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G-protein βγ (Gβγ) subunits interact with a wide range of molecular
partners including: Gα subunits, effectors, peptides, and small mol-
ecule inhibitors. The molecular mechanisms underlying the ability
to accommodate this wide range of structurally distinct binding
partners are not well understood. To uncover the role of protein
flexibility and alterations in protein conformation in molecular rec-
ognition by Gβγ, a method for site-specific 15N-labeling of Gβ-Trp
residue backbone and indole amines in insect cells was developed.
Transverse Relaxation Optimized Spectroscopy-Heteronuclear Sin-
gle-Quantum Coherence Nuclear Magnetic Resonance (TROSY-
HSQC NMR) analysis of 15N-Trp Gβγ identified well-dispersed sig-
nals for the individual Trp residue side chain and amide positions.
Surprisingly, a wide range of signal intensities was observed in the
spectrum, likely representing a range of backbone and side chain
mobilities. The signal for GβW99 indole was very intense, suggest-
ing a high level of mobility on the protein surface and molecular
dynamics simulations indicate that GβW99 is highly mobile on the
nanosecond timescale in comparison with other Gβ tryptophans.
Binding of peptides and phosducin dramatically altered the mo-
bility of GβW99 and GβW332 in the binding site and the chemical
shifts at sites distant from the direct binding surface in distinct
ways. In contrast, binding of Gαi1-GDP to Gβγ had relatively little
effect on the spectrum and, most surprisingly, did not significantly
alter Trp mobility at the subunit interface. This suggests the inac-
tive heterotrimer in solution adopts a conformation with an open
subunit interface a large percentage of the time. Overall, these
data show that Gβγ subunits explore a range of conformations that
can be exploited during molecular recognition by diverse binding
partners.
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The Gβγ subunit complex performs a central function trans-
ducing signals from G-protein-coupled receptors to changes

in cellular physiology through a series of highly regulated protein-
protein interactions (1–3). The array of functionally and struc-
turally diverse binding partners both upstream and downstream
of Gβγ is not consistent with a simple binding mechanism that
relies on well-defined structure or sequence modules (1). Rather,
Gβγ appears to have multiple binding modes for interacting with
receptors, G-protein α subunits, and downstream effectors (1, 4).

We have proposed that Gβγ subunits have a protein interaction
“hot spot” that mediates interactions between Gβγ and down-
stream signaling molecules and other binding ligands (5, 6).
Hot spots are subsets of amino acids in crystallographic protein–
protein interfaces that contribute the majority of the interaction
energy (7–10). These amino acids tend to be clustered at the cen-
ter of the interface and present diversity in chemistry that can
participate in multiple types of bonding interactions that can
be exploited by different binding partners. Additionally, where

single protein binding sites interact with multiple diverse ligands,
hot spots are flexible and present binding epitopes of variable size
and shape, allowing recognition of diverse structures (8). It seems
that the Gβγ subunit hot spot must be flexible in order to mediate
its multiple diverse binding interactions.

G-protein βγ subunits are potential therapeutic targets based
on studies in animal models using protein-based inhibitors of Gβγ
functions (11, 12) or genetic deletion of downstream targets of
Gβγ signaling (13–15). More recently, small molecule inhibitors
of Gβγ subunit signaling have been identified that bind to the Gβγ
hot spot and inhibit Gβγ protein–protein interactions (16). These
have been used in cellular and animal models to further implicate
Gβγ signaling as a potential therapeutic target in pain (17), in-
flammation (18), and cancer (19). Understanding the flexible nat-
ure of this surface is important for developing approaches to
target Gβγ with “drug-like” molecules for treatment of disease.

To obtain information about Gβγ flexibility and its importance
in ligand binding, we developed an NMR spectroscopy protocol
to report on alterations in Gβγ structure. Whereas NMR can pro-
vide valuable information about protein structure and dynamics,
there are several limitations that must be overcome for success. It
is difficult to get informative spectra as the size of the protein
increases above 25 kDa because sensitivity decreases as a result
of relaxation-dependent line broadening, and the increased num-
ber of protons in the macromolecule results in complex spectra
with a high degree of spectral overlap (20, 21). To overcome
this issue, we prepared Gβγ, selectively labeled with 15N-Trp,
to perform two-dimensional 1H-15N-TROSY-HSQC experi-
ments. We have used a similar approach to study 15N-indole-
labeled prolyl oligopeptidase (22). Using this method, we exam-
ined structural alterations that occurred upon formation of
complexes between Gβγ and multiple binding partners. The data
reveal that despite binding to similar sets of amino acids on Gβγ,
each partner produces unique alterations in the spectra, indicat-
ing that different protein conformations are involved in recogni-
tion of different binding partners.

Results
Two-Dimensional 1H-15N-TROSY-HSQC Analysis of 15N Tryptophan-
Labeled Gβγ.Gβγ was labeled with 2-15N-Trp allowing us to obtain
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two-dimensional 1H-15N-TROSY-HSQC spectra with good
dispersion (Fig. 1A). For all the peaks, those assigned as the
indole or amide are designated with i or a, respectively. There
are eight Trp residues in both core positions of the
β propeller of Gβγ, and at critical positions for protein–protein
interactions in the Gβγ hot spot (GβW99 and GβW332) (Fig. 1C).
Of the expected 16 peaks, 14 are observed. The two missing reso-
nances could be either exchange broadened, or overlapping with
other signals, as will be discussed, but the overall spectrum was
consistent with the expected results. To assign the peaks in the
spectrum, we systematically replaced each Trp residue with Phe
by site-directed mutagenesis. Two-dimensional 1H-15N-TROSY-
HSQC spectra were then obtained for each of the purified
Gβγ-Trp mutants and compared with the wt-Gβγ-spectrum to
identify missing peaks. Details of the assignments are discussed
in SI Text and shown in Figs. S1 and S2. One peak was identified
as originating from unfolding protein (UP in Fig. 1A) because its
presence was inconsistent and tended to appear and increase as
the sample aged. A striking feature of the spectrum was the range
of peak intensities, with some low intensity signals (GβW99a,
GβW332a and GβW82i) and a very intense signal for GβW99i
(Fig. 1A andB). These differences in intensity likely reflect a range

of dynamics of individual Trp side-chain and backbone positions
on both fast and intermediate chemical exchange time scales, and
indicate significant flexibility of Gβ in the hot spot.

Molecular Dynamics Simulations. We hypothesize that the very
intense peak for GβW99i is the result of unusually high mobility
on very fast time scale on the protein surface. There are two
surface Trp residues, GβW332 and GβW99, but only GβW99i
gives this very intense signal. We examined the crystallographic
B factors for Trp residues in free Gβγ and only GβW99 had a
B factor that was significantly higher than the others (23). To
further examine the mobility of GβW99, we performed molecular
dynamics simulations. Four dihedral angles were monitored for
each Gβ-Trp during 10 independent 8 ns simulations. GβW99
showed significant alteration in these angles on this time scale
suggesting that GβW99 has the potential to be highly mobile
on the protein surface (Fig. 2 Left and Figs. S5 and S7). Interest-
ingly, the backbone ϕ and ψ bond angles in addition to the side
chain χ1 and χ2 bond angles, showed flexibility and were able to
adopt multiple states during these simulations. GβW332, on the
other hand, showed little change in dihedral angles (Fig. 2Right,
Figs. S6 and S8) and is similar to the other Trp residues (Figs. S7
and S8). Also examined was the propensity to form hydrogen
bonds that could restrict molecular motion. GβW99 was the only
tryptophan that did not participate in hydrogen bonds during the
simulations (Table S1). Thus, these simulations support the
notion that the strong NMR signal for GβW99 results from a high
level of mobility on the nanosecond time scale.

Effects of Peptide Ligand Binding on Resonance Intensities and
Chemical Shifts. As an initial experiment to evaluate how Gβγ
adapts to binding of ligands and protein partners, we examined
alterations in the two-dimensional 1H-15N-TROSY-HSQC spec-
trum upon binding of two Gβγ binding peptides derived from ran-
dom peptide phage display (5). These peptides have no sequence
homology but bind to the hot spot on Gβγ and competitively
inhibit interactions with several downstream targets. We had pre-
viously shown that, whereas these peptides bind to an overlapping
surface, different subsets of amino acids on Gβ are required for
binding (6).

SIGKAFKILGYPDYD (SIGK) is a linear peptide that binds
Gβγ with an apparent affinity near 1 μM (5) and the structure of a
Gβγ-SIGK cocomplex has been solved (6). In Fig. 3A is a com-
parison of the spectrum of Gβγ alone with Gβγ in the presence of
two equivalents of SIGK. The most striking alteration is the dra-
matic decrease in intensity and change in chemical shift for the
GβW99i signal. This result is consistent with the three-dimen-
sional structure of the SIGK-Gβγ cocomplex where SIGK binding
would restrict the motion of GβW99 (6).

Also observed were significant increases in the intensity for the
GβW99a, a shift in position of the GβW332a resonance and
appearance of a new signal (Fig. 3A) corresponding to one of

Fig. 1. Two-dimensional 1H-15N-TROSY-HSQC spectrum of Gβ1γ2ΔC. A. Two-
dimensional 1H-15N-TROSY-HSQC spectrum of 150 μM 15N-Trp-Gβ1γ2ΔC ac-
quired for 12 h at 30 °C on a Bruker 800MHz spectrometer. Assignments were
made as discussed in the text and in SupplementalMaterial. The numbering is
the amino acid number followed by (a) for amide resonances or (i) for indole
resonances. UP is unfolding protein. B. 1H-projection of the data in A. Black
arrow indicates the very intense resonance for GβW99i and the red arrow in-
dicates an example of a very small signal for GβW99a. C. A three-dimensional
model of the Gβ1γ1 derived from coordinates 1TBG (23). Red numerals indi-
cate the numbers of the blades of the propeller, according to ref.32, and in
black numbering are the Trp residues for which signals are identified in A.

Fig. 2. Molecular dynamics simulations for Gβγ-Trp resonances. Example
8-ns trajectories for ϕ, ψ , χ1, and χ2 bond angles for GβW99 (Left) and
GβW332 (Right). Calculations were performed 10 times with different
starting points for each Trp residue as described in Methods.
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the missing peaks in the unbound spectrum that can be attributed
to GβW332i (Fig. S1F). GβW332 also directly contacts SIGK in
the three-dimensional structure (6). The most likely explanation
for these observations is that in the ligand-free state, the signal for
GβW332i is unobservable, and the GβW99a signal is very weak
due to line broadening resulting from chemical exchange between
different conformations on an intermediate time scale. Direct
binding of SIGK preferentially stabilizes one of these conforma-
tions, resulting in an increase in observable NMR signal. In ad-
dition to changes that occur due to direct interactions between
the peptide and the hot spot, a number of alterations occur at
amino acids at some distance from the peptide binding site in-
cluding: GβW297a, GβW82a, GβW211a, GβW82i, GβW63i
and GβW339i. Most of these changes are not large but they
are significant and indicate that binding of ligands to the hot spot
can transmit conformational information throughout the Gβ sub-
unit structure.

We also examined alterations in the spectrum that occurred
with a second peptide SCARFFGTPGCT (SCAR). This peptide
is very different in sequence from SIGK and is constrained in a
cyclic conformation by an internal disulfide bond, and is a com-
petitive inhibitor of some Gβγ-effector interactions with an ap-
parent affinity for Gβγ similar to SIGK (6). Like SIGK, SCAR
binding suppresses the intense GβW99i resonance but, in the case
of SCAR, there was no effect on GβW99a (Fig. 3C). There was
also a shift in GβW332a resonance but to a different position than
SIGK and no increase in GβW332i resonance was observed. At
positions distant from the binding sites for the peptides, there are
additional similarities and differences between the spectral
changes caused by the binding of the two peptides (Fig. 3D
and E).

G-Protein α Subunit Binding. G-protein α subunits bind to Gβγ
subunits with 1–10 nM affinity (24) and also interact with the
Gβγ hot spot. The switch II region of Gα subunit has high
structural homology with SIGK and interacts with all of the same
amino acids in the hot spot (Fig. 4A and Table S2). Gα has
additional contacts outside of the hot spot, as well (Fig. 4A
and Table S2). To assess the effects of Gα on Gβγ conformation,

we assembled 15N-Trp-Gβγ subunit with unlabeled myristoylated-
Gαi1-GDP (mGαi1-GDP) subunits in a 1∶1.2molar ratio and per-
formed 1H-15N-TROSY-HSQC analysis. Assembly with mGαi1-
GDP subunits resulted in remarkably little change in the
15N-Trp-Gβγ spectrum (Fig. 4B). Particularly striking was the lack
of effect of mGαi1-GDP binding on the apparent mobility of
GβW99i. Whereas the binding of SIGK peptide resulted in com-
plete suppression of the GβW99i resonance, assembly with
mGαi1-GDP resulted in only a partial 30–50% suppression of this
signal (Fig. 4C). This suggests that GβW99 retains a high level of
mobility in the assembled inactive heterotrimer. There is also a
loss of the GβW99a signal with mGαi1-GDP binding but this is
difficult to interpret because the signal is very weak in the absence
of mGαi1-GDP and the noise increases significantly upon forma-
tion of the large Gαβγ complex, which possibly leads to loss of low
intensity peaks. Upon addition of the G-protein activator, alumi-
num fluoride, the intensity of GβW99i is restored to the intensity
observed in the unbound state. The lack of increase in intensity of
other signals suggests that Gα remains bound to Gβγ because the
overall signal should increase due to the decrease in molecular
weight upon Gα dissociation (Fig. S4).

Several lines of evidence suggest that mGαi1-GDPwas properly
assembled with Gβγ. Upon assembly with mGαi1-GDP, a quality
spectrum was no longer achievable on the 600 MHz spectrometer
and acquisition of the spectrum required analysis on the 800MHz
spectrometer that is indicative of a loss of sensitivity due to
relaxation-dependent line broadening that occurred upon forma-
tion of the higher molecular weight species. Dynamic light scatter-
ing analysis of the NMR sample indicated an approximate
doubling in the molecular weight upon assembly of Gβγ with
mGαi1-GDP. Only one molecular weight species corresponding
to assembled heterotrimer was present indicating little aggregated
protein, free Gα, or Gβγ in the sample (Fig. S3).

Phosducin Binding. Phosducin is a protein found in the retina that
binds Gβγ and can inhibit its activity. It has been cocrystallized
with Gβγ and local conformational alterations in Gβγ are ob-
served in the complex (25, 26). To compare the extent and pattern
of structural alterations in solution with another Gβγ binding

Fig. 3. Peptide ligand effects on Gβ1γ2ΔC 1H-15N-TROSY-HSQC spectrum.A. Comparison of HSQC spectrum of 15N-Trp-Gβ1γ2ΔC (150 μM) in the absence (Black)
and presence (Red) of 300 μM SIGK: SIGKAFKILGYPDYD. B. 1H projection of the 1H-15N-TROSY-HSQC spectra from A. C. Comparison of 1H-15N-TROSY-HSQC
spectrum of 15N-Trp-Gβ1γ2ΔC (150 μM) in the absence (Black) and presence (Blue) of 300 μM SCAR: SCARFFGTPGCT. D. Comparison of the downfield region of
the 1H-15N-TROSY-HSQC spectra from Gβγ alone (Black) Gβγ with SIGK (Red) and Gβγ with SCAR (Blue). E. Comparison of the upfield region of the 1H-15N-
TROSY-HSQC spectra from Gβγ alone (Black) Gβγ with SIGK (Red) and Gβγ with SCAR (Blue).
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partner, a complex between unlabeled phosducin (Pdc) and 15N-
Trp Gβγ was analyzed by two-dimensional 1H-15N-TROSY-
HSQC (Fig. 5A). The results are in striking contrast to those
observed in the complex with Gαi1. Phosducin binding results
in significant alterations in peak intensities and/or chemical shifts
for virtually all the Trp residues. GβW99 and GβW332 in the hot
spot directly contact the N terminus of phosducin and their
signals are strongly altered. The resonance for GβW339i is also
altered and, whereas GβW339 does not directly interact with
phosducin, it is positioned to report on the local conformational

changes observed in crystal structures of the complex (25, 26) that
open the cavity between blades six and seven (see Fig. 1C) upon
Pdc-binding. More surprising are changes observed for Trp resi-
dues distant from the binding site of phosducin on Gβγ. These
other Trp residues are structural elements of the blades of Gβ
and the changes in chemical shift report overall structural
changes in the propeller in solution that are not obvious from
the three-dimensional crystal structures.

Phosducin consists of two discreet domains that interact with
the Gβ propeller, an N-terminal region that interacts with the hot
spot and a C-terminal region that interacts with blades six and
seven (see Fig. 1C). To more specifically determine the role of
binding at the hot spot in the observed conformational alter-
ations, a protein consisting of amino acids 1–107 from phosducin
(PdcN) was purified and complexed with 15N-Trp-Gβγ. The two-
dimensional 1H-15N-TROSY-HSQC spectrum (Fig. 5B) shows
many, but not all, of the alterations observed with full-length
phosducin. Thus binding of the N-terminal domain of phosducin
is sufficient to alter the global conformation of Gβ but the

Fig. 5. Phosducin binding to Gβγ. A. Comparison of 1H-15N-TROSY-HSQC
spectrum of free Gβγ (Black) and Gβγ-phosducin complex (Red). Black arrows
indicate shifts of resonance position in the complex, Blue arrows indicate
resonances that disappear in the complex, and Green arrows indicate
resonances that appear in the complex but cannot be assigned. B. Compar-
ison of 1H-15N-TROSY-HSQC spectrum of free Gβγ (Black) and Gβγ -phosducin
N terminus 1–107 complex (Red). Black arrows indicate changes that are
similar to the Gβγ full-length phosducin complex and Blue arrows indicate
differences from the full-length complex.

Fig. 4. Gα subunit effects on Gβ1γ2ΔC 1H-15N-TROSY-HSQC spectrum. A.
Model of the three-dimensional structure of the Gαi1Gβ1γ2 heterotrimer from
coordinates 1GP2. Key Gβγ subunit Trp residues are numbered in Black. The
Dark Blue helix is the switch II region of Gα and the yellow helix is the
N-terminal helix of Gαi . B. Overlay of the 1H-15N-TROSY-HSQC spectra of
the 1.2∶1 complex of Gα-15N-Trp-Gβ1γ2ΔC (Red) to 15N-Trp-Gβ1γ2ΔC alone
(Black). Data were collected for 12 h for 15N-Trp-Gβ1γ2ΔC alone and 24 h
for the complex by using an 800 MHz spectrometer for both. C. 1H projection
of the data in B.
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C terminus can modify the nature of these changes to some
degree.

Discussion
The two-dimensional 1H-15N-TROSY-HSQC spectrum for Gβγ
reveals a striking range of intensities of NMR signals in the
spectrum. We propose that this represents a range of dynamic
properties of each of these amino acids on Gβ on different
NMR time scales. Evidence that the diversity of peak intensities
represent conformational exchange on different time scales are:
(i) Molecular dynamics simulations that show that GβW99 has
the capacity to be uniquely mobile on a nanosecond timescale.
(ii) GβW99i peak intensity is greatly diminished by SIGK binding
consistent with the crystal structure showing that GβW99i-side
chain mobility would be severely restricted upon peptide binding
(6). (iii) The low intensity signals of both the GβW99a and
GβW332i increase upon SIGK binding to a level similar to the
mean for the remaining amino acids. This can be best explained
by chemical exchange between different conformations on an
intermediate time scale (μsec-msec) in the unbound protein, with
SIGK binding selecting and stabilizing a single conformation.
This hypothesis is supported by x-ray diffraction data showing
direct interactions of SIGK with GβW332 that would alter the
dynamic properties of this amino acid.

A quantitative approach to measuring individual Trp side chain
and backbone dynamics would require rigorous chemical relaxa-
tion experiments (27–29). Several factors limit this approach for
this study, including long times (12 h) for two-dimensional
1H-15N-TROSY-HSQC data acquisition, and uncertain protein
stability for collecting multiple relaxation spectra. Additionally,
the intensities of some of the signals are extremely low or not
observable, making it difficult to follow their evolution over
the course of the relaxation experiment. Qualitatively, however,
the data supports the conclusion that many of the Trp residues in
unbound Gβγ undergo chemical exchange between different con-
formations on different time scales. We only observe Trp residues
in these spectra but it is likely that other amino acids in the hot
spot are dynamic, as well. This range of dynamics supports the
hypothesis that the hot spot of Gβ subunits explores a range
of conformations in the ligand-free state that present a range
of structures that can be selected for by a particular binding part-
ner. This concept could be important for explaining the ability of
Gβγ to bind to multiple protein and small-molecule ligands.

Of particular interest is the contrast in Gβγ-conformational
states bound by Gα, SIGK, and phosducin binding to Gβγ. Of
these proteins, mGαi1-GDP has the highest affinity for Gβγ with
a Kd of 1–10 nM (24), whereas phosducin and SIGK have Kd´s of
50 nM (30) and 1 μM (31), respectively. The studies presented
here were performed with Gβγ subunits missing the geranyl–
geranyl lipid that is important for high-affinity interactions
between Gβγ and various protein binding partners including:
Gα and phosducin. However; at high concentrations of Gβγ, such
as in the conditions of our NMR experiments (150 μM), Gβγ
binds to all these partners (32–34). SIGK is a structural mimic
of Gα switch II, interacts with the same amino acids as Gα
switch II, and has clear effects on the mobility and chemical shifts
of Trp residues inside and outside the hot spot. Striking differ-
ences in the NMR spectrum are also observed either in Pdc or
PdcN complexes compared to that of free-Gβγ. Thus, it is re-
markable that very little difference is observed in mGαi1-GDP
subunit bound spectrum of Gβγ compared to free-Gβγ. Most
surprising is the level of apparent mobility that is maintained
for both of the Trp residues in the hot spot, particularly GβW99i.
This would not be possible if the solution conformation of the
heterotrimer was the same as that reported in the crystal struc-
tures with GβW99i involved in hydrogen bond and van der Waals
interactions with Gα amino acids (32–34). These data strongly
suggest that the inactive heterotrimer is in an open conformation

exposing the Gβγ hot spot and Gα switch II interface a large per-
centage of the time allowing for increased mobility of amino acids
at this interface.

In an open conformation, the inactive heterotrimer could inter-
act with effectors or other molecules through either Gβγ, Gα,or
both surfaces in the absence of nucleotide exchange. Nucleotide
exchange could increase the availability of these surfaces or alter
the relative conformations of these surfaces to lead to effector
activation. The opening of this surface also provides a potential
mechanism for nucleotide exchange-independent G-protein
activation such as observed for some Activators of G protein
Signaling (AGS) proteins (35–37) that seem to promoteG-protein
subunit dissociation through interaction with these surfaces in the
inactive heterotrimer.

A general view in the field is that Gβγ subunits do not undergo
significant conformational changes primarily based on observa-
tions comparing the free-Gβγ structure with Gβγ cocomplexes.
In the studies presented here, SIGK, SCAR, Gα subunits, and
phosducin binding yield distinct changes in chemical shift at sites
within and outside the direct binding surface. For SIGK and
SCAR, the major changes in chemical shift and dynamics are
observed for GβW99i, GβW332i, and GβW99a; all directly in
the peptide binding site. These alterations may reflect local
alterations in conformation, but the additional, albeit subtle,
changes in chemical shift that occur outside the peptide binding
site indicate more global structural changes. For Gα subunits, any
changes outside the binding site were difficult to observe. In con-
trast, are the dramatic changes that occur throughout the protein
upon phosducin binding despite the 10-fold lower affinity of
phosducin than Gα for Gβγ. The data supports the idea that
the conformational change believed to bury the prenyl group
in a groove between β-propeller blades six and seven may be
more global than originally proposed from the crystal structures
(25, 26). The fact that similar structural changes in Gβγ were ob-
served with full length Pdc and its N-terminal domain is consis-
tent with biochemical studies showing that they both caused
dissociation of Gβγ from membranes despite the fact that only
the C-terminal domain sterically interferes with membrane bind-
ing (38). This finding led to the prediction that the N-terminal
domain could allosterically induce the conformation with the
prenyl group buried.

Together these data strongly support the hypothesis that Gβγ
subunits accommodate different binding partners through struc-
turally distinct conformations. To date, there are crystal struc-
tures of cocomplexes between Gβγ and phosducin (25, 26),
Gβγ and Gα subunits (32, 35), Gβγ and G-protein-coupled
receptor kinase 2 (39), and Gβγ and SIGK (6) or parathyroid
hormone receptor (40) peptides. There are close to 50 different
binding partners for Gβγ and our data suggest that there are
changes in conformation of Gβγ that occur in solution that are
not readily observed or interpretable from crystallographic struc-
tures. Thus it seems very likely that there are a wide range of
structural changes that can occur on Gβγ that depend on the
binding partner, and these conformational changes could be
important not only for molecular recognition but for modulation
of Gβγ signaling functions.

Materials and Methods
Expression and Purification of 15N-Trp Gβγ. Gβ1 (or Gβ1-Trp mutants) and
6His-tagged γ2 truncated after F67 to remove the site of isoprenylation
and the distal amino acids in the Cysteine, aliphatic, aliphatic, X amino acids
(CAAX) box were expressed in High 5 insect cells grown in custom media
(Bioexpress 2000; Cambridge Isotope Laboratories) supplemented with un-
labeled amino acids, except for Trp isotopically labeled with 15N at the
α-amine and ε-indole positions (Cambridge Isotope Laboratories). Protein
was purified, as has been described previously, and as in SI Materials and
Methods. The yield is 1–3 mg of pure 15N labeled 15N-6His-β1γ2ΔC. All protein
concentrations were estimated with a Bradford protein assay.
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NMR Analysis of 15N Gβγ. 160–200 μl of sample in NMR buffer: 20 mM
NaHPO4, pH 7.0, 100 mM NaCl, and 10% D2O was introduced into a 3 mm
NMR tube. The analysis used 600 and 800 MHz Bruker Digital Avance
NMR instruments fitted with triple-resonance z-axis gradient cryoprobes.
The 600 MHz instrument was used for most of the experiments, although
the 800 MHz instrument was used where indicated. Measurements were
conducted by using a 1H-15N-TROSY-HSQC pulse sequence and data were col-
lected for 8–12 h (unless otherwise indicated) at 30 °C. Data were processed
by using Topspin 2.0. To normalize for alterations in overall spectral intensi-
ties between samples and experiments, spectra were adjusted to the rela-
tively fixed signal of GβW63a. Thus discussions of spectral intensities refer
to relative intensities within a given spectrum. To assess sample integrity,
1-D proton NMR spectra were taken before and after each 2-D experiment.
No significant changes were observed in the protein spectra indicating a lack
of aggregation or protein loss over the course of the measurements.

Formation of Gβγ Complexes. For formation of Gβ1γ2-myristoylated-Gαi1GDP
complexes and 32.6 nmoles of Gβ1γ2ΔC was mixed with 40 nmoles of Gα sub-
units (0.9 mol∕mol GTPγS binding) in 2.5 ml buffer A: NMR buffer containing
25 μM GDP and 200 μM Dithiothreitol (DTT). The mixture was gel filtered
into 3.5 ml of buffer A, followed by centrifugal concentration to 200 μl. A
similar procedure was used to form phosducin complexes except GDP was
not included. For formation of peptide complexes, small aliquots of
10 mM SIGK or SCAR dissolved in NMR buffer were directly added to the con-

centrated GβγNMR sample. No DTTwas added to these complexes but a small
amount of 2-mercaptoethanol was present that was residual from the Gβγ
preparation.

Simulations. All simulations were performed with the AMBER9 software
package by using the parm99 parameter set. The initial structure of the
G-protein was based on the crystallographic structure of Gβγ complex with
the SIGK peptide ligand (Protein Data Bank (PDB) code 1XHM). The SIGK
ligand was removed from the original complex. To create a set of initial
conformations, 1 ns simulations of the receptor or bound complex were
performed by using the Generalized Born implicit solvent model and
Langevin dynamics at 300 K. Configurations from these simulations were
saved and assigned to nine clusters on the basis of root-mean-square
deviation. For each cluster, the configuration closest to the cluster center
was used as the starting structure for an 8-ns molecular dynamics simula-
tion performed with explicit solvent. Simulations by using the crystal struc-
ture as an initial configuration were also performed, for a total of ten
independent 8-ns simulations. See Supporting Information Materials and
Methods for details.
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