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alent surfaces of the appropriate Ga and Gbg is less certain,
although conservation of the interfaces between Ga and its
binding partners (the receptor, Gbg, and the nucleotide), as
well as conservation of the GTP-dependent regulatory mechanism (receptor dependent conformational change and GTP
hydrolysis) may severely constrain migration of the Ga:effector
interface during evolution.

ABSTRACT
The pivotal role of G proteins in sensory,
hormonal, inf lammatory, and proliferative responses has
provoked intense interest in understanding how they interact
with their receptors and effectors. Nonetheless, the locations
of the receptor and effector binding sites remain poorly
characterized, although nearly complete structures of the abg
heterotrimeric complex are available. Here we apply evolutionary trace (ET) analysis [Lichtarge, O., Bourne, H. R. &
Cohen, F. E. (1996) J. Mol. Biol. 257, 342–358] to propose
plausible locations for these sites. On each subunit, ET
identifies evolutionarily selected surfaces composed of residues that do not vary within functional subgroups and that
form spatial clusters. Four clusters correctly identify subunit
interfaces, and additional clusters on Ga point to likely receptor
or effector binding sites. Our results implicate the conformationally variable region of Ga in an effector binding role. Furthermore the range of predicted interactions between the receptor and Gabg is sufficiently limited that we can build a low
resolution and testable model of the receptor–G protein complex.

MATERIALS AND METHODS
A FASTA search of the GenPept database (17) recovered
distinct sequences for 112 Ga, 20 Gb, and 16 Gg chains.
Sequence analysis with PILEUP (18, 19) [from the GCG sequence analysis package (20)] identified 58 Ga sequences that
clustered into 5 subgroups (Gas, Gaq, Gai, Gat, Gao), each
regulating a specific set of effectors. In each of the more
sparsely populated Gb and Gg families, 2 subgroups were
defined from all available sequences (20 and 16, respectively).
As described in detail elsewhere (10), positions in the multiple
sequence alignment of each subunit were classified as neutral
if they mutated within any one subgroup. The remaining
positions are very likely to be functionally important because
they are either: (i) completely invariant (called conserved); or
(ii) they vary only between functional subgroups (classspecific) and thus correlate with functional variation. When
mapped onto the Gabgt structure (9), spatial clusters of conserved and class-specific residues can be identified. On the
protein surface they are likely to signal a ligand or effector
binding site (10). Fig. 1 displays ET signal on the solvent
accessible surface positions (24).

In response to a wide variety of extracellular ligands, heptahelical transmembrane cell surface receptors (7TMRs) activate heterotrimeric G proteins. In turn, G proteins relay
information to intracellular effectors (e.g., adenylyl cyclases,
phospholipase-Cbs, and K1 channels) (1–3). As a first step in
this ubiquitous signal transduction pathway, the activated
receptor induces the exchange of GTP for GDP in Ga, an event
followed by the dissociation of Ga and Gbg from each other and
from the receptor. Both Ga and Gbg may then independently
bind and activate an appropriate effector. In time, Ga turns
itself off by hydrolyzing its bound GTP and breaks away from
the effector to recombine with Gbg and the receptor. Thus, the
bound nucleotide switches the affinity of Ga between 7TMRy
Gbg and the effector. Crystal structures of Gat and Gai1 and of
the abg holoenzyme (4–9) reveal identically folded Ga molecules with distinct active and inactive conformations, show
the contact region between GayGb and GbyGg, and illuminate
the mechanism of GTP hydrolysis. However, the sites and the
mechanism of coupling to the receptor and effector remain
unknown.
The evolutionary trace (ET) method deduces the location of
binding interfaces in structurally similar but functionally divergent families of proteins (10). It is well suited for the
analysis of G proteins, where extensive sequence identity of the
two largest subunits [.50% in Ga and '80% in Gb (1)]
guarantees a highly conserved three-dimensional structure
(11). Furthermore, the interface with the receptor appears to
be conserved in all G proteins, as demonstrated by experiments where modular exchange of protein fragments (cytoplasmic loops between 7TMRs, or of C terminal tails between
Ga proteins) creates functional chimerae that exchange binding specificity (12–16). Whether different effectors bind equiv-

RESULTS and DISCUSSION
Multiple views of the Gabgt heterotrimer display the results of
ET in Fig. 1. The a subunit has two parts, shown in Fig. 1a: a
ras-like domain (white) and an all-helical GTP9ase activating
protein (GAP-like) domain (gray). A cleft between them
contains the nucleotide (blue) and many residues picked by ET
(dark gray). The b (yellow) and g (brown) subunits are best
seen in Fig. 1 b and c, which show views of the heterotrimer
obtained by successive right-handed 90° rotation about the
vertical axis, beginning from Fig. 1a. Thus, the free face of a
(Fig. 1a) is 180° opposite to the bg face (Fig. 1c). Fig. 1b
displays the putative membrane face discussed below, with the
receptor’s seven helices shown end-on as yellow circles. By
removing the a subunit from Fig. 1a, the b subunit interface
to a is uncovered in Fig. 1d. Similarly, when the bg subunits
are lifted from Fig. 1c, the a interface to b is revealed in Fig.
1f. Fig. 1e shows the a-b interface after the view in Fig. 1b is
rotated by 90° about the horizontal axis. ET clusters are
Abbreviations: ET, evolutionary trace; PIC, percentage identity cutoff; 7TMR, seven transmembrane receptor.
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FIG. 1. Surface features of Gabgt detected by ET analysis and a model of the receptor–G protein complex. The three subunits Ga (white and
gray), Gb (yellow), and Gg (brown) are shown from different views in a–c and e. a, free face; b, membrane face; and c, bg face are related by
successive right handed 90° rotations about the vertical axis. b and e are related by a 90° rotation about the horizontal axis. d is derived from a
by removing the a subunit to uncover the face of b that is in contact with a. Likewise, removing bg from c reveals the face of a in contact with
b ( f ). The colored clusters, derived by evolutionary tracing, are coded: in a, A1 (magenta), A2 (red), and the cleft residues (dark gray); in b, B1
(green), B2 (light blue); and in g, G1 (dark blue). In Ga, cluster A1 in a and b is thought to interact with the receptor. Cluster A2, best seen in
e and f, has two parts. The inferior half includes and extends below helix a2 (also called switch 2; outlined in blue in f ) and also comprises switch
region 1 (green outline). This part of A2 matches the observed interface to Gb, indicated by the yellow line in f. The upper half of A2, better seen
in e, may be part of an effector interface common to all Ga subunits; it overlaps significantly with switch 3, (Legend continues on the opposite page.)

Biochemistry: Lichtarge et al.
identified by colors: in a, cluster A1 is magenta and cluster A2
is red. In b, cluster B1 is green and cluster B2 is light blue. In
g, cluster G1 is dark blue. The actual regions of contact
between a and b are demarcated by the red line in Fig. 1d and
the yellow line in Fig. 1f.
Ga Interfaces with the Receptor and Effector. In Ga, ET
identifies two surface clusters, A1 and A2, that are on opposite
faces of the Ras-like domain. Cluster A1 (magenta) consists of
17 residues stretching from the membrane face to the interdomain cleft (Fig. 1 a and b). Many elements of the protein’s
secondary structure contribute residues to cluster A1. Following the nomenclature of Noel et al. (6), they are: the distal
two-thirds of helix a5, the sixth b-strand (b6), the a4yb6 loop,
the N-terminal ends of b4 and b5, and the C-terminal tail. The
latter is missing from the x-ray structure but depicted in
extended conformation at its attachment point (25).
Cluster A1 is a probable contact region for G proteincoupled receptors. Binding competition experiments with
synthetic peptides (26, 27) and other experiments (reviewed in
ref. 28) indicate interactions with 7TMRs of peptides containing 8 of the 17 amino acids in this cluster. Moreover, a detailed
alanine scan of the C-terminal 10 residues in transducin
matched ET: alanine substitution at residues 341, 343, 344, 348,
and 349 diminished activation of transducin by rhodopsin (29),
as expected from their conserved or class-specific designation
by ET; conversely, mutations at the remaining neutral residues
had no effect on activation. The inference that cluster A1,
where a majority of positions are class specific (9 of 17),
represents a surface for interaction with the 7TMR is striking,
since class specificity was defined in reference to different
effectors rather than to different receptors. Thus it appears
that effector class specificity also selects for receptor class
specificity. This suggests that the evolution of Ga, as it coupled
to different downstream effectors of signaling, occurred in
concert with the divergence of the 7TMR family, upstream in
the signaling pathway. In fact, this apparent evolutionary
coupling between receptors and effectors, already noted in
aminergic receptors (30), probably reflects a general pattern of
signaling pathway evolution, where the multiple components
of signaling chain coevolve.
Cluster A2 (red) comprises 32 residues, of which 14 are class
specific. They stretch from the membrane face to the nucleotide-binding cleft (Fig. 1 b and e) and are distributed above
and below a central ridge created by helix a2 (also called switch
2) as shown in Fig. 1f. Other contributing elements of secondary structure are: linker 2 (switch 1), b1, b2, and the b3ya2
loop below a2, and a3 and loops b4ya3 (switch 3) and b1ya2
above a2. Thus, cluster A2 contains all three so-called ‘‘switch
regions’’, defined by their changed conformation depending on
whether Ga is GDP or GTP-bound (4, 6).
Cluster A2 interacts with Gbg and probably with effectors as
well. The contact to Gbg, originally predicted (31) by combining ET with published data (32, 33), is confirmed by the
holoenzyme structure. The interface of a to bg, defined as the
set of residues in Ga that lie within 4 Å of Gbg (yellow outline

Proc. Natl. Acad. Sci. USA 93 (1996)

7509

in Fig. 1f ) comprises 16 of 32 residues in cluster A2, and
includes helix a2 and the lower half of cluster A2 (see below).
Correct identification by the trace of 16 of 19 contact residues
(84%) on the main body of a (Fig. 1f ) is consistent with a
primordial role played by the inferior half of cluster A2 in
heterotrimer formation.
Ten residues from cluster A2 lie ‘‘above’’ helix a2, mostly in
a3 and the a3yb4 loop (switch 3), as shown in Fig. 1e. Because
these residues are not located in the cleft and do not contact
Gbg, it is reasonable to infer that they may form part of another
binding site: either to the receptor or the effector. In support
of the latter hypothesis, biochemical and molecular genetic
experiments (6, 34–37) point to effector-interacting residues
that overlap the superior half of cluster A2 at eight positions.
The striking overlap of cluster A2 with all three ‘‘switch
regions’’ lends further credence to A2 as an interface for
interaction with effectors as well as Gbg, because these proteins
prefer binding to the GTP- and GDP-determined conformations of Ga, respectively (4).
Other residues of Ga are also evolutionarily important by ET
analysis. Most lie at the guanine nucleotide binding cleft
between the Ras-like and Gap-like domains of Ga (27 residues
shown as dark gray). Many of these interact with the nucleotide, and all are likely to be important for direct regulation of
nucleotide exchange and cleft opening (4–6). Four more
residues (15, 22, 23, and 27) are in the N-terminal tail (colored
red) and interact with Gbg (28). Only four residues outside the
cleft region are in the GAP-like helical domain, which overall
displays remarkably little ET signal.
Gb Interfaces. In Gb, two clusters, B1 and B2, match the
regions of contact to Ga and Gg. Cluster B1 (green, 24
residues) forms a target-like ring centered about the b-propeller axis (Fig. 1e). The actual interface, defined as 4 Å
proximity to the binding partner in the x-ray structure (9) is
demarcated in red in Fig. 1d and overlaps B1 over 19 residues.
Eight b residues within 4 Å of Ga are neutral, but fall
nevertheless within the area of cluster B1. Together, Fig. 1 d
and f display the extensive match between clusters A2 and B1
and the structural interface of the crystal structure. Specificity
of the GayGbg interaction may arise from a total of 17
class-specific residues (6 from A2, 11 from B1) that are part of
their common interface.
Cluster B2 (light blue) is a long streak on the face of b that
is opposite to cluster B1 (see Fig. 1c). This cluster spreads to
the membrane face of Gb (best appreciated in Fig. 1b, where
it is outlined in black). B2 matches the binding site of the Gg
fragment along the entire length of the latter (Fig. 1c).
Furthermore, directly apposed to B2 lies G1 (dark blue), the
cluster of the g subunit. Hence, just as B1 and A2 characterized
the ab interface, the excellent match between B2 and G1
defines the bg interface. Although biochemical evidence to
this effect is lacking, the extensive match between B2 and G1
suggests that the eight residues in the C- terminal tail of Gg
missing from the x-ray structure may bind Gb over the region
of B2 circled in black on the membrane face. This hypothesis

outlined in pink. The binding counterpart to A2 is B1 in e: there the annular cluster B1 matches almost perfectly the actual interface to a, outlined
in red. On the bg interface (c) there is an equally good match between clusters B2 and G1 at the interface of b and g. Cluster A1 {215, 259, 300*,
313*, 316, 318, 327, 329*, 333*, 334*, 337, 340*, 341*, 343*, 344, 348*, 349}; cluster A2 {15*, 22, 23*, 27* in N terminus), 31*, 37*, 178*, 179, 180,
181*, 182, 195*, 197, 198, 199, 200, 201, 202*, 205*, 206, 207, 209*, 210, 211, 212*, 230*, 232, 236*, 237, 238, 241, 243*, 245, 249, 251*, 252*} where
boldfaced residues are within 4 Å of Gb; cluster B1 {53, 56*, 57, 59*, 78*, 88*, 89, 97*, 99, 117*, 118, 119*, 144*, 145*, 186, 204*, 228, 230*, 246*,
274*, 290*, 291*, 314, 332} where boldfaced residues are within 4 Å of Ga; cluster B2 {9*, 12*, 14*, 18*, 21*, 22*, 27, 30*, 45*, 46*, 47, 48*, 49*,
52*, 53, 78*, 86, 87*, 88*, 89, 182*, 209*, 218*, 220*, 235*, 236, 238, 256, 257*, 258*, 259*, 260*, 279, 281, 283, 284*, 310*, 324, 335*, 340*}; cluster
G1 {12*, 15*, 16*, 17*, 19, 21, 22, 25, 30, 33*, 34, 36*, 38*, 47*, 51, 52*, 53, 56*, 57*, 58*, 61*, 62, 63, 64, 65*}. All residues with an asterisk are
class specific. a–d also depict a schematic representation of the seven helices from the receptor and their probable three-dimensional relationship
with the Gabg complex. b, viewed from inside the plasma membrane, shows, end-on, the seven transmembrane helices of the receptor (yellow circles
located and numbered according to refs. 21 and 23), in a plausible arrangement with respect to the membrane face of Gabg (see text for details).
a, b, and e correspond to views seen from the right (a), the left (b), or the top (e) of b, with the helices now viewed from the side as broken off
cylinders. Positions and shapes of the four cytoplasmic 7TMR loops (ic1-ic4, in crosshatched yellow) in both panels are arbitrary, since the actual
shapes are not known.
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would place the lipid modification sites (38) of Gg (prenylation) and of Ga (myristoylation and palmitoylation) close to
one another on the membrane face of Gabg.
Even at the low functional resolution (defined in ref. 10)
afforded by the limited number of Gb sequences included in
this ET analysis, no other cluster can be appreciated in Gb
(eight other residues, not shown, do appear in the trace and are
on the surface of Gb, but they are scattered and do not form
clusters). Because cluster B2 is always occupied by Gg, this
leaves cluster B1 as the only possible shared interface between
Gb and its effectors, if such a common interface exists. In
cluster B1, as for cluster A2, such an overlap of the intersubunit binding site with the putative interface to effectors offers
a simple mechanism to couple G protein activation, and hence
aybg dissociation, with regulation of downstream signaling.
A Model of the G Protein–7TMR Complex. Now we can
construct a plausible and testable scale model of the Gabg–
7TMR complex that catalyzes GTPyGDP exchange. The
model (Fig. 1) incorporates the crystal structure of Gabgt (9)
and an electron transmission structure of retinal frog rhodopsin in which all seven transmembrane helices have been
identified (21, 22) and are represented schematically on-end as
circles in Fig. 1b, or in side views as broken cylinders in Fig. 1
a, b, and e. This model is based on the locations of clusters 1
and 2 and on evidence, much of which is reviewed in ref. 28,
pointing to specific interactions between the receptor and: (i)
the Ga N terminus (23, 26, 28), including in particular the ic3
loop of the receptor (23); (ii) the Ga C-terminal tail (29); (iii)
Gbg [ic3 loop with Gb (23) and ic4 loop with Gbg (39, 40)].
These data suggest that the membrane face of Ga sits ‘‘on’’ the
receptor, placing Gbg within contact distance of intracellular
loops 3 and 4 (ic3 and ic4). This leaves cluster A1 as the main
interaction site of the ic1 and ic2 loops, forcing the receptor to
be positioned relative to the G protein as shown in Fig. 1b,
where ic1 and ic2 can reach cluster 1 and ic3 and ic4 can wedge
between a and b. Neither the orientation nor the relative
positions of Gabg with respect to the receptor or to the
membrane can be specified with accuracy and the degree to
which the long axis of Ga deviates from perpendicular with
respect to the membrane is unknown. In keeping with the
model in Fig. 1 (31), it is quite unlikely that the long axis of Ga
parallels the membrane surface, rather many lines of reasoning
suggest a perpendicular orientation: documented interactions
of features on the C-terminal face of Ga with the membrane,
an electrostatic analysis of the Gabg trimer surface (9), the
location of the myristoylated amino terminus of Ga (41, 42),
and the likely location of the Gg prenylation near the same
face. These considerations led Lambright et al. (9) to propose
an orientation of the heterotrimer vis-à-vis the membrane
identical to that shown in Fig. 1.
This model imposes an important constraint on the molecular mechanism(s) by which receptors catalyze GDP release
from Ga, the first step in GTPyGDP exchange. Extrapolation
from loops in globular proteins suggests (43, 44) that the
longest loop of retinal rhodopsin, 23 residues, is unlikely to
reach '20 Å beyond the plane of the membrane. Therefore,
it cannot reach the interdomain cleft (.35 Å from the
membrane), which cradles the bound guanine nucleotide; for
this reason, the 7TMR must act at a distance to trigger release
of GDP. We note that two elements of secondary structure
span the distance from the membrane face to the cleft and
could possibly take part in such an allosteric mechanism. The
first pathway would involve a5 (cyan in Fig. 2a), which is a main
contributor to cluster 1 and also courses from the membrane
face to the cleft where it ends in a short loop of residues that
are in direct contact with the nucleotide. The second possible
signaling path for this action at a distance involves an intrasubunit change in the b1 strand triggered by direct interaction
between the N terminus and the receptor (b1 is shown red in
Fig. 2a). This would be relayed to the cleft (at the b1 C
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FIG. 2. Ribbon diagram of Ga. a and b have the same orientations
as Fig. 1 a and c, respectively. Both a5 (cyan) and b1 (red) have
well-defined secondary structures that span the distance from the
putative membrane face to the cleft where they terminate as short
loops that contact the nucleotide (white). Their location and the
inherent rigidity of a-helices and b-strands would thus make them
good ‘‘relays,’’ able to sense the receptor at one end and transmit that
information to the nucleotide pocket at the other. b1 is also intimately
hydrogen bonded to its flanking b-strands, b3 and b4 (orange), which
in turn are connected to and may control both ends of a2 (the
C-terminal end of b3 and the N-terminal end of b4). In response to
the receptor, b1 could thus also trigger a conformational change in a2
through a functional unit composed of b2, b3, and a2.

terminus) and to the rigidly hydrogen bonded neighboring
b-sheet partners, strands b3 and b4 (both orange). In turn,
both b3 and b4 are connected to the critical switch a2 (yellow)
where they could initiate a conformational change. Though
speculative, this mechanism is consistent with the extreme
degree of evolutionary conservation of b1, b3, and b4. Thus,
both b1 and a5 could act jointly as direct levers that sense the
receptor at the membrane face and loosen the nucleotide
trapped within the cleft.
ET analysis displays evolutionarily privileged positions that
form likely binding sites on a protein surface. In test systems,
ET identified protein interfaces accurately (10). In G proteins,
clusters A2-B1 and B2-G1 accurately match the observed
inter-subunit contacts. The remaining clusters, A1 and the top
half of A2, should likewise be part of protein–protein interfaces. Current data suggests these are to the receptors (cluster
A1) and to the effector (top half of cluster A2). In turn this
leads to a quaternary structure for the 7TMR–G protein
complex. Thus, the predictive power of ET analysis makes it
useful for targeted mutational analysis, for structure-based
drug design strategies (45), and even for construction of
quaternary structure models.
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