3-5 min-') the bound GTP to 
GDP resulting in the turn-off of the activated 
complex. In the continued presence of hormone, 
the system will continue through activation and 
inactivation cycles. When hormone is removed, 
the system returns to a basal inactive state 
because of the GTPase intrinsic to the a subunit 
polypeptide. 

Previously, we demonstrated that the adeny- 
lyl cyclase activation domain is encoded within a 
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122 amino acid region (Ile235-Gly355) of the 
COOH-terminal moiety of a, [61. The NH2- 
terminal moiety of the a, polypeptide was shown 
to be involved in regulating the rate of a, activa- 
tion by guanine nucleotides, defining this do- 
main as a modulator of GDP dissociation and 
GTP activation that in part involved interac- 
tions with the py subunit complex. 

In this report, we have characterized a series 
of NH2- and COOH-terminal a subunit chime- 
ras where different regions of a, have been sub- 
stituted with the corresponding region of ai2 
[6-81. Specific mutations at the NH,- and COOH- 
termini of a, have similar but distinguishable 
consequences on the regulation of ct8 activation 
and stimulation of adenylyl cyclase by GTP. The 
findings demonstrate that both the NH,- and 
COOH-termini of the a, polypeptide reguIate 
the “turn-on” mechanism involving GDP disso- 
ciation and GTP activation, while only the 
COOH-terminus selectively regulates the intrin- 
sic activity of the adenylyl cyclase activation 
domain, The GTPase “turn-off’ function is inde- 
pendent of the NH,- and COOH-terminal do- 
mains controlling “turn-on” of the a, polypep- 
tide. 

MATERIALS AND METHODS 

The construction and characterization of the 

a,Q22 7L mutants has been described previously 
[6-8]. All cDNA constructs were verified by DNA 
sequencing and inserted in the Hind I11 site of 
the pCWl expression plasmid 181. Chinese ham- 
ster ovary (CHO) and CHO kin- (PKA deficient) 
[9] cells were transfected by electroporation of 
lo7 cells with 10 p,g plasmid DNA (Bio-Rad Gene 
Pulser; 25 JLF, 1 kV). G418-resistant CHO clones 
were isolated and screened for chimeric ( ~ , ~ / a ,  
and a,Q227L expression by both Northern (RNA) 
[ 101 and immunoblotting 16-81 analyses. Clones 
were chosen for analysis of adenylyl cyclase reg- 
ulation that expressed similar levels of RNA and 
a subunit polypeptides as described previously 
[7,81. No changes in expression of f3y complexes 
or a, subunits were detected relative to wild-type 
CHO cells in any of the clones [7,81. 

OLt(54)/s7 OL,/s(Barn)7 as/1(38), a1(54)s/d(38)7 a~(Barn)/s/1(38)7 and 

Adenylyl Cyclase Activity Measurements 

CHO clones were grown to 75% confluence, 
harvested by scraping, and resuspended in lysis 
buffer (20 mM Tris-HC1, pH 8.0, 2 mM MgCl,, 1 
mM EDTA, 1 mM P-mercaptoethanol, and 0.02 
units/ml aprotinin). Cells were ruptured by 50 

strokes in a Dounce homogenizer kept in an 
ice-water bath. Nuclei were removed by centrif- 
ugation at 1,500g at 4°C for 5 min, and mem- 
branes were then pelleted by centrifugation at  
31 ,OOOg for 1 hr, resuspended in lysis buffer, 
and used for adenylyl cyclase assays. Mem- 
branes (25-30 p,g/20 p1) were added to 80 p,1 of 
reaction mix that contained 50 mM Na-HEPES, 
pH 8.0, 5 mM MgCl,, 0.2 mM EGTA, 1 mM 
P-mercaptoethanol, 0.1 mg/ml bovine serum al- 
bumin, 10 mM creatine phosphate, 10 unitsiml 
creatine phosphokinase, 0.4 mM [cY-~‘P] ATP (20 
cpm/pmol), and either 100 JLM GTP, 100 pM 
GTPys, 10 mM fluoride ion or H20. Reactions 
were incubated for the indicated times a t  30”C, 
stopped by dilution in 1 ml of 1% SDS and 
32 P-CAMP was purified by chromatography on 
Dowex-50 and Alumina. 

For the preparation of cyc- S49 membranes 
the cells were ruptured by nitrogen cavitation 
(700 psi, 20 min on ice) and then treated as 
described above for CHO membranes. Reconsti- 
tution of cyc- S49 membranes with cholate ex- 
tracts of CHO membranes was performed ex- 
actly as described previously [81. 

Cellular CAMP Determinations 

Intracellular CAMP was determined using the 
CAMP [1251] assay system from Amersham Corp. 
using the manufacturer’s protocol. Cells were 
incubated for 10 min in fresh Dulbecco’s MEM, 
10 mM Na-HEPES, pH 7.5, in the presence or 
absence of 500 p,M isobutyl methylxanthine. 
The medium was rapidly aspirated, the cells 
rinsed once with ice-cold phosphate-buffered sa- 
line, and then quick frozen by placing the dish in 
a bath of liquid nitrogen. Cyclic AMP was ex- 
tracted by scraping the cells in 65% ice-cold 
ethanol, vortexing, then centrifuging to remove 
protein. The ethanol supernatants were dried 
and used for CAMP determinations and the pel- 
lets solubilized in NaOH for protein analysis. 

RESULTS 

Five chimeras of as and were characterized 
for their influence on CAMP synthesis in CHO 
K-1 cells (Fig. 1). For controls, the wild-type a, 
and a,2 polypeptides were stably expressed in 
CHO K-1 cells [7,8,101 as well as the a, mutant 
having Gln227 mutated to Leu (aSQ227L), which 
has been shown to be GTPase deficient and 
constitutively activate CAMP synthesis [6,1 I, 121. 
Expression of the wild-type a, or a,2 had little or 
no effect on CAMP levels in the presence or 
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absence of the phosphodiesterase inhibitor isobu- 
tyl methylxanthine (IBMX) relative to control 
CHO cells (Fig. 1B). In contrast, expression of 

stimulated CAMP synthesis. The increased CAMP 
synthesis was, in fact, similar in magnitude to 
that observed with the GTPase-deficient 
a,Q227L mutant. 

No clones were isolated in several indepen- 
dent transfections with the ( Y ~ ( ~ ~ ~ ~ ~ ~ ~ ( ~ ~ )  or ai(54,is,Qz27L 
constructs, even though both have been shown 
to encode functional as polypeptides in transient 

the chimeras ai(541/sl OLs/i(38), and ai(541/s/i(38) 

I 1 
2 2 7  

3 5 5  

COS cell expression assays [61. The a,(Baml,s,,(38) 
and ~ t , ( ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  polypeptides were found to be 
highly active a, subunits capable of stimulating 
cAMP synthesis to levels significantly greater 
than that observed with (Y,/~(~~,,  or a,Q227L 
polypeptides when expressed at similar levels in 
COS cells. The cx,(Bam)ls,,(38) polypeptide has also 
been shown to be a highly robust constitutively 
active a, when expressed in a,-deficient cyc- S49 
cells (Cathy Berlot, personal communication). 
The failure to isolate stably expressing a,(Bam,,si,(38) 
or CHO clones suggested they had the 
ability to stimulate CAMP synthesis to levels 
that growth arrested CHO K-1 cells. In contrast, 
the a,Q227L, a,(541/s, and (Y,,r(38, polypeptides stim- 
ulated CAMP synthesis to more modest levels, 
such that induction of cellular CAMP phospho- 
diesterase activity could apparently overcome 
the CAMP-induced growth arrest 1131. Based on 
the transient COS cell analysis [6], we predicted 

late CAMP synthesis to such levels that the 
induction of CAMP phosphodiesterase was still 
unable to prevent the growth inhibition induced 
by the two constitutively active a, mutants. 

To test this hypothesis, CHO kin- cells defi- 
cient in CAMP-dependent protein kinase activity 
191 were transfected with the various a, mutants 
(Fig. 1C). CHO kin- cells are not growth ar- 
rested by high CAMP levels and cells should 

the mutants ability to robustly stimulate CAMP 
synthesis was the basis for the failure to isolate 
stably expressing clones from transfected cells 
having a functional CAMP-dependent protein 
kinase. Analysis of CHO kin- clones stably ex- 

that a~(Bam)/s/~(38) and a1(541/s/Q227L were to stirnu- 

express the a1(Bam)/s/1(38) and a~(54)/s/Q227L if 

Fig. 1. Activation of cAMP synthesis in CHO and CHO kin- 
cells stably expressing cq2/a, chimeras or the CTPase-deficient 
aSQ227L mutant. (A) Map of the cu,,/a, chimeras and a,Q277L 
point mutant. Numbers refer to the amino acid residues contrib- 
uted by either a,* (black bar) or the 46.5 kDa a, (white bar) 
polypeptides. The cq2 polypeptide is 355 amino acids, whereas 
a, i s  encoded by 394 residues. Measurement of cAMP levels in 
CHO (B) or CHO kin- (C) cells stably expressing the designated 
a,,/a, chimeras or a,Q227L mutants. Cells were assayed for 
intracellular cAMP levels by radioirnmunoassay. Cells were 
incubated for 10 min in the presence (black bar) or absence 
(white bar) of 500 pM isobutyl methylxanthine, a cAMP phos- 
phodiesterase inhibitor. Cells were then fixed and cAMP ex- 
tracted with ice-cold 65% ethanol as previously described 181. 
The data is the mean of duplicate determinations from two 
independent experiments that varied by less than 10%. The 
values obtained are also representative of at least three indepen- 
dent clones isolated for each construct. 
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pressing the ar(541/s/Q227L and a~(Bam)/s/r138) constructs 
demonstrated that both a, mutants were able to 
strongly stimulate CAMP synthesis (Fig. 10. 
The levels of intracellular CAMP in clones ex- 

greater than that observed with the a,(54)is, asQ227L9 

The phenotypic consequence of the various a, 
mutants in CHO kin- cells was generally similar 
to that observed with their expression in wild- 
type CHO cells. Mutants capable of stimulating 
CAMP synthesis in the wild-type CHO cells also 
did so in the CHO kin- cells. In the CHO kin- 
cells, however, basal CAMP levels were signifi- 
cantly higher. This results from lower CAMP 
phosphodiesterase activity and the inability of 
the CAMP-dependent protein kinase deficient 
cells to activate or induce phosphodiesterase 
activity in response to increases in intracellular 
CAMP [9,201. 

The strong activation of CAMP synthesis by 
the a,(54)isiQ227L mutant was shown in transient 
COS cell assays to be additive relative to the 
CAMP levels observed with expression of the 
a,154)is and a,Q227L mutants, alone 161. The basis 
for the additivity of the a,(54)/s and a,Q227L muta- 
tions is that they independently alter the two 
rate-limiting steps in a, activation; the a,(54)1s 
mutation enhances the rate of GTP activation 
(“turn-on”) and the asQ227L mutation inhibits 
the intrinsic GTPase activity (“turn-off ’1. A 
similar additivity of the and a,Q227L was 
observed in CHO kin- cells when both muta- 
tions were placed in the same polypeptide. 

The phenotype of the a1(Bam)isi,(38) polypeptide is 
more difficult to understand. The polypep- 
tide behaves very similarly to wild-type a, [7,141, 
while the a,/,l38) construct is similar to and 
aSQ227L in its ability to stimulate CAMP synthe- 
sis. However, placing both the a,is(Bm) and 
mutations in the same polypeptide resulted in a 
mutant which stimulates CAMP synthesis much 
greater than that observed with expression of 
either mutation alone. The findings with the 
a,lBam)/s/r13B) mutant suggested that inserting the as 
adenylyl cyclase activation domain within the a,, 
polypeptide resulted in release of an intrinsic 
inhibitory function of the a, polypeptide chain 
that was greater than that observed with the 

mutation alone. Interestingly, placing 
the a,,,(38) and asQ227L mutations in the same 
polypeptide (ctsq227L/,(38)) did not mimic either the 

pressing a,(54)/s/Q227L Or %Bam)/s/1(38) was 

ffs/,(38)1 Or a~/slBaml mutants. 

ai/s(Baml/s/i(38) Or ar(541/s/Q227L mutants, but yielded a 

phenotype based on enhanced CAMP synthesis 
that was similar to that observed with the 
a,Q227L mutant alone (not shown). Thus, it 
appeared that placing two activating mutations 
having individually different a, activation char- 
acteristics in the COOH-terminal moiety of the 
a, polypeptide was not additive. However, appro- 
priate mutation of the NH,- and COOH-termi- 
nal a, moieties (i.e., aI(Bam),sil(38)) was strongly acti- 
vating. For this reason, the properties of NH,- 
and COOH-terminal mutants were examined in 
relation to their ability to regulate adenylyl cy- 
clase activity in CHO membranes and reconsti- 
tuted adenylyl cyclase systems in membranes 
from S49 cyc- cells deficient in a, [151. 

Adenylyl Cyclase Activity in CHO Membranes 
Expressing q/q Chimeras 

G, activation of adenylyl cyclase activity was 
assayed in membrane preparations from CHO 
cells expressing different a,/a, chimeras (Fig. 2). 
Activation of G, was achieved with either the 
hydrolysis resistant GTP analog GTPyS or alu- 
minum fluoride. Aluminum fluoride occupies 
the y-phosphate position in the GDP bound 
state of G protein a subunits and rapidly acti- 
vates adenylyl cyclase [161. GTPyS constitu- 
tively activates the a subunit because its y-phos- 
phate is insensitive to GTPase hydrolysis, 
whereas GTP activates poorly because it is rap- 
idly hydrolyzed to GDP. The lag time associated 
with GTPyS stimulation results from the re- 
quirement of GDP to dissociate from the a sub- 
unit guanine nucleotide binding site, allowing 
GTPyS to bind and activate the a, polypeptide. 
This lag time for GTPyS activation is markedly 
diminished by hormone-receptor interaction 
with the G protein which catalyzes the dissocia- 
tion of GDP from the guanine nucleotide bind- 
ing site [2,17,181. 

Appropriate mutation of either the NH,- or 
COOH-terminus of a,, by substitution with the 
corresponding region of the sequence, re- 
sulted in a marked decrease in the lag time 
required for GTPyS to activate adenylyl cyclase 
activity. A similar diminished lag time for GTPyS 
activation was observed for the a,(54)is, a,i1(381, and 

are also activating as mutants in intact CHO 
cells, resulting in a constitutive increase in CAMP 
synthesis (Fig. 1). In contrast, the a,is(Bam, and 
aSQ227L mutants do not show an altered lag 

a1(54)/s/~(38) chimeras’ The a1(54)/s and as/d38J 
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Fig. 2. Time course of fluoride and GTPyS-stimulated adenylyl cyclase activity in CHO membranes expressing the 
indicated C Y , ~ / C Y ~  chimeras or a,Q227L mutant. Adenylyl cyclase activity was measured by using 25 p,g of membranes 
from the appropriate clones in the presence of 10 mM fluoride ion (closed circles), 100 KM CTPyS (open squares), or 
H,O control (open circles). The data is representative of three experiments from two independent membrane 
preparations for each clone. A single representative clone is shown for each construct, but similar results were 
obtained for different independent clones expressing each construct. The lag time to reach maximal adenylyl cyclase 
activity was 5-5.5 min for wild-type, a51,,3sl, and 
a,cj4j,s,,,38j expressing clones. 

and a,Q227L expressing clones and 1.5-2 min for 

time for GTPyS activation relative to control 
CHO cell membranes. This finding indicated 
that the c ~ ~ ( ~ ~ ~ ~ ~  and a,,i(38) mutants similarly mim- 
icked the action of hormone receptors in acceler- 
ating the rate of GDP dissociation and GTPyS 
activation of adenylyl cyclase. Thus, these two 
mutants influence the control of the “turn-on” 
mechanism of G,. The GTPase-deficient aSQ227L 
mutant, which inhibits the “turn-of€” mecha- 
nism for a subunits had no effect on the rate of 

GTPyS activation, indicating the “turn-on” and 
“turn-of€” of a subunit activation is controlled 
by independent domains of the polypeptide. 

To verify that the mutations introduced in the 
ai(54),s and polypeptides were directly influ- 
encing the properties of the mutant a, subunit, 
CHO membrane detergent extracts were recon- 
stituted with S49 cyc- membranes which do not 
express the as polypeptide [151. The cyc- mem- 
brane reconstitution assay directly measures the 
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properties of the a, polypeptide in the detergent 
extract, because the solubilized adenylyl cyclase 
from CHO membranes is denatured, while the 
solubilized G, readily reconstitutes with the 
membranes and functionally regulates the en- 
dogenous cyc- membrane adenylyl cyclase U91. 
Figure 3 shows that the reconstituted a,(54),s, 

a,,,(381, and a~(541,s,,(38) mutants have a decreased lag 
time for GTPyS activation of adenylyl cyclase, 
whereas aSQ227L and a,,stBam) are similar to ex- 
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Fig. 3. Reconstitution of C X , , / ~ ,  chimeric and a,Q227L mutants 
with cyc- S49 cell membranes. Membranes (5 mg/ml) from 
CHO clones expressing the indicated constructs were solubi- 
lized on ice in 1% sodium cholate. Five micrograms of protein 
from the 100,000 x g cholate extract supernatants was mixed 
with 30 pg cyc- S49 membranes for 10 min on ice. Adenylyl 
cyclase activity was then assayed, as described in Materials and 
Methods, in the presence of 10 mM fluoride ion (closed cir- 
cles), 100 pM GTPyS (open squares), or buffer alone. Reconsti- 
tution with heat-inactivated cyc- S49 membranes gave activi- 
ties similar to background indicating that catalytic adenylyl 
cyclase was not contributed by the cholate extract in the assay. 

tracts from membranes expressing only the wild- 
type a, polypeptide. This result unequivocally 
demonstrates that the altered rate of GTPyS 
activation is related to the mutations introduced 
at the extreme NH,- and COOH-termini of the 
as polypeptide. Secondary changes in CHO cells, 
such as altered adenylyl cyclase expression, are 
excluded in the reconstitution assay. Further- 
more, we have previously demonstrated that 
there were no changes in either py or a, expres- 

2000 amE 0 0 I 0  20 

1oow - 

8000. 

6000 . 

Values represent means of duplicate determinations which 
varied by less then 10% and are representative of two indepen- 
dent membrane preparations and experiments. One representa- 
tive clone i s  shown for each construct, but the kinetics of 
adenylyl cyclase activation is representative of reconstitution 
assays from at least two independent clones for each mutant. 
Note the difference in the CAMP synthesis (pmol/mg) on the 
ordinate for the different clones. The lag time to reach maximal 
adenylyl cyclase activity was 4.75-5 min for the wild-type, 
a,,~IRsmj, and qQ227L reconstituted membranes and 0.5-2 rnin 
for the a,lj4)r5, as,,(38l, and a,ijqj ,’,, 1381 reconstituted membranes. 
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sion in any of the clones stably expressing mu- 
tant a, polypeptides [7,8,10]. 

To further support the finding that mutation 
of the NH,- and COOH-terminal a, sequences 
defined by the ai(54),s and mutations affected 
the control of “turn-on” and not “turn-off’ of 
the a, subunit, a kinetic analysis of the intrinsic 
a, GTPase activity was determined in reconsti- 
tuted cyc- S49 membranes (Fig. 4). Measure- 
ment of the time course of propranolol-induced 

3000 1 W!ld.Type 2oo:v. 1000 

0 2 4 6 8 1 0  

2000 

1000 

0 

Fig. 4. GTPase activity of G, proteins from CHO cell mem- 
branesexpressingol,,/a,chimeric andqQ227Lmutants. Cholate 
extracts from membranes prepared from CHO clones express- 
ing the designated constructs were reconstituted with cyc- S49 
membranes as described in the legend to figure 3. CTPase 
activity was estimated by determining the rate at which propra- 
nolol inactivated isoproterenoliGTP-stimulated adenylyl cy- 
clase activity 17,111. At 0 min, adenylyl cyclase was stimulated 
with 10 pM isoproterenol plus 100 pM GTP (closed circles). At 
5 min, one-half of each incubation was mixed with 10 pM 
propranolol (open circles), while the other half of the incuba- 
tion received buffer alone. Isoproterenol-stimulated, GTP- 
dependent adenylyl cyclase activity remained linear over the 10 

inhibition of isoproterenol-stimulated adenylyl 
cyclase activation has proven to be a reliable 
estimation of the rate constant for the GTPase 
“turn-off’ mechanism (k,& [7,111. This method 
has been shown to yield accurate measurements 
of the k,, for the intrinsic GTPase reaction of a, 
and different a, mutants [11,121. Reconstitution 
of wild-type CHO G, in cyc- S49 membranes 
results in a k,, of 5-6 min-’ for propranolol- 
induced inhibition of isoproterenol-stimulated 

5000 - 
a s i i ( 3 8 )  

4000. 

3000. 

5000 - 
O1sO227L 

4000. 
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min incubation. However, when propranolol was added, the 
isoproterenol stimulation was rapidly inhibited and the adenylyl 
cyclase activity in the membranes reconstituted with extracts 
from CHO membranes expressing wild-type, a,,,iBaml, C Y , ~ ~ ~ ) , ~ ,  

and a,1541ir~,,381 polypeptides rapidly returned to basal 
levels, due to the GTPase shut-off function intrinsic to the CY 

subunit polypeptide. In contrast, the adenylyl cyclase activity of 
the GTPase-deficient a,Q227L mutant remained activated after 
propranolol inhibition of the isoproterenol stimulation. The 
CTPase activity of the G, proteins from CHO membranes 
expressing the ~ , ~ / a ,  chimeras is similar to that for wild-type a,, 
whereas the a,Q22 7L mutant CTPase activity is inhibited greater 
than 95%. 
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TABLE I. Adenylyl Cyclase Regulation in CHO Transfectants* 

Lag time to achieve Adenylyl cyclase GTPase 

Clone GTPy S-stimulated V,, v m ,  k,,, - 
minutes pmol/min/mg prot min-’ 

CHO membranes Fluoride GTPyS 
Wild-type 5 146 92 
%s(BamI 5.5 141 85 
%54)/* 2 192 85 
%i1(38) 2.5 269 169 

- 
- 
- 
- 

1.5 385 185 - 
429 257 - 

Wild-type 4.8 53 30 5-6 
ailstbarn) 5 94 48 5-6 
% 5 4 ) i S  2 70 40 5-6 
%Iit38) 1.5 438 190 5-6 
OL(54)/Si1(38) 0.5 457 171 5-6 
a,Q227L 5 458 276 .05-.07 

ai(54)/s/1(38) 

a,Q2 2 7L 5 
Reconstitution with cyc- S49 membranes 

*Membranes from the designated CHO cell clones were prepared and assayed directly or solubilized in 1% sodium cholate, 
which denatures catalytic adenylyl cyclase. Equivalent amounts of protein in the extracts containing the G proteins were 
reconstituted into cyc- S49 membranes. CHO membranes and the reconstituted cyc- S49 membranes were assayed for fluoride 
and GTPyS-reelable adenylyl cyclase activity. GTPase koff measurements were performed with cholate extracts reconstituted 
with cyc- membranes by determining the rate of propranolol inhibition of isoproterenol-stimulated adenylyl cyclase activity in 
the presence of GTP as described in the legend to Figure 4. 

adenylyl cyclase activity. In contrast, reconsti- 
tuted extracts from asQ227L expressing CHO 
cell membranes demonstrated a ko, of approxi- 
mately 0.05 min-’. The slow k,, for the asQ227L 
mutant is a consequence of its inhibited GTPase 
activity [6,11,12]. The adenylyl cyclase assays 
with reconstituted membrane extracts from 

membranes all demonstrated a koR similar to 
that observed with the wild-type a, polypeptide 
(5-6 min-I). Cumulatively, the findings clearly 
demonstrate that the molecular basis for the 
activating NH,- and COOH-terminal mutations 
is different from that of the qQ227L mutant 
whose GTPase activity is inhibited. 

Table 1 summarizes the lag time and V,, for 
fluoride and GTPy S-stimulated adenylyl cyclase 
activity and the k,, for the GTPase activity of 
CHO cell clones expressing the different or, mu- 
tants. A rather striking observation is apparent 
in this analysis. Whereas both NH,- and COOH- 
terminal mutations affected the “turn-on” rate 
for GTPyS stimulation of adenylyl cyclase activ- 
ity, COOH-terminal mutations dramatically in- 
creased the V,, for adenylyl cyclase stimulation 
relative to NH,-terminal mutations. This was 
true not only for the COOH-terminal O L , , ~ ( ~ ~ )  mu- 
tant, but also for the aSQ227L single amino acid 
mutation in the COOH-terminal moiety of the 
or, polypeptide. The increased adenylyl cyclase 

OL,(54)/s7 ors/a(38)7 and %54)/s/i(38) expressing CHo 

V,, observed with activating mutations within 
the COOH-terminal half of the a, polypeptide 
was apparent in membranes prepared from CHO 
cells, as well as when detergent extracts from 
these membranes were reconstituted with cyc- 
S49 membranes. Thus, mutations within the 
NH,- and COOH-terminal moieties of as, which 
functionally stimulate CAMP synthesis in intact 
cells, are distinguishable by their properties of 
adenylyl cyclase activation in membrane prepa- 
rations. This finding is consistent with our pre- 
vious observations that the adenylyl cyclase acti- 
vation domain is localized within a 122 amino 
acid region in the COOH-terminal moiety of the 
a, polypeptide and the NH,-terminal moiety func- 
tions primarily in controlling GDP dissociation 
and py interactions [6,7]. Only mutations in the 
COOH-terminal region affect the adenylyl cy- 
clase activation function of the a, polypeptide. 

DISCUSSION 

The adenylyl cyclase activation domain lies 
within a, residues Ile 235-Gly 355 [61. This 
sequence may be substituted for the correspond- 
ing region within the polypeptide, generating 
the a1(Bam)isi,(38) chimera whose stable expression 
in CHO kin- cells (Fig. 1) or transient expres- 
sion in COS cells [61 causes a marked activation 
of adenylyl cyclase activity. Neither the NH,- 
terminal 60% nor COOH-terminal 10% of the a, 
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polypeptide is required for adenylyl cyclase acti- 
vation. When the a, activation domain is placed 
within the context of the a,, polypeptide, the 
intrinsic regulation of the a, polypeptide is lost 
and the al(Bamiisi,(381 chimera behaves as a strong 
constitutively activated a, mutant. Thus, the 
phenotype of the aI(Bmllsil(3H) chimera is basically a 
stronger version of the chimera, a polypep- 
tide which also constitutively activates adenylyl 
cyclase. 

It is clear from our results that appropriate 
mutation ofthe extreme NH,-terminus (i.e., 
chimera) also constitutively activates the a, poly- 
peptide. We have shown that the mechanism by 
which a,j,(381 and become activated is dif- 
ferent from point mutants such as aSQ227L. 
The a,,,(38) and a,f54)is mutants have an enhanced 
rate of GTPyS activation, but normal GTPase 
activity. In contrast, the aSQ227L mutant has 
an inhibited GTPase activity, but a GDP dissoci- 
ation and GTP activation rate similar to the 
wild-type a, polypeptide. The common pheno- 
typic consequence of an enhanced rate of GTPyS 
activation of adenylyl cyclase activity in mem- 
branes and constitutively elevated CAMP synthe- 
sis in intact cells for the and asI,f381 mutants 
is related to their overlapping functions. Struc- 
tural data for G protein a subunits indicates 
that the NH,- and COOH-termini of the polypep- 
tide are in proximity to each other and oriented 
toward the middle of the molecule [ZO]. Both 
genetic and structural data also indicate that 
the a subunit NH,-terminus has an attenuator 
function controlling the rate of GDP dissocia- 
tion that involves, in part, an association with 
the Py subunit complex [6,21,22]. The COOH- 
terminus is known to be a major contact site for 
receptor interaction [23]. The close proximity of 
the ci chain polypeptide NH,- and COOH-ter- 
mini is consistent with the demonstration that 
receptors have contact sites for Py, as well as the 
a subunit COOH-terminus, and that Py is abso- 
lutely required for efficient guanine nucleotide 
exchange catalyzed by activated receptors 
[1,2,18,24]. It is evident from our findings that 
the and a,/,(38i mutants both markedly di- 
minish the lag time required for GDP dissocia- 
tion and GTP binding, yet they are not function- 
ally equivalent. The asi1(381 mutant stimulates 
adenylyl cyclase activity in the presence of ei- 
ther fluoride ion or GTPyS greater than that 
observed with the chimera. As observed in 
Figure 1, there is also a somewhat higher level 
of CAMP synthesis in clones expressing 

relative to a,f54lis, even though their relative lev- 
els of expression are similar [7,8,10]. 

The increased V,, for adenylyl cyclase activa- 
tion observed with the a,i1(38) chimera was also 
apparent with the GTPase-deficient asQ227L 
mutant. The increased efficiency with which the 
a,Q227L polypeptide activates adenylyl cyclase 
was also observed when this mutant was ex- 
pressed in cyc- S49 cells [I11 or recombinantly 
in E. coli and subsequently reconstituted with 
adenylyl cyclase [121. By analogy with the GDP- 
and GTP-induced conformations of the p21 ras 
protein, whose three dimensional structure has 
been defined [25-271, the mutation of a,  
Gln227+Leu appears to stabilize the conforma- 
tional change that is induced by the binding of 
GTP [6,11,12,271. Stabilization of the GTP acti- 
vated conformation is a probable mechanism for 
the enhanced activation properties of the 
aSQ227L mutant compared with the wild-type a, 
Polypeptide. The enhanced activation properties 
of the a,ii(38i chimera, however, is different from 
that of the a,Q227L mutant because the GT- 
Pase turn-off function of asi1(38i is not inhibited. 
Rather, the mutation of the COOH-terminus 
relieves an inhibition of the a, activation domain 
independent of the intrinsic GTPase activity of 
the (Y subunit polypeptide. The ability of COOH- 
terminal mutations to influence the a, activa- 
tion domain is not unexpected because the 
COOH-terminus is oriented towards the a sub- 
unit activation domain within the polypeptide 
tertiary structure [20,28] and is the major con- 
tact site for activated receptors [23], which func- 
tion to enhance GDP dissociation allowing acti- 
vation by GTP. The proximity of the COOH- 
terminus to the a, activation domain could, 
therefore, influence tertiary conformations to 
alter the intrinsic properties of the a, polypep- 
tide. 

Thus, structural changes induced by the 
COOH-terminal a,i1(38i mutations apparently in- 
fluence two functions: the rate of GDP dissocia- 
tion and the intrinsic activation potential of the 
fluoride ion and GTPyS activated a, polypeptide, 
measured by the regulation of adenylyl cyclase 
stimulation. In contrast, activating NH,-termi- 
nal mutations such as the a,(54iis chimera influ- 
ence the rate of GDP dissociation and interac- 
tions with the f3y subunit complex. These 
findings demonstrate that the NH,- and COOH- 
termini are modulators of a, activation with 
overlapping but distinguishable regulatory func- 
tions. The results substantiate an a, structure 



368 Cupta et al. 

where the adenylyl cyclase activation domain is 
localized within the COOH-terminal moiety, the 
NH,-terminal moiety is involved in Py regula- 
tory functions, and the ends of the polypeptide 
are involved in modulating Py interactions, re- 
ceptor contact, and the activity of the a, activa- 
tion domain. 

REFERENCES 

1. Gilman AG: Annu Rev Biochem 56515-649,1987. 
2. Birnbaumer L, Abramowitz J ,  Brown AM: Biochim 

Biophys Acta 1031:163-224,1990. 
3. Johnson GL, Dhanasekaran N: Endo. Rev 10:317-331, 

1989. 
4. Jones DT, Reed RR: J Biol Chem 262:14241-14249, 

1987. 
5. Cerione RA, Stanisgewski C, Gierschik P, Codina J ,  

Somers RL, Birnbaumer L, Spiegel AM, Caron MG, 
Lefkowitz RJ: J Biol Chem 261:9514-9520. 

6. Osawa S, Dhanasekaran N, Woon DW, Johnson GL: 
Cell 63:697-706, 1990. 

7. Osawa S, Heasley LE, Dhanasekaran N, Gupta SK, 
Woon CW, Berlot C, Johnson GL: Mol Cell Biol10:2941- 
2940,1990. 

8. Woon CW, Soparkar S, Heasley LE, Johnson GL: J Biol 
Chem 264:5687-5693,1988. 

9. Singh TJ,  Hochman J, Verna R, Chapman M, Abraham 
I, Pastan IH, Gottesman MM: J Biol Chem 261:16288- 
16291,1985. 

10. Woon CW, Heasley LE, Osawa S, Johnson GL: Biochem 
28:45474551,1989. 

11. Masters SB, Miller TR, Chi M-H, Chang F-H, Beider- 
man B, Lopez NG, Bourne H R  J Biol Chem 264:15467- 
15474,1989. 

12. Graziano MP, Giiman AG: J Biol Chem 264:15475- 
15482,1989. 

13. Insel PA, Bourne HR, Coffin0 P, Tomkins GM: Science 

14. Masters SB, Sullivan KA, Miller RT, Beiderman B, 
Lopez NG, Ramachandran J ,  Bourne HR: Science 241: 
448451,1988. 

15. Ross EM, Howlett AC, Ferguson KM, Gilman AG: J Biol 
Chem 2535401-6412,1978. 

16. Bigay J ,  Deterre P, Pfister C, Chabre M: FEBS Lett 

17. Ross EM, Maguire ME, Sturgill TW, Biltonen RL, Gil- 
man AG: J Biol Chem 2525761-5775,1977. 

18. Weiss ER, Kelleher DJ, Woon CW, Soparkar S, Osawa 
S, Heasley LE, Johnson GL: FASEB J 2:2481-2484, 
1988. 

19. Sternweiss PC, Northup JK, Smigel MD, Gilman AG: J 
Biol Chem 256:11517-11526,1981. 

20. Johnson GL, Dhanasekaran N, Gupta SK, Lowndes J M ,  
Vaillancourt RR, Ruoho AE: J Cell Biochem submitted, 
1991. 

21. Navon SE, Fung BK-K: J Biol Chem 262:15746-15751, 
1987. 

22. Neer EJ, Pulsifer L, Wolf LG: J Biol Chem 263:8996- 
9000,1988. 

23. Sullivan KA, Miller RT, Masters SB, Beiderman B, 
Heideman W, Bourne HR: Nature 330:758-760,1987, 

24. Fung BK-K: J Biol Chem 258:10495-10502,1983, 
25. DeVos AM, Tong L, Milburn MV, Matias PM, Jancarik 

J ,  Noguchi S, Nishimura S, Miura K, Ohtsubea E, Kim 
S-H: Science 239:888-893,1988. 

26. Pai EF, Kabach W, Krenzel V, Holmes KC, John J, 
Wittinghofer A: Nature 341:209-214, 1989. 

27. Krengel U, Schlichting I, Scherer A, Schuman R, Frech 
M, John J ,  Kabsch W, Pai EF, Wittinghofer A. Cell 

28. Dhanasekaran N, Wessling-Resnick M, Kelleher DJ, 
Johnson GL, Ruoho AE: J Biol Chem 263:17942- 
17950,1989. 

1901896-898,1975. 

191:181-185,1985. 

62:539-548, 1990. 




