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Peptides cnrrcspunding to the amine ncid sequence af the hamsier fp-adrenergic reeeplor ({I,A R) were synthesized and their ability o activae
purified G-proteins determined. Two peptides, comprising the N« and C-terminal 13 amine agids of the putative third intracellular 1aop region
of the A,AR were laund (o activate the Gepratein G, bul nit te activate i prcparamon of G/G,. Other peptides corresponding to the internal
" portions of this loap und the C-leeminal (il region fuiled to netivaie either G-protein. The presence of phasphelipid vesicles was required far this
uctivalion, The observation thii peptides with sequences corresponding to the ends of the third intracellular loop of the SAR ean specifically activate
G, conﬁrms the resulls of previous mutagenesis studies on the receplor und demaonsicates thut the sccendary struetiure conferred by the uminn
. HCld sequences in (hese regiang is suificient for the activation of G- -prateins,

Recepmr. G-prulem. Beplidc. GTP.‘ Amphsplnhc sequunce :

1. INTRODUCTION

Many hormone receptors _p"rcmote their cellular

responses by interacting with one of a family of guanine
nucleotide binding regulatory proteins (G-proteins).
Activation .of G-proteins by receptors s agonist-

dependent and procedes by a mechanism involving the

exchange of G-protein caomplexed GDP for GTP [1].
The GTP-bound G-protein species interact with specific
effector systems in the plasma membrane, propagating
second messenger signals within the cell, This activation
cycle is terminated by the intrinsic GTPase activity of
the G-protein,

G-protein-coupled receptors share a structural motif
which is characterized by 7 hydrophobic domains,
thought to represent membrane-spanning helices, con-
nected by more hydrophilic extracellular and in-

_tracellular loops [2]. Genetic and biochemical analysis

of several of these receptors suggests that the in-
tracellular loop domains mediate the coupling of the
receptors with G- -proteins, Deletion mutagenesis and
hybrid receptor analysis have implicated regions at the
N- and C-terminal ends of the third intracellular loop

(loop i3) as the major, but not the sole, determinants of ‘

G-protein coupling [3-9].
Loop i3 represents the most dwergent domain of G-

protein coupled receptors, consistent with its postulated.

involvement in directing G-protein selectivity. Secon-
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dary structure predictions suggest that the regionsat the
N- and C-terminal ends of this loop may be a-helical in-
nature, forming amphipathic cytoplasmic extensions of

transmembrane helices 5 and 6. However, there is no

consensus amino acid sequence in this region from
which coupling to a specific G-protein ¢an be predicted.
The lack of primary sequence homology in this region
among receptors which couple to the same G-protein
has led to the hypothesis that it is the amphiphilic
nature of these a-helical regions that is the main deter-
minant in the interaction of receptors with G- -proteins

- [10,11}. Indeed, mastoparan, a bee venom peptide

which has been demonstrated to form an amphiphilic &-
helix in solution, has been shown to be an actwator of
G-proteins [11].

.In the present study, peptldes correspondmg to
amino acid sequences in the intracellular loops of the 3-

adrenergic receptor (BAR) were synthesized and

assayed for their abihty to activate recomnbinant Gy and
a preparation of G; and G,. The data support the
hypothesis that the secondary strucn_uje of the regions at
the N- and C-termini of i3 is a critical determinant of
both G-protein selectivity and activation. '

2, EXPERIMENTAL PROCEDU;{ES

. Materials

Phosphatldyl serine from bovme bram and dioleolphesphatidyl
choline were purchased from' Sigma. GTP,S was purchased from

-Sigma and purified as described. [*3S]JGTP,S and [y-2P]OTP were

purchased from New England Nuclear, Masioparan was purchased -
from Sigma.
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| 2.2, Paptide synifedls ant pnrm‘rmiml ‘

Pepides were synthieslacd by Multiple Peptide 'Syuem; (San Dh:go.

CA) as Cerminal amildey; and were purified by revérie.pliase HALS
an CI28 columny. Al purified peptides represent smsle peaks m' uy
atrorptlen Al 213 nm in the chromatograms.

2.1, Préporation of G-proteins

The long form of recombinant Gu, (¢G.y) was expressed In £, eoll
and purified as dexeribed previously [12]. Oliaomcric G-proteln (a
mixture of G, nng G,) was purified from bovine brain by the methed
ol Sternwels and Robishaw (13] and ‘rsolution of gy fram the
purified oligomer was achieved by methods previously described [14),

‘2.4, Assay of OTPRase aciivity
‘Phaspholipid vesicles were prepared by sonicating a mixture af 1.2
mg/mi of phosphatidylcholine and 1.3 mg/m! of phosphatidyiserine
inbutrer 1) (20 mM Tris-HCI, pH BB, I mM EDTA, | mM DTT und
. 100 mM NacCl), rG, was mised with n preparniion of Sy inan appros-
imate 111 molar ratio before reconstituting into the preparation of
vesicles while oligomerle $i/Gy was reconstituted direcly [11]
GTPase activity way measured by the method of Higashijima ¢ al.
[15). Peptides were firsi incubated with the reconstiluieed G-
protein/phospholipid mixture on ice for 10 min, The GTPase assny
was enrried oul with | uM [v-**P]GTP {$000-1C 000 ¢pm/pmol) in
bufrer D with-2 mM MgCly at 30°C for 15 min. Allquots were taken

for the determination of fiee Pi as deseribed (15). {”‘SlGTP-;S bmdmu' ‘

was quantitated us previously described [lﬁ]

3. RESULTS AND DlSCUSSIO‘N‘

‘To determine whether peptide fragments of the SAR
were able to directly activate G-proteins, a series of pep--
tides 14-15 amino acids in length corresponding to se-
quences within intracellular regions of the SAR were
" synthesized (Fig. 1). Homology scarches of the se-
quences of other G-protein coupled receptors showed
residues 220-229in loop i3 of the human M1 muscarinic
recepior to have the greatest similarity to mastoparan;
therefore, a peptide from this region was also synthesiz-
ed (Fig. 1). Like mastoparan, all of the peptides used in

v
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the present stu‘d_v were Ceterminal amides, The ability

.of these peptides to stimulate the GTPase acuivily of

1Ge., Teconstituted with g+ or of cligomerie Gi/G, was

measured, with the results shown in Tabie I.
Mastoparan, in the presence of phosphalipid vesicles,

stimualted the GTPase activity of both rG, and Gi/Ga

by approximately 3-fold during the 13 min assay (Table

). The rate of GTP hydrolysis was linear during the

_time of the assay in bath the presence and absence of

mastoparan {data not shown), Pepiide P6§, From the N-
terminus of BAR i3, also stimulated the GTPase activity
of Gy, by 3.3-fold, but activated Gi/Go only slightly

. (Table I). The activation was completely inhibited in the

presence of 10 sM GDP, suggesting that the peptide ac-
tivates G, by increasing the rate of GDP-GTP exchange
on the G-proiein, By this criterion, the activation by
peptide P6 mimics stimulation by agonist-occupied
receplor., As would be expected for stimulation by an
agonist-occupied receptor, the peptide also promoted
an increase in the rate of GTP+S binding 1o Gy, without
affecting the maximal extent of the binding (Fig. 2).
Peptide P1, which overlaps with P6 but is shifted § -
residues towards the C-termitus, was much less effec- -
tive than P6 in activating G, (Table I), although the
ECsq values for activation by the two peptides were
similar (P6=30 pgM, Pl=25 uM). Thus, peptide P!
may mimic the conformation of the receptor in the
presence of a partial agonist. Peptide P2, shifted yet.
five more residues inte i3, was inactive in this assay.
Likewise, peptide PS5, which represents approximately

- the analogous region from the M1 muscarinic receptor

and was selected because of its homology to
mastoparan, failed to activate either G, or G/G.. Pep-

‘tide P4, corresponding to the N-terminal 15 residues of
‘the cytoplasmic tail of the AR, was inactive against
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Fig. 1. Sequences of synthetle peptides. Partinl sequences of mtracellular reglons of the hamster B2AR or human M, muscarinic réceptor (M.AR)

are given, Boxed residues represent transmembrane reglons of the indicated receptors, with the transmembrane helix numbers designated by Roman-

numerals, The sequences of peptides P1-P6 are indicated with arrows below the corresponding region of the protein. The sequence of mastoporan
is also given, All peplides were synthesized as C-termmal amides.
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Activation of Ge.proteins by synihetic pcplldes GTPase activities of Goprateins. were assayed [n the presence of 100 M of each peptide in'the
presence or absence of phesphalipid VE!iClH using 1 uM GTP, ny deseribed in vection 2, msml GiTPRse activities of G, and Gi/Ga were 0,039 min” !

-mﬂ 0.046 min ' rcspectwcly Free [Mg* ) wax apprmmmrcty 1 mM,

both G, and Gi/G,. Thisisin agreement with the results
of Palm et al., who found that the analogous peptide
(338-353) of the turkey BAR was inactive in inhibiting
hormone-stimulated adenylyl cyclase actwuy in turkey
erythrocyte membranes {17].

Thus, of the 3 peptides corresponding to segments of
lhewN-terminal region of loop i3 of the BAR, only the
most N-terminal (P6) was able to activate the GTPase
activity of G, to the samc extent as mastoparan. This
comparison defines the peptide sequence in this region

which, when incorporated into vesicles, can best mimic -

the conformation of the activated receptor, Peptide P6
incorporates 3 amino acids which would be predicted to
lie within the transmembrane hydrophobic core of the
- receptor, at the C-téerminus of transmembrane helix 5,

and which are absent from peptide Pl. Since P!

stimulates G, to a markedly lower extent than peptide
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Fig. 2. Pegptide &-stimualted guanine rugleotide | gxchange.

[**S)GTP+S binding was assayed at 20°C using Gy reconstituted in

phosphohpld vesicles as described in sectlon-2, in the absence (#) or

presence (a) of 30 uM peptide 6. Inset shows calculated rates of
G’TP')«S binding of the two curves.

PG, the ﬁddinon of these hydraphabic 'amiho acids to

'P6é may be significant In stablhzmg the actwe confor-
.mation of the peptide.

Pcpnde P3, corresporiding to the Ctermlnal [
amino acids of SAR i3, activated G, to a slightly lesser

" extent than P6 (2.5-fold), while failing to significantly

activate Gi/Go (Table I). Since this peptide does not in-
corporate any hydrophobic residues from the putative
transmembrane helix 6, the activation of G, by peptide
P3 may not represent the maximum stimulation by this
region of the receptor. The ECyp for Gy activation by P3
(50 xM) was similar to the values determined for P1 and

P6 (see above). As has previously been observed for

mastoparan [11,17], the stimulation of GTPase activity
by peptides P3 and P6 requires the presence of
phospholipid’ vesicles (Table 1), also consistent with a
contribution of hydrophobic interactions to the active
conformation of the peptides. In agreement with these -
results, a recent analysis of G and G activation by a

“series of mastoparan analogs of varying potency reveal-

ed the hydrophobic moment of the peptide to be a

‘critical component of its abﬂny to stimulate G- protems

[18]. In that study, mastoparan preferentially activated
G; and G, over Gs. The differences seen in the present
study may be due to different amounts of B incor-
porated with the different G-protein preparations [19].

Unlike mastoparan, which activated G, and Gi/Go to

the same extent, peptides P6 and P3 were significantly

more effective in activating G, than Gi/Go. Thus, these:
amino acid sequences contribute directly to the deter-.
mination of the selectivity for Gs over G; or Go.
Mutagenesis studies have implicated the analogous
regions of several receptors in mediating the activation
of G-proteins, Deletion analysis revealed that the
regions at the N- and C-termini of AR i3 are required
for G-protein coupling, although deletions of similar .
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size from the middic of the Iaop have no efrcet en this

parameter (4], In addition, experiments utilizing

chimeric receptors have demonsirated that rhe substiu-
" tion of regions at the N-terminusg of loop 13 from one
receplo? 10 another is sufficient to. alier the G-protein
selectivity [$-8], These data indicate that the regions at
the ends of loop i3 are critieal For promoting G-protein
activation and determining specificity. However,

mutagenesis studies, which utilize the intact receptor -

protein, cannot distinguish between a direct or a con-
formational effect of these regions of the rcu:ptor in-
mediating G-protein interactions,

The direct activation of G, by the bcptides in the pre-

sent study indicates that the structural information con-
1ained within the amino acid sequences at the N- and C-

termint of the third intraceliular loop of the BAR is im- -

portant for both directing the recognition of a specifie

-G-protein and for promoting its activation. Further

structural and functional analysis of these and related
peptides should permit the delineation of specific
molecular interactions which centribute to the stimula-
tion of G-proteins by agonist-occupied receprors,
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