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SUMMARY

A series of compounds that inhibit the coupling of the a.-
adrenergic receptor and the g.-adrenergic receptor to the guan-
ine nucleotide-binding proteins (G proteins) G, and G,, respec-
tively, have been identified. This inhibition of G protein coupling
was detected by the ability of the compounds to reduce the
affinity of these receptors for agonists without affecting antago-
nist affinity. Analysis of the structure-activity relationships of
these compounds revealed a requirement for regularly spaced

anionic substituents on amphipathic structures for this inhibition
to occur. The compounds do not interact at the ligand binding
site of the receptor or at the GTP binding site of the G protein.
The identification of compounds that can uncouple receptors
from G proteins demonstrates the potential for the discovery of
small molecule inhibitors of receptor-G protein interactions that
act as allosteric antagonists at this site.

a,AR belong to a large family of hormone and neurotrans-
mitter receptors whose actions are mediated through the acti-
vation of heterotrimeric G proteins (1, 2). Agonist binding to
the «.AR promotes its interaction with the G protein G;, leading
to the formation of a high affinity agonist-receptor-G; complex.
Antagonists bind to the receptor but do not promote this high
affinity interaction. Thus, in the absence of any interaction
with G;, the affinity of the receptor for agonists but not antag-
onists is reduced. Hence, agents such as GTP or its nonhydro-
lyzable analogs Gpp(NH)p and GTP«~S, which bind to the a-
subunit of the G protein and uncouple the G protein from the
receptor, reduce the affinity of the receptor for agonists but not
for antagonists.

Several G protein-coupled receptors have been cloned and
their primary sequences determined. The receptors of this class
show considerable sequence homology, presumably reflecting
their common mechanism of action (2, 3). All of these receptors
whose sequences are known consist of seven conserved
stretches of hydrophobic amino acids, presumed to form trans-
membrane helices, connecting eight more divergent hydrophilic
loops. Biophysical and biochemical analysis of rhodopsin (4)
and genetic analysis of the SAR (5-9) have implicated residues

! Present address: Department of Enzymology and Receptor Biochemistry,
Sterling Research Group, Malvern, PA 19356.

within the conserved hydrophobic domains of these receptor
proteins in their interactions with ligands. In contrast, several
lines of evidence suggest the involvement of residues within the
putative third intracellular loop of the receptors in the inter-
actions with G proteins (10-14). Mutagenesis of the SAR has
demonstrated that residues at the N- and C-terminal ends of
the third intracellular loop of the protein are required for G
protein coupling to occur (10, 11). Analysis of chimeric M,/M,-
muscarinic acetylcholine receptors also suggests that the third
intracellular loops of these receptors are involved in their
coupling to G proteins (14). The analogous hydrophilic loop of
rhodopsin has been implicated by biochemical and immunolog-
ical studies in its interaction with the G protein transducin (4).
However, examination of the primary sequences of the third
intracellular loops of these receptors has not revealed an ob-
vious G protein-binding consensus sequence. This third intra-
cellular loop domain is one of the most structurally divergent
regions among G protein-coupled receptors, varying widely in
length and amino acid composition from one receptor to an-
other (3). Furthermore, there is no striking primary sequence
homology within this domain, even among receptors that acti-
vate the same G protein. We have previously noted that the
regions of the SAR shown to be important for G protein
coupling, the N- and C-terminal segments of the third intra-
cellular loop, would be predicted by Chou and Fasman hydro-

ABBREVIATIONS: «-AR, ax-adrenergic receptors; G protein, guanine nucleotide-binding regulatory protein; Gpp(NH)p, guanosine-5'«(8, y-im-
idojtriphosphate; GTPyS, guanosine-5’-O-(y-thiojtriphosphate; EGTA, ethylene glycol bis(s-aminoethyl ether)-N, N, N’, N’ -tetraacetic acid; AR, g-
2-cyanopindoiol.

adrenergic receptor; CHO, Chinese hamster ovary; ‘*4-CYP, *
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pathicity analysis to form amphipathic a-helical structures
(11). The predicted amphipathic a-helical nature of these do-
mains would be conserved among all of the G protein-coupled
receptors whose sequences are known, even though the primary
sequences of these regions are divergent. Thus, we have sug-
gested that the secondary structure of this region, specifically
the putative amphipathic a-helical motif, might contribute to
receptor-G protein recognition.

Recently, heparin, a polysulfonated glycosamino glycan, was
reported to uncouple the a,AR from G; in membrane prepara-
tions from human platelets (15). Suramin, another polyanionic
compound, was also reported to inhibit opioid receptor coupling
to G; (16). These observations were intriguing because one
might predict that polyanions with regular spacing, such as
heparin and suramin, could interact with the largely cationic
charged face of the putative amphipathic helix of the a,AR
proposed to be involved in coupling to G;. Therefore, we have
analyzed the ability of a series of sulfonated glycan and aro-
matic compounds to inhibit receptor-G protein interactions.
Several compounds of this class were identified that prevent
the coupling of receptors to G proteins.

Materials and Methods

Receptor Cloning and Expression

The gene encoding the a,AR was cloned from a human platelet
cDNA library by hybridization with oligonucleotide probes based on
the published DNA sequence of the gene (17). The protein was ex-
pressed in CHO cells using the SV40-based expression vector previously
described for the SAR (5). The hamster SAR gene was cloned and
expressed in murine L cells and CHO cells, as previously described (5).
Cells were grown in monolayer culture in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, in a water-saturated 5%
CO, atmosphere, at 37°.

Membrane Preparation

Monolayer cultures of cells were washed with cold phosphate-buff-
ered saline, lysed in 1 mM Tris, pH 7.4, at 4° for 15 min, scraped, and
pelleted at 30,000 X g. Membranes from cells containing the a,AR were
resuspended in 50 mM T'ris, 10 mM MgCl,, 1 mM EGTA, pH 7.4 (Buffer
A). Membranes from cells expressing the 8,AR were resuspended in 75
mM Tris, 12.5 mM MgCl,, 1.5 mM EDTA, pH 7.5 (Buffer B). All
membranes were quick-frozen in liquid N, and stored at —80° until
use.

Ligand Binding Assays

agAR. Two hundred to three hundred micrograms of membrane
protein were incubated in 1 ml of Buffer A with 1.2 nM concentrations
of the agonist [*H]JUK14304 or 1.3 nM concentrations of the antagonist
[*H]yohimbine, at 23° for 1 hr. The binding was stopped by filtration
through GF/C Whatman filters presoaked with 0.3% polyethylenimine,
followed by washing with three 5-ml portions of 50 mM Tris, pH 7.4.
Radioactivity was determined using Aquasol-2 in a Beckman scintil-
lation counter. Nonspecific binding was determined in the presence of
100 uM oxymetazoline. Competition binding of nonradiolabeled ago-
nists and antagonists was determined as described above, in the pres-
ence of 1.3 nM [*H]yohimbine, with the addition of increasing concen-
trations of the competing ligands, in Buffer A for 60 min at 23°. The
data were analyzed using the interative program LIGAND (18).

B3AR. Binding of the antagonist '*I-CYP was determined by incu-
bating 20 ug of membrane protein in 250 ul of Buffer B containing 10~
400 pM #I-CYP, for 60 min at 23°. Bound radioactivity was separated
in GF/C membrane filters, which were washed with three 5-ml portions
of 10 mM Tris, pH 7.5, 0.1 M NaCl, and counted in a Beckman +-
counter. Nonspecific binding was determined in the presence of 10 uM
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alprenolol. Competition binding of agonists and antagonists was meas-
ured in the presence of 35 pM '*I-CYP and increasing concentrations
of competing ligands in Buffer B, for 60 min at 23°. Data were analyzed
using the LIGAND program (18).

Adenylyl cyclase assays were performed on membrane preparations
by the method of Salomon et al. (19).

Determination of Ligand Dissociation Rates

Membranes from cells expressing the a,AR (200-300 ug of protein)
were equilibrated with 1.2 nM [*H]JUK14304 or 1.3 nM [*H]yohimbine
for 60 min at 23°. Dissociation was initiated by adding 10 uM oxyme-
tazoline in the absence or presence of either 100 uM Gpp(NH)p, 160
uM L-451,167, or 100 uM Gpp(NH)p + 150 uM L-451,167. At various
time points, bound radioligand was separated from free by rapid filtra-
tion and washing on GF/C filters, as described above. The time required
for filtration and washing was approximately 20 sec.

GTPvS Binding

Phospholipid vesicles were prepared by sonication of dioleoylphos-
phatidylcholine and dioleoylphosphotidylserine (1:1 ratio) at a final
concentration of 0.13% in Buffer C (20 mM Tris, pH 8.0, 1 mM EDTA,
1 mM dithiothreitol, 5 mM MgCl;, 100 mM NaCl), containing 0.8%
sodium cholate, at 4 ° under N, for 10 min. Four hundred microliters
of the lipid mixture were mixed with 10 ug of purified G//G, (gift from
Dr. M. Graziano, Merck, Sharp and Dohme Research Laboratories)
and diluted gradually to 8 ml with cold Buffer C. Two milliliters of
50% polyethylene glycol-8000 was added and the suspension was mixed
thoroughly and incubated on ice for 1 hr before vesicles were pelleted
at 250,000 X g for 1.5 hr. The pellet was washed once and resuspended
in Buffer C. [*S]GTP+S binding to the reconstituted G protein was
measured as described by Northup et al. (20). Briefly, reconstituted G
protein containing approximately 3 pmol of GTP+S binding activity
was incubated in a final volume of 100 ul of Buffer C in the presence
of 50 uM mastoparan, with or without 50 uM L-451,167, for 15 min at
23 °. Binding was initiated by the addition of [**S]JGTP+vS (2.556 Ci/
mol; New England Nuclear) at a final concentration of 1 uM. The
binding reaction was stopped by dilution with 2 ml of cold Buffer D
(20 mM Tris, pH 8.0, 25 mM MgCl,, 100 mM NaCl, 100 uM GTP) and
filtration through a presoaked nitrocellulose membrane. Membranes
were washed with four 2-ml portions of cold Buffer D without GTP,
dried, and counted in Aquasol-2. Nonspecific binding was determined
in the absence of G protein and was subtracted from the total binding.

Results

As previously reported for human platelet membrane prepa-
rations (15), heparin decreased the binding of agonists to the
human «,AR expressed in CHO cells (ICs = 0.1 uM) but did
not affect antagonist binding (ICs, > 200 uM). This decrease in
agonist binding in the presence of heparin was mimicked by
the related sulfonated sugar dextran sulfate but not by smaller
anionic glycans, such as glucuronic acid (Table 1). Agonist
binding to the a,AR was not inhibited by the nonsulfonated
polyacids hyaluronic acid or polyglutamic acid, and the inhibi-
tion was reduced when de-N-sulfated heparin was used (ICs, =
9 uM) (Table 1). Because this activity appeared to correlate
with the presence of sulfonate groups on the compound, a
variety of polysulfonic acids were tested for their ability to
decrease the binding of agonists to the a,AR, with the results
outlined in Table 1. Suramin and trypan blue both inhibited
agonist binding to the a,AR with an ICs, of 2-3 uM, indicating
that aromatic moieties can substitute for the glycan backbone
in mediating this inhibitory activity. Compound L-451,167, a
polysulfonated diazodinaphthylene dye, represents the smallest
compound that inhibited agonist binding to the receptor (ICs,
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TABLE 1
Inhibition of binding of ["HJUK 14304 to the a,AR

Binding of 1.2 nm [*H]UK14304 to membranes from CHO cells expressing the a,AR was determined at 23° for 1 hr in the presence of various concentrations of the
compounds listed in the table, as described in Materials and Methods. The ICy, was defined as the concentration of compound that inhibited [*H]UK14304 binding by

50% under these conditions.
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= 10 uM). Compounds having only a single naphthyl group did
not affect agonist binding (cf. compound 10, Table 1). Sulfo-
nate substituents on both of the naphthyl groups appeared to
be required for inhibition of agonist binding, as demonstrated
with compounds 11 and 12. Substitution of the naphthyl rings
with phenyl moieties, decreasing the size and hydrophobicity
of the sulfonated aromatic centers, also decreased the activity
of the compounds (compound 13). Thus, a brief analysis of the
structural requirements for inhibition of agonist binding sug-
gests that both the presence of the sulfonate group and the
spacing of the aromatic moieties contribute to the inhibitory
activities of these compounds. None of the compounds shown
in Table 1 inhibited antagonist binding to the a;AR at concen-
trations up to 100 uM (data not shown).

Because L-451,167 was the smallest compound tested that
inhibited a,AR agonist binding in the low micromolar range,
the mechanism of inhibition by this compound was investigated
further. As shown in Fig. 1A, this compound inhibited the
binding of the agonist [?’H]UK14304 to the a,AR with an ICs,
of 10 uM, whereas it inhibited the binding of the antagonist
[*H]yohimbine only slightly at concentrations above 100 uM.
The effects of this compound were not specific for the a,AR,

however. As shown in Fig. 1B, L-451,167 also inhibited the
binding of the agonist isoproterenol to the 8,AR with an ICs,
of 20 uM. In addition, the compound decreased the binding of
the antagonist '*I-CYP to the BAR, but with a potency >10-
fold less than that with which it reduced the agonist binding
(ICso > 100 uM; Fig. 1B).

The reduction in agonist binding to the a,AR reflects a
decrease in the affinity of the agonist in the presence of L-
451,167. As demonstrated by the equilibrium binding experi-
ment shown in Fig. 2, 50 uM L-451,167 decreased the affinity
of the receptor for the agonist epinephrine by 2 orders of
magnitude. This decrease in agonist affinity with L-451,167
was similar to that observed in the presence of the nonhydro-
lyzable GTP analog Gpp(NH)p (Fig. 2). Quantitative analysis
of the curves shown in Fig. 2 revealed that both L-451,167 and
Gpp(NH)p increased the proportion of receptors in the low
affinity binding state from the control value of 24% to approx-
imately 70%, and the two effects were not additive (Table 2).
The decreased agonist affinity was also reflected in an increase
in the rate of dissociation of [PHJUK14304 in the presence of
L-451,167 (Fig. 3A and Table 2). In the control membranes,
62% of the agonist-receptor complex was in a slowly dissociat-
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Fig. 1. Inhibition of agonist and antagonist
binding to the a,AR and B,AR by L-
451,167. A, [*H]UK14304 (@) and [*H]
yohimbine (4) binding to CHO cell mem-

B branes containing the a«,AR was meas-

ured in the presence of increasing con-
centrations of L-451,167, as described in
Materials and Methods. B, Inhibition of
ligand binding to membranes from L cells
expressing the ;AR by increasing con-
centration of L-451,167 was measured
as described in Materials and Methods.
Inhibition of the antagonist '?*|-CYP was
measured directly (A), using 35 pm '%%-
CYP in a final volume of 250 ul. Inhibition
of agonist binding (O) was determined by
measuring the displacement of 'I-CYP
binding by various concentrations of the
agonist isoproterenol. The concentrations
of isoproterenol were chosen to span the
ICs, of isoproterenol binding to the G pro-
tein-coupled form of the receptor. The

0 T T T 0
0 -6 -5 -4 0

&

log [L-451,167] (M)

100

75 -

50

25

3 H-Yohimbine Bound (%Maximal)

T I 1
-10 -9 -8 -7 -6 -5 -4
Log [Epinephrine] (M)
Fig. 2. Effects of L-451,167 on agonist affinity for the a,AR. Binding of
the agonist (—)-epinephrine was measured in competition with [*H]
yohimbine, as described in Materials and Methods, with no addition (W),
100 um Gpp(NH)p (@), 50 um L-451,167 (A), or both 50 um L-451,167
and 100 um Gpp(NH)p (O). Data were analyzed by the LIGAND program
of Munson and Rodbard (18). For the experiment shown, the receptor
Brmex Values were: control, 81 pm; plus Gpp(NH)p, 81 pwm; plus L-451,167,
76 pm; plus L-451,167 and Gpp(NH)p, 61 pMm.

ing (high affinity) state, and 38% was in a rapidly dissociating
(low affinity) state. The addition of 50 uM L-451,167 resulted
in a redistribution of receptors between these states, such that
30% were in the slowly dissociating state and 70% in the rapidly
dissociating form. As observed in the equilibrium binding ex-
periment, the effect of L-451,167 on agonist dissociation from
the AR was similar to that of Gpp(NH)p, and the effects of
the two compounds were not additive. In contrast, neither L-
451,167 nor Gpp(NH)p affected the rate of dissociation of the
antagonist [*H]yohimbine from the receptor (Fig. 3B).

log [L-451,167] (M)

T ]

r isoproterenol binding presented in the fig-
- -4

ure was calculated as the displacement
of 35 pm '#%I-CYP binding by 107® m iso-
proterenol, and it was verified for each
point that a decrease in the displacement
of '#I-CYP by isoproterenol reflected a
rightward shift in the agonist competition
curve.

The reduction in the affinity of the receptor for agonists by
L-451,167 could reflect either a direct effect of the compound
on the ligand-binding domain of the receptor or a decrease in
receptor-G protein interactions. To investigate the first possi-
bility, the effects of L-451,167 on the affinity of agonists for a
mutant SAR that has previously been demonstrated not to
couple to G, (11) were assessed. As shown in Fig. 4A, the wild-
type BAR binds the agonist isoproterenol with two classes of
affinity states, which are converted to a single class of low
affinity sites in the presence of Gpp(NH)p. As observed with
the a,AR, this effect of Gpp(NH)p on the wild-type BAR was
mimicked by L-451,167. As previously reported (11), D(222-
229)BAR, which does not couple to G, or activate adenylyl
cyclase, binds isoproterenol with a single class of affinity sites,
which are unaffected by Gpp(NH)p (Fig. 4B). Like Gpp(NH)p,
L-451,167 had no effect on the affinity of this mutant SAR for
agonists (Fig. 4B).

Although it does not act at the binding site of the receptor
at concentrations of <50 uM, L.-451,167 was not completely
specific for receptor-G protein interactions. This compound
also inhibited the basal, agonist-stimulated, and NaF-stimu-
lated activation of adenylyl cyclase (data not shown), making
it difficult to directly assess the functional effects of inhibition
of receptor-G protein coupling in this system. The inhibition
of other enzymatic processes by L-451,167 is perhaps not sur-
prising in light of the multifactorial effects of heparin within
cells.

To further define the site of inhibition by L-451,167, the
effects of the compound on the GTP binding site of the G
protein were determined. The rate of GTPvys binding was
measured; this rate has been demonstrated to reflect the off-
rate for GDP as the rate-limiting step (1). GTP+yS bound to a
purified preparation consisting of a mixture of the G proteins
G; and G,, reconstituted into phospholipid vesicles, with an
initial rate of 0.18 min™" at 23°. Neither the initial rate nor the
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TABLE 2
Affinity states of the «,AR in the presence of L-451,167

Agonist affinity was determined either by equilibrium binding, as shown in Fig. 2, or kinetically, as in Fig. 3. Dissociation constants for the binding of epinephrine to the
a3AR in membrane preparations were determined as described in the legend to Fig. 2, using the LIGAND program (18). K,, and K, indicate the K, values for the high and
low affinity states, and R, and R, the percentage of total receptors that exist in those two states, respectively. From dissociation experiments, as described in Fig. 3, ks
and k. indicate the dissociation rates for the slowly and rapidly dissociating states of the receptor, and Rs and R, designate the percentage of receptors in those two
states, respectively, as determined by the method of Duggleby (25). The values determined for k. represent minimum values for the rapid dissociation rate, limited by the
speed of the assay. All values are the mean + standard deviation of two or three independent experiments.
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Ku

K, Ru R,

+1x10™°
+2x10°®
+1x10~°
+3x10°®
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+L-451,167

+L-451,167 + Gpp(NH)p

W WwN

2+0x107
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76+ 4
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24 +4
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Kinet

ks

ke Rs Re

min~*

Control
+Gpp(NH)p

+L-451,167
+L-451,167 + Gpp(NH)p

0.02 + 0.01
0.06 + 0.01
0.06 + 0.01
0.04 +0.01

=>0.2+0.1
=210+ 2
=12+3
=212+1

62+ 14
33+2
302
21 £1

38+ 13
67 +3
703
79 £1

100

1

% Bound at Equilibrium

10

L1 111

Fig. 3. Effects of L-451,167 on dissociation rates of
agonists and antagonists from the a.AR. Binding of
the agonist [*HJUK14304 (A) or the antagonist [°H]
yohimbine (B) was brought to equilibrium for 1 hr at
23°. Dissociation was initiated by the addition of 10
uM oxymetazoline and bound radioligand was meas-
ured at various time points, as described in Materials
and Methods. Dissociation was determined in the
absence (A) or presence of either 100 um Gpp(NH)p
(O), 150 um L-451,167 (@), or both 150 um L-451,167
and 100 um Gpp(NH)p [d). The rates of dissociation
of bound [*H]JUK14304 were analyzed by Mar-
quardt’s algorithm as described by Duggleby (25),
where fast and slow phase components represent
dissociation from low and high affinity binding sites,

02 10 20 30 02 10
Time (min)

maximal level of GTP~S binding to G;/G, was altered by the
addition of 50 uM L-451,167. Higashijima et al. (21) have
recently demonstrated that the wasp venom peptide masto-
paran markedly stimulated the rate of GTP+S binding to G
proteins without affecting the maximal level of binding, thus
mimicking the effect of the activated receptor on the G protein.
Therefore, we examined the effect of L-451,167 on the masto-
paran-stimulated rate of GTP+S binding. As shown in Fig. 5,
mastoparan stimulated the rate of GTP4S binding to G:/G.
3.5-fold to 0.63 min~?, with no change in B, observed (see the
legend to Fig. 5). L-451,167 at 50 uM inhibited this mastoparan-
stimulated rate by 30% (Fig. 5), while B, remained unaffected.
Thus, L-451,167 inhibited the mastoparan-stimulated GTPyS
binding to G;/G,, while having no effect on the rate or level of
basal GTP+~S binding.

Discussion

The binding of agonists, but not antagonists, to G protein-
coupled receptors causes the formation of a high affinity ago-

T T

20 30
Time (min)

respectively.

nist-receptor-G protein ternary complex. In the current study,
we have taken advantage of this differential association of the
agonist- and antagonist-occupied forms of the a;AR with G; to
identify compounds that interfere with receptor-G protein in-
teractions. Such compounds would be expected to decrease the
affinity of the receptor for agonists but, unlike classical inhib-
itors that interact with the ligand binding site of the receptor,
these reagents should not affect the affinity of the receptor for
antagonists. The previously reported ability of heparin to un-
couple the a,AR from G; (15) and of suramin to decrease opioid
stimulation of GTPase activity (16) suggested that polyanions
might interfere with receptor-G protein coupling. A survey of
other polyanionic compounds revealed that multiply substi-
tuted aromatic sulfonic acids, such as the compound L.-451,167,
also uncoupled the a,AR from G;, with the aromatic and the
sulfonate moieties both contributing to the inhibitory effects
of these compounds. However, this compound did not show
specificity for the a,AR, inasmuch as it also uncoupled the
structurally related ;AR from G,.
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Fig. 4. Effects of L-451,167 on agonist binding to the wild-type and
mutant SAR. Competition binding of the agonist isoproterenol to L cell
membranes containing wild-type SAR (A) or D(222-229)8AR (B) was
performed in the presence of 35 pm '2I-CYP for 60 min at 23°, as
described in Materials and Methods. Binding was measured in the
absence (@) or presence of 100 um Gpp(NH)p (O) or 50 um L-451,167
(A).

The decrease in agonist affinity observed in the presence of
L-451,167 was similar to that observed in the presence of the
nonhydrolyzable GTP analog Gpp(NH)p, and the effects of
these two compounds were not additive. Both L-451,167 and
Gpp(NH)p act to increase the proportion of a,AR in the low
affinity, rapidly dissociating agonist binding state, from 20-
30% of the receptor in untreated membrane preparations to
70-80% in the presence of the compound, as assessed by both
kinetic and equilibrium binding experiments. These data sug-
gest that L.-451,167 and GTP decrease agonist binding affinity
via similar mechanisms, i.e., through uncoupling of the receptor
from the G protein.

The uncoupling of receptors from G proteins by L-451,167
could reflect an interaction of the compound either with the
receptor or with the G protein. The inhibition of mastoparan-
stimulated [**S]-GTP+S binding to G;/G, by L-451,167 suggests
that this compound also interferes with the coupling of mas-
toparan to G proteins. Whether this inhibition results from an
interaction of L-451,167 with mastoparan itself or with the
mastoparan-binding site on the G protein remains to be deter-
mined. The compound does not affect the rate or level of
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Fig. S. Effects of L-451,167 and mastoparan on GTP~S binding to G
proteins. A mixture of purified G, and G, was reconstituted into phospho-
lipid vesicles and [**S]GTP~yS binding was measured as described in
Materials and Methods. Symbols indicate G protein alone (®) or G protein
in addition to 50 um L-451,167 (O), 50 um mastoparan (OJ), or both 50
um mastoparan and 50 um L-451,167 (A). The rates of GTPyS binding
for the four samples were: control, 0.18 + 0.03 min~'; + L-451,167,0.16
+ 0.002 min~'; + mastoparan, 0.63 + 0.02 min™'; + mastoparan and L-
451,167, 0.49 = 0.01 min™". The maximal equilibrium binding of GTP+S,
measured at 30 min, was 2.56 pmol and was not affected by the addition
of either mastoparan or L-451,167.

GTP+S binding, indicating that it does not interact at the GTP
binding site of the G protein. An interaction of this compound
with other sites on the G protein cannot be excluded at present.

At the concentrations at which it uncouples the receptor
from the G protein (1-50 uM), L-451,167 does not appear to be
acting at the ligand binding site of the receptor, because it has
no effect on the binding of antagonists in that concentration
range. At higher concentrations (>100 uM), inhibition of bind-
ing of the antagonist '*I-CYP to the SAR was observed, how-
ever, and inhibition of antagonist binding to the a;AR was
observed at concentrations of >150 uM. Further evidence that
the action of L-451,167 in decreasing the affinity of these
receptors for agonists does not result from an interaction at
the ligand binding site arises from the lack of an effect of the
compound on the affinity of the mutant D(222-229)8AR for
agonists. This mutant receptor binds agonists and antagonists
normally but fails to couple to G, (11). Hence, any effect of L-
451,167 on agonist binding to D(222-229)8AR would have
suggested a direct interaction of the compound with the ligand
binding site of the receptor. The fact that neither L-451,167
nor Gpp(NH)p decreases the affinity of D(222-229)8AR for
agonists suggests that the reduction in agonist affinity for the
wild-type receptor in the presence of L-451,167 reflects its
uncoupling from G, and that, at concentrations of <50 uM, the
compound is not a direct inhibitor of ligand binding.

One hypothesis that would be consistent with these data is
that L-451,167 acts directly at the site of receptor-G protein
coupling to prevent the interaction between the two proteins.
Site-directed mutagenesis of G-protein-coupled receptors has
suggested that regions in the third intracellular loop, which
would be predicted to form amphipathic a-helical extensions
of the fifth and sixth transmembrane domains, may be involved
in coupling to G proteins. The region of the G protein that
interacts with the receptor has not been defined, but studies of
chimeric G proteins suggest that the C-terminus of the protein
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may be involved in this function (22). In addition, modification
of a Cys residue in this domain of G; and G, by pertussis toxin-
mediated ADP ribosylation impairs the coupling of the G
protein with receptors (23). Modeling studies predict that the
immediate C-terminal domain of the G protein could also form
an amphipathic a-helix (24).

The amphipathic polyanionic characteristics of L-451,167
and heparin would be consistent with the intercalation of these
compounds into an amphipathic a-helix on either the receptor
or the G protein as a possible mechanism for their activity in
uncoupling the interactions between these two proteins. Direct
biophysical measurements of L.-451,167 and purified receptors
or G proteins will be necessary to characterize this site of
interaction. Identification of the mechanism by which L-
451,167 and heparin uncouple receptors from G proteins should
provide insights into the biochemical basis for the interaction
between these two proteins and further define a mechanism for
potential therapeutic intervention.
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