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SUMMARY
G8 and G� are heterotnmenc G proteins that stimulate and inhibit,
respectively, the activity of a common effector, adenylyl cyclase.
The G8 and Ga a subunit polypeptides, as and a12, are 65%
homologous in primary sequence. A series of au/as chimeras
and a5 point mutations were used to map sequences in the a�
polypeptide that regulate a8 activity. An amino-terminal region
controlling the activation of a5 was determined to reside within
residues Lys-25 to Glu-1 01 . Amino-terminal aa/as chimeras that
disrupt this region in a� result in an activated a5. In contrast,
replacement of this entire a5 sequence with the analogous a12

sequence produces a chimera whose activity is similar to that of
the wild-type a, polypeptide. The regulation of a5 activation by
the amino-terminal sequence is independent of the intrinsic
GTPase function. Inhibition of a5 GTPase function by the muta-
tion Gln-227 to leucine is additive with the amino-terminal chi-

mera mutations. These mutations appear to independently alter
the two rate-limiting steps in activation of the G protein a subunit,
i.e., GTP hydrolysis and GDP dissociation, allowing subsequent
GTP binding. Within this region of a5, Arg-42 is just amino-
terminal to the G-1 sequence comprising part of the GDP/GTP
binding pocket. The G-1 sequence interacts with the a- and fi-
phosphoryl groups of GDP and GTP. Mutation of a5 Arg-42 to
lysine has modest effects on a5 activation, but when placed in
the background of the glutamine to leucine mutation the
asR42K+0227L mutant polypeptide stimulates cAMP synthesis sig-
nificantly more than observed with a�on7L expression. Specific
mutations in the amino terminus, therefore, have the ability to
enhance a8 activation by influencing the rate of adenylyl cyclase
activation, which is independent of GTPase activity.

Within the GTPase family of proteins, the members referred

to as G proteins provide a signal transduction coupling mech-
anism for many cell surface receptors (1 , 2). G proteins are

responsible for regulating an intracellular effector, such as an

ion channel or an enzyme, in response to an activated receptor
(3, 4). G protein a subunits bind GDP and GTP. Receptors
coupled to specific G proteins catalyze GDP dissociation, allow-

ing GTP to bind. The a-GTP complex in turn regulates the

activity of specific effectors. The lifetime of the activated a-

GTP complex is controlled by an intrinsic GTPase encoded in

the a subunit that hydrolyzes the bound GTP to GDP, return-

ing the a subunit to an inactive state (5).

Among the 20 or so G protein a subunits whose sequences
have been defined, there are both common and unique functions

for each encoded in the structure of the a chain polypeptide.

The common features include the functions involved in regu-

lation of the a subunit itself, 1) GDP/GTP binding domains,

2) intrinsic GTPase activity, and 3) binding sites for association
with �“y subunits. The unique functions for each a chain include
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1) selectivity for regulating specific effectors and 2) coupling to

specific receptors.

Two G protein members, G8 and G, regulate the common

effector adenylyl cyclase but couple to different receptors. G�

activates and G1 inhibits adenylyl cyclase activity (6). G8 and

G12 a subunit polypeptides are approximately 65% identical in

amino acid sequence (4, 7). For this reason the a8 and a12
polypeptides have proven to be extremely valuable for charac-

terizing both the common and unique functions of G protein a

subunits by chimera and amino acid mutation analysis.

We previously showed that the chimera aI(M)/9, which has the

amino-terminal 61 residues of a5 replaced by the corresponding

amino-terminal 54 residues of a,2, was a strong activator of

adenylyl cyclase, compared with the wild-type a8 polypeptide

(8-12). Properties of the a1(u)/, chimera, compared with the

wild-type a8 polypeptide, include 1) an accelerated rate of

adenylyl cyclase activation in the presence of GTP, 2) altered

regulation of GTP activation by �-y subunit complexes, 3)

normal GTPase activity, and 4) normal coupling to the �3-

adrenergic receptor (8-12). Consistent with the a,(M)/1 chimera

having a change in the regulation of activation by guanine

nucleotides was the finding that its activation characteristics
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were independent of the intrinsic a8 GTPase function. To more
precisely define the amino-terminal region ofthe a8 polypeptide

responsible for regulation of a8 activation by GTP, we have

constructed a series of a12/a8 chimeras. These chimeras are

similar to aI(54)/8 in that they each have portions of the amino-

terminus of a8 replaced by the analogous region from a12. We

examined the ability of these various a12/a8 chimeras to activate

adenylyl cyclase, compared with the wild-type a8 polypeptide,
when transiently expressed in COS-1 cells. Using this strategy
regions of the a1 polypeptide that control activation by guanine

nucleotides independently of the GTPase function have been

defined.

Materials and Methods

Construction of aj2/a. chimeras. To construct the a12/a, chimeras

a previously described PCR strategy was used (11). Briefly, for 01(57)/, a
cDNA fragment was synthesized containing the 105-base pair 5’ non-

coding sequence and the first 17 codons of a12 using the oligo-

nucleotides CCAAGCTTGAGAGCTTCCCGCAGAG (5’ primer) and

TGCTTCTCGATCTTCTTAGAGCGCTCGG (3’ primer) and the rat

a2 cDNA as a template. The cDNA product encoding a, residues 25-

144 was synthesizedby PCRusingtheoligonucleotidesCCGAGCGCTC-

TA AGAAGATCGAGAAGCA (5’ primer) and ATAGAATTCAGG-

TGGGAA (3’ primer) and the rat a, cDNA as a template. The internal

complementarily of the a12 3’ primer and the a, 5’ primer was used to

anneal these two products into a chimeric cDNA with a second PCR
reaction, using the a12 5 ‘ primer and the a, 3 ‘ primer oligonucleotides.

This product encodes a Hind!!! site at the 5’ end and an EcoRI site at

the 3’ end. The chimeric cDNA was digested with HindIII and EcoRI

and shuttled into pUC18 for sequence analysis. The HindIII-EcoRI
fragment was then ligated with the EcoRI-HindIII fragment of a,,

which encodes amino acids 145-394 and the a, 3’ noncoding sequence.

The product was verified by restriction enzyme analysis and DNA

sequencing.

Additional chimeras were constructed using this PCR strategy. The

a�2 fragments for a(27)/,, a�(34)/,, a(79)/,, a1(�)/,, and aI(,re)/, were each

synthesized using the a12 5’ primer oligonucleotide described above

and the 3’ primers GCCCGGTAGACCTGGCCGTCCTCCCGCA,

AGCAGCAGGCGCACCTCCCGTGCCG, ATGGTTTCAATGGCCT-
GGATGGTGTTGC, TTGGCCAGCTCCACGTCCATCTGCAGGT,
and TTCATCACGCTCAGTGCGAACAGCTGCC, respectively. The

a� fragments for the chimeras a(27)/,, a1(�)/,, a�(79)/,, a(94)/,, and �

were synthesized using the a, 3 ‘ primer described above and the 5’
primers TGCGGGAGGACGGCCAGGTCTACCGGGC, CGGCACG-

GGAGGTGCGCCTGCTGCTGCT, GCAACACCATCCAGGCCATT-
GAAACCAT, ACCTGCAGATCGACGTGGAGCTGGCCAA, and

GGCAGCTGTTCGCACTGAGCGTGATGAA, respectively. Each

PCR product was verified by DNA sequencing.

The various au/a, chimeras were placed in combination with the

point mutation a.Q227L using a similar strategy as described above. The

chimera cDNA was digested with HindIII and EcoRI and ligated in a

three-piece ligation with the EcoRI-HindIII fragment from a,Q227L,

which encodes amino acids 145-394 (containing the Q227L mutation)

and the a, 3’ noncoding sequence, and HindIII-digested pCW1 expres-

sion plasmid. Ligations were verified by restriction analysis.

The plasmid a./1(35) described previously (13), which encodes a, amino

acids 1-356 and a12 residues 320-355 (replacing the carboxyl terminus

a� residues 357-394), was digested with EcoRI and Hind!!!. The re-

suIting fragment (0.95 kb), which encodes a, residues 145-356 and a2

residues 320-355, was isolated and used to construct the new chimeras
listed in Fig. 5A. For example, a(,7)/, was digested with EcoRI and

HindIII and the fragment (0.54 kb) encoding a12 residues 1-17 and a,

residues 25-144 was isolated and used in a three-piece ligation with the

fragment described above (a, residues 145-356 and a12 residues 320-

355) and pCW1 linearized with HindIII. Proper construction and

orientation of each new chimera were verified by restriction enzyme

analysis.

Site-directed mutagenesis. Point mutations in a, were con-

structed using the Promega Altered Sites in vitro mutagenesis system.

All the mutations synthesized were verified by DNA sequencing. The

large form of a,, encoding the 46.5-kDa a, polypeptide, was used for all

of the constructions.

Expression analysis of a chains. For immunoblots, 70 �g of

membrane protein from transfected COS-1 cells were resolved on a

sodium dodecyl sulfate-polyacrylamide gel (10% acrylamide), trans-

ferred to nitrocellulose, and probed with an a,-specific antibody. The

blots were washed with “SI-Protein A and autoradiographed as de-

scribed previously (12, 13). The expressed a subunits were found to be

membrane associated, with little or no soluble form detected for any of

the constructs.

cAMP assay. The expression plasmid pCW1 (13) was used for

transfection of cDNAs in COS-1 cells using DEAE-dextran (14). Cells

were analyzed 65 hr after transfection. For cAMP measurements cells
were incubated for 10 mm at room temperature in the presence of 500

zM isobutylmethylxanthine. Cellular cAMP was extracted with 2 ml of

ice-cold 65% ethanol and lyophilized. cAMP levels were measured using

an Amersham radioimmunoassay kit, according to the manufacturer’s

instructions (15). We have extensively characterized this assay to

demonstrate that cAMP measurements, in the presence of the phos-

phodiesterase inhibitor isobutylmethyixanthine, are a reliable assay of

the adenylyl cyclase activity in intact transfected COS-1 cells (11-13,

15). The measurement of cAMP levels and immunoblotting therefore

provide a quantitative way to evaluate the functional activity of the

expressed a, polypeptides. The results shown in each figure are from a

single experiment, but the measurements are representative of at least

five independent transfections and cAMP measurements for each con-

struct. The range of duplicate determinations is shown for each con-

struct in the figures; the determinations generally differed by <5% of

the mean.

Adenylyl cyclase assay. COS-1 cells were transfected as described
previously, and 65 hr after transfection the cells were harvested and

membranes were prepared. For measurement of adenylyl cyclase activ-

ity 20 ;zg of membrane protein were incubated at 30� in 100 jzl of a

reaction mixture that included 50 mM Tris . HC1, pH 8.0, 2.5 mM MgCl2,

1 mM EDTA, 0.01% bovine serum albumin, 2 mM dithiothreitol, 1 mM

isobutylmethylxanthine, and 0.4 mM Na2ATP. The reaction was started

by the addition of 100 �zM GTPYS after a preincubation of 5 mm and

was stopped at specific time points by the addition of 1 ml of 65%

ethanol. The samples were dried and cAMP was measured with an 1251

radioimmunoassay kit, according to the manufacturer’s instructions

(15). The results shown are from a single experiment but are repre-

sentative of three independent transfections and adenylyl cyclase as-

says.

Results

We have constructed a series of a,2/a, chimeras (Figs. 1A and
2A) and defined their ability to stimulate cAMP synthesis. The

chimeras have portions of the amino terminus of a, replaced

by the analogous residues from a12. For example, in a,(,7)/, the

first 24 residues of a, are replaced with the first 17 amino-

terminal residues of a,2. Figs. lB and 2B show the ability of the

various a12/a, chimeras to stimulate cAMP synthesis, relative

to the wild-type a, polypeptide. Substitution of the first 24

residues of a, with the corresponding 1 7 residues of a12 (there

are seven unique a, amino acids at the amino terminus that are

absent in a12) had no discernible influence on the ability of the

chimeric a, polypeptide to stimulate cAMP synthesis, relative

to that observed with the wild-type a5 polypeptide (Fig. 1B). It

is important to note that overexpression of the wild-type a,

polypeptide increases cAMP synthesis, relative to the control
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mock-transfected cells. In the presence of a phosphodiesterase

inhibitor to prevent cAMP degradation, we previously showed

that this accurately reflects the synthesis of cAMP by adenylyl

cyclase. All of the au/a, chimeras we have expressed are func-

tional a, polypeptides and have intrinsic cAMP synthesis prop-

erties similar to or greater than those of the wild-type a,

polypeptide. Comparing the a, residues 1-24 with the substi-

tuted a12 sequence 1-17 found in a1(,7)/,, there are six noncon-

served residues and seven unique a, amino acids whose substi-

tution or loss had no dramatic influence on the activation of

cAMP synthesis. The a,(27)/5 sequence has four additional non-
conserved amino acids, relative to the a(,7)/, sequence, when

both are compared with a,. The a1(27)/, chimera had modest

effects on cAMP synthesis, relative to expression of the a,

polypeptide. Additional mutation of the a, amino terminus

found in a�(34)/, also produced only a modest increase in cAMP

synthesis, relative to wild-type a, or a(,7)/,, when similar levels

of expression were obtained (Fig. 1B). Within the a, residues

1-41 and the corresponding a12 sequence 1-34 there are a total

of 16 nonconserved residues, six more than are present in the

aI(27)/, chimera. The modest effects observed with the a�(27)/, and

Fig. 1. A, The relative contribution of a, (0)
and a� (U) is shown for each ac/a, chimera.
Each chimera has portions of the amino
terminus of a, replaced by corresponding
residues of ac. For example, a�i7ys is a
chimera that contains the amino-terminal
1 7 amino acids of a� (replacing the amino-
terminal 24 residues of a,) linked to a,

residues 25-394. B, Chimeras were tran-
siently expressed in COS cells and cAMP
levels were measured as an indication of
adenylyl cyclase activation in the trans-
fected cells. Sixty-five hours after transfec-

� p � tion the cells were incubated at room tem-

.::: .z: d� .�: perature for 10 mm in the presence of 500
::� � � � MM isobutylmethylxanthine, a cAMP phos-

� � -:� -::: phodiesterase inhibitor, and then fixed in

0 0 � � ethanol and cAMP levels were measured
� � � � by radioimmunoassay as described in Ma-
;:� ;::� ;::� � tenals and Methods. C, Immunoblots, using

anti-a, antisera, of COS-i cells transfected
with wild-type a, or chimeras showed an
overexpression of each of the chimeras.
none, COS-i cells transfected in the ab-
sence of a subunit cDNA.

aI(34)/, chimeras, relative to wild-type a, or aI(,7)/, suggest that

the mutations introduced have little effect by themselves on

the regulation of cAMP synthesis.

Remarkably, expression of the a1(�)/, chimera dramatically

stimulated cAMP synthesis, compared with the a(34)/, polypep-

tide (Figs. lB and 2B). The stimulation of cAMP synthesis

resulting from expression of the a1(M,/, chimera resulted from

an increased rate of GTP activation, resulting from enhanced

GDP dissociation from the mutant a subunit polypeptide (11,

12). The only amino acid differences between a,(34)/, and a,(54)/,

are two conserved arginine to lysine substitutions between a,

and a�2 at residues 42 and 61 in the a, sequence. The a1(54)/,

chimera was reproducibly 3-6 times more effective, depending

on the experiment, in its ability to stimulate cAMP synthesis,

compared with similar expression of the wild-type a, polypep-

tide. The previously characterized a�(�)/, polypeptide was the

only other chimera with activation potential similar to that of

a�(54)/, (11).

Larger a1/a, chimeras such as a,(94)/, and a�(,�)/, were func-

tionally similar to wild-type a, in their ability to stimulate

cAMP synthesis (Fig. 2B). The a1(94)/8 and � chimeras were
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Fig. 2. A, The relative contribution of as

(0) and a0 4 �5 shown for each ac/as

chimera, as described in the legend to
Fig. 1A. B, Chimeras were transiently
expressed in COS cells and cAMP 1ev-
els were measured as described in the

p � legend to Fig. 1 B. C, Immunoblots, us-
.� �; ing anti-a5 antisera, of COS cells trans-
� ± fected with wild-type a5 or chimeras
.� c;; showed an overexpression of each of
�5 2 the chimeras. none, COS-1 cells trans-
� � fected in the absence of a subunit
;::� ‘- cDNA.

P_PU,P _9 _P �

� 0 � g� �

p

258 Russell and Johnson

_________ICOOH(Is NH2I 1#{149}394

1cl(54), � � 82.394

�(94 �11�94 �,lll.3Q4

0,(109)/s #{176},1�1O9#{176}�132#{149}394

a502271 � I I

�‘i(79)/sO227L � I I

�‘i(94)/sO227L � I I

�‘,(109)/sO227L I I

#{176}i(54)/s02271 �

a
i2

1.355

C

0

2
0.

(1000

p p g p P p
0 � U’ -. -#{149} �
� 0 ; � .-J �0

0 � � 0 � .�
�‘1 � �O -
F- � � 0 (1’

U, �;; 0 0
ro r�
r�, �
-J -J

1� I-

0
‘0

U,

0
Pt)

expressed at levels similar to those of aI(54)/, (compare Figs. 1C

and 2C) and encode an even larger number of nonconserved

amino acid substitutions. However, they were not constitutively

activated. Cumulatively, the findings suggest that the func-

tional domain controlling a, activation by GTP resides within

a boundary beginning at a, residue Lys-25 and ending before

Pro-116. Disruption of this regulatory domain by mutation,

similarly to the a1(54)/, chimera, results in release of an inhibitory

function, resulting in activation of the chimeric polypeptide.

To further characterize the boundaries within the amino-

terminal regulatory domain controlling GTP activation of a,,

the chimeras were placed in combination with the mutation of

Gln-227 to leucine (Q227L). The a,Q227L mutation inhibits the

intrinsic GTPase activity by >95% (5, 16, 17). The a1(54)/,

chimera has normal GTPase activity (8-12). Placing the Q227L

mutation within the a1/a, chimeras allows an amplification of

the activation state of mutations that enhance GDP dissocia-

tion, because the GTPase turn-off mechanism is inhibited (5,

16, 17). For example, the mutant a, polypeptide encoding both

a�(54)/, and a,Q227L mutations is generally additive or more than

additive in the ability to activate adenylyl cyclase, relative to

the mutant aI(54)/8 and a8Q227L polypeptides alone. The greater

activity is related to the fact that aI(M)/, and a,Q227L mutations

influence the rate of GTP activation and GTPase turn-off of

the a,GTP complex, respectively, the two rate-limiting deter-

minants in G protein a subunit regulation of effector enzymes.

Figs. lB and 2B show that the combined mutations a�(17)/

sQ227L, aI(27)/,Q227L, a�(79),,Q227L, aI(94),,Q227L, and aI(109)/,Q227L were all
similar in their ability to stimulate adenylyl cyclase, relative to

a,Q227L alone. This finding confirms that these amino-terminal

a1/a, chimeras do not significantly influence regulation of a,

activation by GTP. These results contrast with those for the

ai(54)/,Q227L polypeptide, which strongly activated adenylyl cy-

clase, relative to either aI(54)/, or a,Q227L alone. A dramatic result

was the finding that ai(34)/,Q227L activated adenylyl cyclase to

similar levels as did aI(54)/8Q227L, even though a1(34)/, was similar

to a, in its activation of cAMP synthesis. This result indicates

that inhibition of the intrinsic a, GTPase activity amplifies the

phenotype of the a�(34)/, chimera because it allows accumulation

of the GTP-liganded complex, which is required for stimulation

of cAMP synthesis. The aj(79)/,Q227L construct further narrows

the boundaries for the amino-terminal domain, relative to
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Fig. 3. A, Alignment of amino acid sequences of the
amino-terminal portions of a5 and ac, with point mu-
tations made in a5 underlined. B, Mutant a, polypep-
tides were transiently expressed in COS cells and
cAMP levels were measured as described in the leg-
end to Fig. 1B. C, Immunoblots, using anti-a5 antisera,
of COS cells transfected with wild-type a, or mutant
a5 showed similar levels of expression of each of the
mutant a, polypeptides. none, COS-1 cells trans-
fected in the absence of a subunit cDNA.
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aI(94)/,. For unknown reasons, the ai(79)/,Q227L polypeptide was

efficiently expressed (Fig. 2C), whereas aI(79)/, polypeptide

expression was not detected. Thus, the amino-terminal regu-

latory domain is between Lys-25 and Glu-lOl.

To further elucidate important residues in the a, amino-

terminal regulatory region, point mutations were made to sub-

stitute several a, amino acids with their counterparts in a12.

Fig. 3 defines these mutations, which included switching of a,

Arg-38 to alanine (R38A), double mutation of Lys-32 and -34

to glutamate and glycine, respectively (KK32,34EG), mutation

of Arg-42 to lysine (R42K), and mutation of Arg-61 to lysine

(R61K). Residues a, Arg-42 and Arg-61 are the only two amino

acid differences between a1(�)/, and aI(M)/,; these two residues

are lysine in aI(54)/,, corresponding to the a�2 sequence (Fig. 3A).

Expression of the four mutant a, polypeptides indicated that

only a,�2K was possibly weakly activating in terms of enhanced

A.

cAMP synthesis, relative to expression of the wild-type a,

polypeptide (Fig. 3B). All of the chimeric polypeptides were

expressed at similar levels (Fig. 3C). The a,Q227L polypeptide

was frequently found to be expressed at slightly lower levels.

This did not appear to be due to its presence in the cytoplasm,

as determined by immunoblotting (data not shown).

Placement of the a,R42K mutation in combination with the

a,Q227L mutation in the same polypeptide (a,,�2K+Q227L) yielded

an a, that was able to stimulate adenylyl cyclase activity to

levels similar to those observed with a1(54)/,Q227L (Fig. 4B). This

finding indicated that mutation of Arg-42 to lysine was suffi-

cient to alter the regulation of GTP activation if the mutation

was placed in an a, polypeptide whose GTPase activity was

inhibited. Arg-42 is just upstream of the consensus G-1 binding

domain (GAGESGKS) that is involved in binding the a- and

fl-phosphoryl groups of GDP and GTP (1, 18). Interestingly, a

32 34 38 42
as MCGLGNSKTEDQRNEEKAQREANKK I EKQLQKDKQVYRATHRLLLLGAGESGKS
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a5 TIVKQM�ILHVNGFNGEGGEEDPQAARSNSDGEKATKVQDIKNNLKEAIETIVA
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adenylyl cyclase regulation, membranes were prepared from

transfected COS cells. The time-dependent activation of ad-

enylyl cyclase in the presence of GTP’YS was then determined

(Fig. 5). The a,R42K mutation in the presence of the a,Q227L

mutation decreased the time required to reach maximal aden-

ylyl cyclase activation, compared with a,Q227L alone. Thus,

introduction of the R42K mutation in the same polypeptide as

the Q227L mutation altered the rate of a5 activation, similar to

what was previously observed with the a�(54)/8 chimera (8, 9, 11,

12). However, the R42K mutation alone was not sufficient to
activate a, in the absence of GTPase inhibition. This contrasts

with the a�(54)/, chimera, which strongly activated cAMP syn-

thesis in the absence of the Q227L mutation. Cumulatively, the

ences the regulation of a, activation.

We additionally constructed a series of chimeras that placed
the previously described a12/a5 chimeras in combination with

an a,2 substitution at the carboxyl terminus, which replaces a,

residues 357-394 with the analogous a12 residues 320-355 (Fig.

GA). The chimera aI(17)/8/I(38) was similar to wild-type a, in its

ability to stimulate cAMP synthesis, whereas a1(27)/,/1(�) was

slightly activating (Fig. 6B). The chimera a�(34)/,/1(�) had an

activated phenotype (Fig. 6B), and the previously described

aI(54)/,/1(38) (9) was an even stronger activator of adenylyl cyclase.

An interesting result was found with the larger amino-terminal

chimeras, which alone behaved essentially as wild-type a, but

in combination with the carboxyl-terminal a12 substitution

become very strongly constitutively activated. The chimeras

aI(79)/,/1(38), a�(94)/,/1(38), aI(109)/,/1(38), and previously described

ai/s(Bam)/i(38) (9) each activated adenylyl cyclase to levels similar
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Fig. 4. A, Diagram of the double-point mutant asR42K+0227L. B, Mutant a5

polypeptides were transiently expressed in COS cells and cAMP levels
were measured as an indication of adenylyl cyclase activation in the
transfected cells, as described in the legend to Fig. lB. C, Immunoblots,
using anti-a5 antisera, of COS cells transfected with wild-type as or
mutant a, showed similar levels of expression of each of the mutant a5

polypeptides. none, COS-1 cells transfected in the absence of a subunit
cDNA. Immunoblots for other constructs are shown in Fig. 3.

similar phenotype was observed with a1(34)/, and the aI(34),,Q227L

chimeras.

To demonstrate the influence of the a,R42K mutation on

Minutes

Fig. 5. A, The time-dependent activation of adenylyl cyclase by GTP’yS
with a5 (0) versus asR42K (#{149})was measured as described in Materials
and Methods. B, The time-dependent activation of adenylyl cyclase by
GTP’YS with a�Qn7L (0) versus (X5R42K+0227L (#{149})was measured as de-
scribed in Materials and Methods. The time required to reach V�, was
estimated by extrapolation of the maximal rate to the time line (- - -).
For a5, asQfl7L and aSR42K the time to reach V� was approximately 2.5-
2.75 mm. The time to reach V�, for the asR42K+o�7L-expressing mem-

branes was approximately 1 .5 mm.

findings indicate that Arg-42 is important but is not the only

amino acid residue in the extreme amino terminus that influ-
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Fig. 6. A, The relative contribution of as (0) and ac (B) is shown for each
chimera, as described in the legend to Fig. 1A. B, Chimeras were
transiently expressed in COS cells and cAMP levels were measured as
described in the legend to Fig. 1B.
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1 -355

to those seen with the strongly activating aj(54)/5Q227L chimera

(Fig. 6B). Thus, mutation at both the amino- and carboxyl

termini within the same polypeptide confers a strongly consti-

tutively activated a, activity.

Discussion

The rate-limiting steps that control G protein regulation of

effectors are 1) GDP dissociation from the a subunit, allowing

subsequent GTP binding and activation, and 2) hydrolysis of

the bound GTP by the intrinsic GTPase activity encoded in

the a subunit, returning the a subunit to an inactive a-GTP

complex. The consensus sequences among G protein a subunits

involved in controlling GTPase activity have been defined (1,

18). Much less is known about the sequences involved in

regulating GDP dissociation, a function that is regulated by G

protein-coupled receptors and the fl-y subunit complex (4).
Substantial evidence suggests that the extreme carboxyl ter-

minus of G protein a subunits functions as a major regulatory

site for receptor-catalyzed GDP dissociation (2, 19). Appropri-

ate mutation or truncation of the carboxyl terminus may lead

to receptor uncoupling or enhanced GTP binding and activa-

tion (2, 15). Additionally, pertussis toxin-catalyzed ADP-ribo-

sylation of a,-like proteins at a cysteine four residues from the

carboxyl terminus results in receptor uncoupling (20, 21).

The a subunit amino terminus appears to be a region in-

volved in regulating interactions with the fry subunit complex

(11, 22). Our work with the a12/a, chimeras and a, point

mutations confirms that specific sequences in the a, amino-

terminal region control activation of the a, polypeptide (9, 11,

12). We have now defined this a, region as surrounding the G-

1 sequence involved in forming the GDP/GTP binding site (1,

18, 23). Fig. 7 shows the regulatory sequence surrounding the

GAGESGKS sequence comprising the G-1 region. The G-1

sequence is involved in binding the a- and f3-phosphoryl groups

of GDP and GTP (23). With the a�(�)/, chimera we have shown

that the ability of �3�y subunit complexes to inhibit the rate of

GTPyS activation of adenylyl cyclase is significantly dimin-

ished, relative to that of the wild-type a, polypeptide (24). This

finding indicates that appropriate mutation in this regulatory

region does indeed influence the ability of �3’y subunits to

regulate a, activation, without influencing the GTPase function

of the a, polypeptide.

The amino-terminal a subunit sequence defined within a,

residues Lys-25 to Glu-lOl (corresponding to a12 residues Met-

18 to Gln-79) may be functionally switched between a, and a12

with maintenance of a wild-type-like a, polypeptide. However,

mutation within this region results in the loss of normal regu-

lation. This is particularly apparent with the a(34)/,, a1(54)/,, and

aI(54)/, chimeras (Fig. 7) (11). Short stretches of a12 sequence up

to approximately 17 amino acids or large amino-terminal a�2

sequences of 79 or more amino acids result in a wild-type-like

a, chimeric polypeptide, because the regulatory region is left

intact and is able to properly control regulation of a, by guanine

nucleotides.

A critical residue appears to be a, Arg-42. Mutation of a,

Arg-42 to lysine, a conserved substitution present in a12, has

very modest influences on the activity of the mutant a,, relative

to the wild-type a, polypeptide. When placed in a background

of inhibited GTPase activity (a,Q227L) the R42K mutant acti-

yates adenylyl cyclase as effectively as does the a1(54),,Q227L

construct. This indicates that the R42K mutation alone has

only modest effects but when the intrinsic GTPase activity is

inhibited the mutant a, has an increased ability to accumulate

in an activated GTP-liganded state. The difference in basic

charge distribution between the arginine and lysine side chains

at a, residue 42 is sufficient to induce this change in regulation

of the a, polypeptide by guanine nucleotides. Recently it was

shown that mutation of Lys-35 to glutamate in the a0 polypep-

tide reduced the affinity of the mutant a0 for guanine nucleo-

tides (25). This finding is consistent with our results showing

that amino acids flanking the G-1 domain influence the binding

of GDP and GTP. Our results demonstrate that a more subtle

mutation in a,, Arg-42 to lysine, can have dramatic effects on

the regulation of effector enzymes by the mutant a subunit,

but only in a background of inhibited GTPase activity.

At the carboxyl-terminal side of the highly conserved G-1

region is a second arginine to lysine substitution between a,

and a12 polypeptides (a, Arg-61 and a12 Lys-54). Mutation of a,
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COOH

ai(79)/s/i(38) ‘‘*5.,

a�(94)/S/�(38)

ai(lO9)/S/i(38)

Fig. 7. Diagram of the a� polypep-
tide. Highlighted by diagonal lines
is the regulatory region, which con-
tains Arg-42 and the G-1 binding
domain, which is involved in a/fl-

phosphoryl binding. The portions
of a5 that are replaced by the anal-
ogous ac sequence in various chi-
meras are shown by black boxes.
5, Increased adenylyl cyclase activ-
ity of the chimeras, relative to wild-
type a5 (‘, slightly activating;
strongly activating). Also shown
are the effector activation domain
and the region involved in receptor
coupling.

. Denotes increased activity
relative to wild-type a�

Arg-61 to lysine did not enhance the ability of the mutant a,

polypeptide to stimulate adenylyl cyclase activity. An impor-

tant test would be to characterize the a,R42K.R61K double-mutant

polypeptide to see whether it mimicked the a(54)/, chimera. For

reasons unknown at this time, we have been unable to express

this a, construct.

It is very important to note that mutation of the a subunit

in other regions of the polypeptide generally has not produced

a phenotype similar to that of the amino-terminal attenuator
domain mutations. This includes mutations near or within

additional sequences forming the GDP/GTP binding site (11,

26). The exception is appropriate mutation or truncation of the

extreme carboxyl terminus; enhanced rates of GTP’yS activa-

tion and GTP binding have been observed with these mutations

(2, 13). This is the region of the a subunit that appears to

interact with G protein-coupled receptors, which catalyze GDP

dissociation, allowing GTP to bind. Thus, mutations in the

extreme amino terminus implicated in regulation of 13-y inter-

actions and in the extreme carboxyl terminus implicated in
interaction with receptors yield similar phenotypes. The simi-

larity of amino-terminal disruption and extreme carboxyl ter-

minal mutation in enhancing GTP activation of a, is consistent

with the models predicting that the amino and carboxyl termini

are in close proximity to one another (23, 26). Both the amino
and carboxyl termini are predicted to be involved in the regu-

lation of GDP dissociation and GTP activation (10, 23, 26).

The activated nature of the chimeras containing different
amino-terminal a2 substitutions and the carboxyl-terminal 38

residues of a12 supports the proposal that both the amino

terminus and the carboxyl terminus are important in the reg-

ulation of a, activation. The role of the extreme amino and
carboxyl-termini in regulating a, activation is clearly independ-

ent of the GTPase turn-off function.

Receptors that activate G, do so by catalyzing GDP dissocia-

tion (4). This reaction must involve changes in the conforma-

tion of the a, polypeptide that influence the affinity of a, for

GDP. The mutations we have defined that lead to enhanced
GTP activation of a, in several ways mimic the receptor acti-

vation of G,. Both receptor activation and appropriate muta-

tions are predicted to alter the interaction of amino acids,

within the G-1 sequence, with the phosphoryl groups of GDP.

This could effectively enhance GDP dissociation, allowing an

accelerated rate of GTP activation. No mutations within or

surrounding the G-2, G-3, or G-4 sequences of the GDP/GTP

binding domain, except for mutations that inhibit GTPase,

have yielded activated phenotypes similar to those observed

with the amino- and carboxyl-terminal a, mutations (10). This

fact indicates that the activated nature of the amino- and

carboxyl-terminal a, mutation is due to specific changes in the

a, structure and cannot be created by generalized disruptions

of other regions of the GDP/GTP binding domain.
It is interesting that the Gq a subunit (aq) is quite divergent

from the a and a, sequences at the amino- and carboxyl-

terminal regions (20). Gq also has a very slow GDP dissociation

rate, relative to that of G1 or G, in the absence of receptor (27).

It will be of interest to determine whether mutations of the
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extreme amino and carboxyl termini of aq will alter this char-

acteristic of high GDP affinity, relative to a or a,. If so, it will
substantiate the hypothesis that the amino- and carboxyl-

terminal regions of G protein a subunits regulate GDP disso-

ciation.
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