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ABSTRACT: G proteinâγ subunits associate with many binding partners in cellular signaling cascades. In
previous work, we used random-peptide phage display screening to identify a diverse family of peptides
that bound to a common surface on Gâγ subunits and blocked a subset of Gâγ effectors. Later studies
showed that one of the peptides caused G protein activation through a novel Gâγ-dependent, nucleotide
exchange-independent mechanism. Here we report the X-ray crystal structure of Gâ1γ2 bound to this
peptide, SIGK (SIGKAFKILGYPDYD), at 2.7 Å resolution. SIGK forms a helical structure that binds
the same face of Gâ1 as the switch II region of GR. The interaction interface can be subdivided into polar
and nonpolar interfaces that together contain a mixture of binding determinants that may be responsible
for the ability of this surface to recognize multiple protein partners. Systematic mutagenic analysis of the
peptide-Gâ1 interface indicates that distinct sets of amino acids within this interface are required for
binding of different peptides. Among these unique amino acid interactions, specific electrostatic binding
contacts within the polar interface are required for peptide-mediated subunit dissociation. The data provide
a mechanistic basis for multiple target recognition by Gâγ subunits with diverse functional interactions
within a common interface and suggest that pharmacological targeting of distinct regions within this interface
could allow for selective manipulation of Gâγ-dependent signaling pathways.

Heterotrimeric G proteins are composed ofR, â, andγ
subunits; theâ andγ subunits tightly associate and exist as
a constitutive dimer. GR, when bound to GDP, has a high
affinity for Gâγ, forming a heterotrimer in which neither
component can signal to its downstream targets. In the
classical model for activation of G protein signaling cascades,
ligand binding activates G protein coupled receptors that
catalyze exchange of GDP for GTP on the GR subunit. GR
bound to GTP dissociates from Gâγ, freeing both subunits
to interact with effector molecules (1, 2). Recently, a new
class of regulators, AGS1 proteins (activator of G protein
signaling), has been identified which activate G protein
signaling in the absence of nucleotide exchange (3).

Gâγ subunits signal to an array of effector molecules,
including enzymes and ion channels, and mediate various
physiological and cellular functions (4). Since GR subunits
block Gâγ regulation of most effector targets, it was
hypothesized that effector interaction sites overlap with the
GR subunit interaction interface. Indeed, mutation of amino
acids important for GR binding altered effector regulation
(5, 6), but mutations to other areas outside the GR-Gâγ
interface also impaired effector regulation (7-9).

To probe the nature of protein interaction surfaces on Gâγ,
we screened random-peptide phage display libraries against
Gâ1γ2 subunits to identify Gâγ binding sequences (10). The
screen yielded a series of peptide sequences that, despite their
sequence diversity, apparently bound to a single surface on
Gâγ. We hypothesized that this surface was a protein-
protein interaction “hot spot”, defined as an area on a protein
surface that has properties especially favorable for mediating
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the energetics of protein-protein interactions. Such areas
are often targeted in naive random-peptide phage display
screens because of these unique properties (reviewed in refs
11and12). Some of the phage display-derived peptides had
significant homology to known Gâγ targets such as phos-
pholipase C (PLC)â2 (13). A synthetic peptide, SIRK,
derived from one of the selected phage, blocked Gâγ-
dependent regulation of PLCâ2 and phosphatidylinositol
3-kinase (PI3K), yet had no effect on regulation of adenylyl
cyclase (AC) type I or N-type Ca2+ channels, thus reinforcing
the notion that Gâγ target molecules have both common and
unique interaction surfaces (10).

Even though SIRK blocked Gâγ function in vitro, cell-
permeable variants of SIRK were found to activate extra-
cellular regulated kinase (ERK) 1/2 in various cell types
through a Gâγ-dependent mechanism (14). In vitro experi-
ments revealed that SIRK facilitated nucleotide exchange-
independent heterotrimer dissociation (14, 15), potentially
explaining the activation of ERK in intact cells: SIRK binds
to Gâγ and releases GR‚GDP, yet by virtue of its selectivity
as an inhibitor, leaves a surface of Gâγ available to activate
the ERK pathway. However, other Gâγ binding peptides,
including QEHA derived from AC II (16, 17), and amino
acids 643-670 from the C-terminal region ofâARK (GRK2)
(18), do not promote dissociation of the heterotrimer although
they compete with Gâγ for GR binding (15). This observa-
tion indicates that simple competition for GR-Gâγ subunit
binding is not sufficient for peptides to accelerate dissociation
of GR‚GDP from Gâγ.

To fully understand the nature of the proposed Gâγ hot
spot, the mechanism for pharmacological selectivity of the
peptides that bind to that site, and the mechanism for peptide-
mediated, nucleotide exchange-independent activation of G
protein signaling, it became critical to describe the peptide
interaction surface on Gâγ in atomic detail. Here we report
the crystal structure of Gâ1γ2 bound to an analogue of SIRK
at a resolution of 2.7 Å. The structure shows that the peptide
is a structural mimic of the switch II region of the G protein
R subunit and occupies a site on Gâ1 that is used by several
Gâγ binding proteins (Gâγ targets). The data demonstrate
that the switch II binding surface on Gâ has unique binding
properties that allow for multiple target recognition, yet can
be manipulated pharmacologically to achieve selective
disruption of Gâγ-dependent target recognition and G protein
activation. This has important implications for therapeutic
targeting of Gâγ-dependent processes.

EXPERIMENTAL PROCEDURES

Materials.Peptides were purchased from Alpha Diagnostic
International (San Antonio, TX) or Sigma-Genosys (St.
Louis, MO) or synthesized by the Protein Chemistry
Technology Center at UTSWMC. Peptides were HPLC
purified to greater than 90% and masses confirmed by mass
spectroscopy. Ni-NTA agarose was from Qiagen (Valencia,
CA). Streptavidin-coated polystyrene beads were from
Spherotec (Libertyville, IL). HRP-conjugated anti-M13
antibody was from Amersham Biosciences (Piscataway, NJ).
HRP-conjugated neutravidin was from Pierce (Rockford, IL).
All molecular biology reagents were from Invitrogen (Carls-
bad, CA) unless otherwise stated. Baculovirus encoding G
protein (His)6-Ri1 andγ2 and N-terminally (His)6-taggedγ2

subunits were obtained from the laboratory of Dr. Alfred
Gilman.

DeriVation of SIGK.Using a doping mutagenesis and
rescreening strategy, a peptide similar to the SIRK peptide
was derived that had higher affinity for Gâ1γ2. The sequence
of this peptide is SIGKAFKILGYPDYD (SIGK). In vitro
studies with the SIGK peptide indicate that it too can displace
GRi1 from a heterotrimeric complex and also effectively
prevents heterotrimer formation (15). This peptide was used
for cocrystallization with Gâ1γ2.

Expression and Purification of Gâ1γ2 for Crystallography.
High 5 cells (Invitrogen; 2× 106 cells/mL) were infected
with high titer Gâ1 and Gγ2 baculoviruses. Gâ1γ2 was
purified according to Kozaza and Gilman (19), with modi-
fications. All steps were carried out at 4°C. Cells were
harvested 60 h postinfection by centrifugation at 2600g and
then resuspended in 50 mL of lysis buffer (20 mM HEPES,
pH 8, 150 mM NaCl, 5 mMâ-ME, 1 mM EDTA, 1 mL of
Sigma protease inhibitor cocktail P-2714) per liter of cell
culture. Cells were lysed by sonication and centrifuged at
2600g to pellet the membranes. Resuspension and homog-
enization of membranes were accomplished by douncing in
100 mL of lysis buffer. The membranes were solubilized by
adding 1% Lubrol (C12E10; Sigma) with stirring, and the
resultant solution was clarified by ultracentrifugation at
125000g. The supernatant was loaded onto Ni-NTA agarose
(Qiagen) equilibrated with lysis buffer+ 1% Lubrol. The
column was washed and the Lubrol exchanged for sodium
cholate using buffers Ni-A (20 mM HEPES, pH 8, 0.4 M
NaCl, 5 mMâ-ME, 0.5% Lubrol, 0.15% cholate) and Ni-B
(20 mM HEPES, pH 8, 0.1 M NaCl, 5 mMâ-ME, 0.25%
Lubrol, 0.3% cholate). Gâ1γ2 eluted in Ni-C (20 mM HEPES,
pH 8, 0.01 M NaCl, 5 mMâ-ME, 1% cholate, 200 mM
imidazole). The eluate was loaded onto a HiTrap Q (Am-
ersham Biosciences) column preequilibrated with QA (20
mM HEPES, pH 8, 5 mMâ-ME, 0.7% CHAPS, 1 mM
EDTA). Gâ1γ2 was eluted in a gradient using QB (QA+ 1
M NaCl). Fractions containing Gâ1γ2 were analyzed by
SDS-PAGE and pooled. Gel filtration was performed using
a tandem Sephadex 75:Sephadex 200 column (Amersham
Biosciences) equilibrated with buffer GF+ CHAPS (20 mM
HEPES, pH 8, 150 mM NaCl, 10 mMâ-ME, 1 mM EDTA,
0.7% CHAPS). The purified yield was typically 1 mg of
Gâ1γ2/L of cell culture.

Crystallography and Data Collection.SIGK peptide was
added to Gâ1γ2 in 1.5 molar excess, and the Gâ1γ2‚SIGK
complex was used at 7 mg mL-1 for crystallization. Crystals
were grown by vapor diffusion using equal volumes (2µL)
of protein and reservoir solution (15-17% PEG 4000, 100
mM HEPES, pH 7.5, 0.01-0.05 M sodium acetate, 10%
glycerol) at 20°C. Crystals attained dimensions of 150µm
× 50 µm × 20 µm within 1 week. Crystals were cyropro-
tected in 15% glycerol and frozen in liquid nitrogen.

Native crystals of Gâ1γ2‚SIGK were screened at Advanced
Light Source (ALS) beamlines 8.2.1 and 8.2.2 (Berkeley,
CA) and at the Advanced Photon Source (APS) beamline
BM-19 (Chicago, IL). A data set from ALS 8.2.2 was used
to determine the structure. Over 100 crystals were screened;
diffraction limits varied from 7 Å to the 2.7 Ådata set used
for structure determination. Diffraction data were indexed,
integrated, and scaled using the software package HKL2000
(20) (Table 1). The space group of the crystals isP212121.
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Phasing and Refinement.The structure of the Gâ1γ2‚SIGK
complex was solved by the molecular replacement method
using the program PHASER (21, 22). The coordinates of
Gâ1γ2 in the Gâ1γ2‚GRK2 complex (1OMW, 100% sequence
identity) were used as the search model. After rigid body
refinement using the maximum likelihood minimization
target in CNS version 1.1 (23, 24), the model was further
refined by using a combination of simulated annealing,
Powell minimization, andB factor refinement. TheσA-
weighted 2Fo - Fc electron density map computed with
refined phases revealed clear main chain density for 10
residues of the SIGK peptide along with identifiable side
chain density for several SIGK residues. Subsequent model
building was performed in O (25) followed by simulated
annealing, energy minimization, andB factor refinement
using CNS. PROCHECK (26) analysis indicates that all
residues exhibit main chain conformations in the most
favored or additionally allowed regions ofφ,ψ space (Table
1). Calculations of surface accessibility, Gâ1γ2‚SIGK con-
tacts, and rmsd between structures were carried out using
programs in the CNS suite. Figures were generated using
PyMOL (http://www.pymol.org).

Construction and Purification of Biotinylatedâγ Subunits.
All Gâ1 mutants were made in the baculovirus vector PDW

464 which encodes a biotin acceptor peptide in frame with
the amino terminus of Gâ1 (14). All mutants were generated
by overlap extension PCR using standard protocols. Bacu-
loviruses were generated via the Bac-to-Bac system following
the manufacturer’s instructions (Gibco). Two hundred mil-
liliter cultures of Sf-9 cells were triply infected with
baculovirus encoding G protein (His)6-Ri1, γ2 and wild type
or mutated bGâ1 subunits. Sf-9 cells were harvested 60 h
postinfection. Cells were lysed in 4 mL of lysis buffer (50
mM HEPES, pH 8.0, 3 mM MgCl2, 10 mM â-mercaptoet-
hanol, 1 mM EDTA, 100 mM NaCl, 10µM GDP, and
protease inhibitors) by freeze-thawing in liquid nitrogen.
Membranes were harvested by centrifugation at 100000g for
20 min. The membrane pellet was suspended, incubated, and
stirred with 4 mL of extraction buffer (50 mM HEPES, pH
8.0, 3 mM MgCl2, 50 mM NaCl, 10 mMâ-mercaptoethanol,
10 µM GDP, 1% cholate, and protease inhibitors) at 4°C
for 1 h. Detergent extracts were clarified by centrifugation
at 100000g for 20 min. The supernatant was diluted 5-fold
with buffer A (50 mM HEPES, pH 8.0, 3 mM MgCl2, 10
mM â-mercaptoethanol, 100 mM NaCl, 10µM GDP, 0.5%
C12E10, and protease inhibitors), and 400µL of Ni-NTA
agarose resin was added and mixed at 4°C for 1 h. The
agarose beads were pelleted by centrifugation and washed
three times with 1 mL of buffer A+ 300 mM NaCl and 5
mM imidazole. Gâ1γ2 subunits were eluted from bound
(His)6-GRi1 by mixing the beads in 1 mL of elution buffer
(buffer A + 150 mM NaCl, 5 mM imidazole, 50 mM MgCl2,
10 mM NaF, 10µM AlCl 3, and 1% cholate instead of C12E10)
at room temperature for 1 h. Concentrations of eluted bGâ1γ2

dimers were determined by comparing to a standard curve
of fully purified 100% biotinylated Gâ1γ2. Proteins were
separated by SDS-PAGE, transferred to nitrocellulose, and
probed with HRP-neutravidin (Pierce). Membranes were
exposed to chemiluminescence reagents, and chemilumines-
cence was measured using an Epi-Chem II Darkroom system
from UVP Bioimaging Systems.

Phage ELISA.Phage used in this study were from the
random-peptide phage display screen described in Scott et
al. (10) and propagated as in ref27. For ELISA, 1 µg of
streptavidin was immobilized in the well of a 96-well plate
overnight at 4°C. The wells were blocked with 100µL of
2% BSA in TBS for 1 h at 4°C followed by three washes
of 1× TBS + 0.5% Tween. Forty microliters of 25 nM
bGâ1γ2 in TBS + 0.5% Tween was added to each well and
incubated at 4°C for 1.5 h. The wells were washed, followed
by the addition of 1× 1010 phage particles and incubation
at 4 °C for 3 h. The wells were then washed six times with
TBS + 0.5% Tween, followed by the addition of 40µL of
a 1:5000 dilution of anti-M13 antibody (Pharmacia), and
incubated at room temperature for 1 h. The wells were
washed, followed by the addition of 40µL of 2,2′-azinobis-
(3-ethylbenzothiazoline)-6-sulfonic acid (ABTS), and the
colorimetric reaction was monitored at 405 nm. Nonspecific
binding was subtracted for each reading, and the amount of
binding to each mutant bGâ1γ2 subunit was expressed as a
percent of phage binding to wild-type bGâ1γ2.

Measurement of GRi1-â1γ2 Competition and Dissociation
Kinetics by Flow Cytometry.The fluorescein-labeled GRi1

(FRi1) used in these experiments was prepared as described
(28). Two different types of assays were used to determine
peptide effects on GR-Gâγ interactions: competition and

Table 1: Data Collection and Refinement Statistics

Data Collection
space group P212121

unit cell
a (Å) 45.468
b (Å) 74.669
c (Å) 108.023
R (deg) 90
â (deg) 90
γ (deg) 90

Dmin (Å) 2.7
unique reflections 9729
redundancya 3.5 (1.8)
completeness (%)a 90.1 (56.2)
〈I/σ〉a 13.5 (1.6)
Rsym

a,b 8.7 (41.4)
mosaicity (deg) 2.3
WilsonB factor (Å2) 61.8

Refinement
resolution (Å) 45.4-2.7
no. of atomsc

protein 3058
water 37

Rwork (%)d 22.7
Rfree (%)e 28.7
rms deviations

bond lengths (Å) 0.006
bond angles (deg) 1.3

rmsB factors (Å2)
bonded main chain 1.29
bonded side chain 1.81
averageB factor (Å2)f 46.3

a Numbers in parentheses correspond to the highest resolution shell,
2.8-2.7 Å. b Rsym ) ∑h∑i|Ii(h) - 〈I(h)〉|/∑h∑iIi(h), whereIi(h) and〈I(h)〉
are theith and mean measurement of the intensity of reflectionh,
respectively.c The final model contains residues 2-340 of Gâ1 (of 340),
7-52 of Gγ2 (of 68), and 1-13 of SIGK (of 15).d Rwork ) ∑h||Fo(h)|
- |Fc(h)||/∑h|Fo(h)|, where Fo(h) and Fc(h) are the observed and
calculated structure factors, respectively. AnI/σ cutoff was not used
in the final calculations ofR-factors.e Rfree is theR-factor obtained for
a test set of reflections consisting of a randomly selected 8% of the
data.f B factors at the N-termini, including Gâ1 residues 2-41 and
Gγ2 residues 7-13, are greater than 80 Å2.

Molecular Recognition by Gâγ Subunits Biochemistry, Vol. 44, No. 31, 200510595



dissociation studies which were described in detail in Ghosh
et al. (15). Briefly, for competition-based assays 100 pM
FRi1 and indicated concentrations of peptides were added to
50 pM bGâ1γ2 immobilized on 105 beads per milliliter and
incubated at room temperature for 30 min to reach equilib-
rium. The bead-associated fluorescence was then recorded
in a BD Biosciences FACs Calibur flow cytometer. The data
were corrected for background fluorescence and fit with a
sigmoid dose response curve using Graph Pad Prism 4. To
measure dissociation of FRi1 from bGâ1γ2, 100 pM FRi1 was
incubated with 50 pM immobilized bGâ1γ2 at room tem-
perature for 15-20 min. The fluorescence of the bound FRi1

subunit was measured, followed by the addition of a 200-
fold excess of unlabeled GRi1 or peptides at the indicated
concentrations, and the amount of FRi1 remaining bound to
the beads was measured at the indicated times.

RESULTS

Architecture of the Gâ1γ2‚SIGK Complex.As has been
described previously (29, 30), Gâ1 is aâ-propeller composed
of seven four-strandedâ-sheets (“blades”) and an N-terminal
extended helix that interacts extensively with Gγ2 (Figure
1A). Each sheet is composed of WD-40 repeats connected
by loops of variable length. Residues 2-340 are included
in the model.B factors throughout the core of Gâ1 are less
than 40 Å2. Residues withB factors>60 Å2 are found in
three loop regions: Lys127-Ser136 in blade 2, Arg214-
Met217 in blade 4, and Ser265-Ile269 in the loop connect-
ing blades 6 and 7. Gγ2 forms a helix with a kink made by

residues Asn24-Lys29 and a coil region beginning at residue
His44 (Figure 1A). The averageB factor within the Gγ2

molecule is 44 Å2. No electron density is observed for the
N-terminal 7 residues and the C-terminal 16 residues of Gγ2

or the prenyl lipid modification at the C-terminus of Gγ2.
SIGK forms anR-helical structure broken by a glycine

residue at position 10 (Figure 1A). The C-terminal three
residues form an extended structure that stretches away from
the Gâ1 molecule and is supported by crystal contacts
between sPro122 and sAsp13 with Thr47 and Lys337 from
a symmetry-related Gâ1 molecule. TheB factors for the N-
(sSer1, sIle2) and C-terminal (sGly10-sAsp13) residues of
SIGK are greater than 50 Å2; those for all other residues are
between 30 and 50 Å2. The electron density for the main
chain atoms in residues 1-13 are well-defined (Figure 1B);
three of the SIGK side chains that do not contact Gâ1 (sIle2,
sLys7, and sAsp13) are disordered. The peptide binds across
the “top” face of Gâ1 (Figure 1A) and buries 970 Å2 total
solvent-accessible surface area. The peptide makes no contact
with the Gγ2 subunit, which is bound to the “bottom” surface
of the Gâ1 torus.

SIGK Binds to Two Surfaces on Gâ1 and Mimics the
Switch II Helix of GR. The SIGK contact surface on Gâ1 is
very similar to that occupied by the switch II region of GR.
This is somewhat surprising given that this surface is thought
to be important for recognition of most Gâγ targets, yet the

2 In the following text, amino acid identifiers prefixed with “s” refer
to SIGK residues.

FIGURE 1: Structure of the peptide SIGK bound to the Gâ1γ2 heterodimer. (A) Two views of the Gâγ‚SIGK complex, shown in ribbon
representation. The two representations are related by-90°. SIGK is colored pink, Gâ1, blue, and Gγ2 purple. The N- and C-termini of
SIGK, Gâ1, and Gγ2 are labeled. On the left panel, the seven blades of Gâ1 are labeled following the convention of Wall et al. (30, 40).
(B) Stereoview of representativeσA-weighted annealed 2Fo - Fc electron density, contoured at 1σ. The region shown is centered on the
peptide N-terminal binding site. SIGK peptide is shown in pink and Gâ1 in blue.
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SIGK peptide selectively inhibits Gâγ-dependent regulation
of effectors. The binding site can be separated into two
regions: an acidic region on Gâ1 that interacts with the
N-terminus of the peptide (the N-terminal site) and a largely
nonpolar region that interacts with the C-terminus of the
peptide (the C-terminal site). In total, 13 Gâ1 residues directly
contact SIGK, contributed by six of the seven blades of the
â-propeller (Figures 2 and 3 and Supporting Information
Table 1).

The N-terminal binding site is centered on an electrostatic
interaction in which sLys4 projects into a negatively charged
binding pocket on Gâ1 where it forms hydrogen-bonded or
charge interactions with Asp228, Asn230, and Asp246
(Figure 2A). Met188, Asp186, and Tyr145 also form multiple
interactions with SIGK N-terminal residues as shown in
Figures 2A and 3. The C-terminal residues of SIGK (sAla5-
sGly11) pack against a largely hydrophobic pocket on Gâ1

(Figure 2B) extending 11 Å from Trp332 on blade 7 to
Met188 in blade 2. The interactions between Gâ1 and the
N-terminal and C-terminal regions of SIGK are outlined in
detail in Figure 3.

Functional Analysis of the Requirements for SIGK Binding
to Gâ1. To assess the contribution of each Gâ1 amino acid
residue in the SIGK binding site toward the total binding
energy, Gâ1 residues within 4 Å of thepeptide binding site
were individually mutated to alanine. Asp246 was changed
to Ser, since an alanine substitution resulted in misfolded
protein. Asp228 could not be analyzed since substitution at
this site produced only misfolded protein. An ELISA assay
was used to measure the affinity of phage displaying the
SIGK peptide for heterodimers containing mutant Gâ1

(Figure 4A). Peptide binding was further assessed by
measuring dose-dependent inhibition by SIGK of heterotri-
mer formation between GRi1 and Gâ1γ2 heterodimers formed
with mutant Gâ1 (Figure 4B). Two-thirds of the Gâ1 mutants
were tested in the assay (data not shown), and a strong
correlation between binding in the phage ELISA and the IC50

for peptide competition with heterotrimer formation was
established. Figure 4B shows representative dose response

curves for some of the Gâ1 mutants spanning a wide range
of affinities for SIGK peptide. None of the mutations had
substantial effects on either steady-state heterotrimer forma-
tion or heterotrimer dissociation (Supporting Information
Table 2).

FIGURE 2: SIGK interface with Gâ1. (A) sLys4 of SIGK (pink) points into a highly acidic pocket on Gâ1 (teal) centered on Asp228,
Asn230, and Asp246 of Gâ1. Oxygen, nitrogen, and sulfur atoms are colored red, blue, and orange, respectively. Distances in angstroms
between the Cε of sLys4 and the Oδ2 and Nδ2 atoms of Asp228, Asn230, and Asp246 are shown. (B) Residues sAla5-sTyr11 from SIGK
(pink) form an extensive interface with the mainly hydrophobic top surface of Gâ1 (teal). Note that Met188 and Met101 are also involved
in the N-terminal interface and are shown in (A).

FIGURE 3: Graphical representation of the contacts between Gâ1
and SIGK peptide. Residues from Gâ1 are shown in blue in the
middle column, flanked on the right and left columns by C- and
N-terminal residues from the SIGK peptide, respectively. Polar
contacts are represented by black dashed lines; nonpolar interactions
are shown in gray unbroken lines.
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The structural and mutagenic data for binding of SIGK to
Gâ1 are graphically summarized in Figure 5. Within the
N-terminal site, mutations to amino acids Tyr145 and Met188
nearly abolished binding of SIGK to Gâ1 (Figure 4A).
Met188 contacts sLys4 in the N-terminus as well as sIle8
near the C-terminal interface (Figure 2), and its substantial
contribution to binding affinity could be attributed to contacts
with both ends of the peptide. Interestingly, mutation of
Asp246 had little effect on binding, even though it is involved
in a polar interaction with sLys4 (Figure 4A). sLys4 is also
involved in polar interactions with both Asn230 and Asp228,
which may compensate for a loss of binding at Asp246
(Figure 2A). Mutation of Asn230 produces a much greater
loss of binding than Asp246Ser (Figure 4A).

At the C-terminal binding site, mutation of Trp332 and
Leu117 produces the most substantial losses of binding to
SIGK, with significant effects also seen when mutations to
Lys57 and Tyr59 are made (Figure 4A). All four of these
amino acids are involved in multiple contacts with peptide
residues, of which the majority are mediated through residues
sIle8 and sLeu9 (Figure 3 and Supporting Information Table
1). The data indicate that the interactions of sIle8 and sLeu9
with other residues in Gâ1 (for example, Leu177 and Met188)
contribute more to SIGK binding than Trp99, whose mutation
had little effect on peptide binding (Figure 4A). Overall, these
data support the structural model, but there are some surprises
where amino acids predicted to be important based on the
structural information actually contribute little to the binding
interaction (W99, for example).

Nature of Molecular Recognition by a Preferred Protein
Interaction Surface. The phage display screen against Gâ1γ2

identified many peptides of differing amino acid sequence
that all bound to a surface that overlaps the SIGK binding
site (10). To understand how Gâγ recognizes a diverse array
of amino acid sequences at a single binding site, we tested
binding of the alanine-substituted Gâ1 mutants (and the
Asp246Ser mutant) to phage displaying each of nine different
peptides from the original phage display screen (Table 2).
The nine peptides were chosen to represent the four dif-
ferent consensus groups of peptides identified previously (see
ref 10 and Table 2). Binding of phage displaying these
peptides to wild-type Gâ1γ2 gave ELISA signals that were
different but fell within a similar range (Figure 6A). Any
substitution that decreased binding to less than 20% of wild
type was considered to be a critical binding contact for that
peptide.

The data in Figure 6B are sorted by consensus group. The
data show that each group utilizes a characteristic combina-
tion of Gâ1 residues within the SIGK interaction surface to
achieve binding. Within groups I and II, there are substantial
differences between the sets of strong Gâγ binding deter-
minants. A dominant feature among all of the peptides is a

FIGURE 4: Binding of SIGK peptide to Gâ1γ2 mutants. (A) Amino
acids that contact the SIGK peptide were individually mutated to
alanine, and binding to peptide was assayed using a phage ELISA.
Immobilized bGâ1γ2 was incubated with phage displaying SIGK
peptide. Phage binding was detected using anR-phage antibody;
the raw data are absorbance at 405 nm. Data shown are the mean
( SD of triplicate determinations from three independent experi-
ments. Blue bars represent mutants for which binding is statistically
different from wild type (p < 0.001 as determined by a one-way
ANOVA followed by a Bonferroni’s post test). Purple bars represent
data statistically identical to wild type. (B) SIGK competition for
FITC-GRi1â1γ2 interactions with representative Gâ1 subunit mutants.
SIGK and FITC-Ri were simultaneously added to streptavidin beads
coated with wild-type or mutant bGâ1γ2 protein, and the amount
of FITCRi1 bound to the beads was assayed by flow cytometry.
Data are shown as the mean of triplicate determinants( standard
deviation of a representative experiment. The experiment was
repeated two (Met188A) or three (wild type, Arg314A, Trp332A)
times with similar results. Comparison of the two assays over a
selection of mutants that spanned the range of SIGK binding
affinities indicates that a 50% loss of binding translates into a 5-fold
increase in IC50, a 75% loss of binding corresponds to a 10-fold
increase, a 90% loss is a 20-fold shift, and a 98% loss is a
50-fold shift. The IC50 values are as follows: wild type) 0.47
µM, Arg314A ) 1.5 µM, Trp332A ) 9 µM, and Met188A)
22 µM.

FIGURE 5: Analysis of binding of SIGK to Gâγ. Residues mutated
in the present study are shown in relation to the SIGK peptide.
The N- and C-termini of the SIGK peptide (pink) are labeled.
Residues of Gâ1 that, when mutated to alanine, result in 75-100%
loss in affinity for SIGK are colored red; a 50-75% loss, orange;
a 25-50% loss, green; a 0-25% loss, blue; no effect, black. The
Asp246 mutation is to serine, not alanine.
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strong requirement for Trp332 within the C-terminal binding
site. Lys57, Tyr59, and Leu117, also within this site,
contribute significantly although they are not absolutely
required for binding of certain peptides in groups II and III.
Mutation of the remainder of the amino acids had more
variable effects on binding of each peptide. For example,
SIGK has a minimal requirement for Trp99 while SCKRT-
KAQILLAPCT absolutely requires Trp99 for binding. The
reverse is true for Tyr145 where SIGK binding has an
absolute requirement for Tyr145 and SCKRTKAQILLAPCT
binding is not affected by this mutation.

In general, peptides in groups I, II, and IV have a
substantial requirement for binding to the N-terminal binding
surface as reflected by an almost complete loss of binding
to the Met188Ala and Asp246Ser mutants and the require-
ment of various peptides for Asn230 (Figure 6B). The
peptides in group I have a conserved motif in which a lysine
is spaced three amino acids away from a hydrophobic core
motif (see Table 2). This motif in SIGK provides the
appropriate spacing in a singleR-helical turn between the
sLys4 that interacts with the N-terminal binding surface and
the ILG motif that interacts with the C-terminal site (Figure
2). Peptides in groups II and IV show a similar motif with
a spacing of four residues. The peptides in group III bind
the C-terminal site but lack a requirement for Met188 and
have minimal requirements for Asn230 and Asp246, sug-
gesting that they do not rely on the N-terminal binding
surface for their interaction with Gâ1 (Figure 6B). Interest-
ingly, some of the mutations actually appear to increase
binding of a group IV peptide, but the mechanism for this is
unclear.

Mutant Gâ1 proteins containing substitutions at either of
two amino acids, Arg314 and His311, which do not bind
directly to SIGK were also analyzed (Figure 5). His311 and
Arg314 were mutated because they undergo a conformation
change in Gâ1γ1 heterodimers upon binding of phosducin
(31, 32). It is unlikely that His311 directly interacts with
amino acids from any of the phage display derived peptides;
nevertheless, mutation of His311 to alanine affected binding
of various peptides to differing extents (Figure 6B). Peptides
whose binding was affected by His311Ala also required
Arg314 for binding, and we suspect that the effect of
mutating His311 to alanine could be due to an alteration in
the position of Arg314.

Table 2: Peptides Used in This Study

a Shown in bold is the lysine residue contacting the N-terminus in
SIGK and the analogous lysine and hydrophobic core residues in the
other peptide families. Peptides were grouped into families on the basis
of the internal sequence homology identified in ref10.

FIGURE 6: Defining the nature of peptide binding to the hot spot.
(A) Relative ELISA signals of phage binding to wt Gâ1γ2 are shown
to indicate that they all give similar binding signals. The sequences
of the peptides displayed by the various phage as fusions with the
coat protein are shown in Table 2. Data are shown as mean( SD
of duplicate determinations for three independent experiments. (B)
ELISA based assay to assess binding of phage displaying various
peptides to Gâ1 mutants with alanine substitutions (except Asp246
which was mutated to S) at the positions shown in Figure 5. Wild-
type or alanine-substituted biotinylated Gâ1γ2 subunits were im-
mobilized on a streptavidin-coated 96-well plate, followed by the
addition of phage. Phage binding was assessed as described in
Experimental Procedures. The data are corrected for nonspecific
binding of phage to the plate and are represented as a percent wild-
type binding. Data shown are mean( SD of duplicate determina-
tions from three independent experiments.
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Structural Changes in Gâ1 upon Binding SIGK.We
previously suggested that one mechanism to account for
peptide-dependent acceleration of heterotrimer dissociation
could involve a change in conformation of Gâγ upon peptide
binding (15). However, the structural data indicate that the
surface of Gâ1 in the Gâ1γ2‚SIGK complex is not signifi-
cantly altered. The rmsd between the core residues of Gâ1

in the Gâ1γ2‚SIGK complex and that in the uncomplexed
Gâ1γ1 heterodimer [1TBG (29); Val40-Asn340, CR only]
is 0.88 Å. However, the side chains of Trp99, Tyr59, Asp228,
Leu117, and Met101 rotate to accommodate SIGK such that
atoms within these residues undergo maximum displacements
of 4.0, 3.6, 2.9, 2.8, and 2.3 Å, respectively, relative to their
positions in uncomplexed Gâ1. TheB factors for residues in
the SIGK binding surface are close to the overall average
for the complex. However, theB factor for Trp99 is reduced
2-fold upon binding to SIGK, as indicated by comparison
of normalizedB factors of the respective structures. The
SIGK‚Gâ1γ2 complex was also compared to those of five
Gâ1γ2 complexes with protein targets: the Gâ1γ2‚GRi1

heterotrimer (1GG2) (30) and the Gâ1γ1‚GRt/i heterotrimer
(1GOT) (33), the Gâ1γ1‚phosducin complex (1AOR and
2TRC) (31, 32), and the Gâ1γ2‚GRK2 complex (1OMW)
(34). Superposition of the Gâ1γ2‚SIGK complex with each
of these structures yields average rms deviations for Gâ1

residues 40-340 of less than 1.0 Å (CR only). With the
exception of a few residues involved in the Gâ1γ1‚phosducin
complex, the Gâγ heterodimer does not undergo large-scale
structural rearrangements in order to bind either the SIGK
peptide or protein targets.

Amino Acid Sequence Characteristics of Peptides That
Accelerate Heterotrimer Dissociation.Previously, we dem-
onstrated that, unlike SIRK, two peptides predicted to bind
at the GR-Gâγ interface [theâARK-ct peptide (amino acids
643-670) and QEHA] blocked heterotrimer formation but
could not promote heterotrimer dissociation (15). Since there
is no apparent conformational change in Gâ upon SIGK
binding, yet SIGK has an apparently unique ability to
accelerate heterotrimer dissociation, we hypothesized that
specific interactions at this interface are required for peptides
to promote dissociation of Gâγ from GR‚GDP. To explore
this idea in greater depth, we examined the effects of SCAR,
another peptide derived from the phage display screen, to
promote subunit dissociation. Amino acids within the N-
terminal interaction interface which contact sLys4 of SIGK,
including Asn230, Asp246, and Met188, are not important
for binding SCAR (Figure 7A). SCAR lacks a lysine residue
with the correct positioning relative to the hydrophobic core
motif to reach the sLys4 binding N-terminal surface (Table
2). We hypothesized that this difference in binding interaction
would affect the ability to promote heterotrimer dissociation.
Both SIGK and SCAR can compete with GRi1 for binding
to Gâ1γ2 with IC50 values of 0.5 and 1.7µM, respectively
(Figure 7B). However, unlike the SIGK peptide, saturating
concentrations of SCAR peptide do not promote dissociation
of a preformed heterotrimer (Figure 7C,D). The inability of
SCAR to promote heterotrimer dissociation is not due to its
marginally lower binding affinity relative to SIGK, since
SIRK (SIRKALNILGYPDYD), a peptide used in our
original studies (10), has a similar affinity and promotes
dissociation (see Figure 8 and ref15). These results support
the hypothesis that peptide binding to the N-terminal inter-

face is necessary for acceleration of heterotrimer dissocia-
tion.

To more directly assess the importance of specific interac-
tions with the N-terminal binding site, a key contact to the
N-terminal binding pocket of Gâ was eliminated by mutating
sLys4 of SIRK to alanine. SIRK(K4A) had a markedly lower
IC50 than SIRK (IC50 ) 60 vs 1.4µM) for blocking GR-
Gâγ interactions (Figure 8A); however, at high concentra-
tions it blocked to levels near that of SIRK (Figure 8A,B).
Despite blocking GR-Gâγ interactions, SIRK(K4A) failed
to accelerate heterotrimer dissociation (Figure 8C,D). The
apparent off-rate of FRi1 from Gâ1γ2 is lower in the presence
of SIRK(K4A) than the intrinsic dissociation rate. This could
be because SIRK(K4A) is a low-affinity blocker and is not
effective at preventing rebinding of FRi1. To confirm that
the inability of SIRK(K4A) to induce heterotrimer dissocia-
tion is not due to its low affinity for Gâ1γ2, we tested a
peptide, SIRK(G10A) (IC50 ∼ 80µM), which has an affinity
comparable to that of SIRK(K4A). This peptide contains a
lysine residue at position 4, but alanine is substituted for
glycine at position 10. Therefore, SIRK(G10A) is expected
to retain binding to the N-terminal Gâ1 subsite but would
have reduced affinity due to the loss of interactions with the
C-terminal subsite. As expected, SIRK(G10A) blocked
heterotrimer formation at high concentrations (Figure 8A,B)
but, despite its low affinity for Gâ1γ2, could still accelerate

FIGURE 7: SCAR peptide competes with GR for binding to Gâγ
but does not promote heterotrimer dissociation. (A) Direct com-
parison of the amino acids required for binding to phage displaying
SIGK (blue) and the SCAR peptide (red) as determined by a phage
ELISA. (B) Representative dose response curves for blocking of
FRi1-Gâ1γ2 interactions by SIGK or SCAR peptides. Data are
corrected for background and are shown as mean( SD of duplicate
determinations from one experiment and are fit with a sigmoid dose
response curve using Graph Pad Prism 4. The IC50 values are as
follows: SIGK, 0.6 µM; SCAR, 1.4 µM. The experiment was
repeated three times with similar results. (C) Kinetics of dissociation
of a preformed FRi1-Gâ1γ2 heterotrimer by the addition of 25µM
SIGK, 80 µM SCAR, or excess unlabeled myristoyl-GRi1 (to
measure the intrinsic dissociation rate). Data were fit with a one-
phase exponential decay curve using Graph Pad Prism 4. The
experiment was repeated three times with similar results. (D) Pooled
data from six experiments showing the extent of heterotrimer
dissociation 3 min after addition of excess myristoylated GRi1 or
peptide. Data are the mean( SD from six experiments. *:p <
0.001 compared to GRi1 as determined with a one-way ANOVA
followed by a Bonferroni’s post test.
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heterotrimer dissociation (Figure 8C,D). Therefore, the ability
of SIRK to bind to Gâ1 and promote heterotrimer dissociation
seems to require the presence of Lys4 and its consequent
ability to interact with the N-terminal subsite of Gâ1.

DISCUSSION

It had been discovered that a group of peptides derived
from a random-peptide phage display screen compete with
each other for binding to Gâ1γ2 and, therefore, are presumed
to interact at a common site (10). However, these peptides
are selective in their ability to inhibit binding of Gâ1γ2 to
its various interaction partners. This work demonstrates that
one of these inhibitory peptides, SIGK, targets the GRi1

switch II binding surface of Gâ1γ2, the same surface that is
used by most Gâγ effectors and binding proteins (5). This
explains the ability of this peptide to inhibit interactions
between Gâγ and multiple targets, but the pharmacological
selectivity of this peptide demonstrates that this binding
surface is not responsible for all target recognition. Second,
our mutational analysis of the binding requirements for the
families of different inhibitory peptides demonstrates that

the Gâ1γ2‚SIGK interface has the capacity to bind multiple
amino acid sequences. Thus the Gâγ binding site, which is
used both by effectors and by peptides selected though phage
display, is a paradigm for multiple target recognition. Third,
we find that binding of peptides at the top face of Gâ1 can
promote G protein subunit dissociation and that specific
binding requirements within the surface are required for this
activity. Consequently, this biologically important event can
be dissected pharmacologically using peptides.

The SIGK Peptide Binding Surface on Gâγ Uses DiVerse
Mechanisms for Amino Acid Sequence Recognition.No two
peptides from the phage display screen bound to the SIGK-
Gâ1γ2 binding surfaces using the same molecular determi-
nants; even peptides in the same consensus group with similar
sequences had unique modes of binding (Figure 6B). The
multiple modes of peptide binding suggested by the mu-
tagenesis experiments are in accordance with the way in
which Gâγ interacts with a wide array of target molecules;
Gâγ binding partners lack consensus sequences and geom-
etries, although many Gâγ binding partners access the top
face of Gâ utilizing identical residues of Gâ. For example,
Lys57, Tyr59, Trp99, Met101, Leu117, Tyr145, Met188,
Asp246, and Trp332 from Gâ1 are involved in contacts with
the GRK2 PH domain in the crystal structure of the Gâ1γ2‚
GRK2 complex, and all of these residues of Gâ1 are involved
in SIGK contacts as well (Figure 9 and Supporting Informa-
tion Table 3). This is in spite of the fact that the secondary
structures of the GRK2 PH domain (the RH-PH loop, the
RCT region, andâ4 strand) are completely dissimilar to the
purely helical SIGK peptide (34). This theme is recapitulated
in the complex of Gâ1 with GR (30, 33). Notably, the switch
II region of GRi1 forms anR-helix that is bound in almost
the same orientation as the SIGK peptide (Figure 7A).
However, switch II of GRi1 has no sequence similarity to
the SIGK peptide, although it contains a lysine (Lys210) that
is oriented in almost the same position as sLys4 (30). The
array of peptides selected in the original phage display
recapitulates many of the binding characteristics of Gâγ
binding in the context of signaling molecules.

Analysis of the SIGK Binding Surface as a Preferential
Protein Binding Site. The ability of the SIGK binding site
of Gâ1γ2 to accommodate a range of ligands with diverse
sequences and secondary structures suggests that it may be
an example of a preferential protein binding site as described
by Delano et al. (11). Preferential binding surfaces are
characterized as having high solvent accessibility, low
polarity, and a high degree of conformational flexibility (11,
12, 35-37). Moreover, preferential binding sites are likely
to contain an unusually high concentration of so-called hot
spot residues that, if mutated to alanine, reduce binding
energy at least 10-fold (11). Often, point mutation of any
hot spot residue on a surface completely abrogates protein-
protein or small molecule complex formation, even when
the binding interface buries several hundred angstroms
squared of total surface area (35, 36, 38). We have used these
criteria to evaluate the SIGK binding site of Gâ1 as a pro-
tein surface that is predisposed by its chemical composition
and surface properties to serve as a preferred protein binding
site.

First, of the 12 residues in the SIGK contact surface that
were tested in the current study, 8 (Lys57, Tyr59, Leu117,
Tyr145, Asp186, Met188, Asn230, and Trp332) met the

FIGURE 8: Binding of the K4 residue of SIRK is essential for
peptide-mediated dissociation. (A) Competition for binding between
50 pM bGâ1γ2 between 100 pM FRi1 and SIRK, SIRK(K4A), or
SIRK(G10A). The IC50 values are as follows: SIRK, 1.4µM;
SIRK(K4A), 60 µM; SIRK(G10A), 80µM. Data are the mean(
SD from duplicate determinations from one of three independent
experiments. (B) Pooled data from three experiments showing the
amount of inhibition of FRi1 binding with 50µM SIRK, 300 µM
SIRK(K4A), and 400µM SIRK(G10A) in competition assays. (C)
Kinetics of dissociation of a preformed FRi1-Gâ1γ2 heterotrimer
by 50µM SIRK, 300µM SIRK(K4A), and 400µM SIRK(G10A)
peptides or excess unlabeled myristoyl-GRi1. Data shown were fit
with a one-phase exponential decay function using Graph Pad Prism
4. The experiments were repeated four times with similar results.
(D) Pooled data from four experiments showing the amount of FRi1
remaining bound to bGâ1γ2 3 min after addition of peptide or excess
unlabeled myristoylated GRi1. Data are shown as the mean( SD
from four independent experiments. *:p < 0.0001 compared to
GRi1 as determined with a one-way ANOVA followed by a
Bonferroni’s post test.
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energetic criterion for a hot spot residue with respect to
binding of the SIGK peptide. In addition, the SIGK binding
surface is significantly more populated with aromatic residues
than the rest of the Gâ surface; 38% of the SIGK binding
surface versus 8.5% of the total non-glycine solvent-
accessible surface of Gâ1 is composed of Phe, Tyr, His, or
Trp. In total, 62% of the SIGK binding surface is nonpolar
compared to 29% of Gâ1 solvent-accessible residues. Ac-
cessibility scores for SIGK binding residues relative to
residues of the same type in Gâ1 are shown in Supporting
Information Figure 1A. Five residues within the SIGK
binding surface showed significant deviation from the
mean: Tyr59, Trp99, Met101, Leu117, and Trp332. Nearly
one-third of the SIGK binding site residues have higher
surface accessibility than would be expected for their amino
acid type.

Residue flexibility can be quantified in terms of relative
positional variation in the context of several Gâγ-protein
complexes as shown in Supporting Information Figure 1B.
Relative to their positions in uncomplexed Gâ1γ1, the SIGK
binding residues of Gâ1 show only slightly greater than
average side chain positional disparity (1.42 Å compared to
1.35 Å), with the side chains of Trp99, Asp228, and Trp332

having the largest positive deviation from the average (each
greater than 2 Å). The largest displacements, more than 10
Å toward the outside of the Gâ1 torus, are observed for
residues Arg314 and Trp332 only in the complex with
phosducin. AtomicB factors also provide a measure of
conformational flexibility. In the structure of uncomplexed
Gâ1γ1 theB factors for Trp99, Val100, and Met101 exceed
the mean value by least one standard deviation (Trp99 is
greater than 2 SD from the mean). In complexes with GRi1,
GRK2, phosducin, and SIGK, these binding site residues
become more well ordered withB values close to the mean
and in some cases up to 1 SD below the mean (data not
shown). Taken together, these two measures of conforma-
tional flexibility indicate that the Gâ1 binding surface
undergoes multiple small structural changes to accommodate
structurally diverse binding partners.

In total, structural, mutagenic, and computational analysis
demonstrates that the SIGK binding site on Gâ1 may be
regarded as a hot surface. In this particular case, the ability
to bind diverse sequence targets appears to depend on
heterogeneous nonbonded interactions; residues are utilized
that use van der Waals contacts (methionine and leucine),
polar contacts (aspartate and asparagine), and both (lysines,

FIGURE 9: Molecular surface comparisons of Gâγ binding interactions. Molecular surfaces are shown for Gâγ; the residues in each color
correspond to the Gâ binding surface for each signaling target. (A) Residues that contact the SIGK peptide. Relative positions of key
residues of the Gâ1γ2‚SIGK interaction discussed in the text are labeled on the surface for orientation purposes. (B) Residues indicated by
complex crystal structures to be important for target binding (30-34, 40). (C) Residues proposed to be important for target binding to Gâγ
based on mutagenesis studies of PLCâ2, adenylyl cyclase type II, GIRK channels, and N, P/Q Ca2+ channels (5-7, 41). The Gâγ binding
partner for each molecule is labeled.
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tryptophan, and tyrosine) to contribute to the energy of
binding.

Interactions with the Lysine Binding Pocket on Gâ
Subunits Are Critical for Peptide-Mediated Subunit Dis-
sociation.The crystal structure of the Gâ1γ2-SIGK complex
clearly shows why SIGK and related peptides compete for
binding with GR; they bind to the same surface on Gâγ as
the GR switch II region (30, 33). However, our data clearly
show that SIGK and SIRK promote heterotrimer dissociation,
thereby providing a novel means to effect G protein
activation in vitro and in intact cells (14, 15). It is not known
how SIGK/SIRK catalyzes heterotrimer dissociation. Two
major interfaces on GR subunits contact Gâ: the switch
interface, which overlaps with the peptide binding site, and
an interface between the N-terminus of the GR subunit and
the outer strands of blade 1 [as numbered in Wall et al. (30)].
These surfaces may separately and transiently release from
Gâγ, with GR subunit dissociation occurring only when both
interactions are broken simultaneously. It is possible that the
SIGK and SIRK peptides are able to promote dissociation
in part because they bind Gâγ while the switch II interface
is transiently accessible, followed by release of the N-
terminus of the GR subunit from Gâγ which leads to full
subunit dissociation.

However, other peptides that can compete for GR-Gâγ
interactions, includingâARK-ct peptide, QEHA, or SCAR,
do not promote dissociation. We propose that SIRK and
SIGK have the unique capacity to catalyze dissociation
because they bind to the peptide N-terminal binding site on
Gâ. Peptides unable to bind this region such as SCAR and
SIRK(K4A) could not promote subunit dissociation, even
though they compete with GR for Gâγ binding. These results
also demonstrate that high peptide affinity is neither neces-
sary nor sufficient to enhance the rate of heterotrimer
dissociation. SCAR, a high-affinity peptide, could not
promote dissociation, whereas SIRK(G10), a very low
affinity peptide, could. Perhaps the ability of certain peptides
to interact with the charged pocket on Gâ imparts a kinetic
advantage such that they are able to insert themselves at the
switch II/Gâγ interface during rapid and transient intersub-
unit breathing transitions. Overall, the data indicate that a
specific mechanism is required for these peptides to promote
subunit dissociation and that simple competition for GR-
Gâγ interactions is not sufficient for this mechanism of G
protein activation.

Pharmacological Importance.Our studies demonstrate a
mechanism for molecular recognition of diverse ligands at
a specific region on the Gâ subunit. We have shown that
different peptide ligands interact with this surface through
unique binding modes, corresponding well to the diversity
of Gâγ interactions with its numerous binding partners
(Figure 9). Gâγ binding partners lack consensus sequences
and structures, yet all can utilize similar surfaces for
activation. This interesting phenomenon has hindered at-
tempts to target Gâγ therapeutically. Gâγ inhibitors such
asâARK-ct and QEHA block Gâγ signaling nonspecifically,
by inhibiting all Gâγ signaling downstream of receptor
activation (16, 18, 39). However, unlike these inhibitors, the
SIRK peptide is unique with regard to its functional
selectivity. SIRK blocks Gâγ binding to GR, promotes
heterotrimer dissociation, and blocks activation of PI3K and
PLCâ while having no effect on regulation of N-type Ca2+

channels or ACI. Here we have shown that, even within the
switch II interface, selectivity can be achieved. Gâγ binding
partners utilize unique sets of amino acids within this
interface to mediate binding. Perhaps small organic molecules
that target smaller areas within this interface might be even
more specific inhibitors of Gâγ signaling that would be
useful in the treatments of diseases such as heart failure and
inflammation.
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