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■ Abstract Voltage-gated Ca2+ channels mediate Ca2+ entry into cells in response
to membrane depolarization. Electrophysiological studies reveal different Ca2+ cur-
rents designated L-, N-, P-, Q-, R-, and T-type. The high-voltage-activated Ca2+
channels that have been characterized biochemically are complexes of a pore-forming
α1 subunit of∼190–250 kDa; a transmembrane, disulfide-linked complex ofα2 and
δ subunits; an intracellularβ subunit; and in some cases a transmembraneγ subunit.
Tenα1 subunits, fourα2δ complexes, fourβ subunits, and twoγ subunits are known.
The Cav1 family of α1 subunits conduct L-type Ca2+ currents, which initiate muscle
contraction, endocrine secretion, and gene transcription, and are regulated primarily
by second messenger-activated protein phosphorylation pathways. The Cav2 family of
α1 subunits conduct N-type, P/Q-type, and R-type Ca2+ currents, which initiate rapid
synaptic transmission and are regulated primarily by direct interaction with G proteins
and SNARE proteins and secondarily by protein phosphorylation. The Cav3 family of
α1 subunits conduct T-type Ca2+ currents, which are activated and inactivated more
rapidly and at more negative membrane potentials than other Ca2+ current types. The
distinct structures and patterns of regulation of these three families of Ca2+ channels
provide a flexible array of Ca2+ entry pathways in response to changes in membrane
potential and a range of possibilities for regulation of Ca2+ entry by second messenger
pathways and interacting proteins.
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INTRODUCTION

Ca2+ channels in many different cell types activate upon membrane depolarization
and mediate Ca2+ influx in response to action potentials and sub-threshold depolar-
izing signals. Ca2+ entering the cell through voltage-gated Ca2+ channels serves as
the second messenger of electrical signaling, initiating intracellular events such as
contraction, secretion, synaptic transmission, and gene expression. Multiple types
of Ca2+ currents have been identified by their physiological and pharmacological
properties and have been correlated with cloned Ca2+ channel subunits character-
ized by expression in vitro. In this chapter, I briefly review the structure of Ca2+

channels and focus on the different modes of regulation of their functional activity
by second messenger pathways and protein-protein interactions. I have restricted
consideration to those examples in which Ca2+ channel regulation observed at the
cellular level has been correlated with analysis of the molecular basis for chan-
nel regulation using cloned and expressed Ca2+ channels. More broad-ranging
reviews of Ca2+ channel regulation at the cellular level can be found in Dolphin
1998, Hille 1994, Hosey et al 1996, McDonald et al 1994.

Ca2+ CURRENT TYPES DEFINED BY PHYSIOLOGICAL
AND PHARMACOLOGICAL PROPERTIES

Since the first recordings of Ca2+currents in cardiac myocytes (Reuter 1967, 1979),
it has become apparent that there are multiple types of Ca2+ currents as defined
by physiological and pharmacological criteria (Bean 1989a, Hess 1990, Llinas
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et al 1992, Tsien et al 1988) (Table 1). In cardiac, smooth, and skeletal mus-
cle, the major Ca2+ currents are distinguished by high voltage of activation, large
single-channel conductance, slow voltage-dependent inactivation, marked regu-
lation by cAMP-dependent protein phosphorylation pathways, and specific inhi-
bition by Ca2+ antagonist drugs including dihydropyridines, phenylalkylamines,
and benzothiazepines (Reuter 1983). These Ca2+ currents have been designated
L-type, as they are long lasting when Ba2+ is the current carrier (Nowycky et al
1985). L-type Ca2+ currents are also recorded in endocrine cells where they
initiate release of hormones (Milani et al 1990) and in neurons where they are
important in regulation of gene expression and in integration of synaptic in-
puts (Bean 1989a). L-type Ca2+ currents are subject to regulation by second
messenger-activated protein phosphorylation in several cell types as discussed
below.

Voltage-clamp studies of Ca2+ currents in starfish eggs (Hagiwara et al 1975)
and recordings of Ca2+ action potentials in cerebellar Purkinje neurons (Llinas &
Yarom 1981) first revealed Ca2+ currents with different properties from L-type,
and these were subsequently characterized in detail in voltage-clamped dorsal root
ganglion neurons (Carbone & Lux 1984, Fedulova et al 1985, Nowycky et al 1985,
Swandulla & Armstrong 1988). In comparison with L-type currents, these Ca2+

currents activate at much more negative membrane potentials, inactivate rapidly,
deactivate slowly, have small single-channel conductance, and are insensitive to
Ca2+ antagonist drugs. They are designated low-voltage-activated Ca2+ currents
for their negative voltage dependence (Carbone & Lux 1984) or T-type for their
transient kinetics (Nowycky et al 1985). Regulation of T-type Ca2+ current has
not yet been analyzed in detail at the molecular level.

Whole-cell voltage-clamp and single-channel recording from dissociated dorsal
root ganglion neurons revealed an additional Ca2+ current, N-type (Nowycky et al
1985). In these initial experiments, N-type Ca2+ currents were distinguished by
their intermediate voltage dependence and rate of inactivation–more negative and
faster than L-type but more positive and slower than T-type (Nowycky et al 1985).
They are insensitive to organic L-type Ca2+ channel blockers but blocked by the
cone snail peptideω-conotoxin GVIA (McCleskey et al 1987, Tsien et al 1988).
This pharmacological profile has been the primary method to distinguish N-type
Ca2+ currents because the voltage dependence and kinetics of N-type Ca2+ currents
in different neurons vary considerably.

Analysis of the effects of other peptide toxins revealed three additional
Ca2+ current types. P-type Ca2+ currents, first recorded in Purkinje neurons (Llin´as
et al 1989), are distinguished by high sensitivity to the spider toxinω-agatoxin
IVA (Mintz et al 1992). Q-type Ca2+ currents, first recorded in cerebellar
granule neurons (Randall & Tsien 1995), are blocked byω-agatoxin IVA with
lower affinity. R-type Ca2+ currents in cerebellar granule neurons are resistant
to the subtype-specific organic and peptide Ca2+ channel blockers (Randall &
Tsien 1995) and may include multiple channel subtypes (Tottene et al 1996).
Although L-type and T-type Ca2+ currents are recorded in a wide range of cell
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types, N-, P-, Q-, and R-type Ca2+ currents are most prominent in neurons.
They are regulated by multiple signal transduction pathways, as discussed
below.

MOLECULAR PROPERTIES OF Ca2+ CHANNELS

Subunit Structure

Ca2+ channels were first solubilized and purified from the transverse tubule mem-
branes of skeletal muscle (Curtis & Catterall 1984). The initial purification stud-
ies revealedα1, β, andγ subunits and showed that theα1 andβ subunits are
substrates for cAMP-dependent protein phosphorylation (Curtis & Catterall 1984,
1985). More detailed biochemical analyses revealed an additionalα2δ subunit co-
migrating with theα1 subunit (Hosey et al 1987, Leung et al 1987, Striessnig et al
1987, Takahashi et al 1987). Analysis of the biochemical properties, glycosylation
and hydrophobicity of these five subunits led to a model comprising a principal
transmembraneα1 subunit of 190 kDa in association with a disulfide-linkedα2δ

dimer of 170 kDa, an intracellular phosphorylatedβ subunit of 55 kDa, and a
transmembraneγ subunit of 33 kDa (Figure 1A) (Takahashi et al 1987).

The primary structures of the five Ca2+ channel subunits were determined by
combination of protein chemistry with cDNA cloning and sequencing. Theα1 sub-
unit is a protein of about 2000 amino acid residues with an amino acid sequence and
predicted transmembrane structure like the previously characterized, pore-forming
α subunit of Na+ channels (Tanabe et al 1987) (Figure 1A). The amino acid se-
quence is organized in four repeated domains (I to IV), each of which contains six
transmembrane segments (S1 to S6), and a membrane-associated loop between
transmembrane segments S5 and S6. As expected from biochemical analysis
(Takahashi et al 1987), the intracellularβ subunit has predictedα helices but
no transmembrane segments (Ruth et al 1989) (Figure 1A), whereas theγ subunit
is a glycoprotein with four transmembrane segments (Jay et al 1990) (Figure 1A).
The clonedα2 subunit has many glycosylation sites and several hydrophobic se-
quences (Ellis et al 1988), but biosynthesis studies indicate that it is an extracellular,
extrinsic membrane protein attached to the membrane through disulfide linkage
to theδ subunit (Gurnett et al 1996) (Figure 1A). The δ subunit is encoded by
the 3′ end of the coding sequence of the same gene as theα2 subunit, and the
mature forms of these two subunits are produced by post-translational prote-
olytic processing and disulfide linkage (De Jongh et al 1990, Jay et al 1991)
(Figure 1A).

Purification of the cardiac Cav1.2 channels revealed subunits of the sizes of
the α1, α2δ, β, and γ subunits of skeletal muscle Ca2+ channels (Chang &
Hosey 1988, Kuniyasu et al 1992, Schneider & Hofmann 1988). Immunopre-
cipitation of L-type Ca2+ channels from neurons labeled by dihydropyridine Ca2+

antagonists revealedα1, α2δ, andβ subunits but noγ subunit (Ahlijanian et al
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1990). Together, these results suggest a similar subunit composition for L-type
Ca2+ channels in cardiac and skeletal muscle and neurons, but the results from
the purification studies of cardiac and neuronal Ca2+ channels are more diffi-
cult to interpret because much smaller amounts of protein can be purified for
analysis.

Purification and immunoprecipitation of N-type Ca2+ channels labeled by
ω-conotoxin GVIA from brain membrane preparations revealedα1, α2δ, andβ
subunits (McEnery et al 1991, Witcher et al 1993). Similarly, purified P/Q-type
Ca2+ channels are composed ofα1, α2δ, andβ subunits (Liu et al 1996; Martin-
Moutot et al 1995, 1996). In addition, recent experiments have unexpectedly
revealed a novelγ subunit, which is the target of thestargazermutation in mice
(Letts et al 1998). Thisγ subunit-like protein can modulate the voltage dependence
of expressed Ca2+ channels containingα1A subunits, so it may be associated with
these Ca2+ channels in vivo (Letts et al 1998). If this newγ subunit is indeed
associated with neuronal Ca2+ channels, their subunit composition would be iden-
tical to that of skeletal muscle Ca2+ channels defined in biochemical experiments
(Takahashi et al 1987) (Figure 1A).

Functions of Ca2+ Channel Subunits

The initial analyses of functional expression of Ca2+ channel subunits were car-
ried out with skeletal muscle Ca2+ channels. Expression of theα1 subunit is
sufficient to produce functional skeletal muscle Ca2+ channels, but with low ex-
pression level and abnormal kinetics and voltage dependence of the Ca2+ current
(Perez-Reyes et al 1989). Co-expression of theα2δ subunit and especially theβ
subunit enhances the level of expression and confers more normal gating proper-
ties (Lacerda et al 1991, Singer et al 1991). As for skeletal muscle Ca2+ channels,
co-expression ofβ subunits has a large effect on the level of expression and the
voltage dependence and kinetics of gating of cardiac and neuronal Ca2+ chan-
nels. In general, the level of expression is increased, the voltage dependence
of activation and inactivation is shifted to more negative membrane potentials,
and the rate of inactivation is increased. However, these effects are different
for individual β subunit isoforms (reviewed in Hofmann et al 1994, Hosey et al
1996). For example, theβ2a subunit slows channel inactivation in most subunit
combinations. In contrast, co-expression ofα2δ subunits (Hofmann et al 1994,
Hosey et al 1996) andγ subunits (Letts et al 1998) has much smaller functional
effects.

Molecular Basis for Ca2+ Channel Function

Intensive studies of the structure and function of the related pore-forming subunits
of Na+, Ca2+, and K+ channels have led to identification of their principal func-
tional domains (reviewed in Catterall 1995, 2000; Hofmann et al 1999; Jan & Jan
1997; Stuhmer & Parekh 1992). Each domain of the principal subunits consists
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of six transmembraneα helices (S1 through S6) and a membrane-associated loop
between S5 and S6 (Figure 1A). The S4 segments of each homologous domain
serve as the voltage sensors for activation, moving outward and rotating under the
influence of the electric field and initiating a conformational change that opens the
pore. The S5 and S6 segments and the membrane-associated pore loop between
them form the pore lining of the voltage-gated ion channels. The narrow external
pore is lined by the pore loop, which contains a pair of glutamate residues in each
domain that are required for Ca2+ selectivity. The inner pore is lined by the S6
segments, which form the receptor sites for the pore-blocking Ca2+ antagonist
drugs specific for L-type Ca2+ channels. All Ca2+ channels share these general
structural features.

Ca2+ Channel Diversity

The different types of Ca2+ currents are primarily defined by differentα1 sub-
units. The primary structures of ten distinct Ca2+ channelα1 subunits have been
defined by homology screening, and their function has been characterized by ex-
pression in mammalian cells orXenopusoocytes (Table 1). These subunits were
originally designated classes A through I, and more recently a nomenclature divid-
ing the calcium channels into three structurally and functionally related families
(Cav1, Cav2, and Cav3) has been proposed (Ertel et al 2000). L-type Ca2+ cur-
rents are mediated by the Cav1 family of α1 subunits, which have about 75%
amino acid sequence identity with theα1 subunit of skeletal muscle L-type Ca2+

channels (Hui et al 1991, Snutch et al 1991, Strom et al 1998, Williams et al
1992b). The Cav2 channels form a distinct family with less than 40% amino acid
sequence identity with Cav1α1 subunits but greater than 70% amino acid sequence
identity among themselves (Table 1). Cloned Cav2.1 subunits (Mori et al 1991,
Starr et al 1991) conduct P- or Q-type Ca2+ currents, which are inhibited byω-
agatoxin IVA (Sather et al 1993, Stea et al 1994, Bourinet et al 1999). Cav2.2
subunits conduct N-type Ca2+ currents with high affinity forω-conotoxin GVIA
(Dubel et al 1992, Williams et al 1992a). Cloned Cav2.3 subunits conduct R-type
Ca2+ currents, which are resistant to both organic Ca2+ antagonists specific for
L-type Ca2+ currents and the peptide toxins specific for N-type or P/Q-type
Ca2+ currents (Randall & Tsien 1995, Soong et al 1994, Zhang et al 1993).
T-type Ca2+ currents are mediated by the Cav3 channels (Perez-Reyes et al 1998).
Theseα1 subunits are only distantly related to the other known homologs,
with less than 25% amino acid sequence identity. These results reveal a
surprising structural dichotomy between the T-type, low-voltage-activated Ca2+

channels and the high-voltage-activated Ca2+ channels. Evidently, these two lin-
eages of Ca2+ channels diverged very early in the evolution of multi-cellular
organisms.

The diversity of Ca2+ channel structure and function is substantially enhanced
by multipleβ subunits. Fourβ subunit genes have been identified; each is subject
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to alternative splicing to yield additional isoforms (reviewed in Hofmann et al
1994, Perez-Reyes & Schneider 1995). In Ca2+ channel preparations isolated
from brain, each Ca2+ channelα1 subunit is associated with multipleβ subunits,
although there is a different rank order in each case (Pichler et al 1997, Liu et al
1996, Witcher et al 1995). The differentβ subunit isoforms cause different shifts
in the kinetics and voltage dependence of gating, so association with differentβ

subunits can substantially alter the physiological function of anα1 subunit. Genes
encoding fourα2δ subunits have been described (Klugbauer et al 1999), but the
α2δ isoforms produced by these different genes have relatively small functional
effects on channel gating and expression. A newγ subunit has been recently
described (Letts et al 1998), which has small but significant effects on the voltage
dependence of Ca2+ channel gating.

The striking structural differences among the three classes ofα1 subunits are
reflected in marked differences in their regulation. The Cav1 family of Ca2+ chan-
nels is regulated primarily by protein phosphorylation through second messenger-
activated kinase pathways. In contrast, the Cav2 family of channels is regulated by
direct binding of SNARE proteins and G proteins, and that primary mode of reg-
ulation is itself regulated by protein phosphorylation pathways. Regulation of the
Cav3 family of Ca2+ channels by protein phosphorylation and G protein pathways
is much less prominent and less well studied than for Cav1 and Cav2 families and
is not considered further here.

REGULATION OF THE Cav1 FAMILY OF Ca2+ CHANNELS
BY PROTEIN PHOSPHORYLATION

Modulation of L-type currents by a wide variety of hormones and neurotransmitters
has been demonstrated in smooth, skeletal, and cardiac muscle, in endocrine cells,
and in neurons (Armstrong et al 1991, McDonald et al 1994). In this review,
I have limited consideration to regulation of L-type Ca2+ channels in cardiac
and skeletal muscle because the expression of a singleα1 subunit type in these
tissues allows regulation in dissociated cells from intact tissue to be unambiguously
correlated with studies of the cloned Ca2+ channels expressed in heterologous
cells.

Regulation of the Cav1.1 Skeletal Muscle Ca2+ Channel
by cAMP-Dependent Protein Phosphorylation

In skeletal muscle, single twitches do not require entry of extracellular Ca2+

(Armstrong et al 1972), and excitation-contraction coupling is thought to pro-
ceed via direct protein-protein interactions between the dihydropyridine-senstivie
voltage-gated Ca2+ channel in the transverse tubules and the ryanodine-sensitive
Ca2+ release channel (RyR) in the sarcoplasmic reticulum (Adams & Beam 1990,
Catterall 1991, Rios & Pizarro 1991). The force of contraction is increased by
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high-frequency stimulation by synaptic transmission from motor nerves and by
epinephrine and calcitonin gene-related peptide (CGRP) acting through the cAMP
signaling pathway (Cairns & Dulhunty 1993, Fleming et al 1993, Gonzalez-
Serratos et al 1981, Kernell et al 1983, Ohhashi & Jacobowitz 1988, Uchida et al
1990). These effects require extracellular Ca2+ (Oz & Frank 1991) and thus are
mediated at least in part by changes in Ca2+ entry. Activation of skeletal muscle
L-type Ca2+ currents is enhanced by phosphorylation by cAMP-dependent protein
kinase (Arreola et al 1987, Schmid et al 1985). In cultured skeletal muscle cells,
repetitive depolarization causes a dramatic enhancement of Ca2+ currents (Fleig &
Penner 1996, Sculptoreanu et al 1993b), up to 10-fold in the critical membrane
potential range near−20 mV. This potentiation of Ca2+ currents is strongly voltage
dependent and also is dependent on the activity of cAMP-dependent protein kinase
(Sculptoreanu et al 1993b). This may result from interaction between voltage-
dependent gating and phosphorylation of the Ca2+ channel itself. This novel
regulatory mechanism greatly increases Ca2+ channel activity during tetanic stim-
ulation of skeletal muscle cells and may play a critical role in the regulation of
contractile force of skeletal muscle in response to hormones and to the frequency
of stimulation of the motor nerve.

Phosphorylation of theα Subunit of Skeletal Muscle Ca2+ Channels Theα1
subunit and theβ subunit of skeletal muscle Ca2+ channels are substrates for
phosphorylation by cAMP-dependent protein kinase and a number of other protein
kinases (Curtis & Catterall 1985, Jahn et al 1988, O’Callahan & Hosey 1988, Taka-
hashi et al 1987). Ca2+ flux through the purified and reconsituted skeletal muscle
Ca2+ channel is regulated by cAMP-dependent protein phosphorylation (Flockerzi
et al 1986, Hymel et al 1988, Mundi˜na-Weilenmann et al 1991, Nunoki et al 1989).
Ion flux studies in reconstituted phospholipid vesicles show that phosphorylation
of theα1 andβ subunits can greatly increase the number of functional Ca2+ chan-
nels in purified preparations (Mundi˜na-Weilenmann et al 1991, Nunoki et al 1989).
Single-channel recording experiments in planar bilayer membranes detect both in-
creases in the number of functional Ca2+ channels and increases in the activity
of single Ca2+ channels after phosphorylation by cAMP-dependent protein kinase
(Flockerzi et al 1986, Hymel et al 1988). Thus, theα1 andβ subunits of the purified
Ca2+ channel contain the sites at which cAMP-dependent protein phosphorylation
modulates channel function in vitro. Two forms of theα1 subunit,∼190 and 212
kDa, are present in purified preparations of skeletal muscle Ca2+ channels, T-tubule
membranes, and intact skeletal muscle cells in culture, and both are phosphory-
lated by PKA in intact cells (De Jongh et al 1989, 1991; Lai et al 1990). Antibody
mapping of the C-terminal region ofα1(190)placed the C terminus between residues
1685 and 1699 (De Jongh et al 1991). The most rapidly phosphorylated site in the
truncated form of theα1 subunit in purified Ca2+ channel preparations is Ser 687,
located in the intracellular loop between domains II and III (R¨ohrkasten et al 1988,
Rotman et al 1992). In contrast, time-course experiments indicated that Ser 1854
near the C-terminal portion of full-lengthα1(212) is the most intensely and rapidly
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phosphorylated (Rotman et al 1992, 1995). To date, the site(s) of phosphorylation
that regulates the ion conductance activity skeletal muscle Ca2+ channels has not
been directly identified.

Phosphorylation of theβ Subunit of Skeletal Muscle Ca2+ Channels Like the
α1 subunit of the skeletal muscle Ca2+ channel, theβ subunit is stoichiometri-
cally phosphorylated by cAMP-dependent protein kinase in purified preparations
(Curtis & Catterall 1985) and in reconstituted Ca2+ channels that are regulated by
cAMP-dependent protein kinase (Flockerzi et al 1986, Nunoki et al 1989). Both
serine 182 and threonine 205 have been shown to be phosphorylated in vitro (De
Jongh et al 1989, Ruth et al 1989). Because phosphorylation of bothα1 andβ
subunits is correlated with regulation of the ion conductance activity of skeletal
muscle Ca2+ channels, both are candidates for sites of channel modulation by
phosphorylation.

Role of Kinase Anchoring in Voltage-Dependent Modulation of Skeletal Muscle
Ca2+ Channels cAMP-dependent protein kinase is often anchored to specific
subcellular compartments or specific kinase substrates by A kinase anchoring pro-
teins (AKAPs) (Gray et al 1998b, Rubin 1994, Scott & McCartney 1994). These
proteins contain a targeting domain that directs the AKAP to a specific cellu-
lar site and a kinase-anchoring domain containing an amphipathicα helix that
binds the regulatory subunit dimer of cAMP-dependent protein kinase. Peptides
containing the amino acid sequence of the kinase-anchoring domain are effective
kinase-anchoring inhibitors, which bind to PKA regulatory subunits and thereby
prevent their binding to AKAPs. Because regulation of the skeletal muscle Ca2+

channel by membrane depolarization and cAMP-dependent protein kinase is very
rapid, with observable effects in 50 ms, it was an attractive candidate for regulation
through PKA bound to AKAPs. Consistent with this idea, the anchoring inhibitor
peptide from a human thyroid AKAP (Ht-31) effectively inhibits rapid, voltage-
dependent potentiation of skeletal muscle Ca2+ channel activity when perfused
inside cultured skeletal muscle cells in whole-cell voltage clamp (Johnson et al
1994). Similarly, voltage-dependent potentiation of the activity of cloned skeletal
muscle Ca2+ channels expressed in human embryonic kidney cells is prevented
by the Ht-31-anchoring inhibitor peptide (Johnson et al 1997). These results
clearly implicate anchoring of PKA through interaction with an AKAP in the
rapid regulation of skeletal muscle Ca2+ channels.

Biochemical studies of skeletal muscle Ca2+ channels revealed a novel 15-kDa
AKAP (AKAP-15) associated with purified Ca2+ channels and with specifically
immunoprecipitated Ca2+ channels (Gray et al 1997). The primary structure of
this AKAP reveals an 81-residue protein with N-terminal palmitoyl and myristoyl
moieties that serve as membrane anchors and an amphipathic helix that binds
PKA (Figure 1A) (Gray et al 1998a). AKAP-15, PKA, and Ca2+ channels are
co-localized in the specialized junctions formed between sarcoplasmic reticulum
and transverse tubule membranes, where excitation-contraction coupling takes
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place (Burton et al 1997, Gray et al 1998a). The amphipathic helix peptide from
AKAP-15 effectively inhibits regulation of skeletal muscle Ca2+ channels (Gray
et al 1998a). As no other AKAPs are associated with these Ca2+ channels, it is
likely that AKAP-15 mediates their regulation by PKA in vivo.

Regulation of Cav1.2 Cardiac Ca2+ Channels

β-adrenergic modulation of the slow inward Ca2+ current in cardiac muscle is
the first described and most thoroughly studied example of Ca2+ current regu-
lation. Voltage-clamp experiments performed on mammalian (Reuter 1967) and
amphibian (Vassort et al 1969) cardiac tissue showed thatβ-adrenergic stimula-
tion enhances Ca2+ current. This effect contributes significantly to the increase
in cardiac contractility, beat rate, and amplitude of the cardiac action potential
caused byβ-adrenergic agonists (Reuter 1967, 1974). The potentiation of the
slow inward current appears to be mediated by cAMP and consequent activation
of cAMP-dependent protein kinase. Incubation of tissue with cAMP derivatives
or phosphodiesterase inhibitors to prevent cyclic nucleotide degradation mimics
the action ofβ-adrenergic agonists on cardiac tissue (Morad et al 1981, Reuter
1974, Tsien 1973, Tsien et al 1972). Direct injection of cAMP (Trautwein
et al 1982) or the purified catalytic subunit of cAMP-dependent protein kinase
(Osterrieder et al 1982) into isolated cardiac myocytes influences the action
potential and the Ca2+ current in a manner identical to that ofβ-adrenergic
stimulation.

Mechanism of Regulation of Cardiac Ca2+ Current by the cAMP-Dependent
Protein Kinase Pathway Analysis ofβ-adrenergic enhancement of Ca2+ current
under voltage-clamp conditions suggested that the increase was not caused by a
change in the sensitivity of channels to voltage but rather by an increase in the
maximal Ca2+ conductance (Reuter & Scholz 1977). Single-channel recording
from cultured rat cardiac myocytes (Cachelin et al 1983, Reuter et al 1982) and
from isolated frog ventricular myocytes (Bean et al 1984) showed that the single-
channel conductance did not change in the presence ofβ-adrenergic agonists.
Increases in the mean channel open time and probability of channel opening were
observed in rat myocytes, whereas the number of functional channels seen within
a membrane patch did not increase on treatment withβ-adrenergic agonists or
8-bromo cyclic AMP in the membrane potential range studied (Cachelin et al
1983, Reuter et al 1982). In contrast, an increase in the number of functional
channels recorded contributes to the enhanced frequency of channel openings
and the larger response to adrenergic agents seen in frog myocytes (Bean et al
1984).

Multiple modes of Cav1.2 channel gating are observed at the single-channel
level: a null mode (mode 0) in which channels do not open or open very rarely
upon depolarization, a low p mode (mode 1) in which the probability of activa-
tion is low and the openings are brief, and a high p mode (mode 2) in which the
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probability of opening is much higher and the openings are longer (Hess et al 1984).
β-adrenergic stimulation and increases in intracellular cAMP cause a shift of the
gating mode away from the null gating mode toward the low p and high p modes
for depolarizing stimuli to+20 mV (Yue et al 1990). Thus the increase in inward
Ca2+ current during the cardiac action potential induced byβ-adrenergic agents
probably results from a combination of two effects: an increase in the probability
of activation of functional Ca2+ channels that are in an “activable” pool (i.e. shift
from mode 1 to mode 2), and an increase in the number of functional channels
by transfer from an “inactivable” pool to the activable pool (shift from mode 0 to
mode 1). This results in both an increased probability of opening and an increase
in the apparent number of functional Ca2+ channels. The definition of activable
pool depends on the test potential. Although not all Ca2+ channels in unstimulated
cells open upon depolarization in the physiological range of membrane potentials,
strong positive test potentials can open these channels (Bean 1994). Thus the
effect of adrenergic stimulation and cAMP-dependent protein phosphorylation is
to shift Ca2+ channels from a null mode of gating in which they can be acti-
vated only by unphysiological stimulation at very positive membrane potentials
to functional modes of gating in which their activation occurs in the physiological
range.

Molecular Basis for Modulation of Cardiac Ca2+ Channels by PKA Although
regulation of the cardiac Ca2+ channels by the cAMP pathway was the first exam-
ple of ion channel regulation through second messenger pathways, the molecular
basis for this regulation is still not clearly resolved. Cardiac Ca2+ channels con-
sist of Cav1.2 α1 subunits in association with anα2δ subunit and aβ subunit.
Early biochemical studies of the cardiac Ca2+ channel resulted in purification of
a short, 160 to 195 kDa form of theα1 subunit that was not a substrate for phos-
phorylation by PKA (Chang & Hosey 1988, Schneider & Hofmann 1988). As
for skeletal muscle Ca2+ channels, more recent results on cardiac Ca2+ channels
have revealed a full-lengthα1 subunit form with a molecular mass of approxi-
mately 220 kDa, as expected from the cDNA sequence ( Figure 1B ) (De Jongh
et al 1996). This full-lengthα1 subunit is phosphorylated on a single serine residue
(Ser 1928) in the C-terminal domain by PKA (De Jongh et al 1996). Similarly,
expression of the C-terminal domain in bacteria yields a protein that is phos-
phorylated primarily on Ser 1928 (Mitterdorfer et al 1996). This site is missing
in the truncated form of theα1 subunit isolated in early biochemical prepara-
tions. Primarily the full-length form of Cav1.2 is present in cardiac tissue (Gao
et al 1997a). Bothβ1 andβ2 isoforms are expressed in cardiac tissue (Biel et al
1991, Gao et al 1997a, Hullin et al 1992) and likely are both associated in Cav1.2
channels.

Ca2+ channels in a CHO cell line that expresses only the full-length form
of the Cav1.2 α1 subunit can be regulated by activation of endogenous PKA,
by intracellular perfusion of PKA, and by voltage-dependent potentiation, which
requires the activity of PKA (Sculptoreanu et al 1993a, Yoshida et al 1992). These
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results indicate that at least part of the regulation of Ca2+ channel activity is caused
by phosphorylation of theα1 subunit. Because theα1 subunit is phosphorylated
only on Ser 1928 in vitro or in transfected cells (De Jongh et al 1996), regulation
likely involves phosphorylation of this site. In support of this conclusion, mutation
of this serine residue to alanine reduces the regulation of Ca2+ channel activity
caused by activation of PKA with 8-Br-cAMP in transiently transfected human
embryonic kidney cells from a 35% increase in Ca2+ channel current to a 7%
increase (Gao et al 1997b). Although these results are promising, the extent of
regulation of Ca2+ channel activity in these experiments in transfected cells falls
well short of the magnitude recorded in native cardiac cells (two- to fourfold
increase), and regulation of cloned Ca2+ channels analyzed in this way is not
observed in some of the major laboratories in the field (e.g. Zong et al 1995).
Therefore, it seems likely that additional regulatory influences not yet reproduced
and characterized in transfected cells are important for control of the activity of
cardiac Ca2+ channels in vivo. Two prime candidates are AKAPs and the Ca2+

channelβ subunits.

Role of AKAPs in Regulation of Cardiac Ca2+Channels As for skeletal muscle
Ca2+ channels, emerging evidence indicates that AKAPs are important for regu-
lation of cardiac Ca2+ channels through the PKA pathway. Reconstitution of PKA
regulation of Cav1.2 channels in transfected cells is enhanced by co-expression of
AKAP-79 (Gao et al 1997b), an AKAP expressed primarily in neurons. Similarly,
AKAP-15 (also designated AKAP-18 ) (Fraser et al 1998), the same membrane-
targeted AKAP identified in studies of skeletal muscle Ca2+ channels (Gray et al
1997, 1998a), also supports a low level of regulation of cardiac Ca2+ channels in
transfected cells (18% increase in Ca2+ channel current with activators of PKA)
(Fraser et al 1998). As AKAP-15/18 is expressed in the heart (Fraser et al 1998,
Gray et al 1998a), it is likely to be the primary AKAP involved in PKA regulation
of Cav1.2 Ca2+ channels in cardiac myocytes.

Phosphorylation of theβ Subunit of Cardiac Ca2+ Channels by PKA Theβ
subunits of skeletal muscle Ca2+channels were found to be phosphorylated by PKA
in the initial studies of purified and reconstituted Ca2+ channels (Curtis & Catterall
1985). Theβ subunits of cardiac Ca2+ channels are phosphorylated by PKA in
intact hearts treated withβ-adrenergic agonists (Haase et al 1996). Recently,
Bunemann et al (1999) reported substantial (greater than twofold) regulation of
a C-terminal truncated form of Cav1.2 lacking Ser1928 by intracellular perfusion
of activated PKA in human embryonic kidney cells co-transfected with Cav1.2
andβ2a subunits. This regulation required phosphorylation of Ser 478 and/or
Ser 479, two serine residues in non-classical PKA phosphorylation sites that are
specific to theβ2a subunit. These results provide the best evidence to date for an
important role of theβ subunits in regulation of cardiac Ca2+ channels. It will be
important to further analyze Ca2+ channel regulation when full-lengthα1 subunits
are co-expressed withβ2a and other subunits expressed in cardiac myocytes and
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to eventually restore regulation by physiological stimulus procedures rather than
intracellular perfusion of activated PKA.

Regulation of Cardiac Ca2+ Channels by Protein Kinase C Activation of pro-
tein kinase C in cardiac myocytes has biphasic effects on the Ca2+ current and
on contractility, usually recorded as a transient increase followed by a sustained
decrease (Kwan & Qui 1997, Lacerda et al 1988, Satoh 1992, Tseng & Boyden
1991, Woo & Lee 1999). Multiple isoforms of the Cav1.2α1 subunit have been
identified by cDNA cloning (Mikami et al 1989) and by genomic sequencing (Biel
et al 1991, Diebold et al 1992, Snutch et al 1991, Soldatov 1994). These isoforms
differ in the N-terminal domain, the C-terminal domain and in transmembrane
segments IS3, IIS6, and IVS3. Expression of Cav1.2 cDNAs cloned from brain
yields L-type Ca2+ currents that are not modulated by protein kinase C (Stea et al
1995). In contrast, cardiac Ca2+ channels expressed inXenopusoocytes or human
embryonic kidney cells from Cav1.2 cDNA cloned from heart are inhibited by
activation of protein kinase C with phorbol esters or oleylacetylglycerol (Bourinet
et al 1992). Inspection of the amino acid sequences of the cDNAs encoding Cav1.2
cloned from heart (Mikami et al 1989) and brain (Snutch et al 1991) reveals a dif-
ference in the N-terminal domain: The cardiac isoform has two threonine residues
in protein kinase C consensus sequences at positions 27 and 31, whereas the brain
isoform does not. Mutation of either of these threonine residues to alanine prevents
regulation of the expressed cardiac Ca2+ channels by protein kinase C (McHugh
et al 2000), indicating that both residues must be phosphorylated to inhibit Ca2+

channel activity (Figure 1B). Thus the N-terminal domain is a target for tissue-
specific regulation of Cav1.2, resulting in inhibition of the cardiac isoform but not
the brain isoform of this Ca2+ channel.

REGULATION OF THE Cav2 FAMILY OF Ca2+ CHANNELS
BY G PROTEINS

The Cav2 family of Ca2+ channelα1subunits includes Cav2.1, which mediates P/Q-
type Ca2+ currents; Cav2.2, which mediates N-type Ca2+ currents; and Cav2.3,
which mediates R-type Ca2+ currents ( Table 1). These Ca2+ current types are
recorded in neurons and neuroendocrine cells and are distinguished by their sen-
sitivity to polypeptide neurotoxins from snails and spiders. They are primarily re-
sponsible for Ca2+ entry that initiates release of fast neurotransmitters at synapses,
and they participate with type Cav1 channels in mediating secretion of hormones
and neuropeptides. N-type and P/Q-type Ca2+ currents are regulated through mul-
tiple G protein-coupled pathways (Hille 1994, Ikeda & Dunlap 1999, Jones &
Elmslie 1997). For example, in the well-studied rat sympathetic ganglion neuron,
five different pathways regulate the N-type Ca2+ currents in subtly different ways
(Hille 1994). Thus regulation of these Ca2+ channels through G protein-coupled
pathways is important in control of synaptic transmission and hormone secretion.
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Mechanism of G Protein Modulation of Ca2+ Currents

Although several G protein signaling pathways regulate these channels, one
common pathway, best-studied at both cellular and molecular levels, is voltage
dependent and membrane delimited–that is, a pathway without soluble intracellu-
lar messengers whose effects can be reversed by strong depolarization (Dolphin
1995, Hille 1994, Wickman & Clapham 1995). Inhibition of Ca2+ channel activ-
ity is typically caused by a positive shift in the voltage dependence and a slowing
of channel activation. These effects are relieved by strong depolarization result-
ing in facilitation of Ca2+ currents (Bean 1989b, Marchetti et al 1986). Synaptic
transmission is inhibited by neurotransmitters through this mechanism. The ef-
fect of G proteins has been successfully modeled as a shift between two channel
states with different gating properties, reluctant and willing (Bean 1989b). The
willing state is characterized by a rapid activation during depolarization to volt-
ages within the physiological range, whereas the reluctant state is characterized
by slow activation at more positive voltages, usually beyond the normal range
of physiological membrane potentials. Activation of G proteins shifts the chan-
nel to the reluctant state and strong depolarization reverses that shift in channel
state.

G proteinα subunits are thought to confer specificity in receptor coupling
(Dolphin 1995, Hille 1994, Heschler & Schultz 1993, Wickman & Clapham 1995),
but until recently it was not known whether the Gα or Gβγ subunits were respon-
sible for modulation of Ca2+ channels. Surprisingly, transfection of Gβγ into
cells expressing P/Q-type Ca2+ channels induces modulation like that caused by
activation of G protein-coupled receptors, but Gα subunits do not (Herlitze et al
1996) (Figure 2). Co-transfection of tsA-201 cells with the Ca2+ channelα1 andβ
subunits and Gβγ causes a shift in the voltage dependence of Ca2+ channel acti-
vation to more positive membrane potentials and reduces the steepness of voltage-
dependent activation, effects that closely mimic the actions of neurotransmitters
and guanyl nucleotides on N-type and P/Q-type Ca2+ currents in neurons and neu-
roendocrine cells. In contrast, transfection with a range of Gα subunits does not
have this effect. This voltage shift can be reversed by strong positive prepulses that
result in voltage-dependent facilitation of the Ca2+ current in the presence of Gβγ ,
again closely mimicking the effects of neurotransmitters and guanyl nucleotides on
Ca2+ channels. Similarly, injection or expression of Gβγ subunits in sympathetic
ganglion neurons induces facilitation and occludes modulation of N-type Ca2+

currents by norepinephrine, but Gα subunits do not (Herlitze et al 1996, Ikeda
1996). In both cases, the Gγ subunit is ineffective by itself, but over-expression
of exogenous Gβ subunits is sufficient to cause channel modulation. Moreover,
the Gβ subunits appear to control the specificity of modulation in sympathetic
ganglion neurons, i.e.β1 andβ2 are more effective thanβ3, β4, or β5 (Garcia
et al 1998). These results surprisingly point to the Gβγ subunits as the primary
regulators of presynaptic Ca2+ channels in both transfected cells and sympathetic
ganglion neurons (Figure 2).
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Figure 2 Pathways of regulation of Cav2 channels. Interactions of Cav2. channels with
SNARE proteins, G proteins, and Ca2+ all regulate Ca2+ channel activity.

Although G proteinβγ subunits may be the primary effectors of Ca2+ channel
regulation, evidence from isolated nerve terminals suggests that other proteins
may be important (Stanley & Mirotznik 1997). Botulinum toxin cleavage of
the SNARE protein syntaxin, which interacts with presynaptic Ca2+ channels
(see below), prevents inhibition of N-type Ca2+ currents in the calyx terminals of
the chick ciliary ganglion. Thus effective inhibition by G proteins may require
additional protein-protein interactions.

Kinetic Basis for G Protein Modulation

The hallmarks of the voltage-dependent inhibition of N-type Ca2+ currents by
activation of G protein-coupled receptors are slowed rate of activation during a
depolarizing test pulse, positively shifted voltage dependence of activation, and less
steep voltage dependence of activation. Analyses of the mechanism of regulation
by single-channel recording and gating current measurements have given new
insight into the underlying kinetic and biophysical mechanisms. As expected from
the slowed kinetics of activation of the Ca2+ current, there is a prolonged first
latency to single-channel opening after G protein activation (Patil et al 1996).
In addition, direct measurements of gating currents caused by movement of the
voltage sensors of the Ca2+ channel show that they are slowed as well (Jones
et al 1997). With more positive test pulses, the rate of activation of the channels
increases, the first latency to channel opening shortens, and the gating currents
are accelerated. Thus the effect of the G protein is to impede the outward gating
movement of the S4 voltage sensors of the Ca2+ channel, and this effect can be
overcome by prolonged depolarization to more positive membrane potential to
force voltage sensor movement and subsequent channel activation.
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Site(s) of G Protein Modulation

The effects of G proteinβγ subunits might be mediated by binding to one or more
sites on the Ca2+channel. This question can be tested functionally by examining the
concentration dependence of the rate of G protein action. After the inhibition of N-
type Ca2+ currents by G protein activation has been reversed by strong depolarizing
pulses, re-inhibition is dependent on the concentration of activated G protein and
therefore requires re-binding of activated G protein (Lopez & Brown 1991). The
concentration dependence of the rate of re-inhibition is consistent with binding
of a single Gβγ subunit to re-form an effective complex and re-inhibit channel
activation (Zamponi & Snutch 1998). Thus the diverse effects of G proteinβγ

subunits on the kinetics and voltage dependence of Ca2+ channel activation may
be caused by binding to a single site.

Possible sites of G proteinβγ subunit interaction with Ca2+ channels have
been extensively investigated by construction and analysis of channel chimeras, by
G protein–binding experiments, and by site-directed mutagenesis and expression
(De Waard et al 1997, Herlitze et al 1997, Page et al 1997, Zamponi et al 1997).
Initially, most evidence pointed to the intracellular loop between domains I and II
(LI-II ) as a crucial site of G protein regulation (Figure 3). G protein-binding and site-
directed mutagenesis experiments identified a complex site in LI-II . Peptides from

Figure 3 Pathways and sites of regulation of Cav2 channels. Transmembrane-folding
model of the Cav2 channelα1 subunits. Sites of interaction of regulatory pathways are
illustrated.
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this region of Cav2.2 prevent inhibition of channel activity by Gβγ , presumably by
binding to Gβγ and competitively inhibiting its access to Ca2+ channels (Herlitze
et al 1997, Zamponi et al 1997). This region of the channel binds Gβγ in vitro
(De Waard et al 1997, Zamponi et al 1997) as well as in vivo in the yeast two-
hybrid assay (Garcia et al 1998). Site-directed mutations in this channel segment
can enhance or reduce the extent of inhibition by Gβγ . The specificity of binding
of this segment of the Ca2+ channel to different G proteinβ subunits follows the
specificity of G protein regulation of N-type Ca2+ currents in sympathetic ganglion
neurons (Garcia et al 1998). Thus, LI-II is an important point of interaction of Gβγ
with Ca2+ channels, and this interaction may determine G protein specificity for
modulation.

Increasing evidence also points to segments in the N-terminal and C-terminal
domains of Ca2+ channels that are also required for G protein regulation (Cant´ı
et al 1999; Furukawa 1998a,b; Page et al 1998; Qin et al 1997; Simen & Miller
1998; Zhang et al 1996). Cav2.2 channels are strongly regulated by G proteins,
whereas the closely related Cav2.1 and Cav2.3 channels are less strongly regulated.
Formation of chimeric Ca2+ channels containing different segments of these chan-
nels has been used to define the molecular determinants of these differences in
G protein regulation. Transfer of domain I or LI-II of Cav2.2 enhanced G protein
regulation of Cav2.3 (Page et al 1997). Transfer of domain I and the C-terminal do-
main of Cav2.2 was required to confer full G protein regulation on Cav2.1 (Zhang
et al 1996). Moreover, G protein-binding segments located at the N and C termini
are also implicated in Gβγ regulation of Cav2.3 by mutagenesis and G protein-
binding experiments (Cant´ı et al 1999; Furukawa 1998a,b; Page et al 1998; Qin
et al 1997; Simen & Miller 1998). Considered together, the results of experiments
on localization of the site(s) of G protein regulation of the Cav2 family of Ca2+

channels suggest that multiple regions of the Ca2+ channel are required for re-
sponsiveness. It seems clear that LI-II is an important site of Gβγ binding. As the
N-terminal and C-terminal domains are likely to interact with each other in the
folded channel protein, a second site of interaction for G proteins may be formed
at their intersection. Other regions of the membrane-associated domains of the
channel may be needed to transduce G protein-binding into a change in channel
gating. Certainly, more work is needed to give a clear picture of the molecular
events that lead to G protein regulation of Ca2+ channels.

Reversal of G Protein Modulation by Protein Kinase C

The inhibition of N-type and P/Q-type Ca2+currents in dissociated neurons through
binding of Gβγ subunits can be reversed by several neurotransmitters acting
through protein kinase C (Swartz 1993, Swartz et al 1993). This reversal of G pro-
tein inhibition can be reconstituted by expression of Ca2+ channels inXenopus
oocytes (Zamponi et al 1997). The mechanism of reversal involves phosphoryla-
tion of sites in LI-II , just downstream of a principal site of interaction ofβγ subunits
with the Ca2+ channel (Figure 2) (Zamponi et al 1997). Thus this intracellular loop
of the Ca2+ channel integrates G protein, protein kinase C, and voltage signals.
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FEEDBACK REGULATION OF Ca2+ CHANNELS
BY CALCIUM

Calcium-Dependent Inactivation and Facilitation
of Cardiac Ca2+ Channels

The L-type Ca2+ currents conducted by Cav1.2 channels in the heart are strongly
regulated by Ca2+ entering the cell through the channels. Accumulation of enter-
ing Ca2+ inactivates the Ca2+ current on the time scale of milliseconds, causing a
decay of the current to baseline during long depolarizing stimuli (Lee et al 1985,
Nilius & Benndorf 1986). Ca2+-dependent inactivation is more rapid than voltage-
dependent inactivation for these channels, and therefore it is a primary determinant
of the duration of the Ca2+ current. Ca2+-dependent inactivation is observed for
cardiac Ca2+ channels fused into planar bilayers in the absence of ATP and cellular
enzymes, arguing that it is caused by Ca2+ binding to the Ca2+ channel itself or to
an associated protein (Haack & Rosenberg 1994). Recent experiments show that
this Ca2+-dependent inactivation of the Ca2+ current results from binding of Ca2+

and calmodulin to the C-terminal domain of Cav1.2 channels. Alternately spliced
exons in the C-terminal domain confer striking differences in Ca2+-dependent
inactivation (Soldatov et al 1997, 1998; Z¨uhlke & Reuter 1998). The exon that al-
lows rapid inactivation includes an IQ domain, a well-known calmodulin-binding
motif (Zühlke & Reuter 1998). Calmodulin binds to this C-terminal IQ domain.
Both mutations that prevent calmodulin binding and calmodulin mutants that can-
not bind Ca2+ also prevent Ca2+-dependent inactivation (Peterson et al 1999, Qin
et al 1999, Z¨uhlke et al 1999). These experiments clearly show that binding of
Ca2+/calmodulin complexes to a site in the C-terminal domain of Ca2+ channels
causes rapid inactivation. Calmodulin is likely to be constitutively bound to this
site, ready to bind Ca2+ and initiate a conformational change that inactivates the
Cav1.2 channel in the heart.

Cav1.2 channels in cardiac and smooth muscle cells are also facilitated by cal-
cium entering through them (Gurney et al 1989, McCarron et al 1992). This effect
is thought to be caused by a combination of phosphorylation by Ca2+/calmodulin-
regulated protein kinase II (CamKII) (Anderson et al 1994, McCarron et al 1992,
Xiao et al 1994, Yuan & Bers 1994) and binding of Ca2+/calmodulin (Zühlke
et al 1999). Recent studies show that constitutively activated CamKII can cause
facilitation by shifting single Ca2+ channels to the high p gating mode (Dzhura
et al 2000). These results demonstrate that protein phosphorylation activated by
calcium/calmodulin can cause facilitation.

Facilitation and Enhanced Inactivation of Cav2.1 Channels
by Binding of Ca2+/Calmodulin

Ca2+ channels in presynaptic nerve terminals are also subject to Ca2+-dependent
facilitation and inactivation (Borst & Sakmann 1998, Cuttle et al 1998) (Figure 2).
As for cardiac Ca2+ channels, P/Q-type Ca2+ channels are also regulated by direct
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binding of Ca2+ and calmodulin (Lee et al 1999). Ca2+-dependent binding of
Ca2+/calmodulin to a novel site in the C-terminal domain of the Cav2.1α1 sub-
unit (Figure 3) increases the rate and extent of voltage-dependent inactivation,
enhances recovery from inactivation, and causes a Ca2+-dependent facilitation of
the Ca2+ current up to 200% of control values (Lee et al 1999). The effects of
Ca2+/calmodulin binding are greater for Cav2.1 channels containingβ2asubunits,
which reduce voltage-dependent inactivation and thereby unmask larger effects of
Ca2+-dependent inactivation (Lee et al 2000). During trains of repetitive action-
potential-like stimuli, Ca2+ entry first causes facilitation and then Ca2+-dependent
inactivation (Lee et al 2000). This form of channel regulation observed in trans-
fected cells is likely to be responsible for Ca2+-dependent facilitation of P/Q-type
Ca2+ currents measured directly in the nerve terminals of the large calyx synapses
in the medial nucleus of the trapezoid body in the brain stem (Borst & Sakmann
1998, Cuttle et al 1998).

Ca2+ CHANNEL REGULATION BY INTERACTION
WITH INTRACELLULAR EFFECTOR PROTEINS

Ca2+ entering cells through voltage-gated Ca2+ channels initiates many intracel-
lular processes through activation of effector mechanisms. Often these effector
mechanisms are highly localized to respond to high local concentrations of Ca2+

at the intracellular mouth of the channel. Recent work shows that in two cases the
effector proteins themselves are feedback regulators of Ca2+ channel function.

Regulation by Ryanodine-Sensitive Ca2+-Release Channels
in Skeletal Muscle

In skeletal muscle fibers, excitation-contraction coupling involves direct confor-
mational coupling of the voltage-gated Ca2+channel in the transverse tubule mem-
brane to the ryanodine-sensitive Ca2+ release channel (RyR) of the sarcoplas-
mic reticulum at the transverse tubule/sarcoplasmic reticulum junction (Adams
& Beam 1990, Catterall 1991, Rios & Pizarro 1991). Conformational coupling
is mediated by the intracellular loop connecting domains II and III of theα1
subunit (Tanabe et al 1988, 1990). Depolarization of the transverse tubules by the
conducted action potential activates Cav1.1 channels. They rapidly activate the
ryanodine-sensitive Ca2+ release channel via protein-protein interactions to initi-
ate Ca2+ release and muscle contraction, and they slowly activate their own Ca2+

conductance activity (Almers & Palade 1981, Sanchez & Stefani 1978), which
serves to maintain Ca2+ homeostasis by mediating Ca2+ entry into the cytoplasm.
Remarkably, recent experiments with mice lacking the RyR show that there is
a retrograde regulation of the transverse tubule Ca2+ channel by the ryanodine-
sensitive calcium release channel (Nakai et al 1996). The RyR-deficient mice have
greatly reduced Ca2+ currents in their skeletal muscle cells, even though nearly
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normal levels of voltage-gated Ca2+ channels are present based on gating current
measurements (Nakai et al 1996). This effect is mediated by the interaction of the
intracellular loop connecting domains II and III of the Cav1.1α1 subunit with the
RyR, the same region of theα1 subunit that is required for excitation-contraction
coupling between these two proteins (Grabner et al 1999). Thus it appears that the
RyR must be present and bind to LII-III for the transverse tubule Cav1.1 channel to
have its normal level of functional activity.

Regulation by SNARE Proteins

Ca2+ entry through voltage-gated Ca2+ channels is thought to initiate exocytosis
by triggering the fusion of secretory vesicle membranes with the plasma mem-
brane through actions on the SNARE protein complex of syntaxin, SNAP-25, and
VAMP/synaptobrevin (reviewed in Bajjalieh & Scheller 1995, S¨udhof 1995). The
function of the SNARE protein complex is regulated by interactions with numer-
ous proteins, including the synaptic vesicle Ca2+-binding protein synaptotagmin.
Presynaptic Cav2.1 and Cav2.2 channels interact directly with the SNARE proteins
and synaptotagmin through a specific synaptic protein interaction (synprint) site
in the large intracellular loop connecting domains II and III (Figures 2, 3) (Sheng
et al 1994). This interaction is regulated by Ca2+ (Sheng et al 1996). Synap-
totagmin also binds to the synprint site of Cav2 channels (Charvin et al 1997,
Sheng et al 1997, Wiser et al 1997). Injection of peptide inhibitors of this inter-
action into presynaptic neurons inhibits synaptic transmission, consistent with the
conclusion that this interaction is required to position docked synaptic vesicles
near Ca2+ channels for effective fast exocytosis (Mochida et al 1996; Rettig et al
1996, 1997). These results define a second functional activity of the presynaptic
Ca2+ channel—targeting docked synaptic vesicles to a source of Ca2+ for effective
transmitter release.

In addition to this functional role of interaction between Ca2+ channels and
SNARE proteins in the anterograde process of synaptic transmission, these in-
teractions also have retrograde regulatory effects on Ca2+ channel function. In
Xenopusoocytes, co-expression of syntaxin with Cav2.1 or Cav2.2 channels re-
duces the level of channel expression and inhibits Ca2+ channel activity by shift-
ing the voltage dependence of steady-state inactivation during long depolarizing
prepulses toward more negative membrane potentials (Bezprozvanny et al 1995,
Wiser et al 1996). The effects on reduction of peak Ca2+ currents may involve
changes in synthesis of Ca2+ channels or transit to the cell surface when syntaxin
is over-expressed. The inhibitory effects of syntaxin are relieved by co-expression
of synaptotagmin (Tobi et al 1999, Wiser et al 1997).

The interaction of Cav2.2 channels with SNARE proteins is also regulated
by protein phosphorylation. Both protein kinase C and Ca2+/calmodulin pro-
tein kinase II phosphorylate two to three sites in the synprint region of LII-III ,
and phosphorylation by these kinases inhibits interactions with SNARE pro-
teins (Yokoyama et al 1997). Thus neurons can regulate interactions between
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presynaptic Ca2+channels and SNARE proteins through protein kinase C second
messenger pathways that are activated by neurotransmitters, just as G protein
interactions are regulated by the protein kinase C pathway.

The rbA isoform of Cav2.1 channels (Sakurai et al 1996, Starr et al 1991)
binds SNAP-25 but does not bind syntaxin in vitro (Kim & Catterall 1997, Rettig
et al 1996). However, this isoform is still subject to feedback regulation through
the SNARE protein SNAP-25 (Zhong et al 1999). Co-expression of SNAP-25
alone with these Ca2+ channels in a mammalian cell line causes a negative shift in
the voltage dependence of inactivation. However, co-expression of synaptotagmin
to mimic the effect of docking a synaptic vesicle nearby relieves the inhibition
of channel activity by shifting the voltage dependence of inactivation back to its
original position on the voltage axis (Zhong et al 1999). This regulatory mechanism
would have the effect of focusing the Ca2+ entry on those Ca2+ channels having a
nearby docked synaptic vesicle and therefore poised for effective exocytosis.

Although the initial experiments on SNARE protein regulation of Ca2+ channels
only detected regulation of the Cav2 channel family (Bezprozvanny et al 1995),
subsequent work has indicated that L-type Ca2+currents may be similarly regulated
(Wiser et al 1996, 1999; Yang et al 1999). These interactions may be important in
secretion of hormones and neuropeptides, which is initiated primarily by L-type
Ca2+ currents. Ca2+ currents mediated by Cav1.2 and Cav1.3 channels are inhibited
by co-expression of syntaxin, and inhibition of this interaction with synthetic
peptides in the pancreaticβ cell reduces insulin secretion. Thus it may be a general
finding that effectors of Ca2+-dependent secretion mediate feedback inhibition of
the Ca2+channel that initiates the exocytosis process.

CONCLUSION

Ca2+ channels are the signal transducers that convert electrical signals in the cell
membrane into an increase in the intracellular second messenger Ca2+ and thereby
activate many crucial intracellular processes including contraction, secretion, neu-
rotransmission and regulation of enzymatic activities and gene expression. These
channels are complex proteins containing five distinct subunits, each of which is en-
coded by four to ten separate genes. As might be expected from their central role in
signal transduction, Ca2+ channels are tightly regulated by a range of signal trans-
duction pathways in addition to regulation by their intrinsic, voltage-dependent
gating processes. In this respect, Ca2+ channels that have been extensively studied
fall into two groups: Cav1 channels that conduct L-type Ca2+ currents and are
primarily regulated by protein phosphorylation and Cav2 channels that conduct
N-, P/Q-, and R-type Ca2+ currents and are primarily regulated by G proteins. The
molecular mechanisms underlying these regulatory processes are becoming more
completely understood, as outlined in this review, and one can anticipate that this
new knowledge will provide new insights into the regulation of many essential
cellular functions.
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Charvin N, Lévêque C, Walker D, Berton F,
Raymond C, et al. 1997. Direct interaction
of the calcium sensor protein synaptotagmin
I with a cytoplasmic domain of theα1A sub-
unit of the P/Q-type calcium channel.EMBO
J. 16:4591–96

Curtis BM, Catterall WA. 1984. Purifica-
tion of the calcium antagonist receptor of
the voltage-sensitive calcium channel from
skeletal muscle transverse tubules.Biochem-
istry 23:2113–18

Curtis BM, Catterall WA. 1985. Phosphoryla-
tion of the calcium antagonist receptor of the
voltage-sensitive calcium channel by cAMP-
dependent protein kinase.Proc. Natl. Acad.
Sci. USA82:2528–32

Cuttle MF, Tsujimoto T, Forsythe ID, Taka-
hashi T. 1998. Facilitation of the presynap-
tic calcium current at an auditory synapse

in rat brainstem. J. Physiol. 512:723–
29

De Jongh KS, Merrick DK, Catterall WA. 1989.
Subunits of purified calcium channel: a 212-
kDa form of α1 and partial amino acid se-
quence of a phosphorylation site of an in-
dependentβ subunit.Proc. Natl. Acad. Sci.
USA86:8585–89

De Jongh KS, Murphy BJ, Colvin AA, Hell JW,
Takahashi M, et al. 1996. Specific phospho-
rylation of a site in the full-length form of
theα1 subunit of the cardiac L-type calcium
channel by cAMP-dependent protein kinase.
Biochemistry35:10392–402

De Jongh KS, Warner C, Catterall WA. 1990.
Subunits of purified calcium channels.α2and
δ are encoded by the same gene.J. Biol.
Chem.265:14738–41

De Jongh KS, Warner C, Colvin AA, Catterall
WA. 1991. Characterization of the two size
forms of theα1 subunit of skeletal muscle L-
type calcium channels.Proc. Natl. Acad. Sci.
USA88:10778–82

De Waard M, Liu HY, Walker D, Scott VES,
Gurnett CA, et al. 1997. Direct binding of
G-proteinβγ complex to voltage-dependent
calcium channels.Nature385:446–50

Diebold RJ, Koch WJ, Ellinor PT, Wang J-J,
Muthuchamy M, et al. 1992. Mutually ex-
clusive exon splicing of the cardiac calcium
channelα1 subunit gene generates develop-
mentally regulated isoforms in the rat heart.
Proc. Natl. Acad. Sci. USA89:1497–501

Dolphin AC. 1995. Voltage-dependent calcium
channels and their modulation by neurotrans-
mitters and G proteins.Exp.Physiol.80:1–
36

Dolphin AC. 1998. Mechanisms of modulation
of voltage-dependent calcium channels by G
proteins.J. Physiol.506:3–11

Dubel SJ, Starr TVB, Hell J, Ahlijanian MK,
Enyeart JJ, et al. 1992. Molecular cloning of
the α1 subunit of anω-conotoxin-sensitive
calcium channel.Proc. Natl. Acad. Sci. USA
89:5058–62

Dzhura I, Wu Y, Colbran RJ, Balser JR,
Anderson ME. 2000. Calmodulin kinase

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FXY

August 21, 2000 14:47 Annual Reviews AR112-19

Ca2+ CHANNEL REGULATION 547

determines calcium-dependent facilitation of
L-type calcium channels.Nat. Cell Biol.
2:173–77

Ellis SB, Williams ME, Ways NR, Brenner R,
Sharp AH, et al. 1988. Sequence and expres-
sion of mRNAs encoding theα1 andα2δ sub-
units of a DHP-sensitive calcium channel.
Science241:1661–64

Ertel E, Campbell KP, Harpold MM, Hofmann
F, Mori Y, et al. 2000. Nomenclature of
voltage-gated calcium channels.Neuron.
25:533–35

Fedulova SA, Kostyuk PG, Veselovsky NS.
1985. Two types of calcium channels in the
somatic membrane of new-born rat dorsal
root ganglion neurones.J. Physiol.359:431–
46

Fleig A, Penner R. 1996. Silent calcium chan-
nels generate excessive tail currents and fa-
cilitation of calcium currents in rat skeletal
myoballs.J. Physiol.494:141–53

Fleming NW, Lewis BK, White DA, Dretchen
KL. 1993. Acute effects of calcitonin gene-
related peptide on the mechanical and elec-
trical responses of the rat hemidiaphragm.
J. Pharmacol. Exp. Ther.265:1199–204

Flockerzi V, Oeken H-J, Hofmann F, Pelzer
D, Cavalie A, et al. 1986. Purified
dihydropyridine-binding site from skeletal
muscle t-tubules is a functional calcium
channel.Nature323:66–68

Fraser IDC, Tavalin SJ, Lester LB, Langeberg
LK, Westphal AM, et al. 1998. A novel lipid-
anchored A-kinase anchoring protein facil-
itates cAMP-responsive membrane events.
EMBO J.17:2261–72

Furukawa T, Miura R, Mori Y, Strobeck M,
Suzuki K, et al. 1998a. Differential interac-
tions of the C terminus and the cytoplasmic
I-II loop of neuronal Ca2+ channels with G-
proteinα andβγ subunits II. Evidence for
direct binding.J. Biol. Chem.273:17595–
603

Furukawa T, Nukada T, Mori Y, Wakamori M,
Fujita Y, et al. 1998b. Differential interac-
tions of the C terminus and the cytoplasmic
I-II loop of neuronal Ca2+ channels with G-

proteinα andβγ subunits I. Molecular de-
termination.J. Biol. Chem.273:17585–94

Gao TY, Puri TS, Gerhardstein BL, Chien AJ,
Green RD, et al. 1997b. Identification and
subcellular localization of the subunits of
L-type calcium channels and adenylyl cy-
clase in cardiac myocytes.J. Biol. Chem.
272:19401–7

Gao TY, Yatani A, Dell’Acqua ML, Sako H,
Green SA, et al. 1997a. cAMP-dependent
regulation of cardiac L-type Ca2+ channels
requires membrane targeting of PKA and
phosphorylation of channel subunits.Neuron
19:185–96

Garcia DE, Li B, Garcia-Ferreiro RE,
Hernández-Ochoa EO, Yan K, et al. 1998.
G-protein β-subunit specificity in the fast
membrane-delimited inhibition of Ca2+
channels.J. Neurosci.18:9163–70

Gonzalez-Serratos H, Hill L, Valle-Aguilera R.
1981. Effects of catecholamines and cyclic
AMP on excitation-contraction coupling in
isolated skeletal muscle fibres of the frog.
J. Physiol.315:267–82

Grabner M, Dirksen RT, Suda N, Beam KG.
1999. The II-III loop of the skeletal mus-
cle dihydropyridine receptor is responsible
for the bi-directional coupling with the ryan-
odine receptor.J. Biol. Chem.274:21913–
19

Gray PC, Johnson BD, Westenbroek RE, Hays
LG, Yates IJ, et al. 1998a. Primary structure
and function of an A kinase anchoring pro-
tein associated with calcium channels.Neu-
ron 20:1017–26

Gray PC, Scott JD, Catterall WA. 1998b. Reg-
ulation of ion channels by cAMP-dependent
protein kinase and A-kinase anchoring pro-
teins.Curr. Opin. Neurobiol.8:330–34

Gray PC, Tibbs VC, Catterall WA, Murphy
BJ. 1997. Identification of a 15-kDa cAMP-
dependent protein kinase-anchoring protein
associated with skeletal muscle L-type cal-
cium channels.J. Biol. Chem.272:6297–302

Gurnett CA, De Waard M, Campbell KP. 1996.
Dual function of the voltage-dependent Ca2+
channelα2δ subunit in current stimulation

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FXY

August 21, 2000 14:47 Annual Reviews AR112-19

548 CATTERALL

and subunit interaction.Neuron16:431–40
Gurney AM, Charnet P, Pye JM, Nargeot J.

1989. Augmentation of cardiac calcium cur-
rent by flash photolysis of intracellular cage-
Ca2+molecules.Nature341:65–68

Haack JA, Rosenberg RL. 1994. Calcium-
dependent inactivation of L-type calcium
channels in planar lipid bilayers.Biophys. J.
66:1051–60

Haase H, Bartel S, Karczewski P, Morano I,
Krause EG. 1996. In vivo phosphorylation
of the cardiac L-type calcium channel beta-
subunit in response to catecholamines.Mol.
Cell. Biochem.163/164:99–106

Hagiwara S, Ozawa S, Sand O. 1975. Voltage
clamp analysis of two inward current mecha-
nisms in the egg cell membrane of a starfish.
J. Gen. Physiol.65:617–44

Herlitze S, Garcia DE, Mackie K, Hille B,
Scheuer T, et al. 1996. Modulation of Ca2+
channels by G proteinβγ subunits.Nature
380:258–62

Herlitze S, Hockerman GH, Scheuer T, Catter-
all WA. 1997. Molecular determinants of in-
activation and G protein modulation in the
intracellular loop connecting domains I and
II of the calcium channelα1A subunit.Proc.
Natl. Acad. Sci. USA94:1512–16

Heschler J, Schultz G. 1993. G-proteins in-
volved in the calcium channel signalling sys-
tem.Curr. Opin. Neurobiol.3:360–67

Hess P. 1990. Calcium channels in vertebrate
cells.Annu. Rev. Neurosci.13:337–56

Hess P, Lansman JB, Tsien RW. 1984. Differ-
ential modes of Ca channel gating behaviour
favoured by dihydropyridine Ca agonists and
antagonists.Nature311:538–44

Hille B. 1994. Modulation of ion-channel func-
tion by G-protein-coupled receptors.Trends
Neurosci.17:531–36

Hofmann F, Biel M, Flockerzi V. 1994. Molec-
ular basis for Ca2+ channel diversity.Annu.
Rev. Neurosci.17:399–418

Hofmann F, Lacinov´a L, Klugbauer N. 1999.
Volgate-dependent calcium channels: from
structure to function.Rev. Physiol. Biochem.
Pharmacol.139:33–87

Hosey MM, Barhanin J, Schmid A, Vandaele
S, Ptasienski J, et al. 1987. Photoaffinity la-
belling and phosphorylation of a 165 kilo-
dalton peptide associated with dihydropyri-
dine and phenylalkylamine-sensitive calcium
channels.Biochem. Biophys. Res. Commun.
147:1137–45

Hosey MM, Chien AJ, Puri TS. 1996. Structure
and regulation of L-type calcium channels–
a current assessment of the properties and
roles of channel subunits.Trends Cardiovasc.
Med.6:265–73

Hui A, Ellinor PT, Krizanova O, Wang J-J,
Diebold RJ, Schwartz A. 1991. Molecular
cloning of multiple subtypes of a novel rat
brain isoform of theα1subunit of the voltage-
dependent calcium channel.Neuron7:35–44

Hullin R, Singer-Lahat D, Freichel M, Biel M,
Dascal N, et al. 1992. Calcium channel beta
subunit heterogeneity: functional expression
of cloned cDNA from heart, aorta and brain.
EMBO J.11:885–90

Hymel L, Striessnig J, Glossmann H,
Schindler H. 1988. Purified skeletal muscle
1,4-dihydropyridine receptor forms phos-
phorylation-dependent oligomeric calcium
channels in planar bilayers.Proc. Natl.
Acad. Sci. USA85:4290–94

Ikeda SR. 1996. Voltage-dependent modulation
of N-type calcium channels by G-proteinβγ
subunits.Nature380:255–58

Ikeda SR, Dunlap K. 1999. Voltage-dependent
modulation of N-type calcium channels: role
of G protein subunits.Adv. Second Messen-
ger Phosphoprotein Res.33:131–51

Jahn H, Nastainczyk W, R¨ohrkasten A, Schnei-
der T, Hofmann F. 1988. Site-specific phos-
phorylation of the purified receptor for
calcium-channel blockers by cAMP- and
cGMP-dependent protein kinases, protein ki-
nase C, calmodulin-dependent protein kinase
II and casein kinase II.Eur. J. Biochem.
178:535–42

Jan LY, Jan YN. 1997. Cloned potassium chan-
nels from eukaryotes and prokaryotes.Annu.
Rev. Neurosci.20:91–123

Jay SD, Ellis SB, McCue AF, Williams ME,

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FXY

August 21, 2000 14:47 Annual Reviews AR112-19

Ca2+ CHANNEL REGULATION 549

Vedvick TS, et al. 1990. Primary structure of
the gamma subunit of the DHP-sensitive cal-
cium channel from skeletal muscle.Science
248:490–92

Jay SD, Sharp AH, Kahl SD, Vedvick TS, Har-
pold MM, et al. 1991. Structural character-
ization of the dihydropyridine-sensitive cal-
cium channelα2-subunit and the associated
δ peptides.J. Biol. Chem.266:3287–93

Johnson BD, Brousal JP, Peterson BZ, Gallom-
bardo PA, Hockerman GH, et al. 1997. Mod-
ulation of the cloned skeletal muscle L-type
Ca2+ channel by anchored cAMP-dependent
protein kinase.J. Neurosci.17:1243–55

Johnson BD, Scheuer T, Catterall WA. 1994.
Voltage-dependent potentiation of L-type
Ca2+ channels in skeletal muscle cells re-
quires anchored cAMP-dependent protein ki-
nase.Proc. Natl. Acad. Sci. USA91:11492–
96

Jones LP, Patil PG, Snutch TP, Yue DT. 1997.
G-protein modulation of N-type calcium
channel gating current in human embryonic
kidney cells (HEK 293).J. Physiol.498:601–
10

Jones SW, Elmslie KS. 1997. Transmitter mod-
ulation of neuronal calcium channels.J.
Membr. Biol.155:1–10

Kernell D, Eerbeek O, Verhey BA. 1983. Re-
lation between isometric force and stimulus
rate in cat’s hindlimb motor units of differ-
ent twitch contraction time.Exp. Brain Res.
50:220–27

Kim DK, Catterall WA. 1997. Ca2+-dependent
and -independent interactions of the iso-
forms of theα1A subunit of brain Ca2+ chan-
nels with presynaptic SNARE proteins.Proc.
Natl. Acad. Sci. USA94:14782–86

Klugbauer N, Lacinov´a L, Marais E, Hobom
M, Hofmann F. 1999. Molecular diversity of
the calcium channelα2δ subunit.J. Neurosci.
19(2):684–91

Kuniyasu A, Oka K, Ide-Yamada T, Hatanaka Y,
Abe T, et al. 1992. Structural characterization
of the dihydropyridine receptor-linked cal-
cium channel from porcine heart.J. Biochem.
112:235–42

Kwan YW, Qui AD. 1997. Inhibition by ex-
tracellular ATP of L-type calcium channel
currents in guinea-pig single sinoatrial nodal
cells: involvement of protein kinase C.Can.
J. Cardiol.13:1202–11

Lacerda AE, Kim HS, Ruth P, Perez-Reyes E,
Flockerzi V, et al. 1991. Normalization of
current kinetics by interaction between the
α1 and β subunits of the skeletal muscle
dihydropyridine-sensitive Ca2+ channel.Na-
ture352:527–30

Lacerda AE, Rampe D, Brown AM. 1988. Ef-
fects of protein kinase C activators on cardiac
Ca2+ channels.Nature335:249–51

Lai Y, Seagar MJ, Takahashi M, Catterall WA.
1990. Cyclic AMP-dependent phosphoryla-
tion of two size forms ofα1subunits of L-type
calcium channels in rat skeletal muscle cells.
J. Biol. Chem.265:20839–48

Lee A, Scheuer T, Catterall WA. 2000. Ca2+-
calmodulin dependent inactivation and facil-
itation of P/Q-type Ca2+ channels.J. Neu-
rosci. In press

Lee A, Wong ST, Gallagher D, Li B, Storm DR,
et al. 1999. Ca2+/calmodulin binds to and
modulates P/Q-type calcium channels.Na-
ture399:155–59

Lee KS, Marban E, Tsien RW. 1985. Inactiva-
tion of calcium channels in mammalian heart
cells: joint dependence on membrane po-
tential and intracellular calcium.J. Physiol.
364:395–411

Letts VA, Felix R, Biddlecome GH, Arikkath
J, Mahaffey CL, et al. 1998. The mouse
stargazer gene encodes a neuronal Ca2+-
channel γ subunit. Nat. Genet.19:340–
47

Leung AT, Imagawa T, Campbell KP. 1987.
Structural characterization of the 1,4-
dihydropyridine receptor of the voltage-
dependent Ca2+ channel from rabbit skele-
tal muscle. Evidence for two distinct high
molecular weight subunits.J. Biol. Chem.
262:7943–46

Liu H, De Waard M, Scott VES, Gurnett
CA, Lennon VA, et al. 1996. Identifica-
tion of three subunits of the high affinity

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



P1: FXY

August 21, 2000 14:47 Annual Reviews AR112-19

550 CATTERALL

ω-conotoxin MVIIC-sensitive Ca2+ channel.
J. Biol. Chem.271:13804–10
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Llin ás R, Yarom Y. 1981. Electrophysiology
of mammalian inferior olivary neurones in
vitro. Different types of voltage-dependent
ionic conductances.J. Physiol. 315:569–
84
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Röhrkasten A, Meyer HE, Nastainczyk W,
Sieber M, Hofmann F. 1988. cAMP-depen-
dent protein kinase rapidly phosphorylates
serine-687 of the skeletal muscle receptor
for calcium channel blockers.J. Biol. Chem.
263:15325–29

Rotman EI, De Jongh KS, Florio V, Lai Y, Cat-

terall WA. 1992. Specific phosphorylation of
a COOH-terminal site on the full-length form
of theα1 subunit of the skeletal muscle cal-
cium channel by cAMP-dependent protein
kinase.J. Biol. Chem.267:16100–5

Rotman EI, Murphy BJ, Catterall WA. 1995.
Sites of selective cAMP-dependent phospho-
rylation of the L-type calcium channelα1
subunit from intact rabbit skeletal muscle
myotubes.J. Biol. Chem.270:16371–77

Rubin CS. 1994. A kinase anchor proteins
and the intracellular targeting of signals car-
ried by cyclic AMP.Biochim. Biophys. Acta
1224:467–79
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Arch.430:340–47
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Zühlke RD, Reuter H. 1998. Ca2+-sensitive
inactivation of L-type Ca2+ channels de-
pends on multiple cytoplasmic amino acid se-
quences of theα1Csubunit.Proc. Natl. Acad.
Sci. USA95:3287–94

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



           Annual Review of Cell and Developmental Biology
          Volume 16, 2000

CONTENTS
ETHYLENE: A Gaseous Signal Molecule in Plants, Anthony B. Bleecker, 
Hans Kende 1

MECHANISMS OF SYNAPTIC VESICLE EXOCYTOSIS, Richard C. 
Lin, Richard H. Scheller 19

EVOLUTIONARILY RELATED INSERTION PATHWAYS OF 
BACTERIAL, MITOCHONDRIAL, AND THYLAKOID MEMBRANE 
PROTEINS, Ross E. Dalbey, Andreas Kuhn 51

STRUCTURAL BASIS FOR THE INTERACTION OF TUBULIN 
WITH PROTEINS AND DRUGS THAT AFFECT MICROTUBULE 
DYNAMICS, Kenneth H. Downing 89

ERM-MERLIN AND EBP50 PROTEIN FAMILIES IN PLASMA 
MEMBRANE ORGANIZATION AND FUNCTION, Anthony Bretscher, 
David Chambers, Rachel Nguyen, David Reczek 113

MOLECULAR REGULATION OF ADIPOGENESIS,  Evan D. Rosen, 
Bruce M. Spiegelman 145

GUT FEELINGS: Enteropathogenic E. coli (EPEC) Interactions with the 
Host, Danika L. Goosney, Samantha Gruenheid, B. Brett Finlay 173

BONE DEVELOPMENT, Bjorn R. Olsen, Anthony M. Reginato, 
Wenfang Wang 191

CELLULAR SIGNALING AND VOLUME CONTROL IN STOMATAL 
MOVEMENTS IN PLANTS, Michael R. Blatt 221
THE DEVELOPMENTAL AND MOLECULAR BIOLOGY OF GENES 
THAT SUBDIVIDE THE BODY OF DROSOPHILA, Richard S. Mann, 
Ginés Morata 243

CAJAL BODIES: The First 100 Years, Joseph G. Gall 273

EPITHELIAL M CELLS: Differentiation and Function, Jean-Pierre 
Kraehenbuhl, Marian R. Neutra 301

MOLECULAR RECOGNITION AND RESPONSE IN POLLEN AND 
PISTIL INTERACTIONS, Andrew G. McCubbin, Teh-hui Kao 333

RETINYLIDENE PROTEINS: Structures and Functions from Archaea to 
Humans, John L. Spudich, Chii-Shen Yang, Kwang-Hwan Jung, Elena N. 
Spudich 365

PLASMODESMATA: Gatekeepers for Cell-to-Cell Transport of 
Developmental Signals in Plants, Patricia Zambryski, Katrina Crawford 393

INTERACTIONS OF PATHOGENIC NEISSERIAE WITH 
EPITHELIAL CELL MEMBRANES, Alexey J. Merz, Magdalene So 423

THE ROLE OF ORPHAN NUCLEAR RECEPTORS IN THE 
REGULATION OF CHOLESTEROL HOMEOSTASIS,  Joyce J. Repa, 
David J. Mangelsdorf 459

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.



DYNAMIN AND ITS ROLE IN MEMBRANE FISSION,  J. E. Hinshaw 483

STRUCTURE AND REGULATION OF VOLTAGE-GATED Ca2+ 
CHANNELS, William A. Catterall 521

SECRETORY PROTEIN TRAFFICKING AND ORGANELLE 
DYNAMICS IN LIVING CELLS,  Jennifer Lippincott-Schwartz, 
Theresa H. Roberts, Koret Hirschberg 557

SUMO—NONCLASSICAL UBIQUITIN, Frauke Melchior 591

VIRAL ENTRY INTO THE NUCLEUS, Gary R. Whittaker, Michael 
Kann, Ari Helenius 627

THE MYC/MAX/MAD NETWORK AND THE TRANSCRIPTIONAL 
CONTROL OF CELL BEHAVIOR, Carla Grandori, Shaun M. Cowley, 
Leonard P. James, Robert N. Eisenman 653

A
nn

u.
 R

ev
. C

el
l. 

D
ev

. B
io

l. 
20

00
.1

6:
52

1-
55

5.
 D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
02

/2
0/

05
. F

or
 p

er
so

na
l u

se
 o

nl
y.


