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Abstract

R-type (a13and L-type (alc)
calcium channels exhibit dramatically different
inactivation properties. To define structural determinants which govern these intrinsic
differences, a series of chimeric calcium channel a,subunits was created which
combines the major structural domains of the two wild-type channels. Results fiom
whole-cell voltage clamp experiments indicate that each of the four domains help to
determine the voltage-dependence of steady-state inactivation, and that inactivation rate
is governed by domains II,III and IV. A second series of chimeras in which the 11S6
and 111 S6 segments were individually switched amongst the two parent channels

revealed that the these segments play an important role in determining inactivation rate,
but have little infiuence on steady state inactivation profiles. Thus, voltage-dependent

inactivation of the a,,channels appears to be a complex process involving multiple
structural domains and possibly a global codonnational change at the pore as seen for

C-type potassium channel inactivation.
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INTRODUCTION
Calcium channels are voltagedependent ion channels which allow the entry of
calcium ions into cells upon membrane depolarization. These channels are ubiquitous to
all excitable cells including skeletal, smooth and cardiac muscle, neurons, and a wide
range of cells that secrete hormones and neuromodulators. In these cells, calcium
channels mediate a critical role in maintaining and regulating internal calcium levels.
Calcium is somewhat unique among penneant ions in that calcium ions themselves serve
many crucial h c t i o n s within the cell, in addition to canying electrical charge. Actions
of calcium ions within the cell include the activation of second messenger cascades and

calcium-dependent enzymes, release of calcium &om internal stores, control of gene
transcription levels, excitation-contraction coupling in heart and muscle, neurite
proliferation, and control of neurotransmitter release (Marty, 1989; Pelzer et. al., 1990).
They also play a role in controlling the activity of other ion channels, including the

calcium-activated potassium and chloride channels. Under normal physiological
conditions, intracellular calcium levels are maintained at exceedingly low levels (-10

-

100 nM), in comparison to the extracellular space, where the calcium ion concentration is

in the one to two mM range. During increases in voltage-dependent calcium channel
activity, the cytosolic calcium levels can reach concentrations of 100 pM in the vicinity
of the plasma membrane @e Waard et. al.,1996). Thus, the flux of calcium through a

population of conducting calcium channels, in addition to depolarizing the membrane,
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also alters the intracellular calcium concentration by more than two orders of magnitude,
allowing calcium to trigger one or more of the above cellular events.

Biophysical and Pharmacological Diversity of Calcium Channels
Several types of calcium channels, distinguished by biophysical and
pharmacological properties as well as cellular distribution, have been identified to date.
Traditionally calcium channels have been grouped into two major categories according to
their kinetics and voltage-dependent properties: high voltage-activated (HVA) channels,

and low voltage-activated (LVA) channels (Birnbaumer et. al., 1994).
The H V A channels activate at depolarized membrane potentials (between -30 and

0 mV), and include N-, P-, Q-, L-, and R-type channels. Within the HVA class, the
channel subtypes are distinguished by their pharmacological profiles, biophysical
properties (i-e.,activation and inactivation kinetics), and relative penneabilities to
divalent cations. The N-type channels are rapidly inactivating, and are ineversibly
blocked by a-conotoxin GVIA, a calcium channel antagonist isolated h m the venom of
the Conus geographus marine snail (Plummer et. al., 1989). They are localized to

presynaptic nerve terminals where they play a key role in neurotransrnission (Himing et.
a[., 1988; Tsien et. al., 1988; Robitaille et. al., 1990; Westenbroek et. al., 1992). P- and
Q-type channels are also located at presynaptic nerve terminals where they are implicated

in neurotransmitter release (Takahashi and Momiyama, 1993; Wheeler et. al., 1994).
Both P- and Q-type channels are blocked by o-agatoxin TVA, a toxin h m a W e 1 web

spider, with the P-type channels showing a -I Oefold higher sensitivity (Mintz et. ai.,
1992b). In addition, these channels exhibit different biophysical properties. The P-type
channels, first identified in Purkinje neurons, show no or very little time-dependent
inactivation in comparison with the Q-type channels which exhibit rapid inactivation
kinetics (Regan et. al., 1991;Mintz et. al., 1992a). The L-type channels exhibit very
slow inactivation kinetics and are sensitive to dihydropyridines (Soldatov et. al-,1988;
Murphy et. al., 1990). NeuronaI L-type channels are localized to cell bodies and

proximal dendrites, where they likely play an important role in regulation of basal cellular
activity (Westenbroek et. al., 1990; Hell ei. al., 1993). In addition, L-type channels are
the major calcium channel subtype found in cardiac, smooth, and skeletal muscle cells,

where they mediate excitation-contraction coupling by triggering calcium release from
the sarcoplasmic reticulum through the ryanodine receptor (Tanabe et. al., 1990;
Catterall, 1991). R-type channels reside in nerve terminals and along dendrites, and are
defined by their resistance to the common calcium channel blockers (Randall et. al.,
1993). They activate at relatively negative potentials and inactivate rapidly. It is thought

that the R-typechannels may be a heterogeneous population of calcium channels
characterized mainly by their Iack of sensitivity to specific calcium channel antagonists
(Randall et. al., 1993; Tottene et. al., 1996).
The other major group of calcium channels are the low-voltage activated
channels (LVA), also referred to as T-type channels. These low threshold channels are
transiently activated by relatively small depolarizations (in the -75 to -50 m V range) and
inactivate very rapidly over a time course of less than 100 ms (Cribbs et. al., 1998; Perez-
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Reyes et. a[., 1998; Lee et. al., 1999). T-type calcium channels have been identified in
several tissue types including neuronal, and smooth,cardiac and skeletal muscle (Cribbs
et. al., 1998; Talley et. af., 1999). They are thought to be involved in pacemaker activity,

low threshold calcium spikes, neuronal oscillations, and resonance and rebound hring
(Hagiwara et. af., 1988; Huguenard, 1996). To date, no specific antagonist for T channels
has been identified, although commonly they are thought to exhibit a higher sensitivity to

block by nickel ions than the HVA channels.

Subunit Structure of Voltage-Dependent Calcium Channels

Calcium Channels are Multi-Subunit Proteins
Molecular cloning and hctional expression studies have immensely advanced

our understanding of calcium channel structure and function. Studies carried out over the
past 10 years have shown that calcium channels, like other ionic channels, are membrane
spanning proteins that consist of several subunits (see Fig. 1). The a, subunit is the pore
forming subunit and has a molecular weight between 200 and 250 kD. It is thought to be
the primary determinant of the biophysical and pharmacological properties of a calcium

channel. Expression of the a,subunit alone can result in fbctional calcium channel
activity; however, three accessory subunits associate with the a,subunit and modulate its

activity.

All HVA channels contain cytoplasmic P subunits as an element of the charnel
protein complex.

P subunits are 50-70 kD proteins.

They contain no putative

-

Figure 1 Calcium Channel Subunit Composition

Calcium channels are comprised of four protein subunits. The pore-forming a, subunit
(200 - 250 kD) associates with an intracellular P (50-70

6 (170 kD) and y (25 kD)subunits.

kD) and the transmembrane q-

6
transmembrane domains, and likely associate with the a,subunit at the cytoplasmic side
of the channel.

P subunit structure is unknown, but sequence predictions suggest a series

of a-helices (Walker and De Waard, 1998). Four different genes encoding for different

calcium channel Q subunits (tenned

PI - P,) have been identified, all of which are

expressed in the brain as well as in many other tissues including skeletal, smooth and

cardiac muscle (Hullin et- ai., 1992).

P subunit co-expression substantially increases the

level of current amplitude of calcium channels, but the mechanism by which this is
mediated is not well understood. Direct interaction of the f3 subunit with a, could result

in an increase in conductance or open probability of the channel by inducing a
confonnational change in the pore subunit. Alternatively, there is strong evidence that P
subunits aid in targeting the a,subunit to the plasma membrane (Josephson and Varadi,
1996; Karnp et. al., 1996; Brice et. al., 1997; Chien et. al., 1998). The f3 subunits are also

important modulators of the biophysical properties calcium channels. They modify the
kinetics and voltage-dependence of activation and inactivation, with different f! subunits
having distinct effects in this regard (Soong et. al., 1993; Stea et. al., 1993; DeWaard and

Campbell, 1995). For example, the P, and f3, subunits accelerate inactivation kinetics,
whereas coexpression with the p, subunit dramatically slows inactivation of calcium
channels (Ellinor et. al., 1993; Sather et. al., 1993). Finally, P subunits have also been
shown to modulate the pharmacological properties of the a,subunits (i-e., Zamponi et.
al., 1996).
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Calcium channel a, subunits are associated with a third subunit called q-6 (170

kD). It is a membrane spanning subunit composed of an q and a 6 protein which are
encoded by one gene, posttranslationally cleaved and then relinked by a disulfide bond
(Ellis et. al., 1988; De Jongh et. al., 1990; Jay et. al., 1991). Structurally, the a,-6 is

heavily glycosylated, and it is the 6 component that anchors the q to the membrane via a
single transmembrane segment (Gurnett et. al-, 1996)- The q-6 subunit is well conserved
across many different tissues, including heart, brain, and skeletal muscle. To date three

genes have been identified which encode the protein (Klugbauer et. al., 1999). The
effects of the q-25subunit on channel activity are not as dramatic as the eRects of the P
subunits. The %-6 seems to mediate an increase in current amplitude, and has small
effects on activation/inactivationkinetics, but these effects are dependent on P subunit

coexpression. Othemise the role of this subunit is not well understood (Felix et. al.,
1997, Klugbauer et. al., 1999).

All calcium channels are formed by a combination of the a,subunit with the f3
and or2-6subunits, except for the skeletal L-type channels which also include a fourth

subunit. The y subunit is a membrane spanning protein with a molecular weight of
approximately 25 kD. It is very hydrophobic and extensively glycosylated ( ' b e n t et. al.,
1997). The function of this subunit is still incompleteIy understood. Recently, a novel
neuronal form of the y subunit was identified (Lettset. al., 1998). The 36 kD protein,
called stargazin, is brain specific and shows structural similarity to the y subunit of
skeletal muscle. Disrupted expression of the stargazin gene (by insertion of an early
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transposon leads to a form of genetic epilepsy in a mouse mutant called stargazer,
presumably by allowing in appropriate calcium entry into neurons. The stargazer
phenotype closely resembles that observed in humans with absence (or petit mal)
epilepsy. In contrast with the high voltage activated channels, the T-type channels do not
appear to be associated with any ancillary subunits.

The a, Subunit Determines Pharmacological and Biophysical Properties

The biophysical and pharmacological properties of a given calcium channel are
primarily determined by the a,subunit. To date, the primary structures of 10 different
neuronal calcium channel a, subunits (termed a,, through a,3 have been identified. a,,
a,,

and a,, encode L-type channels (Williams et. al., 1992a; Tomlinson et. al., 1993;

Bech-Hansen et. al., 1998), a,, defines N-type channels (Dubel et. al., 1992; Williams et.
a[., 1992b; Fujita et. al., 1993), different splice variants of a,, encode P- and Q-type

channels (Mori et. al., 199 1;Sather et. al., 1993; Stea et. a/., 1994; Boux-i.net et. ol., 1996;

Sutton et. al., 1998; Bourinet et. al., 1999),a,, a,, and a,, fonn T-type channels (Cribbs
et. al., 1 998; Perez-Reyes et. al., 1998; Lee et. al., 1999), and a,,likely encodes a

component of the resistant (R-type) current identified in several neuronal preparations
(Soong et. al., 1993; Williams et. al., 1994; Tottene et. al., 1997). Finally, an additional

a,subunit encoding the skeletal muscle L-type channel has been identified and termed
a,, (Ellis et. al., 1988; Morton and Froehner, 1989). Alternative splicing of these 10

transcripts produces at least 20 structurally distinct a,subunits to substantially increase
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the diversity of calcium channel phenotypes. Overall, the channels can be grouped into

three phylogenetically related groups (see Fig. 2) - the L-type channels ( a , , a,,, a,,,

a,,),
the non-L-type high voltage activated channels (a,,, a,,, a13,and the low voltage
activated channels (a,,, a,,, a,& Within each of these groups, there is a relatively high
degree of identity (-65%) whereas less than 40% identity is observed across the three

groups (De Waard et. al., 1996).
Calcium channeI a,subunits are structurally similar to the a subunit of sodium
channels. The predicted transmembrane topology of the a,subunit indicates that the
protein is comprised of four major transmembrane regions termed domains I-N, which
are connected via cytoplasmic linkers (see Fig. 3). Within each domain there are six

transmembrane segments which are referred to as S 1 4 6 in each domain. The structure
also includes an intracellular amino-terminus and a longer intracellular carboxyl
terminus. The transmembrane sequences are highly conserved with most of the sequence
variability arising in the intracellular Ioops connecting the segments and in the carboxyl
terminus.
Several structural features of the calcium channel a,subunit have been associated
with various calcium channel h c t i o n s to date. For example; (a) the fourth segment in
each domain (S4) is 20 amino acids in length and contains repeated motifs of one

positively charged amino acid at every third or forth position followed by several
hydrophobic amino acids. Site-directed mutagenesis of the positively charged amino
acids of the S4 segment of sodium channels has revealed that these segments likely

~

I

a 1A

Novel
E
type

('='I

PIQ-type

ancestral
a,subunit

-

Figure 2 Classification and Gene Family Tree of Calcium Channel a, Subunits

Relationship of the a, subunit genes that form calcium channels. Degree of relatedness
is based on amino acid identity. Channel subtypes for each a,gene(s) are listed on the

right hand side of the figure.

Pore
(SS-S6 loops)

Voltage sensor
(S4 segments)

/

L

p subunit binding
(I-II linker)

COOH

Excitation-contraction coupling
@-Ill linker)

-

Figure 3 Transmembrane Topology of Calcium Channel a,Subunits

Calcium channel a,subunits contain four major transmembrane domains, each having six

membrane spanning segments. The amino- and carboxyl- terminal ends, as well as the
linkers which join the major domains, are cytoplasmic. Some of the structures which are
related to fiurctions of the caicium channel are noted with arrows.
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represent portions of the voltage sensors that initiate channel opening during activation
(Stuhmer et. al., 1989). Similar studies have been carried out to show that the S4
segments of calcium channels also act as voltage sensors (Catterall, 1988). (b) The
permeation pore is formed by the SS1 and SS2 segments (two short segments located
between SS and S6 in each of the four transmembrane domains) and the SS and S6
segments (Guy and Conti, 1990; Striessnig et. al., 1990; Catterall et. al-, 1992). Highly
conserved glutamate residues located within the SS2 segments of each domain serve as
the major determinants of ion selectivity (Yang et. al., 1993; Sather el. al., 1994; Yatani
et.

al., 1994a; Ellinor et. al., 1995). Single amino acid mutations to glutamate residues

within the SS2 segments of sodium channels can alter ion selectivity of the pore,

effectively converting the sodium channel into a calcium channel (Heinemann et. aL,
1992). (c) The site of P subunit interaction with the a,subunit is located in the I-II linker

(the intracellular loop between domains I and II)of all the HVA channels, a motif which
is lacking in LVA channels (Pragnell et. al., 1994). The P subunit binding site is fonned
by a cluster of 18 amino acids (of which nine are conserved among the HVA channels)

located 23 amino acids downstream of domain I on the a,subunit.
Besides these properties which are common to most a,subunits, there must also
be differences in the structures which lead to the diverse pharmacological and biophysical

properties of the different a,subunit subtypes. For example, specific amino acid
residues in the pore-forming region of domains III and N of L-type a,subunits are
responsible for conferring dihydropyridine sensitivity to these channels ( T a g et. al.,
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1993; Hering et. al., 1998). Furthennore, the I-II linker region of N- and P-type channels

contains a binding site for Gk proteins which bind to and inhibit calcium channels via a
membrane delimited pathway (Herlitze et. al., 1996; 1997; de Waard et. al., 1997;
Zamponi et. al., 1997). The 11-III linker of the a,,calcium channel determines the EC

coupling properties of the skeletal muscle L-type channels and is thought to interact
directly with the ryanodine receptor (Tanabe et. al., 1990, Catterall, 1991). Syntaxin (a
protein required for neurotransmitter release at the synapse) interacts with the II-IIIlinker
of the N-type and PIQ-type channels to allow formation of the tight exocytosis complex
which facilitates calcium-dependent neurotransmitter release (Sollner et. al-, 1993; Sheng
et. al., 1994). There are however, many other functional properties which have not been

mapped to particular amino acid sequences of the channel protein. Cwently, it is a
major goal of calcium channel research to correlate these observed differences among the
channels subtypes with the structures of their a,subunits.

Ion Channel Inactivation

Voltage-dependent ion channeIs, including calcium channels, respond to electrical
stimuli to cause conformational changes which result in the opening of a pore and the
f l u of ions down an electrochemical gradient. M e r a channel has opened, it may enter

one of two possible gating conformations. If the membrane potential quickly returns to
resting potential, then channels will deactivate (or close) and return to the resting state.

This is analogous to 'turning o E the current through the channel. Alternatively, if

membrane depolarization is sustained, some ion channels will eventually shut down
through a process tenned inactivation (Hille, 1992). Compared to deactivation,
inactivation is slower, and can develop with different kinetics depending on the ion
channel subtype. Once a channel is inactivated it is unavailable for opening, and to
remove inactivation, the membrane must be repolarized Like activation, inactivation of
ion channels is primarily regulated by membrane potential and is therefore a voltagedependent process. Inactivation processes are not always intrinsically voltage-dependent
however. For example, coupling of inactivation to voltagedependent activation results in
the appearance of a voltage-dependent inactivation mechanism. The mechanism of

inactivation however, is distinct fiom that which controls the activation process.
Inactivation is an important biophysical feature of ion channels, and it has significant
physiological implications. For example, sodium channel inactivation contributes to the
repolarizing phase of an action potential, and is a key detenninant of action potential
duration. Sodium channel inactivation also accounts for the loss of excitability that
occurs if the resting potential of a cell falls by as little as 10 or 15 mV,which can result

fiom elevated extracellular potassium ion concentrations, or after prolonged anoxia or
metabolic block (Hille, 1992).

Calcium Channel Inactivation is an Important Determinant of Calcium Entry
In calcium channels, the process of inactivation serves several important

fimctions. Firstly it is a key mechanism by which calcium channels are able to achieve a
tight regulation of intcmal calcium levels. The inactivation of calcium channels is
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important in determining (and limiting) the amount of calcium entry during electrical
activity and its d t i n g impact on the diverse cellular events in which calcium plays a
role. It is also a critical determinant of the temporal precision of calcium signals.
Another important function of calcium channel inactivation is the prevention of long-term
increases in intracellular calcium levels (Choi, 1988; Onmius et. al.,1989; Orrenius and
Nicotera, 1994). Perturbation of intracellular calcium homeostasis is a common step in
the development of cytotoxicity, particularly in the central nervous system (CNS) and
immune system. Sustained increases in intracellular calcium can lead to the activation of
degradative enzymes such as phospholipases, proteases, endonucleases, and to
mitochondrial dysfhction and the disruption of cytoskeletal organization, as well as
induces free radical formation. Calcium overload plays a critical role in ischemic
damage, as well as in various newodegenerative disorders.
In addition to preventing calcium-mediated cytotoxicity, calcium channel

inactivation has other important physiological consequences, particularly in the CNS
where calcium channels are abundant. Within the context of the role of calcium channels
in neurotransmission, calcium channel properties, including inactivation, are an important
determinant of synaptic efficacy. This has been demonstrated at the giant synapse in the
rat brainstem. At this excitatory glutamatergic synapse, calcium channel inactivation

(through a combination of both calcium- and voltage-dependent mechanisms) and slow
recovery fiom inactivation has been observed (Forsythe et. al., 1998). The slow recovery
allows inactivation to accumulate over a train of action potentials, thereby contributing to
post-tetanic depression at the synapse. Consequently, in addition to triggering exocytosis
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of vesicles containing neurotransmitter, presynaptic calcium channels also play an
important role in short term plasticity due to their inactivation properties. Functional
significance of calcium channel inactivation has aIso been demonstrated in nerve
terminals of the neurohypophysis. These nerve terminals are responsible for secretion of
oxytocin and vasopressin in response to action potentials, and they show a decline of
secretion in response to sustained high-frequency stimulation. Branchaw et- al. (1997)
have shown that the depression of hormone secretion results h m the accumulation of

calcium channel inactivation which occurs during high fiequency stimulation. Their
results suggest that calcium cluwnt inactivation can vary significantly depending on
stimulation fiequency and duration, and on the subunit composition of the calcium
channel (Patil et. af., 1998). These variations in calcium channel activity influence
neuropeptide secretion and likely neurotransmitter secretion as well. Thus calcium
channel inactivation is one of a variety of mechanisms which comes into play in
determining how neurohormone secretion and neurotransmitter release will vary with
different forms of electrical activity at the synapse.

Molecular Mechanisms of Inactivation

"Hinged-Lid" Inactivation - Sodium Channel Fast inactivation

The process of inactivation is highly variable in many of its properties and in its
mechanisms. Sodium and potassium channels both undergo well characterized forms of
fast inactivation in which inactivation occurs by occlusion of open channels h m the
cytoplasmic side of the channel by a tethered gate. Initial investigations of both sodium

and potassium channel inactivation showed that their inactivation processes were
specifically prevented by intracellular proteolytic treatment, the effect of which was to
cleave a cytoplasmic inactivation particle (Armstrong et. al., 1973; Hoshi et. al., 1990).
Identification of the sodium channel segments required for fast inactivation was achieved
by using a panel of site-directed anti-peptide antibodies against short (15 - 20 residues)

peptide segments of the a subunit. W y the antibody directed against the short
intracellular loop between domains III and IV inhibited inactivation, suggesting that this
region was the locus for inactivation in sodium channels (Vassilev et. al., 1988; 1989). In
another study, expression of the sodium channel a subunit as two pieces (cut between
domains 111 and IV) resulted in channels that activate normally but inactivate 20 times
more slowly than normal, confirming the m-N linker as the inactivation particle
(Stuhmer et. al., 1989). The inactivation gating loop in the III-IV linker contains highly

conserved clusters of positively charged and hydrophobic amino acid residues, however it
is a cluster of only 10 amino acids at the amino-tenninal end of the III-Nloop that are
responsible for mediating inactivation, as deletion of this cluster completely prevents fast
inactivation. Mutation of hydrophobic residues in this region to the hydrophilic
uncharged glutarnine residue demonstrated key roles for three residues. Mutation of the
three residue cluster isoleucine-phenylalanine-methionhe(IFM motif)to glutaxnines
completely blocked fast inactivation (West et- al., 1992). The single phenylalanine in the
center of the cluster appears to be the critical residue, as its conversion to glutamine is
sufficient to prevent channel inactivation almost completely. Later experiments showed
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that a synthetic peptide containing the IFM sequence motif could restore fast inactivation
to mutant sodium channels having defstive inactivation gates and to wild type sodium
channels whose inactivation was slowed by a scorpion toxin (Eaholtz et. aL , 1994).
Synthetic peptides containing the mutation that prevents fast inactivation (IQM) were
unable to restore inactivation. The interaction of the IFM residues with the receptor for
the inactivation gating particle is likely to be hydrophobic because there is a close

correlation between the hydrophobicity of the residues and the extent of channel
inactivation (McPhee et. al., 1994; 1995). A "hinged-lid" model for sodium channel fast
inactivation is proposed whereby the III-N linker serves as a rigid lid that closes over the
intracellular mouth of the sodium channel in the open state to prevent permeation of the
channel (Fig. 4A).

"Ball and Chain" Inactivation - Potassium Channel Fast Inactivation

Like sodium channels, fast inactivation of potassium channels also occurs by
occlusion of the intracellular mouth of the pore by a cytoplasmic inactivation particle
(Armstrong et. al., 1973; Hoshi et. al., 1990; Isacoff et. al., 1991). In contrast though,
the potassium channel inactivation particle is located at the amino terminus of the

polypeptide prior to the first transmembrane segment. Evidence of an amino-terminus
inactivation particle came fiom experiments which showed that deletion of the aminoterminus prevented fast inactivation (Hoshi et. al., 1990; Demo and Yellen, 1991).
Smaller scale deletions demonstrated that the first 22 amino acids formed the inactivation
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Figure 4 Mechanisms of Iuactivation of Sodium and Potassium Channels

(A) The "hinged-lid" mechanism of s o d i m channel inactivation: The intraceilular loop

connecting domains III and N of the sodium channel forms a hinged lid and blocks the

pore intracellularly to inactivate the channel. The three residue cluster, isoleucine-

phenylalanine-methionine (IFM motif) plays a critical role in the inactivation process.
(B) The "ball and chain" mechanism of potassium channel inactivation: The amino

terminal segment of each subunit acts as an inactivation particle tethered on the end of a

long chain of amino acids. Basic residues of the inactivation particle facilitate interaction
with the inner vestibule of the channel to cause inactivation.

21

particle. Inactivation can be restored in non-inactivating amino-termiual deletion mutants
by exogenous application of short peptides derived from the amino-terminus sequence,
confirming the role of this region in the inactivation process (Zagotta et. af.,1990). A
Ieucine residue at position 7 was identified as a critical residue in mediating fast
inactivation, as mutation of Leu 7 to a hydmphilic residue prevents fast inactivation
almost completely (Hoshi et. al.,1990). These results have led to the proposal of a "bail
and chain" model of inactivation, in which the amino-tenninal segment of the potassium

channel is envisioned as an inactivation particle tethered on the end of a long chain of

amino acids (Fig. 4B). When in the closed conformation, the inner vestibule of the pore
is unable to bind the chained ball. Upon activation, the conformational change associated
with the transition to the open state renders the inner vestibule of the pore available for

binding to the inactivation ball which is able to diffise into the receptor. D i k i o n is
facilitated by electrostatic interaction between basic residues in the ball peptide and acidic
residues in the channel vestibule. Hydrophobic residues stabilize the bound peptide in
the inner mouth of the pore, where it hinders the passage of potassium ions. Although

each channel has four amino-tennini and therefore four independent inactivation

particles, only one inactivation ball interacl with the mouth of the pore to cause
inactivation of the channel (MacKinnon er. al., 1993).

"C-Type" Inactivation - Potassium Channel Slow Inactivation
In addition to the rapid inactivation of potassium channels mediated by the aminoterminal inactivation particle (N-type inactivation), potassium channels also undergo a
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slower inactivation mechanism termed C-type inactivation. C-type inactivation requires
specific amino acid residues at the extracellular end of the 56 segment which is proposed

to comprise part of the pore of the channel (Hoshi et. al., 1991;Lopez et. al., f 994). Ctype inactivation is sometimes referred to as slow inactivation because its kinetics are

often, but not always, slower than N-type inactivation. In addition to involvement of the

56 segment, specific residues in the extracellular H5-S6 loop are also importantly
involved in mediating C-type inactivation (Lopez-Barneo et. al., 1993). Internal TEA,
which competes with the amino-terminal peptide ball for its lodging site at the inner
mouth of the pore in N-type inactivation, does not modifL C-type inactivation. However,
externally applied TEA,as well as high external permeant ion concentrations interfere
with inactivation, suggesting inactivation occurs by a mechanism involving closure of the

extracellular mouth of the pore (Choi et. al., 1991 ) . These results are consistent with a
simple 'foot in the door' model whereby a channel cannot close when occupied by a
blocker or permeant ion. Consequently a model for C-type inactivation was proposed in
which conformational changes near the external mouth prevent permeation of the
channel. Yellen et. al. (1994) and Liu et. al. (1996) demonstrated that C-type
inactivation changes external solute accessibility of a limited number of residues near the
external mouth of the Shaker potassium channel supporting the view that conformational
changes mediate C-type inactivation. Constriction of the pore by conformational change
involves cooperative interactions between all four subunits to cause inactivation
(Ogielska et. al., 1995; Panyi et. al., 1995). A slow inactivation process is also observed

in sodium channels, and is thought to occur by a mechanism resembling C-type
inactivation (Balser et. al., 1996; Wang and Wang, 1997).

Calcium Channels Undergo Two Fonns of Inactivation
Calcium channels undergo two types of inactivation. Voltage-dependent
inactivation has been found in all calcium channel subtypes, however the kinetics of
inactivation differ considerably between subtypes as described previously. A second
type of inactivation, driven by intracellular calcium concentration, is restricted to L-type

calcium channels and is termed calcium-dependent inactivation. Calcium-dependent
inactivation is mediated by intracellular calcium ions which bind to a specific site on Ltype channels causing the inactivation of the channel (Imredy and Yue, 1994). It is

observed only with calcium as the charge carrier, unlike voltage-dependent inactivation
which is present with either calcium or barium as charge carriers. Calcium-dependent
inactivation is proposed to arise fiom a mechanism that is fundamentally different fiorn
that underlying voltage-dependent inactivation, and has been localized to the carboxyl
terminal region of the a,subunit (de Leon et. al., 1995). Recently, calmodulin has been

identified as the calcium sensor for calciumdependent inactivation (Peterson et. al..
1999; Qin et. at., 1999; Zuhlke et. al., 1999). It is proposed that calmodulin is

constitutively tethered to the channel complex and that inactivation occurs by a calciumfacilitated interaction of the tethered calmodulin with an IQ-calmodulin binding motif on
the carboxyl-terminal of the a,,subunit to prevent ion flow through the channel.
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Fast, voltage-dependent inactivation of calcium channels does not appear to occur
by the same mechanisms as observed in sodium and potassium channels. Structures

analogous to a single inactivation "ball" or "lid" have not been identified in calcium
channel proteins. Instead it appears that the molecuiar mechanisms for calcium channel
inactivation may be distributed across calcium channel subunits and it seems that these
mechanisms are likely to be complex, multiple and interacting in contrast to the
previously described mechanisms.

Voltage-Dependent Inactivation of Calcium Channels

Studies performed to date on calcium channel inactivation have not provided a
clear and coherent model describing the molecular basis of voltage-dependent

inactivation of calcium channels. One of the first studies which specifically investigated
the molecular mechanisms of calcium channel voltage-dependent inactivation suggested

that the domain I S6 region (I
S6) is a critical determinant of the differences in voltagedependent inactivation properties observed with marine ray (doe-I) a,,and rabbit brain

(BI)a,,calcium channels (Zhang et. al., 1994a). Chimeric cdcium channels in which a
200 amino acid segment from doe-I (including the I S6 and stretching 19 amino acids into

the I-II linker) were inserted into the a,,channel exhibited the faster inactivation
properties seen with the doe-I phenotype. These findings were later validated in a study
by Parent et. al. (1995), using L-type cardiac calcium channels (a,& which undergo

predominantly calcium-dependent inactivation and little voltagedependent inactivation,
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and the L-type skeletal calcium channels (aidwhose inactivation is primarily voltagedependent. They found that the replacement of domain I of the a,, subunit with domain

I fkom the a,,
channel resulted in the emergence of voltage-dependent inactivation,
suggesting the locus for voltage-dependent inactivation is located in domain I.
Elsewhere within the a,subunit, five independent studies have indicated that the
intracellular loop connecting domains I and JI has a role in mediating voltage-dependent
inactivation. Chimeras containing the I-II linker of a,,inserted into a,, produced a
current phenotype with inactivation kinetics intermediate between a,, and a,, (Page et.
al.,1997). Insertion of the I-II linker of a,, into a,, caused a similar slowing o f

inactivation in comparison to the wild type a,, (Page et. af., 1997). In a different study,
the I-II linker of a,, was replaced by the corresponding region h m a,,,
resulting in a

construct with slower inactivation kinetics than the wild-type a,, (Adarns and Tanabe,
1997). It is interesting to note that in the study by Parent et. ai. (1995), the exchange of

domain I of a,,with that of a,,caused a speeding of inactivation in comparison to the
wild-type a,,channel, however when the 1-11linker of a,, was replaced with its
counterpart fkom a,,, inactivation was slowed in comparison to the wild-type a,,
Recently, Cens et. af. (1999) have also demonstrated involvement of the I-II linker in the
inactivation process by showing that overexpression of the 1-11 linker fiom either a,, or

a,,speeds up the inactivation of a,, in oocytes, with the a,,I-I[ linker being more
effective at accelerating inactivation.

A number of studies have identified individual axnino acid residues in the I-II

linker which govern inactivation processes. An arginine residue in the G-By binding
motif (QXXER)in the 1-11linker of a,, appears to mediate its fast voltage-dependent
inactivation kinetics, as when it is replaced with a glutamate residue (the corresponding
residue fiom the slowly inactivating a,,channel), steady-state inactivation is shifted to
more depolarized potentials, and inactivation is significantly slowed so that inactivation
kinetics resemble those of a,,(Herlitze et. al., 1996). Conversely, a mutation of the
glutamate residue at the same position in a,,to an arginine (as in a,J speeds up
inactivation and shifts steady state inactivation in the hyperpolarizing direction. In
another study, the difference in inactivation properties between the rapidly inactivating
Q-type and very slowly inactivating P-type calcium channels (both of which are encoded
by the a,,subunit) has been shown to be due to alternative splicing in which a valine

insertion in the I-II linker (a,,.3changes inactivation kinetics from fast to slow (Q- to Ptype) (Bourinet et. al.,1999). This single residue located at position 421 (18 residues

carboxyl to the f3 subunit binding site) appears to be responsible for the distinct
inactivation profiles of the two channel subtypes.
Recently, studies which have attempted to locate the binding sites of the calcium
channel antagonists 1,4-dihydropyridines, benzothiazepines, and phenylalkylamines on
the a,,subunit, have revealed additional information about possible mechanisms of

calcium channel inactivation. Several groups have shown that the IU S6 segment, as well
as the pore forming segment in domain III, is involved in voltagedependent inactivation.
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The domain III SS2-S6 region h m a,,speeds up inactivation when inserted into the a,,
subunit showing that extracellular regions near the pore could contribute to inactivation
in calcium channels (Tang et. ol., 1993; Yang et. al., 1994). These findings were

supported by independent studies in which the putative pore-lining residues in the III S6
segment of a,,were mutated to alanines, resulting in slowed inactivation rates and
shifted steady-state inactivation to more positive potentials (Hering et. 01.. 1997;

Hockerman et. al., 1997). The N S6 segments have been similarly implicated in
playing a role in voltage-dependent inactivation of calcium channels. The pore-forming

segment fkom the end of IV S5 to the beginning of N S6 of a,, is able to confer fast
inactivation kinetics on the a,,channel (Yatani el. al., 1994b). A change in inactivation
kinetics is also seen by introducing L-type sequence into a,,in this region. Interestingly,
the implantation of the transmembrane segment IV S6 fiom the slowly inactivating a,,
did not result in transfer of the slower L-type inactivation kinetics onto the faster

inactivating a,,.The sequence substitution unexpectedly accelerated the inactivation
kinetics compared to that of a,,(Doring el. aL, 1996). This effect was subsequently
narrowed down to three amino acid residues from the IV S6 segment of a,,(methionine,
alanine, and isoleucine) which were able to accelerate voltage-dependent inactivation of

a,,(Hering et. al., 1996).
Finally, residues in the intracellular carboxyl terminal of the a,,subunit also
appear to play a role in calcium channel voltage-dependent inactivation processes. Point

mutations of a glutamate residue ('1537) in the EF hand motif of a,,surprisingly

reduced voltage-dependent inactivation instead of affecting calcium-dependent

inactivation as was hypothesized, suggesting that this region may contribute to voltagedependent inactivation processes as well as calcium-dependent inactivation (Bernatchez
at. ai., 1998). In addition, alternative splicing of the a,,has revealed a carboxyl terminal

splice variant which contains a replacement of 80 amino acids in the second quarter of the

carboxyl terminal with 81 non-identical amino acids. This construct exhibits 10 times
faster voltage-dependent inactivation than the conventional a , channel lending fbrther
support to the hypothesis that the carboxyl terminal contributes to voltage-dependent
inactivation (Soldatov et. af., 1997; 1998).
It is evident fiom the many studies performed during the last 10 years that the

molecular mechanisms of calcium channel inactivation are not as clear cut as the
previously described inactivation mechanisms of sodium and potassium channels. The

combined results of these calcium channel studies indicate that the structures responsible
for inactivation might be distributed across the a,subunit and that the actual mechanism

is likely complex, with multiple interactions. Taken together, these observations support
the idea that voltage-dependent inactivation of calcium channels involves multiple

structural elements. However, with the exception of the study by Zhang et. of. (1994a)

there has to date been no systematic attempt to identi@ these elements. In order to do
just that, I have investigated how each of the major transmembrane domains participate in

the inactivation process. Using a chimeric approach with a systematic permutation of the
major transmembrane domains of the rapidly inactivating R-type a,,and the relatively
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weakly-inactivating L-type a,, calcium channels, enabled the identification of some of
the structural features of the calcium channel a,subunit which mediate the rapid

inactivation of a,,. This type of approach, where the contribution of each of the major

domains is examined, allows ''scanning" of the calcium channel protein to see which of
the major structural regions are involved, and narrows down the regioos which can be

subsequently examined in more detail to identi@ more detailed molecular mechanisms of
inactivation.
Standard molecular biology techniques and procedures were employed in creating
chimeras between the a,,and a,,calcium channels subunits. Subsequently, the
inactivation properties of the chimeras were examined by whole cell patch clamp
methods to determine two different inactivation parameters (described in detail in the
Methods section). Both rates of inactivation as well as steady-state inactivation were
used a s measures of inactivation properties. Based on these measures, functional roles
for inactivation were assigned to individual transmembrane domain(s) of the calcium

channel a,subunit.

METHODS and MATERIALS

Molecular Biology: a,,/a,,Chimeras
Overview

In order to examine the structural features which underlie voltage-dependent
inactivation in calcium channels, I created a series of chimeras between the a,,and or,,
subunits. Each chimeric construct consists of a different combination of the four major
transmembrane domains of the two parent channels (see illustrations in Fig. 5). An
experimental strategy based on the introduction of complimentary, unique restriction
enzyme sites in both channel genes by site-directed mutagenesis was used to accomplish

the construction of the chimeras. Restriction sites at exactly complimentary positions in

each of the parent channels are required in order to exchange domains between them.
Since convenient restriction sites do not occur naturally in the same locations in both
sequences, unique restriction sites were added to both channels in the cytoplasmic linker
regions connecting the individual transmembrane domains. Figure 6 illustrates the
distribution of these unique restriction sites along the cDNA sequences of both a,,and
a,,subunits. The sites were designed such that they immediately follow the S6 segment

of each domain; an Avr II site at the beginning of the 1-II linker, a Sal I site at the
beginning of the II-III linker, and an M u I site about 30 amino acids into the III-N
linker. It is important to note that the restriction sites were inserted at exactly

complimentary positions in the cDNA sequences of rbE-II (adand rbC-I1 (alc)such that
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Figure 5 a,,/a,, Chimeras

The wild-type a,, (black) and a,,(white) calcium channels and fourteen aIJalar,,
chimeras
are depicted. Each chimera is comprised of a combination of transmembrane domains of

the two parent channels.
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Figure 6 Mutagenesis Sites in rbC-I1 and rbE-I1

Unique restriction enzyme sites were introduced into rbC-I1 and rbE-II cDNA constructs
via site-directed mutagenesis at exactly complimentary positions at; the beginning of the
domain I-IX linker (Avr 14,at the beginning of the domain II-111 linker (Sal I), and 33

amino acid residues into the domain III-IV linker (Mu I). Both constructs are flanked by,

respectively, Kpn I and Not I sites at the 5' and 3'ends. Note that because of the location
of the restriction enzyme sites, each domain remains associated with the linker preceding
it in the chimeric constructs.
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once the chimeras were made, no heshifts, redundancies or deletions in the coding
sequence occurred. The mutations used to create the desired restriction sites were silent
mutations in all cases except for the insertion of an Mlu I site in rbC-IT. In this case an
amino acid change occurred which replaced an arginine with a threonine (the
complimentary residue h m a,3. In this way the mutation becomes silent when it is in a
construct containing a junction between domains III and IV. For all chimeras lacking the
transition between domains HI and N,an rbC-I. construct missing the M u I mutation
was used as the parent channel, thus preventing the inclusion of the non-silent mutation.

In addition to the unique restriction sites within the coding sequence, each cDNA is

flanked by a unique Kpn I site at the 5' end in the untranslated region (UTR),and a
unique Not I site at the 3' end in the UTR. These sites permit the isolation of domain I
(with the Kpn I site) and domain N (with the Not I site), and also allow for subcloning of
the entire coding sequence of the chimeric constructs into mammalian expression vectors.

Site-Directed Mutagenesis
All site-directed mutagenesis was carried out using the -Change

Site-Directed

Mutagenesis Kit (purchasedfrom Stratagene). This technique uses a non-PCR
mechanism, and the high fidelity thermostable Pfb DNA polymerase to minimize
unwanted mutations. The basic procedure utilizes a double stranded DNA (dsDNA)
template and two synthetic oligonucleotide primers containing the desired mutation (Fig.
7). The oligonucleotide primers, complementary to opposite strands of the template,
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Figure 7 Overview of QuikChange Site-Directed Mutagenesis Method

The basic procedure utilizes a dsDNA tempIate (thick black lines), and two synthetic
oligonucleotide primers containing the desired mutations. The primers extend during
thermal cycling by means of a Pfu polymerase, thereby incorporating the mutation into
the daughter strands (thin black lines). The daughter strands are later selected for by
degrading the parental DNA with Dpn I, and the remaining DNA is transformed into
XLl -Blue supercompetent cells to repair nicks.

ds DNA template with target site (jt)
for mutation

Denature plasrnid and anneal mutagenic
primers containing mutation (b-d)

Extend and incorporate the mutagenic
primers with Pfb polymerase to give nicked
circular strands

Digest methylated, nonmutated parental
DNA with DpnI, so that only mutated
plasrnid is left (nicked circular strand)

Transform the circular nicked DNA into
XL-1 Blue cells (which repair the nicks in
the mutated plasmid)
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extend during temperature cycling by means of the Pfu polymerase. Upon incorporation
of the primers, a mutated plasmid containing staggered nicks is generated. The nicked

circular strands cannot be replicated, leaving only the parent strands to be used as
template, fiuther minimizing unwanted mutations. To select for the daughter strands of
DNA that contain the desired mutation, the reaction mix is treated with Dpn I following
temperature cycling. Dpn I is an endonuclease specific for methylated DNA, and is used
to digest the parental DNA template without degrading the newly synthesized daughter

strands. DNA isolated fiom almost all Escherichia coli strands is dam methylated and
therefore susceptible to Dpn I digestion. Because the newly synthesized strands have not
been grown in E. coli, they are not dam methylated and, thus, remain undigested. In the
final step, the nicked vector DNA containing the desired mutation is transformed into E.
coli,where the nick is repaired and the plasrnid can be replicated and then isolated.

a,,Mufagenesis
The a,,subunit used in the following procedure was cloned from rat brain and
was kindly donated by Dr.

T.P.Snutch (rbC-II: GenBank accession number M675 15).

The parent rbC-II clone (7.4 Kb) was originally subcloned into the Bluescript -KSvector

(2.9 Kb). This construct contained Sal I sites in the 5' UTR and in the polylinker at the 5'

end of the insert (refer to Fig. 8). Because Sal I was to be one of the unique restriction

sites created by site-directed mutagenesis, the elimination of these additional sites was
necessary. To eliminate both unwanted sites, the plasrnid was digested with Sal I and the

v

Nhe I

Nhe I

Not

non-silent mutation
(arginine to threonine)

add restriction site by site directed mutagenesis
delete restriction site by site directed rnutagenesis
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Figure 8 rbC-II Mutagenesis

The full-length rbC-11cDNA (7.4 Kb) in Bluescript -KSoriginally had two Sal I sites (5'
polylinker and 5' UTR). rbC-II was cut with Sal I, blunted and religated to eliminate
both sites. Temporary elimination of an Nhe I fragment (4,274 bp - 6,941 bp) reduced the
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size of the clone by 2.7 Kb. This shortened construct was used as the template for 4
rounds of mutagenesis; addition of Avr II, Sal I, and Mlu I restriction sites, and

elimination of a previously existing Avr II site.

overhanging ends were blunted and then re-ligated. For the pwposes of doing
mutagenesis, it is advantageous to use shorter rather than longer templates (shorter
extension times, and less template to be subject to possi%le unwanted mutations). To
shorten the total length of the 10 Kb plasmid, it was cut with Mze I and recircularizeti.
This temporarily reduced the size of the clone to -7.5 Kb by removal of a 2.5 Kb

hgment hDm the 3' end. This shortened construct was used as the template for all
subsequent rounds of mutagenesis. Using the QuikChange kit, the following mutations
were created: silent mutation at bp 1199 to create an Avr LI site; silent mutation at bp
2256 to generate a Sal I site; and a silent mutation at bp 2804 to eliminate an undesired

endogenous Avr LT site. Additionally in a fourth round of mutagenesis, a non-silent
mutation to create a Mlu I site at bp 3606 was also carried out. Table 1 shows the
oligonucleotide primers which were used to introduce/delete the above restriction sites.
As previously mentioned, the mutation (arginine to threonine substitution) was to the
corresponding amino acid residue found in rbE-II, and the rbC-II construct containing the
M u I site was used only to make chimeras that involved transitions between domains III

and IV. The successfil addition/deletion of restriction sites was first codinned by
restriction digests, and the complete coding region was sequenced to confixm the absence
of errors. For both constructs, the excised 2.5 Kb Nhe I fiagment was re-introduced to
yield two hll length clones in Bluescript containing the unique restriction sites (CCCC,

and CCCC(+Mu I)). CCCC was subcloned into pMT2 (XS) using the Kpn I and Not I
sites flanking the 5' and 3' ends of the clone respectively.
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Table 1: a,,Mutagenesis Primers

Oligonucleotide primers used for the insertion of unique Avr 14 Sal I. M u I. Kpn Iand
Not I restriction enzyme sites by site-directed mutagenesis (QuikChange Site-Directed
Mutagenesis Kit). Sequences are read fiom 5' to 3' with the top sequence of each pair
being the forward primer (i-e. mutA primers). Numbers in brackets are the base pair
positions of the restriction site. Bolded base pairs highlight the restriction site sequence,

and italicized letters above show where the oligonucleotide sequences differ from the
wild-type sequence. Note that a non-silent mutation (=@nine to threonine) was created

by insertion of an M7u 1site into the rbC-II sequence.

Table 1: a,,Mutagenesis Primers

Avr If insertion:

T
CII-Avr II-mutA (1,119)
CII-Avr 11-mtuB

C

CTA AAT CTG GTC CTA GCT GTT TTG AGC GGA GAG
CTC TCC GCT CAA AAC ACC TAG GAC CAG ATT TAG

Sal I insertion:

G
CII-Sill I-mutA (2,256)
CII-Sill I-mutB

CC AI'T GCG GTC GAC AAC CTG GCT GAT GC
GC ATC AGC CAG GTT GTC GAC CGC AAT GG

Mlu I insertion:
CII-MIlc 1-mutA (3,606)

*CGA A G
GCC CTC AAG GCC CGA CCC 'I'TG ACC CCT TAC ATC CCC AAG AAC C
G GTT CTT GGG GAT GTA ACG CGT CAA GGG TCG GGC CTT GAG GGC

CII-Mltr I-~nutB
* arginine to threonine mutation
Avr If elimination:

A
CII-Mvr 11-mutA (2,804)

CII-Mvr II-mutB

CC TTC AGG AAC CAC ATC CTG GGC AAT GCA GAC
GTC TGC ATT GCC CAG CAT GTG GTT CCT GAA GG

a, Mutagenesis

The a,,subunit used in the following procedure was cloned h m rat brain and
was kindly donated by Dr.

T.P. Snutch (rbE-II: GenBank accession number L15453).

The original rbE-I1 clone (6.8 Kb) was subcloned into the Bluescript -SK vector (2.9
Kb). This sequence contained a Not Isite in the 5'UTR (about 150 bases into the clone),

and in the polylinker at the 5' end (refer to Fig. 9). Because of the requirement to use the
Not I site in later steps to isolate domain N, and to cut out the whole coding sequence for

rbE-II, the second Not I site was eliminated. This was accomplished by cutting the
plasmid with Not I and re-ligating, leaving only a single Not I site. To temporarily reduce
the size of the clone to simplify the mutagenesis, the rbE-I1 construct was cut with Xho 1

and recircularized, resulting in the temporary removal of a 1.7 Kb fkagment fiom the 3'
end of the clone. The remaining 8 Kb plasmid was used as the template for all

subsequent rounds of mutagenesis. Using the QuikChange kit, the following silent
mutations were created: addition of an Avr LI site at bp 890; addition of a Sal I site at bp
1959, and addition of an M u I site at bp 4,224 (see Table 2 for mutagenesis primers).

The original rbE-II insert in Bluescript -KSwas flanked at the 5' and 3' ends,

respectively, by Not I and Kpn I,which was exactly opposite compared to the rbC-II
construct. For purposes of creating the chimeras it was therefore necessary to generate
identical flanking sites in both constructs. Thus, two additional rounds of mutagenesis
were carried out to replace the Not 1and Kpn I sites flanking rbE-II with respectively Kpn

add restriction rite by site-directed mutagenesis
write over exisiting restriction site

Figure 9 - rbE-I1 Mutagenesis

The fill length rbE-II cDNA (6.8 Kb) in Bluescript -SK originally had two Not Isites
(5'polylinker and 5' UTR). rbE-I1 was cut with Not 1 and religated to leave only one Not

I site. Temporary elimination of an Nzo I fragment (5,044 bp - 3' polylinker) reduced the
size of the clone by -1.7 Kb. This shortened construct was used as the template for 5

rounds of site-directed mutagenesis; addition of Avr 11,Sal I, and M u I restriction sites,
and overwriting of Not I and Kpn I sites at the 5' and 3' ends with Kpn I and Not I
respectively.

Table 2: a,,Mutagenesis Primers

Oligonucleotide primers used for the insertion of unique Avr II. Sai I, and M u f
restriction enzyme sites, and deletion of an endogenous Avr II site by site-directed
mutagenesis (-Change

Site-Directed Mutagenesis Kit). Sequences are read fiom 5'

to 3' with the top sequence of each pair being the forward primer (i.e. mutA primers).
Numbers in brackets are the base pair positions of the restriction site. Bolded base pairs
highlight the restriction site sequence, and italicized letters above show where the
oligonucleotide sequences differ fkorn the wild-type sequence. Note that the introduction
of the Kpn I site in the 5' UTR was over a Not I site, and conversely the introduction of
the Not I site in the 3' UTR was over a Kpn I site, so that the rbE-II clone is flanked by a
Kpn I site at the 5' end and a Not1 site at the 3' end.

Table 2: a,,Mutagenesis Primers
Avr II insertion:
EII-Avr Il-mutA (890)
EII-Avr II-mutB

G
CTC AAC CTT GTC CTA GGC GTG CTT TCC GGG
CCC GGA AAG CAC GCC TAG GAC AAG GTT GAG

Sal I insertion:
G

EII-Snl I-mutA (1,959)
EII-Sol I-mutB

G GCT ATC GCT GTC GAC AAT CTC GCC AAT GCC
GGC ATT GGC GAG ATT CTC GAC AGC GAT AGC C

Mlir I insertion:

C

EII-Mh I-mutA (4,224)
EII-Mllr I-mutB

C
GCC AAA CCT CTC ACG CGT TAC ATG CCA CAG AAC
GTT CTG TGG CAT GTA ACG CGT GAG AGG TTT GGC

Kpn 1 insertion:

EII-Kpa I-mutA (5' UTR)
EIl-Kpn I-mutB

CG G
GC TCC ACC GCG GTG GCT ACC GCC TAC AAG CAG
CTG CTT GTA GGC GCT ACC CAC CGC GGT GGA GC

Nd I insertion:
EII-Not LmutA (3' UTR)
EII-Nor I-mutB

GTA
CA
C GAG GGG GGG CCC CCG CCC CCA TTC GCC CTA TAG TG
CA CTA TAG GGC GAA TGC GCC CGC GGG CCC CCC CTC G
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I and Not I. The successfbl completion of the five rounds of mutagenesis were confirmed
via restriction digests. The excised 1.7 Kb Xho I hgment was re-introduced to yield the

full length clone EEEE in Bluescript. This construct was completely sequenced &om the
5' end to the first Xho I site (bp 5,044) to ensure that no unwanted mutations were created
during site-directed mutagenesis. Finally the insert was subcloned into pMT2 (XS)using

the Kpn I and Not I sites.

Construction of a,Ja,,Chimeras
CCCUEEEC: These chimeras were assembled in Bluescript using CCCC (+MU
I ) and
EEEE by switching the M u I - Not I fiagments (containing domain IV)among the parent

channels. Both chimeras (CCCE and EEEC in Bluescript) were subsequently subcloned
into the pMT2 (XS) expression vector using Kpn I and Nor I. Note again that in these
two chimeras the non-silent M u Imutation in CCCC (+Mu I) becomes silent.

The remaining 12 chimeras were assembled in pMT2. The pMT2 vector contains
a restriction sequence for Avr U about 900 bp upstream of the 5' polylinker, allowing
isolation of a hgment containing domain I by digestion with A w I.(Fig. 10). In
addition, the pMT2 vector also contains a unique restriction sequence for Sal I in the 3'
polylinker, so that digestion with Sal I yields a hgment containing domains 111and N.
Digests and ligations with Avr IIor Sal I were therefore used to construct the remaining
12 chimeras. Correct orientation of the ligated fiagments was confirmed with restriction

digests and, in some cases, was validated by sequencing.

Avr 11

/

Avv N

I

I

-

Snl I

Not I

-

Figure 10 a,Subunit in pMT2 (XS) Expression Vector

rbE-II and rbC-II constructs containing unique restriction sites (EEEE and CCCC
respectively) were subcloned into the pMT2 (XS) expression vector (5 Kb) to construct
chimeras. An Avr 11site in the vector (about 900 bp upstream of the polylinker) allows

isolation of a fiagment containing domain I by a single A v r I .digestion. Similarly, a Sol I
site in the 3' poly1inker of the vector allows isolation of a fiagment containing domains
III and N by a single Sal Idigestion. These sites were used in exchanging domains

between the chimeras.
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CCEC: Replacement of a Sol I hgment h m CCCC (containing domains IlI and IV)
with the corresponding fiagment fiom EEEC in pMT2.

EECE: Replacement of a Sal I fiagment from EEEE (domains III and IV)with the

corresponding fkagment h m CCCE in pMT2.
CEEC: Replacement of an Avr II fragment 6rom EEEC (containing domain I) with the

corresponding hgrnent h m CCCC in pMT2.
ECCE: Replacement of an Avr II hgrnent fiom CCCE (domain I) with the

corresponding hgment from EEEE in pMT2.
CEEUECCC: Domains I of EEEE and CCCC were swapped via excision and ligation of

the Avr I1 hgments Erom both constructs.
EECCXCEE: Domains IIX and IV of EEEE and CCCC were swapped via excision and
ligation of the Sal I fragments fiom both constructs.

ECEE: Replacement of a Sal I figment h r n ECCC (domains III and Iv)with the

corresponding hgment fiom EEEE in pMT2.
CECC: Replacement of a Sal I fiagment h m CEEE (domains 111and IV) with the

corresponding h g m e n t from CCCC in pMT2.
ECEC: Replacement of a Sal I hgment h m ECCC (domains 111and IV) with the

corresponding fiagrnent from EEEC.

CECE: Replacement of a Sal I fragment h m CEEE (domains III and Iv)with the
corresponding hgment h m CCCE.

II S6 and III S6 Chimeras
Four additional calcium channel a,subunit chimeras were constructed containing
individually, the II 56 and III S6 segments of a,,inserted into a,,,and the lI S6 and El
S6 segments of a,,inserted into a,,(Fig. 11). Experimental design was once again based

on a strategy in which unique restriction enzyme sites were introduced at complimentary
positions in the a,,and a,,cDNA sequences to pennit isolation and subsequent
subcloning of the S6 segments. An Age I restriction site was introduced at a position
about 20 amino acids 5' to the beginning of the 11 S6 segment to switch this segment
among the parent channels. To switch the III S6 segment, an Aat

restriction site was

introduced at a position about 15 amino acids 5' to the beginning of the III S6 segment.
Figure 12 illustrates the distribution of these unique restriction sites along the cDNA
sequences of the a,,and a,,subunits.

I'I S 6 Chimeras - Mutagenesis and Molecular Biology

The EECC and CCEE chimeras (in the pMT2 expression vector) were used as the
templates for rnutagenesis to introduce unique Age I sites at the beginning of the II S6
segments. Both constructs were h

t cut with

Sol I and recircularized to reduce their

Iength by about five Kb before proceeding with mutagenesis. Using the QuikChange kit,
the following mutations were created; silent mutations as bp 2109 of CCEE and bp 1815

of EECC (see Table 3 for mutagenesis primers). Successfbl addition of the sites was

confirmed by restriction digests, and the coding region was sequenced to confirm the

-

Figure 11 S6 Chimeras: Membrane Topology

Transmembrane topology of each of the four S6 chimeras is depicted. Each contains an

exchanged S6 transmembrane segment in either domain II or 111. a,,channel regions are

shown in grey,and a,,channel regions are shown in black.

rbC-I1 2,109 bp

rbC-II 3,384 bp

rbE-I1 1,815 bp

rbE-I1 4,002 bp

Age I

Aat 11

I

Not I

-

Figure 12 Mutagenesis Sites for S6 Chimeras

Unique restriction enzyme sites were introduced into rbC-I1 and rbE-II sequences via sitedirected mutagenesis at exactly complimentary positions at the following locations; 20

amino acid residues into the domain 11 S6 segment (Age I), and 15 amino acids into the

beginning of the domain 111 S6 segment (Aat Ii).

:lge 1was introduced into the CCEE

and EECC constructs, and A a r I1 was introduced into the CCCE and EEEC constructs.
Note the position of other unique restriction sites which were used in assembly of the
chimeras.

Table 3: Mutagenesis Primers for IIS6AIIS6 Chimeras

Oligonucleotide primers used for the insertion of unique A g e I and A a t I1 restriction
enzyme sites in a,,and a,,sequences by site-directed mutagenesis (QuikChange SiteDirected Mutagenesis Kit). Sequences are read fiom 5' to 3' with the top sequence of
each pair being the forward primer (i-e. mutA primers). Numbers in brackets are the base
pair positions of the restriction site. Bolded base pairs highlight the restriction site
sequence, and italicized letters above show where the oligonucleotide sequences differ
from the wild-type sequence. Note that a non-silent mutation (serine to valine) was
created by introduction of an A a t 11site into the rbC-I1 sequence.

Table 3: Mutagenesis Primers for t tS6/ttIS6 Chimeras

a,,Age I insertion:
EII-Age I-mutA (1,815)
EII-Age I-mutB

G G
GTG TTC CAG ATC CTG ACC CGT GAA GAC TGG AAT GAA A
C TTC ATT CCA GTC TTC ACC CGT CAG GAT CTG GAA CAC

a,, Age I insertion:

G
CII-Age I-mutA (2,109)
CII-Age I-mutB

GTG TTT CAG ATC CTG ACC CCT GAG GAC TGG AAT TCG
CGA ATT CCA GTC CTC ACC GCT CAG GAT CTG AAA CAC

a,,Aat II insertion:
EII-Aat II-mutA (4,002)
EII-Aat II-mutB

a,, Aat II insertion:

Cll-Aat il-mutA (3,384)
CII-Ad Il-mutB
* serine to valine mutation

T
G
CTG CAG CAC TCG GTA CAC GTC ACA GAG GAG GAC AGA GGC
GCC TCT GTC CTC CTC TGT CAC CTC TAC CGA GTG CTG CAG

* TC
CTG TAC CGC TCC ATT CAC CTC CAC ACA GAA GAC AAG
CTT GTC TTC TGT GTG CAC CTC AAT GGA GCG GTA CAG
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absence of errors. To construct the chimeras, CCEE + Age I, and EECC + Age I were cut
with Kpn I and Age I restriction enzymes, and the resulting 2 Kb fragments fiom each

were exchanged. Finally, the excised 5 Kb Sal I fragment was reintroduced into both
constructs to yield two full length clones: rbE @S6C)/pMT2 and rbC (IIS6E)/pMT2 (Fig
13A).

ID S6 Chimeras - Mutagenesis and Molecular Biology
The EEEC and CCCE chimeras (in the pMT2 expression vector) were used as the
templates for mutagenesis to introduce unique Aat II sites at the beginning of the III S6
segments. Using the QuikChange kit, the following mutations were created; a silent
mutation at bp 4,002 of EEEC, and a non-silent mutation at bp 3,384 of CCCE (see Table
3 for rnutagenesis primers). The mutation of a serine residue in rbC-II was to the

corresponding amino acid (valine) fiom the rbE-Il sequence, so that in the III 56
chimeras, the mutation becomes silent. Successful addition of the sites was confirmed by
restriction digests, and the coding region was sequenced to confirm the absence of errors.
To construct the chimeras, CCCE + Aat U,and EEEC + Aat ff were cut with Not I and
Aat II restriction enzymes, and the resulting four Kb fragments from each were

exchanged and religated to yield two full length clones: rbE (IIS6C)/pMT2 and rbC

(IISGE)/pMT2 (Fig. 13B).

-

Figure 13 Assembly of S6 Chimeric Calcium Channels

(A) a,,and a,, constructs containing exchanged II S6 segments were assembled by
exchange o f the Kpn I-Age I fragments of CCEE + A g e I and EECC + Age I. The 2 Kb
Kpn I-Age I hgrnents contain domains I and II minus the II S6 segment. Exchange and

ligation o f this fkagment gives the chimeras; rbC (IIS6E) and rbE (IIS6C). (B) a,,and

a,,constructs containing exchanged III S6 segments were assembled by exchange of the
Aat 11-Not 1fragments o f CCCE + Aat IIand EEEC + Aat 1'. The 4 Kb Aar 11-Not I

fragments contain domain N plus the III S6 segment. Exchange and ligation of this
fiagment gives the chimeras; rbC (IIIS6E) and rbE (ILIS6C).

Age I

Aat I1

CCCE

Not I

EEEC

Expression and Electraphysiology
Transient Transfection

,

To obtain expression of wild type a , and a channels, and the a,Ja, chimeras,
a human embryonic kidney (HEK) cell expression system was used. HEK cell lines have

traditionally served as efficient test systems for functional and biochemical studies of ion
channel proteins and calcium channels in particular. It is a suitable system in that it is of
mammalian origin (as are the calcium channel a,subunits - rat brain), and it does not
contain endogenous calcium current, as determined h m recordings obtained b m both
non-transfected HEK cells and HEK cells transfected only with P,, and a,-6(personal
communication with Dr. G. Zamponi). KEK tSA-20 t cells were grown in standard
DMEM medium, supplemented with 10% fetal bovine serum, 0.5 mg/ml penicillinstreptomycin and 0.4 mg/ml neomycin. Cells were grown to 85% coduency, split with
trypsin-EDTA and plated on glass coverslips at 10% confluency 12 hours prior to
transfection. Immediately before transfection, the medium was replaced with fresh
DMEM, and a standard calcium phosphate protocol was used to transiently transfect the
cells with cDNA constructs encoding for calcium channel a,,P,,, and a,, subunits, and
green fluorescent protein (7,7,7and 4 pg respectively). Coexpression with P,, and q, is
used to increase the expression of functional channels. The GFP protein fluoresces under
W light and was used as a selection tool to indicate cells which had been transfected.

After 12 hours, cells were washed with fiesh DMEM and were allowed to recover for 12
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hours. Subsequently the cells were incubated at 28°C in 5% CO, for one to three days
prior to recording.

Electrophysiology
Immediately prior to recording, individual coverslips were transferred to a 3.5 cm
culture dish containing external recording solution comprised of 20 mM BaCl,, 1 mM
MgCl,, 10 rnM HEPES, 40 mM TEACI, 10 mM glucose and 65 rnM CsCl (pH 7.2).
Barium was used as the charge carrier rather than calcium to eliminate calcium-dependent

inactivation which exists in the L-type a,,channel. As mentioned previously, calciumsensitive inactivation has been localized to the carboxyl-terminus, so any chimera
containing domain IV from a,,would also be subject to effects of calcium. Whole cell
patch clamp recordings were performed using an Axopatch 200B ampiifier (Axon
Instruments, Foster City, CA) linked to a personal computer equipped with pCLAMP
v 6.0. Patch pipettes (Sutter borosilicate glass, BF150-86-15)were pulled using a Sutter

P-87 microelectrode puller, fire polished using a Narashige microforge, and showed a

typical resistance of about 3 - 4 Ma. For a,Ja,,chimeras, the internal pipette solution
contained 105 mM CsC1,25 rnM TEACI, 11 rnM EGTA, and 10 mM HEPES (pH 7.2).
Recordings of the S6 chimeras used an internal pipette solution containing 108 m M
CsMS, 4 mM MgCl,, 9 mM EGTA, 9 m M HEPES (pH7.2). Recordings were made from
cells expressing the GFP gene as visualized by a fluorescence signal. The bath was
connected to ground via a 3M CsCl AGAR bridge. Seals were formed directly in the
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external control solution. After seal formation, diffusion of cytoplasmic conteats and
internal recording solution was allowed to proceed for 5 to 10 minutes before recordings
were performed. Unless stated otherwise, currents were typically elicited from a holding
potential of -100 m V to various test potentials using Clampex software (Axon
Lnstruments). Only negligible leak currents were observed. Outward currents, carried
presumably by cesium ions could be observed at potentials more positive than the
reversal potential. Contamination of calcium currents with the cesium currents likely also
occurs at potentials near the reversal potentials, however these did not affect the
determination of the reversal potential because data points close to reversal were not
considered for fitting of macroscopic current-voltage relations.

The series resistance for each cell was typically around 8 MQ. Because most
currents were smaller than one nA at the peak of the current voltage relation, voltage
errors were calculated to be less than 10 m V in the worst case. For steady-state
inactivation curves, this has little effect on the half-inactivation potential for two reasons:
First, the conditioning potential is not affected by voltage errors, because with the
exception of one chimera (ECEE)there was little current activation during the
conditioning pulses. Secondly, the test potential used during the recording of the steadystate inactivation curves (+lo or +20 mV) was typically 10 mV to 20 mV more positive
than the peak of the I-V relation, resulting in smaller currents and, thus, smaller voltage

errors. Any remaining errors may cause a slight skewing of the shape of the steady-state
inactivation curve in the initial falling phase, but very little effect on the measured half-
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inactivation potential. Consistent with this notion, for any given channel constmct no
correlation between half-inactivation potential and current size was found.
Steady state inactivation was assessed by holding the cells at various conditioning
potentials for five seconds prior to stepping to a test potential of +10 or +20 mV. The
rate of inactivation was assessed by using the percentage of current which had inactivated
over a time course of 150 ms rather than utilizing exponential fits to the time course of
inactivation. This was necessary because it was not always possible to fit the time course
of inactivation with only a single exponential. Typically, currents were elicited by
stepping fkom - 100 mV to a series of test depolarizations.
Data were filtered at 1 kHz and recorded directly onto a personal computer. Data
were analyzed using Clampfit (Axon Instruments). All curve fitting was carried out in
Sigmaplot 4.0 (Jandel Scientific). Steady state inactivation curves were fitted to the
Boltzman equation

I,(normalized) = C + (1-C)/(l + exp ((V- V,,)z/25.6)), where V

and V, are respectively the conditioning and the half-inactivation potential, z is a slope

factor and C is the non-inactivating hction. Current voltage relations were fitted
(V-E,)G(l/(l+exp
according to the equation b=

(V,-V)/S)) where ,E

is the reversal

potential, V, is the half-activation potential, G is the maximum chord conductance and S
is a slope factor which is inversely proportional to the effective gating charge. Unless

stated otherwise, all error bars are standard errors, numbers in parentheses displayed in
the figures reflect numbers of experiments, and p values given reflect Student's t-tests.

Wild-Type a,, and a,, Channels Exhibit Distinct Voltage-Dependent Inactivation

Properties

It is well established that neuronal (L-type) a,, calcium channels undergo little
voltage-dependent inactivation in response to membrane depolarization. In contrast, a,,
channels are among the most rapidly inactivating high voltage-activated calcium channel
isoforms. Figure 14 illustrates these intrinsic differences between a,, and a,,(both
coexpressed in HEK cells with ancillary a,-6 and P,, subunits). As seen in Figure 1 4 4
a,,channels inactivate much more rapidly than the a,,isofom, and this difference is
maintained over a large range of test potentials (Fig. 14C). Generally, some variability
was observed in the number of time constants required for fitting the time course of

inactivation of a,, (i-e., while in the majority of cases, a single exponential yielded a
satisfactory fit, in some cases two exponentials were required). Hence, in order to
facilitate comparison among the wild type and chimeric calcium channels, the rate of
inactivation is reflected, in Figure 14C and throughout the text, as the percentage of peak
current that had inactivated over a time course of 150 ms. Over the voltage range from
-20 rnV to +30mV, the inactivation rate of a,,ranged from 52 to 74 percent, whereas a,,

exhibited inactivation rates between 6 and 22 percent. Note that because barium was
used as the external charge camer, and due to effective buffering of intracellular calcium
with EGTA, voltage-dependent inactivation processes were not contaminated by the

Figure 14. Comparison of Kinetic Properties of Wild-Type rbC-II and rbE-I1
Calcium Cbanneb

Inset: Proposed transmembrane topology of voltage-dependent calcium channels.
Throughout the manuscript, transmembrane domains of the parent a,,channel are
depicted in black, the four letter code (CCCC, EEEE) refers to the origin of the four
individual transmembrane domains. (A) Representative whole cell current traces (I,> of

rbC-[I (upperpanel)and rbE-II (lowerpanel)in 20mM Ba2+. Currents were elicited by a
250 ms step depolarization to +I 0 mV fiom a holding potential of -1 00 mV. The traces

were leak subtracted on-line using a p/5 protocol. Note that a,,inactivates much more
rapidly than a,,. (B) Representative current-voltage relations of rbC-II (upperpanel)and
rbE-ll (lowerpanel) in 20mM Ba2' from a holding potential of -100 mV. The I-Vplots
were fitted as outlined in the Methods section, the half-activation potential of a,,was
V,= -1 1.2
typically about 10 mV more negative than that of al,(a,,

+ 2.4 mV; a,,V, = -

20.6 -t 3.2). (C) Voltage-dependence of the inactivation rates (as determined by the
fraction of current inactivated during the course of a t 50 ms test depolarization) for rbCI1 (circles, n=9) and rbE-II (triangles, n=l 1). (D) comparison of steady state

inactivation properties of rbC-11 (circles, n=9) and rbE-II (triangles, n=14). Peak current
amplitude was measured immediately following a 5 s conditioning potential. The data
were fitted using the Boltzman equation. The half-inactivation potentials obtained from
) -58 mV ( ~ 3 . 1 for
) rbC-II and rbE-II.
the fits were, respectively -16 mV ( ~ 3 . 0 and
Error bars reflect standard errors.
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calcium-sensitive inactivation process intrinsic to L-type calcium channels (Imredy and
Yue, 1994).

In addition to their rates of inactivation, the wild type channels also exhibited
pronounced differences in their half-inactivation potentials, with a,,inactivating at
potentials about 40 mV more negative than a,,(Fig. 14D). The half-inactivation
potentials were -57.5

+ I d m V and -16.4 f 1.9 mV for a,,and a,,respectively.

In

contrast, at least with 20 mM barium as the charge carrier, the half-activation potentials
(estimated fkom Boltzrnan fits to current-voltage relations) of the two wild type channels
differed by only about 10 mV,with a half-activation potential of -20.6 k 3.2 mV for a,,
and -1 1.2 k 2.4 m V for a,,(Fig. 14B, see also Table 4). Overall, the differences between
the inactivation properties of the two wild type channels are sufficiently large to permit a

chimeric approach towards the molecular identification of the underlying structural
determinants.

Inactivation Properties of a,,and a,,Chimeras
To investigate the molecular mechanism underlying these differences in voltage-

dependent inactivation properties, a series of chimeras between wild type a,,and a,,
calcium channels was constructed. Each chimeric construct is formed via combination of
the four major transmembrane domains of the two parent channels (see illustrations in

Fig. 15). As described in detail in the Methods section, the chimeras were designed such

Table 4. Activation and Inactivation Properties of Wild-Type and Chimeric

Calcium Channels

Values were obtained via Boltzman fits of steady-state inactivation curves (Fig. 15) and

macroscopic current-voltage relations. Note that there is no correlation between halfactivation and half-inactivation potentials. Current-density measurements obtained at the
peak of the current voltage relation reveal variable levels of expression among the
channels.
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Figure 15 Nomenclature and Steady-State Inactivation Properties of C/E

Transmembrane Domain Chimeras

Transmembrane topology of the chimeric calcium channel constructs is shown, indicating

the nomenclature used throughout. The chimeras were coexpressed with q sand p,,
subunits. Mean steady-state inactivation curves (right) and representative current traces
(insets)are shown for each chimera. Current traces represent voltage steps (of 150 ms

duration) to +I0 mV fiom a holding potential of -100 mV. The experimental conditions
were as outlined in Figure 14. The data were fitted with a BoItzman equation, and halfinactivation potentials (V,in mV) are listed for each chimera. Error bars represent
standard errors.
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that switches occurred immediately after the end of the S6 segments in domains I and 11,
and about 30 amino acids past that of domain III, and thus,each domain remains

associated with the preceding cytoplasmic linker region. Of the fourteen chimeras, nine
formed functional calcium channels; CCCE, CCEC, CECC, CEEC, CEEE, CCEE,
ECCC, EECC, and ECEE. Expression levels varied in these nine constructs, from very
large whole cell currents (-2 nA at peak) to relatively m a l l whole cell currents (200 300 PA). The nine chimeric constructs were examined electrophysiologically to assess

steady-state inactivation properties and inactivation rates.

All Four Transmembrane Domains Contribute to Steady-State Inactivation
Figure 15 depicts representative current traces and ensemble steady state
inactivation curves for each of the chimeras. In each case, the voltagedependence of
steady state inactivation could be accurately described with a Boltzman relation. Several
of the chimeras, as well as the wild type a,,channel, did not inactivate completely during
the five second conditioning pulse, and hence, the Boltzman fit was modified to

incorporate this non-inactivating fiaction (see Methods). The half-inactivation potentials
and slope factors obtained from these fits (see also Table 4), and the shapes of the current

waveforms (Fig. 15) were consistent with what one might have expected based on
observations of the two wild type channels. The chimera ECCC did however exhibit
somewhat shallow voltage dependencies of both inactivation and activation (Table 4, Fig.
15).
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Figure 16 compares the half-inactivation potentials of the nine chimeras to the
wild type channels in form of a bar graph. Upon examination of Figure 16, two
observations can be made: First, no single domain switch appears to be able to confer the
entire steady state inactivation properties from one parent channel to another- Instead,a

continuous spectrum of half-inactivation potentials spanning the range between the two
wild type channels was evident. Secondly, two of the chimeras (CEEC, CCCE) exhibited

half-inactivation potentials outside of that range, indicating that some of the individual
domains of a particular parent channel may perhaps exert opposing effects on the position
of the steady-state inactivation curve along the voltage axis. From the graph in Figure
16, it is difficult to assess the effects of individual transmembrane domain switches on

half-inactivation potential. Hence, in order to isolate the individual contributions of each
of the four transmembrane domains to the overall voltage-dependence of inactivation, the

data of Figure 16 were divided into individual pairs of chimeras in which only a single
domain was exchanged. Figure 17A examines the effect of replacement of the a,,
sequence in domain I with the corresponding sequence from a,,.As evident from the

figure, three out of the four chimera pairs examined exhibited a 10 mV to 15 m V negative
shift in half-inactivation potential when domain I contained the a,,sequence. Upon

replacement of a,,sequence in either domains II or III with that of a,, a large
hyperpolarizing shift of -20 mV was observed in every case. Thus, structures residing
within each of the first three domains contribute to the more negative half-inactivation
potential seen with wild type a,,channels. Surprisingly, when the same type of analysis

Figure 16 - Steady-State Inactivation of C/E Chimeras Spans the Range Between the
Wild-Type Channels

comparison of half-inactivation potentials for wild-type and chimerical calcium channels.
In each case, steady-state inactivation curves tiom individual curves were fitted
separately, and means and standard errors are plotted. Numbers in parentheses reflect
numbers of experiments. Asterisks denote chimeras which have ha1f-inactivation
potentials which are significantly different from a,,,
and filled circles denote chimeras
which differ significantly fkom a,,@ < 0.05). For half-inactivation values for each

chimera refer to Table 4.

Figure I 7 - Contribution of Individual Transmembrane Domains to Steady-State
Inactivation

(A) RepIacement of the a,, sequence in domain I with that of a,,mediates a moderate
( 10 - 15 mV) hyperpolarizing shift in half-inactivation potential in 3 out of 4 pairs of

constructs. (B,C) Replacement of the a,,sequences in either domain TI or domain III
with those of a,,mediates a strong (25 - 28 mV) hyperpolarizing shift in half-inactivation

for all the chimeras tested. (ID) Replacement of the a,,sequence in domain IV with that
of a,,produces a moderate (-15 mV) depolarizing shift in half-inactivation potential. In
each case, an asterisk denotes transitions for which there is a significant shift in V, (p <
0.05). The numbers in parentheses reflect the ratios of the change in half-activation

potential to the change in half-inactivation potential for each chimera pair.
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was carried out for substitutions in domain IV, the opposite effect was observed, with a,,
domain TV mediating a depolarizing shift in half-inactivation potential when replacing

a,,sequence. These data indicate that all four transmembrane domains contribute to
steady-state inactivation properties of voltage-dependent calcium channels, and
furthermore, that the absolute value of the half-inactivation potential for a,,channels is
determined through an equilibrium formed by hyperpolarizing and depolarizing structural
tendencies.

Half-Inactivation Potential Shifts are Not Correlated With Activation Effects
It is known for sodium and potassium channels that inactivation can be tightly
coupled to activation. Thus, the above conclusions are somewhat complicated by the
notion that not all of the chimeras exhibited identical half-activation potentials (see Table
4). The wild type channels differed by less than 10 m V in their half-activation potentials,

and yet, they exhibited a greater than 40 mV difference in their half-inactivation

potentials. When examining the data presented in Table 4, one can identify two clusters
of constructs with half-activation potentials of, respectively around -21 m V (EEEE,

EECC,CCEC, CCEE,ECEE) and around -12 mV (CCCC, CEEC,CECC, ECCC),and
yet, within each of these clusters the half-inactivation potentials varied by as much as 35

m V and 50 m V respectively. Overall, these considerations suggest that the distinct
activation potentials of the chimeras are not correlated with the observed differences in
inactivation properties. Nonetheless, it is possible that in some cases the activation
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effects might skew the absolute inactivation potential changes induced by domain

swapping. To assess the extent of any putative contamination by activation effects, the
ratio of the change in half-activation potential to the change in half-inactivation potential
was calculated for each pair of chimeras (see numbers in parentheses, Fig. 17). A value

of 1 indicates that the change in half-inactivation potential parallels the changes in halfactivation potential in magnitude. A value near 0 indicates that there is only little, if any,
contamination by activation effects, and a negative value reflects a scenario in which a
domain switch results in opposite shifts in half-activation and half-inactivation potentials.

As seen fiom the figure, in only two out of fifteen cases did the index approach 1, and
only four additional chimera pairs displayed ratios greater than 0.1. It is also noteworthy
that the chimera CEEC differed fiom the wild type a,,channel by only 4 m V in halfactivation potential, while exhibiting a half-inactivation potential which was 55 m V more
negative, thus fkther supporting the notion that domains I1 and IXI determine the bulk of
the voltage dependence of inactivation. Overall these considerations suggest that for the

majority of chimera pairs, differences in voltage dependent activation properties do not

account for the observed changes in half-activation potentials.
The effects of individual domains on half-activation potential were not
systematically examined because the difference between the two wild-type channels was
relatively s m a I l ( ~ 1 0mV), and perhaps with the exception of a,,domain III which
tended to shift the half-activation potential into the negative direction (see Table 4), none
of the individual transmembrane domains appeared to have a clear cut effect on activation
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range. Even with the use of more accurate tail cwent protocols (rather than relying on
fits to macroscopic current voltage-relations), it would likely be very difficult to attribute

the distinct activation ranges of the two wild type channels to individual transmembrane
domains.

Transmembrane Domains II, ILI and IV Determine Inactivation Rates
To determine the effects of each transmembrane domain on the rate of

inactivation, we compared inactivation of wild type and chimeric calcium channels by
using the ratio of peak current level to the residual cwent level observed at the end of a
150 ms test depolarization as a single measure of all voltage-dependent inactivation

processes. Figure 18 depicts the percentage of inactivation which occurred over 150 ms
for three different test pulses (0mV, +10 mV, and +20 mV). Similar to what was
observed with the half-inactivation potentials, the inactivation rates of the individual

chimeras formed a continuum within the range spanned by the two wild type channels.

This indicates that the rate of inactivation may also be determined by multiple structural
domains.
Figure 19 examines the role of each individual transmembrane domain in
determining the rate of inactivation. As seen fiom Figure 19, in only one out of four
cases did exchanges of domain I exert a significant effkct, suggesting that domain I does

not contribute in a substantial manner to the differences in inactivation rate between rat
brain a,,and a,,channels. In contrast, in seven out of eight cases, replacing a,,
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EEEE CEEC CCEC EECC CECC CEEE CCEE ECEE ECCC CCCE CCCC
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Figure 18 Inactivation Rates for Wild-Type and Chimeric Calcium Channels

Inactivation rates for wild-type and chimeric calcium channels, indicated as the
percentage of peak current that has inactivated during a 150 ms test pulse, are shown for
three different test potentials (0 mV, 10 mV,and 20 mV). Error bars denote standard

errors, and numbers in parentheses denote numbers of experiments. Inactivation rates
observed with the chimeras are widely distributed between inactivation rates for the wildtype channels.

-

Figure 19 Contribution of Individual Transmembrane Domains to Inactivation

Rate

(A) Exchanging domain I has little effect on inactivation rate. (B,C)Replacement of

a,,sequence in domains II or

with the corresponding a,,sequence mediates a

substantial increase in the rate of inactivation. (D) Replacement of a,,sequence in
domain IV with that of a,,slows the rate of inactivation. Inactivation rates were
measured at +20 m V and were taken fiom Figure 18. Asterisks denote statistically
significant changes in inactivation rates @ < 0.05). Insets: Representative whole cell
current records illustrating the effects of single domain switches on inactivation rates
(step depoIarizations to +10 mV). Plots of the voltage-dependence of inactivation rate are
depicted below the current records.
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sequences in domains II or III with those corresponding to a,,mediated increases in
inactivation rate by 2.5 and Cfold respectively. Replacement of the domain II sequence
in CCEC with that fkom a,,to make CEEC had no effect on inactivation rate. Consistent
with the steady-state inactivation results, domain N of a,,actually slowed the rate of

inactivation (by 2.5-fold). This behavior is fixher illustrated in Figure 19 with the
current records and the voltage-dependence of the inactivation plots of selected chimera
pairs. Insertion of domain I of a,,into the wild type a,, channel had little effect on
current waveform, or on the magnitude and voltage-dependence of the rate of
inactivation. Insertion of domains II or III of the wild type a,,channel into a,,mediated
a significant speeding of inactivation at all test potentials with the chimeras CECC and
CCEC inactivating with rates resembling those for a,,(insets Fig. 19B and C). In fact,
there was no significant difference in inactivation rate between the chimera CCEC and
the wild type a,,channel at any of the test potentials used, indicating that domain Ill

might be perhaps be the most critical determinant of inactivation rate. Finally, in furtfier
support of the idea that domain N of a,,slows inactivation, the CCEE chimera
inactivated significantly more slowly than CCEC at all potentials tested (Fig. 19D). A
smaller difference in inactivation rate was observed between a,,and the chimera CCCE
because the wild-type a,,already showed very little inactivation over 150 ms.
Overall, the data implicates multiple transmembrane domains in the overall
voltage-dependent inactivation process of neuronal a,,calcium channels, with domains I1
and III accounting for the bulk of the effect.
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S6 Chimeras Investigation of a "C-typem-LikeInactivation Mechanism

The finding that the voltage-dependent inactivation of calcium channels involves
contributions h r n each transmembrane domain is reminiscent of the cooperative
conformational changes that lead to inactivation of potassium channels by C-type
inactivation. C-type inactivation involves, specifically, a constriction of the pore via
conformational changes in the S6 segment of each of the four subunits that form the
channel (Hoshi et. al., 1991; Lopez et. al., 1994). To investigate whether the S6
segments play a similar role in voltage-dependent inactivation of calcium channels, a
second series of chimeras was constructed to assess the involvement of the I1 S6 and III
S6 segments in the inactivation process. The S6 segments fiom domains II and III were

selected as candidates for involvement, because the previous results showed that domains
11 and III had the largest effect on both inactivation rate and steady-state inactivation in

the C/E transmembrane domain chimeras. The S6 chimeras contain either the II S6 or LII
S6 segment of a,,on an a,, background, and either the II S6 or ID S6 segment of a,,

substituted on an a,,background (see Figure 11). Inactivation properties of the four
constructs were subsequently examined by whole cell volbge clamp to assess steadystate inactivation and inactivation rate.

Whole-cell recordings of the II S6 and HI S6 chimeras (carried out by Stephanie
Stotz) were performed under the same conditions as p~viouslydescribed (i.e.,
coexpressed in HEK cells with q - 6 and p,, subunits, 20 m M Ba2' external solution) but
with a different internal pipette solution. For the present set of experiments a cesium-
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methanesulfonate (CsMS)internal solution (108 m M CsMS,4 m M MgCl,, 9 mM EGTA,
9 m M HEPES) was used rather than the cesium-chloride (CsCl) internal solution (105

mM CsCI, 25 mM TEAC1,ll mM EGTA, 10 m M HEPES), thus, pexmitting more stable
recordings (Zhang et. al., 1994b; Zamponi, 1999). Activation and inactivation properties
of the wild-type a,,and a,,channels were reexamined under the new recording

conditions. Distinct differences in activation and inactivation properties were maintained
(Fig. 20) ,however inactivation rates and steady-state inactivation properties were
significantly changed by the new conditions. As illustrated in Figure 20A, the halfactivation potentials of both a,,and a,,showed no dependence on composition of the
internal recording solution. In contrast, the half-inactivation potentials of a,, and a,,
were both shifted in the hyperpolarizing direction by 11 m V and 22 m V respectiveiy
when CsMS was used as the internal recording solution rather than CsCl. Slope values
for steady-state inactivation and current-voltage curves were, however, not affected by
the type of intracellular recording conditions (see Table 4 and 5). Inactivation rates were

also dependent upon internal recording solution composition, with both a,,and a,,

exhibiting faster inactivation kinetics at all potentials in CsMS (Figure 20B,C). Over the

range fiom - 10 m V to +30 mV,both channels displayed 15 to 30 percent faster
inactivation in the new recording solution.
Figure 2 1 shows that despite the changes in inactivation properties induced by

internal recording solution composition, distinct differences are still maintained between
rat brain a,,and a,,calcium channels. At all potentials a,.inactivates much more

Figure 20 - Inactivation Properties of a,,and a,,are Dependent on Internal
Recording Solution Composition

(A) Half-activation and half-inactivation potentials of a,,and a,, in CsCl and CsMS

internal recording solution. Half-activation potentials are not affected by internal
recording solution composition, however the use of CsMS internal solution shifts halfinactivation potentials in the hyperpolarizing direction for both a,,and a,,channels in
comparison to CsC1. (a,,V,: CsCl -1 6.4 f 1.9 m V ;CsMS -27.5 +, 1.3 mV;a,,
V,:

+

CsCl -57.5 1.6mV; CsMS -79.5f 1.3 mV). The slopes of the inactivation curves
were not affected by the change in internal recording solution (data not shown). In each
case, curves from individual experiments were fitted separately, and the means and

standard errors are plotted. An asterisk denotes a significant difference in V, or V,
( ~ ~ 0 . 0 5(B)
) . Voltage-dependence of inactivation rate of a,,obtained using CsCl

internal recording solution (closed circles, n = 9) and CsMS internal recording solution
(open circles, n = 7). (C) Voltage-dependence of inactivation rate of a,,obtained using

CsCl internal recording solution (closed circles, n = 11) and CsMS internal recording
solution (open circles, n = 9). Note that use of CsMS internal solution results in faster
inactivation at all potentials for both a,,and a,,.
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Figure 21 - Comparison of Activation and Inactivation Kinetics of Wild-Type a,,
and a,,Channels (CsMS)

Inset: Proposed membrane topology of voltage-dependent calcium channels.
Transmembrane domains of the parent a,,channel are depicted in grey, and those fiom
the parent a,,channel are depicted in black. (A) Representative whole cell current traces

(IsJ of rbC-lI (upperpane2)and rbE-II (lowerpanel) in 20mM Ba" external recording
solution and CsMS internal recording solution. Currents were elicited by a 150 ms
depolarization to +10 m V fiom a holding potential of -100 mV. Note that a,,inactivated
much more rapidly than a,,. (B) Representative current-voltage relations of rbC-II
(upperpanel)and rbE-LI (lowerpanel) 20mM ~ a ' -and CsMS fiom a holding potential of
-100 mV, The I-V plots were fitted as outlined in the Methods section. The halfactivation potential of a,,was typically about 14 mV more negative than that of a,,.(C)
Voltage-dependence of the inactivation rates (as determined by the fraction of current
inactivated during the course of a 150 ms test depolarization) for rbC-II (circles, n = 7)
and rbE-II (triangles, n = 9). 0 )Comparison of steady-state inactivation properties of
rbC-I1 (circles, n = 8), and rbE-II (triangles, n = 9). Peak current amplitude was measured
immediately following a 5 s conditioning potential. The data were fitted using the
Boltzman equation. The half-inactivation potentials obtained from the fits were,
respectively -27.5

+ 1.3 mV (z = 4) and -79.5 f 1.3 (z = 3.1) for rbC-II and rbE-II.

bars reflect standard errors.

Error
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rapidly than a,,.Over the voltage range h r n -10 m V to +30 mV,the inactivation rate of
a,,ranged &om 65 to 90 percent, whereas a,, exhibited inactivation rates between 33

and 5 1 percent. The wild-type channels also exhibit pronounced differences in steady-

state inactivation properties, with a,,inactivating at potentials about 50 m V more
negative than a,,(Fig. 21D). The half-inactivation potentials were -79.5

+ 1.3 mV and

-27.5 f 1-3 m V for a,,and a,,respectively. Despite the large diflerence in half-

inactivation potential, half-activation potentials (estimated from Boltzman fits to currentvoltage relations curves) of the two wild-type channels differed by only about 14 mV,
with a half-activation potential of -2 1.2 f 2 1 m V for a,, and -7.3 f 1.1 m V for a,, (Fig.
2 1B,see also Table 43).

S6 Segments do Not Account for Differences in Steady-State Inactivation

Figure 22 depicts representative current traces and ensemble steady-state
inactivation curves for each of the S6 chimeras. Voltage dependence of steady-state
inactivation is fitted with a Boltzman relation for each construct. The half-inactivation
potentials and slope factors tiom these fits (see also Table 5) are consistent with calcium
channel characteristics based on observations of the wild-type channels. Each of the
chimeras, like the parent channels, showed complete inactivation during five second
conditioning prepulses.
Figure 23A compares the half-inactivation potentials of the four chimeras to the
wild type channels in form of a bar graph. Several observations can be made upon
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Figure 22 - Nomenclature and Steady-State Inactivation Properties of S6 chimeras

Transmembrane topology of the chimeric calcium channel S6 constructs indicating the
nomenclature used throughout. The chimeras were coexpressed with q - 6 and P,

subunits and recorded in 20mM Ba" external and CsMS internal solutions. Mean steadystate inactivation curves and representative current traces (steps to + I 0 m V fiom a

holding potential of -100 mV) are shown for each construct. Curves were fitted using the

Boltzrnan equation. Error bars are standard errors.
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Figure 23 Steady-State Inactivation of S6 Chimeras

(A) Comparison of half-inactivation potentials for wild-type and chimeric calcium

channels. In each case, steady-state inactivation curves from individual curves were
fitted separately, and the means and standard errors are plotted. p, a,,=-79.5 + 1.3;
rbE (IIS6C) = -86.4 f 3.2; rbE (ILIS6C) = -68.4
35.2

+ 3.8; a,,= -27.5 2 1.3; rbC (IIS6E) = -

+ 2.3; rbC (mS6E) = -42.6 + 3.21. An asterisk denotes V, values which are

significantly different than those obtained &om a,,@ < 0.05), and the number sign
denotes V, values which are significantly different from the ones observed with a,,.
Numbers in parentheses indicate numbers of experiments. (B) Shifts in V, produced by
the US6 and IIIS6 segments in comparison to those caused by the entire transmembrane
domains (including the preceding linker region). Note that the values of A V, given for
domains II and III fiom a,,and a,,are average values of A V, for the chimera pairs in
Fig. 17B,C. Also recall that recordings of C/E transmembrane domain chimeras used
CsCl internal recording solution rather than CsMS.
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examination of this figure. First, each of the four S6 segments (TI S6 and ID S6 h m a,,
and a,=)
have small, yet significant effects on the steady-state inactivation properties of

the parent channels. Segments II S6 and ID S6 of the a,, channel similarly shift the halfinactivation potential of a,,in the hyperpolarizing direction by about 10 mV. The
hyperpolarizing shifts observed with the 56 segments of a,, are not as prominent as the
effects observed after switching entire transmembrane domains (including the preceding

cytoplasmic Linker) (Fig. 23B), remembering, however, that recordings of transmembrane
domain chimeras were done under slightly different conditions. Also shown in Figure 23
are the half-inactivation potentials of rbE (IIS6C) and rbE (IIIS6C). The a,,III S6

segment causes an 1 1 m V positive shift in half-inactivation potential of a,,,whereas the

II S6 a,,segment exerts an opposite effect, causing a,,to inactivate 7 m V more
negatively. Again, these shifts are of a smaller magnitude than those observed after
complete domain swapping. Thus, although the S6 segments of domains II and III do
contribute to the half-inactivation voltage, there are likely other parts of domains II and

III which determine the bulk of the steady-state inactivation profile.
The observed shifts in half-inactivation potentials caused by the II S6 and III S6
segments cannot be attributed to underlying shifts in half-activation. Of the four
constructs, only rbE (IIS6C) showed any significant difference in half-activation potential
in comparison to the wild-type channel, yet the half-inactivation potentials of all four

constructs differed significantly from those of the wild-type channels. Furthermore, the

ratio of change in half-activation potential to change in half-inactivation potential for the
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pair alEandrbE (IIS6C) had a value of -0.91, indicating that shifts in half-activation and

half-inactivation potentials were opposite to each other. These considerations suggest
that differences in voltage-dependent activation properties cannot explain the observed
changes in half-inactivation potentials of the S6 chimeras.

Role of the I1 S6 and XII $6 Regions in Controlling Inactivation Rate

To determine the role of the I1 S6 and III S6 segments on the rate of inactivation,
the inactivation properties of the wild-type and chimeric channels were compared by

using the ratio of peak current levels to residual current level at the end of a 150 ms test
depolarization. Figure 24 depicts the percentage of inactivation occurring over 150 ms
for three diffaent test pulses (0 mV,+10 mV, and +20 mV). As seen fiom Figure 24,

each of the four chimeric constructs showed a,,-like inactivation rates. Hence, exchange

of either the II S6 or Ill S6 segment fkom a,,with the corresponding fragment of a,,had

no effect on inactivation rate or inactivation kinetics, whereas the insertion of only a
single S6 segment of a,,(either domain KI or m)was sufficient to confer a,,like
inactivation properties onto a,,.This is W e r demonstrated in Figure 25A, where no
difference in inactivation rate between a,,,
rbE @S6C), and rbE @IS6C) in the voltage

range fiom -10 to +30 m V can be observed. These data suggest that, at least individually,
the II S6 and IU S6 regions of a,,cannot override the inactivation rates of or,,.

Ln

contrast to the lack of effect by a,,S6 segments, both the 11 S6 and III S6 segments of a,,
are able to completely confer a,,-like inactivation properties onto the slowly inactivating

-

Figure 24 Inactivation Rates for Wild-Type a,,and a,,Channels and S6 Chimeras

Mean inactivation rates of wild-type and chimeric channels, reflected as the percentage of
peak current that has inactivated during 150 ms test pulse, are shown for 3 different test
potentials (0mV, 10 mV, and 20 mV). Error bars denote standard errors, numbers in
parentheses denote numbers of experiments. An asterisk denotes inactivation rates
(measured at +10 mV) which are significantly different Erom a,,(p < 0.05). Note that a,,
constructs containing a,,S6 segments from domain I1 or m exhibit a,,-like inactivation
kinetics.

-

---
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Figure 25 ~ootributionofDomain II and III S6 Segments to Inactivation Rate

(A) Voltage-dependence of inactivation rate of wild-type a,,and a,,, and constructs

- closed circles, n = 7; a,,- closed triangles, n = 9;
containing 56 segments fkom a,,(a,,
rbE (IIS6C) - closed diamonds, n = 12; rbE (IIIS6C) - closed squares, n = 7)- Note that

a,,S6 segments fiorn domains II and Ill do not affect the inactivation rate of a,,.
(B)
Voltage dependence of inactivation rate of wild-type a,, and a,,, and constructs
containing S6 segments fkom a,, (a,,
- closed circles, n = 7; a,,- closed triangles, n = 9;
rbC (JIS6E) - open diamonds, n = 9; rbC (IIlS6E) - open squares, n = 5). An a,,S6

segment fkom either domain U or IIl confers a,,-like inactivation kinetics onto a,,
channels. Inset: representative whole cell current records illustrating the effects of
single S6 segment switches on inactivation rate (step depolarizations to +10 mV from a
holding potential of - I00 mV). Current traces are scaled to the same peak amplitude to
allow for comparison of inactivation rates.
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a,,channel for potentials more positive than -10 mV (Fig 24 and Fig 25B). At potentials
between 0 m V and 30 mV, there is no significant difference between the inactivation
rates of a,,,rbC @S6E) and rbC (IIIS6E). Current records of voltage steps to +I0 mV
show that although the slower activation properties of a,,are retained in these two

chimeras, each show similar levels of residual current at the end of the 150 ms test pulse
(Fig. 25B).At more negative test potentials however (i.e., -10 mV), the constructs

containing the II S6 and III S6 segments of a,,show inactivation rates which fall
between the two parent channels (Fig 2SB). Overall these data indicate that both the a,,

II S6 and III S6 regions are critical mediators of voltage dependent inactivation. The
notion that either of these segments alone are able to confer rapid inactivation onto the
a,,channel may account for the observation that the corresponding a,,segments are not
able to abolish rapid inactivation of the a,,channel. In each of the rbE @S6C) and rbE

(LIIS6C) constructs, the ID S6E and 11 S6E segments respectively, remain intact, and
alone are sufficient to maintain fast inactivation as demonstrated in Figure 2SB.

These results are consistent with results obtained with the CECC and CCEC
chimeras. Both chimeras showed accelerated inactivation rates in comparison to the a,,,
and in fact CCEC did not inactivate with significantly different rates than a,,(Fig. 18 and
19). In contrast, the ECEE chimera (which also includes the I-II linker of a,Sshowed

very slow a,,-like inactivation properties (Fig. 18). Since the a,, 11S6 region by itself
does not appear to be able to reduce the inactivation rate of a,,, this observation might
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suggest that perhaps the I-II linker and/or areas of domain I1 other than I1 S6 may help
determine the slow rate of inactivation in the chimera ECEE.
Overall, examination of inactivation properties of the S6 constructs reveals a role
for the S6 segments h m domains 11 and III in mediating voltage-dependent inactivation
processes. The S6 segments exert small effects on determination of steady-state
inactivation properties, but do not contribute in a substantial manner to the diflerences in
steady-state inactivation between rat brain a,,and al,calcium channels. The I1 S6 and III
S6 segments are however, critical determinants of the rapid inactivation rate in a,,

calcium channels, with either segment alone able to maintain rapid inactivation in the a,,
channel, or confer rapid inactivation onto the a,,channel.

DISCUSSION

Calcium Channel Inactivation is Fundamentally Difllerent From That of Other
Voltage-Dependent Ion Channels
The molecular mechanisms of fast voltage-dependent inactivation of voltagedependent sodium and potassium channels have been subject to extensive study, and are
now well understood. In voltage-dependent sodium channels, fast inactivation appears to
be caused by occlusion of the pore by three hydrophobic residues (I,F,M) located in the

domain III-N linker region of the sodium channel a, subunit (Vassilev et. al., 1988;
1989; West et. al., 1992; Eaholtz et. al., 1994). Cleavage of the domain III-N linker

region by proteolytic enzymes such as pronase or trypsin abolishes fast inactivation
(Armstrong et. al., 1973). In voltage-dependent potassium channels, fast inactivation

appears to be mediated by physical occlusion of the pore by a cluster of about 20 amino
acids (tenned inactivation ball) located either at the N-terminal of the a,subunit (Hoshi
et. al., 1990; Zagotta et. al., 1990; Demo and Yellen, 199I), or by structural homologs of

this ball peptide located on the associated Q subunit molecule (Rettig et. ai., 1994). Due
to the tetrameric structure of these channels, the presence of four identical inactivation
particles has been proposed (MacKimon ef. al., 1993). Voltage-dependent calcium
channels do not contain analogous structural elements, and no evidence for a poreblocking mechanism bas been presented. Furhermore, unlike with sodium channels,
proteolytic enzymes are not able to eliminate voltagedependent inactivation of calcium
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channels, suggesting that calcium channel inactivation is not mediated exclusively by any
of the cytoplasmic regions of the channel (but see below). Zhang et. aZ. (I 994a) have
provided compelling evidence that the diffetences between the inactivation rates of
marine ray a,,and rabbit brain a,,channels can be exclusively located to the domain I
S6 region. However, more recently, individual point mutations in the domain I-II linker

region (Herlitze et. al., 1996; Bou.i.netet. al., 1999), and the S6 regions of domains E
I
and N (Hering et. a/., 1996, 1997, 1998) have been shown to attenuate, or abolish

voltage-dependent inactivation of a,,calcium channels, perhaps suggesting the
possibility that inactivation of neuronal calcium channels might involve a more diffusely
located effect.
Here, the roles of each of the four transmembrane domains in voltage-dependent
inactivation of a,,channels has been systematically investigated. The chimeric approach
was designed to

be constructive, i-e., the goal was to confer the inactivation properties

fiom a rapidly inactivating channel onto a relatively non-inactivating one, rather than
simply to destroy inactivation. However, while certain aspects of voltage-dependent
inactivation of a,,could be conferred onto a,,channels through the insertion of
individual domains, the mechanism underlying voltage-dependent inactivation could not
be attributed to a single transmembrane domain. Instead, the data indicate that all four

transmembrane domains contribute to varying degrees to fast inactivation. The overall
half-inactivation potential appeared to be determined through an equilibrium between
hyperpolarizing (a,,
domains I, 11, and III) and depolarizing (a,,
domain IV)elements.
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Similarly, the differences in inactivation rate between the two wild-type channels
appeared to involve predominantly domains II and Dl with some contribution f h m
domain IV. Thus, consistent with previous suggestions, the molecular mechanisms
which mediate fast inactivation of voltage-dependent calcium channels appear to differ
fundamentally from those observed with other types of voltage-gated cation channels.
it is important to note that there are limitations in the use of chimeras as a method

for studying functional aspects of ion channel physiology. In exchanging primary amino
acid sequences between parent channels, it is possibte that the global three-dimensional
folding of the channel could also become altered. The effect of such changes on channel
fitnction and the extent to which they influence the studied property are difficult to
isolate. For example, there is the potential for a change in one domain to affect the
conformation of the protein such that the contribution of a second domain is altered. This
has the potential to obscure the observed relative contributions of individual domains.

Despite these considerations, the chimeric approach provides a useful tool in
differentiating structural aspects of a particular ion channel function and paves the way
for fhture studies to fiuther isolate specific residues and/or regions responsible for
mediating the channel function.

Putative Effects of Differential Activation Properties

In principle, it is possible that some of the differences in half-inactivation
potentials observed with the C/Etransmembrane chimeric calcium channels might be
secondarily due to intrinsic diffaences in their activation properties. In a case where
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inactivation was coupled directly to activation, structural changes that lead to shifts in the
voltage-dependence of activation would also induce shifts in voltagedependence of
inactivation. In 20 mM barium, an approximate 10 m V difference in the half-activation
potentials of wild-type a,,and a,,channels was observed. In contrast, their difference in
alf-inactivation potential was more than four fold larger. Furthermore, with the exception
of 2 out of 15 chimera pairs, no correlation between shifts in half-activation and half-

inactivation potentials resulting fiom the switching of individual, or multiple domains
was found, suggesting that changes in half-activation potential cannot account for the

observed changes in half-inactivation potentials. These factors imply that the effects
observed with the transmembrane domain chimeras are indeed due to structural changes
in the voltage-dependent inactivation machinery.

The effects of individual domain exchanges on the inactivation rate were
examined at the same test potential (+20 mV). Because the rate of inactivation may be
coupled to channel activation, any variability in half-activation potential among the
chirneras/wild type channels might affect the comparison of inactivation rate measured at
a single arbitrary potential. However, this variability in half-activation potential was

fairly small (9 of the 11 chimeras activated within the 10 m V window), and thus, given
the shallow voltagedependencies of the inactivation rates, the interpretations are not
likeIy to be affected.
The issue of activation effects contributing to changes in inactivation properties is
not as conspicuous with the S6 chimeras. As previously mentioned, three of the four
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chimeras showed no difference in activation properties in comparison to the wild type
channels, despite their shifts in steady-state inactivation. In the fourth chimera, rbE
(IIS6C), which did show significantly different activation properties compared with a,,

the shift in half-activation potential was in the opposite direction as compared to the shift
in half-inactivation potential, thus ruling out any possible correlation between halfactivation and half-inactivation potential shifts.

Role of Cytoplasmic Constituents in Voltage-Dependent Inactivation

An additional finding of this study was that internal cytoplasmic constituents can
modify inactivation properties of calcium channels. The voltage cIamp conditions under

which the k t set of chimeras (C/Etransmembrane chimeras) were recorded included a
CsCl internal solution. For the S6 chimeras, conditions were changed such that a CsMS

internal recording solution was used instead. The new conditions were favorable because
they permitted more stable wholecell recordings of calcium channels. Both Zhang er. ai.
(1 994b) and Kay (1992) have reported that cesium-methanesulfonate salts are effective

replacements for cesiumchloride salts in wholecell patch clamping of calcium channels.
Use of the CsMS internal pipette solution did not, however, only affect the stability of the
recordings. It also altered biophysical channel properties. Dependence of calcium
channel properties on internal recording solution composition has been previously
demonstrated in a study by Zamponi (1999), where it was shown that CsMS changes the
blocking amnity of piperidine for N-type channels. Here, it was observed that the
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intracellular recording solution was an important determinant of the inactivation
properties of both the wild-type a,,and a,,channels. For both channels, when using the
CsMS solution, inactivation rate was accelerated and steady-state inactivation was shifted
towards more hyperpolarizing potentials. In contrast, the activation properties were not
affected. The differences in inactivation observed under the two conditions may have
resulted fiom one oE or a combination of three factors which differ between the two
solutions used. The most apparent difference is the replacement of chloride anions with
methanesulfonate (MeSO,). Methanesulfonate is inert and does not interact with divalent
cations, as compared to chloride, a chaotropic anion, which is very reactive and might
interact with the cytoskeleton or the calcium channel itself to reduce inactivation.
Alternatively, differential surface charge effects of internal ions could result in changes in
the basic gating properties of the channel. This however, seems unlikely since no effects

on half-activation potential were observed. In addition to the replacement of chloride

ions,the CsMS solution lacks TEACl (although the pH of CsMS is still adjusted with

TEAOH, so TEA is not completely eliminated), and contains an additional 4 m M Mf.

So it is also possible that the differences in TEA and/or Mg2' concentration could be the
factors which modulate the inactivation properties of the channels. Magnesium ions are

known to modulate the h c t i o n s of a number of other ion channels, including NMDA
receptors (Burnashev et. a/., 1992; Mori et. al., 1992) and inward rectifier potassium
channels. Overall, the notion that cytoplasmic constituents are able to sect voltagedependent inactivation may suggest that regions of the channels accessible to the
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cytoplasmic aqueous solution may participate in the inactivation processes. Any putative
action of intracellular ions within the inner vestibule of the pore would be consistent with
the inactivation hypothesis outlined below if the inner vestibule were involved in the
inactivation process.

Influence of Ancillary Subunits on Observed Transmembrane Contributions

In theory, it is possible that the observed contributions of each of the four
transmembrane domains to the inactivation process might be influenced by unique
interactions of ancillary subunits with the two wild type a,,and a,,channels. The
subunit, specifically, has pronounced effects on the inactivation properties of calcium
channels (see introduction). It binds at a site in the I-II linker that is highly conserved
amongst all the high voltage activated calcium channels (Pragnell et. al.. 1994). Despite
the conserved binding motif, it is possible that the P subunit induces distinct

confornational changes for each of the HVA channels which may, in part, influence the
inactivation properties of the channels. If the is the case, then the transfer of individual
domains between a, and a, could alter the conformational changes produced by the
bound

P subunit. Therefore, the observed inactivation properties could be dependent on

the p subunit interaction with specific transmembrane domains, rather than the

transmembrane domains themselves evoking the effect.
It is also possible that the f3 subunit might have other minor interaction sites along
the calcium channel a,subunit which are important in determining its modulatory
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actions. With the combination of different transmembrane domains, it is possible that the

p subunit might be prevented from accessing other interaction domains, and therefore the
influence of the p subunit could alter the apparent contribution of a specific
transmembrane domain.
Theoretically, similar effects could be conferred by %-6, however little evidence
exists to suggest that this subunit plays a significant role in inactivation of calcium
channels. Nonetheless, because little is known about the actual interaction between q - 6
and the a,subunit, the influence of this subunit on calcium channel inactivation cannot

be ruled out.
For the present set of experiments, we attempted to control for the interaction of
the ancillary subunits by using the same accessory subunits in all recordings (P,, and
~h_-9).Further experiments could be performed using different P subunits or no P subunit

to examine whether the relative contribution of transmembrane domains is dependent on
the p subunit interaction. Studying calcium channel inactivation in the absence of

ancillary subunits would be difficult however, as it is unlikely that expression levels of
the wild type and chimeric calcium channels would allow for these experiments to be

carried out.

Comparison with Previous Work
At first glance, the results presented here appear to contradict those of Zhang et.

al. (1994a) who have provided the only other systematic examination of calcium channel
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inactivation. Zhang et. ai. (1994a) reported that the diffaences in inactivation between
the rapidly inactivating marine ray doe-I channel (a,&and the more slowly inactivating

,

rabbit brain a channel couid be exclusively attributed to the domain I S6 segment. In
the present study the role of the entire domain I was examined (as well as the amino

terminal portion of the channel wbich is connected to domain I), and it was found that
that domain I had a moderate impact on the steady-state inactivation of calcium channels,
but played no role in the inactivation rate. In contemplating the contradictions between

these two studies, two issues must be taken into consideration. First, wild-type a,,and

a,,channels used in the present study exhibit much more pronounced differences in
inactivation rate and half-inactivation potential compared to the channels used by Zhang
et. al. to create their chimeras. a,,and a,,are phylogenetically much more closely

related (54 - 64% identity) than the a,,and a,,channels which show only about 40%
identity (de Waard et. af., 1996). Thus, it is possible that both parent channels may carry
similar "inactivation" motifs in domains II, IlI and IV,but differ predominantly in

domain I. In the present study, due to the lower degree of overall identity between a,,
and alC
channels, the regions critical for inactivation might perhaps be more divergent,

thus revealing the contributions of additional domains to the overall inactivation process.
A second fundamental difference between the present study and that of Bang et. al.

(1994a) lies in the type of transient expression system used, with Zhang ef. al. using

Xenopus oocytes as compared with the HEK cells which were used in this study. It is
well established that the type of host system frequently affects the functional and
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pharmacological properties of transiently expressed ion channels (e.g., Zamponi, 1999),
and it will be interesting to examine the properties of the C/E chimeras and S6 chimeras
in Xenopus oocytes. Lastly, the data fiom this study do support some contribution of

domain I to the overall inactivation properties, as substitution of a,,sequence in domain I
with that corresponding to a,,mediated a 10 mV to 15 mV negative shift in half-

inactivation potential.

Many groups have pinpointed the domain 1-11linker, as well as individual amino
acid residues in the 1-11linker, as critical determinants of voltage-dependent inactivation.
An alternative splice variant of the rat brain a,,channel which carries a single valine

insertion in the I-II linker completely lacks voltage-dependent inactivation (Bourinet et.
al., 1999). Herlitze et. al. (1997) identified a single amino acid residue (arginine) in the

domain I-II linker of a,,which can confer positive inactivation properties onto L-type
calcium channels. Chimeras containing transferred I-II linkers of a,,or a,,onto a,,,and
one containing a transferred I-II tinker fiom a,,onto a,,all showed slower inactivation
rates than the parent channels (Adams and Tanabe, 1997; Page et. ai., 1997). Also,
acceleration of inactivation was demonstrated in a study in which the 1-11 linkers of a,,
and a,,were overexpressed (Cens el. al., 1999), but this may have been due to a

quenching of the available ancillary P subunits which are known to bind to this region of
the channel and are critical modulators of inactivation properties. In the present study,

the domain 1-11 linker was always associated with domain I1 in the C/Etransmembrane

chimeras. Thus, although Zhang et. of. (1994a) showed that exchanging the I-II linker
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region between doe-I and a,,channels did not affect inactivation rate, it cannot be ruled
out that the effects which are attributed to "domain 11" may be contained, in part, in the
domain I-II linker rather than the actual domain II regionper se. The actions of the I-II

linker could explain why the transfer of a,,sequence from domain [I(including the I-II
linker) onto the a,, channel (ECEE chimera) is able to virtually eliminate fast
inactivation, yet transfer of just the 11S6 segment of a,, onto a,,has no effect on
inactivation rate. Given the substantial evidence showing that the I-II linker is an
important determinant of inactivation in calcium channels, it seems likely that the I-II
linker, at least in part, may be the structure responsible for slowing inactivation in the
ECEE chimera. Ultimately, swapping of the I-II linker alone will be required to establish
its role in determining inactivation of a,, and a,, channels. The same consideration
applies in principle to domain JII which is associated with the 11-LII linker, and to domain

IV which is associated with the III-N linker and the carboxyl terrninal region. No
evidence has been presented to date to implicate either the II-III linker or the III-IV linker

in voltage-dependent inactivation of calcium channels, however swapping of the
individual cytoplasmic linker regions would be required to rule out any contribution by
these regions to the effects which have been attributed to domains III and IV in this study.

One of the surprising findings of this study is the role of domain IV in governing
inactivation properties. Interestingly, the insertion of the domain N sequence of the
rapidly inactivating a,,did not result in a transfer of the faster a,,-type kinetics onto the
slowly inactivating a,,. Unexpectedly, the sequence substitution slowed the inactivation
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kinetics compared to that of a,,, and resulted in a positive shift in steady-state
inactivation. Conversely, upon replacement of the a,,domain N with the corresponding
a,,sequence, acceleration of inactivation rate and a negative shift in steady-state
inactivation was observed. This kding suggests that inactivation properties are
determined through a balance between structures which accelerate inactivation and
structures which slow inactivation, or through an equilibrium between hyperpolarizing
and depolarizing elements, as is the case with steady-state inactivation. Doring el- al.
(1996) also observed that regions of domain IV had antagonistic effects on the rate of

inactivation in a,,and L-type a,, calcium channels. In their study, an a,,construct
containing the N S6 segment of a,,, did not result in the transfer of the faster a,,-like
inactivation kinetics, but instead resulted in a decreased inactivation rate. Thus, it
appears that an antagonistic role for domain IV could be a universal feature of calcium
channels, and is not just confined to the a,, and a,,channels. These findings give
examples where kinetic properties of calcium channels are not simply conferred by

swapping sequences fiorn different a, subunits. The conclusions of the study by Doring
et. al. (1 996) as well as studies by Hering et. al. (1996), and Yatani el. al. (1994) which

implicate the IV S6 segment and the pore-forming regions of domain N, suggest that the
effects of "domain N"in the current study might be ascribed specifically to the N S6

segment, although involvement of the carboxyl terminal, III-IV linker and other parts of
domain IV cannot be ruled out. Additional S6 chimeras with exchanged IV S6 segments
would be necessary to prove this.
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As stated earlier, no other studies have shown any involvement of the domain I1

S6 segment in governing calcium channel inactivation, so the findings here that the I1 S6

segment firom a,,can confer rapid inactivation kinetics onto the a,,channel are entirely
novel. On the other hand, three studies have demonstrated that the HI S6 segment (at
least in a,,and a13is involved in inactivation. The observation that the III S6 region of

a,,mediates fast inactivation is consistent with the findings of Tang et. al. (1993),
Hockerman et. al. (1997), and Hering et. al. (1997), all of which implicated amino acids
within the III S6 segment, or parts of the III S6 segment in inactivation. In addition to the

S6 segments themselves from domain III, the pore-forming regions attached to III S6 are

also important factors for calcium channel inactivation cfatani et. al., 1994), and so it
would be of interest to investigate how these regions are involved in the different
inactivation rates of a,,and a,,.

What Might Be the Molecular Mechanism of Fast Calcium Channel Inactivation?

The observation that each of the four transmembrane domains appeared to affect
voltage-dependent inactivation suggested that calcium channel inactivation might involve
a complex global confonnational change in the channel protein. Most of the structures or
amino acid residues which have been linked to changes in voltage-dependent inactivation
of various types of calcium channels have so far been located to the S6 regions of
domains I, III and IV (Tang et. al., 1993; Yatani et. al., 1994b; Zhang et. al., 1994a;
Doring et. ai., 1996; Hering et. al., 1996; 1997; Hockerman et. al., 1997; Hering et. al.,
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1998), or to cytoplasmic regions directly linked to these S6 segments such as the domain

I-II linker or the carboxyl terminal region (Herltize et. al., 1996; Adams and Tanabe,
1997; Page et. al., 1997; Soldatov et. al., 1997; Bernatchez et. al., 1998; Soldatov et. al.,
1998; Bourinet et. a/., 1999; Cens et. al., 1999). In addition, cytoplasmic proteins such as
ancillary P subunits and syntaxin which physically bind to the domain I-II linker
(Pragnell et. ale, 1994) and II-III linker regions, respectively, have been shown to affect
voltage-dependent inactivation properties. In view of the cumnt understanding of the
slower C-type inactivation process in certain types of voltage-dependent potassium
channels (Yellen et. al., 1994; Ogielska et. al., 1995; Panyi et. a!., 1995; Liu et. al., 1996;
Durrell et. al., 1998; Holmgren et. aL, 1998;), it is tempting to speculate that voltagedependent inactivation of calcium channels could perhaps involve a physical constriction
of the pore via a mechanism similar to that which mediates C-type inactivation of
potassium channels. C-type inactivation depends strongly on residues located in the
channel pore and in the extracellular mouth of the channel; regions which correspond
particularly to the S6 segments of each of the four subunits that form the potassium
channel. The hypothesis that calcium channel inactivation could resemble C-type
inactivation was therefore investigated by the creation and electrophysiological
examination of an additional set of chimeras which examined the role of the S6 segments

of domains II and III in channel inactivation. The S6 segments of domains II and DI were
considered suitable candidates to test because these two domains mediated the most
significant changes in the rates of inactivation and in half-inactivation potential among
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the C/E transmembrane domain chimeras. Previous studies have already indicated that

the III S6 segment mediates some role in voltage-dependent inactivation. Alanine
substitutions in the III S6 region of both a,, and a,,channels altered inactivation rate and
also affected steady-state inactivation, and transfer of part of the III S6 segment of a,,
onto a,,has been shown to cause a speeding of inactivation (Yatani et. al., 1994; Hering
et- al., 1997; Hockexman ez. al--,1997)- There has been no evidence to date however,

demonstrating any involvement of the II S6 segment in governing inactivation properties.

The chimeric approach was once again designed to be constructive, so that the
goal was both to confer the inactivation properties of a,,onto a,,, and vice versa through
transfer of either the II S6 or III S6 segments. Rapid inactivation kinetics of a,,were
conferred onto the a,,channel through transfer of either the a,,II S6 or III S6 segment,
however, transfer of the S6 segment fiom domains I1 or III of a,, had no significant
effect on the inactivation rate of a,,.Nonetheless, these results imply that the S6
segments of domain II and IIi are important determinants of fast inactivation kinetics.
That either of the a,,domain II or III S6 segments are alone able to confer rapid
inactivation onto the a,,channel could account for the observation that the corresponding
a,,segments are not able to abolish rapid inactivation of the a,,channel. In the rbE-II
constructs which contain a,,S6 segments of domain 11, compensation by the a,,domain

III S6 segment allows rapid inactivation kinetics to be maintained. Similarly, in
constructs in which a,,III S6 is replaced by the corresponding a,,sequence, the a,,
domain II S6 region would be sufficient to maintain the rapid inactivation kinetics.
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Preliminary observations &om a new construct in which the a,,S6 segments of domains

I1 and III were simultaneously replaced with a,, sequence show that this double chimera
yields a channel with inactivation rates that are similar to the wild-type a,,channel. That
both the II S6 and III S6 segment h m a,,together are not able to eliminate the fast
inactivation kinetics of a,, suggests that perhaps there are additional regions of the
channel which may contribute in some form to the overall rate of inactivation. Clearly,
for calcium channels, confemng fast inactivation kinetics is much more readily
accomplished than the destruction of fast inactivation properties. Nonetheless, these
preliminary results do not rule out the possibility that the 56 segments (at least of the a,,
channel) may be cooperatively responsible for determining the inactivation phenotype of
the channel, and that several non-inactivating structures are necessaq to ovemde the

structures which mediate fast inactivation.
While the S6 segments do seem to play a role in determining inactivation rate
they do not contribute extensively to determining the half-inactivation potential.
Although each of the four chimeras exhibited significant shifts of steady-state
inactivation in comparison to the wild-type channels, these shifts were small (7-15 mV)

,

compared with the 52 m V difference in half-inactivation potentials between a,,and a

channels. Interestingly, the apparent coupling of steady-state inactivation properties with
inactivation rate, which was seen with all the C/Etransmembrane domain chimeras (i.e.,
more negative half-inactivation potentials were accompanied by fast inactivation rates),
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was not evident in the S6 chimeras. The rbC @S6E) and rbC (IIIS6E) chimeras both

displayed a,,-like steady-state inactivation, and yet exhibited a,,-likeinactivation rates.
Although the determinants of steady-state inactivation were not assigned to any
one delimited region of the calcium channel a,subunit, the combined results of both sets
of chimeras suggest that all four domains play a role in the process. The primary
determinants of steady-state inactivation could be localized to regions other than the S6
segments of domains I1 and III, as well as domains I and W ,which were also shown to
have smaller effects on steady-state inactivation. Further experiments will be required to
determine the exact structures which set the half-inactivation potential.

A Model for Calcium Channel Voltage-Dependent Inactivation

Overall, the data presented here, and the collective evidence of previous studies
that have given insight into the calcium channel structures which govern inactivation,

suggest that calcium channel inactivation might occur via a mechanism which is
consistent with C-type inactivation of potassium channels. That all four domains
contribute to inactivation, and that the S6 segments (particularly in domains tI and III)
play a critical role suggests a possible conformational change throughout the protein
which leads to a constriction of the pore to inactivate the channel. A key role for residues

in S6 segments, that are localized to the inner mouth of the pore, in inactivation gating of
calcium channels is supported by recently available crystal structure of the KcsA
potassium channel (Doyle et. al., 1998). Crystallization of the channel shows that both
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membrane spanning segments are a-helices, with a peripheral and an inner helix that nm
almost parallel through the membrane. The inner helix cornsponds to the S6 segment in
the Shaker potassium channels and forms the lining of the inner part of the pore. The

pore-forming S6 segments in potassium channels are packed against each other near the
intracellular mouth of the channel pore to form an inverted teepee structure, which is
widely separated near the outer membrane surface and converges toward a narrow zone
near the inner surface. Doyle et. al. point out that sequence conservation among

potassium channels is strongest for the amino corresponding to the pore region and the
pore-lining S6 segments, and that sodium and calcium channels also show high levels of
relatedness over these segments. It is suggested that the teepee-like architecture of the
potassium channel is likely a feature of all P-loop cation channels (Moczydlowski, 1998),
with four inner helices (corresponding to the S6 segments) arranged like poles of a teepee
to enclose the pore region of the channel. During calcium channel inactivation the

cytoplasmic and/or extracellular ends of the S6 segments might come together by
voltage-induced conformational changes to constrict the pore, thereby preventing the
passage of permeant ions through the permeation pathway (Fig. 26). Such a mechanism
could account for the previously reported mutagenesis data in the both the S6 regions and
the associated linker regions. For example, the structural changes in the linker regions

might affect the mobility or flexibility of the associated S6 regions, and thus the overall
inactivation properties. Furthermore, in such a model, one would expect to observe some
contribution fiom each transmembrane domain and fiom the pore-lining S6 regions as

Figure 26 - Proposed Mechanism of Calcium Channel Inactivation

(A) Cartoon showing the possible arrangement of the six transmembrane segments fiom

three of the major transmembrane domains of a calcium channel. S6 segments (black and
white checkered cylinder) are proposed to line the pore of the calcium channel. (B)
Extracellular view of the calcium channel S6 segments fkom each domains- The S6
segments are packed against each other near the intracellular mouth of the channel pore in
an inverted teepee structure (Doyle, et. al., 1998). i. In the open state the S6 segments

are arranged such that calcium is able to permeate the channel. A calcium ion is shown in
the vestibule of the channel (black circle). ii. During inactivation, a constriction of the

pore brings the S6 segments brings closer together, thereby preventing calcium
permeation. Note that the present set of data does not distinguish between closure of the
extracellular or intracellular mouth of the pore during inactivation. The mechanism
shown here is one of two possibilities.
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reported here. Hence, a mechanism similar to that proposed to underlie C-type
inactivation of potassium channels is an attractive possibility for fast voltage-dependent
inactivation of calcium channels. While C-type inactivation has been shown to be
mediated through movement of the extracellular regions of the S6 segments, the present
data does not distinguish which specific regions of the S6 segments mediate inactivation
in calcium channels. Further experiments, using site-directed mutagenesis of specific

amino acid residues, will be needed to answer this question.

Calcium Channel Inactivation: Modification of a Common Mechanism
It is not altogether surprising to find that ion channels inactivate by common

mechanisms. Fast inactivation of sodium channels and potassium channels similarly
occur via intracellular block of the pore by an inactivation particle. Perhaps a second

fhdamentalIy different mechanism of inactivation also evolved eariy on in ion channel
evolution. C-type inactivation is best characterized in potassium channels, where in most
cases it is a slower form of inactivation than N-type "ball and chain" inactivation.

Constriction of the pore, mediated by S6 segments, is also encountered in sodium
channels where it also causes a slow form of inactivation (Balser et. al., 1996; Wang and
Wang, 1997). It is not inconceivable that a similar mechanism also exists in calcium
channels to bring about inactivation. In this case though, it is modified to occur on a

much faster time scale than is observed with sodium and potassium channels.
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Future Directions
Future experiments will be needed to further elucidate the exact mechanisms of
calcium channel voltage-dependent inactivation. Chimeras containing exchanged N S6
segments should be examined to determine whether this region plays a role in
inactivation, and whether its role is antagonistic as the C/E transmembrane domain
chimeras would predict, As mentioned earlier, the construct which contains both the II

S6 and III S6 segments of a,,on the a,,channel will be an important construct to
examine in further detail. Another important experiment will be to Iook at the role of the
I-II linker in isolation, and also in combination with the S6 segments to try and coder the

voltage-dependent inactivation properties of a,,onto a,,.Ultimately, single point
mutations by site-directed mutagenesis may be used to pinpoint the critical residues in the

S6 segments that participate in and mediate constriction of the pore leading to
inactivation.

FOOTNOTE

Parts of this study have been published in The Journal of Biological Chemistry in
a paper entitled "Multiple Structural Domains Contribute to Voltage-dependent
Inactivation of Rat Brain a , Calcium Channels" b y Renee Spaetgens and Gerald
Zamponi. (Volume 274, No.32, August 6,1999; 22428-22436)
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