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ABSTRACT Inactivation of  both brain and cardiac Na + channels is modulated by activation of  protein kinase C 
(PKC) but  in different ways. Previous experiments had shown that phosphorylat ion of  serine 1506 in the highly 
conserved loop connect ing homologous  domains III and IV (Lm/rv) of  the brain Na + channel  tx subunit is neces- 
sal T for all effects of  PKC. Here we examine the importance of  the analogous serine for the different modulat ion 
of  the r i l l  cardiac Na + channel.  Serine 1505 of  r i l l  was mutated to alanine to prevent its phosphorylation, and 
the resulting mutant  channel  was expressed in 1610 cells. Electrophysiological properties of  these mutant  chan- 
nels were indistinguishable f rom those of  wild-type (WT) r i l l  channels. Activation o f  PKC with 1-oleoyl-2-acetyl-sn- 
glycerol (OAG) reduced WT Na + current  by 49.3-+ 4.2% ( P <  0.01) but S1505A mutant  current  was reduced by 
only 8.5 -+ 5.4% (P = 0.29) when the holding potential was - 9 4  mV. PKC activation also caused a - 17-mV shift in 
the voltage dependence  of  steady-state inactivation of  the WT channel  which was abolished in the mutant.  Thus, 
phosphorylat ion of  serine 1505 is required for both the negative shift in the inactivation curve and the reduction 
in Na + current  by PKC. Phosphorylation of  S1505/1506 has c o m m o n  and divergent effects in brain and cardiac 
Na § channels. In both brain and cardiac Na + channels, phosphorylat ion of  this site by PKC is required for reduc- 
tion of  peak Na + current. However, phosphorylat ion of  S1506 in brain Na + channels slows and destabilizes inacti- 
vation of  the open  channel.  Phosphorylation of  S1505 in cardiac, but  not  S1506 in brain, Na + channels causes a 
negative shift in the inactivation curve, indicating that it stabilizes inactivation from closed states. Since Lin/i v con- 
taining S1505/S1506 is completely conserved, interaction of  the phosphorylated serine with other  regions of  the 
channel  must differ in the two channel  types. 
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I N T R O D U C T I O N  

Voltage-gated cardiac Na  + channe ls  carry the Na + in- 
flux that  under l ies  the ups t roke  (phase 0) o f  the act ion 
potent ia l  in the heart .  Thus,  cardiac Na  + channe ls  are 
critical for  the init iation and  spread o f  exci tat ion and  
synch ronous  con t rac t ion  o f  the heart ,  cDNA clones en- 
cod ing  the c~ subuni t  o f  cardiac Na + channels  have been  
isolated f r o m  neona ta l  rat hear t  ( r i l l )  (Rogar t  et al., 
1989) and  denerva ted  skeletal muscle  (SKM2) (Kallen 
et al., 1990). The  Na + c ha nne l  a subuni t  is p red ic ted  to 
have four  h o m o l o g o u s  domains ,  each consist ing o f  six 
t r a n s m e m b r a n e  cx helices. T h e  a m i n o  acid sequence  in 
the t r a n s m e m b r a n e  segments  has the greatest  similar- 
ity, with the amino  acid sequence  in the intracel lular  
c o n n e c t i n g  loops be ing  less well conserved.  Cardiac 
Na  + channels  have physiological  and  pharmaco log ica l  
proper t ies  that  dist inguish t h e m  f rom brain and  mus- 
cle Na  + channels .  They  are less sensitive to te t rodo-  
toxin, m o r e  sensitive to an t ia r rhy thmic  drugs,  have 
slower kinetics o f  activation and  inactivation, and  bo th  
activation and  inactivation occur  at m o r e  hyperpolar -  
ized potentials  (Satin et al., 1992). 

Activation o f  p ro te in  kinase C (PKC) modula tes  
bra in  type IIA and  skeletal muscle  Na  + currents .  Activa- 
t ion o f  PKC decreases the cu r r en t  ampl i tude  and  slows 
the inactivation kinetics o f  brain  type IIA cu r r en t  (Sigel 
and  Baur, 1988; Dascal and  Lotan,  1991; N u m a n n  et 
al., 1991; Schre ibmayer  et al., 1991). The  highly con- 
served intracel lular  loop  c o n n e c t i n g  h o m o l o g o u s  do- 
mains  III  and  IV (Lm/w) 1 is t h o u g h t  to be the inactiva- 
t ion gate (Vassilev et al., 1988, 1989; Stf ihmer  et  al., 
1989; West  et al., 1992; Beck et al., 1994; H a r t m a n n  et 
al., 1994). Prevent ing  phosphory la t ion  by muta t ion  o f  
serine 1506 in Liii/1v abol ished the effects o f  PKC (West 
et al., 1991). PKC activation also decreases Na  § cur- 
rents t h r o u g h  native ( N u m a n n  et al., 1994) and  c loned  
( B e n d a h h o u  et al., 1995) skeletal muscle  Na  + chan-  
nels. However,  mu ta t ion  o f  the ana logous  serine resi- 
due  in that  channe l  is r epo r t ed  to have little effect on  
cu r ren t  r educ t ion  by PKC ( B e n d a h h o u  et al., 1995). 

We have r epo r t ed  that  activation o f  PKC inhibi ted 
native and  he tero logous ly  expressed cardiac Na  § cur- 
rents in a vo l t age -dependen t  manne r ,  with inhibi t ion 
be ing  grea ter  at depolar ized  than at hyperpolar ized  
ho ld ing  potentials  (Qu et al., 1994). This inhibi t ion re- 
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sults f rom a decrease  in  m a x i m u m  Na + c u r r e n t  a n d  a 
negat ive shift in  the voltage d e p e n d e n c e  of  steady-state 

inactivation. Because Llii/iv is highly conserved, we investi- 
gated whether  phosphorylafion of S1505 of the rat heart  
channe l  (analogous to S1506 in  the rat bra in  type IIa Na + 

channe l )  is r equ i r ed  for  PKC m o d u l a t i o n  of  cardiac 
Na + cur ren t .  We repor t  that  m u t a t i o n  of  ser ine  1505 to 

a lanine  abolished the negative shift in the voltage depen-  
dence  of steady-state inactivation caused by PKC and  re- 
duced  the overall reduct ion in peak Na + CUiTent f rom 
49.3 + 4.2% ( P <  0.01) in wild type (WT) to 8.5 + 5.4% 
(P = 0.29). Evidently, phosphorylat ion of this homolo-  
gous serine residue is required  for the differential func- 
tional effects of  PKC on  bra in  and  cardiac Na + channels.  

M A T E R I A L S  A N D  M E T H O D S  

Production of  SNa-rH1-S1505A Cell Line 

A region containing Lnuw (nucleotides 3185-5120) (Rogart et 
al., 1989) was cloned into M13mp19 (New England Biolabs Inc., 
Beverly, MA). Single-stranded uracil-containing DNA was pro- 
duced, and the antisense oligo 5'-GGTYI'CTTGGCGCCCAGC-3' 
was used to make the mutant S1505A according to standard pro- 
cedures for oligonucleotide-directed mutagenesis (Ausubel et al. 
1996). Mutation $1505A was confirmed by double-stranded DNA 
sequencing and subcloned into a full length cardiac Na + channel 
construct in expression vector pCDNA3 (Invitrogen Corp., San 
Diego, CA) to yield pCDNA3.rH1.S1505A, pCDNA3.rH1.S1505A 
was transfected into Chinese hamster lung 1610 cells using the 
transfection reagent AL[1-(2,3-dioleoyloxy)propyl]-N,N, hLtrimeth- 
ylammonium methyl sulfate (DOTAP, Boehringer Mannheim 
Biochemicals, Indianapolis, IN). Transfected cells were selected 
for G418 resistance (400 p~g/ml), and 24 clonal lines were ex- 
panded for Northern blot analysis. RNA isolated from these cells 
was separated on a formaldehyde-agarose gel, and two clonal cell 
lines expressing the 6-kb mRNA expected for the cardiac Na + 
channel were selected for electrophysiological analysis. Of these, 
the cell line producing the largest currents was studied in detail. 

Cell Maintenance and Electrophysiological Recording 

Methods for maintenance of the cell lines and electrophysiologi- 
cal recordings are essentially the same as those described previ- 
ously (Qu et al., 1994). Recordings were made at room tempera- 
ture (~22~ using the cell-attached configuration of the patch 
clamp technique (Hamill et al., 1981). The pipette solution con- 
tained (in mM): 150 NaCH3SO~, 1 CaC12, 2 MgC12, and 10 
HEPES. The bath solution was designed to "zero" the membrane 
potential and contained 140 KCH~SO3, 10 NaCH3SOs, 1 mM CaC12, 
1.15 EGTA, 3 MgC12, and 10 HEPES. The pH of both solutions 
was adjusted to 7.4 with HCH~SO3. Cell-attached patches were al- 
lowed to stabilize for 30 rain to an hour before recording to allow a 
gradual negative shift in the voltage dependence of channel kinet- 
ics to stabilize (Kimitsuki et al., 1990). Recordings were performed 
at room temperature (~22~ 1-oleoyl-2-acetyl-sn-glycerol (OAG) 
(Sigma Chemical Co., St. Louis, MO) was dissolved in dimethyl 
sulfoxide at 1 or 10 mM and stored at -20~ until used. 

Data Transformation and Analysis 

To generate conductance-voltage relationships from peak cur- 
rent versus voltage relationships, conductance was calculated 
from the peak current (/) elicited at each test pulse voltage (V) as 

I / (  V - VO where Vr is the measured reversal potential. Both nor- 
malized conductance-voltage and inactivation curves were fit with 
a Boltzmann equation: 1/{1 + exp[ (V-  Vx)/k]}, where V~ is the 
half activation (V~) or inactivation (Vh) voltage and k is a slope 
factor. Least-squares fitting was done with Sigma Plot (Jandel Sci- 
entific, San Rafael, CA). Errors are reported as +SEM. 

R E S U L T S  

Comparison of  Na + Currents in Stable Cell Lines Expressing 
Wild-Type or Mutan t  $1505A Cardiac Na + 
Channel e~ Subunits 

To assess the invo lvemen t  of  ser ine  1505 in Liil/iV of the 
rat  hea r t  Na + channe l ,  a cDNA in which ser ine  1505 

had  b e e n  m u t a t e d  to a l an ine  (S1505A) was stably ex- 
pressed in 1610 cells (see MATERIALS AND METHODS). 
Currents  recorded  f rom this cell l ine expressing S1505A 

m u t a n t  Na + channe l s  were c o m p a r e d  to cur ren t s  in  an 
ana logous  cell l ine express ing  the WT r i l l  Na + chan-  
nel  c~ subun i t  (Qu et al., 1994). The  cell-attached macro- 
patch r e c o r d i ng  conf igu ra t ion  (Hamil l  et  al., 1981) was 
chosen  for these expe r imen t s  des igned  to study Na + 

c h a n n e l  m o d u l a t i o n  since it avoids r u p t u r e  of  the cell 
m e m b r a n e  and,  thus, min ima l ly  disrupts  the int racel lu-  
lar e n v i r o n m e n t .  In  addi t ion ,  voltage is well con t ro l l ed  
in the small  patches  of m e m b r a n e  that  are used. 

Before e x a m i n i n g  m o d u l a t i o n  of  S1505A m u t a n t  
channe ls ,  we character ized the i r  e lectrophysiological  

proper t ies  to d e t e r m i n e  whe the r  these had  b e e n  al- 
tered by the muta t ion .  Fig. 1 A shows families of  Na + 
cur ren t s  r ecorded  f rom patches  on  cells express ing  ei- 
ther  W T  or S1505A m u t a n t  Na + channels .  The  ex- 

pressed WT a n d  m u t a n t  channe l s  had  near ly  ident ica l  
macroscopic  kinetics of  act ivation a n d  inact ivat ion 

(Fig. 1 A). Current-vol tage re la t ionships  were also simi- 
lar for WT a n d  S1505A m u t a n t  channe l s  (Fig. 1 B). Fits 
of  the B o l t z ma nn  e q u a t i o n  to conductance-vol tage  
curves der ived f rom such current-vol tage re la t ionships  
had  a m e a n  half  max imal  act ivation voltage, V~, of  

- 5 0 . 8  -+ 10.3 mV with a slope factor, k, of  - 8 . 2  + 1.2 
(n  = 8) for WT Na + channe ls ,  a nd  a V a of - 5 2 . 9  -+ 9.4 

m V a n d  k o f - 9 . 1  _+ 1.3 (n = 6) for S1505A Na + channels  
(see Fig. 3, cont ro l  data). Steady-state inactivation curves 
d e t e r m i n e d  using 98-ms long  prepulses to a range  of  po- 
tentials were also similar  for W T  a n d  S1505A m u t a n t  
Na + channe l s  (Fig. 1 C). Fits of  inact ivat ion curves with 
a Bo l t z ma nn  re la t ionsh ip  gave a m e a n  voltage for hal f  
max imal  inact ivat ion (Vh) of --82.3 -+ 8.4 mV with a k 
of  7.3 -+ 0.8 mV (n  = 8) f o r W T  Na + channels ,  a n d  a V h 
o f - 8 4 . 8  -+ 4.3 mV with a k o f  7.2 -+ 1.7 mV (n = 6) for 
S1505A m u t a n t  Na + channels .  N o n e  of  the values for 
WT a n d  S1505A channe l s  differed significantly, indicat-  
ing  that  this m u t a t i o n  did no t  affect the basic electro- 
physiological  proper t ies  of the rat cardiac Na + channe l .  
These  results also suggest that  there  is little basal phos- 
phory la t ion  of ser ine  1505 in  1610 cells. 
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FIcum~ 1. Comparison of currents due to WT and S1505A Na + 
channels stably expressed in 1610 cells. (A) Current traces re- 
corded in 1610 cells transfected with WT (/eft) or S1505A mutant 
(right) Na § channels. Currents recorded during depolarizations to 
-74,  -54,  -44,  -34, -24,  -14,  +6, +26, +46, +66, and +86 mV 
from a holding potential of -114 mV are shown. Calibration bars, 
24 pA, 5 ms. (B) Current-voltage relationships measured from cells 
expressing WT (0) and mutant S1505A (11) Na + channels (same 
cells shown in A). (C) Voltage dependence of inactivation mea- 
sured from the same WT (0) and mutant S1505A (11) cells with 
superimposed fits of a Boltzmann equation to the data (lines). In- 
activation curves were obtained using 98-ms prepulses to various 
potentials followed by a test pulse to - 2 4  mV. For these two cells, 
Vh = --83.2 mVand k = 6.3 mV for WT, and Vh = --79.7 mVand 
k = 7.1 mV for S1505A. 

Modulation of WT and S1505A Na + Currents by Activation 
of PKC 

Previous  e x p e r i m e n t s  d e m o n s t r a t e d  tha t  ac t iva t ion  o f  
PKC with 1-oleoyl-2-acetyl-sn-glycerol ( t A G )  s t rong ly  
i n h i b i t e d  ca rd iac  Na  + c u r r e n t s  in the  cells exp re s s ing  
the  W T  c h a n n e l s  ( Q u  et  al., 1994). T h e  d e g r e e  o f  inhi-  
b i t i on  d e p e n d e d  on  the  h o l d i n g  p o t e n t i a l  with g r e a t e r  
i n h i b i t i o n  b e i n g  o b s e r v e d  at  m o r e  d e p o l a r i z e d  p o t e n -  
tials (Qu  et  al., 1994). In  the  p r e s e n t  ser ies  o f  exper i -  
ments ,  the  m e a n  r e d u c t i o n s  in W T  ca rd iac  N a  + c u r r e n t  
by a p p l i c a t i o n  o f  10 ~zM t A G  were  49.3 -+ 4.2% ( P  < 
0.01) at  a h o l d i n g  p o t e n t i a l  o f  - 9 4  mV, 36.5 -- 3.1% 
( P <  0.01) at  - 1 1 4  mV, a n d  28.6 -+ 1.4% ( P <  0.01) at  
- 134 mV (n  = 8) (Fig. 2, W / ) .  Such  effects o f  t A G  are  
d u e  en t i r e ly  to PKC ac t iva t ion  s ince  they  a re  essent ia l ly  
c o m p l e t e l y  b l o c k e d  by a specif ic  p e p t i d e  i n h i b i t o r  o f  
PKC (Qu  et  al., 1994). W h e n  cells exp re s s ing  S1505A 
c h a n n e l s  were  s t ud i ed  c o n t e m p o r a n e o u s l y  us ing  iden-  
t ical  r e c o r d i n g  cond i t i ons ,  10 IxM t A G  d e c r e a s e d  N a  + 
c u r r e n t  by 8.5 -+ 5.4% (P  = 0.29) at  a h o l d i n g  p o t e n t i a l  
o f  - 9 4  mV, by 9.3 + 3.9% (P  = 0.10) at  - 1 1 4  mV, a n d  
b y 4 . 6  + 3.5% ( P =  0.20) at  - 1 3 4  mV (n = 6) (Fig. 2, 

S1505A). F o r  S1505A, n o n e  o f  the  r e d u c t i o n s  r e a c h e d  
stat ist ical  s ign i f icance  by t test  n o r  d i d  the  r e d u c t i o n s  o f  
N a  + c u r r e n t  o b s e r v e d  at  d i f f e r en t  h o l d i n g  po ten t i a l s  
d i f fer  s ignif icant ly  f r o m  each  o the r .  Thus ,  the  p o t e n -  
t i a l - d e p e n d e n t  effects o f  t A G  were  a b o l i s h e d  a n d  over- 
all r e d u c t i o n  o f  c u r r e n t  by t A G  was nea r ly  c o m p l e t e l y  
p r e v e n t e d  in cells e xp re s s ing  S1505A m u t a n t  channe l s .  

To  test w h e t h e r  the  r e d u c e d  respons iveness  to t A G  
was due  to d i m i n i s h e d  effect iveness  o f  a pa r t i cu l a r  
t A G  c o n c e n t r a t i o n  in the  cells e xp re s s ing  m u t a n t  
channe l s ,  100 txM t A G  was also tes ted  o n  S1505A mu-  
t an t  Na  + cur ren t s .  This  t A G  c o n c e n t r a t i o n  p r o d u c e d  
an  average  r e d u c t i o n  o f  3.3 -+ 5.8% (P  = 0.70) at  - 9 4  
mV, 8.1 -+ 4.2% (P  = 0.13) at  - 1 1 4  mV, a n d  6.8 + 
5.1% (P = 0.10) at  - 1 3 4  mV (n  = 5). T h e s e  r e d u c t i o n s  
were  n o t  g r e a t e r  t han  those  obse rved  with 10 IxM t A G .  
Thus,  se r ine  1505 is r e q u i r e d  for  r e sponse  o f  the  car- 
d iac  N a  + c h a n n e l  to act ivat ion o f  PKC, cons i s t en t  with 
the  effect  o f  m u t a t i o n  o f  the  ana logous  se r ine  in the  ra t  
b r a in  type I I A N a  + c h a n n e l  (West  e t  al., 1991). 

In  a d d i t i o n  to r e d u c i n g  the  cu r ren t ,  ac t iva t ion  o f  
PKC by a p p l i c a t i o n  o f  t A G  also h y p e r p o l a r i z e d  the  
vol tage  d e p e n d e n c e  o f  inac t iva t ion  ( Q u  et  al., 1994). 
This  h y p e r p o l a r i z i n g  shift  is pa r t i a l ly  r e spons ib l e  for  
the  h o l d i n g - p o t e n t i a l  d e p e n d e n c e  o f  the  r e d u c t i o n  in 
c u r r e n t  by t A G .  W h e r e a s  10 txM t A G  caused  a 15-mV 
h y p e r p o l a r i z i n g  shif t  in the  vol tage  d e p e n d e n c e  o f  in- 
ac t iva t ion  o f  r i l l  w i thou t  c h a n g i n g  the  vol tage  d e p e n -  
d e n c e  o f  act ivat ion,  i t  d i d  n o t  a l t e r  e i t h e r  the  vo l tage  
d e p e n d e n c e  o f  ac t iva t ion  o r  inac t iva t ion  s ignif icant ly  in  
m u t a n t  S1505A (Fig. 3). This  is cons i s t en t  with the  f ind-  
ing  tha t  the  smal l  r e d u c t i o n  o f  S1505A c u r r e n t  by t A G  
does  n o t  d e p e n d  o n  the  h o l d i n g  p o t e n t i a l  (Fig. 2). 
Thus ,  the  r e d u c t i o n  in c u r r e n t  is subs tant ia l ly  r e d u c e d ,  
a n d  the  negat ive  shif t  in the  vol tage  d e p e n d e n c e  o f  in- 
ac t iva t ion  is e l i m i n a t e d  in m u t a n t  S1505A. 

WT 

F- 
1505A 

FIGURE 2. Effect of the PKC-activator t A G  on WT and S1505A 
Na + currents. Currents were recorded in response to test depolar- 
izations to -24  mV from the indicated holding potentials. Calibra- 
tion bars: 12 pA, 4 ms for WT, and 24 pA, 4 ms for S1505A. 
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FIcul~a~ 3. Effects of OAG on the mean voltage dependence of ac- 
tivation and inactivation of WT and mutant S1505A Na + channels. 
Mean steady-state Na + current activation and inactivation curves 
determined from cells expressing WT (A) and $1505A mutant (B) 
Na + channels in control solution (O). and. in the same experiments, 
after exposure to 10 IxM OAG (ll) using pulses to the potentials 
indicated by the symbols. The dashed lines are the data obtained in 
OAG after normalization. Conductance-voltage relationships and 
inactivation curves from individual experiments were fit with the 
Boltzmann equation. The data shown were derived from the mean 
values of Vx and k from those fits. The mean parameters obtained 
by fitting the control data are given in the text. The mean data de- 
termined in 10 IxM OAG were, for activation ofWT, V, = -52.0 _+ 
9.5 mV, k = -9.2 _+ 1.2 mV (n = 6), for activation of S1505A, V~ = 
-52.5 -+ 6.5 mV, k = -8.9 -+ 1.5 mV (n = 6); for inactivation of 
WT, Vh = -97.2 _+ 11.5 mV, k = 8.7 -+ 2.8 mV (n = 6), for inactiva- 
tion ofS1505A, V~, = -87.1 _+ 4.7 mV, k = 7.9 _+ 0.8 mV (n = 6). 

D I S C U S S I O N  

Phosphorylation ofS1505 is Required for PKC Effects on 
Rat Heart Na + Current 

We have shown previous ly  tha t  the  b iophys ica l  p r o p e r -  
ties o f  W T  r i l l  Na  + c h a n n e l s  e x p r e s s e d  in 1610 cells 
a re  vir tual ly  iden t i ca l  to those  o f  nat ive ca rd iac  Na  + 
c h a n n e l s  in n e o n a t a l  ra t  ca rd iac  cells ( Q u  et  al., 1994). 
Act iva t ion  o f  PKC r educes  c u r r e n t  t h r o u g h  b o t h  the  
stably exp re s sed  a n d  the  nat ive ca rd iac  N a  + c h a n n e l s  
(Qu  et  al., 1994) a n d  is assoc ia ted  with a nega t ive  shift  
in the  vol tage  d e p e n d e n c e  o f  c h a n n e l  inac t iva t ion ,  re- 
su l t ing  in s t r o n g e r  i n h i b i t i o n  o f  the  c u r r e n t  a t  m o r e  de-  
p o l a r i z e d  h o l d i n g  poten t ia l s .  This  vol tage  d e p e n d e n c e  
o f  PKC ac t ion  is cen t ra l  to its phys io log ica l  effect  s ince  
m u c h  o f  the  r e d u c t i o n  in c u r r e n t  o b s e r v e d  at  n o r m a l  
res t ing  po ten t i a l s  results  f r om the  pa r t i a l  inac t iva t ion  
a n d  s t r o n g e r  i n h i b i t i o n  obse rved  at  these  poten t ia l s .  

Se r ine  1506 in Lall/iV is essent ia l  for  m o d u l a t i o n  by PKC 
in rat  b r a in  r I IA Na  + c h a n n e l s  (West  e t  al., 1991). O u r  
results  h e r e  show tha t  m u t a t i o n  o f  the  a n a l o g o u s  se r ine  
(S1505A) in the  r i l l  ra t  h e a r t  Na  + c h a n n e l  a b o l i s h e d  
the  negat ive  shift  o f  the  inac t iva t ion  curve a n d  inh ib-  
i ted  dec reases  in c u r r e n t  at  all h o l d i n g  poten t ia l s .  T h e  
r e m a i n i n g  dec rease  in c u r r e n t  t h r o u g h  S1505A chan-  
nels  in r e sponse  to PKC act ivat ion was n o t  s ignif icant ly  
l a rge r  t han  the  r e sponse  o f  W T  c h a n n e l s  when  a pep-  
t ide  i n h i b i t o r  o f  PKC was i n c l u d e d  in the  r e c o r d i n g  pi- 
pe t t e  (Qu  et  al., 1994). Thus ,  the  res idua l  dec rea se  in 
c u r r e n t  may  ind ica te  tha t  add i t i ona l  sites o f  PKC phos-  

p h o r y l a t i o n  are  involved in  the  r e s p o n s e  to PKC or  tha t  
O A G  has a small  d i r ec t  i nh ib i t o ry  effect  on  Na  + c u r r e n t  
u n d e r  o u r  e x p e r i m e n t a l  cond i t ions .  B iochemica l  ex- 
p e r i m e n t s  d e t e c t  m u l t i p l e  sites in the  l oop  c o n n e c t i n g  
h o m o l o g o u s  d o m a i n s  I a n d  [1 o f  the  r H  1 ca rd i ac  Na  + 
c h a n n e l  which  a re  also p h o s p h o r y l a t e d  by PKC (B.J. 
M u r p h y  a n d  W.A. Cat tera l t ,  u n p u b l i s h e d  resul ts ) ,  con-  
s is tent  with the  i d e a  tha t  p h o s p h o r y l a t i o n  o f  a d d i t i o n a l  
sites is i m p o r t a n t  in the  ac t ion  o f  PKC. 

Effects of PKC Phosphorylation in the Inactivation Gate 
Differ in Different Na + Channels 

T h e  effects o f  p h o s p h o r y l a t i o n  o f  S1505 o n  inac t iva t ion  
are  cons i s t en t  with its l oca t i on  in Lm/~, which  is virtu- 
ally c o m p l e t e l y  conse rved  be tw e e n  d i f f e ren t  Na  + chan-  
nels  a n d  is p r o p o s e d  to fo rm the  N a  + c h a n n e l  inactiva- 
t ion ga te  (West  et  al., 1992). M u t a t i o n  o f  this se r ine  to 
an  a l a n ine  in  e i t h e r  the  b r a i n  N a  + c h a n n e l  (West  e t  al., 
1991) o r  the  ca rd iac  Na  + c h a n n e l  s t u d i e d  h e r e  has no  
effect  on  the  c h a n n e l  p r o p e r t i e s  b e f o r e  s t imu la t i on  o f  
PKC. However ,  this m u t a t i o n  preven ts  s igni f icant  ef- 
fects o f  PKC act ivat ion.  In  bo th  Na  + c h a n n e l  types, 
p h o s p h o r y l a t i o n  o f  this se r ine  by PKC al ters  inactiva- 
t ion,  b u t  d i f f e r en t  aspects  o f  inac t iva t ion  are  affected.  
In  the  b r a i n  c h a n n e l ,  PKC slows the  inac t iva t ion  o f  
o p e n  c h a n n e l s  which  is p r e v e n t e d  by m u t a t i o n  o f  the  
a n a l o g o u s  se r ine  res idue ,  b u t  t he re  is no  c h a n g e  in 
s teady-state inact iva t ion .  In  the  ca rd iac  c h a n n e l  s tud i ed  
he re ,  p h o s p h o r y l a t i o n  o f  S1505 causes  a s t r o n g  shift  o f  
s teady-state c h a n n e l  inac t iva t ion  in the  negat ive  d i rec-  
t ion which  is c o m p l e t e l y  b l o c k e d  by m u t a t i o n  S1505A. 
Lm/rv is involved in b o t h  processes  s ince  a variety o f  
m u t a t i o n s  o f  res idues  in this l oop  in bo th  b r a i n  a n d  
ca rd iac  c h a n n e l s  affect  b o t h  inac t iva t ion  o f  o p e n  chan-  
nels  a n d  the  vol tage  d e p e n d e n c e  o f  s teady-state inacti-  
va t ion  o f  c losed  c h a n n e l s  ( M o o r m a n  et  al., 1990; West,  
e t  al., 1992; H a r t m a n n  et  al., 1994). However ,  the  ef- 
fects o f  a d d i n g  a p h o s p h a t e  g r o u p  s eem f u n d a m e n t a l l y  
d i f f e ren t  in the  two channe l s .  In  the  r I IA b r a i n  c h a n n e l  
p h o s p h o r y l a t i o n  slows a n d  des tabi l izes  open-s ta te  inac- 
t ivat ion wi thou t  a f fec t ing  s teady-state  inac t iva t ion  (Nu- 
m a n n  et  al., 1991). This  cont ras t s  with the  r i l l  ca rd iac  
c h a n n e l  w h e r e  p h o s p h o r y l a t i o n  o f  a se r ine  in the  same 
pos i t i on  stabi l izes c losed-s ta te  inac t iva t ion  at  nega t ive  
m e m b r a n e  po ten t i a l s  as i n d i c a t e d  by the  negat ive  shif t  
in the  inac t iva t ion  curve. Since  Lm/w c o n t a i n i n g  the  
p h o s p h o r y l a t e d  se r ine  is vir tual ly iden t i ca l  in the  two 
channe l s ,  these  resul ts  suggest  tha t  the  res idues  with 
which  this l o o p  in te rac t s  as the  c h a n n e l  inact ivates  dif- 
fer  be tween  the  two channels .  Pe rhaps  a positive charge  
in a n o t h e r  r eg ion  o f  the  card iac  bu t  no t  the  b ra in  chan-  
ne l  in te rac t s  with the  p h o s p h a t e  g r o u p  on  S t 5 0 5  as the  
inactivation gate closes a n d  stabilizes the  inactivated state. 

T h e  effects o f  PKC on pA skeletal muscle  Na + channels  
expressed  in HEK293 cells ( B e n d a h h o u  et  al., 1995) are 
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s imilar  to t he  effects  we obse rve  o n  the  r i l l  N a  + c h a n n e l  

e x p r e s s e d  in  1610 cells o r  in  nat ive  h e a r t  cells ( Q u  e t  al., 

1994),  b u t  ~1 Na  + c h a n n e l s  e x p r e s s e d  in a na t ive  skeletal  

m u s c l e  satell i te cell  l ine  o r  in  na t ive  skeletal  m u s c l e  myo-  

balls a re  m o d u l a t e d  m o r e  s imilar ly to b r a in  N a  + c h a n n e l s  

( N u m a n n  e t  al., 1994).  Surpris ingly,  w h e n  the  a n a l o g o u s  

se r ine  was m u t a t e d  in t he  Ixl skeletal  m u s c l e  c h a n n e l  

(S1321) a n d  t h e  r e su l t i ng  c o n s t r u c t  was e x p r e s s e d  in 

H E K 2 9 3  cells, PKC effects  o n  r e d u c t i o n  o f  p e a k  N a  + cur-  

ren t s  a n d  vo l tage  d e p e n d e n c e  o f  steady-state inac t iva t ion  

were  u n c h a n g e d  ( B e n d a h h o u  e t  al., 1995). Thus ,  desp i t e  

the  s imi lar  overal l  b iophys ica l  effects  o f  PKC o n  ca rd iac  

Na  + c h a n n e l s  a n d  o n  Ixl skeletal  m u s c l e  Na  + c h a n n e l s  ex- 

p re s sed  in H E K 2 9 3  cells, t he  ro le  o f  t he  se r ine  at  this posi- 

t ion  in t he  inac t iva t ion  ga te  m a y  be  qu i t e  d i f fe ren t .  S ince  

t h e  e f f e c t  o f  PKC o n  t h e  ske le t a l  m u s c l e  N a  + c h a n n e l  

s e e m s  sens i t ive  to  t h e  c e l l u l a r  b a c k g r o u n d  in  w h i c h  it  is 

e x p r e s s e d ,  i t  is u n c l e a r  w h e t h e r  t he se  s a m e  effects  will be  

o b s e r v e d  w h e n  W T  a n d  m u t a n t  Ixl N a  + c h a n n e l s  a re  

s t u d i e d  in  o t h e r  e x p r e s s i o n  systems. D i f f e r e n c e s  in m o d -  

u l a t i o n  o f  Ix1 N a  + c h a n n e l s  in  d i f f e r e n t  cel l  types m a y  re-  

f lec t  p r e f e r e n t i a l  p h o s p h o r y l a t i o n  o f  d i f f e r e n t  sites by the  

p r e d o m i n a n t  PKC i sozymes  e x p r e s s e d  in  t h o s e  cells.  

In  s u m m a r y ,  o u r  e x p e r i m e n t s  s h o w  t h a t  S1505  in  t h e  

i n a c t i v a t i o n  g a t e  o f  t h e  c a r d i a c  s o d i u m  c h a n n e l  is cri t i-  

cal ly i n v o l v e d  in  PKC m o d u l a t i o n  o f  t h e  c a r d i a c  c h a n -  

n e l  as i t  is fo r  t h e  b r a i n  c h a n n e l .  H o w e v e r ,  t h e  d i f f e r e n t  

e f fec t s  o f  p h o s p h o r y l a t i o n  o f  t h e  s a m e  s e r i n e  in  t h e  two 

ca s u b u n i t s  sugges t s  t h a t  t h e  e x a c t  o r i e n t a t i o n  o f  t h e  

p h o s p h a t e  g r o u p  as wel l  as t h e  r e s i d u e s  w i t h  w h i c h  it  

i n t e r a c t s  m a y  also b e  i m p o r t a n t  in  m o d u l a t i o n  o f  t h e  

N a  + c u r r e n t .  
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