MECHANISMS OF DISEASE

Review Article

Mechanisms of Disease

FrRANKLIN H. EpPSTEIN, M.D., Editor

ToN CHANNELS — BASIC SCIENCE
AND CLINICAL DISEASE

MicHAEL J. AckermMAN, M.D., PH.D.,
AND DAvID E. CLAPHAM, M.D., PH.D.

ON channels constitute a class of proteins that

is ultimately responsible for generating and or-

chestrating the electrical signals passing through
the thinking brain, the beating heart, and the con-
tracting muscle. Using the methods of molecular
biology and patch-clamp electrophysiology, inves-
tigators have recently cloned, expressed, and charac-
terized the genes encoding many of these proteins.
Ton-channel proteins are under intense scrutiny in an
effort to determine their roles in pathophysiology
and as potential targets for drugs.

Defective ion-channel proteins are responsible for
cystic fibrosis,! the long-QT syndrome,? heritable hy-
pertension (Liddle’s syndrome),3# familial persistent
hyperinsulinemic hypoglycemia of infancy,>¢ heredi-
tary nephrolithiasis (Dent’s disease), and a variety of
hereditary myopathies,”? including generalized myo-
tonia (Becker’s disease), myotonia congenita (Thom-
sen’s disease), periodic paralyses, malignant hyper-
thermia, and central core storage disease (Table 1).

Elucidating the mechanisms of these diseases will
benefit medicine as a whole, not just patients with a
particular disease. For instance, although the inher-
ited long-QT syndrome is not common, identifying
the underlying defects in the KVLQT1 and HERG
potassium channels and the SCN5A sodium chan-
nels may benefit the study of ventricular arrhyth-
mias, which are responsible for 50,000 sudden
deaths each year in the United States. Likewise, al-
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though a defect in the recently cloned epithelial so-
dium channel (ENaC) is the basis of a very rare form
of inherited hypertension (Liddle’s syndrome, or
pseudoaldosteronism), normal ENaC may serve as
an alternative target in attempts to correct the phys-
iologic defects created by the cystic fibrosis trans-
membrane regulator (CFTR), which is mutated in
patients with cystic fibrosis, and work with ENaC
may provide insight into the mechanism of essential
hypertension.

This review focuses on ion channels as function-
ing physiologic proteins, sources of disease, and tar-
gets for therapy. We will discuss two prominent dis-
eases caused by defects in ion-channel proteins, as
well as two specific ion channels whose recent mo-
lecular identification raises new prospects for phar-
macologic manipulation.

PHYSIOLOGY OF ION CHANNELS

Ion channels are macromolecular protein tunnels
that span the lipid bilayer of the cell membrane. Ap-
proximately 30 percent of the energy expended by
cells is used to maintain the gradient of sodium and
potassium ions across the cell membrane. Ion chan-
nels use this stored energy much as a switch releases
the electrical energy of a battery. They are more ef-
ficient than enzymes; small conformational changes
change (gate) a single channel from closed to open,
allowing up to 10 million ions to flow into or out of
the cell each second. A few picoamps (10712 A) of
current are generated by the flow of highly selected
ions each time the channel opens. Since ion chan-
nels are efficient, their numbers per cell are relatively
low; a few thousand of a given type are usually suf-
ficient. Ion channels are usually classified according
to the type of ion they allow to pass — sodium, po-
tassium, calcium, or chloride — although some are
less selective. They may be gated by extracellular lig-
ands, changes in transmembrane voltage, or intracel-
lular second messengers.

Conductance is a measure of the ease with which
ions flow through a material and is expressed as the
charge per second per volt. The conductance of a
single channel, vy, as distinguished from the mem-
brane conductance (G) of all the channels in the
cell, is defined as the ratio of the amplitude of cur-
rent in a single channel (7) to the electromotive
force, or voltage (V):

The direction in which ions move through a chan-
nel is governed by electrical and chemical concentra-
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TABLE 1. HERITABLE DISEASES OF ION CHANNELS.

MobE oF CHROMOSOME No. oF
DISEASE INHERITANCE* loN-CHANNEL GENE (TYPE) LocaTion Awmino Acips Common MutaTionst
Cystic fibrosis AR CFTR (epithelial chloride channel) 7q 1480 AF508 (70 percent of cases) and
>450 other defined mutations
Familial persistent hyperinsulinemic AR SURI (subunit of ATP-sensitive 11pl5.1 1582 Truncation of NBD2 (nucleotide-
hypoglycemia of infancy pancreatic potassium channel) binding domain 2)
Hypercalciuric nephrolithiasis X-linked CLCNS5 (renal chloride channel) Xpll.22 746 1 intragenic deletion, 3 nonsense,
(Dent’s disease) 4 missense, 2 donor slice,
1 microdeletion
Liddle’s syndrome (hereditary hyper- AR ENaC (epithelial sodium channel) R564stop, P616L, Y618H (all in
tension; pseudoaldosteronism) a subunit 12p 1420 B subunit); premature stop
B subunit 16p 640 codon in B and 7y subunits;
7y subunit 16p 649 C-terminal truncation
Long-QT syndrome (cardiac AD
arrhythmia)
LQT1 KVLQTI (cardiac potassium channel)  11pl5.5 581 1 intragenic deletion, 10 missense
LQT2 HERG (cardiac potassium channel) 7q35-36 1159 2 intragenic deletions, 5 missense
LQT3 SCN5A (cardiac sodium channel) 3p21-24 2016 AKPQ1505-1507, N1325S,
R1644H
Myopathies
Becker’s generalized myotonia AR CLCNI (skeletal-muscle chloride 7q35 988 D136G, F413C, R496S
channel)
Central core storage disease ? RYRI (ryanodine calcium channel) 19q13.1 5032 R163C, 1403M, Y5225, R2434H
Congenital myasthenic syndrome ? nACKR (nicotinic acetylcholine
receptor)
€ subunit 17p 473 T264D, L269F
a subunit (slow channel) 2q 457 G153S
Hyperkalemic periodic paralysis AD SCN4A (skeletal-muscle sodium 17q23-25 1836 T698M, T704M, M1585V,
channel) M1592V
Hypokalemic periodic paralysis AD CACNLI1A3 (dihydropine-sensitive 1q31-32 1873 R528H, R1239H
calcium channel)
Malignant hyperthermia AD RYRI 19q13.1 5032 G341R, G2433R
Masseter-muscle rigidity ? SCN4A 17q23-25 1836 G1306A
(succinylcholine-induced)
Myotonia levior AD CLCN1 7q35 988 Q552R
Paramyotonia congenita AD SCN4A 17q23-25 1836 V12931, G1306V, T1313M,
L1433R, R1448C, R1448H,
V1589M
Pure myotonias (fluctuations, AD SCN4A 17q23-25 1836 S804F, G1306A, G1306E,
permanins, acetazolamide- 11160V
responsive)
Thomsen’s myotonia congenita AD CLCN1 7q35 988 D136G, G230E, 1290M, P480L

*AR denotes autosomal recessive, and AD autosomal dominant.

tMissense mutations are represented by the standard nomenclature (AxxxB, meaning that at amino acid position xxx, amino acid A has been replaced

by amino acid B).

tion gradients. Ions flow passively through ion chan-
nels down a chemical gradient. Electrically charged
ions also move in an electrical field, just as ions in
solution flow to one of the poles of a battery con-
nected to the solution. The point at which the
chemical driving force and the electrical driving
force are exactly balanced is called the Nernst poten-
tial (or reversal potential [E_ ]). Above or below this
point of equilibrium, a particular species of ion flows
in the direction of the dominant force. The net flow
of electricity across a cell membrane is predictable
given the concentrations of ions and the number,
conductances, selectivities, and gating properties of
the various ion channels.

Electrophysiologic concepts are simplified by re-
calling the Nernst potentials of the four major ions
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across the plasma membrane of cells. These are ap-
proximated as follows: sodium, +70 mV; potassium,
—98 mV; calcium, +150 mV; and chloride, —30 to
—65 mV (Fig. 1). The positive and negative signs re-
flect the intracellular potential relative to a ground
reference electrode. When only one type of ion
channel opens, it drives the membrane potential of
the entire cell toward the Nernst potential of that
channel. Thus, if a single sodium-selective channel
opens in a cell in which all other types of channels
are closed, the transmembrane potential of the cell
will become E, (+70 mV). If a single potassium
channel opens, the cell’s transmembrane potential
will become E; (—98 mV). Because cells have an
abundance of open potassium channels, most cells’
transmembrane potentials (at rest) are approximately
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Figure 1. Physiology of lon Channels.

Five major types of ion channels determine the transmembrane potential of a cell. The concentrations of the primary species of
ions (sodium, calcium, chloride, and potassium) are millimolar. The ionic gradients across the membrane establish the Nernst po-
tentials of the ion-selective channels (approximate values are shown). Under physiologic conditions, calcium and sodium ions flow
into the cells and depolarize the membrane potential (that is, they drive the potential toward the values shown for E;, and E,,),
whereas potassium ions flow outward to repolarize the cell toward E,. Nonselective channels and chloride channels drive the po-
tential to intermediate voltages (0 mV and —30 to —65 mV, respectively).

—70 mV, near E;. When more than one type of ion
channel opens, each type “pulls” the transmembrane
potential of the cell toward the Nernst potential of
that channel. The overall transmembrane potential
at a given moment is therefore determined by which
channels are open and which are closed, and by the
strength and numbers of the channels. A cell with
one open sodium channel and one open potassium
channel, each with the same conductance, will have
a transmembrane potential halfway between E,
(+70 mV) and E; (=98 mV), or —14 mV. The
result is the same when there are 1000 equal-con-
ductance, open sodium and potassium channels. Ion
channels are both potent and fast, and they are
tightly controlled by the gating mechanisms of the
cell (Fig. 1).

The modern way to see an ion channel in action is
to use the patch-clamp technique. With this meth-
0d,!0 a pipette containing a small electrode is pressed
against the cell membrane so that there is a tight seal
between the pipette and the membrane (Fig. 2). In
essence, the electrode isolates and captures all the
ions flowing through the 1 to 3 uwm? of membrane
that is defined by the circular border of the pipette.
In this fashion, the ionic current passing through a
single ion channel can be collected and measured.
Several geometric configurations can be used if a me-
chanically stable seal is formed. The current passing
through the attached patch (cell-attached configura-
tion), a detached patch (inside-out or outside-out
configuration), or the whole cell can be measured,

providing information about ion channels within the
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Figure 2. Patch-Clamp Measurement of lon-Channel Activity, with the Acetylcholine-Sensitive Potassium Channel (I ,;,) Used as
an Example.

In the “cell-attached” mode (Panel A), a pipette is pressed tightly against the cell membrane, suction is applied, and a tight seal is
formed between the pipette and the membrane. The seal ensures that the pipette captures the current flowing through the channel.
In the cell-attached membrane patch, the intracellular contents remain undisturbed. Here, acetylcholine in the pipette activates the
le acne Which has a characteristic open time (7,) of 1 msec and a conductance (y) of 40 picosiemens.

In the inside-out mode (Panel B), after a cell-attached patch has been formed, the pipette is pulled away from the cell, ripping off
a patch of membrane that forms an enclosed vesicle. The brief exposure to air disrupts only the free hemisphere of the membrane,
leaving the formerly intracellular surface of the membrane exposed to the bath. Now the milieu of the intracellular surface of the
channels can be altered. In this figure, adding purified G, protein to the exposed cytoplasmic surface activates the I -

In the whole-cell mode (Panel C), after a cell-attached patch has been formed, a pulse of suction disrupts the membrane circumscribed
by the pipette, making the entire intracellular space accessible to the pipette. Instead of disrupting the patch by suction, a pore-forming
molecule, such as amphotericin B or nystatin, can be incorporated into the intact patch, allowing ions access to the interior of the cell
but maintaining a barrier to larger molecules. In this figure, the net current (. ,.,,) after the application of acetylcholine is shown.

ured by two-electrode voltage clamp techniques.
The cDNA library is serially subdivided until inject-
ed mRNA from a single cDNA clone is isolated that
confers the desired ion-channel activity. Moreover,
mutant cDNA clones with engineered alterations in

environment of the cell, in isolation from the rest of
the cell, or over the entire cell, respectively.

MOLECULAR BLUEPRINTS OF ION
CHANNELS

Many ion channels have been cloned by assaying
their function directly with the use of oocytes from
South African clawed toads (Xenopus lnevis) 1! These
oocytes are large enough to be injected with exoge-
nous messenger RNA (mRNA) and are capable of
synthesizing the resulting foreign proteins. In “ex-
pression cloning,” in vitro transcripts of mRNA
from a complementary DNA (cDNA) library de-
rived from a tissue known to be rich in a particular
ion channel are injected into individual oocytes.
Subsequently, the currents in the oocytes are meas-
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the primary structure of the protein can be ex-
pressed and the properties of the ion channel can be
studied to determine which regions of the protein
are critical for channel activation and inactivation,
ion permeation, or drug interaction.

Most ion-channel proteins are composed of indi-
vidual subunits or groups of subunits, with each sub-
unit containing six hydrophobic transmembrane re-
gions, S1 through S6 (Fig. 3A).13 The sodium and
calcium channels comprise a single () subunit con-
taining four repeats of the six transmembrane-span-
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Figure 3. Structure of lon Channels.

Panel A shows a subunit containing six transmembrane-spanning motifs, S1 through S6, that forms the core structure of sodium,
calcium, and potassium channels. The “ball and chain” structure at the N-terminal of the protein is the region that participates in
N-type “fast inactivation,” occluding the permeation pathway. The circles containing plus signs in S4, the voltage sensor, are pos-
itively charged lysine and arginine residues. Key residues lining the channel pore (H5) are found between S5 and S6. The genes
for sodium and calcium channels encode a protein containing four repeats of this basic subunit, whereas the genes for voltage-
activated potassium channels (Kv) encode a protein with only a single subunit. The genes for Kir channels encode a simple subunit
structure containing only an H5 (pore) loop between two transmembrane-spanning segments. P denotes phosphorylation.

Panel B shows four such subunits assembled to form a potassium channel. Although no mammalian voltage-dependent ion-chan-
nel structure has been revealed at high resolution by x-ray crystallography, the dimensions of the pore region shown here were
derived by using high-affinity scorpion toxins and their structures (as determined by nuclear magnetic resonance imaging) as mo-
lecular calipers.’2 The pore region appears to have wide intracellular and extracellular vestibules (approximately 2.8 to 3.4 nm wide
and 0.4 to 0.8 nm deep) that lead to a constricted pore 0.9 to 1.4 nm in diameter at its entrance, tapering to a diameter of 0.4 to

0.5 nm at a depth of 0.5 to 0.7 nm from the vestibule.

ning motifs. Voltage-gated potassium channels (Kv;
this nomenclature refers to K channel, voltage-
dependent) are composed of four separate subunits,
each containing a single six-transmembrane—spanning
motif (Fig. 3B).1# The subunits are assembled to form
the central pore in a process that also determines the
basic properties of gating and permeation characteris-
tic of the channel type. The peptide chain (H5 or
P loop) between the membrane-spanning segments
S5 and S6 projects into and lines the water-filled
channel pore. Mutations in this region alter the per-
meation properties of the channel. $4 contains a clus-
ter of positively charged amino acids (lysines and
arginines) and is the major voltage sensor of the ion
channel. Voltage-dependent “fast inactivation” of the
channel is mediated by a tethered amino-terminal—
blocking particle (the “ball and chain™) that swings
in to occlude the permeation pathway.!s

The most recently discovered family of ion-chan-
nel proteins is that containing the inwardly rectify-
ing potassium-selective channels (Kir, for K channel,
inward rectifier). These channels determine the trans-
membrane potential of most cells at rest, because

they are open in the steady state. Kir channels are
known as inward rectifiers because they conduct cur-
rent much more effectively into the cell than out of
it. Despite this biophysical property of the Kir chan-
nels, the physiologically important current is the
outward one that accompanies the efflux of potassi-
um ions. The topography of Kir channels resembles
that of Kv channels, but the subunits in Kir channels
lack the S1 to S4 segments present in Kv channels.!¢
With only two transmembrane-spanning segments,
Kir channels have a deceptively simple domain sur-
rounding the conserved H5 pore. However, pore for-
mation by different combinations of subunits, direct
gating of G proteins, and interactions with other pro-
teins adds considerable complexity to the behavior of
the Kir channels.

HERITABLE DISEASES ASSOCIATED WITH
ION-CHANNEL MUTATIONS

Cystic Fibrosis

One in 27 white persons carries a mutant CFTR
gene, and 1 in 2500 to 3000 is born with cystic fi-
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Figure 4. Cystic Fibrosis and CFTR.

In cystic fibrosis, defective apically located membrane chloride channels (CFTR) in a variety of epithelial cells do not allow the
egress of chloride ions into the lumen. Control over epithelial sodium channels is also lost, increasing the reabsorption of sodium
from the lumen. Thick, desiccated mucus results, which accounts for the primary clinical manifestations of the disease (Panel A)."7

CFTR contains 12 transmembrane segments (TM1 through TM12, Panel B), several of which (TM1, TM6, and TM12) contribute to
the chloride-channel pore. There are also two nucleotide-binding domains (NBD1 and NBD2) and a regulatory domain. The chloride
channel is regulated by ATP binding and hydrolysis at the nucleotide-binding domains and by the phosphorylation (P) of serine
residues (S) in the regulatory domain. The most common mutation in cystic fibrosis, found in more than 70 percent of cases, in-
volves a deletion of a single amino acid (phenylalanine) in NBD1 (AF508). PKA denotes protein kinase A, PP2A protein phosphatase
2A, and P, inorganic phosphorus.

Molecular strategies to treat cystic fibrosis (Panel C) include replacing the mutant chloride channel by gene therapy (1) or protein
delivery (2); improving the secretion from the existing mutant CFTR protein with CFTR-channel openers, such as NS004 (3) or
“chaperonins” for AF508 in the endoplasmic reticulum (4); bypassing the CFTR defect by activating other chloride channels with
aerosolized uridine triphosphate (UTP) (5); and blocking the increased reabsorption of sodium through epithelial sodium channels
(ENaC) with aerosolized amiloride (6). The investigational stages of these strategies are given in parentheses. P,R denotes type-2

purinergic receptor, and R regulatory domain.

brosis (among blacks the incidence is 1 in 14,000,
and among Asians it is 1 in 90,000). The manifesta-
tions of cystic fibrosis stem from a defect in a chlo-
ride-channel protein, CFTR, that does not allow
chloride to cross the cell membrane (Fig. 4A).17 The
CFTR gene encodes a chloride channel that is acti-
vated by the binding of ATP to its nucleotide-bind-
ing domains and by the phosphorylation of key
serine residues in its regulatory domain; the phos-
phorylation is mediated by cyclic AMP and protein
kinase A (Fig. 4B).1821 CFTR also appears to regu-
late the absorption of sodium through ENaC, the ep-
ithelial sodium channel, and to activate other “out-
wardly rectitying” chloride channels.

More than 450 mutations have been identified in
CFTR, which contains 1480 amino acids. A deletion
of phenylalanine at position 508 (AF508) accounts
for more than 70 percent of cases of cystic fibrosis
and is associated with severe pancreatic insufficiency
and pulmonary disease. The AF508 CFTR channel
conducts chloride reasonably well when it is incor-
porated into a cell membrane, but because of im-
proper folding the mutant protein becomes stuck in
intracellular organelles and is not inserted into the
cell membrane.22 The majority of mutant CFTR pro-
teins are processed abnormally, like the AF508 mu-
tant, but some mutations cause either defects in reg-
ulation or defective conduction through the CFTR
channel.23

Different CFTR genotypes may provide opportu-
nities to develop unique therapeutic strategies. For in-
stance, misfolded mutants could be escorted to the
membrane by yet-to-be-invented “chaperonins,”
whereas the action of poorly conducting mutant pro-
teins may be enhanced by CFTR-specific channel
openers. Molecular genotypes are correlated with the
severity of pancreatic insufficiency, but not with the
severity of pulmonary disease.2* An exception is the
A455E CFTR mutant (in which alanine is changed to
glutamic acid at position 455), which has been asso-
ciated with mild lung disease and accounts for 3 per-

cent of cases of cystic fibrosis in the Netherlands.?
In addition, a primarily genital phenotype of cystic
fibrosis that involves the congenital bilateral absence
of the vas deferens has been described in otherwise
healthy males who are heterozygous for the AF508
CFTR mutation.2¢

Pulmonary disease accounts for over 90 percent of
mortality from cystic fibrosis, and therefore treat-
ment is mostly directed at ameliorating lung disease.
Therapy includes antibiotics to eliminate common
respiratory pathogens (Pseudomonas aeruginosa, Buvk-
holderia cepacin, Stemotrophomonas maltophilin, and
Staphylococcus anrens), recombinant human DNase to
decrease the viscosity of secretions, and antiinflam-
matory drugs to reduce the inflammatory response.2’
The recognition of the ion-channel defect in cystic
fibrosis has led to novel approaches, such as replac-
ing the defective channel gene by gene transfer with
either viral carriers such as adeno-associated virus or
nonviral carriers such as cationic liposomes (now in
phase 1 trials)?8; stimulating the activation of re-
duced numbers of functional ion channels with a
CFTR-channel opener (NS004, a substituted benzi-
midazolone)?; mobilizing mutant CFTR proteins to
the cell surface303!; counteracting the defect in chlo-
ride efflux by blocking the influx of sodium with
amiloride32-33; and bypassing CFTR-mediated con-
ductance of chloride by activating other chloride
channels, such as I g > Loicor and I 4t (Fig. 4C).

Long-QT Syndrome

A more detailed understanding of cardiac arrhyth-
mogenesis is emerging as the workings of most of
the types of ion channels underlying cardiac action
potentials are elucidated.3536 The various long-QT
syndromes are the first genetically determined ar-
rhythmias known to be caused at the molecular level
by defects in myocardial ion channels (Fig. 5).

The congenital long-QT syndrome has an esti-
mated incidence of 1 in 10,000 to 1 in 15,000. It is
characterized by prolongation of the QT interval
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corrected for heart rate (QTc) to more than 460
msec!/2, and it is an important but relatively rare cause
of sudden death in children and young adults (Fig.
5A). The majority (two thirds) of persons with the
long-QT syndrome are identified during routine
electrocardiographic screening or after the evalua-
tion of a primary relative who is affected. Approxi-
mately one third of subjects are identified during a
clinical evaluation for unexplained syncope or cardi-
ac or respiratory arrest. These subjects are at an an-
nual risk of 5 percent for an abrupt syncopal epi-
sode. Without treatment, symptomatic subjects have
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a 10-year mortality rate approaching 50 percent. Of-
ten the arrhythmia is a torsade de pointes polymor-
phic ventricular tachycardia, typically triggered by
adrenergic arousal.3” Genetic origins were suggested
for this syndrome by descriptions both of the auto-
somal recessive form associated with congenital deaf-
ness (Jervell and Lange-Nielsen syndrome)3® and of
an isolated autosomal dominant form (Romano—
Ward syndrome).3940

Substantial progress has been made toward elu-
cidating the molecular basis of the most common

inherited subtypes of the long-QT syndrome (Fig.
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Figure 5. The Long-QT Syndrome.

A person with the long-QT syndrome may have unexplained syncope, seizures, or sudden death (Panel A). More likely, the person
will be asymptomatic and identified by electrocardiographic screening during a routine evaluation or the screening of a primary
relative who is symptomatic. The strict electrocardiographic definition of a prolonged QT interval varies according to age and sex,
but generally a QT interval corrected for heart rate (QTc) greater than 460 msec'2 is considered abnormal. According to Bazett's
formula, the QTc is calculated by dividing the QT interval by the square root of the R-R interval. In patients with the long-QT syn-
drome, the T-wave morphology is often abnormal. This base-line rhythm can degenerate into a polymorphic ventricular tachycar-
dia, classically a torsade de pointes, as shown here, after a stimulus that is not precisely understood but that often takes the form
of adrenergic arousal.

The prolonged QT interval as measured on the electrocardiogram results from an increased duration of the cardiac action potential
(Panel B). The ventricular action potential is maintained at a resting membrane potential (approximately —85 mV) by inwardly rec-
tifying potassium currents (l.,, phase 4). Once an excitatory stimulus depolarizes the cell beyond a threshold voltage (for example,
—60 mV), sodium currents are activated that quickly depolarize the cell (l,, phase 0). These sodium channels are rapidly inactivat-
ed, allowing transient potassium currents to return the action potential to the plateau voltage (phase 1). The plateau lasts about
300 msec and provides time for the heart to contract. The plateau is maintained by the competition between outward-moving po-
tassium currents and inward-moving calcium currents (phase 2). Progressive inactivation of calcium currents and increasing acti-
vation of potassium currents repolarize the cell to the resting membrane potential (phase 3).

On a molecular basis, the autosomal dominant LQT1 and LQT2 are caused by defects in potassium-channel genes (KvLQT7 and
HERG) involved in phase 3 repolarization (Panel C). LQT3 is caused by a defective sodium-channel gene, SCN5A. A common SCN5A
mutation in families with LQT3 involves a deletion of three amino acids (AKPQ) in the IlI-1V cytoplasmic linker loop, which is known
to regulate inactivation. The mutant sodium channel fails to become completely inactivated, resulting in sustained depolarization
and prolonging the cardiac action potential. The linear topology of the proteins responsible for LQT1, LQT2, and LQT3 is shown,
with the amino acids numbered beginning with the N-terminal — a total of 581, 1159, and 2016 amino acids, respectively. The
chromosomal locations for these genes are shown in parentheses.

5C).236 Recent studies of 16 families with chromo-
some-II-linked long-QT syndrome type 1 (LQT1)
implicated KvLQT1, a 581-amino-acid protein with
sequence homology to voltage-activated potassium
channels.#! One intragenic deletion and 10 missense
mutations were identified. The combination of the
KvLQT1 and (K subunits (the latter of which con-
tains 130 amino acids, also known as minK) appears
to reconstitute the cardiac I, current.#243 I (“s”
denotes “slow”) is one of the principal delayed-rec-
tifying potassium currents responsible for phase 3
repolarization in the heart (Fig. 5B). LQT1 may ac-
count for half the incidence of the long-QT syn-
drome in its autosomal dominant forms.

Mutations in a second potassium channel, the
human ether-a-go-go-related gene (HERG), have
been identified in subjects with the long-QT syn-
drome type 2 (LQT2), which has been linked#+#5 to
chromosome 7q35-36. HERG is responsible for the
other major potassium current (I, [“r” denotes “rap-
id”]) that participates in phase 3 repolarization. It is
a unique voltage-gated potassium channel; its sec-
ondary structure is that of a typical voltage-activated
(Kv) potassium channel (Fig. 3A), but it behaves
more like an inwardly rectifying (Kir) potassium
channel.#¢ The role of HERG in normal cardiac phys-
iology appears to be to suppress depolarizations that
lead to premature firing. Subjects with LQT2 may
therefore be prone to sudden cardiac death, because
they lack protection from arrhythmogenic afterbeats.
Class III antiarrhythmic drugs block HERG chan-
nels. In addition, antihistamines such as terfenadine
and antifungal drugs such as ketoconazole have been
implicated in acquired cases of the long-QT syn-

drome because of their ability to block I, (HERG-
mediated) current.

The third subtype of the long-QT syndrome
(LQT3) has been linked to the gene for the cardiac
sodium channel (SCN5A) on chromosome 3p21-
24 47 This channel is responsible for the fast upstroke
of the cardiac action potential (phase 0, Fig. 5B),
which ensures contractile synchrony by causing the
potential to spread rapidly throughout the heart mus-
cle. A deletion of three amino acids, AKPQ1505—
1507, in a region thought to control rapid inactiva-
tion has been demonstrated in LQT3-linked families.
The mutant sodium channel fails to inactivate com-
pletely, resulting in reopenings of the channel and
long-lasting bursts of channel activity.#84° The re-
sulting prolonged inward current lengthens the ac-
tion potential (and thus the QT interval). Finally, a
fourth heritable type of long-QT syndrome (LQTH4)
has been linked to chromosome 4q25-27. Its caus-
ative gene has not been identified, although a gene
encoding a calcium—calmodulin kinase has been
proposed.50

Current therapies for the long-QT syndrome in-
clude B-adrenergic—antagonist drugs, cardiac pac-
ing, and left cervicothoracic sympathectomy. The
majority of families with heritable long-QT syndrome
have type 1, 2, or 3, offering the prospect of genetic
screening and directed antiarrhythmic therapy. The-
oretically, therapies that augment potassium-channel
activity may be used in subjects with potassium-
channel defects (LQT1 and LQT2),5! and those with
sodium channel-linked defects (LQT3) may benefit
from drugs that decrease sodium-channel activation
(such as mexiletine).52

Volume 336 Number 22 1583



The New England Journal of Medicine

TABLE 2. JTON CHANNELS AND DRUGS THAT AFFECT THEM.

Calcium channels
Antianginal drugs (amlodipine, diltiazem, felodipine, nifedipine,
verapamil)
Antihypertensive drugs (amlodipine, diltiazem, felodipine, isradipine,
nifedipine, verapamil)
Class IV antiarrhythmic drugs (diltiazem, verapamil)
Sodium channels
Anticonvulsant drugs (carbamazepine, phenytoin, valproic acid)
Class I antiarrhythmic drugs
IA (disopyramide, procainamide, quinidine)
IB (lidocaine, mexiletine, phenytoin, tocainide)
IC (encainide, flecainide, propafenone)
Diuretic drugs (amiloride)
Local anesthetic drugs (bupivacaine, cocaine, lidocaine, mepivacaine,
tetracaine)
Chloride channels
Anticonvulsant drugs (clonazepam, phenobarbital)
Hypnotic or anxiolytic drugs (clonazepam, diazepam, lorazepam)
Muscle-relaxant drugs (diazepam)
Potassium channels
Antidiabetic drugs (glipizide, glyburide, tolazamide)
Antihypertensive drugs (diazoxide, minoxidil)
Class IIT antiarrhythmic drugs (amiodarone, clofilium, dofetilide,
N-acetylprocainamide, sotalol)
Drugs that open potassium channels (adenosine, aprikalim,
leveromakalim, nicorandil, pinacidil)

TARGETING ION CHANNELS

Drugs that target ion channels include calcium-
channel blockers (used in patients with hyperten-
sion), potassium-channel blockers (used in patients
with non-insulin-dependent diabetes mellitus), some
diuretics and antiseizure medications, and essentially
all antiarrhythmic drugs (Table 2). Recent progress
in the basic understanding of the ATP-sensitive po-
tassium channel (I 4p) and the G-protein—activated
potassium channel (I ,o,) shows the opportunities
for drug design.

The ATP-Sensitive Potassium Channel

The ATP-sensitive potassium channel Iy, IS a
multimeric complex of inwardly rectifying potassium-
channel subunits (Kir 6.2=K.ATP-«) and the sulfo-
nylurea receptor (SURL =K.ATDP-B).5354 The genes
for both are located on chromosome 11p15.1. SUR1
binds sulfonylurea drugs. Mutations in the SURI
gene are responsible for persistent hyperinsulinemic
hypoglycemia of infancy.>¢ Kir 6.2 is an inwardly rec-
tifying potassium channel. Like other such channels,
it has two transmembrane-spanning segments sur-
rounding a pore domain. Expression of both SURI1
and Kir 6.2 results in a potassium channel that is sen-
sitive to intracellular ATP, inhibited by sulfonylurea
drugs, and activated by diazoxide, as is consistent with
the known properties of I 4, channels in pancreatic
beta cells. The cardiac sulfonylurea receptor, SUR2,
has a lower affinity for sulfonylurea drugs than does
SURI, and it may form the cardiac I ;, channel by
combining with a homologue in the Kir 6 family.
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The Iy 4p current has been characterized in heart,
skeletal muscle, pituitary, brain, smooth muscle, and
pancreas.5s In the pancreas, it plays a major part in
regulating glucose homeostasis and the secretion of
insulin.’¢ Rising plasma glucose concentrations in-
crease intracellular concentrations of ATP in islet
beta cells, which in turn inhibit Iy 4, channels. As
these potassium channels close, the cell’s membrane
potential depolarizes away from E; and enters the
range in which voltage-dependent calcium channels
are activated. The resulting influx of calcium triggers
insulin secretion. As plasma glucose concentrations
decline, intracellular concentrations of ATP decrease
and Iy ,rp channels become more active, hyperpolar-
izing the cell, closing the calcium channels, and ter-
minating the secretion of insulin. Oral hypoglycemic
drugs (such as glyburide) bind to the sulfonylurea
receptor to inhibit the activity of I, ,, and promote
the secretion of insulin.5”

Drugs that open potassium channels include nic-
orandil, pinacidil, aprikalim, levcromakalim, and di-
azoxide. In vascular smooth muscle these drugs open
Ix srp channels, hyperpolarize cell membranes, and re-
duce calcium-channel activity, thus decreasing vascular
tone. The drugs are therefore potentially cardioprotec-
tive and may provide novel therapeutic approaches in
patients with cardiac disease or hypertension.?-¢0 The
subtype specificity of sulfonylurea receptors (SURI in
the pancreas and SUR2 in the heart) may be exploited
to develop more specific drugs.

The G-Protein-Activated Potassium Channel

Vagally secreted acetylcholine binds to cardiac mus-
carinic type 2 receptors. Activating these G-protein—
linked receptors slows the heart rate by opening
a potassium-selective ion channel (I ,,) composed
of G-protein—activated inwardly rectifying Kir sub-
units. In turn, I ., decreases spontaneous depolar-
ization (pacemaker activity) in the sinus node and
slows the velocity of conduction in the atrioventric-
ular node.®62 Muscarinic stimulation of I ., can
terminate arrhythmias, particularly supraventricular
tachycardias, providing the basis for carotid massage
and other vagotonic maneuvers.?® Another G-pro-
tein-linked receptor agonist, adenosine, activates the
same cascade in atria and pacemaking cells through
type 1 purinergic receptors. Because muscarinic stim-
ulation has many systemic effects, adenosine has be-
come a favored treatment for supraventricular tachy-
cardia; it is also useful in determining the underlying
arrhythmic mechanism (usually a reentrant one).63

The molecular mechanism of the activation of
I acn Uk ) is known.** Cardiac Iy ,, is @ heteromul-
timer of two inwardly rectifying potassium-channel
subunits, GIRKI (Kir 3.1) and GIRK4 (CIR or Kir
3.4),% and it is activated after the direct binding of
the By subunits of G protein (Gg,).% Similar Iy ¢,
currents and GIRK proteins are present in the brain.



MECHANISMS OF DISEASE

Neuronal GIRK channel proteins are formed by het-
eromultimers of GIRKI and GIRK2 in the cerebel-
lum, midbrain, and cortex. In homozygous weaver
mice that have profound ataxia due to the loss of
granule-cell neurons during cerebellar development,
a single point mutation in the highly conserved pore
region of GIRK2 results in granule-cell death and
failure of migration. The mutated weaver-mouse
channel loses its potassium-ion selectivity and sen-
sitivity to Gy, converting a regula}ted repplarizing
potassium channel into a constitutively active, non-
selective depolarizing channel and resulting in in-
creased excitotoxic cell death.¢”

CONCLUSIONS

A growing number of heritable diseases are known
to be caused by ion-channel mutations. Chloride-
channel defects underlie cystic fibrosis, certain myo-
tonias, and heritable nephrolithiasis. Mutant sodium
channels give rise to the long-QT syndrome and
other myotonias, potassium-channel malfunction in-
creases susceptibility to arrhythmias, and calcium-
channel mutations can result in hypokalemic period-
ic paralysis, malignant hyperthermia, and central core
storage disease. Identifying the structural framework
of the major ion-channel proteins and resolving the
precise relations between structure and function
should make it possible to develop new therapies for
patients with these disorders.

We are indebted to David A. Factor for his assistance with the
figures.
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