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ABSTRACT Mutations in the gene encoding the voltage-gated sodium channel of skeletal 
muscle (SkM1) have been identified in a group of autosomal dominant diseases, character- 
ized by abnormalities of the sarcolemmal excitability, that include paramyotonia congenita 
(PC) and hyperkalemic periodic paralysis (HYPP). We previously reported that PC mutations 
cause in common a slowing of inactivation in the human SkM1 sodium channel. In this inves- 
tigation, we examined the molecular mechanisms responsible for the effects of L1433R, lo- 
cated in D4/$3, on channel gating by creating a series of additional mutations at the 1433 
site. Unlike the R1448C mutation, found in D4/$4, which produces its effects largely due to 
the loss of the positive charge, change of the hydropathy of the side chain rather than charge 
is the primary factor mediating the effects of L1433R. These two mutations also differ in their 
effects on recovery from inactivation, conditioned inactivation, and steady state inactivation 
of the hSkM1 channels. We constructed a double mutation containing both L1433R and 
R1448C. The double mutation closely resembled R1448C with respect to alterations in the ki- 
netics of inactivation during depolarization and voltage dependence, but was indistinguish- 
able from L1433R in the kinetics of recovery from inactivation and steady state inactivation. 
No additive effects were seen, suggesting that these two segments interact during gating. In 
addition, we found that these mutations have different effects on the delay of recovery from 
inactivation and the kinetics of the tail currents, raising a question whether this delay is a re- 
flection of the deactivation process. These results suggest that the $3 and $4 segments play 
distinct roles in different processes of hSkM1 channel gating: D4/$4 is critical for the deacti- 
vation and inactivation of the open channel while D4/$3 has a dominant role in the recovery 
of inactivated channels. However, these two segments interact during the entry to, and exit 
from, inactivation states. 

I N T R O D U C T I O N  

Abnormalities in the skeletal muscle voltage-gated so- 
dium channel (SkM1), a protein essential for genera- 
tion of  the action potential in sarcolemma, can have 
important  consequences for muscle contraction (Bar- 
chi, 1995). Such consequences are exemplified by a 
group of  autosomal dominant  hereditary muscle dis- 
eases, including paramyotonia congenita (PC) and hy- 
perkalemic periodic paralysis (HYPP), in which symp- 
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toms can be attributed to either hyperexcitability or hy- 
poexcitability of  the sarcolemma. The relationship of  
these diseases to the sodium channel in skeletal muscle 
was first suggested by the identification of a tetrodo- 
toxin (TTX)-sensitive, noninactivating inward current  
in muscle fibers obtained from patients having PC or 
HYPP. A causal relationship between defects in sodium 
channels and these diseases was established when ge- 
netic linkage analysis showed both HYPP and PC to be 
allelic disorders of the human adult skeletal muscle so- 
dium channel 0~ subunit (hSkM1) gene (SCN4A). So far 
16 point mutations, widely distributed throughout  the 
primary sequence of  domains 2 to 4 of  the hSkM1 so- 
dium channel, have been reported in PC and HYPP pa- 
tients (Barchi, 1995;Ji et al., 1995). 
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Previously,  we r e c o n s t r u c t e d  five PC m u t a t i o n s  
(A1156T, T1313M, L1433R, a n d  R 1 4 4 8 C / H )  in the  
hSkM1 b a c k g r o u n d  a n d  f o u n d  tha t  these  mu ta t i ons ,  
w h e n  e x p r e s s e d  in a m a m m a l i a n  cel l  l ine  (tsA 201),  
sha re  a c o m m o n  p a t t e r n  o f  a l t e r a t i ons  in c h a n n e l  gat- 
ing  tha t  i n c l u d e s  s lowing o f  the  ra te  o f  inac t iva t ion  a n d  
a c c e l e r a t i o n  in the  ra te  o f  recovery  f rom inac t iva t ion ,  
a l t h o u g h  they  d i f fe r  in t h e i r  effects  o n  the  vo l tage  de-  
p e n d e n c e  o f  these  p rocesses  (Yang et  al., 1994). T h e  
s lowing o f  inac t iva t ion  tha t  is cha rac te r i s t i c  o f  PC mu-  
ta t ions  is d i s t i n g u i s h a b l e  f r o m  the  a p p e a r a n c e  o f  an  
a b n o r m a l  slow ga t i ng  m o d e  r e p o r t e d  in HYPP muta -  
t ions.  At  the  s i ng l e - channe l  level,  R 1 4 4 8 C / H  muta -  
t ions inac t iva te  poor ly ,  with a g rea t ly  r e d u c e d  ra te  con-  
s tan t  for  inac t iva t ion  f rom the  o p e n  s tate  ( C h a h i n e  et  

al., 1994). 
All  o f  the  m u t a t i o n s  r e p o r t e d  in HYPP a n d  PC ped i -  

grees  a re  p o i n t  m u t a t i o n s  tha t  i n t r o d u c e  single a m i n o  
ac id  subs t i tu t ions  (Barchi ,  1995). A l t h o u g h  these  muta-  
t ions are  s p r e a d  t h r o u g h o u t  r e p e a t  d o m a i n s  D2 to D4, 
all tha t  have b e e n  exp re s sed  ( C h a h i n e  et  al., 1994; Can- 
n o n  a n d  S t r i t tmat te r ,  1993; C u m m i n s  et  al., 1993; Yang 
et  al., 1994) have p r o f o u n d  effects on  s o d i u m  c h a n n e l  
inact iva t ion ,  sugges t ing  tha t  m u l t i p l e  r eg ions  o f  the  
c h a n n e l  s t ruc tu re  a re  involved  in n o r m a l  inact iva t ion .  
T h e  m e c h a n i s m s  by which  each  m u t a t i o n  affects inact i -  
vat ion,  a n d  the  r e spons ib l e  p r o p e r t i e s  o f  the  a m i n o  
ac id  s ide cha in ,  in mos t  cases r e m a i n  to be  d e t e r m i n e d .  

We have prev ious ly  p r o p o s e d  tha t  the  loss o f  posi t ive 
cha rge  on  R1448 is largely  r e spons ib l e  for  the  effects 
on  inac t iva t ion  in the  R 1 4 4 8 C / H  muta t ions .  Since 
L1433R also involves a c h a n g e  o f  cha rge ,  we w o n d e r e d  
w h e t h e r  a s imi lar  m e c h a n i s m  m i g h t  be  involved in its 
effects on  inact iva t ion .  F u r t h e r m o r e ,  s ince these  two 
m u t a t i o n s  a re  l o c a t e d  in  a d j a c e n t  r eg ions  o f  the  sec- 
o n d a r y  s t ruc ture ,  e x a m i n a t i o n  o f  i n t e r ac t i ons  b e t w e e n  
t h e m  c o u l d  shed  l ight  on  the  func t iona l  r e l a t ionsh ips  
tha t  exist  be tween  the  s egmen t s  in which  they  are  

found .  
In  the  work  r e p o r t e d  he re ,  we address  these  ques-  

t ions by i n t r o d u c i n g  a ser ies  o f  m u t a t i o n s  at  L1443 a n d  
by e x a m i n i n g  a d o u b l e  m u t a t i o n  c o n t a i n i n g  b o t h  
L1433R a n d  R1448C (Pt~i~ek et  al., 1992, 1993). We  
f ind  tha t  the  a d d i t i o n  o f  a posi t ive cha rge  at  1433 is n o t  
an  essent ia l  fac tor  in s lowing inact iva t ion .  Ins tead ,  a 
c h a n g e  in the  h y d r o p a t h y  o f  the  s ide cha in  a p p e a r s  to 
be  m o r e  i m p o r t a n t .  Addi t iona l ly ,  L1433R a n d  R1448C 
m u t a t i o n s  d i f fer  s ignif icant ly  in the  effects on  d i f f e r en t  
ga t i ng  processes ,  sugges t ing  d i f f e ren t  roles  for  D 4 / $ 3  
a n d  D 4 / $ 4 .  More  in teres t ingly ,  L1433R a n d  R1448C in- 
t e rac t  with each  o t h e r  in  a n o n a d d i t i v e  pa t t e rn .  O u r  
da t a  also call in to  ques t i on  w h e t h e r  the  de lay  in recov- 
ery f rom inac t iva t ion  is a r e f l ec t ion  o f  deac t iva t ion ,  
s ince these  two processes  a re  a f fec ted  d i f fe ren t ly  by 
these  muta t ions .  

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

Mutagenesis 

Site-directed mutagenesis experiments were performed using the 
pSELECT Mutagenesis System (Promega Corp., Madison, WI) as 
previously described (Chahine et al., 1994). Antisense mutagenic 
oligonucleotides were as follows: L1433Q/E/K, 5'-gatcaggtca- 
gatt[g,c,t]ggcaaggcccacaat-3' (square brackets define mixed syn- 
thesis sites, mutagenic sequence is underlined); L1433A, 5'-gat- 
caggtcagaggc_, ggcaaggcccacaat-3'; L1433M, 5'-gatcaggtcagacatg- 
gcaaggcccac-3'. The three mutations L1433Q, L1433E, and 
L1433K were made in a single reaction by using a degenerative 
mutagenic primer, and later identified by nucleotide sequencing 
of multiple independent recombinants. All sequence verified 
mutants were assembled into the mammalian expression con- 
struct pRc/CMV-hSkM1. The mutations L1433R and R1448C 
were made previously (Chahine et al., 1994, Yang et al., 1994). 

The double mutant L1433R/R1448C was assembled by liga- 
tion of a 1.75-kb XmnI/Xbal fragment from pRc/CMV-R1448C 
containing the R1448C mutation into the corresponding restric- 
tion sites of the pRc/CMV-L1433R construct. The presence of 
both mutations in the final construct was verified by DNA se- 
quence analysis. 

Transfection of cDNAs into tsA Cells 

The conventional CaPO4 transfection method was employed in 
the transfection of tsA 201 cells with recombinant DNAs, as re- 
ported previously (Chahine et al., 1994). In brief, tsA 201 cells 
growing in 100-mm tissue culture dishes at 30-50% confluence 
were transfected with 15 Ixg of each plasmid cDNA encoding 
hSkM1 wild-type (wt) or mutant sodium channels after the for- 
mation of precipitates with CaPO 4. CaPO4 precipitate was washed 
out after 12-h incubation at 37~ About 30-50% of the cells ex- 
pressed detectable sodium current 18 h after transfection, and 
the current peaks at 24-72 h. Cells expressing 1-5 nA current at 
- 10  mV depolarization from a holding potential of -90  mV 
were used for experiments. 

Electrophysiological Recordings 

The standard whole-cell patch clamp recording configuration 
(Hamill et al., 1981) was used to record sodium current from the 
transfected tsA cells. Briefly, an Axopatch-lB patch clamp ampli- 
fier (Axon Instruments, Foster City, CA) was interfaced with a 
PC-type computer through a TL-1 DMA Interface board (Axon 
Instruments). Data were acquired and analyzed using the 
pCLAMP software package (Axon Instruments). Recording pi- 
pettes were fabricated from Corning 8161 glass (Wilmad Glass 
Co., Buena, NJ) and had a tip resistance of 0.5-2.0 MI'~ when 
filled with our internal solution. The series resistance was cor- 
rected by ~80%. The typical error in the clamp potential caused 
by this resistance was <3 mV. The liquid junction potentials were 
not corrected. The recording chamber was bathed with a modi- 
fied Tyrode's solution containing (in millimolar): 150.0 NaCI, 4.5 
KCI, 1.0 CaC12, 1.0 MgC12, 10.0 HEPES, and 10.0 glucose, with a 
pH of 7.4, titrated with NaOH. The patch electrode contained 
(in mM): 120.0 CsF, 20.0 NaC1, 5.0 EGTA, and 10.0 HEPES. All 
the recordings were made at a room temperature of 22~ except 
tail current recordings that were made at 11.9~ In the latter ex- 
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periments the temperature was regulated by a TC-10 controller 
(Dagan Corp., Minneapolis, MN) connected to Peltier units. 

D a t a  A n a l y s i s  

Whole-cell current recordings were analyzed using pCLAMP and 
SigmaPlot (Jandel Scientific Software, San Rafael, CA) software. 
All data in both figures and text are expressed as mean +-- SEM. 

The inactivation time constants (%) were obtained by fitting 
the inactivating phase of current traces to a single exponential: 
I(t) = A �9 exp ( - t /%)  + A=. Single exponentials provided good 
fits for all the mutants. Activation (g/gm~,) and steady state inacti- 
vation (I/Im~x) curves were obtained by fitting normalized peak 
currents to Bohzmann relationships: 

glgmax = 11{1 + exp[ze (V l /2  -- V ) / k T ] ,  

o r  

I / lm,  ~ = 1/{1 + e x p [ z e ( V -  Vj/2) IkT] } , 

where V is the membrane potential, z is the apparent gating 
charge, V~/2 is the midpoint for current activation or steady state 
inactivation, and k T / e  = 25 mV at 22~ Instantaneous l-Vcurves 
were not obtained for these currents. Time constants for recovery 
(%~v) from inactivation were obtained from: 

1 ( 0  = I - e x p ( - t / ' r ~ )  . 

The time constants ('r~v) were then fit to: 

"r~r = %~(0)*exp ( zeVIkT)  , 

to obtain the apparent gating charges associated with recovery 
from inactivation. For conditioned inactivation, normalized peak 
currents were fit to a single exponential: 

I/lm~ ~ = I~ - (I~ - I o ) * e x p ( - t / ' r  ) , 

to obtain time constants. 

R E S U L T S  

Effects  o f  M u t a t i o n s  a t  1 4 3 3  in  D 4 / $ 3  on  h S k M l  S o d i u m  

C h a n n e l  G a t i n g  

W h e n  e x p r e s s e d  in hSkM1,  the  p r i m a r y  effect  o f  the  
L1433R m u t a t i o n  is a s lowing o f  s o d i u m  c h a n n e l  inact i -  
va t ion  (Fig. 1), an  effect  s h a r e d  by the  o t h e r  PC muta-  
t ions tha t  we have s t ud i ed  ( C h a h i n e  et  al., 1994; Yang 
et  al., 1994). Since  a r g i n i n e  a n d  l euc ine  d i f fer  in 
charge ,  h y d r o p a t h y  a n d  size o f  t he i r  s ide cha in ,  al ter-  
a t ion  in any o f  these  p r o p e r t i e s  c o u l d  a c c o u n t  for  the  
effects on  inac t iva t ion .  W e  t h e r e f o r e  c o n s t r u c t e d  five 
a d d i t i o n a l  m u t a t i o n s  (L1433A, M, E, K, a n d  Q) to 
p r o b e  the  m e c h a n i s m s  u n d e r l y i n g  the  L1433R effects.  
M1 o f  these  m u t a t i o n s  p r o d u c e  f u n c t i o n a l  s o d i u m  
c h a n n e l s  w h e n  t r ans fec t ed  in tsA 201 cells in cu l tu re .  
N o n e  o f  the  m u t a t i o n s  had  a s ign i f ican t  effect  on  acti- 
va t ion  at  the  whole-cel l  c u r r e n t  level (Figs. 1 A a n d  3), 
b u t  vary ing  d e g r e e s  o f  s lowing in inac t iva t ion  were  ob-  
served.  This  suggests  tha t  the  a l t e ra t ions  o f  inac t iva t ion  

kinet ics  a re  n o t  s e c o n d a r y  to c h a n g e s  in ac t iva t ion  ki- 
netics.  

O u r  p rev ious  work  o n  R1448C sugges t ed  tha t  neu-  
t ra l i za t ion  o f  the  posi t ive c h a r g e  is i m p o r t a n t  fo r  the  
a b n o r m a l i t y  o f  inac t iva t ion  seen  with tha t  D 4 / $ 4  muta-  
t ion  ( C h a h i n e  e t  al., 1994). Since  L1433 a n d  R1448 a re  
p r e d i c t e d  to res ide  n e a r  the  e x t e r n a l  sur face  o f  D 4 / $ 3  
a n d  D 4 / $ 4  respect ively,  the  a d d i t i o n  o f  a posi t ive 
c h a r g e  in L1433R c o u l d  also be  cruc ia l  fo r  the  effect  o f  
this m u t a t i o n .  However ,  we f ind  tha t  c h a r g e  is n o t  the  
d e t e r m i n i n g  fac tor  he re ,  s ince  the  oppos i t e l y  c h a r g e d  

m u t a t i o n s  L1433K a n d  L1433E s lowed inac t iva t ion  to a 
s imi la r  d e g r e e  (%,-~0:1.9 a n d  1.5 ms fo r  L1433K a n d  
L1433E vs 0.8 ms for  wt) a n d  the  n e u t r a l  p o l a r  glu- 
t a m i n e  (L1433Q) h a d  an  even g r e a t e r  effect  (%,-10:3.0 
ms) (Fig. 1 a n d  T a b l e  I) .  W e  t h e n  p r o b e d  the  effects o f  
a c h a n g e  in h y d r o p a t h y .  T h e  mos t  h y d r o p h i l i c  r e s i due  
R caused  the  g rea tes t  s lowing in c h a n n e l  inac t iva t ion ,  

A / hSkMl/w.t- 

/ / . ~ - . . ~  ~ ' ~  L1433E 
/~/  ~ ~  L1433K 
/ ~ L1433Q 

L1433R 

5 ms 

B 
lO 

v l  

b- 

0.1 

o h S k M 1 / w . t .  (8)  
o L1433A ((5)) 
[] L1433M 

�9 L1433K 
~\"~-"~-~.~.~.~ ~.._..~ �9 LI433Q 
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FIGURE 1. Effects of natural and designed mutations at L1433 on 
hSkM1 sodium channel inactivation. (A) Normalized current 
traces recorded at -10  mV from a holding potential of -90  mV. 
Note the differences in the inactivation phase of the current traces 
among different mutant and wild type hSkM1 channels. (B) Inacti- 
vation time constants (%'s). Inactivation time constants were ob- 
tained by fitting the inactivation phase of current traces recorded 
from -40  to 60 mV in steps of 10 mV to a single exponential de- 
cay. %'s at -10  mV depolarization (%-0) are summarized in 
Table I. 
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T A B L E  I 

Effects of Mutations at 1433 ($3 in D4 ) and 1448 (84 in D4 ) on the Gating of hSkM1 Sodium Channel 

Inact ivat ion ('t h) Recovery Steady state inactivat ion 

"l'h,- 10 2; Trcv,-90 Z g l / 2  z 

h S k M l / w t  (n = 8) 0.82 - 0.13 1.34 -+ 0.16 6.25 -+ 0.60 1.74 -+ 0.25 - 6 8 . 2 8  ~ 2.09 4.69 + 0.22 

L1433A (n = 5) 0.77 + 0.05 0.76 -+ 0.11 5.88 -+ 0.51 1.39 -+ 0.09 - 6 5 . 0 4  +- 2.96 4.71 +- 0.18 

L1433M (n = 4) 0.91 +- 0.12 1.77 +- 0.12 5.25 + 0.42 1.44 -+ 0.05 - 6 7 . 0 5  + 1.43 5.19 + 0.23 

L1433E (n = 8) 1.45 + 0.16 1.99 +- 0.13 5.08 -+ 0.10 1.15 + 0.06 - 5 6 . 6 5  -+ 2.85 4.01 -+ 0.19 

L1433K (n = 4) 1.89 +- 0.09 0.98 +- 0.10 2.19 --- 0.17 1.19 -+ 0.06 - 5 4 . 7 9  + 1.75 3.59 +- 0.10 

L 1 4 3 3 Q  (n = 6) 2.99 -+ 0.38 0.68 _+ 0.11 2.15 +-- 0.22 0.97 -+ 0.10 - 5 7 . 9 8  + 2.77 3.41 + 0.11 

L1433R (n = 7) 3.63 + 0.61 0.71 -+ 0.17 2.29 + 0.67 0.75 -+ 0.10 - 5 8 . 6 2  + 4.59 4.10 -+ 0.09 

R14488C (n = 4) 3.58 -+ 0.73 0.12 +- 0.14 2.95 --- 0.30 0,61 + 0.05 - 8 0 . 3 9  - 0.95 1.87 -+ 0.04 

L1433R + R1448C (n = 8) 3.75 +- 0.57 0.22 +- 0.23 1.78 --- 0.10 0.74 -+ 0.04 - 5 9 . 7 0  - 2.15 2.76 +- 0.17 

"rh,-10 (ms): inact ivat ion t ime cons tan t  at  a depola r iza t ion  potent ia l  of  - 1 0  mV; z (e lementary  charge ,  e0): a p p a r e n t  ga t ing  charges;  "trey, ~0 (ms): recovery 

t ime cons tan t  at  - 9 0  mV; V1/2 (mV): voltage o f  50% inact ivat ion.  Each  value represen ts  m e a n  -+ SEM of  four  to e ight  expe r imen ta l  results. 

while the hydrophobic  alanine and meth ionine  had 
very little effect. The  propensit ies of  alanine and me- 
thionine to form 0t helices are similar to that of  leucine 
(Blaber et al., 1993). Glutamic acid and lysine, which 
have hydropathy propert ies  intermediate  between ala- 
nine and arginine (Kyte and Doolittle, 1982), had in- 
termediate  effects on inactivation (Fig. 1). However, 
the degree  of  the effects did not  exactly match  the or- 
der  of  relative hydropathy: the polar, noncharged  
glutamine had  a greater  effect on % than lysine and 
glutamic acid. The  size of  the side chain has less impor-  
tance in producing  an effect on inactivation, a l though 
the smallest alanine had the least effect and the largest 
arginine had  the greatest  effect (Fig. 1). 

In addit ion to a slowing of inactivation, mutat ions 
L 1 4 3 3 K / E / Q / R  also decreased the voltage dependence  
of  "r h, with a reduct ion of  apparen t  gating charge of 0.3 
to 0.6 e 0 over a voltage range of - 3 0  to 0 mV (Fig. 1 B 
and Table I). However, we did not  observe a complete  
loss of  the voltage dependence  of "r h in this voltage 
range, as seen in R1448C/H mutat ions (see Fig. 4), 
suggesting that the mutat ions at L1433 and R1448 in- 
terfere with inactivation through different mecha- 
nisms. 

The  recovery f rom inactivation was faster (vrcv < 5.0 
ms at a potential  of  - 9 0  mV) in all the mutat ions at 
L1433 that slowed inactivation ( L 1 4 3 3 K / E / Q / R )  (Fig. 
2 A), as compared with the wild-type channel, ('rr~, -9o = 
6.3 ms),  suggesting a destabilization of the inactivated 
state, as we have p roposed  previously (Chahine et al., 
1994), or  an acceleration of deactivation and subse- 
quent  recovery, or  both. Besides acceleration in the re- 
covery f rom inactivation, L1433 mutat ions also altered 
its voltage dependence ,  with decreases of  the apparen t  
gating charges ranging between 0.5 and 1.0 ~). This de- 

crease is most  p rominen t  in the natural mutat ion 
L1433R, ~1 .0  e0. 

Consistent with the observed changes in develop- 
men t  of  inactivation (slowed) and recovery f rom inacti- 
vation (accelerated),  the steady state inactivation curve 
(h~) was shifted in the depolarized direction for all mu- 
tations of  L1433 (Fig. 2 B). In other  words, the proba- 
bility that a channel  is available to open  at a given po- 
tential is greater  in mutan t  channels than in wt chan- 
nels. This is in sharp contrast  with the hyperpolarized 
shift of  the h~ curve p roduced  by the R1448C/H muta- 
tions (Fig. 4 D), suggesting that  mutat ions at these two 
locations selectively affect different aspects of  the inac- 
tivation process. Among  the amino acids used to re- 
place L1433, the small hydrophobic  alanine and me- 
thionine mutat ions had  very little effect on steady state 
inactivation (no significant alteration in ei ther 1/1/2 or 
the apparen t  gating charge),  while the bulky, charged 
arginine muta t ion  had the greatest effect (V~/,~ was 
shifted by 20 mV) (Table I). In general,  changes of  the 
apparen t  gating charge were not  large, except  in the 
L1433Q mutat ion  that showed a reduct ion of 1.3 e~j. 

In spite of  the p rominen t  effects on inactivation by 
several of  these mutat ions ( L 1 4 3 3 E / K / Q / R ) ,  they did 
not  modify activation significantly. This is shown by the 
superimposit ion of I -V relation curves of  all six muta- 
tions with that  of  the wt channel  in Fig. 3 A. Addition- 
ally, nei ther  the voltage dependence  nor  the kinetics of  
activation was notably altered, as expressed in ei ther  
the normalized activation curves or the half  t ime for ac- 
tivation curves (Fig. 3, B and C), suggesting that  this re- 
gion in D4/$3  does not  play a significant role in activa- 
tion. Fur thermore ,  the consistency of the reversal po- 
tential among  different channels (Fig. 3 A) indicates 
that ionic selectivity is unaltered,  suggesting that L1433 
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FIGURE 2. Effects of natural and designed mutations at L1433 on 
hSkM1 recovery from inactivation and steady state inactivation. 
(A) Time constants of recovery from inactivation at different hold- 
ing potentials of wt and mutant channels. Recovery from inactiva- 
tion was measured using a double pulse protocol (inset). Recovery 
time constants (-r~) were obtained by fitting the normalized recov- 
ering currents to a single exponential. %cv'S at a holding potential 
of -90 mV and the apparent recovery gating valences are summa- 
rized in Table I. (B) Steady state inactivation curves of different 
natural and designed mutant hSkM1 channels. Steady state inacti- 
vation was estimated by measuring currents using a double-pulse 
protocol (inset). The solid curves are the best fits of the normalized 
currents to a Boltzmann relationship. V1/2's and the apparent gat- 
ing valences are summarized in Table I. 

is probably not  located near the selectivity filter of  the 
pore. 

Effects of the Double Mutation (L1433R + R1448C) 

Although both L1433R and R1448C mutations slow the 
rate of  inactivation, the two differ in their effects on the 
voltage-dependence of  %, on the rates of  the recovery 
from inactivation, and on steady state inactivation (Fig. 
4), suggesting that these mutations generate their ef- 
fects through different pathways. The putative tertiary 
structure of  the hSkM1 sodium channel (George et al., 
1992) suggests that both mutated residues are located 

in proximity near the outer ends of  $3 and $4 of  D4, 
raising the possibility that mutations at the two sites 
might be next to, and interact with, each other. To test 
this idea, we constructed a double mutation containing 
both L1433R and R1448C and examined the effects of  
the double mutation on channel gating. As shown in 
Fig. 4 A (currents recorded at a depolarization of  - 1 0  
mV), the primary effect of  the double mutation is slow- 
ing of  inactivation. However, the double mutation re- 
sembled R1448C more than L1433R in slowing chan- 
nel inactivation and reducing the voltage dependence  
of  inactivation (Fig. 4 B and Table I). No obvious addi- 
tive effect was noted, suggesting that the R1448C muta- 
tion prevails over L1433R by affecting a rate-limiting 
step in the inactivation process. Nevertheless, the dou- 
ble mutation surprisingly resembled L1433R rather 
than R1448C in its effects on the kinetics of  recovery 
from inactivation (Fig. 4 C), suggesting that conforma- 
tional changes involving $3 may be critical for the re- 
covery process. Since L1433R and R1448C shift the 
steady state inactivation curve in opposite directions by 
more than 10 mV, the shift p roduced by the double 
mutation (L1433R+ R1448C) is particularly interesting. 
In the L1433R+R1448C channel, the ~ curve is shifted 
in the depolarized direction and superimposes on the 
curve for L1433R, suggesting a dominat ing role for $3 
in steady state inactivation of  hSkM1 channels. V~/2 was 
- 6 0 ,  - 5 9 ,  and - 8 0  mV and the apparent  gating 
charges were 2.8, 4.1, and 1.8 e0 for the double muta- 
tion, L1433R and R1448C, respectively. 

The opposite shifts in the steady state inactivation 
curves produced by L1433R and R1448C mutations 
could reflect different inactivation rates from the 
closed states for the two mutations at more negative 
membrane  potentials (e.g., < - 5 0  mV) since sodium 
channels need not  open to inactivate (Horn et al., 
1981). In other  words, the mutations may affect inacti- 
vation from the closed states differenfly, with L1433R 
having a stronger effect on this process. The double 
mutation, R1448C, and L1433R mutations were, there- 
fore, tested for their effects on condit ioned inactivation 
using a double-pulse protocol (inset in Fig. 5). Shown 
in Fig. 5, A and B are the normalized peak currents 
from hSkM1/wt and double mutant  channels. Normal- 
ized peak currents from L1433R and R1448C mutant  
channels are not  shown. Time constants of  condit ioned 
inactivation, obtained by fitting the normalized cur- 
rents to a single exponential relaxation, are shown in 
Fig. 5 C. All three mutations have much smaller inacti- 
vation time constants at membrane  potentials more 
negative than - 4 0  mV, but larger time constants at 
more positive membrane  potentials. At negative volt- 
ages, the double mutation does not  resemble the 
L1433R, however. Rather, it has an effect quantitatively 
greater than the addition of  effects of  the L1433R and 
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FIGURE 3. L1433 mutations 
have no significant effects on 
the voltage dependence and ki- 
netics of sodium current activa- 
tion. (A) Current-voltage rela- 
tionship curves of different mu- 
tations. Current was recorded 
from a holding potential of 
-90 mV by depolarizing the 
membrane from -50 to 80 mV 
in steps of 10 mV. Note that the 
overall shapes of the curves are 
very similar to each other and 
that the reversal potentials are 
about the same, as compared 
with wt channels. (B) Normal- 
ized activation curves. Normal- 
ized whole-cell conductances 
were obtained by dividing the 
peak currents by the driving 
force. Solid curves are the best 
fits to a Boltzmann relation- 
ship. Vw2"s and the apparent 
gating valences are summa- 
rized in Table I. (C) Half-time 
for activation curves. Half-time 
for activation was measured as 
the time between the onset of 
the depolarizing pulse and the 
time when the current reached 
half of its peak value. Curves 
are superimposible for differ- 
ent mutations with wt channels. 

R1448C, indicat ing that  bo th  muta t ions  have an effect 
on  the entry o f  the channe l  in to  the inactivated states 
before  open ing .  It is likely, therefore ,  that  bo th  $3 and  
$4 o f  D4 part icipate in closed channe l  inactivation. 

Effects of L1433R, R1448C, and Double Mutation 
on Deactivation 

O n e  m e c h a n i s m  that  m igh t  cont r ibute  to the observa- 
t ion that  the doub le  muta t ion  resembles  L1433R ra ther  
than  R1448C in recovery f r o m  inactivation a nd  steady 
state inactivation would  be that  D 4 / $ 3  plays a critical 
role in the deactivation o f  the channe l  and  this mus t  
p recede  the recovery process (Patlak, 1991; Kuo and  
Bean, 1994). If  we hypothesize  that  sod ium channels  
mus t  deactivate before  recovery (Kuo a nd  Bean, 1994), 
muta t ions  in the D 4 / $ 3  could  inf luence  the rate o f  re- 
covery by al ter ing the kinetics o f  deactivation. If  this 
were true, deactivat ion would  be m o r e  affected by the 
L1433R and  doub le  muta t ions  than  by the R1448C mu-  
tation. 

To  assess this possibility, we m e a s u r e d  the delay in 

the recovery f rom inactivation, using a double-pulse 
p ro toco l  (inset o f  Fig. 6 A), expec t ing  a m o r e  pro- 
n o u n c e d  shor ten ing  o f  the delay in the L1433R and  
doub le  m u t a n t  channels  than  in the R1448C muta t ion .  
O u r  data (Fig. 6) show that  the delay in recovery is 
shor ter  for  m u t a n t  channels  than  for  wt channels .  For  
example,  there  was no  significant cu r ren t  recovery be- 
tween 0.4-0.9 ms ( d e p e n d i n g  on the m e m b r a n e  poten-  
tial) in the wt channels ,  whereas recovery was detect-  
able in m u t a n t  channels  after a delay as shor t  as 0.1-0.3 
ms. By the last recovery pulse (1.6 ins o f  repolariza- 
t ion),  only 15% cur ren t  recovered  in wt channels ,  bu t  
over 50% cu r ren t  recovered  in m u t a n t  channels .  Fig. 7, 
A and  B show the  normal ized  recovery curves at a mem-  
b rane  potent ia l  o f  - 7 0  and  - 1 0 0  mV. It is obvious that  
m u t a n t  channels  no t  only have a shor ter  delay bu t  also 
recover  faster. Shown in Fig. 7 C is the delay plot ted  
against m e m b r a n e  potential .  It is a p p a r e n t  that  the de- 
lays in all three  m u t a n t  channe ls  are quite similar to 
each o the r  and  have a similar voltage d e p e n d e n c e ,  in- 
dicat ing that  the gat ing process under ly ing  the delay is 
abou t  equally affected by these mutat ions.  Taken  to- 
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FIGURE 4. Effects of double 
mutation (L1433R + R1448C) 
on hSkM1 channel gating. (A) 
Normalized current traces re- 
corded at - 10 mV from a hold- 
ing potential of -90 mV in wt, 
double mutation, L1433R, and 
Rl448C channels. (B) Inactiva- 
tion time constants curve ('rh's). 
The double mutation resem- 
bles R1448C very closely. (C) 
Recovery time constants at dif- 
ferent holding potentials. The 
double mutation resembles 
L1433R mutation very closely. 
(D) Steady state inactivation 
curves. The double mutation 
resembles L1433R. 

gether, these data suggest either that both $3 and $4 
are involved in deactivation, or that this delay does not  
reflect the deactivation process. 

To further  clarify these two possibilities, we exam- 
ined deactivation kinetics directly by recording tail cur- 
rents (Fig. 8, A and B). Fig. 8 C shows the time con- 
stants of  tail currents recorded at repolarization poten- 
tials from - 1 3 0  to - 7 0  mV in 10-mV steps. These 
experiments were done at 11.9~ to slow the gating ki- 
netics. Surprisingly, the changes in the time constants 
of  tail currents are inconsistent with alterations in the 
delays of current  recovery. Although the mutations de- 
creased both delays in recovery and the time constants 
of  recovery, they increased the deactivation time con- 
stants, if they affected deactivation. The double mutant  
slowed the tail current  the most, R1448C mutation less, 
and L1433R mutation did not show a difference from 
the wt channel. Therefore, the R1448C mutation in $4 
affects the closing of  an open channel, but L1433R in 
$3 does not, again indicating that these two regions 
play different roles in hSkM1 channel gating. One pos- 
sibility is that D4/$4  movement  is coupled to activation 
very tightly, but D4/$3  movement  is secondary to that 
of D4/$4. This inconsistency between changes in the 
tail current  kinetics and the delay of  recovery raises a 
question whether these two processes are the same. 

D I S C U S S I O N  

The c~ subunit of  the human tetrodotoxin-sensitive iso- 
form of sodium channel found in skeletal muscles 
(hSkM1) is composed of  1836 amino acids and resem- 
bles all other  known sodium channels in having a puta- 
tive structure of  four domains (D1-D4), each of  which 
contains six hypothesized t ransmembrane segments 
(S1-S6) (George et al., 1992). Although structure- 
function models have been proposed, based largely on 
the primary sequence of sodium channels (Guy and 
Seetharamulu, 1986), the functions played by various 
structural elements remain to be fully defined. The 
point mutations in the hSkM1 sodium channel identi- 
fied in PC and HYPP, which alter channel function in 
vivo, provide us with a unique opportunity to explore 
the functional role of  specific structural regions in 
channel gating (Chahine et al., 1994; Cannon and 
Strittmatter, 1994;Ji et al., 1995; Yang et al., 1994). The 
data presented here suggest that $3 and $4 in D4 play 
different roles in channel gating, and that mutations 
L1433R and R1448C in these two segments affect inac- 
tivation through different molecular mechanisms. Fur- 
thermore,  we find that these regions may interact with 
each other. We further raise questions on the relation- 
ship between deactivation and recovery from inactivation. 
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Fmul~ 5. Effects of double 
mutation, L1433R and R1448C 
on conditioned inactivation. (A 
and B) Normalized peak cur- 
rents of hSkM1/wt and double 
mutant channels, measured at 
a test potential of - 10 mV after 
conditioning pulses (inset). 
Solid curves are the best fits of 
the data to a single exponential 
relaxation. Data from L1433R 
and R1448C mutant channels 
are not shown. (C) Time con- 
stants of conditioned inactiva- 
tion in wild-type and mutant 
channels. Time constants were 
obtained by fitting data to a sin- 
gle exponential relaxation. All 
three mutants had smaller time 
constants at the membrane po- 
tentials at which no significant 
activation occurs. 

L1433R and R1448C Mutations Affect hSkM1 
Inactivation Differently 

The naturally occurr ing mutat ion L1433R in D4/$3  
slows inactivation, similar to the effect p roduced  by 
o ther  PC mutat ions (Yang et al., 1994). However, un- 
like the R1448C/H mutations,  L1433R does not  abol- 
ish the voltage dependence  of  Th at negative voltages 
(--40 to 0 mV), but  increases % values ra ther  uniformly 
over the entire voltage range (Fig. 1 B), suggesting that 
the coupling of  inactivation to activation (Armstrong 
and Bezanilla, 1977) is not  lost in this mutation.  
L1433R apparent ly  destabilizes an inactivated confor- 
mation,  since it (a) increases "rh, (b) decreases the time 
constant  for recovery f rom inactivation ('r~v), and (c) 
shifts the steady state inactivation to more  depolarized 
voltages. We postulate that the D4/$3  segment  inter- 
acts with D4/$4,  which is thought  to play a more  direct 
role in activation-to-inactivation coupling (Chahine et 
al., 1994; Keynes, 1994; Chen et al., 1995). Mutations of  
L1433 may, therefore,  affect inactivation by influencing 
the vol tage-dependent  conformat ional  transitions of  
D4/$4.  This idea is explored in more  detail below. 

The  differences of  L1433R and R1448C mutat ions on 

inactivation are fur ther  reflected by the molecular  
mechanisms underlying their effects. Unlike R1448C/H 
mutations, the change of  charge is not  critical for the 
action of  the L1433R mutation.  Instead, a change in 
the hydropathy of the $3 mutat ion is more  important  
(Fig. 1 and Table I). This is consistent with the hypoth- 
esis that D4/$4  acts as a voltage sensor mediat ing the 
coupl ing of  inactivation to activation, while D4/$3  sup- 
ports $4 movements  by maintaining an optimal  local 
envi ronment  required for these movements .  Analysis of  
the propert ies  of  substitutions at residue 1433 shows 
that hydropathy is an impor tan t  factor. The  effect on 
slowing of  % at - 10 mV by L 1 4 3 3 A / M / E / K / Q / R  (in 
the order  of  increasing potency) correlates with the rel- 
ative position of  these amino acids on a hydrophobici ty 
scale (leucine, 3.8; alanine, 1.8; methionine,  1.9; 
glutamic acid, -3 .5 ;  lysine, -3 .9 ;  glutamine, -3 .5 ;  and 
arginine, -4 .5 ;  Kyte and Doolittle, 1982). The  main ex- 
ception is the substitution by glutamine, an amino acid 
less hydrophilic than arginine; however L1433Q and 
L1433R have similar effects on "rh. This exception might  
be due to o ther  steric propert ies  of  these residues, such 
as forming a hydrogen bond  with an altered angle (Jef- 
frey and Maluszynska, 1982). A change in the size of  
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FIGURE 6. Currents during re- 
covery from inactivation. Cur- 
rent was recorded using a dou- 
ble pulse protocol (see inset). 
Shown in the figure were the 
currents recorded at a holding 
potential of -90 mV from wt, 
L1433R, R1448C, and double 
mutation. Note that current re- 
covery begins with a greater de- 
lay in wt channels than in mu- 
tant channels. 

the amino  acid side chain is less crucial for the effects 
of  L1433R, since the magni tude  of  the changes of  % 
produced  by L 1 4 3 3 A / M / E / K / Q / R  does not  match  
the change of  Van der  Waals volume of  these amino ac- 
ids (leucine, 124 ~3; alanine, 67 ,~3; methionine ,  135 ~3; 
glutamic acid, 109 ~3; lysine, 124 ,~3; glutamine,  114 fit3; 
and arginine, 148 A3; Creighton, 1993), except  for the 
L1433A/R mutations.  

While many factors are impor tan t  for  normal  protein 
structure, the fact that the L1433K/E mutat ions  affect 
inactivation similarly excludes the possibility that 
L1433R alters channel  packing by forming additional 
salt bridges with adjacent  acidic amino  acids. This also 
excludes the possibility that addit ion of  a charge to res- 
idue 1433 directly involves the electrostatic network in- 
side the protein,  which is thought  to be impor tan t  in 
mainta ining the structure of  Shaker potassium channels 
(Papazian et al., 1995). A possible mechanism by which 
L1433K/E mutat ions affect inactivation is the disrup- 
tion o f a  hydrophobic interaction with residues of  D4/$4. 

D4/$3 and D4/$4 Effects on Inactivation Segregate 
with Voltage 

The double  mutan t  (L1433R+R1448C) resembles 
R1448C at voltages more  depolarized than - 4 0  mV (%; 
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Fig. 4 B) and  L1433R at more  hyperpolarized voltages 
(a'rcv and h~; Fig. 4, C and D). These kinetic and steady 
state measurements  suggest that at depolarized voltages 
conformat ional  transitions involving D4/$4  are rate 
limiting, whereas at more  negative voltages D4/$3  con- 
format ion plays a pr imary role in inactivation. This volt- 
age-dependent  segregation of  function may reflect the 
fact that at more  hyperpolarized potentials we are pri- 
marily measur ing transitions between closed and inacti- 
vated states, whereas at depolar ized voltages % is de- 
rived only f rom channels  that have opened.  This view is 
suppor ted  by the fact that R1448C has a much  greater  
effect, at - 2 0  mV, on inactivation f rom an open  state 
than f rom closed states (Chahine et al., 1994). Our  
data also suggest that D4/$3  could be partly responsi- 
ble for the fact that sodium channels  tend not  to open 
while they recover f rom inactivation (Kuo and Bean, 
1994), but  ra ther  recover directly into closed states. 
This is consistent with a "first in, last out" principle. 
Large depolarizations cause an outward movemen t  of  
D4/$4,  followed by a rapid conformat ional  change in 
D4/$3.  These conformat ional  transitions accompany 
inactivation. During recovery, D4/$4  cannot  re turn to 
its resting conformat ion  until D4/$3  undergoes  a rate- 
limiting conformat ional  change. 

The  nonaddit ive nature  of  the effects of  the point  
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dence of the delay in recovery 
from inactivation. (A and B) 
Normalized currents recorded 
from recovery potentials of 
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delay is shorter at -100 mV 
than at -70  mV. Currents re- 
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three mutations shorten the de- 
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m u t a t i o n s  s t rong ly  suggests  tha t  $3 a n d  $4 i n t e r ac t  dur-  
ing  inac t iva t ion  a n d  recovery  f rom inact iva t ion .  Fo r  ex- 
ample ,  if  D 4 / $ 4  moves  ou twa rd  in r e sponse  to d e p o l a r -  
iza t ion (Yang a n d  H o r n ,  1996), it  may  s l ide  pas t  D 4 / $ 3 .  
O u r  da t a  canno t ,  however ,  d e t e r m i n e  w h e t h e r  all o f  
the  effects o f  the  L1433R m u t a t i o n  are  s e c o n d a r y  to its 
i n f luence  o n  D 4 / $ 4  m o v e m e n t s .  We  have m a d e  one  
m e a s u r e m e n t  tha t  spans  a vol tage  r a n g e  f rom - 8 0  to 
- 1 0  mV, n a m e l y  the  ra te  o f  two-pulse inac t iva t ion  (Fig. 
5). F o r  these  da ta  n e i t h e r  the  $3 n o r  $4 m u t a t i o n  has  a 
d o m i n a n t  ac t ion ,  s ince  the  d o u b l e  m u t a n t  differs  f rom 
each  o f  the  s ingle  muta t ions .  This  may be  due  to the  
fact  tha t  two-pulse inac t iva t ion ,  un l ike  % measu re -  
ments ,  does  n o t  d i s c r im ina t e  be tween  c losed  a n d  o p e n  
c h a n n e l s  ( O ' L e a r y  et  al., 1995). 

To s u m m a r i z e  the  effects o f  the  d o u b l e  mu ta t i on ,  we 
p r o p o s e  the  fol lowing:  a D 4 / $ 4  t rans i t ion  plays a rate-  
l imi t ing  ro le  in the  inac t iva t ion  o f  c h a n n e l s  at  d e p o l a r -  
ized  voltages,  especia l ly  o p e n  channe l s .  T h e  state o f  
D 4 / $ 3  is cr i t ical  for  inac t iva t ion  at m o r e  nega t ive  volt- 

ages,  whe re  t rans i t ions  o c c u r  p r imar i ly  be tween  c losed  
a n d  inac t iva ted  states. T h e r e f o r e ,  the  u n i q u e  b iophys i -  
cal p r o p e r t i e s  o f  inac t iva t ion  in the  d o u b l e  m u t a n t  de-  
p e n d  s t rongly  o n  the  s ta te  o f  the  ac t iva t ion  gates.  

Relationship between Deactivation and Recovery 
from Inactivation 

O u r  single a n d  d o u b l e  m u t a t i o n s  affect  b o t h  the  de lay  
in recovery  f rom inac t iva t ion  a n d  the  k inet ics  o f  the  tail 
cu r r en t s  (Figs. 7 a n d  8). I t  has b e e n  sugges ted  tha t  the  
de lay  in recovery  is a c o n s e q u e n c e  o f  the  fact  tha t  deac-  
t ivat ion (i.e., c los ing  o f  ac t ivat ion gates)  mus t  p r e c e d e  
recovery  (Kuo a n d  Bean,  1994). A s imi la r  de lay  pre-  
cedes  the  o n s e t  o f  inact iva t ion ,  a n d  also may  be  due  to 
the  c o u p l i n g  o f  inac t iva t ion  to ac t iva t ion  (Bezani l la  
a n d  A r m s t r o n g ,  1977). T h e r e f o r e ,  the  de lay  in recovery  
a n d  the  decay  o f  tail cu r r en t s  may  bo th  be  a d i r ec t  con-  
s e q u e n c e  o f  the  backward  m o v e m e n t  o f  an  ac t iva t ion  
vol tage  sensor .  Fig. 7 shows tha t  the  de lay  in recovery  is 
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FIGURE 8. Effects of mutant 
channels on the tail currents. 
Tail currents were recorded 
from -130 to -70  mV after a 
brief depolarization (1 ms) to 
-10  mV from a holding poten- 
tial of -100 mV at 11.9~ (A 
and B) show current traces re- 
corded under these conditions 
from hSkM1/wt and double 
mutant channels. (C) Deactiva- 
tion time constants. Deactiva- 
tion time constants were esti- 
mated by fitting the decay of 
tail currents to a single expo- 
nential. Distinct from the ef- 
fects on the delay in recovery, 
mutant channels affect tail cur- 
rent differently from each 
other. 

a b b r e v i a t e d  by m u t a t i o n s  in b o t h  $3 a n d  $4. However ,  
the  deac t iva t ion  k ine t ics  shown in Fig. 8 d o  n o t  show 
the  same  p a t t e r n  as the  de lay  in  recovery,  s ince  the  tail  
cu r r en t s  a re  s lowed by R1448C in $4 a n d  n o t  a f fec ted  
by L1433R in $3. T h e  d i s c r e p a n c y  may  be  e x p l a i n e d  by 
the  fact  tha t  the  ra te  o f  deac t iva t ion  is a f fec ted  by the  
state o f  the  inac t iva t ion  gate.  I f  c h a n n e l s  a re  o p e n ,  
L1433R has  n o  effect  o n  the  ra te  o f  deac t iva t ion .  T h e  
c los ing  o f  the  ac t iva t ion  gate  d e p e n d s  s t rongly,  how- 
ever,  o n  the  i nward  m o v e m e n t  o f  D 4 / $ 4  (see C h a h i n e  
et  al., 1994 for  o t h e r  effects o f R 1 4 4 8 C  o n  inac t iva t ion) .  
By cont ras t ,  i f  c h a n n e l s  a re  inac t iva ted ,  m u t a t i o n s  in 
b o t h  D 4 / $ 4  a n d  D 4 / $ 3  may  acce l e ra t e  the  c los ing  o f  
an  ac t iva t ion  gate ,  which  is r e f l ec t ed  as an  a b b r e v i a t e d  
de lay  in  recovery  f rom inact iva t ion .  T h e r e f o r e ,  D 4 / $ 3  

can  c o n t r i b u t e  to the  c los ing  o f  an ac t iva t ion  ga te  on ly  
if  the  c h a n n e l  is inac t iva ted .  T h e s e  da t a  reveal  the  re- 
c ip roca l  n a t u r e  o f  the  i n t e r a c t i o n  b e t w e e n  ac t iva t ion  
a n d  inac t iva t ion  gates.  T h e  c o r r e l a t i o n  b e t w e e n  the  de-  
lay a n d  the  deac t iva t ion  s h o u l d  be  f u r t h e r  p r o b e d  by 
e x a m i n i n g  the  vol tage  d e p e n d e n c e  a n d  t ime  cour se  o f  
the  de lay  a n d  the  r e m o b i l i z a f i o n  o f  ga t ing  charge .  

In  summary ,  o u r  da t a  sugges t  tha t  L1433R a n d  
R1448C m u t a t i o n s  affect  the  ga t ing  o f  hSkM1 c h a n n e l s  
t h r o u g h  d i s t inc t  m e c h a n i s m s .  S e g m e n t s  D 4 / $ 4  a n d  
D 4 / $ 3  have d i f f e r en t  ro les  in hSkM1 c h a n n e l  gat ing.  
D 4 / $ 4  is m o r e  i m p o r t a n t  in the  deac t iva t ion  a n d  inac- 
t ivat ion o f  o p e n  channe l s ,  whe reas  D 4 / $ 3  has  a g r e a t e r  
ro le  in r ecovery  o f  inac t iva ted  c h a n n e l s  to  a res t ing  
c o n f o r m a t i o n .  
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