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ABSTRACT
CHRISTOPHER ALAN JOHNSTON: Structural Insights into the Molecular Basis of
Heterotrimeric G-protein Signal Transduction
(Under the direction of Dr. David Peter Siderovski)
Heterotrimeric (αβγ) G-proteins serve as molecular switches in response to diverse
extracellular signals. G-protein activation occurs through the guanine nucleotide exchange
factor (GEF) activity of surface-bound G-protein coupled receptors (GPCRs), which catalyze
the exchange of GDP for GTP within the Gα subunit. GTP-bound Gα and freed Gβγ
subunits regulate a wide range of downstream effector molecules participating in cellular
physiology. G-protein deactivation occurs through the intrinsic hydrolysis of GTP to GDP by
Gα and reassociation with Gβγ. The Regulators of G-protein Signaling (RGS) family of
proteins, which act as GTPase Accelerating Proteins (GAPs), can dramatically accelerate this
deactivation rate. Despite extensive investigation, several aspects regarding the molecular
mechanisms of G-protein signal transduction remain undefined and/or incompletely
understood. First, the precise mechanisms of receptor coupling and subsequent G-protein
activation have eluded definition. How do heterotrimeric G-proteins selectively couple to
receptors, and how do activated receptors elicit conformational changes in the G-protein
required for GDP release? Second, the spatiotemporal dynamics of G-protein activation have
not been well characterized. How do the timing and spatial aspects of G-protein activation
contribute to proper signal transduction within the cell? Third, the exact biological role of the
RGS ‘box’ and its associated GAP activity have not been thoroughly examined to date. Do
RGS proteins confer additional signaling mechanisms beyond the well-characterized GAP
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activity, and how does GTPase activity per se affect the biological output in response to a
stimulus input? Finally, emerging, yet not fully appreciated, roles for heterotrimeric Gproteins in several model organisms continue to expand our knowledge of the biological
function of these critical signaling proteins. What are the molecular mechanisms involved in
G-protein regulated signal transduction in these systems and how do they relate to G-protein
signaling in humans? It is therefore the aim of this dissertation to further develop our
understanding of the molecular mechanisms governing these and other aspects of
heterotrimeric G-protein signaling. A combination of biochemical, structural, and biological
techniques has been employed throughout to achieve these goals. The data described herein
shed new light on several heretofore unanswered questions regarding the molecular basis of
heterotrimeric G-protein signaling.
Collectively, our results highlight novel aspects of G-protein signaling dynamics.
Firstly, we have determined the molecular basis for two bona fide receptor/G-protein contact
sites: one between the third intracellular loop of the D2-dopamine receptor and the α4/β6
region of Gα and another between the C-terminal loop of the PTH1 receptor and the WD1
and WD7 repeats of Gβ. Together with results from a unique, phage display peptide, KB752, our work suggests a potential mechanism through which receptors activate
heterotrimeric G-proteins: direct receptor/Gα contacts are used to manipulate the β6/α5 loop
and destabilize GDP binding, while simultaneously direct receptor/Gβ contacts are used to
alter the inhibitory conformation of the β3/α2 loop allowing for a feasible GDP exit route.
Secondly, we have developed a novel activation-dependent Gα binding peptide, KB1753, capable of detecting the GTP-dependent conformational changes induced within Gα.
The Gα/KB-1753 crystal structure represents the first ‘effector’-bound structure for Gαi1 and
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shares molecular determinant features common to known Gα/effector pairs. The ability of
KB-1753 to selectively interact with Gαi family members despite high sequence conservation
among all Gα families within its binding site provides insight into the effector recognition
determinants for Gα subunits. We have also developed KB-1753-based biosensors for the
detection of Gα activation and its spatiotemporal nature in vivo.
Thirdly, using a combination of biochemistry, crystallography, and genetics, we
provide novel insights into the regulation of GTP hydrolysis within Gα and the physiological
role of RGS protein GAP activity. We demonstrate that the β3/α2 loop is a critical
determinant of switch II conformational dynamics and serves as a basal regulator of intrinsic
GTP hydrolysis by modulating the ability to adopt the transition state conformation. Using
yeast as a model organism, we show that RGS protein function in vivo likely exceeds the
simplistic view that these proteins serve as mere negative regulators of signaling via
associated GAP activity.
Finally, work in both A. thaliana and C. elegans model organisms helps further define
the regulatory roles for G-protein signaling in critical cellular functions. A GTP hydrolysislimited nucleotide cycle of AtGPA1 is shown to regulate sugar sensing in A. thaliana, while
a complex interplay between GOA-1 and GPA1 regulates cell division in C. elegans.
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CHAPTER I
INTRODUCTION

Overview: Heterotrimeric G-proteins are key regulators of a diverse array of cellular
functions and physiological processes. This chapter provides an introduction to our current
view of how these proteins are regulated. A particular focus on the structural basis for Gprotein signal transduction is included.

Elements of the work referenced in this chapter has been accepted for publication:
Johnston CA and Siderovski DP. Receptor-Mediated Activation of Heterotrimeric GProteins: Current Structural Insights. Molecular Pharmacology (2007); in press.

Figures contributed by:
Christopher A. Johnston (1.2, 1.3)
David P. Siderovski (1.1)

Many key extracellular signals, including hormones, neurotransmitters, growth
factors, and sensory stimuli, relay information intracellularly by activation of plasma
membrane-bound receptors. The largest class of such receptors is the superfamily of
heptahelical G protein-coupled receptors (GPCRs). In many genomes, GPCRs are encoded
by the largest gene family; in humans, >1% of the genome is dedicated to producing
hundreds of these critical signal detectors (1,2). Genetic studies have highlighted the
physiological importance of GPCRs, with knockout models revealing pathological
phenotypes involving the cardiovascular, nervous, endocrine, and sensory systems (3-5).
Several hereditary diseases have also been linked to mutations within the genes encoding
specific GPCRs (6). Indeed, GPCRs represent a major therapeutic target giving rise to the
largest single fraction of the prescription drug market with annual sales of several billion
dollars (7). Therefore, a complete mechanistic understanding of how GPCRs communicate
extracellular signals into the cell would be extremely valuable for the continued development
of novel therapeutics that target this family of receptors and the signaling cascades they
modulate.

G-PROTEIN SIGNALING AND THE GUANINE NUCLEOTIDE CYCLE
GPCRs transduce signals by activating heterotrimeric G-proteins that normally exist
in an inactive state of Gα·GDP bound to Gβγ subunits (Figure 1.1). Agonist activation of
GPCRs induces a conformational change within the receptor, which subsequently catalyzes
the exchange of GDP for GTP on the Gα subunit (8). By this means, GPCRs serve as
guanine nucleotide exchange factors (GEFs) for Gα·GDP/Gβγ complexes (Figure 1.1).
Although the exact mechanism by which GPCRs exert their GEF activity remains to be fully
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elucidated, this action is critical to the commencement of G-protein signaling, as GDP
release is the rate-limiting step of the Gα guanine nucleotide cycle (9). The subsequent
binding of GTP induces a conformational change in three flexible ‘switch regions’ of the Gα
subunit, leading to dissociation of the Gβγ dimer and adoption of the conformation capable
of interacting with effectors (10). Activated Gα·GTP and liberated Gβγ each relay signals to
several downstream effectors including ion channels, adenylyl cyclases, phosphodiesterases,
and phospholipases, giving rise to respective second messenger molecules intimately
involved in regulating physiological processes (11,12) (Figure 1.1). Based on their sequence
homology and differential regulation of effectors, G-proteins are grouped in four classes:
Gαs, Gαi/o, Gαq, and Gα12/13 (12). GPCRs have the ability to couple selectively to members of
one or more of these G-protein subfamilies, thus allowing selective modulation of signaling
cascades by particular GPCR ligands. Deactivation of G-protein signaling occurs by the
intrinsic hydrolysis of GTP to GDP by the Gα subunit, which occurs at a rate that varies
among the G-protein subfamilies. Hydrolysis rates can be dramatically enhanced by members
of a superfamily of “regulators of G-protein signaling” (RGS) proteins (13-15) that serve as
GTPase-accelerating proteins (or “GAPs”) (Figure 1.1). The inactivated, GDP-bound Gα
subsequently reassociates with Gβγ to complete the cycle. Because this represents a true
cycle of activation (by nucleotide exchange and subunit dissociation) and deactivation (by
GTP hydrolysis and subunit reassociation), heterotrimeric G-proteins serve as molecular
switches and are critical to defining the spatial and temporal aspects of cellular responses to
external stimuli.
Biochemical and structural analyses over the past two decades have advanced our
understanding of the mechanics underlying G-protein regulation and the guanine nucleotide
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cycle (16). The remainder of this introduction focuses on our current understanding of Gprotein structure-function relationships in order to set the stage for the basis of each
subsequent chapter and the results detailed within.

G-PROTEIN AND RECEPTOR STRUCTURE
Structures of GDP-bound G-proteins (both as isolated Gα and Gαβγ), as well as
GTPγS-bound and transition-state GDP·AlF4--bound G-proteins, have detailed the secondary
structures (Figure 1.2) and tertiary structures of both Gα and Gβγ (Figure 1.3), how the
heterotrimeric complex is formed, the conformational changes induced by GTP binding, and
the mechanism of intrinsic GTP hydrolysis (17-24). Subsequent analyses have defined the
structural basis for engagement of several Gα subunits with their specific downstream
effectors (25-28) (e.g. see Figure 3.7). Additionally, the interaction of Gα with RGS proteins
and the mechanism of GAP activity have been extensively characterized structurally
(25,26,29). Finally, recent efforts have resulted in structures of dark-adapted (inactive) and
light-activated rhodopsin, the archetypical GPCR of visual phototransduction most amenable
to structural interrogation (30,31). Outlined below are aspects of this impressive collection of
work especially germane to our understanding of Gα activation and deactivation.

The Gα subunit
The nucleotide-binding pocket of the Gα subunit resides between two distinct
domains: a Ras-like domain (named given its structural resemblance to the Ras superfamily
of monomeric GTPases) and an additional, all α-helical domain composed of a structurally
distinct six-helix bundle (Figures 1.2A and 1.3A). Binding of GTP causes a structural
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rearrangement within three segments of Gα, called “switch” regions (I-III), resulting from
favorable interactions with the γ-phosphate of the newly bound GTP (18,32). Switch I serves
as one of two connections between the Ras-like and α-helical domains. Switch II assumes a
partially helical conformation in the active state and governs many of the interactions of Gα
with Gβγ, effectors, RGS proteins, GoLoco motifs, and other nucleotide-state-selective
binding partners (e.g., (33-35)). Switch III assumes a loop structure found ordered only in the
active conformation of Gα.
The structural conformations adopted by switches I-III upon GTP binding allows the
Gα subunit to specifically recognize downstream effectors. Structures of Gα/effector
complexes (Gαs/adenylyl cyclase, Gαt/PDEγ, Gα13/p115-RhoGEF, and Gαq/GRK2: (25-28))
have revealed that a highly conserved hydrophobic cleft within GTP-bound Gα, formed by
the α2 and α3 helices (Figure 1.3A and also see Figure 3.7), serves as a universal site for
effector engagement (reviewed in (33)). Additional effector-binding regions are formed by
the α2/β4 and α3/β5 loops of Gα (26,27,36). However, the precise nature of effector
specificity remains unclear (28,33).
The mechanism of intrinsic GTP hydrolysis, and RGS protein-mediated acceleration
of this activity, have been delineated from structures of the GTPase transition state
(Gα·GDP·AlF4-) in isolation (Figure 1.3A) and bound to RGS proteins (17,22,26,29) (see
Figure 3.5B), as well as reaction intermediates such as Gα bound to GppNHp or GDP plus
inorganic phosphate (37,38). Intrinsic GTP hydrolysis is mediated by a triad of conserved Gα
residues (numbered as in Gαi1; Figure 1.2A): threonine-181 in switch I coordinates a Mg2+
ion that helps stabilize the γ-phosphate ion; arginine-178 in switch I also aids in the
stabilization of the leaving γ-phosphate ion; and glutamine-204 in switch II coordinates the
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critical nucleophilic water molecule responsible for hydrolysis of the γ-phosphate (17,22)
(Figure 1.3A). As these residues are both necessary and sufficient for GTP hydrolysis, RGS
protein binding does not introduce additional catalytic residues, but rather stabilizes the
transition state conformation, thus lowering the activational free energy required for the
hydrolysis reaction (29,39,40).

The Gβγ subunit
Dimerization between the Gβ and Gγ subunits of the G-protein heterotrimer is
obligate in nature, with Gβ requiring Gγ to fold properly (41); the Gβγ dimer only dissociates
under denaturing conditions (42). The Gβ subunit begins with an extended N-terminal αhelix and mainly comprises a β-propeller fold (Figure 1.3B), a structural motif found in many
other proteins unrelated to the Gβ family (43,44). The β-propeller domain of Gβ is formed by
seven individual segments of a ~43-amino acid sequence known as a WD repeat motif
(Figure 1.2B). An arrangement of seven four-stranded antiparallel β sheets forms the βpropeller; however, a given WD repeat motif does not correspond exactly to any one blade.
The β-propeller is completed by the connection of strands from the first and seventh WD
repeat (Figure 1.3B), with hydrophobic packing between blades contributing to the overall
architecture. The Gγ subunit is an extended stretch of two α-helices joined by an intervening
loop (Figure 1.2C). Assuming no significant tertiary structure on its own, the N-terminus of
Gγ forms a coiled-coil interaction with the N-terminal α-helix of Gβ (Figure 1.3B,C); much
of the remainder of Gγ binds along the outer edge of the Gβ toroid (24,45). More recently,
structures of Gβγ bound to phosducin (a regulatory protein), GRK2 (an effector), and SIRK
(a non-natural peptide capable of disrupting effector activation) have defined the mode of
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Gβγ/effector interactions (46-48). Interestingly, the effector-binding site on Gβγ overlaps
significantly with the region responsible for binding switch II of Gα near the central pore of
the Gβ toroid (Figure 1.3B). Additional interaction sites exist for each specific complex (4648).

The Gαβγ heterotrimer
The G-protein heterotrimer is formed by two principal sites of interaction between
Gα and Gβγ (Figure 1.3C). First, extensive burial of the β3/α2 loop and α2 helix (switch II)
of Gα within six of the seven WD repeats (specifically the DA and BC loops) of Gβ, with a
majority of interactions governed by a hydrophobic core centered around tryptophan-211 of
Gα (positioned deep within the α2/α3 cleft) and tryptophan-99 of Gβ (numbered as in Gβ1)
(Figure 1.3B). This interaction buries about 1800 Å2 of solvent-accessible surface and forms
the basis for Gβγ-mediated guanine nucleotide dissociation inhibitor (GDI) activity (49) and
competition for Gβγ binding between Gα·GDP and Gβγ-effectors. The structures of Gβγ
bound to the effector-competing, non-natural peptide, SIRK, and a bona fide effector, GRK2,
have now firmly established this region of Gβ as critical to effector recognition (46,48).
Second, a Gα/Gβ interaction surface occurs between the side of the first β-propeller blade of
Gβ (WD1 and 2; specifically the D strands and CD loops) and the extended N-terminal helix
of Gα (Figure 1.3B,C), the latter being normally disordered in structures of isolated Gα
subunits (19,24,32). This interaction buries an additional ~900 Å2 of solvent-accessible
surface. Figure 1.3C illustrates the structure of Gαi1β1γ2 in its predicted membrane orientation
with the Gα N-terminus and Gγ C-terminus, both sites of critical lipid modifications (50,51),
juxtaposed to the plasma membrane.
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Rhodopsin
A crystal structure of a prototypical GPCR, bovine rhodopsin, was first determined in
its inactive, dark-adapted state (30). This structure provided the first glimpse into the
arrangement of the seven transmembrane (TM) architecture of GPCRs and has provided an
excellent tool for homology model-based studies involving other GPCRs (e.g., (52,53)). The
observed orientation of the TM helices within rhodopsin positions specific residues,
previously identified as important for ligand binding in other GPCRs (e.g., the β2-adrenergic
receptor), towards the central core of the 7TM topology. The highly conserved E/DRY motif,
involved in the activation mechanism of many rhodopsin-like (class A) GPCRs (reviewed in
(54,55)), was found within the rhodopsin structure to be engaged in an ion pair interaction
between glutamate-134 and arginine-135 residues, supporting the hypothesis that disruption
of this bond and movement of TM6 is involved in receptor activation (30,56). The remainder
of the intramolecular interactions within the 7TM core of rhodopsin are dominated by
hydrophobic interactions. Biophysical studies have suggested that this network of
interactions must rearrange (likely involving movements of TM3, TM5, and TM6) during
activation to allow G-protein coupling (57). However, the structure of light-activated
rhodopsin has now been solved and, contrary to previous thought (58,59), demonstrates only
minor conformational changes within the TM helices (31). In contrast, alterations in the
cytoplasmic loops that contact the rhodopsin-specific G-protein (transducin; Gαtβ1γ1) were
noticed, most notably with the paths of ic2 and ic3 which become largely disordered upon
activation. These results suggest that receptor activation leads to a relaxation within the
intracellular loops allowing for an induced fit with the G-protein heterotrimer. It must be
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stressed, however, that the low resolution in these structures prevents a precise definition of
the molecular determinants for G-protein coupling and activation (31); furthermore, neither
the dark-adapted nor light-activated rhodopsin structures (30,31) were obtained in the
presence of G-protein heterotrimer. Thus, hypothetical models based on these and other
experimental results have been put forth to describe the molecular mechanism of receptormediated G-protein activation.

CONCLUDING REMARKS
As detailed above, much has been learned regarding the structure-function
relationship of heterotrimeric G-protein signaling. The molecular basis for the guanine
nucleotide cycle is nearly complete, however, G-protein activation mechanics remains
unsolved. Heterotrimeric G-protein structure will be a central theme in most of the results
described in subsequent chapters. It is the aim of these chapters to provide novel structural
and biological insights into the molecular basis of heretofore unanswered questions regarding
G-protein signaling including: the molecular basis of G-protein activation, the spatiotemporal
dynamics of G-protein signaling, the roles of intrinsic and RGS-stimulated GTPase activity
in regulating G-protein-dependent responses, and the functions of G-proteins signaling in
novel biological processes within specific model organisms.
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Figure 1.1- Guanine nucleotide cycle of heterotrimeric G-proteins. Seven transmembrane
domain, G protein-coupled receptors (GPCRs) bind, via their intracellular loops, to the
heterotrimeric G-protein consisting of Gα (with bound GDP) associated with the Gβγ dimer.
The isoprenylated Gβγ dimer aids in association of the heterotrimer with the plasma
membrane, participates in receptor coupling, and serves as a guanine nucleotide dissociation
inhibitor (GDI) preventing spontaneous activation of the Gα subunit. Agonist-bound
receptors act as guanine nucleotide exchange factors (GEFs) by provoking conformational
changes in Gαβγ resulting in the release of GDP and binding of GTP by Gα. Binding of GTP
induces changes in three conformationally-flexible switch regions within Gα, leading to the
dissociation of Gβγ. Both Gα·GTP and freed Gβγ can subsequently regulate downstream
effector molecules alone or in a coordinated fashion. The system returns to the inactive state
by intrinsic GTP hydrolysis activity of the Gα subunit, cleaving the terminal γ-phosphate
from GTP (note the loss of inorganic phosphate [Pi]) and rendering Gα again bound to GDP
and reassociated with Gβγ, thus mutually terminating the signaling capacity of both subunits.
The GTP hydrolysis reaction is greatly enhanced by the “regulator of G-protein signaling”
(RGS) family of proteins, which serve as GTPase-accelerating proteins (GAPs).
14
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Figure 1.2- Heterotrimeric G-protein subunit secondary structure. Amino acid sequence
alignments and secondary structure features from high-resolution structures of Gα (A), Gβ
(B), and Gγ (C) subunits. Secondary structure assignments (alpha helices, beta-strands) and
ruler numbering are derived from (A) Gα i1 (PDB id: 1GFI), (B) Gβ1 (PDB id: 1TBG), and
(C) Gγ 1 (PDB id: 1TBG) and color-coded to match tertiary and quaternary structural
representations of Figure 3. (A) The three, conformationally-flexible switch regions of Gα
(including the entire α2 helix within switch II) are indicated by green dots within the ruler
line; residues in Gα that contact Gβ are marked with red dots above the ruler line. Conserved
Gα guanine base and phosphate contact positions are highlighted in purple (GAGE and
DVGGQ motifs) and red (TCAT motif); the conserved arginine, threonine, and glutamate
residues involved in GTP hydrolysis are highlighted in orange. (B) The four beta-strands that
comprise each of the seven WD repeat segments within Gβ subunits are color-coded to
match the tertiary structure of Gβ1 as represented in Figure 3B. Residues in Gβ that contact
Gγ or the switch regions of Gα are marked with gray or green dots, respectively; additional
Gα contacts are marked with blue dots. (C) Residues in Gγ that contact Gβ are marked with
red dots.
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Figure 1.3- Heterotrimeric G-protein tertiary and quaternary structure. (A) The tertiary
structure of Gα i1 (PDB id 1GFI), comprised of a Ras-like domain (blue) and an all alphahelical domain (yellow), is shown in a transition-state mimetic form bound to a molecule of
GDP (magenta), magnesium ion (red), and tetrafluoroaluminate (AlF4-) ion (grey/blue
sticks). The three critical switch regions (numbered SI to SIII) are colored green. Three
essential catalytic residues that participate in the water-mediated GTP hydrolysis reaction are
shown in orange: arginine-178 (R178) and threonine-181 (T181) in switch I as well as
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glutamine-204 (Q204) in switch II. (B) The structure of Gβ1γ2 (PDB id 1GP2) reveals the
prototypical β-propeller fold of the Gβ1 subunit and the partially α-helical nature of the Gγ2
peptide (black); note the coil-coiled interaction between the N-termini of these subunits. The
Gβ1 subunit is colored according to the seven WD repeat segments (N-terminal helix, red;
WD1, brown; WD2, yellow; WD3, magenta; WD4, teal; WD5, orange; WD6, grey; WD7,
wheat). Under this color scheme, notice that each 4-bladed propeller segment is comprised of
3 blades from one WD repeat and 1 blade from the preceding WD repeat. The tryptophan
(W99) in WD2 critical for interaction with Gαi1 is shown in sticks. Also shown are the two
significant contact regions from Gα i1: the Gα i1 N-terminal α-helix (“N-end Gα”; blue)
interacts along the outer edge of the Gβ1 toroid, whereas the switch II helix (green; W211
shown in sticks) interacts in the center and makes critical contacts with 6 of the 7 WD
repeats. (C) The structure of the Gαi1·GDP/Gβ1γ2 (PDB id 1GP2) illustrates the molecular
basis for the formation of a heterotrimeric G-protein. The heterotrimer is depicted in its
proposed membrane-bound orientation with the Gβ1γ2 heterodimer. Gαi1 is colored as in
panel A, with bound GDP in magenta and several key switch II residues that interact with
Gβ1 represented as sticks (K209, W211, I212, and F215; green). The Gβ1 subunit is shown in
red and the Gγ 2 in grey. Key Gβ1 residues interacting with the Gαi1 switch II helix are
represented in sticks (W99, D228, and D246; red). The C-terminus of Gγ2 terminates with a
CAAX motif that is isoprenylated (depicted as saw-tooth line) to increase association with
plasma membrane.
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CHAPTER II
DEFINING A STRUCTURAL BASIS FOR RECEPTOR-MEDIATED ACTIVATION OF
HETEROTRIMERIC G-PROTEINS

Overview: This chapter focuses on experiments designed to elucidate the molecular basis for
heterotrimeric G-protein activation, specifically, the conformational changes within the Gα
subunit critical to the release of bound GDP. The results further our understanding of the
structural basis for nucleotide exchange and help revise currently prevailing models for
receptor-mediated G-protein activation.

Elements of the work referenced in this chapter has been accepted for publication:
Johnston CA, et al. Structure of Gαi1 Bound to a GDP-Selective Peptide Provides
Insight into Guanine Nucleotide Exchange. Structure (2005); 26(8):1069-1080.
Johnston CA and Siderovski DP. Structural Basis for Nucleotide Exchange on Gα i
Subunits and Receptor Coupling Specificity. PNAS (2007); 104(6):2001-2006.

Figures contributed by:
Johnston CA (2.1-2.21 and Table 2.1-2.2)
Fredericks Z, Ramer JK, and Blaesius R (2.1A)
Siderovski DP (2.1B, 2.12A)

CRYSTAL STRUCTURE OF GαI1 BOUND TO KB-752, A PHAGE DISPLAY PEPTIDE
WITH INHERENT GEF ACTIVITY

Heterotrimeric G-proteins are molecular switches that regulate numerous signaling
pathways involved in cellular physiology. This characteristic is achieved by the adoption of
two principal states: an inactive, GDP-bound and an active, GTP-bound state. Under basal
conditions G-proteins exist in the inactive GDP-bound state, thus nucleotide exchange is
crucial to the onset of signaling. Despite our understanding of G-protein signaling pathways,
the mechanism of nucleotide exchange remains elusive. We employed phage display
technology to identify nucleotide-state-dependent Gα binding peptides. Herein, we report a
GDP-selective Gα-binding peptide, KB-752, that enhances spontaneous nucleotide exchange
of Gαi subunits. Structural determination of the Gαi1/peptide complex reveals unique changes
in the Gα switch regions predicted to enhance nucleotide exchange by creating a GDP
dissociation route. Our results cast light onto a potential mechanism by which Gα subunits
adopt a conformation suitable for nucleotide exchange.
INTRODUCTION
Heterotrimeric G-proteins are crucial intracellular mediators of a diverse array of
extracellular signals including hormones, photons, odorants, and small molecules (1,2). In the
standard model of G-protein signaling (see Figure 1.1 for illustration), seven transmembrane
domain G protein-coupled receptors (GPCRs) are associated with inactive, membranetethered G-protein heterotrimers consisting of Gα·GDP bound to Gβγ. Gβγ facilitates the
receptor coupling of Gα·GDP, stabilizes its GDP-bound state and prevents spontaneous
nucleotide exchange, thus serving as a guanine nucleotide dissociation inhibitor (GDI) (3).
20

Ligand-activated GPCRs serve as guanine nucleotide exchange factors (GEFs), catalyzing
exchange of GDP for GTP on Gα·GTP binding alters the conformation of three flexible
“switch” regions within Gα , leading to Gβγ dissociation. Both Gα ·GTP and Gβ γ
subsequently regulate several downstream effectors including adenylyl cyclases,
phospholipases, kinases, and ion channels (2,4). Based on sequence similarity and functional
differences in effector regulation, G-proteins are grouped into four distinct families: Gα i/o,
Gαs, Gαq/11, and Gα12/13 (2,4). Signal termination is achieved by the intrinsic GTP hydrolysis
activity of Gα and accelerated by “regulators of G-protein signaling” (RGS proteins; (5)).
Formation of Gα·GDP causes heterotrimer reassociation, thereby preventing further effector
interactions by either Gα or Gβγ. Accordingly, the duration of G-protein signaling is
determined by the lifetime of Gα in the GTP-bound state (6). Thus, G-proteins serve as
temporal regulators of signaling pathways and understanding the molecular determinants of
their guanine nucleotide cycle is of particular interest.
Structures of Gα subunits, including Gαi1, in both inactive and activated states have
revealed critical conformational changes that occur during GTP binding and hydrolysis (6).
Gα consists of a Ras-like domain, a structural fold present in many GTPases, and a unique
all-helical domain. Bound nucleotide resides in a cleft between these two domains. Although
flexibility between these domains is thought to govern the rate of spontaneous nucleotide
exchange (7), the mechanism whereby Gα GEFs induce nucleotide exchange is not yet clear.
Two distinct types of Gα GEFs are now known: membrane-bound GPCRs and the soluble,
cytoplasmic RIC-8 proteins (8). The structure of the prototypical GPCR rhodopsin provided
the first structural glimpse of the most prominent class of Gα GEFs (9); however, the
receptor was in an inactive form and not bound to heterotrimer, and thus little direct
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information was gained about the mechanism for G-protein activation. The non-receptor Gα
GEF RIC-8 is widely conserved across metazoa as a critical determinant (along with Gα i
subunits) in mitotic spindle force generation during mitosis (reviewed in (2)). Unlike the
GEFs for Ras-superfamily GTPases, such as the RhoGEF family (10), that have no
preference for nucleotide state (GDP- or GTP-bound), RIC-8 exhibits selective interaction
with the GDP-bound state of Gα subunits and does not bind nor act as a GEF toward
Gα·GTP (8,11). As RIC-8 proteins have only been recently discovered, structural studies of
these proteins have yet to be reported. Thus, the structural determinants of Gα activation by
GEFs remain largely unknown.
Phage display is a powerful technique to identify small peptides capable of binding
desired targets in an unbiased manner. Identified peptides can then serve as tools to study
target protein binding surfaces, protein-protein interaction sites, and protein function and
regulation (reviewed in (12)). This technology has identified peptide modulators of a variety
of enzyme classes and signaling molecules (e.g., (13,14)). In particular, phage display and
similar approaches have been used to investigate G-protein binding interfaces on GPCRs
(15,16) and effector binding regions on Gβγ subunits (17), as well as to identify peptides
with G-protein regulatory properties, including both GEF and GDI activities (18,19). In the
present study, we have identified guanine nucleotide-dependent Gα binding peptides from a
phage display peptide library. In particular, we describe the guanine nucleotide exchange
factor activity of a GDP-selective peptide, termed KB-752. To understand the mechanism of
KB-752 GEF activity, we determined the crystal structure of the peptide bound to Gα i1.
These studies are the first to describe the structure of a Gα subunit in complex with a GEF
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and provide direct structural evidence in support of a previously proposed mechanism for the
GPCR-catalyzed nucleotide exchange reaction.

RESULTS

Identification of nucleotide-dependent Gα binding peptides
We used phage display to obtain peptides that recognize the distinct conformations of
Gα when bound to GDP versus GTPγS (1,6). Biotinylated Gαi1·GDP and Gαi1·GTPγS were
independently immobilized onto streptavidin-coated microtiter plates for selection of phagedisplayed peptides. Phage selectivity was monitored by comparing phage ELISA signals
between wells containing Gαi1 and wells blocked with albumin. After four iterative rounds of
selection, clonal bacteriophage isolates were purified, amplified and screened for selective
binding to Gαi1 in GDP- or GTPγS-bound states (e.g., Figure 2.1A). In total, we isolated 51
GDP-dependent, 12 GTPγS-dependent, and 5 nucleotide-state-independent phage-displayed
peptides. Extensive database searches suggest that none of these peptides has sequence
similarity to known Gα interacting proteins (data not shown).
A representative group of GDP-dependent phage (Figure 2.1B) showed strong
sequence similarity around the motif TWXE/DFL. Of these GDP-selective peptides, we
focused initially on KB-752. Nucleotide-dependent Gα binding was quantitated by surface
plasmon resonance (SPR) measurements on a streptavidin biosensor chip coated with
biotinylated KB-752 (e.g., Figure 2.1C for Gαi1). Dissociation constants (KD values) were
obtained by simultaneous kinetic analysis of on (ka) and off (kd) rates obtained by injecting
increasing concentrations of Gα in GDP-, GDP·AlF4-, and GTPγS-bound states (e.g., Figure
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2.1D for Gαi1·GDP). In agreement with the phage selection, KB-752 displayed highest
affinity binding to Gαi1 in its GDP-bound form (Kd of 3.9 ± 0.6 µM). No appreciable binding
was observed to the transition-state-mimetic form of Gα i1·GDP·AlF4-, although measurable
(albeit low affinity) binding was observed for Gαi1·GTPγS (Kd of 28.0 ± 3.2 µM); given the
slow rate of spontaneous nucleotide exchange of Gαi1 (20), this observed binding may be due
to residual GDP-bound protein. KB-752 demonstrated lower affinity for the closely-related
Gαo, with a Kd of 18.2 ± 3.0 µM for Gα o·GDP, but no measurable interaction to GDP·AlF4nor GTPγS-bound forms of Gαo (data not shown).

KB-752 binding affects guanine nucleotide exchange
To examine the effects of KB-752 on nucleotide exchange by Gα binding partners,
[35S]GTPγS binding to purified Gα was quantified in the absence or presence of peptide. KB752 enhanced the nucleotide exchange rate of Gαi1 (Figure 2.2A); the effective concentration
for 50% maximal response (EC50) for KB-752 GEF activity on Gα i1 was 5.6 ± 1.1 µM
(Figure 2.2B), comparable to its observed KD. Equipotent GEF activity was found for both
Gαi2 and Gαi3 (Figure 2.2B). KB-752 did not affect the nucleotide exchange rate of Gαi2β1γ2
(Figure 2.2C), suggesting that KB-752 cannot disrupt a native heterotrimer and interacts
solely with free Gα.
Despite binding to Gα o·GDP, KB-752 did not affect nucleotide exchange even at
saturating concentrations (Figure 2.2D). We hypothesized that the higher intrinsic rate of
spontaneous nucleotide exchange of Gαo vs Gαi contributes to the lack of KB-752 activity on
Gαo. To test this, we purified Gαi1 containing an arginine-144 to alanine (R144A) mutation
that disrupts an interaction between the all-helical and Ras-like domains, and thus renders the
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spontaneous exchange rate equivalent to that of Gαo (7); confirmed in Figure 2.3A). KB-752
did not enhance the exchange rate of Gα i1(R144A) (Figure 2.3B), highlighting the
mechanism of KB-752 as enhancing GDP release from the intrinsically slow exchanger Gαi.
To validate these results, we employed steady-state GTPase assays. Given that GDP
release is the rate-limiting step of the Gα guanine nucleotide cycle, any alteration of GDP
release, either positively (i.e., GEF activity) or negatively (i.e., GDI activity), will be
reflected in the overall steady-state rate of GTP hydrolysis (21). KB-752 enhanced steadystate GTP hydrolysis by Gαi1 (Figure 2.3C), further indicating that it has GEF activity for
Gαi subunits. No effect of KB-752 was seen on Gαo. These results support the conclusion
that KB-752 possesses Gαi-selective GEF activity.

Structure of KB-752 bound to Gαi1
To ascertain the molecular mechanism of KB-752 GEF activity, we determined the
structure of KB-752-bound Gα i1·GDP (PDB ID 1Y3A; Figure 2.4 and Table 2.1). KB-752
assumes a partial α-helical structure and binds Gαi1 between switch II and the α3 helix of the
Ras-like domain (Figures 2.4 and 2.5A). The repositioning of switch II affords the binding
groove for KB-752, as the α3 helix is not significantly altered in conformation compared to
other structures of Gαi1. Indeed, the ability to reposition switch II likely defines the
nucleotide specificity of KB-752 binding, given predicted steric hindrance between the Nterminus of KB-752 and switch II within Gα i1·GTPγS and Gαi1·GDP·AlF4- (Figure 2.5B). In
particular, the positioning of tryptophan-211 of switch II would not accommodate
tryptophan-5 of KB-752 (Figure 2.5B); however, tryptophan-211 is repositioned in the
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Gαi1·GDP/KB-752 structure and creates part of a critical hydrophobic pocket used by KB752 for binding (see below).
The switch II/α3 helix binding pocket for KB-752 is similar to that of the N-terminal
alpha-helix of the RGS14 GoLoco motif, a short polypeptide that displays GDI activity
toward Gαi1 (PDB ID 1KJY) (22); however, the GoLoco motif binding site extends into the
all-helical domain (Figure 2.5C), whereas KB-752 makes no contacts with this region of Gαi1
(Figure 2.5A). The lack of functional contacts made between KB-752 and the all-helical
domain was validated using a chimera (“Gαioi”) with the Ras-like domain of Gαi1 but the allhelical domain of Gα o (7); KB-752 displays GEF activity on this chimera equal to that on
wildtype Gα i1 (Figure 2.5D), suggesting that interactions with the Ras-like domain are
sufficient for GEF activity. The use of a switch II/α3 helix binding pocket for both KB-752
and GoLoco motif peptides was also validated biochemically. The GEF activity of KB-752
on Gα i1 was competitively antagonized by the GoLoco motif of the RGS14 paralogue,
RGS12 (Figure 2.5E). Unlike the GoLoco motif, which lies over the GDP-binding pocket
and uses an arginine finger to stabilize GDP (22), KB-752 does not occlude nor make contact
with GDP (Figure 2.5A vs. 2.5C), suggesting that its GEF activity relies on conformational
changes induced within Gαi1 rather than direct manipulation of bound GDP or the nucleotidebinding pocket per se. In support of these distinct modes of interaction about the GDPbinding pocket, KB-752 binding has almost no effect on the rate by which Gαi1 is activated
by aluminum tetrafluoride (Figure 2.5F), unlike the inhibitory effect of GoLoco motif
peptides, which sterically restrict access of the activating ion to the GDP pocket (23).

Structural basis for the conserved TWXE/DFL binding motif
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Figure 2.6 shows specific contacts between KB-752 and Gαi1. Glutamate-11 (E11) of
KB-752 forms a salt bridge with R208 of Gα i1. Tryptophan-5 (W5) is found within a
hydrophobic pocket formed by F215, L249, and I253 of Gα i1. Phenylalanine-8 (F8) is also
placed within a hydrophobic environment established by W211, I212, and F215 of Gαi1. The
burial of large hydrophobic residues within the hydrophobic groove between switch II and
the α3 helix is common among several known Gα binding partners (see Figure 3.7 for
structural representations): p115RhoGEF-RGS inserts a methionine (M165) into the Gαi/13
chimera (24), the C2 domain of adenylyl cyclase inserts a phenylalanine (F991) into Gα s
(25), and the gamma subunit of cGMP-phosphodiesterase inserts a tryptophan (W70) into
Gαt (26). Burial of the peptide residues W5 and F8 within Gα i1 validates the results of the
phage selection, as these two hydrophobic residues figure prominently within the TWXE/DFL
binding motif (Figure 2.1B). An intramolecular hydrogen bond network between threonine-4
(T4) and both the side-chain carboxylate and peptide-bond nitrogen of aspartate-7 (D7)
(Figure 2.6B) underscores the conservation of threonine and acidic residues within the
TWXE/DFL motif. Specifically, the side-chain hydroxyl of T4 forms a hydrogen bond with
both the side-chain carboxylate and main-chain amide nitrogen of D7, and the main-chain
carbonyl oxygen of T4 forms a hydrogen bond with the main-chain amide nitrogen of D7.
Additionally, this hydrogen bonding network within the α-helical portion of KB-752 serve to
orient both W5 and F8 side chains toward the Gα binding face of the peptide.
Based on contacts between KB-752 and Gαi1, we generated three KB-752 variants to
validate biochemically the structural model. E11 was replaced with leucine to eliminate the
ionic interaction with R208, while retaining a comparable sized side chain geometrically. W5
and F8 of the TWXE/DFL motif were each independently replaced with alanine to reduce the
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potential for burial within hydrophobic environments created by switch II and the α3 helix.
We first confirmed by SPR that each mutation abrogated Gαi1 binding. Gαi1·GDP was
capable of interacting with the E11L peptide, but binding was significantly attenuated
compared to wild-type (Figure 2.6C). Both W5A and F8A peptides displayed a near
complete loss of binding to Gαi1·GDP. We then tested the ability of each peptide to enhance
nucleotide exchange by Gα i1·GDP. Wild-type KB-752 resulted in an approximately 3-fold
increase in the rate of [35S]GTPγS binding. The E11L peptide had diminished GEF activity
compared to wild-type (Figure 2.6D), while W5A and F8A peptides lacked significant GEF
activity. These results corroborate the critical contacts made between Gαi1 and these residues
of KB-752 in the structural model.

Structural basis for KB-752 GEF activity
Exchange of GDP for GTP results in movement of the three switch regions to
stabilize bound GTP and adopt the conformation responsible for effector binding (6).
Gαi1·GDP/KB-752 possesses significant alterations in each switch region compared to
Gα·GDP/Gβ1γ2 (Figure 2.7A). Most apparent is switch II, which is displaced down and
outward compared to the Gαi1·GDP/Gβ1γ2 structure (27). This movement results in the lip of
switch II, normally ordered and helical in the GTPγS-bound state (6,28), being displaced
away from the nucleotide binding pocket and GDP. This conformation in Gαi1·GDP/KB-752
contrasts with the movement of switch II towards the nucleotide pocket when GTPγS is
bound. Switch III is also slightly displaced from GDP within KB-752-bound Gαi1 compared
to the heterotrimer (Figure 2.7A). However, of the four Gαi1/KB-752 dimers in the
asymmetric unit (Table 2.1), only one Gαi1 molecule (chain B of PDB ID 1Y3A) had

28

sufficient electron density to accurately model the switch III loop, suggesting that this region
of Gαi1 is inherently flexible even when bound to KB-752. Similar alterations to both switch
regions II and III are seen in GoLoco-bound Gαi1 (Gαi1·GDP/R14GL) (22); however, switch
II is more dramatically displaced in Gαi1·GDP/KB-752 (Figure 2.7B). Interestingly, despite
movement in switch II, the β3/α2 loop at the entry to switch II is not significantly displaced
in the Gα i1·GDP/R14GL structure compared to the Gα i1·GDP/Gβ1γ2 structure (Figure 2.7A
vs. B). In contrast, this β3/α2 loop is removed from the guanine nucleotide pocket along with
switch II in the Gαi1·GDP/KB-752 structure (Figure 2.7B). Displacement of the β3/α2 loop is
stabilized through several interactions with KB-752, including hydrogen bonding between
the carbonyl oxygen of glycine-202 of the β3/α2 loop and the indole nitrogen of tryptophan5 in KB-752 (Figure 2.7C), indicating an additional role for this key peptide residue. The
displacement of switch II positions the catalytic glutamine-204 residue far from the
nucleotide binding pocket compared to structures of Gαi1·GTPγS and Gαi1·GDP·AlF4- (Figure
2.8), and this residue makes an intramolecular bond with valine-201 (Figure 2.7C).
Switch I within Gα i1·GDP/KB-752 adopts a conformation more similar to the
activated states of Gαi1·GTPγS and Gαi1·GDP·AlF4- (Figure 2.8), moving in closer proximity
to GDP (compared to Gβγ- and GoLoco-bound states) and affecting the position of arginine178 (R178) (Figure 2.8A). In the Gαi1·GDP/Gβ1γ2 heterotrimer (PDB 1GP2) (27), R178 of
switch I forms a salt-bridge interaction with glutamate-43 (E43) across the bound GDP
(Figure 2.8A). This “seatbelt” conformation, resulting from reoriented coordinating residues
N149 and D150 due to Gβ1γ2 binding (29), is proposed to stabilize bound GDP (27,30). This
same interaction occurs in Gαi1·GDP/R14GL (22) (Figure 2.8A), but not in the structures of
free Gαi1·GDP (29) suggesting that the formation of this R178/E43 salt-bridge represents a
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common mechanism used by GDIs for Gα i1. Interestingly, in the KB-752-bound structure,
the seatbelt interaction is not present (Figure 2.8A,B); the conformation of R178 is nearly
identical to that of the Gα i1·GDP·AlF4- transition state (PDB 1GFI) (Figure 2.8C) (31) in
which R178 is oriented to participate in GTP hydrolysis by stabilization of the leaving γphosphate group as mimicked by the aluminum tetrafluoride anion. These findings suggest
that the R178/E43 interaction is broken during nucleotide exchange and that an “unbuckled
seatbeat” conformation may be essential for GDP release in addition to GTP hydrolysis.
Thus, KB-752 appears to alter switch I and II to create a feasible exit route for GDP (see
Discussion below). Magnesium was not observed in the nucleotide binding pocket of
Gαi1·GDP/KB-752 (although its coordinating residue T181 is unaltered; Figure 2.8C,D),
consistent with studies showing that Mg2+ has no effect on GDP binding to Gα (e.g., (3)).

DISCUSSION
Despite many biochemical and structural studies of the guanine nucleotide cycle, the
mechanism of heterotrimeric G-protein activation remains elusive. Mutagenesis studies have
highlighted several determinants governing the G-protein coupling and nucleotide exchange
properties of GPCRs (32,33), but precisely how a Gα subunit is induced to exchange GDP
for GTP has remained unanswered, given the inherent difficulty in obtaining structural
information on the GPCR:G-protein complex. Structural determinants of the recently
described GEF activity of RIC-8 are also not known.
An alternative approach has been the use of small peptides that possess nucleotidedependent binding and biochemical properties akin to known G-protein regulators.
Mastoparan, a 14 aa peptide found in wasp venom, is a GEF for Gα i and Gαo (34). The
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solution structure of mastoparan bound to Gα i indicates a helical conformation for this
peptide; however, biochemical studies suggest its binding interface resides at the extended Nterminus of Gα (35). Moreover, mastoparan (INLKALAALAKKIL) shows no similarity to
the TWXE/DFL motif found in KB-752 and other Gα·GDP binding peptides from our screen.
Synthetic peptides from the third intracellular loop of several GPCRs, a region involved in
G-protein coupling and activation by receptor, have also been used to study G protein
activation. A solution structure of a peptide from the third intracellular loop of the CB1
cannabinoid receptor suggests the necessity for a helical conformation (36). Finally, phage
display has identified short heptapeptides with biochemical activity at specific G-protein
subunits (18), although no structural information has been reported. Our results further
highlight the power of phage display as a useful technique to identify conformationdependent binding peptides that can be useful tools to investigate protein function. The
structure of the Gαi1·GDP/KB-752 complex clearly demonstrates the basis of nucleotide
specificity of this peptide.
Furthermore, our structural determination of KB-752 bound to Gαi1 represents the
first glimpse of a Gα subunit bound to a GEF. As with other Gα regulators, KB-752
modulates the conformation of the switch regions critical to the guanine nucleotide cycle (6).
Previous structures of uncomplexed Gαi1·GDP have revealed structural disorder in these
switch regions, particularly switch II and III (28). However, structures in which Gα i1 is
bound to regulators (Gβγ, RGS4, GoLoco motif) or in the activated state (GTPγS- or
GDP·AlF4--bound), the switch regions become ordered in specific, defined conformations
(22,27,31,37). Similarly, our structure of Gα i1·GDP/KB-752 reveals order in the switch
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regions, suggesting that the peptide stabilizes this conformation resulting in its GEF activity - specifically by creating a stabilized route for GDP egress.
Since the Gα nucleotide binding pocket is buried far from the proposed Gα/receptor
interacting surface, it is thought that GPCRs use Gβγ as a lever to “pull open” Gα, creating a
GDP exit route. By modeling onto Gα the structural changes in EF-Tu induced by EF-Ts
during nucleotide exchange, Bourne and colleagues have pointed to the β3/α2 loop as a
potential "lip" that occludes GDP release (38). Gβγ makes several contacts with this region
and has been proposed to use additional contacts within the α2 helix (switch II), namely
D228 of Gβ1 contacting K210 in Gα i1 (K206 in Gα s), to lever open the lip to induce GDP
release (39). GPCRs are thought to use the Gα N-terminus to tilt Gβγ (making extensive
contacts with the Gα N-terminus) away from Gα, thereby opening the β3/α2 lip (38). Our
structure of the GEF peptide KB-752 bound to Gαi1 precisely supports this “Gβγ lever”
model proposed by Bourne. By binding between the switch II and α3 helices, KB-752 pushes
the α2 helix away from bound nucleotide in a similar manner to the proposed levering action
of Gβγ following GPCR activation. Displacement of switch II results in the β3/α2 loop (part
of the proposed occlusive lip (38)) also being pulled away from nucleotide in a way that
might allow more efficient GDP egress. Whereas switch II is displaced by the binding of the
RGS14 GoLoco peptide, the β3/α2 loop remains essentially unaltered in conformation
compared to the Gβγ-bound, heterotrimeric structure. These results further highlight the
potential role of the β3/α2 loop as an occlusive lip preventing GDP release, as both Gβγ and
GoLoco (each with GDI activity) position the β3/α2 loop to block the proposed GDP egress
route, whereas KB-752 (with GEF activity) removes the loop from this position. Importantly,
not only does KB-752 displace the β3/α2 loop from its occlusive orientation but also makes
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several contacts with this loop, which presumably serves to stabilize its reorientation (see
Figures 2.5 and 2.7). Although the precise structural determinants of GPCR-mediated GEF
activity will clearly be distinct from that of our artificial phage-display peptide GEF, the
structural changes in Gαi1 induced by KB-752 provide support for the Gβγ-levering model of
receptor GEF function by suggesting that repositioning of switch II and the β3/α2 loop is
critical for GDP release. In this model, the proposed egress route for GDP is towards the Gβγ
binding face of Gα, which is more accessible following the displacement of the occlusive
β3/α2 loop (see Figure 2.16B for structural illustration).
An alternative opinion on receptor-mediated heterotrimer activation (40) suggests that
GPCRs use the Gα N-terminus to maneuver Gβγ in an opposite fashion to that proposed in
the Bourne model. In this “gear-shift” model, Gβγ is shifted towards Gα resulting in a
closely packing Gα-Gβ interface stabilized by a proposed binding of the Gγ N-terminus to
the Gα helical domain (40). This Gβγ shift is proposed to alter the conformation of the α5
helix, previously implicated in the receptor-catalyzed nucleotide exchange reaction (41). Our
structure of Gαi1·GDP/KB-752, while not invalidating the receptor GEF model of Cherfils
and Chabre given lack of sequence similarity between KB-752 and known Gα regulators,
certainly does not support their model of GPCR GEF activity for three reasons: (i) KB-752
causes switch II to be displaced away from the GDP pocket rather than being packed more
tightly, (ii) the proposed GDP exit route induced by KB-752 binding is on the Gβ-binding
face, and (iii) KB-752 does not cause significant alterations in α5 helix conformation.
In addition to affecting switch II (α2 helix) and maneuvering the β3/α2 loop in a
manner consistent with the Gβγ-lever model (38), KB-752 binding also alters switch I. In
contrast to displacement of switch II away from the nucleotide binding pocket, switch I is
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displaced slightly towards this pocket into a similar conformation to that of GTPγS- and
GDP·AlF4--bound Gα. In the Gαi1·GDP/Gβ1γ2 heterotrimer and Gα i1·GDP/R14GL complex,
R178 of switch I forms a salt bridge with E43 (an interaction not observed in free Gαi1·GDP),
forming a “seatbelt” over bound GDP thought to aid in the stabilization of Gα·GDP by Gβγ
or GoLoco binding (22,27,30). Switch I in the Gα i1·GDP/KB-752 structure reveals an R178
conformation out of bonding distance to E43 (Figure 2.8A), similar to that seen in the
structure of free Gαi1·GDP, in which R178 is thought to be quite flexible (42). The loss of the
R178/E43 interaction in both the Gα i1·GDP/KB-752 (GEF) structure as well as free
Gαi1·GDP (which has higher spontaneous nucleotide exchange compared to Gβγ-bound)
supports the loss of this interaction as coinciding with nucleotide exchange. Thus, breaking
the R178/E43 “GDP seatbelt” is a potentially crucial step in GDP release and subsequent
GTP binding. Surprisingly, the R178 side chain is in a nearly identical conformation in the
Gαi1·GDP/KB-752 structure compared to the Gα i1·GDP·AlF4- structure (Figure 2.8C),
indicating that this residue potentially adopts a conformation that is suitable for both
GDP/GTP exchange and GTP hydrolysis. Having the R178/E43 interaction disrupted, along
with creating a feasible exit route by modulating the switch II helix, may contribute to
enhanced GDP release and, thus, an enhanced nucleotide exchange rate observed upon KB752 binding.
Despite the GEF activity of KB-752 towards Gα i1, the structure of the complex
contains bound GDP. This seemingly paradoxical observation is explained by several
considerations. The nucleotide-free state of isolated Gα is very unstable, likely reflecting an
instantaneous conformation as nucleotide binding is extremely rapid (6,43); stable trapping
of the nucleotide-free state has only recently been successfully described following binding
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to the non-receptor GEF RIC-8 (8,44). The Gα/RIC-8 interface is likely more extensive than
with the small KB-752 peptide, which would add substantial stability to the nucleotide-free
conformation. Similarly, establishing the nucleotide-free state of small GTPases also
necessitates a large stabilizing interface with respective GEFs (e.g., (45)) that cannot be
provided by the small KB-752 peptide. Along with the fact that the Gα i1/KB-752 complex
was crystallized in the presence of 10 µM GDP, these factors likely impeded the chances of
capturing Gαi1 in a nucleotide-free state.
In conclusion, our identification and structural analysis of a novel Gα·GDP binding
peptide with GEF activity towards Gα i1-3 subunits provides support of the “Gβγ lever”
hypothesis of GPCR GEF activity. The activity of KB-752 as a GEF for Gαi suggests a
future utility of this peptide as a new molecular tool to study heterotrimeric G-protein
signaling in vitro and in vivo.

EXPERIMENTAL PROCEDURES
Unless otherwise noted, all reagents were from Sigma (St. Louis, MO). Peptides were
synthesized by Anaspec (San Jose, CA). Biotinylated peptides were synthesized by Dr.
Michael Berne and colleagues of the Tufts University Core Facility: biotinylation was
performed on resin-bound, Fmoc group-protected synthetic peptides that were selectively
deprotected only at their N-termini, assuring biotin conjugation solely at the free amine.
Phage selection. Biotinylated Gα i1 was purified from E. coli as described (46):
presence of an N-terminal AviTag sequence (GLNDIFEAQKIEWHE) allowed for selective
in vivo biotinylation on the lysine residue during expression in E. coli strain AVB 100 that
also expresses biotin ligase (BirA) and fermentation in free biotin-containing medium as per
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manufacturer’s instructions (Avidity LCC, Denver, CO). Nineteen different, random peptide
bacteriophage libraries were obtained from New England Biolabs (PhD7, PhD12) or
prepared by Karo*Bio USA using published methods (47). Immulon 4 plates (96-well;
Dynatech) were coated with streptavidin in 0.1 M NaHCO3, blocked with 1.0% BSA in 0.1
M NaHCO3, then incubated for 1 hr at 25 oC with 10 pmoles/well of biotin-Gαi1 in buffer A
(20 mM HEPES pH 7.5, 1 mM EDTA, 16 mM MgCl2, 1 mM DTT, 0.05% Tween-20) with
either 5 µM GDP or GTPγS. Iterative selection of binding phage was performed using
published methods (47). Briefly, after incubating phage libraries with immobilized biotinGαi1 for 3 hrs at 25 oC, non-specifically bound phage were removed by washing with TBST
buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.05% Tween-20) with 0.5 mM biotin.
Bound phage were eluted sequentially with a low pH glycine buffer and a high pH
ethanolamine buffer; after neutralizing the pH, phage were amplified and subjected to repeat
rounds of selection (47).
After 4 iterations, clonal phage isolates were purified, amplified, and sequenced as
described (47). To detect bound phage by ELISA, biotin-Gα i1 was incubated overnight in
buffer A with either 100 µM GDP or GTPγS and then 1 pmol Gαi1/well (or buffer A alone)
was immobilized onto plates as previously described. 5 µL phage was added to each well in
buffer A with either 100 µM GDP or GTPγS and incubated for 30 min. at 25 oC. Unbound
phage was removed by TBST washes and bound phage detected with an anti-M13
antibody/horseradish peroxidase conjuguate. Assays were developed for 10 min at room
temperature by adding 2,2-azinobis(3-ethylbenzothiazoline)-6 sulfonic acid and H2O2. Signal
development was stopped by adding SDS to a final concentration of 1%.
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Protein purification. His6-tagged human Gαi1 (full length, R144A mutant, and Nend 25 aa truncated) and human GαoA (full length) were purified from BL21(DE3) E. coli as
previously described (46). Gαi1 and Gαo were induced at an OD600 = 0.8 with 1 mM IPTG for
4 hr at 37°C. Gαi2β1γ2 was purified from Sf9 insect cells co-infected with baculoviruses
encoding Gαi2, Gβ 1, and His6-Gγ2 as previously described (48). Proteins were purified by
Ni2+-NTA, anion exchange, and size exclusion chromatographies as described (46,48). All
proteins were concentrated using YM-10 centrifugal filters (Millipore).
Surface plasmon resonance (SPR) biosensor measurements. SPR binding assays
were performed at 25°C on a BIAcore 3000. To analyze nucleotide-dependent Gα binding,
N-terminally biotinylated KB-752 (diluted to 0.1 µg/ml in BIA running buffer [10 mM
HEPES, pH 7.4, 150 mM NaCl, 10 mM MgCl2, 0.005 % NP40]) was coupled to separate
flow cells of streptavidin biosensors (Biacore) using MANUAL INJECT to a surface density
of ~250, ~500, or ~1000 resonance units. Prior to injection, Gα subunits were diluted in BIA
running buffer with 100 µM GDP, 100 µM GDP plus 30 µM AlCl3 and 10 mM NaF, or 100
µM GTPγS and incubated at 25°C for 2-3 hr. 30 µl Gα subunit was then simultaneously
injected (using KINJECT) over flow cells at 10 µl/min followed by 300 s dissociation.
Binding to a non-Gα interacting, biotinylated peptide (mNOTCH1; ref. Snow et al., 2002)
was subtracted from all binding curves to correct for nonspecific binding and buffer shifts.
Surfaces were regenerated with two 10 µl pulses of 500 mM NaCl / 25 mM NaOH at 20
µl/min. Binding curves and kinetic analyses were conducted using BIAevaluation ver. 3.0
and plotted using GraphPad Prism ver. 4.0b. Binding affinities were calculated using the
simultaneous association (ka) and dissociation (kd) analysis parameter using generated
sensorgram curves.
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Gα nucleotide cycle assays. GTPγS exchange assays were conducted using a
nitrocellulose filter binding method (11), with GTPγS binding reactions performed at either
20°C (Gα o and Gαi1-R144A) or 30°C (Gαi1, i2, i3 and Gα i2β1γ2). Steady-state GTPase assays
were carried out using a charcoal precipitation-based method (11), with reactions incubated
at 20°C (Gαo) or 30°C (Gαi) for 30 min.
Crystallization and structure determination. Crystals of KB-752 bound to Gα i1
were obtained by vapour diffusion from hanging drops (3 µL) containing a 1:1 (v/v) ratio of
protein solution (6 mg/ml Gαi1ΔN25 and 1.3-fold molar excess KB-752 in 20 mM Tris, pH
7.5, 20 mM NaCl, 1 mM MgCl2, 10 µM GDP, 1 mM DTT, 5 % glycerol) to well solution (50
mM sodium citrate, pH 5.0, 10 % (w/w) PEG-8000, 10 % (w/w) sucrose). Crystals formed in
3-5 days at 4 °C in the space group P21 (a = 72.9 Å, b = 112.8 Å, c = 109.5 Å, α = 90°, β =
93.7°, γ = 90°), with four Gαi1·GDP/KB-752 heterodimers in the asymmetric unit. To collect
data at 100K, crystals were cryoprotected in 30% glycerol for 1 min then submerged in liquid
N2. A native data set was collected at the SER-CAT 22-ID beamline at APS, Argonne
National Laboratory. Data was scaled and indexed using the program HKL2000. The
structure of Gαi1·GDP·Mg2+ (PDB accession code 1BOF), excluding the 25 aa N-terminus, aa
177-184 (switch I), aa 200-218 (switch II) and aa 233-239 (switch III), and waters and
sulphates, was used for molecular replacement with AMoRe (49). Model building was done
in O (50) with successive rounds of simulated annealing, minimization, B group, and torsion
angle refinements being completed using CNS (51). All refinement was completed with noncrystallographic symmetry restraints and each of the 4 Gα i1·GDP/KB-752 dimers is
essentially identical. Electron density maps for model building as well as the simulated
annealing composite omit map were generated using CNS. Gαi1 residues 26-33 (extreme N-
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terminus), 113-116 (αB-αC loop, dubbed ‘switch IV’, within the all-helical domain; (42)),
and 345-354 (extreme C-terminus) were not included in the final model given incomplete
electron density; prior to removal, each region had refined B-factors of >150 indicative of
low statistical certainty and relative disorder. Additionally, in 3 of the 4 Gα i1 subunits
(molecules ‘A’, ‘C’, and ‘D’) in the asymmetric unit, residues 234-239 of switch III were
removed from the final model. All structural images were made using PyMol (DeLano
Scientific, San Carlos, CA, USA).
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CRYSTAL STRUCTURE OF GαI1 BOUND TO A SEGMENT OF THE D2 DOPAMINE
RECEPTOR THIRD INTRACELLULAR LOOP

Heterotrimeric G-proteins are molecular switches that relay information intracellularly
in response to various extracellular signals. How ligand-activated G-protein-coupled
receptors act at a distance to exert exchange activity on the Gα nucleotide binding pocket is
poorly understood. Here we describe the synergistic action of two peptides: one from the
third intracellular loop of the D2 dopamine receptor (D2N), and a second, Gα·GDP-binding
peptide (KB-752) that mimics the proposed role of Gβγ in receptor-promoted nucleotide
exchange. The structure of both peptides in complex with Gαi1 suggests that conformational
changes in the β3/α2 loop and β6 strand act in concert for efficient nucleotide exchange.
Two key residues in the α4 helix were found to define a receptor/Gαi coupling specificity
determinant.

INTRODUCTION
G protein-coupled receptors (GPCRs) activate heterotrimeric G-proteins by catalyzing
the exchange of GDP for GTP on the Gα subunit, thus initiating signalling to cellular
enzymes and ion channels (52). However, the mechanism by which GPCRs stimulate
guanine nucleotide exchange on heterotrimeric G-proteins remains poorly understood (53).
Crystal structures of the prototypical GPCR, rhodopsin (9), have provided the first structural
glimpse of a Gα-directed guanine nucleotide exchange factor (GEF). However, the rhodopsin
structures do not include bound heterotrimer and thus afford limited direct information
regarding the mechanism of GPCR-mediated G-protein activation.
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One unifying aspect of several current models of GPCR GEF activity (38,40,54,55) is
that ligand-activated receptor must act at a distance to transmit conformational changes
through distinct regions of the G-protein, since the GDP-binding pocket of Gα resides ~30 Å
away from the receptor, precluding the possibility of direct manipulation of this region in its
proposed orientation at the receptor interface (32,33,56). One proposed model suggests that
the receptor uses Gβγ as a ‘lever’ to reorient the β3/α2 loop of Gα (38,39). The β3/α2 loop,
in this model, serves as an occlusive barrier to GDP release and receptor-promoted
alterations in its conformation (i.e., removal from the GDP-binding pocket) thereby creates a
feasible egress route for GDP. An alternative hypothesis suggests that receptors use the
extreme C-terminus of Gα as a ‘latch’ to alter the conformation of the α5 helix (55,57).
Modulation of the α5 helix, in turn, is suggested to alter the β6/α5 loop conformation and
destabilize contacts with the guanine ring of GDP, thus allowing for nucleotide release. We
recently reported the structure of Gαi1 bound to a Gβγ-surrogate peptide, KB-752, which acts
as a Gα GEF by displacing the occlusive β3/α2 lip in an analogous manner to that proposed
for receptor-mediated tilting of Gβγ during activation (39) (see Figures 2.1-2.8 and 2.16
below). As these studies with KB-752 were illustrative only of the Gβγ contribution to
heterotrimer activation by activated receptor, here we investigated the effects of KB-752 on
Gα in combination with a receptor fragment that also possesses GEF activity. We have
determined the structure of a complex of these two GEF peptides bound to Gαi1 – a structure
that has revealed critical determinants for receptor/Gα coupling and receptor-mediated
nucleotide exchange.
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RESULTS AND DISCUSSION
Nanoff and colleagues recently described a peptide with GEF activity, D2N, derived
from the N-terminal region of the third intracellular loop (ic3) of the D2-dopamine receptor
(57). D2N and several other receptor-derived peptides have been shown to elicit modest
exchange factor activity in vitro towards specific Gα subunits and are therefore thought to
represent direct receptor/Gα engagement sites acted upon during GPCR-mediated activation
(58). When used alone (at maximally effective concentrations; see refs. (57,59)), KB-752 and
D2N each stimulated the rate of GTPγS binding (Figure 2.9A, inset). Notably, combining
KB-752 and D2N resulted in a rate of GTPγS binding approaching that of full-length
receptor acting on the Gαβγ heterotrimer in reconstituted systems and cell membrane
preparations (60). Peptide effects were predominantly seen in the initial reaction rate; modest
effects on the overall magnitude of GTPγS binding to Gαi1 likely reflect the ability of these
peptides to reduce the requirement on magnesium for GTPγS binding similar to that
displayed by activated receptors (57,61). To more fully investigate these peptide effects, we
focused on initial GTPγS binding rates under each condition. When combined, KB-752 and
D2N resulted in a synergistic enhancement of the initial GTPγS binding rate (Figure 2.9A).
We also assessed the effects of each peptide under steady-state GTP hydrolysis conditions in
which nucleotide exchange is rate-limiting (62). Similar to GTPγS binding, both KB-752 and
D2N modestly enhanced steady-state GTP hydrolysis; however, their combined effect was
again synergistic. These results suggest that KB-752 and D2N impart GEF activity by
distinct mechanisms and that robust exchange by Gα is achieved through a multiple-site
mechanism.
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To examine the synergistic actions of KB-752 and D2N in more detail, we carried out
dose-response analyses of each peptide in the absence and presence of a constant
concentration of its synergistic GEF-peptide partner. In both cases tested, no effect was
observed on the potency of either respective peptide: the presence of D2N does not
significantly affect the potency of KB-752 (Figure 2.9C), nor does the presence of KB-752
significantly affect the potency of D2N (Figure 2.9D). These results suggest that no allosteric
interaction occurs between the binding sites of KB-752 and D2N to alter the ability of either
peptide to interact with Gα; instead, these results suggest that simultaneous binding of
peptides impinge on separate structural elements within Gα to elicit efficient nucleotide
exchange. While the structural elements engaging KB-752 and D2N can cooperatively
regulate the release of GDP, our data suggest that these elements themselves are not
thermodynamically coupled.
To ascertain the structural determinants of this synergistic exchange activity and its
potential relationship to receptor-promoted exchange, we determined the crystal structure of
Gαi1 bound to both D2N and KB-752 peptides. Diffraction data collected from a single
crystal at 100K were used to refine a model of the structure to 2.2 Å resolution (Table 2.2)
using the structure of Gαi1·GDP·Mg2+ as a model for molecular replacement (63). KB-752 is
bound in a conserved hydrophobic cleft created by the α2 (switch II) and α3 helices (Figure
2.10A) in a nearly identical fashion as the previously determined Gαi1/KB-752 dimer
structure (59) (see Figure 2.5). All major contacts made between KB-752 and Gαi1 in the
Gαi1/KB-752 dimer are conserved in the D2N/Gαi1/KB-752 structure, with an additional
contact observed between lysine-257 in the α3/β5 loop of Gαi1 and glutamate-11 in KB-752
(data not shown), a previously identified residue in KB-752 critical to Gα interaction (see
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Figure 2.6). The binding of KB-752 is seen to displace switch II, along with the β3/α2 loop,
away from the GDP binding pocket (Figure 2.10A) relative to their positions in either
peptide-unbound Gαi1 or Gαi1β1γ2 structures, a similar displacement to that seen in Gαi1/KB752 (59) (see Figure 2.7).
Electron density suitable for model building (e.g., Figure 2.13) was observed for a short
basic cluster of D2N (11RRRK14; corresponding to

216

RRRK219 in the human D2-dopamine

receptor) – a region predicted to comprise the extreme N-terminal region of the ic3 loop (64).
The D2N peptide binds in the α4/β6 region on the opposite face of Gα relative to the KB752 binding site (Figure 2.10A, B). This region has previously been described as a critical
rhodopsin/transducin contact site, although the interaction site on rhodopsin was not
delineated (65). The α4/β6 loop has an electronegative, acidic potential that complements the
electropositive, basic cluster of D2N (Figure 2.11A, B). D2N engages a triad of residues on
the α4 helix and β6 strand (Q304/E308 and T321, respectively; Figure 2.10B) that were
previously implicated in studies using Gα chimera in the coupling specificity and GEF
activity of the 5-HT1A serotonin receptor (66-68). Binding of D2N results in subtle
displacement of the Gαi1 β6 strand with respect to the unbound state (Figure 2.10C) and the
KB-752-bound state (Figure 2.10D), along with an alteration in the α4/β6 loop. This
displacement in the β6 strand, albeit minor, positions T321 farther away from residues Q304
and E308 of the α4 helix, likely weakening their interactions. Importantly, the disposition of
the β6 strand is completely unaltered between unbound and KB-752-bound Gαi1 (PDB id
1AS3 and 1Y3A, respectively; Figure 2.14), suggesting that KB-752 binding does not alter
the conformation of the D2N binding site significantly from the unbound state. This supports
the biochemical data above that KB-752 does not alter the potency of D2N-mediated
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exchange factor activity (Figure 2.9D). Together, these structural and biochemical results
support our conclusion that the alteration in the β6 strand seen in the D2N/Gα i1/KB-752
structure (e.g. Figure 2.10B), however minor, is indeed a unique conformational change
induced specifically by the binding of D2N, and, therefore, this β6 strand alteration likely
confers the structural basis for the mechanism of action of D2N.
The β6/α5 loop makes contacts with the guanine ring of GDP (Figure 2.10B) and is
thought to stabilize its binding to Gα; mutations in this region lead to enhanced spontaneous
GDP release (69,70). Thus, receptor-mediated modulation of the β6/α5 loop through
displacement of the β6 strand may relieve these stabilizing contacts with GDP resulting in
enhanced nucleotide exchange (see Figures 2.15 and 2.16 for structural representations). The
lack of observable conformational changes within the β6/α5 loop per se (Figure 2.10C,D)
likely results from the inability to isolate the GDP-free form of Gα and suggests that our
structural model reflects an exchange reaction intermediate stabilized within the crystal
lattice. Previous studies have suggested that receptor coupling to the extreme C-terminus of
Gα may serve to induce a conformational change in the α5 helix that could, in turn, alter the
disposition of the β6/α5 loop (65,71) (see again Figures 2.15 and 2.16). Our structural data
now highlight a similar role for a receptor-mediated conformational change in the β6 strand
also predicted to translate into an alteration of the β6/α5 loop (Figure 2.10C). We
hypothesize that the receptor uses multiple contact sites to simultaneously alter the β6 strand
and α5 helix to ultimately impinge on critical contacts between the β6/α5 loop and GDP.
However, the synergistic activity between D2N and KB-752 suggests that modulation of the
β6/α5 loop alone is insufficient for maximal GEF activity and that the β3/α2 loop serves as a
second determinant of GDP release. The receptor would thus use direct contacts with the β6
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strand and/or α5 helix to release guanine base contacts with the β6/α5 loop, coincident with
Gβγ-mediated levering of the β3/α2 loop to remove the occlusive lip blocking GDP release,
to invoke maximally efficient nucleotide release (see Figures 2.16 and 2.17).
Our results demonstrating D2N bound in the α4/β6 loop of Gαi1 contrasts with a
previous report suggesting that the D2N binding site resides in the α5 helix and/or extreme
C-terminus of Gα (57). This suggestion was based largely on the ability of a C-terminusdirected Gα antibody to neutralize the exchange factor activity of D2N; however, the
possibility exists that the antibody perturbed D2N effects through steric interactions with an
alternative binding site (namely, the α4/β6 loop). The close proximity of the α5 helix and Cterminus to the α4/β6 loop (see Figure 2.10A) suggests such a possibility. Also, mutation of
an α5 helix residue (I343P), designed to reduce its flexibility, reduced the efficacy of D2N
towards Gαi1 (57). However, the effects of the I343P mutation were incomplete and suggest
that the integrity of the α 5 helix needs to be maintained for full D2N responsiveness.
Interestingly, the results of Nanoff et al. (57), together with our findings of β6 strand
modulation upon D2N binding, suggest a link between the β6 strand and α5 helix, perhaps
resulting in cooperative effects on displacing the β6/α5 loop.
To validate our structural model we generated a 216RRRK219 to 216AAAA219 mutation in
the human D2L-dopamine receptor and examined agonist-promoted [35S]GTPγS binding to
Gα in membranes from COS-7 cells expressing these receptor constructs. Radioligand
binding assays indicated that both wild-type and mutant receptors were capable of binding
the D2-receptor antagonist [3H]spiperone with identical affinity and efficacy (Figure 2.11C
inset), suggesting that the

216

AAAA219 mutation does not alter cell-surface trafficking nor

ligand-binding properties of the receptor. Whereas the D2-selective agonist, quinpirole,
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enhanced [35S]GTPγS binding in membranes expressing wild-type receptor (Figure 2.11C),
no agonist effect was seen in membranes expressing the mutated receptor. The D2-selective
antagonist spiperone completely abolished the quinpirole-mediated stimulation, indicating a
receptor-specific effect (Figure 2.11C). The loss of agonist activation in the

216

AAAA219

mutated D2-receptor underscores a critical role for this basic cluster in the N-terminal ic3
region for agonist-mediated activation of Gα; these results are also supported by previous
studies of the related D4-dopamine receptor implicating the corresponding region in its Gprotein coupling and activation capabilities (72). Furthermore, these results support a role for
charge-charge complementation in receptor/Gα coupling (Figure 2.11A,B) as previously
postulated for other GPCRs, including rhodopsin and the 5-HT1A serotonin receptor (67).
We next investigated the role of the

216

RRRK219 basic cluster on G-protein mediated

signalling in intact cells. Gαi/o-coupled receptors, including D2-dopamine receptors, activate
phospholipase-C beta isozymes through the release of Gβγ subunits (73). Wild-type D2
receptors were capable of stimulating inositol phosphate production in COS-7 cells coexpressing PLC-β2 in an agonist-dependent manner (Figure 2.11D). In contrast, cells
expressing the

216

AAAA219 mutant D2 receptor failed to elicit any response (Figure 2.11D).

Expression levels of wild-type and mutant D2 receptors, as well as PLC-β2, were not
significantly different between conditions (Figure 2.11D, inset). These data suggest that the
216

RRRK219 sequence in the D2-dopamine receptor indeed contributes directly to G-protein

coupling and activation in a cellular environment.
Dopamine receptors are classified into two major subfamilies: the D1-like family (D1
and D5 receptors) and the D2-like family (D2, D3, and D4 receptors) that selectively couple
to Gαs and Gαi/o subunits, respectively (73). Previous studies with the D2N peptide have
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demonstrated selective GEF activity on Gαi/o subunits over Gαs, suggesting that this region
of the D2 receptor aids in G-protein coupling specificity (57). Moreover, peptides derived
from an analogous region of the D1-receptor ic3 loop fail to activate Gαi subunits (74). Thus,
the Gα i1/D2N interface likely represents the first structural glimpse of a bona fide
receptor/Gα interaction. Notably, the α4 helix residues Q304 and E308 contacted directly by
D2N basic residues (Figure 2.10B) have previously been implicated in the G-protein
coupling specificity of the 5-HT1A serotonin receptor (68). Mutation of these two α4 helix
residues within Gα i1 to the corresponding residues in Gα s (Q304R/E208L; Figure 2.12A),
which does not couple to D2-like receptors, abrogated D2N-mediated exchange activity
(Figure 2.12B). Conversely, while wildtype Gα s was unaffected by D2N (as previously
described; ref. (57)), mutation of α4 helix residues in Gαs to the corresponding Gα i1
sequence (R342Q/L346E; Figure 2.12A) imparted D2N sensitivity to Gα s (Figure 2.12B).
Similar specificity switching was observed for the GEF activities of two additional, D2N-like
peptides derived from the ic3 loops of Gα i/o-coupled 5-HT1A serotonin and α2B adrenergic
receptors (Figure 2.12C,D). In addition, Gαo, which couples to D2 receptors (73) and is also
a D2N substrate (57), has residues Q304 and E308 in its α4 helix like Gαi1 (Fig. 4A). In fact,
all members of the Gαi family have glutamine and glutamate residues conserved at these two
positions, whereas all other Gα subunits are highly divergent, typically displaying either
basic or aliphatic residues at one or both positions (Figure 2.12A). Collectively, these
sequence conservation and biochemical results strongly suggest that, although other
receptor/G-protein contacts most likely also contribute to the interaction (e.g., see (32) for a
review concerning Gα C-terminus contributions), the D2-dopamine receptor, and possibly
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other related GPCRs such as the 5HT1A-R and α 2B-AR, use the N-terminal region of the ic3
loop to bind Q304/E308 in the α4 helix of Gαi1 to impart coupling specificity.
While others have used NMR to gain structural information regarding isolated receptor
loop peptides (e.g., refs. (36,75), to our knowledge, this work represents the first crystal
structure illuminating the process of GPCR-promoted GEF activity, or part thereof. The
structural model of Gα i1 bound simultaneously to the two GEF peptides KB-752 and D2N
highlights specific molecular determinants of receptor/G-protein coupling and a proposed
mechanism of receptor-catalyzed nucleotide exchange involving synergistic contributions of
β3/α2 occlusive lip removal by Gβγ and β6/α5 loop modulation by the third intracellular
loop of receptor. In agreement with this notion, recent studies using electron paramagnetic
resonance (EPR) have demonstrated that light-activated rhodopsin catalyzes structural
changes in residues within the α5 helix and β6 strand (55) as well as the β3/α2 loop and
switch II helix (76) of Gα during nucleotide exchange. Collectively, this new structural
information sheds new light on how these clinically important receptors communicate ligand
binding into heterotrimeric G-protein activation critical to cellular physiologic responses and
to therapeutics targeted to manipulate them (see Figures 2.15-2.17).

EXPERIMENTAL PROCEDURES
Protein expression and purification. Bacterial purification of full-length human
Gαi1

was

conducted

as

previously

described

(4 6 ).

Peptides

D2N

(VYIKIYIVLRRRRKRVNTK; refs. (57)), KB-752 (SRVTWYDFLMEDTKSR; ref. (59)),
and all other peptides used were synthesized by Fmoc-group protection and purified via
HPLC by the Tufts University Core Facility.
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Cell culture and transfection. COS-7 cells were maintained in DMEM with 10%
fetal bovine serum and penicillin/streptomycin. Hemagglutinin-epitope (HA)-tagged D2Ldopamine receptor cDNA was obtained from the UMR cDNA Repository (www.cdna.org)
and mutated using standard protocols (Quickchange, Stratagene). For receptor-promoted
[35S]GTPγS exchange assays, 10-cm2 dishes with cells ~50-60 % confluent were transfected
with 10 µg of desired receptor construct (or pcDNA3.1 plasmid control) combined with 30
µL Fugene-6 (Roche). After 48 hours, cells were harvested and plasma membranes isolated
as previously described (77).
Biochemical assays. [35S]GTPγS binding assays were performed essentially as
previously described (57) using assay buffer containing 2 mM free Mg2+. Gα proteins were
incubated at room temperature with peptides for 5 min prior to reaction initiation. Reactions
were incubated at either 30 °C (Gα i1 and Gαi/t) or 20 °C (Gαs). Experiments using D2receptor expressing COS-7 membranes were incubated for 60 min at 22 °C. Steady-state
GTP hydrolysis assays were carried out as previously described (11). Reactions were
otherwise carried out under conditions identical to [35S]GTPγS binding assays.
Inositol phosphate accumulation. COS-7 cells were grown in 12-well culture dishes
and transfected with human PLC-β2 and D2 receptor constructs in a 3:1 ratio (total 400 ng
DNA plus 1.2 µL Fugene per well). After 24 hours, cells were treated with [3H]inositol (~1
µCi per well) and incubated overnight. Cells were then treated with D2 receptor ligands in
the presence of LiCl (10 mM). Accumulation of [3H]inositol phosphates was subsequently
analyzed as previously described (78).
Crystallization and structural determination. Crystals of D2N and KB-752
peptides bound to Gα i1 were obtained by vapour diffusion from hanging drops containing a
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1:1 (v/v) ratio of protein/peptide solution (15 mg ml-1 Gα i1, 1.5 molar excess D2N, and 1.5
molar excess KB-752 in 50 mM HEPES pH 8.0, 1 mM EDTA, 100 µM GDP, 5 mM DTT) to
well solution (2.05 M ammonium sulfite, 100 mM sodium acetate pH 6.0). Crystals (~ 0.6 X
0.2 X 0.1 mm) formed in 3-5 days at 20 oC in the space group I4 (a = b =120.4 Å, c = 69.8 Å,
α = β = γ = 90 o), with 1 D2N/Gα i1/KB-752 heterotrimer in the asymmetric unit. For data
collection at 100K, crystals were transferred to well solution supplemented with 20 %
glycerol for ~30 sec followed by immersion in liquid nitrogen. A native data set was
collected on a single crystal using an R-Axis IV++ detector with Rigaku rotating anode
generator and osmic confocal “blue” optics. Diffraction data were scaled and indexed using
HKL-2000 (79). The structure of Gαi1·GDP (PDB ID 1AS3), excluding GDP, waters, and
other heterogeneous (non-peptide) molecules, was used as a molecular replacement model
for D2N/Gαi1/KB-752 using AmoRe (49). Model building was performed in O and Coot
(50,80), with refinement conducted using real-space refinement protocols in Coot as well as a
combination of rigid body, simulated annealing, energy minimization, and b-factor protocols
in CNS (51). All structural images were made with PyMol (DeLano Scientific) unless
otherwise indicated.
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CRYSTAL STRUCTURE OF Gβ1γ2 BOUND TO A C-TERMINAL SEGMENT OF THE
PTH1 PARATHYROID HORMONE RECEPTOR
Heterotrimeric G-proteins transmit information from extracellular cues to a vast array
of intracellular signal transduction cascades and regulate a variety of cellular functions. Gproteins are activated by cell surface spanning G-protein coupled receptors (GPCRs), which
catalyze the exchange of GTP for GDP on the Gα subunit to initiate signal propagation.
While the activated, GTP-bound Gα subunit regulates a number of downstream effectors and
ultimately governs the temporal nature of signaling by possessing the GTPase activity
required for signal termination, the Gβγ subunit too modulates many signaling proteins (2)
(see Figure 1.1). Additionally, the Gβγ subunit is indispensable to receptor-mediated
activation of heterotrimeric G-proteins (81), and increasing evidence suggests a direct role,
per se, of this subunit in the activation process (38,39,54,59,76). Thus, further investigation
into the molecular basis for Gβγ participation in heterotrimeric G-protein activation is
warranted.
The mechanism of receptor-mediated activation of heterotrimeric G-proteins as well
as the precise molecular determinants for Gαβγ coupling to receptor remain poorly defined
(53). We have recently determined the structure of Gα i1 bound to a specific region of the
third intracellular loop of the D2-dopamine receptor, results which provided the first
structural determinants of a receptor/Gα contact site and highlighted a role of the Gα β6
strand in nucleotide exchange (54). In addition to this and other described receptor/Gα
interactions (65), studies suggest that receptors also make direct contacts with the Gβγ
subunit, which are critical for efficient receptor/Gαβγ coupling and subsequent agonist-
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promoted activation (82-85). Because evidence supports a role of Gβγ in the activation
process (39), understanding the structural determinants for such receptor/Gβγ contacts could
reveal additional details regarding the molecular mechanism of receptor-mediated G-protein
activation. Here we present the crystal structure of Gβ1γ2 bound a C-terminal region of the
parathyroid hormone receptor-1 (PTH1). The structure highlights the molecular determinants
for a receptor/Gβγ contact surface that involves the WD1 and WD7 repeat segments of Gβ1,
both of which are predicted membrane proximal regions previously implicated in receptor
coupling. Our results bring to light the first detailed view of a receptor/Gβγ interaction
crucial for receptor coupling and likely G-protein activation as well.

INTRODUCTION
G-protein coupled receptors (GPCRs) bind and activate heterotrimeric G-proteins
(Gαβγ) by catalyzing the exchange of GTP for GDP on the Gα subunit (52). Binding of GTP
induces precise conformational changes in three defined Gα ‘switch regions’ leading to
dissociation from the Gβγ dimer (6). Both Gα -GTP and Gβγ regulate a myriad of
downstream signaling events through interaction with effector proteins. Intrinsic Gαmediated hydrolysis of GTP terminates signaling by resetting the Gα-GDP/Gβγ heterotrimer,
sequestrating each subunit from further effector regulation (2) (see Figure 1.1).
The mechanism of receptor-mediated G-protein activation, as well as the precise
molecular determinants of the receptor/Gαβγ interaction, remain poorly defined. Much
emphasis has been directed at identifying regions within the Gα subunit that interact with
GPCRs, most likely with the intracellular cytoplasmic loops (53). Combined studies using
synthetic peptides, site-directed mutagenesis, and chimeric Gα proteins have identified
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several regions within Gα presumed to bind receptor: namely the α2/β3 loop, α4/β6 loop,
and α5 helix extending through the extreme C-terminus (65,86,87). Recently, we have
described the molecular determinants for the interaction of Gαi1 with the N-terminal region
of the third intracellular loop (ic3) of the D2-dopamine receptor. The crystal structure of this
complex revealed an electrostatic-based interaction of a critical polybasic span of the ic3
loop with the electronegative α4/β6 loop of Gα (54).
In addition to these receptor/Gα interaction sites, evidence suggests that analogous
receptor/Gβγ interactions are also critical for proper receptor coupling and efficient agonistpromoted G-protein activation. An indispensable role for Gβγ in proper receptor coupling
and activation of Gα has long been established (81,88). In fact, one prevailing model for
receptor-mediated activation of Gαβγ necessarily invokes receptor/Gβγ contacts in the
exchange process (38,39,54,59). As Gβγ is intimately associated with the Gα subunit, this
model proposes that the receptor utilizes direct contacts to structurally tilt Gβγ relative to Gα,
which subsequently ‘levers’ open a feasible route for the release of GDP from Gα.
Moreover, a sequential-fit model has been proposed for the coupling of Gαβγ to receptor and
suggests that receptor/Gβγ contacts govern the primary and necessary event leading to
subsequent receptor/Gα binding and activation (89). However, specific details of such
contact site(s) have not been reported. Thus, identifying the precise molecular determinants
for the receptor/Gβγ interaction(s) should provide insight into these critical Gβγ-mediated
events as well as the overall mechanism of receptor/G-protein coupling and the process of
receptor-mediated activation of Gαβγ.
Several studies have reported that Gβγ interacts directly with the ic3 loop of certain
receptors (82,84,85,90,91). The long-standing role of ic3 in G-protein coupling suggests this
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region as a likely candidate. As ic3 is known to also interact with the Gα subunit (54), it
could be speculated that a coincident interaction with Gβγ occurs through separate protomers
of a receptor dimer (53). Unfortunately, many of the studies investigating the Gβγ/ic3 loop
interaction have used receptors with large (~100 amino acids) ic3 regions and afford limited
details on the precise regions involved in binding Gβγ (85,91). More recently, however, a
report investigating the interaction of Gβγ with the parathyroid hormone receptor-1 (PTH1R)
described a minimal interaction domain within the C-terminal region of PTH1R (82). This
interaction was shown to be essential for receptor-mediated signal transduction through
several families of Gα subunits, suggesting that diverse Gα subunits can use a common
receptor/Gβγ interaction for the basis of receptor coupling and activation (82).
Here, we describe the molecular determinants of this Gβγ/PTH1R receptor interaction
using x-ray crystallography. The structure reveals that several critical residues within the
PTH1R peptide contact solely Gβ residues, which are located within the outer edge of WD1
and WD7 segments of the toroid structure. These regions encompass a predicted membranefacing region of Gβ perfectly accessible to receptor. The high sequence conservation among
Gβ family members of residues involved in the PTH1R interaction suggests that this
interface may represent a universal Gβ contact site utilized by receptors. Our results
demonstrate the first structural glimpse of a receptor/Gβγ contact site and provide insight into
the receptor coupling and activation mechanism of G-protein heterotrimers.

RESULTS AND DISCUSSION
We first confirmed previous reports of a Gβγ/PTH1 receptor interaction (82) using
surface plasmon resonance. Biotinylated PTH1 receptor peptide was coupled to a
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streptavidin-labeled sensor chip to a level of ~1000RU. Injection of Gβ1γ2 over this surface
resulted in a specific, robust interaction with an apparent affinity of 109 ± 4 nM (Figure
2.18). These results demonstrate a direct interaction between Gβ1γ2 and the C-terminal tail of
the PTH1 receptor. Moreover, the high affinity nature of this interaction supports a proposed
model suggesting that a receptor/Gβγ represents the initial step in proper G-protein coupling
to receptor (89).
We next sought to determine the molecular basis for this interaction using x-ray
crystallography. A complete dataset was collected on a crystal containing a complex between
Gβ1γ2 and the PTH1R peptide and refined to 3 Å Bragg diffraction (Table 3.4). The overall
structure of the complex is depicted in Figure 2.19A and reveals an 8-residue span of the
receptor (W474-L481) bound to the “top” of the Gβ toroid. Specifically, the peptide engages
residues within the WD1 and WD7 repeats. This surface of Gβ is predicted to face the
membrane surface in the proposed receptor-bound conformation of the heterotrimer, an
orientation that would allow access to the intracellular surface of a membrane-bound receptor
(33). Additionally, several previous studies have implicated this region of Gβ in the
interaction of Gβγ with receptor (84,85,92). Specific contacts made between Gβγ and the
PTH1R peptide are shown in detail in Figure 2.19B. Most notably are two tryptophan
residues: W9 (residue 474 in PTH1) makes a probable π-cation interaction with R52 of Gβ
and additional interactions with R49 and T50; W12 (residue 477 in PTH1) makes several
Van der Waals contacts with W339 and K337 of Gβ and additional interactions with T47 and
G310. Importantly, our results are congruent with the original finding of this Gβγ/PTH1R
interaction, which also reported a critical involvement of these two tryptophan residues (82).
Additional PTH1R residues making key Gβ contacts are T13 (residue 475 in PTH1) and L16
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(residue 478 in PTH1) (Figure 2.19B). A complete list of contacts can be found in Table 2.3.
To confirm the binding interface seen in the crystal structure, with specific respect to the
noted involvement of W9 and W12, we tested the ability of Gβ1γ2 to bind a predicted loss-offunction alanine mutated peptide, W9A/W12A. As shown in Figure 2.20B, Gβ1γ2 binding
this peptide was dramatically reduced compared to wild-type peptide confirming the critical
nature of these residues in Gβγ binding (82).
Of the Gβ1 residues contacting the PTH1R peptide (Table 2.3), 89% and 11% are
identical and conserved among Gβ 1-4 isoforms, respectively (see Figure 1.2). Thus, the
Gβ1/PTH1R interface likely represents a universal receptor contact site among these Gβ
subunits. Receptor-specific contacts may be afforded by additional Gβ as well as Gγ binding
sites (92,93). Comparing all Gβ 1-5 isoforms reveals far less significant levels of 56%
(identical) and 33% (conserved). Thus, whether Gβ5, a non-canonical Gβ subunit owing to its
selective dimerization in vivo with the G-gamma-like (GGL) domain of R7 family RGS
proteins over traditional Gγ subunits (94), and the associated Gβ5/GGLRGS complexes are
capable of similar receptor contacts remains controversial and will require further
investigation, although simple sequence conservation analysis provokes an argument against.
To validate the Gβ1γ2/PTH1R contact surface described in the crystal structure, we
performed whole-cell inositol phosphate accumulation signaling assays to assess PTH1Rmediated activation of phospholipase C via Gβγ. Mutation of the two critical tryptophan
residues contacting Gβ1 has previously been shown to abolish PTH-stimulated inositol
phosphate accumulation (82), thus validating the PTH1R component of the structure. To
validate the reciprocal component, we performed similar experiments using a Gβ1 construct
in which the PTH1R binding interface was mutated to alanine (Figure 2.21)--specifically,
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Gβ1 residues T47, K337, and W339 (see Table 2.3 for critical contacts mediated by these
residues). Cells co-transfected with the full-length PTH1 receptor and wild-type Gβ1γ2(WT)
showed an enhanced response to the PTH1R agonist, PTH(1-34) peptide, compared to cells
transfected with receptor alone (Figure 2.21). These results likely occur due to the transfected
Gβ1γ2 increasing the pool of G-protein heterotrimer available to activated receptor. In
contrast, cells co-transfected with the PTH1 receptor and alanine-mutated Gβ1γ2(TKW-A)
failed to elicit a response above that of receptor alone (Figure 2.21), suggesting that the
mutations within Gβ1 indeed abolish proper receptor coupling and activation. This lack of a
Gβ1γ2(TKW-A)-mediated increase was not due to proper expression of a Gβγ competent to
stimulate inositol phosphate production as the Gβ1γ2(TKW-A) dimer was equally competent
to stimulate the activity of both endogenous and overexpressed PLC-β2 as Gβ1γ2(WT) under
agonist-independent conditions (Figure 2.21), confirming that the mutations do not
compromise the effector-binding site of Gβγ (95). Overall, these results demonstrate the that
Gβ1 surface contacting the PTH1R peptide in the Gβ1γ2/PTH1R crystal structure is a bona
fide site for receptor coupling to the Gβγ dimer.
The Gβ1γ2/PTH1R structure adds to the growing evidence describing the molecular
details of receptor/G-protein coupling (65,82,84-87,92,93). Our previous results with the
D2N peptide highlighted the first molecular determinants for a receptor/Gα contact site
critical for G-protein activation (54). The Gβ1γ2/PTH1R structure now adds a parallel caption
for the structural basis of a receptor/Gβγ contact site. As the structure of a complete
GPCR/Gαβγ complex remains elusive, these individual ‘snapshots’ together help shape our
understanding of how receptors might engage heterotrimeric G-proteins—indeed, in a lowresolution rendering of the receptor/Gαβγ complex, the Gβ1γ2/PTH1R interaction is well
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accommodated when restrained by the previously identified Gα i1/D2N interaction (Figure
2.17). Further pursuits of additional receptor/Gα and receptor/Gβγ complexes (see Figure
2.17) will undoubtedly help refine our view of the receptor/Gαβγ complex.
Additionally, the Gβ1γ2/PTH1R structure provides the molecular basis for the
proposed role of receptor/Gβγ contacts in the G-protein activation process. As described
above, one prevailing model of receptor-mediated G-protein activation implicates a direct
role of Gβγ, suggesting that receptors use the Gβγ subunit as a ‘lever’ to create a GDP exit
route from the Gα subunit (38,39,54,59). We speculate that the Gβ1γ2/PTH1R interaction
may represent a direct contact site exploited by activated receptor to induce such allosteric
conformational changes at the Gα/Gβγ interface (e.g. the β3/α2 loop) that allow for
enhanced GDP release. Our results with the Gβ1(TKW-A) mutant, which lacks the proper
agonist-mediated response, are suggestive of this scenario; however, we cannot at present
exclude the alternative possibility that the lack of response is due to improper receptor
coupling, irrespective of the actual activation event.
Nevertheless, the Gβ1γ2/PTH1R interaction described herein undoubtedly represents a
critical site for heterotrimeric G-protein coupling to receptors and, perhaps, serves as a site of
action through which the agonist-activated receptor ultimately achieves guanine nucleotide
exchange.

EXPERIMENTAL PROCEDURES
Materials.

The

rat

PTH1

receptor

C-terminal

loop

peptide

(466VQAEIRKSWSRWTLALDFKRKA487) was synthesized by Fmoc-group protection and
purified via HPLC by the Tufts University Core Facility (Medford, MA, USA). Unless
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otherwise noted, all other materials were purchased from Sigma Aldrich (St. Louis, MO,
USA).
Protein purification. For purification of Gβ1γ2, High 5 insect cells (Invitrogen), at a
density of ~2 × 106 cells/mL, were co-infected with high-titer baculoviruses encoding the
human isoforms of Gβ 1 and Gγ 2 (with a hexahistidine modified N-terminus followed
immediately by a TEV cleavage site). Infections were carried out at 27°C for ~50 hours, after
which cells were harvested by low-grade centrifugation at ~2000×g for 20 minutes at 4°C.
Cell pellets were resuspended in N1 buffer (20 mM HEPES, pH 8.0, 300 mM NaCl, 1 mM
EDTA, 5 % glycerol, 20 mM imidazole, 1 % cholate, and protease inhibitor cocktail). Cells
were lysed using an Emulsiflex and cleared with ultracentrifugation (45,000×g for 1 h).
Protein was subsequently purified using sequential Ni-NTA affinity, ion-exchange, and size
exclusion chromatographies as previously described (59). Protein was concentrated to
~9mg/ml in crystallization buffer (20 mM HEPES, pH 8.0, 1 mM EDTA, 2 mM DTT, and 50
mM NaCl) using YM-30 Centricon concentrators (Millipore).
Surface plasmon resonance. SPR binding analyses were carried out at 25 °C on a
BIAcore 3000 (UNC Protein Core Facility). To examine direct binding to purified Gβ1γ2, Nterminally biotinylated peptides (diluted to 0.5 µg/ml in BIA running buffer [10 mM HEPES,
pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.005 % NP-40]) were coupled to separate flow
cells of a streptavidin biosensor chip (Biacore) using MANUAL INJECT to surface densities
of ~1000 RU. Gβ1γ2 (30 µL) was then injected simultaneously over flow cells at 10 µL/min
followed by 300 second dissociation phase using the KINJECT command. Binding to a nonGβγ interacting peptide sequence (mNOTCH; (59)) was subtracted from all binding curves to
correct for nonspecific binding and buffer shift artifacts. Surfaces were regenerated following
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each protein injection with a single pulse (10 µL) of 0.5 M NaCl / 0.025 M NaOH at 20
µL/min. Binding curves and kinetic analyses were made using BIAevaluation software
(v3.0). Binding affinities were calculated using the simultaneous association (ka) and
dissociation (kd) analysis parameter using generated sensorgram curves.
Crystallization and structure determination. Crystals of Gβ1γ2 in complex with the
rat PTH1 receptor peptide were obtained by vapor diffusion. Initial crystals were obtained in
condition #39 of Crystal Screen I (Hampton Research). Optimized crystals were obtained in
hanging drops (7 µL) containing a 1:1 (v/v) ratio of protein (~9 mg/ml Gβ1γ2 with a 2-fold
molar excess of PTH1 peptide) and well solution (1.9 M ammonium sulfate, 2.5 % PEG-400,
0.1 M HEPES, pH 6.8-7.0). Crystals formed within 7 days and continued to grow for 2-3
weeks to maximum dimensions (~250 × 50 × 50 mm). For data collection at 100K, a single
crystal was transferred to cryoprotectant buffer (well solution supplemented with 15 %
glycerol) for ~30 seconds prior to immersion in liquid nitrogen. A native dataset was
collected at the UNC Structural Core Facility using an R-Axis-IV++ detector with rotating
anode generator (Rigaku, The Woodlands, TX, USA) and osmic confocal “blue” optics.
Diffraction data were scaled and indexed using the program HKL2000 (79). Crystals belong
to the space group I222 with cells dimensions of a=63.26 A, b=112.92 A, c=141.48 A and

α=β=γ=90°. Although the crystal diffracted to ~2.4 A, data was manually truncated to 3.0 Å
due to unusually high Rmerge values at higher resolution data bins. The Gβ1γ2/PTH1 structure
was solved by molecular replacement (AmoRe; (49)) using the structure of Gβ1γ2 (PDB ID
code 1GP2) with all non-protein atoms along with the coordinates of Gαi1 removed. All
model building was done using Coot (80) and refinement (including real space, rigid body,
simulated annealing, energy minimization, and b-factor protocols) was carried out using Coot
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(80) and CNS (51). Unless otherwise noted, all structural images were made using PyMol
(DeLano Scientific, South San Francisco, CA, USA).
Inositol phosphate accumulation assays. COS-7 cells were grown in 12-well
culture dishes and transfected with human PTH1 receptor, c-myc-6×His-tagged Gβ1, and
hemagglutinin-tagged Gγ2 constructs in a 1:2:2 ratio (total 1 µg DNA plus 3 µL Fugene per
well). For experiments examining exogenous PLC-β2 stimulation, cells were transfected with
200 ng of human PLC-β2. After 24 hours, cells were treated with [3H]inositol (~1 µCi per
well) in serum- and inositol-free DMEM and incubated overnight. Cells were then treated
with the PTH(1-34) peptide agonist (100 nM) in the presence of LiCl (10 mM) for 15
minutes at 37 °C. Accumulation of [3H]inositol phosphates was subsequently analyzed as
previously described (78).

FUTURE DIRECTIONS
The studies described herein were designed to address the relative dearth of
information regarding the molecular mechanism of receptor-mediated activation of
heterotrimeric G-proteins. Collectively, GPCRs have traditionally represented a wealth of
successfully targeted proteins for therapeutic agent development, therefore, a more complete
understanding of the basis for G-protein coupling and activation could lead to further and
renewed drug discovery avenues. Our results have shed new light on these unanswered
questions and pose to lead to even further future developments. Future directions will be
aimed at further extending our views of the precise determinants of the receptor/Gαβγ
complex and the mechanism of receptor-mediated activation.
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The Gα i1/D2N and Gβ1γ2/PTH1R crystal structures each provide a molecular
description of a specific receptor contact utilized by the G-protein. Along with providing the
details of individual contact sites, these complexes, when considered together, provide
glimpses into the overarching view of the entire receptor/Gαβγ complex (see Figure 2.17).
Therefore, a major focus of future studies will be to characterize the structural basis for Gα
and Gβγ subunit interactions with additional regions of the receptor.
As illustrated and described in Figure 2.17, studies have identified several regions
within the cytoplasmic loops of GPCRs that directly interact with Gα and Gβγ subunits in
vitro in an analogous manner to that described for both the D2N and PTH1R peptides.
Examples of reported Gα interactions include the second intracellular (ic2) loop (96) and the
C-terminal segment of the ic3 loop (97). Like their D2N counterpart, many of these peptides
have been shown to illicit modest GEF activity for Gα subunits. We aim to determine the
crystal structures of Gαi1 bound to these peptides. Specifically, we will pursue the ic2 loop of
the α2A-adrenergic receptor along with the C-terminal ic3 loops of the D2-dopamine, α2Aadrenergic, and M4-muscarinic receptors. Crystal structures of these complexes will reveal
the molecular determinants of Gα interaction with these critical regions of the receptor and
add to our view of the overall Gα/receptor interaction footprint and the mechanism of
receptor coupling by heterotrimeric G-proteins. To compliment these structural pursuits, we
will investigate the properties of each peptide’s GEF activity, particularly in combination
with KB-752, and compare results with those described for the D2N peptide herein.
Particularly, we will examine whether these peptides display a synergistic, additive, or
competitive GEF interaction with KB-752. The synergism between KB-752 and the D2N
peptide demonstrated that the N-terminal ic3 loop binding to the α4/β6 region of Gα, and
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modulation of the β6 strand, is a critical determinant to establishing a robust GEF response
and suggests this Gα/receptor interface is vital to the activation process. Whether these
additional contact sites also contribute a key component to the activation mechanism or if
their role is more limited to the receptor/Gα coupling process should be resolved by these
studies.
In addition to these Gα targets, we will pursue an additional Gβγ-binding region of
the receptor in an analogous approach to that described for the Gβ1γ2/PTH1R complex.
Previous studies have demonstrated a direct interaction between the receptor ic3 loop and
Gβγ (83-85,91). Studies with the α2A-adrenergic receptor have delimited this interaction to
the C-terminal segment of the ic3 loop (97). We will initially pursue the crystal structure of
Gβ1γ2 bound to this α2A-adrenergic receptor ic3 loop peptide, with an additional target being
the M4-muscarinic ic3 loop (91). As with the Gα-binding peptides, the crystal structures of
these complexes will reveal the molecular determinants for specific sites of interaction
between the receptor and Gβγ subunit and add to the repertoire of structures illustrating how
the heterotrimeric G-protein couples to a target receptor at the membrane surface.
Pinpointing specific Gβγ/receptor interactions should also provide information regarding the
mechanism of G-protein activation, specifically regarding the ‘Gβγ lever’ component
described throughout this chapter.
We will also pursue the crystal structure of the heterotrimeric, Gαβγ complex bound
to selected combinations of the peptides described. For example, we will attempt to
crystallize Gαi1β1γ2 bound to peptides from the ic2 loop, N- and C-termini of the ic3 loop,
and the C-terminus (‘ic4’ loop). Such a complex would reveal the molecular details of
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multiple, simultaneous binding sites and provide insight into how these individual
interactions interrelate in terms of G-protein coupling and activation.
Our arsenal of crystal structures detailing individual interactions of the receptor with
Gα and Gβγ subunits are ultimately aimed at constructing a ‘ground-up’ model of the entire
receptor/Gαβγ complex (see Figure 2.17). Using restraint inputs based on a combination of
known interaction sites described by these individual crystal structures, we will generate a
low-resolution model of the overall complex that should provide insightful information
regarding the mechanism of G-protein coupling, including coupling specificity, and the
process of guanine nucleotide exchange.
The historical richness that GPCRs have displayed as therapeutic targets portends
future drug discovery avenues for these proteins. Traditionally, compounds directed against
GPCRs have targeted the active site for endogenous ligand binding. More recently, however,
additional approaches, including allosteric modulation, have been championed as design
strategies that could lead to new therapeutic classes for single therapy and/or agents acting
complimentary to existing ones (98). Allosteric modulators of GRCRs can result in a
classical antagonist response, however, they can often result in alterations in receptor
responsiveness to ligands and thus give rise to what can be regarded as distinct receptor
species (98). Allosteric modulators are thought to act by either inducing novel receptor
conformations that alter the ligand binding pocket or ‘selecting’ an existing conformation
that differentially restricts ligand binding potentials (98). We propose that the sites of
receptor coupling detailed in our battery of Gα/peptide and Gβγ/peptide crystal structures
could serve as exploitable surfaces for drug design. By designing small molecules capable of
binding the receptor surface at specific points of G-protein contact, we hypothesize that we

65

could block proper receptor/G-protein coupling, thereby preventing the activation of Gprotein-dependent downstream signaling events. Although analogous strategies could be
designed for the G-protein surface, development of receptor-specific agents would provide an
additional benefit of target selectivity (see (58) for perspectives on G-proteins as therapeutic
targets).
To screen for such compounds, we will use both in silico and in vitro methods. Using
the crystal structures described above, we will use in silico, computer-based docking
algorithms with existing virtual compound libraries to identify potential receptor or G-protein
binding molecules (99) and subsequently evaluate their ability to block agonist-mediated
activation by: (1.) [35S]GTPγS binding in isolated cell membrane preparations (54) and (2.)
whole-cell based second messenger accumulation assays (such as [IP] and cyclic AMP;
(78,100)). As an in vitro approach, we aim to develop fluorescence-based, high-throughput
screening assays based on the receptor peptides used in the structural studies. We will label
Gα- and Gβγ-binding peptides with various fluorescent dyes and test their ability to undergo
environmental changes upon G-protein binding in fluorescence polarization (FP) assays
(101). Once properly validated, we will screen commercially-available compound libraries to
identify agents capable of blocking FP-reported interactions. Lead compounds will be further
validated using the approaches described above.
These future directions should further expand our understanding of receptor coupling
and activation of heterotrimeric G-proteins. Ultimately, we envision that the identification of
novel receptor-binding compounds could lead to new strategies for drug design against these
critical signaling proteins.
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Figure 2.1- Identification of nucleotide-dependent Gα i-binding peptides via phage
display. (A) Representative phage ELISA results indicating the identification of (i) GDPselective, (ii) GTPγS-selective, and (iii) nucleotide state-independent Gαi1-binding peptides.
(B) Sequences of 12 isolated peptides with GDP-selective binding to Gα i1, sharing a
consensus TWXE/DFL motif with the particular peptide used in this study: KB-752. (C)
Nucleotide-dependent binding of KB-752 as measured by surface plasmon resonance (SPR).
5 µM Gα i1 protein (“analyte”), in each of three nucleotide bound states, was injected over
immobilized, biotinylated KB-752. Non-specific binding to a control peptide was subtracted
from each curve. (D) GDP-bound Gαi1 was injected at each indicated concentration over
immobilized KB-752 to determine the dissociation constant (KD) for this interaction pair.
SPR-derived dissociation constants for the interaction of KB-752 with Gαi1 and Gαo, in their
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ground state (GDP-bound), transition state-mimetic (GDP·AlF4--bound), and activated state
(GTPγS-bound) forms, were obtained from analyses (n = 4-6 for each state) similar to that
shown in panel D. Dissociation constants of >1000 µM were obtained for both Gα subunits
in their GDP·AlF4--bound form, and for Gαo bound to GTPγS.
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Figure 2.2- KB-752 is a selective guanine nucleotide exchange factor for Gαi subunits.
(A) KB-752 (10 µM) enhances the GTPγS binding rate of Gαi1·GDP (50 nM); rate constants
at 30 oC: Gαi1 alone = 0.029 ± 0.006 min-1, Gαi1 + KB-752 = 0.086 ± 0.008 min-1. (B) KB752 is equipotent as a GEF on all three Gα i members. 50 nM Gαi1, Gα i2, or Gα i3 was
incubated with indicated concentrations of KB-752 and the amount of [35S]GTPγS binding
was measured after 10 min at 30 oC, expressed as percent of maximal GTPγS binding. KB752 does not alter the rate of GTPγS binding by (C) Gαi-heterotrimer Gαi2·GDP/Gβ1γ2
(peptide and protein amounts as in panel A), nor (D) isolated Gα o·GDP. For the doseresponse curve of panel (D), 50 nM Gαi1 or Gαo was incubated in the presence of the
indicated concentrations of KB-752 and the amount of [35S]GTPγS binding was measured
(after 10 min at 30 oC for Gα i1; after 5 min at 20 oC for Gα o) as described in Experimental
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Procedures and is expressed as the percent of GTPγS bound in the absence of KB-752. The
EC50 value for GEF activity on Gαi1 was 5.6 ± 1.1 µM. Data shown are from a representative
experiment of 3-5 independent experiments.
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Figure 2.3- KB-752 GEF activity increases steady-state GTP hydrolysis by Gα i1, but
does not act on a Gαi1 point mutant (R144A) with accelerated spontaneous nucleotide
release. (A) 200 nM of wild-type (wt) Gα i1, R144A Gαi1, or wild-type Gαo was added to
cuvettes containing 1 µM BODIPY-FL-GTPγS. Real-time nucleotide binding was measured
at 25 °C as an increase in fluorescence response (λex = 485 nm; λem = 530 nm; slit widths of
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3.0 nm) upon binding BODIPY-FL-GTPγS. Mutation of arginine 144 to alanine (R144A)
resulted in Gαi1 nucleotide binding kinetics indistinguishable from that of Gαo. (B) KB-752
does not alter the rate of GTPγS binding by the mutant Gα i1 subunit (R144A) with
accelerated spontaneous nucleotide exchange comparable to that of wildtype Gαo
(experiment performed as in Figure 2.2A except conducted at 20 oC). (C) Confirming the
GEF activity of KB-752 on wild type Gα i1, addition of KB-752 (100 µM) to Gα (200 nM)
enhances the steady-state hydrolysis of [γ-32P]GTP by Gαi1, but has no effect on Gα o. Note
that the rate-limiting step in steady-state hydrolysis of GTP by Gα subunits is release of
product (i.e., GDP) and not the hydrolysis of GTP per se.
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Figure 2.4- Stereoview of experimental electron density for the KB-752 peptide bound
to Gαi1. The region highlighted is the entire peptide density (model in red; labels in white)
found between switch II (α2 helix) and the α3 helix of Gα i1 (model in green; labels in
yellow). Shown is a 2Fo-Fc simulated annealing composite omit map (generated with 5%
overall model omitted) contoured at 1σ with electron density shown in white cage.
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Figure 2.5- Biochemical confirmation of the overall structural features of the Gαi1/KB752 interaction. (A) Ribbon trace of KB-752 (red) bound between the α2 (“switch II”) and
α3 helices of the Gαi1 Ras-like domain (blue). No contacts are made between KB-752 and
the all-helical domain (yellow) or bound GDP (magenta). Switch regions are denoted in
green. (B) Structural basis for nucleotide selective binding of KB-752 to Gαi1. KB-752
peptide (red, translucent) binds Gαi1 between switch II and the α3 helix; the conformations
of these two helices are shown for Gα i1·GDP/KB-752 (green), Gαi1·GTPγS (yellow), and
Gαi1·GDP·AlF4- (magenta). Whereas the α3 helix is not significantly altered, switch II is
displaced to accommodate KB-752 binding. The activated conformation of switch II is not
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permissive to KB-752 binding as it creates extensive steric hindrance. In particular, W211 of
switch II (shown in space filling) is in a restrictive position relative to W5 of KB-752. (C)
The GoLoco motif of RGS14 (orange) is also seen to bind, in an α-helical conformation,
between switch II and the α3 helix of Gαi1 (PDB ID 1KJY); highlighted within the Cαcarbon ribbon trace of the GoLoco peptide. Other features are colored as in panel A. (D) KB752 GEF activity does not rely on the all-helical domain. 100 nM of Gαi1 or a chimeric Gα
containing the Ras-like domain of Gα i1 and the all-helical domain of Gαo was incubated in
the absence or presence of 50 µM KB-752 and [35S]GTPγS binding after 10 min at 30 oC was
measured as described in Experimental Procedures. Data are expressed as percent GTPγS
bound relative to Gα protein in the absence of KB-752 (“Control”) and are the average ±
SEM of 4 independent experiments. (E) The KB-752 binding site on Gα i1 overlaps that of
GoLoco motif peptides. Gα i1 (50 nM) was incubated in the absence or presence of the
indicated concentrations of a peptide representing the GoLoco motif of RGS12 (R12GL).
GTPγS binding was then measured in the presence of the indicated concentrations of KB752. Data are expressed as fmol of GTPγS bound above that measured in the absence of KB752 and are from a representative experiment of 3 independent experiments. (F) The binding
of KB-752 has no effect on the kinetics of Gα i1 activation by AlF4-, unlike the slowed
activation rate seen upon GoLoco peptide binding. Gαi1-CFP (200 nM) and YFP-RGS4 (280
nM) fusion proteins, previously shown to generate increased fluorescence resonance energy
transfer (FRET) upon Gαi1 activation by AlF4- and subsequent RGS-box binding, were mixed
together and pre-incubated with either 10 µM KB-752 peptide or 5 µM GoLoco consensus
peptide (AGS3Con), prior to the addition of NaF and AlCl3 to final concentrations of 20 mM
and 30 µM, respectively, at the 150-second mark.

82

Figure 2.6- Biochemical confirmation of specific interactions between KB-752 and Gαi1.
(A) Positions of KB-752 residues W5, F8, and E11 relative to residues in the switch II and
α3 helices of Gα i1. W5 and F8 are placed within hydrophobic pockets formed by Gα i1
residues F215, L249, and I253, and W211, I212, and F215, respectively. E11 forms a salt
bridge with R208 of Gα i1. (B) Peptide residues T4 and D7 of the conserved TWXE/DFL
binding motif form an intramolecular hydrogen bond network that helps to orient W5 and F8.
(C, D) Effects of W5A, F8A, and E11L mutations to KB-752 activity. (C) Indicated KB-752
mutant or wildtype (wt) peptides were each immobilized to a density of ~1000 RUs on
separate streptavidin-coated flow cells and 50 µM GDP-bound Gαi1 (“analyte”) was injected
simultaneously over all four surfaces. (D) Compared to the increase in GTPγS binding
observed by addition of 50 µM wildtype KB-752 to 100 nM Gαi1·GDP, substantial reduction
of GEF activity is seen upon mutation to the W5, F8, or E11 residue of KB-752.
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Figure 2.7- Conformational changes in Gα switch regions induced by KB-752 binding.
(A,B) Relative orientations of the three switch regions (SI–III) in heterotrimeric (PDB code
1GP2; blue in panel A), Gα i1·GDP/R14GL (PDB code 1KJY; orange in panel B), and
Gαi1·GDP/KB-752 (green). Movement of switch II (α2 helix) and the connected β3/α2 loop
away from the nucleotide binding pocket in Gα i1·GDP/KB-752 is thought to contribute to
GEF activity by creating a route for GDP release. The RGS14 GoLoco motif peptide
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(R14GL) displaces switch II but does not significantly alter the position of the β3/α2 loop.
(C) Binding of KB-752 displaces switch II resulting in a reorientation of the β3/α2 loop
away from the guanine nucleotide pocket. KB-752 (red) stabilizes the β3/α2 loop (green) via
several hydrogen bonds (indicated as yellow dashes), including the carbonyl oxygen of G202
(Gα) with the indole nitrogen of W5 (KB-752), and the side chain hydroxyl and main chain
amide nitrogen of S206 (Gα) with the main chain amide nitrogen and carbonyl oxygen of V3
(KB-752), respectively. A water molecule (magenta ball) is coordinated by both Gα and KB752 contacts.
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Figure 2.8- Comparison of switch regions and core catalytic residues of KB-752-bound
Gαi1 with other states of Gαi1. (A) Movement of switch I in the Gαi1·GDP/KB-752 complex
(green), versus its position in the Gα i1β1γ2 heterotrimer (blue) and the Gα i1·GDP/R14GL
complex (orange), results in disruption of a salt-bridge (black dotted line) between R178 and
E43 that normally stabilizes bound GDP (magenta) within Gαi1 when complexed with a GDI
(Gβγ or GoLoco peptide). (B) Electron density of the R178 side-chain in the Gαi1·GDP/KB752 complex (from a 2Fo-Fc simulated annealing composite omit map contoured to a level of
1σ) is denoted by white mesh. In the background is the beta-phosphate of the bound GDP
(βP). (C,D) Switch region comparisons with activated Gα i1 states. Switch regions of
Gαi1·GDP/KB-752 (green), Gα i1·GDP·AlF4- (PDB code 1GFI; magenta; panel C), and
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Gαi1·GTPγS (PDB code 1GIA; yellow; panel D), are shown along with the residues critical
for GTP hydrolysis (R178 and T181 within switch I and Q204 within switch II). GDP from
the Gαi1·GDP/KB-752 structure is shown for reference in each case. Overall conformation of
the switch regions of Gαi1·GDP·AlF4- and Gαi1·GTPγS are very similar, save for key changes
in the position of catalytic residue side chains. Whereas switch I of Gα i1·GDP/KB-752 is
very similar to that of the activated forms, both switch II and III are dramatically removed
from the guanine nucleotide to allow for GDP release. The catalytic Q204 residue within
switch II is far removed from the bound nucleotide and active site for GTP hydrolysis in the
Gαi1·GDP/KB-752 structure. However, R178 and T181 of switch I are both in a strikingly
similar positions to that of the Gαi1·GDP·AlF4- structure.
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Figure 2.9- Synergistic effects of peptide GEFs on Gαi1. A, 30 µM KB-752 or 3 µM D2N
each evoke a weak stimulation of [35S]GTPγS binding over 2 min by 50 nM Gα i1 protein
(1.7- and 3.5-fold, respectively); however, combining the two peptides at these same
concentrations yields a non-additive 15.7-fold stimulation. Inset: Representative kinetic
analysis of [35S]GTPγS binding under indicated conditions. B, 100 µM of KB-752 or 3 µM of
D2N alone also weakly stimulate steady-state GTP hydrolysis by 100 nM of recombinant
Gαi1 protein (3.6- and 4.5-fold, respectively); however, addition of both peptides again
results in a non-additive 18.8-fold stimulation. Note that the rate-limiting step for steady-state
GTP hydrolysis by Gα subunits is product (GDP) release. C, Addition of 3 µM D2N does
not alter the potency of KB-752-stimulated [35S]GTPγS binding. D, Similarly, addition of 30
µM KB-752 does not alter the potency of D2N-stimulated [35S]GTPγS binding.

88

Figure 2.10- Structural model of the D2N/Gαi1/KB-752 trimer. A, Overall structure of
D2N/Gαi1/KB-752 illustrating the locations of the Ras-like domain (blue), all-helical domain
(yellow), switches I-III (green), KB-752 (red), and D2N (orange). KB-752 binds between the
α2 (switch II) and α3 helices of Gα and, compared to unbound Gαi1, displaces the α2 helix
and β3/α2 loop away from the GDP binding pocket. D2N binds on the opposite face of Gαi1
near the α4/β6 loop. B, View of the Gαi1/D2N interface showing critical contacts. The basic
11

RRRK14 sequence within D2N binds an acidic patch in the α4/β6 loop (see also Figure

2.11A,B). Contacts (< 4 Å) are illustrated by dashed lines with Gα i1 and D2N residues
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labelled blue and orange, respectively. C, Superposition of unbound Gα i1 (grey-to-black;
PDB code 1AS3) and KB-752/D2N-bound (orange) Gαi1 reveals a reorientation (1.51 Å
r.m.s.d.) of the α4/β6 loop and β6 strand leading into the β6/α5 loop that makes contacts
with the guanine ring of GDP (magenta). The magnitude of the α4/β6 loop and β6 strand
reorientation is greater than that of the overall r.m.s.d. of the Gα superposition (0.45 Å) as
well as more than double that of the α5 helices between the two structures (0.57 Å). D,
Superposition of KB-752-bound Gαi1 (blue; PDB code: 1Y3A) and KB-752/D2N-bound Gαi1
(orange) demonstrates that a similar shift of the β6 strand is seen in the dual peptide-bound
state compared to the KB-752-bound structure, suggesting this D2N-specific conformational
change in the β6 strand likely governs D2N action.
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Figure 2.11- Modeling and validation of the electrostatic complementarity underlying
the Gα/D2-receptor coupling interaction. Plotting of the electrostatic potentials of a D2dopamine receptor homology model (panel A) and the Gαi1β1γ2 heterotrimer (panel B; PDB
1GP2) reveals specific charge complementation supportive of the basic D2N cluster
engaging the acidic α4/β6 region of Gαi1. The receptor (panel A) is displayed as the
‘intracellular face’ (i.e., as if looking toward the plasma membrane); relative locations of the
highly conserved DRY peptide triad critical for receptor activation, the ic1 and ic2 loops, and
the receptor C-terminus are also outlined with ovals. The heterotrimer (panel B) is displayed
as the ‘top face’ proposed to orient to the receptor (i.e., as if looking downward from the
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plasma membrane); relative locations of the α4/β6 region, GDP binding site, and Gα N- and
C-termini are outlined with ovals. Alanine mutation of the basic cluster

216

RRRK219 in the

full-length D2L-dopamine receptor abrogates agonist-stimulated GTPγS binding (panel C)
and effector stimulatory (panel D) activities. C, Cells were transiently transfected with empty
vector control, wild-type (WT) or alanine mutated (AAAA) D2L-receptor and plasma
membranes isolated and assessed for 10 µM quinpirole-stimulated [35S]GTPγS binding. The
D2-selective antagonist, spiperone, completely abolished the agonist-mediated response by
wild-type receptor. Inset: Receptor binding analysis with [3H]spiperone revealed that the
alanine mutant receptor retains ligand binding properties indistinguishable from wild-type
receptor. D, Cells were transfected with PLC-β2 in combination with either wild-type or
alanine mutated receptor and accumulation of [3H]inositol phosphates (IPx) was measured.
Quinpirole elicited a statistically-significant 2-fold increase in [3H]IPx from wild-type
receptor, a response which was blocked by spiperone; however, quinpirole had no
discernable effect on the alanine mutated receptor. (*, p<0.05; one-way ANOVA followed by
Bonferroni’s post-hoc multiple comparison analysis). Inset: Western blot analysis shows an
equal expression of D2L-receptor expression (detected by an N-terminal HA tag) and PLC-β2
under each cellular co-transfection condition: lane 1, empty vectors; lane 2, empty vector +
PLCβ2; lane 3, wild-type receptor + PLCβ2; lane 4, alanine mutant receptor + PLCβ2.
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Figure 2.12- Alignment of the α4/β6 region from multiple Gα subunits and validation of
Gα/receptor coupling determinants by Gα subfamily switching. A, Multiple sequence
alignment of the α4 and β6 regions of human Gαi1 (aa 294-324; GenBank AAH26326), Gαi3
(aa 294-324; SwissProt P08754), Gαi2 (aa 295-325; GenBank AAH14627), Gα oA (aa 295324; SwissProt P09471), Gαt (aa 290-320; SwissProt P11488), Gα12 (aa 322-351; SwissProt
Q03113), Gα13 (aa 317-347; SwissProt Q14344), Gαq (aa 300-329; GenBank AAM12610),
Gαs (aa 332-364; SwissProt P63092). Positions with the α4 helix of Gα i1 mutated to the
analogous residues within Gα s are highlighted with open arrowheads; the reciprocal
mutations to Gαs are highlighted with solid arrowheads. Mutation of Gαi1 residues in the α4
helix to corresponding residues in Gαs (Q304R/E308L) renders Gαi1 insensitive to the GEF
activities of the ic3 loop peptides D2N (panel B; basic cluster highlighted by asterisks),
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5HT1AN (panel C), and α 2BN (panel D). Predicted transmembrane-5 helix (TM5) within all
three peptide sequences is underlined. Mutation of α4 helix residues in Gαs to corresponding
Gαi1 residues (R342Q/L346E) confers sensitivity to the GEF activity of all three peptides.
None of the peptides was found to have any appreciable effect on GTPγS binding by wildtype Gαs.
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Figure 2.13.- Electron density representation of final D2N/Gαi1/KB-752 model.
Experimental electron density for D2N bound to Gαi1 shown as a 2Fo-Fc simulated annealing
composite omit map (generated with the modeled D2N peptide omitted) and contoured at
0.99σ (electron density shown as blue cage). The D2N/Gαi1/KB-752 model is depicted in a
similar orientation to that shown in Figure 2.10B. Gαi1 is shown in orange backbone whereas
the D2N peptide is colored green. Key Gαi1 residues within the α5 helix (Q304, E308) and
β6 strand (T321) are labeled with orange text. Key D2N residues (R11, R13) are labeled in
green text. Waters are highlighted with pink asterisks. Image was generated in Coot.
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Figure 2.14- Comparison of the β6 strand orientation in the Gαi1/KB-752 and peptideunbound Gα i1 crystal structures. Superposition of KB-752-bound Gα i1 (green; PDB ID
code 1Y3A) and unbound Gα i1 (gray-to-black; PDB ID code 1AS3) demonstrates that the
disposition of the β6 strand is unaltered between unbound and KB-752-bound Gα i1.
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Figure 2.15- Regions within the G-protein heterotrimer critical to the receptormediated activation process. Several regions within both Gα and Gβγ have been implicated
in receptor coupling and the activation process. The Gα i1·GDP/Gβ1γ2 structure (PDB ID
1GP2) is depicted in the proposed membrane-bound, receptor-associated conformation from
two different perspectives. (A) Lateral view of the heterotrimer highlights critical Gα i1
regions. The coloring scheme is as follows: Gα N-terminus (teal), β1-β3 strands including
the β2/β3 loop (orange), α3/β5 loop (cyan), α4/β6 loop (yellow), β6 strand (blue), β6/α5
loop (green), and α5 helix (red). A molecule of GDP is depicted as sticks (magenta). (B)
Rotation 90° about the y-axis reveals additional regions, including potential receptor contacts
within Gβ1γ2. The Gαi1 switch II and β3/α2 and α2/β4 loops are colored brown. Within
Gβ1γ2, proposed receptor contact sites of Gβ1 are colored salmon (including residues 31-39 in
the N-terminus as well as residues 280-340 of WD6 and WD7). The C-terminus of Gγ 2
(residues 60-71) is colored pink.
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Figure 2.16- Proposed receptor-induced conformational changes in the G-protein
heterotrimer leading to GDP release. Although the precise mechanism of receptorcatalyzed activation of heterotrimeric G-proteins remains incompletely resolved, several
conformational changes within the G-protein have been proposed to occur as the result of
agonist activation of the receptor. These conformational changes are thought to result in the
release of GDP, the rate-limiting step in the activation process. Panels A and B each
represent a component movement, with the critical regions of Gα engaged in each movement
highlighted in salmon and red. (A) Lateral view of the Gαi1·GDP/Gβ1γ2 heterotrimer (PDB
ID 1GP2) highlighting the Gα i1 subunit. The critical β6 strand and α5 helix are colored
salmon, and the β6/α5 loop connecting them is colored red. The bound GDP (sticks) is
colored magenta. Green arrows indicate the proposed receptor-induced conformational
changes in these regions of Gα. Work from our laboratory suggests a displacement in the β6
strand upon binding of a receptor-derived peptide with GEF activity. Work from several
laboratories suggests a receptor-induced rotation in the α 5 helix. Both of these
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conformational changes are thought to propagate into a movement of the β6/α5 loop, thus
weakening the stabilizing bonds it makes with GDP and resulting in a decreased affinity of
the heterotrimer for nucleotide. Through direct contacts with the α5 helix, the β2/β3 loop
(cyan) may serve as a critical regulator of the basal state of the α5 helix. (B) Rotation of the
heterotrimer 90° about the y-axis reveals another proposed mechanism of receptor-mediated
activation. In this view, the switch II (α2) helix is colored salmon and the β3/α2 loop red.
The Gβ1 subunit is colored grey and the Gγ2 black. As the receptor is thought to make
contacts with both Gα and Gβγ, conformational changes in the receptor are proposed to
translate into a tilting (orange arrow) of the Gβγ subunit relative to Gα. This tilting (or
translation) of G-protein subunits relative to one another may displace switch II and result in
the β3/α2 loop being pulled away (green arrow) from the GDP-binding pocket. As the β3/α2
loop is thought to serve as an occlusive barrier or ‘lip’ to the release of GDP, this
conformational change would create a more feasible exit route for the nucleotide in a
direction that is toward the Gβγ subunit. The two proposed mechanisms depicted in these two
panels may work together (and perhaps synergistically) to regulate nucleotide exchange by
Gα: the mechanism shown in panel A would weaken the affinity for bound GDP, and that
described in panel B would create a pathway for GDP release.
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Figure 2.17- Relative orientation and interactions of the transducin G-protein
heterotrimer with a rhodopsin dimer. A recently determined structure of dark-adapted
rhodopsin in a trigonal crystal form (PDB ID 2I36) revealed a dimeric interface proposed to
be a physiologically functional entity. This structure is depicted with protomer 1 colored
white and protomer 2 colored grey. The third intracellular loop (ic3), universally critical to
receptor activity, is colored purple in both protomers. Peptides isolated from the ic3 loop of
several receptors have been found to directly interact with the Gα subunit and elicit modest
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activation. The ic3 loop has also been demonstrated to interact with the Gβγ dimer. The Cterminal tail (including “helix 8” [H8] of rhodopsin [brown]) has recently been implicated in
direct interaction with the Gβ subunit. The Gαtβ1γ1 heterotrimer (PDB ID 1GOT) has been
positioned in its presumed orientation at the receptor/membrane interface. The color scheme
for the transducin heterotrimer is as follows: the Gα subunit is colored green-cyan (with its
bound GDP as orange), the Gβ is marine-blue (with its proposed receptor-interaction site
colored salmon), and the Gγ is teal. Additionally, switch II and the β3/α2 loop are colored
black and the α4/β6 loop is colored yellow. Although this ‘docking’ is mostly artistic in
nature, its position is loosely constrained by our recent identification of molecular
determinants within the N-terminus of the dopamine D2-receptor ic3 loop binding to the
α4/β6 region of Gα i1. Interestingly, when constrained by this particular interaction site, our
rendition of the GPCR/G-protein interaction positions the heterotrimer in a way that satisfies
many of the previous results discussed in the text. Notably, the α5 helix and C-terminus of
Gα (red) are positioned within reasonable distance to the ERY motif (copper sticks) of the
rhodopsin protomer 1 that is essential for receptor activity. The proposed Gβ contact site
(salmon) is positioned within bonding distance to the two receptor regions previously
proposed to directly interact with Gβγ: the ic3 loop and the C-terminal region. Also, in this
orientation, the lipid modifications (not depicted) on the Gα N-terminus (myristol and/or
palmitoyl groups) and the Gγ C-terminus (isoprenyl group) are positioned to be inserted
within the plasma membrane.
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Figure 2.18- Direct binding of Gβ 1γ2 to the PTH1R peptide. A biotinylated PTH1R
peptide was coupled to a streptavidin sensor chip surface to a density of ~1000 RU. Purified
Gβ1γ2 was subsequently injected over this surface at the indicated increasing concentrations
to determine the interaction affinity (KD). Binding to a negative control surface of similar
density was subtracted from each trace to account for non-specific interactions and buffer
shift artifacts as described in the Experimental Procedures.
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Figure 2.19- Crystal structure of the Gβ1γ2/PTH1R peptide complex. (A) Overall
structure represented in two angular depictions. The Gβ1 subunit is colored green, whereas
Gγ2 is colored orange. The PTH1R peptide (9WSRWTLAL16; residues 474-481 of human
PTH1 receptor [PubMed Accession Code: AAR18076]) is depicted as black sticks in
standard coloring. Both illustrations are such that Gβ 1γ2 is positioned in its predicted
membrane-bound orientation competent to bind receptor. (B) Close-up view of the
Gβ1γ2/PTH1R peptide interface illustrates key residues making contacts in the dimer.
Coloring is as in (A) except that the WD1 and WD7 repeats of Gβ1 are magenta and teal,
respectively.
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Figure 2.20- Validation of the Gβ1γ2/PTH1R complex in vitro by PTH1R mutational
analysis. (A) A structural depiction of the predicted loss-of-function mutation to the PTH1R
peptide shows the predicted orientation of two tryptophan-alanine mutations. Both
tryptophan residues (shown as transparent spheres) make critical Gβ1 contacts, with W12
packing extensively onto the surface of both WD1 and WD7. Mutation to alanine (shown as
yellow sticks) is expected to destroy these interactions by eliminating the large tryptophan
side chain responsible for the interaction (see Table 2.4 for details). Gβ1γ2 is depicted in
ribbon mode and colored as in Figure 2.20B. (B) Biotinylated wild-type, PTH1R(wt), or
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alanine-mutated, PTH1R(WW-A), peptides were immobilized to a surface density of ~1000
RU on separate flow cells of a streptavidin sensor chip, and purified Gβ 1γ2 (1 µM) was
subsequently injected over each flow cells simultaneously. Curves are shown following
subtraction of those from a negative control surface and analyzed using BIAevaluation as
described in the Experimental Procedures. As predicted, the PTH1R(WW-A) peptide
displays negligible binding compared to that of the PTH1R(wt) surface.
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Figure 2.21- Validation of the Gβ1γ2/PTH1R complex in vivo by Gβ1 mutational analysis.
(A) Structural representation of Gβ1 mutations designed to prevent interaction with the PTH1
receptor. Based on the Gβ1γ2/PTH1R structure, we mutated to alanine residues in Gβ1 making
critical contacts with W12 of the PTH1R peptide, which include T46 preceding the WD1
repeat along with K337 and W339 of the WD7 repeat. Coloring is based on Figure 2.20A.
(B) COS-7 cells were transfected with the human PTH1 receptor in combination with either
pcDNA3.1 vector (Control), wild-type Gβ1γ2 (WT), or the T46/K337/W339 mutant Gβ1γ2
(TKW-A) and inositol phosphate accumulation was measured under basal or PTH(1-34)
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agonist stimulated conditions as described in the Experimental Procedures. (C) COS-7 cells
were transfected with either wild-type (WT) or alanine-mutated (TKW-A) Gβ 1γ2 in
combination with vector control (- PLC-β2) or exogenous PLC-β2 (+ PLC-β 2). Inositol
phosphate accumulation was subsequently measured in the presence of 10 mM LiCl but the
absence of any agonist stimulation.
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Table 2.1- Data collection and refinement statistics for the Gα/KB-752 crystal structure.
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Table 2.2- Data collection and refinement statistics for the D2N/Gα i1/KB-752 crystal
structure.
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Table 2.3- Data collection and refinement statistics for the Gβ1γ2/PTH1R peptide crystal
structure.
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PTH Residue
Trp-9
Ser-10
Trp-12
Trp-12
Trp-12
Thr-13
Thr-13
Leu-14
Leu-16

Gβ Residue
Arg-52
Thr-47
Gly-310
Lys-337
Phe-339
Gln-46
Arg-46
Arg-46
Gln-44

Contact Type
π-cation
Hydrogen
Hydrogen; VDW
Hydrogen; VDW
VDW
Hydrogen
Hydrogen
Hydrogen
Hydrogen

Table 2.4- List of key contacts (< 4 Å) between the Gβ1 subunit and the PTH1R peptide
found in the Gβ1γ2/PTH1R crystal structure.
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CHAPTER III
STRATEGIES FOR DEVELOPMENT OF NOVEL BIOSENSORS FOR
HETEROTRIMERIC G-PROTEINS

Overview: This chapter details efforts towards the rational design and implementation of
peptide-based biosensors capable of detecting real-time activation of Gα subunits in vitro.
The spatial and temporal aspects of protein activation and protein-protein interactions are
becoming increasingly appreciated as critical determinants of proper signal transduction.
The ability to monitor these properties of heterotrimeric G-proteins should provide novel
insights into the dynamics of their regulated signaling pathways.

Elements of the work referenced in this chapter has been accepted for publication:
Johnston CA, et al. Minimal Determinants for Binding Activated Gα from the
Structure of a Gαi1-Peptide Dimer. Biochemistry (2006); 45(38):11390-11400.

Figures contributed by:
Johnston CA (3.1-3.3, 3.4A-B, 3.5B-E, 3.6-3.7 and Table 3.1)
Low J (3.3C)
Siderovski DP (3.1A, 3.3A)
Lobanova ES, Shavkunov AS, and Arshavsky, VY (3.4C, 3.5A)

DISCOVERY AND CHARACTERIZATION OF ACTIVATION-DEPENDENT Gα
BINDING PEPTIDES
G-Proteins cycle between an inactive GDP-bound state and an active GTP-bound
state, serving as molecular switches that coordinate cellular signaling. We recently used
phage display to identify a series of peptides that bind Gα subunits in a nucleotide-dependent
manner. Here we describe the structural features and functions of KB-1753, a peptide that
binds selectively to GDP·AlF4-- and GTPγS-bound states of Gα i subunits. KB-1753 blocks
interaction of Gαtransducin with its effector, cyclic GMP (cGMP) phosphodiesterase, and
inhibits transducin-mediated activation of cGMP degradation. Additionally, KB-1753
interferes with RGS protein binding and resultant GAP activity. A fluorescent KB-1753
variant was found to act as a sensor for activated Gα in vitro. The crystal structure of KB1753 bound to Gαi1·GDP·AlF4- reveals binding to a conserved hydrophobic groove between
switch II and 3 helices and, along with supporting biochemical data and previous structural
analyses, supports the notion that this is the site of effector interactions for Gαi subunits.

INTRODUCTION
Heterotrimeric G-proteins serve as critical relays that transmit cues from extracellular
stimuli as diverse as neurotransmitters, hormones, photons, and odorants/tastants to
intracellular signaling cascades responsible for eliciting specific cellular effects (1,2). In the
traditional model of G-protein signaling, cell surface G-protein-coupled receptors (GPCRs),
upon activation by the aforementioned stimuli, catalyze the exchange of GDP for GTP on the
Gα subunit. This results in adoption of the active, GTP-bound Gα conformation, which
dissociates from the Gβγ dimer formerly bound to inactive Gα·GDP as a heterotrimeric
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Gαβγ complex. Gα·GTP and freed Gβγ then regulate a variety of downstream effectors by
both individual and coordinated mechanisms (1,2). The GTP-dependent conformational
changes within Gα required for effector binding are known for Gα s bound to adenylyl
cyclase (3), Gαtransducin (Gαt) bound to the γ-subunit of cGMP phosphodiesterase (PDEγ) (4),
Gα13 bound to p115RhoGEF (5), and Gαq bound to GRK2 (6) (see Figure 3.7). However, no
effector-bound structure of Gαi1-3 has yet been determined. Signaling of Gα·GTP to effectors
is terminated by the intrinsic GTP hydrolysis activity of Gα, returning it to the GDP-bound
conformation and Gβγ reassociation. GTP hydrolysis can be dramatically enhanced by the
family of proteins known as "regulators of G-protein signaling" (RGS), which serve as
GTPase-accelerating proteins (GAPs) for Gα subunits (7). This model of nucleotide cycling
(see Figure 1.1) predicts that the duration and intensity of signaling are ultimately determined
by the lifetime of Gα in the activated, GTP-bound conformation. Therefore, a complete
understanding of the molecular determinants of the guanine nucleotide cycle is of particular
importance in understanding the temporal aspects governing G-protein-mediated signal
transduction.
We recently employed phage display technology to identify peptides capable of
interacting with Gα in a conformation-dependent manner (8) (see discussion in Chapter II).
These peptides selectively bind Gα by distinguishing key structural orientations of the
critical "switch regions" in Gα that govern nucleotide exchange and hydrolysis and control
interaction with regulatory proteins and effectors (9). In addition to their discriminatory
binding properties, these peptides can possess intrinsic regulatory properties that provide
insight into the regulation of Gα signaling. For example, we recently described the molecular
basis for the interaction of a GDP-selective peptide, KB-752, with Gα·GDP (8). KB-752

114

serves as a guanine nucleotide exchange factor (GEF) in vitro, and the structure of the
Gα/KB-752 complex provided insight into the role of switch II displacement in the
mechanism of GPCR-mediated nucleotide exchange, a process that remains largely elusive
(10) (see Figures 2.2, 2.5, and 2.7). Several other groups have also used similar techniques to
identify Gα- and Gβγ-binding peptides that have provided insight with regard to the
mechanics of heterotrimeric G-protein signaling (11-14).
Here we describe the crystal structure of a peptide, KB-1753, which interacts
exclusively with activated Gαi subunits, including the closely related Gαtransducin. The structure
of the KB-1753/Gαi1·GDP·AlF4- complex reveals the molecular determinants of nucleotideselective binding of KB-1753 to Gα, highlighting the importance of the disposition of the
switch II helix. KB-1753 competitively antagonizes the binding of PDEγ to Gα t, suggesting
that KB-1753 binds in a fashion similar to that of effectors. Additionally, KB-1753 prevents
RGS protein binding and resultant GAP activity toward Gαi1 and Gαt. We also demonstrate
the utility of a fluorescently modified KB-1753 to serve as a sensor for activated Gα i1 i n
vitro. Collectively, our results represent the first structure of Gα i1 engaging an activationstate-selective target in its effector-binding region and underscore the usefulness of the KB1753 peptide as a tool for studying G-protein signal transduction.
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RESULTS

Identification of an activated-state-selective Gα binding peptide
To identify peptides capable of interacting with Gα selectively in the activated
conformation, we performed phage display analysis as previously described for peptides that
bind inactivated, GDP-bound Gα (15) (see Figure 2.1). Of the GTPγS-dependent Gαi1
binding peptides that were obtained, seven peptides shared a consensus sequence of three
hydrophobic residues centered around an invariant tryptophan and flanked by glycines
(Figure 3.1A). A MOTIF search (http://motif.genome.jp/) of the Swiss-Prot protein database
(16) with the degenerate sequence motif G-[IV]-W-[ILMSVW]-G revealed 166 proteins
bearing this peptide signature across all represented genomes, but none was a known Gprotein effector (data not shown). From this family of seven peptides, the longest and most
avid binder (Figure 3.1 and data not shown), KB-1753, became the focus of our current
efforts. To quantitate the nucleotide-dependent interaction of KB-1753 with Gα i1, we
performed surface plasmon resonance (SPR) measurements on a streptavidin biosensor
coated with biotinylated KB-1753. Injection of Gα i1·GDP·AlF4- or Gα i1·GTPγS analytes
yielded robust binding to KB-1753, whereas Gα i1·GDP exhibited no detectable interaction
(Figure 3.1B). To assess the affinity of these interactions, dissociation constants (KD values)
were obtained by saturation binding using a previously described technique (8). As shown in
Figure 3.1C, Gα i1 in both the transition state (GDP·AlF4-) and activated state (GTPγS)
interacts with KB-1753 with a low micromolar affinity. KB-1753 bound with the highest
affinity to Gα i2·GDP·AlF4-, nearly 10-fold better than the affinity for either Gα i1 or Gα i3
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(Figure 3.1C). No appreciable affinity was detected for the GDP-bound conformation of any
of these Gαi subunits, confirming the results of the original phage selection (8). A chimeric
Gα subunit that closely mimics transducin ("T*" in which the corresponding region from
Gαi1 was inserted between residues 215 and 294 of Gαt, herein denoted Gαt/i1) (17) also
interacted with KB-1753 in a nucleotide-dependent manner. Interestingly, no detectable
affinity was observed for the closely related Gα oA subunit or the more divergent G-protein,
Gαs (Figure 3.1C).

Overall structure of the Gαi1·GDP·AlF4--KB-1753 complex
To understand the molecular details of the nucleotide-dependent interaction of KB1753 with Gα, we determined the structure of KB-1753 bound to Gα i1·GDP·AlF4- by X-ray
diffraction crystallography (Table 3.1). The conformation of Gα·GDP·AlF4- closely
resembles that of Gα·GTPγS (18,19), and AlF4- addition activates Gα signaling in vitro (20).
The overall structure of Gαi1 consists of two principal lobes: a Ras-like domain similar to the
monomeric GTPase fold and an additional all-helical domain (9); the guanine nucleotide
binding pocket lies between these two domains. The planar anion AlF4-, GDP, and Mg2+ are
all found in the Gαi1·GDP·AlF4-/KB-1753 structure as predicted (Figure 3.2A). Three flexible
switch regions, responsible for the conformational changes involved in the guanine
nucleotide cycle (9), aid in the binding of AlF4- and Mg2+ (Figure 3.2A).
Two nearly identical Gαi1·GDP·AlF4-/KB-1753 dimers exist in the asymmetric unit
with a R.M.S.D. of 0.64 Å. Residues Arg-3-Glu-13 of the KB-1753 peptide
(S1SRGYYHGIWVGEEGRLSR19) were sufficiently ordered to confidently model them on
the basis of electron density (Figure 3.2B,C). KB-1753 binds within the Ras-like domain of
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Gαi1 in a highly conserved hydrophobic cleft formed by the α2 (switch II) and α3 helices
(Figure 3.2). This cleft represents the proposed effector-binding site for Gαi1 (21) and
suggests that KB-1753 binds in an "effector-like" mode to activated-state Gα (see below).
Notably, binding of KB-1753 does not significantly alter the conformation of Gαi1 (including
that of the three critical switch regions); the overall R.M.S.D. between bound and unbound
structures was calculated to be 0.81 Å. Hydrophobic residues dominate the Gαi1·GDP·AlF4/KB-1753 binding interface, including Ile-9 of KB-1753, which lies buried within the
hydrophobic pocket created by Gα i1 residues Trp-211 and Phe-215. Conservative
replacement of this isoleucine with valine leads to a 5-fold decrease in binding affinity,
whereas alanine substitution at Ile-9 (in combination with the critical Trp-10; see below)
completely abolishes interaction of KB-1753 with Gαi1 (Figure 3.3B). Additional van der
Waals contacts are made between His-7 and Ile-212 within this pocket. Other KB-1753/Gαi1
contacts include the following: Val-11-Arg-208, Trp-10-Lys-248, Trp-10-Ser-252, His-7Asn-256, and Gly-8-Asn-256 (Figures 3.2B and 3.3A).
When bound to Gαi1, KB-1753 assumes a hairpin secondary structure centered about
residues Tyr-6 and His-7, with several stabilizing intramolecular contacts aiding the adoption
of this hairpin (e.g., Figure 3.2B). The position of the imidazole nitrogen of His-7 raises the
possibility of a cation-π interaction with Tyr-6 at the hinge of the hairpin loop. Conservative
mutation of this histidine results in a 7-fold reduction in binding affinity ("H7F", Figure
3.3C). Other intramolecular contacts within the bound conformation of KB-1753 include the
following: Gly-4-Val-11, Gly-4-Gly-12, Tyr-5-Trp-10, Tyr-6-Ile-9, and Tyr-6-Val-11
(Figures 3.2B and 3.3A). Figure 3.2C illustrates the electron density depicting the confidence
of model building of KB-1753 and its interaction with Gαi1.
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Molecular basis of nucleotide-dependent interaction
Binding of an activating nucleotide such as GTP, GTPγS, or GDP·AlF4- to Gα
induces specific structural changes in the three switch regions. The conformations of these
switch regions are very similar in the Gα·GDP·AlF4- and Gα·GTPγS forms (9), explaining
the ability of KB-1753 to bind these two conformations equipotently. In these active
conformations, Arg-208 in switch II makes a critical contact with Glu-245 of the 3 helix, just
beyond switch III, which helps stabilize the switch II conformation (18,19). Interestingly, the
indole nitrogen of Trp-10 in KB-1753 exploits this interaction and makes contacts with both
Arg-208 and Glu-245 (Figure 3.2B). These interactions may thus partially contribute to the
selective nature of binding of KB-1753 to activated Gα, as switch II is entirely disordered in
the structure of Gα·GDP likely due to a lack of stabilization with switch III (9). Indeed, this
conserved glutamate residue makes contacts with effectors in the structures of Gα t/PDEγ,
Gα13/p115-RhoGEF, and Gαq/GRK2 dimers, although the contributing effector residues are
not tryptophan as seen here with KB-1753 (6). However, the exact degree to which this
interaction aids in the nucleotide selectivity of KB-1753 cannot be inferred as Trp-10 may
play other critical roles in the Gαi1·GDP·AlF4- interaction, such as stabilization of the peptide
conformation.
The hydrophobic binding pocket created by Trp-211 and Phe-215 likely also
contributes to the nucleotide selectivity of KB-1753. The overall architecture of this pocket
perfectly accommodates Ile-9 of KB-1753. A highly conservative replacement of Ile-9 with
valine, lacking a single methyl extension, results in a loss of binding affinity ("I9V", Figure
3.3C). Furthermore, given the inherent flexibility of switch II in the GDP-bound state (9), the
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integrity of this pocket would be compromised in the inactive conformation. Our recent
structural analysis of Gα i1 bound to a GDP-selective peptide, KB-752, revealed a similar
mode of interaction with the Trp-211-Phe-215 pocket (8). In the case of KB-752, however, a
tryptophan from the peptide was perfectly accommodated by the Trp-211-Phe-215
hydrophobic pocket only in the inactive conformation, given that active conformations
sterically clash with the larger tryptophan side chain (8) (see Figure 2.5 and 2.6). These
results underscore the critical involvement of the hydrophobic pocket formed from the α2
and α 3 helices in binding these regulatory peptides and dictating their nucleotide
selectivities.

KB-1753 blocks Gα-effector interaction
The binding site for KB-1753 on Gα i1 lies in the putative effector-binding region.
Mutational analyses implicate this region as the binding site on Gα i1 for adenylyl cyclase
(21). Moreover, Gαs/adenylyl cyclase and Gαt/PDEγ crystal structures have established the
α2/α3 pocket, along with the α2/β4 loop, as the effector binding site for these G-protein
subunits (4,22). As Gαt and Gαi1 are members of the same Gα subfamily, we focused on the
Gαt-PDE interaction to show that KB-1753 binds to the Gα effector-binding site and could
thus serve as a unique effector antagonist. The Gαi1/KB-1753 and Gα t/PDEγ structures
indicate similar modes of Gα interaction between these two peptides (Figure 3.4A). We first
demonstrated using SPR that a soluble Gαt/i1 chimera [containing Gαi1 sequence from residue
215 (end of helix α2) through 294 (start of helix α4); ref (17)] could bind both KB-1753 and
a peptide comprising residues 63-87 of PDEγ (Figure 3.4B inset). We next tested whether
KB-1753 and PDEγ exhibit mutually exclusive binding to Gαt/i1. As expected, preincubation
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of Gαt/i1 with free KB-1753 inhibited (in a dose-dependent manner) binding of
Gαt/i1·GDP·AlF4- to biotinylated KB-1753 immobilized on the SPR biosensor (data not
shown). Preincubation with KB-1753 also abrogated binding of Gαt/i1·GDP·AlF4- to a
biotinylated PDEγ peptide surface (Figure 3.4B). These results establish that KB-1753
competes for binding of the effector (PDEγ) to Gαt/i1, suggesting that KB-1753 could serve as
an effector antagonist in the transducin-PDEγ signaling pathway.
We thus tested whether KB-1753 could perturb interaction of wild-type Gαt with, and
signaling to, cGMP phosphodiesterase (PDE6) by reconstituting these proteins with
photoreceptor membranes containing light-activatable rhodopsin, the receptor upstream of
transducin. As part of the phototransduction signaling pathway, Gαt·GTP activates PDE6 by
binding directly to PDEγ and releasing the inhibitory constraint which PDEγ imposes on the
catalytic subunits of PDE6 (23). We tested whether KB-1753 could impair PDE6 activation
by Gα t·GTP by measuring the steady-state rate of cGMP degradation to GMP. Rhodopsinactivated transducin was observed to stimulate degradation of cGMP in reconstituted ROS
membranes (Figure 3.4C). KB-1753, but not the I9A/W10A substituted peptide, nearly
abolished the stimulation of PDE6 cGMP hydrolysis activity to completion (Figure 3.4C).
Together, the results from SPR competition binding and PDE6 activity assays confirm the
ability of KB-1753 to interdict GPCR-mediated signaling through activated G-proteins to
effector enzyme activity and suggest that KB-1753 could serve as a novel tool for
antagonizing these signaling pathways.

KB-1753 interferes with RGS protein GAP activity
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We also reasoned that, by binding to the transition-state mimetic form of Gα
(Gα·GDP·AlF4-), KB-1753 may alter the intrinsic and/or RGS protein-stimulated GTPase
activity of Gαt and Gαi1. The experiments conducted with wild-type Gα t reconstituted with
photoreceptor membranes revealed the presence of both effects (Figure 3.5A). Addition of
KB-1753 caused a nearly 2-fold increase in the basal rate of Gα t GTPase activity. This
activity may arise from stabilization of switch II by KB-1753 in a conformation suitable for
the catalytic Gln-204 of Gα to more efficiently participate in GTP hydrolysis. Addition of
KB-1753 also caused an ~40% reversal of GTPase acceleration by an RGS protein, RGS16,
previously shown to act on Gαt (24). Neither effect was observed with the control I9A/W10A
substituted peptide. The partial inhibition of RGS16 GAP activity by KB-1753 was very
similar to the well-documented partial inhibition caused by PDEγ (lowest bar in Figure 3.5A;
see ref (24) for original observation).
Comparing the Gα/KB-1753 and Gα/RGS4 crystal structures reveals no significant
alterations in the overall Gα backbone (R.M.S.D. of 0.68 Å) or of the critical catalytic
residues (R178, T181, and Q204). However, space-filling models of KB-1753 and RGS4
indicate that, although KB-1753 binds to the effector-binding region of Gα, which is
exclusive from the RGS protein-binding interface (5,6), the C-terminus of KB-1753 could
sterically hinder the access of the RGS protein to its Gα binding site (Figure 3.5B). KB-1753
significantly blocked the GAP activity of RGS12 on Gαi1 (Figure 3.5C,D), suggesting that
KB-1753 interferes with RGS protein binding. We also observed a small peptide-dependent
acceleration of basal Gαi1 GTPase activity (Figure 3.5C), although, unlike in the case of
wild-type Gαt (Figure 3.5A), this effect was not statistically significant. Using a fluorescence
resonance energy transfer (FRET)-based assay for Gα/RGS protein interactions (25), we
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confirmed that KB-1753 is able to block the direct interaction between RGS4 and Gαi1
(Figure 3.5E). Thus, KB-1753 serves as a novel peptide inhibitor of Gα i1/RGS protein
interaction and RGS-mediated GAP activity in vitro.

A fusion of KB-1753 with the yellow fluorescent protein serves as a sensor for activated
Gα
Fluorescent biosensors have become instrumental for investigating protein-protein
interactions as well as protein activation in real time and visualizing the spatiotemporal
aspects of signal transduction in live cells (26). The ability of KB-1753 to bind only activated
Gα makes it a potentially useful tool for developing novel biosensors for G-protein
activation. In an initial test of this hypothesis, we employed FRET between chromatic
variants of the Aequoria victoria green fluorescent protein in which excitation of a donor
cyan fluorescent protein (CFP) in turn excites an acceptor yellow fluorescent protein (YFP)
when these variants are within defined distance constraints (~50 Å) (27). We subcloned the
KB-1753 peptide sequence N-terminal to YFP (KB-1753-YFP) to serve as a FRET acceptor
for CFP-modified Gα i1 (Figure 3.5B; ref (25)). KB-1753-YFP underwent a robust FRET
response with CFP-Gαi1, selectively in the presence of aluminum tetrafluoride (Figure
3.6A,B) and with an affinity of ~750 nM (Figure 3.6C). Incubation of CFP-Gαi1 with excess
unmodified KB-1753 (but not the I9A/W10A mutant) blocked the FRET response (Figure
3.6B). These results validate KB-1753-YFP as a bona fide FRET partner for detecting the
activated conformation of CFP-tagged Gα i1, a form of KB-1753 that could be directly
applied to in vivo settings (26).
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DISCUSSION
The structural basis of G-protein regulation resides in subtle conformational changes
in three critical switch regions of the Gα subunit (9). When GDP is released from the
inactive, Gβγ-complexed conformation, Gα binds GTP and adopts the active conformation
capable of regulating effector molecules. Regulatory proteins (such as RGS proteins and
GoLoco proteins) exploit these distinct nucleotide-dependent conformations of Gα for their
binding and modulation of the nucleotide cycle (7,28) (see Figure 1.1). Here, we have
described a peptide, KB-1753, capable of interacting with specific Gα subunits solely in
active conformations. The crystal structure of this peptide bound to Gαi1·GDP·AlF4- reveals
an "effector-like" mode of binding, relying on the specific conformation of the switch II
helix. KB-1753 serves as an effector antagonist as well as an inhibitor of RGS protein
activity. These qualities make KB-1753 an attractive new tool for studying G-protein
signaling. The development of biosensors for activated Gα using KB-1753 should open new
avenues for both in vitro assay design and real-time in vivo imaging of Gα activation.
Currently, available Gα/effector structures include those of Gα s/adenylyl cyclase,
Gαq/GRK2, Gα 13/p115RhoGEF, and Gαt/PDE-RGS9 complexes (4-6,22) (Figure 3.7).
Although Gαt belongs to the Gα i family, currently no specific structural analysis of a Gα i13

/effector complex exists. Thus, the Gαi1/KB-1753 complex represents the first structural

glimpse of Gαi1 engaged in an effector-like recognition mode, albeit with a nonphysiological
target. On the basis of the Gαs/adenylyl cyclase structure and the pseudosymmetry of the C1
and C2 cytosolic lobes of adenylyl cyclase (22), mutational analysis has identified residues
within the C1 lobe of type V adenylyl cyclase (ACV) critical to Gα i1 regulation (29).
Specifically, these critical C1 lobe residues reside in the α1/α2 and α3/α4 segments of ACV,
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with the latter segment proposed to bind within the switch II/α3 cleft of Gαi, the binding site
for KB-1753. However, no significant sequence similarity was observed between KB-1753
and the α3/α4 loop of ACV. A sequence of SLVREMTGVNV within the ACV α3/α4 loop
has been implicated in binding the switch II-α3 cleft of Gα i; bold, underlined residues
indicate particular positions that, when mutated, result in loss of Gαi-mediated inhibition
(29). Aside from a general hydrophobic character in this region of ACV that may
complement the hydrophobic cleft in Gαi, no significant homology with KB-1753 is evident.
Thus, KB-1753 appears to be a unique sequence that exploits the same effector-binding
region of Gαi1 and suggests that diverse primary sequences in effectors may recognize a
similar binding motif within Gα. Indeed, the switch II/α3 cleft utilized by effectors is highly
conserved among Gα subfamilies (Figure 3.7); therefore, diversity within effectors, in either
primary sequence or tertiary structure, must compensate for the common Gα binding groove
to allow for signaling specificity (6). This difficulty in defining Gα/effector specificity based
on the conserved nature of structurally defined interactions has been previously discussed
(6). Another possibility is that additional regions of Gα define effector specificity by
complementing the conserved interactions within the switch II/α3 cleft. For example, regions
within the α4/β6 loop of Gα i2 (specifically
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RKDTKE319) have been implicated in the

interaction with adenylyl cyclase (21). However, KB-1753 makes no contact within this
region of Gα. Also, the α2/β4 and α3/β5 regions of Gα have been implicated in effector
binding; however, with the exception of Gαs, these sequences are also highly conserved (6).
The ability of KB-1753 to inhibit binding and signaling of wild-type transducin to PDE6, an
effector with that KB-1753 also lacks significant sequence similarity, signifies its effector-
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like mode of binding to Gα i1 and further underscores the sequence diversity in effectors
available for Gα subunit recognition.
KB-1753 is a potentially attractive new tool for studying G-protein signaling. If
modified to allow cell penetration (e.g., ref (30)), KB-1753 could effectively block
Gαi·GTP/effector signaling while preserving receptor/heterotrimer coupling and Gαmediated signaling, unlike pertussis toxin which permanently impairs Gαi coupling and
signaling via ADP ribosylation (31) or of siRNA-mediated Gnai transcript silencing which
can result in compensatory upregulation of other Gαi/o family members (32). The selective
interaction of KB-1753 with Gα i subunits over Gαo (Figure 3.1B) would provide another
advantage in interrogating GPCR coupling specificity over pertussis toxin, the latter acting
nonspecifically on all Gαi/o subfamily members except Gαz (33). The ability of KB-1753 to
block RGS protein binding and resultant GAP activity highlights yet another potential
usefulness of this novel peptide.
Biosensors capable of visualizing the spatiotemporal aspects of protein activation and
protein-protein interactions have become indispensable tools for studying signal transduction
events within the context of live cells (27). Several studies using CFP/YFP FRET and related
techniques have investigated GPCR signaling dynamics (34-36). Studies aimed at examining
heterotrimer activation have used designs wherein activation leads to a reduction in the
magnitude of the FRET response due to the dissociation of a Gα-CFP and Gβγ-YFP coupled
pair (for example, ref (35)). Although innovative and informative, these studies are limited
by their reliance on a loss of FRET response, which presents specific technical challenges
(such as correcting for photobleaching artifacts) and limits the ability to track the
spatiotemporal aspects of Gα signaling once activated. Our KB-1753-YFP species, however,
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presents an attractive alternative design that produces an increase in the level of the FRET
response following Gα activation (Figure 3.6) and should allow resolution of the
spatiotemporal dynamics of activated Gα signaling. Moreover, as Gα becomes deactivated, a
loss of FRET response would be expected, given that KB-1753-YFP binds selectively to only
the activated form. Thus, a FRET-based approach with KB-1753-YFP could report both the
activation and deactivation dynamics of Gα signaling, potentially improving the resolution of
previous studies. We are now avidly working toward this goal.

EXPERIMENTAL PROCEDURES
Materials. Unless noted, all reagents were from Sigma (St. Louis, MO). Peptides
were synthesized by Anaspec (San Jose, CA), except for the C-terminal cysteine variant of
KB-1753 and PDEγ(63-87) (GLGTDITVICPWEAFNHLELHELAQYGII), which were
synthesized by the Tufts University Core Facility (directed by M. Berne).
KB-1753/YFP Plasmid Construction. Oligonucleotides encoding KB-1753 were
constructed with 5'-KpnI and 3'-BamHI overhangs: sense, 5'-CGT CTT CTC GAG GTT
ACT ACC ATG GTA TTT GGG TGG GTG AAG AAG GTC GAC TTT CTC GAT GC-3';
and antisense, 5'-GAT CGC ATC GAG AAA GTC GAC CTT CTT CAC CCA CCC AAA
TAC CAT GGT AGT AAC CTC GAG AAG ACG GTA C-3'; 100 ng of each primer were
mixed, denatured, annealed (55 °C for 1 min), and cooled prior to ligation into KpnI- and
BamHI-digested pEYFP-N1 (Clontech). To avoid steric hindrance of the KB-1753-Gα
interaction by YFP, we inserted a flexible linker (Gly-Ser-Gly-Gly-Ser-Gly) between KB1753 and YFP by insertional mutagenesis (QuickChange, Stratagene) with the following
primers: sense, 5'-CGA CTT TCT CGA TGC GGA TCT GGT GGC TCA GGG GAT CCA
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CCG GTC GCC-3'; and antisense, 5'-GGC GAC CGG TGG ATC CCC TGA GCC ACC
AGA TCC GCA TCG AGA AAG TCG-3'. The KB-1753-linker-YFP open reading frame
was then isolated using PCR [30 cycles of 95 °C denaturing (30 s), 55 °C annealing (1 min),
and 72 °C extension (1 min)] using primers (sense, 5'-TAC TTC CAA TCC AAT GCG TCT
TCT CGA GGT TAC TAC CAT GGT ATT-3'; and antisense, 5'-TTA TCC ACT TCC AAT
GCG CTA CTT GTA CAG CTC GTC CAT GCC GAG AGT-3') and then subcloned into an
N-terminal His6-tagged vector using a ligation-independent strategy described previously
(37).
Protein Production. His6-tagged N-terminally truncated human Gαi1 (ΔN25-Gα i1),
as well as full-length Gαi2, Gαi3, and Gα oA subunits, were purified from Escherichia coli as
previously described (38). The His6-tagged RGS12 RGS domain (amino acids 702-846 of
SwissProt entry O08774) was cloned into pMCSG7 using a ligation-independent cloning
strategy (37) and purified as described for Gαi1. His6-tagged human RGS16 (amino acids 53190; ref (39)) was prepared from the expression construct pLIC-SGC1-RGS16-s001 obtained
from SGC (Oxford), per their published protocol (PDB entry 2BT2). Transducin heterotrimer
and PDE6 were purified from bovine retinas as described previously (40); urea-treated
photoreceptor membranes used as the source of photoactivated rhodopsin were purified from
bovine retinas as previously described (41).
Surface Plasmon Resonance. SPR binding assays were performed at 25 °C using a
BIAcore 3000 instrument. N-Terminally biotinylated KB-1753 or PDEγ(63-87) peptides
{diluted to 0.1 µg/mL in BIA-run buffer [10 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM
MgCl2, and 0.005% NP40]} were coupled to flow cells of streptavidin biosensors (Biacore)
to a surface density of ~500 RU. Gα subunits were diluted in BIA-run buffer in the presence
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of 100 µM GDP, 100 µM GDP with 30 µM AlCl3 and 10 mM NaF, or 100 µM GTPγS and
incubated at room temperature for 2 h. Gα subunits in desired nucleotide states (30 µL) were
then injected over flow cells at 10 µL/min, followed by a 300 s dissociation phase. To correct
for nonspecific binding and buffer shift artifacts, binding curves from a surface containing a
control peptide (mNOTCH1; ref (39)) were subtracted from all binding curves. Surfaces
were regenerated with two 10 µL injections of 500 mM NaCl with 25 mM NaOH at 20
µL/min. BIAevaluation version 3.0 was used for binding curve and kinetic analyses.
Dissociation constants (KD) were determined by saturation binding as previously described
(8).
Crystallization and Structure Determination. ΔN25-Gαi1 protein [25 mg/mL in 20
mM Tris (pH 7.5), 1 mM MgCl2, 20 mM NaCl, 1 mM DTT, 5% glycerol, 10 µM GDP, 30
µM AlCl3, and 10 mM NaF] was incubated with a 1.5-fold molar excess of KB-1753 at room
temperature for 5 min prior to screening. Initial crystals were obtained in condition 28 of the
PEG-Ion Screen (Hampton Research) and refined to final crystallization conditions of 15%
PEG-8000 and 0.3 M calcium acetate using the vapor diffusion method with 8 µL hanging
drops with a 1:1 protein:buffer volume ratio. Crystals formed in 2-4 days at 4 °C in space
group P3221 (a = b = 103.13 Å, c = 206.99 Å, α = β = 90°, and γ = 120°) with two Gαi1/KB1753 heterodimers in the asymmetric unit. Crystals were cryoprotected in crystallization
buffer supplemented with 20% glycerol for ~1 min and then submerged in liquid N2. A 2.8 Å
native data set was collected at Brookhaven National Laboratory using the x29 beamline.
Data were scaled and indexed using HKL-2000 (42). The structure of Gαi1·GDP·AlF4- (PDB
entry 1GFI), excluding waters, GDP, and AlF4-, was used for molecular replacement (43).
Initial solutions were found with correlation coefficients of 57.5 and a starting R-factor of
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47.6, which was reduced to 39.7 with an initial round of refinement. Model building was
completed using O (44), with successive rounds of simulated annealing, minimization, and
B-group and rigid body refinements being completed by CNS (45). Noncrystallographic
symmetry restraints were used in initial cycles of refinement, and both Gαi1/KB-1753 dimers
were essentially identical. All electron density map calculations were completed with CNS.
N-Terminal residues 25-32 of Gα i1 were disordered along with residues 112-121 in the
αB/αC loop of the all-helical domain; these segments were excluded in the final Gαi1/KB1753 model. All structural images were generated using PyMol (DeLano Scientific, San
Carlos, CA).
PDE6 Activity Assays. PDE6 activity was measured as described previously (46).
Briefly, illuminated urea-treated photoreceptor membranes (20 µL; final rhodopsin
concentration of 10 µM), a source of photoexcited rhodopsin, were reconstituted with
purified transducin (1 µM) at room temperature in buffer containing 10 µL of GTPγS, 100
mM NaCl, 8 mM MgCl2, and 10 mM Tris-HCl (pH 7.8). When needed, 20 µM wild-type or
mutant KB-1753 peptide was also added. PDE6 (0.05 µM) was added immediately before the
reaction was initiated by addition of 10 µL of [3H]cGMP (2.5 mM containing ~105
dpm/sample) and terminated by addition of 100 µL of 0.1 M HCl. The mixture was then
neutralized with 100 µL of 0.1 M Tris and incubated with 75 µL of king cobra snake venom
(1 mg/mL) for 1 h to convert GMP to guanosine. The solution was then passed through an
anion exchange DEAE-Sepharose column to separate guanosine from cGMP and washed
twice with 0.8 mL of H2O. The eluent was mixed with 10 mL of ScintiSafe cocktail, and
radioactivity was measured by scintillation counting.
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GTPase Assays. Single-turnover GTPase assays with Gα i1 were conducted as
described previously (47). Briefly, 100 nM Gαi1 was incubated at 30 °C for 15 min in buffer
C [50 mM Tris (pH 7.5), 0.05% C12E10, 1 mM DTT, 5 µg/mL BSA, 10 mM EDTA, and 100
mM NaCl] containing ~1 × 106 cpm of [γ-32P]GTP (6000 Ci/mmol). Samples were then
placed on ice for 5 min. Reactions (on ice) were initiated by adding 10 mM MgCl2 (with 100
µM GTPγS), and timed reaction aliquots were quenched with a charcoal slurry [containing
20 mM H3PO4 (pH 3)] followed by centrifugation (~4000g for 10 min at 4 °C). Supernatants
with free [γ-32Pi] were analyzed by scintillation counting. Background counts (in the absence
of Gαi1) were subtracted from all experimental conditions.
Multiple-turnover GTPase assays with Gαt were conducted as described previously
(48). Briefly, illuminated urea-treated photoreceptor membranes were mixed with transducin
at room temperature in a buffer containing 100 mM NaCl, 8 mM MgCl2, 10 mM Tris·HCl
(pH 7.8), and 1 mM DTT. The reaction was started by the addition of 10 µL of [γ-32P]GTP at
a desired concentration (final concentration of 20 µM; approximately 105 dpm/sample) to 20
µL of membranes (final concentrations of 10 µM rhodopsin and 1 µM transducin)
supplemented with additional proteins and/or peptides when needed. The reaction was
stopped by 100 µL of 6% perchloric acid. [γ- 32Pi] formation was assessed with activated
charcoal as detailed above. In the experiment addressing the effect of PDEγ on RGS16 GAP
activity, the PDEγ(63-87) peptide was used instead of full-length PDEγ because this peptide
completely substitutes for PDEγ in RGS protein regulation but, unlike PDEγ, does not block
repetitive transducin activation by rhodopsin (49).
Fluorescence Resonance Energy Transfer (FRET) Assays. FRET assays for GαRGS interaction, along with purification of Gαi1-CFP and YFP-RGS4, were completed as
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described previously (25). Gαi1-CFP was diluted in 10 mM Tris (pH 8.0), 1 mM EDTA, 10
mM MgCl2, 150 mM NaCl, and 10 µM GDP. Experiments on the effects of AlF4- activation
were performed in buffer supplemented with 30 µM AlCl3 and 10 mM NaF. Measurements
were taken with a LS-55B spectrofluorimeter (Perkin-Elmer). Emission scans were
performed at 20 nm/min using excitation of 433 nm, with slit widths of 5 nm. Emission
maxima used for CFP and YFP were 474 and 525 nm, respectively. For peptide competition
experiments, Gαi1 (200 nM) was allowed to incubate in the quartz cuvette with wild-type or
mutant KB-1753 (2 µM) for 2 min prior to addition of YFP-RGS4.

FUTURE DIRECTIONS
The discovery of KB-1753 as an activation-dependent Gα binding peptide has led to
our development of a bona fide Gα⋅GTP biosensor in vitro (see Figure 3.6). However, our
future directions are now focused on the further development of KB-1753-based biosensors
suitable for in vivo studies. Although the FRET-based biosensor described herein could be
utilized directly for such applications, FRET analysis has specific deficiencies associated
with its use (26). Most notably, the designed biosensor relies on a FRET partner (CFP-tagged
Gα in this case) that must also be recombinantly overexpressed, thus limiting the experiment
to detection of non-endogenous protein signaling. Therefore, we aim to develop KB-1753
biosensors capable of monitoring the spatiotemporal activation mechanics of endogenous
Gα.
The use of environmentally-sensitive dyes has emerged as a strategic method for the
design of biosensors capable of reporting endogenous protein activation of in vivo (26). Upon
biosensor/target interaction (i.e. KB-1753/Gα⋅GTP), the dye undergoes a change in
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fluorescence quantum yield and/or emission peak wavelength. Imaging this process in realtime can therefore visualize the spatial and temporal aspects of protein signaling dynamics
(50). We will first engineer KB-1753-GFP constructs analogous to the YFP versions
described in Figure 3.6 along with a GFP-KB-1753 version encoding a C-terminal peptide
placement. These constructs will each contain varying flexible linkers (consisting of glycineserine repeat sequences) between KB-1753 and GFP along with a cysteine residue
immediately C-terminal to the KB-1753 sequence. Proteins will be expressed and purified as
described for KB-1753-YFP and subsequently labeled with solvatochormatic dyes via
thioether bond linkage as previously described (50). Following purification from excess free
dye, these dye-conjugated biosensors will be microinjected into Chinese hamster ovary
(CHO) cells expressing the D2L-dopamine receptor. Agonist (quinpirole) will be perfused
into cell medium and time-lapse confocal images will be acquired. We expect the biosensors
to undergo fluorescence quantum yield increases that will report localized agonist-mediated
activation of Gα by virtue of the nucleotide-selective binding of the KB-1753 sequence. The
GFP fluorescence, which is not predicted to change upon binding, will be used as a
ratiometric factor to correct for cell volume and biosensor expression artifacts.
Once validated, the potential applications for these biosensors will be far-reaching.
The most direct and obvious application will be to classical, membrane-delimited signaling
paradigms. As one example we are interested in pursuing, chemokines are known to activate
Gαi-coupled receptors leading to the polarized directional migration of leukocytes and other
migratory cell models, which is thought to be a critical component of proper immune cell
response to foreign invasions. An intricate interplay among various downstream signals then
establish defined leading and trailing edges of the cell that regulate this migration process
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(51). Previous studies have detailed the spatiotemporal activation of certain Rho-superfamily
GTPases and their regulation of the cytoskeleton in this process; however, the dynamics of
heterotrimeric G-protein activation remains unclear, especially considering the chemokine
receptors are expressed ubiquitously throughout the cell surface (52,53). As an additional
model, several mitogenic receptor agonists have been shown to promote cell migration and
invasion of a variety of renal and bladder cancer cell lines in vitro, which may hold clues to
the mechanism of invasive metastatic cancer progression in vivo. This process likely occurs
through the G-protein-dependent transactivation of EGFR leading to recruitment and
activation of components of pro-survival signaling cascades (54). However, very little is
known about the spatiotemporal aspects of this critical process. Cells will be microinjected
with KB-1753 biosensors, chemoattractant stimuli added, and the migratory process will be
imaged using time-lapsed microscopy. For non-adherent suspension cells, or cells recalcitrant
to microinjection, we will employ other biosensor delivery techniques, including lipidmediated protocols (55). We hypothesize that our Gαi-directed biosensors will be useful tools
in investigating these and other Gα-regulated cellular processes in vivo and unravel novel
insight into their spatiotemporal signaling dynamics.
Other less traditional biological pathways regulated by Gα subunits could also be
studied with the KB-1753 biosensor. For example, Gαi3 is thought to be a major component
of the autophagy process regulating transport between the plasma membrane and trans-golgi
network (56,57). Little is known about the activation dynamics that regulate this process and,
therefore, our biosensors could be applied here as well. Although a regulatory RGS protein
(GAP) and GoLoco-containing protein (GDI) have been identified, no known activation
signal has been discovered that regulates this process (56,57). It remains unknown at what

134

stages during the autophagy process Gα becomes activated and deactivated for proper
regulation of protein transport. Excitingly, our preliminary results using a microinjected, dyeconjugated KB-1753-GFP biosensor indicate specific reporting of Gα activation at the transgolgi (data not shown). Further studies will expand on this finding in an effort to illuminate
the details of Gα-mediated regulation at this cellular compartment.
Another future goal will be the application of KB-1753 biosensors, along with
analogous versions based on the KB-752 peptide to detect inactive Gα (see Chapter II), to
studying the dynamics of the G-protein cycle regulating cell division processes. Recently, an
entirely new Gα signaling network has been discovered that is involved in regulating
asymmetric cell division in both C. elgans and D. melanogaster model systems ((58-62) and
see Chapter V). Although genetic and biochemical studies have identified many of the
signaling components involved, it remains unclear how the activation dynamics of the Gα
nucleotide cycle coincide with the specific stages of cell division to regulate this process. By
imaging cells (or organisms) that express the KB-peptide biosensors during the cell division
process, or those chemically induced to arrest at specific stages, we hope to gain mechanistic
insights into the precise nature of the Gα-mediated regulation.
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Figure 3.1- Selective binding of KB-1753 to Gα subunits as measured by surface
plasmon resonance (SPR). (A) Sequences of seven peptides, including KB-1753, with a
shared sequence (gray) isolated by phage display based on selective binding to immobilized
Gαi1·GTPγS. (B) Gαi1 protein ("analyte", 10 µM), in each of three nucleotide-bound states as
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indicated, was injected over immobilized, biotinylated KB-1753 peptide. Nonspecific
binding (~200 RU) to a control peptide surface was subtracted from each curve. (C) The
indicated Gα subunits, including a chimera between Gα transducin and Gαi1 ("Gαt/i1"), were
separately injected at increasing concentrations (from 0.01 to 50 µM) over immobilized KB1753 to determine dissociation constants (KD) for each interaction pair as obtained by
saturation binding analysis. No binding (KD >1000 µM) was seen with any Gα in the GDPbound state. A KD of >50 µM denotes interactions with minimal binding responses observed
only at saturating concentrations of Gα greater than 50 µM. n.d., not determined.
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Figure 3.2- Structural features of the Gα i1/KB-1753 interaction. (A) KB-1753 peptide
(red, with side chains) is bound between the α2 (switch II) and α3 helices of the Gα i1 Raslike domain (blue; switch regions colored green). No contact is made between KB-1753 and
the all-helical domain (yellow), GDP (magenta), AlF4- (gray), or magnesium (orange). (B)
Representative inter- and intramolecular contacts between Gαi1 (blue; switch regions colored
green) and KB-1753 (tan) residues are shown as black dotted lines. All contacts shown or
discussed in the text were selected on the basis of a maximum distance cutoff of 3.7 Å. (C)
Stereoview of experimental electron density for KB-1753 bound to Gαi1, shown as a 2Fo-Fc
simulated annealing composite omit map generated with a 5% overall model omitted and
contoured at 1σ (electron density shown as a white cage). The region highlighted is the entire
peptide density (model colored red) lying below the α3 helix (model colored blue) and above
switch II (model colored green).
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Figure 3.3- Effects of amino acid substitutions on KB-1753 binding affinity. (A)
Summary of intrapeptide and Gαi1 contacts made by KB-1753 peptide residues. (B) NTerminally biotinylated KB-1753 peptides, either with the wild-type sequence or mutated
(Ile-9 and Trp-10 replaced with alanine), were immobilized on separate streptavidin-coated
flow cells, and 2 µM Gα i1·GDP·AlF4- protein (analyte) was injected over both surfaces.
Nonspecific binding to a control peptide was subtracted from each curve. (C) Dissociation
constants (KD in micromolar) for the interaction between Gαi1, in the indicated nucleotide
state, and wild-type or mutant KB-1753 peptides immobilized on SPR surfaces. Other
parameters are given in Figure 3.1C.
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Figure 3.4- KB-1753 acts as an effector antagonist. (A) Surface rendering of
Gαi1·GDP·AlF4- (gray) with contact points highlighted for KB-1753 alone (green), contact
points highlighted for PDEγ alone (blue), or contact points shared between both interactors
(yellow). (B) Wild-type KB-1753 competes with PDEγ for binding to Gα, but not the
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I9A/W10A mutant peptide or the Gαi1·GDP-selective peptide KB-752. AlF4--activated Gαt/i1
protein (8.5 µM) was preincubated with the indicated concentrations of competitor peptide
prior to injection over a streptavidin SPR surface bearing biotinylated PDEγ(63-87). The
inset shows SPR surfaces coated with either biotinylated KB-1753 or PDEγ peptide bind with
equivalent affinity to the Gα t/i1 chimera bound to GDP and AlF4-. (C) Rates of cGMP
hydrolysis to GMP by transducin-activated PDE6 (0.05 µM) in the absence (control) or
presence of 20 µM wild-type or mutant KB-1753 peptides were calculated from linear fits of
the data: control, 9.2 µM GMP produced per second; wild-type KB-1753, 1.1 µM GMP
produced per second; and I9A/W10A mutant KB-1753, 9.1 µM GMP produced per second.
The data were taken from one of three similar experiments.
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Figure 3.5- KB-1753 interferes with the RGS domain-Gα interaction and RGSmediated GAP activity. (A) Steady-state rates of GTP hydrolysis by rhodopsin-activated
transducin (1 µM) were measured in the absence or presence of 1 µM RGS16 protein, 25 µM
PDEγ(63-87), and/or 20 µM wild-type or mutant KB-1753 peptide, as indicated. GTP
hydrolysis rates were determined from linear fits of reaction time courses; the data are
averaged from two similar experiments with error bars representing the standard error of the
mean. (B) Surface rendering of Gαi1·GDP·AlF4- (gray) bound to RGS4 (cream; derived from
PDB entry 1AGR) and overlaid with a space-filling representation of KB-1753 (red). Note
that contacts made to Gαi1·GDP·AlF4- by RGS4 (blue) and by KB-1753 (green) are not
overlapping, yet steric hindrance is predicted between bound KB-1753 and the α5/α6 loop of
RGS4 (amino acids 120-123 shown in space-filling mode). (C) Single-turnover GTP
hydrolysis assay using [γ-32P]GTP-labeled Gαi1 (0.1 µM) in the absence or presence of 0.1
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µM RGS12 RGS domain, 1 µM KB-1753, or both. (D) Dose dependence of wild-type KB1753-mediated inhibition of RGS12 RGS domain GAP activity, as measured in singleturnover GTPase assays performed as described for panel B. I9A/W10A mutant KB-1753
shows no inhibitory activity. (E) Effect of 2 µM KB-1753 peptide (wild type or I9A/W10A
mutant) on AlF4--dependent FRET between 0.2 µM Gαi1-CFP and 0.2 µM YFP-RGS4 fusion
proteins; FRET was quantified by the emission ratio (525 nm/474 nm), representing the ratio
of YFP emission to CFP emission maxima upon excitation at 433 nm.
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Figure 3.6- KB-1753-yellow fluorescent protein fusion acts as a sensor for activated
Gαi1. (A) Gαi1-CFP (200 nM) and/or KB-1753-YFP (500 nM) fusion proteins were added to
cuvettes containing assay buffer [10 mM Tris (pH 7.5), 1 mM EDTA, 10 mM MgCl2, 150
mM NaCl, 10 µM GDP, 30 µM AlCl3, and 10 mM NaF; the latter two reagents forming the
Gα activator aluminum tetrafluoride] and allowed to incubate for 60 s before emission scans
(from 450 to 600 nm) were taken using an excitation wavelength of 433 nm at 20 nm/minute
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and slit widths of 5 nm. Data shown are uncorrected fluorescence measurements under each
indicated condition. (B) FRET between 0.5 µM KB-1753-YFP and 0.2 µM Gαi1·GDP·AlF4-CFP fusion proteins is inhibited by preincubation of Gα with 2 µ M wild-type KB-1753
peptide; preincubation with 2 µM I9A/W10A mutant was observed to have no effect on the
emission ratio. (C) Dose- and nucleotide-state-dependent FRET between 0.2 µM Gα i1-CFP
and indicated concentrations of KB-1753-YFP fusion protein. Data are expressed as
"corrected FRET" obtained by subtracting the emission of KB-1753-YFP alone from each
FRET condition. The apparent dissociation constant obtained for the KB-1753YFP/Gαi1·GDP·AlF4--CFP interaction was 0.76 ± 0.08 µM (best fit ± standard error).
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Figure 3.7- Conserved structural features of engagement of Gα by effectors and by KB1753. (A) Multiple-sequence alignment derived from Clustal-X of human Gα i1 (GenBank
entry AAM12619), bovine Gα t (SwissProt entry P04695), human Gα o (SwissProt entry
P09471), human Gα 13 (GenBank entry NP_006563), and bovine Gα s (SwissProt entry
P04896) sequences, highlighting locations of switch II and switch III, as well as conservation
of three hydrophobic residues involved in effector engagement (green boxes). Burial of a key
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hydrophobic residue of an effector (red) within a conserved hydrophobic cleft between
switch II (α2) and α 3 helices of activated Gα (blue; switch regions colored green) is
apparent in the crystal structures of Gαs·GTPγS bound to the second cytoplasmic domain of
type II adenylyl cyclase (AC) (B), Gα t·GDP·AlF4- bound to the gamma subunit of cGMP
phosphodiesterase (PDEγ) (C), the N-terminal RGS domain of the RhoA guanine nucleotide
exchange factor p115RhoGEF interacting with GDP·AlF4--bound Gα13/i-5, a chimeric Gα
subunit based on Gαi1 but containing the three switch regions and the helical domain of Gα13
(D), and Gαi1·GDP·AlF4- bound to the KB-1753 peptide (E).
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Data collectiona
Space group
No. of molecules per asymmetric unit
Unit cell dimensions
a, b, c (Å)
α, β, γ (o)
Wavelength (Å)
Resolution (Å)
Linear R-factorb
Square R-factorc
Mean I/σd
Completeness (%)
Redundancy

P3221
2
103.13, 103.13, 206.99
90, 90, 120
1.1
50-2.8 (2.9-2.8)
0.093 (0.416)
0.065 (0.330)
23.1 (2.7)
94.1 (61.0)
6.4 (4.5)

Refinement
Resolution (Å)
No. reflections (working/test set)
Rwork/Rfree (%)e
No. of non-hydrogen atoms
Protein
GDP/AlF/Mg
Water
R.m.s. deviations
Bonds (Å)
Angles (o)
Average B-factor

50-2.8 (2.82-2.8)
25452/2824
27.9/30.7
5090
56/10/2
30
0.01
1.22
51.4

Ramachandran plot (% in region)
Allowed regions
Generously allowed
Disallowed

98.9
1.1
0.0

a
Native data set collected at Brookhaven National Laboratory synchrotron X-ray source on Beamline x29. Numbers in parentheses
pertain to the highest resolution shell.
b

Linear R-factor = Σ(|I - <I>|)/Σ(I)

c

Square R-factor = Σ(|I - <I>|)2/Σ(I)2

d

<I/σI>, Mean signal-to-noise, where I is the integrated intensity of a measured reflection and σI is the estimated error in measurement.

e
Rwork = Σ(|Fp - Fp(calc)|)/ΣFp, where Fp and Fp(calc) are the observed and calculated structure factor amplitudes. Rfree is calculated similarly
using test set reflections never used during refinement.

Table 3.1- Data collection and refinement statistics for the Gα i1/KB-1753 crystal
structure.
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CHAPTER IV
UNDERSTANDING THE BIOLOGICAL ROLE OF RGS PROTEINS, GAP ACTIVITY,
AND GTP HYDROLYSIS

Overview: This chapter focuses on the role of GTP hydrolysis in Gα signal transduction in
order to address the fundamental role of RGS proteins in biological responses. Several RGS
families have modular protein domains in addition to the canonical ‘RGS box’. How these
domains contribute to the function of these RGS proteins- in relation to Gα signaling- and
how they relate to the central GAP activity remain poorly defined. The results detailed herein
support a model in which RGS proteins likely maintain proper G-protein-mediated signal
output through mechanisms both dependent and independent of the ‘RGS box’ GAP activity.

Figures contributed by:
Johnston CA and Willard FS (Figures 4.1-4.3)
Cappell S (Figure 4.4)

CHARACTERIZATION OF Gα I1-G202A, A RAPIDLY-ENHANCED INTRINSIC
GTPASE MUTANT

Heterotrimeric G-proteins serve as molecular switches capable of responding to a
variety of extracellular cues and subsequently regulating numerous downstream signal
transduction cascades critical to biological outputs of the cell. G-proteins achieve this
‘switch’ property through a cycle of activation and deactivation, which is governed by the
binding and hydrolysis of GTP, respectively. The Gα subunit possesses an intrinsic GTPase
activity; however, this rate is dramatically increased by the Regulators of G-protein Signaling
(RGS) family of proteins, which serve as GTPase Accelerating Proteins ( GAPs). In either
case, the active, signal-competent species, Gα·GTP, must undergo hydrolysis for proper
signal termination. Thus, the lifespan of Gα·GTP is thought to regulate the temporal
component of signaling, which can ultimately determine the overall signal output. RGS
proteins are typified by their highly homologous ‘RGS box’, the minimal GAP component,
and were initially described simply as negative Gα regulators. However, whereas certain
members contain little accessory sequence to the ‘RGS box’, several RGS protein families
have additional modular, functional protein domains. What the ultimate contribution of GAP
activity is to Gα signal regulation remains poorly defined: Is enhanced Gα GTPase activity
sufficient for RGS protein function? Here we describe the structural, biochemical, and
biological characterization of a Gα mutation that has intrinsic GTPase activity
indistinguishable from that of RGS-stimulated rates in vitro. Structures of GDP- and
GDP·AlF4--bound Gα reveal that the mutation induces a ‘pretransition-state’ conformation
within inactive Gα, and suggest that GTPase activity is regulated by constraints within
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switch II that determine the adoption of the transition-state for GTP hydrolysis. Using a yeast
model system, we show that this enhanced GTPase activity mutation results in an increased
sensitivity to pheromone signaling. In contrast, a well-characterized RGS-insensitive
mutation results in an increased efficacy of pheromone stimulation; both effects are reflected
in the double mutant. Taken together, our results highlight a critical role of GTPase activity
in shaping Gα-mediated signal output and suggest a model in which RGS proteins regulate
signaling through additional mechanism(s) beyond that of their canonical GAP property.

INTRODUCTION
The binding and hydrolysis of GTP defines a cycle of activation-deactivation that
governs the ability of heterotrimeric (Gαβγ) G-proteins to act as molecular switches,
responding to a variety of extracellular cues and subsequently, through both Gα·GTP and
free Gβγ subunits, regulating the activity of specific downstream signaling cascades that
ultimately evoke the desired biological responses (1,2). Although both of these processes can
be achieved intrinsically by the Gα subunit, regulatory proteins have evolved to control the
dynamics of each. GTP binding (i.e. the activation event) is triggered by cell surface
spanning G-protein coupled receptors (GPCRs), which catalyze the exchange of GDP for
GTP thus acting as Guanine nucleotide Exchange Factors (GEFs) (3,4); this process is
diametrically opposed by Guanine nucleotide Dissociation Inhibitors (GDIs) such as the Gβγ
itself along with the more recently described family of GoLoco domain-containing proteins
(5). These regulatory proteins thus modify the initiation of G-protein mediated signaling
pathways. In contrast, the superfamily of regulators of G-protein signaling (RGS) proteins
serve as GTPase accelerating proteins (GAPs), a process which is achieved through their
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highly conserved, hallmark ‘RGS box’ domain (6). This GAP activity of RGS proteins
dramatically increases the intrinsic GTPase activity of the Gα subunit and is achieved
through the stabilization of the transition-state for GTP hydrolysis (i.e. the deactivation
event) (7). Thus, RGS proteins are thought to serve as negative regulators of Gα signaling by
accelerating this deactivation rate.
Initial characterization of the significance of RGS protein GAP function in vivo came
most prominently from studies investigating G-protein-mediated regulation of ion channel
activation-deactivation kinetics (8). In fact, initial proposals as to the existence of negative
G-protein regulators were largely based on discrepancies between the inactivation of ion
channel signals in reconstituted in vitro systems and endogenous in vivo settings (6). The first
results describing a role of RGS proteins in ion channel regulation in vitro came from
experiments examining the G-protein-coupled inwardly rectifying potassium (GIRK) channel
in Xenopus oocytes, wherein it was found that various RGS proteins could accelerate the
deactivation kinetics of channel conduction (8,9). These conclusions were subsequently
extended with more biological relevance using various in vivo systems; perhaps most
notably, knockout mouse models demonstrated a markedly slowed recovery in the wellcharacterized retinal phototransduction signal in animals lacking RGS9-1 expression (10).
Collectively, these results fit a model in which RGS proteins act simply to terminate the Gprotein-mediated regulation by accelerating the deactivation phase of signaling, a result that
is easily extrapolated from the GAP activity typified by the ‘RGS box’ in vitro.
However, many of these initial studies, along with detailed subsequent analyses, also
revealed an effect of RGS proteins on the activation kinetics (i.e. signal onset) of channel
conductance. Specifically, a seemingly paradoxical acceleration of signal onset kinetics is
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induced by RGS protein activity in various heterologous systems (8,11,12). RGS proteins
appear to confer an additional positive effect on signal amplitude in certain systems (11).
These augmenting effects on both signal kinetics and scale induced by RGS protein activity
thus demand a revision of the simplistic model asserting RGS protein GAP activity exists
solely for signal termination per se.
Recently, two such models have been proposed that account for both positive and
negative regulatory roles for RGS proteins in G-protein signal transduction. The “kinetic
scaffolding” model, also referred to as “spatial focusing”, suggests that G-protein activity
near ‘clusters’ of activated receptors becomes saturated to the point that GTP hydrolysis,
rather than GDP release, becomes rate limiting (13). Therefore, RGS protein GAP activity is
proposed to kinetically enhance steady-state activation by preventing local depletion of
Gα·GDP, the substrate for activated receptor, allowing for further signal propagation (13). In
other words, RGS protein GAP activity, while temporarily deactivating Gα·GTP, effectively
provides receptors with additional Gα·GDP(βγ), thereby allowing for additional G-protein
activation. Promoting this resultant continuous cycling of G-protein activity, as opposed to
prolonged activated Gα ·GTP, may afford a mechanism of eluding other cellular
desensitization processes. In contrast, certain systems, or regions of the cell far from these
receptor ‘clusters’, where GTP hydrolysis does not become limiting, the effect of RGS
activity would be to simply deactivate the signaling event (13).
A second model, termed the “physical scaffold” model, suggests that RGS proteins
employ specific sequence motifs and/or accessory modular protein domains outside the
canonical ‘RGS box’ to mediate protein-protein interactions that ultimately regulate Gprotein signaling through mechanisms additional to GAP activity per se. Several RGS
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families have multiple modular protein domains, including known protein-protein interaction
domains, in addition to the ‘RGS box’ that could afford additional levels of signaling
regulation (Figure 4.5) (14). Recently, certain RGS proteins have been shown to directly
interact with GPCRs via distinct mechanisms: RGS12 interacts with the C-terminal tail of
chemokine receptors through it N-terminal PDZ domain (15), RGS2 and RGS4 interact with
muscarinic receptors through short N-terminal sequences (16,17), and Sst2 interacts with the
Ste2 pheomone receptor in S. cerevisiae through its N-terminal DEP domain (18). In many
cases, these interactions result in regulation of the duration and/or specificity of the signaling
cascades downstream of the activated receptors.
In an effort to resolve the models described above, we sought to investigate further
the molecular mechanism of intrinsic Gα GTPase activity and how it relates to the biological
role of RGS protein GAP function in the regulation of Gα signaling in vivo. To this end, we
report the structural and biological characterization of a switch II mutation (Gα i1-G202A)
previously described to enhance the intrinsic GTPase activity of Gα to the level of that
stimulated by RGS proteins (19). The crystal structure of the inactive, GDP-bound Gαi1G202A reveals a disposition of switch II and key catalytic residues that closely resembles the
activated form and likely represents a ‘pretransition-state’ conformation; the GDP-AlF4-bound structure is nearly identical to the wild-type transition-state conformation, together
suggesting that switch II dynamics restrict basal GTPase activity by regulating
conformational changes necessary for adopting the transition-state. Using the yeast
pheromone response as a model biological system (20), we demonstrate that the analogous
mutation in Gpa1 (G321A) results in an increased sensitivity to pheromone-mediated
transcriptional activation, which is in agreement with the “kinetic scaffold” model in that
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accelerated GTPase activity alone enhances Gα-mediated signaling (13). However,
examination of the G321A mutant along with an RGS-insensitive (RGSi) mutant (G302S),
which alone resulted in an increased efficacy of the pheromone response, demonstrated an
inability of G321A to reverse this G302S phenotype. Rather, the double mutant displayed a
combined phenotype with characteristics of both individual mutations. These results suggest
a complex model in which RGS proteins likely exert functionality both dependent and
independent of the GAP-mediated acceleration of GTPase activity per se to regulate Gα
signaling.

RESULTS AND DISCUSSION
Previous work from Thomas and colleagues demonstrated a critical role for a highly
conserved glycine (Gα i1-G202) residue of switch II in regulating the intrinsic GTPase
activity of Gα (19). Mutation of this glycine to alanine (Gαi1-G202A) results in an ~10-fold
increase in the basal, intrinsic GTP hydrolysis rate of Gα i1, which was only modestly
enhanced further by RGS4. The G202A mutation was found also to increase the rate of
conformational change in switch II, which is known to accompany the transition from the
inactive and active forms of Gα, by a factor of ~10 (19). These results strongly suggest that
the switch II conformational change is a concerted and required step in GTP hydrolysis.
Moreover, the G202A mutation dramatically increases the binding affinity of RGS4 for the
inactive, GDP-bound state of Gα, which under wild-type conditions typically displays a
nearly undetectable interaction (19,21). These results collectively suggest that switch II
conformational dynamics are intimately coupled to and obligate for GTP hydrolysis, as
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opposed to a consequence thereof, and that native restraints (i.e. residue G202) regulate the
basal GTPase activity of Gα by impeding such conformational changes.
We first sought to confirm these previous results demonstrating enhanced GTP
hydrolysis rates upon mutation of glycine-202 to alanine within Gαi1. Figure 4.1A illustrates
the structure of wild-type Gα i1 in the GDP⋅AlF4--bound conformation, which mimics the
transition-state of hydrolysis, and depicts the triad of residues critical to GTPase action:
arginine-178 (R178) and threonine-181 (T181) in switch I and glutamine-204 in switch II
(see Chapter I for a detailed description). Also shown is the position of G202, which
precedes Q204 and lies in close proximity to T181. Indeed, we were able to replicate the
previous results that Gα i1-G202A has an enhanced GTPase rate compared to wild-type
protein that is nearly equal that of the RGS-stimulated rate (Figure 4.1B).
To gain structural insight into the molecular basis for the G202-mediated effects
described above, we have determined the crystal structures of both the GDP- and GDP⋅AlF4-bound Gα i1-G202A mutant. Intriguingly, the GDP-bound conformation of Gα i1-G202A
(Figure 4.2A) closely resembles that of the GDP⋅AlF4--bound conformation of wild-type Gαi1
(Gαi1-wt) (Figure 4.2D). Specifically, both switch I and II adopt conformations
approximating the transition-state, with the catalytic triad of residues positioned much as
during GTP hydrolysis (22-25). Switch I does not transition fully to the active conformation,
most likely due to inevitable steric hindrance between I184 and the newly-acquired A202
methyl side chain (data not shown). Switch II adopts a unique conformation that appears to
be an intermediate conformation of the transition-state. Notably, switch II is almost entirely
disordered in previously determined GDP-bound structures of Gαi1-wt (as well as other Gα
subunits; (26,27)), becoming a rigid secondary structure only upon addition of AlF4- or GTP
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analogues (22-24). Thus, the G202A mutation appears to permit switch II to adopt a more
stable, activated-like conformation in the GDP-bound state. These results support the
hypothesis that Gα i1-G202A represents a ‘pretransition-state’ conformation (19).
Furthermore, the ability to adopt this ‘pretransition-state’ predicts a more thermodynamically
favorable conformational change during GTP hydrolysis, thus leading to the enhanced
GTPase rate and affinity for RGS (Figure 4.1B and see (19)). In lieu of structural data,
Thomas, et al. previously speculated that the G202A mutation, modeled onto the structure of
GTP-bound Gαi1, results in a steric clash between the newly introduced alanine methyl side
chain and the carbonyl oxygen of T181 of switch I resulting in a destabilization of Gα-GTP
and subsequent adoption of the ‘pretransition-state’ (19). Our crystal structure agrees with
this prediction and demonstrates that the A202 is repositioned clear of T181 (Figure 4.2A).
Overall, in Gαi1⋅GDP-G202A, the conformation of the α2 helix portion of switch II (residues
R207-F215) closely mimics the GDP⋅AlF4--bound conformation of wild-type Gαi1, whereas
the preceeding β3/α2 loop (D200-S206) assumes a unique, slightly distorted conformation
(Figure 4.2D). Together with the previous reported data (19), these results predict that the
β3/α2 loop, particularly G202, allosterically controls the conformation of the α2 helix,
however, this region controls the recognition of RGS proteins (7).
The GDP⋅AlF4--bound structure of Gαi1-G202A very closely resembles that of the
wild-type protein (Figure 4.2B). Specifically, switch II, including both the β3/α2 loop and α2
helix residues, assumes a conformation that superimposes well with Gαi1-wt (Figure 4.2D).
Likewise, comparing the GDP- and GDP⋅AlF4--bound structures of Gαi1-G202A reveals that,
within switch II, the α2 helix region superimposes more strictly than does the β3/α2 loop
(Figure 4.2D). Binding of the AlF4- ion likely induces this rearrangement of the β3/α2 loop
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as several key contacts are subsequently established including with the catalytic Q204.
Although switch II does retain a subtly different conformation as a result of the G202A
mutation, GTPase experiments confirm this arrangement is competent for hydrolysis (Figure
4.1B). Although switch I also does not adopt an identical conformation to that of wild-type,
the catalytic R178 and T181 are directed in orientations necessary for participation in GTP
hydrolysis (Figure 4.2B and see (25)). Unlike in the GDP-bound structure (Figure 4.2A),
switch III assumes a conformation nearly identical to that of wild-type Gα when bound to
GDP⋅AlF4- (Figure 4.2B). These results confirm that the G202A mutant is capable of
adopting the canonical transition-state upon binding of the AlF4- ion. Collectively, the two
structures imply a model wherein mutation of G202A allows for increased translationalrotational motion in switch II, which reduces the thermodynamic energy barrier required for
adopting the transition-state and leads to enhanced GTPase kinetics.
We next reasoned that the G202A mutant, with its enhanced intrinsic GTPase
activity, could be used as a molecular tool to investigate the biological role of GTP
hydrolysis and RGS-mediated GAP function in Gα signal transduction in vivo. For this aim,
we chose the well-characterized pheromone signaling pathway in the yeast strain, S.
cerevisiae (20). We first confirmed in vitro that the analogous G202A mutation in the single
yeast Gα subunit, Gpa1-G321A, increased the intrinsic GTPase activity of Gpa1. As shown
in figure 4.3A, the switch II glycine of interest is part of a highly conserved sequence motif
(GGQRS) that is shared between Gα i1 and Gpa1, as well as most all other Gα subunits
crossing species and subfamilies (data not shown), and suggest a common function of this
residue throughout evolution. Indeed, the G321A mutation within Gpa1 leads to a dramatic
enhancement of intrinsic GTPase activity to a rate that approaches that of Sst2-stimulated
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conditions (Figure 4.3B). Furthermore, we postulate that the molecular basis for the Gpa1G321A mutation is analogous to that described for Gαi1-G202A herein (Figure 4.2).
Having established the enhanced GTPase activity of the Gpa1-G321A mutant, we
generated yeast strains expressing this Gα subunit in the absence of endogenous, wild-type
Gap1 and examined the pheromone-stimulated transcriptional activation pathway, a wellcharacterized readout for receptor-stimulated Gα/Gβγ signaling (20,28,29). Expression of
Gpa1-G321A resulted in a 4.2-fold increase in the potency of pheromone stimulation
compared to the wild-type Gpa1 expressing strain (Figure 4.4). These results seem somewhat
paradoxical considering GTP hydrolysis constitutes the necessary step in terminating the
activated Gα (and free Gβγ) signal within the standard model of G-protein signaling (1).
However, these data parallel results from studies examining the kinetics of G-protein
regulation of GIRK channel activity, which have shown that RGS protein GAP activity can
accelerate the kinetics of agonist-induced channel activation (8,11). Our results are
consistent with a ‘spatial focusing’ model that predicts RGS proteins can actually enhance
signaling in regions near the receptor by preventing local depletion of Gα⋅GDP (13,30). As
additional biological support for such a model, a recent report from an rgs-3 knockout in C.
elegans demonstrated that mutant animals were capable of responding to low concentrations
of odorant stimuli yet completely lacked the ability to respond to saturating amounts (31). In
this sense, the RGS protein, through GTPase acceleration, would reset the signaling cascade
by constantly generating proper Gα substrate (Gα⋅GDP/Gβγ) for agonist-bound receptor. In
the case of the Gpa1-G321A mutant, enhanced intrinsic GTPase activity serves this function.
As our experiments with Gpa1-G321A, which displays a GTPase rate equal to that of Sst2stimulated, were conducted in the presence of Sst2 expression (and thus ‘biochemically
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redundant’ in that sense), the resulting phenotype suggests that the RGS protein GAP activity
is tightly regulated, perhaps spatially and/or temporally, to achieve the proper degree of
signal resetting and ultimately leads to the natural, wild-type pheromone sensitivity, critical
to proper mating responses (20,32). Recently, studies have demonstrated that the yeast RGS
protein acting on Gpa1, Sst2, can directly interact with the Ste2 pheromone receptor (18);
these results suggest a mechanism by which the RGS protein would be properly ‘spatially
focused’.
To further examine the role of GTPase activity in the biological response to
pheromone stimulation, we examined the effects of an RGS-insensitive mutation (G302S in
Gpa1) within the Gα subunit, which results in loss of RGS protein binding and GAP activity
on Gpa1 as well as many other Gα subunits (33,34). In contrast to the effects of the G321A
mutation on pheromone potency, the Gpa1-G302S yeast strain demonstrated an increased
efficacy, or magnitude, in the pheromone response relative to wild-type Gpa1-expressing
yeast with no apparent effect on the potency (Figure 4.4). This effect was noted at all
concentrations of pheromone tested, including at baseline, unstimulated conditions. These
results suggest that the RGS protein serves to suppress the overall level of pheromone
stimulation, and, furthermore, indicate an RGS-mediated repression of basal Gpa1 activation,
although the contribution of GAP activity per se to this effect can only be inferred as other
mechanisms may contribute as well (see below). This outcome is inconsistent with results
from Sst2 knockout strains, which show a similar effect as the G321A mutation, albeit a
much more dramatic shift in potency (18). The RGS-insensitive Gpa1 approach represents a
much less extreme perturbation than the deletion of Sst2, and the incongruent results suggest
that Sst2 may have functions independent of GTPase acceleration of Gpa1 per se, which may
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be governed by the direct interaction with Ste2 (18). To test this hypothesis, we generated
yeast expressing a Gpa1-G302S/G321A double mutation, reasoning that if GTPase
acceleration alone is sufficient to regulate Gpa1-mediated pheromone responses, the G321A
mutation should diminish the effects of the G302S mutation on signal magnitude and basal
activity. As shown in Figure 4.4, the G321A does not diminish the G302S-mediated response
as the G302S/G321A phenotype retains the increased signal magnitude seen with G302S
over all ranges of pheromone tested. Thus, enhancing the GTPase rate of Gpa1 to the level of
RGS-stimulated with the G321A mutation (see Figure 4.3) does not negate the effects of the
insensitivity to the ‘RGS box’ GAP activity. These results are consistent with the notion that
GTPase acceleration alone does not sufficiently describe the complete biological role of Sst2
function. Interestingly, the G321A mutation resulted in an increased potency of pheromone
stimulation when introduced into Gpa1-G302S similar to its effects when compared with
wild-type Gpa1 (Figure 4.4). Our results suggest that Sst2 possesses both GAP-dependent
and GAP-independent mechanisms that regulate Gpa1-mediated signal transduction, which
will be pursued further in future studies (discussed below).

EXPERIMENTAL PROCEDURES
Protein purification. His6-tagged human Gα i1 (wild-type and the G202A mutant),
His6-tagged S. cerevisiae Gpa1 (wild-type and G321A), and S. cerevisiae Sst2 (‘RGS box’
residues 420-689) were purified from BL21(DE3) E. coli. Proteins were induced at an OD600
= 0.8 with 0.5 mM IPTG overnight at 20 °C. Cell lysates were purified by sequential steps
including Ni2+-NTA affinity, ion-exchange, and size exclusion chromatographies essentially
as described previously (35).
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Single turnover GTP hydrolysis assay. The catalytic rates of GTP hydrolysis by Gα
subunits were measured by single turnover assay. 100 nM Gα was loaded with [γ-32P]GTP
(1.6 nM at 6000 Ci/mmol) for 20 minutes at 30 °C in Mg2+-free buffer (50 mM TRIS/HCl,
pH 7.5, 0.05% (w/v) C12E10, 1 mM DTT, 5 µg/ml bovine serum albumin, 100 mM NaCl, and
1 mM EDTA). Following the loading phase, reactions were placed on ice for 5 minutes.
Samples were then taken to assess [32Pi] produced by hydrolysis during the loading phase.
Single-turnover GTP hydrolysis was initiated by addition of 40 mM MgCl2 and 100 µM
GTPγS (in the absence or presence of 500 nM RGS protein) on ice. Aliquots were taken at
various time points, and [32Pi] was measured by charcoal-based precipitation followed by
liquid scintillation counting. Data was transformed by subtraction of the amount of [32Pi]
measured during the preloading phase, and then subsequently fit to single exponential
functions.
Crystallization and structure determination. Crystals of Gα i1-G202A (GDP- and
GDP·AlF4--bound forms) were obtained by vapour diffusion from hanging drops (8 µL)
containing a 1:1 (v/v) ratio of protein solution (15 mg/ml in 50 mM HEPES, pH 8, 1 mM
EDTA, 5 mM DTT, 100 µM GDP, with or without 30 µM and 10 mM NaF) to well solution
(1.9-2.1 M ammonium sulfite and 100 mM sodium acetate, pH 6.0-6.5). Crystals formed in
3-5 days at 18 °C in the space group I4 (see Table 4.1), with a single molecule in the
asymmetric unit. To collect data at 100K, crystals were cryoprotected in mother liquor
supplemented 20% glycerol for 1 min then submerged in liquid N2. A native data set was
collected at the UNC Biomolecular X-ray Crystallography Facility using a Rigaku R-AxisIV++ rotating anode generator. Data was scaled and indexed using the program HKL2000
(36). The structure of Gα i1·GDP·Mg2+ (PDB accession code 1BOF), excluding amino acids
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177-184 (switch I), 200-218 (switch II) and 233-239 (switch III), as well as waters and other
heteroatoms, was used for molecular replacement with AMoRe (37). Model building was
done in Coot (38) with successive rounds of simulated annealing, minimization, B group, and
torsion angle refinements being completed using CNS (39). Electron density maps for model
building as well as the simulated annealing composite omit map were generated using CNS.
All structural images were made using PyMol (DeLano Scientific, San Carlos, CA, USA).
S. cerevisiae strains. Pheromone response assays were carried out in the YDM400
strain with Gpa1 and Ste7 deleted. All Sst2 and Gpa1 plasmid constructs used for generation
of strains studied were carried out as previously described (28,29). Site-directed mutagenesis
was carried out according to manufacturer’s protocol (Stratagene).
Pheromone response assay. Assays were conducted essentially as described
previously (28,29). Briefly, cells were transformed with the pRS423-FUS1-lacZ
transcription-reporter construct and grown to mid-log phase. Cell cultures aliquots (90 µL)
were then transferred to separate wells of 96-well assay plates and desired concentrations of
α-factor (10 µL at 10X) were added in triplicate wells. Cells were then incubated at 30 °C for
90 minutes. β-galactosidase activity was determined by adding a 20 µL of a solution
consisting of 83 µM fluorescein di-β-D-galactopyranosidase (Molecular Probes), 137.5 mM
PIPES (pH 7.2), and 2.5 % Triton X-100 and allowing for an incubation time of 90 minutes
at 37 °C. Reactions were quenched by the addition of 150 mM Na2CO3. Fluorescence
responses were quantified using 485 nm excitation and 530 nm emission readings.
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FUTURE DIRECTIONS
Our structural and biochemical characterization of the Gα i1-G202A mutant herein
provides new molecular insights into the mechanism of intrinsic GTP hydrolysis, which
remains incompletely defined despite intensive research (40). However, our future aims will
focus more primarily on understanding the correlation between GTPase activity and RGS
protein function in the regulation of G-protein signaling. Herein, we have begun to use the
glycine-to-alanine mutation in switch II as a tool to investigate the in vivo dynamics of
GTPase activity. Our preliminary results described in this chapter detail an intriguing
interplay between GTP hydrolysis per se and the biological function of an RGS protein
within a compartmentalized signal transduction cascade. Using the well-characterized
pheromone signaling pathway in S. cerevisiae (20), our results have demonstrated that the
RGS protein, Sst2, appears to regulate G-protein signaling through a mechanism more
complex than GAP activity alone. As discussed above, this presumed GAP-independent level
of Sst2 regulation is hypothesized to occur as a consequence of the direct, phosphorylationdependent DEP-mediated interaction previously reported with the Ste2 receptor, which was
demonstrated to be critical for proper recruitment of Sst2 to the plasma membrane (18).
Deletion of Sst2 resulted in a dramatic (~1000-fold) increase in sensitivity (potency) to
pheromone-mediated activation of FUS1prom-lacZ (18). This result contrasts with our results
showing the effects of the RGS-insensitive point mutation, Gpa1-G302S, which results in an
increase in the efficacy (magnitude) of the pheromone response (Figure 4.4). This
discrepancy suggests that Sst2 retains functional characteristics not dependent of the ‘RGS
box’ GAP activity on Gpa1. However, it is unclear what level of contribution to the overall
function of Sst2 comes from loss of the DEP and RGS domain-dependent effects. Moreover,
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it is unclear how these domains cooperate to regulate the overall function of Sst2. The DEPdependent Ste2 interaction was also shown to be critical for pheromone-imposed growth
suppression (18).
Does the Sst2-Ste2 interaction occur simply to locate the ‘RGS box’ at the plasma
membrane to exert GAP activity on Gα, or does this interaction have an inherent regulatory
role independent from GTPase stimulation? To investigate the relationship between the
Sst2(DEP)-Ste2 interaction and ‘RGS box’-mediated Gpa1 GTPase acceleration in more
detail, we will examine the consequence of abolishing the direct receptor interaction of Sst2
in the context of wild-type and G321A Gpa1 expressing yeast strains. A single point
mutation in the Sst2 DEP domain, Q304N, abrogates Ste2 binding and proper Sst2
localization (18). Yeast strains, expressing either wild-type Gpa1 or Gpa1-G321A, will be
engineered to express this Sst2-Q304N mutant. If the DEP-mediated Sst2-Ste2 interaction
serves merely to position the ‘RGS box’ at the membrane site of Gpa1 substrate for
subsequent GAP-mediated GTPase rate enhancement, we expect that yeast expressing the
Gpa1-G321A mutant will be impervious to the deleterious effects of the Sst2-Q304N
mutation as this Gpa1 mutant has a GTPase rate indistinguishable from the Sst2-stimulated
rate (see Figure 4.3). If, however, the Gpa1-G321A mutant is not capable of rescuing the
Sst2-Q304N effect, such results would be consistent with a model implicating an ‘RGS box’independent function of the DEP-domain mediated Sst2-Ste2 interaction. Our preliminary
results shown in Figure 4.4 are supportive of this hypothesis (see discussion in above text for
details). These future experiments will add further mechanistic insight into the potential role
of RGS protein-mediated effects on G-protein signaling that occur independent of GAP
activity.
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The ability to bind directly to GPCRs has also been reported for other RGS proteins.
Using unique N-terminal sequences, RGS2 and RGS4 have been demonstrated to interact
with M4-muscarinic receptors, potentially within the ic3 loop, and this interaction is critical
for proper regulation of Gα signaling ((16,17) and see Figure 4.5). RGS12 has been shown to
interact with the C-terminal tail of the CXCR2-chemokine receptor via an N-terminal PDZ
domain ((15) and see Figure 4.5). It remains unclear whether this interaction is critical to the
regulation of Gα signaling upon receptor activation. The importance of chemokine receptors
in immune cell function suggests this interaction, and its role in Gα proper regulation, could
be a vital component of natural responses to the CXCR2 agonist, IL-8B (15). Finally,
although a direct receptor interaction may not be required, the RGS9 family is postulated to
engage receptors by acting as a ‘novel Gβγ’ through the Gβ5/GGL domain dimerization,
thereby coupling to receptor via a Gα xβ5RGS9GGL heterotrimer (41). Understanding the
interplay between this GGL-mediated interaction with receptor and RGS-mediated GAP
activity will be critical to fully elucidating the importance of RGS9-1 and RGS9-2 to Gprotein signaling in the retina (10,42) and striatum (43), respectively. These examples of
RGS protein interactions with receptors suggest a common mode of regulation that may
share features with the Sst2-Ste2 interaction investigated by our current studies.
Future studies will be directed towards understanding the roles of these additional
RGS protein-receptor interactions in proper regulation of downstream G-protein-mediated
signaling. As our laboratory has a long-standing, invested interest in the function of RGS12
(15,35,44), initial studies will focus on the RGS12-CXCR2 interaction. Unlike the simplicity
of the S. cerevisiae pheromone model system containing a single Gα and RGS, mammalian
cell culture systems are limited for similar studies due to the complexity of receptors, Gα
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subunits, and RGS protein expression profiles, which can lead to intricate redundancy
complications. However, Xenopus oocytes have been utilized as a model system for
overexpressing desired receptors, G-proteins, and RGS proteins to investigate signaling,
typically using Gβγ-mediated regulation of G-protein-regulated potassium (GIRK) channels
as a functional readout (8). Therefore, we will overexpress CXCR2 receptor, Gαi1 (wild-type
or G202A along with Gβ 1 and Gγ 2), RGS12 (wild-type or a H76A mutation in the PDZ
domain that prevents target binding [e.g. (44)]) in desired combinations and examine the
kinetics of IL-8B-stimualted GIRK channel activity. Additional RGS12 mutations will be
used to assess the potential for effects mediated by additional protein domains (44). How
does abolishing the RGS12(PDZ)-CXCR2 direct interaction affect GIRK channel activity in
the context of wild-type Gαi1; does this interaction regulate normal Gα signaling? How does
the Gα i1-G202A mutation affect IL-8B-mediated GIRK channel activity; does enhanced
GTPase activity per se affect the potency or efficacy of response? How does abolishing the
RGS12(PDZ)-CXCR2 direct interaction affect GIRK channel activity in the context of Gαi1G202A; what effects (direct receptor interaction or GTPase rate) dominate the overall
response, if either? We hypothesize that these studies will add further support to the model
suggesting GAP-independent determinants regulate proper RGS protein function.
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Figure 4.1- Biochemical characterization of the Gαi1-G202A mutation. (A) Depiction of
the proposed transition-state for GTP hydrolysis from the structure of Gαi1⋅GDP⋅AlF4- (PDB
ID 1GFI). The key catalytic triad of residues (R178, T181, and Q204) are represented as
yellow sticks. GDP is colored magenta with the AlF4- and magnesium ions colored teal and
green, respectively. The G202 residue is represented as red sticks. Note that the lack of a side
chain of glycine here avoids potential steric clash with the T181 residue. (B) Single-turnover
GTP hydrolysis assays demonstrate the enhanced intrinsic GTPase rate of Gαi1-G202A. Gα
subunits (100 nM) were incubated with [γ-32P]GTP (~1×106 cpm) for 15 minutes at 30 °C in
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the absence of Mg2+ followed by a 5 minute incubation on ice. Baseline aliquots were
removed and MgCl2 (10 mM)-containing buffer was added to initiate reactions. Aliquots
(100 µL) were taken at indicated time points and quenched with 900 µL of a charcoal slurry
(pH 3). Reactions were centrifuged at ~3000×g for 10 minutes and supernatant (600 µL)
containing hydrolyzed [γ-32Pi] was counted using liquid scintillation. Baseline [γ-32Pi]
counts were subtracted from all reactions and data were plotted as a percent maximal
response. As indicated, the G202A mutant displayed an ~20-fold increase in its GTP
hydrolysis rate relative to wild-type Gαi1.
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Figure 4.2- Structural analysis of the Gα i1-G202A mutant. (A) The GDP-bound
conformation of Gα i1-G202A is shown with Gα colored green and switch I-III regions
colored red, with the catalytic residues in sticks mode. The GDP is shown as grey sticks. The
G202A residue (labeled) is depicted as black sticks. (B) The GDP⋅AlF4--bound conformation
of Gαi1-G202A is shown with Gα colored orange and switch I-III regions colored blue, with
the catalytic residues in sticks mode. The GDP, AlF4- ion, and Mg2+ ion are colored varying
shades of grey. The G202A residue (labeled) is depicted as black sticks. (C) A close-up view
of a superposition between the GDP- and GDP⋅AlF4--bound conformations of Gαi1-G202A is
shown with switch I-III shown in cartoon mode (catalytic residues shown as sticks) and the
G202A residue colored black and white, respectively. A molecule of GDP is shown as pink
sticks for reference; non-essential Gα backbone is shown as ribbons and colored as in (A)
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and (B), respectively. (D) A superposition between the Gαi1-G202A structures and the wildtype Gα i1⋅GDP⋅AlF4- structure is depicted as that shown in ( C ) . The wild-type
Gαi1⋅GDP⋅AlF4- structure, cyan ribbon, has switch I-III and catalytic residues colored
magenta. For clarity, each of the bound nucleotides have been omitted.

178

Figure 4.3- Biochemical characterization of the S. cerevisiae Gpa1-G321A mutant. (A)
Multiple sequence alignment of human Gαi1 (Pubmed accession: AAM12619, residues 195220) with S. cerevisiae Gpa1 (Pubmed accession: NP011868, residues 314-339)
demonstrates the sequence conservation of the mutated glycine (indicated with red asterisk
above sequences) and adjacent surrounding switch II residues. (B) Single-turnover GTP
hydrolysis assays demonstrate the enhanced intrinsic GTPase rate of Gpa1-G321A. Gα
subunits (100 nM) were incubated with [γ-32P]GTP (~1×106 cpm) for 15 minutes at 30 °C in
the absence of Mg2+ followed by a 5 minute incubation on ice. Baseline aliquots were
removed and MgCl2 (10 mM)-containing buffer, with or without the ‘RGS box’ of Sst2
(residues 420-689), was added to initiate reactions. Aliquots (100 µL) were taken at indicated
time points and analyzed as in Figure 4.1B. The calculated rates, based on a single
exponential reaction, were as follows: Gpa1 = 0.28 min-1 (black line; squares), Gpa1+Sst2 =
4.23 min-1 (green line; reverse triangles), and Gpa1-G321A = 4.64 min-1 (red line; triangles).
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Figure 4.4- In vivo biological characterization of Gpa1-G321A. YMD400 strain yeast
with deletions for Gpa1 and Ste7 were transformed with the pRS423-FUS1-lacZ
transcription-reporter along with desired Gpa1 constructs: wild-type (green squares), the
enhanced GTPase G321A mutant (blue triangles), the RGS-insensitive G302S mutant (red
reverse triangles), or the double mutant (black diamonds). Cells were grown to mid-log
phase, aliquoted into 96-well microtiter plates, and incubated with desired concentrations of
α-factor. Pheromone-stimulated β-galactosidase activity was subsequently quantified
according to the Experimental Procedures. Note: the “-9.0” datapoint represents
unstimulated, basal response with no α-factor application. Curves were generated using a
nonlinear regression analysis (GraphPad Prism).
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Figure 4.5- Domain architecture of prototypical RGS subfamily members. Many RGS
proteins contain accessory modular protein domains N- and/or C-terminal to the canonical
‘RGS box’, giving these proteins functionality beyond GAP activity alone. Images were
generated and rendered by the Simple Modular Architecture Research Tool (SMART) engine
(http://smart.embl-heidelberg.de/). Input sequences were acquired from the NCBI (PubMed)
database using the following accession codes: P11972 (S. cerevisiae Sst2), P49798 (H.
sapiens RGS4), AAG09312 (H. sapiens RGS9), and AAC39835 (H. sapiens RGS12).
Domain abbreviations are indicated as follows: Regulator of G-protein Signaling (RGS;
yellow trapezoid), Disheveled/EGL-10/Pleckstrin homology (DEP; pink oval), G-protein
Gamma Like (GGL; brown trapezoid), PSD95/Dlg/Zo-1 (PDZ; orange hexagon), PhosphoTyrosine Binding (PTB; pink square), Ras Binding Domain (RBD; blue square), and Gαi/oLoco (GoLoco; green rectangle).
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CHAPTER V
ELUCIDATING NOVEL PARADIGMS FOR HETEROTRIMERIC G-PROTEIN
SIGNALING IN MODEL ORGANISMS

Overview: Model organisms have recently emerged as powerful tools for dissecting complex
biological phenomena within living, whole-organism systems. Results from studies involving
these systems are reshaping our views of many signaling pathways, including those regulated
by heterotrimeric G-proteins. Notably, several novel signaling paradigms have been
discovered based on the biological processes regulated by heterotrimeric G-proteins in these
systems. This chapter focuses on results demonstrating (i.) that a novel, GTPase-limiting
guanine nucleotide cycle regulates sugar-sensing growth in the model plant system,
Arabidopsis thaliana, and (ii.) that a complex Gα signaling pathway regulates asymmetric
cell division in the model nematode system, Caenorhabditis elegans.

Elements of the work referenced in this chapter has been submitted for publication:
Johnston CA, et al. GTPase Acceleration as the Rate-Limiting Step in Arabidopsis GProtein-Coupled Sugar Signaling. PNAS (2007); submitted.
Johnston CA, et al. Mechanism Underlying the Critical Contribution of a Switch II
Residue in a Heterotrimeric G-protein Alpha Subunit During C. elegans Asymmetric
Cell Division. MCB (2007); submitted.

Figures contributed by:
Johnston CA (5.2, 5.3, 5.6, 5.9, 5.10, 5.15 and Table 5.2)
Willard FS (5.2, 5.3, 5.5, 5.6-5.8, 5.12, 5.13, 5.16 and Table 5.1)
Siderovski DP (5.19)
Taylor JP (5.1 and 5.3)
Grigston JC (5.4)
Gao Y and Chen JG (5.3, 5.11)
Afshar K and Gönczy P (5.14, 5.17, 5.18 and Table 5.3)
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CHARACTERIZATION OF A. THALIANA GPA1, A RAPID EXCHANGING Gα
SUBUNIT

Heterotrimeric G-protein signaling is important for cell-proliferative and glucosesensing signal transduction pathways in the model plant organism Arabidopsis thaliana.
AtRGS1 is a seven-transmembrane, RGS-domain containing protein that is a putative
membrane receptor for D-glucose. Here we show, using Förster resonance energy transfer
(FRET), that D-glucose alters the interaction between AtGPA1 and AtRGS1 in vivo. We
demonstrate biochemically that AtGPA1 is a unique heterotrimeric G-protein alpha subunit,
which is constitutively GTP bound given its high spontaneous nucleotide exchange coupled
with slow GTP hydrolysis. Analysis of a point mutation in AtRGS1 that abrogates GTPaseaccelerating (GAP) activity demonstrates that regulation of AtGPA1 GTP hydrolysis
mediates sugar signal transduction during Arabidopsis development, in contrast to animals
where nucleotide exchange is the limiting step in the heterotrimeric G-protein nucleotide
cycle.

INTRODUCTION
G-protein coupled receptors (GPCRs), also known as seven transmembrane-domain
(7TM) receptors, comprise a large superfamily of cell-membrane proteins that convert
extracellular signals from environmental cues into intracellular responses (1-3). Both genetic
and biochemical data firmly support a role for G proteins in sugar-regulated plant cell
proliferation, yet plants have a limited repertoire of heterotrimeric G-protein signaling
components (4-10). Arabidopsis thaliana has one canonical Gα subunit (AtGPA1), one Gβ
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subunit, and two Gγ subunits but, as yet, no bona fide GPCR. The Arabidopsis regulator of
G-protein signaling-1 (AtRGS1) protein, however, contains seven transmembrane-spanning
domains and a C-terminal RGS domain (5). Thus, AtRGS1 has the membrane topology and
structural characteristics of a GPCR, and genetic evidence is consistent with AtRGS1 being a
receptor or co-receptor for D-glucose at the plasma membrane (4,5). The RGS domain of
AtRGS1 has GTPase-accelerating activity toward AtGPA1 in vitro and AtRGS1 functions in
the AtGPA1-regulated sugar-sensing and cell-proliferation pathways in vivo (4,5,11).
Based on these previous findings, it has been proposed that AtRGS1 could be a
guanine-nucleotide exchange factor (GEF) and/or a GTPase-accelerating protein (GAP) for
AtGPA1 (2,12). A ligand for AtRGS1 that modulates GEF or GAP activity has not been
discovered but, based on the altered sugar responsiveness of atrgs1 null mutants, it has been
suggested that a candidate ligand is D-glucose (4,5,7,9,12). Here we examined the
requirement for and molecular basis of G-protein signaling in the Arabidopsis glucosesensing pathway. We have found that, unlike conventional GPCRs, which serve as nucleotide
exchange factors controlling the rate-limiting step in heterotrimeric G-protein cycling, the
Arabidopsis AtRGS1 protein serves as a 7TM GAP and it is this step that is rate-limiting in
Arabidopsis D-glucose signal transduction.

RESULTS AND DISCUSSION
Growth arrest during Arabidopsis development can be induced by D-glucose and
quantified by the fraction of seedlings with green cotyledons (4,13). At 1% D-glucose,
individuals of all Arabidopsis genotypes tested grew normally (100% green seedlings, data
not shown), whereas on 6% glucose approximately half of the individual wild-type seedlings
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arrested (Figure 5.1A). As expected (4), AtRGS1-deficient plants were tolerant to 6% Dglucose, whereas AtGPA1-deficient plants were hypersensitive to glucose-induced growth
arrest (Figure 5.1A). Likewise, Arabidopsis overexpressing wild-type AtRGS1 were
hypersensitive to glucose-induced growth arrest (Figure 5.1A). Plants lacking both AtGPA1
and AtRGS1 were also hypersensitive to glucose (Figure 5.1A), indicating that the null
Atgpa1 allele is epistatic to the null Atrgs1 allele in the glucose signal transduction pathway.
The simple explanation for these observations is that glucose stimulates interaction between
AtRGS1 and AtGPA1, thereby coupling downstream signal transduction to growth arrest via
AtGPA1 action.
To test this prediction in vivo, we performed Förster Resonance Energy Transfer
(FRET) studies on plants co-expressing AtGPA1-CFP and AtRGS1-YFP fusion proteins.
Within 6 minutes after the addition of exogenous D-glucose, FRET increased (Figure 5.1G,
arrows). The change in FRET was transient, peaking at 8-10 minutes and decaying with a
half-life of approximately 2 minutes. Interestingly, FRET signals were exclusively observed
on or around plastids that were in close proximity to the plasma membrane. The observed
FRET was specific to D-glucose, as it was not observed upon the addition of L-glucose
(Figure 5.1H) or mannitol (Figure 5.4). Thus, both genetic and imaging data are consistent
with the hypothesis that AtRGS1 is a membrane receptor or co-receptor for D-glucose that
interacts with AtGPA1 upon glucose binding. Furthermore, it suggests that downstream
signal transduction may be spatially localized where plastids abut the plasma membrane.
This is consistent with evidence showing that the plastid protein THF1 directly interacts with
AtGPA1 at the plastid/plasma membrane interface and that the null thf1 allele is epistatic to
the Atgpa1 null allele in the sugar sensing pathway (7).
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Based on its chimeric structure (N-terminal 7TM and C-terminal RGS domain), we
previously hypothesized that AtRGS1 could be a D-glucose-regulated GAP, GEF, or dual
GAP and GEF for AtGPA1 (2). Analysis of the kinetic properties of AtGPA1, detailed
below, are consistent with the former (glucose-regulated GAP) and suggest that the AtGPA1
GTPase cycle does not require GEF activity. Recombinant purified AtGPA1 bound
[35S]GTPγS with a stoichiometry of 0.91 mol of GTPγS/mol of protein. Equilibrium
competition binding assays with a variety of purine and pyrimidine nucleotide triphosphates
was conducted. Only guanine nucleotide triphosphates were able to compete with
[35S]GTPγS for binding to AtGPA1 (Figure 5.5), indicating that AtGPA1 is selective toward
guanine nucleotides and is a bona fide GTP-binding protein. The observed rate of GTPγS
binding to AtGPA1 was fast (kobs =1.4 min-1); however, this value is likely an underestimate
as the first time point shows greater than 75% binding (Figure 5.2A). Human GαoA had a kobs
value of 0.09 min-1 in this GTPγS binding assay (Figure 5.2A), consistent with it being one of
the fastest exchanging mammalian Gα subunits described (14) (Figure 5.6). To obviate the
poor temporal resolution of the [35S]GTPγS binding assay, we used fluorescence
spectroscopy to quantitate the kinetics of AtGPA1 binding to BODIPYFL-GTPγS (Figure
5.2B). Using this real-time assay, the kobs value for GTPγS binding by AtGPA1 was 14.4 min1

, a value 22-fold faster than the most rapidly exchanging Gα subunits (Figure 5.6). To verify

this result using an independent experimental approach, we measured GTPγS binding to
AtGPA1 using intrinsic tryptophan fluorescence, and comparable kinetic data were obtained
(kobs=8.7 min-1; Figure 5.2C). To ensure that the high rate of nucleotide exchange observed
was not the result of non-physiological Mg2+ concentrations, we measured GTPγS binding
rates at different concentrations of free Mg2+ (Figure 5.7). The rate of GTPγS binding was
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independent of [Mg2+]free over a wide range (2 mM to 20 mM; Figure 5.7), indicating that the
nucleotide exchange rate observed in vitro is likely to be similar in vivo. We also directly
measured GDP release using [β-32P]GDP-bound AtGPA1 (Figure 5.2D). The rate of GDP
dissociation from AtGPA1 (koff=12.6 min-1) was highly concordant with the measured GTPγS
binding rate.
Notably, GDP dissociation is the rate-limiting step of the heterotrimeric G-protein
cycle as described in animals (15). To understand the exceptionally rapid nucleotide
exchange exhibited by AtGPA1 in the context of its complete nucleotide cycle, we also
measured the rate of intrinsic GTP hydrolysis by AtGPA1 using a single turnover GTPase
assay. The kcat value for AtGPA1 at 20°C was 0.12 min-1 (Figure 5.2E), making AtGPA1
among the slowest heterotrimeric GTPases described (14) (Figure 5.6). The kcat value of GαoA
was determined in parallel (Figures 5.2E and 5.6). This observation demonstrates that the rate
of GTP hydrolysis (kcat) by AtGPA1 is over two orders of magnitude slower than the rate of
nucleotide exchange (koff). Thus, GTP hydrolysis (rather than GDP release) is the ratelimiting step in the guanine nucleotide cycle of AtGPA1. Two predictions follow from these
observations: the steady-state rate of GTP hydrolysis should approximate kcat and, therefore,
RGS-domain mediated GAP activity should accelerate steady-state GTP hydrolysis.
We tested these two predictions by performing steady-state GTPase assays using
[γ-32P]GTP. The rate of GTP hydrolysis at steady-state (ks) at 20°C was 0.063 min-1 (± 0.015
min-1; n=4) (Figure 5.2F). Thus, the observed ks approximated the rate of nucleotide
hydrolysis, not nucleotide exchange, therefore satisfying the first prediction. We observed
that a 5-fold molar excess of AtRGS1 gave a 35-fold increase in steady-state GTPase activity
(Figure 5.2F), satisfying the second prediction and validating that GTP hydrolysis is the rate-
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limiting step in the Arabidopsis G-protein cycle in vitro. Under steady-state conditions, the
fraction of G-protein in the active state can be approximated by kobs/[kobs+kcat] ((16); see
Figure 5.6 also). In the case of Gαo, for example, the percentage of protein bound to GTP at
steady state is predicted to be 10%; in stark contrast, the calculated value for AtGPA1 is 99%
(Figure 5.6). This suggests that AtGPA1 is constitutively present in the GTP-bound (and
presumed activated) form in vivo, and that AtRGS1 may not require GPCR-mediated GEF
activity, as is the case with all other known Gα subunits. Rather, the biochemical properties
exhibited by AtGPA1 are consistent with this Gα subunit being constitutively GTP-bound
and thus a substrate for D-glucose-regulated AtRGS1 GAP activity.
To test the hypothesis that GAP activity is the essential regulatory function of
AtRGS1 in D-glucose signaling, we engineered a loss-of-function mutant in the RGS domain
of AtRGS1 (Glu-320 to Lys), based on structural information of the RGS domain/Gα
interface (17) (Figure 5.8). Unlike the GAPs for Ras-family GTPases, RGS proteins do not
contribute a catalytic residue per se to the chemistry of GTP hydrolysis that is intrinsic to
Gα, but instead bind most avidly to the Gα transition state (i.e., between GTP and GDP/Pibound states, refs (17,18)); hence, loss-of-function mutations to RGS domains such as
E320K are designed to eliminate GAP activity by disrupting the Gα-binding interface (e.g.,
ref. (19)). We analyzed the in vitro biochemical properties of AtRGS1(E320K) using a GSTfusion of AtRGS1 (amino acids 249-459). AtGPA1 GTPase activity was accelerated by substoichiometric amounts of AtRGS1(WT), whereas AtRGS1(E320K) was ineffective over a
wide range of concentrations: the E320K substitution reduced AtRGS1 GAP activity by at
least three orders of magnitude (Figure 5.3A). Complementary data were obtained using
single turnover and steady state time course assays (Figures 5.9 and 5.10). To test that
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AtRGS1(E320K) is deficient in its interaction with AtGPA1 as well as in GAP activity, we
measured the AtGPA1/AtRGS1 interaction using surface plasmon resonance spectroscopy.
Consistent with published data (11), AtRGS1(WT) bound AtGPA1 in the transition state for
GTP hydrolysis (GDP·AlF4-) but neither the ground- (GDP) nor activated- (GTPγS) states
(Figure 5.3B and data not shown). Binding of AtGPA1 to AtRGS1(E320K) could not be
detected in any nucleotide state, thus verifying that AtRGS1(E320K) is a true loss-offunction mutant. Equivalent results were obtained using GST co-precipitation assays ((11)
and data not shown).
We generated Arabidopsis lines expressing either untagged or C-terminal GFP-fused
AtRGS1(E320K). AtRGS1(E320K)-GFP was observed to be plasma membrane localized in
the hypocotyls, cotyledon, and roots in an identical pattern to AtRGS1(WT)-GFP (Figure
5.3C-E) (5), indicating that AtRGS1(E320K) is properly expressed, folded, and membrane
targeted in vivo. Studies from mutants in the Arabidopsis G-protein pathway indicate a role
for G-protein signaling in regulating cell growth. Dark-grown AtGPA1-deficient lines exhibit
reduced cell proliferation and consequently have a shortened hypocotyl (20), whereas
AtRGS1 null seedlings have longer hypocotyls due to increased cell elongation (5). In
contrast, seedlings over-expressing AtRGS1 have shortened hypocotyls (5). Unlike
AtRGS1(WT) over-expressing plants, AtRGS1(E320K) expressing plants had wild-type
length hypocotyls (Figure 5.3F). Data obtained using AtRGS1-GFP fusion proteins expressed
in AtRGS1-deficient plants confirm that AtRGS1(E320K) cannot complement the Atrgs1 null
mutant seedlings (Figure 5.3G). These results indicate that GAP activity is the essential
determinant in AtRGS1-mediated cell proliferative signaling.
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We also measured the contribution of AtRGS1 GAP activity to glucose signaling
(Figure 3F). The AtRGS1(E320K) mutation was unable to complement AtRGS1 null alleles
and did not have the glucose-hypersensitive phenotype typical of AtRGS1(WT) overexpressing plants (compare Figure 1A versus Figure 3H). This result suggests that G-protein
linked glucose signal transduction during development is mediated by AtRGS1 GAP activity.
This is consistent with the hypothesis that AtRGS1 is a glucose-regulated GAP for GTPbound AtGPA1. Furthermore, the intrinsic biochemical properties of high spontaneous
nucleotide exchange and low GTPase activity suggest that AtGPA1 is predominantly in the
GTP-bound state and this state is the likely substrate for AtRGS1 in vivo, implying that the
Arabidopsis G-protein cycle is distinct from the mammalian G-protein cycle in two critical
aspects: guanine nucleotide exchange factor activity is not required and GDP-bound
AtGPA1 is the active signaling species. These observations are in agreement with data
showing that AtGPA1·GDP interacts with AtPLDa1 to regulate phosphatidic acid production
and inhibition of stomatal opening (21).

EXPERIMENTAL PROCEDURES
Materials and data analysis. [35S]GTPγS and [γ- 32P]GTP were from Perkin Elmer
(Wellesley, MA). [β-32P]GDP was from MP Biomedicals (Solon, OH). Guanosine 5’-O-(3thiotriphosphate), BODIPYFL thioester (BODIPYFL-GTPγS) was from Molecular Probes
(Eugene, OR). XTP and UTP were from Dr. Rob Nicholas (Dept. of Pharmacology, UNC)
and all other nucleotides were obtained from Sigma (St. Louis, MO). Unless otherwise
specified, all other chemicals were of the highest purity obtainable from Sigma or Fisher
Scientific (Pittsburgh, PA). Data analysis, non-linear regression, and statistical analysis were
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performed using Prism v4.0 (GraphPad Software, San Diego, CA). Multiple comparison tests
were calculated by ANOVA using either Dunnett’s or Bonferroni’s post-test at the 95%
significance level (Prism).
Protein purification and enzymology. His6-AtGPA1⋅GDP and GST-AtRGS1(amino
acids 249-459) were purified according to published protocols (11). Site directed
mutagenesis was conducted using the QuikChange system (Stratagene, La Jolla, CA).
[35S]GTPγS binding assays and [γ-32P]GTP steady state hydrolysis assays were conducted as
described (22). Surface plasmon resonance assays using an anti-GST biosensor surface were
conducted as described (23); GST and GST-AtRGS1 were immobilized to 250 and 290 RU,
respectively.
Intrinisic tryptophan fluorescence assay. The tryptophan fluorescence of Gα was
used as a probe for G-protein activation; structural and mutagenic analyses indicate that a
tryptophan residue in the α 2-helix (switch-II), equivalent to W207 in Gαt, shifts from a
solvent exposed area into a hydrophobic pocket upon Gα activation resulting in an increased
fluorescence quantum yield (24). Primary sequence analysis indicates that AtGPA1 has this
α2-helix tryptophan (W229). The tryptophan fluorescence of AtGPA1 was measured at 20°C
in 10 mM TRIS/HCl pH 8.0, 1 mM EDTA, and 10 mM MgCl2 using a LS55
spectrophotometer (Perkin Elmer, Boston, MA). Excitation and emission wavelengths were
282 nm and 340 nm respectively, with slits widths of 5 nm.
GDP release assay. AtGPA1 (100 nM) was preloaded with [β-32P]GDP (3.2 nM at
3000 Ci/mmol) for 10 minutes at 20°C in 20 mM TRIS/HCl, pH 8.0, 2 mM EDTA, 25 mM
MgCl2, 100 mM NaCl, 1 mM DTT, and 0.1 % (w/v) C12E10 (polyoxyethylene 10-lauryl
ether). Subsequently, samples were placed on ice and aliquots were taken to assess total [β-
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32

P]GDP bound. To quantify the release rate of bound [β-32P]GDP, 100 µM GTPγS was

added and reactions were again incubated at 20°C. Reaction aliquots were taken at indicated
times, vacuum filtered onto HA45 nitrocellulose membranes (Millipore, Billerica, MA),
washed, and analyzed by liquid scintillation counting. Data were plotted as amount [β32

P]GDP bound, with the initial preloaded aliquot serving as zero time point, and fit to a

single exponential decay function.
Single turnover GTP hydrolysis assay. The catalytic rate of GTP hydrolysis by
AtGPA1 was measured by single turnover assay. Mg2+ is a crucial cofactor for GTP
hydrolysis (16), and thus is typically excluded from the [γ-32P]GTP loading phase to prevent
hydrolysis prior to initiation of the single turnover reaction (25). However, AtGPA1 was
observed to be highly dependent on Mg2+ for GTP binding (data not shown); thus, we
modified our previously described methodology (26). 100 nM AtGPA1 was loaded with [γ32

P]GTP (1.6 nM at 6000 Ci/mmol) for 2 minutes at 20°C in Mg2+-containing buffer (50 mM

TRIS/HCl, pH 7.5, 0.05% (w/v) C12E10, 1 mM DTT, 5 µg/ml bovine serum albumin, 100 mM
NaCl, 1 mM EDTA, and 25 mM MgCl2). Following the loading phase, reaction aliquots were
taken and the amount of [γ- 32P]GTP bound was assessed by nitrocellulose filter binding.
Samples were also taken at this time point to assess [32Pi] produced by hydrolysis during the
loading phase. Following the loading phase, reactions were placed on ice, supplemented with
40 mM MgCl2 and 100 µM GTPγS to initiate the single turnover reaction, and again
incubated at 20°C. Aliquots were taken at various time points and [32Pi] was measured as
previously described (26). Data was transformed by subtraction of the amount of [32Pi]
measured during the preloading phase, and then subsequently fit to single exponential decay
functions. To ensure that [32Pi] data points were internally consistent, maximal [32Pi] levels
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were compared to [γ-32P]GTP bound during the preloading phase, which confirmed that all
hydrolysis during this phase had been properly accounted for.
Arabidopsis. All experiments were conducted using Arabidopsis thaliana of the
Columbia ecotype. The generation and characterization of the majority of Arabidopsis lines
containing T-DNA insertions and transgenic alleles used in these studies are described in the
literature (5,20). The isolation of Atrgs1-2/Atgpa1-4 double mutants has been previously
described (6). AtGPA1-L-CFP, comprises enhanced cyan fluorescent protein (CFP) inserted
into the loop between the predicted αA and αB helices (between Ala97 and Gln98) of
AtGPA1, and is described in refs. (6,7).
Plant growth conditions and assays. For phenotypic analyses, wild-type and mutant
seeds were sterilized, sown in Petri dishes containing 1/2 Murashigi and Skoog (MS) basal
medium with Gamborg’s vitamins (ICN Biomedicals Inc., Aurora, OH), 1% (w/v) sucrose,
0.5% (w/v) phytoagar (Research Products Int’l Corp., Mt. Prospect, IL), adjusted to pH 5.7,
and treated at 4°C in the dark for 3 days, then moved to a growth chamber with 23°C and
light intensity of 100 µmol/m2/s. For the phenotypic analysis of 2-day-old, etiolated
seedlings, the Petri-dishes were wrapped in aluminum foil and placed in the darkness at
23°C. Etiolated hypocotyls were measured by ruler.
Generation of AtRGS1 transgenic plants. The entire open-reading frame of
AtRGS1 (At3g26090) was amplified by PCR from cDNA made from seedlings grown in light
for 10 days, cloned into the pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA), then
subcloned into Gateway plant transformation destination binary vector pB2GW7 or pGWB42
for the AtRGS1-yellow fluorescent protein (YFP) fusion by LR recombination reactions. The
E320K mutation was created using QuikChange site directed mutagenesis. In these
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constructs, expression was driven by the 35S promoter of the cauliflower mosaic virus. All
constructs were transformed into Arabidopsis plants of the indicated genotypes by
Agrobacterium-mediated transformation (27) and expression of all transgenes verified by
reverse transcription-polymerase chain reaction (RT-PCR; Figure 5.11). Total RNA was
isolated from seedlings using the TRIzol reagent (Invitrogen Canada Inc., Burlington,
Ontario). cDNA was synthesized using 1 µg total RNA by oligo(dT)-primed reverse
transcription, using OMNISCRIPT RT Kit (QIAGEN). AtRGS1-specific primers (5’cgtctcagccacttcaatcgtt-3’ and 5’-ttaaccgggactactgcatctgga-3’) were used to amplify the
A t R G S 1 transcripts in transgenic lines. ACTIN2 (amplified by primers 5’ccagaaggatgcatatgttggtga-3’and 5’-gaggagcctcggtaagaaga-3’) or UBIQUITIN10 (UBQ10)
(amplified by primers 5’-GATCTTTGCCGGAAAACAATTGGAGGATGGT-3’ and 5’CGACTTGTCATTAGAAAGAAAGAGATAACAGG-3’) was used as a control in PCR
reactions.
Green Seedling Assay. The green seedling assay was performed largely according to
published protocols (4). Briefly, Wild-type (Col-0), mutant and transgenic seeds were sown,
chilled and light-treated, and the plants were grown under identical condition until
maturation. Seeds from matched lots were sterilized with 80% (v/v) ethanol for 2 min,
followed by 30% (v/v) bleach with 0.1% (v/v) Tween-20 for 10 min, and then washed with
sterile deionized water 6 times under sterile conditions. Sterilized seeds were sown on plates
consisting of 1/2 Murashige and Skoog basal medium with vitamins (Plantmedia, Dublin,
OH) (pH adjusted to 5.7 with 1 N KOH), 0.5% (w/v) phytoagar (Plantmedia), and different
concentrations of D-glucose (Sigma), and stratified at 4°C in the dark for 48 hours. Then
plates were moved to a 23°C growth chamber, under 16/8 hr photoperiod at 100 mmol/m2/s,
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and placed horizontally. Ten days later, the percentage of green seedling was scored. The
percentage of green seedling is defined as the number of green seedlings divided by the total
number of seeds. Each experiment was repeated three times. Minimally 50 seeds are scored
for each treatment of each genotype.
FRET microscopy. Fluorescence images of AtRGS1-YFP/AtGPA1-L-CFP seedlings
were captured using an Olympus (Center Valley, PA) IX81 inverted microscope controlled
by IPlab software v3.6 (BD Biosciences, Rockville, MA). Images of CFP, YFP, and the
YFP/CFP ratio were observed through a 60X water immersion objective and simultaneously
captured by a cooled charge-coupled device Photometrics Cascade Digital Camera (Roper
Scientific, Tucson, AZ) equipped with CFP/YFP FRET emission filter OI-05-EM in DualView mounting tube. Filter sets used were YFP (excitation, 500/20 nm; emission,
535/30nm), CFP (excitation, 436/20 nm; emission, 480/40 nm), and FRET (505dcxr;
excitation, 436/20 nm; emission, 480/30nm and 535/40nm). Calculation of normalized net
FRET (nF/I) was performed by IPlab v3.6 software, which uses established algorithms for
two-filter FRET with fluorescence microscopy (28).
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CHARACTERIZATION OF Gα I1-G202D AND THE ROLE OF G-PROTEIN
ACTIVATION IN C. ELEGANS ASYMMETRIC CELL DIVISION

Heterotrimeric G-proteins are integral components of an evolutionary conserved
module that regulates metazoan asymmetric cell division. In the C. elegans zygote, the Gprotein alpha subunits, GOA-1 and GPA-16, are involved at the cell cortex in generating
forces that pull on astral microtubules and position the spindle in an asymmetric manner.
GOA-1 and GPA-16 have partially redundant functions, although recent genetic and
biochemical evidence suggests that their function may differ to some extent. Here, we
examined the molecular basis of the temperature sensitive mutant gpa-16(it143), which
contains a single point mutation -G202D in a conserved residue in the switch-II region of the
GPA-16 GTPase domain. Using mammalian Gαi1-G202D as a model for GPA-16[it143], we
demonstrate that exposure of Gαi1-G202D to high temperatures induces loss of activity. At
the permissive temperature of 15°C, Gαi1-G202D was stable upon GTP binding, but switchII rearrangement was compromised, as were nucleotide-state-selective interactions with
regulatory proteins, including GoLoco motifs, RGS proteins and Ric-8A. We determined the
X-ray crystallographic structure of Gαi1-G202D bound to GDP, which illustrates the
mechanistic basis for its altered regulation of switch-II and its temperature sensitivity. Gαi1G202D has a unique conformation of switch-II with both steric and electrostatic constraints
suggesting that the activated form of Gαi1-G202D is likely to be destabilized relative to wild
type. We conducted in vivo laser microbeam mediated spindle severing experiments in gpa16(it143) embryos which revealed that pulling forces are symmetric and markedly
diminished at the restrictive temperature. Surprisingly, we found that pulling forces are
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asymmetric and similar in magnitude to the wild-type situation at the permissive temperature
despite the defects in conformation and structure of GPA-16[it143]. Additional analysis
indicates that normal pulling forces in gpa-16(it143) embryos at the permissive temperature
is due to the presence of GOA-1, further underscoring the complex interplay of Gα subunit
function in asymmetric cell division.

INTRODUCTION
Transmembrane signal transduction by G-protein coupled receptors (GPCRs)
mediates the cellular actions of a wide variety of sensory and metabolic stimuli (1-3).
Heterotrimeric G-proteins are molecular switches that transduce GPCR signals into
intracellular physiological changes (29). The G-protein heterotrimer is comprised of the Gα
subunit GTPase and the Gβγ dimer. GPCR-promoted activation of Gαβγ causes the Gα
subunit to exchange GDP for GTP, and this causes Gα·GTP and Gβγ to dissociate. Gα·GTP
and liberated Gβγ then regulate effector systems to alter cell physiology. The ‘G-protein
cycle’ is reset by the intrinsic GTP hydrolysis activity of the Gα subunit (1,2,29).
An evolutionarily conserved, non-canonical heterotrimeric G-protein module that
regulates asymmetric cell division has been identified in C. elegans, Drosophila, and
mammals (30). Asymmetric cell division is important for generating diversity during
development. An initial step in asymmetric cell division is the generation of cell polarity.
Cell fate determinants are subsequently segregated to different sides of the cell (30), and
finally the mitotic spindle is positioned so as to permit proper distribution of determinants to
daughter cells. Asymmetric cell division during animal development often entails unequal
divisions that generate daughter cells of different sizes, owing to the asymmetric position of
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the mitotic spindle (30). Studies have determined that a heterotrimeric G-protein module is
integral for accurate spindle positioning during asymmetric division (30,31). This
evolutionarily conserved module is thought to be independent of GPCRs and involve the
participation of guanine nucleotide dissociation inhibitors (GoLoco motif proteins), guanine
nucleotide exchange factors (Ric-8), and GTPase accelerating proteins (RGS proteins)
(30,31).
In the C. elegans zygote, the mechanism of G-protein involvement has been
extensively studied using genetic and cell biological approaches (32). Two Gα subunits,
GPA-16 and GOA-1, are important for the generation of forces pulling on astral microtubules
that are critical for spindle positioning (33). These two Gα subunits are required for force
generation in concert with the essentially identical GoLoco motif containing proteins, GPR-1
and GPR-2 (hereafter referred to as GPR-1/2 for simplicity), as well as the coiled-coil protein
LIN-5 (33). GPA-16 and GOA-1 exert partially redundant functions in asymmetric cell
division (34). However, they differ in some respects: for instance the non-GPCR GEF RIC-8
is required for the cortical localization of GPA-16 but not GOA-1, and in vitro acts as a GEF
for GOA-1 but not GPA-16 (35). Overall, the mechanism by which GOA-1, GPA-16 and
their binding partners mediate force generation during asymmetric cell division remains
incompletely understood (36-39).
The role of GPA-16 in asymmetric cell division has been delineated using both RNAi
and the temperature-sensitive loss-of-function allele gpa-16(it143) (40). At 25 °C, 70% of
gpa-16(it143) mutant animals die during embryogenesis, whereas only 2% do so at 16°C
(40). This suggests that the mutant protein supports function at the permissive temperature;
however, an analysis of asymmetric cell division in one-cell stage embryos at this
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temperature has not yet been conducted. The gpa-16(it143) allele harbors a single point
mutation causing a glycine-202 to aspartate amino acid change in the switch II region of the
GTPase domain of GPA-16 (40). We set out to analyze the mechanisms underlying the
temperature-sensitive nature of the gpa-16(it143) allele. We have used enzymology,
crystallography, genetics, and cell biology to delineate the mechanism underlying the critical
contribution of this residue to GPA-16 function during asymmetric cell division.

RESULTS
We analyzed the biochemical consequences of the G202D mutation to better
understand the role of heterotrimeric G-proteins function in C. elegans asymmetric cell
division. We previously described the purification and functional analysis of wild-type GPA16. However, baculovirus-infected insect cells typically yield only micrograms of purified
GPA-16 per liter (35). Thus, production of GPA-16 from this source was not feasible for
continued biochemical and structural studies. Accordingly, we opted to examine the G202D
mutation in the context of the most rigorously characterized and experimentally tractable Galpha subunit: Gαi1. Gαi1 is closely related to GPA-16 (35), and thus the biochemistry of Gαi1
should accurately reflect that of GPA-16.
We were able to purify Gαi1, in both wildtype and G202D forms, to homogeneity as
assessed by SDS-PAGE (data not presented). Gαi1-G202D eluted from an S200 gel filtration
column as a monomer of the expected molecular weight and had a circular dichroism
spectrum consistent with a properly folded Gα subunit (data not presented). We first
analyzed the ability of Gαi1-G202D to bind GTPγS at 30°C, to approximate the conditions
found in vivo at the restrictive temperature (Fig. 1A). Wild type Gα i1 bound GTPγS in a
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saturable manner, which plateaued after several hours, giving a calculated association rate
constant comparable with that previously published (41) (Figure 5.12A). By contrast, we
observed that Gαi1-G202D bound GTPγS in a biphasic manner (Figure 5.12A). Gαi1-G202D
rapidly bound GTPγS, peaking at approximately 30 minutes, after which levels of bound
GTPγS rapidly decayed over time. We reasoned that this biphasic binding may reflect a
temperature sensitivity of the G202D substitution. We therefore examined GTPγS binding
kinetics at the permissive temperature of 15°C (Figure 5.12B). At 15°C, GTPγS binding by
Gαi1-G202D was observed to be rapid and monophasic. GTPγS was stably bound to Gαi1G202D for as long as measured (maximum 15 hours). These data strongly suggest that Gαi1G202D, and by extrapolation GPA-16[it143], undergoes temperature-dependent inactivation
at 30°C but not 15°C. We also observed that the rate of GTPγS binding by Gα i1-G202D at
15°C was over an order of magnitude faster than the wild type protein (Figure 5.12B),
indicating that the G202D mutation enhances the spontaneous rate of GDP release.
To further examine the thermal stability of Gαi1-G202D, we conducted circular
dichroism measurements in the near UV spectrum. Gα subunit stability was measured using
thermal denaturation. Thermal melting of Gα proteins gave a single cooperative transition
from a predominantly helical structure to random coil. Gα i1·GDP(wild type) had a melting
temperature of 50°C whereas Gα i1·GTPγS(wild type) had a melting temperature of 77°C
(Figure 5.12C), indicating that activated Gα is significantly more thermostable than inactive
Gα. This is consistent with structural data suggesting that the switch regions of Gα·GDP
subunits are conformationally flexible, whereas the binding of GTPγS induces a stable and
distinct conformation within these regions (42). In sharp contrast to the results for wildtype
Gαi1, both the GDP and GTPγS bound forms of Gαi1-G202D had melting temperatures of
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50°C (Figure 5.12D), indicating that GTPγS binding to Gα i1-G202D does not induce the
formation of a thermostable protein-nucleotide complex. In total, these biochemical data
suggest a mechanism for the temperature sensitive loss-of-function in GPA-16[it143]: at the
permissive temperature, GPA-16[it143] is relatively stable in both the GDP- and GTP-bound
forms, whereas at high temperature GPA-16[it143] is unstable in the GTP-bound state. Thus,
GPA-16[it143] would be predicted to become rapidly inactivated at the restrictive
temperature in C. elegans upon activation by GEFs. Compatible with this view, the untoward
phenotype of gpa-16(it143) embryos raised at 25°C is indistinguishable from that of embryos
depleted of gpa-16 by RNAi (35,36).

The G202D mutation selectively attenuates Gα interactions with regulatory proteins
The switch regions of Gα subunits are typically involved in mediating interactions
between Gα and a variety of regulatory proteins (17,22,26,43-46). Interactions with Gβγ
subunits, the GoLoco motif-containing proteins GPR-1/2, the soluble exchange factor RIC-8
and the RGS domain containing protein RGS-7, are important during asymmetric cell
division in C. elegans (33,38,47). We therefore examined the ability of Gα i1-G202D to
interact with its cognate regulatory proteins using surface plasmon resonance (SPR). These
experiments were conducted at 15°C to ensure the stability of Gαi1-G202D in all cases.
Wild type Gαi1 exhibited robust, GDP-dependent interactions with Gβ1γ1 subunits
when assessed by SPR (Figure 5.13A). The dissociation constants (KD) for these interactions
were determined and His6-Gαi1·GDP had a KD value of 1.8 µM (Table 5.1). This value is
higher than expected from comparable studies (48), and most likely due to the high
concentration of free magnesium and the lack of lipid modification on the Gα and Gβ γ
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subunits used in our study (16,48). GTPγS- or AlF4--bound Gαi1(wild type) had only weak
interactions with Gβγ (Table 5.1), consistent with the known nucleotide-state selective
association of Gα with Gβγ subunits (48). In contrast, Gαi1-G202D exhibited strong
interactions with Gβ1γ1 irrespective of the nucleotide state of the Gα subunit (Figure 5.13B).
The KD values for Gα i1-G202D interaction with Gβ1γ1 were comparable to that for
Gαi1·GDP(wild type) (1-2 µM, see Table 5.1).
Wild type Gα i1 exhibited robust, GDP-specific interaction with the dual GoLoco
motif protein PCP-2 (a.k.a. GPSM4/L7) (Figure 5.13C), consistent with previous studies
(49). Gα i1-G202D, in contrast, interacted with PCP-2 in a nucleotide-independent manner
(Figure 5.13D), and with a markedly reduced affinity (7-8 µM versus 800 nM, Table 5.1).
Likewise, wild type Gα i1 exhibited robust GDP-specific interactions with the non-GPCR
guanine nucleotide exchange factor Ric-8A (Figure 5.13E), consistent with published data
(36,50). However, Gαi1-G202D interacted with Ric-8A in a nucleotide-independent manner
(Figure 5.13F), and with markedly reduced affinity (4-5 µM versus 400 nM, Table 5.1). No
interaction was observed between any form of Gαi1-G202D and the RGS domain of RGS14
(Figure 5.13H), while Gα i1(wild type) exhibited a high affinity (75 nM, Table 5.1) AlF4-dependent interaction (Figure 5.13G) as previously shown (51). As RGS domains and Gα
effectors bind to distinct (52), but at times overlapping (53), regions of switch-II, we
examined if the G202D mutation altered effector binding. To do this we utilized a chimeric
rod transducin/Gαi1 protein (Gαt/i1) (54), and measured activation-dependent binding to a
peptide fragment of the gamma subunit of cAMP phosphodiesterase (PDEγ) (26). Wild-type
Gαt/i1 bound, in an activation-dependent fashion, to PDEγ (Figure 5.13I); however, no
binding could be observed between ground-state or activated Gα t/i1(G198D) and PDEγ,
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suggesting that the mutation abrogated all effector binding properties of Gαt/i1 (Figure 5.13J,
Table 5.1).
In summary these biochemical results suggest that Gα i1-G202D is unable to interact
properly with many of its regulatory proteins, in particular those that bind to the activated
form of switch-II.

GPA-16[it143] interacts with both GPR-1/2 and RIC-8 in a nucleotide-independent
manner
We set out to investigate whether the nucleotide-independent interactions observed in
vitro are consistent with those found in vivo by conducting co-immunoprecipitation
experiments of native complexes from C. elegans embryonic extracts. We were unable to test
the ability of GPA-16 to interact with Gβγ subunits or RGS-7 due to the absence of suitable
antibodies. However, we were able to investigate the interactions between GPA-16[it143]
and the GoLoco motif protein GPR-1/2, as well as RIC-8. We have previously shown that
wild-type GPA-16 interacts robustly with GPR-1/2 in the presence of GDP but much less so
in the presence of GTPγS, whereas wild-type GPA-16 interacts with RIC-8 equally well in
the presence of either nucleotide (35). Here, we utilized embryonic extracts obtained from
worms grown at 16°C and conducted co-immunoprecipitation experiments also at 16°C to
investigate the behavior of native complexes at the permissive temperature (Figure 5.14). The
interaction between GPA-16[it143] and GPR-1/2 was decreased compared to the wild-type,
whereas that between GPA-16[it143] and RIC-8 was not diminished (Figure 5.14). We found
also that the interaction between GPA-16[it143] and GPR-1/2 occurred equally well in the
presence of GDP or GTPγS, in contrast to the situation with wild-type GPA-16 (Figure 5.14).
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This finding is compatible with our SPR experiments, and supports the view that GPA16[it143]·GDP and GPA-16[it143]·GTP can both associate with GPR-1/2 at the permissive
temperature in vivo. Overall, these findings with worm embryonic extracts confirm the
results obtained in vitro and underscore the fact that the G202D substitution appears to render
Gα proteins from multiple species unable to interact properly with specific regulatory
proteins, suggesting a ubiquitously important role for this conserved residue.

The structural basis of the G202D mutation
To understand the molecular determinants of the G202D mutation, we determined the
X-ray crystallographic structure of Gαi1-G202D·GDP to 2.24Å (Figure 5.15 and Table 5.2).
Similar to wild-type Gαi1 (55), the overall structure of Gα i1-G202D consists of two main
lobes: a Ras-like domain and an all α-helical domain (Figure 5.15A). A molecule of bound
GDP resides between these two domains. The overall structure of Gα i1-G202D is largely
unaltered from the wild-type molecule with an RMSD of 0.382Å for all alpha carbon
positions. The guanine nucleotide cycle inherent to Gα subunits is made possible by three
‘switch’ regions (I-III) that undergo conformational changes during GTP binding and
hydrolysis (42). The ability of these switch regions to adopt distinct conformations also
regulates the ability of Gα to interact with binding partners such as effectors and regulatory
proteins (26). Figure 5.15A shows the disposition of each switch region in the G202D mutant
(residues K208-W211 are disordered in switch II). Switch I and III adopt conformations
similar to those seen in previous Gα structures; suggestively, these regions appear most
similar to that of the activated conformation of Gα (Figure 5.15D and data not shown).
Interestingly, the conformation of switch II is unique and this is likely a direct result of the

205

G202D mutation. For example, the β3/α2 loop (within which the G202D mutation resides at
its N-terminal region), folds back towards the α2/α3 cleft and away from the guanine
nucleotide pocket. This is quite evident from a superposition of Gαi1-G202D with the Gβγbound form of Gαi1⋅GDP (Figure 5.15C). This altered conformation of the β3/α2 loop may
underlie the 10-fold enhancement in nucleotide exchange seen with the G202D mutant
compared to wild-type, as the β3/α2 loop is thought to present an occlusive barrier to the
release of GDP (22,56,57). Additionally, the orientation of the aspartate-202 side-chain
carboxylate group towards the GDP β-phosphate (see below) may introduce an electrostatic
repulsion causing enhanced release of the nucleotide. Such a mechanism has recently been
postulated to underlie the GEF activity of the PRONE domain of RopGEF8 for the
monomeric GTPase, Rop4, in Arabidopsis thaliana (58).

Disposition of Aspartate 202
Figure 5.15B shows experimental electron density surrounding the GDP-binding
pocket and illustrates the confident modeling of the Asp202 side-chain, as well as other
critical Gα residues and the bound molecule of GDP. Arg178 and Thr181 are important
catalytic residues for GTP hydrolysis found within switch I (59,60), and these residues do not
undergo any significant alterations in side-chain conformation compared to wild-type Gα,
despite a slight alteration in the switch I backbone conformation (data not shown). The
Asp202 side-chain orients directly at the β-phosphate of GDP; however, the distance
separating its electronegative carboxylate groups from the β-phosphate (~ 5Å) is great
enough to prevent electrostatic or steric clashes. Although this conformation is
accommodated when the nucleotide-binding site is occupied by GDP, binding of GTP would
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present significant unfavorable electrostatic and steric interactions with the Asp202
carboxylate side-chain (Figure 5.15D). This untoward electrostatic clash may lead to an
overall decrement in protein stability, an effect that is likely to be exacerbated upon
temperature elevation, leading to a loss of Gα function. The specific side-chain conformation
seen for Asp202 is stabilized by contacts with Lys46 and Thr181, which are uniquely within
bonding distance to the D202 side-chain versus the wild-type G202 residue.

The G202D mutation prevents proper rearrangement of switch II in response to
activating ligands
To further delineate the structural changes induced by the G202D mutation, we
performed fluorescence spectroscopy to measure Gαi1 conformational change upon activation
by GTPγS and AlF4-. Gα subunits contain a tryptophan residue in switch II (Trp211) that
shifts from a solvent-exposed region when GDP is bound to a hydrophobic pocket when
GTPγS or AlF4- is bound (reviewed in (61)). Thus measurement of Gα intrinsic tryptophan
fluorescence during the activation process reveals important structural information regarding
the disposition of switch II.
Both wild-type and G202D Gαi1·GDP proteins gave a rapid and substantial increase
in tryptophan fluorescence upon exposure to AlF4- (Figure 5.16A). The magnitude of
tryptophan-fluorescence enhancement was similar between the two proteins (Figure 5.16D),
and consistent with published examples (16). Wild type Gαi1 also gave a substantial increase
in tryptophan-fluorescence upon exposure to GTPγS (Figure 5.16B), for which the magnitude
and rate constant were consistent with published results (16) (Figure 5.16D). In contrast,
Gαi1-G202D gave a minimal increase in fluorescence intensity upon incubation with GTPγS
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(Figure 5.16B). This weak fluorescence enhancement of Gαi1-G202D was reproducible and
specific (see data expressed as % change, Figure 5.16C), albeit severely diminished in
magnitude (Figure 5.16D).
To further elucidate the mechanism of altered switch II conformation by the G202D
mutation, we examined the ability of the GoLoco motif interaction to inhibit Gαi1 activation
by AlF4-. GoLoco motif interaction with switch II and bound GDP slows the rate and
magnitude of AlF4--induced activation of Gα i subunits as assessed by intrinsic tryptophanfluorescence measurement (51). The RGS12 GoLoco motif markedly attenuated the rate of
AlF4--induced activation of wild type Gαi1 (Figure 5.16E,F). In contrast, the RGS12 GoLoco
motif was ineffective at preventing Gαi1-G202D activation by AlF4- (Figure 5.16E,F). This
was not a consequence of reduced affinity between Gα i1-G202D and the RGS12 GoLoco
motif, as these two proteins were observed to interact under these conditions (data not
presented).
These data indicate that Gαi1-G202D alters the conformation of switch II in response
to AlF4- and GTPγS binding-- most likely by preventing its complete rotation and translation
toward the GTP-binding pocket as described above (62,63). As such, ligand-induced switch
II rearrangement is structurally distinct from that of wild-type. Additionally, the
conformation of switch I and III in Gαi1-G202D⋅GDP was observed to be strikingly similar to
the activated conformation of wild-type Gαi1 (Figure 5.15D). Taken together, the G202Dinduced changes in switch region conformation help resolve not only the reduced affinity of
Gαi1-G202D for certain binding partners (e.g. PCP-2, Ric-8A, and RGS14) but also the loss
of nucleotide selectivity for such interactions.
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Normal pulling forces at the permissive temperature in gpa-16(it143) mutant embryos
are GOA-1-dependent
Having determined the biochemical and structural basis of the G202D mutation, we
sought to analyze its consequences on GPA-16 function during asymmetric division of onecell stage C. elegans embryos. We analyzed the extent of pulling forces on astral
microtubules in gpa-16(it143) mutant embryos at 16°C, in an attempt to address whether the
inability to undergo proper switch region II rearrangement affects GPA-16 function in vivo.
In wild-type one-cell stage embryos, the posterior aster undergoes characteristic oscillations
transverse to the longitudinal axis, which reflect the extent of pulling forces acting on the
spindle poles (Figure 5.17A) (33). Whereas oscillations are largely abolished in gpa16(it143) mutant embryos at 25oC (Figure 5.17C; (35)), they are indistinguishable from the
wild-type in gpa-16(it143) mutant embryos at 16oC (Figure 5.17D), suggesting that pulling
forces are intact. To ascertain whether this is the case, we conducted in vivo laser microbeam
mediated spindle severing, which reveals the extent of net pulling forces acting on each
spindle pole (64). First, we found that pulling forces in the wild-type are reduced at 16°C
compared to 25°C (Figure 5.18 and Table 5.3). In addition, we found that net pulling forces
are not decreased in gpa-16(it143) embryos at 16°C compared to the wild-type and are even
slightly increased on the anterior spindle pole (Figure 5.18). Intact pulling forces in gpa16(it143) embryos at 16°C are not imputable to GPA-16 being dispensable for pulling forces
at this temperature, because gpa-16(RNAi) embryos at 16°C do not exhibit oscillations
(Figure 5.17B) and have decreased pulling forces (Figure 5.18).
The finding that pulling forces are not reduced at 16°C in gpa-16(it143) embryos is
surprising given that the protein is effectively ‘GDP locked’ and thus unable to cycle and to
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properly interact with its regulatory proteins. In an attempt to resolve this apparent paradox,
we considered whether normal pulling forces at 16°C in gpa-16(it143) embryos may be
sustained by GOA-1, given that GPA-16 and GOA-1 are partially redundant for force
generation in the wild-type. To test this possibility, we inactivated goa-1 using RNAi in gpa16(it143) embryos. Interestingly, we found that oscillations were absent and pulling forces
substantially diminished in such embryos at 16°C (Figures 5.17E,F and 5.18; Table 5.3).
Therefore, the pulling forces observed in gpa-16(it143) embryos at the permissive
temperature are entirely GOA-1-dependent. One likely possibility based on the biochemistry
is that GPA-16[it143] at 16°C results in the trapping of a negative regulator of force
generation, such as Gβγ, thus allowing GOA-1 to generate more extensive pulling forces than
normally.

DISCUSSION
While it is clear that heterotrimeric G-proteins are important for asymmetric cell
division in metazoan organisms, the mechanisms underlying their regulation at the molecular
level are incompletely understood (65). Here we describe the biochemical and structural
basis underlying the contribution of a critical switch II residue in the Gα protein GPA-16
during asymmetric division of C. elegans embryos.
Our structural and biochemical findings suggest that, at the permissive temperature,
GPA-16[it143] is stable but unable to cycle and to properly interact with crucial regulatory
proteins. First, the G202D mutation was found to completely abrogate binding of Gα to both
RGS proteins and effectors. The specific positioning of Asp202 toward the guanine
nucleotide would preclude the adoption of the active conformation of switch II, which is
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critical for interaction with RGS proteins and effectors (17,45). Results using intrinsic
fluorescence of Trp211 support this structural claim and further suggest that the Gα-G202D
mutant is incapable of interacting with downstream effectors within the classical GTPdependent paradigm. Second, the most notable effect of the G202D mutation on the
interaction with Gβγ and GoLoco motif proteins is the loss of nucleotide-dependence to the
binding event. Both Gβγ and GoLoco motifs normally interact with Gα in a GDP-dependent
manner, and each engage the switch II helix of Gα (16,51). GTP-bound GPA-16[it143] is
likely able to interact effectively with GPR-1/2, RIC-8, and Gβγ, as a result of GTP binding
not properly linked to rearrangement of switch-II. Normally, the GTP-dependent
conformational change in switch II, which is flexible in the GDP-bound state (42), engenders
a rigid orientation of this helix that disrupts the conformation required for Gβγ binding (62).
Similarly, the GTP-bound conformation narrows the α2/α3 hydrophobic cleft and sterically
prevents binding of the GoLoco motif peptide (43). Thus, the ability of both Gβγ and
GoLoco motifs to interact in a nucleotide-independent manner with the Gα-G202D mutant
provides further evidence that the GTP-dependent conformational change in switch II is
impaired and suggests that it retains a conformationally-flexible nature more reflective of the
GDP-bound state. A further consequence of the G202D mutation is the dramatic
enhancement in spontaneous nucleotide exchange rate. Gly202 is part of the β3/α2 loop
preceding the switch II helix. This β3/α2 loop has been postulated to represent an ‘occlusive
lip’ to the release of GDP (22,56,57). Substitution of Gly202 hydrogen side-chain for the
larger, charged side-chain of Asp may result in electrostatic and/or steric repulsion of the
β3/α2 loop away from the GDP binding pocket, thus creating a more feasible route for GDP
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release. Similarly, Asp202 may also electrostatically repel GDP itself and thereby enhance
nucleotide exchange.
The biochemistry of GPA-16[it143] at restrictive temperatures is likely to be
significantly different to that just described for the permissive temperature. Based on our
biochemical and functional analyses, GTP binding appears to destabilize Gαi1-G202D and
lead to a loss of bioactivity. A probable molecular basis for this phenomenon can be deduced
by observing the structure of Gαi1-G202D. Superimposing the Gαi1-G202D·GDP structure
with that of GTP-bound form of Gα i1 reveals that the γ-phosphate of GTP would
electrostatically clash with Asp202. Furthermore, Asp202 would be predicted to clash with
Thr181 in switch I, which is a key residue for magnesium coordination (55). Although the
Asp202 side-chain could adopt additional conformations, steric clashes with switch I, GTP,
or other regions of Gα would likely be inevitable (see Figure 5.15B,D). These steric clashes
likely explain the inability of Gα i1-G202D to assume the activated conformation and are
likely contributing factors in the thermal sensitivity of GPA-16[it143] in vitro and in vivo.
Furthermore, the high spontaneous rate of GDP release engendered by the G202D mutation
may contribute to inactivation at the restrictive temperature by promoting the GTP-bound
form of the protein. Alternatively, it is well described that nucleotide-free Gα subunits are
inherently unstable (50), thus increased residence of Gα-G202D in the nucleotide-free state
could also contribute to inactivation. This is suggested to be the mechanism of temperature
sensitivity of the Gα s(A366S) mutant, which is present in a human clinical population (66).
This point mutation is in the GDP-binding pocket of Gαs and increases the spontaneous GDP
release rate causing constitutive activity (66,67). Uniquely, this mutation is permissive at the
temperature of the testis (32-33°C) causing testotoxicosis due to the overproduction of
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testosterone. In other tissues, the protein is non-functional at 37°C causing
pseudohypoparathyroidism, typical of Gα s reduction of function (68). Biochemical
experiments suggest that temperature sensitive denaturation of the analogous mutant in Gαi1A326S, is due to increased residency in the nucleotide-free state (67).
The biological consequences of the gpa-16(it143) mutation can now be well
explained in terms of the observed biochemistry (see Figure 5.19 for a working model). At
the restrictive temperature, gpa-16(it143) likely behaves as a true null allele (Figure 5.19B).
This is consistent with the observation that gpa-16(it143) embryos grown at the restrictive
temperature exhibit a clear reduction in pulling force generation, much like gpa-16(RNAi)
embryos in which the protein was depleted (35,36). It should be noted that GPA-16[it143]
protein levels are comparable to wild type at the restrictive temperature (35), indicating that
loss-of-function is most likely due to defects in tertiary structure stability or protein folding,
as demonstrated for Gαi1-G202D, rather than any alteration in the rate of protein synthesis or
degradation.
Careful comparison of the results obtained in vitro and in vivo allow us to suggest a
likely explanation of the situation at the permissive temperature. At 16°C, asymmetric cell
division of one-cell stage gpa-16(it143) embryos appears normal as judged by the presence
of oscillations and normal pulling forces. At first glance, this appeared surprising, given that
GPA-16 is “GDP-locked” and unable to properly interact with regulatory proteins. However,
our further analysis suggests that the interplay between Gα subunits and Gβγ may explain the
phenotype of the gpa-16(it143) allele at the permissive temperature. As evident from our
biochemical and structural analysis, GPA-16[it143] may be permanently bound to Gβγ due to
its inability to change switch II conformation upon GTP binding. Therefore at 16°C, GPA-
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16[it143] could act to sequester Gβγ (Figure 5.19C). Compatible with this view, we observed
that in gpa-16(it143) embryos at 16°C, pulling forces on the anterior spindle pole are even
higher than in wild type embryos, reminiscent of the phenotype upon depletion of the Gβ
subunit GPB-1 (35,36). The relationship between total levels of Gα and Gβγ is crucial for
pulling forces, as depletion of GPB-1 alone or in combination with either GOA-1 or GPA-16
results in exaggerated pulling forces (35). Thus, at the permissive temperature gpa-16(it143)
may be thought of as a gain-of-function allele that increases the amount of GOA-1 unbound
to Gβγ, thus leading to higher pulling forces. Based on this hypothesis, in gpa-16(it143)/goa1(RNAi) embryos at 16°C, lack of any Gα subunit free to bind to downstream effectors
would result in total reduction of pulling forces to the levels observed in gpa-16(RNAi)/goa1(RNAi) embryos (Figure 5.19D). Although the strong interaction of GPA-16[it143] with
Gβγ likely explains the observed phenotypes, we cannot formally rule out that GPA16[it143] free of sequestration by Gβγ may be competent for the generation of pulling forces.
This notion is particularly interesting as GPA-16[it143] has appreciable, although nucleotidestate independent, binding to regulatory proteins such as RIC-8 and GPR-1/2. Further studies
will be needed to fully understand the biochemistry and spatiotemporal dynamics of the
heterotrimeric G-protein cycle during asymmetric cell division.

EXPERIMENTAL PROCEDURES
Miscellaneous. Unless otherwise specified, all reagents were of the highest purity
obtainable from Sigma (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). Graphical
analysis and curve fitting was performed using Prism (v4.0; GraphPad Software, San Diego,
CA). Site directed mutagenesis was conducted using QuikChange (Stratagene, La Jolla, CA).
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GTPγS binding. [35S]GTPγS (Perkin Elmer, Boston, MA) binding was measured
using a nitrocellulose filter binding assay as previously described (36). Data was obtained by
subtracting non-specific binding (cpm obtained in the presence of 100 µM unlabeled
GTPγS), and rate constants were derived by fitting binding curves to a single exponential
function.
Protein purification. Full length His6-tagged human Gαi1 (wild type and G202D)
subunits were purified as described (51). Full length His6-tagged (wild type and G198D)
chimeric Gαt1/Gαi1 subunits (54) were purified using standard methods. Care was taken to
keep mutant Gα subunits GDP-bound and at 4°C throughout the purification process. GSTrat Ric-8A was purified as described (69). DNA coding for the biotin ligase substrate motif
(GLNDIFEAQKIEWHE) was inserted upstream of the Gγ 1 coding sequence within
pFASTBacHT. Recombinant Gβ1γ1 dimer incorporating the biotinylation sequence was
produced and purified as described (70). Biotin protein ligase (BirA) was incubated with 50
µM Gβ1γ1 dimer for 24 hours at 25°C under the conditions described by the manufacturer
(Avidity, Denver, CO). Resulting protein was buffer exchanged into PBS and stored at 80°C. Full-length GST-tagged human PCP-2 was prepared as described (49). The RGS
domain of rat RGS14 was prepared as a GST fusion protein as described (19). Wild type and
scrambled RGS12 GoLoco motif synthetic peptides are described in (51). An N-terminal
biotinylated peptide comprising amino acids 63-87 of bovine rod PDEγ is described in (26).
Fluorescence spectroscopy. Intrinsic tryptophan fluorescence was measured using a
LS55 spectrometer (Perkin Elmer). Excitation and emission wavelengths were 292 nm and
342 nm respectively, with slit widths of 2.5 nm. Fluorescence was measured in temperaturecontrolled cuvettes containing 1 ml of 10 mM Tris/HCl, pH 8.0; 1 mM EDTA; 5 mM MgCl2;
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150 mM NaCl. Control experiments were performed to account for any non-specific effects
of AlF4- or GTPγS on fluorescence.
Surface plasmon resonance. Optical detection of surface plasmon resonance (SPR)
was performed using a BIAcore 3000 (Biacore Inc., Piscataway, NJ). The sensor chip surface
for all experiments was set to 15°C, and all proteins in the sample handler were kept at 4°C
by a liquid cooling system. The eluent buffer was 10 mM HEPES, pH 7.4, 150 mM NaCl, 5
mM MgCl2, and 0.005% (v/v) NP-40. Nucleotide specific conformations of Gα were
obtained by incubation with eluent buffer supplemented with 100 µM GDP (GDP) or 100
µM GTPγS (GTPγS) or 100 µM GDP, 20 mM NaF, and 30 µM AlCl3 (GDP·AlF4-). GTPγS
loading was conducted for 3 hours at either 15°C for Gα i1-G202D or 30°C for Gα i1(wild
type). Surface plasmon resonance experiments with GST-fusion proteins and biotinylated
proteins were conducted as described in (22,23). Loading levels for KD determination
experiments were: Biotin-Gβ1γ1 (1400 RU), GST-Ric-8A (300 RU), GST-PCP-2 (400 RU),
GST-RGS14 (400 RU), Biotin-PDEγ (500 RU). Equilibrium binding KD measurements were
conducted at a flow rate of 20 µl/min using protocols described in (22,23). Kinetic binding
analyses were conducted as described (71). Non-specific binding was determined using an
mNOTCH control peptide (22) and GST (23), respectively. Non-specific binding was
subtracted from experimental data to give binding curves using BIAevaluation software
(v3.0; Biacore).
Circular Dichroism. All circular dichroism (CD) experiments were performed in
Buffer C (10 mM phosphate buffer (KH2PO4/K2HPO4) pH 7.5, 50 mM NaCl, 5 mM MgCl2).
For CD experiments, Gα subunits were purified as described (51), but the final purification
step was by Sephacryl S200 gel filtration (GE Healthcare, Uppsala, Sweden) using Buffer C.
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For CD measurements, 50 µM of Gα subunits were loaded with 100 µM GDP or GTPγS at
15°C for times determined to give ≈100% binding, based on rate constants (Figure 5.12B).
Proteins were then diluted to 4.4 µM in buffer C and kept at 4°C. CD was measured using a
PiStar-180 spectrophotometer (Applied Photophysics, UK). CD was measured at 208 nm
(slits 4.0 nm) for 30 s at each temperature. The temperature ramp was conducted using 1°C
steps with a tolerance of ±0.2°C. Apparent melting temperatures were calculated as the
minima of first derivatives with respect to the reciprocal of temperature (72). First
differential minima were calculated using Rt-Plot (v2.7, Horst Reichert, Eppstein, Germany)
using the Akima interpolation with a weighting of 1.
Crystallization, structure determination and refinement. To aid crystallization of
the labile G202D mutant of Gα i1, we were careful to ensure strict temperature control
throughout protein induction (14°C), purification (4°C), and crystallization (18°C).
Moreover, crystallization trials were conducted immediately following concentration of
purified protein, as freeze-thawed protein was incapable of reproducing crystal growth.
Crystals of Gαi1-G202D were obtained by vapour diffusion from hanging drops containing a
1:1 (v/v) ratio of protein solution (10-20 mg ml-1 in 50 mM HEPES buffer at pH 8.0, 1 mM
EDTA, 100 µM GDP, and 5 mM DTT) to well solution (1.9 M ammonium sulfite and 100
mM sodium acetate at pH 6.0). Crystals (~ 0.6 X 0.3 X 0.2 mm) formed in 3-5 days in the
space group I4 (a = b =127.87 Å, c = 68.35 Å, α = β = γ = 90 o), with 1 molecule in the
asymmetric unit. For data collection at 100 K, crystals were transferred to a solution
containing well solution supplemented with 20% (w/v) glycerol for 90 seconds followed by
immersion in liquid nitrogen. A native data set was collected on a single crystal using an RAxis IV++ detector with Rigaku (The Woodlands, TX) rotating anode generator and osmic
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confocal “blue” optics at the UNC-CH X-ray Facility. Diffraction data were scaled and
indexed using HKL2000 (73). The structure of Gα i1·GDP (PDB ID: 1AS3), excluding
residues 177-184 and 195-220, GDP, waters, and other heterogeneous molecules, was used
as a molecular replacement model for Gαi1-G202D using Phaser in CCP4 (74). Model
building was achieved using the programs O and Coot (75,76). Model refinement was
conducted using real-space refinement protocols in Coot as well as a combination of rigid
body, simulated annealing, energy minimization, and b-factor protocols in CNS (77). All
structural images were made with PyMol (DeLano Scientific, San Carlos, CA). The atomic
coordinates and structure factors for Gαi1-G202D·GDP have been deposited in the Protein
Data Bank (PDB ID: 2EBC).
C.elegans strains and RNAi conditions. The N2 strain was used as wild type and
maintained according to established procedures (78). The gpa-16(it143) mutant strain (40)
was maintained at 16°C and shifted for 20-24 hours to 25°C before analysis at the restrictive
temperature. For inactivation of gpa-16 or goa-1 by RNAi, bacterial feeding strains (36)
were used to feed L3/L4 worms for 36 hours at 25°C or for 48 hours at 16°C.
Coimmunoprecipitation and western blot analysis. Generation of worm embryonic
extracts and co-immunoprecipitation experiments were performed as described (36) with the
following modifications. For each experiment, ~1.5 mg of protein extract and 3 µg of GPA16 antibodies (35) were utilized. As specified, GDP or GTPγS were included at final
concentrations of 100 µM. For testing the interactions at 16°C, lysates were incubated with
antibodies and nucleotides at 16°C for 40 minutes, 15 µl of protein G-Sepharose were added
and the incubation continued at 4°C overnight. Following immunoprecipitation, SDS-PAGE
and western blot analysis were performed according to standard procedures. RIC-8, GPR-1/2
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and GPA-16 primary antibodies (35,36) were diluted 1:1000, HRP-conjugated goat antirabbit secondary antibodies (GE Healthcare) 1:2000; the signals were revealed by standard
chemiluminesence (GE Healthcare).
Microscopy and spindle severing. Preparation of embryos, time-lapse DIC
microscopy and spindle severing were performed as described (64,79). Experiments were
conducted using a homemade device that consists of a thermostat and a cooling/heating
element coupled to a fan blowing air at the appropriate temperature onto the objective and
the microscope stage. The temperature of the embryo during the experiment was monitored
using a thermometer inserted in the agarose pad. Measurements of peak velocities of spindle
poles following spindle severing were performed essentially as described (64).
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Figure 5.1- Signal transduction by D-glucose is mediated by AtRGS1 and AtGPA1. (A)
Seedlings of different genotypes were grown on 6% D-glucose and the percentage of
seedlings with green cotyledons was quantified. All genotypes had 100% green seedlings
when grown on 1% D-glucose. Genotypes: Col (Columbia ecotype), Atrgs1-2 (null mutant),
Atgpa1-4 (null mutant), 35S:AtRGS1(WT) (wild-type AtRGS1 constitutive overexpression
lines). Statistical significance was determined by Dunnett’s test (*P<0.05 versus Col). (B-G)
D-glucose-induced FRET between AtRGS1-YFP and AtGPA1-CFP was measured in vivo.
Fluorescence emission for CFP excitation/YFP emission (B,E) and CFP excitation/CFP
emission (C,F) were captured 5 minutes (B,C) and 8 minutes (E,F) following the addition of
D-glucose. The normalized net FRET (nF/I) at 5 minutes (D) and 8 minutes (G) following Dglucose addition is shown. PM=plasma membrane. (H) Levels of normalized net FRET
(nF/I) were calculated every 30 seconds from 5 to 30 minutes after addition of 6% (w/v) Dglucose, 6% (w/v) L-glucose, or no treatment controls. Red and blue lines show the observed
FRET for the regions of interest (ROI) 1 and ROI 2, denoted in D and G. Black lines indicate
other independent FRET efficiency measurements. Arrows indicate image capture timepoints
of t=5 and t=8 min as denoted in panels B-G.
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Figure 5.2- Biochemical properties of AtGPA1. (A) Time-course of [35S]GTPγS binding to
100 nM AtGPA1 or GαoA at 20°C. Data are the mean±SEM of duplicate samples. Observed
association rate constants (kobs) were: AtGPA1 1.44 (95% CI, 0.89-2.0) min-1 and GαoA 0.088
(95% CI, 0.076-0.1) min-1 ( B ) Time-course of BODIPYFL-GTPγS binding to 200 nM
AtGPA1 at 20°C. Data are plotted as the mean±SEM of three experiments. kobs = 12.6 (95%

226

CI ,12.5-16.2) min-1. RFU= relative fluorescence units. (C) The tryptophan fluorescence of
100 nM AtGPA1 or buffer alone (CONTROL) was measured at 20°C. At 100 s, GTPγS was
added to a final concentration of 1 µM (arrow). Data are presented as the mean±SEM of
duplicates. kobs = 8.7 min-1 (SEM ±1.5 min-1; n=3). RFU= relative fluorescence units. (D)
Time-course of [β-32P]GDP dissociation from AtGPA1 at 20°C. Data are the mean±SEM of
duplicates. Observed dissociation rate constant (koff) was 12.6 (95% CI, 4.4-21.0) min-1. (E)
Time-course of single turnover [γ-32P]GTP hydrolysis by 200 nM AtGPA1 or GαoA at 20°C.
Data are the mean±SEM of duplicates. Rate constants for GTP hydrolysis (kcat) were:
AtGPA1 0.12 (95% CI, 0.11-0.13) min-1 and Gα oA 0.97 (95% CI, 0.70-1.4) min-1. (F) Timecourse of steady state [γ-32P]GTP hydrolysis by 200 nM AtGPA1 in the presence or absence
of 1 µM AtRGS1 at 20°C. Results are the mean±SEM of duplicate samples. Rates of [Pi]
production were: AtGPA1 2.3 (95% CI, 2.0-2.5) x 102 cpm/min, AtGPA1+AtRGS1 8.1 (95%
CI, 7.6-8.5) x 103 cpm/min, and AtRGS1 alone 6.9 (95% CI, 4.0-9.8) x 10 cpm/min.
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Figure 5.3- In vitro and in vivo characterization of AtRGS1(E320K) as a GAP-dead
mutant. (A) Dose response analysis of AtGPA1 steady state GTPase acceleration by WT and
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E320K AtRGS1. GTPase assays were conducted for 20 minutes with 200 nM AtGPA1 and
EC50 values were determined by regression for WT as 2.7 (95% CI, 2.4-3.1) x 10-8 M and for
the E320K mutant as 4.5 (95% CI, 4.3-4.7) x 10-5 M. For these EC50 regression analyses, it
was assumed that the E320K mutant has the same efficacy as wild-type protein. (B) Surface
plasmon resonance was used to measure the interaction between AtRGS1 and AtGPA1.
Wild-type or E320K GST-AtRGS1 was immobilized on a biosensor surface. 1 µM of
AtGPA1 in the GDP or GDP·AlF4- bound form was injected over the biosensor surface. Nonspecific binding to GST was subtracted from all curves. (C, D, E) AtRGS1(E320K)-GFP
localization was visualized in Arabidopsis hypocotyls (C), cotelydons (D), and roots (E)
using epifluorescence microscopy. (F, G) Hypocotoyl lengths of 2-day-old, dark-grown
seedlings were measured. Genotypes: 35S:AtRGS1(WT or E320K)-GFP (wild-type or
E320K AtRGS1-green fluorescent protein fusion constitutive overexpression lines), other
genotypes are described in 3F. Statistical significance was determined by Bonferroni’s test
(*P<0.05 versus Col, #P>0.05 versus Atrgs1-2). (H) Seedlings of the indicated genotypes
were grown on 6% glucose and the percentage of seedlings with green cotyledons was
quantified. All genotypes had 100% green seedlings when grown on 1% glucose. Genotypes
are described in 3F. Statistical significance was determined by Bonferroni’s test (*P<0.05
versus Col, #P>0.05 versus Atrgs1-2).
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Figure 5.4- Mannitol treatment fails to induce FRET between AtRGS1-YFP and
AtGPA1-CFP at plasma membrane and root plastid junctions. Differential interference
contrast (DIC) microscopy (top left), and normalized net FRET (nF/I) at 5 minutes (top
middle) and 8 minutes (top right) following treatment with 333 mM mannitol. Bottom panel
indicates no change in normalized net FRET after addition of mannitol as calculated every
minute from 5 to 25 minutes from five different regions of interest (ROIs).
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GTPγS
GTP
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ITP
UTP
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140 (21)

Figure 5.5- Nucleotide selectivity of AtGPA1. A competition-binding assay was conducted
to determine the nucleotide selectivity of AtGPA1. Reactions contained 100 nM AtGPA1, 1
µM [35S]GTPγS, and either buffer (Control) or 100 µM of competing nucleotide: GTPγS
(guanosine 5’-[γ-thio]triphosphate), GTP (guanosine 5’-triphosphate), GDP (guanosine 5’diphosphate), ATP (adenosine 5’-triphosphate), XTP (xanthine 5’-triphosphate), ITP (inosine
5’-triphosphate), UTP (uridine 5’-triphosphate), or CTP (cytidine 5’-triphosphate). Assays
were conducted at 20°C for 5 minutes. All nucleotides used were of greater than 95% purity.
Bound [35S]GTPγS was measured using filter binding. Values were normalized to the amount
of [35S]GTPγS-bound in the absence of competing nucleotide. Data are presented as the mean
±SEM of 2-4 experiments.
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Figure 5.6- In vitro biochemical properties of G-protein alpha subunits. kobs= the
observed rate of GTPγS binding to Gα⋅GDP, equivalent to the rate of GDP release from Gα
as this is the rate limiting step in the nucleotide exchange process. kcat= the rate of hydrolysis
of bound GTP by Gα. ksteady state= the rate of GTP hydrolysis at steady state. % GTP bound=
100(kobs/[kcat + kobs]); the calculated fraction of Gα bound to GTP at steady state. This value
ignores the contribution of cellular Gα regulators such as GEFs, GAPs, and GDIs. Rate
limiting step= the slowest process of the G-protein cycle as determined by in vitro
biochemical experiments.
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Figure 5.7- Magnesium dependence of GTPγS binding to AtGPA1. The Mg2+ sensitivity
of GTPγS binding to AtGPA1 was measured using intrinsic tryptophan fluorescence. The
tryptophan fluorescence of 100 nM AtGPA1 was measured at 20°C in 10 mM TRIS/HCl pH
8.0, 1 mM EDTA, and various concentrations of MgCl2 (0-20 mM total). AtGPA1 (100 nM)
was allowed to equilibrate and then GTPγS was added to a final concentration of 1 µM.
Observed rates of AtGPA1 fluorescence enhancement were fit to a single-exponential model
using non-linear regression (95% confidence intervals are denoted by error bars) and plotted
versus [Mg2+]free. Data were fit to the Hill equation, and the EC50 concentration for [Mg2+]free
induced AtGPA1 activation was 0.99 mM (95% confidence interval 0.4-2.4 µM; Hill
slope=1.1).
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Figure 5.8- Structure-based primary sequence alignment of selected eukaryotic RGS
domains. Multiple sequence alignment of the RGS domains of human RGS19, rat RGS4,
bovine RGS9, and AtRGS1. Regions of predicted alpha-helical (α) and beta-strand (β)
secondary structure within the AtRGS1 RGS domain are denoted underneath the AtRGS1
sequence. Conserved amino-acids are boxed. Closed circles denote conserved residues
forming the RGS domain hydrophobic core and open circles highlight conserved residues
making direct contacts with Gα in the RGS4/Gαi1 crystal structure. The nine alpha-helices
observed within the NMR solution structure of human GAIP are numbered in roman
numerals and overlined. The location of the loss of function mutant for GTPase accelerating
protein activity (glutamate-320 to lysine (E320K)) is denoted by an arrow and cyan shading.
Structural analysis of the RGS4/Gα i1 interface demonstrates that the invariant glutamate
(Glu87 in RGS4) makes contacts with Gαi1 amino acid residues in both switch-I (Thr182)
and switch-II (Lys210). These interactions contribute to binding and GAP activity in the
RGS4/Gαi1 interaction as determined biochemically. Primary sequences in the alignment are
human GAIP (SwissProt accession number P49795), rat RGS4 (P49799), bovine RGS9
(O46469), and AtRGS1 (GenPept NP_189238).
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Figure 5.9- Single turnover assay of AtRGS1(wild-type) and AtRGS1(E320K) GAP
activity. Time-course of single turnover [γ-32P]GTP hydrolysis by 100 nM AtGPA1 in the
presence 250 nM AtRGS1(WT) or AtRGS1(E320K) at 20°C. Results are the mean±SEM of
duplicate samples. Rate constants for GTP hydrolysis (kcat) were (with 95% confidence
intervals in parentheses): AtGPA1 0.09 (0.06-0.12) min-1; plus AtRGS1(WT) 0.48 (0.380.57) min-1; plus AtRGS1(E320K) 0.09 (0.06-0.11) min-1.
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Figure 5.10- Steady state assay of AtRGS1(wild-type) and AtRGS1(E320K) GAP
activity. Time-course of steady state [γ- 32P]GTP hydrolysis by 200 nM AtGPA1 in the
presence of 1 µM AtRGS1(WT) or AtRGS1(E320K) at 20°C. Results are the mean (±SEM)
of duplicate samples. Rates of [Pi] production were (with 95% confidence intervals in
parentheses): AtGPA1, 5.3 (3.6-7.1) x 102 cpm/min-1; plus AtRGS1(WT), 9.9 (9.4-10.3) x
103 cpm/min-1; plus AtRGS1(E320K), 5.8 (4.5-7.1) x 102 cpm/min.
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Figure 5.11- RT-PCR analysis of AtRGS1 transcript expression in transgenic lines used
in this study. A, Detection of AtRGS1 transcript expression in transgenic plants
overexpressing AtRGS1. The expression of the full-length open reading frame (ORF) of
native AtRGS1, AtRGS1(WT), was driven by the constitutive 35S promoter. Ox9, Ox10, and
Ox16 are three independent transgenic lines generated in the Columbia (Col) ecotypic
background. UBIQUITIN10 (UBQ10) was used as a control in each PCR reaction. B ,
Detection of AtR G S 1 transcript expression in transgenic plants overexpressing
AtRGS1(E320K). The expression of the mutated version of AtRGS1, AtRGS1(E320K), was
driven by the constitutive 35S promoter. Ox30, Ox31, and Ox32 are three independent
transgenic lines generated in the Col ecotypic background. Ox65, Ox75, and Ox77 are three
independent transgenic lines generated in the Atrgs1-2 mutant background. ACTIN2 was
used as a control in PCR reactions.
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Figure 5.12- Temperature-dependent activity and stability of wild type and Gαi1G202D. (A, B) Time-course of GTPγS binding by wild type (WT) and Gly202-Asp (G202D)
Gαi1 measured at 30°C (A) or 15°C (B). 100 nM of Gα subunit was incubated with 1 µM
[35S]GTPγS and bound nucleotide was measured at indicated times. Data were fit to single
exponential association curves (95% confidence intervals in parentheses): 30°C wild type,
0.017 (0.015-0.019) min-1; 30°C G202D, data could not be fit; 15°C wild type, 0.0025
(0.0021-0.0028) min-1; 15°C G202D, 0.027 (0.021- 0.032) min-1. (C, D) The circular
dichroism (CD), in millidegrees (mdeg), of 4.4 µM wild type Gαi1 (C) or Gα i1-G202D (D)
was measured at 208 nm. CD of Gαi1 proteins were measured in both the GDP and GTPγS
bound conformations as indicated. Thermal melting curves were generated by measuring CD
values at 1°C intervals. Data are graphed as the mean±SEM of triplicate determinations. The
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mean melting temperatures (SEM in parenthesis; n=3) for (C) wild type Gαi1 were GDP 50.2
(0.4) °C and GTPγS 77.2 (0.4) °C and (D) Gαi1-G202D were GDP 49.5 (0.8) °C and GTPγS
50.1 (0.01) °C.
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Figure 5.13- Protein-protein interactions of wild type and Gα i1-G202D. Interactions
between wild type (WT) or Gly202-Asp mutated Gα subunits and Gβ1γ1 (A, B), PCP-2 (C,
D), Ric-8A (E, F), the RGS domain of RGS14 (G, H), and PDEγ(aa 63-87) (I, J) were
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measured using surface plasmon resonance. Proteins were immobilized using biotinstreptavidin coupling (A, B, I, J) or anti-GST antibody capture (C-H). Indicated
concentrations of Gα subunits in the GDP (blue), GTPγS (red), or GDP·AlF4- (green) loaded
forms were injected over biosensor surfaces at a flow rate of 20 µl/min as denoted by arrows.
Binding curves were generated after subtracting non-specific binding to mNOTCH peptide
(A, B, I, J) or GST (C-H) control surfaces.
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Figure 5.14- Interaction of GPA-16[it143] with both GPR-1/2 and RIC-8 is nucleotideindependent at 16°C. Coimmunoprecipitation experiments conducted at 16°C using wildtype or gpa-16 (it143) embryonic extracts and GPA-16 antibodies, either without exogenous
nucleotides (W/O) or in the presence of 100 µM GDP or GTPγS, as indicated. The
immunoprecipitated materials were analyzed by western blot using antibodies against RIC-8,
GPR-1/2 or GPA-16. The input corresponds to 1/70 of the starting material.
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Figure 5.15- Structural features of Gαi1-G202D. (A) The overall structure of Gαi1-G202D
illustrating the Ras-like domain (blue), all-helical domain (yellow), switch regions I-III (SwIIII, green), and GDP (magenta). (B) Depiction of the GDP-binding pocket illustrating the
orientation of the Asp202 side-chain relative to GDP. Notably the acidic side-chain of
Asp202 is oriented directly towards the β-phosphate of GDP. Residues of switch I critical for
GTP hydrolysis (R178 and T181) are shown along with E43 in the phosphate-binding loop
region. The color scheme is identical to that shown in panel (A). The confidence of the
structural model is highlighted by a 2Fo-Fc simulated annealing omit electron density map
contoured at 1.0σ (grey mesh). (C) A superposition of Gαi1-G202D (green) with the Gαi1β1γ2
heterotrimer (Gαi1 [yellow], Gβ1 [grey], Gγ 2 [wheat]; PDB code: 1GP2) is shown in the
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predicted membrane orientation. Overall, Gαi1-G202D is largely unaltered compared to wildtype protein. However, inspection of the β3/α2 loop containing the G202D mutation reveals
a displacement away from the nucleotide-binding pocket relative to wild-type, Gβγ-bound
Gαi1. The partially ordered switch II region that proceeds from the β3/α2 loop does not
assume the helical nature that typifies the Gβγ-bound and activated conformations. (D)
Switch regions I-III of a superposition of Gα i1-G202D·GDP (green) and Gα i1·GTPγS
(yellow; PDB code: 1AS0) is shown with the GTPγS molecule in magenta. Switch I and III
regions are in a similar orientation; however, the relative orientations of switch II differ
drastically, most notably in the N-terminal portion (i.e. the β3/α2 loop). In wild-type Gα,
binding of GTPγS induces a rigid helical conformation in switch II that results in its
movement towards the nucleotide-binding pocket. However, in the G202D mutant, switch II
appears deflected away from the nucleotide. Importantly, the D202 side-chain demonstrates a
significant steric and electrostatic clash with the γ-phosphate of the modeled GTPγS
molecule.
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Figure 5.16- The G202D mutation compromises proper switch II rearrangement upon
GTP binding. (A) Time-course of Gα i1 intrinsic tryptophan fluorescence enhancement by
AlF4-. The intrinsic fluorescence of buffer (No Protein), 100 nM wild type (WT) Gαi1, or 100
nM Gαi1-G202D was measured at 30°C. AlCl3 (30 µM) and NaF (20 mM) were added after
50 s as indicated by the arrow. RFU=relative fluorescence units. (B) Time-course of Gα i1
intrinsic tryptophan fluorescence enhancement by GTPγS. The intrinsic fluorescence of
buffer (No Protein), 100 nM wild type (WT) Gαi1, or 100 nM Gα i1-G202D was measured at
30°C. 100 µM GTPγS was added at 0 s as indicated by the arrow. Data was fit to a single
exponential association function to determine the activation rate constant (95% confidence
intervals in parentheses): WT 0.0139 (0.0137-0.0142) min-1 (C) Time-course of Gαi1-G202D
intrinsic tryptophan fluorescence enhancement by GTPγS. The intrinsic fluorescence of 100
nM Gαi1-G202D was measured at 30°C. 100 µM GTPγS was added at 0 s, as denoted. Data
were normalized to percentage change in fluorescence. Data was fit to a single exponential
association curve (95% confidence interval in parentheses): G202D+GTPγS 0.149 (0.13245

0.16) min-1. (D) Data from intrinsic tryptophan fluorescence experiments were analyzed to
determine mean fluorescence enhancements with standard errors (n=3). (E) Timecourse of
the effect of RGS12 GoLoco motif binding on the rate and magnitude of Gα i1 intrinsic
tryptophan fluorescence enhancement by AlF4-. 1 µM Gαi1 (wild type and G202D) subunits
were equilibrated for 5 minutes in buffer, either alone or in the presence of 5 µM RGS12
GoLoco motif (RGS12 GL). AlCl3 (30 µM) and NaF (20 mM) were added at 0 s as indicated
by the arrow. Data points were fit to single exponential association curves. (F) Data from
three experiments conducted as described in panel E were analyzed to obtain mean rate
constants and standard errors (n=3).
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Figure 5.17- Spindle oscillations occur normally in gpa-16(it143) but not gpa16(it143)/goa-1(RNAi) embryos at 16°C. Images from time-lapse DIC microscopy
sequences of wild-type (16°C) (A), gpa-16(RNAi) (16°C) (B), gpa-16(it143) (25°C) (C),
gpa-16(it143) (16°C) (D), gpa-16(it143)/goa-1(RNAi) (16°C) (E), and gpa-16(it143)/goa1(RNAi) (25°C) (F) embryos during anaphase. Arrows point to the posterior half of the
spindle, dashed circles indicate the position of the posterior spindle pole. Elapsed time is
indicated in minutes and seconds; embryos are about 50 µm-long, and anterior is to the left,
posterior to the right. Note that spindle oscillations occur in both wild-type and gpa16(it143) embryos at 16°C, but not in embryos of the other genotypes (B, C, E, F).
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Figure 5.18- Pulling forces on spindle poles at 16°C are normal in gpa-16(it143) but not gpa16(it143)/goa-1(RNAi) embryos. Average peak velocities of the anterior and posterior spindle
poles (±SEM) following spindle severing of C. elegans embryos of the indicated genotypes. The
experiments were performed either at 25°C or 16°C as indicated. For values and statistical tests,
see Table 5.3.
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Figure 5.19- Model for heterotrimeric G-protein function during asymmetric cell
division. (A) This model assumes that Gα·GDP bound to GPR-1/2 is crucial for pulling force
generation. In the wild-type, GOA-1·GDP and GPA-16·GDP interact with the GoLoco motif
proteins GPR-1/2 at the cell cortex to mediate pulling forces. Gα·GDP/GPR-1/2
concentration is determined by an equilibrium between the levels of free Gα·GDP, the
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amount of free Gβγ, and the amount of Gα·GDP/Gβγ. For simplicity we have omitted from
this model other regulatory components that likely participate such as RIC-8, RGS-7, and
LIN-5. (B) GPA-16[it143] is unstable at 25°C and likely misfolds or has defects in tertiary
structure. Loss of functional GPA-16[it143] prevents the formation of GPA-16·GDP/GPR1/2, thereby decreasing pulling forces. It is also possible that the loss of functional GPA16[it143] protein may lead to an increase in free Gβγ subunits. This would, therefore,
increase the amount of GOA-1·GDP/Gβγ and consequently reduce the amount of GOA1·GDP/GPR-1/2, thus decreasing pulling forces. (C) GPA-16[it143] is effectively in a GDP
‘locked’ state but is stable at 16°C. This leads to an increased amount of GPA-16·GDP/Gβγ,
thereby reducing the amount of free Gβγ available for formation of GOA-1·GDP/Gβγ. The
consequence of this is an increase in free GOA-1·GDP and therefore an increase in the
amount of GOA-1·GDP/GPR-1/2, and thus increased pulling forces. It is also possible that
increased levels of GPA-16·GDP/GPR-1/2 may cause increased pulling forces. (D) Loss of
all GOA-1 protein prevents the formation of GOA-1·GDP/GPR-1/2 thus decreasing pulling
forces. Furthermore, increased amounts of free Gβγ sequester the ‘GDP locked’ but stable
GPA-16[it143] and prevent the formation of GPA-16·GDP/GPR-1/2 complexes. Thus
pulling forces are reduced by two mechanisms.
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KD (µM)

Gαi1 wild type
GDP

GTPγS

Gαi1 G202D
GDP⋅AlF4

-

GDP

GTPγS

GDP⋅AlF4-

Gβ1γ1

1.75
(1.7-1.8)

38
(31-44)

NB

1.9
(1.3-2.6)

2.8
(2.4-3.3)

2.1
(1.3-2.9)

PCP-2

0.84
(0.68-1.0)

NB

448
(130-760)

7.5
(3.7-11.3)

7.0
(4.6-9.3)

7.7
(4.7-10.8)

Ric-8A

0.39
(0.26-0.51)

356
(41-670)

107
(68-146)

4.1
(1.2-7.0)

5.5
(3.0-8.0)

3.6
(1.8-5.3)

310
(150-470)

0.08
(0.05-0.1)

NB

NB

NB

RGS14(RGS)

NB

Gαt/i1 wild type
PDEγ(aa 63-87)

NB

ND

Gαt/i1 G198D
5.21

NB

ND

NB

Table 5.1- Nucleotide-dependent binding affinities of Gα for various interactants.
Dissociation constants (KD) were determined using surface plasmon resonance spectroscopy.
NB indicates no binding was observed and ND indicates that affinity was

not determined.

For experiments with Gα i1, equilibrium resonance units of specific binding were graphed
versus Gα concentration and fit to the equation Y=(Bmax*X)/(KD+X). Data are presented
with 95% confidence intervals in parentheses. For Gα t/i1/PDEγ experiments, affinity was
calculated by kinetic analysis (SEM in parenthesis): ka= 1.6 x 102 (0.9) M-1s-1, kd= 8.33 x 10-4
(0.1) s-1.
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Data Collection and Refinement Statistics
Data collection (highest resolution shell)
Space group
No. molecules in asymmetric unit
Unit cell dimensions
a, b, c (Å)
α, β, γ (degrees)
Wavelength (Å)
Resolution (Å)
Linear R-factor a
Square R-factor b
Mean I/σ c
Completeness (%)
Redundancy

I4
1
121.87, 121.87, 67.35
90, 90, 90
1.54
50-2.24 (2.32-2.24)
5.9 (21.1)
5.1 (20.7)
56.8 (14.4)
99.5 (95.4)
7.3 (7.2)

Refinement
Resolution (Å)
Reflections (working/test)
R-cryst/R-free (%) d
Non-hydrogen atoms
Protein
GDP/SO4
Water
R.m.s. deviations
Bonds
Angles
Average B-factor

20-2.24 (2.32-2.24)
19436/974
22.9/23.6
2497
28/5
246
0.0072
1.15
32.6

Ramachandran plot (%)
Most-favored regions
Allowed regions
Disallowed regions

91.7
8.3
0.0

a

Linear R = Σ(I- <I>)/Σ(I)
Square R = Σ(I- <I>)2/Σ(I)2
c
<I/σI>, Mean signal to noise, where I is the integrated intensity of a measured reflection and σI is the estimated error in the measurement
d
ΣFP – FP(calc) / Σ FP, where FP and FP(calc) are the observed and calculated structure factor amplitudes, respectively. R-free is calculated
similarly using test set reflections never used during refinement
b

Table 5.2- Data collection and refinement statistics for the Gαi1-G202D crystal structure
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Genotype

n

A
(µm/sec)

P
(µm/sec)

versus wild-type, 25°C
(A)
(P)

versus wild-type, 16°C
(A)
(P)

wild-type, 25°C

13

0.64±0.07

1.03±0.08

-

-

P<0.001

P<0.001

wild-type, 16°C

12

0.56±0.06

0.80±0.07

P<0.001

P<0.001

-

-

gpa-16(RNAi), 25°C

15

0.60±0.07

0.65±0.07

P~0.1

P<0.001

ND

ND

gpa-16(RNAi), 16°C

10

0.32±0.05

0.38±0.06

ND

ND

P<0.001

P<0.001

goa-1(RNAi),25°C

8

0.50±0.09

0.80±0.12

P<0.001

P<0.001

ND

ND

goa-1(RNAi),16°C

8

0.34±0.05

0.46±0.06

ND

ND

P<0.001

P<0.001

goa-1(RNAi)
gpa16(RNAi),25°C

15

0.21±0.04

0.22±0.03

P<0.001

P<0.001

ND

ND

goa-1(RNAi)
gpa16(it143),25°C

9

0.18±0.05

0.24±0.05

P<0.001

P<0.001

ND

ND

gpa-16(it143), 25°C

10

0.58±0.07

0.65±0.09

P~0.1

P<0.001

P<0.001

P<0.001

gpa-16(it143), 16°C

11

0.67±0.06

0.81±0.10

ND

ND

P>0.5

P<0.001

goa-1(RNAi)
gpa16(it143),16°C

9

0.16±0.05

0.25±0.05

ND

ND

P<0.001

P<0.001

Table 5.3- Quantitative assessments of spindle severing experiments
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