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The sympathetic nervous system controls the force and rate of contraction of the heart.  

The rapid response to stress and exercise mediated by increased sympathetic nervous 

system (SNS) activity requires the coordinated regulation of several ion channels in 

response to activation of β adrenergic receptors (β-ARs).   The microenvironment of 

target channels is mediated by the assembly of macromolecular signaling complexes in 

which targeting proteins recruit phosphatases and kinases and in turn bind directly to the 

channel protein via highly conserved leucine/isoleucine zippers (LIZs).  Disruption of 

local signaling by disease associated LIZ mutations unbalances the physiologic response 

to SNS stimulation and increases the risk of arrhythmia in mutation carriers. 



 

 

 

Control of the rate and force of contraction of the heart by the autonomic nervous system, 

which consists of the sympathetic and parasympathetic divisions, is a fundamental 

property of the cardiovascular system.  Stimulation of the sympathetic nervous system 

(SNS) in response to exercise or emotional stress results in a rapid and dramatic increase 

in heart rate which, in order to ensure adequate diastolic filling time between beats, is 

accompanied by a concomitant reduction of the ventricular action potential duration 

(APD) at the cellular level and the corresponding QT interval of the electrocardiogram 

(ECG).  Defective regulation of cardiac electrical activity in the face of SNS activity, can 

lead to arrhythmias (Wit et al. 1975).  

 

SNS control of cardiac electrical activity is mediated by the activation of β-adrenergic 

receptors (β-ARs) that regulate the function of select ion channel proteins via 

phosphorylation by cAMP-dependent protein kinase A (PKA). Targets of PKA include 

key channels that are involved in the regulation of cellular calcium ion concentration via 

modulation of the amplitude and duration of the surface electrical signal (membrane 

action potential) as well as release of calcium ions from the internal calcium store, the 

sarcoplasmic reticulum (SR).  PKA-dependent phosphorylation modulates the activity of 

L-type calcium channels so that calcium entry is augmented on a beat-by-beat basis.  This 

enhanced calcium entry contributes to action potential prolongation as well as an increase 

in intracellular calcium available for subsequent uptake by the cardiac SR.  PKA 



phosphorylation also activates the major intracellular calcium release channel on the SR, 

the type 2 ryanodine receptor (RyR2) (Marx et al. 2000b) which is responsible for 

releasing calcium that triggers muscle contraction.    

 

SNS stimulation also leads to cAMP-dependent increase of a slowly activating potassium 

channel current, IKs.  This modulation increases repolarization current, which is essential 

to counter the stimulatory effects of PKA on L-type calcium channels (Kass and Wiegers 

1982).  The result is a balance of inward and outward membrane currents to regulate the 

duration of the ventricular action potential, and consequently the QT interval, in response 

to SNS stimulation.  Because action potential duration indirectly controls cell calcium, 

this balance of modulated currents can be thought of as a necessary mechanism to 

regulate calcium homeostasis in the face of SNS activity.  

 

Inherited mutations in ion channel proteins have been associated with pathological 

changes that are exacerbated by SNS activity.   In one case, the role of  IKs in this process 

is of interest, because the genes that encode the subunit components of the IKs channel, 

KCNQ1 and KCNE1 (Sanguinetti et al. 1996, Barhanin et al. 1996), have been linked to 

the congenital long QT syndrome (LQTS).  LQTS, a rare disease in which the QT 

interval of the ECG is prolonged owing to dysfunctional ventricular repolarization, is 

associated with syncope, seizures, and sudden death (Keating and Sanguinetti 2001).  

Mutations in KCNQ1, which codes for the α subunit of the IKS channel, cause LQT-1, 

and mutations in KCNE1, the gene coding for the auxiliary β subunit of the IKs channel, 

cause LQT-5 (Splawski et al. 2000).  In mutation carriers, triggers of arrhythmias are 



gene-specific and carriers of mutations in either KCNQ1 or KCNE1 are at greatest risk of 

experiencing a fatal cardiac arrhythmia in the face of elevated SNS activity (Schwartz et al. 

2001).  Thus, unraveling the molecular links between the SNS and regulation of the 

KCNQ1/KCNE1 channel has direct implications for the mechanistic basis of triggers of 

arrhythmias in this disorder.  

 

In a second case, RyR2 has recently been shown to be involved in at least two forms of 

sudden cardiac death (SCD): (1) catecholaminergic polymorphic ventricular tachycardia 

(CPVT) or familial polymorphic         VT (FPVT) (Priori et al. 2001, Laitinen et al. 

2001); and (2) arrhythmogenic right ventricular dysplasia type 2 (ARVD2) (Tiso et al. 

2001).  In both cases fatal cardiac arrhythmias are triggered by stress-induced activation 

of the SNS either by exercise or startling.  However, there is no evidence of APD 

prolongation or long QT in these individuals, and it has been proposed (but not yet 

proved) that aberrant diastolic SR calcium release via the mutant RyR2 may trigger the 

arrhythmias (Marks et al. 2002b). 

 

 

β-AR signaling:  coordination of localized regulation of channel proteins 

This complex regulation of key ion channel proteins by β-AR stimulation is mediated by 

compartmentalization of cAMP-dependent protein kinase (PKA) and protein 

phosphatases (Bauman and Scott 2002, Smith and Scott 2002) which is achieved through 

association with targeting proteins, the A-kinase anchoring proteins (AKAPs) (Michel 

and Scott 2002).  AKAPs are a group of structurally diverse proteins with the common 



function of binding to PKA, PP1, and protein kinase C (PKC) and other signaling 

proteins determine their localization and substrate specificity, enabling these regulatory 

enzymes to be present at high concentrations at the site of their substrates within the cell. 

Discrete local signaling complexes are formed that are required for the proper processing 

of signaling events. Disruption of the local complexes can imbalance the response 

leaving some, but not all, pathways intact.  Uncoupling of local complexes by disruption 

of targeting protein mediated protein-protein interactions is an example of such a 

mechanism. 

 

Leucine isoleucine zippers coordinate protein-protein interactions 

Marks and colleagues (Marx et al. 2000b, Marks et al. 2002a) were the first to show that 

the cardiac calcium release channel/ryanodine receptor (RyR2) is regulated via a 

macromolecular signaling complex in which kinases and phosphatases are targeted to the 

channel via leucine/isoleucine zipper (LIZ)-mediated protein-protein interactions and to 

suggest that this may be a common motif for coordination of ion channel signaling 

complexes(Marx et al. 2001b).  Subsequent investigations have shown that this is, in fact, 

the case for at least two other ion channels that are regulated by PKA:  L-type calcium 

channels (Hulme et al. 2002) and IKs (KCNQ1/KCNE1) potassium channels(Marx et al., 

2002).   

 

The LIZ domain is an α helical structure that forms coiled coils and was originally 

identified as highly conserved motifs mediating the binding of transcription factors to 

DNA(Landschulz et al., 1988). Coiled coils are comprised of heptad repeats (abcdefg)n  in 



which hydrophobic residues occur at positions “a” and “d” and form the hydrophobic face 

of the  helix, while “b,c,e,f,g” are hydrophilic residues and form the solvent exposed part of 

the coiled coil (Lupas, 1996).  LZs classically contain a leucine in position “d” because of its 

flexible side chain, although the canonical leucine residue can be replaced by an isoleucine 

or valine (as is the case in mixed lineage kinase-3) (Leung and Lassam 1998).  Electrostatic 

interactions between side-chains in the “e” and “g” sites from neighboring helices are 

believed to help specify binding partners (Walshaw and Woolfson 2001) and charged 

residues  at these positions may be destabilizing when not involved in ion pairs (Kohn et al. 

1998).  In addition, residues occupying the “e” and “g” positions exhibit a restricted range of 

substitutions based upon the volume occluded by adjacent structures (Simmerman et al.  

1996).  

Mutagenesis has been successfully utilized to study the sequence specificity of interacting 

helices in proteins such as GCN4 DNA binding domain (Harbury et al. 1993), 

phospholamban (Simmerman et al., 1996), myosin binding subunit/cGKIα (Surks et al. 

1999), ryanodine receptor type 1 and 2 (Marx et al. 2001b), and the KCNQ1/KCNE1 

channel (Marx et al. 2002).  Substitution of an alanine for one or more of the “d” position 

leucines or isoleucines in the motif diminished the ability of the LZ to mediate protein-

protein interaction without disrupting the native α helical structure (Moitra et al. 1997, 

Simmerman et al. 1996).  

 

 

LZ-mediated local signaling complexes in the heart  

 



Ryanodine receptors 

In the case of RyR2 in cardiac muscle and RyR1 in skeletal muscle, both channels are 

comprised of macromolecular signaling complexes in which the enormous cytoplasmic 

domain of the RyRs serves as a scaffold for proteins that regulate the channel’s function 

(Jayaraman et al. 1992, Brillantes et al. 1994, Marx et al. 2000a, 2001a).  The RyR2 

macromolecular complex includes the stabilizing protein FKBP12.6, PKA (both 

regulatory and catalytic subunits and its targeting protein mAKAP), PP1 and its targeting 

protein spinophilin, PP2A, and its targeting protein PR130.  In each case highly 

conserved LIZ motifs in RyR2 bind in a completely specific manner to LIZ motifs on the 

targeting proteins for PKA, PP1 and PP2A (reviewed in Marks et al. 2002a).  This 

macromolecular complex regulates the PKA phosphorylation of a single serine residue 

(Ser2809) on RyR2. PKA phosphorylation of Ser2809 induces the dissociation of FKBP12.6 

from the channel, thereby regulating the function of the channel by adjusting its 

sensitivity to calcium-dependent activation (Marx et al. 2000a).  In this manner activation 

of the SNS can increase the release of SR calcium via PKA phosphorylation of RyR2 

resulting in enhanced contractility of the  heart and increased cardiac output.  This 

signaling pathway is part of one of the most primitive responses in biology – the “fight or 

flight” response which is essentially a stress pathway that is required for survival. 

 

KCNQ1/KCNE1 channels 

 

Similarly, the KCNQ1/KCNE1 channel forms a macromolecular signaling complex that 

is coordinated by the binding of the targeting protein yotiao (Lin et al. 1998) via a LZ 



motif in the KCNQ1 carboxy (C-) terminal domain(Marx et al. 2002) (Fig. 1).  PKA and 

protein phosphatase 1 (PP1), which bind to yotiao, are thus recruited directly to the 

channel microdomain and regulate it by phosphorylation of a single amino terminal 

KCNQ1 residue, Ser27 (Marx et al. 2002).  Reconstitution of PKA and PP1 mediated 

regulation of the KCNQ1/KCNE1 current in Chinese hamster ovary (CHO) cells requires 

co-expression of KCNQ1/KCNE1 and yotiao, and is ablated by mutation of the KCNQ1 

LZ, which prevents yotiao binding to the channel, resulting in ablation of PKA 

phosphorylation of  Ser27.  

 

The functional consequences of PKA phosphorylation of the KCNQ1/KCNE1 channel 

complex is a profound increase in the activity if these channels, a hyperpolarizing shift in 

the voltage-dependence of channel activation, and a slowing of the return of activated 

(open) to resting (closed) channels during diastole.  These effects together ensure that 

during membrane depolarization, there is more KCNQ1/KCNE1 channel activity in the 

presence of SNS-stimulation than in its absence.  Consequently, the substantial 

repolarization reserve is activated in the face of SNS-mediated activity.   

  

Just as artificial mutations such as substitution of alanine residues for the leucines in the 

second and third “d” positions within the hKCNQ1 LZ motif abrogate its interaction with 

yotiao, without disturbing the α helical structure of the motif, so too inherited mutations 

can disrupt LZs and uncouple signaling molecules from their substrates. As noted above, 

residues occupying the “e” and “g” positions in the LZ motif exhibit a restricted range of 

substitutions based upon the volume occluded by adjacent structures (Simmerman et al. 



1996).  Thus, the naturally occurring G589D mutation at an “e” position in the LZ motif of 

hKCNQ1 disrupts targeting of yotiao to hKCNQ1. The inherited G589D mutation has been 

linked to the Long QT Syndrome variant 1 (LQT-1) in Finnish families (Piippo et al. 

2001). Moreover, the KCNQ1-G589D mutation, by virtue of the fact that it disrupts the 

LZ motif in the carboxy terminus of KCNQ1, results in abrogation of β-adrenergic-

mediated regulation of the channel. The G589D mutation causes a defect in regulation of 

the channel by preventing assembly of the macromolecular complex that targets PKA and 

PP1 to the C-terminus of the channel.  Carriers of this mutation suffer from dysfunctional 

regulation of QT duration during mental and physical stress (Paavonen et al. 2001) and 

are at risk of arrhythmia and SCD during exercise (Piippo et al. 2001).  Thus an inherited 

mutation of a single residue on the KCNQ1 channel disrupts the KCNQ1/KCNE1 

signaling complex and raises the risk of arrhythmia in mutation carriers. 

 

Disruption of LZ-meditated complexes: a novel mechanism of arrhythmia risk 

Because it is now clear that PKA-dependent regulation of at least three key ion channels 

in the heart (RyR2, L-type channels, and KCNQ1/KCNE1 channels) requires assembly 

LZ-mediated macromolecular signaling complexes, it is also clear that disruption of a 

subset of these complexes can lead to an imbalanced response to SNS stimulation.  The 

LQT-1 mutation G589D is the first example of disease-associated disruption of a 

microdomain-signaling complex. 

 

How might the disruption of LZ-mediated regulation of IKS (KCNQ1/KCNE1 channels) 

contribute to this arrhythmia risk?  Phosphorylation of the KCNQ1/KCNE1 channel, 



mediated by the SNS, causes at least two important functional changes in channel activity:  

an increase in current density during and following activating depolarizing pulses and, 

importantly, a slowing of the deactivation of channels after the termination of activating 

pulses (Walsh and Kass 1988).  Because KCNQ1/KCNE1 channels activate with a slow 

time course during depolarization (in vivo the depolarizing event is the ventricular action 

potential), during each action potential the accumulation of open KCNQ1/KCNE1 channels 

will ultimately be one of the key determinants of ventricular action potential, and hence QT 

interval, duration.  SNS-mediated increase in channel activity provides more channel 

activity per action potential and hence tips the balance of currents in favor of repolarization 

earlier than in the absence of SNS stimulation, leading to APD shortening. Additionally, 

because β-AR stimulation slows the deactivation of this channel activity between beats, the 

accumulation of open KCNQ1/KCNE1 channels will grow faster on a beat-by-beat basis 

with SNS stimulation (Viswanathan et al. 1999).  Thus β-AR-mediated stimulation of the 

activity of KCNQ1/KCNE1 channels provides a reserve of outward current that acts to 

speed the repolarization process in the face of increased activity of L-type calcium 

channels (Kass and Wiegers 1982).  

 

The G589D mutation, which falls within the KCNQ1 carboxy terminus LZ, uncouples 

the KCNQ1/KCNE1 channel from SNS-mediated regulation without affecting  RyR2 nor 

the L-type calcium channel, both of which retain the ability to be regulated by SNS 

activity.   Thus L-calcium channel and RyR2 channels activities are enhanced but without 

the normal SNS-stimulated increase in reserve repolarizing potassium channel current.  

This imbalance in calcium regulatory mechanisms predisposes cells to two types of 



calcium-mediated rhythm disturbances:  early after depolarizations (EAD's) (January and 

Moscucci 1992, January and Riddle 1989) and delayed after depolarizations (DAD's) 

(January and Fozzard 1988, Wit and Rosen 1983, Kass et al. 1978), both of which can 

lead to triggered arrhythmias in affected cells (Fig. 2).  In addition, the ion channel 

imbalance may lead to amplification of electrical heterogeneities of repolarization that 

are intrinsic to the ventricular myocardium. SNS stimulation of L-type calcium channel 

activity in a setting of reduced IKs has indeed been shown to increase transmural 

dispersion of repolarization (Shimizu and Antzelevitch, 1998, Shimizu and Antzelevitch, 

2000, Anztzelevitch, 2002) thus creating a condition that can lead to the development of 

Torsade de Points and the development of triggered activity via midmyocardial M cells 

Antzelevitch and Shimizu, 2002). Thus an inherited mutation of a single residue in the 

KCNQ1 LZ can disrupt local communication between the brain and the heart and lead to 

unstable electrical activity driven by calcium-mediated pro-arrhythmic events. 

 

Local signaling domains, coordinated by the assembly of LZ-mediated macromolecular 

signaling complexes thus become important to our understanding of the genesis of 

cardiac arrhythmias at the molecular level. 



Figure legends. 

 

Figure 1.  Disruption of the KCNQ1 macromolecular complex by an inherited mutation. 

A.  The targeting protein yotiao binds to the carboxy terminal domain of KCNQ1 via a 

LIZ (saw tooth in figure) and recruits PKA and PP1 directly to the channel microdomain 

to regulate the channel via phosphorylation of Ser27 in the amino terminus.  B.  The LQT-

2 mutation G589D occurs in the KCNQ1 LIZ motif and disrupts the signaling complex.  

Regulation of the channel via Ser27 phosphorylation is ablated.  

 

Figure 2.  Disruption of a local signaling complex can result in electrical instability in the 

face of SNS activity.  Ventricular muscle action potential simulation (Clancy and Rudy 

1999, Luo and Rudy 1994) shows the effects of disrupting enhancement of 

KCNQ1/KCNE1 channel activity in the face of SNS stimulation.  The black trace 

represents the cellular response to SNS when local signaling complexes are intact.  The 

dashed trace represents the response under conditions in which the KCNQ1 complex is 

disrupted, resulting in a failure of reserve potassium channel activity in response to SNS 

stimulation.  The imbalanced response to SNS stimulation leads to calcium channel-

dependent EADs (arrow, see text), seen as oscillatory depolarizing events in this 

example, which can trigger arrhythmias in the ventricle. 



Acknowledgments 

This work was supported by NIH grants P01 HL 67849 and R01 HL 44365.  We thank 

Dr. Colleen Clancy for computing action potentials and for reading and commenting on 

the manuscript. 



References 

 
Antzelevitch, C. (2002). Sympathetic modulation of the long QT syndrome. Eur.Heart J. 
23, 1246. 

Antzelevitch, C. & Shimizu, W. (2002). Cellular mechanisms underlying the long QT 
syndrome . Curr.Opin.Cardiol. 17, 43-51 

Barhanin J, Lesage F, Guillemare E, Fink M, Lazdunski M, and Romey G: 1996. 
K(V)LQT1 And Isk (Mink) Proteins Associate To Form The I-Ks Cardiac Potassium 
Current. Nature 384: 78-80. 

Bauman A L and Scott J D: 2002. Kinase- and phosphatase-anchoring proteins: 
harnessing the dynamic duo. Nat.Cell Biol. 4: E203-E206. 

Brillantes A B, Ondrias K, Scott A et al.:1994. Stabilization of calcium release channel 
(ryanodine receptor) function by FK506-binding protein. Cell 77: 513-523. 

Clancy C E and Rudy Y:1999. Linking a genetic defect to its cellular phenotype in a 
cardiac arrhythmia. Nature 400: 566-569. 

Harbury P B, Zhang T, Kim P S and Alber T: 1993. A switch between two-, three-, and 
four-stranded coiled coils in GCN4 leucine zipper mutants. Science 262: 1401-1407. 

Hulme J T, Ahn M, Hauschka S D, Scheuer T and Catterall W A: 2002. A novel leucine 
zipper targets AKAP15 and cyclic AMP-dependent protein kinase to the C terminus of 
the skeletal muscle Ca2+ channel and modulates its function.  J.Biol.Chem. 277: 4079-
4087. 

January C T and Fozzard H A: 1988. Delayed afterdepolarizations in heart muscle: 
mechanisms and relevance. Pharmacol.Rev. 40: 219-227. 

January C T and Moscucci A: 1992. Cellular mechanisms of early afterdepolarizations. 
[Review]. Ann. NY Acad. Sci. 644: 23-32. 

January C T and Riddle J M: 1989. Early afterdepolarizations:  mechanism of induction 
and block.  A role for L-type calcium current. Circ. Res. 64, 977-990. 



Jayaraman T, Brillantes A M, Timerman et al.: 1992. FK506 binding protein associated 
with the calcium release channel (ryanodine receptor). J. Biol. Chem. 267: 9474-9477. 

Kass R S, Lederer J W, Tsien R W and Weingart R: 1978. Role of calcium ions in 
transient inward currents and aftercontactions induced by strophanthidin in cardiac 
Purkinje fibres. J. Physiol. (Lond.) 281: 187-208. 

Kass R S and Wiegers S E: 1982. The ionic basis of concentration-related effects of 
noradrenaline on the action potential of calf cardiac purkinje fibres. J.Physiol. (Lond.) 
322: 541-558. 

Keating M T and Sanguinetti M C: 2001. Molecular and cellular mechanisms of cardiac 
arrhythmias. Cell 104: 569-580. 

Kohn W D, Kay C M and Hodges R S: 1998. Orientation, positional, additivity, and 
oligomerization-state effects of interhelical ion pairs in alpha-helical coiled-coils. 
J.Mol.Biol. 283: 993-1012. 

Laitinen P J, Brown K M, Piippo K et al.: 2001. Mutations of the cardiac ryanodine 
receptor (RyR2) gene in familial polymorphic ventricular tachycardia. Circulation 103: 
485-490. 

Landschulz W H, Johnson P F and McKnight S L:1988. The leucine zipper: a 
hypothetical structure common to a new class of DNA binding proteins. Science 240: 
1759-1764. 

Leung I W and Lassam N: 1998. Dimerization via tandem leucine zippers is essential for 
the activation of the mitogen-activated protein kinase kinase kinase, MLK-3. J. Biol. 
Chem. 273: 32408-32415. 

Lin J W, Wyszynski M, Madhavan R, Sealock R,  Kim J U and Sheng M: 1998.  Yotiao, 
a novel protein of neuromuscular junction and brain that interacts with specific splice 
variants of NMDA receptor subunit NR1. J.Neurosci. 18: 2017-2027. 

Luo C H and Rudy Y: 1994. A dynamic model of the cardiac ventricular action potential. 
II. Afterdepolarizations, triggered activity, and potentiation.  Circ. Res. 74: 1097-1113. 

Lupas A: 1996. Coiled coils: new structures and new functions. Trends Biochem.Sci. 21: 
375-382. 



Marks A R, Marx S O and Reiken S: 2002a. Regulation of ryanodine receptors via 
macromolecular complexes. A novel role for leucine/isoleucine zippers. Trends 
Cardiovasc. Med. 12: 166-170. 

Marks A R, Priori S, Memmi M, Kontula K and Laitinen P J: 2002b. Involvement of the 
cardiac ryanodine receptor/calcium release channel in catecholaminergic polymorphic 
ventricular tachycardia. J.Cell Physiol. 190: 1-6. 

Marx S O, Kurokawa J, Reiken S et al.: 2002. Requirement of a macromolecular 
signaling complex for beta adrenergic receptor modulation of the KCNQ1-KCNE1 
potassium channel. Science 295: 496-499. 

Marx S O, Reiken S, Hisamatsu Y et al.: 2001a. Phosphorylation-dependent Regulation 
of Ryanodine Receptors. A novel role for leucine/isoleucine zippers. J.Cell Biol. 153: 
699-708. 

Marx S O, Reiken S, Hisamatsu Y et al.: 2001b. Phosphorylation-dependent Regulation 
of Ryanodine Receptors. A novel role for leucine/isoleucine zippers. J.Cell Biol. 153: 
699-708. 

Marx S O, Reiken S, Hisamatsu Y et al.: 2000a. PKA phosphorylation dissociates 
FKBP12.6 from the calcium release channel (ryanodine receptor): defective regulation in 
failing hearts [In Process Citation]. Cell 101: 365-376. 

Marx S O, Reiken S, Hisamatsu Y et al.: 2000b. PKA phosphorylation dissociates 
FKBP12.6 from the calcium release channel (ryanodine receptor): defective regulation in 
failing hearts [In Process Citation]. Cell 101: 365-376. 

Michel J J and Scott J D: 2002. AKAP mediated signal transduction. Annu. Rev. 
Pharmacol. Toxicol. 42: 235-257. 

Moitra J, Szilak L, Krylov D and Vinson C: 1997. Leucine is the most stabilizing 
aliphatic amino acid in the d position of a dimeric leucine zipper coiled coil. 
Biochemistry 36: 12567-12573. 

Paavonen K J, Swan H, Piippo K et al.: 2001.  Response of the QT interval to mental and 
physical stress in types LQT1 and LQT2 of the long QT syndrome. Heart 86: 39-44. 



Piippo K, Swan H,  Pasternack M et al.: 2001. A founder mutation of the potassium 
channel KCNQ1 in long QT syndrome: implications for estimation of disease prevalence 
and molecular diagnostics. J. Am. Coll. Cardiol. 37: 562-568. 

Priori S G, Napolitano C, Tiso N et al.: 2001. Mutations in the cardiac ryanodine receptor 
gene (hRyR2) underlie catecholaminergic polymorphic ventricular tachycardia. 
Circulation 103: 196-200. 

Shimizu, W. & Antzelevitch, C. (1998). Cellular basis for the ECG features of the LQT1 
form of the long-QT syndrome : effects of beta-adrenergic agonists and antagonists and 
sodium channel blockers on transmural dispersion of repolarization and torsade de 
pointes [In Process Citation]. Circulation 98, 2314-2322. 

Shimizu, W. & Antzelevitch, C. (2000). Differential effects of beta-adrenergic agonists 
and antagonists in LQT1, LQT2 and LQT3 models of the long QT syndrome. 
J.Am.Coll.Cardiol. 35, 778-786. 

Sanguinetti M C, Curran M E, Zou A et al.: 1996. Coassembly of KvLQT1 and 
minK(ISK) proteins to form cardiac IKS potassium channel. Nature 384: 80-83. 

Schwartz P J, Priori S G, Spazzolini C et al.: 2001. Genotype-phenotype correlation in 
the long-QT syndrome: gene-specific triggers for life-threatening arrhythmias . 
Circulation 103: 89-95. 

Simmerman H K, Kobayashi Y M, Autry J M and Jones L R: 1996. A leucine zipper 
stabilizes the pentameric membrane domain of phospholamban and forms a coiled-coil 
pore structure. J. Biol. Chem. 271: 5941-5946. 

Smith F D and Scott J D: 2002. Signaling complexes: junctions on the intracellular 
information super highway. Curr.Biol. 12: R32-R40. 

Splawski I, Shen J, Timothy K W et al.: 2000. Spectrum of mutations in long-QT 
syndrome genes : KVLQT1, HERG, SCN5A, KCNE1, and KCNE2 [In Process Citation]. 
Circulation 102: 1178-1185. 

Surks H K, Mochizuki N, Kasai Y et al.: 1999. Regulation of myosin phosphatase by a 
specific interaction with cGMP- dependent protein kinase Iα. Science 286: 1583-1587. 



Tiso N, Stephan D A, Nava A et al.: 2001. Identification of mutations in the cardiac 
ryanodine receptor gene in families affected with arrhythmogenic right ventricular 
cardiomyopathy type 2 (ARVD2). Hum.Mol.Genet. 10: 189-194. 

Viswanathan P C, Shaw R M and Rudy Y: 1999. Effects of IKr and IKs heterogeneity on 
action potential duration and its rate dependence: a simulation study. Circulation 99: 
2466-2474. 

Walsh K B and Kass R S: 1988. Regulation of a heart potassium channel by protein 
kinase A and C. Science 242: 67-69. 

Walshaw J and Woolfson D N: 2001. Open-and-shut cases in coiled-coil assembly: 
alpha-sheets and alpha- cylinders. Protein Sci. 10: 668-673. 

Wit A L, Hoffman B F and Rosen M R: 1975. Electrophysiology and pharmacology of 
cardiac arrhythmias. IX. Cardiac electrophysiologic effects of beta adrenergic receptro 
stimulation and blockade. Part C.  Am.Heart J. 90: 795-803. 

Wit A L and Rosen M R: 1983. Pathophysiologic mechanisms of cardiac arrhythmias. 
Am.Heart J. 106: 798-811. 



 

Figure 1.



 

 

 

 

 

 

Figure 2. 


