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Preface

Life did not come into existence until living organisms developed the ability
to establish an internal ionic environment which was quite different from that
of the external world. Not only is the intracellular ionic composition suitable
for various cellular housekeeping reactions, but its difference from the extra-
cellular medium was ingeniously utilized by the cell for responding to stimuli
given to the cell or to other changes in the environment. In the latter responses
two major pathways are used: (1) alteration of the membrane potential that
is formed by the difference in the ionic compositions across the boundary
membrane combined with the different permeabilities of the membrane to
each ion, and (2) alteration of the intracellular concentration of ions, particu-
larly of calcium ions, which is minute under normal conditions and, therefore,
easily altered. In both cases, ion channels in the boundary membrane play the
key role, by changing the ionic permeability and by allowing ionic transport
down the electrochemical potential gradient as a result of the permeability
change. Since ion channels are thus vitally important in living organisms, they
developed various kinds of ion channels, some of which, for example, are
highly selective for a particular ion but others are rather nonselective. All the
ion channels have special gating mechanisms of their own which are suitable
for playing the given physiological role. The alteration of the functions of these
ion channels by drugs or chemical agents, therefore, undoubtedly constitutes
a very important field of pharmacology. Studies on ion channels have made
great advances since the late 1980s, especially using molecular biology tech-
niques. Many books have been published on ion channels, but we felt that we
still need a comprehensive book which focuses on activatiors and inhibitors
of ion channels. This book is meant to fulfill that need. Although some of the
important ion channels, such as chloride channels or mechanically activated
channels, have unfortunately not been included in this book, the editors of this
volume believe that this book is still fairly comprehensive and very useful. We
hope that the readers will agree that the authors have done an excellent job
and that they will enjoy reading this stimulating volume.

Spring 2000 Makoro Enpo
Saitama, Japan
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Voltage-Dependent Ion Channels
A. Voltage-Dependent Na Channels



CHAPTER 1
Structure and Functions of Voltage-Dependent
Na* Channels

K. Imoto

A. Introduction

Voltage-gated sodium channels are responsible for the depolarizing phase of
action potentials in nerve and muscle, and are essential for nerve conduction,
excitation of neurons and skeletal and cardiac muscles, and other physiologi-
cal processes (HILLE 1992). Recent molecular biological approaches, combined
with electrophysiological techniques, have allowed us to gain insights into mol-
ecular mechanisms of the ion channel operation. Furthermore, enduring
efforts to discover new types of sodium channels have revealed the presence
of multiple genes encoding sodium channel isoforms.

For the family of voltage-gated calcium channels, which are molecularly
akin to the sodium channels, relationship between the structural (molecu-
lar biological) classification and the functional (electrophysiological and
pharmacological) classification has been relatively well established, mainly
because many pharmacological agents, such as dihydropyridines and w-
conotoxins, are available to distinguish one isoform from the others (for
reviews see HorMANN et al. 1994; Morr et al. 1996). For sodium channels,
several lines of evidence indicated coexistence of a slow-inactivating compo-
nent or a tetrodotoxin-resistant fraction in neurons (TayLor 1993), but mole-
cular heterogeneity of voltage-gated sodium channels was not seriously
appreciated until recently. Lack of pharmacological tools and similarities in
functional properties among the sodium channel isoforms have made it diffi-
cult to understand the consequence of molecular heterogeneity. As demon-
strated for the NaCh6/Scn8a sodium channel in the cerebellar Purkinje cells
(RaMaN and BeaN 1997a; see below) however, all sodium channels do not
behave in the same manner, consequently playing different physiological roles.
This review mostly deals with the molecular heterogeneity of the mammalian
voltage-gated sodium channels. For a more comprehensive description of the
canonical structure-function relationships of selectivity filter, voltage sensor,
inactivation gate, and phosphorylation sites, and drug binding sites, other
reviews should be consulted (PaTLAK 1991; HEINEMANN et al. 1994; CATTERALL
1995; Guy and DuURreLL 1995; Fozzarp and Hanck 1996; RopeN and GEORGE
1997).
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Fig.1. The subunit structure of voltage-gated sodium channel. The rat brain sodium
channel consists of the large o subunit, and smaller 81 and 2 subunits

B. General Architecture

The subunit composition of the voltage-gated sodium channels has been most
thoroughly investigated for the rat brain sodium channel (CATTERALL 1995).
The sodium channel complex contains the 260-kD o subunit, the 36-kD S1
subunit, and the 33-kD 2 subunit. The subunit stoichiometry is a:f1: 2=
1:1:1.The B2 subunit is covalently linked to the o subunit, while the 31 subunit
is non-covalently associated. Both f subunits are transmembrane proteins. A
heteromeric model for the subunit structure of the brain sodium channel is
shown in Fig. 1.

Although the molecular structure of a potassium channel has been deter-
mined by X-ray crystallography (DovyLE et al. 1998; GuLsis et al. 1999), it has
been unsuccessful with crystals of sodium channel proteins. Instead, electron
microscopy has been used to study the tertiary structure, demonstrating that
the sodium channel consists of four domains of different size and has a stain-
filled pore in the center (Sato et al. 1998).

C. o Subunit

The « subunit is the main component of the voltage-gated sodium channels
(Fig. 2). Tt consists of ~2000 amino acid residues. Analysis of amino acid
sequences reveals four repeated units of homology (repeat I - repeat IV), each
containing six hydrophobic, putative transmembrane segments (Nopa et al.
1984, 1986a). Because there is no indication of signal peptide at the N-
terminal end, and because there is a large C-terminal end, it is assumed that
the N- and C-termini and the linking regions between repeats are exposed in
the cytoplasmic side. The fourth hydrophobic segment, S4, of each repeat has
a well-conserved motif of positively charged residues appearing every third
residues. This motif contributes to sensing voltage changes (STUHMER et al.



Structure and Functions of Voltage-Dependent Na® Channels 5

Extracellular Repeat | Repeat Il Repeat Il Repeat IV
side
PN I\ S\ o0
Plasma
+ + + [+
membrane
Cytoplasmic v

side f C
N Phosphorylation Inactivation W
(PKA) .
Phosphorylation G protein By

W(PKC)

Fig.2. Schematic structure of the sodium channel o subunit. The o subunit is unfolded
and presented schematically. The a subunit forms channel pore (P), voltage sensor (+),
inactivation gate, phosphorylation sites, and binding sites for various compounds

1989). S4 moves outward in response to depolarization and becomes accessi-
ble from the extracellular side (YANG and Horn 1995). The positive charges in
S4 segments do not function equivalently. Neutralization of the fourth posi-
tive charge in repeats I or II produce the largest shifts in the voltage depen-
dence of activation (Kontis et al. 1997). Whereas the hydrophobic regions
show high homology among sodium channel isoforms, linker regions between
repeats are less homologous, except for the linker connecting repeats 111 and
Iv.

The conserved III-IV linker is critical for fast inactivation. Cleavage of
the linkage between repeats III and IV causes a strong reduction in the rate
of inactivation (STUHMER et al. 1989). A cluster of three hydrophobic residues
(IFM) in the linker is an essential component, possibly serving as a hydropho-
bic latch to stabilize the inactivated state (WEST et al. 1992; KALLENBERGER et
al. 1996). The III-1V linker peptide can function as a fast inactivation gate even
in a potassium channel (PartoN et al. 1993). However, other parts of the o
subunit are involved in fast inactivation. For example, alanine-scanning muta-
genesis revealed that mutations in the putative transmembrane segment S6 of
repeat IV substantially reduce fast inactivation (McPHEE et al. 1995). A new
technique of site-directed fluorescent labeling revealed that voltage sensors in
repeats III and IV, but not I and II, are responsible for voltage-sensitive con-
formational changes linked to fast inactivation and are immobilized by fast
inactivation (CHa et al. 1999).

The region between S5 and S6 of each repeat is now commonly called “P
region” (P for “pore”), and is important for forming the channel pore and the
selectivity filter. Search for the pore-forming region of the sodium channel was
guided partly by the prediction by GUY (Guy and ConTi 1990) and by the
discovery of a mutation E387Q in the “P region” of repeat I, which abolishes
tetrodotoxin sensitivity (Nopa et al. 1989). Systematic mutagenesis studies
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around E387 and homologous positions of the other repeats identified the
most critical amino acid residue for each repeat (TERLAU et al. 1991). They are
D, E, K and A for repeats I-IV, respectively. Mutations K1422 E in repeat 111
and A1714E in repeat IV dramatically change the ion-selectivity properties,
to resemble those of calcium channels, suggesting that these amino acid
residues form at least part of the selectivity filter (HEINEMANN et al. 1992a).
The “P region” forms the binding site for tetrodotoxin and saxitoxin, which
block the channel pore from the outer side. The difference in tetrodotoxin sen-
sitivity among sodium channels is accounted for by an amino acid difference
in the “P region” of repeat I (HEINEMANN et al. 1992b); the sensitive channels
have aromatic amino acids (phenylalanine or tyrosine), while the resistant
channels have cysteine or serine residue at the position.

The cAMP-dependent protein kinase (PKA) attenuates sodium current
amplitude of the type IIA channel 20%-50% by phosphorylating serines
located in the I-II linker. Among the five phosphorylation sites, the second site
(S573) is necessary and sufficient to diminish sodium current amplitude (SmiTH
and GoLDIN 1997). Phosphatase 2 A and calcineurin dephosphorylate sodium
channels, counteract the effects of protein kinase A on sodium channel activ-
ity (CHEN et al. 1995). There is a consensus protein kinase C phosphorylation
site in the III-IV linker (51506 in type I1A, S1505 in heart I, S1321 in ul). Acti-
vation of protein kinase C decreases peak sodium current and slows its inac-
tivation (NumaNnN et al. 1991). Replacement of conserved serine residues
reduces or abolishes the effect of protein kinase C on the type IIA and heart
I channels (WEsT et al. 1991; Qu et al. 1996), but surprisingly it does not alter
the effect on the ul channel (BENDAHHOU et al. 1995). Involvement of tyro-
sine kinases in regulation of neuronal sodium channels through src signaling
pathway is also reported (HiLBORN et al. 1998).

Sodium channels interact with G proteins. Coexpression of G protein By
subunits with the type IIA channel greatly enhances sodium currents, slows
inactivation, and shifts the steady state inactivation curve to the depolarizing
direction. Type IIA contains the proposed GBy-binding motif, Q-X-X-E-R, in
the C-terminal region, suggesting that type IIA channel is directly modulated
by GBy subunits (Ma et al. 1997). This motif is present in other isoforms of
sodium channels, which include types I, III, NaCh6é, Scn8a, hNE-Na, Na,, and
PN1, but not in heart I or ul.

Molecular cloning has detected multiple sodium channel genes, more
than expected from electrophysiological and pharmacological measurements
(Fig. 3). Multiple isoforms coexist, for example, at least brain types I, II, and
III, and NaCh6/Scn8a are expressed in the rat central nervous system. Note
that the primary transcript from a sodium channel gene undergoes a devel-
opmentally regulated complex pattern of alternative splicing that potentially
generates as many as 100 different splice variants (THACHERAY and GANETZKY
1994). Moreover sodium channels that are expressed mainly in tissues outside
of brain or muscles have been reported.
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Fig.3. Phylogenetic tree of mammalian sodium channel o subunit isoforms. The phy-
loginetic tree of voltage-gated soium channel family was generated using CLUSTAL
W program (THompsoON et al. 1994). The sequence of the T-type calcium channel was
used to determine the root. For comparison, sequences from Electrophorus electricus
and Fugu rubripes are included. Asterisks (*) and sharps (#) indicate tetrodotoxin-
sensitive and tetrodotoxin-resistant channels, respectively, when functional channels
are expressed from cDNAs in Xenopus oocytes or cultured cells. Sequences (with data
base accession numbers in parentheses) are; Type I (X03639), hType II (M94055), Type
I1(X03638), Type III (Y00766), hANE-Na (X82835), Na, (U35238), PN1 (U79568), NaCh6
(L39018), Scn8a (U26707), FrSC (D37977), ul (M26643), EelNa (X01119), rHI
(M27902), HH1(M77235), SNS (X92184), PN3 (U53833), NaNG (U60590), NaN

(AF059030), hNa,2.1 (M91556), mNa,2.3 (L36179), SCL-11 (Y09164), and rat T-type
Ca channel (AF027984)

I. Brain Types I, I1, and III
1. Brain Type IVIIA

Molecular cloning of brain type II sodium channel was accomplished by Noba
et al. (1986a) from rat brain. Its cDNA was the first to be functionally
expressed successfully (Nopa et al. 1986b). The type II channel has served
as the archetypal sodium channel. The type II channel can be efficiently
expressed in Xenopus oocytes. It exhibits classical tetrodotoxin-sensitivity with
1Cs, of ~10nmol/l. Because expression level in Xenopus oocytes is so high, it
has been used for detailed analysis of sodium channel, for example, quantal
measurements of gating currents (ConTI et al. 1989). Type 1IA, a variant of
type II, was obtained independently (AuLD et al. 1988). Type IIA differs at
seven amino acid residues from type II (AuLp et al. 1990). A difference N209D
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(N in type II, D in type IIA) is caused by alternative splicing. Type 1I form is
relatively abundant at birth, and gradually replaced by type IIA form as devel-
opment proceeds (SArAO et al. 1991). Another difference F860L, which pre-
sumably resulted from reverse transcriptase error, caused slower inactivation
and a shift of current-voltage relationship in the depolarizing direction (AuLD
et al. 1990).

Brain type II is a major sodium channel in the central nervous system
(GorpoN et al. 1987). It is preferentially expressed in the rostral areas, rela-
tively dense in the forebrain, substantia nigra, hippocampus, and cerebellum
(BEckH et al. 1989; WESTENBROEK et al. 1989). Immunohistochemistry revealed
that, in hippocampus and cerebellum, type II is mainly localized in fibers,
whereas type I is preferentially localized in cell bodies (WESTENBROEK et al.
1989).

The human counterpart of rat type II channel is HBA. Sequence identity
is 97% at the amino acid level. HBA is successfully expressed transiently in
CHO cells (AnMED et al. 1992).

2. Brain Type I

cDNA cloning of the rat brain sodium channel type I was reported by Nopa
et al. (1986a). Although initial attempts to characterize the functional proper-
ties in Xenopus oocytes were unsuccessful (Nopa et al. 1986b), the same
isoform was recloned recently (SmitH and GoLbiN 1998). The amino acid
sequence of the recloned Rat I differs from the original sequence only at four
positions. Three of them are located in putative cytoplasmic regions of the
channel. The difference G979R (G in the newly reported sequence) is located
in the S6 segment of the repeat II. Because the glycine residue in the S6 is
conserved well in repeats I, II, and III of other isoforms of sodium channels,
it is likely that the difference G979R caused the functional difference.
However, to obtain a level of currents comparable to that of type II, a 500-
fold greater amount of the type I mRNA must be injected into Xenopus
oocytes, suggesting that other factors contribute to poorer functional expres-
sion of the type I channel.

The functional properties of the type I channel are generally similar to
those of type IL. The type I channel shows a high tetrodotoxin sensitivity with
an apparent dissociation constant of 9.6nmol/l. When type I is coexpressed
with the S1 subunit, inactivation is accelerated as observed for type II. Coex-
pression of the 52 subunit results in only sight acceleration of inactivation
(SmrrH and GoLpIN 1998).

Voltage dependence of activation and inactivation for the type I channel
is shifted to the positive direction, compared to that of the type II channel.
The difference is more marked when the channels are coexpressed with the
Pl and P2 subunits. At the membrane potential of -50mV, more than two
thirds of the type I channels are available, while more than two thirds of the
type IT channels are inactivated. Thus at resting potentials, the type I channels
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are more available for excitation. Type I recovers from inactivation more
rapidly than type II channel (SmiTH and GoLpIN 1998). These properties confer
faster transmitting capability on type I, and may correspond to the observa-
tion of fast-spiking interneurons of rat hippocampus (MARTINA and JoNAs
1997).

Expression of the type I mRNA rises postnatally with a stronger increase
in caudal regions of the brain and in spinal cord (BEckH et al. 1989).

3. Brain Type III

The type III sodium channel was reported by Kavyano et al. (1988). Type 111
shows a high tetrodotoxin sensitivity when expressed in Xenopus oocytes
(ICsy=11nmol/l; Suzuki et al. 1988). The type III channel demonstrates a com-
ponent of very slow decay (JoHo et al. 1990). Single channel analysis shows
type III exhibits both fast gating and slow gating modes, switching between
two gating modes (MooRrRMAN et al. 1990).

The type III mRNA is expressed predominantly at fetal and early post-
natal stages in all regions of the brain (BECkH et al. 1989). It is also expressed
in heart and skeletal muscle in minute quantities, but it may be attributable
to coexisting neural tissues (Suzuki et al. 1989). Because the f subunits are
expressed in later stages of development, type III channel is assumed not to
be associated with the § subunits.

II. Skeletal Muscle ul/SkM1/SCN4A

The ul cDNA was isolated from rat skeletal muscle library (TRIMMER et al.
1989). It is also called SkM1. The ul channel expressed in Xenopus oocytes is
blocked by tetrodotoxin and y-conotoxin at concentrations near Snmol/l. The
uI channel is expressed in HEK (human embryonic kidney) cells transiently
to give a large sodium current (up to 8nA; Ukomapu et al. 1992). The ul
channel exhibits slow inactivation kinetics in macroscopic currents and switch-
ing among slow, fast, and other additional modes at a single-channel level
(Znou et al. 1991). However, the ul channel shows predominantly the faster
component when coexpressed with the 1 subunit (CaNNON et al. 1993;
WALLNER et al. 1993).

Mutations of the human skeletal muscle sodium channel gene, SCN4 A,
cause various types of muscle diseases. They include hyperkalemic periodic
paralysis, paramyotonia congenita, myotonia fluctuans, acetazolamide-
sensitivie myotonia (see reviews: BARcHI 1995; CannNoN 1996). Mutations
disrupt inactivation and cause both myotonia (enhanced excitability) and
attacks of paralysis (inexcitability resulting from depolarization).

III. Heart I/SkM2/hH1/SCNSA

The rat heart I was the first molecularly identified tetrodotoxin-resistant
sodium channel (RoGART et al. 1989). It is also expressed in denervated and
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immature skeletal muscle (SkM2; KaLLEN et al. 1990). The SkM2 channel
expressed in Xenopus oocytes is insensitive to low concentrations of
tetrodotoxin but is ultimately blocked by this toxin with /Cs, of 1.9 umol/l. The
human counterpart hH1 shows an even higher ICs of 5.7 umol/l (GELLENS
et al. 1992). Neither SkM2 nor hH1 is blocked by 100 nmol/l #-conotoxin.

Mutations of the human heart sodium channel gene, SCNSA, result in the
long QT syndrome 3 (LQT3) (WANG et al. 1995). Pathophysiological mecha-
nism of LQT3 is not uniform. Channels with mutations in the III-IV linker
(in-frame deletion of K1505-P1506-Q1507), autosomal dominant LTQ3 muta-
tions, show a sustained inward current during long depolarizations. Single-
channel recordings indicate that mutant channels fluctuate between normal
and non-inactivating gating modes (BENNETT et al. 1995). A sporadic mutation
in S4 of repeat IV (R1623Q) increases probability of long opening and reopen-
ing (KAMBOURIS et al. 1998).

Recently, an interesting observation that activation of PKA transforms the
cardiac sodium channel into a calcium channel was reported (SANTANA et al.
1998). Note that molecular biological analyses have demonstrated the pres-
ence of other types of sodium channel in the heart, such as hNa,2.1 and
mNa,2.3, whose function is unknown (see below). Furthermore, electrophysi-
ological measurements have showed that a tetrodotoxin-sensitive sodium
channel is present in sino-atrial node cells, exerting influence on heart rate
(Baruscortrtli et al. 1996).

IV. NaChé6 (Rat)/Scn8a (Mouse)/PN4

The NaCh6 cDNA was isolated by RT-PCR using mRNAs prepared from rat
brain, retina, and dorsal root ganglia, as well as from retrovirally transformed
PC12 cells and primary cultures of neonatal cortical astrocytes. It was desig-
nated rat NaCh6 because it was the sixth rat full-length sodium channel
sequence to be published (SCHALLER et al. 1995).

The mouse counterpart, Scn8a, was discovered independently in searching
a causative mutation of “motor endplate disease” (med) of mouse (see below;
BURGEss et al. 1995). A new allele med® was made by non-targeted transgene
insertion (KoHRMAN et al. 1995). Cosmid clones containing transgene junctions
were isolated, and the transgenic insertion was found to disrupt a novel sodium
channel gene, Scn8a. The complete cDNA was obtained by RT-PCR of cere-
bellar RNA and from mouse brain cDNA libraries. Scn8a is likely a mouse
counterpart of NaChé (97% overall amino acid identity), although the I-1I
linker of Scn8a is much shorter. PN4 was isolated from rat DRG, and likely rep-
resents the same transcript as NaCh6 (DIETRICH et al. 1998). Interestingly,
NaCh6/Scn8a is most closely related to a brain cDNA from the pufferfish Fugu,
with 83% overall sequence identity (BURGESS et al. 1995).

Northern analysis shows that NaCh6/Scn8a is expressed in rat brain, cere-
bellum, spinal cord, but not in skeletal muscle, cardiac muscle, or uterus
(ScHALLER et al. 1995; BURGESS et al. 1995). Quantitative analysis of mRNA
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abundance using RNase protection assay revealed that NaCh6 mRNA is
expressed in the brain as abundantly as types I, II, and III. Many neurons
express NaCh6 mRNA. Those cells include motor neurons in the spinal cord
and the brain stem, Purkinje cells and granular cells in the cerebellum, granule
cells of the dentate gyrus, and CA1 and CA3 pyramidal cells. In situ hybridiza-
tion analysis show that NaCh6 mRNA is expressed in cultured astrocytes as
well as glia in the spinal cord white matter and Schwann cells (SCHALLER et al.
1995). More recently, single-cell RT-PCR analysis of cerebellar Purkinje cells
detected mRNAs of brain I and NaCh6, but not of brain II (VEGA-SAENZ DE
MIERra et al. 1997). Scn8a is the major contributor to the postnatal develop-
mental increase of sodium current density in spinal motoneurons (GARCIA
et al. 1998).

The neurological deficits of med mutant mice include lack of signal trans-
mission at the neuromuscular junction, excess preterminal arborization, and
degeneration of cerebellar Purkinje cells. There are three types of spontaneous
mutation of Scn8a, med, med’, and med”. The med and med’ mutations alter
reading frames with premature stop codons close to the N-terminus of the
protein (KoHRMAN et al. 1996a). The third allele med” (jolting) causes a milder
form of disorder, exhibiting cerebellar ataxia only. The jolting mutation sub-
stitutes threonine for an evolutionary conserved alanine residue in the cyto-
plasmic S4-S5 linker of repeat I1. Introduction this mutation into the brain ITA
channel shifted the voltage dependence of activation by 14mV in the depo-
larizing direction, without affecting the kinetics of fast inactivation or recov-
ery from inactivation (KOHRMAN et al. 1996b).

Those lines of evidence described above suggest that NaCh6/Scn8a con-
tributes to voltage-dependent sodium currents in cerebellar Purkinje cells.
Purkinje cells are known for their unique electrical properties (LLINAS and
SuciMort 1980a,b). Purkinje cells show regular, spontaneous firing, and this
distinctive firing pattern has been attributed to a persistent sodium conduc-
tance. In whole-cell patch clamp recording of dissociated rat Purkinje neurons,
a tetrodotoxin-sensitive inward current was elicited when the membrane was
repolarized to voltages between -60mV and -20mV after depolarization to
+30mV long enough to produce maximal inactivation (RAMAN and BEAN
1997a). This “resurgent” current likely contributes to repetitive firing. In med
Scn8a mutant mice, peak sodium current of isolated Purkinje neurons is
reduced to ~60% of normal control. The “resurgent” current is more drasti-
cally reduced to ~10% of normal. Furthermore, both spontaneous firing and
evoked bursts of spikes are diminished (RAMAN et al. 1997b). The notion that
NaCh/Scn8a 1s responsible for the “resurgent” subthreshold current and
crucial for repetitive firing was confirmed recently by expressing Scna8 in
Xenopus oocytes (SMITH et al. 1998). Scna8 channels coexpressed with the
subunits exhibited a persistent current that became larger with increasing
depolarization. Interestingly, the “resurgent” currents are not observed in
CA3 neurons where prominent Scn8a expression is demonstrated by in situ
hybridization (VEGA-SAENZ DE MIERA et al. 1997).
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V. PN1/Na/hNE-Na/Scn9a

The members of this group of sodium channels were discovered recently. They
are tetrodotoxin-sensitive and similar to brain-type sodium channels in kinetic
properties. Comparison of the amino acid sequences of PN1, hNE-Na, and Na;
shows ~93% identity, suggesting that they may be counterparts of different
species.

1. hNE-Na

This member of sodium channel genes was cloned from the human medullary
thyroid carcinoma (hMTC) cell line (KLUGBAUER et al. 1995). It is expressed
in hMTC cells, a C-cell carcinoma, and in thyroid and adrenal gland, but not
in pituitary, brain, heart, liver, or kidney. The hNE-Na channel is successfully
expressed in the absence and presence of the 1 subunit in HEK cells. The
hNE-Na o-subunit alone induce rapidly activating and inactivating inward
currents. The threshold is -40mV, and maximum amplitudes are reached at
—10mV. The inward current is tetrodotoxin-sensitive, with an ICs, value of 25
nmol/l. Coexpression of the 1 subunit does not significantly affect the kinetic
properties, except that the presence of 81 subunit shifts the steady-state inac-
tivation curve to the depolarizing direction by 20mV (only in the absence of
external calcium). The hNE-Na channel can elicit action potentials in HEK
cells. It is likely that this type of sodium channel is responsible for
tetrodotoxin-sensitive action potentials observed in adrenal chromaffine cells
and in parafollicular C-cells in the thyroid.

2. Nag

The Na, sodium channel was isolated from cultured rabbit Schwann cells
(BELCHER et al. 1995). Na, most closely resembles the hNE-Na channel in
amino acid sequence, but its distribution is different. It is expressed not only
in cultured Schwann cells but also in sciatic nerve, spinal cord, brain stem, cere-
bellum, and cortex. It is not determined in which cell types Na, is expressed
in the brain. Schwann cells express brain type I and type II channels (OH et
al. 1994), and Na-G (GAUTRON et al. 1992) as well. Functional expression of
Na, has not been reported.

3. PN1

PN1 is a sodium channel expressed principally in peripheral neurons, isolated
from rat dorsal root ganglia (TOLEDO-ARAL et al. 1997; SANGAMESWARAN et al.
1997). The PN1 mRNA is detected in superior cervical, dorsal root, and trigem-
inal ganglia, and barely detectable in spinal cord. No transcripts are detected
in skeletal muscle, cardiac muscle, or brain. PN1 gene expression seems con-
fined to the neuronal population. Immunocytochemistry of cultured DRG
(dorsal root ganglia) neurons and PC12 cells shows that the PN1 channel is
targeted to neurite terminals (ToLEDO-ARAL et al. 1997).

The sodium channel activity expressed in Xenopus oocytes by injecting
PN1 mRNA is sensitive to tetrodotoxin with a half-maximal inhibitory con-



Structure and Functions of Voltage-Dependent Na* Channels 13

centration of 4.3 nmol/l. Inactivation kinetics is not accelerated by coinjection
of the f1 or A2 subunit mMRNAs (SANGAMESWARAN et al. 1997). PN1 is mapped
very close to the brain types I-III in mouse chromosome 2 (Kozaxk et al. 1996)

VI. SNS/PN3/NaNG/Scn10a

1. SNS/PN3/Scn10a

SNS (sensory neuron sodium channel) (AkopIaN et al. 1996) and PN3 (periph-
eral nerve 3) (SANGAMESWARAN et al. 1996) are practically identical, differing
at seven residues (99.6% identity). The SNS/PN3 isoform is expressed in
small-diameter sensory neurons of dorsal root and trigeminal ganglia, but
absent or detected very little in other peripheral or central neurons, glia, or
non-neural tissues (AKOPIAN et al. 1996; SANGAMESWARAN et al. 1996). The
SNS/PN3 channel is functionally expressed in Xenopus oocytes at a low level.
The current is insensitive to tetrodotoxin, the estimated half-maximal
inhibitory concentration being over 50umol/l. The voltage-dependence of
activation of SNS/PN3 is shifted to the depolarizing direction (peak voltage
at 10~20mV), compared to that of type II channel and to sodium currents of
native DRG neurons, suggesting that SNS/PN3 requires additional subunits to
obtain proper properties. But slow inactivation is common to both native and
recombinant sodium currents. The human ortholog, hPN3, exhibits similar
properties of the shifted voltage dependence and the slow inactivation when
expressed in Xenopus oocytes (RABERT et al. 1998). Insertion of an SNS-
specific tetrapeptide, SLEN, in the S3-84 linker of repeat IV into the corre-
sponding position of the y1 sodium channel does not alter kinetics of activa-
tion or inactivation, but accelerates recovery form inactivation (DiB-Han
et al. 1997).

Recently, generation of SNS knockout mice was reported (AKIPIAN et al.
1999). Null mutant mice are viable, fertile, and appear normal. They show a
pronounced analgesia to noxious mechanical stimuli, small deficits in noxious
thermoreception, and delayed development of inflammatory hyperalgesia
(AKoPIAN et al. 1999).

2. NaNG

cDNA of NaNG was isolated from dog nodose ganglia (CHEN et al. 1997). The
nodose ganglia contains most of the sensory cell bodies of the vagus neuron.
NaNG most closely resembles SNS/PN3 (82% amino acid identity). NaNG is
not expressed in CNS, heart or skeletal muscle. Experiments of functional
expression have not been reported.

VII. NaN/SNS2

The NaN sodium channel is a new member of the family (DiB-Has et al. 1998).
The NaN retains all of the relevant landmark sequences of voltage-gated Na*
channels, including the positively charged S4 and the P regions, but similarity
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to known Na* channels is only 42-50%. NaN is expressed preferentially in C
type DRG and trigeminal ganglia neurons and down-regulated after axotomy
(D1B-Haus et al. 1998). SNS2, whose amino acid sequence is identical to that
of NaN, is highly resistant to tetrodotoxin when expressed in HEK cells (TATE
et al. 1998). SNS2 is activated at relatively negative potentials with a half acti-
vation potential of —-45mV.

VIII. Atypical Sodium Channels

The sodium channel subfamily of hNa,2.1,mNa,2.3,and SCL-11 have 40~50%
identical and 60~70% homologous amino acid residues when compared with
the classical sodium channels. But the amino acid sequences of hNa,2.1,
mNa,2.3, and SCL-11 suggest the possibility that they do not function as
voltage-gated sodium channels. Many positively charged amino acid residues
of S4 segments are replaced with non-charged residues, and the III-IV linker
essential for fast inactivation is significantly diverged from the consensus
sequence. The amino acid residues in the “P region” critical for sodium selec-
tivity are also altered; K—>S (repeat III) in hNa,2.1, K->N (repeat III) and
A-—>S (repeat IV) in SCL11.

1. hNa,2.1

cDNA of hNa,2.1 was obtained from both human adult heart and fetal skele-
tal muscle (GEORGE et al. 1992). The hNa,2.1 mRNA is predominantly
expressed in both heart and uterus. Faint signals are detected in brain, kidney
and spleen.

2. mNa,2.3

mNa,2.3 cDNA was cloned from the mouse AT-1 atrial tumor cell line (FELIPE
et al. 1994). Northern blot analysis revealed that it is expressed in heart and
uterus. Faint signals are also detected in brain, kidney, and skeletal muscle,
as observed for hNa,2.1. Immunohistochemistry and Western blot analysis
showed mNa,2.3 expression in the uterus is dramatically upregulated during
pregnancy (KNITTLE et al. 1996).

3. SCL-11

The SCL-11 (sodium channel-like protein) cDNA was obtained from a rat
dorsal root ganglion library. SCL-11 is expressed in dorsal root and trigemi-
nal ganglia, sciatic nerve, pituitary, lung, urinary bladder, and vas deferens as
well as PC12 and C6 glioma cells (AkorIaN et al. 1997). In situ hybridization
of dorsal root ganglia shows signals from myelinating Schwann cells. The
deduced amino acid sequence shows 98% identity to the rat partial clone
Na-G (GauTroN et al. 1992). It is unsuccessful to express voltage-dependent
channel activity upon injection of mRNA into Xenopus oocytes.



Structure and Functions of Voltage-Dependent Na® Channels 15

D. Accessory Subunits
I. 1 Subunit

The B1 subunit is a membrane protein with a single transmembrane spann-
ing domain (Isom et al. 1992). The presence of a leader sequence indicates
that the N-terminal region is located extracellularly, and the extracellular
domain contains an immunoglobulin-like motif (Isom and CATTERALL 1996).
The B! subunit is expressed in rat brain, spinal cord, heart, and skeletal muscle.
There is a single gene encoding the 1 subunit (ToNG et al. 1993; MaxiTa et al.
1994a).

When expressed in Xenopus oocytes together with type IIA o subunit, the
B1 subunit modulates channel function by accelerating the kinetics of inacti-
vation and shifting its voltage dependence in the hyperpolarizing direction.
Coexpression of the 1 subunit also increases the peak current amplitude
approximately 2.5 times (Isom et al. 1992). These effects of coexpression are
also observed in a mammalian cell line (Isom et al. 1995).

The Sl subunit has little or no effect on the gating of cardiac channels
in recombinant expression systems (MAKITA et al. 1994a), although peak
current amplitude is increased. But suppression of 1 subunit expression by
antisense oligonucleotides prevents development of a mature (fast activating
and fast inactivating) sodium current in mouse atrial tumorcells, suggesting
that the gating of the cardiac sodium channel is modulated by the 1 subunit
(KupersHMIDT et al. 1998). Molecular determinants of the Sl interaction
were identified by analyzing chimeric sodium channels constructed from the
human skeletal muscle (SkM1) and human heart sodium (hH1) channels. The
S5-S6 loops of repeats I and IV of the a subunit and the N-terminal extracel-
lular domain of the 1 subunit are responsible for interaction (MAKITA et al.
1996).

Recently, a subset of generalized epilepsy with febrile seizures has been
reported to be associated with a mutation of the 1 subunit gene SCN1B
(WALLACE et al. 1998). The mutation changes a conserved cysteine residue dis-
rupting a putative disulfide bridge, and interferes with the ability of the Sl
subunit to modulate the channel gating.

II. B2 Subunit

The B2 subunit is also a single-membrane spanning glycoprotein with a large
N-terminal domain exposed in the extracellular side. The 2 subunit is cova-
lently bound to the o subunit (Isom et al. 1995). The amino acid sequence of
the 2 subunit shows an interesting similarity with two separate segment of
the neural cell adhesion molecule (CAM) contactin. One region contains an
immunoglobulin-like motif. The other homologous region is the extracellular
stalk portion. Because nearly all the immunoglobulin motifs interact with
extracellular ligands, the 82 subunit probably also serves this function, possi-
bly concentrating the sodium channels in specific locations.
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The [2 subunit is expressed in the brain and the spinal cord, but not
outside of the nervous system (Isom et al. 1995). Developmentally, the 52
subunit mRNA is detectable at earlier stages than the 1 mRNA. When
expressed with the o subunit, the 52 subunit increases sodium currents, but
the augmenting effect is less prominent than that of the 81 subunit (Isom et
al. 1995). A unique property of the 82 subunit is expansion of the cell surface
membrane. The B2 subunit may stimulate fusion of intracellular transport vesi-
cles with the plasma membrane.

The gene of the human counterpart is localized to human chromosome
11g3, close to the locus of Charcot-Marie-Tooth syndrome type 4B (CMT4B)
(EuBanks et al. 1997), but the SCN2B gene of patients with CMT4B was
reported normal (BoLino et al. 1998).

III. Other Associated Proteins
1. TipE

The para locus of Drosophila encodes the sodium channel (LOUGHNEY et al.
1989). A similar phenotypic mutant tip E (temperature-induced paralysis, locus
E) was identified using genetic approach (FenG et al. 1995). TipE is a deduced
protein of 452 amino acids, having two hydrophobic domains. The presumed
transmembrane topology is that TipE has the N- and C-termini located in the
cytoplasmic side, with the two transmembrane segments. TipE has no signifi-
cant sequence homology to any other proteins. Functional expression of the
para sodium channel in Xenopus oocytes is markedly augmented when TipE
is coexpressed (FENG et al. 1995). TipE accelerates inactivation, as does the 1
subunit for mammalian sodium channels (WARMKE et al. 1997). The mam-
malian counterpart of TipE has not been reported.

2. Ankyring

It is generally believed that the maintenance of highly localized concentra-
tions of the sodium channel at the axonal initial segments and nodes of
Ranvier is important to the initiation and propagation of the saltatory action
potential. Ankyrin links the sodium channel to the underlying cytoskeleton.
The ankyrin present at the node corresponds to 480kDa and 270kDa alter-
natively spliced isoforms of ankyring. The two brain-specific isoforms contain
a unique stretch of sequence highly enriched in serine and threonine residues
following the globular head domain (KorpELi et al. 1995). The B spectrin is
precisely colocalized with both sodium channels and ankyring at the neuro-
muscular junctions (Woob et al. 1998).

Cerebellum-specific knock-out of ankyring in mouse brain resulted in a
progressive ataxia and subsequent loss of Purkinje neurons (Zxou et al. 1998).
In mutant cerebella, sodium channels were absent from axon initial segments
of granule cell neurons, demonstrating that ankyring is essential for clustering
sodium channels.
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3. AKAP15

Phosphorylation of the o subunit by PKA reduces peak sodium current, with
little change in the voltage dependence of activation or inactivation (see
above). PKA is bound to brain sodium channels through interaction with a
15-kDa cAMP-dependent protein kinase anchoring protein (AKAP15) (TiBBs
et al. 1998). AKAP15 also associates with skeletal muscle calcium channels
(Gray et al. 1997).

4. Syntrophins

Syntrophins are modular proteins belonging to the dystrophin-associate gly-
coprotein complex and are thought to be involved in the maintenance of neu-
romuscular junction. Syntrophins contain one PDZ domain. This PDZ domain
exhibits specific binding to the motif R/K/Q-E-S/T-X-V-COO". This motif is
highly conserved in the sodium channel « subunits. This interaction is sug-
gested to contribute to localization of the sodium channels (ScHurtz et al.
1998).

5. Extracellular Matrix Molecules

The B2 subunits has an Ig-motif in its extracellular domain. The purified
sodium channel and the extracellular domain of the 2 subunit are shown to
bind to tenascin-C and tenascin-R (SRiNIvasaN et al. 1998). Tenascin-R knock-
out mice exhibited decreased conduction velocity of optic nerves, but the dis-
tribution of sodium channels at the nodes of Ranvier was not changed (WEBER
et al. 1999).

E. Genomic Structure

Structure of the sodium channel « subunit genes (Table 1) was extensively
studied for SCN4A (GEoORGE et al. 1993), SCNSA (WAaNG et al. 1996), SCNSA
(PLUMMER et al. 1998), and Scn10a (SousLova et al. 1997). Each gene consists
of 24-27 exons spanning 80-90kb. The intron-exon structure is conserved well
among genes (SousLova et al. 1997). SCN4A and SCNS5A genes have atypical
intron boundaries of AT-AC. Introns with this boundary are spliced by the
U12-type splicesome (SHARP and BURGE 1997).

Transcription of the type II sodium channel gene is regulated by binding
of the repressor protein REST, a zing-finger protein, to the RE1 sequence
(Taria-RAMIREZ et al. 1997).

E. Concluding Remarks

Voltage-gated sodium channels are present not only at nodes of Ranvier and
axon hillocks but also in soma and dendrites of neurons. A number of recent
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Table 1. Sodium channel @ and J subunit genes and their chromosomal localization

Locus Chromosomal location Corresponding cDNA
(references®)
Human Mouse
o subunits
SCN1A 2q24 (1) 2(2) Brain type I
SCN2A 2q23-24.3 (3) 2(2) Brain type II
SCN3A 2q24-31 (4) 2(2) Brain type III
SCN4A 17q23.1-25.3 (5) 11 (6) ul, SkM1
SCNSA 3p21 (7) 9(6) heart, SkM2
SCN6A 2q21-23 (8) - hNa,2.1
SCN7A 2q36-37 (9) 2(9) Na-G, SCL-11
SCNSA 12q13 (10) 15 (10) NaChé6, PN4
SCN9A 2q24 2(11) Na,, hNE-Na, PN1
SCN10A 3p24.2-22 (12) 9 (13) SNS, PN3
SCN11A 3p21 (14) 9 NaN, SNS2
B subunits
SCN1B 19q13.1-2 (15) 7 (16) pl
SCN2B 1193 (17) 9 (18) 5%

®References: (1) MaLo et al. 1994a; (2) MaLo et al. 1991; (3) AHMED et al. 1992;
(4) Maro et al. 1994b; (5) GEORrGE et al. 1991, 1993; (6) KLockE et al. 1992; (7) GEORGE
et al. 1995; WANG et al. 1996; (8) GEORGE et al. 1994; (9) Potrs et al. 1993; (10) BURGES
et al. 1995; (11) BEckERs et al. 1996; (12) RABERT et al. 1998; (13) SousLova et al. 1997;
(14) PLumMMmER and MEISLER 1999; (15) Makita et al. 1994b; (16) Tong et al. 1993;
(17) Eusanks et al. 1997; (18) JonEs et al. 1996. Data were also obtained from the
LocusLink site (http://www.ncbi.nlm.nih.gov/LocusLink).

techniques, including high-speed fluorescence imaging and dendritic patch
clamping, have provided new information on active involvement of sodium
channels in dendritic propagation of action potentials (for reviews see
JoHNsTON et al. 1996; STUART et al. 1997). Subtle differences in properties of
sodium channels will influence the process of synaptic integration in impor-
tant and complex ways.

Considerable progress in understanding sodium channel functions has
been made in the field of medical genetics. It has been discovered that muta-
tions of skeletal muscle and cardiac muscle sodium channels cause classically
known disorders. For sodium channel isoforms predominantly expressing in
the CNS, the med mutations was reported, and more recently, the mutation of
the S1 subunit has been identified to be associated with a subset of general-
ized epilepsy with febrile seizures. It is likely that mutations of other isoforms
can cause neurological disorders, which may include epilepsy and degenera-
tive diseases. Analysis of functional differences of sodium channel isoforms
will contribute to the elucidation of disease mechanisms and the development
of new medical therapeutics.
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CHAPTER 2
Sodium Channel Blockers and A ctivators

A.O. GrRANT

A. Introduction

Impulse conduction in brain and peripheral nerves, skeletal and cardiac muscle
Is sustained by transient increases in membrane permeability to sodium ions.
This function resides in a family of integral membrane proteins, the voltage-
gated Na* channels. Sodium channel blockers are an important class of ther-
apeutic agents as anticonvulsants, local anesthetics, and antiarrhythmic drugs.
The blockers have also proved to be important tools for structure-function
studies of the Na" channel. The activators of Na* channels are potentially
useful tools to study the mechanism of activation and inactivation. They may
also form the basis for the development of novel positive inotropic agents and
insecticides.

Over the past several years, the genes encoding the voltage-gated Na
channel in brain, peripheral nerve, skeletal and cardiac muscle have been
cloned, sequenced, and expressed in heterologous systems (reviewed in
CATTERALL 1992; Fozzarp and Hanck 1996). Site-directed mutagenesis and
electrophysiologic studies have been combined to provide a wealth of new
insight into the structure-function relationships of the Na* channel. The sites
of action of channel blockers and activators with the Na* channel are under
active investigation. The structure of the Na* channel has been reviewed in
Chap. 1. Here I shall outline important features of the structure of the channel
that relates to the action of Na* channel blockers and activators. The review
will then focus on the recent studies that define sites and mechanisms of inter-
action of blockers and activators with the channel.

+

B. Classification and Structure of Na* Channels

The identification of different classes of Na* channels provides a basis for the
pharmacodynamic distinctions between anticonvulsant, local anesthetic, and
antiarrhythmic drug actions. Tissue distribution and susceptibility to block by
the marine toxins tetrodotoxin (TTX) and p-conotoxin (uCTX) have provided
complementary bases for the classification of Na* channels. The major
subtypes that have been defined include: brain (TTX-sensitive and uCTX-
resistant), peripheral nerve (TTX-sensitive and TTX-resistant), skeletal
muscle (TTX-sensitive and uCTX-sensitive), and cardiac muscle (TTX resis-
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tant and uCTX-resistant). The TTX-resistant subtypes are usually Cd* sensi-
tive. The distribution of subtypes is not mutually exclusive. For example, den-
erved and embryonic skeletal muscle also expresses a TTX-resistant channel
that may be identical to that expressed in the heart (WEiss and Horn 1986;
WHITE et al. 1991). Certain conduction system myocytes, €.g., those in the sinus
node also express a TTX-sensitive Na* channel (BaruscorTi et al. 1997).

The Na* channel isoforms are products of a multigene family. They consist
of a major o-subunit and one or more auxiliary S-subunits. The a-subunit is
sufficient for the expression of an ion-selective pore in frog oocytes and mam-
malian cells. The f;-subunit increases the level of expression of functional
brain, skeletal and cardiac Na* channels and accelerates the macroscopic inac-
tivation rate (Isom et al. 1992; MakiTa et al. 1994; Nuss et al. 1995). The avail-
able data suggest that the oa-subunit is the site of action of Na® channel
blockers and activators. The remainder of the review will focus on the o-
subunit.

I shall briefly recapitulate the structural organization of the Na* channel
which has been discussed in considerable detail by Imoto. The a-subunit is
organized as four homologous domains, DI-DIV (Fig. 1). Each domain con-

Fig.1. Molecular organization of the human cardiac sodium channel (hH1). The SCN5
A gene encodes the sodium channel o-subunit, a protein 2016 amino acids long. The
protein consists of four roughly homologous domains (/-1V) each containing six trans-
membrane spanning segments (S1-S6). The 52 amino acids linking domains IIT and IV
are shown by their single letter codes; this region is known to be important for normal
sodium channel inactivation. Three different mutations causing LQTS have been iden-
tified in SCN5 A. One is a deletion of three amino acids (KPQ) in the III-IV linker,
and two are point mutations
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sists of six transmembrane segments, S1-S6. The S4 segment of each domain
is highly charged with lysine or arginine residues at every third position
(STUEHMER et al. 1993; CarTERALL 1992). The outward rotation of the charged
residues in S4 may account for the activation gating current. Neutralization of
three of the four positive charges in S4 of DI reduced the valency of activa-
tion, without affecting inactivation (STUEHMER et al. 1993). The amino- and
carboxy termini and the interdomain loops are intracellular. The DIII-DIV
interdomain loop (IDLyyy) is short and highly conserved between Na*
channel isoforms. The loop between transmembrane segments alternate
between intra- and extracellular locations.

To date, two structural features of the Na* channel have proved important
in understanding the action of blockers: the ion-permeation pathway and the
inactivation gating mechanism. The extracellular loop between S5 and S6 of
each domain is long and curves back into the membrane. The available data
suggest that this loop forms the outer vestibule and selectivity filter of the ion-
conducting pore. It may be divided into three regions: S5-P, the P segment, and
P-S6 (Fozzarp and Hanck 1996). The ten residues that make up the P segment
of rat brain 2, cardiac and skeletal muscle Na* channels are summarized in
Table 1. Aspartate and glutamate residues in the P segment are conserved
between isoforms. As we shall discuss below, mutations in the P segment affect
ion conduction, selectivity, and TTX and STX binding. In fact, these small
highly specific toxins with a rigid structure have proved pivotal in elucidating
the nature of the selectivity filter and the process of permeation of the channel
by Na* (Fozzarp and Hanck 1996).

The results of experiments using a variety of approaches have localized
the inactivation gate to the IDLyyv (CATTERALL 1992). Internal perfusion of

Table 1. P-loop sequences of Na channel isoforms and the
heart Ca channel

Domain I 384

Br2 IsSfRLMTQDFWENIlyq
Ht lalf RLMTQDCWERIyq
Sk lalfRLMTQDYWENIfq
Domain I1 942

Br2 ivfRVLCGEWIETmwd
Ht HfRILCGEWIETmwd
Sk IV RILCGEWIETmwd
Domain 111 1422

Br2 sIQVATFKGWMDimy
Ht allQVATFKGWMDimy
Sk slIQVATFKGWMDimy
Domain IV 1714

Br2 cfQITTSAGWDGlIla
ht clfQITTSAGWDGlIs

Sk cHEITTSAGWDGIIn
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squid giant axon and cells with endopeptidases such as pronase and o-
chymotrypsin remove Na" channel inactivation without affecting activation
(ARMSTRONG et al. 1973). This suggests an intracellular location of the inacti-
vation gate. Antibodies directed epitopes in IDLyyv markedly slowed inacti-
vation (VassiLEV et al. 1989). The injection of oocytes with separate cRNAs
encoding DI-III and DIV resulted in Na* channels that fail to inactivate
(STueHMER et al. 1993). Patton and coworkers systematically deleted 10-
residue segments of IDLy;;v and tentatively localized the inactivation gate to
a 40-residue segment (PaTToN et al. 1992). Subsequent experiments showed
that the hydrophobic triplet IFM in IDLyy,v was critical for channel inactiva-
tion. The mutant channel IFM/QQQ was devoid of inactivation (WEsT et al.
1992). A tentative model of the inactivation gate is that of a tilting disc that
moves into the channel mouth to block Na* flow. Several mutations in this
region are associated with incomplete Na* channel inactivation and cardiac
arrhythmias (WANG et al. 1995a,b).

The process of inactivation is crucial to ion channel blockade. However,
the agencies that remove inactivation are not equivalent. The sphere of
changes that can affect Na* channel inactivation is far reaching. Peptide toxins
can influence inactivation from extracellular site(s) (THoMSEN and CATTERALL
1989). Mutations in DIV S6 also produce channels that fail to inactivate
(McPHEE et al. 1994). These observations suggest any interaction between drug
and inactivation cannot be interpreted as evidence for localization of the drug
receptor to the inactivation gate.

C. Mechanisms of Na* Channel Blockade by
Antiarrhythmic drugs

Blockade of Na* channels is an important mechanism of antiarrhythmic and
local anesthetic drug action. Local anesthetic and antiarrhythmic drugs are
principally small tertiary amines with an ionizable amino group and a
hydrophobic tail. Antiarrhythmic drugs exert an anesthetic action on nerves.
However, they block nerves at concentrations that are approximately 10-100
times greater than the antiarrhythmic concentrations. The isoform specific dif-
ferences in susceptibility to marine neurotoxin block reflect differences in the
structure of the channels (Fozzarp and Hanck 1996). However, the differ-
ences in isoform susceptibility to antiarrhythmic and local anesthetic drugs
reflect differences in the characteristics of the nerve and cardiac action poten-
tial duration (APD) and the gating kinetics of the Na* channel (WRIGHT et al.
1997). The APD in nerve is about 10ms compared to 100-400ms in cardiac
muscle (SMiTH et al. 1996). The voltage dependence of activation and inacti-
vation is ~10mV more negative in cardiac muscle (Fozzarp and HaNck 1996).
These differences in APD and gating kinetics result in more prolonged occu-
pancy in states susceptible to block in heart muscle and this is reflected in
greater Na* channel blocking potency of drugs in the heart (WRIGHT et al.
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1997). The available data suggest a common blocking mechanism of the Na*
channel blockade in nerve and cardiac muscle.

StricHARTZ demonstrated that local anesthetic-class drugs effected two
patterns of block: tonic block and phasic or frequency-dependent block
(StricHARTZ 1973). Tonic block is the drug-induced current reduction during
infrequent stimulation. Frequency-dependent block is the drug-induced
current reduction during repetitive stimulation. Modeling by STARMER et al.
(1990, 1991) suggests that tonic and frequency-dependent block are expres-
sions of a common blocking mechanism. This conclusion is supported by
structure-activity studies of Liu et al. (1994). The lidocaine derivative RAD-
243 produced ~60% tonic block and little frequency-dependent block whereas
the derivative L-30 produces 15% phasic block and 60% frequency-dependent
block. There was a direct correlation between lipid solubility and tonic block.

Frequency-dependent block is the essence of antiarrhythmic drug action.
The rapid succession of beats during a tachycardia are strongly suppressed,
whereas the normal beats are little affected. The greater block during repeated
excitation indicates the channel state(s) occupied during depolarization have
a greater affinity for drug. During depolarization, the Na" channel passes
through activated pre-open states followed by opening:

Clv—Acz ch_so

Inactivation may occur from any of these pre-open or open states
(Hopcxin and HuxLEy 1952). It is these activated pre-open, open, and inacti-
vated states that have greater affinity for drug. Drugs dissociate from the Na*
channels in the interval between depolarizations. If the intervals between
depolarizations is less that five times the time constant for recovery, block
accumulates. Eventually, a non-equilibrium steady-state is reached in which
the rates of development and recovery from block are equal. The steady-state
level of block is a function of the blocking and unblocking rate, and is char-
acteristic for each drug. For most drugs, the blocking and unblocking rates are
positively correlated. Subclasses of antiarrhythmic drugs can be identified
based on their fast (class 1B), intermediate (class 1A) and slow kinetics of
interaction with the Na* channel (CampBELL 1983; CAMPBELL and VAUGHAN
WiLLiaMs 1983). If the rate of stimulation is abruptly reduced, the rate at which
the new steady-state level of block is achieved depends on the final rate of
stimulation. Repetitive depolarization may actually enhance the rate at which
equilibrium is achieved, a phenomenon termed use-dependent unblocking
(ANNo and HonDEGHEM 1990). Receptor-bound drug is trapped by the acti-
vation gate when the channel is in the rested state and is released at both
threshold and subthreshold levels of depolarization.

The primary focus of the studies of antiarrhythmic drug in the 1970s and
early 1980s was the characterization of the comparative kinetics of drug block-
ade using upstroke velocity and Na* current measurements. A number of
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models of Na* channel-drug receptor interaction was also proposed and crit-
ically examined. The recent focus has been the direct analysis of the relation-
ship between channel gating and block, and the identification of the receptor
site(s) for local anesthetic-class drugs with the Na* channel using site-directed
mutagenesis and heterelogous expression in frog oocytes and mammalian
cells. The earlier studies will be reviewed initially as they place the more
contemporary studies in context. The studies of local anesthetic action using
site-directed mutagenesis will be reviewed in detail.

D. Models of Antiarrhythmic Drug Interaction with
the Sodium Channel

HiLLe (1977b) and HonpeEGHEM and KatzunG (1977) independently proposed
the modulated receptor model for drug interaction with the Na* channel. The
basic postulates of the model are: (a) local anesthetic-class drugs bind to a
specific receptor site on the Na' channel with affinities characteristic of each
channel state; (b) the receptor is accessible through a hydrophilic pahway in the
pore or a hydrophobic pathway through the membrane; (c) drug-associated
Na* channels do not conduct Na*, but make voltage-dependent gating transi-
tions; (d) drug binding stabilizes the inactivated state. The inactivation curve of
drug-associated channels is shifted to more negative potentials. Considerable
effort has been applied to confirm the postulates of the modulated receptor
model and to explore predictions that follow from the model.

Ligand-binding studies have provided support for the existence of a recep-
tor site for local anesthetic-class drugs on the Na* channel. These drugs bind
to a receptor on isolated myocytes with a rank order of potency and stereos-
electivity that parallel their therapeutic action (SHELDON et al. 1987, 1991).
Experiments by Grant et al. (1993) demonstrated that it is the change in
channel states rather than the membrane voltage that cause the change in the
affinity of the receptor during repetitive depolarization. Studies with
deltamathrin-modified Na* channels showed that disopyramide dissociated
from open channels at normal rest potentials on a time frame of a few mil-
liseconds compared with the hundreds of millisecond required for dissociation
from rested channels at the same membrane potential. The dissociation of both
anionic and cationic drug moieties is accelerated by membrane hyperpolar-
ization (STRICHARTZ 1973; MATSUKI et al. 1984; Kuo 1994). This suggests that it
is the channel state occupied that determines dissociation rather than the field
effect of hyperpolarization. The identification of the channel states that are
blocked by drug presents a major challenge. Inasmuch as drug-associated
channels do not conduct, their properties necessarily have to be inferred from
the properties of the remaining drug-free channels. Those channels have to be
activated to determine the fraction of channels that are available to conduct.
Since block may occur during test activations, the measured current does not
reflect the distribution of the channels in their various conformations prior to
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activation. The Na* channel exists in multiple conformational states at the
potentials that result in channel activation. Therefore, it is a complex issue to
determine which state(s) will be blocked with a given voltage-clamp paradigm.
Single channel recording provides the best approach to define the states that
are block as the open state of a channel can be unequivocally identified. Unfor-
tunately, the long time required for drug studies makes this approach partic-
ularly challenging.

The modulated receptor model is the most comprehensive scheme that
has been proposed and has received widespread acceptance. However, other
significant models have been proposed. BALSER et al. (1996) proposed a model
that is a departure from the modulated receptor model. The interaction of drug
with its receptor alters the coupling between activation and inactivation such
that macroscopic inactivation is accelerated. The model is based on the
observation that lidocaine accelerates the macroscopic inactivation of the
inactivation-deficient mutant channel IFM/QQQ. The simplest explanation for
their result is that the increased relaxation reflected block. That hypothesis
was rejected in part because of different apparent Kp, for the peak and per-
sistent current. Without other evidence that blockade of the peak current has
reached equilibrium, a true Kp cannot really be calculated for the peak
current. Starmer and colleagues proposed a guarded receptor model with the
simplifying assumption that the receptor has single high and low affinity states
(STARMER et al. 1984; STARMER and GRANT 1985). However, the channel gates
control access to the receptor. Any channel gating model could be combined
with simple binding kinetics to account for drug action. This permitted closed
form solutions of the binding reactions and enabled binding parameters to be
determined from the results of straightforward pulse train experiments
(STARMER et al. 1990, 1991; CarTeERALL and CoppPERSMITH 1981; VALENZUELA et
al. 1995). Data from a number of studies indicates that drugs bind to more
than one channel state (GRANT et al. 1984). However, it is apparent that most
drugs bind predominantly to one channel state, e.g., the open or the inacti-
vated state. Therefore, application of the guarded receptor model remains a
useful approach to determine association- and dissociation-rate constants of
various drugs.

Convincing evidence of open state block of the Na* channel has been pre-
sented by a number of investigators (Horn et al. 1981; YamaMoro 1986;
McDonNALD et al. 1989; KoHLHARDT et al. 1989; KoHLHARDT and FICHTNER 1988;
GRANT et al. 1993; BARBER et al. 1992; CaArRMELIET et al. 1989). The open time
of the Na* channel is very brief, ~1 ms at room temperature and 0.04-0.07 msec
at 35°C (BENNDORF 1994). Therefore, to demonstrate open channel block,
channel inactivation is usually slowed by chemical modification, e.g.,
N-bromocatemide, enzymes such as oa-chymotrypsin, and the pyrethrin
toxins (CoHEN and BarcHI 1993; Koumi et al. 1992; WASSERSTROM et al. 1993;
GRrANT et al. 1993). The mean open time is prolonged to several milliseconds
or tens of milliseconds by these treatments. The block of these modified Na*
channels can be described by Scheme?2
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where Cy, O, and B refer to the closed, open, and blocked states of the Na*
channel, D the drug, § and « the activation and deactivation rate constants,
and k and | the drug association and dissociation rate constants. The pattern
of block produced by an open channel blocker depends on the magnitudes of
B and 1. For blockers with fast dissociation rates (~10%/s), the blocking events
are not well resolved at the single channel level. Instead, blockade is evident
as an increase in noise and a reduction of conductance of the open channel.
This is the pattern of Na* channel blockade produced by the lidocaine deriv-
ative QX314 (GINGRICH et al. 1993). The dissociation constant, Ky, for such
open channels can be calculated from the following relationship:

lrl(i/io -1)=In[D]/Kp, (2

where i, and 1 are the single channel currents in the absence and presence of
a blocker (CoronaDO and MILLER 1979). For QX 314, i and i, were examined
over a range of concentrations and Eq.(2) applied. The Kpy was 4.4 mmol/l,
indicating that QX314 was a weak blocker of the Na" channel. The single
channel current can also be determined at a number of voltages and the appar-
ent site of block determined from an extension of equation 2. Such an analy-
sis suggested a blocking site subjected to 70% of the membrane field from the
cytoplasmic side.

In the other patterns of open-channel block the residence time of the
blocker on its Na* channel receptor is sufficiently long to record discrete block-
ing events. If I>>f (Eq. 1), the blocking events are shorter than the normal shut
periods and the openings are converted to bursts with a mean open time 70
given by

7o =1/(a+k[D)) (©)

Disopyramide, penticainide, and propafenone produce this pattern of
block (GRANT et al. 1993; CARMELIET et al. 1989; KOHLHARDT et al. 1989). All
of these drugs have a similar association rate constant of 10’/mol/l/s, suggest-
ing that some fundamental process such as diffusion may determine block.

For the case in which l<<f, the block states correspond to the long-lived
shut states. The blocking events are intraburst gaps with mean 1/1. This
pattern of block is produced by the specific neurotoxins TTX and STX, and
quinidine (Cruz et al. 1985; BEnz and KoHLHARDT 1991). For some local
anesthetic-class antiarrhythmic drugs, e.g., lidocaine, the evidence of significant
open channel block of any form is not convincing (GRANT et al. 1989;
BeNz and KoHLHARDT 1992; BENNETT et al. 1995 — however, see NILIUS et al.
1987).
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Many antiarrhythmic drugs, e.g., the class 1B drugs, lidocaine, mexiletine,
and amiodarone produce progressive block as the duration of depolarization
is increased beyond the initial transient inward current. This increased block
may result from drug interaction with the small fraction of channels that
remain open during prolonged depolarization. Alternatively, it could result
from the interaction of drug with inactivated channels. Using single channel
recordings, GRANT et al. (1989) showed progressive block of the Na* channel
at late times in depolarizing trials without late opening. This is clear evidence
for the occurrence of inactivated state block. The requirement for intact inac-
tivation for block has been examined by slowing or removal of inactivation
with endopeptidases such as pronase and chymotrypsin, amino acid modify-
ing agents such as chloramine T, and the pyrethrin toxins. Following these
treatments, the Na current assumes a compound wave form, with an initial
transient followed by a persistent component. The results of these experiments
have been inconclusive. Frequency-dependent block of the persistent compo-
nent of neuronal Na* channel current lidocaine and tetraciane was diminished
after chloramine-T modification whereas block by the open channel blockers
N-propyl ajmaline and KC3791 persisted (ZaBorovskaya and KHODOROV
1994). Use-dependent block of neuronal Na* channel by etidocaine and QX
314 persisted after chloramine-T treatment whereas block is abolished after
pronase treatment (WANG et al. 1987). Both modifying agents exert similar
effects on inactivation. The non-specific nature of the modifying agents may
account for the inconclusive results.

BENNETT et al. (1995) examined the block of wild-type cardiac Na* chan-
nels and channels with the inactivation disabling mutation IFM/QQQ in the
IDLyy. It was found that 25umol/l of lidocaine produced ~80% use-
dependent block of wild-type Na" channels at a stimulus frequency of 5Hz
whereas 100umol/l of lidocaine produced less than 10% block in the
IFM/QQQ mutant channel. The lack of use-dependent block by IFM/QQQ
could be the result of slow association or rapid dissociation of drug from its
receptor. When the onset of block was measured with a twin pulse protocol
(conditioning pulse of increasing duration followed by a test pulse) no block
developed with pulses up to 10s in duration in the IFM/QQQ mutant chan-
nels. These data suggest that intact inactivation is required for the block of
cardiac Na* channel by lidocaine. GRANT et al. (1996) examined the require-
ments of inactivation for open channel blockade with studies of the action of
disopyramide in the mutant with inactivation partially removed (IFM/IQM).
Open channel blockade with an association rate constant of 10’/mol/l/s per-
sisted in the mutant channel.

The use of congeners of lidocaine and variations of pH have provided
insight into the location of the receptor site for local anesthetic-class drugs.
The permanently charged derivatives of lidocaine QX314 and QX222 block
most Na* channel types when applied from the cytoplasmic side of the mem-
brane only (StricHARTZ 1973; CaHALAN and ALMERS 1979). The cardiac
isoform appears to be an exception in that it is blocked by externally applied
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QX314 (ALperT et al. 1989). The receptor site can be accessed through the
membrane phase. The clearest evidence for this has been obtained with single
channel recordings. The mean open time of Na* channel currents is reduced
when currents are recorded in the cell-attached configuration with drug-free
micropippette solution and disopyramide applied to the superfusate (GRANT
et al. 1993). Lowering the external pH slows the rate of dissociation of local
anesthetic-class drugs from the Na* channel (HiLLE 1977a,b; GRraNT et al.
1982). This suggests that the receptor-bound drug is accessible to external
protons through the channel pore. Further studies on the local anesthetic
receptor on the Na* channel have used by two approaches. RAGSDALE et al.
(1994) used the technique of scanning mutagenes in which residues within a
given region of the Na* channel are systematically replaced by alanine. The F
1764 A mutation in the middle of the sixth transmembrane segment of the
fourth domain, decreased block of rat brain II Na* channel by etidocaine to
1% of control. The mutation Y1771 A also substantially reduced use-
dependent block. Another mutation in the same region (N 1769 A) increased
block. The quaternary derivative of lidocaine, QX 314 blocks the neuronal Na*
channel when applied from the cytoplasmic side of the membrane only.
Another mutation in D4-56,11760 A permitted block by external QX 314, sug-
gesting that residue 11760 controls access to the local anesthetic receptor site.
Based on these experiments, Ragsdale et al. proposed the model illustrated in
Fig. 2. F1764 and Y1771 are separated by two turns of an o-helix. The

S$S1-882

Fig.2. Proposed orientation of amino acids in IVS6 with respect to a bound local anes-
thetic molecule in the ion-conducting pore. Segment SS1-SS2, which also contributes
to the pore is shown as well. Amino acids at positions 1760, 1764, and 1771 are shown
facing the pore lumen
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aromatic nucleus of etidocaine binds to Y1771 and the tertiary amino end
binds to F1764. Access to this binding site is controlled by 11769.

RAGSDALE et al. (1996) extended these studies with the examination of the
class IA drug quinidine, the class IB drugs lidocaine and phenytoin, and the
class IC drug flecainide. Prior studies had suggested that lidocaine and pheny-
toin are predominantly inactivated state blockers whereas flecainide and
quinidine were open state blockers (GRANT et al. 1984). The F1764 A muta-
tion reduced lidocaine and phenytoin block 24.5- and 8.3-fold respectively.
They provided supporting data that quinidine and flecainide block required
activated channels whereas lidocaine and phenytoin block could be observed
at threshold potential.

These important results should be interpreted with caution. These muta-
tions produce only modest reduction in affinity when compared with the
100-1000-fold change in affinity with mutations that define the TTX receptor
site (Nopa et al. 1989; TErRLAU et al. 1991). The F1764 A mutation shifts the
voltage dependence of availability +7mV on the voltage axis. Such a shift
would predict an increase in the K, several fold.

Single channel studies have conclusively demonstrated block of open Na*
channels by some antiarrhythmic drugs such as penticainide, disopyramide,
and propafenone. Therefore, the residues that line the Na* channel pore are
candidate sites for local anesthetic interaction with the Na* channel. The ion-
izable amino group of the local anesthetic may bind to the negative residues
in the selectivity filter of the pore. Sunami et al. (1997) examined the effects
of mutations in the pore region of each domain of the skeletal muscle Na*
channel, ul on block by lidocaine, its neutral derivatives, benzocaine and its
permanently charged derivatives, QX222 and QX314. The largest effect was
seen with the K1237E in domain III. However, the effect of the mutation on
lidocaine affinity was modest, with a fourfold reduction in K;. Mutation of
selectivity residues in other domains D400 A (domain I), E755 A (domain II),
and A1529D, (domain IV) enabled block by externally applied QX222 and
QX314. Recovery from block by these drugs applied internally was markedly
accelerated with the time constant of greater than 30min in the wild-type
channel reduced to ~100s. A cautionary note is also appropriate when inter-
preting these results as some of the mutations shifted the voltage dependence
of channel availability.

A significant value of models of drug interaction with the Na* channel is
that they predict behavior that has not heretofore been examined. I shall
examine the postulate of a single receptor site for local anesthetic-class drugs.
If these drugs are interacting with a single receptor site, competition between
blockers may occur at the receptor. Examples include the competition
between a drug and its metabolites (BENNETT et al. 1988). In a conventional
drug binding regimen in which competing ligands have continuous access to
the receptor, block by the drugs should be additive. In the case of ion chan-
nels, access to the receptor is phasic and differences in the kinetics of binding
of competing drugs can be amplified by repetitive depolarization. A drug with
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fast kinetics may compete with and displace a drug with slower kinetics. In the
interval between depolarizations, the drug with fast kinetics also leaves the
receptor site rapidly. The net result is that, over a limited range of stimulation
frequencies and drug concentrations, less block may be observed with the com-
bination of the two drugs than with the slow drug alone. This provides a basis
for interpreting the observation that lidocaine can reverse the cardiac toxic-
ity of a number of Na* channel blockers that have slow binding kinetics with
the Na* channel (WynN et al. 1986; voN DacH and STREULI 1988; WHITCOMB et
al. 1989). The demonstration that some drugs block form sites within the pore
provides a basis for reversing the toxic effect of open channel blockers with
Na* salts (BELLET et al. 1959a,b; PENTEL and BENowITZ 1984; KOHLHARDT et
al. 1989; BARBER et al. 1992).

E. The Highly Specific Na* Channel Blockers TTX
and STX

TTX and STX are highly potent marine toxins that have proved very useful
in the study of voltage-gated Na* channels. TTX is concentrated in the liver
and gonads of some species of the Spheroides puffer fish and some species of
Taricha newts. Saxitoxin is synthesized by the dinoflagellates Gonyaulax
catanella and Gonyaulux tamarensis and concentrated by shellfish. TTX and
STX are small rigid heterocyclic molecules that carry critical positive charges
on one (TTX) or two (STX) guanidinium groups. Modification of the toxins
close to the guanidinium group result in a dramatic loss of activity.

NaraHAsHI et al. (1964) showed that TTX blocks Na* channels with high
specificity. The stoichiometry of block is 1:1. Neuronal and skeletal muscle Na*
channels are blocked by TTX with a Ky of ~10nmol/l. In cardiac muscle, the
Kp is in the umol/l range (CoHEN et al. 1981; Fozzarp and Hanck 1996). Some
Na* channels are resistant to TTX. STX and TTX compete for the same
binding site (HENDERSON and WANG 1972; HENDERSON et al. 1973). Protons and
mono- and divalent cations such as Ca®* compete with TTX and STX for a
binding site on the Na channel (HENDERsON et al. 1973, 1974). Carboxyl-
modifying agents reduced TTX binding to the Na channel (SHRAGER and
Prorera 1973; Baker and RoBINSON 1975; SpaLDING 1980; SiGwortH and
SraurLpinG 1980). The data implicates negatively charged residues at the
TTX/STX binding site. ScHILD and MoczyprLowski (1991) used Zn** blockade
as a tool to examine the possible structural basis of STX resistance in cardiac
Na channels. They showed that Zn* was a direct competitive inhibitor of STX
binding. As sulfhydryl groups are frequently coordinating ligands for Zn*,
they examined the effect of iodoacetamide on Zn** and STX block of the
cardiac Na channel. Zn** blockade was abolished and STX block was reduced
20-fold. This suggested that cysteine group(s) form a part of the STX binding
site in cardiac Na channels.
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Residues in the putative pore region (SS1-SS2) of the Na* channel were
the logical sites for residues associated with TTX blockers (Table 1). Nopa et
al. (1989) showed that change of a single glutamate residue to glutamine
(E387Q) in D1 SS2 of rat brain 2 Na* channel rendered the channel insensi-
tive to TTX. TerLAU et al. (1991) reported a systematic analysis of mutations
of the charged residues in each domain on TTX sensitivity and channel con-
ductance. They identified two clusters of residues (D384, E942, K 1422, and A
1714) and (E 387, E945,M 1425, and D 1717) that were crucial to TTX binding.
Charge altering mutations reduced TTX sensitivity by 100-fold or greater.

With the knowledge of the cluster of residues on the channel and the toxin
groups that were critical for binding, LIPKIND and Fozzarp (1994) developed
a model of the structural organization of the TTX and STX binding site, and
the inferred structure of the channel pore. As illustrated in Fig. 3, each domain
contributes a S-hairpin structure to pore. Carboxyl groups in the S-hairpins of
domains I and III bind to the guanidinium group of TTX through salt bridges.
The second guanidinium group of STX interacted with carboxyl groups of the
domain IV B-hairpin. The domain III B-hairpin forms non-bonding interac-
tions with the toxins. The picture that emerges is a funnel shaped toxin binding
site with a width of ~12 A at its outer vestibule and a narrow mouth, the selec-
tivity filter of 3 x 5 A. Energy calculations suggest that interaction of Na* with
the pore is sufficient to allow dehydration of the ion, a process postulated to
be necessary for ion permeation.

That this region of the o-subunit forms the channel vestibule and selec-
tivity filter received considerable support from the work of HEINEMANN et al.
(1992). They noted the striking similarity between SS1-SS2 region of Na* and
Ca®* channels. They showed that if the cluster of negative residues in SS1-SS2
of the brain Na* were increased by K 1442E and/or A 1714 E, the channel was
transformed to a Ca*-selective channel. The Lipkind-Fozzard model provided

Table 2. Neurotoxin receptor sites on the Na* channel®

Site Toxin Effects

1 Tetrodotoxin Inhibitor of ionic conductance
Saxitoxin
u-Conotoxins

2 Veratridine Persistent activation
Batrachotoxin
Aconitine
Grayanotoxin

3 o-Scorpion toxins Inhibit inactivation; enhance persistent activation
Sea anemone toxins

4 B-Scorpion toxins Shift voltage dependence of activation

?*Modified from CATTERALL 1992.
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Glu945

Fig.3a,b. Lipkind-Fozzard tetrodotoxin (TTX) binding site model. TTX interacts with
4 residues on B-hairpin model (green ribbon) of domains I and II segments. Asp-384
and Glu-387 are shown as space-filling residues from domain I f-hairpin, and Glu-942
and Glu 945 are shown from domain II B-hairpin. In the model, guanidinium toxin
interacts with Glu-387, Asp-384, and Glu-942. Hydroxyls of toxin interact with Glu-
945. a Cardiac structure for domain I, with a Cys in position 385. b Substitution of Phe
in position 385, with space-filling aromatic ring interacting with toxin hydrophobic
surface. Image is rotated slightly from that in A to more clearly show relationship

a basis for interpretation of the observed isoform differences in TTX
sensitivity in the Na* channel. Only two residues are different between the
TTX- resistant cardiac isoform and the TTX-sensitive isoform. A cysteine at
position 385 in the cardiac isoform replaces phenylalanine or tyrosine in the
TTX-sensitive isoform and arginine 388 is replaced by asparagine. TTX
block showed little sensitivity to mutations of the arginine residue. The C385
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F mutation simultaneously increased TTX sensitivity ~1000-fold and reduced
Cd* sensitivity (SATIN et al. 1992). The complementary experiment with the
mutation Y 385 C converted the TTX sensitive skeletal muscle isoform to the
TTX-resistant Cd** sensitive isoform (BAckx et al. 1992). The replacement of
cysteine by phenylalanine or tyrosine permitted hydrophobic interactions with
the toxin of ~5kcal/mol, consistent with the greater TTX affinity. The recently
cloned TTX-resistant sensory neuron Na* channel has a serine residue in the
analogous position to the cysteine in the cardiac Na® channel. The S/F muta-
tion decreased the ICs, for TTX blockade from 50umol/l to 2.8nmol/l
(StviLorTr et al. 1997).

F. Peptide Na Channel Blockers: u Conotoxins

The pCTXs are a group of 22-amino acid peptides that have been purified
from the venom of the marine snail Conus geographus (MoczyDLOWSKI et al.
1986). The uCTXs block skeletal muscle, Na* channels, but have no effect on
the neuronal, brain or cardiac Na channel (MoczypLowskl et al. 1986;
KoBayasHr et al. 1986). The structure of the major peptide uCTXS G IIIA
shown below is very hydrophilic, with multiple charged residue and the
uncommon amino acid trans-4-hydroxyproline.

RDCCTPHyp KKCKDRQCKHypQRCC
..Hyp...

Structure-activity studies have shown that the guanidinium group on argi-
nine 13 is essential for its blocking action (Sato et al. 1991). uCTX G IIIA pro-
duces reversible discrete block of bactrochotoxin-activated skeletal muscle
Na® channels with a Kp of 100nA. The dissociation rate constant is voltage
dependent, decreasing e-fold for 43mV of hyperpolarization; the association
rate constant shows little voltage dependence. This pattern of block is similar
to that produced by TTX.

UCTX G IITA competitively inhibits the binding of *H-STX to Na* chan-
nels, suggesting overlap between their binding sites (KoBayasHI et al. 1986).
These binding studies, together with the importance of the guanidinium group
for Na* channel blockade, suggested that uCTXs and TXX may bind at the
same or overlapping binding sites. STEPHAN et al. (1994) examined the role of
an E/Q mutation in the second cluster of residues that make up the selectiv-
ity filter. TTX sensitivity was reduced ~1000-fold whereas uCTX sensitivity
was reduced ~4-fold. These results suggest that the yCTX and TTX binding
sites are not identical. DUDLEY et al. (1995) performed additional mutations
of the outer vestibule residues of the skeletal muscle Na* channel to further
define the yCTX binding site. The mutation E 758 Q neutralizes one negative
charge in SS1-SS2 of domain II and reduced uCTX binding affinity 48-fold.
They developed a model for uCTX binding in which the guanidinium group
of arginine 13 of uCTX interacted with two carboxyl groups in the selectivity
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filter. The charge neutralizing mutation E758Q decreased the association of
UCTX with its receptor, suggesting that Glu-758 is involved in guiding the
toxin to its receptor.

G. Na Channel Activators

A wide range of highly lipophilic molecules and neurotoxin peptides modify
the gating and conductance of the Na* channel in a manner that generally pro-
motes channel activation or failure of inactivation. Radioligand and voltage
clamp studies suggest that they bind to one of five receptor sites on the Na*
channel (CarteraLL 1992) (Table 2). The toxins within each group produce
similar effects on channel gating. The toxins that act at receptor site 1
tetrodotoxin and saxitoxin have already been discussed. The functional effects
of a representative member of each class of toxins acting at the other four sites
will be presented in detail. Special features of the other toxins in each group
will be discussed in brief.

The alkaloids veratridine, batrachotoxin (BTX), aconitine, and grayan-
otoxin bind to neurotoxin site 2. Competitive binding studies with [*H]-
batrachotoxin A 20-o benzoate indicate that they share a common receptor
site (CATTERALL 1992). The mechanism of action and functional consequences
of their interaction with the Na* channel have been investigated with voltage
clamp of muscle fibers, whole-cell and single channel recordings. Repetitive
depolarization is required for Na* channel modification and results in a reduc-
tion of the peak current and the simultaneous development of a persistent
component of Na* current. The amplitude of the peak current lost is greater
than that of the persistent current. Barnes and Hille demonstrated a reduc-
tion of single Na* channel conductance to 20-25% of normal following
veratridine-induced channel modification. The apparent reversal potential of
the modified channel was positive to that of the normal channel, suggesting a
change in channel selectivity. The normal brief channel openings were con-
verted to bursts of openings of duration ~ 1s. Scheme 3 for channel modifica-
tion has been proposed (Sutro 1986; BARNES and HiLLE 1988)

2 o SV

where C, O, and I are the closed, open, and inactivated states of the Na*
channel, V veratridine, and VC, VO, and VI the corresponding veratradine-
associated states.
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Modification of the Na® channel occurs from the open state and is
reversible at the normal resting potential. The changes in gating kinetics can
be explained by a slowing of inactivation and a shift in activation to more
negative potentials. The site 2 toxins may prove to be useful tools to clarify
the coupling between activation and inactivation.

BTX shares many of the actions of veratridine. However, some of the
action of the receptor site 2 toxins have been more thoroughly studied with
BTX and some of its actions are also unique. QUANDT and NARAHASHI (1982)
have shown that the distribution of open times is biexponential during BTX
exposure. The brief open time of ~2ms corresponds to the open time of the
unmodified channel while there is a second open time of ~60 ms. This indicates
that modification by BTX is an all or nothing phenomenon. Its interaction with
the open Na* channel is irreversible. The voltage dependence of activation is
shifted to more negative potentials by about 50mV. As a result, channels are
open at the normal resting potential. BTX increased the permeability of
the Na* channel to divalent cations such as Ca** (KHoporov 1985). BTX has
proved to be a very useful tool to study the properties of the Na* channel.
The permanent activation and marked prolongation of the open timees of
BTX-modified Na" channels makes the drug particularly useful for studying
the Na* channel properties in artificial lipid bilayers where the frequency
response of the system is much slower than can be achieved with the patch
clamp technique (MoczybLowskI et al. 1984a,b; KHopOROV 1985; ZAMPONI et
al. 1993a,b).

The o-scorpion toxins (a-ScTX) isolated from the venom of Tityus serru-
latus, Leiurus quinquestriatus and the toxins of nematocysts of the sea
anemones, Condylactis gigantea, Anemonia sulacta, and Anthopleura xan-
thogrammica are polypeptides that interact with site 3, localized to the extra-
cellular loops between S5 and S6 of domains I and IV on the Na* channel
(TromseN and CATTERALL 1989). a-ScTX increases the peak amplitude of the
Na® current at depolarized potentials and markedly slows the rate of macro-
scopic inactivation. At the single channel level, o-ScTX and anemone toxin
prolong the single channel mean open time (KirscH et al. 1989; EL-SHERIF et
al. 1992). The normal biphasic distribution of the voltage dependence of open
times is converted to a monotonic increase. The burst duration is prolonged
about 20-fold. These effects can be explained by a model in which the rate of
transition from the open to the inactivated state is markedly slowed; activa-
tion is unaffected. Depolarization has been reported to promote or to have no
effect on toxin dissociation from the Na* channel (KirscH et al. 1989; CAHALAN
1980). Since the site 3 polypeptide toxins act from an extracellulalr site yet
influence inactivation, externally accessible residues may be important for the
inactivation process. Alternatively, the modification of inactivation could be
an allosteric effect.

The B-scorpion toxins (B-ScTX) interact with neurotoxin receptor site 4
(CatrerALL 1992). Their primary effect is to shift the voltage dependence of
activation to more negative potentials. Their action is potentiated by mem-
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brane depolarization. The contrasting voltage dependence of the actions of the
o- and B-ScTXs support the conclusion that these toxins are interacting at dif-
ferent sites.

The brevetoxins and ciguatoxin bind to neurotoxin receptor site 5
(CatTERALL 1992). Like the site 2 neurotoxins, they shift the voltage depen-
dence of activation to more negative potentials and delay inactivation. While
they have no effect on the binding of neurotoxins to sites 1 and 3, they enhance
binding to sites 2 and 4. Their action at the single channel level and site of
binding on the Na* channel have not been defined.

I shall discuss the action of two other Na* channels modifiers, the
pyrethroids, and DPI1201-106 whose sites of action have not been localized to
the neurotoxin sites 1-5, but are potentially important as biodegradable insec-
ticides and a positive inotropic agent respectively. The pyrethroids are syn-
thetic derivatives of pyrethrins. They are primarily esters or alcohols of
chrysanthemic acid. Type 2 pyrethroids are distinguished from type 1 pyre-
throids by the presence of an o-cyano group. There are differences in the
actions of the type 1 and type 2 pyrethroids. In voltage clamp experiments, the
peak Na* current is unaffected by pyrethroids (NaraHASHI 1998a). However,
the peak transient is followed by a persistent component of current. Repolar-
ization is followed by a prominent tail current. The time constant of relaxation
of the tail current is much larger with the type II pyrethroids. At the single
channel level, the pyrethroids prolong the mean open time markedly
(Horroway et al. 1989). The monoexponential distribution of open times is
converted to a biexponential with a second component with a mean open
about ten times normal. The prolongation is even more marked with the type
IT pyrethroids. The single conductance is unchanged. The prominent tail
current on repolarization permits the study of drug interaction with the Na*
channel in the range of the normal resting potential (NARAHASHI 1998a; HoL-
LOWAY et al. 1989).

The change in whole-cell and single channel Na currents reflect multiple
modifications of gating: (i) the activation-voltage relationship is shifted to
more negative potentials; (ii) activation and deactivation are slowed,; (iii) the
inactivation-voltage relationship is shifted to more negative potentials; (iv)
inactivation is slowed. TTX-resistant and invertebrate Na channels are more
sensitive to the gating changes induced by the pyrethroids (SoNG and
NaraHASHI 1996; NaraHASHI 1998b). The pyrethroids are also more potential
at low temperature (SonG and NarRaHAsHI 1996). This enhances the differen-
tial toxicity for insects (body temperature ~ambient of 25°C) and most verte-
brates (body temperature >37°C) (SoNG and NARAHASHI 1996; NARAHASHI
1998b). The Na channel gating modification produced by the pyrethroids is
reversed by vitamin E (SoNG and NArRaHAsHI 1995).

DPI201-106 is a highly lipid soluble diphenyl piperazinyl indole deriva-
tive that prolongs the cardiac action potential and increases cardiac contrac-
tility (ScHoLrysIK et al. 1985). The drug has an asymmetric center and the APD
prolonging and positive inotropic effects reside with the S-enantiomer.
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Buggisch et al. showed that these effects of DPI201-106 are blocked by
tetrodotoxin (BucaiscH et al. 1985). KoHLHARDT et al. (1986) showed that
racemic DPI markedly slowed inactivation of a fraction of Na* channels. The
open time of the modified channels is increased approximately tenfold. A frac-
tion of the DPI1201-106 modified channels had low and intermediate conduc-
tances of 5 and 8 pS compared with the normal conductance of 15pS (NiLIUS
et al. 1989). The inactivation deficient channels resulted in a persistent com-
ponent of Na* current and could account for the APD prolonging effect of
DP1201-106. The R-enantiomer of DPI201-106 blocks the Na* channel.
However, the disparate effects of the two enantiomers are effected from
different receptors (RoMEyY et al. 1987). DP1201-106 had promise as a posi-
tive inotropic agent. However, this may be limited by its arrhythmogenic
potential.

H. Conclusions

The Na-channel blockers occupy an important place in the treatment of
cardiac arrhythmias, seizures, and local anesthesia. Voltage clamp and site-
directed mutagenesis have provided insight into their mechanism and site of
action. Future studies should define the molecular organization of the blocker
binding site(s) and the forces that control drug-channel interaction. Certain
Na activators such as the pyrethroids are being reexamined as insecticides.
Voltage clamp experiments have helped to clarify the basis of their low mam-
malian toxicity. Na channel activation as a strategy for increasing the force of
contraction of the failing heart remain an area of active study.
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CHAPTER 3
Classification and Function of Voltage-Gated
Calcium Channels

J.B. BERGSMAN, D.B. WHEELER, and R.W. TSIEN

A. Generic Properties of Voltage-Gated Ca** Channels

Voltage-gated Ca** channels are members of a superfamily of voltage-gated
ion channels which also includes Na* channels and K* channels. Ca** channels
transduce membrane potential changes to intracellular Ca**-signals in a wide
variety of cell types, including nerve, endocrine, and muscle cells. Many types
of Ca** channels have been characterized by pharmacological and biophysical
criteria in various cell types. More recently, molecular cloning has revealed a
wealth of genes encoding the subunits of native channels. Following a brief
introduction to the basic properties and subunit composition of Ca** channels,
we will proceed to an overview of their classification, molecular composition,
and specialization for various functional roles. Details about structure-
function appear in another chapter in this volume 147 (Chap. 4) and we will
confine our structural comments here to those that pertain to classification of
the channels. Likewise modulation of Ca** channels is left to other authors. In
addition we will not touch on several other important aspects of regulation of
[Ca®];, such as Ca** channels not gated by depolarization (PuTNEY 1997), Ca*
sequestration and extrusion, and neuropathological conditions such as stroke,
epilepsy, and migraine, some involving mutations of the Ca® channels
themselves.

I. Basic Functional Properties

Our present-day understanding of Ca** channels began with their electro-
physiological isolation and description. Gating describes the opening and
closing of channels. Typically, Ca** channels open (or activate) within one or a
few milliseconds after the membrane is depolarized from rest, and close (deac-
tivate) within a fraction of a millisecond following repolarization. Activation
of Ca”™ channels is steeply voltage-dependent: channels open more quickly and
with higher likelihood with larger depolarizations. Inactivation, the closing of
channels during maintained or repeated depolarizations, strongly influences
the cytosolic Ca**signal that arises from cellular electrical activity. While inac-
tivation is a general property of Ca** channels, the speed of entry into and
recovery from inactivation varies widely.

In addition to gating we consider two properties concerning the conduc-
tion of Ca** through the channel. Selectivity of voltage-gated Ca* channels for
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Ca® ions is remarkably high, so that Ca®* is the main charge carrier even when
Ca® is greatly outnumbered by other ions, as under normal physiological con-
ditions. Permeation of Ca** through a single open Ca”* channel can achieve
rates of millions of ions per second when the electrochemical gradient is large.
At driving forces reached physiologically, the flux rate is more modest, but suf-
ficient to cause a large increase in [Ca**]; (>1 umol/l) in a very localized domain
(~1 umol/l) near the mouth of the open channel.

II. Subunit Composition

The powerful functional capabilities of Ca* channels are rooted in their mol-
ecular architecture. Voltage-gated Ca®* channels contain at their core a protein
known as ¢, which is a large (200-260kDa) transmembrane protein that con-
tains the channel pore, the voltage-sensor, and the gating machinery. Most, or
possibly all, channel types additionally contain subunits known as f3, &, 6, and
y (Fig. 1), that come together with the ¢ subunit to form a large macromole-
cular complex. The first examples of each of these subunits were originally
isolated from skeletal muscle transverse tubules by biochemical techniques
more than a decade ago (CATTERALL and Curtis 1987; CaMPBELL et al. 1988;

Fig.1. Structural organization of the subunits comprising a generic voltage-gated Ca®
channel. Small cylinders represent « helices, large cylinders in the ¢y subunit represent
6 o helices. Asterisk marks the ITI-III loop of the @; subunit
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CatTERALL et al. 1988; GLossMANN and StriessNIG 1990). Each subunit has
since been cloned in several forms.

Because the ¢ subunit appears to be able to form a functional Ca*
channel on its own, the other subunits are sometimes referred to as auxiliary
or ancillary subunits although they may dramatically affect channel gating,
modulation, pharmacology, and expression. In the last few years our under-
standing of the relationship between the ¢; subunits and the native channel
classes has become increasingly clear. While the ¢4 subunit is the major deter-
minant of channel properties, the high level of promiscuity in the association
of the ¢ subunit with the various forms of the auxiliary subunits, combined
with alternative splicing, can likely produce an incredible diversity of
properties.

1. oy

Much of the diversity of Ca®* channel types seems to arise from the expres-
sion of multiple forms of the ¢4 subunit, isolated by molecular cloning (e.g.,
TANABE et al. 1987; Mikawmi et al. 1989; Mori et al. 1991; Starr et al. 1991; DUBEL
et al. 1992; WiLLiaMs et al. 1992a; WiLLIaAMS et al. 1992b; SoonG et al. 1993;
FisHER et al. 1997; CriBss et al. 1998; PEREZ-REYES et al. 1998; LEE et al. 1999).
Details of the various ¢4 subunits will be examined thoroughly below.

2. B

All high voltage activated Ca** channels (see below) in their native state
appear to contain f3 subunits — peripheral membrane proteins associated with
the cytoplasmic aspect of the surface membrane with an apparent molecular
weight of ~55-60kDa (GLossMaNN et al. 1987; TakaHasHI et al. 1987). The
subunit of Ca** channels is not homologous to the B1 and 2 subunits of Na*
channels, which contain putative transmembrane spanning domains and are
significantly glycosylated (Isom et al. 1994). B subunits serve several important
and intriguing functions:

1. They play a key role in the proper targeting of the complex of Ca** channel
subunits.

2. They are subject to regulation by protein kinases.

3. They act as modulators of the gating and pharmacological properties of ¢
subunits.

In the present work we concern ourselves only with the last function. For
more information on the other functions see recent reviews (HOFMANN et al.
1994; Isom et al. 1994; DE WaARD et al. 1996; WALKER and DE Waarp 1998).

Four different types of § subunit are known to exist in mammals and are
now known as Bi—f3; (BIRNBAUMER et al. 1994). Diversity of these proteins is
increased by alternative splicing (designated by lower case letters, B,,, B, €tC.).
In general, Bsubunits are not found in one organ or tissue exclusively. Whereas
B, transcripts are expressed primarily in skeletal muscle, they also appear in



58 J.B. BERGSMAN et al.

brain. 3, is predominantly expressed in heart, aorta, and brain, while f3; is most
abundant in brain but also present in aorta, trachea, lung, heart, and skeletal
muscle. , mRNA is expressed almost exclusively in neuronal tissues, with
the highest levels being found in the cerebellum. Because each of the S
subunits appears able to partner with each of the o4 subunits, B subunit
heterogeneity may contribute to the diversity of Ca* channels in a multi-
plicative manner; however it seems unlikely that f subunit differences are
responsible for the differences between the major classes delineated below
(L-, N-, P/Q-type, etc.).

3. wlé

The 0,6 subunit (175kDa) is a dimer, consisting of glycosylated o, and J pro-
teins linked together by disulfide bonds, derived by posttranslational process-
ing of a single parent polypeptide (ELLis et al. 1988; DE JoNGH et al. 1990;
WiLLIAMS et al. 1992b; KLUGBAUER et al. 1999). This pair of subunits has been
shown to affect channel gating. The & subunit is a transmembrane protein
anchor and o, is entirely extracellular (JAy et al. 1991; HorMANN et al. 1994).
Three /6 genes have been isolated: @,/5-1 and o,/6-2 have wide tissue dis-
tribution while o,/6-3 is brain specific (ANGELOTTI and HOFMANN 1996;
KLUGBAUER et al. 1999). As with other Ca®* channel subunits, a,/6 diversity is
increased by alternative splicing. The diversity of the ¢,/6 genes has only
recently begun to be characterized, and less is known about this subunit’s
effect on channel properties than that of the f subunit.

4. y

A fifth subunit, known as y (25-38kDa) (Bossk et al. 1990; Jay et al. 1990;
EBERsT et al. 1997; LETTS et al. 1998; BLack and LENNON 1999), has four trans-
membrane domains. Like the o,/6 subunits, the y subunit is now starting to
receive widespread attention and little is known about its effect on channel

properties, although it has been shown to promote inactivation (EBERST et al.
1997; LEetTs et al. 1998).

B. Classification of Native Ca’* Channels A ccording
to Biophysical, Pharmacological, and
Molecular Biological Properties

Multiple types of voltage-gated Ca** channels were first distinguished by
voltage- and time-dependence of channel gating, single channel conductance
and pharmacology (e.g., CARBONE and Lux 1984; Nowycky et al. 1985). One
physiologically relevant characteristic which varies considerably among the
different Ca®* channel types is the degree of depolarization required to cause
significant opening. Based on this criterion, voltage-gated Ca** channels are
sometimes divided into two groups, low voltage-activated (LVA) and high
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voltage-activated (HVA). Use of all the criteria listed above has led to a more
specific classification of native Ca®* channels as T-, L-, N-, P/Q-, and R-type
(TsIEN et al. 1987; LLINAS et al. 1992; RaNDALL and TSIEN 1995).

While this classification makes good sense in view of the varied biophys-
ical properties and functional roles of the channel types in different organ
systems, the relationship of these classes to the various cloned subunits has
only recently been clarified. The recent findings from molecular cloning of Ca*
channel subunits have greatly increased our understanding of Ca** channel
diversity. This has allowed new perspective on the familial relationships
between various channel types and a more precise characterization of the
pharmacological properties of individual channel types.

I. Molecular Biological Nomenclature

Nine different Ca** channel ¢ subunit genes have been distinguished in mam-
malian brain and one in skeletal muscle and have been labeled classes A
through I and S (S~uTcH et al. 1990; SNUTcH and REINER 1992; BIRNBAUMER et
al. 1994). a5 refers to the original Ca** channel clone from skeletal muscle,
first isolated by the group of the late Shosaku Numa (TANABE et al. 1987) and
the letters A-I refer to subsequently cloned channels. Based on sequence
homology, the ten ; subunits can be assigned to various branches of a family
tree as reviewed in Fig. 2. This sequence homology seems to follow channel
properties and functional roles quite well. Following our newfound structural
and functional understanding of the Ca® channels a new naming scheme
similar to that used for voltage-gated K* channels has been proposed (W.A.
Catterall et al., personal communication). In the following discussion we will
adopt this scheme in which voltage-gated Ca® channels are designated Cay
S.Tx, where S and T are numbers which refer to the subfamily and type respec-
tively, and x is a letter which corresponds to any splice variants. The o sub-
units are named correspondingly as &;S.Tx. The numbers and letters are
assigned in order of discovery, thus oS becomes ¢;1.1 and so on.

II. Cayl/L-Type Ca* Channels

L-type channels are generally categorized with the HVA group of channels,
along with N-, P/Q-, and R-type channels. However, it is important to note that
L-type channels may exhibit LVA properties under certain circumstances
(Avery and JounsTON 1996). L-type channels in vertebrate sensory neurons
and heart cells were initially labeled as a large Ba®* conductance contributing
to a /ong-lasting current, with characteristic sensitivity to DHPs such as
nifedipine or Bay K 8444 (BEan 1985; NiLius et al. 1985; Nowycky et al. 1985).
Members of this group were subsequently identified in other excitable cells
such as vascular smooth muscle, uterus, and pancreatic j cells. Later, the des-
ignation of L-type was extended to refer to all channels with strong sensitiv-
ity to DHPs, including those found in skeletal muscle (HoFMANN et al. 1988),
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a4 Type Distribution Location
— 11 S L skeletal muscle 193132
cardiac and smooth
_ 12 C L muscle, neuronal 12p13.3
13 D L endocrine, neuronal  3p14.3
14 F L retinal Xp11.23
_E 21 A P/Q neuronal, endocrine 19p13.1,.2
22 B N neuronal 9q34
EE— 23 E R? neuronal 1925-q31
31 G T neuronal 17q22
—1_ 3.2 H T cardiac, neuronal  16p13.3
L 33 | T neuronal 22q12.3-13.2

| I I I 1
20 40 60 80 100

Matching Percentage (CLUSTAL)

Fig.2. Ca* channel ¢ subunit family tree. Sequences of membrane spanning and P
loop regions were aligned and matching percentages determined using CLUSTAL.
Corresponding current type supported by each ¢ subunit is given, as well as tissue dis-
tribution and chromosome location of the human gene. Sequence data provided by
Dr. Perez-Reyes, Department of Pharmacology, University of Virginia

even though clear-cut biophysical distinctions between skeletal and cardiac L-
type channels were already known (ROSENBERG et al. 1986). Thus, the category
of L-type channels contains individual subtypes of considerable diversity. For
example, three subtypes of L-type channel appear to co-exist in cerebellar
granule neurons, two subtypes that resemble those found in heart and a third
that shows prominent voltage-dependent potentiation (Fortt and PIETROBON
1993).

Three major subfamilies of o4 subunits clearly emerge on the basis of
sequence homology. The first subfamily (oq1) consists of four ; members.
Along with the oq1.1 (oys) subunit from skeletal muscle, these include subunits
first derived from heart muscle [¢41.2 (o4c)] (MikamI et al. 1989), neuroen-
docrine tissue [1.3 (aup)] (WiLLIAMS et al. 1992b), and retina [e1.4 (ouF)]
(FisHER et al. 1997; BEcH-HANSEN et al. 1998; STroM et al. 1998). These cDNAs
encode HVA channels classified as “L-type” because they are responsive to
DHPs. The existence of four ¢4 subunits, each capable of supporting L-type
channel activity, provides an obvious starting point for attempts at under-
standing how L-type Ca®* channel diversity might be generated from specific
molecular structures. However, little information is yet available to link func-
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tionally distinct forms of L-type channel activity (e.g., Forti and PIETROBON
1993; KavaLaLl and PLUMMER 1994) to individual ¢; isoforms. While the o41.1
subunit appears to be largely excluded from neurons according to Northern
analysis and electrophysiological criteria, no sharp distinction has been made
between currents generated by 041.2 and o41.3. Single channel recordings of
expressed oq1.3 channels are lacking and analysis of the functional impact of
various 3 subunits on ;1.2 and ;1.3 is not extensive.

Most of the attention to date has been focused on splice variations of
0q1.2. These have a marked impact on channel behavior in several cases,
producing:

1. Differences in sensitivity to DHPs in o1.2 variants found in cardiac or
smooth muscle (WELLING et al. 1993)

2. Differences in the voltage-dependence of DHP binding (SorpaTtov et al.
1995)

3. Differences in susceptibility to cyclic AMP-dependent phosphorylation
(HELL et al. 1993b)

Further analysis will be greatly facilitated by knowledge of the genomic
structure of the human 041.2 gene, which spans an estimated 150kb of the
human genome and is composed of 44 invariant and 6 alternative exons
(SoLpatov 1994). The L-type channel in chick hair cells incorporates an 041.3
subunit that differs from the 041.3 subunit in brain due to expression of dis-
tinct exons at three locations (KoLLMAR et al. 1997). It will be interesting to
see if additional splice variations can account for L-type channel activity found
at the resting potential of hippocampal neurons, possibly important for setting
the resting [Ca®"]; (AvERY and JOHNSTON 1996).

II. Cay2

The second oy subfamily consists of cDNAs which, when expressed, result in
HVA channels which lack the characteristic DHP-response of L-type chan-
nels. These clones [a2.1 (044) (Mori et al. 1991), 042.2 (c5)(DUBEL et al. 1992),
and ;2.3 (o4g) (SoONG et al. 1993)] were derived from nervous tissue. Indi-
vidual genes within this subfamily show ~89% identity with each other in the
membrane spanning and pore forming regions but only ~53% or less with
members of the ¢;1 subfamily.

1. Cay2.2/N-Type Ca* Channels

The most extensively characterized non-L-type Ca** channel was named N-
type since it appeared to be largely specific to neurons as opposed to muscle
cells and was clearly neither T- nor L-type (Nowycky et al. 1985). It requires
relatively negative resting potentials to be available for opening, somewhat
like T-type, but is high voltage-activated, like L-type. This Ca* channel is
potently and specifically blocked by a peptide toxin derived from the venom
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of the marine snail, Conus geographus, w-conotoxin GVIA (w-CTx-GVIA).
The N-type channel is found primarily in presynaptic nerve terminals and neu-
ronal dendrites in addition to cell bodies (WESTENBROEK et al. 1992). The N-
type current can be assigned with a fairly high degree of certainty to Ca,2.2
(o4B), which, when expressed, conducts w-CTx-GVIA-sensitive currents with
characteristics that match those of native N-type channels (DUBEL et al. 1992;
WiLLIAMS et al. 1992a; Fuiira et al. 1993).

As discussed earlier, an important source of channel heterogeneity is the
association of ¢4 subunits with different ancillary subunits. A good example of
this is provided by the N-type Ca®* channel in brain. Biochemical analysis has
shown that the 2.2 subunit associates with three different isoforms of 8
subunit in rabbit brain (Scortr et al. 1996). Antibodies against individual B sub-
units were each able to immunoprecipitate @-CTx-GVIA binding activity (a
marker of Cay2.2), while immunoprecipitation of ;2.2 showed its association
with ﬁlba Bg and ﬁ4‘

Different isoforms of the N-type Ca®* channel subunit ¢;,2.2 have been iso-
lated from rat sympathetic ganglia and brain by LN et al. (1997). Alternative
splicing determines the presence or absence of small inserts in the S3-S4
regions of domains III and IV (SFMG and ET respectively). Different com-
binations of inserts in these putative extracellular loop regions are dominant
in central (+SFMG, AET) vs peripheral (ASFMG, +ET) nervous tissue. Most
interestingly, the gating kinetics of AET-containing clones (as found in the
central form) are significantly faster than the +ET form (Lin et al. 1999). This
work provides a clear example of how alternative splicing contributes to
diverse functional properties.

2. Cay2.1/P- and Q-Type Ca* Channels

Currents carried by P-type channels were originally recorded from cell bodies
of cerebellar Purkinje cells (LLINAS et al. 1989, 1992). These channels are not
blocked by DHPs or o-CTx-GVIA, but are exquisitely sensitive to block by
w-Aga-IVA or w-Aga-IVB, components of the venom of the funnel-web
spider, Agelenopsis aperta (MINTZ et al. 1992a,b), with an IC50 of <1 nmol/l for
w-Aga-IVA (Mintz and BeaN 1993). These channels support a current that
hardly inactivates during depolarizations lasting for several seconds. They are
seen in virtual isolation from other voltage-gated Ca* channels in cerebellar
Purkinje neuron cell bodies, but also contribute substantially to somatic cur-
rents in many other central neurons (MINTZ et al. 1992a).

Initial observations of current supported by ;2.1 (044) suggested that it
corresponded to the P-type channel (LLINAS et al. 1992), consistent with the
strong expression of this subunit in cerebellar Purkinje cells (Mori et al. 1991;
StEA et al. 1994; MINTZ et al. 1992b). Closer comparison of the properties of
Cay2.1 expressed in Xenopus oocytes and those of P-type channels in
Purkinje cells, however, revealed clear differences. P-type channels activate at
relatively negative potentials and support a sustained, non-inactivating current
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during depolarizing pulses longer than 1s (LLINAS et al. 1992; Usowicz et al.
1992), whereas ¢42.1 subunits expressed in Xenopus oocytes activate at less
negative potentials and exhibit marked inactivation within 100 ms (SATHER et
al. 1993). Furthermore, the ICs, for w-Aga-IVA block of Cay2.1 expressed in
oocytes (SATHER et al. 1993; Stea et al. 1994) or baby hamster kidney cells
(NupoME et al. 1994) is 100-200nmol/l. A current with these properties was
characterized in the cell bodies of cerebellar granule neurons and named Q-
type (ZHANG et al. 1993; RaNDALL and TsIEN 1995) since it differed from the
previously defined P-type current (which was also present in the granule
neurons).

Subsequently channels of intermediate type have been found in several
preparations (TOTTENE et al. 1996; FOrsYTHE et al. 1998; MERMELSTEIN et al.
1999), indicating that instead of two discrete channel types, P and Q may rep-
resent points on a spectrum of channel properties. Additionally, evidence has
been mounting that both channels are encoded by the same ¢4 subunit
(GiLLARD et al. 1997; PiIEDRAS-RENTERA and TsiEN 1998; PiNTo et al. 1998; JuN
et al. 1999), and it has been shown that differences in inactivation and toxin
affinity, the basis for distinctions between these two types, can be explained in
part by splice variants or subunit composition (Liu et al. 1996; BOURINET et al.
1999; MERMELSTEIN et al. 1999). With these facts in mind, the designation
P-type or P/Q-type would be appropriate to indicate current through Cay2.1
or w-Aga-IVA/B- or o-CTx-MVIIC-sensitive current, regardless of inactiva-
tion characteristics. P/Q-type channels have a similar distribution to N-type
channels.

3. Cay2.3/R-Type Ca* Channels

R-type Ca* channel currents were identified in cerebellar granule cells as a
current that remained in the presence of nimodipine, ®-CTx-GVIA, and w-
Aga-IVA, inhibitors of the L-, N-, and P/Q-type channels respectively
(ELLINOR et al. 1993; ZHANG et al. 1993; RanpALL and TsIEN 1995). R-type cur-
rents have since been found in several other central nerve terminals (MEDER
et al. 1997; NEwcowms et al. 1998; Wu et al. 1998). This predominantly HVA
current decays rapidly and is at least partially responsive to low doses of Ni**
and, in some preparations, SNX-482, a toxin derived from tarantula venom
(NEwcowms et al. 1998). Less is known about the molecular basis of R-type cur-
rents than for any of the other channel types. Of all the known ¢ subunits,
042.3 (E) comes the closest. Expressed Cay2.3 currents display certain attrib-
utes of R-type channels: they are readily blocked by Ni** (SooNG et al. 1993;
WAKAMORI et al. 1994; WiLLIAMS et al. 1994) and the spider toxin w-Aga-IIIA
(RanDALL and TsIEN 1998; Rock et al. 1998), and display a single channel con-
ductance of ~12-14pS in 100mmol/l Ca**, Ba*, or Sr** (SCHNEIDER et al. 1994;
WAKAMORI et al. 1994; BOURINET et al. 1996; ToTTENE et al. 1996, 1999). In addi-
tion Cay2.3 antisense treatment has been shown to reduce native R-type
current (PIEDRAS-RENTERIA and TsIEN 1998). Some studies have found reasons
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to question assignment of R-type currents to Cay2.3 (SoonG et al. 1993;
BoOURINET et al. 1996; ToTTENE et al. 1996; PIEDRAS-RENTER{A et al. 1997; MEIR
and DoLpPHIN 1998); however some of these may be explained by diversity in
R-type currents caused by splice variants and/or auxiliary subunit differences
as seen for P- vs Q-type channels. Support for the possibility of R-type diver-
sity comes from studies that show that SNX-482, a synthetic peptide neuro-
toxin, blocks R-type currents in some cell types but spares them in others
(Newcowms et al. 1998) and differences in Ni** block and activation voltage in
R-type current in the same cell type (TOTTENE et al. 1996).

IV. Cay3/T-Type Ca** Channels

LVA Ca® channels are exemplified by T-type channels, so named because they
carry finy unitary Ba* currents (6-8 pS with ~100 mmol/l Ba®* or Ca** as charge
carrier) that occur soon after the depolarizing step, giving rise to a fransient
average current (CARBONE and Lux 1984; NiLIus et al. 1985; Nowycky et al.
1985). Another defining characteristic of classical T-type channels is their slow
deactivation following a sudden repolarization (MATTESON and ARMSTRONG
1986). T-type channel current records also exhibit a distinctive kinetic finger-
print: the superimposed current responses cross over each other in a pattern
not found with other rapidly inactivating Ca* channels such as R-type
(RanpaLL and TsieN 1998). The kinetic properties are dominated by a strik-
ingly voltage-dependent delay between the depolarizing step and the
channel’s first opening (DrooGMaNs and NiLius 1989). In addition to these
properties, T-type channels have a unique pharmacological profile, character-
ized by only mild sensitivity to 1,4-dihydropyridines (DHPs), such as nifedip-
ine or nimodipine (CoHenN and McCartHY 1987), but acute sensitivity to
mibefradil (ERTEL and ERTEL 1997). A newly identified antagonist, kurtoxin,
has recently been shown to affect Cay3.1 (CHUANG et al. 1998). Kurtoxin is an
o-scorpion toxin which also affects voltage-gated sodium channels and is cur-
rently the most specific antagonist with respect to T-type vs other Ca** chan-
nels. Within the overall category of T-type Ca* channel, further diversity has
been found, particularly with respect to kinetic characteristics and pharma-
cology (AKAIKE et al. 1989; Kostyuk and SHIrRokov 1989; HUGUENARD and
PrINCE 1992). Various subtypes of T-type Ca®* channel may co-exist in the same
cell type and show rates of inactivation differing by as much as fivefold, while
sharing similar voltage-dependence of inactivation (HUGUENARD and PRINCE
1992). T-type channels are found in a wide variety of central and peripheral
neurons.

The Cay3 subfamily of T-type channels is more distantly related to the two
HVA subfamilies Cay1 and Cay2 than they are to each other (Fig. 2). Three
genes in Cay3 have recently been identified, Cay3.1 (ai6), Cay3.2 (ain), and
Cay3.3 (o)) (CriBs et al. 1998; PEREZ-REYES et al. 1998; LEE et al. 1999). These
genes encode LVA T-type channels when expressed without auxiliary subunits
(CriBas et al. 1998; PErRezZ-REYES et al. 1998; LaciNovA et al. 1999; LEk et al.
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1999). This is consistent with findings that native T-type currents are not depen-
dent on auxiliary subunits (LAMBERT et al. 1997; LEURANGUER et al. 1998);
however there is a report that coexpression of o, can increase expression of
native T-type current (WYarT et al. 1998).

V. Note on Pharmacology

Pharmacology is the most widely used criterion when distinguishing various
types of calcium currents. It should therefore be noted that antagonists dis-
cussed above are not perfectly selective. The P/Q-type blockers w-Aga-IVA/B
and o-CTx-MVIIC all partially antagonize N-type channels at higher doses
(MinTz and SipacH 1998; HIiLLYARD et al. 1992; GRANTHAM et al. 1994) and w-
Aga-IVA has been shown to have some effect on expressed Cay2.3 channels
(Soong et al. 1993; WiLLiaMms et al. 1994). In addition to the lack of complete
specificity of these toxins, it should also be noted that there are occasional
reports of currents that display pharmacological properties that do not fit any
of the above categories. These include currents blocked by both w-CTx-GVIA
and moderate doses of w-Aga-IVA in rat supraoptic neurons (FisSHER and
BourQuE 1995) and chicken forebrain synaptosomes (LunDy et al. 1994) and
a current reversibly blocked by @-CTx-GVIA (MERMELSTEIN and SURMEIER
1997).

VI. Evolutionary Conservation of Ca** Channel Families

The evolutionary divergence of Cayl and Cay2 Ca® channels occurred
relatively early, as would be expected from the fairly low sequence homology
between genes encoding channels from the two subfamilies (Fig. 2). This
deduction can be corroborated by an examination of the distribution of Ca*
channel types in organisms spread across many phyla. Both subfamilies
of HVA channels are present in vertebrate species ranging from marine
rays (HORNE et al. 1993) to humans (WILLiAMS et al. 1992a,b), and in many
cases both are expressed within the same cells (e.g., RaNDALL and TSIEN
1995). Amongst invertebrates, both channel types have been observed in
mollusks (EDMONDs et al. 1990), insects (GRABNER et al. 1994; SmitH et al.
1996), and nematodes (ScHAFER and KENyoN 1995). Given the widespread
distribution of L- and non-L-type HVA Ca® channels across the animal
kingdom their bifurcation must have occurred quite early during the specia-
tion of Animalia. Presumably LVA and HVA channels diverged even earlier.
A possible descendent of an ancestral HVA channel which resembles
L-type channels has been cloned from jellyfish (JEziorski et al. 1998). A “T-
like” channel has been observed in paramecium (e.g., EHRLICH et al. 1988).
LVA and HVA currents have been identified in cockroaches (GroLLEAU and
LapieD 1996) and leech (Lu et al. 1997). Whether the various LVA currents
are carried by channels with a molecular structure similar to Cay3 is not
known.
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C. Functional Roles of Ca** Channels
I. Introduction/Subcellular Localization

The diversity of voltage-gated Ca* channels is indicative of the variety of func-
tional roles they are called upon to serve. With the exception of ¢41.1, which
appears highly localized to skeletal muscle, o; subunits are broadly distributed
across the spectrum of exocytotic cells. At the level of individual cells, however,
the different channel types often show distinct patterns of localization to
different parts of the cell.

Ca* channels of the Cayl subfamily are widely distributed in muscle,
nerve and endocrine cells. Their unique biophysical properties and subcellu-
lar localization put them in a good position to act as transducers linking mem-
brane depolarization to intracellular signaling. In the brain, for example, Cay1
channels are found in the cell bodies and proximal dendrites of hippocampal
pyramidal cells (WESTENBROEK et al. 1990). o41.2-containing channels were
concentrated in clusters at the base of major dendrites, while Cay1.3 channels
were more generally distributed across cell surface membrane of cell bodies
and proximal dendrites (HELL et al. 1993a).

The Cay2 subfamily of Ca®* channels is widely distributed both pre- and
postsynaptically in the central and peripheral nervous systems. In most regions
of the brain, antibodies against ;2.2 bind primarily on dendrites and nerve
terminals (WESTENBROEK et al. 1992) whereas ¢;2.1 subunits are concentrated
in presynaptic terminals and are present at lower density in the surface mem-
brane of dendrites of most major classes of neurons (WESTENBROEK et al. 1995).
Cay2.3 epitopes are found mostly on cell bodies, and in some cases in den-
drites, of a broad range of central neurons (Yokoyama et al. 1995). Thus, these
classes of Ca®* channels seem to be well positioned to support both presynaptic
Ca® influx that triggers neurotransmitter release and postsynaptic Ca®* entry
that helps shape the response downstream to that release.

Little is known about the subcellular distribution of the recently cloned
Ca,3 subfamily of Ca* channels. The only systematic study so far (TALLEY et
al. 1999) contains no information regarding subcellular distribution of these
proteins. In many cell types T-type currents seem to be found primarily in the
dendrites as compared to somata (KArsT et al. 1993; MARKRAM and SAKMANN
1994; MAGEE et al. 1995; MAGEE and JouNsTON 1995; KavaLaLl et al. 1997,
MougINoT et al. 1997; but see ScHULTZ et al. 1999). This is consistent with the-
ories about their functional roles (see below).

II. Excitation-Contraction Coupling

L-type Ca” channels play a central role in excitation-contraction coupling in
skeletal, cardiac, and smooth muscle, although other channel types may play
a supporting role in some of these cells (ZHou and JANUARY 1998). In skeletal
muscle, L-type Ca®* channels contain the o 1.1, f,, %, and o,6-1 subunits and
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are largely localized to the transverse tubule system. Ca* entry through the
L-type channel is not required for skeletal muscle contraction (reviewed in
MiLLER and FREEDMAN 1984), in contrast to cardiac muscle, where Ca* entry
is essential for contractility (NABAUER et al. 1989). Interestingly, blockade of
L-type channels in skeletal muscle by organic Ca* antagonists completely
inhibits contraction (EISENBERG et al. 1983). The explanation of these findings
centers on gating charge movement in the T-tubule membrane, which was
known to be essential for intracellular Ca* release (SCHNEIDER and CHANDLER
1973). DHPs eliminate charge movement, thereby blocking skeletal muscle
contraction (Rios and Brum 1987). The implication of these findings was that
DHP-sensitive L-type Ca® channels act as voltage sensors to link T-tubule
depolarization to intracellular Ca** release.

This hypothesis was tested in elegant experiments by Tanabe, Numa,
Beam, and their colleagues. The cloning of the DHP receptor protein from
skeletal muscle led immediately to its identification as a voltage-gated channel
(TanaBE et al. 1987). Later, expression of the cloned DHP receptor in dysgenic
skeletal muscle myotubes showed that it could restore electrically evoked con-
tractility in these formerly non-responsive cells (TANABE et al. 1988), along with
L-type Ca® current (TANABE et al. 1988; GArcia et al. 1994) and gating charge
movement (ADAMs et al. 1990). While the skeletal DHP receptor allowed con-
traction even in the absence of extracellular Ca®, the cardiac L-type Ca®
channel restored contractility only if Ca** entry occurred (TANABE et al. 1990).
The structural basis of the skeletal-type excitation—contraction coupling was
investigated with molecular chimeras. By inserting pieces of the ¢;1.1 gene
into an ¢q1.2 background, TANABE et al. (1990) showed that the key domain
was the intracellular loop joining repeats II and III of ¢;1.1 (see asterisk in
Fig. 1). More recently, other groups have shown that purified II-III loop frag-
ments can activate directly the ryanodine receptor (Lu et al. 1994; EL-HAYEK
et al. 1995) and that this region may contain phosphorylation sites for the
regulation of excitation—contraction coupling (Lu et al. 1995).

III. Rhythmic Activity

1. Pacemaker

In cardiac cells, T-type Ca®* channels are generally present at much lower
density than L-type channels, if at all. However, T-type channels supply a major
fraction of the current recorded in cells from the sinoatrial node, the natural
source of cardiac rhythms, and thus provide a significant contribution to the
inward current that drives the last stages of the pacemaker depolarization
(HaciwaRa et al. 1988; LE1 et al. 1998).

2. Other

T-type channels also support oscillatory activity and repetitive activity in the
thalamus (JAHNSEN and LLiNAS 1984; McCormick and BaL 1997). Along with
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an apamin-sensitive Ca**-activated K current, T-type channels in the nucleus
reticularis generate rhythmic action potential bursts. In thalamocortical
neurons the overlapping activation and inactivation curves of T-type currents
support rebound burst firing in which a hyperpolarization is followed by a Ca®*
spike and results in the generation of several action potentials. Interestingly,
expression of T-type channels in smooth muscle fluctuates in synchrony with
the cell cycle (Kuca et al. 1996), and may be associated with cell proliferation
(SchamirrT et al. 1995).

Excitation-Secretion Coupling

1. Generic Properties

The most commonly studied role of Ca* is its ability to trigger neurotrans-
mitter release. The importance of Ca** ions in the release of neurotransmitter
has been appreciated for more than 60years (FENG 1936). Seminal work by
DoucLas (1963) and Kartz (1969) and their colleagues demonstrated that Ca®*
ions exert their influence at the nerve terminal where they control the amount
of neurotransmitter that is released. The action of Ca** ions in the regulation
of neurotransmission was shown to be cooperative, requiring about four
Ca® ions to bind to their receptor in order to trigger release (DODGE and
RaHAMIMOFF 1967). The importance of Ca* action in the nerve terminal was
further supported by the observation that injection of Ca** into the terminal
triggered the release of transmitter at the squid giant synapse (MILEDI
1973). Subsequently, the Ca*-sensitive protein, aequorin, was used to show
that presynaptic [Ca®']; increases during neurotransmission (LLINAs and
NicHoLsoN 1975).

Studies using simultaneous voltage-clamp of the presynaptic terminal and
postsynaptic axon of the squid giant synapse provided direct measurements of
the Ca” currents in the presynaptic membrane that trigger the release of neu-
rotransmitter- (LLINAs et al. 1981; AuGusTINE et al. 1985). Ongoing issues
include the identification of presynaptic Ca** channels and clarification of the
functional consequences of their diversity (for other recent reviews, see
OLIVERA et al. 1994; DuNLAP et al. 1995; REUTER 1996).

Ca®* channels from the Cay2 subfamily are the primary types responsible
for excitation—secretion coupling. Interestingly just as the II-IIT loop of the
Cay1 channel interacts with the Ca* channel’s effector for contraction, the II-
III loop of the Cay?2 channel interacts with its effector: the secretory appara-
tus (SHENG et al. 1994) (asterisk in Fig. 1). The specific type of channel involved
in secretion from various cell types is discussed in greater detail below.

While the vast majority of studies of neurotransmitter release have failed
to identify a role for L-type Ca** channels (DUNLAP et al. 1995), this subtype
has been implicated in a few specialized forms of exocytosis. For example, acti-
vation of L-type channels is required for zona pellucida-induced exocytosis
from the acrosome of mammalian sperm (FLORMAN et al. 1992). L-type chan-
nels also seem to play a role in mediating hormone release from endocrine
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cells. Inhibition of L-type Ca* channels reduces insulin secretion from pan-
creatic B cells (ASHCROFT et al. 1994; BokvisT et al. 1995), oxytocin and vaso-
pressin release from the neurohypophysis (LEmos and Nowycky 1989),
luteinizing hormone-releasing hormone release from the bovine infundibulum
(Di1ppEL et al. 1995), and catecholamine release from adrenal chromaffin cells
(Lorez et al. 1994). L-type channels also seem to play an important role in
supporting release of GABA from retinal bipolar cells (MAGUIRE et al. 1989;
DUARTE et al. 1992), as well as dynorphin release from dendritic domains of
hippocampal neurons (SiMMons et al. 1995). In some cases L-type channels
may function to release excitatory amino acid transmitters, in response to par-
ticular patterns of activity (BoNcrt et al. 1998), in cells that exhibit graded
potentials (ScHMITZz and Witkovsky 1997), during extended depolarizations
with high K*, or under the experimental influence of the DHP agonist Bay K
8644 (e.g., see SaBRIaA et al. 1995).

In addition to admitting the Ca** which directly triggers neurotransmitter
release, Ca”** channels regulate and are regulated by the state of the nerve ter-
minal. Ca’ entry though the same channels which trigger transmitter release,
and most likely through other presynaptic channels more distant from the
release site (possibly including L-type channels) affects the background level
of Ca* in the terminal, which regulates endocytosis, release probability,
various dynamic parameters of the vesicle pool, as well as the channels them-
selves (reviewed in NEHER 1998). Ca® channels also receive direct feedback
about the state of the release machinery (BEzPrRozvanNY et al. 1995;
BEerGsMAN and TsIEN 2000; DEGTIAR et al. 2000).

2. Peripheral

At the neuromuscular junction, the release of neurotransmitter is generally
mediated by a single Ca** channel type, although there is variation in the type
that predominates from species to species. Invertebrate motor end plates
utilize primarily P/Q-type channels. In crayfish, for example, inhibitory and
excitatory transmitter release onto the claw opener muscle was completely
abolished by w-Aga-IVA, while @-CTx-GVIA and nifedipine were both inef-
fective (ARAQUE et al. 1994). In locusts and houseflies, motor end plate poten-
tials are blocked by type I and II Agatoxins, which inhibit P/Q-type channels,
but not by type III Agatoxins, which potently block both L- and N-type chan-
nels (BiNDokas et al. 1991). In non-mammalian vertebrates, unlike inverte-
brates, neurotransmitter release at the neuromuscular junction is completely
blocked by a-CTx-GVIA. This is true for frogs (KErr and YosHikami 1984;
Karz et al. 1995), lizards (LINDGREN and MoorE 1989), and chicks (DE Luca
et al. 1991; Gray et al. 1992). In mammals on the other hand, o-CTx-GVIA
does not seem to have any effect on the evoked release of acetylcholine at the
neuromuscular junction (SANo et al. 1987; WEsSLER et al. 1990; DE Luca et al.
1991; Protrr et al. 1991; BowErsox et al. 1995). In contrast, block of P/Q-type
Ca® channels by @-CTx-MVIIC, @-Aga-IVA, or FTx completely abolishes
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transmission in mice (ProTTI and UcHITEL 1993; BowERsox et al. 1995; Hong
and CHANG 1995) and humans (Prorr1 et al. 1996). In all of these species, neu-
romuscular transmission seems to rely on a single type of channel from the
Cay2 subfamily.

In general, sympathetic neurons contain both L- and N-type Ca** chan-
nels but not P/Q-type channels (HIRNING et al. 1988; MinTz et al. 1992a; Znu
and IKeDpA 1993; but see NAMKUNG et al. 1998). However, only N-type Ca*
channels seem to be important for the release of norepinephrine, inasmuch as
@-CTx-GVIA blocks NE secretion (HIRNING et al. 1988; Fasi et al. 1993) but
DHPs do not (PERNEY et al. 1986; HIRNING et al. 1988; Kon and HILLE 1996 ).
Along similar lines, N- but not L-type Ca** channels in sympathetic nerve ter-
minals are susceptible to modulation of Ca** current via autoreceptors for NE
or neuropeptide Y (TotH et al. 1993). Thus, sympathetic nerve endings are like
motor nerve terminals in relying on a single predominant type of Ca** channel,
in this case N-type, despite the sizable contribution of L-type channels to the
global Ca* current. Reliance on N-type channels cannot be generalized to all
autonomic terminals since P/Q-type channels play a prominent role in trans-
mitter release in rodent urinary bladder (FREw and LuNDY 1995; WATERMAN
1996) and also participate in triggering release of exocytosis from mouse
sympathetic and parasympathetic nerve terminals (WATERMAN 1997;
WATERMAN et al. 1997)

3. Central

At central synapses, unlike synapses in the periphery, neurotransmitter release
often involves more than one Ca* channel type. Central neurons appear to be
richly endowed with Ca** channels, with as many as five or six different types
of channels in an individual nerve cell (MINTZ et al. 1992a; RANDALL and TSIEN
1995). Several recent papers have reported that neurotransmission at specific
synapses in the CNS depends upon the concerted actions of more than one
type of Ca® channel (LUEBKE et al. 1993; TakaHasHI and Momiyama 1993;
CasTiLLO et al. 1994; REGEHR and MINTZ 1994; WHEELER et al. 1994; MINTZ et
al. 1995). The relative importance of N-, P/Q-, and R-type Ca®* channels can
vary from one synapse to another. Studies of synapses in hippocampal and
cerebellar slices suggest that the vast majority of single release sites are in
close proximity to a mixed population of Ca* channels that jointly contribute
to the local Ca* transient that triggers vesicular fusion (e.g., MINTZ et al. 1995;
but see also REUTER 1995; PoNCER et al. 1997; REID et al. 1997). The synergis-
tic effect of multiple Ca** channels arises because of limitations on the Ca*
flux through individual channels under physiological conditions. Indeed, the
reliance on multiple types of Ca** channels was not absolute but could be
relieved by increasing the Ca** influx per channel, either by prolonging the
presynaptic action potential or by increasing [Ca*"], (WHEELER et al. 1996). The
reliance on more than a single Ca** channel type may offer the advantage of
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precise control over Ca™ influx and transmitter release by allowing for differ-
ential modulation (TsIeN et al. 1988; MogGuL et al. 1993; Swartz et al. 1993;
MynNLIEFF and BEam 1994).

V. Postsynaptic Ca* Influx

1. Dendritic Information Processing

Much of the electrical and biochemical signal processing in central neurons
takes place within their dendritic trees. Ca®* entry through voltage-gated
channels is critical for many of these events. The idea that voltage-gated Ca*
channels may contribute to electrogenesis in dendrites first arose in the inter-
pretation of intracellular recordings from hippocampal pyramidal neurons
(Seencer and KaNDEL 1961). Initial intradendritic voltage recordings were
conducted on the dendritic arbors of cerebellar Purkinje neurons (LLINAS and
NicHorsoN 1971; LLinAs and Hess 1976; LLiNAs and SuciMori1 1980) and apical
dendrites of hippocampal pyramidal neurons (WoNG et al. 1979). The ability
of dendrites to support Ca**-dependent action potential firing was reinforced
by experiments where apical dendrites of pyramidal neurons were surgically
isolated from their cell bodies in a hippocampal slice preparation (BENARDO
et al. 1982; Masukawa and PriINCE 1984). These experiments revealed a variety
of Ca**-dependent active responses in the dendrites of central neurons that
could be elicited by excitatory postsynaptic potentials or injection of depo-
larizing current pulses.

Recent studies of the electrical properties of dendrites have been facili-
tated by the ability to visualize dendrites in brain slices, thus rendering den-
drites accessible to patch electrodes (STUART et al. 1993). These studies
revealed that back-propagating Na'-dependent action potentials can activate
dendritic Ca* channels, thereby causing substantial increases in intradendritic
free Ca® (JAFFE et al. 1992; STUART and SAKMANN 1994; MARKRAM et al. 1995;
ScHILLER et al. 1995; SprusTON et al. 1995). Subthreshold excitatory postsy-
naptic potentials can also open Ca®* channels and result in more localized
changes in intradendritic Ca** concentration (MARKRAM and SAKMANN 1994;
YUsTE et al. 1994; MAGEE et al. 1995). T-type Ca** channels play a prominent
role in dendritic Ca** signaling in hippocampal and cortical neurons (MAGEE
et al. 1995), presumably due to their ability to open at relatively negative
membrane potentials.

The presence of multiple types of voltage-gated Ca®* channels on den-
drites has been demonstrated by several techniques, including Ca** imaging
(MaRrkrAM et al. 1995; WaTanNaBE et al. 1998), dendrite-attached patch
clamp recordings (Usowicz et al. 1992; MaGee and JounstoN 1995), and
immunocytochemistry (WESTENBROEK et al. 1990,1992,1995; HELL et al. 1993a;
Yokoyama et al. 1995). Recordings from isolated dendritic segments of acutely
dissociated hippocampal neurons indicated that T-, N-, P/Q-, and R-type
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channels all contribute to the overall Ca* current in dendrites, with T-type
current particularly enhanced when compared to somata (KavaLaLi et al.
1997).

2. Excitation-Expression Coupling and Changes in Gene Expression

A number of extracellular factors that influence cell growth and activity depo-
larize the membranes of their target cells (HiLL and TrREisMAN 1995). Mem-
brane depolarization opens voltage-gated Ca** channels and the resulting
influx of Ca® can trigger gene transcription (for a review, see MORGAN and
CurraN 1989). L-type Ca® channels are thought to play a role in this cascade
because agonists of these channels can induce expression of several pro-
tooncogenes in the absence of other stimuli (MorGaN and CURRAN 1988).
Indeed the mode and location of Ca** entry may be important to how the Ca*
signal is interpreted by the cell (GHosH et al. 1994; RoseN and GREENBERG
1994). Some recent studies have shed light on the cascade of events that
follows influx of Ca®* through L-type channels.

An example of a signal-transduction cascade where Ca** entry is impor-
tant involves the cCAMP and Ca* response element (CRE), and its nuclear
binding protein (CREB) (MoNTMINY and BILEZIKJIAN 1987; HOEFFLER et al.
1988). The interaction of CREB with the CRE is facilitated when CREB is
phosphorylated on serine-133 (GonzaLEZ and MoNTMINY 1989). The phos-
phorylation of CREB is catalyzed by several kinases including Ca*-
calmodulin kinases II and IV, cAMP-dependent protein kinase (GREENBERG
et al. 1992), and others. Thus, rises in [Ca*]; can act either directly, via Ca*-
calmodulin and its dependent kinases, or indirectly, by stimulating Ca*-
calmodulin-sensitive adenylate cyclase leading to increased cAMP levels.
Recent work has shown that Ca®* entry through L-type channels can trigger
CREB phosphorylation (YosHipa et al. 1995; DEeisseroTH et al. 1998;
RAJADHYAKSHA et al. 1999), and that the Ca* probably binds to a target mol-
ecule within 1 um of the point of entry (DEISSEROTH et al. 1996).

In addition to Ca*, Zn®™ influx is interesting because it regulates a wide
variety of enzymes and DNA binding proteins, provides an important devel-
opmental signal, and may be involved in excitotoxicity and responses to
trauma (for a review, see SMART et al. 1994). Interestingly, L-type Ca** chan-
nels can support Zn* influx into heart cells, where it can induce transcription
of genes driven by a metallothionein promoter (ATAR et al. 1995). Morpho-
logical studies have revealed that Zn** is highly enriched in a number of nerve
fiber pathways, especially in boutons where it appears to be contained within
vesicles (SMART et al. 1994). Furthermore, Zn** can be released from brain
tissue during electrical or chemical stimulation (AssaF and CHUNG 1984;
HowELL et al. 1984; CHaRrTON et al. 1985). Given that Zn* can be released by
synaptic activity, and can enter cells via voltage-dependent Ca** channels, it
seems likely that Zn** may play an important role in excitation-expression
coupling.
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D. Concluding Remarks

Understanding of the diversity of voltage-gated Ca’* channels has greatly
increased over the last decade or so as a result of several synergistic
approaches. The identification of multiple types of Ca** channels on the basis
of biophysical and pharmacological criteria has been complemented by studies
of the biochemistry and molecular biology of their underlying subunit com-
ponents. The most recent advances have been made in understanding the basis
of P/Q-, R-, and T-type Ca®* channel activity. Considerable progress has also
been made in clarifying molecular mechanisms of the structural features that
distinguish individual types of Ca®* channels and enable them to perform spe-
cialized functional roles or to respond to type-selective drugs. The largest area
of uncertainty concerns the three-dimensional structures of Ca** channels and
the structural basis of differences among channel subtypes.

References

Adams BA, Tanabe T, Mikami A, Numa S, Beam KG (1990) Intramembrane charge
movement restored in dysgenic skeletal muscle by injection of dihydropyridine
receptor cDNAs. Nature 346:569-572

Akaike N, Kanaide H, Kuga T, Nakamura M, Sadoshima J, Tomoike H (1989) Low-
voltage-activated calcium current in rat aorta smooth muscle cells in primary
culture. J Physiol (Lond) 416:141-160

Angelotti T, Hofmann F (1996) Tissue-specific expression of splice variants of
the mouse voltage-gated calcium channel alpha2/delta subunit. Febs Letters
397:331-337

Araque A, Clarac F, Buno W (1994) P-type Ca2+ channels mediate excitatory and
inhibitory synaptic transmitter release in crayfish muscle. Proc Natl Acad Sci USA
91:4224-4228

Ashcroft FM, Proks P, Smith PA, Ammala C, Bokvist K, Rorsman P (1994) Stimu-
lus—secretion coupling in pancreatic 8 cells. J Cell Biochem 55:54-65

Assaf SY, Chung SH (1984) Release of endogenous Zn?* from brain tissue during activ-
ity. Nature 308:734-736

Atar D, Backx PH, Appel MM, Gao WD, Marban E (1995) Excitation-transcription
coupling mediated by zinc influx through voltage-dependent calcium channels. J
Biol Chem 270:2473-2477

Augustine GJ, Charlton MP, Smith SJ (1985) Calcium entry and transmitter release at
voltage-clamped nerve terminals of squid. J Physiol (Lond) 367:163-181

Avery RA, Johnston D (1996) Multiple channel types contribute to the low-voltage-
activated calcium current in hippocampal CA3 pyramidal neurons. J Neurosci
16:5567-5582

Bean BP (1985) Two kinds of calcium channels in canine atrial cells. Differences in
kinetics, selectivity, and pharmacology. J Gen Physiol 86:1-30

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

Benardo LS, Masukawa LM, Prince DA (1982) Electrophysiology of isolated hip-
pocampal pyramidal dendrites. J Neurosci 2:1614-1622

Bergsman JB, Tsien RW (2000) Syntaxin Modulation of Calcium Channels in Cortical
Synaptosomes as Revealed by Botulinum Toxin C1.J Neurosci (in press)

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



74 J.B. BERGSMAN et al.

Bindokas VP, Venema VJ, Adams ME (1991) Differential antagonism of transmitter
release by subtypes of w-Agatoxins. J Neurophysiol 66:590-601

Birnbaumer L, Campbell KP, Catterall WA, Harpold MM, Hofmann F, Horne WA,
Mori Y, Schwartz A, Snutch TP, Tanabe T, Tsien RW (1994) The naming of voltage-
gated calcium channels. Neuron 13:505-506

Black JL, 3rd, Lennon VA (1999) Identification and cloning of putative human neu-
ronal voltage-gated calcium channel gamma-2 and gamma-3 subunits: neurologic
implications. Mayo Clinic Proceedings 74:357-361

Bokvist K, Eliasson L, Ammala C, Renstrom E, Rorsman P (1995) Co-localization of
L-type Ca2+ channels and insulin-containing secretory granules and its signifi-
cance for the initiation of exocytosis in mouse pancreatic f-cells. EMBO J 14:50-57

Bonci A, Grillner P, Mercuri NB, Bernardi G (1998) L-Type calcium channels mediate
a slow excitatory synaptic transmission in rat midbrain dopaminergic neurons. J
Neurosci 18:6693-6703

Bosse E, Regulla S, Biel M, Ruth P, Meyer HE, Flockerzi V, Hofmann F (1990) The
c¢DNA and deduced amino acid sequence of the y subunit of the L-type calcium
channel from rabbit skeletal muscle. Febs Lett 267:153-156

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

Bourinet E, Zamponi GW, Stea A, Soong TW, Lewis BA, Jones LP, Yue DT, Snutch TP
(1996) The alpha 1E calcium channel exhibits permeation properties similar to
low-voltage-activated calcium channels. J Neurosci 16:4983-4993

Bowersox SS, Miljanich GP, Sugiura Y, Li C, Nadasdi L, Hoffman BB,
Ramachandran J, Ko CP (1995) Differential blockade of voltage-sensitive calcium
channels at the mouse neuromuscular junction by novel w-Conopeptides and w-
Agatoxin-IVA. J Pharmacol Exp Ther 273:248-256

Campbell KP, Leung AT, Sharp AH (1988) The biochemistry and molecular biology of
the dihydropyridine-sensitive calcium channel. Trends Neurosci 11:425-430

Carbone E, Lux HD (1984) A low voltage-activated, fully inactivating Ca2+ channel
in vertebrate sensory neurones. Nature 310:501-502

Castillo PE, Weisskopf MG, Nicoll RA (1994) The role of Ca2+ channels in hip-
pocampal mossy fiber synaptic transmission and long-term potentiation. Neuron
12:261-269

Catterall WA, Curtis BM (1987) Molecular properties of voltage-sensitive calcium
channels. Soc Gen Physiol Ser 41:201-213

Catterall WA, Seagar MJ, Takahashi M (1988) Molecular properties of
dihydropyridine-sensitive calcium channels in skeletal muscle. J Biol Chem
263:3535-3538

Charton G, Rovira C, Ben-Ari Y, Leviel V (1985) Spontaneous and evoked release of
endogenous Zn** in the hippocampal mossy fiber zone of the rat in siru. Exp Brain
Res 58:202-205

Chuang RS, Jaffe H, Cribbs L, Perez-Reyes E, Swartz KJ (1998) Inhibition of T-type
voltage-gated calcium channels by a new scorpion toxin. Nat Neurosci 1:668-
674

Cohen CJ, McCarthy RT (1987) Nimodipine block of calcium channels in rat anterior
pituitary cells. J Physiol (Lond) 387:195-225

Cribbs LL, Lee JH, Yang J, Satin J, Zhang Y, Daud A, Barclay J, Williamson MP, Fox
M, Rees M, Perez-Reyes E (1998) Cloning and characterization of alphalH from
human heart, a member of the T-type Ca2+ channel gene family. Circulation
Research 83:103-109

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

De Luca A, Rand MJ, Reid JJ, Story DF (1991) Differential sensitivities of avian and
mammalian neuromuscular junctions to inhibition of cholinergic transmission by
w-Conotoxin GVIA. Toxicon 29:311-320



Classification and Function of Voltage-Gated Calcium Channels 75

De Waard M, Gurnett CA, Campbell KP. (1996) Structural and functional diversity of
voltage-activated calcium channels. In Ion Channels, T Narahashi, ed. (New York:
Plenum Press), pp. 41-87

Degtiar VE, Scheller RH, Tsien RW (2000) Syntaxin Modulation of Slow Inactivation
Of N-type Calcium Channels. J Neurosci (submitted)

Deisseroth K, Bito H, Tsien RW (1996) Signaling from synapse to nucleus: postsynap-
tic CREB phosphorylation during multiple forms of hippocampal synaptic plas-
ticity. Neuron 16:89-101

Deisseroth K, Heist EK, Tsien RW (1998) Translocation of calmodulin to the nucleus
supports CREB phosphorylation in hippocampal neurons. Nature 392:198-202

Dippel WW, Chen PL, McArthur NH, Harms PG (1995) Calcium involvement in
luteinizing hormone-releasing hormone release from the bovine infundibulum.
Domest Anim Endocrinol 12:349-354

Dodge F Jr., Rahamimoff R (1967) Co-operative action a calcium ions in transmitter
release at the neuromuscular junction. J Physiol 193:419-432

Douglas WW, Rubin RP (1963) The Mechanism of Catecholamine Release From the
Adrenal Medulla and the Role of Calcium in Stimulus-Secretion Coupling. J
Physiol 167:288-310

Droogmans G, Nilius B (1989) Kinetic properties of the cardiac T-type calcium channel
in the guinea-pig. J Physiol (Lond) 419:627-650

Duarte CB, Ferreira IL, Santos PF, Oliveira CR, Carvalho AP (1992) Ca2+-
dependent release of ['lH]GABA in cultured chick retina cells. Brain Res 591:27-32

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

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

Eberst R, Dai S, Klugbauer N, Hofmann F (1997) Identification and functional char-
acterization of a calcium channel gamma subunit. Pflugers Archiv European
Journal of Physiology 433:633-637

Edmonds B, Klein M, Dale N, Kandel ER (1990) Contributions of two types of calcium
channels to synaptic transmission and plasticity. Science 250:1142-1147

Ehrlich BE, Jacobson AR, Hinrichsen R, Sayre LM, Forte MA (1988) Paramecium
calcium channels are blocked by a family of calmodulin antagonists. Proc Natl
Acad Sci USA 85:5718-5722

Eisenberg RS, McCarthy RT, Milton RL (1983) Paralysis of frog skeletal muscle fibres
by the calcium antagonist D-600. J Physiol (Lond) 341:495-505

el-Hayek R, Antoniu B, Wang J, Hamilton SL, Ikemoto N (1995) Identification of
calcium release-triggering and blocking regions of the II-III loop of the skeletal
muscle dihydropyridine receptor. J Biol Chem 270:22116-22118

Ellinor PT, Zhang J-F, Randall AD, Zhou M, Schwarz TL, Tsien RW, Horne WA (1993)
Functional expression of a rapidly inactivating neuronal calcium channel. Nature
363:455-458

Ellis SB, Williams ME, Ways NR, Brenner R, Sharp AH, Leung AT, Campbell
KP, McKenna, E, Koch, WJ, Hui, A (1988). Sequence and expression of mRNAs
encoding the o; and o, subunits of a DHP-sensitive calcium channel. Science
241:1661-1664

Ertel SI, Ertel EA (1997) Low-voltage-activated T-type Ca2+ channels. Trend Phar-
macol Sci 18:3742

Fabi F, Chiavarelli M, Argiolas L, Chiavarelli R, del Basso P (1993) Evidence for sym-
pathetic neurotransmission through presynaptic N-type calcium channels in
human saphenous vein. Br J Pharmacol 110:338-342

Feng TP (1936) Studies on the neuromuscular junction II. The universal antagonism
between calcium and curarizing agencies. Chin J Physiol 10:513-528

Fisher SE, Ciccodicola A, Tanaka K, Curci A, Desicato S, D’Urso M, Craig IW (1997)
Sequence-based exon prediction around the synaptophysin locus reveals a



76 J.B. BERGSMAN et al.

gene-rich area containing novel genes in human proximal Xp. Genomics
45:340-347

Fisher TE, Bourque CW (1995) Distinct omega-agatoxin-sensitive calcium currents in
somata and axon terminals of rat supraoptic neurones. Journal of Physiology
489:383-388

Florman HM, Corron ME, Kim TD, Babcock DF (1992) Activation of voltage-
dependent calcium channels of mammalian sperm is required for zona pellucida-
induced acrosomal exocytosis. Dev Biol 152:304-314

Forsythe ID, Tsujimoto T, Barnes-Davies M, Cuttle MF, Takahashi T (1998) Inactiva-
tion of presynaptic calcium current contributes to synaptic depression at a fast
central synapse. Neuron 20:797-807

Forti L, Pietrobon D (1993) Functional diversity of L-type calcium channels in rat cere-
bellar neurons. Neuron 10:437-450

Frew R, Lundy PM (1995) A role for Q type Ca2+ channels in neurotransmission in
the rat urinary bladder. Br J Pharmacol 116:1595-1598

Fujita Y, Mynlieff M, Dirksen RT, Kim MS, Niidome T, Nakai J, Friedrich T, Iwabe N,
Miyata T, Furuichi T, Furutama D, Mikoshiab K, Mori Y, Beam KG (1993) Primary
structure and functional expression of the omega-Conotoxin-sensitive N-type
calcium channel from rabbit brain. Neuron 10:585-598

Garcia J, Tanabe T, Beam KG (1994) Relationship of calcium transients to calcium cur-
rents and charge movements in myotubes expressing skeletal and cardiac dihy-
dropyridine receptors. J Gen Physiol 103:125-147

Ghosh A, Ginty DD, Bading H, Greenberg ME (1994) Calcium regulation of gene
expression in neuronal cells. J Neurobiol 25:294-303

Gillard SE, Volsen SG, Smith W, Beattie RE, Bleakman D, Lodge D (1997) Identifica-
tion of pore-forming subunit of P-type calcium channels: an antisense study on rat
cerebellar Purkinje cells in culture. Neuropharmacology 36:405-409

Glossmann H, Striessnig J (1990) Molecular properties of calcium channels. Rev
Physiol Biochem Pharmacol 114:1-105

Glossmann H, Striessnig J, Hymel L, Schindler H (1987) Purified L-type calcium chan-
nels: only one single polypeptide (;-subunit) carries the drug receptor domains
and is regulated by protein kinases. Biomed Biochim Acta 46:S351-356

Gonzalez GA, Montminy MR (1989) Cyclic AMP stimulates somatostatin gene tran-
scription by phosphorylation of CREB at serine 133. Cell 59:675-680

Grabner M, Bachmann A, Rosenthal F, Striessnig J, Schultz C, Tautz D, Glossmann H
(1994) Insect calcium channels. Molecular cloning of an ;-subunit from housefly
(Musca domestica) muscle. FEBS Lett 339:189-194

Grantham CJ, Bowman D, Bath CP, Bell DC, Bleakman D (1994) Omega-conotoxin
MVIIC reversibly inhibits a human N-type calcium channel and calcium influx into
chick synaptosomes. Neuropharmacology 33:255-258

Gray DB, Bruses JL, Pilar GR (1992) Developmental switch in the pharmacology of
Ca2+ channels coupled to acetylcholine release. Neuron 8:715-724

Greenberg ME, Thompson MA, Sheng M (1992) Calcium regulation of immediate
early gene transcription. J Physiol (Paris) 86:99-108

Grolleau F, Lapied B (1996) Two distinct low-voltage-activated Ca2+ currents con-
tribute to the pacemaker mechanism in cockroach dorsal unpaired median
neurons. Journal of Neurophysiology 76:963-976

Hagiwara N, Irisawa H, Kameyama M (1988) Contribution of two types of calcium cur-
rents to the pacemaker potentials of rabbit sino-atrial node cells. J Physiol
395:233-253

Hell JW, Westenbroek RE, Warner C, Ahlijanian MK, Prystay W, Gilbert MM, Snutch
TP, Catterall WA (1993a) Identification and differential subcellular localization of
the neuronal class C and class D L-type calcium channel ¢; subunits. J Cell Biol
123:949-962

Hell JW, Yokoyama CT, Wong ST, Warner C, Snutch TP, Catterall WA (1993b) Differ-
ential phosphorylation of two size forms of the neuronal class C L-type calcium
channel o; subunit. J Biol Chem 268:19451-19457



Classification and Function of Voltage-Gated Calcium Channels 77

Hill CS, Treisman R (1995) Transcriptional regulation by extracellular signals: mech-
anisms and specificity. Cell 80:199-211

Hillyard DR, Monje VD, Mintz IM, Bean BP, Nadasdi L, Ramachandran J, Miljanich
G, Azimi-Zoonooz A, Mclntosh JM, Cruz LJ, et al (1992) A new Conus peptide
ligand for mammalian presynaptic Ca2+ channels. Neuron 9:69-77

Hirning LD, Fox AP, McCleskey EW, Olivera BM, Thayer SA, Miller RJ, Tsien RW
(1988) Dominant role of N-type Ca2+ channels in evoked release of norepineph-
rine from sympathetic neurons. Science 239:57-61

Hoeffler JP, Meyer TE, Yun Y, Jameson JL, Habener JF (1988) Cyclic AMP-responsive
DNA-binding protein: structure based on a cloned placental cDNA. Science
242:1430-1433

Hofmann F, Biel M, Flockerzi V (1994) Molecular basis for Ca2+ channel diversity.
Annu Rev Neurosci 17:399-418

Hofmann F, Oeken HJ, Schneider T, Sieber M (1988) The biochemical properties of L-
type calcium channels. J Cardiovasc Pharmacol 12:525-30

Hong SJ, Chang CC (1995) Inhibition of acetylcholine release from mouse motor nerve
by a P-type calcium channel blocker, w-Agatoxin IVA. J Physiol (Lond) 482:283-
290

Horne WA, Ellinor PT, Inman I, Zhou M, Tsien RW, Schwarz TL (1993) Molecular
diversity of Ca2+ channel o; subunits from the marine ray Discopyge ommata.
Proc Natl Acad Sci USA 90:3787-3791

Howell GA, Welch MG, Frederickson CJ (1984) Stimulation-induced uptake and
release of zinc in hippocampal slices. Nature 308:736-738

Huguenard JR, Prince DA (1992) A novel T-type current underlies prolonged Ca2+-
dependent burst firing in GABAergic neurons of rat thalamic reticular nucleus. J
Neurosci 12:3804-3817

Isom LL, De Jongh KS, Catterall WA (1994) Auxiliary subunits of voltage-gated ion
channels. Neuron 12:1183-1194

Jaffe DB, Johnston D, Lasser-Ross N, Lisman JE, Miyakawa H, Ross WN (1992) The
spread of Na* spikes determines the pattern of dendritic Ca2+ entry into hip-
pocampal neurons. Nature 357:244-246

Jahnsen H, Llinds R (1984) Ionic basis for the electro-responsiveness and oscil-
latory properties of guinea-pig thalamic neurones in vitro. J Physiol 349:227-247

Jay SD, Ellis SB, McCue AF, Williams ME, Vedvick TS, Harpold MM, Campbell KP
(1990) Primary structure of the y subunit of the DHP-sensitive calcium channel
from skeletal muscle. Science 248:490-492

Jay SD, Sharp AH, Kahl SD, Vedvick TS, Harpold MM, Campbell KP (1991) Structural
characterization of the dihydropyridine-sensitive calcium channel o,-subunit and
the associated & peptides. J Biol Chem 266:3287-3293

Jeziorski MC, Greenberg RM, Clark KS, Anderson PA (1998) Cloning and functional
expression of a voltage-gated calcium channel alphal subunit from jellyfish. J Biol
Chem 273:22792-22799

Jun K-S, Piedras-Renteria ES, Smith SM, Wheeler DB, Lee SB, Lee TG, Chin H, Adams
ME, Scheller RH, Tsien RW, Shin H-S (1999) Ablation of P/Q-type Ca2+ channel
currents and progressive, fatal ataxia in mice lacking the al A subunit. Nature Neu-
roscience (submitted)

Karst H, Joéls M, Wadman WIJ (1993) Low-threshold calcium current in dendrites of
the adult rat hippocampus. Neuroscience Letters 164:154-158

Katz B (1969) The Release of Neural Transmitter Substances, Edition (Liverpool:
Liverpool University Press)

Katz E, Ferro PA, Cherksey BD, Sugimori M, Llinas R, Uchitel OD (1995) Effects of
Ca2+ channel blockers on transmitter release and presynaptic currents at the frog
neuromuscular junction. J Physiol (Lond) 486:695-706

Kavalali ET, Plummer MR (1994) Selective potentiation of a novel calcium channel in
rat hippocampal neurones. J Physiol 480:475-484

Kavalali ET, Zhuo M, Bito H, Tsien RW (1997) Dendritic Ca2+ channels characterized
by recordings from isolated hippocampal dendritic segments. Neuron 18:651-663



78 J.B. BERGSMAN et al.

Kerr LM, Yoshikami D (1984) A venom peptide with a novel presynaptic blocking
action. Nature 308:282-284

Klugbauer N, Lacinovd L, Marais E, Hobom M, Hofmann F (1999) Molecular
diversity of the calcium channel alpha2delta subunit. J Neurosci 19:684-691

Koh DS, Hille B (1996) Modulation by neurotransmitters of norepinephrine secretion
from sympathetic ganglion neurons detected by amperometry. Soc Neurosci Abstr
22:507

Kollmar R, Fak J, Montgomery LG, Hudspeth AJ (1997) Hair cell-specific splicing of
mRNA for the alphalD subunit of voltage-gated Ca2+ channels in the chicken’s
cochlea. Proc Natl Acad Sci USA 94:14889-14893

Kostyuk PG, Shirokov RE (1989) Deactivation kinetics of different components of
calcium inward current in the membrane of mice sensory neurones. J Physiol
409:343-355

Kuga T, Kobayashi S, Hirakawa Y, Kanaide H, Takeshita A (1996) Cell cycle-
dependent expression of L- and T-type Ca2+ currents in rat aortic smooth muscle
cells in primary culture. Circ Res 79:14-19

Lacinové L, Klugbauer N, Hofmann F (1999) Absence of modulation of the expressed
calcium channel alphalG subunit by alpha2delta subunits. Journal of Physiology
516:639-645

Lambert RC, Maulet Y, Mouton J, Beattie R, Volsen S, De Waard M, Feltz A (1997)
T-type Ca2+ current properties are not modified by Ca2+ channel beta subunit
depletion in nodosus ganglion neurons. J Neurosci 17:6621-6628

Lee JH, Daud AN, Cribbs LL, Lacerda AE, Pereverzev A, Klockner U, Schneider T,
Perez-Reyes E (1999) Cloning and expression of a novel member of the low
voltage-activated T-type calcium channel family. J] Neurosci 19:1912-1921

Lei M, Brown H, Noble D. Low-Voltage-Activated T-Type Calcium Channels.
International Electrophysiology Meeting, Vol p103-109, 1998

Lemos JR, Nowycky MC (1989) Two types of calcium channels coexist in peptide-
releasing vertebrate nerve terminals. Neuron 2:1419-1426

Letts VA, Felix R, Biddlecome GH, Arikkath J, Mahaffey CL, Valenzuela A, Bartlett
FS, 2nd, Mori Y, Campbell KP, Frankel WN (1998) The mouse stargazer gene
encodes a neuronal Ca2+-channel gamma subunit [see comments]. Nature Genet-
ics 19:340-347

Leuranguer V, Bourinet E, Lory P, Nargeot J (1998) Antisense depletion of beta-
subunits fails to affect T-type calcium channels properties in a neuroblastoma cell
line. Neuropharmacology 37:701-708

Lin Z, Haus S, Edgerton J, Lipscombe D (1997) Identification of functionally distinct
isoforms of the N-type Ca2+ channel in rat sympathetic ganglia and brain. Neuron
18:153-166

Lin Z, Lin Y, Schorge S, Pan JQ, Beierlein M, Lipscombe D (1999) Alternative splic-
ing of a short cassette exon in alphalB generates functionally distinct N-type
calcium channels in central and peripheral neurons. J Neurosci 19:5322-5331

Lindgren CA, Moore JW (1989) Identification of ionic currents at presynaptic nerve
endings of the lizard. J Physiol (Lond) 414:201-222

Liu H, De Waard M, Scott VES, Gurnet CA, Lennon VA, Campbell KP (1996) Inden-
tification of three subnuits of the high affinity omega-conotoxin MVIIC-sensitive
Ca2+ channel. J Biol Chem 271:13804-13810

Llinds R, Hess R (1976) Tetrodotoxin-resistant dendritic spikes in avian Purkinje cells.
Proc Natl Acad Sci USA 73:2520-2523

Llinds R, Nicholson C (1971) Electrophysiological properties of dendrites and somata
in alligator Purkinje cells. ] Neurophysiol 34:532-551

Llinds R, Nicholson C (1975) Calcium role in depolarization—secretion coupling: an
aequorin study in squid giant synapse. Proc Natl Acad Sci USA 72:187-190

Llinds R, Steinberg IZ, Walton K (1981) Relationship between presynaptic calcium
current and postsynaptic potential in squid giant synapse. Biophys J 33:323-
351



Classification and Function of Voltage-Gated Calcium Channels 79

Llinas R, Sugimori M (1980) Electrophysiological properties of in vitro Purkinje cell
dendrites in mammalian cerebellar slices. J Physiol 305:197-213

Llinds R, Sugimori M, Hillman DE, Cherksey B (1992) Distribution and functional sig-
nificance of the P-type, voltage-dependent Ca2+ channels in the mammalian
central nervous system. Trends Neurosci 15:351-355

Llinds RR, Sugimori M, Cherksey B (1989) Voltage-dependent calcium conductances
in mammalian neurons: the P channel. Ann N'Y Acad Sci 560:103-111

Lopez MG, Albillos A, de la Fuente MT, Borges R, Gandia L, Carbone E, Garcia AG,
Artalejo AR (1994) Localized L-type calcium channels control exocytosis in cat
chromaffin cells. Pfliigers Arch 427:348-354

Lu J, Dalton JFt, Stokes DR, Calabrese RL (1997) Functional role of Ca2+ currents in
graded and spike-mediated synaptic transmission between leech heart interneu-
rons. Journal of Neurophysiology 77:1779-1794

Lu X, Xu L, Meissner G (1994) Activation of the skeletal muscle calcium release
channel by a cytoplasmic loop of the dihydropyridine receptor. J Biol Chem
269:6511-6516

Lu X, XuL,Meissner G (1995) Phosphorylation of dihydropyridine receptor II-III loop
peptide regulates skeletal muscle calcium release channel function. Evidence for
an essential role of the f-OH group of Ser687.J Biol Chem 270:18459-18464

Luebke JI, Dunlap K, Turner TJ (1993) Multiple calcium channel types control gluta-
matergic synaptic transmission in the hippocampus. Neuron 11:895-902

Lundy PM, Hamilton MG, Frew R (1994) Pharmacological identification of a novel
Ca2+ channel in chicken brain synaptosomes. Brain Research 643:204-210

Magee JC, Christofi G, Miyakawa H, Christie B, Lasser-Ross N, Johnston D (1995)
Subthreshold synaptic activation of voltage-gated Ca2+ channels mediates a
localized Ca2+ influx into the dendrites of hippocampal pyramidal neurons. J
Neurophysiol 74:1335-1342

Magee JC, Johnston D (1995) Characterization of single voltage-gated Na* and Ca2+
channels in apical dendrites of rat CA1 pyramidal neurons. J Physiol 487:67-90

Maguire G, Maple B, Lukasiewicz P, Werblin F (1989) ~Aminobutyrate type B recep-
tor modulation of L-type calcium channel current at bipolar cell terminals in the
retina of the tiger salamander. Proc Natl Acad Sci USA 86:10144-10147

Markram H, Helm PJ, Sakmann B (1995) Dendritic calcium transients evoked by single
back-propagating action potentials in rat neocortical pyramidal neurons. J Physiol
(Lond) 485:1-20

Markram H, Sakmann B (1994) Calcium transients in dendrites of neocortical
neurons evoked by single subthreshold excitatory postsynaptic potentials via
low-voltage-activated calcium channels. Proc Natl Acad Sci USA 91:5207-5211

Masukawa LM, Prince DA (1984) Synaptic control of excitability in isolated dendrites
of hippocampal neurons. J Neurosci 4:217-227

Matteson DR, Armstrong CM (1986) Properties of two types of calcium channels in
clonal pituitary cells. J Gen Physiol 87:161-182

McCormick DA, Bal T (1997) Sleep and arousal: thalamocortical mechanisms. Annual
Review of Neuroscience 20:185-215

Meder W, Fink K, Gothert M (1997) Involvement of different calcium channels in K+-
and veratridine-induced increases of cytosolic calcium concentration in rat cere-
bral cortical synaptosomes. Naunyn-Schmiedebergs Arch Pharmacol 356:797-805

Meir A, Dolphin AC (1998) Known calcium channel alphal subunits can form low
threshold small conductance channels with similarities to native T-type channels.
Neuron 20:341-351

Mermelstein PG, Foehring R, Tkatch T, Song W-J, Baranauskas G, Surmeier D (1999)
Properties of Q-Type Calcium Channels in Neostriatal and Cortical Neurons are
Correlated with Beta Subunit Expression. J Neurosci 19:7268-7277

Mermelstein PG, Surmeier DJ (1997) A calcium channel reversibly blocked by
omega-conotoxin GVIA lacking the class D alpha 1 subunit. Neuroreport 8:485—
489



80 J.B. BERGSMAN et al.

Mikami A, Imoto K, Tanabe T, Niidome T, Mori Y, Takeshima H, Narumiya S,
Numa S (1989) Primary structure and functional expression of the cardiac
dihydropyridine-sensitive calcium channel. Nature 340:230-233

Miledi R (1973) Transmitter release induced by injection of calcium ions into nerve
terminals. Proc R Soc Lond (Biol) 183:421-425

Miller RJ, Freedman SB (1984) Are dihydropyridine binding sites voltage sensitive
calcium channels? Life Sci 34:1205-1221

Mintz IM, Adams ME, Bean BP (1992a) P-type calcium channels in rat central and
peripheral neurons. Neuron 9:85-95

Mintz IM, Bean BP (1993) Block of calcium channels in rat neurons by synthetic
w-Aga-IVA. Neuropharmacology 32:1161-1169

Mintz IM, Sidach S (1998) The Society for Neuroscience Abstract 24:1021

Mintz IM, Sabatini BL, Regehr WG (1995) Calcium control of transmitter release at a
cerebellar synapse. Neuron 15:675-688

Mintz IM, Venema VJ, Swiderek KM, Lee TD, Bean BP, Adams ME (1992b) P-type
calcium channels blocked by the spider toxin omega-Aga-IVA. Nature 355:827-
829

Mogul DJ, Adams ME, Fox AP (1993) Differential activation of adenosine receptors
decreases N-type but potentiates P-type Ca2+ current in hippocampal CA3
neurons. Neuron 10:327-334

Montminy MR, Bilezikjian LM (1987) Binding of a nuclear protein to the cyclic-AMP
response element of the somatostatin gene. Nature 328:175-178

Morgan JI, Curran T (1988) Calcium as a modulator of the immediate-early gene
cascade in neurons. Cell Calcium 9:303-311

Morgan JI, Curran T (1989) Stimulus-transcription coupling in neurons: role of cellu-
lar immediate-early genes. Trends Neurosci 12:459-462

Mori Y, Friedrich T, Kim MS, Mikami A, Nakai J, Ruth P, Bosse E, Hofmann F,
Flockerzi V, Furuichi T, Mikoshiba K, Imoto K, Tanabe T, Numa S (1991) Primary
structure and functional expression from complementary DNA of a brain calcium
channel. Nature 350:398—-402

Mouginot D, Bossu JL, Gahwiler BH (1997) Low-threshold Ca2+ currents in dendritic
recordings from Purkinje cells in rat cerebellar slice cultures. J Neurosci
17:160-170

Mynlieff M, Beam KG (1994) Adenosine acting at an A, receptor decreases N-type
calcium current in mouse motoneurons. J Neurosci 14:3628-3634

Nibauer M, Callewaert G, Cleemann L, Morad M (1989) Regulation of calcium release
is gated by calcium current, not gating charge, in cardiac myocytes. Science
244:800-803

Namkung Y, Smith SM, Lee SB, Skrypnyk NV, Kim HL, Chin H, Scheller RH, Tsien
RW, Shin HS (1998) Targeted disruption of the Ca2+ channel beta3 subunit
reduces N- and L-type Ca2+ channel activity and alters the voltage-dependent
activation of P/Q-type Ca2+ channels in neurons. Proc Natl Acad Sci USA
95:12010-12015

Neher E (1998) Vesicle pools and Ca2+ microdomains: new tools for understanding
their roles in neurotransmitter release. Neuron 20:389-399

Newcomb R, Szoke B, Palma A, Wang G, Chen X, Hopkins W, Cong R, Miller J, Urge L,
Tarczy-Hornoch K, Loo JA, Dooley DJ, Nadasdi L, Tsien RW, Lemos J,
Miljanich G (1998) Selective peptide antagonist of the class E calcium channel from
the venom of the tarantula Hysterocrates gigas. Biochemistry 37:15353-15362

Niidome T, Teramoto T, Murata Y, Tanaka I, Seto T, Sawada K, Mori Y, Katayama K
(1994) Stable expression of the neuronal BI (class A) calcium channel in baby
hamster kidney cells. Biochem Biophys Res Commun 203:1821-1827

Nilius B, Hess P, Lansman JB, Tsien RW (1985) A novel type of cardiac calcium channel
in ventricular cells. Nature 316:443-446

Nowycky MC, Fox AP, Tsien RW (1985) Three types of neuronal calcium channel with
different calcium agonist sensitivity. Nature 316:440-443



Classification and Function of Voltage-Gated Calcium Channels 81

Olivera BM, Miljanich GP, Ramachandran J, Adams ME (1994) Calcium channel diver-
sity and neurotransmitter release: the w-Conotoxins and w-Agatoxins. Annu Rev
Biochem 63:823-867

Perez-Reyes E, Cribbs LL, Daud A, Lacerda AE, Barclay J, Williamson MP, Fox M,
Rees M, Lee JH (1998) Molecular characterization of a neuronal low-voltage-acti-
vated T-type calcium channel [see comments]. Nature 391:896-900

Perney TM, Hirning LD, Leeman SE, Miller RJ (1986) Multiple calcium channels
mediate neurotransmitter release from peripheral neurons. Proc Natl Acad Sci
USA 83:6656-6659

Piedras-Renteria ES, Chen CC, Best PM (1997) Antisense oligonucleotides against rat
brain alphal E DNA and its atrial homologue decrease T-type calcium current in
atrial myocytes. Proc Natl Acad Sci USA 94:14936-14941

Piedras-Renteria ES, Tsien RW (1998) Antisense oligonucleotides against alphal E
reduce R-type calcium currents in cerebellar granule cells. Proc Natl Acad Sci
USA 95:7760-7765

Pinto A, Gillard S, Moss F, Whyte K, Brust P, Williams M, Stauderman K, Harpold M,
Lang B, Newsom-Davis J, Bleakman D, Lodge D, Boot J (1998) Human autoanti-
bodies specific for the alphal A calcium channel subunit reduce both P-type and
Q-type calcium currents in cerebellar neurons. Proc Natl Acad Sci USA
95:8328-8333

Poncer JC, McKinney RA, Gihwiler BH, Thompson SM (1997) Either N- or P-type
calcium channels mediate GABA release at distinct hippocampal inhibitory
synapses. Neuron 18:463-472

Protti DA, Reisin R, Mackinley TA, Uchitel OD (1996) Calcium channel blockers and
transmitter release at the normal human neuromuscular junction. Neurology
46:1391-1396

Protti DA, Szczupak L, Scornik FS, Uchitel OD (1991) Effect of w-Conotoxin GVIA
on neurotransmitter release at the mouse neuromuscular junction. Brain Res
557:336-339

Protti DA, Uchitel OD (1993) Transmitter release and presynaptic Ca2+ currents
blocked by the spider toxin w-Aga-IVA. Neuroreport 5:333-336

Putney JW. (1997) Capacitative Calcium Entry, Edition (Austin, TX: R.G. Landes
Company)

Rajadhyaksha A, Barczak A, Macias W, Leveque JC, Lewis SE, Konradi C (1999) L-
Type Ca(2+) channels are essential for glutamate-mediated CREB phosphoryla-
tion and c-fos gene expression in striatal neurons. J Neurosci 19:6348-6359

Randall A, Tsien RW (1995) Pharmacological dissection of multiple types of Ca2+
channel currents in rat cerebellar granule neurons. J Neurosci 15:2995-3012

Randall A, Tsien RW (1998) Distinctive Biophysical and Pharmacological Features of
T-Type Calcium Channels. In Low-Voltage-Activated T-Type Calcium Channels,
RW Tsien, J-P Clozel J Nargeot, eds. (Basel, Switzerland: Adis International),
pp. 29-43

Regehr WG, Mintz IM (1994) Participation of multiple calcium channel types in trans-
mission at single climbing fiber to Purkinje cell synapses. Neuron 12:605-613

Reid CA, Clements JD, Bekkers JM (1997) Nonuniform distribution of Ca2+ channel
subtypes on presynaptic terminals of excitatory synapses in hippocampal cultures.
J Neurosci 17:2738-2745

Reuter H (1995) Measurements of exocytosis from single presynaptic nerve terminals
reveal heterogeneous inhibition by Ca2+ channel blockers. Neuron 14:773-779

Reuter H (1996) Diversity and function of presynaptic calcium channels in the brain.
Curr Opin Neurobiol 6:331-337

Rios E, Brum G (1987) Involvement of dihydropyridine receptors in excitation—
contraction coupling in skeletal muscle. Nature 325:717-720

Rock DM, Horne WA, Stoehr SJ, Hashimoto C, Cong RZ, M., Palma A, Hidayetoglu
D, Offord J (1998) Does o code for T-type Ca2+ channels? A comparison of
recombinant o Ca2+ channels with GH3 pituitary T-type and recombinant ;s



82 J.B. BERGSMAN et al.

Ca2+ channels. In Low-Voltage-Activated T-type Calcium Channels, J Nargeot, JP
Clozel RW Tsien, eds. (Chester, England: Aidis Press), pp. 279-289

Rosen LB, Greenberg ME (1994) Regulation of c-fos and other immediate-early genes
in PC12 cells as a model for studying specificity in neuronal signaling. Molec Neu-
robiol 7:203-216

Rosenberg RL, Hess P, Reeves JP, Smilowitz H, Tsien RW (1986) Calcium channels in
planar lipid bilayers: insights into mechanisms of ion permeation and gating.
Science 231:1564-1566

Sabria J, Pastor C, Clos MV, Garcia A, Badia A (1995) Involvement of different types
of voltage-sensitive calcium channels in the presynaptic regulation of noradrena-
line release in rat brain cortex and hippocampus. J] Neurochem 64:2567-2571

Sano K, Enomoto K, Maeno T (1987) Effects of synthetic w-Conotoxin, a new type
Ca2+ antagonist, on frog and mouse neuromuscular transmission. Eur J Pharma-
col 141:235-241

Sather WA, Tanabe T, Zhang J-F, Mori Y, Adams ME, Tsien RW (1993) Distinctive bio-
physical and pharmacological properties of class A (BI) calcium channel oy sub-
units. Neuron 11:291-303

Schafer WR, Kenyon CJ (1995) A calcium-channel homologue required for adaptation
to dopamine and serotonin in Caenorhabditis elegans. Nature 375:73-78

Schiller J, Helmchen F, Sakmann B (1995) Spatial profile of dendritic calcium transients
evoked by action potentials in rat neocortical pyramidal neurones. J Physiol
(Lond) 487:583-600

Schmitt R, Clozel JP, Iberg N, Buhler FR (1995) Mibefradil prevents neointima for-
mation after vascular injury in rats. Possible role of the blockade of the T-type
voltage-operated calcium channel. Arterioscler Thromb Vasc Biol 15:1161-1165

Schmitz Y, Witkovsky P (1997) Dependence of photoreceptor glutamate release on a
dihydropyridine-sensitive calcium channel. Neuroscience 78:1209-1216

Schneider MF, Chandler WK (1973) Voltage dependent charge movement of skeletal
muscle: a possible step in excitation—contraction coupling. Nature 242:244-
246

Schneider T, Wei X, Olcese R, Costantin JL, Neely A, Palade P, Perez-Reyes E, Qin N,
Zhou J, Crawford GD, et, a (1994) Molecular analysis and functional expression
of the human type E neuronal Ca2+ channel alpha 1 subunit. Receptors and Chan-
nels 255-270

Schultz LM, Christie RB, Sejnowski TJ. Distribution of T-Type Calcium Channels in
CA1 Stratum Oriens Interneurons. Society for Neuroscience, Vol 1, p79.79, 1999

Scott VE, De Waard M, Liu H, Gurnett CA, Venzke, DP, Lennon, VA, Campbell, KP
(1996) B Subunit heterogeneity in N-type Ca2+ channels. J Biol Chem
271:3207-3212

Sheng ZH, Rettig J, Takahashi M, Catterall WA (1994) Identification of a syntaxin-
binding site on N-type calcium channels. Neuron 13:1303-1313

Simmons ML, Terman GW, Gibbs SM, Chavkin C (1995) L-type calcium channels
mediate dynorphin neuropeptide release from dendrites but not axons of hip-
pocampal granule cells. Neuron 14:1265-1272

Smart TG, Xie X, Krishek BJ (1994) Modulation of inhibitory and excitatory amino
acid receptor ion channels by zinc. Prog Neurobiol 42:393-341

Smith LA, Wang XJ, Peixoto AA, Neumann EK, Hall LM, Hall JC (1996) A drosophila
calcium channel ¢, subunit gene maps to a genetic locus associated with behav-
ioral and visual defects. J Neurosci 16:7868-7879

Snutch TP, Leonard JP, Gilbert MM, Lester HA, Davidson N (1990) Rat brain expresses
a heterogeneous family of calcium channels. Proc Natl Acad Sci USA
87:3391-3395

Snutch TP, Reiner PB (1992) Ca2+ channels: diversity of form and function. Curr Opin
Neurobiol 2:247-253

Soldatov NM (1994) Genomic structure of human L-type Ca2+ channel. Genomics
22:77-87



Classification and Function of Voltage-Gated Calcium Channels 83

Soldatov NM, Bouron A, Reuter H (1995) Different voltage-dependent inhibition by
dihydropyridines of human Ca2+ channel splice variants. J Biol Chem 270:10540-
10543

Soong TW, Stea A, Hodson CD, Dubel SJ, Vincent SR, Snutch TP (1993) Structure and
functional expression of a member of the low voltage-activated calcium channel
family. Science 260:1133-1136

Spencer WA, Kandel ER (1961) Electrophysiology of hippocampal neurons IV: fast
potentials. J Neurophysiol 24:272-285

Spruston N, Schiller Y, Stuart G, Sakmann B (1995) Activity-dependent action poten-
tial invasion and calcium influx into hippocampal CA1l dendrites. Science
268:297-300

Starr TV, Prystay W, Snutch TP (1991) Primary structure of a calcium channel that
is highly expressed in the rat cerebellum. Proc Natl Acad Sci USA 88:5621-
5625

Stea A, Tomlinson WJ, Soong TW, Bourinet E, Dubel SJ, Vincent SR, Snutch TP (1994)
Localization and functional properties of a rat brain ¢, calcium channel reflect
similarities to neuronal Q- and P-type channels. Proc Natl Acad Sci USA
91:10576-10580

Strom TM, Nyakatura G, Apfelstedt-Sylla E, Hellebrand H, Lorenz B, Weber BH,
Wutz K, Gutwillinger N, Riither K, Drescher B, Sauer C, Zrenner E, Meitinger T,
Rosenthal A, Meindl A (1998) An L-type calcium-channel gene mutated in incom-
plete X-linked congenital stationary night blindness. Nature Genetics 19:260-
263

Stuart GJ, Dodt HU, Sakmann B (1993) Patch-clamp recordings from the soma and
dendrites of neurons in brain slices using infrared video microscopy. Pfliigers Arch
423:511-518

Stuart GJ, Sakmann B (1994) Active propagation of somatic action potentials into neo-
cortical pyramidal cell dendrites. Nature 367:69-72

Swartz KJ, Merritt A, Bean BP, Lovinger DM (1993) Protein kinase C modulates glu-
tamate receptor inhibition of Ca2+ channels and synaptic transmission. Nature
361:165-168

Takahashi M, Seagar MJ, Jones JF, Reber BF, Catterall WA (1987) Subunit structure
of dihydropyridine-sensitive calcium channels from skeletal muscle. Proc Natl
Acad Sci USA 84:5478-5482

Takahashi T, Momiyama A (1993) Different types of calcium channels mediate central
synaptic transmission. Nature 366:156-158

Talley EM, Cribbs LL, Lee JH, Daud A, Perez-Reyes E, Bayliss DA (1999) Differen-
tial distribution of three members of a gene family encoding low voltage-activated
(T-type) calcium channels. J Neurosci 19:1895-1911

Tanabe T, Beam KG, Adams BA, Niidome T, Numa S (1990) Regions of the skeletal
muscle dihydropyridine receptor critical for excitation—contraction coupling.
Nature 346:567-569

Tanabe T, Beam KG, Powell JA, Numa S (1988) Restoration of excitation—contraction
coupling and slow calcium current in dysgenic muscle by dihydropyridine recep-
tor complementary DNA. Nature 336:134-139

Tanabe T, Takeshima H, Mikami A, Flockerzi V, Takahashi H, Kangawa K, Kojima M,
Matsuo H, Hirose T, Numa S (1987) Primary structure of the receptor for calcium
channel blockers from skeletal muscle. Nature 328:313-318

Toth PT, Bindokas VP, Bleakman D, Colmers WF, Miller RJ (1993) Mechanism of
presynaptic inhibition by neuropeptide Y at sympathetic nerve terminals. Nature
364:635-639

Tottene A, Moretti A, Pietrobon D (1996) Functional diversity of P-type and R-type
calcium channels in rat cerebellar neurons. J Neurosci 16:6353-6363

Tottene A, Volsen S, Pietrobon D. The R-Type Calcium Current of Rat Cerebellar
Granule Cells Comprises Three Components With Distinct Biophysical and
Pharmacological Properties. Society for Neuroscience, Vol 1, p431.433, 1999



84 J.B. BERGSMAN et al.

Tsien RW, Fox AP, Hess P, McCleskey EW, Nilius B, Nowycky MC, Rosenberg RL
(1987) Multiple types of calcium channel in excitable cells. Soc Gen Physiol Ser
41:167-187

Tsien RW, Lipscombe D, Madison DV, Bley KR, Fox AP (1988) Multiple types of neu-
ronal calcium channels and their selective modulation. Trends Neurosci 11:431-438

Usowicz MM, Sugimori M, Cherksey B, Llinas R (1992) P-type calcium channels in the
somata and dendrites of adult cerebellar Purkinje cells. Neuron 9:1185-1199

Wakamori M, Niidome T, Furutama D, Furuichi T, Mikoshiba K, Fujita Y, Tanaka I,
Katayama K, Yatani A, Schwartz A (1994) Distinctive functional properties of the
neuronal BII (class E) calcium channel. Receptors Channels 2:303-314

Walker D, De Waard M (1998) Subunit interaction sites in voltage-dependent Ca2+
channels: role in channel function. Trends in Neurosciences 21:148-154

Watanabe S, Takagi H, Miyasho T, Inoue M, Kirino Y, Kudo Y, Miyakawa H (1998) Dif-
ferential roles of two types of voltage-gated Ca2+ channels in the dendrites of rat
cerebellar Purkinje neurons. Brain Research 791:43-55

Waterman SA (1996) Multiple subtypes of voltage-gated calcium channel mediate
transmitter release from parasympathetic neurons in the mouse bladder. J Neu-
rosci 16:4155-4161

Waterman SA (1997) Role of N-, P- and Q-type voltage-gated calcium channels in
transmitter release from sympathetic neurones in the mouse isolated vas deferens.
Br J Pharmacol 120:393-398

Waterman SA, Lang B, Newsom-Davis J (1997) Effect of Lambert-Eaton myasthenic
syndrome antibodies on autonomic neurons in the mouse. Annals of Neurology
42:147-156

Welling A, Kwan YW, Bosse E, Flockerzi V, Hofmann F, Kass RS (1993) Subunit-depen-
dent modulation of recombinant L-type calcium channels. Molecular basis for
dihydropyridine tissue selectivity. Circ Res 73:974-980

Wessler I, Dooley DJ, Osswald H, Schlemmer F (1990) Differential blockade by
nifedipine and w-Conotoxin GVIA of - and fi-adrenoceptor-controlled calcium
channels on motor nerve terminals of the rat. Neurosci Lett 108:173-178

Westenbroek RE, Ahlijanian MK, Catterall WA (1990) Clustering of L-type Ca2+
channels at the base of major dendrites in hippocampal pyramidal neurons. Nature
347:281-284

Westenbroek RE, Hell JW, Warner C, Dubel SJ, Snutch TP, Catterall WA (1992) Bio-
chemical properties and subcellular distribution of an N-type calcium channel o
subunit. Neuron 9:1099-1115

Westenbroek RE, Sakurai T, Elliott EM, Hell JW, Starr TV, Snutch TP, Catterall WA
(1995) Immunochemical identification and subcellular distribution of the ; 5 sub-
units of brain calcium channels. J Neurosci 15:6403—-6418

Wheeler DB, Randall A, Tsien RW (1994) Roles of N-type and Q-type Ca2+ channels
in supporting hippocampal synaptic transmission. Science 264:107-111

Wheeler DB, Randall A, Tsien RW (1996) Changes in action potential duration alter
reliance of excitatory synaptic transmission on multiple types of Ca2+ channels in
rat hippocampus. J Neurosci 16:2226-2237

Williams ME, Brust PF, Feldman DH, Patthi S, Simerson S, Maroufi A, McCue AF,
Velicelebi G, Ellis SB, Harpold MM (1992a) Structure and functional expression
of an omega-conotoxin-sensitive human N-type calcium channel. Science
257:389-395

Williams ME, Feldman DH, McCue AF, Brenner R, Veliyelebi G, Ellis SB, Harpold
MM (1992b) Structure and functional expression of oy, ¢, and B subunits of a
novel human neuronal calcium channel subtype. Neuron 8:71-84

Williams ME, Marubio LM, Deal CR, Hans M, Brust PF, Philipson LH, Miller RJ,
Johnson EC, Harpold MM, Ellis SB (1994) Structure and functional characteriza-
tion of neuronal o,z calcium channel subtypes. J Biol Chem 269:22347-22357

Wong RK, Prince DA, Basbaum A1 (1979) Intradendritic recordings from hippocampal
neurons. Proc Natl Acad Sci USA 76:986-990



Classification and Function of Voltage-Gated Calcium Channels 85

Wu LG, Borst JG, Sakmann B (1998) R-type Ca2+ currents evoke transmitter release
at a rat central synapse. Proc Natl Acad Sci USA 95:4720-4725

Wyatt CN, Page KM, Berrow NS, Brice NL, Dolphin AC (1998) The effect of overex-
pression of auxiliary Ca2+ channel subunits on native Ca2+ channel currents in
undifferentiated mammalian NG108-15 cells. Journal of Physiology 510:347-360

Yokoyama CT, Westenbroek RE, Hell JW, Soong TW, Snutch TP, Catterall WA (1995)
Biochemical properties and subcellular distribution of the neuronal class E
calcium channel ¢; subunit. J Neurosci 15:6419-6432

Yoshida K, Imaki J, Matsuda H, Hagiwara M (1995) Light-induced CREB phosphory-
lation and gene expression in rat retinal cells. J Neurochem 65:1499-1504

Yuste R, Gutnick MJ, Saar D, Delaney KR, Tank DW (1994) Ca2+ accumulations in
dendrites of neocortical pyramidal neurons: an apical band and evidence for two
functional compartments. Neuron 13:23-43

Zhang J-F, Randall AD, Ellinor PT, Horne WA, Sather WA, Tanabe T, Schwarz TL,
Tsien RW (1993) Distinctive pharmacology and kinetics of cloned neuronal Ca2+
channels and their possible counterparts in mammalian CNS neurons. Neu-
ropharmacology 32:1075-1088

Zhou Z, January CT (1998) Both T- and L-type Ca2+ channels can contribute to exci-
tation—contraction coupling in cardiac Purkinje cells. Biophys J 74:1830-1839

Zhu'Y, Ikeda SR (1993) Adenosine modulates voltage-gated Ca** channels in adult rat
sympathetic neurons. J Neurophysiol 70:610-620



CHAPTER 4
Structure of the Voltage-Dependent L-Type
Calcium Channel

F. HorManN and N. KLUGBAUER

A. Introduction

Voltage-activated L-type calcium channels regulate the intracellular concen-
tration of calcium and contribute thereby to calcium signaling in numerous
cells. These channels are widely distributed in the animal kingdom and are an
essential part of many excitatory and non-excitatory mammalian cells. The
opening of these channels is primarily regulated by the membrane potential,
but is also modulated by a wide variety of hormones, protein kinases, protein
phosphatases, toxins, and drugs. Site directed mutagenesis has identified sites
on these channels which interact specifically with other proteins, inhibitors,
and ions. This chapter will focus on these recent developments. The older find-
ings have been summarized in several excellent reviews (STRIESSNIG et al. 1993;
HorMANN et al. 1994; CATTERALL 1995; DE WAARD et al. 1996a).

B. Subunit Composition and Genes of the Calcium
Channel Complex

I. Subunit Composition of L-Type Calcium Channels

Calcium channels are heterooligomeric complexes of five proteins (Fig. 1): (a)
the o subunit, which contains the binding sites for all known calcium channel
blockers, the voltage-sensor, the selectivity filter and the ion-conducting pore;
(b) the intracellularly located S subunit; (c + d) the @0 subunit, a disulfide
linked dimer; and (e) the transmembrane y subunit (HOFMANN et al. 1994).

II. Genes
1. The ¢; Subunit

Most of the prominent features of the calcium channel complex can be
assigned to the o subunit. The o subunit contains the ion-conducting pore,
the selectivity filter of the pore, the voltage sensor and the interaction sites for
the B subunits, the By subunits of the G proteins, the @ subunit, the calcium
channel blockers and activators. Nine individual genes have been identified
for the oy subunit, which are homologous to each other and encode proteins
of predicted molecular masses of 212-273kDa. They belong to the same multi-
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Fig. 1. Putative structure of the calcium channel complex. Proposed structures of the
o subunit (fop) and the accessory 3, i and ysubunits are indicated. A disulfide bridge
(s) connects the transmembrane & and the extracellular @, subunit. The molecular
diversity of the o subunit and pharmacological properties are indicated. HVA, high
voltage activated; LVA, low voltage activated

gene family as voltage-activated sodium and potassium channels and share a
common ancestral protein with them. Hydrophobicity analysis of the o, sub-
units predicts a transmembrane topology with four homologous repeats, each
containing five hydrophobic putative « helices and one amphiphatic segment
(Fig. 1).
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An early evolutionary event separated the ¢; subunits into the electro-
physiologically distinct low voltage-activated (LVA) and high voltage-
activated (HVA) calcium channels, which share less than 30% sequence iden-
tity. The two.LVA genes G and H induce T-type current in the absence of addi-
tional subunits (PEREZ-REYEs et al. 1998; Criess et al. 1998). A later occurring
event separated the HVA-channels again in two subfamilies, the four (C, D, F,
S) dihydropyridine (DHP)-sensitive and the three (A, B, E) DHP-insensitive
calcium channels. The A, B, and E genes are expressed almost exclusively in
neuronal tissues. Both groups share about 50% identical amino acids, whereas
the amino acid identity of the individual members of each subfamily is gen-
erally over 60%.

a) The L-Type o, Channels
) The Class S oy Gene

The complete cDNA sequence of the class S gene was originally cloned from
rabbit skeletal muscle (TANABE et al. 1987). Two isoforms of this calcium
channel type can be identified in rabbit skeletal muscle: a 212kDa polypep-
tide equivalent to the full length calcium channel transcript and a smaller 190
kDa protein, which is derived from the full length product by posttranslational
proteolysis. This short form represents about 95% of the total o5 calcium
channel protein (DE JoNGH et al. 1991).

B) The Class C oq Gene

The class C gene is expressed in heart and smooth muscle, in endocrine and
neuronal cells. The human gene for the oy subunit is localized to the distal
region of chromosome 12p13 (ScHuLrZ et al. 1993). The gene spans about 150
kb and is composed of 44 invariant and over 6 alternative exons (SoLDATOV
1994). The oy subunit of the cardiac (;c.,) (Mikamr et al. 1989) and smooth
muscle (ac) (BIEL et al. 1990) calcium channel differ only at four sites and
share 95% identical amino acids. Molecular analysis showed that the alterna-
tively spliced exon 8, which codes for the IS6 segment, is differentially
expressed in cardiac and vascular smooth muscle and is responsible in part for
the different DHP sensitivity of the cardiac and vascular smooth muscle L-
type current (WELLING et al. 1997); further details are discussed in Sect. C.ITL.1.

9) The Class D o Gene

The cDNA of the class D was isolated from neuronal and endocrine tissues
and represents a neuroendocrine specific L-type calcium channel (WILLIAMS
et al. 1992b; SeiNo et al. 1992). Expression of ajp cDNA in different host
cells demonstrated only a small dihydropyridine sensitive inward current indi-
cating that the native channel may contain an additional, so far unknown
subunit.
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d) The Class F o Gene

Analysis of the locus for the incomplete form of X-linked congenital station-
ary night blindness (CSNB2) identified mutations in a new L-type calcium
channel ¢; subunit as cause of the disease (STRoM et al. 1998; BEcH-HANSEN
et al. 1998). The gene for the o subunit is localized at Xp11.23. The F channel
shows a 55-62% overall amino acid sequence identity with other L-type
calcium channel o; subunits. Apparently, this channel is expressed specifically
in the retina and required for optimal night vision.

b) The None L-Type oy Channels
o) The Class A oy Gene

Transcripts of the class A channel are present at high levels in the mammalian
brain and peripheral nervous system (Morr et al. 1991; Starr et al. 1991).
Because the o, transcripts are expressed in many neurons shown to possess
P- and Q-type channels and because the properties of o, exhibits similarities
with both of these channels (STEA et al. 1994), the class A cDNA is refered to
as P/Q-type calcium channel.

B) The Class B oy Gene

The class B gene has been cloned exclusively from brain (WILLIAMS et al.
1992a; DUBEL et al. 1992; Fusita et al. 1993). Expression studies using dysgenic
myotubes or Xenopus oocytes revealed that ¢4 induced a barium current
which is inhibited by low concentrations of w-conotoxin GVIA (Fuiira et al.
1993; WILLIAMS et al. 1992a). The o5 subunit also binds w-conotoxin GVIA
with high affinity (DUBEL et al. 1992). These results identify the oy channel as
the neuronal N-type calcium channel.

1) The Class E o; Gene

The sixth gene has been cloned from rat, rabbit, and human brain libaries
(NupoME et al. 1992; SoonG et al. 1993; WiLLIAMS et al. 1994; SCHNEIDER et al.
1994). Initially, this channel was characterized as an LVA T-type channel
(SoonG et al. 1993). However, later studies (WiLLIAMS et al. 1994; SCHNEIDER
et al. 1994) showed that the expressed o channel has the activation and inac-
tivation kinetics of a HVA neuronal channel. The human and rat ;g currents
have some properties in common with the R-type currents observed in cere-
bellar granule cells (ELLINOR et al. 1993).

¢) The Low Voltage-Activated o, Channels
) The Class G and H Gene

The recently cloned class G and H ¢; subunits are LVA calcium channels,
which have the basic electrophysiological characteristics of T-type channels
(PEREZ-REYES et al. 1998; CriBss et al. 1998). The G gene localizes to human
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chromosome 17q22 and is expressed strongly in brain and less abundantly in
heart. The expressed channel has a single channel conductance of 7.7 pS in 115
mmol/l Ba®*. The current is blocked half maximally by Ni** at 1.1 mmol/l. The
mibefradil block is slightly voltage dependent with ICs, values of 0.4 umol/l
and 0.1 umol/l at a holding potential of -100mV and -60mV, respectively
(KLUGBAUER et al. 1999b). The H gene localizes to the human chromosome
16p13.3 and is expressed strongly in kidney, at intermediate levels in heart,
and at low abundance in brain. The expressed channel has a single channel
conductance of 5.5pS and is blocked by Ni** at micromolar concentrations and
by mibefradil with an ICs, of 1.4 umol/l at HP -90mV (CriBss et al. 1998).

2. Auxiliary Subunits of the Calcium Channel
a) The o6 Subunit

The skeletal muscle o,6-1 subunit is a highly glycosylated membrane protein
of 125kDa (ELLis et al. 1988). The protein is posttranslationally cleaved to
yield a disulfide-linked o, and 6 protein (for older literature see HOFMANN et
al. 1994; CatTeERALL 1995; DE WAARD et al. 1996a). The & part anchors the o,
protein to the ¢ subunit via a single transmembrane segment, whereas the o,
protein is localized extracellularly. This membrane topology of the o4 subunit
was confirmed and further refined (WISER at al. 1996; GURNETT et al. 1996,1997;
FELIX et al. 1997). Extensive splicing of this subunit results in at least five dif-
ferent isoforms, which are expressed in a tissue specific manner (ANGELOTTI
and HorFmMANN 1996). Two additional o, 6 genes — @,6-2 and 0,6-3 — have been
identified recently (KLUGBAUER et al. 1999a). The primary structure of the
novel &,6-2 and ,6-3 subunits is about 50% and 30% identical with the
0,6-1 subunit, respectively. Northern blot analysis indicates that 0,6-3 is
expressed exclusively in brain, whereas ®,6-2 is found in several tissues and
0,0-1 is expressed ubiquitously. In situ hybridization of mouse brain sections
showed mRNA expression of 0,6-1 and o,8-3 in the hippocampus, cerebellum,
and cortex, with 0,6-1 strongly detected in the olfactory bulb and ,6-3 in the
caudate putamen. The number of putative glycosylation sites and cysteine
residues, hydropathicity profiles, and electrophysiological character of the
0,0-3 subunit is similar to that of the o,d-1 subunit if expressed together
with the o4c and cardiac f3,, subunit (KLUGBAUER et al. 1999a). In general,
coexpression of an @,4-1 subunit with o5 and f subunits shifts the voltage-
dependence of channel activation and inactivation in a hyperpolarizing direc-
tion, accelerates the kinetics of current inactivation, and increases the current
amplitude (SINGER et al. 1991; DE WaARD et al. 1995a; GURNETT et al. 1996,
1997; BANGALORE et al. 1996; FELIX et al. 1997; QUIN et al. 1998b; KLUGBAUER
et al. 1999a). Some inconsistencies in reported results can be accounted for by
the experimental conditions, as various expression systems (Xenopus oocytes
or mammalian cell lines), different charge carriers (Ba** or Ca?), different
splice variants of the 0,61 subunit, and different o (ouc, a, 04e) and B (B,
B, Bs, or B,) subunits were used. Detailed analysis of the effects of the ¢, and
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dproteins (GURNETT et al. 1996, 1997; FELIX et al. 1997) suggests that the extra-
cellular ¢, protein enhances current density and the affinity for the DHP
isradipine, whereas the transmembrane segment of the & protein interacts with
repeat III and some additional parts of the channel (GURNETT et al. 1997).
Changes in the channel kinetics are associated with the expression of the &
protein.

The mechanism whereby 0,6 modulates the conductance of ¢ is not
clearly understood. The increase in current density can be partly accounted
for by improved targeting of expressed ; subunit to the cell membrane
(SHistik et al. 1995). The effects of the coexpression of @,d subunit on time
course and/or voltage dependence on current activation and inactivation also
suggests a specific modulation of channel gating. In the presence of the o,6-1
subunit, the open probability of the channel is enhanced without a change in
the mean open time (SHisTIK et al. 1995) and the amount of charge moved
during channel activation increases (BANGALORE et al. 1996; QIN et al. 1998b).
This increase in charge movement was coupled with an increased and
unchanged maximal conductance, when the L-type oyc calcium channel
(BANGALORE et al. 1996) and neuronal o4e channel (QIN et al. 1998b) were
used, respectively. SHIROKOV (1998) reported that o, 61 speeds up the transfer
of the oc channel into a slow inactivated state and slows down its recovery.
These changes in channel gating may underlie the observed effects on the inac-
tivation of whole cell current.

b) The B-Subunit

The f subunits are intracellularly located proteins ranging from 50 to 72kDa.
Four genes - B, B, B;, and B, — have been identified (RutH et al. 1989; HULLIN
et al. 1992; PEREZ-REYES et al. 1992; CasTELLANO et al. 1993) which give rise
to several splice variants. A primary structure alignment of 8 subunits revealed
that all share a common central core, whereas their N- and C-termini and a
part of the central region differ significantly. Coexpression of a § subunit with
various ¢ subunits increases peak current (SINGER et al. 1991) most likely by
increasing the number of functional surface membrane channels and by facil-
itating channel pore opening (NEELy et al. 1993; JosepHsoN and VARADI 1996;
Kawmp et al. 1996). With the exception of the rat brain f3,,, all other 8 subunits
accelerate channel activation and inactivation and shift the steady state inac-
tivation curve to hyperpolarized potential (SINGER et al. 1991; WEr et al. 1991;
HULLIN et al. 1992; CasTELLANO et al. 1993). All four 3 subunits combine with
the neuronal ¢; subunits (Scotr et al. 1996; Liu et al. 1996; Lupwig et al. 1997;
PicHLER et al.1997; VOLSEN et al. 1997; VANCE et al. 1998). The brain expres-
sion of the B, subunit increases about tenfold between postnatal day 2 and
maturity, in which time it associates with N- and P-type channels (VANCE et al.
1998). Mutation of the B, subunit in lethargic mice is associated with ataxia
and seizures (BURGESS et al. 1997). The lethargic phenotype could be caused
by the persistence of an immature N-type calcium channel coassembled with
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the B, subunit (McENERYy et al. 1998). In contrast to neuronal calcium chan-
nels, the skeletal and cardiac muscle calcium channel are associated appar-
ently exclusively with the 3, and cardiac f3,, subunit (RuTH et al. 1989; Lubwic
et al. 1997; QInN et al. 1998a).

Differential splicing of the primary transcripts of B, results in the expres-
sion of at least three isoforms (RUTH et al. 1989; PRAGNELL et al. 1991; WILLIAMS
et al. 1992b). B, is exclusively expressed in skeletal muscle together with the
ous, /8, and ¥ subunit, whereas the other two isoforms of f; were identified
in brain and spleen (PoweRs et al. 1992). Deletion of the 3, gene in mice leads
to perinatal lethality (GREGG et al. 1996). The absence of the 3, subunit lowers
the concentration of the os subunit in skeletal muscle and impairs thereby
excitation-contraction coupling. Coexpression of the brain splice variant B, —
but not that of the skeletal muscle B, variant — together with the ogs, 06/84
and % subunit has been reported to induce measurable inward current in
oocytes suggesting that this specific splice variant has significant effects on the
property of the skeletal muscle calcium channel (REN and Harr 1997).

The B, gene is expressed abundantly in heart and to a lower degree in
aorta, trachea, lung, and brain (BIEL et al. 1991), whereas the f; specific nRNA
is detectable in brain and different smooth muscle tissues (HuLLIN et al. 1992;
Lupwig et al. 1997). The S3, transcript is extensively spliced resulting in at least
four different isoforms (PERez-REYES et al. 1992; HuLLIN et al. 1992). The
rabbit cardiac 3, (HULLIN at al. 1992) and the rat brain 3,, (PEREZ-REYES et
al. 1992) are N-terminal splice variants of the same gene. The rat brain 8, has
two cysteines at position 3 and 4 which are palmitoylated in vivo (CHIEN et al.
1996; Q1N et al. 1998a). The f3,, expressed in rabbit heart does not contain the
aminoterminal cysteines (QIN et al. 1998a) and is identical with the cloned
cardiac f3,, (HULLIN et al. 1992). Coexpressed with g, the brain S3,, reduces
the rate at which o inactivates in response to depolarization, causes a right
shift in steady-state inactivation curve, does not support facilitation of the ¢
current (QIN et al. 1998a), and prevents prepulse potentiation caused by G
protein Bysubunit interaction with neuronal ; subunits (HERLITZE et al. 1996).
Prevention of the palmitoylation of the brain f8,, by mutation of the two cys-
teines to serines changes its properties to that of the cardiac B, i.e., the
mutated 3, subunit accelerates channel activation and inactivation, shifts the
steady-state inactivation curve to hyperpolarized potential, supports facilita-
tion of the oyc, current and interferes poorly with prepulse potentiation (QIN
et al. 1998a). The extent of palmitoylation is affected by mutation in other
regions of the neuronal ff subunit, i.e., in a src homology 3 motif and in the
subunit interaction domain (CHIEN et al. 1998) (see also Sect. C.I1.2).

¢) The y Subunit

The % subunit is an integral membrane protein consisting of 222 amino acids
with a predicted molecular mass of 25kDa (BossE et al. 1990; Jay et al. 1990),
which is exclusively expressed in skeletal muscle (EBERST et al. 1997). Recently,
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a second p subunit has been identified in brain which has 25% identity with y
and is most highly expressed in cerebellum, olfactory bulb, cerebral cortex,
thalamus and CA3, and dentate gyrus of the hippocampus (LETTS et al. 1998).
The human 7 and j subunits are encoded on chromosome 17g23 and
22q12-13, respectively (Powers et al. 1993; LETTs et al. 1998). Hydrophobicity
analysis reveals the existence of four putative transmembrane helices with
intracellular located amino- and carboxy-termini. The presence of two extra-
cellular potential N-glycosylation sites is consistent with the observed strong
glycosylation of these subunits. Coexpression of each ysubunit together with
04, &/, and f subunits in oocytes induces a left shift in the steady-state inacti-
vation curves (SINGER et al. 1991; LEtTs et al. 1998). The 9 gene is mutated in
stargazer mice leading to spike-wave seizures characteristic of absence epilepsy
with accompanying defects in the cerebellum and inner ear (LETTs et al. 1998).

III. Functional Domains of the o; Subunit
1. The Pore and Ion Selectivity Filter

Part of the pore structure of the calcium channel is formed by the linker con-
necting the S5 and S6 transmembrane segments in repeat I to IV (Guy and
ConTi 1990). This P region is thought to contribute to the outer vestibule of
the channel pore and to span the outer half of the membrane. In analogy to
the recently obtained crystal structure of the Streptomyces lividans potassium
channel (DovLE et al. 1998), the calcium channel pore can be envisioned to
have the structure of an inverted teepee with the vertex inside the cell. The
helices of the four S6 segments would form the poles of this teepee, which are
widely separated near the outer membrane surface and converging towards a
narrow zone at the inner surface. This outer structure would stabilize an inner
ring formed by the four P-regions, which control the speed of permeation and
the ion selectivity.

Mutational analysis of the o (TANG et al. 1993; YANG et al. 1993) and oy
(K et al. 1993) channel has shown that the four glutamic acid residues E413,
E731, E1140, and E1441 (amino acid numbering is according to the oc.
sequence (BIEL et al. 1990)) in the P region of repeat I, II, III, and IV are
critical in determining the ion selectivity of the calcium channel. Equivalent
glutamates are present in all HVA calcium channels. Mutation of these gluta-
mates decreased dramatically the affinity for Ca** or Cd** to block monova-
lent ion permeation (YANG et al. 1993; Kim et al. 1993; Yaran1 et al. 1994;
ELLINOR et al. 1995; PARENT and GoPALAKRISHNAN 1995). The studies showed
that these glutamates form the high affinity Ca®* binding site within the pore
that is responsible for the Ca® selectivity. The glutamic acid residues of each
repeat contribute differently to the Ca’* affinity, selectivity, and speed of per-
meation (TaNG et al. 1993; PARENT and GOPALAKRISHNAN 1995; ELLINOR et al.
1995). Mutation of E1140 in repeat III has a much greater effect on ion selec-
tivity and permeation than comparable mutations in the other three repeats.
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LVA channels have aspartates instead of glutamates in the pore of repeat 111
and IV, which difference may be the cause of their distinct ion selectivity
(PErREZ-REYES et al. 1998; CriBss et al. 1998; KLUGBAUER et al. 1999b).

To explain rapid permeation of calcium ions, different models have been
discussed with one or two — high and low affinity — site(s) for Ca** (Hess and
TsieN 1984; TsIEN et al. 1987; RosENBERG and CHEN 1991; Kuo and Hess 1993;
ARMSTRONG and NEYTON 1991). In a recent study, ELLINOR et al. (1995) demon-
strated that these glutamates form a single high affinity Ca** site within the
pore. This site may be accessed by two Ca®* ions at the same time, thereby
allowing rapid permeation. The cloned smooth muscle ;¢ channel perme-
ates rapidly Ca®* at physiological pH and voltages and has a high unitary con-
ductance (GoLLascH et al. 1996), whereas the unitary conductance of the
skeletal muscle o5 subunit is half of that of the cardiac o subunit (DIRKSEN
et al. 1997). Unitary conductance was reduced from cardiac to skeletal muscle
size, when the skeletal muscle IS5-1S6 linker was introduced in to the cardiac
oyc subunit (DIRKSEN et al. 1997). The net charge of the vestibule part of the
cardiac and skeletal muscle IS5-IS6 linker is -5 and -2, respectively. It is plau-
sible that the more negatively charged vestibule of the cardiac compared to
skeletal muscle channel increases conduction by electrostatic attraction of Ca®*
ions to the channel pore.

Increased extracellular proton (H') concentrations that occur during
episodes of intense neuronal activity or with ischemia in heart strongly inhibit
ion permeation through open calcium channels (Kuo and Hess 1993). A single
H* binding site has been invoked. Analysis of the mutated o subunit local-
ized this site to the glutamates of the pore region. Controversial data have
been published suggesting that H* binding requires either only E1140 in repeat
IIT (KLOCKNER et al. 1996) or E413 and E1140 in repeat I and IIT (CHEN and
TsieN 1997). The two glutamate model may explain better the unusual high
pKa (pH>8) of the protonated site than the single glutamate model. The inter-
pretation of these results is further complicated by the observation, that
removal of protons increases L-type current only, when the ¢ subunit is
expressed together with the cardiac f3,, subunit (SCHUHMANN et al. 1997).

2. Channel Activation

Mutational analysis in K* (ParaziaN et al. 1991; LiMaN et al. 1991) and Na*
(STUHMER et al. 1989) channels suggested that the positive charges of the S4
segments in each repeat function as voltage sensor. Mutation of individual S4
arginines in repeat I and III of a skeletal/cardiac o4 chimera affected midpoint
and time constant of activation, whereas those of repeat II and IV were
without effect (Garcia et al. 1997). Mutation of the leucine heptad motif
present in the region of S4-S5 in repeat I and III yielded inconclusive results.
The speed of calcium channel activation is also a property of the ¢; subunit
and is modulated by the o,0 (see Sect.B.I1.2.a) and f (see Sect.B.I1.2.b) sub-
units. More than a fivefold difference in the speed of activation was observed
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Fig.2. Suggested topology of the L-type calcium channel ¢; subunit. The putative
transmembrane configuration is based on the hydrophobicity analysis of the primary
structure. The ¢ subunit consists of four homologous repeats (I, II, II1, IV) each con-
taining six membrane-spanning segments. The amphipathic segment which forms the
voltage sensor of the channel is indicated by a +. Black and white arrows are part of
the channel pore and contain the selectivity filter. Grey boxes indicate regions involved
in activation or inactivation kinetics. P indicates sites for cAMP kinase or protein
kinase C (PKC). e-c coupling, excitation — contraction coupling; 3, binding site for f
subunit; Ca”, interaction site for Ca** dependent inactivation

between the skeletal (slow) and cardiac (fast) oy subunits. Functional expres-
sion of chimeric calcium channels showed that repeat I determines the speed
of activation (Fig. 2) (TANABE et al. 1991). Initially, the S3 segment and the
linker IS3-1S4 was shown to control slow and fast activation (Nakar et al.
1994). Analysis of several skeletal/cardiac chimeras suggests that, although
unitary conductance and speed of activation are encoded in different parts of
repeat I, the linker IS5-1S6 affects not only unitary conductance but also the
speed of activation (DIRkSEN et al. 1997). In addition, the sequence between
IT1S5 and 1VS6 contributes also to the speed of channel activation (WANG et
al. 1995).

3. Channel Inactivation

HVA-calcium channels show two types of inactivation: slow and fast inactiva-
tion. The slow inactivation is voltage-dependent, whereas the fast inactivation
is caused by the permeating calcium ion. The kinetics of slow/voltage-
dependent inactivation, which is observed with all HVA calcium channels,
differ considerably between the various types of calcium channels and are
important in determining the amount of calcium entry during electrical activ-
ity. The IS6 segment and its flanking regions are critical for the inactivation
properties of the channel (ZHANG et al. 1994) as determined with chimeric ¢y
subunits of channels with different inactivation rates, i.e., the «; subunits of
the class C, class A and doe-1, an ¢; subunit cloned from the marine ray Dis-
copyge ommata. Chimeras between the oc and o4 calcium channels con-
firmed this conclusion (PAReNT et al. 1995). However, inactivation of the o;c
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channel is also controlled by the intracellular carboxyterminal sequences (WE1
et al. 1994). Removal of the carboxyterminus of the ¢c., or ¢y, subunit up
to aa1733 or 1728, respectively, increases the expressed current (WEI et al.
1994; KLOCKNER et al. 1995; SEISENBERGER et al. 1995) without increasing the
charge moved or the density of DHP binding sites (WEI et al. 1994). There-
fore, truncation of the channel up to aa1733 does not increase the number of
channels but removes an inhibitory action of the carboxyterminus. Similar
results have been obtained in vivo by perfusion of cardiac myocytes with
trypsin (HEscHELER and TRAUTWEIN 1988). However, the trypsinated channel
had lost its calcium sensitivity, whereas the truncated channel still showed
calcium-dependent inactivation.

Calcium-sensitive inactivation of ;¢ channels is a negative biological
feedback mechanism, by which the increase of intracellular calcium speeds up
channel inactivation and prevents a calcium overload of the cell. Using the
L-type calcium current of guinea pig cardiac myocytes, HESCHELER and
TrRAUTWEIN (1988) showed that intracellular application of trypsin or car-
boxypeptidase increased the amplitude of calcium or barium current and
decreased calcium-dependent inactivation. The trypsin-dependent increase in
current amplitude was confirmed by others (ScHMID et al. 1995; You et al.
1995), whereas the loss of calcium-dependent inhibition was seen by You et
al. (1995) but not by Scumip et al. (1995). These discrepant results were clar-
ified by the use of the cloned @, subunits (Fig. 2). Fast/Ca**-dependent inacti-
vation is especially prominent in the cardiac and the smooth muscle channel
and requires only the o4 subunit (WELLING et al. 1993b; NEELY et al. 1994;
ZonG and HorMANN 1996). Intracellular Ca* inactivates calcium current by
binding to a single site with an ICs, of 4 umol/l Ca®>* (HOFER et al. 1997) sup-
porting the hypothesis of the presence of a single EF hand (BapircH 1990).
Exchange of amino acids between residues 1572 and 1651 by exons only found
so far in the oyc gene increases the speed of inactivation and, depending on
the substitution, removes calcium-dependent inactivation (SoLbartov et al.
1998; ZUHLKE and REUTER 1998). Exchange of the same region of o sequence
for those of oy — a calcium insensitive channel — also results in a loss of
calcium-dependent inhibition (DE LeoNn et al. 1995; Znou et al. 1997).
However, no agreement exists on the importance of the EF hand binding
motif, since exchange or removal of it did effect calcium sensitivity (SoLbaTOV
et al. 1998; ZUHLKE and REUTER 1998) or had no effect (ZHou et al. 1997).
Further complication comes from the work of Abams and TANABE (1997). An
o4/ oys chimera, in which the carboxyterminal oy sequence 1633 to 2166 was
replaced by the skeletal muscle sequence 1510 to 1873, had lost calcium-
dependent inactivation. However, the same chimera, in which the last 211
amino acids from the skeletal muscle (sequence used 1510 to 1662) were
removed, again showed Ca*-dependent inactivation. It is quite likely that
these very different sequence modifications affected either the Ca* binding
site, or the conformation of the carboxyterminus, that mediates channel inhi-
bition or both. Agreement exist only insofar that Ca**-dependent inactivation
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requires only the o, subunit and binding of Ca® to the intracellular amino
acid stretch between residues 1513 and approximately 1700.

IV. Sites for Interaction with Other Proteins

The ¢y subunit interacts with a number of proteins such as its auxiliary sub-
units o,6, B, and y and proteins such as the ryanodine receptor and proteins
necessary for fusion of a neurosecretory vesicle with the presynaptic mem-
brane. The potential interaction sites for the y subunit and the o0 are
unknown or have been outlined above (see Sect. B.I11.2.a). Here we will con-
sider only those interactions relevant to the o5 and oy¢ subunits.

1. Interaction of the o; Subunit with the Ryanodine Receptor

In cardiac muscle, excitation-contraction (e-c) coupling does not require a
direct contact between the calcium channel and the ryanodine receptor type
2 (RyR-2). Calcium release from the sarcoplasmatic reticulum (SR) is trig-
gered by the calcium flowing through the open L-type ¢ calcium channel
into a restricted space between the plasma membrane and the SR (SHaM et
al. 1995). In contrast in skeletal muscle, e-c coupling requires direct coupling
between the oy subunit and the ryanodine receptor type 1 (RyR-1). The cyto-
plasmic loop between repeat II and III of the ;s subunit, but not that of the
oy c subunit, affects ryanodine binding to skeletal muscle RyR-1 and induces
calcium release from skeletal muscle SR (TANABE et al. 1990). The o5 subunit
can be replaced by a peptide containing the skeletal sequence E666 to L791
(Lu et al. 1994). Later refinement of this peptide showed: (i) that phosphory-
lation of S687 (ROHRKASTEN et al. 1988) in the peptide E666-E726 prevents
activation of calcium release from the SR (Lu et al. 1995); (ii) that activation
of RyR-1 requires only the sequence T671-L690 (EL-HAYEK et al. 1995) which
contains the essential basic cluster RKRRK (ErL-Hayek and IkEmoro 1998);
(iii) that activation of the RyR-1 by the peptide T671-L690 is prevented by
the peptide E724-P760 which is localized in the carboxyterminal part of the
IT-I1T loop of o5 (EL-HAYEK et al. 1995). Using ays/a;c chimeras expressed in
the dysgenic myotubes, Nakal et al. (1998b) have slightly revised the site which
interact with the RYR-1. Transfer of the skeletal muscle sequence between
residues 711-765 to a cardiac ;¢ subunit yields skeletal muscle type e-c cou-
pling. The core region between residues 725-742 is necessary for e-c coupling
but gives only a weak response (Nakal et al. 1998b).

Activation of the RyR-1 is not affected by truncation of the intracellular
tail of the o5 sequence at N1662, suggesting that this part of the tail is not nec-
essary for normal e-c coupling in skeletal muscle (BeEam et al. 1992). RyR-1
expression is not only necessary for normal e-c coupling, but also for a high
density of the DHP receptor complex in skeletal muscle (Nakar et al. 1996)
and neurons (CHavis et al. 1996). Work with chimeric RyR-1/RyR-2 showed
that the sequence from aa 1635 to 2636 of the RyR-1 couples to the o5 subunit
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of the DHP-receptor, increases the density of the DHP receptor complex, and
is necessary for calcium release from the SR (Nakal et al. 1998a). In addition,
the carboxyterminal sequence aa 2659-3720 couples to the DHP-receptor
complex as evidenced by an increase in calcium current, but does not allow
calcium release from the SR (Nakal et al. 1998a) suggesting multiple contact
sites between the skeletal muscle calcium channel complex and the cytosolic
part of the RyR-1.

2. Interaction of the ¢; Subunit with the § Subunit

Coexpression of a 8 subunit with o4 subunits alters the voltage-dependence,
kinetics, and magnitude of the calcium channel current. The differences in
reported effects most likely depend on the particular combination of both sub-
units and splice variants. These modulatory effects are the consequence of con-
formational changes in the quaternary structure resulting from the specific
interaction of subunit surfaces (NEELy et al. 1993). To identify the B subunit
interaction site on the o subunit, an epitope library of the o5 subunit was
screened with a labeled B, subunit probe (PRAGNELL et al. 1994). The B subunit
probe binds to the cytoplasmic linker between domain I and II of the o
subunit (Fig. 2). A detailed analysis of different @, subunits revealed that a
highly conserved sequence motif, called AID for alpha subunit interaction
domain, is reponsible for this specific interaction, i. e., 428QQ-E-L-
GY-WI-E445 (amino acid numbering is according to the o;c,, sequence (BIEL
et al. 1990)) positioned 24 amino acids from the IS6 transmembrane domain
in each o; subunit. Further mutations showed that only the sequence
—437Y-WI441- is essential for high affinity binding of the  subunits, whereas
the sequence -Q-ER- is necessary for binding of the By subunit of G proteins
to the neuronal o, 1, and o5 channels (DE WaARD et al. 1996b). The L-type
calcium channels o, oip, 04F, and oy, which do not have the R in the -Q-ER
sequence, do not bind the By subunit of G proteins and their current ampli-
tudes are not modified by G proteins. Mutation of the tyrosine to a serine
(-Y-WI- to -S-WI-) reduces the affinity of the AID for B subunits dramati-
cally (WiTcHER et al. 1995). This mutation abolishes the stimulation of peak
currents, the change in the inactivation kinetics, and the voltage-dependence
of activation by the f subunit (DE WaARD et al. 1996b). In a biochemical assay,
DE WaARD et al. (1995b) showed that the AID of the o 5 subunit binds B4
with a Kp of Snmol/l. The relative affinities for the various § subunits to the
AID, were p4>[B2a>B1b>>f3. A second low affinity binding site (Kp about
100nmol/l) for the B, and B; subunit has been detected in the carboxy-
terminal sequence of the ;4 subunit between residues 2090 and 2424 (WALKER
et al. 1998) and the ;g subunit (TAREILUS et al. 1997).

Since all four B subunits can modulate the kinetics and voltage depen-
dence of the o4 subunit and bind to the AID, it was likely that § subunits
contain a conserved motif, which binds to AIDs. To identify this structural
domain, a series of truncated and mutated f3;, subunits was constructed and
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tested to interact with a;, in vitro (DE WaARD et al. 1994). A 30 amino acid
domain of the B subunit (aa 215-245 of f,,) is sufficient to induce all the mod-
ulatory effects of this subunit. This sequence stretch is located at the amino
terminus of the second region of high conservation among all four 3 subunits.
Modifications in this region changed or abolished the stimulation of calcium
currents by the § subunit and the binding to the o4 subunit.

Deletion of the f3; subunit gene showed that a proper targeting of the ;g
subunit in skeletal muscle depends on the coexpression of the S, subunit
(Greag et al. 1996). Transient transfection of the 8, cDNA in the deficient
myotubes restored Ca** current, charge movement and Ca* transients (BEURG
et al. 1997). Slightly different results were reported when the homozygous dys-
genic (mdg/mdg) cell line GLT was used (NEUHUBER et al. 1998a). This cell
line does not express the s subunit. Proper targeting of the f;, subunit
required coexpression of the oys subunit, in which the AID subunit was not
mutated (NEUHUBER et al. 1998a). Further experiments on the interaction and
targeting of the o5 subunit by the B, or neuronal f,, in tsA201 cells yielded
similar results (NEUHUBER et al. 1998b). The biological significance of these
findings is not clear since: (i) the B, subunit is expressed in the absence of the
oys subunit in mdg/mdg myotubes; (ii) the neuronal f3,, subunit is targeted by
palmitoylation of the two amino terminal cysteines to the plasma membrane;
(iii) palmitoylation of the f3,, subunit is affected significantly by mutations in
the BID and other domains (CHIEN et al. 1998): (iv) it is difficult to understand
how the B subunits affect barium current without colocalizing with the ;s
subunit (NEUHUBER et al. 1998a,b).

V. Binding Sites for L-Type Calcium Channel Agonists
and Antagonists

1. The Dihydropyridine Binding Site

The L-type calcium channel ligands represent a clinically and experimentally
important set of blockers and agonists. The major classes of these drugs
are the dihydropyridines (DHP), phenylalkylamines (PAA), and benzo-
thiazepines. Different techniques have been used to localize potential binding
sites of these drugs on the calcium channel complex. Earlier experimental
observations from photoaffinity labeling and peptide mapping studies on the
skeletal muscle channel revealed that all three classes bind to the transmem-
brane region of repeat IV of the o; subunit (REGULLA et al. 1991; CATTERALL
and STRIESSNIG 1992; KuNivasu et al. 1998) with additional sites on repeat II1
(CatTERALL and STRIESSNIG 1992; KaLAsz et al. 1993) and repeat I (KALAszZ et
al. 1993) for the DHPs. These localizations were refined by the use of chimeric
ocloga and ogc/age channels and site directed mutagenesis of single amino
acids in the oqs or oyc subunit (Fig. 3). High affinity block of o mediated
barium current (Ig,) by the DHP antagonist isradipine or (-)R-202-791 is pre-
vented by mutation of the L-type specific amino acids (amino acid numbering
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Fig.3. Localization of interaction sites for calcium channel antagonists and agonists on
the transmembrane IIIS5, ITIS6, and IVS6 segments. Letters on white background indi-
cate residues that are different between dihydropyridine sensitive and insensitive
calcium channels. Letters on grey background are residues that are conserved in all
calcium channel sequences, but which participate also in the interaction with different
ligands. IS6 indicates the transmembrane segment which is differentially spliced in
cardiac and smooth muscle a;c calcium channels and which accounts for the different
sensitivity to dihydropyridines in these tissues

is according to the ;¢ sequence (BIEL et al. 1990)) Thr1061 and GIn1065 in
IIIS5 (Ito et al. 1997; HE et al. 1997), Ile 1175, Ile 1178, Met 1183, and the con-
served Tyr1174 of I11S6 (Bobi et al. 1997; PETERSON et al. 1997) and Tyr1485,
Met1486, 11e1493, and the conserved Asn1494 in IVS6 (SCHUSTER et al. 1996;
PETERSON et al. 1997) (Fig. 3). The stimulation of I, by the DHP agonists Bay
K 8644 or (+)S-202-791 required mutation of less amino acids: Thr1061 in
I1ISS (ITo et al. 1997), Tyr1174 in 111S6 (Bobi et al. 1997), and Tyr1485, Met1486
in IVS6 (ScHuUsSTER et al. 1996). The largest effects were observed with muta-
tion of Thr1061 to Tyr, which mutation lowered the affinity for isradipine more
than 1000-fold (Ito et al. 1997). In contrast to these mutations, the replace-
ment of the L-type specific Phe1484 in IVS6 by Ala decreased the 1Cs, for the
DHP antagonists isradipine from 6.8nmol/l to 0.014nmol/l (PETERSON et al.
1997). More or less identical results were obtained, when the binding affinity
of the mutated oyc or s subunit for isradipine was determined (HE et al.
1997; PetERSON et al. 1996). High affinity binding of DHPs requires Ca®
(ScHNEIDER et al. 1991), which is coordinated by the glutamates in the pore
region I, II, III, IV (MITTERDORFER et al. 1995). Mutation of the respective
Glu to GIn in the o4 pore region III and IV decreased the affinity
for isradipine 10- to 40-fold (PETERSON and CATTERALL 1995). Although not
completely excluded, it is unlikely that the high affinity binding of DHPs
involves direct binding to the pore region glutamates. Most likely, the co-
ordination of Ca® is required to allow the optimal conformation for high
affinity binding. In contrast, isradipine binds with low affinity (ICs, about
2 umol/l) to the open state of an ¢ subunit as revealed by the use of a channel,
in which Tyr1485, Met1486, 11e1493 of IVS6 were mutated (L.aciNova and
HormaNN 1998). Possibly, binding to the pore region is involved in this low
affinity block.
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The transfer of parts of the o;c sequence to the DHP insensitive neuronal
oya subunit (GRABNER et al. 1996) confirmed the above concept. Detailed
analysis using the o5, subunit (SINNEGGER et al. 1997; HockErMAN et al. 1997b)
or the o subunit (ITo et al. 1997) showed that the L-type specific and the
non-conserved amino acids (see above) had to be present to allow high affin-
ity block and stimulation of these channels by the DHP antagonist isradipine
and agonist Bay K 8644, respectively. The I1Cs, values for block of the chimeric
channels was in the range of 10nmol/l to 100nmol/l. A similar value is obtained
with the wild type o4 channel at a holding potential of -80mV, suggesting that
these amino acids transfer the affinity for a “resting block.” The high affinity
block for DHPs requires inactivation of the L-type Ca®* channel, which state
results in ICsy values of 0.1 nmol/l or less. At the present it is not clear if this
high affinity state requires the transfer of additional amino acids or cannot be
obtained with the oy, and ogr subunit, since these channels inactivate at dif-
ferent membrane potentials leading to a different conformation of the binding
site. Testing of the different mutations of the ¢4c channel with charged and
noncharged DHPs (BANGALORE et al. 1994) indicated that inactivation of
the mutated channel affected the channel block differently. The noncharged
DHP behaved like the usually used isradipine (LAciNovaA et al. 1999). In con-
trast, the charged DHP blocked wild type and mutated o;c channel with
similar affinity, indicating that charged DHPs might bind to a different con-
formation of the channel and interact with different amino acids than the
neutral DHPs.

The work of several groups suggested that the coexpression of a fand 0,6
subunit is required for high affinity binding of DHPs (MITTERDORFER et al.
1994; LaciNova et al. 1995; SuH-K1M et al. 1996; WEI et al. 1995). However, at
the present time it cannot be decided, if these subunits help to localize the oy
subunit in the membrane to obtain a correctly folded ¢; subunit or influence
directly the binding site. It was reported that high affinity binding of DHPs
was already observed when only the ¢ subunit was expressed alone
(WELLING et al. 1993a). Investigation of several splice variants of the aic
subunit showed that additional sequences affect the DHP sensitivity (WELLING
et al. 1993b). In-depth analysis of the o, (cardiac) and ¢, (smooth muscle)
sequence showed, that the alternative exon 8a or 8b, which codes for the IS6
segment, affects the affinity for neutral DHPs (WELLING et al. 1997). The
cardiac ., channel, which contains the segment IS6a and is expressed in
cardiac muscle, is blocked at higher concentrations of nisoldipine than the
smooth muscle ¢, channel, which is expressed in vascular smooth muscle
(WELLING et al. 1997). ICs, values for isradipine were 32nmol/l and 8nmol/] at
a holding potential of -80mV and 10nmol/l and 1.3nmol/l at a holding poten-
tial of -50mV for the oc, and o;c., respectively (L. Lacinovd, unpublished
results). Similar results were reported by ZUHLKE et al. (1998), proving that
the IS6 segment affects significantly the DHP block. It was possible that the
change in affinity was caused by different inactivation kinetics of the two splice
variants, since the IS6 segment strongly affects the inactivation kinetics of the
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channel (ZHANG et al. 1994). However, the inactivation kinetics of the two
channels are either identical or opposite to expectation, i.e., the steady state
inactivation of the cardiac oc, channel occurred at more negative membrane
potentials than that of the smooth muscle o, channel (Hu and MarBaN
1998). Together with the earlier photoaffinity results (KaLasz et al. 1993), it is
obvious that the increased affinity of the smooth muscle L-type calcium
channel for DHPs is caused by structural differences in the 1S6 segment, which
contribute directly to the DHP binding pocket and not to the inactivation
kinetics. Additional splice variations at the IIIS2 segment and in the intracel-
lular carboxyterminal sequences could contribute as well to an altered DHP
affinity (ZUHLKE et al. 1998).

2. The Phenylalkylamine and Benzothiazepine Binding Site

Phenylalkylamines (PAA) such as verapamil, gallopamil, or devapamil block
L-type calcium current use-dependent from the intracellular side of the mem-
brane (HESCHELER et al. 1982) and affect the binding of DHPs by allosteric
interaction (STRIESSNIG et al. 1993). In addition, benzothiazepines (BTZ) such
as diltiazem interact allosterically with the binding of DHPs (STrIESSNIG et al.
1993). In contrast to PAAs, benzothiazepines label extracellular sites in the
linker sequence between IVSS5 and IVS6 in the o5 subunit (WATANABE et al.
1993),in agreement with a recent report that the quaternary 1,5 BZT DTZ417
blocks the cardiac L-type channel only when applied from the extracellular
site (Kurokawa et al. 1997). More recently it was shown that similar to the
PAA devapamil (CATTERALL and STRIESSNIG 1992), the 1,4-BZT semotiadil
labels a short sequence of the IVS6 segment (Kuniyasu et al. 1998). The PAA
verapamil blocks the L-type o4 Ca* channel and the non-L-type a4 and oq
Ca® channels at similar concentrations in a state-dependent manner (Car et
al. 1997), whereas diltiazem blocked all three channels at similar concentra-
tions, but only the o, Ca®* channel in a state-dependent manner.

Molecular analysis of the oqc subunit (SCHUSTER et al. 1996; HOCKERMAN
et al. 1995,1997a) showed that the L-type channel specific Ile1175 and the con-
served Tyr1174, Phe1186, and Val1187 in I11S6 and the L-type specific Tyr1485,
Alal489, and 11€1492 in IVS6 are necessary to form a high affinity PAA site
(Fig. 3). In addition, the two glutamates (E1140 and E1441) in the pore region
of repeat III and IV are necessary (amino acid numbering is according to the
oyc sequence (BIEL et al. 1990)) (Hockerman et al. 1997a). The effect of the
mutation of the conserved Tyr1174 depends on the replacing amino acid.
Substitution by phenylalanine decreased the affinity for devapamil 18-fold
whereas substitution by an alanine increased the affinity 7-fold (HOCKERMAN
etal. 1997a). The increased affinity of the Y1174 A mutant is most likely caused
by a shift of -11mV for the steady state inactivation curve. Transfer of the
three IVS6 amino acids Y1485, A1489, and 11492 from the ;¢ to the oy
subunit introduced PAA and BZT sensitivity, when measured in a use-
dependent protocol (HERING et al. 1996). Furthermore, it was shown that the
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triple mutation Y1485 A, A1489S, and 11492 A in IVS6 of the oy channel
reduced use-dependent block of the three PAAs, devapamil, verapamil, and
gallopamil, reduced the resting and depolarized block of devapamil, but
affected poorly the resting and depolarized block of verapamil and gallopamil
(JonnsoN et al. 1996).

Together these results show that the IVS6 segment is interacting with
various PAAs and BZT. State-dependent block of the L-type channel is medi-
ated by the same three amino acid residues in IVS6 for diltiazem and devap-
amil. However, different amino acids are required to allow high affinity
interaction at resting state for diltiazem, verapamil, and gallopamil. A further
problem arises from the finding that DHPs, PA As, and BZTs interact with the
same (Y1485) or with adjacent (I1492and 11493) amino acid side chains. It is
difficult to reconcile this close location of interacting site chains with the pre-
viously described allosteric modulation of DHP binding by diltiazem or
phenylalkylamines (STRIESSNIG et al. 1993).

3. Modulation of Expressed L-Type Calcium Channel by
cAMP-Dependent Phosphorylation

In the heart, the positive inotropic action of catecholamines is mainly caused
by an increased calcium influx through L-type calcium channels. cAMP-
dependent phosphorylation of the ¢4 subunit or a closely associated protein
increases the current three- to sevenfold (OSTERRIEDER et al. 1982; KAMEYAMA
et al. 1985; HarTZELL and FiSCHMEISTER 1992). Phosphorylation increases the
availability of the channel to open upon depolarization by modulation of
channel gating. Cardiac calcium channels also show facilitation of current
amplitude during high frequency stimulation (LEg 1987) or after strong depo-
larization (PieTROBON and HEss 1990). Depolarization induced facilitation was
supposed to require voltage-dependent phosphorylation of the channel by
cAMP kinase (ARTALEJO et al. 1992). However, these results of Artalejo and
colleagues were probably caused by the removal of secreted substances from
the external solution and not by channel phosphorylation (GARcia and
CaRrRBONE 1996). The adult skeletal muscle calcium channel is apparently not
regulated by phosphorylation to a large extent. In contrast, the calcium
channel of embryonic rat skeletal muscle myoballs shows voltage- and cAMP
kinase-dependent facilitation (SCULPTOREANU et al. 1993b). Facilitation
depending on a strong depolarizing prepulse requires membrane localization
of cAMP kinase (JoHNsoN et al. 1994) by a 15kDa cAMP kinase anchoring
protein (Gray et al. 1998).

In adult skeletal muscle, two forms of the ;s subunit are present — a large
212kDa form, containing the complete sequence of the cloned ogs cDNA, and
a small 190kDa form, which is truncated between amino acid 1685 and 1699
(DE JonGH et al. 1991). About 5% of the ;5 subunit are the large 212kDa
form and over 90% belongs to the small 190kDa form (DE JonGH et al. 1991).
In intact rabbit skeletal muscle myotubes, cCAMP kinase phosphorylates
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rapidly Ser1757 and Ser1854 in the large 212kDa form and slowly Ser687 in
the small 190kDa form, which does not contain the cAMP kinase sites at
Ser1757 and Ser1854 (RoTMmAN et al. 1995). Expression of an a3 cDNA, which
is truncated at Asnl662 and encodes the small form, fully restored both
excitation-contraction coupling and calcium current in dysgenic myotubes,
consistent with the idea that the small form of the ;5 subunit performs both
functions in adult muscle without cAMP-dependent phosphorylation (BEam
et al. 1992). These results are in line with the conclusion that the long form of
the skeletal muscle ;s channel is modulated by cAMP kinase in myoballs, but
that this modulation is attenuated or not present in adult skeletal muscle, in
which the short form prevails.

In contrast to the skeletal muscle L-type calcium channel, the precise
mechanism of phosphorylation of the cardiac ;¢ calcium channel is less clear.
The fact that cAMP kinase-dependent phosphorylation affects significantly
the function of the channel in vivo is undisputed. However, the mechanism
causing the channel modulation is controversial. Rabbit heart sarcolemma
contains a large 240kDa and a small 210kDa form of the a;c subunit (DE
JongH et al. 1996). The small 210kDa form is truncated at residue 1870 in the
carboxy terminal sequence. The 240kDa form is phosphorylated by cAMP
kinase at Ser1928 (DE JonGH et al. 1996). The expressed full length 250kDa
0., subunit is phosphorylated in vivo in CHO cells (YosHIDA et al. 1992) and
HEK 293 cells (Gao et al. 1997). Phosphorylation of the ;¢ subunit is pre-
vented by the mutation S1928 A (Gao et al. 1997). The mutation S1928 A pre-
vents also a decrease in barium current induced by the cAMP kinase inhibitor
H-89 in X. oocytes (PERreTs et al. 1996). However, a direct effect of cAMP
kinase on current amplitude was not observed in X. oocytes (SINGER-LAHAT et
al. 1994; Bouron et al. 1995; Perets et al. 1996). In contrast to studies in
oocytes, a cCAMP-dependent increase in current amplitude was reported by
several groups, who used either CHO or HEK cells as expression system
(Haask et al. 1993; PErEZ-REYES et al. 1994). Dialysis of the CHO cells with
active cAMP kinase facilitated the peak barium inward current following a
prepulse to positive membrane potentials (SCULPTOREANU et al. 1993a). cAMP
kinase-dependent facilitation was also reported by BourINET and coworkers
(1994), who used the neuronal o;c. splice variant and the oocyte expression
system. In a recent report these authors observed facilitation of barium cur-
rents in the absence of cAMP-dependent phosphorylation and showed that
facilitation was observed only in the presence of the f,, §;, and f, subunit and
was not supported by the neuronal f3,, subunit (Cens et al. 1998). Identical
results were reported by QUIN et al. (1998a), which used a N-terminal trun-
cated ajc, (expressed residues 60-2171) subunit. These recent results are in
agreement with the earlier reports by KLEPPISCH et al. (1994) and Bouron et
al. (1995) that facilitation of the oc current is independent of cAMP kinase-
dependent phosphorylation. In a careful study, which used the oc., and o;cy
splice variants stably expressed in CHO and HEK 293 cells and transient
expression of ¢cy, cardiac 3, and 0,61 Zong et al. (1995) showed, that the
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current amplitude of these cells was not affected significantly by internal dial-
ysis with cAMP kinase inhibitor peptide, catalytic subunit of the cAMP kinase,
or a combination of cAMP kinase and okadaic acid. Similar results were
obtained by the coexpression of all subunits of the calcium channel complex,
whereas the calcium current of cardiac myocytes was increased threefold
during internal dialysis with active cAMP kinase or external superfusion with
isoproterenol. Furthermore, dialysis of cardiac myocytes with the phosphatase
inhibitor microcystin stimulated the calcium inward current more than
twofold, whereas the current of the expressed calcium channel was not
affected. These conflicting results were apparently solved, when Gao et al.
(1997) reported that cAMP kinase-dependent stimulation of barium current
required the coexpression of the cAMP kinase anchoring protein AKAP 79,
0 c.. and neuronal B, subunit in HEK 293 cells. AKAP 79 anchors the kinase
at the plasma membrane. These authors reported that phosphorylation of
Ser1928 was required for cAMP-dependent stimulation of barium currents.
However, a careful reexamination of these results using overexpression of
AKAP79 - cloned from the HEK 293 cells and identical to that used by Gao
and coworker - failed to reproduce a cAMP kinase-dependent increase in
current amplitude or facilitation of the current by strong depolarization (DAl
et al. 1998). In contrast, cAMP-independent facilitation was observed, when
c.. and cardiac f,,, or ¢, truncated at residue 1733 were used. Prepulse
facilitation was prevented by expressing the o4c, and cardiac f3,, subunits
together with the o,6-1 or @,8-3 subunit, in line with the known effect of the
0,6 subunit on the gating of the channel. These results demonstrate clearly
that facilitation of the cardiac L-type current can be observed with channels
which do not contain the established cAMP kinase phosphorylation site at
Ser1928.

4. Modulation of Expressed L-Type Calcium Channel by
Protein Kinase C-Dependent Phosphorylation

L-type calcium channels are tightly regulated by hormonal and neuronal
signals. Protein kinase C (PKC) is one such regulator, which increases cardiac,
smooth muscle, and neuronal L-type current (LACERDA et al 1988; SCHUHMANN
and GRosCHNER 1994; YANG and Tsien 1993) by an increase in the open prob-
ability of the channel (YaNG and TsieN 1993). The response to PKC activators
is usually biphasic, with an increase followed by a later decrease (LACERDA et
al 1988; ScHUHMANN and GroscHNER 1994). The biphasic response to PKC
stimulators was fully reconstituted, when the ¢, subunit was expressed in X.
oocytes (SINGER-LAHAT et al 1992). BouronN et al. (1995), who used a human
o splice form that has the same amino terminus as the o, ¢, subunit, observed
only a decrease in current, suggesting that PKC-dependent regulation may be
controlled by the different amino termini of the two splice variants. This pre-
diction was confirmed (SHisTik et al 1998). Deletion of amino acids 246 in
the amino terminus of the oc., subunit prevented PKC-dependent current
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increase. The effects of PKC activation were larger in the presence of the
oc..and 0,81 subunit and were decreased by the coexpression of the cardiac
B> subunit. Upregulation of the current was not affected by truncation of the
ayc., subunit at residue 1665, or mutation of the proposed PKC phosphoryla-
tion site Ser533 in the I-II linker. Upregulation depended on the splice varia-
tion of the amino terminus and was not observed with the amino terminus of
the ;¢ subunit. In agreement with WEi et al. (1996), these studies show that,
depending on the splice variant, the amino terminus affects channel gating and
mediates PKC-dependent upregulation.
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CHAPTER 5
Ca** Channel Antagonists and Agonists

S. ADACHI-AKAHANE and T. NaGao

A. Ca* Channel Antagonists
I. Historical Background

Ca’* channel antagonists were originally developed as coronary vasodilators.
Ca® antagonism, as a new principle of pharmacological action of coronary
drugs, was reported by Albert Fleckenstein in 1964 (FLECKENSTEIN 1964).
Shortly after that, verapamil, gallopamil (D600), nifedipine, and diltiazem
were shown to suppress cardiac E-C coupling in that they abolished contrac-
tile force without a major change in the action potential. These drugs were
termed Ca®* antagonists, because the inhibitory actions of these drugs were
antagonized by increasing the extracellular Ca®* concentration (FLECKENSTEIN
1983). The vascular smooth muscle E-C coupling also turned out to be sus-
ceptible to Ca®* antagonism (FLECKENSTEIN 1977). In the 1970s, the voltage-
clamp technique made it possible to demonstrate the specific suppression of
the voltage-dependent slow Ca**-influx by verapamil, D600, nifedipine, and
diltiazem. These studies opened up a new concept of “Ca”** antagonism” as a
new therapeutic principle in the treatment of cardiovascular diseases such
as hypertension, angina pectoris, cerebral, and peripheral vascular disorders.
The use of Ca* channel antagonists as a pharmacological tool helped clarify
the biophysical and molecular properties of voltage-dependent L-type Ca**
channels.

The molecular basis of Ca** antagonism is the block of plasmalemmal L-
type Ca’* channels. The voltage-dependent Ca** channels are classified as sum-
marized in Table 1. However, as we discuss later, many of the organic Ca*
channel blockers exert their effects not by simply occluding the channel pore
but rather by modifying the channel gating in a manner similar to the allosteric
inhibition of enzymes. Later generation of Ca®** channel antagonists block not
only L-type but also other channels, such as N-type Ca** channels, T-type Ca**
channels, Na* channels, or K* channels, which turned out to be clinically
beneficial.
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II. Allosteric Interaction Between Ca?** Channel
Antagonist Binding Sites

In the early 1980s, the saturable high- and low-affinity binding of tritiated
DHPs to membranes from heart muscle or brain were reported (GLOSSMANN
et al. 1982). The high-affinity binding component represented a stereoselective
binding of DHPs to L-type Ca** channels. The high density expression of L-
type Ca* channels in skeletal muscle allowed the purification of Ca** channels
(GLossMANN et al. 1983a; Curtis and CATTERALL 1984) and subsequent cloning
of the DHP receptor (TANABE et al. 1987). The low-affinity binding compo-
nents are not related to L-type Ca** channels (GLosSMANN et al. 1985).

The three major chemical classes of Ca* channel antagonists, 1,4-
dihydropyridines (DHPs, Fig.1), phenylalkylamines (PAAs, Fig. 2), and 1,5-
benzothiazepines (BTZs, Fig. 3) have chemically different structures. Equilib-
rium and kinetic binding studies, by use of high-affinity tritiated probes of the
three classes of Ca®* channel antagonists, indicated that DHPs, PAAs, and
BTZs bind to distinct sites on the Ca** channel. Moreover, the drug binding
to the respective site affect other binding sites in a reciprocal manner. Such
allosteric interaction between the DHP-, PAA-, and BTZ-binding domains
was summarized in “allosteric model” (Fig. 4). The DHP-binding was non-
competitively inhibited by verapamil, but stimulated by p-cis-diltiazem. The
PAA-binding was noncompetitively inhibited by DHPs and BTZs. The
specific binding of [*H]diltiazem was potentiated by DHPs, but inhibited by
PAAs (GLossMANN et al. 1983b; BaLwierczak et al. 1987). The positive
allosteric interaction between DHP- and BTZ-binding sites takes place in a
temperature-dependent manner. For instance, diltiazem stimulated the
binding of [*H]isradipine at 37°C, but incompletely inhibited it at 2°C (GLoss-
MANN et al. 1985). Diltiazem increased the affinity of [*H]isradipine-binding to
rabbit skeletal muscle T-tubular membranes through modulation of both asso-
ciation and dissociation rates of [*H]isradipine-binding at 37°C (IKEDA et al.
1991). Electrophysiological study using guinea pig ventricular myocytes
demonstrated that nitrendipine potentiates the blocking action of diltiazem
on L-type Ca®* channel currents in a temperature-dependent manner (KANDA
et al. 1998). Some diltiazem analogs, such as azidobutyryl diltiazem and
DTZ323, however, rather inhibited the DHP-binding at both 37°C and 2°C as
a result of modulation of both association and dissociation rates of the DHP-
binding (NaITO et al. 1989; HAGIwARA et al. 1997). Whether binding sites for
PA As and BTZs are identical or distinct has been questioned, because PAAs
completely inhibit the BTZ-binding with an increase of K, values in an appar-
ently competitive manner. However, the two receptors appear to be distinct,
because the dissociation rate of diltiazem is markedly increased in the pres-
ence of PAAs, indicating the negative allosteric modulation of BTZ-binding
by PAA. In contrast, BTZs do not change the dissociation rate of diltiazem
(GARrcia et al. 1986; IKepA et al. 1991; HaGiwara et al. 1997). The binding
properties of PAA, devapamil ((-)D888) is unique: it resembles those of
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Fig.4. Schematic representation of reciprocal allosteric modulation between binding
sites for Ca* channel antagonists

D-cis-diltiazem, because it stimulates equilibrium binding of DHPs and vice
versa (STRIESSNIG et al. 1986; REyNoLDs et al. 1986). As we discuss later, this
compound appears to bind to both PAA and BTZ sites.

Drug binding to specific binding domains of Ca** channel antagonists
is also affected by divalent cations, such as Ca**. Ca®* binds to the Ca’* channel
and modulates, positively or negatively, the binding of Ca*" channel antago-
nists. Treatment of membrane preparation from brain with EDTA abolished
the high-affinity binding of DHP, which was restored by the addition of
micromolar concentration of Ca** (GLOSSMANN et al. 1985). Similar Ca?-
dependence was observed in PAA binding to skeletal muscle L-type Ca*
channels (KNaus et al. 1992). The binding of Ca** channel antagonists to the
respective binding domains was inhibited by the addition of higher concen-
trations of (millimolar) divalent cations.

III. Biophysical and Pharmacological Properties of Ca**
Channel Antagonists

Ca®* channel antagonists are clinically useful because of their tissue selectiv-
ity, determined by the unique biophysical properties of Ca** channel antago-
nists such as voltage-dependence, use-dependence, ion channel selectivity, and
by the dependence of cell function on the Ca** influx.
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1. Dihydropyridines

DHPs are highly selective for vascular smooth muscles. They lack antiar-
rhythmic properties and usually do not have a depressant effect on myocar-
dial contractility, because their direct depressant effects are offset by a reflex
increase in sympathetic tone induced by vasodilation (see Table 2). Nifedip-
ine reduces peripheral resistance and prevents coronary artery spasm. It has
antihypertensive and antianginal properties. Nicardipine, isradipine, amlodip-
ine, and felodipine are more specific for vascular smooth muscle than for
cardiac muscle. Nimodipine is selective for cerebral vasculature (Fig. 1). In
electrophysiological studies, the first generation of hydrophobic DHPs, such
as nifedipine and nitrendipine, showed resting block (tonic block), which was
augmented by membrane depolarization (LEe and TsiEN 1983; BEAN 1984;
see Fig. 5). Such voltage-dependence of DHP effects accounts for the tissue-
selectivity of DHPs for vascular smooth muscle cells (membrane potentials:
around -50mV) vs ventricular myocytes (membrane potentials: around
-80mV). Further analysis demonstrated that DHPs in neutral molecular form
dissociate from the Ca®* channel extremely rapidly, thus masking the state-
dependent (use-dependent) block (SANGUINETTI and Kass 1984). In contrast,
DHPs in the ionized form and amlodipine show the use-dependent block,
mainly due to their slow dissociation from the channel through the hydrophilic
pathway (Kass et al. 1989). Amlodipine is positively charged at physiological
pH, because it possesses a basic amino side chain (Fig. 1). In addition to the
hydrophobic interaction of DHP structure with phospholipid acyl chains of
the membrane bilayer, amlodipine’s protonated amino side chain serves ionic
interaction with the charged anionic oxygen of the phosphate head group of
the membrane (MasoN et al. 1989). Such ionic interaction is believed to be
responsible for its slow onset and long half-life. DHPs stabilizes the inactivated
state of L-type Ca’* channels, and thus shift the steady-state inactivation curve
toward hyperpolarized potentials. The single channel analysis demonstrated
that DHP antagonists, such as nitrendipine, exert mixed effects: first, DHPs
increase the blank sweeps and speeds up the inactivation of L-type Ca*
channel currents due to the reduction of late reopenings, which results in the
reduction of average current amplitude. However, in non-blank sweeps, open

Table 2. Pharmacological effects of Ca** channel antagonists

Verapamil Nifedipine Nimodipine Diltiazem

Vasodilation

Perpheral ++ +++ + +

Coronary ++ +++ + +++

Cerebral + + +++ +
Heart rate { + - l
SA node \! - - s
AV node W - - \:

Contractility L + - {
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time distribution was rather prolonged, and the latencies-to-first opening were
shortened (HEss et al. 1984; McDonNALD et al. 1994). The balance between the
two seemingly opposite effects of DHPs determines whether the compound
behaves as a Ca** channel antagonist or as an agonist.

The later generation of DHPs block multiple ion channels in addition to
the L-type Ca* channel. High concentration of DHPs have been reported to
block the N-type Ca** channel (ICs, value with nicardipine, 10 umol/l, DiocHoT
et al. 1995), the T-type Ca*" channel (ICs, value with nifedipine, 5umol/l,
AKAIKE et al. 1989a), cardiac voltage-dependent Na* channel (ICs, value with
nitrendipine, 3 umol/l, Yaran1 and BrowN 1985), and voltage-dependent K*
channels (ICs, value with nicardipine, 1 umol/l, Fagni et al. 1994). The manner
of block of K* channels by DHPs, however, is different from that of L-type
Ca®* channels (AvDONIN et al. 1997).

Among the third generation of Ca* channel antagonists, amlodipine and
cilnidipine have been shown to block not only L-type but also N-type Ca®
channels (ICs values with cilnidipine in DRG neurons, 100nmol/l for L-type
vs 200nmol/l for N-type, Fuin et al. 1997; UNEyaMa et al. 1997; FURUKAWA
et al. 1997). Such N-type effect appears to be responsible for their inhibitory
effect on sympathetic neurotransmission (Hosono et al. 1995), and thus the
prevention of reflex tachycatdia. 1,4-DHP structure may be a useful starting
compound for developing Ca** channel antagonists specific for neuronal Ca*
channels (TRIGGLE 1999).

Efonidipine shows negative chronotropic effect with greater potency com-
pared to its negative inotropic potency (Masupa et al. 1995). Recently it has
been reported that efonidipine selectively suppresses the phase IV pacemaker

O  __PAAs

’
’,

Yy~ BIZs

-,

\
\

—>1 <
,,’ D | I*

DHPs

Fig.5. Simplified diagram of resting block and use-dependent block by Ca** channel
antagonists. I* represents the drug-bound inactivated state. Binding of DHPs, PAAs,
or BTZs may lead to distinct inactivated conformation
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depolarization in sino-atrial nodal cells through inhibition of both L-type
and T-type Ca®* channel currents (MasuMIYA et al. 1997). Felodipine has also
been reported to block not only L-type but also T-type Ca®* channel currents
(CoHEN et al. 1992).

Nimodipine, nicardipine, and isradipine show selectivity for L-type Ca*
channels in cerebral artery. Nimodipine, shows high permeability through the
blood-brain barrier. However, the vasodilating effect, rather than the block of
neuronal L-type Ca* channels, appear to contribute to the neuroprotective
effects of Ca®* channel antagonists (KoBayasHI et al. 1998).

DHPs have been shown to inhibit phosphodiesterases (PDEs) (IumMa
et al. 1984; SHArRMA 1997). The PDE-inhibitor activity may contribute to the
potent vasodilating effect and the merely marginal cardio-depressive effect of
DHPs. The PDE-inhibition, however, appears to potentiate the reflex tachy-
cardia (Table 2).

2. Phenylalkylamines

Verapamiil is less potent, compared to DHPs, as a vasodilator in vivo. With
doses sufficient to produce vasodilation, it shows more direct negative
chronotropic, dromotropic, and inotropic effects than with dihydropyridines.
The intrinsic negative inotropic effect of verapamil is partially neutralized
by both a decrease in afterload and the subsequent reflex increase in adren-
ergic tone. Verapamil is used for angina pectoris, hypertension, paroxysmal
supraventricular tachycardia, atrial flutter, and fibrillation. Verapamil inter-
rupts reentrant tachycardias and slows the ventricular response to rapid atrial
rates by prolonging AV conduction time and the refractory period of the AV
node.

Verapamil has been shown to block L-type Ca®* channels in the open state
in a manner similar to block of cardiac voltage-dependent Na* channels by
local anesthetics (McDONALD et al. 1984). Verapamil blocks Ca** channels in
a use-dependent manner (LEE and Tsien 1983, see Fig. 5). Studies with very
high concentration of D600 indicated that, during depolarization, the decay of
Ba®* currents through L-type Ca* channels was speeded up by the drug (TiMIN
and HerING 1992). Single channel analysis have shown that D600 markedly
shortens openings of Ca** channels and prolongs closed times in cardiac
myocytes (PELZER et al. 1985; McDoNALD et al. 1989). Ca** channel antago-
nists that act in a use-dependent manner require the activation of Ca®* chan-
nels to gain access to their binding sites either in the open state or in the
inactivated state following the opening of Ca** channels. Since Ca* channel
antagonists delay the recovery of Ca*" channels from the inactivated state,
high-frequency of depolarizing pulses accelerate the shift of Ca* channel
gating to the inactivated state. The use-dependent block develops more rapidly
and more strongly at depolarized membrane potentials, which is explained by
the voltage-dependence of dissociation rates of the drugs (McDoNALD et al.
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1994). Recovery from the block of L-type Ca** channel currents at -70mV was
investigated for DHPs and PAAs in cardiac tissue, which was fast for nisol-
dipine (7; = 1.5s and 12 = 30s; SANGUINETTI and Kass 1984) and slow for D600
(7 = 2.4min; McDoNALD et al. 1984).

Verapamil has been shown to be useful in certain forms of ventricular
tachycardia triggered by delayed after depolarizations. Verapamil causes high-
affinity block of HERG K" channel (I,), in native cardiac myocytes with ICs
value close to those reported for the block of L-type Ca* channels (ICs, =
1.43 x 107 mol/l for HERG current vs ICs; = 1.64 x 10" mol/l for L-type Ca**
channel current). Verapamil block of HERG channels was use- and frequency-
dependent. A quaternary verapamil, N-methyl-verapamil, blocked HERG
channel only from the intracellular side, indicating that verapamil enters the
cell membrane in the neutral form to act at a site within the pore in a manner
similar to its block of the L-type Ca** channel (ZHANG et al. 1999).

Verapamil produced a potent use-dependent block of type IIA Na* chan-
nels expressed in a mammalian cell line. The drug bound to open and inacti-
vated Na* channels during the depolarizing pulses and slowed repriming of
drug-bound channels during the interpulse intervals (RAGSDALE et al. 1991).

Verapamil has also been reported to reverse multiple drug-resistance via
a mechanism distinct from the block of L-type Ca* channels (HUer and
RoBERT 1988; PEREIRA et al. 1995).

3. Benzothiazepines

Diltiazem exerts peripheral vasodilating effect and mild negative chronotropic
effect. Despite the fact that diltiazem and verapamil produce similar effects
on the SA node and AV node, the negative inotropic effect of diltiazem has
been reported to be modest. Diltiazem is used for angina pectoris, hyperten-
sion, supra-ventricular tachycardia, atrial flutter, and fibrillation. Diltiazem (D-
cis-diltiazem) has been shown to block the L-type Ca** channel partially at the
resting state (tonic block) and mainly in a use-dependent manner (LEE and
TsiEN 1983; TuNG and MoRrAD 1983; Kanaya and KaTtzunc 1984, see Fig. 5).
Single channel study demonstrated that diltiazem decreases open probability
of L-type Ca® channels in ventricular myocytes (ZAHARADNIKOVA 1992). The
negative inotropic effect of diltiazem was markedly augmented by slight depo-
larization of the resting membrane potential from -80mV to —-60mV, which is
very close to the change of the resting membrane potential during ischemia.
Such augmentation of the diltiazem effect was explained by its voltage-
dependence of the use-dependent block of the L-type Ca** channel current
(OkuyaMma et al. 1994). Further kinetic analysis has shown that the dissocia-
tion rate of diltiazem is greatly dependent on the membrane potential of this
range (-90mV to -60mV) (Kurokawa et al. 1997a; YamaGucHiI et al. 1999; see
Fig. 5). Such voltage-dependence of the use-dependent block of L-type Ca**
channels by diltiazem may contribute to its negative chronotropic effect and
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cardioprotection during ischemia. When the Ca* channel blocking effect
was compared among the Ca** channel subtypes in the expression system,
diltiazem blocked these Ca®* channels at similar concentrations but only the
L-type ac Ca® channel in a state-dependent manner (Cal et al. 1997).

A diltiazem analog, clentiazem is more selective for cerebral arteries than
diltiazem (Kikkawa et al. 1994). A diltiazem analog, T-477, has little selectiv-
ity among voltage-dependent Ca** channel subtypes and showed protective
action in animal stroke model, which was in contrast to diltiazem that is selec-
tive for L-type Ca’* channels but lacks neuroprotection (KoBayasHi et al. 1997,
KosavasHr and Mori 1998). Ca** channel antagonists with multiple action
appear to protect neurons from ischemic damage more efficiently than those
ones highly selective for L-type Ca®* channels (SPEDDING et al. 1995).

The affinity of other stereoisomers of diltiazem, L-cis-diltiazem, D-trans-
diltiazem, L-trans-diltiazem, is almost 100-fold lower than that of D-cis-
dilaizem (IkeDA et al. 1991). However, both p-cis-dilaizem and L-cis-diltiazem
block cardiac voltage-dependent Na* channels in a voltage-dependent manner
with ICs, values close to that for L-type Ca®* channel (ICs, values at ~70mV,
2.8 x 10°mol/l for L-type Ca®* channel vs 10°mol/l for Na* channel,
YamacucHl et al. 1999; personal communication by Tomida et al.). Such Na*
channel blocking effect appears to prevent the ischemia-reperfusion injury
through inhibition of Na* accumulation during ischemia and thus preventing
the Ca* influx via reverse mode Na*-Ca® exchange activity (ITocawa et al.
1996; NisHIDA et al. 1999a, 1999b).

Na*-Ca®* L-cis-diltiazem has been used as a pharmacological tool for selec-
tive block of cGMP-activated cation channel of photoreceptors (STERN et al.
1986; HAYNES 1992).

4. Other Ca** Channel Antagonists

In addition to the three major classes of Ca’* antagonists, there is a vast
number of organic molecules that modulate activity of L-type Ca®* channels
(Fig. 6). For instance, benzolactam (HOE 166) appears to share the binding
site with DHPs. Diphenylbutylpiperidines (fluspirilene, pimozide) are among
the most potent inhibitor of skeletal muscle Ca®* channels.

Diphenylalkylamines (DPAAs), such as bepridil, flunarizine, cinnarizine,
and fendiline block voltage-dependent Ca*,Na*, and K* channels. Bepridil has
been used as an antianginal agent with multiple therapeutic actions. It blocks
L-type Ca* channels, exerts fast block of cardiac Na* channel similar to lido-
caine, inhibits Na*-Ca® exchanger, prolongs the QT-interval as a result of a
blockade of Ig, and I, and inhibits calmodulin (GILL et al. 1992; CHOUABE
et al. 1998). Flunarizine, a potent non-selective Ca®* channel blocker showed
neuroprotection in in vitro and in vivo animal models. Flunarizine blocks both
L-type and T-type Ca®* channels (AKAIKE et al. 1989a,b), and Na*-influx that
may participate in the induction of the ischemic neuronal damage (KoBayAsHI
and Mori 1998).
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Flunarizine

Cinnarizine

Fig.6. Ca® channel antagonists other than the classic three groups

Mibefradil is the most selective organic blocker of T-type Ca’** channels
(MisHrA and HERMSMEYER 1994; CLoZEL et al. 1997). However, it has multiple
effects including the voltage-dependent block of L-type Ca®* channels
(BezProzvANNY and TsIEN 1995) and I, as well as Iy (CHOUABE et al. 1998).
Different class of organic compounds such as tetramethrine, octanol,
amiloride, diphenylhidantoin have been suggested to block T-type Ca®
channel, although they are not absolutely selective for T-type Ca** channel.

IV. Binding Sites

1. Electrophysiological Identification of Binding Sites for Ca®
Channel Blockers

The classic Ca* antagonists have a secondary or tertiary amino group. Thus
the fractional ratio of the drug in membrane permeable neutral form vs in the
membrane impermeable ionized form depends on the pH condition. The use
of permanently charged quaternary derivatives of Ca** channel antagonists
helped characterize the sidedness of their action. It also introduced a view that
the binding sites for DHPs, BTZs, and PA As are distinct entities.

DHP derivatives with pKa values less than 3.5, such as isradipine,
nitrendipine, and nifedipine, are in neutral molecular form at physiological pH
so that they are permeable through the lipid bilayer membrane. An examina-
tion with a quaternary DHP, SDZ 207-180, localized the DHP interaction site
on the extracellular side (Kass et al. 1991; BANGALORE et al. 1994). Extracel-
lular application of SDZ 207-180 caused voltage-dependent block of Ca*
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channel currents, whereas SDZ 207-180 as well as amlodipine was ineffective
when applied intracellularly.

Methoxyverapamil ((-)D600) is in the ionized form at physiological
pH (95% at pH7.3). It was originally reported that (-)D600 acts on the L-type
Ca® channel from the extracellular side in isolated rabbit vascular and ileac
smooth muscle cells (OnHYA et al. 1987). This hypothesis was reinvestigated,
by use of D890, a quaternary form of (-)D600, comparing the effects of the
external application with the intracellular application through a patch-pipette
in vascular smooth muscle cells. These studies indicated that the quaternary
PAAs block Ca** channel currents only from the intracellular side as was
reported in cardiac myocytes (HESCHELER et al. 1982; LeBLaNC et al
1989). However, in contrast to D890, (-)D600 blocked Ica only from the
extracellular side, which was opposite to the results found in cardiac
myocytes.

Early study with quaternary diltiazem showed that the compound pro-
duces the use-dependent block of the L-type Ca** channel current from both
the extracellular and the intracellular sides of the membrane in guinea pig ven-
tricular myocytes (ADACHI-AKAHANE et al. 1993). However, D-cis-Diltiazem
blocked the L-type Ca** channel current preferentially from the extracellular
side, because the intracellular application required more than 1000-fold higher
concentration than the extracellular application for producing the use-
dependent block of the Ca** channel (ADACHI-AKAHANE and NAGao 1993).
Quaternary diltiazem, given to the extracellular solution, potentiated the
[*H]israripine binding to intact rat ventricular myocytes, indicating that the dil-
tiazem-binding site is accessible from the extracellular side of the L-type Ca®
channel (KaANDA et al. 1997). A novel 1,5-benzothiazepine analog, DTZ323,
blocks the L-type Ca* channel current through high affinity binding to the
BTZ site (Kurokawa et al. 1997a; Haciwara et al. 1997). The sidedness of the
BTZ site was determined by use of a quaternary derivative of DTZ323,
DTZ417, in guinea pig ventricular myocytes (Kurokawa et al. 1997b). This
compound produced the use-dependent block of L-type Ca** channel currents
only from the extracellular side but not from the intracellular side. These
studies confirmed that the BTZ site is accessible from the extracellular side of
the L-type Ca** channel.

Benzazepines were also reported as a competitive inhibitor of diltiazem
binding, and a permanently charged benzazepine, SQ 32.428, was used to
localize the approximate binding site of BTZ/benzazepine antagonists near
the extracellular side of L-type Ca®* channel (HERING et al. 1993; SEYDL et al.
1993).

Radioligand binding studies and the structure-activity relationship studies
of a PAA analog, devapamil ((-)D888), suggested that this compound binds
not only to the DHP site but also to the BTZ site (REyNoLDs et al. 1986;
KimBaLL et al. 1992, 1993). Recent study using quaternary devapamil (qD888)
revealed that this compound acts on the extracellular BTZ site as well as the
intracellular PAA site within the L-type Ca®* channel in A7r5 cells (BERJUKOV
et al. 1996).
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2. Biochemical Characterization of Drug-Ca** Channel Interaction:
Photoaffinity Labeling of Ca®* Channels

The development of the photoaffinity ligands of Ca* channel antagonists
helped identify the drug-binding sites within the L-type Ca* channel. The
drugs bind to their receptor sites within Ca* channels. Upon photo-activation,
they label a region that is in close proximity to the high-affinity binding site
on the Ca® channel molecule in a covalent manner. Earlier experimental
observations derived from photoaffinity-labeling studies suggested that the
three major classes of Ca®* antagonists bind to ¢, subunit of the L-type Ca?*
channel complex (FERRY et al. 1984, 1987; STRIESSNIG et al. 1991; NaiIro et al.
1989). Specifically photolabeled and purified o4-subunit polypeptides were
subjected to limited proteolysis with various proteases and then the mapping
of the polypeptide subfragments (CATTERALL and STRIESSNIG 1992).

A photoreactive verapamil, LU49888, was used to determine the binding
site for PA As on the rabbit skeletal muscle ¢ ssubunit solubilized and partially
purified by affinity chromatography. The covalent label for PAA was localized
on a 42 amino acid segment that includes transmembrane segment S6 in motif
IV and short adjacent carboxyl tail of the ; ssubunit (STRIESSNIG et al. 1990).

Similar photoaffinity-labeling strategies were employed to identify the
binding site of DHPs using azidopine, diazepine, and isradipine (REGULLA et
al. 1991; NakAyaMa et al. 1991; STRIESSNIG et al. 1991). The sites comprised part
of S6 and the extracellular loop in motif III as the primary site, and S6 in motif
IV as the “secondary or peripheral” site. Somewhat different sites were iden-
tified when photoaffinity labeling of skeletal muscle membrane preparations
was followed by purification and trypsin digestion (KaLasz et al. 1993). The
specific labels were found in the extracellular loops between S5 and S6 seg-
ments of motifs I, III, and IV.

A 15-benzothiazepine ligand, azidobutyryl clentiazem, specifically
labeled the S5-S6 loop of motif IV (WATANABE et al. 1993). Benziazem, a
benzazepine derivative that had been reported to bind to BTZ site, labeled
S6 of motifs III and IV (Kraus et al. 1996). 1,4-Benzothiazepine, semotiadil
(PH]D51-4700), labeled a short sequence of IVS6 of a;s (Kunivasu et al.
1998). However, semotiadil may bind to a site distinct from BTZ site, since
that compound produced negative allosteric modulation of diltiazem-binding
(NAkAYAMA et al. 1994).

Such inconsistency of the results may derive from pitfalls of photoaffinity
labeling methods. Photoreactive groups on the side chain are at a distance of
10-15 A from the core structure of the derivatives. Another problem may be
the mapping resolution limited by antibodies used for immunoprecipitation
and by the fragment size of proteolytic digestion (typically S-10kDa).

3. Molecular Biological Characterization of Drug-Ca** Channel Interaction:
Studies with Experimental Ca** Channel Mutants

To overcome the limitation of the photoaffinity labeling approach,
chimeric o4 subunits containing a;c and brain og, or ogg were constructed
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and expressed in Xenopus oocytes to test the sensitivity to Ca** channel
antagonists.

In chimeric Ca** channels, sensitivity to DHPs was lost when a region
from S3 to S6 of motif IV of o;c was replaced by the corresponding region of
the DHP-insensitive a4 subunit (TANG et al. 1993).

The gain-of-function experiments using DHP-insensitive o, subunit
revealed that IIIS5, that had not been phtotolabeled by photoreactive DHPs,
is also important for restoring the high-affinity DHP-binding. A minimum
component required for transferring DHP sensitivity comprised IIISS, I11S6,
including the connecting linker, as well as the IVS5-IVS6 linker and IVS6
(GRABNER et al. 1996; SINNEGGER et al. 1997, HockERMANN et al. 1997c¢).
Different regions in repeat IV appeared to be responsible for the sensitivity
to DHP agonists and antagonists. Determinants for agonist action of DHP are
located within S6, whereas those for DHP antagonists are in the N-terminal
portion of the S5-S6 linker.

The systematic single mutation analysis was carried out to refine the
amino acid sequences responsible for DHP-binding. Two amino acids in IIISS,
seven amino acids in IIIS6, and four in IVS6 appear to form the pocket
for DHP-binding. Among them, Tyr1120 (IIIS6), Ile1124 (IIIS6), Met 1129
(I11S6), and Asn 1429 (IVS6) showed strong contributions (MITTERDORFER et
al. 1996; PETERSON et al. 1996, 1997; SCHUSTER et al. 1996; ITo et al. 1997; HE et
al. 1997). Four among the 13 amino acids are common between L-type and
non-L-type ¢ subunits. Introduction of nine amino acid residues in IIISS,
IIIS6, and IVS6 into o4, transferred the pharmacological action of DHP
antagonists and agonists, such as leftward shift of the steady-state inactivation
curve, slowing of deactivation, and shift of voltage-dependent activation curve
(SINNEGGER et al. 1997). Results of the single amino acid analysis of the
DHP-binding pockets are summarized in Fig. 7.

Investigation of several splice variants of the ;¢ subunit showed that addi-
tional sequences affect the DHP sensitivity. Detailed analysis of the oc,
(cardiac type) and o4c, (smooth muscle type) sequences showed that the
alternative splicing at exon 8a/8b that codes for the IS6 segment, affects the
affinity for DHPs. Nisoldipine produced significantly larger block of the ¢y
channel compared to the o4¢, Ca** channel (WELLING et al. 1993, 1997; ZUHLKE
et al. 1998; MorEL et al. 1998). However, such difference of DHP sensitivity
could not be explained by the difference of the voltage-dependence of the
inactivation kinetics between ¢, and o, (Hu and MARBAN 1998). Thus the
splice variant may form different conformation of the DHP-binding pocket.
In addition, splice variations at the I1IS2 segment and at the carboxy terminal
sequences appear to contribute to the affinity of DHPs (ZUHLKE et al. 1998).

Analogous o4 chimeras containing IVS6 of o,c confirmed that this
segment confers the PAA sensitivity (DORING et al. 1996). Site-directed muta-
tions at Tyr1420Ala, Alal424Ser, or Ile1427Ala in motif IVS6 decreased the
binding affinity of devapamil by approximately 10 times, and those of paired
combinations of these mutations reduced the affinity by more than 100 times,
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Fig.7. Amino acid residues that contribute to the formation of Ca* channel antago-
nist binding domain. The amino acid sequences and numbering of IIISS, IT11S6, IVSS,
and IVS6 are according to those of human cardiac ;¢ subunit (Genebank accession
number L.04569)

supporting the previous findings that IVS6 is responsible for the high-affinity
PA A block of ;¢ channels (HockerMAN et al. 1995; HERING et al. 1996). In
addition, Tyr1120, Ile1121, Phe1132, and Val1133 in IIIS6 turned out to con-
tribute to PAA binding. The replacement of the conserved Tyr1120 by Phe
decreased the affinity for devapamil by 20-fold, whereas replacement by Ala
rather increased the affinity by 7-fold (HockerMAN et al. 1997a). Two con-
served Glu in the Ca® selectivity filter also affected the PAA binding affinity
(HockerRMAN et al. 1997b).

The triple mutation Tyr1420Ala, Alal424Ser, and Ile1427Ala in IVS6 of
the oy channel reduced the use-dependent block by devapamil, verapamil, or
gallopamil, and reduced the resting block by devapamil, but not by verapamil
or gallopamil (JouNsoN et al. 1996). Transfer of IVS6 amino acids Tyr1420,
Alal424, and Ile1427 from the o, subunit to the ¢, subunit introduced the
use-dependent block of Ca** channel currents by PAA as well as by BTZ
(HERING et al. 1996). These results indicate that the state-dependent block by
PAA or BTZ of the L-type Ca** channel is mediated by the same three amino
acid residues in IVS6. The homologous amino acids of S6 segments that are
localized to the inner mouth of the pore affects the use-dependent block of
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Ca’* channels by PAAs and BTZs. Such amino acids may determine the struc-
ture of the Ca®* channel pore in the inactivated state and thus determine the
kinetics of the drug dissociation from its receptor site in the pore (HERING et
al. 1997, 1998). However, different amino acids are required to reproduce the
voltage-dependence of the use-dependent block by PAAs and BTZs. Com-
parison of carp o5 and rat oy demonstrated that the additional amino acid
residues, Ile1417 and Val1434, are also important determinants of the use-
dependent block of Ca* channel currents by diltiazem (BERJUKOW et al. 1999).

The subunit composition also affects the gating kinetics, which appear to
determine the susceptibility to the use-dependent block by PAAs and BTZs
(SokoLov et al. 1999).

As summarized in Fig. 7, the amino acids that are critical for transferring
the blocking action of DHPs, PAAs, and BTZs are largely overlapped, which
seems to contradict the findings from radio-ligand binding experiments, i.e.,
distinct binding sites and the allosteric interaction between DHP-, PAA-, and
BTZ-sites. Another discrepancy is that the affinity of mutant Ca** channels for
Ca®* channel blockers is generally lower than that of native Ca** channels by
10-100-fold. For instance, the ICs, values of mutant Ca** channels are 10 mol/l
to 107" mol/l. Such ICs, values are close to those for the block of native Ca®*
channels at a resting membrane potential of around —-80mV, suggesting that
those amino acids reproduce the DHP-binding at resting state. The additional
amino acids may be involved in the high affinity binding at more depolarized
membrane potentials. The involvement of additional amino acids in the high
affinity block of the L-type Ca** channel by DHPs is implicated by the recently
cloned L-type Ca* channel ¢, subunits from jellyfish (Jeziorski et al. 1998)
and sea squirt (OkaMURA et al. 1999). Phylogenetic analysis indicated that
these o, channels are close to the mammalian L-type Ca®* channel ¢ subunit.
These ¢ subunits contained all amino acids identified in IIISS, ITIIS6, and IVS6
which have been shown to be necessary for producing block by Ca* channel
antagonists of the mammalian a;c channel. However, interestingly enough,
when expressed in Xenopus oocytes, these channels were poorly sensitive to
DHP antagonists and insensitive to agonists.

It has been reported that high-affinity binding of Ca** to L-type Ca** chan-
nels, with a Kd value of less than 1umol/l, stabilizes the DHP-binding (GLoss-
MANN et al. 1985). Mutation analysis also proved that high affinity binding of
DHPs requires Ca** and the coordination of Glu in the pore regions of repeat
I, II, III, and IV (MITTERDORFER et al. 1995; PETERSON and CATTERALL 1995).
The binding of Ca® to the pore region may be necessary for maintaining the
optimal conformation of ¢¢ subunit for the high affinity binding of DHPs.

B. Inorganic Blockers

Three divalent cations, Ca**, Ba*, or Sr** pass readily through all known
voltage-dependent Ca** channels. Most of other divalent and trivalent cations
such as La*, Cd*, Co*, Mn*, Ni*, and Mg* act as Ca** channel blockers.
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However, it has been demonstrated that those cations, such as Mg**, Mn?*, Cd**,
Zn*, and Be?* carry inward currents (HaGiwara and ByerLy 1981; HEss et al.
1986). Ca’* channels pass monovalent cations when the concentration of exter-
nal divalent cation is in submicromolar level. Large currents can be carried by
organic cations, such as hydrazinium, hydroxylammonium, and methylammo-
nium. These currents are blocked by Ca** channel blockers and by micromo-
lar concentration of Ca”*" added to the extracellular solution. Single channel
recording of Ca** channel current using Ba®* as a charge carrier demonstrated
that Cd* chops the unitary Ba** current into bursts that appeared to arise from
discrete blocking and unblocking transitions. Such kinetic features suggested
a simple reaction between a blocking ion and an open channel, and that Cd*
lodges within the pore. Ca* is both an effective permeator and a potent
blocker because it dehydrates rapidly (unlike Mg**) and binds to the pore with
appropriate affinity (unlike Cd*") (LANSMAN et al. 1986). There is no absolute
distinction between “blocking” and “permeant” ions, but only quantitative dif-
ferences in the rates at which they enter and leave the pore. Ca** entry and
exit rates could be resolved when micromolar Ca* blocked unitary Li* fluxes
through the Ca** channel. The blocking rate was independent of voltage, but
varied linearly with Ca** concentration, thus suggesting that the initial Ca*-
pore interaction takes place at the outer side of the membrane field and much
faster than the overall process of Ca®* ion transfer. The unblocking rate did
not vary with the extracellular Ca®* concentration, but increased steeply with
hyperpolarization, as if blocking Ca*" ion was electrically driven from the pore
into the cytoplasm (BYERLy et al. 1985).

High-voltage activated Ca** channels are inhibited by micromolar con-
centrations of Cd** but are resistant to this concentration range of Ni*,
whereas Low-voltage activated Ca®* channels have similar sensitivities to Cd**
and Ni** (see Table 1).

Intracellular Mg®* in milimolar concentration blocks the L-type, N-type,
and P/Q-type Ca** channels.

C. Natural Toxins and Alkaloids

Tetrandrine, a bis-benzylisoquinoline alkaloid purified from the Chinese
medical herb Radix stephania tetrandrae, has been used for the treatment
of angina and hypertension in traditional Chinese medicine (Fig. 8). Tetran-
drine appears to bind to the diltiazem-binding site of the L-type Ca**
channel, because it competitively inhibits [*H]diltiazem binding, enhances
[*H]nitrendipine-binding, and incompletely inhibits ['H]D600 binding (KiNG et
al. 1988). In electrophysiological studies, tetrandrine has been shown to block
both T- and L-type Ca* channel currents with higher potency for the L-type
Ca® channel, which is in contrast to diltiazem that is highly specific for L-type
Ca® channels over T-type Ca®* channels. Another difference between tetran-
drine and diltiazem is that tetrandrine exerts mostly tonic block on Icq),
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Alkaloids

Tetrandrine

Peptide toxins

Calciseptine

RICYHKASLPRATKTCVENT
CYKMFIRTQREYISERGCGC
PTAMWPYQTGCCKGDRCNK

o-Conotoxin GVIA
CKSOGSSCSOTSYNCCRSCNOYTKRCY

w-Agatoxin IVA

KKKCIAKDYGRCKWGGTPCCRGRG
CICSIMGTNCECKPRLIMEGLGLA

Fig.8. Alkaloid and peptide toxins that block voltage-dependent Ca** channels

whereas diltiazem blocks Ic,q, in a use-dependent manner (Ruslio et al. 1993;
Wu et al. 1997). Tetrandrine blocks the voltage-dependent Na'channel currents
in a voltage-dependent manner with relatively high potency close to that for L-
type Ca” channel block, which may contribute to the inhibitory effect of this
alkaloid on the supraventricular tachycardia (Rusio et al. 1993). Tetrandrin has
also been suspected of inhibiting the intracellular Ca®* handling system, such as
SR Ca-ATPase and the store-operated Ca’* entry (LEUNG et al. 1994; Liu et al.
1995; WANG et al. 1997).

FTX, isolated from Agelenopsis aperta venom with a molecular mass in
the range 200-400Da, was originally reported as a specific blocker of P-type
Ca** channel in Purkinje cells (HILLMANN et al. 1991). The active substance in
FTX is a nonaromatic polyamine (LLINAs et al. 1992). FTX was conjugated to
an affinity gel and used for the purification of P-type Ca®* channel.
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Calciseptine is the first peptide that was reported for L-type selective
blockade (DE WEILLE et al. 1991, Fig. 8). This 60-amino acid peptide toxin with
eight cysteines forming four disulfide bridges, isolated from the venom of black
mamba Dendroaspis polylepis polulepis, abolished both cardiac cell contrac-
tion and smooth muscle contraction. Similar activity was reported for the
major 60-amino acid component of the same venom, FS2, that differs from cal-
ciseptine by only two amino acid residues (ALBRAND et al. 1995). In rat brain
membrane preparation, calciseptine inhibited the [*H]nitrendipine binding
in a competitive manner and potentiated the [*H]diltiazem binding with an
increase of affinity, strongly indicating that calciseptine binds to the DHP-site
of L-type Ca* channel. Interestingly, calciseptine did not affect either [*H]ver-
apamil binding or @-['*I]conotoxin binding (Yasupa et al. 1993). Action
potentials and L-type Ca®* channel currents in aortic smooth muscle cells
(A715 cell line) were potently blocked by calciseptine, although T-type Ca*
channel currents in neuroblastoma cells and N-type Ca** channel currents in
insulinoma cells were not affected (DE WEILLE et al. 1991). Calciseptine inhib-
ited L-type Ca* channel currents in guinea pig portal vein cells by reducing
the open probability of unitary currents (TErRaMOTO et al. 1996). NMR study
of the solution structure of FS2, having three loops similar to angusticeps-type
toxins such as fasciculin 1 (choline esterase inhibitor), suggested that the
characteristic strongly hydrophobic domain in loop III may be responsible
for the specific binding of FS2 to the L-type Ca* channel. The region between
the flanking proline residues (PTAMWP) has been proposed as the critical
domain of calciseptine and FS2 for their specific binding to Ca** channel (KInI
et al. 1998).

Interestingly, both calciseptine and DHPs have been reported to inhibit
the store-depletion-induced Ca** influx (WiLLMoOTT et al. 1996), although dilti-
azem and verapamil do not have such effect.

Calcicludine is another 60-amino acid mamba toxin, isolated from the
venom of Deudroaspis angusticeps (SCHWEITZ et al. 1994). This toxin is unique
in that it blocks all major types of Ca** channels with very high affinity (Kd =
15pmol/l), except for the skeletal muscle L-type Ca** channel, but its binding
does not affect DHP binding or @-CgTx-GVIA binding.

Polypeptide toxins, w-CgTx isolated from different species of Conus snails
and w-Aga from the funnel-web spider Agelenopsis aperta, have been used as
powerful pharmacological probes for exploring the diversity of Ca** channels
(Omnizuwmi et al. 1997). Marine snails of the genus Conus produce disulfide-rich
Ca” channel-blocking peptides, the @-conotoxins (OLIVERA et al. 1985, 1994).
A prepropeptide precursor of @-CgTx, approximately 70 amino acids in
length, is posttransiationally processed to the mature form of 24-29 amino
acids by cleavage of the conserved N-terminal regions. “Four-loop Cys scaf-
fold” is the characteristic arrangement of cysteine (Cys) residues common
among the w-conotoxins (HILLYARD et al. 1989). The native configuration of
disulfide bonds is apparently crucial for the @-conotoxins to exert the block-
ing effect on Ca® channels. On the other hand, the amino acids in loops
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between Cys residues are hypervariable. The only conserved non-Cys residue
among «-conotoxins is Gly5. Considerable divergence in amino acid
sequences in the loop regions of the toxin does not attenuate the Ca** channel
target specificity, although the loop regions are responsible for the binding
specificity to Ca* channel subtypes.

The venom of the American funnel-web spider Agelenopsius aperta is
the source of blocker toxins such as w-agatoxins, a-agatoxins, and u-
agatoxins. The agatoxins are heterogeneous group of polypeptides with a
molecular mass of 5-10kDa classified by three different bioassays, block of
neuromuscular transmission in housefly body muscle (w-Aga-I and w-Aga-II,
OLivera et al. 1994), inhibition of @w-CgTx-binding to chick synaptosomal
membrane (@-Aga-II1, VENEMa et al. 1992), and inhibition of “*Ca* entry into
both chick and rat synaptosomes (w-Aga-IV, MINTZ et al. 1992). cDNA cloning
studies and amino acid sequencing of the purified preparations of the toxins
have provided structural information about the @w-agatoxins. w-Agatoxins are
more diverse than the w-conotoxins in their primary structures, although
they are similar in the abundance in Cys residues (8-12residues). Peptide
toxins with 48-amino acids, such as w-Aga-IVA and w-Aga-1VB, block P/Q
type Ca* channels.

The two-dimensional "TH-NMR technique has been used to elucidate the
three-dimensional structure for -CgTx-GVIA, w-Aga-IVA, and w-Aga-IVB
(Davis et al. 1993; PALLAGHY et al. 1993; ApaMms et al. 1993; KM et al. 1995).
Irrespective of differences in the number of disulfide bonds and relatively low
homology in primary structure, the toxins share structural characteristics,
being composed of a short triple-stranded f-sheet and several reverse turns.
In both group of toxins, patches of positively charged residues or, in o-CgTx-
GVIA, tyrosine residues with hydroxy residues are distributed on the molec-
ular surface. These residues may contribute to the target specificity of these
toxins.

Kurtoxin, a new peptide toxin isolated from the venom of a South African
scorpion (Parabuthus transvaalicus), has recently been shown to bind to the
oy subunit of T-type Ca** channel with high affinity (K, = 15 nmol/l) and dis-
tinguishes between T-type Ca** channels and other voltage-dependent Ca®
channels such as a4, 045, Qic, or g (CHUANG et al. 1998).

D. Ca* Channel Agonists
I. DHPs

Some racemic DHPs, such as Bay K 8644, exert dual action on L-type Ca®
channels: one enantiomer ((+) Bay K 8644) works as a Ca** channel antago-
nist and its stereoisomer ((~) Bay K 8644) acts as a Ca** channel agonist (Fig.
9). As discussed in A.IIl.1, DHPs produce mixed effects of antagonist and
agonist. The positive inotropic effect of (—)Bay K 8644 and its enhancement
of Ca* channel currents have been reported in cardiac myocardium (SCHRAMM
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1. Dihydropyridines
Bay k 8644 Sdz (+) (S) 202 791 CGP 28392
N
\O
CF3 N / CF3
NO:2 CO:CH3 NO: CO2CH(CH3)2 HsC20:C
o
H3C CHs HsC CH3 HsC
H H H
2. Others
FPL 64176
CO:2CH3
(o)
HsC CH3
N
H

Fig.9. Ca” channel agonists

et al. 1983; THoMmas et al. 1985). The single channel studies of the L-type Ca*
channels demonstrated that (-)Bay K 8644 increases P, coupled with induc-
tion of long openings and reduction of blank sweeps (HEss et al. 1984; OcHi
et al. 1984; McDoNALD et al. 1994). (-)Bay K 8644 (at 107" mol/l to 10°mol/)
enhances the peak Ca’* channel currents with negative shift of both activation
and inactivation curves by 10-15mV. (-)Bay K 8644 accelerates the gating
charge movement of L-type Ca®* channel on depolarization (JOSEPHSON and
SPERELAKIS 1990). Thus both activation and inactivation rates of Ca** channel
currents are accelerated, and the deactivation rate is significantly reduced
(REUTER et al. 1988). In contrast, when the L-type Ca** channels are phos-
phorylated by cAMP-dependent protein kinase, (-)Bay K 8644 significantly
slows the inactivation of the Ca** channel current (TSIEN et al. 1986; TiaHO et
al. 1990). Like other DHP derivatives, the binding site for (—)Bay K 8644 has
also been localized to the extracellular side of the L-type Ca®* channels
(STRUBING et al. 1993). However, the exact binding site could be different from
that of dihydropyridine antagonists (GRABNER et al. 1996; MITTERDORFER et al.
1996). Interestingly, it has been reported that (-)Bay K 8644 depletes the SR
Ca®™ by gating the Ca’*-release from the SR in ventricular myocytes even in
the absence of the extracellular Ca*, presumably via its interaction with the
L-type Ca’* channel, but not via direct interaction with ryanodine receptors
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(SatoH et al. 1998). (-)Bay K 8644 also modifies Ca**-dependent inactivation
of L-type Ca** channel and the Ca**-induced Ca** release process in ventricu-
lar myocytes (ADACHI-AKAHANE et al. 1999).

1,4-difydropyridine (-)-(R) SDZ 202-791 works as a Ca®* channel antag-
onist, while its enantiomer (+)-(S) SDZ 202-791 activates the L-type Ca*
channels by prolongation of open time and reduction of the number of blank
sweeps (KOKUBUN et al. 1986; REUTER et al. 1988). Both compounds have been
reported to shift steady-state inactivation curve toward more negative poten-
tials. Their binding to DHP receptors was potentiated by membrane depolar-
ization. At potentials positive to ~20mV, the Ca* channel activator effect of
(+)-(S) SDZ 202-791 turned over into a blocking effect.

The DHP agonist CGP 28392, like (-)Bay K 8644, exerts a positive
inotropic effect by increasing Ca®* influx through the L-type Ca** channel, and
thus increasing the SR Ca* content. The single Ca®* channel analysis revealed
that CGP 28392 prolongs the mean open time (KokuBUN and REUTER 1984).

(-)Bay K 8644 as well as CGP 28392 have been shown to enhance the
cardiac Na* channel with an increase of P, and availability (KOHLHEART et al.
1989).

II. Non-DHPs

Benzoylpyrrole-type Ca** activator, FPL 64176, appears to act on the L-type
Ca” channel through interaction with the site distinct from those for classical
DHP Ca* channel antagonists (Fig. 9). Unlike (-)Bay K 8644, FPL 64176 did
not show inhibitory effect up to 10°mol/l, which may be the reason for
the activity as a Ca®* channel agonist of approximately two fold higher than
(-)Bay K 8644 (ZHENG et al. 1992). FPL 64176 prolongs the mean open time
of the L-type Ca’* channel in a voltage-dependent manner, more at hyperpo-
larized potentials and less at depolarized potentials, thus producing dramatic
prolongation of tail current. The Ca* channel activity developes with some
delay upon depolarization, which produces a markedly slow activation of
whole cell Ca?* channel current unlike (-)Bay K 8644 (KuNze and RAMPE,
1992). The negative allosteric interaction between the binding sites of FPL
64176 and (-)Bay K 8644 has also been suggested (RamMPE and DaGE 1992).
The intracellular application of FPL 64176 (10°mol/l) had no effect, whereas
the subsequent extracellular application of the same concentration strongly
enhanced the Ca* channel current (>10-fold), thus implying that the binding
site is near the extracellular side of L-type Ca®* channel (RAMPE and LACERDA
1991).

E. Concluding Remarks

Ca” channel antagonists are clinically useful because of their unique tissue
selectivity. The most important determinant of the tissue selectivity is the
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voltage-dependent interaction between Ca** channels and Ca** channel antag-
onists. Existence of Ca** channel antagonists that block both L-type and N-
type Ca** channels, L-type and T-type Ca®* channels, or L-type Ca®* channels
and Na' channels implies the common structure around the drug-binding
pocket in those ion channels. Studies on the structure-function relationship of
Ca* channels, the identification of drug-binding pockets, should clarify the
molecular basis for voltage-dependence and the tissue selectivity of Ca*
channel antagonists and agonists.
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CHAPTER 6
Overview of Potassium Channel Families:
Molecular Bases of the Functional Diversity

Y. Kuso

A. Introduction

The structural and functional diversity is one of the most characteristic fea-
tures of K* channels among other ion channels. In the K* channel superfam-
ily there are some distinctly different families, and each family consists of many
subfamilies. As the number of members in each subfamily is also large in
number, total numbers of genes for K* channels are vast. The electrophysio-
logical properties of each member are different and the function is also highly
diversified. This functional diversity enables fine regulation of membrane
potential and electrical excitability of cells.

The other characteristic feature of K* channels is that they are structurally
small. Na* channels and Ca* channels consist of four repeats, but K* channels
have only one repeat in one molecule. As four subunits assemble to form a
tetramer in the case of K* channels, the functional unit is similar in size to Na*
and Ca* channels. However, the difference is significant from the practical
aspects of the experiments. Due to the small size of a subunit, it is feasible to
manipulate the gene, and the expression experiments using heterologous
expression system such as Xenopus oocyte are also easy in general. For these
reasons, the structure-function study of K channels has made remarkable
progress.

In this chapter, the diversity of the structure, function, and regulation of
K* channels and the progress of the structure-function study will be reviewed.
There are some informative reviews of the related content which should also
be referred to (JAN and Jan 1992, 1997; KuBo 1994; WEI et al. 1996; DAScAL
1997; IsomoToO et al. 1997; NicHoLs and LoPaTIN 1997; ARUILAR-BRYAN et al.
1998).

B. Primary Structure of the Main Subunit
I. 6-Transmembrane (TM) Type

The first voltage-gated K* channel (Kv) gene was isolated from a Drosophila
mutant, Shaker, which has an abnormality of the K* channel gene (Parazian
et al. 1987). In contrast with Na* channels which have four tandem repeats, the
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Fig.1. Diversity of the structure of K* channel family. Schematic drawing of the topol-
ogy (upper) and the top view (lower)

Shaker channel had only one repeat. In the one repeat there were six trans-
membrane regions and H5 pore region which comprises a channel pore (JAN
and JaN 1997). The fourth transmembrane region, S4, has several positively
charged amino acids, and functions as a voltage-sensor. By the extent of fast
inactivation, the voltage-gated K* channels are classified into delayed rectifier
type and A-type, but the structural difference is minor (Fig. 1).

II. 2-TM Type

The presence of inward rectifying K* channels (Kir), which have distinctly dif-
ferent properties from Kv, has been known physiologically since 1949. In 1993,
c¢DNAs for inwardly rectifying K* channels, ROMK1 (Ho et al. 1993) and
IRK1 (Kuso et al. 1993) were isolated by the expression cloning method. It
was revealed that the inwardly rectifying K* channels have only two trans-
membrane regions and H5 pore region, and that the structure corresponds to
the latter half of Kv channels (Kuso et al. 1993). As expected from the fact
that the inward rectifier does not show voltage-dependence as Kv does, there
was no S4-like voltage-sensor region (Fig. 1).

III. 1-TM Type

cDNA for a very unique channel, Isk or minK, was isolated by the expression
cloning method (Takumr et al. 1988). This channel had only one transmem-
brane region, and it did not even have the K* selective filter region conserved
in all other K* channels. Recently it was reported that Isk formed a functional
heteromultimer with a member of Kv, KvLQT1, and expressed a slowly acti-
vating current observed in the heart (BARHANIN et al. 1996; SANGUINETTI et al.
1996).
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IV. 2-Repeat Type

Channels which are composed of tandemly ligated 6-TM type and 2-TM type
(KercHum et al. 1995; Lesack et al. 1996a), and channels composed of two
tandemly ligated 2-TM type (LESAGE et al. 1996b; FInk et al. 1996) were iso-
lated. This family can be understood as a 2-repeat type, in contrast with Na*
channels which have four repeats and K* channels which have only one repeat.
It is expected that two subunits of this family assemble to form a functional
channel (Fig. 1).

C. Heteromultimeric Assembly:
Bases of Further Diversity

I. Heteromultimer Formation with Other Members of
the Same Subfamily

It is known that different members of the same family assemble to form func-
tionally different heteromultimeric channels. This is a further basis for the
diversity of the K* channel function, on top of the diversity of the genes. In
the following some representative examples are shown.

1. Kv Channels

It was shown in heterologous expression systems that a member in the Shaker
family and a member in the drk family co-assemble, and the property of
the channel is different from either Shaker or drk. The structural basis for
the assembly was identified to lie in the N-terminus cytoplasmic region (L1
et al. 1992). It was also shown that this heteromultimeric channel actually
exists in the brain by analyzing co-immuno-precipitating molecules (SHENG
et al. 1993).

2. GIRK1,2,4

GIRK1, an inwardly rectifying K* channel which is activated by direct interac-
tion with GTP binding protein, was isolated by sequence homology with IRK1
(Kuso et al. 1993b) and by expression cloning (DascaL et al. 1993). As the
functional expression of GIRK1 was not sufficiently high, KrapiviNsky
et al. (1995) expected that there should be a molecule which assembles to
form highly expressable channel. They purified a protein which co-immuno-
precipitates with GIRK1 from the heart, and determined the partial amino acid
sequence. Using the obtained information, they isolated a cDNA designated
CIR. It was confirmed that coexpression of GIRK1 and CIR induces large
inward K* current. It was concluded tha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>