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We are pleased to publish the Sixth Edition of Cardiac Electro-
physiology: From Cell to Bedside, four years after publication of the
Fifth Edition. We shortened publication time by a year because
of the breakneck speed of new observations, as well as the
increased importance of this specialty for patients with ventricu-
lar arrhythmias or atrial fibrillation. Ce/l to Bedside continues to
serve as an important “go-to” resource with the latest informa-
tion on cardiac electrophysiology for basic scientists and clini-
cians. As before, we have designed the chapters to appeal to a
broad audience at all stages of learning, from post docs to gray
beards, literally spanning cell to bedside. Chapters continue
to be written by the most authoritative leaders in each field.
We thank these busy professionals for being a part of this
endeavor.

So many advances have been made in the past four years that
we expanded the number of chapters from 110 to 134. The full
color display provides easier reading, and the electronic version
allows portability, while the Web site serves as a place where the
reader can view overflow figures, tables, and videos. As Braun-
wald’s Heart Disease: A Textbook of Cardiovascular Medicine has
spawned a related family of books called Companions, so too has
Cardiac Electrophysiology: From Cell to Bedside. The first offspring
is Electrocardiography of Arrbythmias: A Comprebensive Review, by
Das and Zipes. We hope to add more to this family in the coming
years.

The first half of this book is divided into nine sections includ-
ing a section on structural, molecular, and biophysical bases of
cardiac ion channel function; a new section on intramolecular
interactions and cardiomyocyte electrical function; updated

Preface

sections on the cell biology of cardiac impulse initiation and
propagation, models of cardiac excitation and arrhythmias, neural
control of cardiac electrical activity, arrhythmia mechanisms,
molecular genetics, and pharmacogenomics; and a new section
on pharmacologic, genetics, and cell therapy approaches to ion
channel dysfunction. All chapters have been revised, and 25 chap-
ters are new.

The second half is divided into sections on diagnostic evalu-
ation, mechanisms, features and management of supraventricular
and ventricular tachycardias, syncope and AV block; arrhythmias
in special populations, and pharmacologic, electrical, and surgical
therapies, as well as new therapeutic approaches, including vagal
and spinal cord stimulation. Advances in each area called for
thorough revision and updating of each chapter, and the addition
of 28 totally new chapters to the clinical half of the book.

As before, and as ALWAYS, we thank our spouses, Joan Zipes
and Paloma Jalife, for providing us with love and support, not
only for this endeavor, but for all of the important things in our
lives that allow us to be who we are!

Janice Gaillard and Dolores Meloni at Elsevier put out many
fires and facilitated publication of this book, and we thank them.

As we said in the Preface of the Fifth Edition, it is you, the
reader, who determines the success or failure of this book, and
we thank you for continuing to make Cardiac Electrophysiology:
From Cell to Bedside, a part of your learning. We hope this edition
lives up to your standards and requirements. Let us know.

DovucLas P. Zipes, MD
JosE JaLir, MD
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Structural and Molecular Bases

of lon Channel Function

Voltage-Gated Sodium Channels and
Electrical Excitability of the Heart

Subunit Structure of Sodium Channels 1

Three Dimensional Structure of Sodium Channels 1

Sodium Channel Structure and Function

Sodium Channel Genes 8

Voltage-gated sodium channels initiate action potentials in
cardiac myocytes and other excitable cells, and they are respon-
sible for propagation of action potentials through the atria, con-
duction system, and ventricles of the heart. As shown in Figure
1-1, action potentials in atrial and ventricular muscle fibers rise
rapidly from a resting potential near —80 mV and reach their peak
within 1 ms. During this brief interval, cardiac sodium channels
respond to the change in pacemaker potential as it reaches
threshold and open to allow rapid Na* entry. Sodium channels
begin to inactivate as soon as they open and inactivate to 98% or
99% completion within a few milliseconds. The plateau phase of
the cardiac action potential is generated by opening of voltage-
gated calcium channels (see Chapter 2), and the cell is finally
repolarized by slower opening of voltage-gated potassium chan-
nels (see Chapter 3). The rate of conduction of the action poten-
tial through the cardiac tissue depends directly on the rate of rise
of the cardiac action potential and therefore on the density of
sodium channels and their rate of activation.

Sodium channels are complexes of a large, pore-forming
o-subunit and smaller B-subunits. Much is now known about the
mechanisms of activation, inactivation, and ion conduction by the
sodium channel protein, as summarized in this chapter. Multiple
genes encode sodium channel subunits, and the distinct sodium
channel subtypes have subtle differences in functional properties
and differential distribution in subcellular compartments of
cardiac myocytes. These differences in function and localization
may contribute to specialized functional roles of sodium channels
in cardiac physiology and pharmacology.

Subunit Structure of Sodium Channels

Sodium channel proteins purified from excitable cells are com-
plexes composed of an approximately 260-kD o-subunit in asso-
ciation with one or two auxiliary $-subunits of approximately 33
to 39 kD." Purified sodium channel complexes of o- and
B-subunits are sufficient for voltage-dependent gating and ion

WirLiam A. CATTERALL

conduction in artificial lipid membranes and expression of the
o-subunit alone is sufficient for physiologic function in recipient
nonexcitable cells, indicating that this subunit has all the neces-
sary structural elements for voltage-dependent gating and ion
conduction.'” The primary sequence predicts that the sodium
channel o-subunit folds into four internally repeated domains
(I-IV), each of which contains six a-helical transmembrane seg-
ments (S1-S6"*%; Figure 1-2). In each domain, the S1-S4 seg-
ments serve as the voltage-sensing module, and the S5 and S6
segments and the reentrant P loop between them serve as the
pore-forming module. Extracellular loops connect the S5 and S6
transmembrane segments to the P loop in each domain, whereas
the other extracellular loops are small. Large intracellular loops
link the four homologous domains, and the large N-terminal and
C-terminal domains also contribute substantially to the mass of
the internal face of sodium channels. This view of sodium channel
architecture, originally derived from hydrophobicity analysis of
the amino acid sequence,’ has been largely confirmed by bio-
chemical, electrophysiologic, and structural experiments.’

The auxiliary B subunits were identified in the initial purifica-
tion studies of sodium channels." These subunits have a single
transmembrane segment, a large N-terminal extracellular domain
that is homologous in structure to a variable chain (V-type)
immunoglobulin-like fold, and a short C-terminal intracellular
segment (see Figure 1-2).'° The B-subunits interact with
o-subunits through their extracellular immunoglobulin (Ig)-fold
domains, modulate o-subunit function, and enhance their cell
surface expression.'" Like other proteins with an extracellular
Ig-fold, they also serve as cell adhesion molecules by interacting
with extracellular matrix proteins, cell adhesion molecules, and
cytoskeletal linker proteins.'*"” These interactions are thought to
localize and stabilize sodium channels in specific subcellular com-
partments and to bring crucial signaling molecules to the sodium
channel to regulate it. Deletion of the genes encoding B-subunits
causes alterations in sodium channel function; reduced action
potential conduction and abnormal development of myelin folds
in axons; hyperexcitability and epilepsy in the brain; and arrhyth-
mias in the heart.""*

Three-Dimensional Structure of
Sodium Channels

Sodium channel architecture has been revealed in three dimen-
sions by determination of the crystal structure of the bacterial
sodium channel NavAb at high resolution (2.7 A (0.27 nm);
Figure 1-3). This ancient sodium channel has a simple

1
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Figure 1-1. Cardiac action potential in sheep heart. Cardiac myocytes in left ventricle or left atrium were impaled with a microelectrode, and the cardiac action potential

was recorded.

(Courtesy J. Jalife.)
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Figure 1-2. Transmembrane organization of sodium channel subunits. The primary structures of the subunits of the voltage-gated ion channels are illustrated as trans-
membrane folding diagrams. Cylinders represent probable alpha helical segments: blue, S1-S3; green, S4; yellow, S5; red, S6; shaded orange area, outer pore loop; purple,
intracellular S4-S5 helix. Bold lines represent the polypeptide chains of each subunit with length approximately proportional to the number of amino acid residues in the
brain sodium channel subtypes. The extracellular domains of the B1- and B2-subunits are shown as immunoglobulin-like folds P, sites of probable N-linked glycosylation.
P, sites of demonstrated protein phosphorylation by PKA (circles) and PKC (diamonds); white circles, the outer (EEDD) and inner (DEKA) rings of amino residues that form
the ion selectivity filter and the tetrodotoxin binding site; ++, S4 voltage sensors; h in shaded circle, inactivation particle in the inactivation gate loop; open shaded circles,
sites implicated in forming the inactivation gate receptor. The structure of the extracellular domain of the B-subunits is illustrated as an immunoglobulin-like fold based
on amino acid sequence homology to the myelin PO protein.”** Sites of binding of o- and B-scorpion toxins and a site of interaction between o- and B1-subunits are also

shown.

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the structure and function of voltage-gated sodium channels. Neuron 26:13-25, 2000.)

structure—four identical subunits that are each similar to one
homologous domain of a mammalian sodium channel without
the large intracellular and extracellular loops of the mammalian
protein.”! This structure has revealed a wealth of new informa-
tion about the structural basis for sodium selectivity and conduc-
tance, the mechanism for block of the channel by therapeutically
important drugs, and the mechanism of voltage-dependent
gating. As viewed from the top, NavAb has a central pore

surrounded by four pore-forming modules composed of S5 and
S6 segments and the intervening pore loop (see Figure 1-3, A4).
Four voltage-sensing modules composed of S1-S4 segments are
symmetrically positioned around the outer rim of the pore
module (see Figure 1-3, 4). The transmembrane architecture of
NavAb shows that the adjacent subunits have swapped their func-
tional domains such that each voltage-sensing module is most
closely positional around with the pore-forming module of its
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Figure 1-3. Three-dimensional structure of sodium channels. A, Top view of NavAb channels colored according to crystallographic temperature factors of the main-chain
(blue < 50 A2 to red > 150 A?). B, Side view of NavAb. C, Structural elements in NavAb. The structural components of one subunit are highlighted. 7-6, Transmembrane

segments S1-S6.

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353-358, 2011.)

neighbor (see Figure 1-3, B). Itis likely that this domain-swapped
arrangement enforces concerted gating of the four subunits or
domains of sodium channels.

Comparison of the primary structures of the auxiliary
B-subunits to those of other proteins revealed a close structural
relationship to the family of proteins that contain Ig-like folds,
which include many cell-adhesion molecules.® The extracellular
domains of these type-I single-membrane-spanning proteins are
predicted to fold in a similar manner as myelin protein PO,
whose Ig-like fold is known to be formed by a sandwich of two
B-sheets held together by hydrophobic interactions (see Figure
1-27%). Myelin PO protein is a cell adhesion molecule involved in
tight wrapping of myelin sheets, and many related cell adhesion
molecules with extracellular Ig-folds and a single membrane-
spanning segment are involved in cell-cell interactions among
neurons and glia.”” As expected from their structure, Nayp sub-
units interact with extracellular matrix molecules, other cell
adhesion molecules, and intracellular cytoskeletal proteins and
signaling proteins.'*'%*

Sodium Channel Structure and Function

Hodgkin and Huxley™ defined the three key functions of sodium
channels: (1) voltage-dependent activation, (2) fast inactivation,
and (3) selective ion conductance. Building on this foundation,
detailed biophysical studies revealed the ion selectivity of the
channel pore, detected the movement of the voltage sensors as
gating current, and developed mechanistic models for these
essential channel functions.?* Recent structure-fanction studies
using molecular, biochemical, structural, and electrophysiologic
techniques have provided clear understanding of the molecular
and structural basis for these sodium channel functions.

Outer Pore and Selectivity Filter

Voltage clamp studies showed that sodium channels are highly
selective for sodium versus potassium and other monovalent
cations.”*”” Analysis of ion selectivity and block by tetrodotoxin
and saxitoxin led to a model of tetrodotoxin and saxitoxin as plugs
of the selectivity filter in the outer pore of sodium channels.”®
Mutational analysis identified a key glutamate residue in the
membrane-reentrant loop in domain I as a crucial residue for
tetrodotoxin and saxitoxin binding.”® Additional studies revealed
a pair of important amino acid residues, mostly negatively
charged, in analogous positions in all four domains (see Figure
1-2, B, small white circles).”’~*' Mutation of a set of four residues
in analogous positions in each domain (aspartate in domain I,
glutamate in domain II, lysine in domain III, and alanine in
domain IV, DEKA) to glutamates confers calcium selectivity,”
indicating that the side chains of these amino acid residues are
likely to interact with sodium ions as they are conducted through
the ion selectivity filter of the pore. These results showed that
the narrow selectivity filter in the outer pore is formed by the
reentrant P loops between transmembrane segments S5 and S6
of each domain (see Figure 1-2). Mutations in this postulated ring
of four amino acid residues have strong effects on selectivity for
organic and inorganic monovalent cations, in agreement with the
idea that they form the selectivity filter, and structure-function
studies suggest specific structural interactions and functional
roles for the P loops from the four domains.*~

In the bacterial sodium channel NavAb, the overall pore
architecture includes a large external vestibule, a narrow ion
selectivity filter containing the amino acid residues shown to
determine ion selectivity in vertebrate sodium and calcium chan-
nels, a large central cavity that is lined by the S6 segments and
is filled with water, and an intracellular activation gate formed at
the crossing of the S6 segments at the intracellular surface of the
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membrane (Figure 1-4, A4). The activation gate is tightly closed
in the NavAb structure (see Figure 1-4, B), and there is no space
for ions or water to move through it. This general architecture
resembles voltage-gated potassium channels (see Chapter 3).
Although the overall pore architecture of sodium and potassium
channels is similar, the structures of their ion selectivity filters
and their mechanisms of ion selectivity and conductance are
completely different. Potassium channels select K* by direct
interaction with a series of four ion coordination sites formed by
the backbone carbonyls of the amino acid residues that comprise
the ion selectivity filter (Chapter 3). No charged amino acid resi-
dues are involved, and no water molecules intervene between K*
and its interacting backbone carbonyls in the ion selectivity filter
of potassium channels. In contrast, the NavAb ion selectivity
filter has a high field strength site at its extracellular end (see
Figure 1-4, C; Glul77 = €177), which is formed by amino acid
residues that are highly conserved and are key determinants of
ion selectivity in vertebrate sodium and calcium channels (see
Figure 1-2). Considering its dimensions of approximately 4.6 A%,
Na* with two planar waters of hydration could fit in this high—
field-strength site. This outer site is followed by two ion coordi-
nation sites formed by backbone carbonyls (see Figure 1-4, D).
These two carbonyl sites are perfectly designed to bind Na* with
four planar waters of hydration, but would be much too large to
bind Na* directly. In fact, the NavAb selectivity filter is large
enough to fit the entire K* channel ion selectivity filter inside it.
Thus, the chemistry of Na selectivity and conductance is
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opposite to that of K': negatively charged residues interact with
Na* to remove most (but not all) of its waters of hydration, and
Na" is conducted as a hydrated ion interacting with the pore
through its inner shell of bound waters. Theoretical consider-
ations of sodium selectivity and conductance predicted an outer
high—field-strength site that would only partially dehydrate the
permeating ion and two inner sites that would conduct and rehy-
drate the permeant Na* ion because of the high energy of hydra-
tion of Na* (see Figure 1-4, C, D).”’

Voltage-Dependent Activation

The voltage dependence of the activation of sodium channels
derives from outward movement of approximately 12 gating
charges as a consequence of depolarization of the membrane and
reduction of the membrane electric field.”** The S4 segments of
each homologous domain serve as the primary voltage sensors
for activation.” They contain repeated motifs of a positively
charged amino acid residue followed by two hydrophobic resi-
dues creating a transmembrane spiral of positive charges. Upon
depolarization, outward movement and rotation of S4 is thought
to initiate a conformational change that opens the sodium channel
pore.*” This “sliding helix” or “helical screw” model is supported
by strong evidence. For example, neutralization of the positively
charged residues in S4 reduce the voltage-dependence of gating.”
The outward and rotational gating movement of S4 segment has
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Figure 1-4. NavAb pore and selectivity filter. A, Architecture of the NavAb pore. Purple, Glu177 side-chains; gray, pore volume. B, The closed activation gate at the intracel-
lular end of the pore illustrating the close interaction of Met221 residues in closing the pore. C, Top view of the ion selectivity filter. Symmetry-related molecules are colored
white and yellow; P-helix residues are colored green. Hydrogen bonds between Thr175 and Trp179 are indicated by gray dashes. Electron densities from F.-F. omit maps
are contoured at 4.0 6 (blue and gray), and subtle differences can be appreciated (small arrows). D, Side view of the selectivity filter. Glu177 (purple) interactions with GIn172,
Ser178, and the backbone of Ser180 are shown in the far subunit. F,-F. omit map, 4.75 ¢ (blue); putative cations or water molecules (red spheres, longy). Electron-density
around Leu176 (gray; F,-F. omit map at 1.75 &) and a putative water molecule are shown (grey sphere). Na*-coordination sites: Siteys, Sitecey and Siteyy.

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353-358, 2011.)
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been detected directly by reaction of substituted cysteine residues
in S4 segments with extracellular sulthydryl reagents following
channel activation and by analysis of the movement of fluorescent
probes incorporated into these substituted cysteine residues.”**!
Other support for this mechanism derives from a wide range of
structure and function studies.*

In the structure of the bacterial sodium channel NavAb, the
S4 segment is in a transmembrane position in its activated state
and its positive charges are thought to be neutralized by negative
charges in the nearby S1 and S2 segments (Figure 1-5, 4).”" At
the resting membrane potential, the force of the electric field,
which is negative inside the cell, would pull the positive charges
inward. Depolarization would abolish this force and allow an
outward movement of the S4 helix and its gating charges, cata-
lyzed by exchange of ion pair partners (see Figure 1-5, B; Movie
1-1). After conformational changes have occurred in all four
domains, the transmembrane pore can open and conduct ions
(see Movie 1-1). This structural model shows that the S4 segment
and its gating charges move through a narrow gating pore that
focuses the transmembrane electric field to a distance of approxi-
mately 5 A normal to the membrane and allows the gating
charges to move from an intracellular aqueous vestibule to an
extracellular aqueous vestibule with a short transit through the
channel protein (see Video 1-1).

Pore Opening

From these structural models, one can visualize the steps in the
gating of a voltage-gated ion channel. In the closed state, the
negative internal membrane potential of =70 to —90 mV pulls the
S4 gating charges inward by electrostatic force. The inward posi-
tion of the S4 segment exerts a force on the S4-S5 linker, twists
and straightens the S6 segment, and closes the pore at its inner
mouth. When the cell is depolarized, the electrostatic force
pulling the S4 segment inward is relieved. In response to the
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S2-S3 loop

membrane
anchor

change in electrostatic force, the S4 segment moves outward
with each positive gating charge interacting with charged amino
acid side chains in turn to ease their movement through the
voltage sensor module. When the R3 and R4 gating charges
pass the hydrophobic constriction site in the center of the
voltage sensor module, the force on the S4-S5 linker is sufficient
to pull on the pore-forming module and twist and bend the S6
segment, resulting in opening of the pore at its intracellular end.
During activation of the voltage sensors of sodium channels, the
S4-S5 intracellular linkers in each domain (see Figure 1-2, B,
purple) exert a force on the adjacent S6 segments, and the pore
opens by bending the S6 segment (see Figure 1-2, B, red). In
bacterial voltage-gated potassium channels and sodium channels,
bending of the S6 segment occurs at a critical hinge glycine
residue about one-third down the S6 segment,”™ and this
bending motion allows the opening of the inner mouth of the
pore (Videos 1 and 2; Figure 1-5) and ion rapid movement across
the membrane.

Fast Inactivation

Fast inactivation of the sodium channel is a critical process that
occurs within milliseconds of channel opening. The generally
accepted model of this process involves a conserved inactivation
gate formed by the intracellular loop connecting domains IIT and
IV (see Figure 1-2), which serves as a hinged lid that binds to the
intracellular end of the pore and blocks it (Figure 1-6). Intracel-
lular perfusion of proteases prevents fast inactivation.”” Site-
directed antipeptide antibodies against the short, highly conserved
intracellular loop connecting domains III and IV of the sodium
channel o-subunit (see Figure 1-2), but not antibodies directed
to other intracellular domains, were found to prevent fast sodium
channel inactivation.”"” Moreover, the accessibility of this site
for antibody binding was reduced when the membrane was depo-
larized to induce inactivation, suggesting that the loop

Figure 1-5. The voltage-sensing domain (VSD). A, Side view of the VSD illustrating the extracellular negative charge-cluster (red; ENC), the intracellular negative charge-
cluster (red; INC), hydrophobic constriction site (green; HCS), residues of the STN helix (cyan), and phenylalanine of the S2-53 loop (purple). S4 segment and gating charges
(R1-R4) are in yellow. B, Transmembrane view of the lowest-energy Rosetta models of the VSD of NaChBac in Resting State 1 (left) and Activated State 3 (right). Side chains
of the gating-charge-carrying arginines in S4 and key residues in S1, S2, and S3 segments are shown in stick representation and labeled. Gray, blue, and red atoms are C,
N, and O, respectively. The HCS is highlighted by orange bars. The lowest-energy models of Resting State 1 predict that R1 forms hydrogen bonds with the backbone
carbonyl of 196 (in S3) at the extracellular edge of the HCS. On the intracellular side of the HCS, R3 makes ionic interactions with the amino acid residues of the intracellular
negatively charged cluster, including E70 (in S2) and D93 (in S3), and R4 forms an ion pair with D93 (in S3). The lowest-energy models for Activated State 3 predict that R1
forms an ion pair with E43 (in S1), R2 forms an ion pair with E43 (in S1), R3 forms hydrogen bond with Y156 (in S5) and makes ionic interactions with D60 (in S2) and E43

(in S1), and R4 forms an ion pair with D60 (in S2). See Videos 1-1 and 1-2.

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353-358, 2011; and Yarov-Yarovoy V, DeCaen PG,
Westenbroek RE, et al: Structural basis for gating charge movement in the voltage sensor of a sodium channel. Proc Natl Acad Sci U S A 109:E93-102, 2012.)
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Figure 1-6. The molecular mechanism of fast sodium channel inactivation. A, The
hinged-lid mechanism. The intracellular loop connecting domains Ill and IV of the
sodium channel is depicted as forming a hinged lid with the critical phenylalanine
(Phe1489) within the IFM motif shown occluding the mouth of the pore during the
inactivation process. The circles represent the transmembrane helices. B, Three-
dimensional structure of the central segment of the inactivation gate as deter-
mined by multidimensional NMR. Isoleucine 1488, phenylalanine 1489, and
methionine 1490 (IFM) are illustrated in yellow. Threonine 1491, which is important
for inactivation, and serine 1506, which is a site of phosphorylation and modulation
by protein kinase C, are also indicated.

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the struc-
ture and function of voltage-gated sodium channels. Neuron 26:13-25, 2000.)

connecting domains III and IV forms an inactivation gate that
folds into the channel structure during inactivation.*** Cutting
the loop between domains IIT and IV by expression of the sodium
channel in two pieces greatly slows inactivation.” Mutagenesis
studies of this region revealed a hydrophobic triad of isoleucine,
phenylalanine, and methionine (IFM) that is critical for fast inac-
tivation (see Figure 1-2, B, blue circle with b),"® and peptides
containing this motif can serve as pore blockers and can restore
inactivation to sodium channels having a mutated inactivation
gate.” The latch of this fast inactivation gate is formed by three
key hydrophobic residues, IFM, and an adjacent threonine (T).
These results support a model in which the IFM motif serves as
a tethered pore blocker that binds to a receptor in the intracel-
lular mouth of the pore. Inactivation is impaired in proportion
to the hydrophilicity of amino acid substitutions for the key
phenylalanine residue (F1489), suggesting that it forms a hydro-
phobic interaction with an inactivation gate receptor during inac-
tivation.’® Voltage-dependent movement of the inactivation gate
has been detected by measuring the accessibility of a cysteine
residue substituted for F1489.°" This substituted cysteine residue
becomes inaccessible to reaction with sulthydryl reagents as the
inactivation gate closes. Glycine and proline residues that flank
the IFM motif may serve as molecular hinges to allow closure of
the inactivation gate like a hinged lid (see Figure 1-6, 4).”*

The three-dimensional structure of the central portion of the
inactivation gate has been determined by expression as a separate

peptide and analysis by multidimensional NMR methods.”
These experiments reveal a rigid o-helix flanked on its N-
terminal side by two turns, the second of which contains the IFM
motif (see Figure 1-6, B). The fold of the inactivation gate peptide
projects F1489 into the solvent away from the core of the peptide,
an unusual position for a hydrophobic residue in a short peptide.
In this position, F1489 is poised to serve as a tethered ligand that
occludes the pore. The nearby threonine (T'1491), which is an
important residue for inactivation,” also is in position to interact
with the inactivation gate receptor in the pore. In contrast, the
methionine of the IFM motif (M1490) is buried in the core of
the peptide, interacting with two tyrosine residues in the alpha
helix. This hydrophobic interaction stabilizes the fold of the
peptide and forces F1489 into its exposed position. The structure
of the inactivation gate peptide in solution suggests that the rigid
o-helix serves as a scaffold to present the IFM motif and T1491
to a receptor in the mouth of the pore as the gate closes.

Scanning mutagenesis experiments have revealed multiple
amino acid residues that can form the inactivation gate receptor
within and near the intracellular mouth of the pore (see Figure
1-1, B, blue circles), including hydrophobic residues at the intracel-
lular end of transmembrane segment IVS6’* and amino acid resi-
dues in intracellular loops IT1S4-S5°° and TVS4-S5.°7” Mutations
of residues in each of these positions impair inactivation by desta-
bilizing the inactivated state, as expected for disruption of the
inactivation gate receptor. In addition, mutations in intracellular
loop IVS4-S5 impair closed channel block by IFM-containing
peptides, consistent with function as the inactivation gate recep-
tor,” and paired insertions of charged residues in the II1S4-S5
loop and in the IFM motif indicate that these peptide segments
interact during inactivation.” Evidently, multiple peptide seg-
ments form a complex inactivation gate receptor into which the
inactivation gate closes to occlude the inner pore.

Coupling of Activation to Fast Inactivation

Sodium channel inactivation derives most or all of its voltage
dependence from coupling to the activation process driven by
transmembrane movements of the S4 voltage sensors.” Increas-
ingly strong evidence implicates the S4 segment in domain IV in
this process. Mutations of charged amino acid residues at the
extracellular end of the IVS4 segment have strong and selective
effects on inactivation.”” o-Scorpion toxins and sea anemone
toxins uncouple activation from inactivation by binding to a
receptor site at the extracellular end of the IVS4 segment and
preventing its normal gating movement,’"* evidently trapping it
in a position that is permissive for activation but not for fast
inactivation. The IIIS4 and IVS4 segments, detected by cova-
lently incorporated fluorescent probes, are specifically immobi-
lized in the outward position by fast inactivation, arguing that
their movement is coupled to the inactivation process.” Together,
these results provide strong evidence that outward movement of
the S4 segment in domain IV is the signal to initiate fast inactiva-
tion of the sodium channel by closure of the intracellular inacti-
vation gate. The molecular mechanism for coupling of this
movement of IVS4 to inactivation gate closure is an interesting
subject for further investigation.

Slow Inactivation

In addition to the fast inactivation process discovered by Hodgkin
and Huxley in their classic work, a separate slow inactivation
process operating on the time scale of 100 ms to seconds also
terminates the Na" influx through Na* channels. This process is
engaged during repetitive generation of action potentials in nerve
and muscle cells and limits the length of trains of repetitive action
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potentials. Bacterial Na" channels whose structure has been
determined have a slow inactivation process, although their
homotetrameric structure means that they do not have a struc-
tural component analogous to the intracellular loop connecting
domains III and IV of vertebrate channels, which mediates fast
inactivation. The structure of the slow-inactivated bacterial Na*
channel® reveals that the pore has partially collapsed by move-
ment of two opposing S6 segments toward the central axis of the

pore and corresponding movement of the two adjacent pairs of
S6 segments away from the axis (Figure 1-7). This movement is
observed at the selectivity filter at the extracellular end of the
pore, in the central cavity, and at the activation gate at the intra-
cellular end of the pore (see Figure 1-7). This asymmetric col-
lapse of the pore is accompanied by subtle rotation of the
voltage-sensing domain around the cylindrical exterior surface of
the pore domain (see Figure 1-7). It is likely that the pore collapse

Intracellular
view

Figure 1-7. Structural basis for slow inactivation. A, Structure of the functional elements of the pore in the pre-open state. Top, Selectivity filter; middle, central cavity with
amino acid residues of the drug-binding site shown in color; bottom, activation gate. B, Structure of the functional elements of the pore in the slow-inactivated state shown

asin A.

(Adapted from Payandeh J, Gamal EI-Din TM, Scheuer T, et al: Crystal structure of a voltage-gated sodium channel in two potentially inactivated states. Nature 486:135-139,2012.)
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is important for stabilization of the sodium channel in the inac-
tivated state, which requires strong, long-duration hyperpolariza-
tion for recovery to the resting state.

Inner Pore and Receptor Site for Local Anesthetic
and Antiarrhythmic Drugs

Sodium channels are the molecular targets for drugs used in
control of cardiac arrhythmias, local anesthesia, prevention of
acute pain, and treatment of epilepsy and bipolar disorder.
Sodium channel-blocking drugs are also in development for
treatment of chronic pain. Sodium channel blocking drugs bind
to a specific receptor site within the pore of sodium channels,
formed by the S6 segments in domains I, IIT, and TV*"* (Figure
1-8). Their binding blocks ion movement through the pore and
stabilizes the inactivated state of sodium channels. Antiarrhyth-
mic drugs and antiepileptic drugs share similar, overlapping
receptor sites. Complete block of sodium channels would be
lethal; however, these drugs selectively block sodium channels in
depolarized or rapidly firing cells, such as axons carrying high-
intensity pain information and rapidly firing nerve and cardiac
muscle cells that drive epileptic seizures or cardiac arrhythmias.*”"
This selective block arises because the drugs can reach their
binding site in the pore of the sodium channel more rapidly when
the pore is repetitively opened, and they bind with high affinity
to inactivated sodium channels that are generated in rapidly firing
or depolarized cells. The conformational change observed in the
central cavity during slow inactivation may be responsible for the
increased affinity for drug block of the inactivated state (see
Figure 1-7). The use-dependent action of the sodium channel-
blocking drugs is essential for their therapeutic efficacy.

High-affinity binding of local anesthetics to the inactivated
state of sodium channels requires two critical amino acid residues,
phel764 and tyr1771 in brain type IIA channels, which are
located on the same side of the IVS6 transmembrane segment
two o-helical turns apart (see Figure 1-8, 4; phel764 and tyr1771
in blue, etidocaine in red).” ® It is likely that the tertiary amino
group of local anesthetics interacts with phe1764, which is located
more deeply in the pore, and that the aromatic moiety of the local
anesthetics interacts with tyr1771, which is located nearer to the
intracellular end of the pore (see Figure 1-8, blue residues). Sub-
sequent work has shown that sodium channel-blocking drugs of
diverse structure that are used as antiarrhythmic drugs and as
anticonvulsants also interact with the same site as local anesthet-
ics, but also create additional interactions with other nearby
amino acid residues.”””
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The amino acid residues that form the receptor sites for Na*
channel blockers line the inner surface of the S6 segments and
create a three-dimensional drug receptor site whose occupancy
would block the pore (see Figure 1-8, B). Remarkably, fenestra-
tions lead from the lipid phase of the membrane sideways into
the drug receptor site, providing a hydrophobic access pathway
for drug binding (see Figure 1-8, B). This form of drug binding
from the membrane phase was predicted in early studies of the
mechanism of block of Na* channels by different local anesthet-
ics.”® Access to the drug binding site in NavAb channels from the
membrane phospholipid bilayer is limited by the side chain of a
single amino acid residue (see Figure 1-8, B), which could control
drug access and egress from the drug receptor site and possibly
entry and egress of physiologic lipid modulators.

In addition to these important pharmaceutical agents, sodium
channels are the molecular targets for a large number of neuro-
toxins that paralyze prey by preventing neuromuscular func-
tion.””® These toxins act at five or more distinct receptor sites
and either block the pore of the channel or alter the kinetics or
voltage dependence of gating. The pore blockers tetrodotoxin
and saxitoxin bind to neurotoxin receptor site 1, which is formed
by the P loops in the four domains (see Figure 1-2).

Sodium Channel Genes

Sodium channels are the founding members of ion channel
superfamily that includes voltage-gated calcium channels, TRP
channels, voltage-gated, inward rectifying, and two-pore-domain
potassium channels, and cyclic nucleotide-regulated CNG and
HCN channels.”’ In evolution, the four-domain sodium channel
was last among the voltage-gated ion channels to appear, and it
is only found in multicellular organisms. It is thought that sodium
channels evolved by two rounds of gene duplication from ances-
tral single-domain bacterial sodium channels. Voltage-gated
sodium channel genes are present in a variety of metazoan species,
including the fly, leech, squid, and jellyfish. The biophysical
properties, pharmacology, gene organization, and even intron-
splice sites of these invertebrate sodium channels are largely
similar to the mammalian sodium channels.

Ten related sodium channel genes are found in vertebrates,
and nine encode voltage-gated sodium channels (Figure 1-9).7%%
More than 20 exons comprise each of the sodium channel
o-subunit genes in mammals. Genes encoding sodium channels
Na,1 1, Na,1 2, Na,1 3, and Na,1 7 are localized on chromosome
2 in humans, and these channels share similarities in sequence,
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Figure 1-8. Drug binding in the central cavity. A, Three-dimensional model of proposed orientation of amino acid residues within the Na* channel pore with respect to
the local anesthetic etidocaine. Only transmembrane segments 156 (red), llIS6 (green), and IVS6 (blue) are shown. Residues important for etidocaine binding are shown in
space-filling representation. B, Side-view through the pore module illustrating fenestrations (portals) and hydrophobic access to central cavity. Phe203 side-chains, yellow
sticks. Surface representations of NavAb residues aligning with those implicated in drug binding and block. Blue, Thr206; green, Met209; orange, Val213; gray lines, membrane
boundaries. Electron-density from an F,-F. omit map is contoured at 2.0 ¢. C, Top-view sectioned below the selectivity filter, colored as in B.

(Adapted from Payandeh J, Scheuer T, Zheng N, et al: The crystal structure of a voltage-gated sodium channel. Nature 475:353-358, 2011.)
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Figure 1-9. Amino acid sequence similarity of voltage-gated sodium channel
o-subunits. Amino acid sequence similarity of voltage-gated sodium channel
o-subunits. A comparison of amino acid identity for rat sodium channels Nav1.1 to
Nav1.9. The comparison was performed with Megalign in the program DNAStar
(using the Clustal method) for the four domains and the cytoplasmic linker con-
necting domains Il and IV.

(Adapted from Catterall WA: From ionic currents to molecular mechanisms: the struc-
ture and function of voltage-gated sodium channels. Neuron 26:13-25, 2010.)

biophysical characteristics, block by nanomolar concentrations of
tetrodotoxin, and broad expression in neurons. A second cluster
of genes encoding Na,1 5, Na,1 8, and Na,1 9 channels is local-
ized to human chromosome 3p21-24. Although they are more
than 75% identical in sequence to the group of channels on
chromosome 2, these sodium channels all contain amino acids
substitutions that confer varying degrees of resistance to the pore
blocker tetrodotoxin. In Na,1 5, the principal cardiac isoform,"
a single amino acid change from phenylalanine to cysteine in the
pore region of domain I, is responsible for a 200-fold reduction
in tetrodotoxin (T'TX) sensitivity compared with those channels
on chromosome 2.% At the identical position in Na,1 8 and Na,1
9, the amino acid residue is serine, and this change results in even
greater resistance to TTX." These two channels are primarily
expressed in peripheral sensory neurons. Compared with the
sodium channels on chromosomes 2 and 3, Na,1 4 (which is
expressed in skeletal muscle) and Na,1 6 (which is highly abun-
dant in the central nervous system) have greater than 85%
sequence identity and similar functional properties, including
TTX-sensitivity in the nanomolar concentration range. A tenth
sodium channel, Na,, whose gene is located near the sodium
channels of chromosome 2, is evolutionarily more distant.* Key
differences in functionally important regions of voltage sensor
and inactivation gate and lack of functional expression of voltage-
gated sodium currents in heterologous cells suggest that Na,
might not function as a voltage-dependent sodium channel. Con-
sistent with this conclusion, targeted deletion of the Na, gene in
mice causes functional deficits in sensing plasma salt levels.”
The NayPB subunits are encoded by four distinct genes in
mammals.” "’ The gene encoding 1 maps to chromosome 19q13,
whereas B2 and B4 are located on chromosome 11q22-23 and 3
is located nearby on chromosome 11q24. The 1 and 3 subunits
associate noncovalently with the o-subunits, whereas B2 and 4
are covalently linked by a disulfide bond. These distinct modes
of association and the corresponding similarities in amino acid
sequence suggest that the similar pairs of B-subunits (1 and 3
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vs. B2 and B4) may be able to substitute for each other in interac-
tion with sodium channel o-subunits.

Although Nayl1.5 channels are primarily expressed in the heart
and are often termed the cardiac sodium channel,®' several of the
brain sodium channel subtypes are also expressed at lower levels
in the heart, where they are differentially localized in subcellular
compartments in a cell-specific and species-specific manner. In
human atrial myocytes, Nay1.5 channels are localized in a striated
pattern on the cell surface at the z-lines in each sarcomere. In
contrast, Nayl.2 channels are localized primarily at the interca-
lated discs, but at a lower concentration, and Nayl.1 channels are
localized at low density in a scattered punctate pattern over the
cell surface. Because all the “brain” and “skeletal muscle” sodium
channel subtypes are inhibited by nanomolar concentrations of
TTX and Nayl.5 channels require micromolar concentrations of
TTX for inhibition, the contribution of the TTX-sensitive
sodium channels to cardiac contractility can be tested in careful
does-response experiments. Such experiments indicate that 12%
to 27% of sodium current is conducted by the TTX-sensitive
sodium channels, and block of these channels reduces the ampli-
tude and velocity of contraction of atrial muscle strips approxi-
mately 15%.% The differential localization of these subtypes
suggests specific functions for the Nay1.2 channels in the initia-
tion of the action potential at intercalated discs and the Nayl.5
channels in depolarizing the atrial membrane near the voltage-
gated calcium channels at the z-lines in order to efficiently initi-
ate excitation-contraction coupling.

In human ventricular myocytes, a similar pattern of localiza-
tion of sodium channels is observed, with Nayl1.2 channels pri-
marily localized at the intercalated discs and the predominant
Nayl.5 channels localized in a striated pattern at the z-lines. In
contrast to atrial myocytes, which have no T-tubules, the Nay1.5
channels are localized at the cell surface and extend into the
T-tubules in ventricular myocytes. It is likely that these two
channel types have similar functions as in atrial myocytes—
Nay1.2 initiating the action potential at the intercalated disc and
Nayl1.5 conducting the action potential along the myocyte surface
and into the T-tubule to reach the calcium channels and activate
excitation-contraction coupling.

In contrast to this distribution of sodium channel subtypes in
human cardiac myocytes, the distribution of sodium channels in
mouse ventricular myocytes is rather different.”* In the mouse
heart, Nay1.5 channels are localized in high density in the inter-
calated discs, whereas Nayl.1 channels are localized in lower
density at the z-lines.* The high concentration of sodium chan-
nels at the ends of mouse ventricular myocytes suggests that they
conduct action potentials in a salutatory manner, like a myelin-
ated nerve; that is, the large sodium current entering at the
intercalated disc instantaneously depolarizes the entire myocyte
and directly activates the high density of sodium channels at the
intercalated discs at the other end of the cell, rather than being
conducted progressively across the cell. The instantaneous depo-
larization of the entire cell surface would then initiate action
potentials in the T-tubules conducted by the TTX-sensitive
sodium channels there. This altered mode of initiation and con-
duction of the cardiac action potential could be a specialization
that supports the rapid beating rate of the mouse heart (600 bpm)
without loss of synchrony and force of contraction.

5. Catterall WA: Molecular properties of voltage-
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Calcium (Ca®") permeable ion channels are involved in a number
of fundamental processes in the heart, including automaticity in
the sinoatrial (SAN) and atrioventricular (AVN) nodes, excitation-
contraction coupling in the working myocardium, and regulation
of gene expression in hypertrophic signaling."* Several ion chan-
nels in the plasma membrane of cardiac myocytes and cardiac
fibroblasts are involved in transporting Ca’* into the cytosol from
the extracellular space (Table 2-1). Included among these are two
forms of L-type Ca** channels (LT'CC; Cayl.2 and Cayl.3),
T-type Ca®* channels, and several transient receptor potential
(TRP) channels. These different Ca** permeable ion channels
play distinct roles in different parts of the heart. For example,
Cayl.2-mediated L-type Ca** current (Ic,;) is present in all car-
diomyocytes, whereas Cayl.3-mediated Ic,;, is restricted to SAN,
AVN, and working atrial myocardium. T-type Ca’ currents
(Ic,r) are mainly expressed in the SAN and AVN in normal
conditions, but may be expressed in ventricular myocytes in
cardiac hypertrophy. In most cases, TRP channels conduct non-
selective cation currents that include Ca** influx, which may be
important in both cardiac myocytes and cardiac fibroblasts, the
latter of which don’t typically express robust voltage-gated Ca**
channels. The purpose of this chapter is to review the expression
patterns, biophysical properties, and structure-function relation-
ships of Ca’* permeable channels in the heart.

L-type Ca** Channels

Molecular Composition

LTCCs are multimeric proteins consisting of an o,-subunit that
constitutes the pore of the channel and several accessory subunits
denoted B, 0,,-8, and y** (Figure 2-1). Currently, four o, -subunits
for L-type Ca’* channels are known, and two of these, Cayl.2
(01C encoded by the CACNA1C gene) and Cayl1.3 (a1D encoded
by the CACNAID gene), are expressed in the heart’’ (see Table
2-1). These oy-subunits form the channel pore and contain the
voltage sensor that controls channel gating, as well as drug
binding sites and regulatory sites targeted by second messengers.
Ca’* channel 0,-subunits have a similar structure to voltage-gated
Na* and K' channels, whereby they are organized into four
domains (I through IV), each containing six transmembrane seg-
ments (S1 through S6). The voltage sensor is located in the S4
transmembrane segment of each domain, and the pore loops are
located between S5 and S6. Alternative splice variants of Cay1.2
have been documented and can impact regulation by second
messengers and drug binding. Recently, alternative splice variants

of Cay1.3 have also been described.®” These variants result in the
expression of long and short forms of Cay1.3, which are charac-
terized by differences in biophysical properties such as the activa-
tion midpoint; however, not all of the short forms of Cay1.3 are
expressed in the heart.®

Ca?* channel B-subunits (Cayf; through Cayf,) are encoded by
four genes (CACNBI-4) and, like the o,-subunits, can be alterna-
tively spliced to generate a number of isoforms.'”"" Crystal struc-
tures of I'TCC B-subunits demonstrate that these subunits
contain conserved Src homology 3 (SH3) and guanylate kinase
domains, as seen in scaffolding proteins in the membrane-
associated guanylate kinase (MAGUK) family.'*" Cayf-subunits
are intracellular proteins (see Figure 2-1) that bind to a single site,
called the o interaction domain (AID), on the loop connecting
domains I and II on the o;-subunit of the LTCC. Cayf acts as a
chaperone protein that facilitates the trafficking of LT'CCs to the
plasma membrane and also modulates the biophysical properties
of these channels. Specifically, coexpression of CayB2 with Cay1.2
increases Ic,;, amplitude, accelerates activation and inactivation
kinetics, and shifts the steady inactivation curve to more negative
membrane potentials. CayP also profoundly enhances the affinity
of dihydropyridines (blockers of LT'CCs) for the o;-subunit by
decreasing their dissociation from the channel."

Four genes (CACNA2DI-4), which can be alternatively
spliced, encode the 0,-8-subunit of the LTCC."*'* The 0,-8, and
0,-8; isoforms are expressed in the heart. The protein is cleaved
post-translationally and then is relinked via disulfide interactions.
"This subunit is primarily extracellular, with the 8-subunit portion
anchored in the plasma membrane (see Figure 2-1). CaVo,-8-
subunits facilitate the targeting of LT'CCs to the plasma mem-
brane and increase Ic,; by shifting the voltage dependence of
activation and inactivation to hyperpolarized membrane
potentials.

Ca® channel y-subunits are membrane-bound proteins
encoded by eight genes (CACNGI-8) with several isoforms,
including ¥4, ¥s, 7, and s, which are present in cardiac muscle.
These isoforms associate with Cayl.2 and alter activation and
inactivation properties of the channel.””

Biophysical Properties of Ic,,

As their name suggests, LTCCs are highly selective for Ca** over
monovalent cations. The channel pore is approximately 6 A in
diameter at its narrowest point,'® indicating that size is not the
main factor in determining selectivity. Rather, a series of four
glutamate residues (EEEE motif) is responsible for conferring
ion selectivity through the ability of this motif to bind divalent
cations (Ca® and Mg”"), which block the passage of monovalent
cations.'””" As additional divalent ions enter the channel, bound
Ca® ions are displaced from the EEEE motif and are pushed
through the pore, which generates I,..

At the single-channel level, I,; conductance in ventricular
myocytes (i.e., Cayl.2 dependent) has been reported to be
approximately 5 pS in 2 mM Ca’* and approximately 15 pS with
Ba’* as the charge carrier.”' Similarly, single-channel conductance
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Table 2-1. Nomenclature of the Voltage-Gated Ca2* Channels Along With Chromosome Location and Biophysical and Pharmacological Properties

Chromosome  Biophysical
Channel Tissue Localization Pore Subunit Gene Name Location Property Pharmacological Blockers
Cay1.1 skeletal muscle alS CACNATS 1931-32 L-type nifedipine, verapamil, diltiazem
Cay1.2 heart, brain, smooth muscle, alC CACNA1C 12p13 L-type nifedipine, verapamil, diltiazem
adrenal gland
Cay1.3 brain, pancreas, kidney, cochlea, 1D CACNATD 3p14.3 L-type nifedipine, verapamil, diltiazem
heart
Cay1.4 retina alF CACNATF Xp11.23 L-type nifedipine, verapamil, diltiazem
Cay2.1 brain, cochlea alA CACNATA 19p13.1 P/Q-type m-agatoxin IVA
Ca2.2 brain al1B CACNA1B 9q34 N-type m-conotoxin GVIA
Cay2.3 brain, heart, cochlea alE CACNATE 1925-31 R-type m-agatoxin 1A
Ca3.1 brain, heart alG CACNA1G 17922 T-type mibefradil, kurtoxin, Ni*"
Ca,3.2 brain, heart, kidney, liver alH CACNATH 16p13.3 T-type mibefradil, kurtoxin, Ni**
Ca3.3 brain all CACNATI 22q13 T-type mibefradil, kurtoxin?, Ni*
X o 2
+H3N _  +H3N
domain| I I v 3 ERE: 5
l outside
1 1 1 1 55
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Figure 2-1. Ca’* channel subunit structure. L-type Ca** channels consist of the pore-forming o,-subunit and a series of accessory subunits (B, ¥, 0,,8). Predicted o-helices
are depicted as cylinders. The lengths of the lines correlate with the approximate length of the polypeptide segments. T-type Ca** channels consist of the pore-forming
o,-subunit; however, whether accessory subunits associate with T-type Ca’* channels in native cardiomyocytes is less clear.

(From Catterall W: Voltage-gated calcium channels. Cold Spring Harb Perspect Biol 3:a003947, 2011.)

for Cayl.3 has been determined in heterologous expression
systems and has been found to be approximately 15 pS with Ba**
as the charge carrier.’

Ic.r, is mediated by Cayl.2 and Cayl.3 in the heart, and these
two channel isoforms are distinguished by their unique biophysi-
cal properties”” (Figure 2-2). Cayl.2-mediated Ic,;, which is
expressed throughout the myocardium (atrium, ventricles, and
conduction system), has a bell-shaped current-voltage (I-V) rela-
tionship in which the current activates at membrane potentials
positive to =40 mV and peaks between 0 and +10 mV. The V,,,
of channel activation (Vipue) is typically between —10 and

—15 mV. In contrast, recombinant Cayl.3-dependent I,;, acti-
vates at more negative membrane potentials (i.e., the Vm(w) is
hyperpolarized) and displays slower inactivation kinetics.*****
Cayl.3 is also less sensitive to dihydropyridines than is Cayl.2.
Cayl.2 is the primary determinant of I¢,; in the ventricular
myocardium, where it plays a prominent role in excitation-
contraction coupling and the Ca** induced-Ca’* release process.’
Approximately 75% of these LT'CCs are located in dyads, in close
proximity to the ryanodine receptors located in the junctional
sarcoplasmic reticulum, within the t-tubular system (see Figure
2-4). Consistent with the critical role of Cayl.2 in the ventricles,



CALCIUM CHANNELS IN THE HEART 15

/
-80 —60 —40 —20 O 20 ,%
v (mV)
LVA/ca T
A “Intermediate” CA1.3

------------ - 1.5
3
---------- 05 ¢
5100

Figure 2-2. Voltage dependence of activation and steady state inactivation of Ic,r, Cay1.3-mediated Ic,;, and Cay1.2-mediated Ic,, from mouse SAN. A, Current-voltage (I-V)
relationships illustrating that I, activates most negatively, and Cay1.2-mediated ¢, activates most positively. Ca,1.3-mediated I,; has intermediate activation properties.
B, Steady state inactivation curves for Ic,7, Cay1.3-mediated I,, and Cay1.2-mediated I, Dashed lines indicate the voltage at which 50% of channels are inactivated (V;nacy)
for each Ca’* channel. Dotted lines indicate points of complete current inactivation and full channel availability.

(From Mangoni MM, Couette B, Marger L, et al: Voltage-dependent calcium channels and cardiac pacemaker activity: from ionic currents to genes. Prog Biophys Mol Biol 90:38,

2006.)

Cay1.2 knockout mice die before birth in association with cardiac
failure.”” Cayl1.2 is also expressed in the SAN, AVN, and atrial
myocardium, along with Cay1.3.72%° As a result, total I, in these
supraventricular tissues is dependent on both a1C and 1D pore-
forming subunits and demonstrates biophysical characteristics
that are different from those of the ventricles. The generation of
Cayl1.3 knockout mice has been important in determining the
biophysical properties of these channels and in distinguishing
them from Cayl.2-mediated I, ;. (and I¢, ). Specifically, these
Cayl.3 knockouts have been used to show that I¢,;, in SAN and
atrial myocytes activates between —60 and —50 mV in association
with a left shift in the V¢ and peaks at membrane potentials
around —10 mV. The steady state Ic,;, inactivation curve is also
shifted to the left when Cay1.3 contributes to total I¢, . Together,
available data show that Cayl.3-dependent I, has intermediate
biophysical properties compared with Cayl.2-dependent Ic,y,
and I(jgyT.

The unique biophysical properties of Cay1.3 enable I, to
play a prominent role in pacemaker activity in the SAN and in
the electrical conduction in the atrial myocardium. In the SAN,
Cayl.3-mediated I¢,;, contributes to the diastolic depolarization
phase of the action potential and thus is a major determinant of
heart rate in vivo. Cayl.2, on the other hand, contributes more
prominently to the action potential upstroke in SAN myocytes.
Consistent with this, Cay1.3 knockout mice display sinus brady-
cardia in association with a reduced diastolic depolarization
slope.”**¥ Cay1.3 knockout mice also show increased susceptibil-
ity to atrial fibrillation,”** a very common cardiac arrhythmia,
confirming that these Ca’* channels play an important role in
atrial conduction.

Ic., Inactivation

Ic,r, undergoes decay during sustained depolarization, which is
termed inactivation (Figure 2-3, A). This inactivation process is
time, voltage, and calcium dependent.””?? Voltage-dependent
activation is relatively slow, as is indicated by the degree of inac-
tivation with Ba’** as the charge carrier, or when monovalent
cations permeate IT'CCs in the absence of divalent cations.” In
the presence of extracellular Ca*, inactivation is much faster, and
this Ca’*-dependent inactivation is further accelerated in the
presence of functional SR Ca®* release (i.e., during normal
excitation-contraction coupling).’* This indicates that both the
Ca’ entering the myocytes through the LTCC and the Ca**
released from the SR during the Ca* transient contribute to
LTCC inactivation.

Ca’*-dependent inactivation of I,y is a calmodulin (CaM)
dependent process.”* CaM is bound to the C-terminus of the
channel via the IQ domain, and when local Ca** is elevated, an
increase in Ca’* binding to CaM occurs. This enhances the inter-
action of CaM with the IQ domain, thereby causing inactivation
of the channel. Ca**-dependent inactivation may serve as a pro-
tective negative feedback mechanism to prevent Ca®* overload in
cardiomyocytes.

Steady state inactivation (i.e., channel availability), like
voltage-dependent activation, follows a sigmoidal relationship,
with a Vijpgme of =35 mV for Cayl.2-dependent I¢,; and
—45 mV for Cayl.3-dependent I,;.”” The activation and inacti-
vation curves for I, 1, can overlap, resulting in a “window current,”
which has been postulated to play a role in the generation of
arrhythmogenic early afterdepolarizations (EADs; see Figure
2_3, B)'37,38

LTCCs are also known to undergo a process called facilitation,
whereby a progressive increase in I¢,; amplitude and the time
constant of inactivation can occur during increases in pacing
frequency.”™” The facilitation process occurs as the result of a
reduction in Ca**-dependent inactivation and is mediated by
calmodulin-dependent kinase IT (CaMKII) phosphorylation.*

Organization and Localization of LTCCs

It is now appreciated that LTCC can be organized into distinct
subcellular compartments through the actions of scaffolding pro-
teins, including A-kinase anchoring proteins (AKAPs),"** within
cardiomyocytes” (Figure 2-4). Examples of subpopulations of
LTCCs include those found in dyads within the T-tubules and
those in separate plasma membrane domains such as caveolae and
lipid rafts.” This pattern of organization is critical for the precise
spatio-temporal modulation and regulation of LT'CCs in differ-
ent physiological functions such as excitation-contraction cou-
pling, transcriptional regulation, and responses to B-adrenergic
(B-AR) receptor activation.

Within dyads, LT'CCs from a complex with B-ARs, adenylyl
cyclase (AC), protein kinase A (PKA), and AKAPs.**** These
proteins area also in close apposition to a complex of proteins
associated with the SR, including ryanodine receptors, PKA,
protein phosphatase 2A (PP2A), phosphodiesterases, and AKAPs
(AKAPS and AKAP15)."* Tt is the AKAPs that are thought to
be responsible for the organization of these signaling complexes.
Within caveolae, T'CCs associate with 3,-ARs, AC, PKA, PP2A,
and caveolin 3, all of which enable LTCCs in caveolae to be
locally stimulated by B,-AR activation.*
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Figure 2-3. A, Ca’* channel inactivation with Ca**, Ba**, or monovalent cations (ns) as the charge carrier. Currents were measured at 0 mV except for |, at =30 mV to obtain
comparable activation, and peak currents were normalized. |-, with SR Ca’* release (i.e., Ca’* transients occur) was recorded using the perforated patch-clamp technique
and 2 mM external Ca”. Ic, with no SR Ca’* release (i.e, no Ca’* transients occur) was recorded in the whole-cell configuration with 10 mM EGTA in the pipette. Is, was
recorded in the whole-cell configuration with 2 mM external Ba** and 10 mM EGTA in the pipette. Ins was measured in divalent cation-free conditions. The t,,, of current
decline progressively increases from top to bottom, illustrating that I, inactivation is both Ca** and voltage dependent. B, Overlap of steady state activation and inactivation
curves for I, illustrates the presence of a window current (dashed lines), which may contribute to the generation of early afterdepolarizations (EADs). Ic, can also produce

window currents at more negative membrane potentials (between —80 and —40 mV).

(A, From Bers DM, Perez-Reyes E: Ca channels in cardiac myocytes: structure and function in Ca influx and intracellular Ca release. Cardiovasc Res 42:339-360, 1999. B, From
Benitah JP, Alvarez JL, Gomez AM: L-type Ca*" current in ventricular cardiomyocytes. J Mol Cell Cardiol 48:26-36, 2010.)
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Figure 2-4. Subcellular localization of L-type Ca’* channels in cardiomyocytes.
LTCCs associate with anchoring proteins (AKAPs) and other signaling proteins to
create distinct populations of LTCCs in T-tubules and within caveolae. Also, cluster-
ing of LTCCs in discrete regions of the plasma membrane results in coupled gating.
See text for details.

(From Best JM, Kamp TJ: Different subcellular populations of L-type Ca** channels
exhibit unique regulation and functional roles in cardiomyocytes. J Mol Cell Cardiol
52:376-387,2012.)

LT'CC also demonstrate a property called coupled gating, which
occurs when LT'CCs are grouped together into clusters in the
plasma membrane, resulting in localized regions with signifi-
cantly elevated intracellular Ca’* concentrations. Coupled gating
is enhanced by the scaffolding protein AKAPS and by protein
kinase C (PKC), which form the signaling complex with the
clusters of LTCCs. "

T-type Ca* Channels

Molecular Composition and Biophysical Properties

Although L-type Ca’* channels get the lion’s share of the atten-
tion in both cardiac and vascular electrophysiology, low voltage-
activated T-type Ca®* channels also play important roles in
normal and diseased hearts. Three T-type Ca’* channels exist in
mammals: Cav3.1 (a1G), Cav3.2 (ol H), and Cav3.3 (a1I), with
Cav3.1 and Cav3.2 channels being the major channels in heart**’
(see Table 2-1). Although L-type Ca’* channels are complex
oligomeric proteins that are heavily regulated by many distinct
signal transduction mechanisms, much less is known about the
auxiliary subunit structure for T-type Ca** channels.” The elec-
trophysiological properties of T-type ol-subunits expressed
alone are very similar to those observed in native channels, sug-
gesting that T-type Ca®* channels do not require auxiliary sub-
units, as do L-type Ca* channels, for proper function. Consistent
with this, antisense depletion of Cayf-subunits has no effect on
Ic,+ (in neurons),’™*” and coexpression of cloned Cayf3-subunits
has no major effect on I, 1 in heterologous expression systems.”
Cayy-subunits have been found to have little or no effect on
Cay3.3 currents’; however, they have been found to accelerate
inactivation and negatively shift steady state inactivation of the
Cay3.1 current.” Coexpression of 0,,8-subunits with o;G doubled
the size of Ic,r, possibly through increased expression of o,-0,8
complexes at the plasma membrane.”™® T-type Ca®* channels
have been shown to interact with, and be modulated by, other
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proteins such as Kelch-like 1 protein’ and caveolin-3.”* In
summary, available data indicate that Cay3 oy-subunits can inter-
act with some auxiliary subunits, but additional studies are needed
to determine the physiological role for these interactions, par-
ticularly in the heart.

The biophysical properties of T-type Ca** channels in heart
are distinct from those of L-type Ca’* channels.”” For example,
T-type Ca’* channels activate and inactivate at lower (more nega-
tive) membrane potentials with thresholds for activation observed
at about =70 mV while inactivation begins to occur at approxi-
mately —90 mV™’ (see Figure 2-2). T-type Ca** channels also show
much faster entry and exit from inactivation’*® that is indepen-
dent of Ca®. An analysis of the steady state activation and inac-
tivation curves reveals that T-type Ca’* channels have relatively
large steady state window currents at membrane voltages between
—80 and —40 mV,” which are expected to facilitate depolarization
in myocytes of the SAN and the conducting system, thereby
promoting spontaneous action potential firing. Although the per-
meation properties of T-type Ca’* channels have been challeng-
ing to quantify, the single-channel conductance is reported to be
2.5-fold smaller than that of L-type Ca’* channels (when Ba** is
the charge carrier).”

T-type Ca®* channels have distinct pharmacologic properties
compared with L-type Ca** channels, and these differences have
been exploited for dissecting the physiologic role of I¢,t in the
myocardium. Relative to L-type channels, T-type channels have
a very high sensitivity to block by Ni**, and this sensitivity varies
between different T-type channel isoforms (half maximal inhibi-
tory concentration [ICs] for Cav3.2 is nearly 10-fold lower than
that for Cav3.1 channels).”**"* Putative T-type channel blockers
include pimozide,** efonidipine,” and mibefradil,” although
closer scrutiny has revealed that efonidipine and mibefradil also
block L-type Ca** channels at higher concentrations. The only
known specific blocker of T-type Ca** currents (generated by the
Cavl.3 or Cav3.2 homologues) is kurtoxin® from scorpions. On
the other hand, many putative selective L-type Ca** channel
blockers (such as dihydropyridines and verapamil) also inhibit
T-channels.” The development of more selective agents
will clearly help to improve our understanding of the role of
T-type Ca** channels in physiological and pathophysiological
processes. "’

Expression Patterns of T-type Ca*" Channels

T-type Ca®* channels show marked developmental and regional
differences in expression that have been linked to the unique
functions of these channels. For example, T-type Ca’" currents
are present in the fetal heart with the expression of Cav3.1 pre-
dominating in mouse and Cav3.2 prevailing in rats.””’" After
birth, I, levels decline progressively in ventricles and become
undetectable in adults while remaining at measurable levels in
SAN (=3 pA/pF), conductlng system (~3 pA/pF), and atria. """
In adult hearts of humans’® and mice,” Cav3.1 is the more preva-
lent isoform, and Cav3.2 seems to be more abundant in canine
Purkinje ﬁbers,” although this topic is controversial.” It is inter-
esting to note that I, + appear to vary inversely with body size**’®
in mammals, consistent with the conclusion that these channels
influence basal heart rates. Indeed, mice lacking Cav3.1 channels
showed bradycardia combined with slowed conduction through
the AVN; and no electrical changes were seen in Cav3.2-knockout
mice.””*" A common finding in diseased ventricles is the elevated
expression of Cav3.1 and Cav3.2, along with the reappearance of
Ie, ™™ possibly resulting from fetal gene reactivation. These
observations are particularly intriguing because elevations in Ic,r
are linked to hypertrophy, disease progression, and arrhyth-
mias.”””® In addition, I,y is reported to be preferentially expressed
in small mononucleated myocytes of adolescent feline hearts,”
possibly representing nascent myocytes originating from cardiac

progenitors. In this regard, T-type Ca’* channels, along with
hyperpolarization activated cyclic nucleotide gated (HCN) chan-
nels, are expressed at high levels in embryonic stem cells and
undergo a subtype switch during maturation from Cav3.2 to
Cav3.1 o-subunits as they differentiate into cardiac myocytes.”
Control of the developmental and regional expression patterns
of T-type Ca’* channels is poorly understood. Tbx3 is reported
to be important in SAN development, along with expression of
Cav3.1 channels and other channel genes associated with SAN.*"

T-type Ca** Channels in Pacemaking, Cardiac
Conduction, and Heart Disease

Unlike L-type Ca* channels, the functional effects of T-type Ca**
channel activity have been more challenging to demonstrate.
Pharmacologic and genetic studies support the conclusion that
T-type Ca®* channels contribute to pacemaker activity by provid—
ing inward current during the diastolic depolarization,”**"
although these effects are relatively modest compared with the
contributions of other depolarizing currents in SAN myocytes.’*’®
Ic, 1 also contributes to spontaneous firing and conductance prop-
erties of the AVN.”>* Mice with Cav3.1 ablation have reduced
heart rates and slowed AVN conduction,”” while Cav3.2-deficient
mice are indistinguishable from wild type mice.” These observa-
tions are consistent with the prevalence of Cav3.1 channels, com-
pared with Cav3.2 channels, in the SAN of adult mice, as has been
mentioned. A major complication of dissecting the role of T-type
Ca’ channels in pacemaker function is the presence of Cavl.3-
dependent L-type Ca** channels,” along with Cav1.2 channels, in
SAN and AVN. Cav1.3 channels activate at voltages that partially
overlap with T-type Ca®* channels, and no pharmacologic agent
is sufficiently selective to unequivocally dissect the functional
contributions of these channels. Moreover, it is conceivable that
T-type channels are expressed in distinct regions of the SAN and
AVN from Cavl.3 channels, thereby complicating further our
understanding of the relative contributions of T-channels to pace-
maker activity. A recent report in mice established that Cav1.3 and
Cav3.1 contribute synergistically to pacemaker activity in the
SAN and conduction in the AVN under baseline conditions and
in response to B-adrenergic receptor stimulation.”” These results
also confirmed that Cavl.3-mediated I, plays a relatively greater
role in pacemaker activity and AVN conduction than Cav3.1-
mediated Ic, 1. Given that depolarizing current from Na'/Ca®*
exchanger secondary to Ca** release from the sarcoplasmic reticu-
lum contributes to diastolic depolarization”” (later called the
Ca’* clock™), it remains to be determined to what extent the
action of the T-type Ca’* channel currents on pacemaker activity
relies on the activation of RYR2 channels in the SR membrane. In
this regard, conditional overexpression of Cav3.1 using the
o-MHC promoter suggests that T-type Ca?* channels are
expressed on the surface sarcolemma in regions distinct from the
L-type Ca’* channels and remote from RYR2 channels.”

Many studies have concluded, based on pharmacologic inter-
ventions, that re-expression of Ic,r plays a deleterious role in
cardiac remodeling and arrhythmogenesis seen in diseased
hearts.*” For example, treatment with nickel and mibefradil
reduced cell proliferation of neonatal cardiomyocytes induced
by hyperglycemia.” Mibefradil also reduced infarct sizes and
improved ventricular function in rats subjected to myocardial
infarction (MI)* while protectlng dog ventricles from partial
coronary - artery occlusions” and pacing-induced arrhyth-

as.!!%! Both efonidipine and mibefradil were also more effec-
tive than nitrendipine in reducing sudden death in mice with
heart failure.'"” T-type Ca** channels have been shown to initiate
spontaneous activity in pulmonary veins, thereby potentially
inducing paroxysmal atrial fibrillation.'”” These findings are con-
sistent with the ability of efonidipine to prevent atrial remodeling
in paced dogs.'"* By contrast, mibefradil has been shown to cause
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deleterious effects in animal models,'”'” and treatment of car-

diovascular disease in humans with mibefradil has terminated,
presumably as a result of off-target effects on the liver.'”” The
rationale for targeting T-type Ca’* channels in treating heart
disease has come into focus with several recent studies showing
that not only do increases in I, (via Cav3.1 overexpression in
mice) not induce adverse cardiac remodeling,” they also abrogate
cardiac hypertrophy induced by pressure overload, isoproterenol,
and exercise.'” Moreover, Cav3.1-deficient mice show enhanced
adverse remodeling in these models and also show accelerated
functional deterioration and enhanced arrhythmias following
M]I, in contrast to mice lacking Cav3.2, which responded simi-
larly to wild type mice. This consensus, however, is at odds
with a study showing that Cav3.2 ablation, not Cav3.1 deletion,
is protective against pressure overload and angiotensin-induced
hypertrophy.*

Transient Receptor Potential (TRP) Channels

The TRP channels are a large group of ion channels that were
first described in Drosophila based on mutations in #p genes in
photoreceptors that resulted in impaired transient responses to
light.!”” Currently, there are 28 mammalian #7p genes, which are
divided into six subfamilies denoted as TRPC (canonical), TRPV
(vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP (poly-
cystin), and TRPML (mucolipin).""” All of these channels are
cationic in nature; however, there is a high level of diversity in
terms of cation selectivity and gating mechanisms. Most TRP
channels are nonselective cation channels that are permeable to
Na* and Ca® ions (Pc,/Px, = 1-10), but this does not apply in all
cases. For example, TRPM302, TRPVS, and TRPV6 are Ca®*
selective channels (P¢,/Py, >100), while TRPM3o. 1, TRPM4,
and TRPMS are not Ca** permeable (Pc,/Py, < 0.05). TRPM6
and TRPM?7 are permeable to Mg** and Ca**".!!*!!!

A number of TRP channels have been detected in the
heart, at least at the mRNA level, including TRPC1, TRPC3-7,
TRPV2, TRPVS, TRPVS, TRPM4, TRPMS, and TRPM7.!11
Roles for some of these specific TRP channels in the heart have
been identified in some instances. For example, TRPC channels
have been implicated in cardiac hypertrophy,'* and both
TRPC3'"” and TRPM7"° have been shown to play a role in
cardiac fibroblasts in atrial fibrillation. TRPM7 channels have
also been described in ventricular myocytes,'”'"¥ while TRPC
channels have been suggested to play a role in pacemaker activity
in the SAN."Y In most cases, however, there is still much to be
learned about TRP channels in the heart in normal and patho-
physiological conditions.

A complete discussion of TRP channels in the heart is beyond
the scope of this chapter. Thus, we will provide an overview
of the general structure of TRP channels and a brief discussion
of the biophysical properties of key members of the TRP family
that have been implicated in cardiovascular disease. The reader
is directed to several comprehensive reviews of the biology of
TRP channels for additional information,'®!!" 113120121

General Structure and Biophysical Properties
of TRP Channels

TRP channels are predicted to have a similar membrane topology
to other voltage-gated (Na*, Ca?*, K*) ion channels in the heart
in which the channel is formed by six transmembrane-spanning
domains (S1-S6) with a pore between S5 and S6 (Figure 2-5, A).
The N and C termini of these proteins are intracellular and bind
a number of regulatory proteins. Similar to the other six trans-
membrane domain channels, TRP channels are thought to form

a tetrameric structure in which each subunit contributes to the
selectivity filter and channel pore.""” Most TRP channels, with
the exception of TRPA and TRPP, contain a stretch of =25 intra-
cellular residues on the C-terminal side of the S6 transmembrane
domain (TRP box), from which these channels derive their
name.'?’

TRP channels do not contain the series of arginine residues
in the S4 transmembrane segment that are typical of other
voltage-gated channels, and the location and/or structure of spe-
cific gate(s) that control the passage of ions through the channel
pore are not well resolved.'"” Nevertheless, TRP channel activity
is often voltage dependent and characterized by conductance-
voltage relationships with relatively shallow slope factors. Fur-
thermore, many TRP channels exhibit the voltage-dependent
relaxation seen in tail currents following depolarizing voltage
steps.””” TRP channel voltage sensitivity is modulated by a
number of factors, including ligand binding, temperature, osmo-
larity, and mechanical perturbations.

TRPC Channels and Cardiac Hypertrophy

Increases in calcium influx have been implicated in pathological
hypertrophic signaling in the heart due at least in part to the
activation of calcineurin-nuclear factor of activated T cells
(NFAT) signaling.'"” Although ITCCs have been shown to
contribute to this increase in Ca’** influx,*"**'* a number of
studies have demonstrated that TRPC channel expression and
activity are also upregulated in cardiac hypertrophy and
heart failure. For example, pressure overload in rodents results
in upregulation of TRPC1 and TRPC3."*%"*’ Similarly, TRPC6
was upregulated in cardiac hypertrophy and in heart failure.'”
TRPCS has been shown to be elevated in human heart failure
patients.””* Consistent with these findings, pro-hypertrophic
agents such as endothelin, phenylephrine, and angiotensin II
cause the upregulation of TRPCI and TRPC3 in cultured
cardiomyocytes.'*”"

Recent studies suggest that Ca** influx through TRPC chan-
nels initiates signaling pathways associated with hypertrophy and
pathological cardiac remodeling.""* For example, activation of
TRPC channels leads to activation of fetal genes (including atrial
natriuretic peptide and skeletal o-actin), cell enlargement, and
apoptosis. These responses have been shown to be dependent on
enhanced calcineurin-NFAT signaling. Consistent with a role for
TRPC channels in hypertrophic signaling, the TRPC3 blocker
Pyr3 (a Bis-trifluoromethyl pyrazole compound) has been shown
to prevent cardiac hypertrophy in pressure-overloaded mice,"'
and TRPC1 knockout mice are less susceptible to cardiac hyper-
trophy and heart failure.”” Similar protective responses have
been demonstrated in TRPC3-, TRPC4-,and TRPC6-dominant/
negative mutant mice."”’ Together, these findings suggest an
important role for Ca®* entry through TRP channels in hyper-
trophy and heart failure.

TRP Channels in Cardiac Fibroblasts

Cardiac fibroblasts account for =80% of the nonmyocyte popula-
tion in the heart and are responsible for the synthesis and secre-
tion of extracellular matrix proteins, including collagen types I
and II, as well as matrix metalloproteinases.”**** In the setting of
pathological conditions such as hypertension, cardiac hypertro-
phy, and heart failure, there is an increase in the proliferation of
cardiac fibroblasts, which differentiate into myofibroblasts that
contribute to the deposition of extracellular matrix and cardiac
fibrosis.'**"** This results in conduction abnormalities, which
may be due to both structural remodeling and possible fibroblast-
myocyte electrical interactions.'”’
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Figure 2-5. Transient receptor potential (TRP) channels in the heart. A, General membrane topology of TRP channels. S1-S6 are the transmembrane segments, and the pore is
located between S5 and S6. Most TRP channels are nonselective and permeable to monovalent and divalent cations. Many TRP channels are blocked by lanthanum (La*) and
2-aminodiethylphenhyl borate (2-APB). B, Properties of TRPM7-dependent current in human atrial fibroblasts. The |-V relationship (left) elicited by a voltage ramp protocol illus-
trates that TRPM7 currents strongly outwardly rectify and inward currents are very small in normal conditions. Single-channel conductance (right) of TRPM7-mediated current
was 384+ 1.6 pS. C, Properties of TRPC-dependent nonselective cation currents in rat cardiac fibroblasts. Current-voltage (I-V) relations elicited by a voltage ramp protocol (top)
and time course of maximum inward and outward currents (bottom) are illustrated. The current is not affected by ClI~ replacement with CH;SO;™. Replacing extracellular Na* with

NMDG" selectively reduces the inward current, while removal of divalent cations linearizes the IV relationship and increases inward and outward currents.

(A, Clapham DE, Runnels LW, Strubig C: The TRP ion channel family. Nat Rev Neurosci 2:387-396, 2001. B, Rose RA, Hatano N, Ohya S, et al: C-type natriuretic peptide activates
a non-selective cation current in acutely isolated rat cardiac fibroblasts via natriuretic peptide C receptor-mediated signalling. J Physiol 580:255-274, 2007. C, Du J, Xie J, Zhang

Z, et al: TRPM7-mediated Ca** signals confer fibrogenesis in human atrial fibrillation. Circ Res 106:992-1003, 2010.)
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Several TRP channels are expressed in cardiac fibroblasts. In
rat ventricular fibroblasts, mRNA for TRPC2, TRPC3, TRPV2,
TRPV6, TRPM4, and TRPM7 has been detected,'” while
human atrial fibroblasts were shown to express mRNA for
TRPC1, TRPC6, TRPC2, TRPC4, and TRPM?7."" These TRP
channels facilitate the influx of Ca** into fibroblasts and may serve
as a primary source of Ca’* for these nonexcitable cells, which do
not typically express voltage-gated Ca** channels.'”

Recent data indicate that Ca®* influx into fibroblasts through
TRP channels is a significant contributor to fibroblast prolifera-
tion and fibrosis in atrial fibrillation. Du et al''® demonstrated
that TRPM7 (Figure 2-5, B) is a major pathway for Ca’* entry
in human atrial fibroblasts, and that this Ca’" activates transform-
ing growth factor (TGF)-B1, a critical signaling molecule in atrial
fibrosis. TRPC channels also constitute a major pathway for Ca**
entry into cardiac fibroblasts via nonselective cation currents'”’
(Figure 2-5, C), and a recent study'"” suggests that Ca’* entry in
atrial fibroblasts via TRPC3 channels controls fibroblast prolif-
eration and differentiation in an extracellular signal-related
kinase (ERK)-dependent fashion in atrial fibrillation. This study
further demonstrates a role for microRNA-26 and NFAT in the
TRPC3-dependent enhancement of fibroblast proliferation and

fibrosis in atrial fibrillation. The pathophysiological role of TRP
channels in cardiac arrhythmias is an emerging area of interest,
and the aforementioned studies strongly indicate the need to
better understand the relationships between these ion channels
and conduction disturbances in the heart."’

In conclusion, several ion channels in the heart are responsible
for mediating Ca’* influx into myocytes and fibroblasts. Cay1.2-
mediated I¢,;, represents a major route for Ca* entry in all car-
diomyocytes throughout the heart, while Cayl.3-mediated I¢,,
is restricted to the SAN, the cardiac conduction system, and the
atrial myocardium. T-type Ca’* channels primarily contribute to
Ca® influx in the specialized pacemaker cells of the SAN and
AVN in normal physiology, but may also be expressed in ven-
tricular myocytes in the diseased heart. Recently, a number
of TRP channels have emerged as important contributors to
Ca* influx in myocytes and fibroblasts. Each of the ion channels
contributes importantly to the transport of Ca® into cells in the
heart in normal physiology and in the setting of cardiovascular
disease. These channels are importantly regulated by a variety of
neurohumoral signaling molecules, and interest remains high in
how these channels are or may be targeted for therapeutic
interventions.
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Summary

Electrophysiologic studies on isolated mammalian cardiac myo-
cytes have identified the presence of multiple types of voltage-
gated K" (Kv) channel currents with distinct time- and
voltage-dependent properties that contribute to determining
action potential amplitudes, waveforms and durations. A number
of non—voltage-gated, inwardly rectifying K* (Kir) channels that
contribute to action potential repolarization have also been func-
tionally identified. The various types of Kv and Kir channels are
differentially expressed in different cardiac cell types, contribut-
ing to cellular and regional differences in action potential wave-
forms and refractoriness. In the diseased myocardium, K* current
remodeling is evident and correlated with changes in action
potential waveforms and durations, increased dispersion of repo-
larization and the development of substrates for reentrant
arrhythmias. The cloning of Kv and Kir channel pore-forming
(o) and accessory () subunits, as well as the subsequently identi-
fied two pore domain K* (K2P) channel and small conductance
Ca’*-dependent K* (SK) channel subunits, has provided insights
into the molecular basis of functional myocardial K* channel
diversity. In addition, a variety of experimental approaches have
been, and continue to be, used to define the molecular determi-
nants of native cardiac K* channels and facilitated efforts focused
on exploring the molecular mechanisms controlling the proper-
ties and the functional cell surface expression of these channels
in the normal and in the diseased myocardium.

In atrial and ventricular myocytes, the action potential
upstroke, attributed to inward currents through voltage-gated
Na* (Nav) channels, is rapid (Figure 3-1). In nodal tissues, which

JEANNE M. NERBONNE

lack functional Nav channels, the upstroke of the action potential
is substantially slower and is dominated by Ca** influx through
voltage-gated Ca’* (Cav) channels. There are also marked
regional differences in action potential heights and durations, as
well as in the time courses of action potential repolarization (see
Figure 3-1). These differences, which affect the normal spread of
excitation in the myocardium and influence the dispersion of
repolarization in the ventricles, primarily reflect regional differ-
ences in the functional expression and the properties of the
outward K*, as well as the inward (Nav and Cav) currents.’

Cellular electrophysiologic studies have detailed the proper-
ties of the major inward (Nav and Cav) and outward (K¥) currents
that shape the waveforms of atrial and ventricular action poten-
tials (Figure 3-2). In contrast to the cardiac Nav and Cav cur-
rents, there are multiple types of myocardial voltage-gated K*
(Kv) and non-voltage, inwardly rectifying K" (Kir) channels
(Table 3-1), many of which are differentially expressed, contrib-
uting to regional variations in myocardial action potential wave-
forms (see Figure 3-1) and refractoriness.'” In addition, changes
in the densities, distributions, and properties of Kv and Kir chan-
nels are evident in a variety of myocardial diseases, and these
changes affect repolarization, influence propagation and decrease
rhythmicity, effects that can produce substrates for the generation
of life-threatening arrhythmias.! There is, therefore, consider-
able interest in defining the molecular mechanisms controlling
the biophysical properties and the functional cell surface expres-
sion of these channels. A large number of Kv and Kir pore-
forming o and accessory B (Table 3-2) subunits have been
identified,"’ and considerable progress has been made in defining
the relationships between these subunits and functional myocar-
dial Kv and Kir channels."*” Importantly, the studies completed
to date have revealed that the molecular correlates of the various
types of Kv and Kir channels distinguished electrophysiologically
(see Table 3-1) are indeed distinct." In the long term, defining
the molecular compositions of myocardial Kv and Kir channels
will also facilitate studies aimed at determining the molecular
mechanisms controlling the marked regional differences in the
expression of these channels in the normal myocardium, as well
as the derangements in the expression or functioning of these
channels that occur with myocardial disease. In this chapter, the
electrophysiologic and molecular diversity of repolarizing myo-
cardial Kv and Kir channels and the molecular determinants of
native myocardial K* channels will be reviewed.

Myocardial Voltage-Gated K*
Channels: Transient Outward
Voltage-Gated K" Channels

Kv currents, activated on membrane depolarization, influence
myocardial action potential amplitudes and durations and, in
most cells, two broad classes of Kv currents have been distin-
guished: transient outward K currents, I,; and delayed, out-
wardly rectifying K* currents, Ix (see Table 3-1). The transient
currents (I,,) activate rapidly and underlie early (phase 1)
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Figure 3-1. Electrical activity in the mammalian myocardium. Schematic of the
human heart with the different anatomic regions labeled and representative action
potential waveforms recorded in these different regions illustrated. In the lower
panel, a schematic of a surface electrocardiogram is presented with four sequential
beats displayed and the P, Q, R, S, and T waves marked on the last beat.

repolarization, whereas the delayed rectifiers (Ix) determine the
latter phase (phase 3) of action potential repolarization (see
Figure 3-2) back to the resting membrane potential. These clas-
sifications are broad, however, and there are actually multiple
types of transient (I,,) and delayed rectifier (Ix) Kv currents (see
Table 3-1) expressed in cardiac cells."” Electrophysiologic and
pharmacologic studies, for example, have clearly demonstrated
that there are two types of transient outward K currents, now
referred to as I, fe (Log) and L gow (o), and that these currents
are differentially distributed.®” The rapidly activating and inacti-
vating transient outward K* current, I, is also characterized by
rapid recovery from steady-state inactivation, whereas I, recov-
ers slowly from inactivation.®” In addition, I,y is readily distin-
guished from other Kv currents (including I,,,) using Heteropoda
toxin-2 or -3 (see Table 3-1).

Although originally identified in Purkinje fibers, I, ¢is a prom-
inent repolarizing Kv current in atrial and ventricular myocytes,
as well as in nodal cells, in most species." There are, however,
marked regional differences in I, densities, with the highest
densities typically in atrial myocytes. In addition, in mammalian
ventricles, I, s and I, are differentially distributed. In canine left
ventricles (LVs), for example, I, density is fivefold to sixfold
higher in epicardial and midmyocardial, than in endocardial,
cells.” There are also marked regional differences in I, densities
in adult mouse ventricles.”'’ Specifically, I, ¢ density is higher in
right than in left ventricular myocytes, and within the LV, I¢
densities are higher in apex than in base myocytes."'" In the
mouse, even greater Kv current heterogeneity is seen in cells
isolated from the septum: all ventricular septum cells express I,
and most (approximately 80%) also express I,,+.* When present,
however, I,¢ density is significantly (p < 0.001) lower in septum

Ventricular Atrial
Phase 1
o Phase 2
[0]
@
£ Phase 3
- _— Pl kel Pore-
Phase 4 100 ms 100 ms forming
subunit
INa r SCN5A
lcaL - — CACNA1C
oL A —— KCND3
lo,L -_— KCNA4
[P T— KCNQ1
Ik -— KCNH2
IkLr — KCNA5
loc KCNK2/3
Ik KCNJ2/4/12
Ikica) KCNN1/2/3
IkaTP KCNJ8/11

Figure 3-2. Schematics of action potential waveforms and underlying ionic currents in adult human ventricular and atrial myocytes. The major ionic currents shaping action
potentials in human atrial and ventricular myocytes are schematized, and the main pore-forming a-subunits underlying these currents are listed. As discussed in the text,
there are regional differences in the relative expression levels of some of the repolarizing K* currents and the contributions of the various K* currents to shaping action

potential waveforms and controlling repolarization.
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Table 3-1. Potassium Conductances Expressed in the Mammalian Myocardium

Current Activation Pharmacology Pore-Forming (o) Subunits Expression Heterogeneous Expression* 3
lio, £ Fast mM 4-AP KCND 3 Atria, ventricles, Yes
HaTX Purkinje
HpTX
Ba2+
kays Fast mM 4-AP KCNA 4 Ventricles Yes
I Moderate E-4031 KCNH 2 Ventricles Yes
Dofetilide
Iks Very slow NE-10064 KCNQ 1 Ventricles Yes
NE-10133
lgur Fast UM 4-AP KCNA5 Atria No
Iko Fast Ba** ” Ventricles 7
Ig Slow mM TEA ” Ventricles ”
Ik, stow1 Fast mM 4-AP KCNA 5 Atria, ventricles No
I, stow2 Fast mM TEA KCNB 1 Atria, ventricles No
lgs Slow mM TEA K CNK 2/3 Atria, ventricles No
A1899
I _ Ba* K CNJ 2/4/12 Atria, ventricles No
lkca) Ca* Apamin K CNN 1/2/3 Atria No
lcach Acetylcholine Tertiapin-Q K CNJ 3/5 Atria No
lqate) ATP SUR KCNJ8/11 Atria, ventricles No
depletion

*Heterogeneous expression in ventricles.
4-AP, 4-aminopyridine; HaTX, hanatoxin; HPTx, heteropodatoxin; SUR, sulfonylureas; TEA, tetraethylammonium.

Table 3-2. Kv Channel Accessory B-Subunits thanin RV or LV cells.* I, rand I, ; are also differentially expressed
in ferret LV, and 1, is detected only in endocardial LV cells."

Family Protein Gene Current . S . . .
Despite heterogeneities in functional expression, the properties
Kv@ KvB1* KCNABT1 Yo, slown of I,s and I, in different cardiac cell types (and species) are
Kvp2* KCNAB2 27 remarkably similar, leading to suggestions that the molecular
compositions of the underlying (I, and I,;) channels are also
KVB3 KCNAB3 similarﬁ
Kvp4
KCNE MinK* KCNET ks
MiRPT* KCNE2 W Myocardial Voltage-Gated K" Channels:
: +
MiRP2 KONES " Delayed Rectifier Voltage-Gated K" Channels
MiRP3 KCNE4

Electrophysiologic and pharmacologic studies have also distin-
MiRP4 KCNE5 guished multiple types of cardiac delayed rectifier K* currents, Ix
(see Table 3-1). In atrial myocytes, for example, the dominant

& o, ¢ - . . L ) L
KChAP KChAP FiAs3 o repolarizing K* current is a rapidly activating, non-inactivating
KChIP KChIP1 KCNIP1 K" current, I, (Ix uiwarapia), Which is not detected in ventricular or
KChIP2* KCNIP2 o fleat nodal cells." In most ventricular myocytes, there are two promi-
: nent components of delayed rectification, Iy, (Ix,.iq) and Ig
KChIP3 KCNIP3 P y 5 ke (I rapia) Ks

(Ixgow), that are different from Ik, in terms of time- and
KChIP4.2 CSEN voltage-dependent properties.' The biophysical properties of I,
and Iy, are distinct: Iy, activates and inactivates rapidly,

KChiP4.3 KCNIP4 displays marked inward rectification, and is selectively blocked
NCS NCS-1* FREQ o, by class IIT anti-arrhythmics, including dofetilide and sotalol.”
DPPX DPP6* DPP6 o, ¢ In contrast, Iy, activates slowly and does not display inward
rectification."”
DPP10* DPP10 o, f

Similar to the transient outward K' currents, there are also
marked regional differences in the functional expression of Ik,
and Iy, in mammalian ventricular myocytes."” The density of I,
in canine LV, for example, is higher in epicardial and endocardial

*Expressed in the heart.
Kv, Voltage-gated K.
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than in M cells.” There are also regional differences in the func-
tional expression of Ig, and Iy, channels in guinea pig LV." In
cells isolated from the LV free wall, for example, the density of
Ik, is higher in subepicardial than in midmyocardial or subendo-
cardial myocytes.” At the base of the LV, in contrast, I, and I,
densities are significantly lower in endocardial, than in either
midmyocardial or epicardial, LV cells.”” Differences in Kv current
densities contribute to the variations in action potential wave-
forms recorded in different regions (i.e., atria and ventricles, right
and left ventricles, apex and base of the ventricles) of the heart,
as well as in different layers (epicardial, midmyocardial, and
endocardial) of the LV and RV walls.'*%"

In rodent ventricles, there are additional components of I
with properties distinct from I, and I, (see Table 3-1). In mouse
and rat ventricular myocytes, for example, there are novel delayed
rectifier Kv currents that have been referred to as Iy, I, and I
(see Table 3-1)."" Mouse ventricular Ig g, was first identified as
a rapidly activating and slowly inactivating K* current with prop-
erties distinct from Ly, I, and I expressed in the same cells."*
In addition, Ik, was shown to be blocked selectively by micro-
molar concentrations of 4-aminopyridine (4-AP), which does not
affect I, ¢ or I,,..'* Subsequent work, however, revealed the pres-
ence of two components of mouse ventricular I gou: Ik gow1, which
is blocked by uM 4-AP; and, Ik gow, which is blocked selectively
by TEA."” ¥ In addition, it has been demonstrated that I o, and
Tk qow2 Teflect the expression of distinct molecular entities.”' In
contrast to the differential distribution of I,¢ and I,,,, however,
Ik stowt> Ik dow2, and I appear to be uniformly expressed in mouse
atrial and ventricular myocytes.”'*"*""

Inwardly Rectifying Myocardial K* Channels
Also Contribute to Repolarization

In addition to the Kv currents, Kir currents, specifically Ix; and
the ATP-dependent K* current, Ixyrp (Table 3-1), contribute to
shaping myocardial action potential waveforms.”*** Similar to the
Kv currents, the densities of the Kir currents vary in different
regions of the heart (e.g., atria, ventricles, conducting tissue).'’
In contrast to the Kv currents, however, myocardial Kir current
densities are similar in myocytes in different regions of the ven-
tricles." In mammalian atrial and ventricular myocytes, Iy, plays
a role in establishing resting membrane potentials and plateau
potentials, and contributes to phase 3 repolarization (see Figure
3-2). The fact that the conductances of Ix, channels are high at
negative membrane potentials underlies the contribution of I,
to atrial and ventricular resting membrane potentials.”’ Although
the voltage-dependent properties of Ix, channels are such that
conductance is low at potentials positive to approximately
—40 mV, these channels nevertheless contribute outward K* cur-
rents during the plateau phase of the action potential in ventricu-
lar cells,”” as well as during phase 3 repolarization (see Figure
3-2), because the driving force on K* is high at depolarized mem-
brane potentials.

Myocardial ATP-dependent K* channels are weak, inwardly
rectifying channels that are inhibited by (elevated) intracellular
ATP and activated by nucleotide diphosphates.”’ In ventricular
myocytes, activation of Ixyrp channels during periods of hypoxia
and ischemia results in action potential shortening, suggesting
that these channels provide a link between cellular metabolism
and membrane potential.”"”> The opening of Ixyp channels
appears to contribute to the cardioprotection resulting from is-
chemic preconditioning.”” In contrast with some ventricular Kv
channels, Ixxrp channels appear to be distributed uniformly in the
right and left ventricles and through the thickness of the right or
left ventricular walls. Interestingly, Ixarp channels are expressed
at much higher densities than other sarcolemmal myocardial K*

channels,”’ suggesting that action potentials will be shortened
markedly when only a few Ixare channels are activated.

Pore-Forming (o) Subunits of Myocardial
Voltage-Gated K" Channels

Kv channel pore-forming (o) subunits are six transmembrane-
spanning domain proteins (Figure 3-3) with a region between the
fifth and sixth transmembrane domains that contributes to the
K*-selective pore.” The positively charged fourth transmembrane
domain in the Kv a-subunits (see Figure 3-3) is homologous to
the corresponding regions in Nav and Cav channel o-subunits,
placing them in the S4 superfamily of voltage-gated channels.’*
In contrast to Nav and Cav channels, in which only a single
o-subunit is required to form a channel, functional Kv channels
comprise four o-subunits (see Figure 3-3). Similar to the diversity
of functional myocardial Kv channels (see Table 3-1), however,
multiple Kv o-subunits have been identified. These subunits
comprise several homologous Kv o-subunit subfamilies, Kvl1.x,
Kv2.x, Kv3.x, Kv4.x, Kv10.x, Kv11.x, and many members of these
Kv o-subunit subfamilies are expressed in the mammalian heart.!
In addition, further functional Kv channel diversity could arise
through alternative splicing of transcripts and through the forma-
tion of heteromultimeric channels between two or more Kv
o-subunit proteins in the same Kv o-subunit subfamily.'**

Additional subfamilies of Kv o-subunits were revealed with
the cloning of the human eag-related (HERG) gene, KCNH2,
subsequently identified as the locus of mutations underlying one
form of familial long QT-syndrome, LQT2, and KCNQI
(KvLQT1), the locus of mutations in another inherited long QT
syndrome, LQT1.” Heterologous expression of KCNH2 (ERG1)
reveals inwardly rectifying Kv currents” with properties similar
to cardiac I, (see Table 3-1). Although there are several ERG
(KCNH) subfamily members, only KCNH2 (which encodes
ERG]1) appears to be expressed in the myocardium.' Heterolo-
gous expression of KCNQI (KvLQT1) alone reveals rapidly acti-
vating and non-inactivating Kv currents, whereas co-expression
with the Kv accessory subunit, minK (see Table 3-2), produces
slowly activating Kv currents that resemble the slow component
of cardiac-delayed rectification, Iy."***

Accessory/Auxiliary Subunits of
Myocardial Voltage-Gated K" Channels

In addition to the Kv o-subunits, a number of Kv channel acces-
sory (Kv B) subunits have also been identified (see Table 3-2).
The first of these subunits was KCNEI, which encodes a small
(130-aa) protein (minK) with a single transmembrane spanning
domain.” Tt appears that minK coassembles with KvLQT'1 to
form functional cardiac Iy, channels.”** Additional minK homo-
logs, MiRP1 (KCNE2), MiRP2 (KCNE3), and MiRP3 (KCNE4)
have also been identified (see Table 3-2), and it has been sug-
gested that MiRP1 (KCNE2) functions as an accessory subunit
coassembling with ERGI to generate cardiac Iy.” It has also
been reported that the MiRP subunits interact with multiple Kv
a~subunit subfamilies and modify channel properties.”* MiRP2,
for example, coassembles with Kv3.4 in mammalian skeletal
muscle,’”® and MiRP1 coassembles with Kv4.x a-subunits when
coexpressed in heterologous cells.”” These observations suggest
that the MiRP (KCNE) accessory subunits can assemble with a
variety of Kv o-subunits and contribute to the formation of
multiple types of myocardial Kv channels. Direct experimental
support for this hypothesis, however, has not been provided, and
the roles of the various KCNE subunits in the generation of
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Figure 3-3. Pore-forming o-subunits and assembly of functional K* channels. A, Linear sequences and transmembrane topologies of the pore-forming a-subunits encoding
voltage-gated (Kv), inwardly rectifying (Kir), and two-pore domain (K2P) K* channels are illustrated. B, The tetrameric assembly of Kv and Kir o-subunits and the dimeric
assembly of K2P a-subunits are illustrated below the primary sequences of the a-subunits. C, Assembled, functional K* channels composed of pore-forming a-subunits

and one or more cytosolic and transmembrane accessory subunits.

functional cardiac Kv***’

be defined.

Another type of Kv channel accessory subunit was revealed
with the isolation of low molecular weight (approximately 45 kD)
cytosolic (Kvf) subunits from brain.’” Three homologous Kv
B-subunits, KvB1, Kvp2, and KvB3 (see Table 3-2), as well as
alternatively spliced transcripts, have been identified, and both
KvB1 and KvpB2 are expressed in heart.! Previous studies have
shown that Kvf subunits interact with the intracellular domains
of Kv1 o-subunits, and functional studies demonstrated that Kv3
subunits affect the biophysical properties and increase the cell
surface expression of heterologously expressed Kvl o-subunit—
encoded Kv currents.” Because Kv o~ and B-subunits appear to
coassemble in the endoplasmic reticulum,” the increase in func-
tional channel expression suggests that the Kv B-subunits affect
channel assembly, processing or stability or, alternatively, func-
tion as chaperone proteins. Although KvB1 and KvB2 have been
shown to associate with Kv4 subunits in the mouse myocardium
and the targeted deletion of KvB1 results in the attenuation of
Kv4-encoded I,,¢ in mouse ventricular myocytes,’” the roles of
KvB subunits in the generation of myocardial Kv channels in
other species have not been explored.

A yeast two-hybrid screen, using the N terminus of Kv4.2 as
the bait, led to the identification of accessory Kv channel interact-
ing proteins, (KChIPs) (see Table 3-2) in brain.”’ Of the four
KChIPs identified,”** only KChIP2 is expressed in heart,’"*’
although there are several KChIP2 splice variants.’*”¢ Interest-
ingly, the KChIPs belong to the recovering family of neuronal
Ca**-sensing (NCS) proteins,”” and contain four EF-hand

and other non-Kv*® channels remain to

domains.”’ When coexpressed with Kv4 a-subunits, each of the
KChIPs increases K* current densities, slows inactivation, speeds
recovery from inactivation, and shifts the voltage dependence of
current activation.”’ In contrast, KChIP coexpression does not
affect the properties or the densities of Kv1.4- or Kv2.1-encoded
K* currents, consistent with the suggestion that the modulatory
effects of the KChIPs are specific for Kv4 a-subunit—encoded Kv
channels.”’ More recent studies, however, suggest that the
KChIPs modulate the functional cell surface expression of Kv1.5-
encoded Kv channels,” as well as myocardial Cav channels.” In
addition, although KChIP binding to Kv4 a-subunits is not Ca**
dependent, mutations in EF hand domains 2, 3, and 4 eliminate
the modulatory effects of KChIP1 on Kv4- and Kv1.5-encoded
Kv currents,’** suggesting a role for voltage-dependent Ca**
entry and intracellular Ca** levels in the regulation of functional
cardiac (Kv4-encoded) I,,¢ channels, as has been demonstrated
for neuronal Kv4-encoded channels.”

The transmembrane diaminopeptidyl transferase-like protein
6 (DPP6 or DPPX) has also been suggested as an accessory
subunit of cardiac'' and neuronal” Kv4-encoded channels (see
Table 3-2). Lacking enzymatic activity, DPP6 increases the cell
surface expression of Kv4 a-subunits, shifts the voltage depen-
dences of activation and inactivation of heterologously expressed
Kv4 currents to more negative potentials, and accelerates the
rates of current activation, inactivation, and recovery."* Inter-
estingly, heterologous coexpression of DPP6 with Kv4.3 and
KChIP2 produces Kv currents that closely resemble native
cardiac I,z"" Another member of the DPP-like subfamily of
proteins, DPP10, has been demonstrated to associate with Kv4.2
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and KChIP3 in the rat brain and to have regulatory effects similar
to DPP6 on heterologously expressed Kv4 (with and without
KChIP) channels.”* In addition, DPP10 has been shown to be
expressed in normal and failing human ventricles.”

Molecular Determinants of Native
Myocardial Transient Outward
Voltage-Gated K" Channels

Considerable experimental evidence has accumulated demon-
strating a critical role for Kv a-subunits of the Kv4 subfamily in
the generation of cardiac I,,; channels. In rat and mouse ventricu-
lar myocytes exposed to antisense oligodeoxynucleotides targeted
against Kv4.2 or Kv4.3, I, density is reduced by approximately
50%.%* Rat ventricular I, density is also reduced in cells
exposed to an adenoviral construct encoding a truncated Kv4.2
subunit (Kv4.2ST) that functions as a dominant negative.” In
addition, I, is eliminated in ventricular and in atrial myocytes
isolated from transgenic mice expressing a pore mutant of Kv4.2,
Kv4.2W362F (Kv4.2DN), which also functions as a dominant
negative.”’’ Although biochemical and electrophysiologic studies
suggested that Kv4.2 and Kv4.3 are associated in adult mouse
ventricles and that functional mouse ventricular I,; channels are
heteromeric,” targeted deletion of Kv4.2 eliminates mouse ven-
tricular I,;’" whereas elimination of Kv4.3 has no effect.’” In
mouse ventricles, therefore, Kv4.2 is the critical o-subunit
required for the generation of functional I,¢ channels.”’ Given
the similarities in the properties of I, (see Table 3-1), it seems
reasonable to suggest that Kv4 a-subunits also underlie I,¢ in
other species. In canine and in human myocardium, however, the
candidate subunit is Kv4.3 because Kv4.2 is barely detectable.”®
Although two splice variants of Kv4.3 have been identified,™ the
expression levels of the two predicted Kv4.3 proteins and the
functional roles of these variants in the generation of functional
cardiac I, channels have been determined.

It has also been demonstrated that the Kv channel accessory
subunit KChIP2 coimmunoprecipitates with Kv4 o-subunits
from adult mouse ventricles, which is consistent with a role for
this subunit in the generation of Kv4-encoded mouse ventricular
I, channels.”” In ferret and canine hearts, a gradient in KChIP2
message expression is observed through the thickness of the ven-
tricular wall,”** leading to suggestions that the differential
expression of KChIP2 underlies the epicardial-endocardial dif-
ferences in I, densities. Subsequent studies revealed that the
patterns of expression of the KChIP2 message, the KChIP2
protein, and I, s densities in canine ventricles are indeed similar,”
which is consistent with an important role for KChIP2 in deter-
mining functional canine and human ventricular I, ¢ densities. In
contrast, in rat and mouse ventricles, there is little or no gradient
in KChIP2 message or protein (51,56) expression, and it appears
that regional differences in Kv4.2 expression underlie the hetero-
geneities in I,; densities in rodent ventricles.”*’ Molecular
insights into the regulation of the observed regional variations in
the expression of the Kv4.2 transcripts were provided with the
demonstrations that the expression levels of the transcription
factors, Irx5 and NFAT; are positively and negatively correlated,
respectively, with the differences in Kv4.2 expression and I
densities.”™"’ Interestingly, approximately 25 transcription factors
were subsequently shown to be differentially expressed in the
ventricles,” although the functional import of these findings
remains to be determined.

A role for the KChIP2 splice variant, KChIP2b, in determin-
ing regional differences in ferret ventricular I, ; densities has also
been proposed.”” The KChIP-related (NCS family) protein,
NCS-1, appears to be uniformly expressed in adult mouse ven-
tricles and, in addition, coimmunoprecipitates with Kv4

o-subunits.®’ The protein expression pattern of this putative Kv4
channel accessory subunit has not been examined in canine or
human hearts, and a role for NCS-1 in controlling functional
myocardial I,; densities has not been determined directly.
Although accumulating evidence suggests that cardiac I,,¢ chan-
nels function in macromolecular complexes, comprising Kv4
o-subunits and multiple cytosolic and transmembrane accessory
subunits (Figure 3-4), the molecular compositions of native myo-
cardial I,,¢ channels have not been determined. In addition, the
functional roles of additional Kv accessory subunits, including
members of the KCNE27% and DPPX41% subfamilies, in the
generation of native myocardial I, ; channels and in determining
regional differences in myocardial I,¢ densities remain to be
defined.

The kinetic and pharmacologic properties of the slow tran-
sient outward K* currents, I, in ventricular myocytes are dif-
ferent from I, ¢ (see Table 3-1), which is interpreted as suggesting
that the molecular correlates of ventricular I, and I, channels
are also distinct. Direct experimental support for this hypothesis
was provided in electrophysiologic experiments on myocytes iso-
lated from mice with a targeted deletion of the Kv1.4 gene,
Kv1.47,% demonstrating that I, is undetectable in septum
cells.” The properties and the densities of Ly, Tk gowt, Ikow2, and
L, in Kv1.4” left and right ventricular (and in atrial) myocytes,
however, are indistinguishable from those measured in wild type
cells.”” Interestingly, upregulation of I, is evident in the ven-
tricles of Kv4.2DN-expressing mice in which I, ¢ is eliminated.”
Given the similarities in the time- and voltage-dependent proper-
ties of the slow transient outward K* currents in other species
with mouse I, (1), it seems reasonable to suggest that Kv1.4
likely also encodes I, in ferret, rabbit, human, and canine ven-
tricular myocytes.

Molecular Determinants of Native Myocardial
Delayed Rectifier Voltage-Gated K" Channels

As noted earlier, ERG1 is the locus of mutations in LQT?2, and
heterologous expression of ERG1 reveals voltage-gated, inwardly
rectifying K*-selective channels that are similar to cardiac Ix.”
Alternatively processed forms of ERGI, with unique N- and
C-termini, have also been identified in mouse and human hearts
and suggested to have roles in the generation of native cardiac
I, channels.® % It has also been suggested that functional cardiac
Ik, channels are multimeric, comprising ERG1 and minK, and
biochemical studies have demonstrated coimmunoprecipitation
of ERG1 and minK from equine ventricles.” It is not clear
whether ERG1 and minK or other members of the KCNE family
are also found in association in other species.

Although heterologous expression of KCNQI, the locus of
mutations in LQT'1, reveals rapidly activating, non-inactivating
Kv currents, coexpression with minK produces slowly activating
Kv currents similar to cardiac Ig..”* These observations, together
with biochemical data demonstrating that heterologously
expressed KvLQT1 and minK associate, were interpreted as sug-
gesting that minK coassembles with KvLLQT1 to form functional
cardiac Ig, channels."”® Direct biochemical evidence for the in
situ coassembly of KvLQT1 and minK was recently provided in
studies of equine ventricles.”” Similar data for human ventricular
I, are yet to be provided. Interestingly, it was reported that
KvLQT1 modulates the distribution and properties of ERG1-
encoded channels, an observation interpreted as suggesting
that cardiac Iy, and Ig, channels are regulated directly
through Kv o-subunit-Kv a-subunit interactions.”” The molecu-
lar mechanisms controlling the cell surface expression of func-
tional Iy, channels, the regional differences in functional
ventricular I, densities, and the interactions between cardiac I,
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Figure 3-4. Schematic of putative Kv4.3-encoded, myocardial |,s channel macromolecular complex. A, Cross section of a Kv4.3 channel in a membrane showing two Kv4.3
o-subunits (blue), generated based on the structure of Kv1.2,”" each interacting with a cytosolic KChIP2 (red) and a cytosolic Kvf (green) accessory subunit (1:1:1: stoichi-
ometry) through distinct, non-overlapping N-terminal domains. The transmembrane accessory subunits, DPP6/10 (brown)™” and MinK/MiRPs (vellow), which have also been
proposed to interact with Kv4.3 a-subunits (1:2 stoichiometry) and to contribute to the formation of functional cardiac I, channels. B, Structural analyses of Kv4.3N-KChIP1
complexes™ revealed a 1:1 stoichiometry with each KChIP (red) bridging two adjacent Kv4.3 N termini (blue), anchoring hydrophobic Kv4.3 N terminal residues in a hydro-
phobic binding pocket in KChIP1. Protein structures illustrated were generated based on published structural data”* using PyMOL.

and Iy, (and possibly other cardiac channels), however, remain to
be determined.

Similar to the transient outward Kv currents, molecular
genetic methods, in combination with biochemistry and electro-
physiology primarily in mice, have provided molecular insights
into the basis of functional delayed rectifier Kv channel diversity
in the murine myocardium. A role for Kvl o-subunits in the
generation of mouse ventricular Iy g, for example, was revealed
with the demonstration that Iy, is selectively attenuated in
ventricular myocytes isolated from transgenic mice expressing a
truncated, dominant negative Kv1 o-subunit, Kv1.1DN." It was
subsequently shown, however, that Ix g, is also reduced in ven-
tricular myocytes expressing a dominant negative Kv 2.1 mutant,
Kv2.1DN,"” revealing that there are two molecularly distinct
components of mouse ventricular Ig jo.: Ixgov1 that is sensitive to
micromolar concentrations of 4-AP and encoded by Kvl
o-subunits, and Iy g, that is sensitive to TEA and encoded by
Kv2 o-subunits.”” Subsequent studies revealed that Iy 1 is elim-
inated in ventricular myocytes isolated from mice harboring the
targeted disruption of the KCNAS (Kv1.5) locus, revealing that
Kvl1.5 encodes Iy gou1.'° These findings, together with the previ-
ous studies completed on cells from Kv1.47~ animals® in which
L., is eliminated,* reveal that, in contrast to the Kv4 o-subunits,
Kv4.2, and Kv4.3," the Kv1 a-subunits, Kv1.4 and Kv1.5, do not
associate in adult mouse ventricles in situ. Rather, functional Kv1
o-subunit-encoded Kv channels in mouse ventricular myocytes
are homomeric, composed of Kv1.4 o-subunits (I,,)” or Kv1.5
o-subunits (I gow1).'* The roles of Kv accessory subunits in the
generation of functional I, Ik gowi and Ixgoew channels and the
molecular mechanisms controlling the differential expression of
these channels remain to be determined.

Molecular Determinants of Myocardial Kir
and K2P Channels

In cardiac and other cells, inwardly rectifying K* (Ix;) channels
are encoded by a large and diverse subfamily of inward rectifier
K* (Kir) channel pore-forming o-subunit genes," each of which
encodes a protein with two transmembrane domains that assem-
ble as tetramers to form K* selective pores (see Figure 3-3). Based
on the properties of the currents produced in heterologous
expression systems, Kir2 o-subunits were long thought to encode
the strongly inwardly rectifying cardiac Iy, channels,” and several
members of the Kir2 subfamily are expressed in the myocar-
dium.”" Direct insights into the roles of Kir2 a-subunits in the
generation of cardiac Ix; channels were provided in studies com-
pleted on myocytes isolated from mice lacking KCN72 (Kir2.17)
or KCN712 (Kir2.2™).”* Although Kir2.17~ mice have cleft palate
and die shortly after birth, precluding electrophysiologic studies
on myocytes from adult animals, voltage-clamp recordings from
isolated newborn Kir2.17~ ventricular myocytes revealed that Iy,
is absent, whereas a quantitative reduction in Ig, was observed in
adult Kir2.27" ventricular myocytes,”” suggesting that both Kir2.1
and Kir2.2 contribute to mouse ventricular Ix; channels and that
functional cardiac Ix; channels are heteromeric. The quantitative
differences between the effects of the deletion of KCN72 and
KCN712 further suggest that Kv2.1 (KCN72) is the critical
subunit underlying (mouse) Ix; channels.”

Mutations in KCN72 have been linked to congenital long
QT (Andersen-Tawil syndrome or LQT7) and short QT
syndromes,””* and increasing expression of Kir2.1 in the
mouse heart, which results in the upregulation of Ik,
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is proarrhythmic.”’® Previous studies have identified regional
differences in myocardial Ig, expression and properties in adult
mouse heart,””’”® and it has been suggested that these differences
reflect the variable subunit compositions of the channels, as well
as differences in polyamine concentrations.” Studies focused on
testing this hypothesis directly and on defining the molecular
mechanisms controlling regional differences in the expression
and functioning of native Iy, channels in species other than mice
are also clearly warranted.

In the mammalian heart, Ixxrp channels appear not to have a
prominent role in action potential repolarization, but are thought
to be important in myocardial ischemia and preconditioning.*
In heterologous systems, Ixxrp channels can be reconstituted by
coexpression of Kir6.x subunits with one or more ATP-binding
cassette proteins that encode sulfonylurea receptors, SURx.™
Pharmacologic and mRNA expression studies suggested that
cardiac sarcolemmal Ixarp channels are encoded by Kir6.2 and
SUR2A, and the essential role of Kir6.2 was demonstrated
directly in experiments showing that Ixxrp channels are undetect-
able in ventricular myocytes isolated from Kir6.27~ animals.”’ In
addition, cardiac Ixxrp channel activity is reduced in SUR2™"
myocytes” and unaffected in SUR1”" myocytes,* suggesting an
important role for SUR2. Interestingly, the properties of the
residual Ixsrp channels in SUR2” myocytes are similar to those
produced in heterologous cells on coexpression of Kir6.2 and
SURL1,” suggesting that SURI also contributes to the generation
of functional cardiac Ixyrp channels by coassembling with Kir6.2
o-subunits alone or with SUR2A. Biochemical and molecular
genetic strategies will need to be combined to define the molecu-
lar components of native cardiac Ixyrp channels directly.

Although action potential waveforms in Kir6.2”~ and wild
type ventricular myocytes are indistinguishable, the action poten-
tial shortening observed in wild type cells during ischemia or
metabolic blockade is abolished in the Kir6.27~ cells,*' consistent
with the hypothesis that cardiac Ixsrp channels have a role under
pathophysiologic conditions, particularly those involving meta-
bolic stress. Interestingly, action potential durations are largely
unaffected in transgenic animals expressing mutant Ixarp chan-
nels with markedly (fortyfold) reduced ATP sensitivity, suggest-
ing that there are additional inhibitory mechanisms that regulate
cardiac Igxrp channel activity in vivo.** Similar to the strong
inwardly rectifying myocardial Kir currents, Ix;, further study is
needed to provide molecular insights into the mechanisms con-
trolling regional differences in the functional expression of myo-
cardial Ixxrp channels.

In addition to Kv and Kir channel o-subunits that assemble
as tetramers, a novel type of K* o-subunit with four transmem-
brane spanning regions and two pore domains (see Figure 3-3)
was identified with the cloning of TWIK-1.” Both pore domains
contribute to the formation of the K* selective pore, and TWIK-1
subunits assemble as dimers.** A large number of two-pore
domain K* (K2P) channel a-subunit genes have been identified,
and several are expressed in the mammalian myocardium (Table
3-3). Heterologous expression of K2P subunits reveals currents
with distinct biophysical properties and sensitivities to several
potential intracellular and extracellular modulators, including
anesthetics, change in pH, and fatty acids.”

The multiplicity of K2P a-subunits (see Table 3-3), the wide-
spread distribution of expressed subunits and the findings that
the properties of the channels encoded by K2P subunits are regu-
lated by a variety of physiologically (and pathophysiologically)
relevant stimuli suggest that K2P channels likely subserve a
variety of important functions. As with other cell types, the physi-
ologic roles of these subunits and channels in the myocardium
are just beginning to be explored. Both TREK-1 and TASK-1
are detected in heart, and heterologous expression of these sub-
units gives rise to instantaneous, non-inactivating K currents
that display little or no voltage dependence.” These properties

Table 3-3. Two-Pore K* (K2P) Channel o-Subunits

Family Subfamily Protein Gene Cardiac
Current
Two-Pore TWIK TWIK-1* KCNK1 7
TWIK-2* KCNK6 7
TWIK-3 KCNK7
TWIK-4 KCNK8
TREK TREK-1* KCNK2 7
TREK-2 KCNK10
TASK TASK-1* KCNK3 lep??
TASK-2 KCNK5
TASK-3 KCNK9
TASK-4 KCNK14
TASK-5 KCNK15
TRAAK TRAAK-1* KCNK4
THIK THIK-1 KCNK13
THIK-2* KCNK12 ”
TALK TALK-1 KCNK16
TALK-2* KCNK17 7

*Expressed in the heart.

suggest that K2P subunits might contribute to background or
“leak” K* channels (i.e., channels with properties similar to the
steady-state, non-inactivating K" current [I] that is expressed or
characterized in rodent myocytes).*”**" In recent studies com-
pleted on rat atrial and ventricular myocytes, roles for TASK1%”
and TREK1***” subunits in the generation of I, have been sug-
gested. Clearly, experiments focused on testing these hypotheses
are needed to provide clear insights into the molecular basis of
I and to allow further study focused on defining the mechanisms
controlling the physiologic and the pathophysiologic regulation
of these (I;) channels.

Conclusions

Cellular electrophysiologic studies have distinguished multiple
types of voltage-gated inward and outward currents that contrib-
ute to action potential repolarization in mammalian cardiac cells
(see Table 3-1). The outward (K*) currents are more numerous
and more diverse than the inward (Na*, Ca’*") currents, and most
cardiac cells express a repertoire of voltage-gated and inwardly
rectifying K* channels (see Table 3-1). In addition, several of
these K" channels are expressed differentially in different myo-
cardial cell types and through the thickness of the ventricular
walls. Molecular cloning led to the identification of multiple
voltage-gated (Kv), non-voltage-gated, inwardly rectifying (Kir),
and weakly rectifying, non-inactivating (K2P) K* channel pore-
forming o-subunits and a number of channel accessory (B) sub-
units (see Table 3-2) thought to contribute to the formation of
the various cardiac K* currents that have been distinguished elec-
trophysiologically (see Table 3-1). In recent years, considerable
progress has been made in identifying the pore-forming Kv and
Kir o-subunits contributing to the formation of most of the K*
channels expressed in mammalian cardiac myocytes (see Figure
3-2). In addition, biochemical studies have provided some insights
into the molecular mechanisms underlying the observed hetero-
geneities in the expression of myocardial Kv and Kir currents.
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For cardiac I, f, regional differences in current densities are cor-
related with differences in Kv4.2 protein expression in adult
mouse ventricles,”” whereas variable expression of the I, s channel
accessory protein, KChIP2, has been suggested as underlying the
transmural gradient in I, densities in canine and human ven-
tricles.” For cardiac Iy, channels, in contrast, recent studies
suggest that differences in Kir channel o-subunit composition or
differences in the concentrations of intracellular polyamines
appear to have roles in regulating the functional diversity of these
channels.”

Accumulating evidence suggests that native myocardial Kv
channels likely function in macromolecular protein complexes
(see Figure 3-4), comprising pore-forming a-subunits and mul-
tiple cytosolic and transmembrane accessory subunits (see Table
3-2). The molecular compositions of native myocardial Kv chan-
nels, however, have not been determined. In contrast to the
progress made in defining the Kv (and the Kir) o-subunits encod-
ing native myocardial Kv (and Kir) channels or currents, however,
much less is known about the functional roles of the putative
accessory subunits (see Table 3-2) of these channels, as well as
about the functioning of the various K2P subunits (see Table 3-3).
An important focus of future work will likely be on defining the

roles of the various Kvf and the K2P o-subunits in the genera-
tion of functional myocardial K* channels and on defining the
molecular mechanisms controlling the properties and the cell
surface expression of myocardial K* channels encoded by the
various Kv orand B, Kir oc and B, and K2P o-subunits. In addition,
as numerous studies have documented changes in functional K*
channel expression in a variety of myocardial disease states,
changes that could reflect modifications in channel properties, as
well as alterations in the molecular compositions of the channels
or the processing of the underlying channel subunits, it seems
clear that a major focus of future research will be on defining
these mechanisms in detail. There are numerous possible mecha-
nisms, including transcriptional, translational, and posttransla-
tional, that likely are important in regulating the functional
expression and the properties of myocardial K* channels in the
normal, as well as in the damaged or diseased, myocardium.
Defining these mechanisms will have an important effect on the
field, leading to new insights into the mechanisms that regulate
myocardial K* channel expression and functioning and to the
development of novel therapeutic strategies to prevent or reverse
the remodeling of these channels associated with systemic or
myocardial disease.
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Background

Inwardly rectifying potassium (Kir) channels are important for
stabilizing the resting membrane potential, establishing the
threshold of excitation, and modulating the repolarization phase
of the cardiac action potential.' Inward rectification is a process
in which the conductance of the Kir channel increases with
membrane hyperpolarization, but decreases with depolarization
to potentials positive to the potassium equilibrium potential.
In essence, Kir channels behave as “bio-diodes,” preferentially
passing current in one direction. The molecular basis of rectifica-
tion in Kir channels is a physical occlusion of the ion permeation
pathway by depolarization-induced movement of intracellular
cations, such as magnesium and polyamines.' Only few Kir chan-
nels, however, display strong rectification.” Strong rectification
enables the Kir channels to stabilize the resting membrane poten-
tial, as well as to protect the cell from an excessive loss of K* ions
during the plateau phase of an action potential.' The molecular
correlates of these channels are primary subunits encoded by the
KCNY family of genes.” Mutations in KCN7 genes have been
associated with various channelopathies,” demonstrating the
importance of Kir channels in normal cardiac excitation. This
chapter will focus on three well-studied Kir channels in the myo-
cardial cells: the classical inward rectifier potassium channels
(Ix1), the acetylcholine-activated potassium channels (Kjcp), and
the adenosine triphosphate (ATP)-sensitive potassium channels
(Kyrp). Additional information on the topics covered in this
chapter can be obtained from recent review articles.”*

A Family of Genes Encode Inward Rectifier
Potassium Channels

Channels belonging to the Kir family are structurally and func-
tionally different from voltage-gated potassium channels.”* The
genes that encode Kir channels are ascribed the KCN7 nomen-
clature and are categorized into seven subfamilies based on the
gene products (Kirl-7; Table 4-1; Figure 4-1). In general, Kir
channels consist of homomeric or heteromeric complexes of the
respective Kir subunits, but as will be discussed, functionality of

the resulting channels depends partially or solely on interactions
with additional (accessory) proteins.’ From a functional perspec-
tive, there are three distinct classes of cardiac Kir channels (I,
Txach, and Ixarp). As will be discussed later in this chapter, based
on the degree of inward rectification the underlying channels
can be considered as strong (Ix;; Kycn) or weak (Kyrp) inward
rectifiers.”

There is ample molecular and electrophysiologic evidence for
the expression of Kir2, Kir3, and Kir6 subfamily members in
myocardial tissue, subunits representing the molecular correlates
of Ixy, Ixacn, and Ixare, respectively. Given that the other members
of Kir family (Kirl, Kir4, Kir5, and Kir7) are thought to be
primarily important for K* transport in other tissues, they will
not be discussed further in this chapter.

Classical Cardiac Inward Rectifier
Potassium Channels

Structure and Function

Kir2 Subfamily Underlies Cardiac I,

The Kir2 subfamily consists of five members (Kir2.1-Kir2.5), of
which only Kir2.1-Kir2.4 are expressed in the mammalian heart.
Kir2.5 is expressed in the fish. As shown in Table 4-1, the follow-
ing genes encode the mammalian cardiac Kir channels: KCN72,
KCN712, KCN74, and KCN714, for Kir2.1 through Kir2.4,
respectively. There is evidence that in the mammalian heart
Kir2.1-Kir2.3 isoforms are expressed in cardiac myocytes, and
that Kir2.4 is probably only expressed in neuronal cells. It is well
established that members of the Kir2 subfamily underlie I,
although the subunit composition varies among species and cell
types, and channel complexes are likely formed as hetero-
tetrameric structures.

Crystal Structure of Kir2 Channels

In recent years, x-ray crystallographic structures of both bacterial
and mammalian homologs of several Kir channels have been
obtained.” Figure 4-2 highlights some important and common
features of Kir channel structure based on the results of work
with Kir2.1 and Kir2.2 mammalian channels.” It is now firmly
established that Kir channels are tetramers of distinct subunits,
each having two transmembrane domains (M1 and M2), rela-
tively small N-terminal, and large C-terminal cytoplasmic
domains, and a pore-forming structure between M1 and M2
(see Figure 4-2). The pore structure contains pore helix directed
toward the conduction pathway and the characteristic GYG (or
GFG) motif, also known as K channel signature sequence, that
contributes to the selectivity filter in all potassium channels. The
M1 and M2 transmembrane domains in each subunit are arranged
as an antiparallel coiled-coil and make contact with each other.
Kir2 channels have a negatively charged amino acid (D172 in
Kir2.1) located in approximately the middle of the pore, which
has a critical role in the phenomenon of inward rectification
discussed later.
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Table 4-1. Diversity of o-Subunit Proteins in the Family of Inward
Rectifier Potassium Channels

Subfamily  Protein  Gene Human Mouse  Current
Kir1 Kir1.1 KCNJ1 11925 ?
Kir2 Kir2.1 KCNJ2 17923 1 ks
Kir2.2 KCNJ12 17p11.2 1 I
Kir2.3 KCNJ4 22U I
Kir2.4 KCNJ14  19q13.4 ?
Kir3 Kir3.1 KCNJ3 2 Ikach
Kir3.2 KCNJ6 21922
KCNJ7 16
Kir3.3 KCNJ9 1921 1
Kir3.4 KCNJ5 11925 9 lkach
Kir4 Kir4.1 KCNJ10 1921 1
Kir4.2 KCNJ15 21922 16
Kir5 Kir5.1 KCNJ16 17925
Kir6 Kir6.1 KCNJ8 12p11.1 6 Ikare
Kir6.2 KCNJ11 11p15 late
Kir7 Kir7.1 KCNJ13 2 1 ?

(Modified from Nerbonne JM, Nichols CG, Schwarz TL, et al: Genetic
manipulation of cardiac K* channel function in mice: what have we learned,
and where do we go from here? Circ Res 89:944-956, 2001).

kit | [ kir2 | [ ki3] |kira | | Kirs | | Kir6 | | Kir7 |
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Figure 4-1. The family of inward rectifier potassium channels. All members of the
Kir family share significant structural similarity, but only Kir2 and Kir3 subfamilies
represent channels carrying classical strongly rectifying currents. Four members of
each Kir2 and Kir3 subfamilies were cloned in mammals. Heteromeric assemblies
of Kir2.1, Kir2.2, and Kir2.3 subunits underlie Iy, current, and heteromeric assembly
of Kir3.1 and Kir3.4 subunits underlies Iy, current. Weakly rectifying K channels
are composed of pore-forming Kir6.1 and Kir6.2 subunits and auxiliary SURTand
SUR2 subunits.

(Modified from Anumonwo JM, Lopatin AN: Cardiac strong inward rectifier potassium
channels. J Mol Cell Cardiol 48:45-54, 2010.)

There are at least three distinct regions of the intramembrane
part of the pore: selectivity filter, a centrally located water filled
cavity of approximately 10 A in diameter, and the narrowing of
the pore at the cytoplasmic side as the pore-lining M2 helixes
come closer to each other (known as bundle-crossing). M2 helixes
also possess a highly conserved glycine residue (a “hinge”; G168
in Kir2.1) that likely contributes to the channel gating by

allowing the helixes to bend and change the size of the pore at
the bundle crossing.

The so-called slide helix formed by the N-terminus region
just preceding the M1 helix is another unique and important
regulatory feature of both bacterial and mammalian Kir chan-
nels.” This helix intercalates between the inner leaflet of the
plasma membrane and cytosol likely because of its amphiphilic
nature. The important functional role of the slide helix is high-
lighted by the fact that many loss-of-function mutations associ-
ated with Andersen-Tawil syndrome (LQT7) are located in the
slide helix.

A large C-terminal domain provided by four Kir2.x subunits
consists primarily of B-strands and potentally strongly interacts
with a smaller N-terminal domain. As shown in Figure 4-2, C-
terminal domain forms a large intracellular vestibule, approxi-
mately 30 A in length, for easy ion passage and likely provides
binding sites for various intracellular agents. The cytoplasmic
domain harbors a number of residues (e.g., E224 and E299 in
Figure 4-2) known to contribute to inward rectification.

A membrane phospholipid phosphatidylinositol ~ 4,5-
bisphosphate (PIP,) is an important structural and regulatory
component of Kir channels.® In the membrane, PIP, likely inter-
acts with hydrophobic amino acids on both M1 and M2 trans-
membrane helices as well as with a well-conserved (among Kir
channels) RWR motif located just at the end of the M1 domain
(see Figure 4-2). The interaction of PIP, with a specific region
in the CTD leads to an approximately 6 A translation of the
entire CTD toward the membrane associated with the movement
of the M1 helix, which ultimately leads to the opening of the
gate.’

Mechanism of Polyamine-Induced Rectification

The key experiments conducted in mid-1990s with the first
cloned members of the Kir2 subfamily have clearly demonstrated
that almost all essential properties of classical strong inward rec-
tification could be explained by a voltage-dependent block of the
channel by ubiquitous intracellular organic cations, the poly-
amines.” Micromolar concentrations of free polyamines (primar-
ily spermine and spermidine) are sufficient to reproduce the
degree of rectification observed in native cells. The strength of
rectification varies among the different members of the Kir sub-
family, and although every Kir channel shows some degree of
inward rectification, they can be broadly grouped as either
strongly rectifying (Kir2 and Kir3) or weakly rectifying (Kirl and
Kir6) channels. It is well established that the time-dependent
activation of strong, inward rectifiers during membrane hyper-
polarization reflects the exit of polyamines (primarily sperimine)
from the pore.

Rectification Properties Are Related to Electrostatic
Interactions in the Cytoplasmic Pore of a Kir Channel

Early work with cloned Kir channels established that strong
inward rectification by intracellular polyamines depends on three
negatively charged residues located in the second transmembrane
domain (D172; the rectification controller; see Figure 4-2) and
in the C-terminal tail (E224 and E299; Kir2.1 amino acid [aa]
numbering; see Figure 4-2). Positively charged polyamines enter
the Kir channel pore to physically occlude it, a process aided by
negative charges provided by aspartate and glutamate residues.
Both electrophysiologic and structural data are consistent with
the idea that channel block occurs in two sequential steps. A
weakly voltage-dependent (shallow) blocking step involves entry
of polyamine into the Kir2.1 pore at a site provided by a ring of
negative charges (E224 and E299) in C-terminus. A more strongly
voltage-dependent blocking step reflects the movement of poly-
amine to its deep binding site near D172 residue. It is also
believed that the strong voltage dependence of the polyamine
block arises not only from the high valency (z) of polyamines (z=4
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Figure 4-2. Architecture of a typical Kir channel. X-ray structure of chicken Kir2.2 crystallized in the presence of PIP, (Accession code 3SPI, available in the Protein Data Bank;
from Hansen et al). Only two opposing subunits are shown for clarity. Right, The structure is rotated approximately 90 degrees to better present the intracellular ion
conduction pathway and bound molecules of PIP,. Numbering of the amino acids corresponds to that in Kir2.1. Red circles represent K* ions in the selectivity filter. Blue
circles show the location of three residues most critical for inward rectification. Spermine molecule (Spm) is shown in the middle at the same scale as the Kir2.2 structure.
Analysis and visual presentation of the structures were performed using DeepView Swiss-PdbViewer and PyMol software.

for spermine) but also from a displacement (push) of K* ions
through the pore."” Among the polyamines, spermine is the most
voltage-dependent blocker and also has the highest potency for
blocking the channel.

A characteristic feature of Kir2.1 and Kir3 channels is a flex-
ible cytoplasmic pore-facing G-loop (see Figure 4-2) that forms
a girdle around the central axis of the Kir channel.' It was
estimated that this girdle constricts the ion permeation pathway
to approximately 3 A. Mutations in the G-loop were shown
to disrupt inward rectification. In addition to the previously
described E224 and E299 residues, it was shown that A255 and
A259 located farther away from the pore axis are also involved in
channel rectification. Electrophysiologic experiments using cys-
teine modifications in the pore region of a mutant Kir6.2 channel
(N160D; equivalent to D172 in Kir2.1) showed that spermine
binds at a deep site beyond the rectification controller residue
D172, a site that is close to the extracellular mouth of the pore.
In another study, refinement of the crystal structures of bacterial
KirBacl.1 and KirBac3.1 allowed identification of the shallow
polyamine binding sites at the cytoplasmic interface between the
two subunits."” These observations notwithstanding, the precise
mechanism involved in rectification is still being worked out, and
the exact location of polyamine binding sites in Kir channels is
still a controversial issue.

Differential Properties of Kir2.x Subfamily

Consistent with their overall significant sequence homology, all
Kir2 channels have the three mentioned residues (D172, E224,
and E299) important for rectification at the equivalent positions.
Recent studies, however, unexpectedly showed that rectification
properties are rather different in the three Kir2 isoforms.” Spe-
cifically, the data show that Kir2.2 channels display significantly
stronger voltage dependence of rectification than that observed in

Kir2.1 and Kir2.3 channels. The voltage dependence of steady-
state rectification is different between Kir2.x channels, as are
single-channel conductance and kinetics properties of the cur-
rents. In particular, polyamine unblock (activation) at negative
membrane potentials in Kir2.3 channels is several-fold slower
than in Kir2.1 and Kir2.2 channels. Single-channel conductance
is smallest in Kir2.3 (approximately 10 pS), medium in Kir.2.1
(approximately 25 pS) and largest in Kir2.2 (approximately 35 pS).

Cellular and Membrane Localization

Ix; currents, and thus the underlying Kir2.x subunits, display a
distinct regional distribution in the heart. It has been shown that
inward Iy, is generally more prominent in ventricular myocytes
and Purkinje fibers and is significantly smaller in atrial myocytes
(with one known exception of the mouse heart). The density of
inward Iy, currents (i.e., currents normalized to membrane
capacitance) is small in pacemaker cells of the sinoatrial node in
mice and rats and essentially undetectable in the rabbit sinoatrial
nodes. Ig; cannot be detected in atrioventricular node of rabbit
but relatively large Iy, currents can be recorded in the guinea-pig
atrioventricular node. Moreover, the density of inward Iy, varies
across the ventricular myocardium. For example, in the mouse
heart inward, Ix; is larger in apical myocytes compared with
epicardial cells, and I, is larger in right ventricular than in left
ventricular myocytes.

Molecular biologic studies are also consistent with location-
dependent expression of specific Kir2 isoforms. In particular,
real-time reverse-transcriptase polymerase chain reaction
analysis of Kir2 transcripts in the human heart showed the follow-
ing relative expression levels: in Purkinje fibers, Kir2.1 > Kir2.3 >
Kir2.2; and in the right ventricle, Kir2.1 > Kir2.2 > Kir2.3; and
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the sequence was reversed in right atrium, Kir2.3 > Kir2.2 >
Kir2.1." Information on expression patterns of Kir2 subunits can
also be gleaned from functional data using the unique properties
of corresponding channels. For example, in cardiac atrial and
ventricular myocytes, unitary conductance values display a wide
spectrum ranging from 10 to 15 pS (as in Kir2.3 channels) to as
high as 40 to 45 pS (as in Kir2.2 channels).

Evidence shows that I, channels are located not only in the
non-T-tubular component of sarcolemma of ventricular myo-
cytes, but also in the intercalated discs and in the T-tubules. For
example, accumulation and depletion of K* only in T-tubules lead
to changes in whole-cell Ix;.” Ig; accumulation/depletion phe-
nomena are not observed in atrial cells, which essentally lack
T-tubules and in ventricular myocytes, in which T-tubules are
removed by osmotic shock."”

Alternatively, Kir2.1, Kir2.2, and Kir2.3 subunits were
localized to the T-tubular membrane using immunolabeling
with specific antibodies. Intercalated discs were not studied elec-
trophysiologically in regard to the presence of Ix; channels,
although labeling with various Kir2 antibodies can clearly be
observed at this location. Moreover, there is evidence that in
canine ventricular and atrial myocytes, Kir2.3 subunits are
expressed at higher levels in intercalated disc membranes relative
to T-tubules.

Pharmacology and Regulation

Kir2.x and Iy, channels can be regulated in a number of ways.’
Most studies on adrenergic stimulation show that inward Iy, cur-
rents are suppressed by activation of both o and B receptors,
although opposite effects were also described. In addition, adren-
ergic regulation is clearly dependent on the type of receptors and
subunit composition of the channel.

Both isoproterenol and forskolin inhibit Ig; in human ven-
tricular myocytes, suggesting involvement of protein kinase A
(PKA)-mediated phosphorylation of underlying Kir2.x subunits.
Molecular details of the phenomenon, however, are contradic-
tory. For example, it has been shown that the application of a
catalytic subunit of cyclic adenosine monophosphate (cAMP)
dependent PKA leads to activation of Kir2.1 channels expressed
in Xenopus oocytes, but to Kir2.1 inhibition when the channels
they are expressed in a mammalian cell line (COS-7). The data
on PKA regulation of native I, channels is limited and somewhat
controversial; however, most of the studies show that I, channels
are inhibited by exposure of the cytosolic side of the membrane
to purified catalytic subunit of PKA. Studies in exogenous-
expressing systems also showed the involvement of PKC in nega-
tive regulation of Kir2.1 channels. Consistent with the latter,
experiments using human atrial myocytes show that o,;-adrenergic
stimulation likely reduces Iy; via a PKC-dependent mechanism.
Kir channels are also targets for phosphorylation by tyrosine
kinases. In Kir2.1 channels, the site of downregulation was tar-
geted to a single Y242 residue in the C-terminus.'

PIP, is an important component in membrane-delimited
second messenger signaling system and a powerful activator of
Kir channels."” There is significant evidence that PIP, regulates
the channel gating primarily through specific electrostatic inter-
actions with the cytosolic part of the channel (see Figure 4-2).°
It is also clear that various properties of Kir2 channels are
modulated by PIP,. For example, pH sensitivity of Kir2.3 chan-
nels is strongly dependent on the strength of channel-PIP,
interaction.

Various common cations, such as Ca’" and H", contribute to
regulation of Kir2 channels as well.” Intracellular Ca** blocks I,
channels in a voltage-dependent manner. There is evidence that
a transient increase in intracellular Ca’* during action potential
can lead to significant blockage of Iy;."" Regulation of Iy, by

intracellular pH (pH,) is dependent on the species and the type
of tissue. For example, rat and guinea pig ventricular Iy, is not
sensitive to physiologically relevant changes in pH;. In contrast,
Ix; in sheep ventricular myocytes is inhibited by intracellular H*
with pKa of approximately 7.4. The difference in pH sensitivity
is likely due to differences in subunit composition of Iy;. For
example, channels composed of Kir2.3 subunits exhibit strong
sensitivity to pH; within a physiologically relevant range, whereas
Kir2.1 and Kir2.2 channels are relatively insensitive to H".

Pharmacologic tools for modulation of Kir2.x and I, channels
are limited. The most useful research tool for studying Kir2
channels is Ba®* (inhibitory concentration of 50% [ICs] for
inward currents, 0.5 to 10 uM). Ba’* action is subunit dependent.
For example, Ba** blocks Kir2.2 channels fivefold to sevenfold
more efficiently than Kir2.1 channels. In the early 1990s, a com-
pound RP 58866 and its active enantiomer, terikalant, were
shown to be selective blockers of I, (ICs, 5 to 20 uM). However,
later studies revealed that terikalant also inhibits many other K*
channels, some with even higher potency (IC, in submicromolar
range for Iy, channels). Similarly, it was found that LY97119
compound (LY, a tertiary homolog of clofilium) blocks I, in the
low micromolar range, but it also blocked Ito (transient outward
current) at submicromolar concentrations. Perhaps chloroquine
(an antimalarial drug) is the most potent blocker of I, with an
ICsy of approximately 0.5 uM. However, chloroquine does not
discriminate among Ix;, Ixacn, and Ixare, and it has been shown
to affect other currents (e.g., Ix,) in the low micromolar range.
Activators of Kir2 and Ix; channels were also described. In par-
ticular, flecainide, a widely used antiarrhythmic drug, increases
Kir2.1 currents by approximately 50% at a concentration of
1 uM, but has no effect on current carried through Kir2.2 and
Kir2.3 channels."” Arachidonic acid and the antiinflammatory
agent tenidap were shown to specifically activate Kir2.3 channels,
with a greater than twofold maximum increase in inward
current with ICs, of approximately 0.5 and 1.3 pM, respectively.
Zacopride, a gastrointestinal prokinetic drug, was recently found
to be a selective Iy, channel agonist. The activating effect,
however, is modest, with a maximum increase in Iy, of approxi-
mately 34% at a concentration of 1 uM.

Channelopathies

There are at least four known channelopathies associated with
Ix; channels, all originating from mutations in KCN72: ATS,
short QT (SQT) syndrome, familial atrial fibrillation (FAF) and
catecholaminergic polymorphic ventricular tachycardia (CPVT)
(Figure 4-3).2

ATS is characterized by a triad of pathologic clinical pheno-
types including morphogenesis and functioning of skeletal and
cardiac muscle. One of the prominent features of AT is cardiac
electrical abnormalities, including brief episodes of ventricular
tachycardia, multi-focal ventricular ectopy induced by adrenergic
stimulation and prolongation of QT interval. ATS1 is used to
differentiate ATS patients carrying mutations in KCN72. Many
ATS1 patients display clear QT prolongation and have been
referred to, perhaps questionably in some cases, as LQT7.

LQT7/ATS1 mutations are numerous (see Figure 4-3) and
result in nonfunctional channels when exogenously expressed in
heterologous system.”” Because affected patients are heterozy-
gous for the mutant and wild type (W'T) alleles, and the channel
is composed of four subunits, a dominant-negative effect of
mutated subunit can lead to reduced Ii; current in cardiac myo-
cytes (and other cells). The dominant-negative effect of LQT7/
AT'S1 mutations has been demonstrated using cloned channels.
For example, coexpression of WT and D71V mutants results in
barely measurable inward Kir2 currents compared with those
produced by expression of WT subunits alone. The magnitude
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LQT7/ATS1
SQT3

G144A/S G146D/S
S136F C154F

R82Q R82W
D78G/Y
T75A/IM/R  T75M
T74A

D71/NIV

Y68D

R67W R67Q
C54F

P186L
R189I
T192A
G211T
G215D
N216H

G300D/V

M3071
T309l
R312C
L217p A314-315
R218Q/W P351S
N c

Figure 4-3. Channelopathies of the classical inward rectifier channel, IK1, associ-
ated with mutations in Kir2.1 subunit. Mutant residues are color coded to represent
the long QT (LQT7/ATST; black), catecholaminergic polymorphic ventricular tachy-
cardia (CPVT; red), familial atrial fibrillation (FAF; green), and short QT3 (SQT3; blue).

(Modified from Anumonwo JM, Lopatin AN: Cardiac strong inward rectifier potassium
channels. J Mol Cell Cardiol 48:45-54, 2010.)

of dominant negative effect, however, is variable in different
mutants.

SQT syndrome is characterized by an abnormally short QT
interval (less than 300 ms) and increased risk of having fibrillation
and sudden death. Currently, three forms of SQT syndrome have
been described. SQT1 and SQT2 syndromes result from muta-
tions in genes underlying two voltage-gated potassium channels,
HERG (KCNH2) and Iy, (KCNQI). A third variant of SQT
syndrome (SQT3) originating from mutation in KCN72 has
been described recently.”! Genetic analysis revealed a charge-
neutralizing substitution (D172N) in the critical place of the
channel responsible for strong inward rectification (see Figure
4-2). Accordingly, coexpression of WT and D172N mutant
subunits showed decreased rectification of heteromeric channel.
Computer simulations showed that reduced rectification of I,
can explain some of the characteristic features of an electrocar-
diograph, such as tall and asymmetric T waves, observed in
affected patients.

Recently, a second mutation in KCN72 associated with SQT
syndrome has been identified (M301K).”* In contrast to D172N
mutation, exogenous expression of M301K subunits alone did not
produce measurable currents. However, coexpression of both
WT and M301K subunits resulted in large K* currents displaying
significantly reduced inward rectification (relatively larger
outward currents). Given that the M301K mutation resides on
KCN72, a gene already associated with SQT3 syndrome, it is
reasonable to classify M301K as another SQT3 mutation.

One study described association of single V931 mutation in
KCN72 with familial atrial fibrillation.”’ Electrophysiologic
experiments with cloned channels showed, in particular, that
V931 mutation leads to a relative increase in the magnitude of
the outward current, or a decrease in the strength of inward
rectification. Regarding the inward rectification, the effect of
V911 mutation on Kir2.1 current resembles that found in D172N
mutant channels. However, patients carrying the V931 mutation

display a normal QT interval in contrast to patients affected by
D172N mutation.

Mutations in KCN72 were also linked to another type of 4

excitability disorder—catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT).”* CPVT is a heritable disorder charac-
terized by frequent ventricular arrhythmias and sudden cardiac
death associated with physical activity or adrenergic stimulation.
Four KCN72 mutations associated with CPVT have been identi-
fied (see Figure 4-3). Three of them are located in the N-terminus
and one in the distal C-terminus of Kir2.1. The electrical phe-
notype of these mutations included prominent U waves, ventricu-
lar ectopy, and polymorphic ventricular tachycardia. In contrast
to closely located mutations associated with LQT7/ATS1 syn-
drome, CPVT mutations were not associated with dysmorphic
features or with skeletal muscle abnormalities. Electrophysio-
logic analysis of exogenously expressed mutants showed that they
did not produce any measurable current. In addition, two of the
mutations (T75M, R82W) displayed strong dominant negative
effects when coexpressed with WT channels. T305A mutation
did not exert a significant dominant-negative effect on inward
currents, but strongly increased the strength of inward rectifica-
tion, leading to a relative decrease in outward current. Finally,
some mutations in KCN72 could not be easily classified into the
four categories mentioned previously, and for this reason they are
referred to as other in Figure 4-3. For example, C54F mutation
was found in a patient who showed cardiac abnormalities
(arrhythmia was not specified) upon corticosteroid intake.

Acetylcholine-Activated Potassium Channels

Structure and Function

In the heart, Kir3.1/Kir3.4 channels are responsible for the
effects of acetylcholine and adenosine, and they act through a
coupling mechanism involving a receptor, a G protein (G/G;
family), and the potassium channel.””’ Because channel gating
requires a G protein, Kir3.1/Kir3.4 channels are considered a
type of K¢ channel." For channel activation, the G-protein—
coupled receptor (Figure 4-4) can be a muscarinic (M2) or a
purinergic (P1) receptor, which are activated by acetylcholine or
adenosine, respectively. The ultimate result of channel activation
is the opening of Kir3.1/Kir3.4 channels, which permits K* efflux
and consequently hyperpolarizes the cell membrane.

As in a typical potassium channel, ion selectivity in Kir3.x
channels is conferred by the presence of the signature sequence
(T-X-G-Y/F-G),"** and the mechanism of rectification involves
an asparagine or an aspartate residue for interactions with the
polyamines (details of rectification have been discussed previ-
ously). Thus, the mechanism of rectification is similar to that
described for Kir2 channels, and Kir3.x channels belong to the
class of strong inward rectifier channels.” Membrane topology of
Kir3 channels is similar to that described for Kir2 channels (see
Figure 4-2).

Exactly how do Kir3.1/Kir3.4 channels and G proteins inter-
act to cause channel opening? First, a brief discussion of G pro-
teins is necessary. G proteins are complexes consisting of an o
(molecular weight [MW], ~40,000), a § (MW, ~35,000) and a y
(MW, ~8000) subunit, which transduce signals from membrane
receptors (e.g., muscarinic [M2]) to an effector, such as a K¢
channel.*” Four subfamily members of the guanosine diphos-
phate (GDP) G, subunit dictate selectivity of signaling (activa-
tion of adenylate cyclase [Gy], inhibition of adenylate cyclase
[Gyl, and activation of phospholipase [G,]).” Normally, G, is
bound to GDP in the absence of an agonist, and the G,/GDP
complex is coupled to the receptor and has low GTPase activity.
With vagal stimulation and ligand-receptor interaction, GDP is
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GPCR K+
(M2 or P1)

Agonist A
(ACh/Ado)

GioBfy  GDP
A GTP
Cell-attached Inside-out
ACh
or \/\/
Ado
Cell =~
GTP 100 uM
ACh 1.1 uM
—-60 mV

GTP 100 uM

1 2.5 min
Ado 10 uM

—-80 mV

B

Figure 4-4. Activation of Kir3.1/Kir3.4 channels by muscarinic (M2) and purinergic
(P1) G-protein coupled receptors (GPCRs). A, Membrane-delimited pathway for
activation of acetylcholine (Ach) and adenosine (Ado) gated Kir channels. Ligand-
GPCR interaction enhances GTP association with G-protein a-subunit, and results
in the release of the B/y-subunits for the activation of the Kir channel. Potassium
efflux hyperpolarizes the cell membrane. B, Requirement of GTP for Kir3.1/Kir3.4
activation by ACh (top single channel traces) and Ado (bottom single channel
traces). Holding potentials for experiments are annotated. Channel activity is
present in the cell-attached patch mode, with ACh or Ado present in the pipette
(top inset). Patch excision (at arrow; inside-out patch configuration) loss of GTP
results in loss of channel activity. Subsequent application of GTP (100 uM; intracel-
lular side) restored channel activity.

(A, Modified from Breitwieser GE: GIRK channels: hierarchy of control. Am J Physiol
Cell Physiol 289:C509-C511, 2005. B, Modified from Hibino H, Inanobe A, Furutani K
et al: Inwardly rectifying potassium channels: their structure, function, and physiolog-
ical roles. Physiol Rev 90:291-366, 2010.)

exchanged for GTP and results in the uncoupling of Gg, from
G, (see Figure 4-4, A). The released Gg, subunits in turn activate
the Kir3.1/Kir3.4 channels. There is a critical requirement for
GTP for channel activation (see Figure 4-4, B). A variety of
experiments have determined the precise molecular interactions
involved in the Gg,-induced Kir3.1/Kir3.4 channel gating, and
have shown that the cytoplasmic region of the channel is inti-
mately involved with gating. For example, crystal structure analy-
ses of the cytoplasmic region of Kir3.1 suggest that the C-terminus
of two neighboring Kir3 channels subunits bind to each other,
and that an N-terminus is positioned between the two C-terminal
domains.”” The study also showed that for Kir3.1 channels, the
cytoplasmic residues 1262, 1333, and E336 are important in
gating, and the equivalent residues are H64 and 1.262 in Kir3.4
channels.

Cellular and Membrane Localization

There are tissue-dependent differences in expression of Ixach in
the myocardium, with a very high density of expression in nodal

tissues.”* Following the cloning of genes underlying Kir3 chan-
nels in the early to middle 1990s, investigators have probed myo-
cardial tissues to examine localization of the gene products.
Opverall, these studies reported an abundance of Kir3.1 and Kir3.4
mRNA in nodal and atrial, but not in ventricular tissues, which
would be consistent with tissue distribution of Ixsc,. In one such
study,”® a comprehensive analysis was performed using Western
blot and immunofluorescence to examine channel distribution in
sinus-nodal, atrial, and ventricular tissues, and showed similar
results of expression pattern across species (rat, ferret, and guinea
pig hearts). It was reported that, whereas there was minimal
expression of Kir3.1 in the ventricles of all species tested, Kir3.1
and Kir 3.4 were highly expressed in atrial tissue of all the species.
It was noted that although there were relatively high levels of
expression in the atria, significant quantitative differences in
Kir3.1 and Kir3.4 protein levels were found in the different
species. Furthermore, it was demonstrated that Kir3.1 and M2
receptor colocalized in the sinoatrial node. In nodal and atrial
tissue, immunofluorescence showed localization of Kir3.x/M2
receptors more on the outer (lateral) membranes than in T-tubular
membranes.”® Similar quantitative differences in expression have
been reported for atrial versus ventricular tissues in the human
myocardium.”*”’

Pharmacology and Regulation

It is well established that Kir3.1/Kir3.4 are generally insensitive
to classical potassium channel blockers such as or 4-AP or TEA.*
However, experiments in cardiac myocytes isolated from rabbit
hearts show that the toxin, tertiapin, is a selective blocker of
Txach.’ Channel block is highly potent, with an affinity in the
nanomolar range. Cardiac Kir3.1/Kir3.4 channels are also inhib-
ited by quinine, quinidine, and verapamil; however, affinities of
the these drugs are in the micromolar range.” Based on the results
of experiments in heterologous (oocyte) expression systems,
current through Kir3.x channels is enhanced by “intoxicating”
concentrations of ethanol, and an approximately 43-aa stretch on
the C-terminus has been identified as important for the ethanol
effect.’! Similarly, in a heterologous expression system, Kir3.x
channels displayed sensitivity to intracellular acidification, an
inhibitory effect that was dependent on histidine residues in the
N- and C-terminal regions of the channels.” A variety of other
agents have also been shown to modulate Kir3.x channels. For
example, similar to all Kir channels, Kir3.1/Kir3.4 require PIP,
for channel activity.! Curiously, however, the PIP, effect is
enhanced by other factors such as the G-protein Gg, complex, as
well as by intracellular cations. In general, Kir3.x channel activity
is also sensitive to mechanical stretch, can be modified by phos-
phorylating agents, and is sensitive (negatively) to regulators of
G-protein signaling.

Channelopathies

Opver four decades ago, a mouse with a striking locomotor defi-
ciency (weaving) was described, and the defect has subsequently
been traced to a naturally occurring gain-in-function mutation
in the Kir3.2 channel.”” Additional neurologic defects attendant
to this mutation earned the weaver mouse the title of the “most
cantankerous rodent.” There is relatively little information
available on inherited cardiac channelopathies associated with
Kir3.1/Kir3.4 channels. However, alterations in Kir3.1/Kir3.4
channel activity have been reported in certain cardiac rhythm
abnormalities.” Electrical remodeling in atrial fibrillation patients
has been shown to increase the constitutively active component
of Ixach, which could cause an abbreviation of action potential
duration. More recently, a study was performed in a Long QT
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syndrome large Chinese family (49 individuals) with autosomal-
dominant Long QT syndrome (LQTS).” The locus of the
LQTS-associated gene was mapped to chromosome 11q23.3-
24.3. A combination of biochemistry and cell electrophysiology
in heterologous expression systems was used to demonstrate that
a heterozygous G387R mutation on the Kir3.4 (KCN75) identi-
fied in all affected family members was responsible for reduced
channel expression on the sarcolemma.

ATP-Sensitive Potassium Channels

Structure and Function

Among all inward rectifiers, Kyrp channels are the most unique
in their molecular architecture.’® As in other Kir channels, the
ion conduction pathway is provided by a tetrameric arrangement
of pore-forming subunits, but additional auxiliary regulatory sub-
units are necessary for the channel to be fully functional (Figure
4-5, B). The two known isoforms of the pore-forming subunits
are encoded by Kir6.1 (KCN78) and Kir6.2 (KCN711) genes. The
two isoforms of auxiliary subunits are encoded by SUR1 (4BCC$)
and SUR2 (ABCCY) genes (the SUR name originates from “sul-
fonylureas,” a class of drugs known to inhibit Kyrp channels by
acting on the auxiliary subunit). SUR2 gene can be alternatively
spliced at the very C-terminus (last 42 aa) leading to SUR2A and
SUR2B isoforms. Genomic arrangements of SUR and Kir6 genes
are unique as well. Specifically, SUR1 is followed by Kir6.2 in a
close proximity on chromosome 11ppl5.1, whereas while SUR2
is followed by Kir6.1 on chromosome 12p12.1. The consequences
of this arrangement regarding the regulation at a genomic level
are not clear at this time. Although heteromeric assembly of
Kir6.x subunits produces functional channels in vitro, it remains
unclear whether heteromeric Kir6.x complexes exist in native
tissues. In contrast, both SUR1/Kir6.2 and SUR2/Kir6.2 chan-
nels likely exist in native tissues. Membrane topology and general
organization of Kir6.x subunits is highly similar to that in well-
characterized Kir2.x channels (see Figure 4-2).

Karp channels display weak rectification; however, it has been
shown that just a single amino acid substitution in the so-called
rectification controller region of inward rectifiers (see Figure 4-2,

TMD1

88 A

\ N-terminus Lo

A C-terminus B

NBD1

Kir2.1; N160D in Kir6.2) converts Kir6.2 into a strongly rectify-
ing channel.” A defining property of Kyrp channels is their
characteristic sensitivity to intracellular ATP (hence the name
ATP-dependent K* channels). Under normal conditions, both
exogenously expressed Kir6.2/SUR2 channels and native chan-
nels in cardiac myocytes are inhibited by ATP in the micromolar
range (10 to 100 uM) by direct binding to the channel rather
than through phosphorylation mechanisms. In the absence of
intracellular Mg** ions, adenosine diphosphate (ADP) and other
nucleotides also inhibit the channel. Modeling studies suggests
that the ATP binding pocket is located at the interface of the N
and C terminus of each Kir6.x subunit; therefore, the Kyrp
channel possesses four ATP binding sites.

The overall structure of auxiliary SUR subunit is presented in
Figure 4-5, B. It is believed that SUR interacts with Kir6.x sub-
units to modulate channel gating through TMDO domain and
LO linker region. Experimental data are consistent with the
idea that intracellular ATP induces dimerization of nucleotide-
binding domains NBD1 and NBD2, converting them into a cata-
lytically active site for Mg**-dependent hydrolysis of ATP (leading
to MgATP). Hydrolysis of ATP is followed by a conformational
change that is then transduced to the Kir6.x subunit; however,
MgADP is an even more potent activator of the Kyrp channel.
The latter puts the hydrolysis hypothesis into question. Accord-
ingly, it has been suggested that NBDs can be locked in a post-
hydrolytic state by MgADP and other nucleotides to sustain the
active state of the channel.

Cellular and Membrane Localization

Kure channels are found in virtually every kind of cardiac tissues,
but they are most prominent in cardiac myocytes and smooth
muscle cells. Detailed experimental analysis reveals significant
differences in various properties of native Kyrp channels, suggest-
ing different subunit organization in every case.’® A significant
amount of evidence suggest that ventricular sarcolemmal Kyrp
channels are likely composed of Kir6.2 and SUR2A subunits. In
particular, functional sarcolemmal Kyrp channels are absent in
Kir6.2 knockout mice, and various channel properties (including
large single channel conductance, high sensitivity to pinacidil and
cromakalim, and low sensitivity to diazoxide) are similar to those

TMD2

_—
NBD2

\E

Figure 4-5. Molecular structure of Kxp channel. A, A pore-forming subunit of Ky, channel is encoded by Kir6.x genes and contains two transmembrane helical domains
TM1 and TM2, a pore-forming region (P-helix), a large C-terminal domain, and characteristic N-terminal domain (slide helix) interfacing inner leaflet of the membrane and
cytoplasmic C-terminus. B, An auxiliary subunit to the channel is encoded by SURT and SUR 2A/B genes and consists of the seventeen transmembrane helices organized
in several distinct domains and several important cytoplasmic regions. TMDO domain and LO region are responsible for the interaction with Kiré.x subunits and regulation
of gating of the channel. TMD1 and TMD2 domains are followed by nucleotide binding domains, NBD1 and NBD2, which form two nucleotide binding sites at their interface.
C, Arrangement of Kir6.x and SURx subunits in an octameric Ky, channel complex. Modeling studies predict one adenosine triphosphate binding site at each of the Kir6

interfaces and Mg**-nucleotide binding sites in the NBD domains of SUR subunit.

(Modified from Flagg TP, Enkvetchakul D, Koster JC, et al: Muscle K channels: recent insights to energy sensing and myoprotection. Physiol Rev 90:799-829, 2010.)
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obtained from ventricular myocytes. The latter is also supported
by a relatively low level of SUR1 (a pancreatic isoform) in the
ventricles, and the finding that the activity of Kyrp channels is
essentially unaffected in ventricular myocytes from SURI knock-
out mice. Recent experiments with mice showed, however, that
SURI subunit of Kyp channel may be a dominant isoform in
atrial tissue. In particular, activity of Kyrp channels could not be
detected in atrial myocytes isolated from SUR1 knockout mice,
and the pharmacologic profile of atrial Kyyp channels is reminis-
cent of that conferred by SURI (higher sensitivity to diazoxide,
lower to pinacidil) rather than SUR2 subunits. It remains unre-
solved whether this subunit composition exists in atrial tissue of
other animals and humans.

Kure channels in smooth muscle display a number of proper-
ties distinct from that in cardiac myocytes, suggesting unique
subunit composition.”® Significantly smaller channel densities (up
to 100-fold per cell), generally low single channel conductance
(~30 pS), and a lack of channel activity upon excision of the
membrane patch are some of the common features of smooth
muscle Kyrp channels. Studies with exogenously expressing
systems showed that cloned Kyp channels originating from coex-
pression of Kir6.1 and SUR2B subunits resemble native Kyrp
channels in smooth muscle, for the most part. A strongest support
for Kir6.1/SUR2B composition of smooth muscle Kyrp channels
comes from experiments with genetically modified mice. Specifi-
cally, Kyrp currents cannot be recorded in aortic smooth muscle
cells isolated from either Kir6.1 or SUR2 knockout mice, whereas
the activity of Kyrp channels is preserved in these cells in Kir6.2
knockout mice.

Mitochondrial Kypp channels received a lot of attention since
they were first described at this location in early 1990s. In
contrast to sarcolemmal Kypp channels, however, their molecular
identity remains highly controversial.”* Although exogenously
coexpressed Kir6.1 and SURI subunits produce Kyrp channels
with many properties resembling those found in mitochondria,
the activity of mitochondrial Kyrp channels in Kir6.1 knockout
mice was not affected. Recent promising developments in this
area include the identification of mitochondria-specific short-
form of SUR2 subunits generated by a nonconventional
intraexonic splicing, which can underlie mitochondrial Kyrp
channels.”” There is also strong evidence that the pore-forming
subunit of mitochondrial Kyp channels is encoded by KCN7I
(Kirl.1%).

Pharmacology and Regulation

Pharmacology of Kyrp channels is extensive, and regulation is
complex relative to other members of Kir family, which is in part
due to the structural complexity of the channel.? Cardiac Kyrp
channels are regulated by a variety of mechanisms, and important
quantitative details of their modulation surely depend on the
specific subunit composition. The most prominent and charac-
teristic mechanism involves regulation by intracellular nucleo-
tides such as ATP and ADP. Intracellular ATP is a potent blocker
of the channel while ADP (in the presence of Mg ions) has an
activating effect. An overwhelming level of ATP under normal
conditions keeps the channel essentially shut (native channels in
cardiac myocytes are half blocked by 50 to 100 pM ATP), whereas
metabolic disturbances leading to both a drop in ATP levels and
a consequent rise in ADP levels result in channel opening (in the
presence of intracellular Mg®* ions). Experiments with isolated
membrane patches show that phospholipids, especially PIP,, are
potent activators of native (and cloned) Kyrp channels while their
hydrolysis reduces channel activity. Regulation of Kyrp channels
by PKA-dependent phosphorylation is well documented in
smooth muscles, but the data are limited in cardiac myocytes. It
has been shown that the activity of atrial Kyrp channels can be

increased by stretch suggesting the involvement of channel-
cytoskeleton interactions. Intracellular pH is another potent
regulator of native Kyrp channels with acidification leading to
increase in channel activity.

Kure channels can be inhibited or activated by a variety of
drugs, all acting on the SUR subunit. Sulfonylureas such as ace-
tohexamide, glipizide, glibenclamide, tolbutamide, and HMR
1098 are prominent inhibitors. Clinically, sulfonylureas are used
exclusively for the treatment of type 2 diabetes, but they are also
a useful research tool in work with cardiac preparations.

Kyrp channel openers (KCO) include pinacidil, cromakalim,
rimakalim, nicorandil, diazoxide, and minoxidil sulfate. In con-
trast to sulfonylureas, KCOs are useful in treating cardiovascular
disorders such as myocardial ischemia and congestive heart
failure. KCOs display strong selectivity to subunit composition
of Kyrp channels. In particular, Kyrp channels in pancreatic B-cells
(SURI based) are strongly activated by diazoxide, but not affected
by cromakalim or nicorandil while ventricular Kyp channels
(SUR2A based) are strongly activated by cromakalim or nicor-
andil but not by diazoxide. Smooth muscle Kyrp channels (SUR2B
based) are activated by all these drugs. Mitochondrial Kyrp chan-
nels are known to be potently activated by diazoxide and inhib-
ited by 5-hydroxydecanoate (5-HD).

Channelopathies

Mutations in genes underlying Kyrp channels have been associ-
ated with cardiovascular disorders. Specifically, F1524S and
A1513T substitutions in the SUR2A4 gene (missense and frame-
shift, respectively) were linked to dilated cardiomyopathy. Both
mutations were mapped to the locus of SUR2A, which is respon-
sible for catalytic activity of NBD2 domains, and likely exert their
actions through reduced activation of Kyrp channel. The other
reported mutation in the SUR2A gene was associated with adren-
ergic atrial fibrillation originating in the vein of Marshall, a well-
known location for this type of fibrillation. As in the previous
case, the underlying missense mutation in the SUR2A gene
(T15471 substitution) likely affects the functioning of NBD2
leading to a compromised channel regulation by adenine nucleo-
tides. Recently, the novel gain-of-function mutation (S422L sub-
stitution) in the pore-forming Kir6.1 subunit (when coexpressed
with SUR2A) was associated with ventricular fibrillation and
linked to J-wave syndrome susceptibility."

Conclusion

The biophysical and regulatory properties of Kir channels are
crucial for cardiac electrical activity. Significant experimental evi-
dence clearly implicates several members of the Kir subfamily as
molecular determinants underlying the three major inward recti-
fier potassium currents in native cardiac cells: Ix;, Ixach, and Ixarp.
The general architecture of Kir channels has been well estab-
lished, and fine details of their structure and function have been
revealed with the aid of several available crystal structures of
cloned channels. Nevertheless, many important questions remain
unanswered. For example, how do the differences in the bio-
physical and regulatory properties of Kir2 isoforms affect hetero-
meric channel complexes that underlie the native I, in different
species and in different parts of the heart? What is the subunit
composition of mitochondrial Kyyp channel? How are Kir chan-
nels sorted into microdomains in the sarcolemma, such as
T-tubules or intercalated discs, and how do they interact with
other proteins within these microdomains? These questions
undoubtedly will be the focus of much investigation in the near
future.
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Ca’*-transporting adenosine triphosphatases (ATPases; Ca®
pumps) have been described in animal and plant cells and in cells
of lower eukaryotes. This chapter will focus on the ATPases of
animal cells and on the disease processes linked to their dysfunc-
tion. The three animal Ca** pumps belong to the large superfam-
ily of P-type ATPases, which have been so defined because their
reaction cycle is characterized by the formation of an acid-stable
phosphorylated Aspartate (Asp) residue (the P intermediate) in a
highly conserved sequence (SDKTGT[L/IV/M][T/1/S]).! The
family now contains hundreds of members and eight subfamilies.’
The subfamilies have been identified based essentially on trans-
ported substrate specificity, the evolutionary appearance of which
having been accompanied by abrupt changes in sequence. The
changes, however, do not involve eight conserved structurally and
mechanistically important regions that define the core of the
superfamily. Five branches have been identified in the phyloge-
netic tree of the superfamily: two animal Ca’* pumps belong to
subgroup II A (the sarco/endoplasmic reticulum Ca** [SERCA]
and secretory pathway Ca®* [SPCA] pumps), one to subgroup II B
(the plasma membrane Ca** [PMCA] pump). All P-type ATPases,
including the three that transport Ca* in animal cells, are multi-
domain proteins that share the essential properties of the reaction
mechanism, have molecular masses varying between 70 and
150 kDa, and share the presence of 10 hydrophobic trans-
membrane (TM) spanning domains (however, some have only six
or eight). The number of TMs being even and the N- and
C-termini of all P-type pumps are on the same membrane side
(i.e., the cytosol); one exception is a splice variant of the SERCA
pump that has 11 TM). The P-type AT Pases also share the sensi-
tivity to the transition state analog orthovanadate and, with some
specific differences (see below), to La**. Other inhibitors only
affectselected members of the superfamily. The three-dimensional
(3D) structures of four P-type ATPases have become available
following the landmark solution of the 3D structure of the SERCA
pump 12 years ago’: molecular modeling on templates of the
SERCA pump structure has indicated that all P-type ATPases
share the general principles of 3D structure. The reaction cycle of
P-type ATPases originally envisaged only the E1 and E2 steps,
characterized by distinct conformations and affinities for adenos-
ine triphosphate (ATP) and the transported ion. For example,
Ca® pumps in the E1 state engage Ca’" with high affinity at one
side of the membrane, and in the state their E2 lowered affinity
for Ca’" releases it to the opposite membrane side.* Later, addi-
tional intermediate states were added that made the reaction cycle

much more complex, but the basic E1/E2 nomenclature has been
retained. Importantly, each step of the reaction cycle is reversible,
so that ATP can be produced by reversing the direction of the ion
transport process. Reversal of the SERCA pump, with production
of ATDP, had in fact already been demonstrated in one of the first
experiments on the transport of Ca** by vesicular preparations of
sarcoplasmic reticulum.” A simplified version of the cycle, but
adapted to Ca** pumps, is shown in Figure 5-1.

Several Ca®* pump isoforms have been described in animal
cells, differing essentially in tissue distribution, regulatory prop-
erties, and some mechanistic peculiarities. The isoform diversity
reflects the existence of separate basic gene products, but also the
occurrence of complex patterns of alternative splicing that
increase very significantly the number of variants of each of the
three pumps. The analysis of the differential properties of the
Ca® pump isoforms is a vigorously investigated topic that has
important linkages to the general process of cellular Ca** homeo-
stasis, which in animal cells is regulated by a number of nonmem-
brane Ca’*-binding proteins and of membrane-intrinsic Ca**
channels and transporters. The transporters interact with Ca**
with high or low affinity, and thus function either as fine tuners
of cytosolic Ca®* or come into play whenever the concentration
of Ca*" increases to levels adequate for their low affinity. The Na/
Ca-exchanger of the plasma membrane and the mitochondrial
Ca’* uptake and release systems are the low-affinity regulators of
cytosolic Ca**. The three pumps, by contrast, control Ca** effi-
ciently even in the low concentrations of the cytosol at rest. Pump
activity is fundamental to the correct functioning of the machin-
ery of animal cells: dysfunctions, genetic or otherwise, of their
operation might not necessarily induce cell death, but invariably
generate disease phenotypes.

Sarco/Endoplasmic Reticulum Ca*' ATPase

The SERCA pump is a key mechanism to adjust the Ca** homeo-
stasis in the endoplasmic reticulum (ER) lumen. Considering that
the ER Ca** is involved in a multitude of signaling events and in
housekeeping functions that control cell growth, differentiation
and apoptosis, the activity of the SERCA pump is a key element
in cell wellness.

The SERCA pump is inhibited by La** and orthovanadate,
and the discovery of specific inhibitors such as thaspigargin,’
cyclopiazonic acid,” and 2.5-di(t-butyl)hydroquinone® repre-
sented a significant advantage in the biochemical and structural
characterization of the pump.

The SERCA protein is organized in the membrane with 10
TMs: numerous mutagenesis studies and the solution of its 3D
structure have clarified essential molecular details of its function,
which will be summarized in this chapter. Full details are avail-
able in a number of more comprehensive reviews.’"!

Analysis of the 3D structure of the SERCA1 pump isoform
has revealed that the single polypeptide chain folds in three
cytosolic domains and in one transmembrane sector (M)
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composed of the 10 formerly predicted TMs (Figure 5-2). The
three cytosolic domains have been named according to their role
in the reaction cycle: the nucleotide binding domain (N) binds
ATP, the phosphorylation domain (P) drives ATP hydrolysis
leading the phosphorylation of the catalytic Asp, and the actuator
domain (A) catalyzes the dephosphorylation of the P-domain.
The A and P domains are connected to the transmembrane M
domain that contains the 2 Ca** binding sites: the SERCA pump
transports 2 Ca** per ATP hydrolyzed. The N domain is instead
connected to the P domain. During the cycle, phosphorylation
and dephosphorylation events promote conformational changes
that control the access of Ca** to the two binding sites (site I and
site II), which exist in high- and low-affinity states (Figure 5-3).
The two sites are located near the cytoplasmic surface of the
membrane, but site I faces the cytoplasmic side and site II is
closer to the luminal side. Once Ca** becomes bound to site I, a
conformational change increases the affinity of site II and permits
the phosphorylation of the catalytic Asp by ATP, leading to the
transition E2—-E1—E1¢2Ca** E1P. The binding of ATP cross-
links the P and N domains, permitting the interaction of P
domain with the A domain, which rotates inducing the opening
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Figure 5-1. A simplified reaction cycle of the P-type adenosine triphosphatases
(pumps) adapted to the Ca** pumps. The two original conformational states of the
pumps are envisaged. The E1 pumps bind Ca’* with high affinity at one membrane
side (the cytosol), the E2 pumps have much lower Ca** affinity, and release Ca** to
the opposite membrane side. Adenosine triphosphate phosphorylates a conserved
Asp in the active site.
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of the luminal gate that releases Ca** to the lumen and permits
the EIP-E2P transition. The closure of luminal gate, and thus
the E2P—E2 P; transition, then occurs because a second rotation
of the A domain locks it to the P domain. A highly conserved
TGES motif in the A domain fills the gap between the N and P
domains after the second rotation of the A domain, eventually
permitting the release of Ca’* into the lumen. The rearrange-
ments of transmembrane helices M1-M6 induced by the rotation
of the A domain allow protons and water molecules to enter and
stabilize the empty Ca™* binding sites. The rearrangements also
induce the retraction of the TGES from the phosphorylation site
and the entrance of one water molecule to the phosphorylation
site, inducing the release of phosphate (and Mg™*) and the com-
plete closure of the luminal gate.

Three SERCA genes generate three isoforms. Their number
is increased by alternative splicing processes. SERCAL is almost
exclusively expressed in muscle tissues, specifically in fast-twitch
skeletal muscles. Interestingly, the generation of truncated and
less active SERCAI variants has been described, contribute to
reduce the Ca’ concentration in the ER lumen and cause apop-
totic cell death. SERCA2b and SERCA2a are the two major
SERCA protein isoforms, with the former having a housekeeping
function and the latter having a more specialized function.
SERCAZ2a is found in slow skeletal and cardiac muscles; it is also
expressed in low amounts in smooth muscles and in neurons. The
splice variants SERCA2c and SERCA2d have also been found in
low amounts in the heart. The expression of the SERCA3 pump,
which has a limited cell-type distribution, is variable. In several
cell types this expression is induced by differentiation, and it is
decreased during tumorigenesis and blastic transformation. In
cells of hematopoietic origin and in various epithelial cells, the
SERCA2 pump gene is coexpressed with that of the SERCA3
pump. All SERCA3 splice variants (SERCA3a-f) have lower Ca**
affinity than the SERCA2 pump, which raises doubts on their
role in the presence of higher affinity SERCA pump variants.
Differences in their spatial cellular distribution could justify their
copresence. The SERCA3 pump is confined to environments
with high Ca’* concentration, such as those close to the plasma
membrane of cardiomyocytes, at basal regions in epithelial cells,
and in the membrane of acidic Ca® stores in platelets. Although
the SERCAla pump is the best characterized isoform in terms of
structure-function relationship, the regulatory aspects of SERCA
pumps have instead been better defined on the SERCA2 isoform.

The SERCA2a pump is the major isoform of developing and
adult mammalian heart (SERCA2b is also expressed there, its
level being unchanged during the development).”” SERCAZ2a is

Figure 5-2. The three-dimensional structure of the SERCA pump, showing the open configuration of the three cytoplasmic domains A, N, and P in the presence of Ca*,
and the more compact configuration of the cytosolic sector in its absence. The two purple spheres in the upper panel represent the two bound Ca’*. The E2 structure shown
contains the inhibitor thapsigargin (TG). The TMs are the transmembrane domains. Several residues of importance not discussed in the text are also shown.

(Modified from Toyoshima C: Structural aspects of ion pumping by Ca2+-ATPase of sarcoplasmic reticulum. Arch Biochem Biophys 476:3-11, 2008.)
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the most abundant protein in the heart membrane; its increased
sarcoplasmic reticulum (SR) expression during the development
paralleled the increasing rate of Ca’* uptake by the SR lumen and
the shortening of the relaxation time in adults, with respect to
neonatal heart. SERCA2a pump levels are higher in atria than in
ventricles, partially accounting for the shorter duration of con-
traction in atrial than in ventricular tissues.

The expression and the activity of the SERCA2a pump have
been studied extensively. The primary mechanism of the regula-
tion of the pump is mediated by phospholamban (PLB)."” PLB
is a 52-residue protein composed of a hydrophobic helical
C-terminal portion inserted into the SR membrane and a hydro-
philic N-terminal region that protrudes into the cytosol and
contains phosphorylation sites (Ser16 and Thr 17) for PKA and,
possibly, CAMKII. Dephosphorylated PLB binds to the pump,
decreasing its Ca’* affinity; phosphorylation by PKA, and possi-
bly CaMKII, releases the inhibition and increases the affinity of
the pump for Ca’* and thus Ca’* transport. The hydrophilic
N-terminal portion of PLB interacts with a domain close to the
active site of the pump and, within the membrane, with trans-
membrane helices 2, 4, 6, and 9. It is generally believed that PLN
exists both as a pentamer and a monomer. It is not clear how the
conversion between the two forms occurs, but several lines of
evidence indicate that monomeric PLB is the active form.
However, structural observations indicate that pentamers can also
interact with the pump."

Another small (31 residues) transmembrane protein, sarco-
lipin (SLN), originally identified as it copurified with the
SERCAla pump, has recently also received attention. SLN is
predominantly expressed in the atrial compartment of the heart,
and its sequence is similar to that of the transmembrane sector
of PLN. Modeling studies have revealed that the SLN and PLB
interactions with the SERCA pump may be similar—that is, SLN

Figure 5-3. The conformational changes of the cytosolic and mem-
brane domains of the SERCA pump during the transport of Ca**
across the molecule.

(Modified from Toyoshima C: Structural aspects of ion pumping by
Ca2+-ATPase of sarcoplasmic reticulum. Arch Biochem Biophys 476:3—
11, 2008.)

would bind to the pump in transmembrane sites of PLB."" Studies
on SLN are still limited, but SLN overexpression in ventricle
cells of animal models, where SLN is essentially absent, caused
a decrease in the Ca’" affinity of SERCA2a and slowed relaxation,
suggesting that SLN is as effective an inhibitor of SERCA pump
activity as PLB. Interestingly, the overexpression of SLN in the
heart of PLB-null mice caused a decrease in the affinity of the
SERCA2a pump for Ca’** and impaired contractility. The finding
that isoproterenol, a B-adrenergic agonist, relieved the inhibition
suggests that SLN could mediate the f-adrenergic response in
the heart. Ablation of the SLN gene increases the affinity of the
SERCA pump for Ca*, resulting in enhanced rates of SR Ca**
uptake."”

The SERCA2b pump is the acknowledged housekeeping
isoform, and it has a dual role. By transporting Ca** from the
cytosol to the ER lumen, the SERCA2b pump contributes to the
maintenance of cytosolic Ca’* at the low resting levels (=100 nM),
at the same time ensuring the high Ca®* levels (in the mM range)
in the lumen of ER that make the ER the main intracellular Ca**
store that controls cellular activities (e.g., contraction, prolifera-
tion, differentiation, cell death). The pump also ensures the
proper internal Ca** ambient for the ER enzymes (e.g., those
involved in protein folding and lipid synthesis).

The SERCA2b pump shares 85% sequence identity with the
SERCALla counterpart but differs functionally from it and from
the SERCA2a isoform, which is characterized by a unique
C-terminal extension—the so-called 2b-tail, which forms a
luminal sequence extension and an additional TM segment
(TM11)."° The extension has regulatory properties: the longer
pump has a twofold higher affinity for cytosolic Ca** and a lower
maximal turnover rate. According to a model based on the
SERCAIla structure, and on the NMR structure of TM11, the
interaction of TM11 with TM7 and TM10 has been proposed to
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stabilize the pump in the Ca**-bound E1 conformation, with the
high-affinity Ca** binding sites facing the cytosol. The TM11 has
also been proposed as a novel regulator of the SERCA pump. The
co-reconstitution of the 18-residue long TM11 with the SERCA1la
protein in vitro reduced the maximum reaction rate (V,,,,) and
increased the Ca’* affinity of the latter. The regulation of the
SERCA pump by PLB and SLN; and by the 2b-tail in the 2b
variant, resembles the interaction of the B- and y-subunits of the
Na*/K*-ATPase with the catalytic subunit o.. The regulation also
resembles the regulatory interaction of the PMCA pump with
calmodulin, suggesting operationally similar molecular mecha-
nisms of P-type pump regulation.'” In addition, the C-terminal
portion of the ePMCa pump can to some extent replace PLB as
an inhibitor of the SERCA pump. Apart PLB and SLN, which are
the best-studied regulators of the SERCA pump, other proteins
interact with the pump. Those interacting at the luminal side have
an important role. The two chaperones calreticulin and calnexin
contain a globular N-domain that binds carbohydrates—an
extended P-domain that mediates the binding of ERp57 and an
acidic C-terminal domain, that in the case of calreticulin binds
25 mol of Ca® per molecule of protein with low affinity (Kd,
2 mM). Luminal Ca** buffering by calnexin is less significant, and
the acidic C-terminus of the protein protrudes into the cytosol.
Calreticulin and calnexin have been suggested to interact through
their N-domain with a putative glycosylated residue present in the
C-terminal tail of the SERCA2b pump, but absent in SERCA2a.
Glycosylation-independent interaction with the SERCA2b pump
hasbeen shown to occur, and molecular modeling of the SERCA2b
molecule has suggested that its 2b-tail is located in luminal loops,
thus making it inaccessible to interacting proteins. ERp57, a
member of the PDI family of proteins with thio-oxidoreductase
activity, is recruited by the SERCA2b pump-chaperone complex
to catalyze the formation of an inhibitory disulfide bridge between
Cys875 and Cys887 in the luminal loop L7-8 of the SERCA2b
pump.'® The formation of a disulfide bridge could be a regulatory
mechanism, but the proposal is controversial, because mutations
of either or both Cys residues resulted in the loss of Ca** transport
but not of the activity in SERCA1."

Two additional luminal Ca®* binding proteins have been
shown to interact with the SERCA2 pump: the ubiquitously
expressed calumenin and the histidine-rich Ca**-binding protein
(HRC). Both decrease the apparent Ca’* affinity of the pump.
HRC binds Ca** with high capacity and low affinity and could
mediate both SR Ca®* uptake and release through its interaction
with SERCA, when the SR Ca*" is low, and with triadin, which
is part of the RyR Ca’" release complex when it is saturated by
Caz+.1(|

Secretory Pathway Ca** ATPase

The Golgi Ca** ATPase (the SPCA pump) shares with the
SERCA pump the role of loading Ca** in the Golgi apparatus.’"*
The relative contribution of the SPCA and SERCA pumps to the
total Ca** uptake in the Golgi apparatus is cell-type dependent.
The use of the SERCA pump selective inhibitor thapsigargin,
which does not inhibit the SPCA pump, has confirmed that the
SERCA pump contribution is significant in numerous cell types,
but not in keratinocytes that mainly use the SPCA pump. This
point is interesting because SPCA pump mutations that impair
the function of the pump lead to a specific human disease, Hailey-
Hailey disease (discussed later). In contrast to the SERCA pump,
the SPCA pump also transports Mn?* and thus serves the dual
function of supplying this metal to the Golgi lumen, where it acts
as a cofactor for the glycosyl-transferases, and to remove it from
the cytosol, where its accumulation could be toxic. The Golgi
Ca’ ATPase was originally discovered in yeast and named Pmrl

(plasma membrane ATPase-related) and PMAI (plasma mem-
brane H*-ATPase) by two independent groups. Later, it was
detected in mammals and higher vertebrates.

Two basic SPCA genes have been found in higher vertebrates
coding for the SPCA1 and SPCA2 pumps. Alternative splicing of
the primary transcript has been described for SPCAL1, but not for
the SPCA2 pump.

The SPCA1 pump is the housekeeping Ca® and Mn** pump,
because it is expressed in all cell types, even if with different levels
in various tissues. The alternatively spliced SPCA1 mRINA gen-
erates SPCAla-d proteins, which differ in the C-terminal portion.
The expression of SPCA2 pump in human tissues is more
restricted than that of the SPCAI pump, suggesting a more spe-
cialized physiologic function for it. The SPCA2 pump is particu-
larly abundant in the gastrointestinal tract, trachea, prostate, and
thyroid, salivary, and mammary glands.

The SPCA pump is also predicted to be organized in 10 TMs,
with a large headpiece portion protruding into the cytosol. On
the basis of the SERCA pump 3D structure, the cytosolic portion
is divided in the three canonical A, P, and N portions (Figure
5-4). The SPCA pump is shorter than the SERCA and PMCA
pumps, because it does not have the long cytoplasmic C-terminal
tail of the PMCA pump, and its intracellular loops are shorter.
The SPCA pump differs from the SERCA pump in having only
one Ca’ binding site, corresponding to site II in the SERCA1
pump. The suggested TM packing and possibly some distant
residues would define the structure of the site, making it adequate
to bind Mn** with high affinity and to transport it. This structural
aspect is a peculiarity of the SPCA pump. GIn783 in TM6 and
Val335 in TM4 appear to be essential for Mn** transport, because
their mutation (in the Pmrl yeast pump) abolished Mn** trans-
port. Another distinction of the SPCA pump with respect to the
SERCA and PMCA pumps, which function as obligatory H*

Figure 5-4. A molecular modeling representation of the structure of the SPCA
pump (white) superimposed on a template of the SERCA pump (red).

(Courtesy L. Raeymakers, Leuven, Belgium.)
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exchangers, is the finding that it does not appear to countertrans-
port H*. No specific SPCA pump inhibitors have been described,
and no endogenous activators are known. Mutagenesis studies on
the Pmrl yeast pump have generated phenotypes that are impor-
tant tools that could provide information on the role of the SPCA
pump in higher eukaryotic organisms. The expression levels and
activity of SPCAs change in response to altered physiologic
needs. SPCA1 pump expression and activity changed in the brain
after an ischemic event,” and the SPCA1 pump levels increased
in mammary gland during lactation. This last finding is shared
by the PMCA2 pump (discussed later). The role of the SPCA
pump in the maintenance of Golgi Ca’** homeostasis deserves a
comment, because recent evidence have indicated that the Golgi
apparatus is a heterogeneous and highly dynamic Ca** store.”*
The apparatus has been shown to be an InsP3-sensitive Ca**
store, implying a role for it in the generation of local cytosolic
Ca® signals. The specific distribution of the SPCA pump in the
Golgi membranes appears important; it can vary with the cell
type (i.e., in some cases it colocalizes with Golgi markers and in
others with those of the trans-Golgi). However, a consensus has
now been reached that the SPCA1 pump—containing Golgi sub-
compartment is insensitive (or mildly sensitive) to InsP3, and
thus appears not to be involved in generating cytosolic Ca**
signals. The kinetics of Ca** release from the Golgi apparatus
differed from those of the ER. In particular, although the latency
following agonist application and the initial rate of Ca’*" release
were similar for the two organelles, the release of Ca** from the
Golgi apparatus terminates faster than that from the ER. These
findings would be compatible with distinct Ca** subcompart-
ments in the Golgi apparatus endowed with differentCa** regu-
lating molecular components.

Plasma Membrane Ca?" ATPase

The plasma membrane Ca®* ATPase (the PMCA pump) is a high-
affinity, low-capacity Ca** exporting system. Most of the initial
work on the pump dealt with erythrocytes, but it gradually
became clear that the pump is present and active in all animal
cells, including those of excitable tissues (e.g., heart),”” where it
is generally assumed that the export of Ca’* was performed solely
by the Na/Ca-exchanger. The discovery of a PMCA pump in
heart sarcolemma came as a surprise, and a role for it in the regu-
lation of the bulk Ca®* homeostasis in the cardiomyocyte was
never considered realistic. According to solid and abundant evi-
dence, and thus to general consensus, the beat-to-beat export of
bulk Ca’* from heart cells is indeed performed by the Na/
Ca-exchanger. However, recent evidence has shown that the
PMCA pump of heart sarcolemma has a specific role in Ca®*
signaling that is still related to the regulation of the excitation—
relaxation cycle, but that is not linked to the general regulation
of the homeostasis of Ca?* (discussed later).

A number of comprehensive reviews describe the properties
of the PMCA pump””’; for reasons of space limitations, this
contribution will in most cases refer to them, rather than to
specific reports. The general aspects of the reaction mechanism
of the PMCA pump are those of all P-type pumps (see Figure
5-1). However, the reaction cycle of the PMCA pump differs in
two important aspects from that of the SERCA pump, which is
normally taken as a reference because it is known in atomic detail.
One concerns the effect of La** on the phosphorylated Asp inter-
mediate; in all P-type pumps, including the SERCA and SPCA
pumps (see previously), La** is supposed to replace Ca’* as the
metal ion that activates the phosphorylation of the catalytic Asp,
thus inhibiting the formation of the phosphoenzyme. In the
PMCA pump, La** greatly increases the steady state level of the
phosphoenzyme (a convenient observation that permits the

detection of the PMCA in phosphate gels of membrane prepara-
tions containing much larger amounts of other P-type pumps).
The other significant difference regarding the SERCA pump,
which is shared by the SPCA pump, is the presence of only one
Ca® binding site. The single site of the PMCA pump corre-
sponds to site 2 of the SERCA pump, and it coordinates Ca** to
six residues (essentially the same of the SERCA pump) in TM4
and TM6. The site that would correspond to site 1 of the SERCA
pump is not operational in the PMCA pump, most likely because
of the absence of an essential acidic residue in transmembrane
domain 5. Interestingly, the insertion by mutagenesis of the
missing acidic residue (or even of a Gln) in transmembrane 5
confers to the PMCA pump properties (high cooperativity of
Ca binding, Hill coefficient approaching 2, and negative effect
of La* on the phosphorylated Asp) that resemble those of the
SERCA pump—that is, the second Ca** binding appears to have
been made operational.”” All PMCA pumps are sensitive to the
classical inhibitor of P-type pumps orthovanadate and are insen-
sitive to the specific inhibitors of the SERCA pump. Some sup-
posedly specific inhibitors have been described, such as eosin or
caloxin, but their specificity, and thus their usefulness, does not
match that of the SERCA pump inhibitors.

In mammals, the plasma membrane Ca®* ATPase is the
product of four separate genes, which encode four basic pumps
(PMCA 1 to 4) that differ in tissue distribution, functional prop-
erties, and interaction with protein partners. PMCA 1 and PMCA
4 have wide tissue distribution and have traditionally been con-
sidered as the housekeeping enzymes. This concept is still valid
for the PMCA 1 pump, but has recently been challenged for the
PMCA 4 pump, which has been shown to have critical Ca** sig-
naling roles in a number of cell types. For example, in the sper-
matozoon, where it is the predominant PMCA pump form and
is required for hyperactivated sperm motility,” ablation of its
gene limits greatly sperm motility and generates male infertility.”’
In the heart, where it has a role in the contractility process that
is unrelated to the beat-to-beat regulation of bulk cytosolic Ca**,
it modulates the activity of the Ca’*-dependent neuronal nitric
oxide synthase (nNOS), which is important to the control of the
excitation—contraction coupling of the cardiomyocyte.”’

At variance with PMCA 1 and PMCA 4, the PMCA 2 and
PMCA 3 have restricted tissue distribution: they are particularly
represented in neurons, and have much higher affinity for
calmodulin, which is the natural regulator of the PMCA pump,
than the two ubiquitous isoforms (Table 5-1).

The PMCA pumps are organized in the membrane with the
canonical ten TMs of Ca** pumps. The 3D structure of the
PMCA pump has not yet been solved, but molecular modeling
work on SERCA pump templates has predictably indicated the
same structural organization, with the cytoplasmic A, N, and P
domains (Figure 5-5). Differences are also evident, beginning
with the long, unstructured C-terminal tail that contains the most
important regulatory sites of the pump and a phospholipid
binding stretch (discussed later) in the cytosolic loop that con-
nects TM 2 and 3.

As mentioned, calmodulin is the (most important) natural
regulator of the PMCA pump and has been exploited to purify
the enzyme using calmodulin columns.”’ Calmodulin interacts
with a domain in the C-terminal tail of the pump that has the
amphipathic helix configuration of canonical calmodulin binding
domains. The affinity of the domain for calmodulin is high (Kd
in the nM range), and the interaction with the PMCA pump has
characteristics that distinguish it from that of other targets of
calmodulin regulation. The PMCA pump apparently only inter-
acts with the C-terminal portion of calmodulin,”” which does not
collapse hairpinlike around its binding PMCA domain. The
matter of the interaction of the PMCA pump with calmodulin
has recently seen some unexpected developments. A second
calmodulin binding domain, with much lower affinity for
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Table 5-1. Tissue Distribution, Calmodulin Affinity, and Calpain Sensitivity of the Four Basic PMCA Pump Isoforms

PMCA 1b* PMCA 2b PMCA 3b PMCA 4b
Tissue distribution Ubiquitous Restricted (brain) Restricted (brain) Ubiquitous
K4 calmodulin (nM) 40-50 2-4 8 30-40
Calpain sensitivity High Low Low Low

*The notation 1b to 4b refers to the full-length pump, without splicing inserts. The information given in the table, such as calmodulin affinity, has been extracted from
Enyedi A, Verma AK, Heim R, et al: The Ca*" affinity of the plasma membrane Ca** pump is controlled by alternative splicing. J Biol Chem 269:41-43, 1994; Caride AJ,
Filoteo AG, Penniston JT, et al: The plasma membrane Ca** pump isoform 4a differs from isoform 4b in the mechanism of calmodulin binding and activation kinetics:

implications for Ca** signaling. J Biol Chem 282:25640-25648, 2007; Brini M, Coletto L, Pierobon N, et al: A comparative functional analysis of plasma membrane Ca*
pump isoforms in intact cells. J Biol Chem 278:24500-24508, 2003; Strehler EE, Zacharias DA: Role of alternative splicing in generating isoform diversity among plasma

membrane calcium pumps. Physiol Rev 81:21-50, 2001.
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Figure 5-5. A molecular modeling of the structure of the PMCA pump (yellow)
superimposed on that of the SERCA pump (red). In the case of perfect match
between the two structures, one sees the red color of SERCA pump. The long,
unstructured C-terminal tail of the PMCA pump is not represented. The binding
region in the cytosolic loop connection TM2 and TM3 of the PMCA pump is the
most evident difference between the two pump structures. The following amino
acids of the SERCA pump are highlighted with colored sphere: N-terminal metionin
(green); threonine 242 (gray); lysin 400 (blue) and the C-terminal glycin (purple).

(Modified from Krebs J, Helms V, Griesinger C: The regulation of Ca** signal by mem-
brane pumps. Helvetica Chimica Acta 86:3875-3388, 2003.)

calmodulin (Kd in the micromolar range) has been identified
downstream of the canonical one.”** The function of this second
domain, which appears to be present only in some splice isoforms
of the pump, is still not established. However, regardless of the
problem of the existence of one or two calmodulin-binding
domains, it is generally accepted that the mechanism of calmodu-
lin activation depends on its ability to release the PMCA pump
from the state of autoinhibition that prevails in its absence: the
C-terminal tail of the pump, including the canonical calmodulin
binding domain, folds over to bind to two sites next to the active

site of the pump, locking it in an autoinhibited state.”*** Calmod-
ulin would swing its binding domain, and presumably the entire
C-terminal tail, away from the sites of auto-inhibition, restoring
full activity to the pump.

One of the distinctive properties of PMCA pumps is the
multiplicity of activating mechanisms. Next to calmodulin, the
most important probably are acidic phospholipids, the most
effective among them being the doubly phosphorylated deriva-
tive of phosphatidyl-inositol (PIP2). Acidic phospholipids bind
to two sites: one is the basic C-terminal calmodulin binding
domain, and the other is a stretch of approximately 40 predomi-
nantly basic amino acids in the cytosolic loop connecting trans-
membrane domains 2 and 3. The activation by acidic phospholipids
could be important in vivo. It has been calculated that the con-
centration of phosphatidyl-serine in the surroundings of the
pump would in principle be adequate for approximately 50%
stimulation of its activity.”” The concentration of phosphatidyl-
serine in the membrane is not known to be modulated, and it
thus appears unrealistic to propose a role for it in the reversible
activation of the pump. PIP2, which is the most effective activa-
tor, instead becomes modulated in the membrane during Ca**-
mediated signaling processes. A PIP2-mediated reversible process
of pump activation could thus appear be a realistic possibility.
Kinases have also been found to activate the pump by phosphory-
lating residues in its C-terminal tail. Meanwhile, protein kinase
C acts on all pump variants, and protein kinase A acts on only
one of the isoforms. An intriguing mechanism of pump activation
is that generated by a dimerization (oligomerization) process that
occurs through the C-terminal calmodulin binding domain; its
physiologic significance is obscure. The concentration of the
PMCA pump in the plasma membrane of all animal cells is
extremely low (probably less than 0.1% of the total membrane
protein); therefore the possibility of random association of two
or more pump monomers in situ to generate dimers or oligomers
appears unrealistic. All mechanisms of activation act by increas-
ing the Ca’* affinity of the pump; in their absence, the Km (Ca*)
of the pump is as high as 20 uM, but drops to 0.5 uM or less in
the presence of, for example, calmodulin or acidic phospholipids.
The pump can be also activated irreversibly, and that occurs when
its C-terminal tail, which includes the calmodulin binding
domain, is shaved off by the Ca’*-dependent protease calpain. In
this case, the activation is linked to the removal of the auto-
inhibitory C-terminal tail of the pump. The irreversible activa-
tion by calpain could become significant in conditions of
pathologic Ca** overload that would demand the uninterrupted
maximal ability of the pump to extrude Ca** from the cytosol.

In addition to these activating mechanisms, a number of
protein partners have recently been shown to become reversibly
associated with the PMCA pumps, sometimes even specifically
with some isoforms.’® Interestingly, these interactions could
either be activating or inhibitory. Among them of special interest
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are those with the numerous proteins that contain the PDZ
binding domain, which is recognized by the extreme C-terminal
portion of most PMCA pump variants. The protein partners that
are recognized by the PMCA pump via their PDZ domain
include, among others, the MAGUK guanylate kinases and
Ania-3, a member of the Homer family of scaffolding proteins.
In addition to the C-terminal region, other portions of the
PMCA molecule also interact with regulatory partners; for
example, the main intracellular loop interacts with calcineurin
and the N-terminal cytosolic region with protein 14.3.3. Of par-
ticular interest is the interplay of PMCA 4 with the nitric oxide
synthase in heart.”” It has been shown that the pump tethers
nINOS to a compartmentalized domain in which its activity would
reduce the concentration of Ca® and thus the production of
c¢GMP. The consequent increase of cAMP would then exert its
well-known positive inotropic effects while the interaction of the
pump with nNOS has a defined physiologic effect. In other cases,
the effects are less well understood from a physiologic perspec-
tive; they vary from the modulation of activity, to the targeting
to membrane domains, and to the recruiting of PMCA pump
variants to cell components (e.g., the cytoskeleton).

As mentioned earlier, alternative splicing processes affect all
four basic primary transcripts of the pump, greatly increasing the
number of isoforms. Most of the splice variants described in
the literature have also been documented at the protein level.
The splicing operation occurs at two transcripts sites. Site A cor-
responds to the cytosolic loop of the pump molecule that con-
nects transmembrane domains 2 and 3, site C to the C-terminal
calmodulin binding domain. The A site inserts are always in
frame; they affect the properties of the pumps, but do not sub-
stantially alter their structure. Instead, the C site inserts might
not maintain an open protein reading frame, thus resulting in the
truncation of the pump molecule downstream of its regular
C-terminus. The full details of the splicing operations and its
complexities are discussed elsewhere.”” Only the aspects that are
specially significant to the themes of this contribution will thus
be considered here. At site A, one exon of 39 bp is apparently
invariably inserted in the mature mRNA of pump 1, whereas an
exon of 42 or 36 bp can be optionally inserted or excluded in the
transcripts of pumps 3, and 4, respectively. The pump variants
without the inserts are termed z; those with the extra exon are
termed x. The A splice for PMCA2 is more complex: three exons
of 33, 60, and 42 bp can be inserted or excluded; however, only
some of the possible combinations have been detected in the
messenger RNAs (mRNAs) of various tissues. For example, in
humans only variant w (all exons included), variant x (only the 42
bp exon included), and variant z (no extra exon included) have
been detected. Only scarce information is available on the func-
tional consequences of the splicing operation at site A. Impor-
tantly, however, the splicing at site A has been found to alter the
membrane targeting of the PMCA2 pump.* The insertion of all
three extra exons (45 residues, the w form) determined its apical
targeting in polarized MDCK epithelial cells, whereas the inser-
tion of only one exon (14 residues, the x form) or the absence of
inserts (the z form) determined the sorting of the pump to the
basolateral plasma membrane.

The splicing at site C is more complex: a large exon (154 bp
in PMCA1 and PMCA3, 175 bp in PMCA4) can be optionally
included in a site corresponding to the middle of the calmodulin-
binding domain, leading to the loss of the open reading frame
and to the premature truncation of the pump. The truncated
pump is termed #, and the form without insertions is termed b.
An additional smaller 68-bp exon can also be optionally included
in PMCA3; however, the large extra exon contains multiple inter-
nal donor sites and can thus be inserted piecemeal. The inserts
of 87 and 114 bp are in frame and generate the ¢ and 4 forms,
that of 152 and 154 bp are not and generates the truncated «
form. Again, the splicing operation at site C is peculiarly complex

for PMCA2. A large exon of 172 bp can be inserted into its
mRNA, again piecemeal, generating variants ¢ and 4 (in frame),
and, presumably, ¢ (out of frame). The insertion of the full 172-bp
exon generates the prematurely truncated form 4, the mRNA
without inserts generates form 4 (an additional, smaller 55 bp
exon can also be optionally inserted in the case of PMCA 2).
Information on the consequences of the slicing operation at site
C on the activity of the pump is more abundant, and recent find-
ings can lead to important functional developments. The inser-
tion of the novel sequence roughly in the middle of the calmodulin
binding domain leads, as expected, to the lowering of the calmod-
ulin affinity for the pump.””*’ The consequence of this decrease
in affinity should lower the ability of calmodulin to remove its
binding domain from the autoinhibitory sites in the main body
of the pump, decreasing pump activity. However, predictions on
the effects to be expected from the insertion of the novel sequence
in the calmodulin binding domain are complicated by the unex-
pected observation that the insert tends to reconstitute the origi-
nal entire calmodulin binding domain; 8 of the first 10 residues
of the insert are indeed either identical or conservative, with
respect to those or the original C-terminal half of the calmodulin
binding domain they replace.

The discussion of the splicing operation has shown that the
PMCA 2 pump differs from the other three basic pump isoforms.
Other properties of the PMCA 2 pump underscore the difference
and set the PMCA 2 pump apart from the other three basic
isoforms—for example, the high affinity for calmodulin (see
Table 5-1) and the finding that the PMCA 2 pump has a pecu-
liarly high level of activity in its absence'* (Table 5-2). The
anomaly is not due to the presence of tightly bound calmodulin
in purified PMCA 2 pump preparations. It could thus be reason-
ably related to the reduced ability of the C-terminal tail of the
PMCA 2 pump to autoinhibit the pump. Regardless of the mech-
anism, however, the anomaly generates a pump variant that
would function nearly optimally in the absence of activation by
calmodulin; this would satisfy the demands that particular cell
types have for a continuous and vigorous Ca** exporting function
not depending on pump activation. One last important point on
the PMCA 2 pump is its high concentration in the mammary
gland, where its levels increase during lactation (see earlier for
the similar finding on the SPCA pump).

Ca*' Pumps in the Disease Process

One of the distinctive properties of the Ca®* signal is ambiva-
lence. As must be expected, the central role of Ca** in the regula-
tion of the most important cell activities demands its precise

Table 5-2. Calmodulin-Dependent ATPase Activity of PMCA 2 and
PMCA 4

nM ATP per mg protein per min

- Calmodulin + Calmodulin
PMCA 2 4.21 5.87
PMCA 4 1.45 6.15

ATP, Adenosine triphosphate; ATPase, adenosine triphosphatase.

From Elwess NL, Filoteo AG, Enyedi A, et al: Plasma membrane Ca** pump
isoforms 2a and 2b are unusually responsive to calmodulin and Ca*. J Biol
Chem 272:17981-17986, 1997; and Hilfiker H, Guerini D, Carafoli E: Cloning and
expression of isoform 2 of the human plasma membrane Ca*" ATPase.
Functional properties of the enzyme and its splicing products. J Biol Chem.
269:26178-26183, 1994.
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spatial and temporal control. The vast array of Ca** binding
proteins and Ca”* transporters expressed in all animal cells under-
lies the concept. Defects in the control of Ca** unavoidably gen-
erate states of cell suffering that could culminate, in cases of
massive and protracted Ca** overload, in the death of the cell;
this is the meaning of the ambivalence concept. Having chosen
Ca® as a determinant for function, cells undoubtedly benefit
from its unlimited availability in their surroundings; however, the
choice forces cells to live in a permanent condition of controlled
risk. Increases of Ca** significantly greater than normal levels can
be handled by cells if the increase lasts for a limited time, because
of the existence of the uptake system of mitochondria, which can
efficiently sequester for a while large amounts of Ca**.* However,
if the overload situation persists, the fate of the cell becomes
sealed. Apart from these extreme and obvious cases of Ca?* catas-
trophe, the cellular homeostasis of Ca** can also become deregu-
lated in less dramatic ways by defects in the individual participants
in the Ca’* controlling operation. These defects are compatible
with the continuation of cell life, but generate cell discomfort
phenotypes with diverse degrees of severity. Among them, those
generated by defects of the Ca®* pumps are currently receiving
increased attention. Several disease phenotypes caused by genetic
and nongenetic defects of the Ca’* pumps have been described.
The problem with the nongenetic alterations is the frequent dif-
ficulty of deciding whether the detected defects are really the sole
cause of the disease phenotype or whether they are primitive or
secondary. By contrast, the pathologic genetic phenotypes are
certainly causative and are mechanistically well defined. The dis-
cussion will thus focus essentially on these phenotypes, with a
discussion of the nongenetic conditions limited to some special
cases.

SERCA Pump

Two human diseases associated with genetic mutations in the
SERCA pump have been described, but numerous nongenetic
pathologic conditions (e.g., heart failure, cancer development,
diabetes) have been associated with its malfunction or decreased
level of expression. Humans and some large animals develop a
similar muscular disease, termed Brody disease in humans and
congenital pseudomyotonia in Chianina cattle, as a consequence
of mutations in the gene of the SERCAI pump. Brody disease is
a rare recessive myopathy characterized by impaired relaxation,
painless muscular cramps, and muscle stiffness following exercise.
The clinical diagnosis is difficult because the symptoms are het-
erogeneous, but sometimes muscle biopsies show reduced
SERCAI pump expression. Six different mutations in the
SERCALI pump have been identified, four of them introducing a
premature stop codon that truncates the pump, creating variants
with higher instability.**

In the deficiency of SERCA1 pump function in skeletal
muscles observed in Chianina cattle affected by pseudomyotonia,
the SERCAI pump activity was decreased by approximately 70%.
Linkage analysis has shown that a mutation in the SERCA1 pump
was associated to the phenotype, and subsequent mutation analy-
sis has revealed its association with a missense Argl64His muta-
tion in exon 6 of the gene.” Argl64 is a strongly conserved
residue in the SERCAL1 pumps, but its role in the function of the
pump has not been defined. Another mutation (Arg559Cys) in
the SERCAI pump has been described in Belgian Blue Cattle
affected by congenital muscular dystonia 1”7 and in a Dutch
Improved Red and White cross-breed calf.” The disease pheno-
type is the same, suggesting that the loss of SERCA pump activity
could be a common element in these different myopathies.

Another disease associated to SERCA pump mutations is
Darier disease, a rare autosomal human dominant skin disorder

characterized by the loss of adhesion between epidermal cells and
by abnormal keratinization. More than 130 mutations in the
SERCA2 pump gene have been reported in human patients,
distributed along all the pump sequence without evidence of
clustering in specific regions.” Impaired ability to transport Ca**
and increased protein instability are considered the main conse-
quence of the mutations; however, the fact that the symptoms are
confined to the skin suggests that specific elements of Ca®*
homeostasis in keratinocytes are important to the pathogenesis
of the disorder. Alternatively, compensatory mechanisms for the
SPCA pump defect could act in other tissues. No cardiac pheno-
types have been described in patients carrying the SERCA2
pump mutations, even if the large majority of patients carry
mutations in the region common to SERCA2a and 2b pump
isoforms. Darier disease shares properties with Hailey-Hailey
disease, a genetic skin disorder caused by SPCA pump mutations
(discussed later), indicating that the maintaining of a proper Ca**
pumping activity is of particular relevance to the epidermis.

Nongenetic disease phenotypes linked to altered SERCA
expression or activity have also been described; those associated
with heart failure and cancer are the best documented. A consen-
sus has been reached on the reduction in SERCA2a pump level
or activity in failing hearts of both animal models and patients;
however, the mutations have been ascribed mostly to PLB rather
than the SERCA pump. A single report has described mutations
in the SERCA2 gene that can predispose to heart failure.” The
relationship between cancer and the SERCA2 and SERCA3
pumps has attracted increasing interest in the last years. Numer-
ous alterations in the SERCA2 gene have been found in patients
with colon or lung cancer. However, as is frequently the case with
nongenetic alteration of Ca’* pumps, it is not clear whether they
are primitive and directly involved in the early events of the
carcinogenesis.

As for SERCA3, its expression becomes progressively lost
during the multistep process of colon tumorigenesis, and its
expression levels are inversely proportional to the loss of differ-
entiation of the lesions. Finally, studies on human liver tumors
have shown that the hepatitis B virus DNA could be integrated
in the SERCAI pump gene causing the expression of a truncated
mutant protein with consequent decrease in ER Ca** content and
increase in apoptosis.’’

SPCA Pump

Hailey-Hailey disease is the only known genetic disease associ-
ated with an SPCAI pump mutation. The disease has a dominant
autosomal inheritance and is phenotypically characterized by the
increased propensity to the formation of skin lesions, mainly at
the site of sweating and friction. The lesions are due to the loss
of adhesion of keratinocytes and to the abnormal keratinization
of the skin. At least 87 different mutations have been described,
located all along the SPCA pump sequence.”” Some mutations
are responsible for reduced Ca’* transport activity, but the large
majority lead to protein instability. When the mutant SPCA
pump is overexpressed in model cells, its level of protein expres-
sion is extremely low, despite normal levels of mRNA, and correct
localization to the Golgi compartment.”** As mentioned earlier,
Hailey-Hailey disease shares phenotypic properties with Darier
disease; however, at variance with the keratinocytes of patients
with Darier disease, the keratinocytes of patients with Hailey-
Hailey disease show an abnormal response to extracellular Ca™,
possibly because the upregulation of the SPCA1 pump in Darier
disease keratinocytes could compensate for the SERCA dysfunc-
tion. Hailey-Hailey disease is essentially benign, but squamous
cell carcinoma can develop from the skin lesions. Interestingly,
in mice the loss of SPCA pump function causes skin cancer, but
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not the acantholytic skin disorder it causes in humans. This
finding suggests that elements favoring the survival or the apop-
totic death depending on the keratinocyte type could have a role
in the development of the disease.

Recently, linkage analysis on chromosome 16q has revealed
an association between the SPCA2 gene and specific language
impairment (SLI), a common developmental disorder character-
ized by difficulties in language acquisition in individuals
with otherwise normal development.”” The linkage suggests a
possible role of the SPCA pump in the context of language
impairment.

PMCA Pump

Several genetic pathologies linked to the dysfunction of the
PMCA pumps have been described; they affect animals (mice) and
humans, and are either spontaneous (e.g., those in humans) or
induced by the ablation, partial disruption, or mutations of PMCA
genes. The first described disease phenotype related to a PMCA
pump defect is a form of hereditary deafness that involves the
PMCA?2 isoform of the pump, which is abundantly expressed in
the stereocilia of the hair cells of the Corti organ in the inner ear.
As mentioned previously, PMCA2 has a peculiar characteristic:
high activity even in the absence of calmodulin. This property
evidently satisfies the necessity of maintaining a constant flow of
Ca’* from the stereocilia to the endolymph that bathes them. The
tight control of the homeostasis of Ca** in the endolymph is essen-
tial for the functioning of the stereocilia bundle that gates mecha-
noelectrical channels through which K* (and Ca**) flow into the
hair cell to generate (or modulate) the acoustic signals. The
PMCA2 pump isoform of the stereocilia is the wa variant,’ which
has the site A insert that targets it to the stereocilia, and is
C-terminally truncated to depress even further the calmodulin
response with respect to the wild type PMCA2 pump. The first
indication of the role of the PMCA2 pump in the inner ear came
from the deafness phenotype caused by the ablation of its gene.””
Several spontaneous and induced mutations of the mouse gene
were then described that confirmed the role of the PMCA 2 wa
variant in the function of the outer hair cells.” Tivo human families
with an hereditary deafness phenotype caused by two different
point mutations in the PMCA?2 gene were then also described.’**’
The defect of the PMCA2 pump was analyzed molecularly and
was characterized as a specific impairment of the long-term ability
of a mutant pump to export Ca’* from the cell.””*

The inhibition of sperm motility and the male infertility phe-
notype caused by the ablation of the PMCA4 gene in mice have
been already mentioned. The ablation of the PMCA4 gene,
however, also has important effects on the function of the heart.
The contractility and the amplitude of the Ca’" transient linked
to the L-channel activity were increased in the cardiomyocytes
of PMCA 4 null mice,” supporting the suggestions for a role of
the PMCA4 in the regulation of heart contractility. In addition,
the ablation of the PM(CA4 gene also impaired phasic contraction
and caused apoptosis in the smooth muscle of the portal vein, but
only in mice carrying a null mutation in one copy of the PMCAL1
pump gene.”

A recent Korean genome-wide association study aimed at
identifying genetic factors that influence blood pressure and
hypertension risk has located the most significant single nucleo-
tide polymorphism in the gene for the PMCAI1 pump.®"** Based
on the observation mentioned previously suggesting that the
PMCAL pump gene can function as a modifier locus for
the phasic vein contraction linked to the PMCA4 pump gene, the
Korean authors looked for a gene-gene interaction between vari-
ants of the PMCAI and PMCA4 pump genes in the genome-
wide association dataset. They found only modest evidence.

Finally, a disease phenotype has been identified recently for a
defect in the PMCA3 pump gene in humans. The PMCA3 pump
is the least known of the PMCA isoform. As mentioned, it is
essentially restricted to brain, although it is also found in rat
skeletal muscles; it is particularly abundant in the choroid plexus.
A study using X-exome sequencing has recently identified a mis-
sense mutation in the calmodulin binding domain of the PMCA3
pump in a family with X-linked congenital cerebellar ataxia.” A
molecular study of the mutant PMCA3 pump expressed in model
cells has revealed its impaired ability to extrude Ca’*. A missense
mutation (Tyr543Met) in the PMCA3 pump gene has also
been detected in human pancreatic cancer cells.”* The effects of
the mutation on the activity of the pump have not been
investigated.

Conclusions

The pumps that transport Ca** across membranes control the
homeostasis of Ca’" in all animal cells. In those of nonexcitable
tissues, which are not exposed to the periodical increases of cyto-
solic Ca® to levels that can reach the micromolar range, they are
the most important or even the sole systems that maintain cyto-
solic Ca’" at the physiologic nanomolar level. They can do so
because they interact with Ca’* with the appropriate high affinity.
In excitable tissues, the ejection of Ca** from the cytosol is instead
mostly performed by a larger, lower-affinity system, the Na/Ca
exchanger. Ca** pumps still exist in the internal membranes of
excitable cells, and even in their plasma membrane. Their role in
the control of Ca’ homeostasis, at least at the peak of the Ca®*
transients that are essential for the physiology of these cells, is
overshadowed by the activity of the exchanger. The case of the
heart is special. PMCA pumps have been conclusively docu-
mented in heart sarcolemma, but their role in the ejection of bulk
Ca? from the sarcoplasm, especially in phase with the contraction—
relaxation cycle, has always been considered unrealistic. Recent
evidence, however, indicates that the sarcolemmal Ca’* pump
(isoform 4) has a Ca** signaling role that is quantitatively unim-
portant, as expected in the control of bulk sarcoplasmic Ca**, but
that is still critical to the contraction—relaxation cycle in more
subtle ways and is linked to the modulation of the cyclic nucleo-
tide balance. Perhaps, a role for the PMCA pumps in Ca** signal-
ing not immediately linked to the bulk ejection of Ca** will in
the future be extended to other excitable cells as well.
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The Sarcoplasmic Reticulum

Structural Arrangement of the
Sarcoplasmic Reticulum

The sarcoplasmic reticulum (SR) is a membrane-delimited intra-
cellular organelle present in striated muscle of almost all species.'
Its name literally means “network of structures located in the
cytoplasm of a muscle fiber,” referencing the interconnected
network of tubules and vesicles that spans the sarcomere and
wraps up the contractile myofilaments. The SR is not continuous
with the external membrane, but recent data indicate that it is
continuous with the nuclear envelope.” In cardiac and skeletal
muscle, the main function of the SR is to provide the majority of
Ca’ ions that are needed to activate the contractile proteins of
the myofilaments, and to resequester Ca** from the myoplasm
to allow for relaxation. The Ca** concentration within the SR
([Ca*]sx ) is approximately 1 mM, with a larger pool of Ca**
bound to calsequestrin and other Ca**-binding proteins.' There-
fore, when myofilaments are relaxed and bathed in cytoplasmic
milieu containing approximately 0.1 uM Ca®, there is an approx-
imately 10,000-fold [Ca*] gradient across the SR membrane.
The compartmentalization of muscle fibers into small (~2 um)
structural-functional units (sarcomeres) ensures that Ca*" diffu-
sion from release sites is not a limiting step in muscle contraction.
Similarly, the enveloping of myofilaments by the SR ensures
rapid reuptake of Ca™, leaving rate-limit steps of relaxation to
contractile proteins.

It is useful to compare the structural arrangement of the SR
in cardiac and skeletal muscle to facilitate discussion of the mech-
anisms that trigger Ca’* release in these two muscles. The series
of events by which depolarization of the sarcolemma generates a
mechanical contraction is termed excitation-contraction coupling
(E-C coupling). Although common subcellular structures
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participate in E-C coupling, different processes link membrane
depolarization to Ca* release in cardiac and skeletal muscle.
Some of these differences stem in part from the ultrastructural
arrangement of the muscle fiber’s organelles. It is well accepted
that E-C coupling in skeletal muscle is greatly dependent on Ca**
release from the SR, with little or no Ca®* entry across the sar-
colemma during a single twitch. Accordingly, the SR of skeletal
muscle is robust and contains large saccular enlargements,
whereas T-tubules, which are invaginations of the external mem-
brane that carry the depolarizing stimulus to the interior of the
cell, are narrow (~20 to 40 nm) and elongated. By contrast, Ca**
entry across the sarcolemma is an obligatory step for E-C cou-
pling in cardiac muscle.” T-tubules, which not only carry the
electrical stimulus to the interior of the cell but must serve also
as Ca** reservoirs, are therefore larger in diameter (~200 nm) in
cardiac muscle. The SR appears thinner and less organized than
in skeletal muscle, but exhibits multiple points of contact with
the sarcolemma and T-tubules.* Depending on the animal species
and the type of cardiac cell, the SR volume can be as high as 12%
of cell volume (mouse atrium), to as little as 0.8% (finch ventri-
cle).! These sharp differences likely reflect the relative impor-
tance of Ca’* entry versus SR Ca’* release for contraction among
different cells: whereas mouse cardiomyocytes rely heavily on
Ca’* release from the SR, finch (and all avian) ventricular cells
lack T-tubules altogether and thus rely almost entirely on Ca®*
fluxes across the sarcolemma.

Molecular Players of Excitation-
Contraction Coupling

In both cardiac and skeletal muscle, the L-type Ca** channels or
dihydropyridine receptors (DHPRs) are the voltage sensors of
sarcolemma and T-tubules that initiate E-C coupling, and the SR
Ca® release channels that provide the majority of Ca** for con-
traction are also known as ryanodine receptors (RyRs)." The manner
in which DHPRs trigger RyRs to open is particular to each
muscle. Because skeletal muscle fibers can twitch in the absence
of external Ca**, and Ca** release follows sarcolemmal depolariza-
tion with virtually no delay, a physical coupling between DHPRs
and RyRs is thought to initiate E-C coupling in skeletal muscle.’
Indeed, identification of the structural domains of DHPRs and
RyRs involved in their mechanical interaction continues in
earnest,’ although the presence of proteins “sandwiched” between
these channels has not been completely ruled out. By contrast,
RyRs of cardiac muscle are closely apposed but do not appear
mechanically joined to DHPRs*; instead, they are activated by a
small influx of external Ca®* (the inward Ca** current provided
by DHPRs, or I,), releasing greater amount of Ca’* from the
SR.” This process, Ca**-induced Ca** release (CICR)," is a signa-
ture event of RyRs but is not exclusive to cardiac muscle. In fact,
CICR was first described in skeletal muscle,” where it apparently
serves to activate RyRs that are not coupled to DHPRs."
Again, the structural arrangement of DHPRs and RyRs is
congruent with the type of E-C coupling they exert in skeletal
and cardiac muscle. In the former, a great proportion of DHPRs
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appears organized as tetrads that rest on top of a single RyR
channel in the junctional SR, the specialized region of the SR
that is proximal to T-tubules.” Because RyRs are homotetrameric
protein complexes (discussed later), each DHPR in a tetrad is
presumed to interact with one RyR monomer. RyRs, on the other
hand, are clustered in a paracrystalline lattice where they touch
each other at the corners."! In this orderly array, every other RyR
interacts with a tetrad of DHPRs and is directly activated by the
physical coupling mechanism; the DHPR-free RyR is presum-
ably activated by CICR and cooperative interaction between
RyRs.*'"” Multiple (i.e., 10 to 20) such DHPR-RyR interactions
occur in a couplon, the structural domain of the junctional SR
where E-C coupling actually takes place.” In cardiac muscle,
DHPRs are irregularly and sparsely distributed (not forming
tetrads) in a couplon, but RyRs keep their lattice array, thus
changing the stoichiometry and the mode of interaction of these
two channels. A typical couplon in cardiac myocytes can contain
approximately 100 RyRs and only approximately 20 DHPRs.'
Thus, in principle, one DHPR injects Ca** into a couplon to
activate approximately 5 RyRs, but current estimates indicate that
E-C coupling is normally effected with a high safety factor—that
is, only a portion of the existing DHPRs is needed to fully acti-
vate RyRs" (discussed later ).

In addition to the junctional SR, DHPRs and RyRs interact at
the peripheral couplings, the points of contact between SR and
sarcolemmal surface.* Despite the fact that T-tubules contain the
highest density of DHPRs, couplons of the peripheral couplings
apparently have DHPR/RyR stoichiometry that s similar to those
of junctional SR couplons. Thus, RyRs of peripheral couplings are
expected to release Ca® by a model similar to that described
earlier for RyRs of junctional SR, although this has not been
tested rigorously. A different mechanism, however, must operate
to activate RyRs in the corbular SR, a basketlike form of SR that
is connected to the SR network at one point only, and completely
lacking T-tubular or sarcolemmal contacts. Activation of corbular
RyR channels probably requires a combination of Ca** diffusion
from release sites and a propagating wave of CICR. Corbular SR
can contain up to approximately 35% of the total RyRs and is
particularly prominent in atrial cells and Purkinje fibers."*

Methods of Recording Sarcoplasmic
Reticulum lon Channels

Reconstitution of Sarcoplasmic Reticulum
Channels in Lipid Bilayers

Advancements in confocal imaging techniques have started to
shed new light on SR ion channels in their cellular environment,
but at present the majority of their functional and biochemical
properties have been defined using isolated SR vesicles. Homog-
enization of cardiac and skeletal muscle produces fragmented SR
that can be partially segregated by sucrose density centrifugation
into RyR-enriched “heavy” SR (corresponding to junctional SR
and peripheral couplings), and Ca** pump-enriched “light” SR
(corresponding to longitudinal SR). Because RyRs are confined
to regions of the cell that are largely inaccessible to patch elec-
trodes, reconstitution of heavy SR into artificial lipid bilayers
remains the most versatile and effective method to characterize
the biophysical and pharmacologic properties of RyRs at the
single channel level.""'* A vast body of knowledge has already
been gained with this technique,'®'” which remains the method
of choice in situations that require precise control of modulators
on both faces of the channel (e.g., in cytosolic or luminal Ca**
titrations), and in measurements of unitary channel conductance
under quasi-physiologic conditions. In addition, defining the
potency and mechanism (open- or closed-channel block), which

is indispensable for the rational design of drugs for various RyR-
linked diseases, would be extremely difficult without single-
channel recordings in lipid bilayers. Nevertheless, it is important
to recognize the limitations of this technique, most of which stem
from the extremely difficult recreation of the conditions under
which RyRs operate in situ. In their intracellular environment,
RyRs are activated by fast and transient Ca** stimuli (as opposed
to stationary Ca’* levels as is routinely used in lipid bilayer experi-
ments), which modify RyR activity importantly (discussed further
later). Furthermore, RyRs seldom work in isolation, as in single-
channel experiments, but are clustered in arrays that exhibit
cooperativity and synergism.'"'? Lastly, various accessory pro-
teins of the RyR control its response to cytosolic and luminal
Ca™, and these proteins might not be present in reconstituted
channels.

Confocal Imaging of RyR Ca* Fluxes

The optical detection of Ca** fluxes has provided new insight into
the working principles of the supramolecular Ca®* signaling
system of many cells. The discrete, transient, and presumably
elemental Ca’" signaling events of cardiac myocytes, also known
as Ca** sparks, are indisputable signs of RyR gating in situ.'® The
introduction of fluorescein- and rhodamine-based Ca** indicators
of high dynamic range and the arrival of low-cost versatile confo-
cal microscopes greatly facilitated the discovery of Ca’* sparks,
first detected in ventricular myocytes'” and later in smooth™ and
skeletal’! muscle cells. The low myoplasmic [Ca*'] of resting cells
keeps the open probability (P,) of RyRs extremely low; still, RyR
channels open with a finite rate that depends on several factors
(most notably, [Ca’*] on the cytoplasmic and luminal side of the
RyR), giving rise to spontaneous Ca®* sparks. An estimate of
spontaneous spark rates in ventricular myocytes was initially 100/
cell/sec," which suggested an opening rate for RyRs of 10 s7,
assuming that a typical ventricular myocyte contains approxi-
mately 1 million RyRs."” However, spark rates vary widely among
investigators apparently using the same conditions and can even
be influenced by experimental artifacts such as cell damage during
isolation, making this estimate less reliable. Initially, Ca®* sparks
were thought to originate from the opening of a single RyR,"
but the unitary RyR channel conductance in near physiologic
conditions (~0.5 pA)” appears to be too low to deliver the
fluorescence signal mass of a typical Ca’* spark.” Additional
studies detected smaller RyR-originated Ca** signals (e.g., “Ca**
quarks,”** “Ca’ embers,”” “Ca’* syntilla,””®), somewhat demot-
ing the elemental adjective bestowed on Ca®* sparks as indivisible
events of E-C coupling in cardiac cells. Because Ca** sparks typi-
cally give rise to a twofold increase in fluorescence intensity in
an area of approximately 2 um, it is likely that they result from
the coordinated opening of a portion of (or all) RyRs that are
clustered in a couplon (~100). Regardless of the number of RyRs
that intervene to form a Ca®* spark, these Ca’" signaling events
have brought fresh insights into the mechanisms that modulate
the activity of RyRs in their intracellular environment.

[*HIRyanodine Binding As an Index
of RyR Activity

Measurements of RyR density and activity can be readily obtained
by performing [*H]ryanodine binding assays in purified SR ves-
icles or even in whole-tissue homogenates. This is possible
because of the high affinity and specificity of ["H]ryanodine for
its receptor, which yield an excellent signal-to-noise ratio, and
because the alkaloid binds to open RyR channels only.”” The
binding of ['H]ryanodine is enhanced by activators of Ca** release
(Ca™, adenosine triphosphate [ATP], caffeine) and decreased by
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inhibitors of Ca’* release (Mg™*, H', calmodulin), suggesting that
the alkaloid binds to a conformationally sensitive domain of the
RyR protein.”® Therefore, "H]ryanodine can be used as a probe
of the functional state of the RyR channel. This approach has
contributed to the purification of the RyR itself and to the iden-
tification of novel ligands, endogenous modulators, and accessory
proteins of RyRs"*"*’; however, ryanodine also displays some
disadvantages as ligand of RyRs. Mainly, ryanodine has slow
association and dissociation rates, which require long incubation
times to reach equilibrium (>15 h at room temperature) and
predisposes the RyR to protein degradation. Furthermore, its
sluggishness to bind to its receptor renders ryanodine incapable
of tracking dynamic changes in RyR activity, which are usually
transient and swift (discussed later). Despite these drawbacks,
H]ryanodine binding is the assay of choice to measure the aver-
aged activity of literally billions of RyRs at the same time and
under multiple conditions.

Electron Probe X-Ray Microanalysis of Ca** and
Other lons Within the Sarcoplasmic Reticulum

Ca® movements across the SR can be measured in situ by elec-
tron probe analysis of ultrathin cryosections of muscle rapidly
frozen at different times in the contraction and relaxation cycle.”
These pioneering experiments have provided critical data on the
spatial and temporal movement of Ca®* and its countercharge
ions (mainly K* and Mg™) across the distinct regions of SR
during the E-C coupling cycle. Foundational notions, such as the
SR undergoing no charge deficit during Ca** release (and thus
maintaining no transmembrane potential) and the terminal cis-
ternae being the main Ca® release site of the SR, were derived
largely from electron probe analysis experiments.*’

Cytoplasmic
domain

Transmembrane
domain

C 10 nm

Molecular Structure of the Cardiac Ryanodine
Receptor (RyR2)

RyRs are the main pathway for Ca’* release from the SR, but they
are not restricted to striated muscle. To gain the functional flex-
ibility necessary to respond to different triggering signals, at least
three isoforms of RyR are expressed in mammals.'”**’' RyR1 is
expressed predominantly in fast- and slow-twitch skeletal muscle
and in cerebellar Purkinje cells. RyR2 is found in cardiac muscle
(presumably the only isoform expressed there), but s also robustly
expressed in the brain and in visceral and arterial smooth muscle.
RyR3 is the least understood of the RyR isoforms and appears to
play its most important role during development, although in
mature cells it is found in the diaphragm, epithelial cells, brain,
and smooth muscle. Several structural and functional character-
istics confer to RyRs, a distinctive earmark. RyRs are homotet-
ramers of large molecular size (~2 million Da); they form
Ca’*-gated Ca’*-permeable channels of large conductance,”” and
they are distinctively affected by the plant alkaloid ryanodine.”
Elucidating the structure of RyRs has been difficult because of
the channel’s massive size; however, some details of RyR structure
have been obtained through cryoelectron microscopy,”’*** com-
parative modeling,” and recently x-ray crystallography of small
RyR segments.”™’ In electron micrographs, RyRs are seen as
quatrefoil or cloverleaf-shaped structures,”*** or in three-
dimensional renderings as mushroom-shaped structures, with a
large (27 x 27 x 12 nm) cytoplasmic assembly and a smaller
transmembrane “stalk” spanning approximately 6.5 nm from the
base of the cytoplasmic region and extending into the SR lumen**
(Figure 6-1). The carboxyl-terminal segment crosses the SR
membrane as few as four and as many as 10 times (depending on
the model, although the consensus is for six transmembrane

Transmembrane
domain

Cyt constriction
Inner branch
(open) ion gate

Inner helix
Pore helix

Figure 6-1. Three-dimensional surface representations of the ryanodine receptor (RyR) channel. Surface representations of the RyR1 at 10 A resolution as seen from the
T-tubule (A), the SR side (B), and from the side (orthogonal to the SR membrane) (C). The inset is the magnified region indicated by the square, at a higher density threshold,
and cut through the fourfold axis to better visualize the ion pathway. The cutting plane is indicated in blue.

(Courtesy M. Samsg, Virginia Commonwealth University, Richmond, Va.).
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domains) and forms the Ca**-permeable pore, whereas the bulk
of the protein (~90%) protrudes into the cytosol to bridge a 15-
to 20-nm gap between the SR and T-tubule membranes. The
quatrefoil structure results from the symmetric arrangement of
four identical subunits of approximately 5000 amino acids each;
therefore, a single tetrameric channel encompasses approximately
20,000 amino acids.

Accessory Proteins of the RyR2 Channel

The RyR2 channel can be viewed as a molecular switchboard that
integrates a multitude of cytosolic signals, such as dynamic and
steady Ca’* fluctuations, B-adrenergic stimulation (phosphoryla-
tion), oxidation, and metabolic states and that transduce these
cytosolic signals to the transmembrane domain to release appro-
priate amounts of Ca?*. Furthermore, Ca’* release is critically
influenced by luminal (intra-SR) factors such as Ca** content and
protein interactions, thus conferring RyR2 channels an additional
role as integrative switch-valves that offset cytosolic-luminal Ca**
imbalances. Most of the signal-decoding structures are integral
domains of the RyR2 protein. In addition to the huge structural
tetrameric assembly being highly complex, RyR2 channels are
also capable of protein-protein interactions that allow them to
bind, in some cases steadily and in other cases in a time- and
Ca’*-dependent manner, to small and independently regulated
accessory proteins that add another layer of versatility (and com-
plexity) to regulation of Ca* release in vivo (Figure 6-2). The
best-known RyR2-interacting proteins are calmodulin, which
tonically inhibits Ca®* release’”"’; FKBP12.6, which presumably

stabilizes RyR2 closures***; sorcin, which inhibits Ca** release

in a Ca**-dependent manner™*; and the ternary complex triadin-
junctin-calsequestrin, which “senses” luminal Ca’* content and
modulates RyR2 activity by acting either as a direct channel
ligand or as an immediate source of releasable Ca**.** S100A1,"
like calmodulin and sorcin, inhibits RyR2 more conspicuously
when [Ca’"] is high; therefore these three proteins might play a
role in Ca**-mediated CICR termination. More recently, RyR2

Ca2+ é&%@

)ZCaz“’ Sorcin (dimer)

SR lumen U U
@®ew ©
Calsequestrin

Figure 6-2. Three-dimensional model of the ryanodine receptor (RyR) supramo-
lecular complex. The faded blue structure is the cryo-electron microscopy surface
representation of the RyR1 protein at 10 A resolution as shown in Figure 1, C. The
multi-colored proteins are represented by their actual crystal structures. Junctin
and triadin were generated by Song et al.”* using homology modeling. Binding
sites for FKBP12.6 and calmodulin are based on cryo-EM data.”*** The other protein
interacting sites are idealized. Only some of the most relevant proteins that interact
with the RyR2 channel are shown.

has been found to hold anchoring sites for PKA, PP2A, cyclic
adenosine monophosphate (cAMP)-specific phosphodiesterase
(PDE4D3) and CaMKII,” underscoring the importance of RyR2
regulation by phosphorylation. Thus, the RyR2 protein is not
only capable of forming ordered multi-channel arrays,*'' but is
also at the center of a massive macromolecular complex that
includes numerous regulatory proteins. Although the intrinsic
function of each of these accessory proteins is known to some
extent, it is still unclear how this complex of proteins interplays
in situ to regulate Ca’* release.

Ca* Regulation of RyR2 Channels

Regulation of Isolated RyR2 channels

Ca’ is the most potent, versatile, and multifaceted regulator of
RyR2 channels. Ca** ions turn on, turn off, and permeate through
the RyR2. Ca* binds to cytosolic and luminal domains of RyR2s
and regulates the activity of the channel in a concentration- and
time-dependent manner. Because RyRs work cooperatively in
their native environment and are activated by Ic,, which is an
extremely fast and transient Ca** stimulus, this mode of regula-
tion is extremely complex.

It is necessary to discuss the effect of Ca** on isolated RyRs
before considering the intricacies of Ca’* regulation of RyRs in
situ. Under stationary (nonfluctuating) [Ca™], the activity of
single RyR2 channels is a bell-shaped function of cytosolic [Ca*']
(Figure 6-3) because of the presence of Ca**-activating and inac-
tivating sites.'”””*! Ca’* in the range of 0.1 to 10 uM binds to at
least one Ca’*-binding domain that activates RyR2s. Higher
[Ca®] (100 uM to 3 mM) then inactivates the channel.”! The
affinity and cooperativity of the activating and inactivating Ca**-
binding sites vary greatly under the presence of other relevant
modulators (e.g., ATP, Mg”*, H*) and constitute powerful mecha-
nisms by which posttranslational modifications of the channel
protein (e.g., oxidation, phosphorylation, nitrosylation) modulate
Ca®™ release. Among the RyR isoforms, RyR2 is particularly
recalcitrant to Ca**-dependent inactivation, requiring supraphys-
iologic [Ca®] (~10 mM) for complete inactivation.'”””*" For this
reason, the functional role of this process is questionable,
although its participation in CICR termination has not been
ruled out (discussed later). This overall picture represents the
response of RyR2 channels to stationary levels of Ca®™, but is
different from that obtained under dynamic (fast and transient)
Ca’* stimuli. In what are now landmark studies delineating CICR,
Fabiato® observed that the magnitude of Ca®* release was
dependent on the velocity of the Ca** pulse (d[Ca**]/dt) applied
to skinned cardiac fibers. Similarly, single-channel studies have
revealed that a fast Ca’* stimulus elicits a transient increase in the
P, of RyR2s. If Ca* is applied rapidly but remains sustained for
long periods, RyR2 P, will relax, or adapt, to a new steady state
that follows the activation curve obtained under stationary [Ca®"].
Thus, P,~[Ca®"] curves of greater magnitude emerge from titra-
tion of RyR2 activity with fast, calibrated Ca** pulses compared
with those obtained under similar but steady applications of Ca**
(Figure 6-3).”"%° The implication of these findings is that there
are components of RyR2 activity that remain undetected in most
of the assays presently used, and these aspects of RyR regulation
might explain seemingly discrepant results, as in the case of RyR2
phosphorylation (discussed later).

Regulation of RyR2 channels by luminal (intra-SR) Ca®* has
gained preeminence as a control mechanism of Ca®* release, but
this process remains as complex as cytosolic Ca** regulation. The
crucial observation in ventricular myocytes is that, beyond a
certain threshold, small changes in SR Ca®* load result in far
greater increases in Ca’" release, with the relationship described
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Figure 6-3. Modulation of RyR2 channel by Ca2+. (A) Activation of
RyR2 by fast changes of the [Ca**] surrounding the cytosolic side of
the channel. The resting [Ca™*] was 0.1 uM in all traces. Calibrated
steps increases of [Ca*] were achieved by laser photolysis of caged
Ca” (nitrophenyl-ethylene glycol tetraacetic acid [NP-EGTA]), as
described.” The RyR2 openings were elicited by fast increase of
[Ca”] to 1 uM (a and b) or to 10 uM (c) produced by single laser
pulses. Mg (1 mM) was present in b and c. Traces in all panels were
recorded from the same channel. (d) Ensemble currents were gener-
ated by the sum data of multiple sweeps. (e) The amplitude and time
course of the change in [Ca”] in the cytosolic side of the channel.
(B) Ca’*-P, curves of RyR2 channels. Activity was measured at the
indicated stationary concentrations of Ca’* (steady-state) and right
after a fast Ca’* pulse (‘peak”), as in A. (C) Activation of RyR2 channel
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as an inverse hyperbole with a high degree of cooperativity’® (see

Figure 6-3). This is clearly an adaptive mechanism that promotes
greater Ca’ release (and stronger contractions) under conditions
of increased Ca® uptake (such as occurs under B-adrenergic
stimulation) and suggests that RyR2 channels increase their P, in
response to elevated luminal [Ca*]. The latter has been detected
in single channel experiments,”””* but the mechanism underlying
luminal Ca** regulation at the molecular level remains uncertain
and is possibly due to a combination of several of the following
processes: (1) direct Ca’* binding to RyR2 domains available only
from inside the SR™’; (2) activation of cytosolic sites by the Ca**
ions being permeated by the channel (feed-through mecha-
nism)®; and (3) binding of Ca® to calsequestrin and subsequent
regulation of RyR2 through junctin, triadin, or both.**"*

Regulation of RyR2 Channels In Situ

In each of the approximately 10,000 individual couplons that
occur in a typical ventricular myocyte, RyR2 channels are packed
forming a paracrystalline array that promotes synchronized Ca**
release.”'! Each of these couplons is independently activated by
Ca’ entering the cell through the juxtaposed DHPRs of the
T-tubules (junctional SR) or sarcolemma (peripheral couplings).*
The rapid spread of sarcolemmal depolarization into the interior
of the cell by the T-tubules ensures that all individual couplons
are simultaneously activated by Ic,, generating a synchronized
wave of Ca’" release that spreads quickly to virtually all corners
of the cardiomyocyte. In adult ventricular cells, I, is insufficient
to induce full contractions but is amplified threefold to eightfold
(depending on the species) by Ca* release from the SR." Because
Ca™ is simultaneously the input and output signal of RyR2s,
this amplification process (CICR) should intuitively be self-
regenerating and all-or-none.” In other words, the Ca’* released
by an RyR2 channel should activate further the same channel or
its neighbors in an apparently interminable cycle. However, this
is not observed experimentally; instead, CICR is finely graded by

Ic, and quickly terminates in intact cells. What counters the
inherently positive feedback of CICR? At least three mechanisms
have been proposed and, given the importance of CICR termina-
tion, it is likely that several mechanisms intervene (even redun-
dantly) to avoid overflowing the cytosol with Ca?*.
Ca’*-dependent inactivation of Ca’* release was envisioned by
Fabiato in his studies of CICR.*** The simplicity of this scheme
makes it elegant. It involves two types of Ca’" sites controlling
the RyR2 channel: a fast-action, low-affinity Ca** activation site
and a high-affinity but slow-action Ca** inactivation site.” Accord-
ingly, a fast Ca** stimulus evokes a transient burst of RyR2 activity
because the channel is activated by Ca** acting on the activation
site and then shut down as Ca’* slowly binds to the inactivation
site. On the other hand, a slow Ca®* stimulus binds to the higher-
affinity inactivation site and prevents channel openings, at least
until the stimulus is removed. At sustained and high Ca®* levels,
estimated by Fabiato to be approximately 100 uM, the inactiva-
tion sites are saturated, leaving the channel in an absorbing inac-
tivated state.”” Thus, this straightforward scheme allows for
activation of Ca** release by the fast I, and termination of CICR
by the [Ca*] lingering in the couplon after Ca** release. Recovery
(repriming) of RyR2 channels from this inactivated (refractory)
state requires removal of Ca®* from the couplon, as expected to
occur on a beat-to-beat basis. As intelligible as it sounds, this
mechanism has encountered experimental and theoretical chal-
lenges. First, SR Ca** release was shown to be independent of the
interval between two consecutive Ca?* stimuli,** which was not
expected if RyR2 channels were refractory for a certain time after
the first stimulus. In addition, when a sustained Ca** stimulus was
used to inactivate the RyR2 channel, a subsequent Ca** stimulus
reactivated Ca’* release,” which again was unexpected of a refrac-
tory process. Perhaps the most irreconcilable data come from
single-channel experiments in which RyR2 channels inactivate at
[Ca’] >1 to 3 mM, which are levels unlikely to be reached during
a normal contraction. Still, it is possible that at least some level
of Ca’*-dependent inactivation of Ca’* release occurs in vivo, as
mathematical models estimate the [Ca®] in the dyadic cleft at
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levels that are compatible with those required for partial inactiva-
tion of single RyR2 channels.” In addition, RyR2 channels in situ
may be more sensible to Ca’* than those recorded under artificial
environments.

SR Ca’* depletion has attracted attention as a mechanism to
terminate CICR, but nagging issues remain. Although it is clear
that RyRs terminate Ca™* release once the Ca’* inside the SR
drops to a certain threshold (~50% of the total Ca®* inside the
store),””* the mechanisms underlying luminal Ca** regulation of
RyRs remains unclear. In his classical studies that characterized
calsequestrin (the major Ca’*-binding protein of the SR), Ikemoto
et al.” observed that the amount and the speed of Ca’* release
from SR vesicles depended directly on vesicular calsequestrin
content rather than Ca’" content, thus implying that calseques-
trin “senses” the SR Ca’* load and regulates the activity of RyRs.
Boding well with this notion, Ca** sparks lasted longer or termi-
nated prematurely after overexpression or partial depletion of
calsequestrin levels in ventricular myocytes, respectively.”’ Fur-
thermore, purified RyR2 channels reconstituted in lipid bilayers
exhibited little activation by luminal [Ca®*], but the addition of
calsequestrin and its “anchors” junctin and triadin restored
luminal Ca** sensitivity.”” Thus, the above data portrays calse-
questrin as an indispensable component of the signaling mecha-
nism that allows RyRs to terminate Ca’* release upon [Ca*]sx
depletion; however, other data bestow little role on this protein.
For example, RyR2 channels expressed in heterologous systems
(and bearing no calsequestrin) exhibit robust luminal Ca** regula-
tion and are activated by Ca’* overload (store-overload induced
Ca’* release).”®’ In addition, in direct contradiction with some
of these data, recombinant RyR2 channels (calsequestrin-free)
reconstituted in lipid bilayers were activated by luminal [Ca**],”’
implying that luminal Ca** regulation is an intrinsic property of
the channel protein. As a result, it is clear that RyRs are capable
of sensing dropping levels of [Ca*]sx to terminate Ca’* release,
but it is unclear whether they do it directly or through the
calsequestrin-junctin-triadin ternary complex. As derangement
of RyR refractoriness leads to Ca’*-dependent arrhythmias and
may be involved in heart failure progression,”"”” luminal Ca®*
regulation of RyRs appears to be critical in the overall scheme to
terminate CICR and likely depends on multiple factors.

Stochastic attrition, the random closing of individual RyR2
channels, has been deduced from mathematical modeling as a
potential mechanism to terminate CICR.” High local [Ca®"] gra-
dients build up in the couplon immediately right after CICR, but
they quickly dissipate.” If the number of RyR2 channels in a
couplon was only one, it should be obvious that a random closure
of that one RyR2 channel could be responsible for Ca** release
termination (and dissipation of the [Ca?] gradient). Stern®
inferred that stochastic attrition could terminate local Ca* release
if the number of RyR2 channels in a couplon was fewer than 10,
but higher number of channels would decrease its probability
precipitously. Because ultrastructural and functional data esti-
mate this number to be close to 100,""® stochastic attrition as a
means to terminate local CICR appears unlikely, at least math-
ematically. However, RyR2 channels have the intrinsic ability to
join each other at their corners and form a paracrystalline
lattice.*"! It is therefore possible that RyR2 channels in a couplon
gate in a coordinated, or coupled, manner” and that the random
closure of one channel promotes the closure of all channels in
the lattice.

Self-Regulation of Sarcoplasmic
Reticulum Ca® Release

As discussed earlier, RyR2 channels in their intracellular environ-
ment are regulated by I, and [Ca®*]sz, both of which undergo
dynamic changes during a single beat. If I, increases, the

probability of triggering RyR2 channels to open also increases,
and this increases SR Ca®* release and the amplitude of the [Ca*']
transient. If [Ca’*]s increases, the P, of RyR2s increases (see
Figure 6-3) and SR Ca®* release also increases. In this dynamic
environment, what is the net effect of blockers or agonists of
RyR?2 channels? Combining experimental data and mathematical
modeling, the Eisner group’” has elegantly advanced the notion
that potentiating or decreasing RyR2 P, alone does not have
lasting (steady-state) effects on the amplitude of the [Ca**] tran-
sient. This notion appears counterintuitive at first, but it is rea-
sonable when all cellular Ca’* fluxes that affect RyR2 activity are
considered. Figure 6-4, A, shows the effect of caffeine, a RyR2
agonist, on [Ca®"] transients and the concomitant effect on sar-
colemmal Ca** fluxes and [Ca’]sz of rat ventricular myocytes.
The addition of caffeine produces immediately an increase of the
systolic Ca** transient. However, in the continued presence of
caffeine, the amplitude of the Ca®* transient decreases progres-
sively until it reaches a steady state. Remarkably, the amplitude
of the Ca** transient in the new steady state is exactly the same
as before the addition of caffeine. Thus, despite the maintained
effect of caffeine on the RyR2 channel, the Ca* transient relaxes
toward its control amplitude. The explanation of this apparent
paradox lies on exquisite feedback mechanisms that operate in
the cell. Before application of caffeine, net sarcolemmal Ca** flux
is equal (Ca’* influx — Ca** efflux = 0; see Figure 6-4, B).
The addition of caffeine increases the amplitude of the Ca**
transient and as a result, Ca’* efflux becomes larger than influx
(see Figure 6-4, B). A larger Ca** efflux leads to reduced [Ca’*]sr
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Figure 6-4. Transient effect of caffeine, a RyR2 channel agonist, on sarcoplasmic
reticulum (SR) Ca’* release. (A) Intracellular Ca’* transients before (i) and immedi-
ately after (i) application of 500 uM caffeine (indicated by the bar). (B) Net sarco-
lemmal Ca** flux per pulse calculated as Ca** influx minus Ca**efflux. (C) Calculated
time course of the SR Ca** content. (D) Fraction of SR Ca** released in each pulse.

(Reproduced with permission from Trafford, et al.”)
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(see TFigure 6-4, C), an effect that continues until the [Ca’*]sy is
reduced to such a level that systolic Ca** amplitude becomes
equal to control despite the potentiating effect of caffeine on
RyR2 P,. The opposite effect occurs when caffeine is removed.
Initially, the systolic Ca** amplitude decreases to below the
control level because [Ca**]sy is lower than in controls, but RyR2
channels are no longer potentiated by caffeine. After a few con-
tractions, the amplitude of the Ca’" transient is the same as the
initial value. In this scenario, caffeine produces transient effects
on systolic Ca** transients by modifying exclusively the fractional
release (Ca® release/[ Ca®*]sg; see Figure 6-4, D). Thus, SR Ca**
release has direct and immediate effect on sarcolemmal Ca**
fluxes; this scheme precludes a persistent effect of RyR2 modula-
tors on SR Ca’* release, because Ca’" influx and efflux need to be
equal over the long run. This mode of regulation has important
implications for interpreting maneuvers that presumably modu-
late RyR2 activity in physiologic (phosphorylation) and patho-
logic states (discussed later).

Modulation of RyR2 Channel Function

Phosphorylation

Sympathetic stimulation of the heart during exercise or under
emotional stress improves cardiac output by accelerating heart
rate and increasing the force of contractions. Activation of the
B-adrenergic receptor pathway by catecholamines triggers a
cascade of events that increases cAMP, which in turn activates
PKA. PKA then phosphorylates several target proteins in the
sarcolemma, the SR, and myofilaments, notably, L-type Ca®*
channels/DHPR, phospholamban, RyR2, and troponin I and C,
leading to increased Ca** entry, enhanced CICR, and faster Ca**
uptake and relaxation rates, all of which contribute to the inotro-
pic and lusitropic effects of P-adrenergic stimulation on the
heartbeat.” RyR2 channels are structural scaffolds for important
kinases and phosphatases,””’ and in the heart, RyR2 is one of the
first proteins to undergo phosphorylation during B-adrenergic
stimulation.”*”® Thus, RyR2 channels appear to be integral com-
ponents of the multiprotein response that leads to increased
cardiac performance during B-adrenergic stimulation, but the
extent of their participation in the fight-or-flight response
remains highly debated. Ca** release by RyR2 is steeply graded
by Ic, and the SR Ca® load, both of which increase during
B-adrenergic stimulation because of PKA phosphorylation of
L-type Ca’* channels and phospholamban, respectively’; there-
fore, it appears that RyR2 channels need only be responsive to
extrinsic cues (I, and [Ca®]sp) to increase Ca®* release during
sympathetic stimulation, but this passive compliance would not
explain why RyR2 channels undergo direct protein phosphoryla-
tion, as observed experimentally.”*”® Some outstanding questions
include: What are the intrinsic changes in RyR2 function brought
about by PKA phosphorylation? Is this functional modulation
necessary and sufficient to modify global Ca** transients, cardiac
performance, and be a substrate for development of cardiac
arrhythmias and heart failure progression? These important
questions are difficult to answer at present, partly because all
potential functional outcomes have been attributed to RyR2
phosphorylation. On one hand, Li et al.” found that PKA phos-
phorylation of RyR2 has little functional relevance for diastolic
Ca’* release if SR Ca** levels remain constant. On the other hand,
other groups have suggested that PKA phosphorylation of RyR2
is so essential to intracellular Ca’* homeostasis that derangement
of this process may be the basis for heart failure’***" and cate-
cholaminergic polymorphic ventricular tachycardia (CPVT) epi-
sodes® (discussed later). Between these two extremes, other
results, mainly from in vitro experiments, imply that PKA

phosphorylation increases,”*** decreases,”** or has no effect”

on RyR2 activity. Several factors preclude an easy interpretation
of phosphorylation results. First, RyR2 channels contain multiple
phosphorylation sites that, depending on their phosphorylation
state, can attenuate or synergize the effect of the other sites, or
can require prior phosphorylation to activate the whole protein.
To date, three phosphorylation sites have been recognized:
Ser2809 (mouse RyR2 nomenclature) was first identified by
Witcher et al.** as a CaMKII site, and later, Wehrens et al. sug-
gested it as the only PKA site,” although RyR2 from mice with
genetic ablation of this site can still be phosphorylated by PKA.”
Ser2815 and Ser2030 seem to be exclusively phosphorylated by
CaMKII¥ and PKA,* respectively, although this exclusivity has
not been rigorously tested in vivo. Second, as mentioned previ-
ously, RyR2 activity is strongly dependent on the speed of Ca®*
application, which in turn can greatly influence the overall effect
of phosphorylation. For example, PKA phosphorylation of iso-
lated RyR2 increases a transient component of activity (peak
activation) but accelerates the rate of adaptation to a lower
steady-state level of activity (see Figure 6-3). In cellular settings,
this effect would translate into greater and faster rates of Ca®*
release in response to a given Ca’* entry. In agreement with this
notion, experiments in which SR Ca’* load and I, were kept
constant showed that B-adrenergic stimulation of ventricular
myocytes accelerates the rate of Ca’* release and has little effect
on the magnitude of the [Ca’']; transient.”” A recent study sug-
gested that differences in the redox state of RyR could account
for some the reported discrepancies.®” Although appealing, this
hypothesis still needs to be corroborated. Thus, more work is
needed to resolve the role of RyR2 phosphorylation in cardiac
performance in general, and SR Ca** leak and heart failure in
particular. Further discussion of RyR2 phosphorylation appears
under Role of RyR2 Channels in Heart Failure in this chapter.

Oxidation and Nitrosylation

RyR2 channels (as well as RyR1 channels) can be powerfully
modulated in vitro by oxidative modifications of thiol residues in
free cysteines, such as S-nitrosylation, S-glutathionylation, and
disulfide oxidation.”””” Both RyR2 and RyR1 channels contain
approximately 100 cysteine residues per monomer, and although
many are suitable for modification, only a few appear highly
reactant to oxidants.” In addition, whereas RyR2 and RyR1
activities depend on pO,, RyR2 does not appear to be activated
or S-nitrosylated directly by nitric oxide (NO) but requires
S-nitrosoglutathione.” The functional response of each RyR
isoform varies depending on the cysteine residue being modified
and the type of oxidative species that targets it.”"’>”* In addition,
oxidative modifications can also affect the binding of accessory
proteins. For example, exposing RyR1 to NO increases channel
activity,” an effect that is more pronounced in the presence of
calmodulin, suggesting that S-nitrosylation of RyR1 leads to
calmodulin detachment and therefore reversal of the inhibitory
effect of CaM over RyR1. The cellular effects of NO donors are
clear, but the molecular reactions underlying such effects are hard
to pinpoint. The NO donor S-nitroso-N-acetyl penicillamine,
which targets several EC-coupling proteins and increases inot-
ropy of cardiac myocytes at low concentrations, but decreases it
at high concentrations.” Reduced glutathione could quickly react
with and scavenge NO in cardiac cells.” Under these circum-
stances, nitroso-glutathione or other small nitrosylated molecules
would be responsible for RyR2 oxidation.” It is also possible that
the close proximity of NO synthase (NOS)-3, xanthine oxidase,
and RyR2 in cardiac caveolae creates a microenvironment capable
of directly nitrosylating RyR2,”” although in physiologic condi-
tions the main targets of NOS seem to be other EC-coupling
proteins.”
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Cytosolic Modulators

In addition to Ca®*, which is uncontestably the preeminent mod-
ulator of RyR2 activity (discussed earlier), other cytosolic factors
have important roles in regulating Ca’" release, especially in
pathologic states. The concentration of several cytosolic modula-
tors of RyR2 channels such as Mg®, H*, and ATP does not
change substantially during normal beat-to-beat contractions or
in constant healthy conditions, but may do so under altered
metabolic states (e.g., diabetes or ischemia). As expected from the
identification of divalent cation- and nucleotide-binding sites in
the RyR2 channel protein, most assays of RyR2 channel activity
indicate that free Mg** (and H") inhibit RyR2 channels, whereas
ATP increases their activity. Mg®* inhibits RyR2 by at least two
mechanisms, one being an ineffective occupation of Ca**-activa-
tion sites and the other being an effective occupation of Ca’-
inactivation sites.” ATP, however, binds to nucleotide-binding
sites on the channel protein and promotes Ca’* release by acting
as a ligand (i.e., without undergoing energy-yielding hydroly-
sis).'”” The fall in pH and ATP levels (plus the concomitant rise
in free Mg®") that are characteristic of prolonged ischemia is
therefore expected to depress RyR2 activity and decrease Ca®*
release. Intuitively, this could deteriorate cellular contractility
even more; however, the negative effect of these modulators on
RyR2s may actually be protective for the heart by means of
reducing energy consumption. This potential benefit needs to be
assessed in experiments with intact cells and whole hearts. Other
cytosolic molecules such as protamines, fatty acids, cyclic adenos-
ine diphosphate (cADP) ribose, and nicotinic acid adenine nucle-
otide phosphate are known to regulate some aspects of RyR2
function, but their role in E-C coupling in particular and cardiac
performance in general is less understood. Recent reviews cover
most aspects of this regulation.’"!"!

Exogenous Ligands of RyR2 Channels and
Drugs That Affect Sarcoplasmic Reticulum
Ca*" Release

Many toxins and drugs bind to the RyR2 channel and modulate
its activity, but interestingly, there is not a single drug in the
market specifically designed for this purpose (although some are
in clinical trials). Despite the rich assortment of chemicals that
affect the activity of RyR2 channels,"™*'*” only two classes of
toxins bind to RyRs with high (nanomolar) affinity: ryanodine
and its derivatives and a group of peptide toxins termed calcins
(Table 6-1). This section discusses the most outstanding attri-
butes of these and other classical ligands of RyRs, as well as drugs
that hold promise to treat RyR2-associated disorders.
Ryanodine is a small plant alkaloid (molecular weight, 494 Da)
that has been an invaluable tool in defining the pharmacologic
profile of RyRs.”” As described earlier, ryanodine binds to the
open state of the channel, which allows experimenters to use ['H]
ryanodine as a probe of the functional state of the channel. This
approach has contributed to the isolation of the RyR1 and RyR2
channels themselves, and to the characterization of many phar-
macologic properties of RyR channels. However, ryanodine
exhibits some undesirable characteristics. The effects of ryano-
dine on single RyRs are complex and highly dependent on its
concentration. At low concentrations (5 to 50 nM), ryanodine
increases the mean open time of the channel without modifying
its unitary conductance.'” At intermediate concentrations (50
nM to 10 uM), ryanodine locks the channel in an open subcon-
ductance state that is recalcitrant to dissociation. Higher concen-
trations (>10 uM) of the alkaloid fully and irreversibly close the
channel.'” Thus, ryanodine can act as an agonist and a blocker
of the RyR. Ryanodine also displays a slow association rate of

binding'® that renders the onset of activation incompatible with

the timeframe of many cellular experiments. In addition, the
recovery of SR function after treatment with ryanodine is difficult
to assess because its slow dissociation rate'” makes the pharma-
cologic effect essentally irreversible. Structurally speaking,
ryanodine is intrinsically minimized (see Table 6-1); thus, conju-
gation of any of its major domains decreases substantially its
affinity and specificity toward RyRs, and fluorescent derivatives
that could effectively define RyR location and function such as
BODIPY-ryanodine, have had limited success.

Scorpion toxins have traditionally been excellent sources of
ion channels ligands. Valdivia et al.'"” found in the venom of
selected scorpions a set of peptide toxins displaying high affinity
and exquisite selectivity against RyRs. Imperatoxin A (IpTk,), the
founder of this novel group of toxins, is a small (3.7-kDa), highly
basic (pH 8.9), globular and thermostable peptide that activates
RyRs with high affinity (Kp = 5 to 10 nM) and specificity (no
other target proteins known to date).'” The presence of IpTx, in
scorpion venom was surprising because as a basic peptide (see
‘Table 6-1), this ionized molecule was presumed to be incapable
of penetrating cellular membranes to reach its intended target.
However, IpTx, like Maurocalcin (another scorpion peptide
homologous to IpTx,)'"” permeates cellular membranes of intact
cardiac myocytes and mobilizes intracellular Ca’* with remark-
able speed and with several degrees of potency,'” in effect enter-
ing the field as the first cell-penetrating peptide RyR-specific
Ca® mobilizer of high dynamic range. IpTx, spawned the discov-
ery of calcins, a small but growing group of scorpion peptides
that selectively mobilize Ca** from RyR-gated stores. The defin-
ing characteristic of calcins is their capacity to stabilize RyR
openings in a long-lasting, subconducting state. This effect is
nearly analogous to that of ryanodine, but unlike ryanodine,
calcins bind rapidly to RyRs (fast association rate), freely dissoci-
ate from their binding site (reversible effect), display a dose- and
sequence-variable effect, and are amenable for derivatization
without undergoing major loss in receptor affinity.

Caffeine is a classical agonist of RyRs that is widely used to
assess the presence and size of RyR-gated Ca’* stores. In cardiac
myocytes, caffeine readily permeates the external membrane and
elicits Ca®* release by increasing the sensitivity of RyR2 channels
to cytosolic Ca*".""! In addition, caffeine can increase the sensitiv-
ity of the channels to luminal Ca®",""? but this is not firmly estab-
lished.'”? Caffeine is easily available and when used at high doses
(5 to 20 mM) it yields a fair estimate of the SR Ca** content, but
as with other ligands, it has several disadvantages. Like ryano-
dine, caffeine is also an alkaloid, but unlike ryanodine, it is a
poor activator of RyRs. Its ECs, on ['H]ryanodine binding, with
“naked” RyRs (directly exposed) and under steady-state condi-
tions, is approximately 300 uM.""" Caffeine is, however, an effec-
tive inhibitor of cAMP phosphodiesterases and accelerates
cellular metabolism by delaying cAMP turnover.""* This effect,
however, is negligible when caffeine is used for short periods, but
prominent under prolonged exposures. Caffeine increases the
Ca’ sensitivity of myofilament proteins, inhibits glycogen phos-
phorylase and adenosine receptors, stimulates the Na'/K* pump,
and impairs phosphoinositide metabolism''%; it also quenches the
fluorescence of common Ca® indicators such as Fluo-3. As a
result, caffeine displays pleiotropic effects of which the cardiac
electrophysiologist should be aware.

Tetracaine is a local anesthetic that blocks voltage-dependent
Na* channels with high affinity, but at high doses it also acts as
an allosteric inhibitor of RyRs.'"” Because tetracaine stabilizes the
closed state of RyRs, it is used in cardiac myocytes as a versatile
indicator of spontaneous Ca** sparks and to assess passive SR Ca**
leak."® Ruthenium red also inhibits RyR2 channels'"” by prolong-
ing the time the channel spends in the closed state.'" It inhibits
RyRs with an ECs, of approximately 1 pM, but it cannot perme-
ate membranes and binds to multiple targets. These attributes
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Table 6-1. Ligands of RyR channels and Drugs that Affect SR Ca2+ release by modulating RyR2 channel activity. (Proof & electronic file on art CD)

Ligand

Ryanodine

Imperatoxin A

Caffeine

Tetracaine

Ruthenium red

Doxorubicin

K201 (JTV-519)

S107

Flecainide

Carvedilol
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RyR, Ryanodine receptor; SR, sarcoplasmic reticulum.

Mode of Action

Binds to a conformationally sensitive
state of the channel and “locks” the
channel in a subconductance state®

Binds to open RyRs; stabilizes the
channel in a subconductance state;
unlike ryanodine, fast and reversible
effect

Increases the open probability of RyR
channels by increasing their
sensitivity to cytosolic Ca?* """

Decreases the open probability of
RyRs by stabilizing the channel in the
closed state'”®

Decreases the open probability of
RyRs by producing “flickery” block of
the channel'™®

Increases the open probability of
RyRs by increasing their sensitivity to

cytosolic Ca*.'"?

Stabilizes the RyR2-FKBP12.6
interaction'*

Stabilizes the RyR2-FKBP12.6
interaction'?*"%

Decreases the open probability of
RyR2 channels by producing open
channel blockade™'

Decreases the open probability of
RyR2 channels by decreasing their
mean open time'**

Main Properties

High affinity and specificity for the RyR but
slow association and dissociation
rates'®'%: dual mode of action'®;

intrinsically minimized

33-amino acid basic peptide with high
affinity (~5-10 nM) and specificity for the
RyR'%; fast association rate; cell-
penetrating peptide''’; reversible effect;
amenable for derivatization without major

loss in RyR affinity'®

May be used to assess the amount of Ca**
inside RyR-gated Ca”* stores; fast
association rate but low affinity and
specificity; several off-target effects''*

Can be used to assess passive SR Ca**
leak''®; displays low affinity for RyRs but
high affinity for voltage-dependent Na**
channels

Moderately high affinity for RyRs (~1 uM);
membrane impermeable; inhibits several
ion channels and transporters or

cardiomyocytes with high affinity'"®

Similar effect as caffeine, but with higher
affinity for RyRs; anticancer drug with
potent cardiotoxic effects'"”

Prevents Ca* overload-induced cell
death'? in cardiac myocytes it blocks Iy,
li, lcar @and I, SERCA2a and PKC'”; effect
on RyR2 not clearly defined'* "%

Presumably of higher affinity and
specificity for RyR2 channels compared
with K201'%

Prevents tachyarrhythmias in CPVT
patients and mice'*’; does not Increase SR
Ca*" load; blocks Na* channels with high
affinity; mechanism of action to prevent

arrhythmias is controversial'*

Prevents tachyarrhythmias in CPVT mice;
suppresses store overload-induced calcium
release’**; combined action as B-blocker

and RyR2 channel blocker
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decrease its usefulness in cellular experiments. Doxorubicin and
other anthraquinones are potent stimulators of Ca** release that,
like caffeine, sensitize the RyR channel to cytosolic Ca**.!'*
Doxorubicin and caffeine likely bind to different sites in the RyR
channel, but both are presumed to modify the redox state of the
RyR protein, thereby inducing similar effects.

A prevalent hypothesis in RyR2-mediated arrhythmogenesis
is an increased in diastolic SR Ca’" leak,'”"”" and several drugs
are being tested with the aim of stopping this process. K201, also
known as JTV-519, is a diltazem derivative first described by
Kaneko'* as a drug that prevents Ca’* overload-induced cardiac
cell death. The drug has demonstrated pleiotropic effects, affect-
ing several sarcolemmal ion currents including Iv,, Ixi, Ic,, and
I, and other targets such as PKC, SERCA2a, and annexin V.'”
Given that K201 was originally advanced as a drug to prevent
calcium overload in cardiac cells, Yano et al.'"”* used K201 in a
canine model of heart failure with the rationale that RyR2-
mediated SR Ca®* leak owing to FKBP12.6 dissociation (as
advanced by Marks’ group)'** was critically involved in the patho-
genesis of this syndrome. K201 preserved left ventricular systolic
and diastolic function and prevented left ventricular remodeling,
effects attributed to restoration of the RyR2-FKBP12.6 stoichi-
ometry toward control (nonfailing) levels. Later, Wehrens et al."”*
reported that K201 prevented ventricular tachycardia and
sudden death in mice with reduced expression of FKBP12.6
(FKBP12.67), but had no effect on mice with complete ablation
of FKBP12.6 (FKBP12.6™), which is consistent with the notion
that K201 prevents SR Ca** leak by stabilizing the RyR2-
FKBP12.6 interaction, but at odds with other studies that have
found that FKBP12.6 is not required for K201 effects on RyR2
channels.'” Regardless of the exact mechanism, these studies
assign to correction of RyR2 dysfunction a critical role for K201
therapeutic effect, but this conclusion should be tempered by the
fact that the drug modulates multiple targets that affect SR func-
tion. In addition, K201 was found ineffective in preventing
RyR2-mediated Ca®* leak in another canine model of heart
failure'* and in a mouse model of human CPVT
(RyR2-R4496C).">"

S107 is a novel derivative of K201'* that reportedly stabilizes
the RyR2-FKBKP12.6 interaction at nanomolar concentrations
but lacks the pleiotropic effects of K201 when used at concentra-
tions as high as 10 uM'?’; however, data documenting the selec-
tvity of S107 have not been published. S107 prevented
exercise-induced arrhythmias in another mouse model of CPVT
(RyR2-R2474S)"* and preserved ejection fraction (postmyocar-
dial infarction) in a mouse with decreased RyR2-FKBP12.6 inter-
action owing to constitutive phosphorylation of RyR2-52808
(RyR2-S2808D**).% Thus, according to these results, S107 acts
exclusively by stabilizing the RyR2-FKBP12.6 interaction.
Because this interaction (and its counterpart reaction in skeletal
muscle, the RyR1-FKBP12 interaction) is reportedly faulty in
several diseases, including heart failure, ventricular arrhythmias,
atrial fibrillation, brain seizures, age-related muscle weakness and
muscular dystrophy, the potential therapeutic value of this drug
is tremendous. However, a number of studies do not support the
link between RyR2 PKA-mediated hyperphosphorylation and
dissociation of FKBP12.6 from RyR2 and disagree on the relative
importance of the phosphorylation site (Ser2030 vs. Ser2808) at
which RyR2 is phosphorylated by PKA.”77-783:88

Flecainide is a class 1c antiarrhythmic drug classically used to
treat tachyarrhythmias (atrial fibrillation, supraventricular tachy-
cardia) that has been found recently to prevent CPVT episodes
by blocking RyR2 channels."** Experiments in mice and humans
support the therapeutic value of flecainide in CPV'T." In cardiac
myocytes isolated from a calsequestrin knockout mouse model of
CPVT, flecainide decreased the frequency of isoproterenol-
induced diastolic Ca** waves caused by spontaneous openings
of RyR2 channels."”""! The ability of flecainide to suppress

spontaneous Ca’** waves was also shown in normal rat ventricular
myocytes, indicating that flecainide inhibits the activity of normal
and CPVT mutant RyR2 channels, thus extending its potential
therapeutic range to all RyR2-generated arrhythmias. In single
RyR2 channel experiments, flecainide produced a fast open
channel blockade,"”" an effect that differed from that of other Na*
channel blockers that also suppress RyR2 activity, such as the
local anesthetic tetracaine. Unlike tetracaine, flecainide does not
seem to increase SR Ca’* content despite its RyR2 blocking
properties. These characteristics might partly explain the supe-
rior effect of flecainide on RyR2-triggered arrhythmias over
other Na* channel blockers. However, Priori’s group'’ has pro-
posed that the beneficial effects of flecainide in preventing
arrhythmias are due to the drug’s ability to block Na* channels
and increase the threshold for triggered activity, rather than by
its direct effects on RyR2 channels. Therefore, it seems clear that
flecainide effectively blocks RyR2s in vitro, but it is debatable
whether targets other than RyR2 are required for the antiar-
rhythmic effects of flecainide in the heart.

Carvedilol is a classical, nonselective B-adrenergic receptor
blocker (B-blocker) that was also found to prevent redox-
dependent Ca® leak in failing cardiomyocytes by inhibiting
the RyR2 channel."”’ Chen’s group demonstrated that carvedilol
effectively suppresses arrhythmogenic spontaneous Ca* release
in isolated ventricular myocytes.”* Because carvedilol also sup-
presses store overload—induced Ca’* release in heterologous cells
expressing RyR2 channels and it blocks the open duration of the
isolated RyR2 channel,"** the antiarrhythmic effect of this drug
is probably due to its combined B-blocking activity and RyR2
channel inhibition. However, the carvedilol analog VK-II-86,
which exhibits minimal B-blocking activity but retains its capacity
to inhibit RyR2 channels, prevented stress-induced ventricular
tachyarrhythmias in a mouse model of CPV'T (RyR2-R4496C*"),
although it did so more effectively when combined with either
of the selective B-blockers metoprolol or bisoprolol.** Thus,
direct inhibition of RyR2 channels is probably an essential com-
ponent of effective antiarrhythmic therapy in CPV'T, but effec-
tiveness may be greatly increased by inhibition of upstream
effectors of Ca* release, such as the B-adrenergic receptor (carve-
dilol) or the voltage-dependent Na* channel (flecainide).

RyR2 Channels in Disease

RyR channels are involved in several genetic diseases affecting
cardiac and skeletal muscle. This section discusses only CPVT
and heart failure as inherited and acquired, respectively, RyR2-
linked syndromes.

Catecholaminergic Polymorphic
Ventricular Tachycardia

More than 160 different mutations (and increasing) in RYR2, the
gene encoding the RyR2 channel protein, have been associated
with CPVT, an autosomal-dominant inherited cardiac syndrome
characterized by exercise- or stress-induced tachyarrhythmia epi-
sodes in the absence of apparent structural heart disease or
prolonged QT interval."”"'* The clinical features of CPVT are
discussed elsewhere in this book. This section reviews the molec-
ular and cellular basis of the cardiac arrhythmias resulting from
the RyR2-associated CPVT mutations. Excessive Ca® release
from the SR, especially during diastole, is accepted as the under-
lying mechanism that gives rise to ventricular tachyarrhythmias
in CPVT.’”"?! However, there is no consensus on whether the
excessive Ca’* release occurs via a reduction in the threshold

for activation of mutant RyR2 channels by luminal Ca®,*"!
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enhanced dissociation of FKBP12.6,"**'* defective RyR2 inter-
domain interaction,'”*'” or a combination thereof (see next
section). Whatever the mechanism, the enhanced diastolic Ca*
leak can overload the Na*/Ca’* exchanger, which generates an
inward current as it extrudes the released Ca**. The inward
current, in turn, gradually depolarizes the cell to threshold, favor-
ing delayed after depolarizations (DADs)."”! During depolariza-
tion, lack of Ca**-dependent inactivation of I, due to previous
depletion of the SR leads to higher Ca** entry and reloading of
the SR, which triggers another DAD in the next beat. Successive
repetition of this altered Ca®* cycle could probably result in par-
oxysmal tachycardia and arrhythmias even if only a few foci of
ventricular cells are involved.

Although the hypothetical scheme logically relates RyR2 dys-
function with ventricular tachycardia, it is unclear exactly what
mechanism induces a group of apparently normal RyR2s to
behave aberrantly and to generate sudden tachycardia. Because
infusion of catecholamines also triggers CPVT, it is likely that
activation of the B-adrenergic system plays an important role. In
this regard, it has been suggested that phosphorylation of RyR2
by PKA, the kinase linking B1-adrenergic receptor activation to
cellular effects, dissociates FKBP12.6,* an accessory protein that
presumably stabilizes RyR2 in the closed state. Phosphorylation
of a mutant RyR2 would therefore remove a stabilizer from a
channel on the verge of dysfunction and would cause the patho-
genic events described here. However, others have found no
evidence of FKBP12.6 dissociation in CPV'T mutation-harboring
RyR2.” Thus, structural alterations of the RyR2 channel complex
seem to be more important than dysregulation by accessory
factors in the pathogenesis of CPVT. Consistent with this notion
is the fact that CPVT-associated mutations of RYR2 occur in
domains corresponding exactly to mutation-containing domains
that give rise to malignant hyperthermia, a RyR1-linked syn-
drome that affects skeletal muscle.”” Although some of these
mutations are close to the apparent FKBP12.x-binding domain,
the majority are not. Recent studies indicate a predominant role
of Purkinje cells in the genesis of ventricular arrhythmias."****’
Whatever the triggering mechanism, SR Ca’" load and release
seem to be crucial, because mutations in CSQ2, the gene encod-
ing for cardiac calsequestrin, also generate CPVT."** Accordingly,
a prominent hypothesis, advocated mainly by Chen and collabo-
rators, proposes that cardiac myocytes have a threshold SR Ca**
load for spontaneous Ca** release, and that CPVT-associated
mutations decrease the sensitivity to luminal Ca’" (i.e., decrease
the threshold).!”""** Therefore, during B-adrenergic stimulation,
when SR Ca’* load increases as a result of enhanced Ca** entry
and uptake, CPVT mutant channels reach their threshold and
generate spontaneous Ca’*-release waves, creating a substrate
favorable for Ca’*-dependent arrhythmias. Alternatively, CPV'T-
related mutations could increase the SR load, making it easier to
reach the threshold upon adrenergic stimulation.*!

Role of RyR2 Channels in Heart Failure

A broad array of primary insults to the cardiovascular system can
ultimately lead to the syndrome of heart failure (HF). The patho-
genesis of contractile dysfunction at the cardiomyocyte level
remains unclear, although alterations in E-C coupling seem to be
a consistent and important feature of all animal models of HF and
in the limited number of studies examining failing human myo-
cardium. ™19 Most studies reveal a blunted Ca®" transient in
HEF cells that explains, at least partly, the characteristic contractile
dysfunction of HF. Most studies also find alterations in SR Ca**
transport, with decreased SERCA2a expression and function, and

*References 41, 42, 81, 86, 124, 129.

some find alterations in RyR2 function.'” Although naturally a
system to increase efficiency and competence of the heart during
acute periods of stress or altered hemodynamics, chronic
B-adrenergic signaling may ultimately be damaging to the heart
by altering Ca’" regulatory protein function, leading to impaired
Ca cycling. There is growing consensus that Ca’* mishandling
leads to altered gene transcription, resulting in maladaptive struc-
tural transformations (cardiac hypertrophy) that eventually
hamper basic cardiac functioning (congestive HF). In fact, HF is
an inexorable evolving stage in transgenic mice with constitutively
activated PKA'"™ or CaMKII overexpression.'" Conceivably,
hyperphosphorylation of Ca** cycling proteins in these animals
eventually results in abnormal Ca** homeostasis. Marks’ group
has advanced the hypothesis that RyR2 channels are hyperphos-
phorylated in HEF, which leads to enhanced diastolic Ca®*
leak."##78¢12* T this scheme, PKA hyperphosphorylation of
RyR2-S2809 causes FKBP12.6 dissociation from the RyR2 and
altered RyR2 gating, analogous to that reported for displacement
of FKBP12.6 from the RyR2 by FK506 or rapamycin."* In
single-channel recordings, overall RyR2 P, was increased in HE,
and most openings were to subconducting levels. The net effect
was greater ion flux, which in cellular terms would translate into
increased diastolic SR Ca** leak and be a primary cause of reduced
SR Ca** content. They attributed these alterations in HF to a
hyperadrenergic state and loss of RyR2-associated phosphatases
despite increased global myocyte phosphatase activity. More
recently, Wehrens’ group reported that preventing phosphoryla-
tion of RyR2-52814 (CaMKII site) improves cardiac performance
after pressure overload-induced HE, but has no protective effect
after myocardial ischemia-induced HE.'* Overall, then, this is an
interesting hypothesis, but many of its central tenets have not
been confirmed by others.'”'*"*!*" Therefore, more research is
needed to determine whether RyR2 channels are central players
in the pathogenesis of HF or mere bystanders. Natural gain-of-
function RyR2 mutations that produce “leaky” RyR2 channels can
generate life-threatening arrhythmias and sudden death,'?"*** but
none have been reported to lead to overt HE.

Monovalent Cation Channels

Based on early electron microprobe analysis in skeletal muscle, it
was postulated that SR Ca®* release could not possibly generate
large electrical potentials across the SR membrane because the
equilibrium potential for Ca’** would be rapidly reached, limiting
further Ca’" release.” This hypothesis was incompatible with the
sustained Ca’* release observed during a tetanic stimulation.
Therefore, a countercharge movement was necessary to maintain
electroneutrality across the SR membrane, and extensive move-
ment across the SR of K* (but not Na* or CI") during SR Ca**
release were observed.”” Indeed, several types of K* and CI” chan-
nels from SR vesicles have been functionally characterized after
reconstitution in lipid bilayers, but their most outstanding struc-
tural features (molecular organization, amino acid sequence, and
structural domains) remain a mystery. A trimeric intracellular
cation channel (TRIC) of cardiac and skeletal SR has been char-
acterized in detail at the molecular level. This channel is the most
viable candidate to mediate at least a portion of the K* conduc-
tance in the SR membrane and will be discussed separately. An
alternative hypothesis on the identity of the ion channels respon-
sible for countercurrent movement posits that RyR channels
themselves conduct most of this countercurrent,'” but this is
mostly based on theoretical models and needs further experimen-
tal testing.

The SR membrane apparently contains several K* channels,
but prominent among them is a Cs*-blocked large-conductance
K" channel that is also blocked by decamethonium, gallamine,
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neomycin and, more physiologically relevant, Ca® in the milli-
molar range.””"*? Thus, SR Ca’* release could possibly relieve
Ca block of these channels, thereby promoting K* entry across
the SR membrane and facilitating the countercharge movement
necessary for sustained Ca’* release. One study reported that a
canine cardiac SR K" channel is blocked by 4-aminopyridine
(4-AP),"”’ but another study could not detect 4-AP sensitivity in
an SR K* channel isolated from human and sheep cardiac
atrium.””* It is possible that these are in fact two different types
of channels, but this is an understudied area and more work is
needed to answer this and many other questions.

Trimeric Intracellular Cation Channel

Using an ingenious approach based on a monoclonal antibody
library against triad junction proteins, Takeshima et al."”’ identi-
fied several proteins (collectively termed mitsugumins, Japanese
for “triad junction”) that reside inside the SR or are closely asso-
ciated with the RyR macromolecular complex."” The role of a
33-kD protein (previously termed mitsugumin 33) has started to
emerge. This novel protein forms a TRIC channel that resides
in the SR and endoplasmic reticulum membranes."”® Two iso-
forms of this protein have been described. TRIC-A is predomi-
nantly expressed in the SR of muscle cells and is particularly
relevant to this discussion, and TRIC-B, which is expressed in
the endoplasmic reticulum of many tissues. Single-channel
recordings of TRIC-A reconstituted in lipid bilayers show that
this channel has a K* conductance of approximately 110 pS (in
200 mM K*) but discriminates poorly other physiologically rel-
evant cations (K'/Na* permeability ratio, 1.5). TRIC-A is not
blocked by Ca** or decamethonium; therefore, this channel seems
pharmacologically different from the SR K* channel described in
the preceding paragraph. Mutant mice lacking TRIC-A survive

past their adolescent age, but homozygous ablation of TRIC-B
is lethal as the TRIC-B” mice die at neonatal stage. Aggravated
embryonic lethality is observed with the TRIC-A”TRIC-B”
mice, suggesting an important role of TRIC channels
in development.”® Cardiomyocytes isolated from TRIC-A™"
TRIC-B”~ embryos have swollen SR structures and abnormally
small Ca?* oscillations. In addition, skeletal muscle fibers of
TRIC-A knockout mice display abnormal Ca** sparks and
impaired CICR."® These findings suggest that TRIC-A has an
important role in providing the countercharge movement that
sustains SR Ca’* release in cardiac and skeletal muscle.

Chloride Channels

Most of the functional characterization of SR CI” channels has
been conducted using skeletal muscle, perhaps because of its
more robust SR network compared with cardiac muscle. Based
on their most elemental biophysical properties, two types of CI-
channels are prominentin skeletal muscle SR: a large-conductance
(250 pS) channel and a small-conductance (70 pS) channel.”” Tt
is not clear whether exact functional counterparts of these chan-
nels occur in cardiac SR, but one study found a cardiac CI°
channel that conducts larger anions, such as phosphate and even
adenine nucleotides.””® Tt is important to consider that these
studies were conducted using purified SR vesicles reconstituted
in lipid bilayers. Although markers of SR such as RyRs and
SERCA are indeed greatly increased in these preparations, it is
difficult to eliminate contamination with other organelles such as
mitochondria or nuclear membranes. Therefore, the exact origin
of these channels needs to be verified by independent techniques.
In addition, the physiologic role of CI” channels remains unclear
because the CI” concentration inside the SR does not change
appreciably during Ca® release, at least in skeletal muscle.”
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Historical Overview of Mitochondrial lon
Channel/Transporter Research

Mitochondria are the power plants of all kinds of tissues/cells. In
heart/cardiomyocytes, mitochondria use glucose and fatty acids
to produce adenosine triphosphate (ATP) that drives muscle con-
traction and relaxation for pumping blood that circulates through
the entire body during each heart beat unceasingly, up to a cen-
tenary human life. Indeed, mitochondria were originally found
and studied mostly as a cellular “powerhouse” in the first half of
the 20th century. Soon it was also recognized that Ca’* stimulates
oxidative phosphorylation (OXPHOS) and electron transport
chain (ETC) activity, which results in the stimulation of ATP
synthesis' (Figure 7-1, A, B). Early studies in the 1960s to 1970s
revealed that isolated mitochondria can take up a large quantity
of Ca**. It is surprising to note that super-physiological high Ca**
concentrations ([Ca*]) (10 to 100 uM) were required to activate
Ca’* uptake into isolated mitochondria (see reviews’*). However,
in the intact cells, less than a 10-uM [Ca?*] global increase in the
cytosol propagated into the mitochondria matrix. This discrep-
ancy between isolated mitochondria and intact cells was partially
resolved by the finding of high cytosolic [Ca*] ([Ca®"],) at the
microdomains between mitochondria and endoplasmic reticulum
(ER)/sarcoplasmic reticulum (SR) during ER/SR Ca’* release via
inositol triphosphate (IP;) receptor and/or ryanodine receptor
(RyR), as a result of the juxtaposition of these two organelles.
These seminal discoveries have finally positioned mitochondria
as one of the key players in the dynamic regulation of physiologi-
cal Ca® signaling and have promoted research in the field of
mitochondrial Ca** channels/transporters. Soon it was also dis-
covered that a Ca** efflux mechanism exists to dump the accu-
mulated matrix Ca’" into the cytosol. Although the functional
characteristics of mitochondrial Ca** influx/efflux mechanisms
were functionally discovered more than 50 years ago, the molecu-
lar identities responsible for these mechanisms have remained a
mystery until very recently. The mitochondrial Ca** influx was
dogmatically considered to result from a single transport mecha-
nism mediated by a mitochondrial Ca** uniporter (MCU) prin-
cipally as the result of nearly complete inhibition by ruthenium
red (RuR) and lanthanides, and its channel nature was originally
proposed more than 30 years ago.”* However, subsequent studies
have identified additional Ca®* uptake pathways, which exhibit

different Ca’* affinity, uptake kinetics, and pharmacological char-
acteristics from the original MCU theory (see review’) (Figure
7-1, C). These distinct properties are critical for enabling mito-
chondria to carry out multiple Ca**-mediated functions with
optimal spatial and temporal effectiveness. Among these studies,
RyR1 was found as the first mitochondrial Ca** influx mechanism
with a known molecular identity reported from our group (Figure
7-1, C). Lyic, was recently recorded from mitoplasts (used mito-
chondria without the outer mitochondrial membrane [OMM)]),’
providing direct electrophysiological evidence for the existence
of a Ca’" selective ion channel, which would possibly fit he origi-
nally predicted channel nature of MCU. Through RNA interfer-
ence studies, several groups have recently proposed novel
candidate proteins that are involved in mitochondrial Ca** uptake
mechanisms such as leucine zipper-EF-hand containing trans-
membrane protein 1 (Letm1)’ and mitochondrial calcium update
(MICU1),” in addition to our RyR1 discovery (Figure 7-1, C).
Finally, two very recent articles reported that the coiled-coil
domain containing protein 109A (CCDC109A) is the MCU
molecular identity."’

In addition to Ca*", the movements of various electrolytes and
metabolites across the inner mitochondrial membrane (IMM) as
well as the OMM are important for the regulation of major
mitochondrial functions, including ATP synthesis, Ca** homeo-
stasis, and reactive oxygen species (ROS) and nitrogen species
(RNS) generation. Unlike other organelles, mitochondria possess
unique double-membrane structures with distinctive phospholip-
ids and protein compositions, which allow mitochondrial mem-
branes to maintain a mitochondrial membrane potential (Ay,)
and unique architecture including cristae (see next section). It is
interesting to note that IMM and OMM have different sets of
ion channels/transporters, as summarized in Figure 7-1A. These
include (1) proton (H") movement related to ETC activity and
uncoupling proteins (UCPs) for the maintenance of Ay, at IMM;
(2) K*-selective and anion-selective pathways at IMM and across
the two membranes, such as the mitochondrial permeability tran-
sition pore (mPTP), which are important for the maintenance of
mitochondrial volume; (3) the movement of metabolites includ-
ing ATP, adenosine diphosphate (ADP), and phosphate (Pi) at
IMM and OMM, and (4) release of proapoptotic proteins, which
potentially leads to cell death mainly at OMM (see III) or mPTP.
In this chapter, we summarize recent progress in mitochondrial
ion channel/transporter research; this is followed by an overview
of cardiac mitochondrial ion channel/transporter biophysics and
cardiac physiology and pathophysiology.

Overview of Mitochondrial Bioenergetics and
Mitochondrial Membrane Potential

The most prominent contribution of mitochondria to cellular
metabolism is based on their capacity to generate ATP through
the tricarboxylic acid (T'CA) cycle and OXPHOS through the
ETC, which is a concerted series of redox reactions catalyzed by
four multi-subunit enzymes embedded in the IMM (complexes
I-IV) and two soluble factors, cytochrome c (cyt ¢) and coenzyme
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Q10 (Co Q10), which function as electron shuttles within the
mitochondrial intermembrane space (IMS) (see Figure 7-1, B)
(see LA and II.D). In a healthy eukaryotic cell, more than 90%
of the total intracellular ATP is generated by mitochondria. The
main driving force of OXPHOS is known as “chemiosmosis,”
which is generated by proton (H*) movement across IMM that
creates a membrane potential (Ay;,, negative in the matrix) and
a pH gradient (ApH, alkaline in the matrix). Chemiosmosis is the
movement of ions across a selectively permeable membrane,
down their electrochemical gradient (protonmotive force: Ap),
which is determined by both Ay, and ApH components across
the IMM (Ap =Ay;,, + ApH). The chemiosmotic hypothesis was
first proposed by Peter D. Mitchell in 1961."° The basic assump-
tion of this chemiosmotic theory is derived from the important
observation that the IMM is generally impermeable to ions, but
it keeps the permeability of H*. The composition of the OMM
is similar to those of sarcolemma (SL) and ER/SR in eukaryotic
cells, whereas the IMM does not possess cholesterol but has a
unique dimeric phospholipid, cardiolipin, which is a typical com-
position for bacterial membranes. Cardiolipin has a unique ability
to interact with proteins, including several mitochondrial respira-
tory chain complexes (I, III, IV, and V), and support their activi-
ties'" while also contributing to maintaining the structure of
cristae, which enhances the efficiency of ETC activity, possibly
through facilitating the formation of super-complexes of respira-
tory chain at the IMM."” The unique structure of cardiolipin
serves as an H' trap at the IMS near the IMM, maintains the pH
change near the IMM, and efficiently pools H* or releases H' to
the mitochondrial ATP-synthase (complex V) at IMM (Figure
7-1, B)."*!" Tt is interesting to note that the IMM and the OMM

Glucose

GAPDH

NAD*  NADH

pryruvate

A Ca oy Na*  Ca®

not only have different phospholipid compositions, but they show
different protein-to-lipid ratios (for OMM, about 0.5:0.5; and
for IMM, about 0.8:0.2). This may allow the proteins at the
IMM to possess enzymatic and/or transport functions compared
with those at the OMM, thus the IMM is much less permeable
to ions and small molecules than is the OMM, which also pro-
vides the cellular compartmentalization between the mitochon-
drial matrix and cytosol. As is shown in Figure 7-1, B, complexes
I, III, and IV are engaging with the translocation of H* from
matrix to IMS, which establishes Ay, and ApH, as well as Ap.
Therefore, Ay, is usually highly negative (around —-180 to
—190 mV) compared with the resting potential at plasma mem-
branes. Finally, according to the mentioned mechanisms, this
large driving force for H influx (Ap) is used by complex V to
produce ATP (see Figure 7-1, B). Other important roles for Ap
in addition to ATP synthase at the IMM are that (1) ApH drives
pyruvate transport through pyruvate carrier (PYRC) into the
matrix; (2) ApH drives Pi transport through Pi carrier (PIC) into
the matrix; and (3) Ay, drives ATP/ADP exchange through the
adenine nucleotide translocator (ANT) (see Figure 7-1, A, B).
As mentioned above, Ca’* uptake into the mitochondrial
matrix stimulates ATP synthesis (see Figure 7-1A). At the resting
state, the electrochemical driving force for Ca** uptake is also
provided by Ay, across the IMM. For MCU, Ca* is taken
into the mitochondrial matrix down its electrochemical gradient
without transport of another ion. Basically, for each Ca’*
transported through MCU, there is a net transfer of two
positive charges into matrix, resulting in a drop in Ay, which is
energetically unfavorable. However, the Ca**-stimulated respira-
tion not only will compensate the loss of Ay, by the efflux of H*

Electron transport chain
(ETC)

Ca?* influx pathway

Ca?* efflux pathway

K* handling pathway

Ca?*-dependent

channell transporters

and enzymes

Figure 7-1. Overview of Mitochondrial Ion Channels/Transporters A, Major ion movements in mitochondria. Ca**-dependent ion channels/transporters and

enzymes are indicated with stars.
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Figure 7-1, cont'd. B, Mitochondrial electron transport chain (ETC) and possible sites of superoxide production. Red “explosion” symbols indicate places where superoxide
production occurs. ETF-QF, electron transferring flavoprotein-quinone oxidoreductase; Q, coenzyme Q10. €, Ca’*-influx/efflux mechanisms: The channels/transporters for
which molecular identities are still unknown are shown as black. Red arrows show Ca** movements, and blue arrows show other ion movements. DroCRC, Ca’*-release

channel in Drosophila mitochondria; RaM, the rapid mode of uptake.

(©0-Uchi J et al: Perspectives on: SGP symposium on mitochondrial physiology and medicine: Molecular identities of mitochondrial Ca** influx mechanism: Updated passwords
for accessing mitochondrial Ca**-linked health and disease. J Gen Physiol 139:435-443, 2012. Originally published in Journal of General Physiology, doi:10.1085/jgp.201210795.)

through ETC, it will also produce a net gain of ATP. In addition,
multiple Ca** efflux mechanisms work in concert to expedite a
transient and an oscillatory nature rather than a tonic and a steady
state change of matrix [Ca*] ([Ca®"],,).

Overview of Mitochondrial ROS Generation
and Mitochondrial Membrane Potential

Superoxide and nitric oxide are ROS and RNS, respectively,
produced in cells under normal physiological conditions;
both species react with other molecules and with each other to

form a diverse array of additional ROS and RNS.” High
levels of ROS and RNS are known to promote cell damage
and death, but the production of low to moderate levels of ROS/
RIS is critical for the proper regulation of many essential cel-
lular processes, including gene expression, signal transduction,
and cardiac excitation-contraction (E-C) coupling."* ROS are
generated by several different cellular sources: (1) membrane-
associated nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, (2) cytosolic xanthine and xanthine oxidase,
and (3) the mitochondrial ETCs at IMMs.

Superoxide is the primary oxygen free radical produced in
mitochondria via the slippage of an electron from the ETC to
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molecular oxygen during OXPHOS (see Figure 7-1, B). This
“constitutive” superoxide generation is central to proper cellular
redox regulation. Recent studies from our collaborating groups
detected a “stochastic” and “transient” superoxide burst from
either single or restricted clusters of interconnected mitochondria
across a wide variety of cell types, termed a mitochondrial superoxide
flash (mSOF).” A transient depolarization of Ay, is associated
with each mSOF. The proposed mechanism of mSOF in cardiac
muscle cells is as follows: A small increase in constitutive ROS
production transiently opens a large channel named the mPTP to
cause Ay, depolarization, which subsequently stimulates the
ETC to produce a burst of superoxide production. This idea is
similar to the previous observation that the mPTP opens and
closes transiently (“flicker”) at its low conductance state and can
release Ca? from matrix’. The frequency of mSOFs varies widely
across different cell types and experimental conditions (disease
models), suggesting that these flashes act as biomarkers of cellular
metabolic activity and oxidative condition in physiological and
pathophysiological conditions.'® Future studies will clarify the
contribution of altered mSOF activity to ROS overproduction
and metabolic dysfunction in a wide range of mitochondrial dis-
eases and oxidative stress—related disorders. Finally, it should be
noted that there is controversy surrounding whether the mSOF
might reflect oscillations in mitochondrial pH."” Based on chemi-
osmotic theory, one can envision that whenever a significant drop
in Ay, occurs, there should be an alkalization in ApH. Thus, the
interrelationship between mSOEF, pH transients, and Ay, fluctua-
tions will be an important research topic in the future.

Overview of Mitochondria-Induced Apoptosis and
Mitochondrial lon Channels

Programmed cell death is genetically designed for self-killing of
individual cells and is one of the critical mechanisms for main-
taining homeostasis of multicellular organs/tissues, including the
heart.”® Apoptosis is a well-established mechanism of programmed
cell death activated by a variety of cellular stresses and signals."’
In mammalian cells, the activation of caspases (a family of cyste-
ine proteases) is the central mechanism for apoptosis. Under the
resting condition, caspases are tightly kept inactive as a “proen-
zyme” form and/or by binding to inhibitory proteins (named
inbibitors of apoptosis) in the cytosol. During apoptosis, caspases
are activated by cleavage that changes the “proenzyme” form to
the enzyme form and by dissociation of the inhibitors of apop-
tosis.”” One of the major apoptotic pathways is derived from
mitochondria, and this contributes to the activation of caspases
in the cytosol. This mechanism is initiated by the release of
proapoptotic factors from mitochondria, including cyt ¢, Smac/
Diablo, and HtrA2/Omi. Cyt ¢ released to cytosol activates cas-
pases through its binding to apoptotic protease activating factor
1 (Apaf-1). Smac/Diablo and HtrA2/Omi bind to the inhibitory
proteins to remove their inhibitory effects from caspases. The
apoptotic DNases, including apoptosis inducing factor (AIF) and
endonuclease G (Endo G), are also released from mitochondria,
as are the aforementioned proapoptotic factors. The release of
these proapoptotic factors is regulated under the tight control of
mitochondrial membrane permeability.”’ This mitochondrial
membrane permeabilization is mediated via at least three distinct
mechanisms: (1) physical rupture of the OMM as a result of
mitochondrial swelling (usually linked to mPTP opening) (I.B.2),
(2) modification of the structure of the voltage-dependent anion
channel (VDAC) through interaction with proapoptotic proteins
such as the Bcl-2 protein family, and (3) formation of a new pore
as a consequence of oligomerization and membrane insertion
of proapoptotic proteins, including the Bcl-2 family of proteins.
The first pathway involves Ay, depolarization and swelling of
the matrix space, followed by loss of OMM integrity and rupture

spilling of proapoptotic proteins into the cytosol. In contrast, the
other two pathways occur without Ay, depolarization.

lon Channels/Transporters at Mitochondrial
Inner Membrane

Mitochondrial Ca** Channels/Transporters
Regulating Mitochondrial Ca** Influx

Mitochondrial Ca** Uniporter (MCU)

At first, an important regulatory protein of the mitochondrial
Ca® uptake mechanism was identified using bioinformatics and
siRNA screening, termed MICUI’. MICUI has two Ca**-bind-
ing EF-hands, but has only one single membrane-spanning
domain, which seems unlikely to form a channel pore and to be
an MCU itself rather than a modulator of MCU (see Figure
7-1, C). Finally, two recent articles from two different groups
simultaneously reported CCDC109A as the molecular identity
of the MCU.*’ The main characteristics of the MCU are as
follows: (1) CCDC109A has two transmembrane domains, which
seem likely to make a channel pore; (2) knock-down of
CCDCI109A dramatically reduces mitochondrial Ca** uptake,
and this effect was rescued by overexpression of MCU;
(3) CCDCI109A knock-down itself does not affect mitochondrial
O, consumption, ATP synthesis, Ay, and morphology, even
though Ca® influxes are critical for regulating these functions;
(4) reconstituted MCU in lipid bilayers shows RuR-sensitive
Ca® current with 6-7 pS single-channel activity’; and (5) site-
specific mutations at the MCU pore region show loss of function.
Regarding the structure of MCU, the topology of MCU is
still under debate. CCDC109A seems to possess two transmem-
brane domains that oligomerize to become a Ca’* channel. Riz-
zuto’s group proposed that C- and N-terminals face to the IMS,
whereas Mootha’s group proposed that they face the opposite
direction.” The discrepancy in the topology of MCU will
need to be resolved for an understanding of the modulation of
MCU functions by signaling molecule from the cytosol or from
the matrix.

Mitochondrial Ryanodine Receptor (mRyR)

One of the candidates for the mitochondrial Ca’* uptake mecha-
nism with a known molecular identity is the mitochondrial RyR
in cardiac cells reported from our group.” There are three dif-
ferent RyR isoforms (RyR1, 2, and 3) with different physiological
and pharmacological properties. In cardiac cells, intracellular
Ca’ release during E-C coupling was mainly controlled by RyR2
located in the SR (see Figures 7-1, A-C). Although RyR1 is also
detectable at mRINA and protein levels in cardiac tissue, its func-
tional and physiological roles in the heart have not been fully
understood for a long time. We first showed that a low level of
functional RyR is also expressed at the heart IMM, and this has
a role in the fast Ca® uptake pathway’* (see Figures 7-1, B and
7-2). Furthermore, RyR in cardiac mitochondria exhibits remark-
ably similar biochemical, pharmacologic, and functional proper-
ties to those of RyR1 in skeletal muscle SR, but not to those of
RyR2 in cardiac SR. Therefore, we termed this as 7RyRI (mito-
chondrial RyR1)(see review’). The molecular identity of mRyR1
was carefully analyzed and confirmed by a variety of functional
and biochemical experiments using not only native heart, but also
the RyR1 knockout mouse heart. Recent studies from our lab
using electrophysiological techniques directly demonstrated the
existence of mRyR1 and clearly showed the predicted channel
nature of skeletal RyR1. In a conventional lipid bilayer of mRyRs
purified from a heart IMM, the activity of RyR1 but not of RyR2
was observed.” The biophysical and pharmacologic properties of
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Figure 7-2. Activation/Deactivation Patterns of Ca’*-Influx/Efflux Mechanisms A, At first, the rapid mode of uptake (RaM) (black) is activated at the very
initial phase of Ca** transient at microdomains between mitochondria and ER/SR ([Ca**Jer.mio) transient (red line) (<200 nM) with faster Ca** uptake kinetics (ms time scale).
B, Letm1 (orange) starts to uptake Ca’* at 2200 nM [Ca*Jgq mio- €, MRYR1 (red) starts open at =1 UM [Ca**Ieg e With a 5-fold faster Ca®* transport compared with the MCU,
and deactivates before [Ca**]gq i reaches the peak. D, Finally, MCU (blue) starts to activate at >1 uM [Ca’*]eq e, @nd the activity increases in a [Ca”*leq mio-dependent manner.
At this point, Letm1 (orange) shifts from Ca**-uptake mode to Ca’*-efflux mode. E, mPTP (black) and NCX (purple) contribute to Ca’* efflux in mammalian cells and form

the decay phase of [Ca*],, transient (blue line). Letm1 also works as a Ca’*-efflux pathway at this phase.

(©0-Uchi J et al: Perspectives on: SGP symposium on mitochondrial physiology and medicine: Molecular identities of mitochondrial Ca** influx mechanism: Updated passwords
for accessing mitochondrial Ca**-linked health and disease. J Gen Physiol 139:435-443, 2012. Originally published in Journal of General Physiology. doi:10.1085/jgp.201210795.)



76 STRUCTURAL AND MOLECULAR BASES OF ION CHANNEL FUNCTION

native single mRyR1 channels were further characterized in heart
mitoplasts using patch-clamp techniques.”® We observed a novel
225-pS cation-selective channel in heart mitoplasts that exhibited
multiple subconductance states, which was blocked by high con-
centrations of ryanodine and RuR, the known inhibitors of RyRs.
Ryanodine exhibited a concentration-dependent modulation of
this channel, with low concentrations stabilizing a subconduc-
tance state and with high concentrations abolishing activity. The
channel properties of Ca**-dependent ["H]ryanodine binding and
the channel modulation by caffeine in isolated cardiac mitochon-
dria® are suggesting that the topology of mRyR1 is the same as
that of RyR1 at SR because of these agonist-binding sites; C- and
N-terminals face to the IMS (corresponding to the cytoplasmic
side of RyR1 at SR), and S1-S2, S3-S4, and S5-S6 linkers face to
the mitochondrial matrix side (corresponding to the SR luminal
side of RyR1 at SR). However, further studies will be needed to
confirm the topology of mRyR1 using other modulators from
both the matrix side and the cytosolic side.

Unlike MCU, RyR is a poorly Ca**-selective, large cation
channel.”® Therefore, opening of mRyR1 might collapse Ay,
which is energetically unfavorable. This dichotomy would be
explained as follows: (1) The expression number of RyR1 in a
single mitochondrion is very small, and the changes in Ay, might
be minimized locally, ensuring maintenance of a Ca**-driving
force; (2) the rapid Ca**-activation and -inactivation profile of
this channel (see Figure 7-2) would minimize the Ay, change
instantly; and (3) any small decrease in Ay, can be readily com-
pensated by the Ca’*-dependent activation of dehydrogenase
during the T'CA cycle and ATP synthesis. Taken together, the
mRyR may be uniquely poised to sequester Ca’* during a tran-
sient and rapid excitation-contraction coupling process in cardiac
muscle cells.

Letm1 (Ca**/H* Antiporter)

Letml was first found as a K*/H" exchanger (KHX). Recently,
with the use of siRNA genome-wide screening in Drosophila, it
was proposed also as an H"/Ca’* exchanger (HCX) at the IMM,
importing 1 Ca’" and extracting 1 H*® (see Figures 7-1 and 7-2).
Knockdown of Letm1 abolished only the initial fast mitochon-
drial Ca®* uptake but still showed sustained Ca’** increase, sug-
gesting that Letml works at low [Ca’]. for Ca®" uptake (see
Figure 7-2). Letm]1 activity was inhibited by both RuR, an inhibi-
tor of MCU, and CGP37157, an inhibitor of the Na*/Ca*
exchanger (NCX). This report seems like the revival of the story
by Moyle and Mitchell in 1977 and raises several points of discus-
sion: (1) 1 Ca® for 1 H* antiporter does not favor Ca** influx
physiologically according to the electrochemical gradients of
Ca® and pH; (2) Ca** influx by Letm1 might be mediated in part
by changes in Ay, through K* fluxes because of Letml being
itself a KCX; and (3) CGP37157 has not been shown to inhibit
an IP;-mediated [Ca’"],, increase (see review’).

Mitochondrial Ca** Channels/Transporters
Regulating Mitochondrial Ca** Efflux

Mitochondrial Na*/Ca*" Exchanger (NCLX)

The main mitochondrial Ca**-efflux pathways are Na*/Ca
exchanger (NCX) and/or H*/Ca** exchanger (HCX) (see Figures
7-1 and 7-2). Na*- or Li*-dependent Ca** transport (NCLX) was
first cloned as a sixth member of the K*-dependent NCXs sug-
gested to be located at the ER or plasma membrane. Recently,
NCLX was shown as the candidate for the mitochondrial NCX.”
The NCLX expression is particularly robust in excitable cells,
whereas the activity of the HCX is primarily found in nonexcit-
able cells, suggesting the existence of tissue-specific mitochon-
drial Ca**-efflux mechanisms. Indeed, the primary mitochondrial

2+

Ca’-efflux  mechanism is Na’*-dependent in cardiac

mitochondria.”®

Mitochondrial Permeability Transition Pores (mPTP)

The mPTP is a large, nonspecific channel that opens at the IMM
and is known to form under mitochondrial stress conditions such
as mitochondrial Ca®* overload and elevated oxidative stress,
which causes the release of huge amounts of Ca’** and proapop-
totic proteins from mitochondria, subsequently leading to cell
death.” Pioneering studies showed that solutes up to 1.5 kDa can
pass through this channel, suggesting that the pore diameter is
=3 nm. One of the important consequences of the mPTP opening
is that the IMM no longer maintains a barrier to H*, which leads
to Ap dissipation and thus inhibits ATP production. Because of
its pore size, mPTP opening also results in equilibration of cofac-
tors and ions across the IMM, including the release of accumu-
lated Ca?". This leads to disruption of metabolic gradients
between mitochondria and cytosol, and influx of water concomi-
tantly occurs, resulting in swelling of the mitochondria until the
OMM eventually ruptures. The OMM rupture releases cyt ¢ and
other proapoptotic proteins, potentially leading to apoptotic cell
death. The mPTP opening plays a significant role in the genera-
tion not only of apoptotic cell death but also of necrotic cell
death, both of which are involved in the etiology of myocardial
infarction. It is now widely recognized that mPTP opening is a
major cause of reperfusion injury and is an effective target for
cardioprotection.

It is interesting to note that the mPTP has been also shown
to open and close transiently (“flicker”) at its low conductance
state, and this may play a physiological role in the Ca**-efflux
mechanism’. Therefore, the mPTP is also considered one of the
important Ca’*-efflux mechanisms both in physiological and
pathophysiological conditions (see Figures 7-1 and 7-2). The
properties of the mPTP are well defined, as summarized in
Figure 7-3, A. However, despite extensive research by many labo-
ratories, its exact molecular identity remains uncertain (Figure
7-3, B). On the basis of previous biochemical and pharmacologic
studies, the mPTP was proposed to consist of (1) the VDAC in
OMM, (2) the ANT in IMM, and (3) cyclophilin-D (CypD) in
the matrix (Figure 7-3, B). Indeed, pharmacologic inhibitors of
ANT or CypD also inhibit mPTP opening (see Figure 7-3, A).
However, recent genetic studies using knockout mouse models
reveal that mPTP opening can still occur in the absence of
VDAC and ANT, but much higher concentrations of Ca** are
required to trigger pore opening.”” Therefore, these proteins
have been currently established as regulatory components of the
mPTP, and only CypD remains potentially an essential compo-
nent of mPTP. A remaining fundamental question of mPTP
research is how to clarify the molecular identities of this channel.
It might be possible to use CypD as bait to fish out channel
proteins among CypD partnering proteins using proteomic tech-
nologies. Halestrap’s group has proposed that the PIC may be
one of the components of the mPTP.”” However, PIC knockdown
in HeLa cells could not abolish mPTP opening, and an essential
role for the PIC in mPTP formation remains unproven.’’ Simi-
larly, genetic screens in yeast and Drosophila might be able to add
further information to the molecular identities of mPTP compo-
nents. Bernardi’s group found that Drosophila mitochondria
possess another selective Ca**-release channel with unique fea-
tured characteristics, including (1) intermediate pharmacologic
properties between the mPTP of yeast and mammals, such as
inhibition by Pi but not by ADP and cyclosporin A (CsA), as in
the mPTP of yeast mitochondria; and (2) the existence of voltage-
and redox-sensitive regulatory sites, as in the mPTP of mam-
malian cells’ (see Figure 7-1, C). Taken together, these novel
technologies will provide us with further information related to
the molecular identities of the mPTP, as well as its physiological
and pathophysiological properties in cardiomyocytes.
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Figure 7-3. Mitochondrial Permeability Transition Pores (mPTP) A, List of known mPTP effectors. Probable sites of action for the effectors are shown as black
boxes, red boxes, yellow boxes, and a blue box, indicating the effects to mPTP (activation, inhibition, and both effects, respectively). B, Scheme illustrating the proposed role

of CypD, ANT, and PIC in formation of the mPTP structure.

Mitochondrial K* Channels
Mitochondrial K, Channel (mitoK )

More than 20 years ago, one of the K* channel openers, nicor-
andil, was demonstrated to protect hearts against ischemia-
reperfusion (I/R) injury (see review’). Earlier studies had
indicated that the K* channel openers including nicorandil were
targeting ATP-sensitive K* channels (Kyrp) at SL (sarcKyrp) using
pharmacologic and genetic approaches in small animals. Later, it
became clear that in larger species including humans, sarcKyrp
has a minor role in protecting the heart during ischemia, sug-
gesting that other targets of these drugs such as mitochondria
have essential roles in protection of the heart from metabolic
stress. Indeed, by using the direct mitoplast patch-clamp tech-
nique, the presence of Kyrp activity was reported at the IMM
named the mitochondrial Kyrp (mitoKyrp) (see Figure 7-1, A),
exhibiting channel properties similar to sarcKypp”® Currently,
mitoKyrp is thought to be essential for cardioprotection
induced by ischemic preconditioning (IPC).”* O’Rourke’s
group recently reported that one of the splice variants of the renal
outer medullary K* channel (ROMK) (Kirl.1) is a suitable can-
didate for the pore-forming subunit of mitoKyrp using the

mitochondrial proteomic approach.”” This novel finding will
need to be followed up using in vivo cardiac disease models.
Because human ROMK mutations are well known as one of the
responsible genes for the salt-wasting nephropathies (such as
Bartter’s syndrome), further observations will be required before
we can understand the mechanism for the sudden cardiac arrest
and ventricular arrhythmias occasionally reported in these
patients.

Mitochondrial K¢, Channel (mitoK,)

Mitochondrial Ca*-activated K* channel (mitoK¢,) was function-
ally identified using the direct patch-clamp of mitoplasts obtained
from cardiac myocytes’ (see Figure 7-1, A). This channel shows
=300 pS conductance and is inhibited by K* channel toxin cha-
rybdotoxin, which exhibits channel properties similar to Ca?-
activated K* channel found in SL (sarcKc,). Similar to mitoKp,
mitoKc, is thought to be essential for IPC and cardioprotection,
but the molecular identity of this channel remains unclear.”* Gen-
erally, big conductance Ca**-sensitive K* (BK) channels are ubiq-
uitously expressed in various cell types, but these channels are
not functionally expressed in cardiac SL. A recent study showed
that BK channel subunits are expressed in the IMM of brain and
cardiomyocytes, and that activation of this channel protects
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Figure 7-4. Voltage-Dependent Anion Channel (VDAC) A, Schematic diagram of predicted phosphorylation sites in VDACT structure. B, Comparison of biophysi-
cal properties between VDAC, other OMM channels (MAC and TOM), mPTP, and a reconstituted “Bax channel” Bax channel function was observed in the reconstituted
channel using purified human Bax protein. TOM, Translocase of the outer membrane of mitochondria.

normoxic infant rabbit hearts.”’” Further studies including genetic
approaches will be needed to confirm whether the protein of
mitoKc, is identical or similar to the BK channels at SL.

Proton Fluxes and Uncoupling Proteins

Electron flow through the ETC is carried out by four enzyme
complexes at the IMM, the cyt ¢, and the mobile carrier Co Q10
(see Figure 7-1, A, B). Electron transfer processes through com-
plexes I, III, and IV produce Ap that in turn are used to drive
ATP synthase (complex V) (see Figure 7-1, B). When Ap increases,
electron transport in complex III is partially inhibited, resulting
in the increased backup of electrons to Co Q10 for binding to
molecular oxygen, and leading to the generation of superoxide.
The main route for the proton flow, driven by the electrochemi-
cal gradient, is through complex V and “proton leak.” The proton
leak is attributed by UCPs, which can modulate the ATP/ADP
ratio.”® Indeed, proton leak is known to contribute significantly
to the control of respiration in mitochondria in state 4 and to
some extent in state 3. Therefore, UCPs are crucial to sustaining
proton leak, preventing excessively high H* gradient, and ulti-
mately avoiding excessive ROS production. There are three iso-
forms of UCPs (UCP1, 2, and 3) with =60% homologies, but the
isoform-specific roles of UCPs are still not clear.”” UCP2 is
ubiquitously expressed, including in the heart, whereas UCP3 is
highly expressed in skeletal muscle, adipose tissue, and, to a lesser
extent, the heart. The proton leak pathway via UCPs might be
one of the mechanisms responsible for the cardioprotective effect
of IPC, but very little is known about the function or the regula-
tion of UCPs in the adult heart. Further investigations with
sophisticated approaches such as genetic ablation of these pro-
teins in cardiomyocytes will be required to advance this impor-
tant field of research.

Anion Channels and Mitochondrial Volume Control
Mitochondrial volume has been proposed to modulate the rate

of substrate oxidation, and mitochondrial swelling is a key issue
in cellular pathophysiology, such as during mitophagy™ and I/R

injury. mPTP opening is involved in the mechanism of mito-
chondrial swelling. Since the 1970s, the mitochondrial K* cycle,
especially counterbalancing MCU activity with the KHX, has
been identified as an important component of mitochondrial
volume homeostasis.”” Not only cation movements but also anion
movements into the matrix induce mitochondrial swelling. Mito-
chondrial swelling experiments show that an anion-selective
channel is present in the IMM. This channel is activated by
matrix Mg®* depletion and alkalization and is named the IMM
anion channel IMAC)."” The physiological role of IMAC is still
unknown because IMAC appears to conduct ions only under
alkaline matrix conditions. However, this anion efflux through
IMAC may be well designed to enable mitochondria to restore
their normal volume following pathological swelling. We reported
that single channel recordings of the heart IMM show a variety
of types of anion-selective conductance; the most prominent is
the centum picosiemen conductance channel, which matches the
channel properties of IMAC.” Currently, the molecular identity
of IMAC is still unknown.

lon Channels/Transporters at Mitochondrial
Outer Membrane

Voltage-Dependent Anion Channel (VDAC)

VDAC is the most abundant protein in the OMM* and serves
as the main pathway for metabolite/ion transport between the
cytosol and the IMS of mitochondria (see Figure 7-1, 4, C). Cur-
rently, three distinct VDAC isoforms are known to have high
sequence homology (65% to 70% identity) and similar struc-
ture.” The recombinant VDACI and 2 isoforms are able to form
pores in lipid bilayers, but recombinant VDACS3 has no evident
pore-forming ability. Usually, VDAC is seven times more perme-
able to CI than to K. VDAC channels can also exist in a variety
of functional states that differ in their ability to pass nonelectro-
lytes and to conduct ions.” VDAC exhibits =3 nS in 1 M NaCl
in full conductance open state (Figure 7-4, B). In the open
state, it shows a significant preference for anions and especially
favors metabolic anions. The closed state favors cations. The
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permeability of VDAC to small anions by free diffusion includes
K* and Na* and the double positive charge ion Ca®*. Ca** perme-
ates through both open and closed states of VDAC; the double
positive charge does not exclude Ca** from the open state because
anion selectivity is not very high in VDAC. Small nonelectrolytes
can also pass through the open channel, allowing the passage of
metabolites (ATP, ADP, and Pi). VDAC gating has a bell-shaped
voltage-dependent profile, with peak currents around —10 mV.*
A variety of factors are reported to modulate VDAC function,
including colloidal osmotic pressure, protein(s) at the IMS, poly-
anions such as charged proteins and nucleic acids, NADH and
MgNADPH, tBid, actin, tubulin, and phosphorylation by intra-
cellular signaling.” VDAC was identified as a target of various
protein kinases, and specific phosphorylation sites have been
identified (Figure 7-4, A). It has been reported that the phos-
phorylated state enhances tubulin binding to VDAC, followed by
blockage of channel activity.*

Recent studies have focused on the regulation of OMM per-
meability by a physiological or pathophysiological mechanism.
Although VDAC is excluded as a component of the mPTP,
VDAC is indeed one of the major factors involved in the regula-
tion of cell death signaling (see Figure 7-3, B). VDAC interacts
with apoptosis regulators, Bcl2-family members, hexokinases,
and the cytoskeleton system, including tubulin, which changes
VDAC channel activity.” For instance, Bax forms hetero-
oligomers with VDAC and activates VDAC; this is followed by
cyt c release from IMS. Hexokinase-I has been shown to directly
interact with VDACI, which induces antiapoptotic effects. The
contribution of VDAC to cell death can be isoform- and stimulus-
dependent: VDACI serves as a proapoptotic protein, whereas
VDAC2 protects from apoptosis.”® De Stefani and colleagues
showed that the proapoptotic effect of VDACI is due to its physi-
cal interaction with the IP; receptor and to its formation of the
molecular route for transferring Ca** signals to mitochondria in
apoptosis.*’

Apoptosis-Induced Channels

The release of these proapoptotic factors including cyt ¢ is regu-
lated by OMM permeability and by at least three distinct

mechanisms. The first pathway is mediated by mPTP opening
(see Figure 7-3), and the second pathway via modification of
VDAC through the interaction of Becl-2 families. The third
pathway is the mitochondrial apoptosis-induced channel (MAC),
which forms in the OMM during an early stage of apoptosis and
directly provides a route for cyt ¢ to release from the IMS to the
cytosol (see review™). Unlike VDAC, MAC is partially cation-
selective and has voltage-independent gating (see Figure 7-4, B).
The pore size of MAC is sufficient to be permeable to 10 to
17 kDa proteins, which allows the passage of 12 kDa cyt c. MAC
is regulated by the Bcl-2 family. Studies using reconstituted pro-
teins and knockout cell lines show that MAC activity is tightly
connected to Bax/Bak expression and to their insertion and oligo-
merization in the OMM, suggesting that at least these two pro-
apoptotic proteins are crucial structural components (pore) of
MAC (see Figure 7-5, B). Because the molecular mass of oligo-
merized Bax obtained from mitochondrial membranes is of a very
large size, MAC might associate with other mitochondrial pro-
teins at the OMM.”’

Mitochondrial lon Channels/Transporters
in Cardiac Function and Dysfunction

Overview of Mitochondrial Structure
and Function in Heart

In adult cardiomyocytes, mitochondria are the dominant intra-
cellular organelle, numbering in the range of =7000 per cell with
their mass occupying up to 35% of the cell volume.”* Three dif-
ferent subpopulations of mitochondria of unique size and shape
are found in the adult heart: interfibrillar, subsarcolemmal,
and perinuclear mitochondria.” Interfibrillar mitochondria are
aligned in longitudinal rows between myofibrils in close proxim-
ity to SR Ca’* release sites. They often span a single sarcomere
from Z-band to Z-band and are relatively uniform in size and
shape (see Figure 7-5, A, B). This unique spatial localization of
interfibrillar mitochondria enables a privileged Ca**-mediated
crosstalk between SR and mitochondria (see Figure 7-5, C). In
contrast, subsarcolemmal and perinuclear mitochondria appear
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less organized and more variable in shape and size. Generally,
mitochondrial morphology and dynamics including mitochon-
drial fission, fusion, and movement are well correlated with their
metabolic activity.” In cardiomyocytes, the regulatory proteins
responsible for mitochondrial dynamics including dynamin-like
protein (DLPY), mitofusin Mn)1,
and Mfn2 are highly expressed. Using cardiac-specific Mfn
knockout mice, Maack and Dorn’s group showed that M2 is
important for the maintenance of bioenergetic responses via
inter-organelle Ca’* crosstalk, suggesting that Mfn2 serves as a
tether of SR to mitochondria in cardiomyocytes.” However, no
data directly show the subcellular localization of Mfn2 in native
cardiomyocytes. Walsh’s group, using cardiac-specific Mfn
knockout mice, showed that Mfnl and Mfn2 have important
roles in the structural and metabolic development of cardiac
mitochondria during the postnatal state.’”” Further studies are
required to clarify the specific role of the regulatory proteins for
mitochondrial form and dynamics, including Mfn in adult
cardiomyocytes.

Mitochondrial lon Channels/Transporters in
Cardiac Excitation-Contraction/Metabolism
Coupling and ROS Generation

Ca plays a central role in E-C coupling of cardiac muscle™ (see
Figure 7-4, C). Ca’* entry via the voltage-gated L-type Ca’*
channel (VLCC) triggers the opening of SR-RyR2 faced to the
transverse tubules (T-tubules) and induces a release of Ca’* from
SR (Ca**-induced Ca’* release [CICR]). The concomitant rise of
[Ca’]. activates cardiac contraction by binding to troponin C.
[Ca*]. is then removed through the SR Ca** pump (SR Ca**-
ATPase [SERCA)) or is extruded from the cell via the sarcolem-
mal NCX. Usually, when amplitude and/or frequency of the
[Ca*]. transient (CaT) becomes higher, cardiac work increases,
except for the Frank-Starling mechanism. Therefore, increased
Ca® cycling is correlated with increased ATP consumption.
Accumulating evidence indicates that cardiac mitochondria take
up [Ca*], during E-C coupling and that [Ca®"],, accumulation
serves as a signal to ensure the balance of energy supply and
demand (excitation-metabolism coupling).”” However, the kinet-
ics of [Ca™],, uptake is still a matter of debate.

The composition and structure of Ca** microdomains located
between SR and mitochondria in cardiomyocytes are still not
clear. It is widely established that the ER Ca™* release channel IP;
receptor is involved in Ca**-mediated crosstalk between ER and
mitochondria in noncardiac cells (see Figure 7-1, C). However,
Ca® release from SR in ventricular cardiomyocytes is exclusively
via RyR2 but not the IP; receptor. Most RyR2 were found along
the T-tubule side of the SR and beneath LCCs (see Figure
7-5, C). This unique localization tightly controls CICR in car-
diomyocytes.”® Therefore, in cardiomyocytes it is a reasonable
scenario that high local concentrations of Ca* after CICR in the
subspace between T-tubule membrane and SR can subsequently
diffuse to nearby mitochondria to create microdomains of high
Ca® around the cardiac mitochondria. Another scenario is that a
smaller number of RyR2 are located at the distal end of SR
facing mitochondria, and they release Ca’" at the microdomain
between SR and mitochondria; thus mitochondrial Ca®* channels
such as MCU and RyR1 can take up Ca’" into the matrix effi-
ciently (see Figure 7-5, C). Kim’s group recently showed the
possibility of functional coupling of RyR2 and VDAC2 at the
SR-mitochondrial contact site in HL-1 cardiac cells,”® but it is
unclear whether adult ventricular myocytes also possess this
molecular architecture. Further studies using adult cardiomyo-
cytes with genetic manipulation will be required to resolve the
detailed localization of the channel transporters at the

microdomains involved in this coupling process, including RyR2,
VDAC, MCU, and mRyR1.

A second controversy related to the kinetics of [Ca®],, is
whether mitochondria can take up and release Ca** in each heart-
beat (an oscillator) (see Figure 7-5, D, Model I), or if they act as
an integrator by taking up Ca® gradually, resulting in a steady
state [Ca™],, increase (see Figure 7-5, D, Model II).” It is inter-
esting to note that rabbit and guinea pig adult cardiomyocytes
respond to [Ca’*]. transients on a beat-to-beat basis (Model I),
but rat cardiomyocyte mitochondria respond to [Ca**], transients
with a gradual [Ca’], increase without obvious beat-to-beat
[Ca*],, transients (Model II). This incapability of mitochondria
to respond to [Ca’"]. transients might be due in part to the slow
kinetics of the mitochondrial Ca’*-efflux mechanism, but the
mechanisms underlying these species differences in the kinetics
of [Ca®],, are still unknown. Although mitochondria occupy 35%
of the cytosolic space and are well known to perform uptake of
Ca®, it remains controversial whether mitochondrial Ca** uptake
contributes to the kinetics of beat-to-beat CaT formation in
cardiomyocytes.” Shannon and colleagues estimated that the
mitochondria contribute to only =1% of total Ca** removal from
the cytosol during CaT.”!

The view that MCU is not the sole mechanism for transduc-
ing the changes of [Ca®"]. into changes of [Ca®*],, has been gaining
recognition. Moreover, it has been recently reported that cardiac
mitochondria contain two modes of Ru360-sensitive Ca’* uptake:
a high Ca’* affinity rapid uptake mode, and a low Ca** affinity
slow uptake mode, which are responsible for modulating
OXPHOS and Ca*" buffering, respectively.”® Half-maximal acti-
vation (Kys5) of MCU current (ly;c,) observed in the mitoplast
patch-clamp is =20 mM in cases where single-channel activities
of MCU were specifically dissected by recognizing its unique
biophysical and pharmacological characteristics.” This Ky for
purified MCU current is quite different from that determined in
isolated cardiac mitochondria, which ranges from 1 to 189 pM.
This discrepancy might be due in part to the differences in
experimental conditions. However, the combination of multiple
Ca’" influx mechanisms with different K5 in isolated mitochon-
dria could also lead to this variation. It is interesting to note that
Lyic, density in the heart appears to be much smaller than in other
tissues, and that mRNA for MICUT1 is also particularly low in
the heart, raising an important question about the relative con-
tribution of MCU and other Ca** influx mechanisms, especially
in cardiac mitochondria (see review’). Indeed, recent studies on
molecular identification in MCU, which employed nonexcitable
cells, show a 100-times slower and longer time course of mito-
chondrial Ca®" transients than those recorded from cardiomyo-
cytes,”’ strongly suggesting that cardiac mitochondria contain
not only MCU but also other Ca**-influx mechanisms, which
have greater Ca’ sensitivity and faster Ca’ uptake kinetics
during the heartbeats, such as mRyR1 and the rapid mode of
uptake (RaM). We previously showed that this Ca** uptake mode
exhibits a much greater magnitude and rate of [Ca'],, than those
observed in response to slow [Ca’*]. pulses and is more sensitive
to ryanodine (see review’). Moreover, the [Ca’].-mRyR1 activity
relationship is bimodal (see review’). These unique properties
lead us to hypothesize that mRyR1 is an ideal candidate for
sequestering Ca’* quickly and transiently during the heartbeat,
whereas MCU would be an ideal candidate for sequestering Ca’*
slowly and steadily in the higher and plateau phases of Ca®*
pulses, such as sustained increases in the resting [Ca*]..

In cardiomyocytes, mitochondria are the main source of ROS
production and have crucial roles in ROS signaling in physiologi-
cal and pathophysiological conditions. Recent studies discovered
mSOFs in adult cardiomyocytes, which is mediated through tran-
sient openings of the mPTP triggered by a small increase in
constitutive ROS production at the ETC. Therefore, in cardio-
myocytes, it seems that there is an “ROS-induced ROS release”
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mechanism.” To enhance understanding of this functional cou-
pling and crosstalk between mPTP “flicker” activity and ETC-
dependent superoxide production in cardiomyocytes, the question
moves to which superoxide production sites (complexes I and/or
I1T) are important for the ignition of transient mPTP opening in
intact cardiomyocytes (see Figure 7-1, B). O’Rourke’s group,
using intact cardiomyocytes, reported that the majority of mito-
chondrial ROS is obtained from complex IIL,* whereas Dirksen’s
group proposed that complex I may trigger mPTP opening fol-
lowed by superoxide flashes.'® It also remains to be determined
which sites of ROS production in cardiac mitochondria are acti-
vated under pathophysiological conditions, such as during
hypoxia. The next question involves how the spatial and temporal
organization of the mitochondrial network in cardiomyocytes can
regulate mSOF size and frequency (see Figure 7-5). It is known
that the molecular architecture of the T-tubules and the SR
network regulates Ca’" sparks from SR-RyR2, and that alteration
of these structures under heart failure can modulate the spark
frequency.”’ Because mitochondrial structure and alignments are
altered under the pathological heart, the state of the mitochon-
drial three-dimensional (3D) network and local ROS diffusion
might modulate mSOF size and frequency, as in the case of Ca**
sparks. These questions will be resolved in the future by updating
3D fluorescence image acquirements/analysis systems and by
developing the computational cardiomyocyte model to include
mitochondrial network.”

Mitochondrial lon Channels/Transporters in Cardiac
Dysfunction: Novel Therapeutic Targets

Role of Mitochondrial lon Channels/Transporters in
Cardioprotection Against Ischemia-Reperfusion Injury

Transient episodes of nonlethal myocardial I/R provide a protec-
tive effect against myocardial injury in response to prolonged
lethal ischemia. This phenomenon is known as IPC. In cardio-
myocytes, both mitoKurp and mitoKc, play key roles in cardio-
protection (IL.C). Activation of the mitoKyrp is augmented by
PKC or tyrosine kinases, whereas the mitoKc, is activated by
PKA, suggesting that these two channels are regulated by inde-
pendent mechanisms to protect the heart from I/R injury.’*
Opening of mitoKyrp and mitoKe, depolarizes Ay, which
reduces the driving force for Ca® influx, thereby attenuating
mitochondrial Ca** overload (see Figure 7-1). Consequently, pre-
vention of matrix Ca’* overload inhibits mPTP opening and
protects against heart cell death. A recent clinical study demon-
strated a significant improvement in patient outcome resulting in
a reduction in major coronary events by antianginal therapy with
a mitoKyrp-channel opener (nicorandil, see II.C.1) in patients
with stable angina.”* These evidences suggest that the activators
of these K* and/or the activators of upstream signaling for regula-
tion of these channels may provide new therapeutic strategies for
ischemic heart disease.

OMM permeability also regulates the release of proapoptotic
factors from mitochondria. Therefore, it is a reasonable assump-
tion that controlling OMM permeability is one of the potential
therapeutic strategies for protection from I/R injury. Growing
evidence shows that inhibiting VDAC interaction with Bcl-2
families and/or enhancing the hexokinases-VDAC interaction
might provide cardioprotective effects.”

As mentioned above, the mPTP has retained much attention
from researchers as a strong candidate and as a potential thera-
peutic target against I/R injury and myocardial infarction. Many
studies report that in cells or animal models that use mPTP
inhibition including CsA treatment, a cardioprotective effect
such as reducing the infarct size is noted. Finally, recent clinical
trials show that CsA can reduce infarct size and improve recovery

of contractile function during reperfusion in human patients.”

These basic and clinical observations indicate that delaying or
preventing irreversible mPTP opening can serve as a potential
therapeutic strategy in treating ischemic heart disease. It is clear
that an understanding of the identification of molecular compo-
nents, their detailed structure, and regulation of the mPTP is
crucial for designing novel and potent therapeutic drugs that are
more specifically targeted to the pore (see Figure 7-3).

Role of Mitochondrial lon Channels/Transporters
in Cardiac Arrhythmias
Cardiac arrhythmias can cause sudden cardiac death, especially
during heart failure. The principal pathological processes under-
lying arrhythmias involve heterogeneity of the cardiac action
potential at the cellular level, which is commonly linked to ven-
tricular arrhythmias.”” Ton channels in SL have received much
attention for their ability to influence action potential duration.
Sarcolemmal ion channel mutations can cause alterations in the
action potential duration (long and short QT syndrome) and
appearance of early or delayed afterdepolarizations. Increasing
evidence suggests that altered cardiac ion homeostasis and struc-
tural remodeling are highly associated with elevated ROS and
metabolic stress, implying the cardiac mitochondria play a key
role in the generation of arrhythmia (see also review®).
Mitochondrial oxidative stress contributes to a wide range of
perturbations in cardiac ion channel functions. ROS induces
functional and structural alteration of Navl.5 by both transcrip-
tional and posttranslational mechanisms. Elevated ROS mediates
SERCA inhibition, enhances SR Ca** release from RyR2,
enhances VLCC current, and increases sarcolemmal NCX activ-
ity to increase the intracellular Ca** (c) level. ROS-mediated
CaMKII activation stimulates hyperphosphorylation of RyR2,
resulting in SR Ca*" leak. These ROS-mediated network changes
in the activities of ion channels/pumps are likely to contribute to
the pathogenesis of arrhythmias. Conventionally designed antiar-
rhythmic drugs target ion channels at SL to modulate ion
currents. The observations mentioned earlier suggest new
potential therapeutic strategies that can be used to prevent
arrhythmias by targeting ROS. However, general antioxidant
strategies have not always been successful in antarrhythmic
therapies, in part because the physiological levels of ROS are
essential for cell signaling, and the dominant source of ROS is
the mitochondria. Therefore, further improvements, such as
directly targeting the sites of ROS production in mitochondria
and using dosages that are within the therapeutic window, will be
required.

Closing Remarks

Mitochondrial ion channels/transporters have historically stayed
an important topic in cell biology, despite relatively slow progress
in this area, including elucidation of their molecular identities.
Use of multiple research tools, such as gene screening analysis,
genetic manipulation, and updated biochemical, pharmacologic,
cell-biological, and electrophysiological techniques, has led to
recent ground-breaking discoveries in the molecular identities of
MICU1, MCU, and NCLX. Advances in cloning of mitochon-
drial Ca** channels/transporters will provide essential informa-
tion for studying (1) the regulatory mechanism underlying
mitochondrial Ca®* uptake, such as posttranslational modifica-
tions of these channels/transporters; (2) the design or discovery
of more specific inhibitors/activators to each channel/transporter
for the potential development of therapeutic drugs; and, further-
more, (3) the molecular mechanisms underlying mitochondrial
Ca’*-mediated human disease. However, we need to keep in mind
that the molecular identities of most mitochondrial ion channels/
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transporters, including several K' channels and the mPTP,

remain unknown.

In conclusion, cardiac mitochondrial ion channels/transporters
are crucial in governing energy production, Ca** homeostasis,
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