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SUMMARY

Synthetic peptides that activate or inhibit G proteins reveal
structural determinants of receptor-G protein interactions and
show promise as potential ic agents. A cysteine-con-
taining peptide from the carboxyl-terminal part of the third cyto-
plasmic loop of the a-adrenergic receptor (peptide Q) uncouples
az-adrenergic receptors from G.. Peptide Q readily forms disul-
fide-linked dimers (Q.,....,) as detected by high pevfonnanoe liquid
- Qamer is >100-foid

iodoclonidine binding to the human «.,-adrenergic receptor in
platelet membranes and transfected Chinese hamster ovary
cells. In addition, Qamer is 10-20 times more potent than mono-
meric Q peptide in inhibiting a. agonist-stimulated GTPase in cell
membranes and in directly stimulating G,/G; GTPase in lipid

vesicles. The effect of Qame is reversible and not mimicked by
cystine. Formylation of both tryptophans greatly reduces the
potency of the dimer but a single formyl group is well tolerated,
indicating an asymmetric interaction of the dimer with G, in
membranes. A mixed dimer of peptides from the amino- and
carboxyl-terminal ends of the third cytoplasmic loop of the az-
adrenergic receptor is most potent in all measures of G protein
interactions, suggesting that the dimer of Q peptides mimics
multiple intracellular portions of the a--adrenergic receptor with
the G protein. These data confirm the importance of muitiple
receptor regions in G protein activation and suggest a strategy
for examining the role of physically separated regions in protein-
protein interactions.

G proteins transduce signals from classical hormones, neu-
rotransmitters, and external stimuli (e.g., light, odor, and taste)
to the interior of cells (1, 2). Our understanding of the structural
basis of specificity in receptor-G protein coupling has been
greatly enhanced by molecular cloning (3, 4) and mutagenesis
(5, 6) approaches available in the past decade. In addition to
mutagenesis and expression, synthetic peptides derived from
the sequence of biologically active proteins have become very
useful both as tools in studying protein-protein interactions
and as potential therapeutic agents. Peptides from signal-trans-
ducing molecules such as receptors and heterotrimeric G pro-
teins as well as low molecular weight G proteins have been used
for these purposes (7). Although structure-activity studies of
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peptide agonists and antagonists at extracellular receptors have
been extensively analyzed, there is less information available
about the structural basis of peptides modifying signal trans-
duction at intracellular sites.

The tetradecapeptide mastoparan (from wasp venom), which
activates signals in mast cells, was one of the first small
peptides found to have direct G protein-activating activity (8).
Also, peptides from the carboxyl terminus of the visual sensory
G protein transducin (9) and peptides from three intracellular
regions of rhodopsin (10) were shown to uncouple rhodopsin-
transducin interactions. Since these seminal discoveries, syn-
thetic peptides have been shown to modulate receptor and G
protein activity in numerous systems, including the 8-adrener-
gic (11), ay-adrenergic (12-14), muscarinic (15), and dopamine
D, (16) receptor systems. The exact structural determinants of
such effects have not been established, although both amphi-
philicity (8) and the “consensus sequence” BBXB (17) have
been proposed to be important (see, however, Ref. 18). There

ABBREVIATIONS: i2 loop, second intraceliular loop; i3 loop, third intraceliular loop; P peptide, peptide with the sequence CRIYQIAKRRTRYV (amino
acids 218-229 from the porcine aradrenergic receptor with an additional amino-terminal cysteine); Q peptide, peptide with the sequence
RWRGRQNREKRFTC (amino acids 361-373 from the porcine aradrenergic receptor with an additional carboxyl-terminal cysteine); Q;, N-
formyitryptophan derivative of Q peptide; PIC, p-iodocionidine; Qamer, dimeric Q peptide; Qmonomer, Monomeric Q peptide; HPLC, high performance
liquid chromatography; CHO, Chinese hamster ovary; EGTA, ethylene glycol bis(8-aminoethyl ether)}-N,N,N’ N'-tetraacetic acid; HEPES, 4-(2-
hydroxyethyi)-1-piperazineethanesulfonic acid; DTT, dithiothreitol; TFA, trifluoroacetic acid.

1191



1192  wade et al.
also appears to be a role for basic and hydrophobic residues in
this interaction (8, 13, 19).

One aspect of these studies that has been difficult to under-
stand is how peptides with such a small amount of the overall
structural information of the native protein retain activity.
There are several pieces of information that suggest a role for
multiple peptide sequences in receptor-G protein interactions.
First, mutagenesis data have implicated the i2 and i3 loops and
the carboxyl-terminal tail of receptors in their interactions
with G proteins (5, 20, 21). Second, rhodopsin and g-adrenergic
receptor peptides show synergistic effects when peptides from
more than one intracellular region are mixed (10, 11). Finally,
the Hill coefficients of 2-4 suggest cooperative activation of G,
by mastoparan (8).

In this paper we report that covalently linked dimers of a,-
adrenergic receptor peptides show markedly enhanced potency
compared with monomeric peptides. These results suggest that
the dimers mimic the action of multiple intracellular portions
of the a-adrenergic receptor on the G protein. This approach
represents a new strategy for examining the role of physically
separated regions in protein-protein interactions.

Materials and Methods

Radiochemicals. ['#?I]PIC (2200 Ci/mmol) and [y-**P]GTP (30 Ci/
mmol) were from DuPont-New England Nuclear.

Chemicals. Aprotinin, phenylmethylsulfonyl fluoride, L-cystine,
GTP, ATP, phosphocreatine, creatine phosphokinase, 5'-adenylylimi-
dodiphosphate, and activated charcoal were obtained from Sigma,
benzamidine was from Aldrich, oxymetazoline was from Schering, PIC
was from Research Biochemicals, brimonidine tartrate (UK 14,304)
was from Pfizer, DTT was from Calbiochem, and TFA was from Pierce.

Peptide synthesis and modifications. Peptides with sequences
from the a-adrenergic receptor were previously shown to disrupt
receptor-G protein coupling (12). The P peptide is from the amino-
terminal end of the i3 loop of the porcine a;-adrenergic receptor (22)
and the Q peptide is from the carboxyl-terminal end of the i3 loop (see
Abbreviations). Both peptides contained an additional cysteine residue
for preparation of antibodies. Several batches of the peptides were
synthesized by the University of Michigan Protein and Carbohydrate
Structure Core Facility or by Cambridge Research Biochemicals (Wil-
mington, DE) using fluorenylmethoxycarbonyl chemistry, as described
(12). One batch of Q peptide was also prepared by t-butoxycarbonyl
chemistry at the University of Nebraska (the source of Q peptide; see
below). Peptides and modified peptides (see Results) were purified by
reverse phase HPLC. Isolated peaks were dried using a Savant SS1
SpeedVac system and identity was confirmed by electrospray mass
spectrometry. Peptides were dissolved in water and stored at —20° for
use in all assays.

HPLC. Reverse phase HPLC was performed using a Rainin Rabbit
HP system with either an analytical (0.46- X 25-cm) column or a
semipreparative (1.0- X 25-cm) Vydac 218TP C,s column. The analyt-
ical column was eluted at 1 ml/min with 0.1% TFA in water (buffer A)
and 0.1% TFA in acetonitrile (buffer B) using the following gradient
profile: 0-10 min, 0-15% buffer B; 10-45 min, 15-30% buffer B; 45-50
min, 30-100% buffer B; 50-60 min, 100% buffer B. The semipreparative
column was eluted at 2.5 ml/min with the same buffers using the
following profile: 0-0.5 min, 5-15.5% buffer B; 0.5-21 min, 15.5% buffer
B; 21-21.5 min, 15.5-18.5% buffer B; 21.5-36.5 min, 18.5-20% buffer
B; 36.5-40 min, 20-90% buffer B; 40-50 min, 95% buffer B. All buffers
were filtered and degassed. Absorbance was routinely monitored at 220
nm using a Spectroflow 75 detector, but for analysis of formyltrypto-
phan content a Waters 990 photodiode array detector was used.

Purification of formylated Qain.. derivatives. One batch of Q
peptide exhibited multiple peaks on HPLC. Analysis of purified frac-
tions by diode-array spectroscopy and mass spectrometry showed that

this was due to incomplete removal of the formyl blocking group on
the tryptophan. Three peaks were isolated, with masses of 3780, 3809,
and 3836, consistent with Quimer containing 0, 1, and 2 formyl groups,
respectively. As expected, the peaks with masses of 3809 and 3836 also
showed the characteristic broad absorbance at 300 nm and a large peak
at 242 nm, demonstrating the presence of N-formyltryptophan. Thus,
the three peaks showed the expected UV and mass spectral character-
istics of the homo- and heterodimers of Q peptide and Q. Also,
reduction of the isolated peptides by DTT followed by HPLC resulted
in the expected mixtures of Q and Q: for Q-Q, Q-Qr, and Q~Q; (data
not shown).

Mass spectrometry. Peptide masses and purity were determined
by electrospray mass spectrometry, using a Vestec single-quadrupole
mass spectrometer with electrospray interface, by the Protein and
Carbohydrate Structure Core Facility at the University of Michigan.

MAG-2 membranes. The MAG-2 cell line was derived from CHO-
K1 cells as described (23). For binding assays, crude membranes were
prepared as described (24), resuspended in TME (50 mM T'ris, 10 mM
MgCl;, 1 mMm EGTA, pH 7.6), quick frozen, and stored at —70°. For
GTPase assays, confluent monolayers of cells were washed with phos-
phate-buffered saline, lysed at 4° for 15 min in 1 mM Tris, pH 7.4, with
protease inhibitors (10 mM benzamidine, 10 units/ml aprotinin, and 1
mM phenylmethylsulfonyl fluoride), and homogenized by 10 strokes in
a Teflon-glass homogenizer. Nuclei and undisrupted cells were pelleted
for 10 min at 1000 X g. The pellet was homogenized in Tris buffer with
protease inhibitors and pelleted for 5 min at 1000 X g. This step was
repeated once more. Supernatants from all three centrifugations were
combined and pelleted for 30 min at 40,000 X g. Membranes were
resuspended in TME, quick frozen, and stored at —70°.

Human platelet plasma membranes. Membranes were prepared
by discontinuous sucrose density gradient centrifugation as described
(25), resuspended in TME, quick frozen, and stored at —70°.

[***I]PIC binding assays. ['?**I]PIC binding was measured in TME
as described (12). Briefly, membranes (0.15 mg/ml MAG-2 membranes
or 0.2 mg/ml platelet membranes) were preincubated with peptide for
10-15 min on ice in the presence or absence of 1.7 mM DTT (1 mM
final concentration in the assay). ['?I]PIC (1.0 nM, isotopically diluted
2-6-fold) was then added and incubated for 45 min at 25°. Rapid
filtration was performed on a Brandel filtration apparatus. Filters were
dried for 15 min under a heat lamp and counted in 4 ml of ScintiVerse
liquid scintillation cocktail. Nonspecific binding was defined using 10
uM oxymetazoline.

GTPase assays. GTPase activity in MAG-2 membranes was meas-
ured as described (12), except that the final reaction mixture contained
[v-*P]GTP (0.1 uCi/tube), 0.1 uM GTP, 0.2 mM ATP, 0.2 mM 5'-
adenylylimidodiphosphate, 20 mM NaCl, 5 mM phosphocreatine, 50
units/ml creatine phosphokinase, 10 mM Tris, 2 mM MgCl;, and 0.2
mM EGTA, in a total volume of 100 ul. Peptides were preincubated
with MAG-2 membranes (10 ug/tube) for 15 min on ice in the presence
or absence of 2 mM DTT (1 mM final concentration in the assay). The
reaction was initiated by the addition of [y-**P]GTP and was incubated
for 16 min at 30°. The reaction was terminated by the addition of 256%
(w/v) activated charcoal, pH 2.3, and released 3’P; was determined by
counting of an aliquot of the supernatant in 4 ml of Scintiverse liquid
scintillation cocktail. Low affinity GTPase activity, determined by the
addition of 50 uM GTP, accounted for 9-25% of the total activity and
was subtracted from the total activity to give the amount of high
affinity GTPase activity. For G,/G; vesicle GTPase, purified G,/G;
from bovine brain was reconstituted into lipid vesicles as described
(26). The final reaction mixture contained [y-?P]GTP (0.1 xCi/tube),
0.5 uM GTP, 1.1 mm MgSO,, 14 mM HEPES, 0.7 mM EDTA, and 35
mM NaCl, in a total volume of 50 ul. Peptides were preincubated with
vesicles for 15 min on ice, and the reaction was initiated by the addition
of [y-2?P]GTP. The reaction was incubated for 15 min at 30°, termi-
nated, and counted as described above.

Data analysis. Data were analyzed using the nonlinear least squares



method of the computer program InPlot (GraphPAD Software, San
Diego, CA).

Results

We recently showed that two peptides from the «,-adrenergic
receptor were able to uncouple that receptor and others from
the inhibitory G protein G; (12, 15). The peptide from the
carboxyl-terminal portion of the i3 loop (termed Q peptide) was
active both in disrupting high affinity a,-adrenergic agonist
binding and in blocking G protein activation as measured by
agonist-stimulated GTPase. In examining batch-to-batch var-
iability of the activity of the Q peptide, we discovered that this
peptide was quite prone to formation of disulfide-linked dimers,
which resulted in the appearance of a new peak on reverse
phase HPLC (Fig. 1). Even freshly prepared stock solutions of
Q peptide contained variable amounts of the contaminating
peak. This extra peak could be eliminated by pretreating pep-
tide with 10 mM DTT in aqueous buffers. Isolation of the two
peaks followed by electrospray mass spectrometry revealed that
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Fig. 1. HPLC analysis of Q peptides. Twenty-microgram samples of
peptides were analyzed by reverse phase HPLC on a Vydac C,s column
(0.46 x 25 cm), as described in Materials and Methods. A and B, Q
peptide that had been stored in aqueous solution (A) displayed two
peaks, which were reduced to a single peak (B) after treatment with a
10-fold molar excess of DTT, as described in Materials and Methods. C
and D, Isolated and purified peaks from A. Electrospray mass spectrom-
etry of isolated Qmonomer 8nd Qamer yielded molecular masses of 1893 and
3783, . The retention time of Qame is indicated by the dotted
line at 26.5 min. The peak eluting at 9.7 min in B is DTT. Ordinate,
absorbance monitored at 220 nm.
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we had a monomeric peptide (R, 18.5 min; mass, 1892) and a
dimeric peptide (Rr, 21.9 min; mass, 3780).

Consequently, we prepared milligram amounts of Qmonomer
and Quimer for direct functional analyses. Q peptide was reduced
by incubation with a 10-fold molar excess of DTT for 30 min
at 25° in 50 mM HEPES, pH 8. Oxidation to the disulfide-
linked Qgir.: Was accomplished by dissolving 1 mg of Q peptide
in 0.4 ml of 50 mM Tris, pH 8, and allowing the mixture to
remain at room temperature for approximately 2 weeks. The
Quonomer ANd Qimer thus prepared were isolated by semiprepar-
ative reverse phase HPLC and were analyzed by mass spec-
trometry. Quimer Was stable when stored in solution at —20° for
up to 4 months.

We assessed the biological activity of Qmonomer 8Nd Quimer in
three different measurements of G protein activity, 1) high
affinity a-adrenergic receptor agonist binding to membranes
from MAG-2 cells, a CHO cell line stably transfected with the
human a;4-adrenergic receptor (23), 2) a.-adrenergic receptor
agonist-stimulated GTPase activity in membranes from the
same cells, and 3) direct activation by peptide of the GTPase
activity of purified bovine brain G,/G:.

The ability of Q peptide to inhibit high affinity «, agonist
binding could be largely accounted for by the activity of the
small amount of Qum.r present in our stock solutions of Q
peptide (Fig. 2A). Quimer Was approximately 10 times more
potent in inhibiting ['*I]PIC binding than was unpurified Q
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Fig. 2. Effect of peptides on ['?])PIC binding to azs-adrenergic receptors
in CHO celis. Peptide Q (4), Qmonomer (@), and Qame- (lll) were preincubated
wimMAG-2nmm\eshmeabsence(A)0fPreserm(B)of1.7nm
DTT for 15 min on ice, and specific binding of ['*1]PIC was determined
as described in Materials and Methods. Dashed line, relative position of
the Qamer data if Qamer CONCENtrations were calculated by mass rather
than by molar concentrations. Control binding was 720 and 640 fmol/
mg of protein in the absence and presence of DTT, respectively. Data
points represent the mean + standard deviation of triplicates from one
experiment but are similar to those from one (Q) or two (Qmanomer 8Nd
Qamer) additional experiments.
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peptide, whereas Qumonome: Was an additional 1 order of magni-
tude less potent. One explanation for the greater potency of
Quimer could be that at a given molar concentration there is a
greater mass of peptide. This clearly cannot explain our results
because this would result in only a 2-fold difference in potency.
Fig. 2, dashed lines, shows the effect of Quim.: if the concentra-
tions are expressed in terms of mass of peptide rather than in
molar concentrations. Surprisingly, inclusion of a >10-fold
excess of DTT (1.7 mM) in the preincubation of peptide with
membranes did not substantially reduce the potency of the
Quimer (Fig. 2B). This unexpected insensitivity to DTT impeded
the recognition that the disulfide-linked Qimer was the source
of activity in the Q peptide preparations. Quimer was also sub-
stantially more potent in inhibiting o, agonist-stimulated
GTPase activity in the MAG-2 cells (Fig. 3).

Because of the known sulfhydryl sensitivity of receptor cou-
pling to G;-like G proteins (27-29), we were concerned that the
effect of Quaimer might be due to modification of the receptor or
G protein by reaction with the disulfide moiety of Quimer- We
examined the effect of cystine on the binding of the a,-adre-
nergic agonist ['*?I)PIC and we found no effect at concentra-
tions similar to those at which the Qum.: potently inhibited
high affinity agonist binding (data not shown). In addition, the
reversibility of the effects of Quimer On agonist binding was
examined. Preincubation of membranes with 15 uM Qgimer fol-
lowed by inclusion of 15 uM peptide in the binding assay
resulted in approximately 60% inhibition of binding (Table 1).
At a 10-fold lower concentration there was only a small decrease
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Fig. 3. Effect of Qmonomer 8Nd Qamer ON a2 receptor-stimulated GTPase
activity in CHO cell membranes in the presence of DTT. Qmonomer (A) and
Qamer (B) were preincubated with MAG-2 membranes in the presence of
2 mm DTT for 15 min on ice. GTPase assays were performed in the
absence (open symbols) or presence (closed symbols) of 10 um UK
14,304, as described in Materials and Methods. Low-affinity GTPase,
determined by the addition of 50 um GTP, accounted for 21-24% of the
total activity and was subtracted from the total GTPase activity. Control
activity was 1.0 + 0.4 pmol/min/mg. Data shown represent the mean +
standard deviation of triplicate determinations from one experiment,
which was repeated one (Qmonomer) OF tw0 (Qame) additional times.

TABLE 1

Reversibility of Q.. inhibition of ["**1)PIC binding t0 as.-adrenergic
receptors in CHO cells

MAG-2 membranes were preincubated with the indicated concentration of peptide
for 45 min on ice. The mixtures were diluted 10-fold by addition to reaction tubes
containing radioligand, peptide, and buffer, and binding assays were performed as
described in Materials and Methods. Control binding was 730 + 20 fmoi/mg of
protein. Values shown are the mean + standard deviation from two experiments
performed in triplicate.

Concentration of Qamer ]

s % of control
0 0 1007
0 15 805
0 15 43+1
15 0.15 100 £ 16
15 15 91 +1
15 15 43+1
15 15 90 + 12
15 15 4+ 8

200

32p, RELEASED
(% of control)
a
)

—
o
o

1 10 100
[PEPTIDE]  (uM)

Fig. 4. Effect of Qmonome @nd Qame ON GTPase activity in purified bovine
brain Go/Gi. Qmonomer (@) and Qamer () were preincubated for 15 min on
ice with azolectin vesicies containing purified bovine brain Go/G.. GTPase
activity was then determined as described in Materials and Methods.
Data points represent the mean + standard deviation of two to four
experiments performed in triplicate.

(10-20%) in agonist binding. Dilution of the mixture preincu-
bated with 15 uM Quimer to a final concentration of 1.5 uM in
the binding assay reversed the effect of 15 uM Qimer to only
10% inhibition. Thus, the effect of Qumer On agonist binding
was reversible.

We further examined the site of action of the Q peptide by
measurements of the GTPase activity of purified bovine brain
G./G; in lipid vesicles (Fig. 4). As found for receptor peptides
by others (11, 13, 17, 18, 30) and in our preliminary studies
(14), this peptide stimulated the GTPase activity of the purified
bovine brain G protein (Fig. 4). The maximum stimulation by
Q peptide was about 2-2.5-fold over basal levels in buffer
containing 2 mM MgCl,. Under these conditions, 10 uM mas-
toparan produced approximately 3-fold stimulation (data not
shown). Quonomer ANd Quimer produced similar maximal stimula-
tions of GTPase activity. With the purified G proteins, the
potency of the Qumer Was only about 1 order of magnitude
greater than that of Qmonomer, in contrast to the 2-order of
magnitude difference observed in CHO cell membranes (ECs,
values of 1.6 uM versus 25 uM for GTPase with G,/G;, compared
with ICs values of 7.8 uM versus >300 uM for agonist binding).
As discussed below, this greater structural specificity for effects
on high affinity binding to a,-adrenergic receptors, compared
with G protein GTPase stimulation, appears to be a common



observation and suggests that the determinants of receptor-G
protein coupling and activation are different.

We considered various explanations for the enhanced po-
tency of Qamer- An increased number of positively charged
amino acid residues has typically been associated with greater
effects of receptor peptides on G proteins (8). In addition,
greater bulk could play a role. These do not appear to be the
sole explanations, because formyltryptophan derivatives of
Quimer show significant structural specificity in the action of the
dimers. The Q~Q, peptide was much less potent in inhibiting
agonist binding to either human platelet membrane «-adre-
nergic receptors (Table 2) or the same receptors in the MAG-2
cell line (data not shown). The mixed dimer Q-Q, showed nearly
the same potency in blocking a.-adrenergic receptor agonist
binding as did Quimer (Table 2). This illustrates a significant
structural specificity for the effects of Quimer It also suggests
that there is an asymmetry in the interaction of the two halves
Of Quime: With the G protein in the membrane. Specifically, one
site of interaction with the G protein must be able to accom-
modate the formyltryptophan, whereas the other half of the
dimer must interact with a site that requires a nonformylated
tryptophan.

Because multiple intracellular portions of the G protein-
coupled receptors have been implicated in the functional acti-
vation of the G protein, we wondered whether the Quim. might
be mimicking the effect of two intracellular regions. Indeed,
the structures of both the amino- and carboxyl-terminal ends
of the i3 loop of the a;-adrenergic receptor contain multiple
positively charged amino acids. The P peptide described in our
original work on o, receptor peptides was from the amino-
terminal end of the i3 loop and contains a net charge of +5.
Dimerization of mixtures of P and Q peptides yielded both
homodimers Q-Q and P-P, as well as the heterodimer P-Q
(Table 2). We were able to isolate sufficient quantities of the
P-Q dimer for functional studies. In both the agonist binding
measurements in membranes and the activation of purified G
protein GTPase (Table 2), the P-Q heterodimer produced the

TABLE 2
Eﬂoctofpopﬁdooon["lmbh&gbawndmicmptm
in membranes and on GTPase activity in G,/G, vesicles

ICso values for ['**1]PIC binding to ags-adrenergic receptors in MAG-2 membranes
(or human piatelet membranes where indicated) were determined from peptide
competition experiments, as described in Materials and Methods. See Materials
and Methods and Abbreviations for structures of peptides. To determine GTPase
ECso values, azolectin vesicles containing purified bovine brain Go/G, were prein-
cubated with peptide and GTPase activity was measured as described in Materials
and Methods. Individua! experiments were performed in triplicate; values in paren-
theses are the numbers of experiments. Values shown are mean + standard
deviation.

["™JPIC binding, Go/Gi GTPase,
Pepde ICao ECw
v um
Q >100 (9) 7.4+15(8)
Q(cys™) >100 (2) 46, 90 (2)
Qumonomer >300 (3) 253 + 5.8 (4)
QQ 78+3.1(3) 1.6+03(9)
Q-Q 7.7+£19(2F 3.7+ 0.5(5)
QrQy >50 (2 43(1)
P 55+21(5) 4.7 + 0.8 (6)
P-Q 35+1.0(4) 1.2+ 0.2(5)
Cystine >150 (2) ND*°
Mastoparan >100 (3)° 78+15(9)

'Q(cysﬁ.OpepﬁdaMMﬂnwbochym
Human platelet membranes were used in place of transfected CHO cells.
° ND, not determined.
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most potent effects of any of the peptides that we studied. A
summary of the concentrations of various peptides mediating
efffects on agonist binding and GTPase activity is presented in
Table 2.

Discussion

There has been significant interest recently in the structural
determinants of receptor-G protein interactions and the re-
quirements for direct activation or inhibition of G proteins by
synthetic peptides (8, 13, 31) and other small molecules (24).
The receptor regions that are important in G protein coupling
are well known, as examined by site-directed mutagenesis and
with chimeras of receptors specific for different G proteins. A
complex pattern has emerged with effects of multiple domains
of the receptors. The amino- and carboxyl-terminal regions of
the i3 loop seem to play dominant roles, but the i2 loop and
carboxyl-terminal tail of some receptors have also been impli-
cated. In contrast, the structural determinants of small mole-
cule interactions with G proteins remain more controversial.
As discussed below, multiple structural features, such as am-
phiphilicity and proposed consensus sequences, have been con-
sidered. Our peptide data support the role, found in mutagenesis
studies, of multiple noncontiguous stretches of peptide se-
quence in the interaction of receptors and G proteins. We also
show that one must be cautious about the use of purified G
proteins to predict effects in more complex membrane-bound
signaling systems, and we raise an important technical caveat
to researchers attempting to use synthetic peptides containing
cysteine because the usual methods of reduction with excess
DTT may not be sufficient to prevent effects of disulfide-linked
dimers. Finally, these data suggest a strategy for examining the
complex structure-activity relations involved in the interaction
of one protein with multiple loops of a second protein.

The clear role for both the amino-terminal and carboxyl-
terminal regions of the i3 loop of the G protein-coupled recep-
tors (5, 21, 32, 33) in the interaction with G proteins made it
difficult to understand how a peptide that encompasses only a
single part of the receptor could adequately mimic the effects
of receptors on G proteins. The elegant studies of rhodopsin
peptides, which activate the G protein transducin, clearly
showed potentiation of activity when mixtures of peptides from
the i2 and i3 loops and the carboxyl-terminal tail were used
(10). This has also been seen for the 8-adrenergic receptor (11),
with peptide effects occurring at 3 uM concentrations of peptide
mixtures rather than 30 uM concentrations of single peptides.
We (12) did not find any significant potentiation of activity in
simple mixtures of receptor peptides. We now show that the
marked potency of the Q peptide in our previous studies was
due t0 Qaimer, Which seems to mimic the combination of two
different intracellular regions (e.g., amino- and carboxyl-ter-
minal parts of i3). Thus, the 14-amino acid Qmonomer pPeptide
does not appear to have sufficient structural information to
impart high affinity for the G protein. Why is the Quim.r 80
much more potent? Clearly, added mass and charge could
account for the increase in potency, but the significantly lower
potency of the diformylated Q,-Q, peptide indicates that there
is structural specificity beyond just increased mass and charge.
It also suggests that the site of interaction of the dimeric
peptides with the G protein in the membrane is asymmetric,
because a single formyl group (in the Q-Q; peptide) is clearly
accommodated, whereas the second formyl group (in Q~Q,) is



1196 Wade et al.

not. Indeed, the P-Q dimer, which is a covalent complex of the
amino- and carboxyl-terminal portions of the i3 loop of the a,-
adrenergic receptor attached at their membrane-proximal ends,
is slightly more potent than Quime: but much more potent than
anononnr-

Both amphiphilicity (8) and specific structural “motifs” (17)
have been proposed as the dominant factors in G protein
activation. The Q peptide is not amphiphilic and it does not
contain either of the proposed activator motifs, BBXB or
BBXXB, where B is a basic amino acid and X is a nonbasic
amino acid (17). It does, however, contain five positively
charged residues and a reversed BBXB motif. Indeed, in Quimer
it is possible that the reversed BBXB of one of the Q peptides
could mimic the charge distribution of the P peptide in the P-
Q dimer. In a preliminary report, Higashijima and co-workers
(34) showed that addition of a hydrophobic tail to the mem-
brane-proximal end of a §-adrenergic receptor peptide makes
it much more potent, and Nishimoto and co-workers (13) found
that a hydrophobic amino acid such as phenylalanine or tyro-
sine on the membrane-proximal end of the a; receptor peptide
(residues 356-372) dramatically enhances potency at purified
G proteins. Thus, the P peptide probably contributes both
additional charges and a hydrophobic region (residues 219-222)
to enhance the interaction of Q peptide with the G protein.
Mutagenesis studies have also emphasized the role of hydro-
phobic amino acids, rather than just positively charged amino
acids, in G protein coupling (35).

The role of multiple molecules of peptide in binding to G
proteins might also have been predicted from the positive
cooperativity of mastoparan activation of G proteins. Typically,
Hill coefficients of 2-4 are seen for activation of G proteins by
mastoparan analogs (8). This suggests that, even for peptides
such as mastoparan that do not contain a cysteine, the func-
tional form of the peptide may be a noncovalently linked dimer.
It is also possible, however, that monomeric mastoparan mol-
ecules could interact with two completely different sites on the
G protein. It must also be noted that there are numerous
examples where monomeric peptides from G protein-coupled
receptors are just as potent as our dimeric peptides (13, 18, 34).
In those cases, the size of the peptide is often bigger (20-30
amino acids) or there is significant hydrophobicity in the se-
quence.

The insensitivity of Qumer to DTT in the binding assay is
rather surprising. Both the inactivity of cystine and the revers-
ibility of the effect of Quimr indicate that a covalent effect on
receptor and/or G protein disulfides is not responsible for the
effects of Quimer- Perhaps the Quimer is protected from the effects
of DTT when it binds to the G protein or sites in the membrane
preparations. Reduction by a large excess of DTT in buffer
alone clearly does result in the breakdown of the dimer into
monomers. It is interesting that a cysteine was required for the
activity of a transducin peptide to disrupt coupling of trans-
ducin and rhodopsin (9).

As shown in our previous studies, where the A peptide from
the i2 loop of the a,-adrenergic receptor altered agonist binding
but not G protein activation, it appears that there are differ-
ential determinants of receptor-G protein coupling and direct
G protein activation. In the data reported in this paper, several
peptides including Qmonomer and Q-Q; show relatively potent
direct effects on G protein activation but do not uncouple the
receptor for high affinity agonist binding. Thus, we have re-

agents that uncouple binding but not activation (A peptide)
and those that affect activation but do not uncouple binding
(Qmonomer and Q~Qy). These conclusions from peptide methods
are consistent with recent mutagenesis data, which similarly
show differences in the regions responsible for G protein acti-
vation and G protein binding to receptor to induce the high
affinity state for agonists (36-38).

As would be expected from the known structure of G protein-
coupled receptors, there appear to be multiple sites on the G
protein with which receptor peptides interact. The development
of both functional and structural maps of these sites will be
important to the understanding of the mechanisms of G protein
activation and the design of drugs to modulate this key process
in signal transduction.
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