
Intracellular Regulation 
of Ion Channels 

Edited by 

Martin Morad 
and 

Zalman Agus 
University of Pennsylvania 
School of Medicine 
Dept. of Physiology 
Philadelphia, PA 19104-6085 
USA 

Springer-Verlag 
Berlin Heidelberg NewYork London Paris Tokyo 
Hong Kong Barcelona Budapest 
Published in cooperation with NATO Scientific Affairs Division 



TABLE OF CONTENTS 

PART I: Regulation of K+ Channels Page 

diversity 3 K + channel 
0 . Pongs 

Regulation of voltage-activated K + channels 
A. M . Brown 

9 

Gating mechanisms of Shaker potassium channels 15 
R. Aldrich 

Vaccinia virus: A novel expression system for receptors and ion channels 21 
A. Karschin 

Delayed rectification in the heart: Regulation and physiology 27 
W . M . Κ wok, L . C . Freemen, J . Anumonwo, and R . S . Kass 

Receptor-dependent modulation of G protein-gated muscarinic K + channel 43 
by arachidonic acid metabolites 
Y . Kurachi 

The Na+-activated K + channel in cardiac cells 53 
E. Carmeliet and H. -N . Luk 

Regulation of the ATP-dependent K + channel of muscle by A T P and pH 61 
N.B. Standen, N.W. Davies, A. Pettit, and P.R. Stanfield 

Regulation of cardiac ATP-sensitive K + channels 71 
J .N. Weiss, N. Venkatesh, and N.A. Deutsch 

ATP-sensitive K + channels: Molecular pharmacology, regulation and role 83 
in diseased states 
M. Lazdunski, M. Fosset, J . De Weille, E . Honore, C . Mourre 

PART II: Regulation of Ca2+Channels 

Tissue distribution and possible function of the subunits of the L-type 
calcium channels 
F . Hofmann, M. Biel, R. Hullin, E . Bosse, V . Flockerzi 



VIII 

Phosphorylation and regulation of calcium channels by multiple protein 99 
kinases 
M . M . Hosey, R . M . Brawley, C . F . Chang, L . M . Gutierrez, C . Mundina-
Weilenmann, J . Ma, and E . Rios 

Action of the GTP-binding protein Gs on cardiac C a 2 + channels 107 
A. Cavalie, T . J . A . Allen, W. Trautwein 

Membrane-delimited stimulation of heart cell calcium current by ß- 113 
adrenergic signal-transducing Gs protein 
S. Pelzer, Y . M . Shuba, L . Birnbaumer, Τ .F . McDonald, D J . Pelzer 

Participation of a fast G-protein pathway in the ß-adrenergic regulation of 129 
cardiac calcium channels: Neither proven nor needed 
R. Fischmeister, P . - F . Mery, H . C . Hartzell, G . Szabo 

Kinetics of G-protein mediated action on neuronal C a 2 + channels 141 
H.-D. Lux, N. Tokutomi and F . Grassi 

identification of G-proteins involved in the inhibition of C a 2 + currents in 153 
neuronal and endocrine cells 
J . Hescheler, C . Kleuss, C . Ewel , B. Wittig, W. Rosenthal, G . Schultz 

Voltage-dependent α-adrenergic modulation of C a 2 + channels in peripheral 161 
neurons and insulin-secreting cells 
E . Carbone, A. Polio, M . Lovallo, G . Aicardi, and E . Sher 

Voltage-dependent modal gating in cardiac and neuronal L-type calcium 173 
channels 
D. Pietrobon, L . Forti, and P. Hess 

T-type calcium channels in cardiac muscle: News in kinetics and 181 
modulation 
B. Nilius 

Calcium regulation of ion channels in neurons 191 
R.S . Zucker 

Role of calpastatin in calcium channel regulation 203 
M. Kameyama, A. Kameyama, E . Takano, K . Yazawa, K . Yasui, T . 
Murachi 

PART III: Regulation o/Na+, Ct, and If Channels 

Structure and modulation of voltage-gated sodium channels 209 
W . A . Catterall, T . Scheuer, R. Numann, M . L i , J . West, B. Murphy, and 
S. Rossie 



IX 

Regulation of the cAMP-dependent chloride current in cardiac ventricular 
myocytes 
R . D . Harvey, J . A . Jurevicius, J .R . Hume 

Magnesium as an intracellular modulator of calcium, potassium and 
chloride channels 
Z . S . Agus, E . Kelepouris, I . Dukes, R. Kasama and M . Morad 

Cyclic A M P regulation of pacemaker (I f) current in heart 
D. DiFrancesco 

Subject Index 



T i s s u e d i s t r i b u t i o n and p o s s i b l e f u n c t i o n of the s u b u n i t s of the 
L-type calcium channels 

F. Hofmann, M. B i e l , R. H u l l i n , Ε. Bosse, V. F l o c k e r z i 

I n s t i t u t für Pharmakologie und Toxikologie der Technischen 
Universität, B i e d e r s t e i n e r s t r . 29, D-8000 München 40, Germany 

I n t r o d u c t i o n 
L-type calcium channels are present i n many t i s s u e s and a r e the 
major pathway f o r v o l t a g e a c t i v a t e d calcium entry i n h e a r t and 
smooth muscle and are e s s e n t i a l f o r EC-coupling i n s k e l e t a l mus
c l e . The t r a n s v e r s e t u b u l a r membrane of s k e l e t a l muscle c o n t a i n s a 
high d e n s i t y of the calcium channel p r o t e i n , the so c a l l e d recep
t o r f o r calcium channel b l o c k e r s (CaCB-receptor) [ 1 ] . The charge 
moved during e x c i t a t i o n - c o n t r a c t i o n coupling (EC-coupling) i s l o 
cated i n the CaCB-receptor and can be blocked by d i h y d r o p y r i d i n e s 
and phenylalkylamines [ 2 ] . I t i s l i k e l y t h a t i n s k e l e t a l muscle 
the CaCB-receptor f u n c t i o n s only as v o l t a g e sensor and not as c a l 
cium conducting channel s i n c e EC-coupling does not r e q u i r e calcium 
entry i n s k e l e t a l muscle. 

Component of the s k e l e t a l muscle CaCB r e c e p t o r / c a l c i u m channel 
The r a b b i t s k e l e t a l muscle CaCB-receptor has been p u r i f i e d t o ho
mogeneity, and c o n t a i n s f i v e p r o t e i n s with apparent molecular 
weights of 165,000 (αχ), 55,000 (β), 32,000 (y) and a d i s u l f i d e -
l i n k e d dimer of 135,000 ( a 2 ) and 28,000 («5) . The primary sequence 
of the subunits has been deduced by c l o n i n g of the corresponding 
mRNAs from r a b b i t s k e l e t a l muscle [3-7] ( F i g . l ) . 
The subunit c o n t a i n s the s t r u c t u r a l components of a v o l t a g e de
pendent ion channel ( 3 , 4 ) , and the high a f f i n i t y binding s i t e s f o r 
d i h y d r o p y r i d i n e s , phenylalkylamines and benzodiazepine [see 1 f o r 
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r e f e r e n c e s ] . High a f f i n i t y binding to the di h y d r o p y r i d i n e s i t e s 
r e q u i r e s the presence of ßmolar calcium [ 8 ] . Phenylalkylamine 
binding depence a l s o on the presence of Mmolar calcium, although 
binding i s i n h i b i t e d by m i l l i m o l a r c o n c e n t r a t i o n s of calciu m [ 8 ] . 
The d i h y d r o p y r i d i n e s i t e has been i d e n t i f i e d by p h o t o a f f i n i t y 
l a b e l l i n g of the p u r i f i e d r e c e p t o r w i t h azidopine and n i f e d i p i n e 
[ 9 ] . Both compounds l a b e l peptides which f o l l o w d i r e c t l y the l a s t 
p u t a t i v e transmembrane h e l i x (S6) of repeat IV. The phenyl
alkylamines bind apparently to the same region of the subunit. 
An antibody r a i s e d a g a i n s t aa 1349-1391 of the subunit - t h i s 
sequence c o n t a i n s the transmembrane h e l i x IV S6 - i d e n t i f i e d a 
t r y p t i c peptide which contained c o v a l e n t l y bound [N-methyl-
3H]LU449888, a p h o t o a f f i n i t y analogue of devapamil [ 1 0 ] . 
The deduced sequence of the subunit c o n t a i n s seven consensus 
sequences f o r cAMP-dependent phosphorylation [ 3 ] . One of these 
s i t e s , Ser-687, i s r a p i d l y phosphorylated i n v i t r o by cAMP k i n a s e 
[ 1 1 ] . A second s e r i n e , Ser-1617, i s phosphorylated s l o w l y i n v i t r o 
by cAMP k i n a s e . Phosphorylation of these s i t e s may be s i g n i f i c a n t , 
s i n c e the open p r o b a b i l i t y of the r e c o n s t i t u t e d s k e l e t a l muscle 
CaCB-receptor/calcium channel i s i n c r e a s e d s e v e r a l f o l d by cAMP 
dependent phosphorylation [12-14]. Furthermore, the α± subunit of 
i s o l a t e d r a t myocytes i s phosphorylated a t l e a s t a t two s i t e s i n 
response t o i s o p r o t e r e n o l i n v i v o [ 5 ] . One phosphorylation s i t e 
could be i d e n t i c a l with Ser-687 suggesting t h a t phosphorylation of 
t h i s r e s i d u e may i n f l u e n c e the open p r o b a b i l i t y of the s k e l e t a l 
muscle calcium channel. 
The CL2/& subunit c o n t a i n s t h r e e p u t a t i v e transmembrane segments 
[ 4 ] . I n agreement with i t s behaviour as a g l y c o p r o t e i n s e v e r a l 
consensus sequences f o r g l y c o s y l a t i o n are pre s e n t i n a l a r g e ex
t r a c e l l u l a r domain. The S subunit i s i d e n t i c a l with t he carboxy 
t e r m i n a l p a r t of the cloned a 2 p r o t e i n s t a r t i n g a t aa 935 of the 
pr e d i c t e d sequence [ 1 6 ] . Presumably, the mature a 2 - and <S-protein 
are the product of the same gene and a r i s e by p o s t t r a n s l a t i o n a l 
p r o c e s s i n g . The mature a 2 - p r o t e i n has two transmembrane domains 
and i s l i n k e d by d i s u l f i d e bridges to the <S-protein which c o n t a i n s 
the t h i r d p u t a t i v e transmembrane h e l i x . 
The ff-subunit i s compatible with t h a t of a p e r i p h e r a l membrane 
p r o t e i n of 57,868 Da [ 5 ] . I t c o n t a i n s four α-helical domains, 
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t h r e e of which c o n t a i n a heptad repeat s t r u c t u r e . Heptad r e p e a t s 
have been found i n c y t o s k e l e t a l p r o t e i n s . T h i s suggests t h a t the β 
subunit may be a c y t o s k e l e t a l p r o t e i n which anchors the subunit 
t o the c y t o s k e l e t o n . The deduced amino a c i d sequence c o n t a i n s s e 
v e r a l p o t e n t i a l phosphorylation s i t e s . Two of thes e s i t e s , S e r -
182, and Thr-205 a r e phosphorylated i n v i t r o by cAMP k i n a s e . Fur
t h e r s i t e s may be phosphorylated by cGMP k i n a s e , c a s e i n k i n a s e I I 
and p r o t e i n k i n a s e C, which r a p i d l y modify the β subunit i n v i t r o 
and phosphorylate s p e c i f i c p e p tides [ 1 7 ] . 
The y-subunit i s an i n t e g r a l membrane p r o t e i n , of 25,058 Da 
[6,7] c o n t a i n i n g four p u t a t i v e transmembrane domains and two g l y -
c o s y l a t i o n s i t e s which a r e l o c a t e d e x t r a c e l l u l a r . The p u r i f i e d y-
p r o t e i n i s g l y c o s y l a t e d , supporting a model, which l o c a t e s the N-
and C-terminus of the p r o t e i n on the c y t o s o l i c s i t e of the 
membrane ( F i g . l ) . 

T i s s u e d i s t r i b u t i o n of the CaCB-receptor subunits 
Complete cDNAs f o r the subunit of the CaCB r e c e p t o r have been 
i s o l a t e d from r a b b i t h e a r t [18] and r a b b i t smooth muscle [19] 
( F i g . 2 ) . Both, the c a r d i a c and smooth muscle cDNAs encode l a r g e 
polypeptides (2171 and 2166 amino a c i d s i n length, r e s p e c t i v e l y ) 
showing an o v e r a l l homology of 66% ( c a r d i a c ) and 65% (smooth mus
c l e ) to the s k e l e t a l muscle CaCB-receptor. The amino a c i d sequence 
of the smooth muscle CaCB r e c e p t o r d i f f e r s from the r a b b i t h e a r t 
r e c e p t o r a t four s i t e s comprising the aminoterminus, segments IS6 
and IVS3 and an i n t e r v e n i n g sequence between repeat I and I I [ 1 9 ] . 
Both channel p r o t e i n s are d i f f e r e n t i a l l y expressed. The mRNA of 
the c a r d i a c channel i s e x c l u s i v e l y expressed i n h e a r t whereas the 
mRNA of the smooth muscle channel i s present i n airway and va s c u 
l a r smooth muscle c e l l s which e x i s t i n lung, t r a c h e a , h e a r t , a o r t a 
and b r a i n [20] 
The s k e l e t a l muscle and the cardiac/smooth muscles channels a r e 
the product of two d i f f e r e n t genes. A n a l y s i s of p a r t i a l c l o n e s ob
ta i n e d by PCR suggests t h a t both genes give r i s e t o s e v e r a l 
d i f f e r e n t l y s p l i c e s v a r i a n t s of the s k e l e t a l and c a r d i a c muscle 
[20,21]. One v a r i a b l e region has been l o c a t e d t o the transmembrane 
h e l i x S3 and the e x t r a c e l l u l a r connecting loop between S3 and S4 
of repeat IV. T h i s l o c a t i o n i s i n t e r e s t i n g s i n c e the S4 segment 
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has been i m p l i c a t e d as vol t a g e sensor of the channel. V a r i a t i o n i n 
t h i s a r e a may, t h e r e f o r e , a f f e c t the g a t i n g k i n e t i c s of the chan
n e l . F u r t h e r a n a l y s i s y i e l d e d evidence f o r the e x c i s t e n c e of 3 ad
d i t i o n a l c a l c i u m channel genes [ 2 2 ] . 
Northern b l o t a n a l y s i s shows [ 2 0 ] , t h a t a probe of the s k e l e t a l 
a2/<5 subunit h y b r i d i z e d to an 8.0 kb t r a n s c r i p t i n poly (A) +RNA 
from s k e l e t a l muscle, b r a i n , h e a r t , a o r t a , t r a c h e a and lung. I n 
a d d i t i o n , a weakly h y b r i d i z i n g a 2 7.0 kb t r a n s c r i p t was observed 
i n t h e s e t i s s u e s . The β subunit d e r i v e d probe h y b r i d i z e d t o t h r e e 
poly (A) +RNA s p e c i e s of s k e l e t a l muscle w i t h estimated s i z e s of 
1.6, 1.9 and 3.0 kb. The s i z e of the 1.9 kb s p e c i e s i s c o n s i s t e n t 
w i t h the s i z e of the cloned cDNA (1835 nt) [ 5 ] . mRNA s p e c i e s of 
s i m i l a r s i z e as the 3.0 kb s p e c i e s appear to be prese n t i n b r a i n 
and a o r t a . A l e s s abundant mRNA population of about 4.8 kb, which 
was d e t e c t e d only as a f a i n t band a f t e r long a u t o r a d i o g r a p h i c ex
posure, i s p r e s e n t i n h e a r t . The y-subunit probe h y b r i d i z e d t o a 
1.3 kb poly (A) +RNA s p e c i e s of s k e l e t a l muscle [ 6 , 7 ] . Weakly hy
b r i d i z i n g y - t r a n s c r i p t s of 1.0 kb (heart) and 1.3 and 1.8 kb 
(a o r t a ) were observed. I n b r a i n a 1.5 kb s i g n a l was c l e a r l y v i s i 
b l e a f t e r 5 day autoradiographic exposure but not a f t e r 16 hours. 

R e g u l a t i o n of the expressed αχ subunit by the other subunits 
A d u l t c a r d i a c v e n t r i c u l a r and smooth muscle myocytes express 
mainly high v o l t a g e a c t i v a t e d calcium channels w i t h slow i n a c t i 
v a t i n g p r o p e r t i e s . These are s e n s i t i v e t o cal c i u m channel 
b l o c k e r s . I n agreement with t h i s , m i c r o i n j e c t e d s y n t h e t i c RNA de
r i v e d from the cloned c a r d i a c and smooth muscle CaCB r e c e p t o r a]_ 
s u b u n i t cDNA d i r e c t s the s y n t h e s i s of s i m i l a r channels i n Xenopus 
oocytes [18,19]. These r e s u l t s i n d i c a t e t h a t the c a r d i a c and 
smooth muscle subunit of the CaCB r e c e p t o r s alone i s s u f f i c i e n t 
t o induce c a l c i u m channel c u r r e n t . The c u r r e n t d e n s i t y approxi
mately doubles when the cRNA f o r one a^-subunit i s c o i n j e c t e d with 
the cRNA f o r the a 2 / δ - s u b u n i t . However, a dramatic about 100fold 
i n c r e a s e i n c u r r e n t d e n s i t y i s observed when i n a d d i t i o n t o the 
cRNA f o r the subunit the cRNA of the s k e l e t a l muscle /3-subunit 
and the a2/«S subunit are c o i n j e c t e d [23,24]. Coexpression of the 
c a r d i a c a± subunit with the other s k e l e t a l muscle s u b u n i t s e f f e c t s 
a l s o q u i t e s i g n i f i c a n t l y the e l e c t r o p h y s i o l o g i c a l p r o p e r t i e s of 
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the channel [ 2 4 ] . The a2/<5 subunit doubles the speed of channel 
a c t i v a t i o n and a l l t h r e e subunits (a2/<5,0 and y) i n c r e a s e i n a c t i -
v a t i o n of the channel a t the end of a 200 msec d e p o l a r i z i n g p u l s e . 
The c o e x p r e s s i o n of the a2/<5 and 0-subunit w i t h the s u b u n i t 
s h i f t s the v o l t a g e dependence of a c t i v a t i o n of B a - c u r r e n t s by 
about 15mV t o the l e f t . The y subunit s h i f t s the v o l t a g e depen
dence of the steady s t a t e i n a c t i v a t i o n by 40mV to the l e f t . The 
r e s u l t s [24] show t h a t coexpression of a c a r d i a c a^- s u b u n i t w i t h 
the a 2 , β and y-subunit of s k e l e t a l muscle has q u i t e dramatic e f 
f e c t s on the e l e c t r i c a l p r o p e r t i e s of the ion channel. 

C o n c l u s i o n 
These s t u d i e s suggest t h a t the a^-subunit of the c a r d i a c or smooth 
muscle c a l c i u m channel i s the calcium pore forming p r o t e i n . How
ever, the p r o p e r t i e s of t h i s channel depend l a r g e l y on the coex
p r e s s i o n w i t h other s u b u n i t s . With the exception of the a 2 - s u b -
u n i t , i t i s u n l i k e l y t h a t c a r d i a c or smooth muscle c o n t a i n s i d e n 
t i c a l s u b u n i t s as the s k e l e t a l muscle. The northern b l o t a n a l y s i e s 
[20] suggests t h a t the e x p r e s s i o n of these s m a l l e r s u b u n i t s o c c u r s 
i n a t i s s u e s p e c i f i c manner. The t i s s u e s p e c i f i c e x p r e s s i o n pro
v i d e s the b a s i s f o r a t i s s u e s p e c i f i c r e g u l a t i o n of L-type c a l c i u m 
channels. F. ex., the ^ - a d r e n e r g i c r e c e p t o r s t i m u l a t e s L-type c a l 
cium c u r r e n t i n c a r d i a c [25] and i n t r a c h e a l smooth muscle [26] . 
Both t i s s u e s containe almost i d e n t i c a l o^-subunits [ 1 9 ] . However, 
cAMP-dependent phosphorylation i s only demonstrable i n c a r d i a c 
[ 2 5 ] , but not i n t r a c h e a l smooth muscle c e l l s [ 2 6 ] . I t i s l i k e l y 
t h a t t h i s d i f f e r e n t i a l r e g u l a t i o n i s caused by the e x p r e s s i o n of 
d i s t i n c t s m a l l s u b u n i t s i n each t i s s u e . I t w i l l be very important, 
t h e r e f o r e , to i d e n t i f y these subunits i n each t i s s u e . 

Acknowledgment; We thank Mrs. Schatz f o r t y p i n g the manuscript. 
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F i g . 1 
Olig o m e r i c s t r u c t u r e of the s k e l e t a l muscle c a l c i u m channel. The 
molec u l a r s t r u c t u r e s of the alf α2/<5, β and y sub u n i t s were con
s t r u c t e d from the primary sequences given i n R e f s . 3-7. The upper 
and lower h o r i z o n t a l l i n e s i n d i c a t e the e x t r a - and i n t r a c e l l u l a r 
s u r f a c e of the plasma membrane, r e s p e c t i v e l y . Rods between these 
l i n e s r e p r e s e n t transmembrane h e l i c e s . The S4 segment i s i n d i c a t e d 
by a +. I n v i t r o phosphorylation i s i n d i c a t e d by a P. Note, t h a t 
the β subunit i s l o c a l i z e d i n t r a c e l l u l a r l y . 
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F i g . 2 
Comparison of the primary sequence of the s k e l e t a l , c a r d i a c and 
smooth muscle a^-subunit of the calcium channel. The sequence i s 
shown as block. S i g n i f i c a n t d i f f e r e n c e s between the smooth muscle 
and the s k e l e t a l muscle or c a r d i a c muscle are i n d i c a t e d by b l a c k . 
A l i n e between block s i n d i c a t e s a l a c k of the sequence i n t h e 
r e s p e c t i v e clone. The p u t a t i v e transmembrane topology i s shown a t 
the bottom. The l o c a t i o n of the repeats I - I V , of the phosphory-
l a t e d Ser-687 of s k e l e t a l muscle and of the conserved, p u t a t i v e 
cAMP-kinase phosphorylation s i t e s a r e i n d i c a t e d by roman numeri-
c a l s , a c l o s e d c i r c l e and two open c i r c l e s . 
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