
Direct G Protein Modulation of Cav2 Calcium Channels
H. WILLIAM TEDFORD AND GERALD W. ZAMPONI

Hotchkiss Brain Institute, Department of Physiology and Biophysics, University of Calgary, Calgary, Canada

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 837
I. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838

II. Molecular structure and distributions of voltage-gated calcium channels . . . . . . . . . . . . . . . . . . . . . 838
A. �1 Subunit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838
B. Ancillary calcium channel subunits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 840

III. G protein-coupled receptor signaling—a brief overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 841
A. Activation of G proteins via G protein-coupled receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 841
B. Subtypes of G protein subunits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 841
C. Regulation of G protein activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 842
D. Receptor desensitization and internalization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 843

IV. Discovery and characterization of direct G protein inhibition of Cav2 calcium channels . . . . . . . . 843
A. Electrophysiological hallmarks of direct G protein inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 845
B. Does the nature of the G� subunit affect voltage-dependent modulation?. . . . . . . . . . . . . . . . . . 845
C. Voltage-independent G protein inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846
D. Regulator of G protein signaling and activator of G protein signaling proteins and calcium

channel inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846
V. Calcium channel structural determinants of G protein modulation. . . . . . . . . . . . . . . . . . . . . . . . . . . 847

A. Calcium channel �1 subunit structural determinants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 847
B. Role of the calcium channel � subunit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 849

VI. Modulation of G protein modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 850
A. Cross-talk between G protein inhibition and protein kinase C modulation . . . . . . . . . . . . . . . . . 850
B. Synaptic proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 850

VII. G protein structural determinants of N-type channel modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
A. G� subtype dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
B. G� structural determinants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854
C. G� subtype dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856

VIII. Signaling complexes involving N-type channels and G protein-coupled receptors . . . . . . . . . . . . . . 856
IX. Concluding remarks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856

Acknowledgments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 857
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 857

Abstract——The regulation of presynaptic, voltage-
gated calcium channels by activation of heptahelical G
protein-coupled receptors exerts a crucial influence on
presynaptic calcium entry and hence on neurotransmit-
ter release. Receptor activation subjects presynaptic N-
and P/Q-type calcium channels to a rapid, membrane-
delimited inhibition—mediated by direct, voltage-de-
pendent interactions between G protein �� subunits and
the channels—and to a slower, voltage-independent

modulation involving soluble second messenger mole-
cules. In turn, the direct inhibition of the channels is
regulated as a function of many factors, including chan-
nel subtype, ancillary calcium channel subunits, and the
types of G proteins and G protein regulatory factors
involved. Twenty-five years after this mode of physiolog-
ical regulation was first described, we review the inves-
tigations that have led to our current understanding of
its molecular mechanisms.
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I. Introduction

Depolarization-mediated calcium influx via voltage-
gated calcium channels elicits a range of cytoplasmic
responses, including the contraction of cardiac muscle,
the initiation of calcium-dependent gene transcription,
cellular proliferation, the activation of calcium-depen-
dent enzymes, and the release of hormones and neuro-
transmitter molecules (Tsien et al., 1988; Wheeler et al.,
1994; Dunlap et al., 1995; Martin-Moutot et al., 1996;
Sutton et al., 1999; Dolmetsch et al., 2001; Reid et al.,
2004). However, excessive calcium entry produces dele-
terious effects and may result in cell death. So it is
essential for cells to carefully buffer intracellular
calcium and to precisely regulate calcium entry via
calcium-permeant membrane proteins such as voltage-
gated calcium channels.

Multiple subtypes of voltage-gated calcium channels
have been identified in mammalian tissues and classi-
fied, on the basis of their pharmacological and electro-
physiological properties, into T-, L-, N-, P-, Q-, and R-
types (Tsien et al., 1988, 1991; Snutch et al., 2005).
Based on their thresholds of activation, these channel
subtypes can be more grossly divided into low-voltage-
and high-voltage-activated (LVA1 and HVA, respec-
tively) channels (Catterall et al., 2005). However, it is
important to note that this criterion is not absolute, as
the activation ranges of most calcium channels are mod-
ulated by alternate splicing, subunit composition, and
interactions with regulatory elements. LVA channels
comprise the family of T-type channels, which typically
require only small membrane depolarizations to open.
They activate and inactivate rapidly and are partially
inactivated at normal neuronal resting potentials
(Perez-Reyes, 2003). HVA calcium channels comprise all
other channel subtypes named above. Relative to LVA
channels they require stronger membrane depolariza-
tions for activation and inactivation, hence showing a
greater availability for opening at normal resting poten-
tials.

Members of the HVA class are well distinguished by
their pharmacological profiles. L-type channels are sen-
sitive to dihydropyridine agonists and antagonists, al-
though some L-type channel isoforms are less effectively
inhibited by dihydropyridines than others (Fox et al.,
1987; Xu and Lipscombe, 2001). N-type calcium chan-
nels are potently and selectively blocked by �-conotoxins
GVIA, MVIIA, and CVID, peptides isolated from various
fish hunting cone snails (Olivera et al., 1984; Reynolds
et al., 1986; Mintz et al., 1991; Feng et al., 2003). Both P-

and Q-type channels are inhibited by �-agatoxin IVA, a
toxin isolated from the North American funnel-web spi-
der, Agelenopsis aperta (Mintz et al., 1992; Adams et al.,
1993). R-type channels were defined as such because
they represent an HVA current that is resistant to the
above blockers (Randall and Tsien, 1995). However,
SNX-482, a peptide toxin isolated from a species of giant
tarantula is now considered a potent and semiselective
inhibitor of these channels (Newcomb et al., 1998; Bou-
rinet et al., 2001).

Why are there so many subtypes of calcium channels,
if they only function to allow passage of calcium ions into
excitable cells? As suggested by their differences in bio-
physical properties, cellular expression pattern, and
subcellular distribution, the channel subtypes also differ
in the cellular functions they support (see below). Fur-
thermore, different subtypes of voltage-gated calcium
channels are subject to differential regulation by cyto-
plasmic messenger molecules, including protein kinases
and G proteins.

The modulation of voltage-gated calcium channels is a
vast field with many fascinating details, too extensive to
review comprehensively in one article. Herein, we focus
on the modulation of presynaptic calcium channels by G
proteins. As notably illustrated by the action of mor-
phine—a �-opioid receptor agonist, which mediates po-
tent analgesia by virtue of inhibition of N-type calcium
channels and activation of potassium channels (Altier
and Zamponi, 2004)—this type of regulation has impor-
tant physiological implications.

II. Molecular Structure and Distributions of
Voltage-Gated Calcium Channels

A. �1 Subunit

The core of every functional voltage-gated calcium
channel and main determinant of channel subtype is the
�1 subunit (Fig. 1A). Each calcium channel contains a
single �1 subunit, which in turn consists of homologous
domains (I, II, III, and IV, linked by cytoplasmic loops
referred to as the I-II, II-III, and III-IV loops) and cyto-
plasmic N- and C-terminal regions (Fig. 1A) (Catterall,
1993, 2000). As outlined below, these cytoplasmic re-
gions are key sites for second messenger modulation and
for association with regulatory and adaptor proteins.
Each homologous domain contains six transmembrane
spanning helices (termed S1 through S6), plus a reen-
trant p-loop structure between S5 and S6 that is be-
lieved to form the ion-selective pore region of the chan-
nels. The S4 helices have characteristic positively
charged amino acid residues at every third sequence
position, which allows the channel to sense membrane
depolarization and respond with channel opening (Cat-
terall, 2000).

Ten different genes encoding calcium channel �1 sub-
units in higher mammals have been identified and func-
tionally characterized (Fig. 1B). These genes fall into

1 Abbreviations: LVA, low-voltage-activated; HVA, high-voltage-
activated; SH, Src homology; AID, �-interaction domain; GPRC, G
protein-coupled receptor; AGS, activator of G protein signaling; RGS,
regulator of G protein signaling; PTX, pertussis toxin; GRK, G pro-
tein-coupled receptor kinase; DRG, dorsal root ganglion; VIP, vaso-
active intestinal peptide; PK, protein kinase; CSP, cysteine string
protein; FRET, Foerster resonance energy transfer; SCG, superior
cervical ganglion.
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three homologous families, termed Cav1, Cav2, and Cav3
(Snutch et al., 2005). The Cav1 family has four genes
that encode L-type calcium channels with various phys-
iological functions: Cav1.1, expressed exclusively in skel-
etal muscle, forms the voltage-sensor for excitation-con-
traction coupling (Tanabe et al., 1987); Cav1.2 and
Cav1.3 are widely expressed, including in the pancreas,
the heart, and the brain (Mikami et al., 1989; Williams
et al., 1992b; Tomlinson et al., 1993); and Cav1.4 is
expressed in retina and is functionally linked to photo-
transduction (Bech-Hansen et al., 1998; Koschak et al.,
2003; McRory et al., 2004). The Cav2 family is widely
expressed in neurons (further discussed below) and in-
cludes Cav2.2 [encoding the N-type channel (Dubel et
al., 1992; Williams et al., 1992a)], Cav2.3 [encoding the
R-type channel (Soong et al., 1993; Williams et al., 1994;
Randall and Tsien, 1995)], and Cav2.1, with alternate

splice isoforms of the latter giving rise to P- and Q-type
channels (Bourinet et al., 1999). The three members of
the Cav3 family encode different isoforms of T-type
channels, with Cav3.1 and Cav3.2 expressed across nu-
merous tissues and Cav3.3 confined to neuronal tissue
(Cribbs et al., 1998; Perez-Reyes et al., 1998; Lee et al.,
1999; Monteil et al., 2000a,b; McRory et al., 2001; Che-
min et al., 2002).

The specialized roles of individual calcium channel �1
subunits are apparent from the phenotypes of knockout
mice deficient in these genes (Miller, 2001). Cav1.1�/�

mice die at birth of asphyxiation caused by lack of skel-
etal muscle contraction and, thus, the inability to move
their diaphragms (Strube et al., 1996). Cav1.2�/� mice
die before birth because of an inability to contract car-
diac muscle (Seisenberger et al., 2000). Cav1.3�/� and
Cav1.4�/� mice are viable, but lack key aspects of sen-

FIG. 1. A, schematic representation of structural features of the �1 subunit of the voltage-gated calcium channel. Predicted transmembrane helices
are shown as shaded cylinders. Internally homologous domains are indicated by roman numerals above the domain; each domain comprises six
predicted transmembrane helices (S1 through S6). Intracellular amino- and carboxy-terminal loops and loops connecting the homologous domains are
labeled as N�, C�, I-II, II-III, and III-IV, respectively. � symbols in the S4 helices indicate positively charged amino acid residues that contribute to
the voltage sensing mechanism of the channel. Reentrant loops between S5 and S6 helices line the pore of the channel and compose the ion selectivity
filter of the channel. B, summary of different types of �1 subunits, including names of genes, plus corresponding electrophysiological subtype,
pharmacology, and tissue distribution. C, schematic representation of the subunit composition and membrane topology of a typical high-voltage-
activated calcium channel (note that LVA channels probably only contain the �1 subunit).
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sory signal transduction, such that Cav1.3�/� mice are
deaf (Platzer et al., 2000) and Cav1.4�/� mice display
blindness due to compromised rod photoreceptor func-
tion (Mansergh et al., 2005). Cav1.3�/� mice also display
cardiac arrhythmias. Mice lacking the Cav2.1 gene are
severely ataxic and show absence seizures (Jun et al.,
1999), whereas Cav2.2�/� mice are viable and show hy-
posensitivity to pain, as well as reduced anxiety and
alcohol withdrawal symptoms (Hatakeyama et al., 2001;
Kim et al., 2001; Saegusa et al., 2001; Newton et al.,
2004). Cav2.3�/� mice are also viable, and show reduced
response to certain pain stimuli, as well as reduced
seizure activity in certain types of seizure models (Sae-
gusa et al., 2000; Weiergräber et al., 2006). Cav3.1�/�

mice are resistant to baclofen-induced seizures (Kim et
al., 2001), and finally Cav3.2�/� mice show compromised
vascular function (Chen et al., 2003).

The physiological consequences of gene knockout are
consistent with the cellular and subcellular distribu-
tions of these channels in the central nervous system.
For example, Cav3.1 channels are expressed on cell bod-
ies and dendrites where they contribute to regulate cel-
lular excitability (Molineux et al., 2006), which is con-
sistent with their involvement in spike wave discharges.
By contrast, Cav2.3 channels are localized to proximal
dendrites and presynaptic nerve termini (Wu and Sag-
gau, 1995; Yokoyama et al., 1995; Wu et al., 1998).
Cav2.1 and Cav2.2 channels are also located at presyn-
aptic nerve terminals, where they contribute to the re-
lease of neurotransmitters (Westenbroek et al., 1992,
1995, 1998). Yet, as noted above, individual knockouts of
the Cav2.1 and Cav2.2 channels yield very different phe-
notypes, suggesting that the channels are not created
equally in terms of coupling to the neurotransmitter
release machinery. Indeed, Cav2.1 channels seem to
preferentially contribute to the release of excitatory neu-
rotransmitters, whereas Cav2.2 channels are more fre-
quently linked to inhibitory synaptic transmission (al-
though this linkage is by no means absolute) (Burke et
al., 1993; Potier et al., 1993; Doroshenko et al., 1997;
Caddick et al., 1999; Leenders et al., 2002). It should
also be noted that these channels may serve functions
other than simply triggering neurotransmitter release,
e.g., regulation of gene transcription, as has been sug-
gested for Cav2.1 (Sutton et al., 1999). Given the above
arguments and evidence for a clear contrast in the phys-
iological roles of Cav2.1 and Cav2.2 channels, the exis-
tence of second messenger/signaling mechanisms that
would allow differential modulation of these channels
seems essential.

B. Ancillary Calcium Channel Subunits

Since the first purification of the Cav1.1 calcium chan-
nel from skeletal muscle (Curtis and Catterall, 1984), it
has been evident that these channels are complexes of
multiple subunits (Fig. 1C). In skeletal muscle, the
Cav1.1 �1 subunit copurified with ancillary �, �2-�, and

� subunits (Catterall, 2000). We now know that all sub-
types of HVA calcium channels contain at least one �
and one �2-� subunit, but it remains unclear whether �
subunits associate with nonskeletal muscle HVA chan-
nels (Dolphin, 2003). There is recent evidence that cer-
tain types of � subunits can bind to Cav3 channels di-
rectly, but these investigations are ongoing (Best et al.,
2006). In contrast, members of the LVA calcium channel
family do not seem to associate physically with �2-� and
� subunits; however, coexpression of these subunits with
members of the Cav3 family does seem to regulate chan-
nel density (Lambert et al., 1997; Leuranguer et al.,
1998; Dolphin et al., 1999; Hobom et al., 2000; Dubel et
al., 2004). How this occurs mechanistically remains un-
clear.

Vertebrates express four genes that encode different
types of calcium channel � subunits (�1, �2, �3, and �4),
with further heterogeneity arising from alternate splic-
ing (Dolphin, 2003; Richards et al., 2004). With one
exception—the �2a subunit, which is palmitoylated and
thereby plasma membrane-anchored (Qin et al., 1998)—
these subunits are cytoplasmic proteins. Their overall
architecture encompasses two highly conserved regions,
flanked and separated by more variable domains (Stotz
et al., 2004). Recent crystal structure data indicate that
these subunits contain guanylate kinase and SH3 do-
mains, which interact with each other to form functional
� subunits (Chen et al., 2004; Opatowsky et al., 2004;
Van Petegem et al., 2004). Biochemical studies have
revealed that the � subunits bind to a highly conserved
region within the I-II loop of the HVA calcium channel �
subunit (Pragnell et al., 1994). Termed the �-interaction
domain (AID) and not found in the LVA channels, this
region fits into a hydrophobic groove on the surface of
the � subunit. There is also evidence of a second calcium
channel � subunit-binding domain, localized to the C-
terminal region of certain subtypes of HVA calcium
channels, but its functional role is unclear (Qin et al.,
1997). Whereas the �1 subunit contains the minimal
machinery to form a functional channel, the coexpres-
sion of a � subunit modulates a number of functional
properties of the �1 subunit, resulting in a massive up-
regulation in current densities, changes in the midpoint
of the current voltage relations and steady-state inacti-
vation curves, and altered activation and inactivation
kinetics (Pragnell et al., 1994; Chien et al., 1995; Bichet
et al., 2000a,b; Yasuda et al., 2004).

Four vertebrate genes encoding �2-� subunits (termed
�2-�1 through �2-�4) have been identified and character-
ized (Klugbauer et al., 1999; Arikkath and Campbell,
2003). Each �2-� isoform is encoded by a single gene,
translated as a single peptide, and post-translationally
cleaved into �2 (extracellular) and � (single transmem-
brane helix) portions, which are then reconnected via a
disulfide bond (De Jongh et al., 1990). The consequences
of �2-� coexpression include an enhancement of peak
current amplitude, altered channel pharmacology, and
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slightly altered channel gating (Klugbauer et al., 2003;
Yasuda et al., 2004). The physiological role of �2-� sub-
units is exemplified by mouse models of absence epilepsy
in which the �2-�2 subunit is truncated; in these mice, in
addition to the epileptic phenotype, cerebellar Purkinje
cell morphology is altered, and P/Q-type channel activity
is diminished (Barclay et al., 2001).

To date, eight different � subunits (termed �1 through
�8) have been isolated, all of which comprise four trans-
membrane helices with intracellular N and C termini
(Arikkath and Campbell, 2003; Black, 2003). The �1
subunit is specific to skeletal muscle, but the other sub-
units can all be detected in the brain. With the exception
of the �7 subunit, which drastically reduces the activity
of Cav2.2 channels in heterologous expression systems
(Moss et al., 2002), coexpression of the remaining �
subunits with any of the other neuronal voltage-gated
calcium channel �1 subunits mediates only small effects
on channel kinetics (Rousset et al., 2001). That said,
premature truncation of the �2 subunit (also known as
stargazin) results in absence seizures in mice, consistent
with an important role in modulation of calcium channel
function (Letts et al., 1998). However, this subunit has
also been shown to associate with and regulate �-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(Chen et al., 2000; Tomita et al., 2005), and, therefore,
the in vivo role of the �2 subunit in the calcium channel
complex, if any, remains unclear.

The multiple subtypes of calcium channel �1 subunits,
the splice isoforms thereof, and the many potential com-
binations of ancillary subunits collectively imply a vast
diversity in terms of the calcium channels that can be
generated. This diversity is an important consideration
for issues of channel function and for second messenger
regulation of channel function, as described below.

III. G Protein-Coupled Receptor Signaling—A
Brief Overview

To fully appreciate regulation of calcium channels by
G proteins, we will briefly review some key aspects of G
protein-coupled receptor (GPCR) signaling. GPCR sig-
naling is a very extensive topic, too much so for compre-
hensive review herein. Thus, we give a brief synopsis
and refer the reader elsewhere for further detail (Fer-
guson, 2001; McCudden et al., 2005; Perez and Karnik,
2005).

A. Activation of G Proteins via G Protein-Coupled
Receptors

GPCRs are a family of seven transmembrane helix
receptors that are activated by a variety of physiological
stimuli, in most cases extracellular neurotransmitters
and hormones. Over 350 different types of GPCRs have
been identified; for many of these, cellular roles have not
yet been defined (Landry et al., 2006). GPCRs have a
common transmembrane topology: an extracellular N

terminus, three cytoplasmic loops (connecting trans-
membrane helices I and II, III and IV, and V and VI),
three extracellular loops (connecting helices II and III,
IV and V, and VI and VII), and a cytoplasmically local-
ized C-terminal region (Fig. 2A). GPCRs also have a
common mechanism of signal transduction: when acti-
vated by agonists, GPCRs interact with heterotrimeric
complexes of G protein ��� subunits and stimulate ex-
change of G�-bound GDP for cytoplasmic GTP. Nucleo-
tide exchange in turn favors dissociation of the hetero-
trimeric complexes into G�-GTP and heterodimers of
G��, each of the latter being active signaling entities
that modulate various downstream effector systems, of-
ten with crucial consequences for cellular function (Fig.
2A). The intrinsic GTPase activity of the G� subunit
hydrolyzes bound GTP back into GDP � Pi, thus termi-
nating G� activity and promoting the reassembly of the
inactive G�-GDPG�� complex (Fig. 2B). In the contin-
ued presence of agonist, each receptor is able to activate
multiple G��� subunits, which in turn may modulate
multiple effector molecules, resulting in signal amplifi-
cation.

Details of the molecular events of agonist-mediated
GPCR activation are the subjects of extensive study, in
many cases using the GPCR rhodopsin as a model
(Gether et al., 2002; Perez and Karnik, 2005) and will
not be reviewed here. By contrast, although mutagene-
sis- and chimera-based studies have defined many mo-
lecular determinants of the interactions between acti-
vated receptors and inactive G protein heterotrimers,
the molecular and thermodynamic details of these inter-
actions remain largely unclear, an obvious issue to ad-
dress in future investigations (Gether, 2000).

B. Subtypes of G Protein Subunits

In the human genome, 16 genes encode different types
of G� subunits (McCudden et al., 2005); the products of
these genes are classified into 5 groups based on their
abilities to activate various cell signaling systems (Table
1). G�s proteins activate adenylyl cyclase; the G�i pro-
teins, which include G�o and G�z, generally inhibit ad-
enylyl cyclase; G�t proteins (a group which includes
G�gust) are found in sensory transduction pathways and
activate cyclic GMP phosphodiesterase activity; G�q
proteins are activators of phospholipase C�; and, finally,
G�12 proteins are regulators of sodium-proton exchange.
Most known G� subunits have molecular masses of 39 to
52 kDa and are post-translationally modified with
palmitoyl lipid functionalities; G�i proteins often carry
myristoyl functionalities as well, and both of these lipid
functionalities are thought to contribute to proper sub-
cellular localization of G� subunits (Chen and Manning,
2001).

There are also five known subtypes of G protein �
subunits [plus potential alternate splice isoforms, with
molecular masses of 35–39 kDa (Clapham and Neer,
1997; Fletcher et al., 1998)], and 12 different subtypes of
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G� subunits (Ray et al., 1995; Clapham and Neer, 1997;
Huang et al., 1999). G� subunits contain tryptophan-
aspartate repeats (WD repeats) and an N-terminal am-

phipathic helix, which is known to interact with the G�
subunit (Wall et al., 1995; Lambright et al., 1996). The
G� subunits (G�1–5,7–13) are smaller molecules (molecu-
lar mass of �6–8 kDa) that are isoprenylated at the C
terminus, which results in the plasma membrane an-
choring of this subunit. Because G� and G� subunits
typically exist as a complex, this results in membrane
localization of the G� subunit.

One could propose �1000 unique, potential combina-
tions of G�, G�, and G� subunits. However, because of
specific cellular and subcellular expression patterns and
unfavorable thermodynamics of binding, one may expect
many of these to be rare or not to exist at all as func-
tional, heterotromeric complexes (further discussed be-
low in section VII.). Furthermore, GPCR-G protein cou-
pling is preferential according to G� subunit type
(Schoneberg et al., 1999; Cabrera-Vera et al., 2003) and
also according to G�� subtypes (Taylor et al., 1994;
Kisselev et al., 1995a,b; Yasuda et al., 1996; McIntire et
al., 2001; Cabrera-Vera et al., 2003; Jones et al., 2004).
And, finally, many types of GPCRs are known to homo-
and heterodimerize, which can alter the specificity of
GPCR-G� coupling (George et al., 2000) or affect recep-
tor internalization (AbdAlla et al., 2000). Collectively,
this process provides a tremendous potential for linking
GPCR activity to specific signaling pathways, as illus-
trated by the requirement for specific G�� subunit com-
positions for direct regulation of N- and P/Q-type cal-
cium channels (described below).

C. Regulation of G Protein Activity

Various endogenous modulators can regulate the ac-
tivities of G� subunits independently of GPCR activa-
tion. Activator of G protein signaling (AGS) proteins can
directly stimulate guanine nucleotide exchange of the
G� subunit (Fig. 2A), resulting in receptor-independent
activation of G� (Blumer et al., 2005). Regulator of G
protein signaling (RGS) proteins comprise a large family
of proteins with �20 different members. A primary func-
tion of RGS proteins is to stimulate the intrinsic GTPase
activity of G�, thus accelerating inactivation of these
subunits (Berman et al., 1996) (Fig. 2B). In turn, this
promotes the reformation of the inactive G protein het-
erotrimer and the consequent termination of G�� action
on effector molecules (Doupnik et al., 1997). There is
also evidence that some types of RGS proteins can di-
rectly interfere with the interactions between activated
G� subunits and their effectors (Berman and Gilman,
1998). We also note that certain RGS proteins contain a
G protein �-like domain and associate with G� subunits
by replacing the G� subunit (Snow et al., 1998).

G protein activity can also be regulated by pharmaco-
logical means: intracellular application of the nonhydro-
lyzable GTP analog GTP�S results in permanent acti-
vation of all known types of G� subunits and, at the
same time, a massive increase in free G�� subunits.
In contrast, guanosine 5�-O-(2-thio)diphosphate, once

FIG. 2. A, schematic representation of the key events that occur dur-
ing heterotrimeric G protein activation and signaling. 1, extracellular
ligand binds to a seven-transmembrane helix G protein-coupled receptor,
inducing receptor activation and allosteric changes in conformation.
Next, allosteric changes in the conformation of the G protein � subunit,
resulting from (2a) receptor activation or (2b) interaction with an AGS
protein, lead to (2c) guanine nucleotide exchange, replacing G�-bound
GDP with GTP, and result in dissociation of the heterotrimeric G protein
complex into two active signaling complexes, G�-GTP (3a) and G�� (3b).
B, schematic representation of the basic events of G protein signaling
inactivation via reformation of the inactive G��� heterotrimer. G�-bound
GTP is hydrolyzed to GDP, either due to intrinsic GTPase activity of the
G� subunit (4a) or enhanced GTPase activity of the G� subunit resulting
from direct interaction with an RGS protein (4b). Allosteric changes in
the conformation of G�, resulting in GTP hydrolysis, lead to reassociation
of G� with G�� (5), ultimately resulting in an inactive heterotrimeric
complex (6). C, schematic representation of events leading to inactivation
of G protein signaling due to internalization of GPCRs. 1, G�� het-
erodimers bind to G protein-coupled receptor kinases (GRKs) and recruit
them to nearby GPCRs, thus enabling phosphorylation of the intracellu-
lar C-terminal loop of the GPCR (2). In turn, the newly phosphorylated
motif of the receptor recruits and interacts with �-arrestin (�-arr). This
leads to a cascade of interactions with the clathrin-based endocytic ma-
chinery, resulting in the endocytic internalization of the receptor and the
desensitization of the cell to further stimulation by extracellular receptor
ligand. GIRK, G protein-activated inwardly rectifying K� channel.
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bound to G� subunits, renders the subunits perma-
nently inactive: they cannot exchange this GDP analog
for GTP and thus remain permanently associated with
G��. Aluminum fluoride produces a permanently active
G�-GDP subunit by mimicking the effects of the � phos-
phate group of GTP. Cholera toxin permanently acti-
vates G�s subunits via ADP ribosylation, which drasti-
cally reduces their ability to hydrolyze GTP. In contrast,
pertussis toxin (PTX) permanently inhibits G�i subunits
(with the exception of G�z) by blocking their abilities to
interact with GPCRs, again via ADP ribosylation (Fields
and Casey, 1997). G�t is sensitive to both toxins; G�gust
is presumed to be sensitive to both on the basis of amino
acid sequence, but has only been experimentally demon-
strated to be sensitive to PTX (Spielman et al., 1994;
Fields and Casey, 1997; Ming et al., 1998).

D. Receptor Desensitization and Internalization

Many GPCRs display intrinsic desensitization mech-
anisms that allow them to terminate their activities
during the sustained presence of receptor agonist. There
are multiple mechanisms by which GPCRs desensitize.
Heterologous desensitization involves protein kinase A-
and/or protein kinase C-dependent phosphorylation of
the third intracellular loop of the receptors, irrespective
of whether agonist is bound. These phosphorylation
events block the interaction of the receptor with the G�
subunit, effectively terminating GPCR-mediated signal-
ing, and serving as a general mechanism by which re-
ceptors are desensitized. Homologous desensitization in-
volves the phosphorylation of specific residues in the C
terminus of the receptor (in its agonist bound state) by
specific G protein-coupled receptor kinases (GRK) (Di-
verse-Pierluissi et al., 1996). These GRKs are activated
by G�� subunits and translocate from the cytoplasm to
the plasma membrane. Once phosphorylated, the C ter-
minus becomes available for binding to arrestins, which
then block receptor-G protein coupling. Another means
of terminating GPCR activity in the presence of agonist
is internalization of GPCRs into cytoplasmic vesicular
compartments (Fig. 2C). This process is enhanced by
GRK-dependent phosphorylation and the binding of ar-
restins (Ferguson, 2001); internalization can either be

reversible, allowing the reinsertion of the receptors into
the plasma membrane, or irreversible, leading to recep-
tor degradation in lysosomal compartments. The net
result in the above cases is termination of GPCR-medi-
ated signaling and, hence, the return of effectors such as
voltage-gated calcium channels to their basal, nonmodu-
lated activity. In the context of voltage-gated calcium
channels, these desensitization and internalization
mechanisms are important means for restoring normal
calcium channel function in the continued presence of
receptor agonists.

IV. Discovery and Characterization of Direct G
Protein Inhibition of Cav2 Calcium Channels

G protein inhibition of voltage-gated calcium currents
was first described 25 years ago in two seminal articles
by Dunlap and Fischbach (1978, 1981). These authors
showed that the contribution of calcium channels to
somatic action potentials in chick dorsal root ganglion
(DRG) neurons was reduced in response to activation of
GABAB, serotonin, or adrenergic receptors (see Fig. 3A,
top), thus shortening action potential duration (Dunlap
and Fischbach, 1978). These authors subsequently
showed that this effect was due to a robust, receptor-
mediated inhibition of HVA calcium currents in chick
DRG neurons, currents now known to be carried almost
entirely by N-type channels (Dunlap and Fischbach,
1981) (Fig. 3A, bottom). Numerous studies followed, re-
vealing that many types of GPCRs—muscarinic, opioid,
somatostatin, and dopamine receptors among them—
have the propensity to inhibit native calcium currents
(Forscher et al., 1986; Holz et al., 1986b; Bean, 1989;
Ikeda and Schofield, 1989; Kasai and Aosaki, 1989; Lips-
combe et al., 1989; Beech et al., 1992; Bernheim et al.,
1992; Ikeda, 1992; Golard and Siegelbaum, 1993; Mintz
and Bean, 1993; Shapiro and Hille, 1993; Zhu and Ikeda,
1993; Caulfield et al., 1994). A unifying property of this
GPCR-mediated inhibition of calcium currents was its
sensitivity to pertussis toxin, thus implicating G�i
and/or G�o proteins (Holz et al., 1986a). The receptor-
mediated inhibition was found to be blocked by the ap-
plication of guanosine 5�-O-(2-thio)diphosphate (Holz et

TABLE 1
Pharmacology and signaling properties of the major G protein subunit types

Subunit Pharmacology Effectors References

G�s CTX, GTP�S, GDP�S Adenylyl cyclase (activates) McCudden et al. (2005)
G�i PTX, GTP�S, GDP�S Adenylyl cyclase (inhibits) McCudden et al. (2005)
G�t CTX, PTX, GTP�S, GDP�S cGMP phosphodiesterase (activates) Arshavsky et al. (2002); Margolskee (2002)
G�q GTP�S, GDP�S Phospholipase C�, Bruton’s tyrosine kinase

(activates)
Rhee (2001)

G�12 GTP�S, GDP�S p115RhoGEF, Hsp90 Kozasa et al. (1998); Vaiskunaite et al. (2001)
G�� GIRK channels, phospholipase C�, adenylyl

cyclase II, adenylyl cyclase IV (activates);
rhodopsin kinases (recruits/activates); Cav2
calcium channels (inhibits)

Clapham and Neer (1997); Cabrera-Vera et al.
(2003)

CTX, cholera toxin; GTP�S, guanosine 5�-O-(3-thio)triphosphate; GDP�S, guanosine 5�-O-(2-thio)diphosphate; Hsp, heat shock protein; GIRK, G��-regulated inwardly
rectifying K� channel.
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al., 1986a), hence further implicating G� subunits. A
role for G� subunits in this mode of inhibition was thus
established, yet not well understood.

The inhibition was then found to be membrane-delim-
ited, i.e., to involve a second messenger molecule that
remained associated with the plasma membrane, rather
than diffusing to the channel via a cytoplasmic pathway
(Forscher et al., 1986; Hille, 1994). Because the G pro-
tein �� subunit is anchored to the plasma membrane
(described above), these findings were consistent with
direct, inhibitory physical interaction between calcium
channels and membrane-tethered G�� subunits. This
paradigm was left untested at first, because the domi-
nant view of G�� subunit function was that it served
only to capture GDP-bound G� subunits. But it has since
become clear that the physiological role of G�� subunits

is much more complex and includes direct modulatory
interaction with many target effectors, e.g., the G pro-
tein-coupled inwardly rectifying potassium channel, the
first such effector identified (Logothetis et al., 1987;
Ford et al., 1998; Albsoul-Younes et al., 2001; Mirshahi
et al., 2002b). A direct role for G�� in the inhibition of
voltage-gated calcium channels was first proposed by
Bourinet et al. (1996) and later demonstrated in exper-
iments testing the effects of overexpressed G�� subunits
(Herlitze et al., 1996; Ikeda, 1996). The results of these
experiments were fully consistent with the notion of a
“membrane-delimited” pathway and were reported in
back-to-back publications by the Ikeda and Hille groups
(Herlitze et al., 1996; Ikeda, 1996).

The direct G protein inhibition of voltage-gated cal-
cium channels occurs in a calcium channel subtype-

FIG. 3. A, top, original data illustrating traces of action potentials obtained from a dorsal root ganglion neuron held in a current clamp before and during
exposure to norepinephrine (NE). The trace with the largest shoulder (shown to correspond to calcium influx) was collected before application of 0.1 mM
extracellular NE (and is marked “�NA”); the trace with the smallest shoulder was collected after application of NE (marked “�NA”); traces with shoulders
of intermediate sizes were collected at 10-s intervals after the initial application of NE, illustrating progressive desensitization of the preparation to NE.
Image provided by Dr. Kathleen Dunlap. Bottom, paired traces of pharmacologically isolated HVA calcium currents, recorded from a voltage-clamped chick
dorsal root ganglion neuron, before and after extracellular application of 0.1 mM noradrenaline (no label and “�NA”, respectively) (Dunlap and Fischbach,
1981). B, electrophysiological recording paradigms and whole-cell current recordings from a typical set of paired-pulse facilitation experiments using
heterologously expressed N-type channels and G�1�2 subunits. “�” indicates the transmembrane voltage protocol used for baseline sweeps wherein a
depolarizing prepulse was not administered. “�” indicates the voltage protocol used for sweeps wherein test pulses were preceded by a 50-ms prepulse to
�150 mV. Current recordings on the left show typical results obtained using alternating prepulse protocols on a cell coexpressing heterologous Cav2.2, �1b,
and �2-� subunits in the absence of GPCR activation or coexpressed G�1�2. Paired recordings on the right show typical results in the same scenario but with
coexpression of heterologous G�1�2. Note that the prepulse relieves tonic G protein inhibition, thus resulting in a current with larger peak current amplitude
and accelerated kinetics. C, results reproduced from a publication by Williams et al. (1997), demonstrating the effects of applying trains of action potential
(AP)-like depolarizations before a 0-mV test pulse (see voltage protocol trace at bottom and lower left) during recordings of N-type currents from dissociated
guinea pig cholinergic basal forebrain neurons. As indicated by the labels for the current traces on the right, the current amplitude increases with increasing
numbers of AP-like depolarizations before the test pulse. Copyright 1997 by the Society for Neuroscience. D, reproduction of the compound state model used
by Agler et al. (2005) for analysis of single-channel recordings from N-type channels. The model assumes two parallel sets of states for the channel, one set
for channels inhibited by direct physical interaction with G�� heterodimers (labeled “G��-bound”) and another set for channels not inhibited by such
interactions (“G��-unbound”). Each set of states is presumed to have differing kinetics (indicated by differently sized arrows) of G protein association and
dissociation, with association favored in the deeper closed states. The G protein bound and unbound states, respectively, reflect the reluctant and willing
gating modes of the channel.
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dependent manner. N-type channels have long been con-
sidered a prime target for direct G protein inhibition (see
above), and it is now established that P/Q-type calcium
channels are also inhibited upon activation of G�i- or
G�o-coupled receptors. However, P/Q-type channels typ-
ically undergo a smaller degree of inhibition relative to
N-type channels (Currie and Fox, 1997). In contrast,
other calcium channel subtypes expressed in native cells
do not seem to be subject to direct G protein inhibition,
suggesting that this type of modulation is confined to the
two main presynaptic calcium channel isoforms. Similar
findings have been obtained in expression systems (Bou-
rinet et al., 1996; Toth et al., 1996; Page et al., 1997;
Stephens et al., 1998; Beedle et al., 2004), although
there have been reports of G��-mediated inhibition of
Cav2.3 (i.e., R-type) channels, particularly in the ab-
sence of the calcium channel � subunit (Mehrke et al.,
1997; Qin et al., 1997; Shekter et al., 1997). More re-
cently, a putative direct modulation of Cav3.2 calcium
channels by G�2�2 has been reported (Wolfe et al., 2003).
However, the hallmarks of this modulation differ from
those of the classic G protein inhibition described for
HVA calcium channels (see below). Taken together,
these considerations indicate that all members of the
Cav2 channel family have at least some ability to un-
dergo direct G protein inhibition, whereas other calcium
channel subtypes typically do not.

A. Electrophysiological Hallmarks of Direct G Protein
Inhibition

The membrane-delimited inhibition of voltage-gated
calcium channels bears a number of distinct hallmarks.
At the whole-cell level, peak current amplitudes are
reduced in a voltage-dependent manner, with inhibition
being stronger at more hyperpolarized potentials (Bean,
1989; Kasai and Aosaki, 1989; Lipscombe et al., 1989).
This finding is reflected in a depolarizing shift in the
midpoint of the activation curve of the channel. In addi-
tion, the time courses of current activation and inacti-
vation can be slowed after receptor activation. All of the
above effects are reversed after strong membrane depo-
larization (��100 mV) (Fig. 3B), hence the term “pre-
pulse facilitation” or “prepulse relief” to describe the
current increase that occurs when a depolarizing voltage
pulse is applied before a test depolarization (Bean, 1989;
Hille, 1994; Zamponi and Snutch, 1998a,b; Arnot et al.,
2000). Such strong membrane depolarizations do not
occur in normal mammalian physiology. However, rapid
trains of action potentials (as well as increases in action
potential duration) can lead to a similar recovery from G
protein inhibition (Fig. 3C), leading to the suggestion
that voltage-dependent G protein disinhibition may be
important for synaptic function (Brody et al., 1997; Wil-
liams et al., 1997; Park and Dunlap, 1998). It has even
been suggested that this phenomenon contributes to a
novel form of paired-pulse facilitation observed in au-
taptic hippocampal cultures in the presence of GABAB or

adenosine A1 receptor agonists (Brody and Yue, 2000).
Moreover, in hippocampal slices, carbachol-induced in-
hibition of postsynaptic responses is relieved by applica-
tion of paired presynaptic depolarizations (de Sevilla et
al., 2002). A potential role of voltage-dependent disinhi-
bition of G protein regulation in synaptic function is also
supported by modeling studies (Bertram and Behan,
1999; Bertram et al., 2002, 2003).

Voltage-dependent G protein inhibition of N-type cal-
cium channels has also been examined at the single
channel level (Carabelli et al., 1996; Patil et al., 1996). In
these studies, inhibited N-type channels show an in-
creased first latency to opening, giving rise to the slowed
activation kinetics observed in whole-cell N-type cur-
rents. Inactivation kinetics of the whole-cell currents
also seem to be slowed, again due to the occurrence of
delayed channel openings. Hence, the altered first la-
tency to opening can account for the hallmark features
of voltage-dependent G protein inhibition observed in
whole-cell recordings. Mechanistically, the delay in
opening can be explained by a stabilization of the closed
state of G��-bound channels, and this G��-induced sta-
bilization of a closed channel conformation is consistent
with previous suggestions of “willing” (i.e., G protein
free) and “reluctant” (i.e., G protein-bound) gating
modes of the channel. (Bean, 1989; Kasai and Aosaki,
1989; Elmslie, 1992; Boland and Bean, 1993; Golard and
Siegelbaum, 1993). Kinetic modeling (Patil et al., 1996)
suggests that the transition from the reluctant to the
willing gating mode involves the dissociation of the G��
complex from the channel (Fig. 3D), although reluctant
N-type channel openings can also occur, albeit with very
low probability (Colecraft et al., 2000; Lee and Elmslie,
2000). The significance of dissociation of G�� subunits
from the N-type calcium channel for transition to a
willing gating mode is also supported by experiments in
which the free G�� concentration was varied (Zamponi
and Snutch, 1998a). The kinetics of G protein reinhibi-
tion that follow a strong depolarizing prepulse become
faster at increasing concentrations of free G��, implying
that G�� subunits must physically dissociate from the G
protein complex during the prepulse and consistent with
modeling work of Bertram and Behan (1999). These
kinetic data are also consistent with a bimolecular in-
teraction between G�� and the channel, thus resolving
the extensively discussed issue of G protein-calcium
channel stoichiometry (Kasai and Aosaki, 1989; Boland
and Bean, 1993; Golard and Siegelbaum, 1993).

B. Does the Nature of the G� Subunit Affect Voltage-
Dependent Modulation?

As mentioned above, in the majority of early studies,
the voltage-dependent modulation of N-type calcium
channels seemed to be sensitive to PTX, thus implicat-
ing G�i and/or G�o subunits. However, there is evidence
that receptors coupling to other types of G� subunits can
also mediate voltage-dependent modulation. For exam-
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ple, vasoactive intestinal peptide (VIP) mediates volt-
age-dependent inhibition of N-type calcium channels in
sympathetic neurons via activation of G�s and indepen-
dently of protein kinase (PK) A (Zhu and Ikeda, 1994).
Similarly, work from our own laboratory indicates that
dopamine D1 receptors, despite coupling to G�s, can
mediate voltage-dependent modulation of heterolo-
gously expressed Cav2.2 calcium channels (Kisilevsky et
al., 2006). Likewise, overexpression of G�z in rat sym-
pathetic neurons effectively rescues the loss of voltage-
dependent modulation of N-type channels by adrenergic,
adenosine, prostaglandin E2, and somatostatin recep-
tors that occurs after incubation with PTX (Jeong and
Ikeda, 1998). The ability of many types of G protein �
subunits to couple N-type channels to G�� modulation is
also supported by overexpression studies in which a
wide range of G� subunit subtypes (including G�11 and
G�t, but interestingly not G�z) were found to interfere
with norepinephrine- or VIP-mediated inhibition of N-
type channels in rat sympathetic neurons (Jeong and
Ikeda, 1999). Together, the results described above show
that many subtypes of G� subunits can form heterotri-
mers with the same types of G�� subunits that are
involved N-type channel modulation.

Because all GPCR types activate G�� irrespective of
the types of G� subunits to which they (the GPCRs)
couple, then in principle any type of GPCR should be
able to promote G��-mediated inhibition of N-type chan-
nels. However, there are several additional consider-
ations: First, the receptors and channels need to be
localized in close proximity to allow for effective diffu-
sion and binding of G�� subunits to the channel. Second,
although G� subunits may be able to biochemically in-
teract with a wide range of G�� dimers, structural fea-
tures of the GPCR itself can prevent coupling to certain
combinations of G�� subunits—a crucial point, since the
isoform of the G protein � subunit is a key determinant
of voltage-dependent calcium channel modulation (as we
discuss below). Finally, the activation of other intracel-
lular signaling pathways by particular types of G� sub-
units may interfere with the ability of G�� to inhibit
N-type channel activity (also described below). Hence,
control of the specificity of GPCR signaling to N-type
calcium channels goes beyond the coupling of the recep-
tor to a particular G� subunit.

C. Voltage-Independent G Protein Inhibition

The free G�� heterodimers resulting from GPCR
activation do not signal exclusively to voltage-gated
calcium channels: they also modulate components of
other cytoplasmic messenger systems such as phos-
pholipase C� and adenylyl cyclase (Gao and Gilman,
1991; Tang and Gilman, 1991; Camps et al., 1992).
Moreover, activated G� subunits trigger various in-
tracellular responses, which may converge on voltage-
gated calcium channels to either up-regulate or in-
hibit their activities. Thus, in addition to mediating

voltage-dependent inhibition of Cav2 calcium chan-
nels via G��, a number of GPCRs trigger a concomi-
tant inhibition of the channels via soluble second mes-
senger pathways (Beech et al., 1991, 1992; Bernheim
et al., 1991, 1992; Luebke and Dunlap, 1994; Surmeier
et al., 1995; Delmas et al., 1998a,b; Shapiro et al.,
1999; Kammermeier et al., 2000; Schiff et al., 2000;
Beedle et al., 2004). Because this type of inhibition
cannot be reversed by strong membrane depolariza-
tions, it is referred to as voltage-independent.

The precise molecular mechanisms by which volt-
age-independent modulation occurs are incompletely
understood, but evidence suggests it can be elicited by
a number of distinct signaling pathways that may be
tailored to particular types of GPCRs. For example,
dopamine D1 receptors couple to G�s and thereby
activate PKA, which in turn phosphorylates protein
phosphatase 1. This phosphatase has been shown to
dephosphorylate residues on N- and P/Q-type calcium
channels, resulting in voltage-independent current in-
hibition (Surmeier et al., 1995). In contrast, robust
voltage-independent modulation of N-type channels in
chick DRG neurons has been attributed to tyrosine
kinase-dependent phosphorylation of the N-type cal-
cium channel �1 subunit (Schiff et al., 2000) and
involves classes of G proteins different from those
involved in voltage-dependent modulation (Diverse-
Pierluissi et al., 1995). Finally, muscarinic M1 and
neurokinin 1 receptors both trigger voltage-indepen-
dent inhibition of N-type channels via a G�q, but also
require the action of G�� subunits as part of the
signaling cascade (Kammermeier et al., 2000). The
regulation of voltage-gated calcium channels by ki-
nases and phosphatases is a vast area of research that
has been reviewed recently (Bannister et al., 2005)
and will not be further described herein. However, the
above examples serve to illustrate the fact that G
protein-coupled receptors mediate more than just
voltage-dependent, membrane-delimited inhibition of
Cav2 calcium channels. And, as described below, there
may be cross-talk between voltage-dependent and
voltage-independent pathways that contributes to the
overall complexity of GPCR signaling to voltage-gated
calcium channels.

D. Regulator of G Protein Signaling and Activator of G
Protein Signaling Proteins and Calcium Channel
Inhibition

RGS proteins have recently emerged as important
factors in the voltage-dependent modulation of N- and
P/Q-type calcium channels (Jeong and Ikeda, 1998,
2000; Diverse-Pierluissi et al., 1999; Melliti et al., 1999,
2001; Mark et al., 2000). RGS2 proteins accelerate the
recovery from inhibition of heterologously expressed
P/Q-type calcium channels by M2 muscarinic receptors
and alter the availability of G�� subunits for producing
voltage-dependent inhibition of these channels (Mark et
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al., 2000). Likewise, by stimulating the GTPase activity
of G� (and thus reducing the amount of free G�� that is
available to modulate the channels), overexpression of
RGS3 and RGS8 proteins attenuates the muscarinic
inhibition of heterologously expressed N-type calcium
channels (Melliti et al., 1999). Interestingly, RGS2 and
RGS12 also alter voltage-independent inhibition of N-
type channels in a manner that seems to be independent
of altered GTPase activity (Schiff et al., 2000; Melliti et
al., 2001), suggesting that RGS proteins can act directly
on effector molecules such as N-type channels (Richman
et al., 2005). RGS proteins have also been shown to
reduce adrenergic inhibition of native N-type currents
(Jeong and Ikeda, 2000). When RGS4 proteins are de-
pleted by intracellular dialysis of an RGS4 specific an-
tibody, adrenergic modulation of these channels be-
comes enhanced (Diverse-Pierluissi et al., 1999). Both
RGS4 and RGS10 accelerate the deactivation of G�z-
mediated noradrenergic modulation of N-type channels
in rat sympathetic neurons (Jeong and Ikeda, 1998).
Finally, RGS9 antagonizes dopamine D2 receptor-medi-
ated modulation of N-type currents in rat striatal cho-
linergic interneurons (Cabrera-Vera et al., 2004). Hence,
a host of different RGS proteins have been linked to
regulation of voltage-dependent modulation of N- and
P/Q-type calcium channels, presumably via their stimu-
lation of GTPase activity. The fact that many endoge-
nous types of RGS proteins can affect receptor signaling
to voltage-gated calcium channels indicates that caution
should be exercised when attempting to reconstitute
receptor-channel signaling in transient expression sys-
tems.

A number of RGS proteins have been shown to regu-
late calcium channel activity independently of an action
on the G� subunit. For example, both RGS6 and RGS11
antagonize the modulation of human Cav2.2 calcium
channels by coexpressed G�5 subunits (Zhou et al.,
2000). Both of these RGS protein types have been shown
to interact directly with G�5 by competing with the G
protein � subunit (Snow et al., 1999), presumably result-
ing in an RGS-G�5 complex that is incapable of inhibit-
ing the channel. RGS6 does not seem to interact with
any other G protein � subunit subtype, but both RGS7
and RGS9 also have G protein �-like domains (Snow et
al., 1998), raising the possibility that some of the RGS
proteins could directly modulate the actions of other
subtypes of G� subunits on voltage-gated calcium chan-
nels. Such a scenario needs to be investigated experi-
mentally in expression systems.

AGS proteins serve as receptor-independent means of
activating G protein signaling (Blumer et al., 2005).
Hence, up-regulation of AGS protein expression may
trigger receptor-independent inhibition of voltage-gated
calcium channels, although such an action has yet to be
demonstrated. The synaptic vesicle release protein cys-
teine string protein (CSP), although not an AGS protein,
does contain a region capable of stimulating exchange

of G�-bound GDP for GTP in purified G� subunits
(Natochin et al., 2005), which may account for voltage-
dependent modulation of N-type channels that results
from overexpression of this region of CSP (Miller et al.,
2003). Collectively, these findings indicate that G pro-
tein inhibition of Cav2 calcium channels, be it indirect or
mediated by direct interaction between the channel and
G��, is subject to a number of regulatory mechanisms
that occur upstream of the channel itself.

V. Calcium Channel Structural Determinants of
G Protein Modulation

A. Calcium Channel �1 Subunit Structural
Determinants

The calcium channel structural determinants that un-
derlie G�� modulation of Cav2 calcium channels has
been investigated in numerous studies (Fig. 4A). Zhang
et al. (1996) created a series of chimeric calcium chan-
nels that combined the structural features of Cav2.1 and
Cav2.2 calcium channels and expressed them tran-
siently in Xenopus oocytes. Based on this chimeric ap-
proach, the authors identified two structural regions
that accounted for the differential capacity of the parent
channels for G protein modulation: domain I and the
intracellular C-terminal region. However, the chimeric
approach used in this structure-function study has an
inherent limitation: it will not identify all regions in-
volved in G protein modulation but rather only the re-
gions responsible for the differences observed between
the two channels, an issue of importance in this case, as
both Cav2.1 and Cav2.2 are capable of undergoing volt-
age-dependent G protein inhibition. Moreover, these au-
thors did not demonstrate G�� binding to these channel
regions. In contrast, using in vitro translation of recom-
binant G�� in conjunction with binding assays, De
Waard et al. (1997) demonstrated binding of G�� to two
distinct regions within the domain I-II linker of Cav2.1.
Similarly, Zamponi et al. (1997) showed that synthetic
peptides corresponding to the same regions in the I-II
linkers of Cav2.2 and Cav2.1 were able to block func-
tional G protein modulation of transiently expressed
Cav2.2 channel, and that fusion proteins of the Cav2.2
I-II linker, but not the C terminus, bound G�� in vitro.
In addition, the differential voltage-dependent modula-
tion observed for Cav2.1 and Cav2.2 is reversed by a
chimeric swap of the I-II linker regions of the two chan-
nel subtypes (Zamponi et al., 1997).

Interestingly, one of the two G��-interaction regions
of the domain I-II linker partially overlaps with the AID
region that is known to bind the calcium channel �
subunit (Pragnell et al., 1994). This putative G protein
binding domain also includes a QXXER motif that is
found in the G�� binding domain of adenylyl cyclase,
and mutagenesis studies revealed a potential role of this
region in G protein modulation: substitution from
QQIER to QQIEE in Cav2.1 increased G protein modu-
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lation, and a change to QQLEE affected reversibility of
G protein modulation (Herlitze et al., 1997). Studies
involving Cav2.2-Cav2.3 chimeras also point to an in-
volvement of the I-II linker region in the kinetic slowing
observed during G protein inhibition but suggest that
other regions may also contribute to steady-state inhi-
bition (Page et al., 1997; Simen and Miller, 1998, 2000).
On the other hand, Qin et al. (1997) reported that the
I-II linker was not an essential determinant of G protein
inhibition of N-type channels and instead pointed to the
C terminus of the channel. However, large parts of the C
terminus of Cav2.2 can be deleted with only minor
changes in G protein inhibition (Hamid et al., 1999),
suggesting an auxiliary role for this region rather than a
key requirement. Indeed, ensuing work by Li et al.
(2004) revealed that the C terminus, although being able
to bind to G�� subunits, serves mainly to enhance the
affinity of the channel for G�� rather than being an
absolute requirement. Several studies have attributed a
key role to the N terminus of the channel in G protein
inhibition (Page et al., 1998; Simen and Miller, 1998,
2000; Stephens et al., 1998; Canti et al., 1999). In par-

ticular, three individual amino acid residues in the
Cav2.2 N terminus (Ser48, Arg52, and Arg54) were found
to be critical for N-type calcium channel modulation
(Canti et al., 1999). The mechanism by which the N
terminus of the channel contributes to G protein inhibi-
tion of Cav2.2 was resolved recently by Agler et al.
(2005). The authors showed that the N terminus of
Cav2.2 and the I-II linker physically interact with each
other, and this interaction is essential for G protein
modulation to proceed. At this point, it is not entirely
clear whether the interaction of the I-II linker and the N
terminus is required to facilitate functional modulation
of the channel by G��, or, alternatively, whether G��
binding to the channel promotes an interaction between
the two channel regions, which in turn inhibits channel
activity allosterically. Nonetheless, these findings raise
several issues concerning the interpretations of earlier
results. For example, it is possible that the synthetic I-II
linker peptides used by Zamponi et al. (1997) might have
acted in part by blocking the interaction between the N
terminus and the I-II linker, rather than only competing
G�� away from the channel. Moreover, mutagenesis of

FIG. 4. A, schematic representation of Cav2 channel �1 subunit regions involved in G protein modulation. Structural regions demonstrated to play
a role in modulatory interactions with G�� in the N-terminal loop (Canti et al., 1999; Agler et al., 2005), the I-II loop (De Waard et al., 1997; Zamponi
et al., 1997; Agler et al., 2005), and the C-terminal loop (Qin et al., 1997; Hamid et al., 1999; Li et al., 2004) are indicated by shaded and unshaded
boxes and by amino acid residue numbers corresponding to the respective sequence regions (numbering based on rat Cav2.2 sequence). B, schematic
representation of the Cav2 channel engaged in simultaneous modulatory interactions with the calcium channel � subunit and the G�� heterodimer,
in contrast to the scenario proposed in C, wherein the calcium channel � subunit and the G�� heterodimer compete for interaction with the channel
in a mutually exclusive manner. A shaded box on the I-II loop represents an area of overlap between a sequence region known to interact with the
calcium channel � subunit and another region known to interact with G��.
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residues or substitutions of the I-II loop in Cav2.2 could
simply have resulted in a loss of the I-II linker-N termi-
nus interaction. Finally, it may be worth noting that the
Cav2.2 channels used in the earlier chimeric studies of
Zhang et al. (1996) carried a portion of the Cav2.1 N
terminus to promote membrane expression; which,
given the role of this region in G protein modulation,
complicates the interpretation of the results obtained
with these chimeras. That said, the work of Agler et al.
(2005) has served to reconcile the many previous struc-
ture-function studies that implicated the N terminus
and I-II linker regions as key functional entities in the
direct membrane-delimited inhibition of N-type chan-
nels. How the C terminus region affects G protein reg-
ulation at the molecular level remains open to investi-
gation. It is possible that this region may interact with
either the N terminus or the I-II loop to promote G
protein inhibition. Moreover, given recent evidence of an
interaction between the domain I-II and III-IV linker
regions of Cav2.1 channels (Fathallah et al., 2002; Geib
et al., 2002), it is possible that the overall G�� binding
pocket on Cav2 calcium channels could be formed by the
concerted action of multiple intracellular regions of the
channel (Fig. 4A).

B. Role of the Calcium Channel � Subunit

As outlined above, the domain I-II linker contains the
AID region, a sequence of residues that binds to the
calcium channel � subunit and overlaps partially with
one of two G protein �� binding motifs found in the I-II
linker. Crystal structure data showing the interface be-
tween the calcium channel � subunit and the AID region
indicate that only a few residues of the AID motif would
be sufficiently exposed to interact with G�� (Chen et al.,
2004; Opatowsky et al., 2004; Van Petegem et al., 2004),
raising the question of whether G�� could in fact bind to
the I-II linker in the presence of the calcium channel �
subunit. Nonetheless, the putative G�� binding motifs
identified by de Waard et al. (1997) and Zamponi et al.
(1997) extend beyond the AID region. So it seems plau-
sible to hypothesize either a stable quaternary complex
of the G�� subunits with the calcium channel �1 and �
subunits or a scenario of mutually exclusive binding of
either the G�� heterodimer or the calcium channel �
subunit to the �1 subunit.

Whatever the case, the proximity of the AID region
and the putative target regions for G�� binding suggests
that the calcium channel � subunit may regulate the
modulation of Cav2 channels by G�� subunits. The first
evidence supporting such a mechanism came from anti-
sense experiments in which calcium channel � subunits
were depleted in rat DRG neurons, leading to an aug-
mentation of GABAB-induced N-type channel inhibition
(Campbell et al., 1995). Bourinet et al. (1996) subse-
quently showed that omission of the calcium channel �
subunit dramatically augmented the inhibition of tran-
siently expressed Cav2.1 channels by �-opioid receptors.

Moreover, these authors showed that receptor activation
produces a much more pronounced kinetic slowing when
the channel complex contained the calcium channel �2a
subunit (compared with channels containing other sub-
types of calcium channel � subunits). Several additional
studies indicate that G protein inhibition of N-type cal-
cium channels is affected by the calcium channel � sub-
unit isoform. Feng et al. (2001) reported that different
types of calcium channel � subunits affected the extent
of prepulse relief in the presence of overexpressed G�
subunits. In particular, for Cav2.2 channels coexpressed
with the calcium channel �2a subunit, the kinetic slow-
ing induced by G�� subunits was dramatically enhanced
relative to that observed in the presence of other calcium
channel � subunits. Canti et al. (2000) reported that all
four types of calcium channel � subunits antagonized
the G protein-induced depolarizing shift in the current-
voltage relation when examined in Xenopus oocytes.
Only the calcium channel �2a subunit led to a reduction
in the total extent of G protein inhibition, and all four
calcium channel � subunits accelerated the rate of G��
dissociation from the calcium channel complex. Curi-
ously, when the same group of investigators examined
the effects of calcium channel � subunits on G protein
modulation of Cav2.2 channels in Cos-7 cells, the au-
thors found that the calcium channel � subunit was
necessary for G�� to mediate voltage-dependent inhibi-
tion (Meir et al., 2000). Cos-7 cells are apparently com-
pletely devoid of endogenous calcium channel subunits,
whereas Xenopus oocytes are known to express endoge-
nous � subunits. It is thus possible that these conflicting
results were due to the effects of an endogenous � sub-
unit that renders the channels more sensitive to G pro-
tein inhibition compared with that observed upon coex-
pression with rat � subunits. However, the data of Meir
et al. (2000) are more difficult to reconcile with the
antisense experiments of Campbell et al. (1995),
wherein depletion of � subunits resulted in an increase
rather than a decrease in inhibition. It is possible that
calcium channel � subunit regulation of G protein inhi-
bition could be affected by other proteins (synaptic pro-
teins, scaffolding proteins, etc.) that are known to be
expressed in neurons, but perhaps are not present in
expression systems.

Inconsistencies aside, the studies described above es-
tablish the following: as a function of the identity of the
calcium channel � subunit in the Cav2 channel, both
G��-Cav2 dissociation kinetics and the G��-induced
slowing of Cav2 current activation kinetics can differ.
This is consistent with the notion that calcium channel
� subunits and G�� subunits can interact simulta-
neously with Cav2.2 and Cav2.1 channels, although not
to the exclusion of other possibilities. For Cav2.1 chan-
nels, this was examined directly by using Foerster res-
onance energy transfer (FRET) between the calcium
channel � subunit and the Cav2.1 �1 subunit. Hummer
et al. (2003) showed that coexpression of G protein ��
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subunits increased FRET between the calcium channel
�1 and � subunits. This increase depended on the pres-
ence of an intact C terminus of the �1 subunit of the
channel, indicating 1) that G�� causes a change in chan-
nel conformation, 2) that this change in conformation
involves the C terminus of the �1 subunit, and 3) that
calcium channel and G protein � subunits can bind to
the Cav2.1 channel concomitantly (Fig. 4B). These find-
ings are consistent with the functional data obtained
with Cav2.1 channels by Bourinet et al. (1996). Interest-
ingly, an analogous study by Sandoz et al. (2004) came to
the opposite conclusion. These authors reported a loss of
�1-� subunit FRET during G protein activation and sug-
gested that the calcium channel � subunit must dissoci-
ate from the channel complex during G protein modula-
tion (Fig. 4C). It is difficult to reconcile such opposing
findings, but it is important to note that absence of
FRET does not imply lack of proximity between two
labeled proteins, as the orientation of the fluorophore
used during the FRET experiments is critical for FRET
coupling.

In summary, the calcium channel � subunit is an
important determinant of G protein inhibition of Cav2
calcium channels. In consideration of the facts that
many cell types express multiple isoforms of calcium
channel � subunits and that calcium channel � subunit
expression is regulated during development, this is yet
another mechanism by which calcium entry can be pre-
cisely controlled to suit a specific cellular requirement.

VI. Modulation of G Protein Modulation

A. Cross-Talk between G Protein Inhibition and
Protein Kinase C Modulation

Studies in neurons have revealed that the membrane-
delimited inhibition of N-type calcium channels by a
number of different types of G protein-coupled receptors
can be reduced by the concomitant (or prior) activation
of pathways that activate PKC (Swartz, 1993; Swartz et
al., 1993; Barrett and Rittenhouse, 2000). Because the
G� subunit cannot be phosphorylated, this suggested
that the cross-talk between PKC and G protein inhibi-
tion might occur directly at the level of the calcium
channel �1 subunit. The second putative G�� interaction
site within the domain I-II linker (i.e., the one down-
stream of the AID region) contains two separate PKC
consensus sites (Thr422 and Ser425) (Fig. 5A). Synthetic
peptides corresponding to this region can be phosphor-
ylated in vitro, and, when phosphorylated, they lose
their ability to interfere with G�� modulation of N-type
channels (Zamponi et al., 1997). Site-directed mutagen-
esis of Thr422, but not of Ser425 to alanine prevents the
effects of PKC on G protein modulation of Cav2.2 chan-
nels, and mutagenesis of Thr422 to glutamic acid mimics
the effects of PKC activation (Hamid et al., 1999).
Hence, the PKC-G protein cross-talk can be localized to
phosphorylation of a single residue in one of the putative

G protein binding regions on the channel protein (Fig. 5,
B and C). The ability of PKC to antagonize G��-medi-
ated inhibition depends on the G protein � subunit iso-
form, with only G�1 being capable of sensing PKC-de-
pendent phosphorylation of the channel (Cooper et al.,
2000) (Fig. 5B). Hence, PKC-mediated antagonism of
GPCR-mediated, voltage-dependent inhibition of N-type
calcium channels may be most pronounced for GPCR
types that couple preferentially to G�1, such as the so-
matostatin receptor (Cooper et al., 2000). In passing, we
also note evidence of another mode of interaction be-
tween Cav2 channels and PKC signaling in that certain
isoforms of Cav2.2 channels respond directly to PKC
activation via an up-regulation of current activity (Stea
et al., 1995); in this case, phosphorylation of either of the
two PKC consensus sites was found to mediate the full
effect (Hamid et al., 1999).

The cross-talk between PKC and G protein pathways
is also highlighted by an elegant study involving recep-
tor-G protein tandems (Bertaso et al., 2003). These au-
thors created cDNA constructs in which specific, PTX-
insensitive G�i or G�o mutants were fused to the C
terminus of the �-adrenergic receptor. In the presence of
PTX, these tandem constructs were able to fully restore
voltage-dependent inhibition of N-type channels. When
a similar experiment was conducted by using a modified
G�q-receptor tandem construct, voltage-independent
modulation ensued, and, furthermore, activation of the
G�q pathway antagonized the voltage-dependent modu-
lation via the G�o pathway, consistent with the action of
PKC.

PKC-G�� cross-talk allows for the integration of mul-
tiple second messenger inputs directly at the level of the
calcium channel �1 subunit. It is not known whether
other kinases can mediate a similar effect on G protein-
mediated inhibition of Cav2 calcium channels, but it
seems likely that additional interactions among signal-
ing pathways could occur upstream of calcium channels,
with secondary affects on G protein inhibition (recall the
role of RGS proteins).

B. Synaptic Proteins

Both N- and P/Q-type calcium channels are known to
associate with several synaptic proteins—among them,
syntaxin 1, SNAP-25, and synaptotagmin—at a synaptic
protein interaction site found in the domain II-III linker
region (Sheng et al., 1994, 1997; Jarvis and Zamponi,
2001b; Spafford and Zamponi, 2003). These interactions
might serve multiple functions, e.g., to increase the cou-
pling between synaptic calcium entry and the neuro-
transmitter release machinery (Mochida et al., 1996,
2003; Harkins et al., 2004).

Coexpression of syntaxin 1 with either N- or P/Q-type
calcium channels in oocytes or tsA-201 cells results in a
hyperpolarizing shift in the steady-state inactivation
curve of the channels, reflecting a decreased availability
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of the channel to open (Bezprozvanny et al., 1995;
Jarvis and Zamponi, 2001a). Treatment of neurons
with botulinum toxin C1, which cleaves syntaxin 1A,
removes this inhibitory effect (Bergsman and Tsien,
2000; Stanley, 2003). Intriguingly, though, treatment
of chick giant calyces with botulinum toxin C1 also
renders N-type calcium channels insensitive to G pro-
tein inhibition induced by the inclusion of GTP�S in
the patch pipette, indicating a potential interplay be-
tween the vesicle release machinery and G proteins

(Stanley and Mirotznik, 1997). Consistent with such
interplay, we found that syntaxin 1A can physically
bind to G protein � subunits in vitro (Jarvis et al.,
2000). And, when coexpressed with Cav2.2 channels in
tsA-201 cells, syntaxin 1A results in tonic, voltage-
dependent G protein inhibition of N-type currents,
independent of any exogenous receptor activation
(Jarvis et al., 2000). A similar effect, although of
smaller magnitude, has been observed for channels
expressed in Xenopus oocytes (Hurley et al., 2004).

FIG. 5. A, schematic representation of the Cav2 channel and the G�� heterodimer, illustrating the locus for the PKC consensus site formed by threonine
422 (T422) in the domain I-II linker. B, whole-cell current recordings from cells coexpressing N-type channels with heterologous G�1�2 dimers, with the label
“�PP” indicating traces collected after a depolarizing prepulse, and “�PP” indicating traces collected when no prepulse was applied before the test pulse.
The recordings at the top show significant G��-mediated, voltage-dependent inhibition of the N-type current, which is reduced after activation of PKC by
application of 30 mM phorbol 12-myristate 13-acetate (Cooper et al., 2000). C, representation of the effects of PKC on G protein regulation of Cav2.2 channels.
Activation of phospholipase C (PLC) by interaction either with G�q-GTP and/or G�� results in the production of diacylglycerol (DAG). DAG in turn activates
PKC, which phosphorylates the side chain of residue T422 of the N-type channel. This phosphorylation event blocks modulatory interaction between the
channel and any G�� heterodimer containing the G�1 subunit, presumably due to steric interactions (between G�1 residues N35 and N36 and phosphor-
ylated Cav2.2 residue T422), thus reducing G��-mediated, voltage-dependent inhibition of the channel.
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Because distinct structural regions of syntaxin bind to
the calcium channel and to G�, it is possible that
syntaxin acts as a chaperone to colocalize the channel
and G� subunits, thus promoting tonic G protein in-
hibition (Jarvis et al., 2002) (Fig. 6).

In binding studies between syntaxin and purified G��
subunits, the G�2 subunit could not be detected (Jarvis
et al., 2002). This finding suggests that G�� complexes
containing G�2 are unable to associate with syntaxin or
perhaps that syntaxin may replace the G� subunit when
associating with G�, which would be reminiscent of the

role of certain RGS proteins. Experiments examining
the 1B isoform of syntaxin provide more intriguing de-
tails: syntaxin 1B can also bind to G��, but its coexpres-
sion with Cav2.2 channels alters channel availability
without promoting a tonic G protein inhibition of Cav2.2
calcium currents (Lu et al., 2001), perhaps because syn-
taxin 1B adopts a conformation that is less amenable to
inducing tonic G protein inhibition when bound to the
channel, compared with the conformation adopted by
complexes of the channel and syntaxin 1A (Fig. 6, A
and B).

FIG. 6. Representation of the modulatory interactions between presynaptic (N-type or P/Q-type) calcium channels, the G�� subunit, and the
presynaptic proteins syntaxin 1A, syntaxin 1B, and CSP. A, presynaptic vesicle fusion protein syntaxin 1B interacts directly with the synprint region
of the intracellular II-III loop of the channel (represented as thick gray doubling behind the dashed line). The interaction results in a hyperpolarizing
shift in the voltage dependence of inactivation, thus reducing channel availability (not shown), but does not affect basal G protein modulation of the
channel. B, in contrast, the formation of a complex of channel and syntaxin 1A results in reduced channel availability and leads to enhanced
recruitment of G��, such that G��-mediated, voltage-dependent channel inhibition is observed even in the absence of GPCR activation. Interaction
with the channel-syntaxin 1A complex may potentially result in the dissociation of G� and G� (Jarvis et al., 2002). C, phosphorylation (�) of the
synprint region by activated PKC (PKC*) modifies the conformation of the syntaxin 1A-channel complex such that the hyperpolarization in
steady-state inactivation is no longer observed (Jarvis and Zamponi, 2001a), whereas tonic G protein modulation can still persist. D, CSP enhances
G��-mediated channel inhibition in two ways: first, the C-terminal half of CSP simultaneously interacts with the synprint region of the channel and
recruits G��, with results reminiscent of those obtained with syntaxin 1A-channel complexes; second, the N-terminal half of CSP functions as an AGS
protein, acting on G���-GDP complexes to facilitate guanine nucleotide exchange. This in turn promotes dissociation of G��� complexes, resulting in
G�� modulation of the channel.
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Phosphorylation of the synaptic protein interaction
site by PKC and calmodulin-dependent protein kinase
prevents syntaxin binding in vitro (Yokoyama et al.,
1997, 2005). Consistent with a regulatory role of PKC,
the syntaxin 1-induced change in channel availability is
removed after PKC activation, whereas the tonic G pro-
tein inhibition seems to persist (Jarvis and Zamponi,
2001a) (Fig. 6C). This result suggests that under phys-
iological conditions, PKC is unable to fully dislodge syn-
taxin 1A from the channel, a conclusion also supported
by recent binding studies (Yokoyama et al., 2005). The
effects of PKC on syntaxin 1 action are reminiscent of
the PKC cross-talk described above and consistent with
an overall stimulatory role for this kinase with respect
to Cav2 calcium currents. Illustrating a similar regula-
tory cross-talk, RGS12 has been shown to bind to the
synaptic protein interaction site to regulate tyrosine
kinase-mediated, voltage-independent modulation of N-
type channels (Richman et al., 2005).

The coexpression of CSP also mediates a tonic G
protein inhibition of transiently expressed Cav2.2
channels. Like syntaxin 1, CSP physically binds to
both the synaptic protein interaction site and to G��
(Magga et al., 2000) (Fig. 6D). However, the mecha-
nism of CSP modulation is more complex. Expression
of the C-terminal half of CSP induces tonic G protein
inhibition of the channel, but inhibition is eliminated
upon overexpression of synaptic protein interaction
site peptides (Miller et al., 2003). Hence, the C-termi-
nal half of CSP is sufficient to produce a syntaxin
1-like effect in terms of G protein modulation of N-
type channels. However, expression of the N-terminal
half of CSP also triggers tonic G protein inhibition of
Cav2.2 channels. By contrast, this inhibition does not
rely on binding to the synaptic protein interaction
site; rather, it results from stimulation of GDP-GTP
exchange in G�. It is unclear whether and to what
extent the CSP-mediated modulation of N-type cur-
rents occurs under physiological conditions, as N-type
calcium channel activity has not yet been assessed in
CSP-deficient mice (these mice show normal P/Q-type
channel activity) (Fernandez-Chacon et al., 2004).

Worth noting is the fact that the interaction between
G protein �� subunits and synaptic proteins may also
play an important role downstream of N-type calcium
channels. It has been reported that G��, by interacting
with syntaxin 1 and SNAP-25, can directly interfere
with neurotransmitter release (Blackmer et al., 2001,
2005; Gerachshenko et al., 2005). Hence, the interac-
tions between calcium channels, synaptic proteins, and
G protein subunits provide multiple avenues for regula-
tion of neurotransmitter release, which may occur inde-
pendently of receptor activation and may involve other
mechanisms besides a mere reduction in presynaptic
calcium entry.

VII. G Protein Structural Determinants of N-
Type Channel Modulation

The question as to which combinations of G� and G�
subunit types associate to form functional heterodimers,
ostensibly relevant for the issue of modulatory interac-
tion of G�� with Cav2 channels, has been examined,
although not exhaustively (Iniguez-Lluhi et al., 1992;
Pronin and Gautam, 1992; Schmidt et al., 1992; Watson
et al., 1994; Meister et al., 1995; Watson et al., 1996; Yan
et al., 1996). Structural regions of the G� subunit that
determine selectivity of G�� binding and complex for-
mation have also been identified (Spring and Neer,
1994; Lee et al., 1995; Meister et al., 1995). However, for
extensive review of these issues, the reader is referred to
Clapham and Neer (1997), as the discussion below will
be limited to consideration of interactions between G��
and the Cav2 channel.

A. G� Subtype Dependence

To date five subtypes of G� subunit have been identi-
fied in mammals; subtypes 1 to 4 show �80 to 90%
amino acid identity, and subtype 5 shows �50% identity
with respect to subtypes 1 to 4 (Fong et al., 1986, 1987;
Levine et al., 1990; von Weizsacker et al., 1992; Watson
et al., 1994; Downes and Gautam, 1999). Various studies
have aimed to quantify the abilities of the five G� sub-
types, when incorporated into G�� heterodimers, to
modulate Cav2 channels directly. In the two earliest
demonstrations that voltage-dependent modulation of
Cav2 channels is mediated by G�� heterodimers (and
not by GTP-G�), inhibition was shown when G�1�2,
G�1�3, G�1�7, or G�2�3 was coexpressed with the chan-
nels (Herlitze et al., 1996; Ikeda, 1996). Confirming and
building on these results, in a later study Garcia et al.
(1998) tested heterodimers of G�3 and the five G� sub-
units, heterologously expressed in rat superior cervical
ganglion (SCG) neurons, and found that G�1 and G�2
mediated voltage-dependent inhibition of N-type chan-
nels most effectively, followed by weak inhibition medi-
ated by G�5, whereas any inhibition mediated by G�3
and G�4 was undetectable. An ensuing study by Ruiz-
Velasco and Ikeda (2000) showed that G�� het-
erodimers, composed of any combination of G�1, G�2,
G�3, or G�4, with G�2, G�3, or G�4, could mediate
significant voltage-dependent inhibition of calcium cur-
rents when heterologously expressed in rat SCG neu-
rons. These authors also reported significant voltage-
dependent inhibition mediated by G�5�2 heterodimers
but only when cDNAs encoding the heterodimer were
injected at a 10-fold higher concentration than was used
for experiments testing any of the other four G� sub-
units (G�5�1 and G�5�3 heterodimers were not tested in
this manner). The major discrepancy between the re-
sults of Garcia et al. and Ruiz-Velasco and Ikeda is that
the latter observed significant voltage-dependent inhibi-
tion mediated by G� subtypes 3 and 4, whereas Garcia et
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al. did not. Various differences in experimental condi-
tions may account for this: 1) Garcia et al. used bovine
G�2 and (presumably) mouse G�3, G�4, and G�5,
whereas Ruiz-Velasco and Ikeda used human G�2 and
G�3 and mouse G�4 and G�5; 2) Garcia et al. used 2 �M
nifedipine to block L-type calcium currents, and Ruiz-
Velasco and Ikeda did not; and 3) Garcia et al. used
bovine G�3 cDNA, whereas Ruiz-Velasco and Ikeda used
cDNAs encoding human G�2–4.

A further discrepancy involves voltage-dependent
Cav2 channel inhibition by G�� heterodimers containing
G�5. Like Garcia et al. (1998) and Ruiz-Velasco and
Ikeda (2000), Zhou et al. (2000) observed that G�5 me-
diated comparatively slight inhibition of calcium cur-
rents, but in this case as part of human G�5�2 het-
erodimers, acting on human N-type calcium channels,
all heterologously expressed in HEK cells. In contrast
with Garcia et al. (1998), Zhou et al. (2000) observed no
inhibition of N-type currents by G�5�3 heterodimers.
Rather, they observed inhibition to be mediated by
G�5�2 heterodimers. As above, various differences in
experimental conditions may account for the differing
results: Garcia et al. measured the modulation of endog-
enous rat N-type channels by heterodimers of mouse
G�5 and bovine G�3, whereas Zhou et al. reported re-
sults showing modulation of human N-type channels by
heterologously expressed human G�5.

Arnot et al. (2000) reported yet another body of differ-
ing results. Using transient expression in tsA-201
(HEK) cells, these authors observed voltage-dependent
inhibition of N-type channels by G�� dimers as follows:
G�1�2 � G�3�2 � G�4�2 � G�2�2 with no significant
inhibition by G�5�2 (Arnot et al., 2000). Inhibition of the
P/Q-type channels was observed to follow a different
pattern (G�4�2 � G�3�2 � G�1�2 � G�2�2 � G�5�2),
with weak but significant voltage-dependent inhibition
by G�5 (Arnot et al., 2000). As in other cases examined
above, experimental conditions differed from those used
by other authors: in this case rat N- and P/Q-type cal-
cium channels, the rat G�5 subunit, and the human G�2

subunit were used (Arnot et al., 2000). Another potential
source of discrepancy involves isoforms of G�5 resulting
from alternate splicing: the sequences of the isoforms
examined in the studies of Garcia et al. (1998) and
Ruiz-Velasco and Ikeda (2000) are �40 amino acids
longer than those examined in the studies of Zhou et al.
(2000) and Arnot et al. (2000). Likewise, alternate splic-
ing may account for differences between the results ob-
tained by Arnot et al. (whose experiments tested chan-
nels of a single, defined channel isoform with a defined
complement of ancillary calcium channel subunits, an
inherent result of a method based on heterologous over-
expression of channels in cells transfected with cDNA
overexpression vectors) and those obtained by Garcia et
al. and Ruiz-Velasco and Ikeda, whose experiments
tested endogenous N-type channels of rat SCG neurons,

which presumably are a considerably more heteroge-
neous population of calcium channels.

Collectively, these results emphasize the remarkable
complexity of the inhibitory interaction between Cav2
channels and G�� dimers, a mode of interaction that is
clearly sensitive to many minor structural features of
the molecules involved. However, a unifying theme in
these studies is the fact that N-type calcium channel
modulation depends on the nature of the G protein ��
subunit complex and that N- and P/Q-type channels are
differentially modulated by different types of G protein
�� subunits. This modulation, in turn, would allow for a
mechanism by which different types of GPCRs, by virtue
of preferential coupling to specific G�� combinations,
could differentially couple to N- and/or P/Q-type chan-
nels.

B. G� Structural Determinants

Characterization of the structural determinants of in-
teractions between G�� and its effector targets, includ-
ing the N-type calcium channel, has been the goal of
considerable efforts (Fig. 7). To date, such studies of G��
modulation of N-type channels have tested relatively
narrow ranges of structural variation. No published
study of the phenomenon has used comprehensive scan-
ning mutagenesis, an approach often used in structure-
activity relationship studies of small peptide toxins and
hormones, for the purpose of exhaustive and detailed
mapping of functional epitopes (Nadasdi et al., 1995;
Kristensen et al., 1997; Froy et al., 1999; Tedford et al.,
2001, 2004; Maggio and King, 2002). A major reason for
this is arguably the size of the G� subunit, which is 10-
to 50-fold larger than molecules normally studied with
comprehensive scanning, making it a poor prospect in
view of the resources that would be required.

In a structure-activity relationship study, Ford et al.
(1998) tested a panel of mutations targeted to G� resi-
dues that directly contact the G� subunit in the crystal
structure of the heterotrimeric G protein complex. This
was done on the assumption that G��� complex forma-
tion prevents the action of at least some modulatory
epitopes of G� by burying them beneath the solvent-
accessible surface of the complex. Prepulse facilitation
assays confirmed this assumption, showing that muta-
tions of G� residues Lys78, Met101, Asn119, Thr143,
Asp186, or Trp332 diminish modulation of the N-type
channel, whereas mutations of Leu55 or Ile80 enhance
modulation (Fig. 7E) (Ford et al., 1998). In other studies,
chimeras of G� subtypes 1 and 5 were used, followed by
limited scanning mutagenesis of nonconserved residues
in regions shown to play an important role in effector
modulation (Mirshahi et al., 2002a,b; Doering et al.,
2004; Tedford et al., 2005). This limited scanning ap-
proach revealed that G�1 residues Tyr111, Asp153, and
Ser189 contribute to inhibitory modulation. It also estab-
lished that G�1 residues Asn35 and Asn36 contribute
crucially to the above-described cross-talk between the
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G protein and PKC pathways of N-type channel modu-
lation (Doering et al., 2004). Regarding the role of Asn35

and Asn36, we speculate that phosphorylation of residue
Thr422 of the N-type channel by PKC disrupts allosteric
or perhaps direct interactions between these G�1 resi-
dues and Thr422, such that the overall mode of interac-
tion between G�1 and the channel becomes unfavorable
to voltage-dependent inhibition (Hamid et al., 1999; Coo-
per et al., 2000; Doering et al., 2004).

The picture emerges that residues that are important
for N-type channel modulation are situated on both ma-
jor surfaces of the G protein � subunit, i.e., the surface
comprising sites of direct interaction with the G� sub-
unit and the opposite surface, observed when a struc-
tural model is rotated such that the G� interaction sites
are directed away from the viewer (Fig. 7). Given that
multiple channel regions have been implicated in G pro-
tein inhibition/binding (i.e., the N terminus, I-II linker,

Fig. 7. Solvent contact surface renderings are used to present epitopes of
the G� molecule that contribute to modulation of seven targets of G��
signaling. Modulatory epitopes for the respective targets are illustrated
in matched pairs of images of the G� molecule. Images on the left include
surfaces that interact with the G� subunit during the formation of the
heterotrimeric G protein complex (Wall et al., 1995; Lambright et al.,
1996). Images on the right present the opposite side of the molecule,
corresponding to 160 to 180° rotation of the molecule with respect to the
orientation used on the left. As landmarks, solvent contact surfaces of the
N�-terminal and C�-terminal residues are marked in royal blue and navy
blue, respectively. Highlighting and numbering in the images indicate
solvent-exposed surfaces of individual residues that contribute to modu-
lation, as described below. Mutations at residues whose surfaces are
shown in green enhance functional modulation of the respective G�
target; mutations at residues shown in orange reduce target modulation.
Unless otherwise indicated, surfaces of amino acid sequences that con-
tribute significantly to effector modulation, but wherein individual resi-
dues make undetermined contributions, are shown in yellow. Surface
renderings were generated using MOLMOL molecular imaging and anal-
ysis software (Koradi et al., 1996). A, adenylyl cyclase 1. Left image: 1,
M101; 2, Y124. Right image: no significant residues identified. Modula-
tion normally inhibits this effector (Chen et al., 1997). B, adenylyl cyclase
2. Left image: 1, D186; 2, N119; 3, L117; 4, M101; 5, W99; 6, Y124; 7, K78;
8, K89; 9, L55; 10, K57; 11, W332; 12, D246; 13, D228. Right image: no
significant residues identified. Modulation normally activates this effec-
tor (Chen et al., 1997; Ford et al., 1998; Li et al., 1998). C, �-adrenergic
receptor kinase. Left image: 1, D186; 2, T143; 3, L117; 4, Y59; 5, K57; 6,
W332; 7, K89. Right image: no significant residues identified (Ford et al.,
1998). Modulation normally activates this effector via membrane recruit-
ment (Stoffel et al., 1997). D, G��-regulated inwardly rectifying K�

channel (GIRK). Left image: 1, D228; 2, W99; 3, S98; 4, K78; 5, I80; 6,
K89; 7, L55; 8, W332; 9, D246. A, residues 84 to 94; B, residues 126 to 132.
Modulation stimulates this effector. Right image: 1, T128; 2, S67 (Ford et
al., 1998; Albsoul-Younes et al., 2001; Mirshahi et al., 2002b). Yellow
regions with red labels: A, residues 84 to 94; B, residues 126 to 132.
Modulation normally activates this effector (Albsoul-Younes et al., 2001).
E, N-type calcium channel. Left image: 1, D186; 2, T143; 3, N119; 4,
M101; 5, K78; 6, I80; 7, L55; 8, W332. Right image: 1, Y111; 2, D153; 3,
S189; 4, S67 (Ford et al., 1998; Mirshahi et al., 2002a; Doering et al.,
2004; Tedford et al., 2005). Residues indicated in yellow: A, N35 to N36;
these mediate disinhibitory cross-talk with the PKC pathway via inter-
actions with residue T422 of the N-type channel. G�� modulation nor-
mally inhibits this effector (Doering et al., 2004). F, phospholipase C �2.
Left image: 1, D186; 2, T143; 3, N119; 4, L117; 5, M101; 6, W99; 7, S98;
8, H91; 9, I80; 10, K89; 11, L55; 12, W332; 13, D246; 14, D228. A, 132 to
139; B, 46 to 50; C, 302 to 306. Right image: 1, H91. A, 132 to 139; B, 46
to 50. Modulation normally activates this effector (Ford et al., 1998; Li et
al., 1998; Panchenko et al., 1998; Buck et al., 1999). G, phospholipase C
�3. Left image: 1, D228; 2, L117; 3, W332. Right image: no significant
residues identified. Modulation normally activates this effector (Li et al.,
1998).
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and C terminus), it is possible that these regions form a
G�� binding pocket with a number of microsites that
interact with specific G�� residues. To confirm such a
scenario, it will be necessary to systematically map the
mutual interaction points between G� epitopes and res-
idues of the N-type (or P/Q- or R-type) calcium channel.
Such work is currently ongoing in our laboratory.

C. G� Subtype Dependence

There is relatively limited information concerning the
G� subtype dependence of G��-mediated N-type chan-
nel inhibition. Ruiz-Velasco and Ikeda (2000) reported
that, of the 15 potential G�� heterodimers that may be
composed using each G� subunit in combination with
either G�2, G�3, or G�4, the following heterodimers,
G�1�2, G�2�4, G�3�2, G�4�4, and G�5�4, mediated more
effective voltage-dependent inhibition of endogenous N-
type calcium currents compared with any other combi-
nation of G�2, G�3, or G�4 with the respective G� sub-
units. However, Zhou et al. (2000) showed that, when
expressed as part of heterodimers with G�2, all five G�
subunits mediate more extensive inhibition of N-type
calcium channels (relative to inhibition mediated by het-
erodimers including either G�1 or G�3). However, these
results cannot easily be compared with those of Ruiz-
Velasco and Ikeda because of various experimental dif-
ferences, among them, the facts that different panels of
G� subunits were tested and that calcium channels from
different species were tested. More recently, Blake et al.
(2001) reported that G�13, when coexpressed with either
G�1, G�2, G�3, and G�4, results in G�� heterodimers
that mediate significant voltage-dependent inhibition of
N-type channels, but this modulation was less pro-
nounced than that observed for heterodimers composed
of G�2 and the respective G� subunit (Blake et al., 2001).
Taken together, these data suggest that the interactions
that occur during G protein inhibition of N-type chan-
nels do depend on G� subtype. However, the mechanism
of this subtype dependence (i.e., the contribution of dif-
ferential formation of functional G�� heterodimers com-
posed of certain G� subunits with certain G� subunits
versus the contribution of the participation of certain G�
subunits in thermodynamically unfavorable interac-
tions during G�� binding to the channel, versus other
factors) is not fully clear.

VIII. Signaling Complexes Involving N-Type
Channels and G Protein-Coupled Receptors

GPCRs often exist in complexes with other effectors,
such as ionotropic receptors (Liu et al., 2000; Lee et al.,
2002) and even L-type calcium channels (Davare et al.,
2001). We have recently reported that Cav2.2 calcium
channels form a physical signaling complex with noci-
ceptin receptors through a direct biochemical interaction
between the C-terminal regions (Beedle et al., 2004).
Because the nociceptin receptor displays a low level of

constitutive activity, there is constant production of free
G�� subunits, which, because of the proximity resulting
from receptor-channel complex formation, are effectively
bound by the Cav2.2 channel. This results in a tonic,
agonist-independent, voltage-dependent G protein inhi-
bition of channels that are complexed with these recep-
tors (Fig. 8A). As receptor density is increased, a greater
fraction of N-type channels exist as part of receptor
complexes, and thus tonic inhibition of whole-cell cur-
rent is increased (Beedle et al., 2004). In the prolonged
presence of agonist, nociceptin receptors are known to
internalize (Spampinato et al., 2001). During the inter-
nalization process, any Cav2.2 channels that are com-
plexed with these receptors are cointernalized, resulting
in agonist-induced removal of N-type calcium channels
from the plasma membrane into lysosomes and, hence,
an irreversible reduction in N-type current (Altier et al.,
2006) (Fig. 8B). This cointernalization constitutes a
novel mechanism of GPCR-mediated down-regulation of
N-type channels, a modulation that could be classified as
voltage-independent as it cannot be relieved with mem-
brane depolarizations.

A similar N-type channel internalization process
seems to occur in response to GABAB receptor activation
in chick DRG neurons (Tombler et al., 2006). In contrast
with the nociceptin receptor-mediated effects, the effects
of GABAB receptor activation occur much more rapidly
(within tens of seconds) and spontaneously reverse as
the receptors desensitize. Moreover, these effects do not
seem to arise from a receptor-channel cointernalization,
instead they seem to involve a disruption of the associ-
ation of channels with cytoskeletal elements (i.e., the
L1-CAM-ankyrin B complex), followed by internaliza-
tion into clathrin-coated vesicles. Tyrosine kinase activ-
ity has been implicated in both the disruption and the
internalization, consistent with the idea that these pro-
cesses underlie voltage-independent modulation of N-
type channels by GABAB receptors (Richman et al.,
2005).

Receptor-mediated trafficking of N-type calcium chan-
nels is a phenomenon that has been discovered only
recently, but the vast number of different types of
GPCRs, together with the ability of many of these recep-
tors to heterodimerize, suggests that this form of N-type
calcium channel regulation may be more widespread. If
confirmed, this would probably open many new avenues
of research into the complex functional interactions be-
tween GPCRs and voltage-gated calcium channels.

IX. Concluding Remarks

In the 25 years since Dunlap and Fischbach’s first
description of membrane-delimited inhibition of N-type
calcium channels, there have been many advances in our
understanding of its underlying mechanisms and of the
implications of the phenomenon for neurophysiology.
The regulation of voltage-gated calcium channels by
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GPCRs is immensely complex and is modulated by many
factors, including membrane potential, channel subtype
and subunit composition, receptor type, G protein � sub-
type, cross-talk with other intracellular signaling path-
ways, interactions with synaptic proteins and cytoskel-
etal elements, and probably other factors as yet
uncharacterized. As investigations into this remarkable
field continue, it is likely that further details and addi-
tional regulatory mechanisms will be uncovered.

Although it is important to appreciate the complexity
of G protein modulation, it is also important to recall
that the basic outcome of G protein inhibition of presyn-
aptic calcium channels is a reduction in the amount of
calcium entering synaptic nerve terminals. The com-
plexity of G protein modulation ultimately serves as part
of an important cellular mechanism, by which calcium
entry can be finely tailored to suit a particular physio-

logical requirement, such as the correct amount of neu-
rotransmitter to be released from a given presynaptic
nerve terminal.

Acknowledgments. We sincerely thank Dr. Kathleen Dunlap for
the generous contribution of the images of current and voltage traces
shown in Fig. 3A, which represent two of the earliest experimental
records of direct G protein modulation of Cav2 calcium channels.

REFERENCES

AbdAlla S, Lother H, and Quitterer U (2000) AT1-receptor heterodimers show
enhanced G-protein activation and altered receptor sequestration. Nature (Lond)
407:94–98.

Adams ME, Mintz IM, Reily MD, Thanabal V, and Bean BP (1993) Structure and
properties of �-agatoxin IVB, a new antagonist of P-type calcium channels. Mol
Pharmacol 44:681–688.

Agler HL, Evans J, Tay LH, Anderson MJ, Colecraft HM, and Yue DT (2005) G
protein-gated inhibitory module of N-type (Cav2.2) Ca2� channels. Neuron 46:891–
904.

Albsoul-Younes AM, Sternweis PM, Zhao P, Nakata H, Nakajima S, Nakajima Y,
and Kozasa T (2001) Interaction sites of the G protein � subunit with brain G
protein-coupled inward rectifier K� channel. J Biol Chem 276:12712–12717.

FIG. 8. Diagrams illustrating the association of Cav2 channels and nociceptin receptors as components of signaling complexes, and their associated
functional implications. A, (1) in a nociceptin receptor-Cav2 channel complex [formed by direct interactions between the C termini of the receptor and
�1 subunit of the channel (Beedle et al., 2004)], constitutive receptor activity induces guanine nucleotide exchange in the associated G���-GDP
complex (2), resulting in dissociation of the G���-GTP complex (3), which in turn allows for tonic G��-mediated inhibition of the channel. B, long-term
activation of nociceptin receptors by receptor agonists leads to high local levels of G�� heterodimers that recruit GRK (1), leading to phosphorylation
of the C terminus of the receptor (2) and association of �-arrestin with the resulting phosphorylated site on the receptor (3). Finally, a cascade of
interactions between arrestin and the clathrin-based endocytic machinery drives endocytic internalization of the channel-receptor complex (4), with
two major physiological consequences: first, desensitization of the cell to further stimulation by extracellular ligand; second, voltage-independent
inhibition of Cav2 currents, due to cointernalization and degradation of Cav2 channels as part of channel-receptor complexes and reduced current
activity.

DIRECT G PROTEIN MODULATION OF CaV2 CALCIUM CHANNELS 857

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


Altier C, Khosravani H, Evans RM, Hameed S, Peloquin JB, Vartian BA, Chen L,
Beedle AM, Ferguson SS, Mezghrani A, et al. (2006) ORL1 receptor-mediated
internalization of N-type calcium channels. Nat Neurosci 9:31–40.

Altier C and Zamponi GW (2004) Targeting Ca2� channels to treat pain: T-type
versus N-type. Trends Pharmacol Sci 25:465–470.

Arikkath J and Campbell KP (2003) Auxiliary subunits: essential components of the
voltage-gated calcium channel complex. Curr Opin Neurobiol 13:298–307.

Arnot MI, Stotz SC, Jarvis SE, and Zamponi GW (2000) Differential modulation of
N-type 1B and P/Q-type 1A calcium channels by different G protein subunit
isoforms. J Physiol (Lond) 527 (Pt 2):203–212.

Arshavsky VY, Lamb TD, and Pugh EN Jr (2002) G proteins and phototransduction.
Annu Rev Physiol 64:153–187.

Bannister RA, Meza U, and Adams BA (2005) Phosphorylation-dependent regulation
of voltage-gated calcium channels, in Voltage-Gated Calcium Channels (Zamponi
GW ed) vol 1, pp 168–182, Georgetown, TX, Landes Bioscience.

Barclay J, Balaguero N, Mione M, Ackerman SL, Letts VA, Brodbeck J, Canti C,
Meir A, Page KM, Kusumi K, et al. (2001) Ducky mouse phenotype of epilepsy and
ataxia is associated with mutations in the Cacna2d2 gene and decreased calcium
channel current in cerebellar Purkinje cells. J Neurosci 21:6095–6104.

Barrett CF and Rittenhouse AR (2000) Modulation of N-type calcium channel activ-
ity by G-proteins and protein kinase C. J Gen Physiol 115:277–286.

Bean BP (1989) Neurotransmitter inhibition of neuronal calcium currents by
changes in channel voltage dependence. Nature (Lond) 340:153–156.

Bech-Hansen NT, Naylor MJ, Maybaum TA, Pearce WG, Koop B, Fishman GA, Mets
M, Musarella MA, and Boycott KM (1998) Loss-of-function mutations in a calcium-
channel �1-subunit gene in Xp11.23 cause incomplete X-linked congenital station-
ary night blindness. Nat Genet 19:264–267.

Beech DJ, Bernheim L, and Hille B (1992) Pertussis toxin and voltage dependence
distinguish multiple pathways modulating calcium channels of rat sympathetic
neurons. Neuron 8:97–106.

Beech DJ, Bernheim L, Mathie A, and Hille B (1991) Intracellular Ca2� buffers
disrupt muscarinic suppression of Ca2� current and M current in rat sympathetic
neurons. Proc Natl Acad Sci USA 88:652–656.

Beedle AM, McRory JE, Poirot O, Doering CJ, Altier C, Barrere C, Hamid J, Nargeot
J, Bourinet E, and Zamponi GW (2004) Agonist-independent modulation of N-type
calcium channels by ORL1 receptors. Nat Neurosci 7:118–125.

Bergsman JB and Tsien RW (2000) Syntaxin modulation of calcium channels in
cortical synaptosomes as revealed by botulinum toxin C1. J Neurosci 20:4368–
4378.

Berman DM and Gilman AG (1998) Mammalian RGS proteins: barbarians at the
gate. J Biol Chem 273:1269–1272.

Berman DM, Wilkie TM, and Gilman AG (1996) GAIP and RGS4 are GTPase-
activating proteins for the Gi subfamily of G protein � subunits. Cell 86:445–452.

Bernheim L, Beech DJ, and Hille B (1991) A diffusible second messenger mediates
one of the pathways coupling receptors to calcium channels in rat sympathetic
neurons. Neuron 6:859–867.

Bernheim L, Mathie A, and Hille B (1992) Characterization of muscarinic receptor
subtypes inhibiting Ca2� current and M current in rat sympathetic neurons. Proc
Natl Acad Sci USA 89:9544–9548.

Bertaso F, Ward RJ, Viard P, Milligan G, and Dolphin AC (2003) Mechanism of
action of Gq to inhibit G�� modulation of CaV2.2 calcium channels: probed by the
use of receptor-G� tandems. Mol Pharmacol 63:832–843.

Bertram R, Arnot MI, and Zamponi GW (2002) Role for G protein G�� isoform
specificity in synaptic signal processing: a computational study. J Neurophysiol
87:2612–2623.

Bertram R and Behan M (1999) Implications of G-protein-mediated Ca2� channel
inhibition for neurotransmitter release and facilitation. J Comput Neurosci 7:197–
211.

Bertram R, Swanson J, Yousef M, Feng ZP, and Zamponi GW (2003) A minimal
model for G protein-mediated synaptic facilitation and depression. J Neurophysiol
90:1643–1653.

Best PM, Lin Z, Chen RS, and Garcia T (2006) Identification of critical residues in
TM1 of the �6 subunit critical for its inhibitory effect on Cav3.1 calcium currents,
in Proceedings of the Annual Meeting of the Biophysical Society; 2006 Feb 18–26;
Salt Lake City, UT.

Bezprozvanny I, Scheller RH, and Tsien RW (1995) Functional impact of syntaxin on
gating of N-type and Q-type calcium channels. Nature (Lond) 378:623–626.

Bichet D, Cornet V, Geib S, Carlier E, Volsen S, Hoshi T, Mori Y, and De Waard M
(2000a) The I-II loop of the Ca2� channel �1 subunit contains an endoplasmic
reticulum retention signal antagonized by the � subunit. Neuron 25:177–190.

Bichet D, Lecomte C, Sabatier JM, Felix R, and De Waard M (2000b) Reversibility of
the Ca2� channel �1-� subunit interaction. Biochem Biophys Res Commun 277:
729–735.

Black JL 3rd (2003) The voltage-gated calcium channel � subunits: a review of the
literature. J Bioenerg Biomembr 35:649–660.

Blackmer T, Larsen EC, Bartleson C, Kowalchyk JA, Yoon EJ, Preininger AM,
Alford S, Hamm HE, and Martin TF (2005) G protein �� directly regulates SNARE
protein fusion machinery for secretory granule exocytosis. Nat Neurosci 8:421–
425.

Blackmer T, Larsen EC, Takahashi M, Martin TF, Alford S, and Hamm HE (2001)
G protein �� subunit-mediated presynaptic inhibition: regulation of exocytotic
fusion downstream of Ca2� entry. Science (Wash DC) 292:293–297.

Blake BL, Wing MR, Zhou JY, Lei Q, Hillmann JR, Behe CI, Morris RA, Harden TK,
Bayliss DA, Miller RJ, et al. (2001) G� association and effector interaction selec-
tivities of the divergent G� subunit G�13. J Biol Chem 276:49267–49274.

Blumer JB, Cismowski MJ, Sato M, and Lanier SM (2005) AGS proteins: receptor-
independent activators of G-protein signaling. Trends Pharmacol Sci 26:470–476.

Boland LM and Bean BP (1993) Modulation of N-type calcium channels in bullfrog
sympathetic neurons by luteinizing hormone-releasing hormone: kinetics and
voltage dependence. J Neurosci 13:516–533.

Bourinet E, Soong TW, Stea A, and Snutch TP (1996) Determinants of the G

protein-dependent opioid modulation of neuronal calcium channels. Proc Natl
Acad Sci USA 93:1486–1491.

Bourinet E, Soong TW, Sutton K, Slaymaker S, Mathews E, Monteil A, Zamponi GW,
Nargeot J, and Snutch TP (1999) Splicing of �1A subunit gene generates pheno-
typic variants of P- and Q-type calcium channels. Nat Neurosci 2:407–415.

Bourinet E, Stotz SC, Spaetgens RL, Dayanithi G, Lemos J, Nargeot J, and Zamponi
GW (2001) Interaction of SNX482 with domains III and IV inhibits activation
gating of �1E (CaV2.3) calcium channels. Biophys J 81:79–88.

Brody DL, Patil PG, Mulle JG, Snutch TP, and Yue DT (1997) Bursts of action
potential waveforms relieve G-protein inhibition of recombinant P/Q-type Ca2�

channels in HEK 293 cells. J Physiol (Lond) 499 (Pt 3):637–644.
Brody DL and Yue DT (2000) Relief of G-protein inhibition of calcium channels and

short-term synaptic facilitation in cultured hippocampal neurons. J Neurosci
20:889–898.

Buck E, Li J, Chen Y, Weng G, Scarlata S, and Iyengar R (1999) Resolution of a
signal transfer region from a general binding domain in G� for stimulation of
phospholipase C-�2. Science (Wash DC) 283:1332–1335.

Burke SP, Adams ME, and Taylor CP (1993) Inhibition of endogenous glutamate
release from hippocampal tissue by Ca2� channel toxins. Eur J Pharmacol 238:
383–386.

Cabrera-Vera TM, Hernandez S, Earls LR, Medkova M, Sundgren-Andersson AK,
Surmeier DJ, and Hamm HE (2004) RGS9–2 modulates D2 dopamine receptor-
mediated Ca2� channel inhibition in rat striatal cholinergic interneurons. Proc
Natl Acad Sci USA 101:16339–16344.

Cabrera-Vera TM, Vanhauwe J, Thomas TO, Medkova M, Preininger A, Mazzoni
MR, and Hamm HE (2003) Insights into G protein structure, function, and regu-
lation. Endocr Rev 24:765–781.

Caddick SJ, Wang C, Fletcher CF, Jenkins NA, Copeland NG, and Hosford DA (1999)
Excitatory but not inhibitory synaptic transmission is reduced in lethargic
(Cacnb4lh) and tottering (Cacna1atg) mouse thalami. J Neurophysiol 81:2066–
2074.

Campbell V, Berrow NS, Fitzgerald EM, Brickley K, and Dolphin AC (1995) Inhibi-
tion of the interaction of G protein Go with calcium channels by the calcium
channel beta-subunit in rat neurones. J Physiol (Lond) 485 (Pt 2):365–372.

Camps M, Hou C, Sidiropoulos D, Stock JB, Jakobs KH, and Gierschik P (1992)
Stimulation of phospholipase C by guanine-nucleotide-binding protein �� sub-
units. Eur J Biochem 206:821–831.

Canti C, Bogdanov Y, and Dolphin AC (2000) Interaction between G proteins and
accessory subunits in the regulation of 1B calcium channels in Xenopus oocytes.
J Physiol (Lond) 527 (Pt 3):419–432.

Canti C, Page KM, Stephens GJ, and Dolphin AC (1999) Identification of residues in
the N terminus of �1B critical for inhibition of the voltage-dependent calcium
channel by G��. J Neurosci 19:6855–6864.

Carabelli V, Lovallo M, Magnelli V, Zucker H, and Carbone E (1996) Voltage-
dependent modulation of single N-type Ca2� channel kinetics by receptor agonists
in IMR32 cells. Biophys J 70:2144–2154.

Catterall WA (1993) Structure and modulation of Na� and Ca2� channels. Ann NY
Acad Sci 707:1–19.

Catterall WA (2000) Structure and regulation of voltage-gated Ca2� channels. Annu
Rev Cell Dev Biol 16:521–555.

Catterall WA, Perez-Reyes E, Snutch TP, and Striessnig J (2005) International
Union of Pharmacology. XLVIII. Nomenclature and structure-function relation-
ships of voltage-gated calcium channels. Pharmacol Rev 57:411–425.

Caulfield MP, Jones S, Vallis Y, Buckley NJ, Kim GD, Milligan G, and Brown D
(1994) A muscarinic M-current inhibition via G�q/11 and �-adrenoceptor inhibition
of Ca2� current via G�o in rat sympathetic neurones. J Physiol (Lond) 477 (Pt
3):415–422.

Chemin J, Monteil A, Perez-Reyes E, Bourinet E, Nargeot J, and Lory P (2002)
Specific contribution of human T-type calcium channel isotypes (�1G, �1H and �1I)
to neuronal excitability. J Physiol (Lond) 540 (Pt 1):3–14.

Chen CA and Manning DR (2001) Regulation of G proteins by covalent modification.
Oncogene 20:1643–1652.

Chen CC, Lamping KG, Nuno DW, Barresi R, Prouty SJ, Lavoie JL, Cribbs LL,
England SK, Sigmund CD, Weiss RM, et al. (2003) Abnormal coronary function in
mice deficient in �1H T-type Ca2� channels. Science (Wash DC) 302:1416–1418.

Chen L, Chetkovich DM, Petralia RS, Sweeney NT, Kawasaki Y, Wenthold RJ, Bredt
DS, and Nicoll RA (2000) Stargazin regulates synaptic targeting of AMPA recep-
tors by two distinct mechanisms. Nature (Lond) 408:936–943.

Chen Y, Weng G, Li J, Harry A, Pieroni J, Dingus J, Hildebrandt JD, Guarnieri F,
Weinstein H, and Iyengar R (1997) A surface on the G protein �-subunit involved
in interactions with adenylyl cyclases. Proc Natl Acad Sci USA 94:2711–2714.

Chen YH, Li MH, Zhang Y, He LL, Yamada Y, Fitzmaurice A, Shen Y, Zhang H, Tong
L, and Yang J (2004) Structural basis of the �1-� subunit interaction of voltage-
gated Ca2� channels. Nature (Lond) 429:675–680.

Chien AJ, Zhao X, Shirokov RE, Puri TS, Chang CF, Sun D, Rios E, and Hosey MM
(1995) Roles of a membrane-localized � subunit in the formation and targeting of
functional L-type Ca2� channels. J Biol Chem 270:30036–30044.

Clapham DE and Neer EJ (1997) G protein �� subunits. Annu Rev Pharmacol
Toxicol 37:167–203.

Colecraft HM, Patil PG, and Yue DT (2000) Differential occurrence of reluctant
openings in G-protein-inhibited N- and P/Q-type calcium channels. J Gen Physiol
115:175–192.

Cooper CB, Arnot MI, Feng ZP, Jarvis SE, Hamid J, and Zamponi GW (2000)
Cross-talk between G-protein and protein kinase C modulation of N-type calcium
channels is dependent on the G-protein � subunit isoform. J Biol Chem 275:
40777–40781.

Cribbs LL, Lee JH, Yang J, Satin J, Zhang Y, Daud A, Barclay J, Williamson MP, Fox
M, Rees M, et al. (1998) Cloning and characterization of �1H from human heart, a
member of the T-type Ca2� channel gene family. Circ Res 83:103–109.

Currie KP and Fox AP (1997) Comparison of N- and P/Q-type voltage-gated calcium
channel current inhibition. J Neurosci 17:4570–4579.

858 TEDFORD AND ZAMPONI

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


Curtis BM and Catterall WA (1984) Purification of the calcium antagonist receptor
of the voltage-sensitive calcium channel from skeletal muscle transverse tubules.
Biochemistry 23:2113–2118.

Davare MA, Avdonin V, Hall DD, Peden EM, Burette A, Weinberg RJ, Horne MC,
Hoshi T, and Hell JW (2001) A �2 adrenergic receptor signaling complex assembled
with the Ca2� channel Cav1.2. Science (Wash DC) 293:98–101.

De Jongh KS, Warner C, and Catterall WA (1990) Subunits of purified calcium
channels: �2 and � are encoded by the same gene. J Biol Chem 265:14738–14741.

de Sevilla DF, Cabezas C, de Prada AN, Sanchez-Jimenez A, and Buno W (2002)
Selective muscarinic regulation of functional glutamatergic Schaffer collateral
synapses in rat CA1 pyramidal neurons. J Physiol (Lond) 545 (Pt 1):51–63.

De Waard M, Liu H, Walker D, Scott VE, Gurnett CA, and Campbell KP (1997)
Direct binding of G-protein �-� complex to voltage-dependent calcium channels.
Nature (Lond) 385:446–450.

Delmas P, Abogadie FC, Dayrell M, Haley JE, Milligan G, Caulfield MP, Brown DA,
and Buckley NJ (1998a) G-proteins and G-protein subunits mediating cholinergic
inhibition of N-type calcium currents in sympathetic neurons. Eur J Neurosci
10:1654–1666.

Delmas P, Brown DA, Dayrell M, Abogadie FC, Caulfield MP, and Buckley NJ
(1998b) On the role of endogenous G-protein �� subunits in N-type Ca2� current
inhibition by neurotransmitters in rat sympathetic neurones. J Physiol (Lond) 506
(Pt 2):319–329.

Diverse-Pierluissi M, Goldsmith PK, and Dunlap K (1995) Transmitter-mediated
inhibition of N-type calcium channels in sensory neurons involves multiple GTP-
binding proteins and subunits. Neuron 14:191–200.

Diverse-Pierluissi M, Inglese J, Stoffel RH, Lefkowitz RJ, and Dunlap K (1996) G
protein-coupled receptor kinase mediates desensitization of norepinephrine-
induced Ca2� channel inhibition. Neuron 16:579–585.

Diverse-Pierluissi MA, Fischer T, Jordan JD, Schiff M, Ortiz DF, Farquhar MG, and
De Vries L (1999) Regulators of G protein signaling proteins as determinants of the
rate of desensitization of presynaptic calcium channels. J Biol Chem 274:14490–
14494.

Doering CJ, Kisilevsky AE, Feng ZP, Arnot MI, Peloquin J, Hamid J, Barr W,
Nirdosh A, Simms B, Winkfein RJ, et al. (2004) A single G� subunit locus controls
cross-talk between protein kinase C and G protein regulation of N-type calcium
channels. J Biol Chem 279:29709–29717.

Dolmetsch RE, Pajvani U, Fife K, Spotts JM, and Greenberg ME (2001) Signaling to
the nucleus by an L-type calcium channel-calmodulin complex through the MAP
kinase pathway. Science (Wash DC) 294:333–339.

Dolphin AC (2003) � subunits of voltage-gated calcium channels. J Bioenerg Bi-
omembr 35:599–620.

Dolphin AC, Wyatt CN, Richards J, Beattie RE, Craig P, Lee JH, Cribbs LL, Volsen
SG, and Perez-Reyes E (1999) The effect of �2-� and other accessory subunits on
expression and properties of the calcium channel �1G. J Physiol (Lond) 519 (Pt
1):35–45.

Doroshenko PA, Woppmann A, Miljanich G, and Augustine GJ (1997) Pharmacolog-
ically distinct presynaptic calcium channels in cerebellar excitatory and inhibitory
synapses. Neuropharmacology 36:865–872.

Doupnik CA, Davidson N, Lester HA, and Kofuji P (1997) RGS proteins reconstitute
the rapid gating kinetics of G��-activated inwardly rectifying K� channels. Proc
Natl Acad Sci USA 94:10461–10466.

Downes GB and Gautam N (1999) The G protein subunit gene families. Genomics
62:544–552.

Dubel SJ, Altier C, Chaumont S, Lory P, Bourinet E, and Nargeot J (2004) Plasma
membrane expression of T-type calcium channel �1 subunits is modulated by high
voltage-activated auxiliary subunits. J Biol Chem 279:29263–29269.

Dubel SJ, Starr TV, Hell J, Ahlijanian MK, Enyeart JJ, Catterall WA, and Snutch
TP (1992) Molecular cloning of the �-1 subunit of an �-conotoxin-sensitive calcium
channel. Proc Natl Acad Sci USA 89:5058–5062.

Dunlap K and Fischbach GD (1978) Neurotransmitters decrease the calcium com-
ponent of sensory neurone action potentials. Nature (Lond) 276:837–839.

Dunlap K and Fischbach GD (1981) Neurotransmitters decrease the calcium con-
ductance activated by depolarization of embryonic chick sensory neurones.
J Physiol (Lond) 317:519–535.

Dunlap K, Luebke JI, and Turner TJ (1995) Exocytotic Ca2� channels in mammalian
central neurons. Trends Neurosci 18:89–98.

Elmslie KS (1992) Calcium current modulation in frog sympathetic neurones: mul-
tiple neurotransmitters and G proteins. J Physiol (Lond) 451:229–246.

Fathallah M, Sandoz G, Mabrouk K, Geib S, Urbani J, Villaz M, Ronjat M, Sabatier
JM, and De Waard M (2002) Modelling of the III-IV loop, a domain involved in
calcium channel Cav2.1 inactivation, highlights a structural homology with the �
subunit of G proteins. Eur J Neurosci 16:219–228.

Feng ZP, Arnot MI, Doering CJ, and Zamponi GW (2001) Calcium channel � sub-
units differentially regulate the inhibition of N-type channels by individual G�
isoforms. J Biol Chem 276:45051–45058.

Feng ZP, Doering CJ, Winkfein RJ, Beedle AM, Spafford JD, and Zamponi GW
(2003) Determinants of inhibition of transiently expressed voltage-gated calcium
channels by �-conotoxins GVIA and MVIIA. J Biol Chem 278:20171–20178.

Ferguson SS (2001) Evolving concepts in G protein-coupled receptor endocytosis: the
role in receptor desensitization and signaling. Pharmacol Rev 53:1–24.

Fernandez-Chacon R, Wolfel M, Nishimune H, Tabares L, Schmitz F, Castellano-
Munoz M, Rosenmund C, Montesinos ML, Sanes JR, Schneggenburger R, et al.
(2004) The synaptic vesicle protein CSP� prevents presynaptic degeneration.
Neuron 42:237–251.

Fields TA and Casey PJ (1997) Signalling functions and biochemical properties of
pertussis toxin-resistant G-proteins. Biochem J 321 (Pt 3):561–571.

Fletcher JE, Lindorfer MA, DeFilippo JM, Yasuda H, Guilmard M, and Garrison JC
(1998) The G protein �5 subunit interacts selectively with the Gq� subunit. J Biol
Chem 273:636–644.

Fong HK, Amatruda TT 3rd, Birren BW, and Simon MI (1987) Distinct forms of the

� subunit of GTP-binding regulatory proteins identified by molecular cloning. Proc
Natl Acad Sci USA 84:3792–3796.

Fong HK, Hurley JB, Hopkins RS, Miake-Lye R, Johnson MS, Doolittle RF, and
Simon MI (1986) Repetitive segmental structure of the transducin � subunit:
homology with the CDC4 gene and identification of related mRNAs. Proc Natl
Acad Sci USA 83:2162–2166.

Ford CE, Skiba NP, Bae H, Daaka Y, Reuveny E, Shekter LR, Rosal R, Weng G, Yang
CS, Iyengar R, et al. (1998) Molecular basis for interactions of G protein ��
subunits with effectors. Science (Wash DC) 280:1271–1274.

Forscher P, Oxford GS, and Schulz D (1986) Noradrenaline modulates calcium
channels in avian dorsal root ganglion cells through tight receptor-channel cou-
pling. J Physiol (Lond) 379:131–144.

Fox AP, Nowycky MC, and Tsien RW (1987) Kinetic and pharmacological properties
distinguishing three types of calcium currents in chick sensory neurones. J Physiol
(Lond) 394:149–172.

Froy O, Zilberberg N, Gordon D, Turkov M, Gilles N, Stankiewicz M, Pelhate M,
Loret E, Oren DA, Shaanan B, et al. (1999) The putative bioactive surface of
insect-selective scorpion excitatory neurotoxins. J Biol Chem 274:5769–5776.

Gao BN and Gilman AG (1991) Cloning and expression of a widely distributed (type
IV) adenylyl cyclase. Proc Natl Acad Sci USA 88:10178–10182.

Garcia DE, Li B, Garcia-Ferreiro RE, Hernandez-Ochoa EO, Yan K, Gautam N,
Catterall WA, Mackie K, and Hille B (1998) G-protein �-subunit specificity in the
fast membrane-delimited inhibition of Ca2� channels. J Neurosci 18:9163–9170.

Geib S, Sandoz G, Cornet V, Mabrouk K, Fund-Saunier O, Bichet D, Villaz M, Hoshi
T, Sabatier JM, and De Waard M (2002) The interaction between the I-II loop and
the III-IV loop of Cav2.1 contributes to voltage-dependent inactivation in a �-de-
pendent manner. J Biol Chem 277:10003–10013.

George SR, Fan T, Xie Z, Tse R, Tam V, Varghese G, and O’Dowd BF (2000)
Oligomerization of �- and �-opioid receptors: generation of novel functional prop-
erties. J Biol Chem 275:26128–26135.

Gerachshenko T, Blackmer T, Yoon EJ, Bartleson C, Hamm HE, and Alford S (2005)
G�� acts at the C terminus of SNAP-25 to mediate presynaptic inhibition. Nat
Neurosci 8:597–605.

Gether U (2000) Uncovering molecular mechanisms involved in activation of G
protein-coupled receptors. Endocr Rev 21:90–113.

Gether U, Asmar F, Meinild AK, and Rasmussen SG (2002) Structural basis for
activation of G-protein-coupled receptors. Pharmacol Toxicol 91:304–312.

Golard A and Siegelbaum SA (1993) Kinetic basis for the voltage-dependent inhibi-
tion of N-type calcium current by somatostatin and norepinephrine in chick sym-
pathetic neurons. J Neurosci 13:3884–3894.

Hamid J, Nelson D, Spaetgens R, Dubel SJ, Snutch TP, and Zamponi GW (1999)
Identification of an integration center for cross-talk between protein kinase C and
G protein modulation of N-type calcium channels. J Biol Chem 274:6195–6202.

Harkins AB, Cahill AL, Powers JF, Tischler AS, and Fox AP (2004) Deletion of the
synaptic protein interaction site of the N-type (CaV2.2) calcium channel inhibits
secretion in mouse pheochromocytoma cells. Proc Natl Acad Sci USA 101:15219–
15224.

Hatakeyama S, Wakamori M, Ino M, Miyamoto N, Takahashi E, Yoshinaga T,
Sawada K, Imoto K, Tanaka I, Yoshizawa T, et al. (2001) Differential nociceptive
responses in mice lacking the �1B subunit of N-type Ca2� channels. Neuroreport
12:2423–2427.

Herlitze S, Garcia DE, Mackie K, Hille B, Scheuer T, and Catterall WA (1996)
Modulation of Ca2� channels by G-protein �� subunits. Nature (Lond) 380:258–
262.

Herlitze S, Hockerman GH, Scheuer T, and Catterall WA (1997) Molecular deter-
minants of inactivation and G protein modulation in the intracellular loop con-
necting domains I and II of the calcium channel �1A subunit. Proc Natl Acad Sci
USA 94:1512–1516.

Hille B (1994) Modulation of ion-channel function by G-protein-coupled receptors.
Trends Neurosci 17:531–536.

Hobom M, Dai S, Marais E, Lacinova L, Hofmann F, and Klugbauer N (2000)
Neuronal distribution and functional characterization of the calcium channel �2�-2
subunit. Eur J Neurosci 12:1217–1226.

Holz GG, Rane SG, and Dunlap K (1986a) GTP-binding proteins mediate transmitter
inhibition of voltage-dependent calcium channels. Nature (Lond) 319:670–672.

Holz GG, Shefner SA, and Anderson EG (1986b) Serotonin decreases the duration of
action potentials recorded from tetraethylammonium-treated bullfrog dorsal root
ganglion cells. J Neurosci 6:620–626.

Huang L, Shanker YG, Dubauskaite J, Zheng JZ, Yan W, Rosenzweig S, Spielman
AI, Max M, and Margolskee RF (1999) G�13 colocalizes with gustducin in taste
receptor cells and mediates IP3 responses to bitter denatonium. Nat Neurosci
2:1055–1062.

Hummer A, Delzeith O, Gomez SR, Moreno RL, Mark MD, and Herlitze S (2003)
Competitive and synergistic interactions of G protein �2 and Ca2� channel �1b
subunits with Cav2.1 channels, revealed by mammalian two-hybrid and fluores-
cence resonance energy transfer measurements. J Biol Chem 278:49386–49400.

Hurley JH, Cahill AL, Wang M, and Fox AP (2004) Syntaxin 1A regulation of weakly
inactivating N-type Ca2� channels. J Physiol (Lond) 560 (Pt 2):351–363.

Ikeda SR (1992) Prostaglandin modulation of Ca2� channels in rat sympathetic
neurones is mediated by guanine nucleotide binding proteins. J Physiol (Lond)
458:339–359.

Ikeda SR (1996) Voltage-dependent modulation of N-type calcium channels by G-
protein �� subunits. Nature (Lond) 380:255–258.

Ikeda SR and Schofield GG (1989) Somatostatin blocks a calcium current in rat
sympathetic ganglion neurones. J Physiol (Lond) 409:221–240.

Iniguez-Lluhi JA, Simon MI, Robishaw JD, and Gilman AG (1992) G protein ��
subunits synthesized in Sf9 cells: functional characterization and the significance
of prenylation of �. J Biol Chem 267:23409–23417.

Jarvis SE, Barr W, Feng ZP, Hamid J, and Zamponi GW (2002) Molecular determi-
nants of syntaxin 1 modulation of N-type calcium channels. J Biol Chem 277:
44399–44407.

DIRECT G PROTEIN MODULATION OF CaV2 CALCIUM CHANNELS 859

 by guest on June 15, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


Jarvis SE, Magga JM, Beedle AM, Braun JE, and Zamponi GW (2000) G protein
modulation of N-type calcium channels is facilitated by physical interactions
between syntaxin 1A and G��. J Biol Chem 275:6388–6394.

Jarvis SE and Zamponi GW (2001a) Distinct molecular determinants govern syn-
taxin 1A-mediated inactivation and G-protein inhibition of N-type calcium chan-
nels. J Neurosci 21:2939–2948.

Jarvis SE and Zamponi GW (2001b) Interactions between presynaptic Ca2� chan-
nels, cytoplasmic messengers and proteins of the synaptic vesicle release complex.
Trends Pharmacol Sci 22:519–525.

Jeong SW and Ikeda SR (1998) G protein � subunit G�z couples neurotransmitter
receptors to ion channels in sympathetic neurons. Neuron 21:1201–1212.

Jeong SW and Ikeda SR (1999) Sequestration of G-protein �� subunits by different
G-protein � subunits blocks voltage-dependent modulation of Ca2� channels in rat
sympathetic neurons. J Neurosci 19:4755–4761.

Jeong SW and Ikeda SR (2000) Endogenous regulator of G-protein signaling proteins
modify N-type calcium channel modulation in rat sympathetic neurons. J Neurosci
20:4489–4496.

Jones MB, Siderovski DP, and Hooks SB (2004) The G�-� dimer as a novel source of
selectivity in G-protein signaling: GGL-ing at convention. Mol Interv 4:200–214.

Jun K, Piedras-Renteria ES, Smith SM, Wheeler DB, Lee SB, Lee TG, Chin H,
Adams ME, Scheller RH, Tsien RW, et al. (1999) Ablation of P/Q-type Ca2�

channel currents, altered synaptic transmission, and progressive ataxia in mice
lacking the �1A-subunit. Proc Natl Acad Sci USA 96:15245–15250.

Kammermeier PJ, Ruiz-Velasco V, and Ikeda SR (2000) A voltage-independent
calcium current inhibitory pathway activated by muscarinic agonists in rat sym-
pathetic neurons requires both G�q/11 and G��. J Neurosci 20:5623–5629.

Kasai H and Aosaki T (1989) Modulation of Ca-channel current by an adenosine
analog mediated by a GTP-binding protein in chick sensory neurons. Pflueg Arch
Eur J Physiol Eur J Physiol 414:145–149.

Kim C, Jun K, Lee T, Kim SS, McEnery MW, Chin H, Kim HL, Park JM, Kim DK,
Jung SJ, et al. (2001) Altered nociceptive response in mice deficient in the �1B
subunit of the voltage-dependent calcium channel. Mol Cell Neurosci 18:235–245.

Kisilevsky AE, McRory JE, and Zamponi GW (2006) Differential coupling of N-type
channels to dopamine type 1 (D1) and type 2 (D2) receptors, in Proceedings of the
Annual Meeting of the Biophysical Society; 2006 Feb 18–26; Salt Lake City, UT.

Kisselev O, Ermolaeva M, and Gautam N (1995a) Efficient interaction with a
receptor requires a specific type of prenyl group on the G protein � subunit. J Biol
Chem 270:25356–25358.

Kisselev O, Pronin A, Ermolaeva M, and Gautam N (1995b) Receptor-G protein
coupling is established by a potential conformational switch in the �� complex.
Proc Natl Acad Sci USA 92:9102–9106.

Klugbauer N, Lacinova L, Marais E, Hobom M, and Hofmann F (1999) Molecular
diversity of the calcium channel �2� subunit. J Neurosci 19:684–691.

Klugbauer N, Marais E, and Hofmann F (2003) Calcium channel a�2� subunits:
differential expression, function, and drug binding. J Bioenerg Biomembr 35:639–
647.
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