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ABSTRACT: G protein-coupled receptors (GPCRs) are a family of seven transmembrane helical proteins
that initiate a cellular response to an environmental signal. Once activated by an extracellular signal,
GPCRs trigger the intracellular signal transduction cascade by activating a heterotrimeric G protein. The
interaction between the G protein and the receptor, which triggers the signal transduction, is the focus of
intense interest. Three-dimensional structures of the ground state of only one GPCR, rhodopsin, are currently
available, but since the G protein cannot bind to this structure, these structures did not lead to an
understanding of the activation process. The recent publication of an excited state structure for the same
GPCR (and comparison to the ground state structures), in conjunction with other recent biochemical data,
provides new insight into G protein activation. We find that the structure data and the biochemical data,
for the first time, point to a specific mode of interaction between the G protein and the receptor. Furthermore,
we find that transducin (s must alter its conformation to bind to the activated receptor; the “lock and
key” fit heretofore expected is likely not the correct model. We suggest that a conformational distortion,
driven by the energy of binding, is induced inv@en it binds to the activated receptor. The conformational
change in turn enables the exchange of GTP for GDP and the dissociation of the subunits. This is an
example of “induced fit” originally proposed by Koshland to describe enzysudstrate interactions.

Hundreds of G protein-coupled receptors (GPCRsg can subsequently modulate target enzyme activity. Under-
known, controlling a wide variety of cellular events. The standing the molecular mechanism underlying this signaling
search for the molecular mechanism of signal transduction pathway has awaited the structural information of the main
of GPCRs extends back to the initial discovery of the roles protein components. Since GPCRs are integral membrane
of G proteins in transmitting signals initiated through a proteins, structural information has been difficult to obtain.
membrane receptot). These heterotrimeric G proteins bind  The first three-dimensional structural information for
to activated receptors and in turn become activated so thalgpcRs has only recently become available. Structural studies
the G proteino. subunits (and sometimes tifiy subunits) oy the prototypical GPCR, bovine rhodopsin, have provided
three-dimensional structures for rhodopsin (inactiz)3}
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The contact surfaces for;®inding to metarhodopsin Il,  has GDP bound. However, after @Bnds to the receptor and
suggested by peptide inhibition studids §—8) and fusion GDP-GTP exchange takes place, the amino terminus is
protein studies9), include portions of the first, second, and disorderedZ0). These data suggest that the amino terminus
third cytoplasmic loops and portions of the carboxyl terminus experiences a conformational change during the activation
of metarhodopsin Il. The C-terminus of the, Gubunit of process involving the receptor such that helix-stabilizing
transducin [in particular, a peptide of 11 amino acids interactions between the N-terminus and the remainder of
(residues 346350)] binds to 10) and stabilizes {1, 12) Gt in the inactive G protein are altered in the activated G
metarhodopsin Il. Mutational analysis implicated the second protein.
and third cytoplasmic loops of metarhodopsin Il in binding ~ With these data, it is possible to begin to map the
of this peptide to the cytoplasmic face of this recepts, ( interactions that likely occur when; Binds to metarhodopsin
14). II. To simultaneously achieve the short distances between

Analogous experiments have suggested regions on thethe cross-linked regions, bring the putative contact regions
surface of Gthat are putative contact surfaces for binding on both proteins (identified above) into close apposition, and
to the receptor. These regions include the N-terminal helix avoiding severe steric problems limits the possible orienta-
and the C-terminus of the subunit, which have been defined tions of G and metarhodopsin Il largely to the one identified
by peptide inhibition studies5( 10, 11) and mutational in Figure 1. In this model, the N-terminal helix of the,G
analysis 15). These regions are negatively chargéyl ( subunit binds to the groove that becomes more exposed on

A comparison of rhodopsin (inactive) and metarhodopsin the surface when metarhodopsin Il is formed. The opposite
Il (activated) structures shows that the structure of the charges of these contact surfaces provide favorable binding
receptor changes upon activation. A crevice opens in aenergy. The C-terminus of is disordered in the crystal
groove on the cytoplasmic surface of the receptor in the structure. However, recent NMR data have shown that the
metarhodopsin Il form, between cytoplasmic loops 2 and 3 carboxyl terminus (1AQG) is bound to activated rhodopsin
(4). Previously, it was suggested that these two cytoplasmic at an angle of~40° with respect to the bilayer normal and
loops formed a pocket for binding the C-terminus qf(®3). that the conformation is ordered and helical when bo@ij (
The cytoplasmic face of the receptor contains the putative In Figure 1, this structure was added to the crystal structure
contact surface that supports G protein binding to the of G; by superimposing the region of overlap between the
activated receptor. The putative contact surfaces line this peptide and the crystal structure. In the model, the C-terminus
groove, which is positively charged (see Figure 1). The of Gy binds to the crevice at the bottom of the groove in
crevice opens because ionic interactions among R135 andhe cytoplasmic surface of metarhodopsin I, between
E134 and E247 that stabilize inactive rhodopsin are elimi- cytoplasmic loops 2 and 3. This mode of binding places
nated upon activation to metarhodopsin4),(as had been  residues K340 and D341 (1GOT) of,&lose to R135 and
predicted 16, 17). E134 (part of the highly conserved ERY sequence) of

These data suggest that the conformational change upormetarhodopsin 1, which are separated from E247 upon
activation from (dark-adapted) rhodopsin to metarhodopsin activation to metarhodopsin Il. The C-terminus of rGay
Il prepares a surface for;®inding that is partially occluded  substitute in part for the interactions of E134 and R135 with
in the dark-adapted state of rhodopsin. The observation thatE247. This may explain why a small peptide from the
the putative contact surface on the receptor is positively C-terminus of G, stabilizes metarhodopsin 2®), inhibiting
charged and that the putative contact surface on the G proteirthe re-formation of the R135E134-E247 cluster, and why
is negatively charged provides a partial basis for the binding D341 of G, shows a strong interaction with metarhodopsin
of G; that is observed. The observation that the putative Il in these experiments2@). It is also consistent with the
contact surface on the receptor is partially occluded in the observation that cytoplasmic loops 2 and 3 form a pocket
inactive receptor provides a partial basis for the binding of for binding the C-terminus of &(13).

Gt only to the activated receptor. The binding of G to metarhodopsin Il must trigger a

More information is available on how ;CGbinds to conformational change in \Ghat favors GDP-GTP ex-
metarhodopsin Il. Recent chemical cross-linking data ob- change and dissociation of the,&nd Gg, subunits. Once
tained with G complexed to metarhodopsin Il reveal close G; is fit to the surface of metarhodopsin Il according to the
contacts between residue 240 on metarhodopsin Il (in therequirements described above, the acidic N-terminal helix
third cytoplasmic loop) and gresidues 1928 (N-terminal of Gy, encounters the basic groove on metarhodopsin Il
helix), and between that same metarhodopsin |l residue and(Figure 1), but some steric difficulties arise between the
residues 316313 and 342345 of G (carboxyl-terminal carboxyl terminus of metarhodopsin Il ang @Gerefore, the
region) (18, 19). These cross-links involve the third cyto- two structures cannot dock without a conformational change.
plasmic loop on metarhodopsin Il, which is part of the Movement of the N-terminal helix of & would alleviate
putative contact region on the cytoplasmic face of the the packing problems. Data referenced above suggest a
receptor already identified by inhibition and mutation studies conformational change occurs at the N-terminal helix
(see above). The N-terminus and the C-terminus ofathe  sometime in the activation ofGl'his movement would alter
subunit of G are both part of the putative binding surface the interactions between the N-terminal helix and fhe
(5, 11, 15) and are partners in the cross-linking with the third subunits, consistent with the observation of a conformational
cytoplasmic loop of the receptor. change in the N-terminus when tlhesubunit is separated

Recent experiments have further linked the amino terminus from the remainder of the protein. Interestingly, the N-
of the a. subunit of G in binding to metarhodopsin Il. The  terminal helix connects to @ sheet that contains the switch
data suggested that the amino terminus is ordered when thd region and contacts the switch Il region of,@oreviously
o subunit is bound to thgy subunits of Gand transducin  identified as regions of conformational change ineGtiva-
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Ficure 1: Binding of transducin to metarhodopsin II. The structure (1F88 and 1JFP) of rhodopsin (dark-adapted) is at the lower left in
gray. Upon absorption of a photon of light, metarhodopsin 1l (1LN6) is formed (transiently), and that structure is yellow. The heterotrimer
of transducin appears at the top in cyan with ¢thendy subunits labeled, the switch-bwitch Il region colored pink [previously identified

as regions of conformational change indgtivation §)], and the amino-terminal helix and C-terminus qf, Gbeled. A potential surface

is overlaid on the cytoplasmic face of metarhodopsin showing positive charge in purple and negative charge in red-orange. The positively
charged region lines part of the groove on the surface (see the text). Contact surfaces previously identified (see the text) are labeled green
on G and orange (and the purple positively charged region in the groove which is a subset of the contact surface) on metarhodopsin Il. The
amino-terminal helix of G is negatively charged on the contact face, and that contact face is magenta. Next to this helix is a double-
headed arrow indicating that a conformational change in this region is necessary ta nde®arhodopsin Il. Blue single-headed arrows

point from the contact regions of;® the likely binding sites on the surface of metarhodopsin Il (see the text). The cartoon on the right
schematically represents the complex qfv@h metarhodopsin Il. At the bottom, a view of the groove on the cytoplasmic surface is
offered from a somewhat different angle with the ERY sequence of metarhodopsin Il labeled in blue. Molecular structures were drawn in
part with VMD (25).

tion (5)]. Consequently, this N-terminal helix could act as a ATP synthesis is derived from the energy of substrate binding
molecular trigger that, upon binding of @ metarhodopsin  (23). In the future, expectations for interactions between
Il, moves and creates a transition state @f Bie confor-  receptors and G proteins should include an “induced fit” at
mational change in the C-terminus induced upon binding to the heart of the signal transduction mechanism, analogous
the active receptor may also cooperate in the trigger to that proposed by Koshland to describe enzysgbstrate
mechanism. The transition state of &@lows GDP-GTP interactions 24).
exchange and dissociation of,Gnd Gg,.

These data collectively suggest a hypothesis in which the ACKNOWLEDGMENT
required change in the (&onformation is driven by a
favorable free energy of binding to the receptor, analogous We thank G. Willsky for critical reading of a draft of the
to the initially unexpected finding that the energy source for manuscript.
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