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A B S T R A C T Divalent cations and group-specific chemical modifiers were used to 
modify sodium efflux in order to probe the molecular structure of sodium channels 
in dog red blood cells. Hg ++, Ni ÷+, Co ++, and PCMBS (parachloromercuribenzene 
sulfonic acid), a sulfhydryl reactive reagent, induce large increases in Na + permea- 
bility and their effects can be described by a curve which assumes 2:1 binding with 
the sodium channel.  The sequence of affinities, as measured by the dissociation 
constants, reflects the reactivity of these divalent cations with sulfhydryl groups. 
In addition, the effects of Hg ++ and PCMBS can be reversed by the addition of 
dithiothreitol, an SH-containing compound,  to the medium. Much smaller increases 
in Na + permeability are produced by Zn +÷ and the amino-specific reagents, TNBS 
(2,4,6-trinitrobenzene sulfonic acid) and SITS (4-acetamido-4'-isothiocyano-stil- 
bene-2-2'-disulfonic acid). The Zn ++ effect can be described by a curve which 
assumes bimolecular binding with the channel,  and its effect on Na + permeability 
can be reversed by the addition of glycine to the medium. The effects of Ni ++ and 
SITS can be completely reversed by washing the cells in 0.16 M NaC1 while TNBS 
binding is partially irreversible. Measurements of mean cell volumes (MCV) indi- 
cate that the modifier-induced increases in Na + permeability are not caused by 
shrinkage of the cells. It is concluded that the movement of sodium ions through 
ionic channels in dog red blood cells can be enhanced by modification of amino and 
sulfhydryl groups. Zn ++, TNBS, and SITS increase Na + permeability by modifying 
amino groups in the channel while Hg ++ , Ni ++ , Co ++, and PCMBS act on sulfhydryl 
groups. 

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

T h e  pe rmeab i l i t y  character is t ics  o f  c a n i n e  r ed  b lood  cells are  o f  cons ide rab l e  
in te res t  because  o f  the  u n i q u e n e s s  of  the  cell type .  Dog e ry th rocy tes  d i f f e r  f r o m  
h u m a n  a n d  mos t  o t h e r  m a m m a l i a n  red  cells in the i r  ionic c o m p o s i t i o n  a n d  
t r a n s p o r t  m e c h a n i s m s .  H u m a n  red  cells have a h igh  po tass ium- low s o d i u m  
c o n t e n t  a n d  m a i n t a i n  large e lec t rochemica l  g r a d i e n t s  for  these  ions with a 
ouaba in - sens i t i ve  p u m p .  I n  con t ras t ,  dog  e ry th rocy tes  are of  a low po tas s ium-  
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high sodium type,  and these electrolytes are  more  nearly in Donnan  equil ibrium 
with the plasma.  No ouabain-sensit ive cation flux has been measu red  in dog red 
cells (J. H o f f m a n ,  1966; Miles and  Lee,  1972; Parker ,  1973 a), and  no (Na + K)- 
sensitive ATPase  has been found  in their  m e m b r a n e s  (Chan et al., 1964). 

In most  m a m m a l i a n  red blood cells osmotic swelling is p reven ted  by the active 
extrusion of  sodium and accumula t ion  o f  potass ium by such a ouabain-sensi t ive 
p u m p  (Tosteson and  H o f f m a n ,  1960). T h e  a p p a r e n t  absence o f  such a mecha-  
nism in dog  red cells presents  a p rob lem as to the main tenance  o f  homeostasis  in 
these cells. Parker  and  H o f f m a n  (1965) have r epor t ed  that  the permeabi l i ty  o f  
dog  red cells is vo lume d e p e n d e n t ,  i.e., Na ÷ permeabi l i ty  is decreased and  K ÷ 
permeabil i ty  is increased when the cells are swollen, while the opposi te  is t rue  in 
sh runken  cells. Miles and  Lee (1972) found  that cation permeabi l i ty  in dog  red 
cells is energy  d e p e n d e n t ,  i.e., Na + permeabi l i ty  decreases,  while K + permeabi l -  
ity increases in ATP-dep le t ed  cells. Yet, they found  cell vo lume to be unaf fec ted  
by energy  deplet ion.  

Recently, Romualdez  et al. (1972) observed that the effect  o f  cell vo lume on 
m e m b r a n e  permeabi l i ty  is abolished by t r ea tmen t  with phlore t in ,  an inhibi tor  o f  
lactate product ion .  They  concluded that  volume regulat ion in canine e ry thro-  
cytes is accompl ished by an e n e r g y - d e p e n d e n t  cation carr ier  system. Parker  
(1973 b) appea r s  to have identified this e n e r g y - d e p e n d e n t  mechan i sm for  the 
extrusion o f  sodium and  main tenance  o f  cell vo lume as a p u m p  requir ing 
external  calcium. However ,  at no rma l  cell vo lume this ca lc ium-dependen t  so- 
d ium m o v e m e n t  represents  only 3% of  the total sodium eff lux.  T h e r e f o r e ,  
much  o f  the sodium t ranspor t  in these cells is passive and  p resumably  t h rough  
ionic channels ,  i.e., sodium channels ,  and  the regulat ion o f  sodium t ranspor t  
t h rough  these channels  is o f  considerable  interest .  

T h e  present  s tudy is an a t t empt  to character ize the na ture  o f  the funct ional  
g roups  of  proteins  which are located within the ionic channels  and  which control  
passive sodium permeabi l i ty .  One  a p p r o a c h  to ideritifying sites within a channel  
is to pharmacological ly  modi fy  these g roups  and  observe the effects o f  such 
modificat ion on ionic m o v e m e n t .  In  this investigation two d i f fe ren t  m6thods  of  
pharmacologica l  modif icat ion were  used: heavy metal  ions and chemical modi-  
fiers. T h e  effects o f  each of  these fo rms  o f  protein modificat ion on sodium 
eff lux were measu red .  An abstract  conta ining some of  the results r epo r t ed  here  
has a p p e a r e d  elsewhere (Cast ranova and  Miles, 1973). 

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

Sodium Efflux Measurements 

Blood was obtained from adult dogs anesthetized with sodium pentobarbital (40 mg/kg 
body weight) by direct heart puncture. Sodium heparin (1,000 U/liter of blood) was used 
to prevent clotting. The blood was immediately centrifuged, and the plasma and bully 
coat of while blood cells were removed by suction. The red cells were then washed three 
times by alternate resuspension and centrifugation in ice-cold 0.16 M NaCI. The erythro- 
cytes were loaded with radioactive sodium by incubating the cells for 3 h at 37°C in a 
medium containing 2~Na. The composition of this medium (pH = 7.4) was: Na + (167.33 
mM), Cl- (152 mM), K + (5 raM), HPO4 = (9.32 mM), H2PO4- (1.65 raM), and glucose (5.55 
raM). When loaded, the red cells were removed from the incubation medium and washed 
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four times with ice-cold 0.16 M NaC1 as before. 
The  loaded red cells were then placed in Erlenmeyer flasks containing a buffered 

solution of  the following composition: Na + (146 raM), CI- (151 raM), K ÷ (5 raM), glucose 
(2.77 mM), and Na PIPES [piperazine-N-N'-bis (2-ethane sulfonic acid)] (5 raM). The  
hematocrit was always less than 5%. Na PIPES was used rather than a phosphate buffer  
since PIPES has been shown to have a negligible binding affinity for divalent cations such 
as those used here as modifiers (Good et al., 1966). The  pH of  the medium was set at 6.5 
for all experiments because the divalent cations used precipitate, probably as the hydrox- 
ide, at pH levels above 7.0. Trea tment  of  the red cells with divalent cations or chemical 
modifiers consisted of  the addition of  minute amounts (final concentrations of  0.005-3 
raM) of  the modifier  to the various flasks of  PIPES buffered medium before the addition 
of  the red cells. It was found that the sodium efflux measured for red cells incubated in 
PIPES buffer  at pH = 6.5 is comparable to that measured in phosphate buffer  at the same 
pH. 

A measure of  sodium permeability was obtained by determining the rate constant for 
sodium efflux. The  counts per minute of  the Z2Na in the medium at time t (Pt) was 
obtained by taking supernatant  samples at various times and measuring the radioactivity 
of  these samples. The  counts per minute in the medium at time infinity (/5®) was 
estimated from the number  of  counts per minute in a sample of  the whole suspension. 
The  optical densities of  these samples were measured at 540 nm to correct for the counts 
per minute due to any hemolysis which may have occurred (Crosby et al., 1954). T h e  
results indicate that sodium efflux from dog red blood cells behaves as a three-compart-  
ment system. In such a system Sha'afi and Lieb (1967) have shown that the cell interior 
consists of  two compartments .  Efflux from the first intracellular compar tment  (5% of the 
total cell sodium) is very rapid and reaches equilibrium with the plasma within 30 rain. 
The  major pQrtion of  sodium efflux is from the second intracellular compar tment  (95% 
of the total cell sodium) and is described by the equation: In (1 - (15t/P~) = -k ,d ,  where 
k21 is the rate constant for efflux from the major intracellular compartment .  Thus,  in the 
present study, In (1 - (Pt/P=) was plotted against time and the rate constant for the major 
portion of  sodium efflux was obtained from the slope of this line after 30 min. Lee and 
Miles (1973) were unable to demonstrate exchange diffusion of  sodium in puppy red 
blood cells. In addition, we have been unable to demonstrate any exchange diffusion in 
adult dog cells (unpublished results). Therefore ,  the contribution of  an exchange diffu- 
sion mechanism to the sodium efflux measurements is negligible. 

The  rate constant has been shown to be a measure of  sodium efflux by Sha'afi (1965), 
since ~ -- k21 [Na+]+, where M~o a = Na efflux and [Na+]+ = internal Na concentration. It 
must be emphasized that these symbols refer only to the slowly exchanging component  o f  
sodium efflux. I f  the driving force remains constant, i.e., the cells are in the steady state, 
then the rate constant is also a measure of  Na permeability (Pr~a), since M~ a = (Pr+a) × 
(driving force). In this study the sodium concentration o f  all cells (normal and modified) 
was found to remain constant dur ing the time of  the experiment .  This indicates that these 
cells are in the steady state dur ing the time that the flux measurements are made, and the 
driving force for sodium is probably constant since large changes in membrane potential 
are unlikely (see Discussion). Therefore ,  the rate constant is indeed a measure of  Na ÷ 
permeability. The  effect of  pharmacological modification was measured by comparing 
the rate constants for Na + efflux in the presence o f  modifier  to the rate constants in 
unmodified cells (controls). 

Mean Cell Volume Measurements 

The effect of  the various divalent cations and chemical modifiers on mean cell volume 
(MCV) was determined.  MCV's were calculated in the usual manner  by dividing the 
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hematocrit by the cell count. Washed red cells were incubated at 37°C in PIPES buffered 
medium which contained either the divalent cation or chemical modifier.  The  hematocrit  
was always less than 5% as in the case of  the sodium efflux measurements.  These 
incubations were carried out for a period of  2 h which is well into the time interval dur ing 
which the rate constants for sodium efflux were measured. Then  the red cells were spun 
down and supernatant was removed until the hematocrit was approximately 30-50%. The 
cells were then resuspended in the remaining medium and mean cell volume measure- 
ments were made using this suspension. Hematocrits were measured and the cell counts 
were determined by using a Coulter Counter  (model B, Coulter Electronics, Inc., 
Hialeah, Fla.). The  MCV's were expressed in cubic microns. 

Concentration,Effect Relationships 

Curves relating relative Na + efflux to the concentration of  divalent cation or chemical 
modifier added to the medium were constructed by applying the following analysis. As a 
first approximation,  it was assumed that a certain number  (n) of  modifier  molecules (Y) 
bind to regulatory sites (X) within the sodium channel as described in the reaction: 

nY + X ~--- YnX. (I) 

The  dissociation constant (KD) is then defined as: 

K o -  [Y]"[X] (2) 
[v,,x] ' 

where the brackets denote molar concentrations. The  fraction of  channel sites occupied 
by the modifier has been designated as a and is given by: 

[Y~] (3) 
a - [Y.X] + [x]" 

This equation can be rearranged to give the following: 

1 
a - (4) 

1 +  K~) 
[U"  

The data from these experiments were plotted in two different  ways. First, a saturation 
curve is obtained when a, which is measured as the fraction of  the maximal change in 
relative sodium efflux, is plotted against the concentration of  tbe modifier added to the 
medium. In order  to obtain the best curve the experimental  points were fitted to a 
theoretical saturation curve, given by Eq. 4, by determining the binding type (n) from the 
procedure described below (Hill plot), and by picking a dissociation constant (Kn) such 
that the sum of  the squares of  the deviations between the experimental  points and the 
theoretical curve was a minimum. 

The equation for a saturation curve can be linearized to the form 

l o g (  l -  l )  = - n l o g [ Y ] +  logKo. (5) 

Plotting log ((l/a) - 1) against log [Y] results in a straight line such that the slope ( -n )  
indicates the binding type and the y intercept is the log of  the dissociation constant. This 
analysis is virtually identical to that for a Hill plot (Van Holde, 1971). In this investigation 
the data were fitted to the best line by least squares. The  binding type and Ko obtained 
from the Hill plots were found to be similar to that determined from theoretical 
saturation curves, so numbers from these two different plots are used interchangeably in 
the text. 
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In this investigation it would have been ideal to correlate the changes in Na + efflux with 
the fraction of channel  sites modified. However, for most modifiers it would be difficult 
to measure actual binding to the Na + channels due to the reversibility of their effects, i.e., 
the modifiers used in these experiments are easily washed out. In  addition, there are 
probably so few binding sites associated with the permeability change that non-specific 
binding would obscure the results. 

It must be emphasized that this analysis of the concentration-effect relationships is 
used only as an approximation to the actual binding.  We have assumed that a number  (n) 
of modifier molecules react simultaneously with the Na + channel  and that intermediates 
such as Y,_,X do not exist, which may be unlikely. Indeed,  many kinetic models may fit 
our data. However, this analysis was used merely to distinguish 1:1 binding from other 
types of binding.  It must also be pointed out that the absolute values of the dissociation 
constants are not important,  but rather the emphasis should be placed on the sequence of 
apparent  affinities of the modifiers for the Na + channel. 

RESULTS 

Modification of the Sodium Channel with Divalent Cations 

T h e  effect  o f  ce r t a in  heavy meta l  ions  o n  the s o d i u m  pe rmeab i l i t y  o f  c a n i n e  r ed  
b lood  cells is i l lus t ra ted  in  Fig.  1. T h i s  f igure  shows s o d i u m  e f f lux  f r o m  u n -  

t r ea ted  r ed  cells (control)  a n d  f r o m  ery throcy tes  t r ea t ed  with heavy meta l  ions  in 

c o n c e n t r a t i o n s  which p r o d u c e  m a x i m u m  c ha nge s  in  s o d i u m  pe rmeab i l i t y .  Note  

TIME (h) 
i 2 3 4 

0 l~--.,.~ I I I I 

- 0 2 -  
CONTROL 

- 0 . 6 "  

1' '=l,i 
- -I.O- 

i I 

C 

- I . 4 -  

- I . 8  

0 . 7 5  mM Zn ++  

O. ImM Hg ++ 

h 3 m M  Co +÷ 

O, ImM Cu ÷'*' 

\ 0 . 5 r a m  N~ +~ 

FIGURE l. Sodium efflux measurements showing the increase in sodium permea- 
bility caused by divalent cations. The data in this figure represent results obtained 
in red blood cells from several different animals. The concentrations of divalent 
cations used were those which cause the maximum increase in sodium efflux. 
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t ha t  s o d i u m  p e r m e a b i l i t y  is i n c r e a s e d  to  v a r y i n g  d e g r e e s  by  all t he  d i v a l e n t  
ca t ions  l i s ted  in this  f i g u r e .  H o w e v e r ,  o t h e r  d i v a l e n t  ca t ions  were  f o u n d  to have  
no  e f fec t  o n  N a  + e f f l u x ,  e .g . ,  Ba  ++, UOz ++, a n d  Ca ++ d i d  n o t  a l t e r  s o d i u m  
p e r m e a b i l i t y .  N o n e  o f  the  d i v a l e n t  ca t ions  t e s ted  c a u s e d  a d e c r e a s e  in  s o d i u m  
p e r m e a b i l i t y .  A s u m m a r y  o f  t he se  ef fec ts  is g iven  in  T a b l e  I .  T h e  re l a t ive  
s o d i u m  e f f l u x  s h o w n  is the  m a x i m u m  inc rease  in t he  r a t e  c o n s t a n t  f o r  s o d i u m  
e f f l u x  in t r e a t e d  r e d  cells o v e r  t h a t  m e a s u r e d  fo r  u n t r e a t e d  e r y t h r o c y t e s .  F o r  
e x a m p l e ,  the  r a t e  c o n s t a n t  in t he  p r e s e n c e  o f  0.5 m M  Ni ++ is 14.3 t imes  g r e a t e r  
t h a n  the  r a t e  c o n s t a n t  wi th  no  d i v a l e n t  ca t ion  a d d e d .  T h e  s e q u e n c e  f o r  t he  
i nc rea se  in r e l a t ive  s o d i u m  p e r m e a b i l i t y ,  i .e . ,  Ni ++ > Cu  ++ > H g  ++ > Co  ++ > 
Zn ++, is s imi l a r  to  b u t  d o e s  n o t  fo l low exac t ly  the  s e q u e n c e  fo r  the  c rys ta l  ionic  
r ad i i  o f  t he se  ions ,  i .e . ,  Ni ++ < Cu  ++ = Co  ++ < Zn ÷+ < H g  ++ (Weas t  a n d  Selby ,  
1967). 

I n  o r d e r  to inves t iga t e  m o r e  fu l ly  t he  i n t e r a c t i o n  b e t w e e n  these  h e a v y  m e t a l  
ions  a n d  the  c h a n n e l ,  the  c o n c e n t r a t i o n - e f f e c t  r e l a t i o n s h i p s  f o r  t he se  d i v a l e n t  

T A B L E  I 

MAXIMUM EFFECT OF DIVALENT CA T IO N S ON Na ÷ EFFLUX 

Divalent  cation Relative Na  + ef f lux  (-+ SEM) No.  o f  exps .  

Ni ++ 14.3+-2.0 6 
Cu ++ 10.1+-0.4 4 
Hg ++ 7.6-+0.6 20 
C o  ++ 6.9-+0.8 9 
Zn ++ 4.7+-0.4 15 
Control 1.0 

The concentrations of divalent cations used to achieve maximum increases in 
Na + efflux were: 0.5 mM Ni ++, 0.1 mM Cu ++, 0.1 mM Hg ++, 3.0 mM Co ++, 0.75 
mM Zn ++. 

ca t ions  we re  s t u d i e d .  T h i s  was d o n e  by  m e a s u r i n g  the  i n c r e a s e  in s o d i u m  e f f l u x  
f r o m  r e d  ceils t r e a t e d  with v a r i o u s  c o n c e n t r a t i o n s  o f  e ach  d i v a l e n t  ca t ion .  I t  was 
a s s u m e d  tha t  such  inc reases  in s o d i u m  e f f l u x  r e su l t  f r o m  the  b i n d i n g  o f  t he  
d i v a l e n t  ca t ions  to g r o u p s  which  a f f ec t  s o d i u m  p e r m e a b i l i t y  as d e s c r i b e d  in t he  
M e t h o d s .  T h e  ob jec t ive  o f  t he se  e x p e r i m e n t s  was to o b t a i n  a b i n d i n g  n u m b e r  
(n),  i .e . ,  the  n u m b e r  o f  d i v a l e n t  ca t ions  which  b i n d  to each  r e g u l a t o r y  g r o u p  
wi th in  the  c h a n n e l s ,  a n d  to o b t a i n  a m e a s u r e  o f  t he  a p p a r e n t  a f f i n i t y  o f  t he  
heavy  me ta l  ions  fo r  the  c h a n n e l ,  i . e . ,  the  d i s soc ia t ion  c o n s t a n t  (KD). A n  e x a m -  
ple  o f  the  t ype  o f  p lo t  u s e d  to d e t e r m i n e  n a n d  KD is s h o w n  in Fig .  2 A.  I n  this  
f i g u r e  a r e p r e s e n t s  the  f r a c t i o n  o f  c h a n n e l  sites b o u n d ,  a n d  it is m e a s u r e d  as t he  
f r ac t ion  o f  m a x i m a l  N a  + e f f l u x  a c h i e v e d .  T h i s  c u r v e  is a Hi l l  p lo t  d r a w n  fo r  
po in t s  r e p r e s e n t i n g  the  m e a n  va lues  f r o m  t h r e e  e x p e r i m e n t s  wi th  Co  ++ . T h e  
s lope  o f  this  l ine  was u s e d  to d e t e r m i n e  the  t ype  o f  b i n d i n g  (n) whi le  t he  y 
i n t e r c e p t  gives t he  KD. T h e  s l o p e  o f  - 1 . 7  is t a k e n  to i n d i c a t e  t ha t  two C o  ++ ions  
b i n d  to each  r e g u l a t o r y  site in t he  s o d i u m  c h a n n e l  whi le  t he  y i n t e r c e p t  gives an  
a p p a r e n t  KD o f  0.3 m M  2. T h e  c u r v e  in F ig .  2 B is t he  t h e o r e t i c a l  s a t u r a t i o n  c u r v e  
o f  bes t  fi t  fo r  Co  ++ , d r a w n  by a s s u m i n g  tha t  two Co  ++ ions  b i n d  to o n e  site in  the  
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FIGURE 2. (A) Hill plot for the binding of  Co ++ with the sodium channel. The  
scale on the abscissa is in millimolar. The  points are means of  three experiments 
and the line is a least squares fit. The  slope is -1 .7 ,  and the y intercept gives a K o of  
0.30 mM ~ for the Co++-channel complex. (B) Curve showing the effects of  various 
Co ++ concentrations on sodium permeability. The  points are means of  three 
experiments +- SEM. The  curve is the best fit theoretical saturation curve drawn by 
assuming that two Co ++ ions bind to one site in the sodium channel with aK o of 0.25 
mM 2 and a maximum effect occurs at 3.0 mM Co ++. 

s o d i u m  c h a n n e l  with an  a p p a r e n t  K o  o f  0.25 m M  z. N o t e  tha t  the  d i ssoc ia t ion  

cons tan ts  d e r i v e d  f r o m  bo th  types  o f  plots a re  s imi lar .  T h e  b i n d i n g  n u m b e r  a n d  

the  Ko w e r e  d e t e r m i n e d  fo r  each  heavy  me ta l  ion  by u s ing  this type  o f  analysis .  
T h e  d i ssoc ia t ion  cons tan t s  a n d  the  type o f  b i n d i n g  b e t w e e n  each  d i v a l e n t  
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cation and  the sodium channel  are listed in Table  I I .  H g  ++, Ni ++, and  Co ++ 
exhibit  2:1 binding,  i.e., two heavy metal  ions modi fy  one  regula tory  site in the 
sodium channel ,  while Zn ++ b ind ing  follows a 1:1 relat ionship.  Since H g  ++ is 
known to react  s t rongly with sulfhydryl  g roups  (Weed et al., 1962; Vallee and 
Walker,  1970), and  since Ni ++ and Co ++ also exhibit  second-order  binding,  it is 
not unreasonable  to assume that  these three  cations bind to SH groups  in the 
channel .  Fur the r  evidence for  this is that  the sequence of  a p p a r e n t  affinities for  
the divalent cations exhibit ing 2:1 binding,  i.e., H g  ++ < Ni +÷ < Co ++, is identical 
to the sequence of  affinities for  the b inding of  these divalent cations with 
cysteine (Martell and  Sill6n, 1964) and  is unre la ted  to the sequence of  crystal 
ionic radii for  these cations. Zn ++, on the o ther  hand ,  seems to increase Na + 
permeabi l i ty  by b inding with some o ther  ligand in the channel  since it exhibits 
1 : 1 binding even though  it is a smaller  ion than H g  ++. One  possibility is that  the 
site o f  Zn ++ modif icat ion may be at an amino  g r o u p  within the sodium channel .  
T h e  following expe r imen t s  were des igned to test this hypothesis .  

T A B L E  I I  

n AND Ko FOR Me++-MEMBRANE BINDING 

Divalent cation Ko (× 103) Slope (type) r 

H g  ++ 1 m M  2 - 2 . 0  (2:1) 0.95 

Ni ++ 12 m M  2 - 1 . 8  (2:1) 0.96 
Co ++ 300 m M  2 - 1 . 7  (2:1) 0.99 

Zn ++ 59 m M  - 1 . 1  (1:1) 0.94 

T h e  d i s soc ia t ion  c o n s t a n t s  a n d  b i n d i n g  types  were  d e t e r m i n e d  f r o m  Hi l l  p lo ts  o f  
the  m e a n  va lues  f r o m  t h r e e  e x p e r i m e n t s  fo r  each  d i v a l e n t  ca t ion ,  r is the  
c o r r e l a t i o n  coe f f i c i en t  b e t w e e n  the  f i t t ed  l ine  a n d  the  da t a .  ( T h e  a f f in i t i e s ,  wh ich  

were  c a l c u l a t e d  f r o m  t h e  c o n c e n t r a t i o n  o f  m o d i f i e r  a d d e d  to  t he  m e d i u m ,  a re  
a p p a r e n t  a f f in i t ies . )  

Modification of the Sodium Channel with Amino and Sulfhydryl Reagents 

Anothe r  app roach  to identifying functional  g roups  within the sodium channel  
involves the chemical modificat ion o f  these sites with group-specif ic  reagents .  
PCMBS is a r eagen t  which binds specifically to sulfhydryl  g roups  (Suther land et 
al., 1967), while TNBS,  SITS,  and  2-methoxy-5-n i t ro t ropone  (MNT) are used as 
amino-specif ic reagents  (Satake et al., 1960; Maddy,  1964; and  T a m a o k i  et al., 
1967). I t  should be noted that  T N B S  and  SITS reactions with o ther  g roups  (e.g., 
sulfhydryl  groups)  may be possible. 

A s u m m a r y  of  the effects o f  these group-specif ic  reagents  on Na + permeabi l i ty  
is given in Table  I I I .  As in Table  I,  the concentra t ion of  modif ie r  used is that 
necessary to p roduce  a maximal  effect,  and relative Na + eff lux indicates the 
m a x i m u m  increase in the rate constant  for  sodium eff lux in t reated red cells 
over  the control  level. Note  that  sodium permeabil i ty  is increased to varying 
degrees  by all o f  these reagents  indicating that both sulfhydryl  and  amino  
groups  are involved in regula t ing the m o v e m e n t  o f  sodium th rough  the channel .  
However ,  the M N T  effect  is a small one and may not be significant due  to a 
possible effect  o f  this reagent  on cell vo lume,  which was not measu red  (see 
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T A B L E  I I I  

MAXIMUM EFFECT OF CHEMICAL MODIFIERS ON Na + 
EFFLUX 

571 

Chemical modifier Relative Na + efflux (+- SEM) No. of exps. 

PCMBS 11.3 ± 1.0 9 

TNBS 3.5+-0.2 12 
SITS 2.6_+0.3 18 

MNT 1.2_+0.! 3 
Cont ro l  1.0 

The  concent ra t ions  of  chemical  modif iers  used to achieve m a x i m u m  incre~ises in 
Na ÷ eff lux were: 0.1 mM PCMBS, 3.0 mM TNBS,  0.1 mM SITS, and  3.0 mM 

MNT.  

section on cell volume) .  This  small effect  may also be due  to limitations in the 
solubility o f  M N T .  

T h e  sulfhydryl-react ive PCMBS is more  effective in increasing Na + eff lux 
than the amino  reagents ,  T N B S  and  SITS.  These  data  tend  to s u p p o r t  the 
previous conclusion that  Ni ++, Co ++, and  H g  ++, which are the most  effective 
heavy metal  ions, increase Na + permeabi l i ty  by interact ing with sulfhydryl  
g roups .  PCMBS also exhibits 2:1 b inding  with the channel  as do Ni ++, Co ++, and  
H g  ++. This  suggests that  the thiol regula tory  unit  consists o f  two sulfhydryl  
groups .  On  the o the r  hand ,  Zn ++, which exhibits 1:1 b ind ing  with the channel  
and  is less effective than  the sulfhydryl  reactive heavy metal  ions, is in the same 
range  o f  effectiveness as the amino  reactive reagents ,  T N B S  and SITS.  Experi-  
ments  indicate that  the b inding  o f  SITS is most  closely described by 1:1 binding,  
while that  o f  T N B S  is 2:1. 

Reversal of Binding 

I t  has been  assumed  that  divalent  cations and  chemical  modif iers  increase Na + 
permeabi l i ty  by b inding  with e i ther  amino  or  sulfhydryl  g roups  within the 
channel .  I f  this b inding  is electrostatic,  as seems likely for  divalent  cations, then  
it should be possible to reverse  the effects o f  modif icat ion by dissociation o f  this 
reagent -channe l  complex .  This  type o f  e x p e r i m e n t  should cont r ibute  to the 
identification o f  the g roups  involved.  One  way to a t t empt  uncoupl ing  o f  the 
modif ie r  f rom the channel  is to add  to the m e d i u m  an excess of  the funct ional  
g r o u p  with which the modi f ie r  reacts. For example ,  the b inding  o f  PCMBS to 
red cell m e m b r a n e s  has been  reversed  by add ing  e i ther  the sulfhydryl  contain- 
ing amino  acid, cysteine (Suther land  et al., 1967), or  di thiothrei tol  (DTT)  (P. 
H o f f m a n ,  1969), to the m ed ium.  In  this s tudy the reagents  used to dissociate the 
modi f ie r -channel  complex  were e i ther  an excess of  sul fhydryl-conta ining D T T  
or amino-conta in ing  glycine. 

T h e  exper imen ta l  p r o c e d u r e  was modif ied  slightly for  the reversal  exper i -  
ments .  Dog red cells were incubated in a m e d i u m  conta ining the divalent  cation 
or chemical  modi f ie r  for  1 h. T h e n  ei ther  5 mM D T T  or  5 mM glycine was 
added  to the m e d i u m .  A hal f  h o u r  later  the cells were washed three  times in ice- 
cold 0.16 M NaCI and  placed in a fresh m e d i u m  free  of  any type of  modif ie r .  
Sodium eff lux was then  measu red  in the no rma l  m a n n e r .  Since the cells are 
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washed  f r ee  o f  all m o d i f i e r s  a n d  r e a g e n t s  b e f o r e  s o d i u m  e f f l u x  is m e a s u r e d ,  it is 
neces sa ry  to look  also at  the  e f fec t  o f  s imp ly  w a s h i n g  the  cells f r ee  o f  c h e m i c a l  
m o d i f i e r s  a n d  d i v a l e n t  ca t ions .  

T h e  resul t s  o f  t he  r eve r sa l  e x p e r i m e n t s  a r e  s u m m a r i z e d  in T a b l e  IV.  T h e  
e f fec t  o f  w a s h i n g  a l o n e ,  D T T  a n d  w a s h i n g ,  o r  g lyc ine  a n d  w a s h i n g  on  re l a t ive  
s o d i u m  e f f l u x  is g iven  as the  r e l a t ive  c o n t r o l  va lue .  No te  tha t  D T T  t r e a t m e n t  
i nc reases  r e l a t ive  N a  + e f f lux  1.2 t imes  whi le  g lyc ine  causes  a d e c r e a s e  in e f f l ux  to 
0.90 o f  tha t  va lue  fo r  u n t r e a t e d  cells.  H o w e v e r ,  these  a r e  smal l  c h a n g e s  a n d  a r e  
u n i m p o r t a n t  in this  t ype  o f  e x p e r i m e n t ,  s ince  each  c o l u m n  o f  re la t ive  Na  + e f f l ux  
va lues  is r e l a t e d  to its own  c o n t r o l  va lue  which  has  b e e n  c o r r e c t e d  to un i ty .  No te  

T A B L E  I V  

REVERSIBILITY OF MODIFIER-CHANNEL BINDING:  THE EFFECT OF 
WASHING,  DTT,  AND GLYCINE ON RELATIVE Na + EFFLUX 

Relative Na + efflux 
Relative Na + efflux (washing with 0.16 M Relative Na* efflux (5 Relative Na + efflux (5 

Modifier (modifier alone) NaCI) mM DTT) mM glycine) 

C o n t r o l  1.0 - - - 

C o n t r o l  + - 1 . 0 - 0  - - 

washing 
Control + - - 1.19-0.07 - 

DTT 
Control + - - - 0.90+0.08 

glycine 
Corrected 1.0 1.0 1.0 ! .0 

control 
0.75 mM 4.70+_0.40 1.86+_0.12 1.90+_0.10 1.20+_0.05 

Z n  ++ 

3.0 m M  1 . 2 0 + 0 . 1 0  1.20+_0.02 1.30+_0.10 1.10+_0.04 

M N T  

0.1 m M  11.30+_1.00 2.20+_0.03 0.86+_0.02 2.18+_0.24 

P C M B S  

0.1 m M  7 . 6 0 + 0 . 6 0  2 .00+_0.20 1.10+_0.15 2.73+_0.43 

H g  ++ 

A l l  v a l u e s  f o r  r e l a t i v e  N a  + e f f l u x  a r e  m e a n s  o f  t h r e e  e x p e r i m e n t s  -+ S E M .  See  t e x t  f o r  f u r t h e r  

e x p l a n a t i o n .  

also tha t  w a s h i n g  the  cells causes  s o m e  d i s soc ia t ion  o f  t he  m o d i f i e r - c h a n n e l  
c o m p l e x ,  i . e . ,  r e m o v a l  o f  m o d i f i e r  f r o m  the  m e d i u m  causes  a d e c r e a s e  in the  
ef fec ts  o f  all the  m o d i f i e r s  on  N a  e f f l ux .  T r e a t m e n t  wi th  D T T  causes  c o m p l e t e  
r eve r sa l  in the  case o f  P C M B S  a n d  H g  ++, bu t  does  no t  cause  a c h a n g e  in the  
b i n d i n g  o f  M N T  o r  Zn ++. Glyc ine ,  on  the  o t h e r  h a n d ,  causes  a r eve r sa l  o f  the  
Zn ++ ef fec t  bu t  d o e s  no t  a f fec t  P C M B S  o r  H g  ++. I t  s h o u l d  be  p o i n t e d  o u t  tha t  
the  e f fec t  o f  w a s h i n g  with  g lyc ine  on  the  M N T - i n d u c e d  inc rea se  in N a  e f f t ux  is 
n o t  s ign i f i can t .  T h e s e  da t a  a r e  in a g r e e m e n t  with tha t  m e n t i o n e d  p r e v i o u s l y ,  
i n d i c a t i n g  the  i n v o l v e m e n t  o f  b o t h  a m i n o  a n d  s u l f h y d r y l  g r o u p s  in the  r e g u l a -  
t ion o f  s o d i u m  m o v e m e n t ,  I t  a lso c o n f i r m s  tha t  P C M B S  a n d  H g  +÷ af fec t  Na  + 
p e r m e a b i l i t y  by  m o d i f y i n g  s u l f h y d r y l  g r o u p s  whi le  Zn ++ acts on  a m i n o  g r o u p s  in 
the  s o d i u m  c h a n n e l .  
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Reversal o f  the effects of  SITS, Ni ++, TNBS,  and Co ++ was also a t tempted 
with the following results. SITS and Ni ÷+ effects are completely reversed by 
washing with ice-cold 0.16 M NaCI, suggesting very weak electrostatic binding 
with the channel ,  or incomplete bond formation in the case o f  SITS due to the 
inability o f  SITS to penetrate  into the membrane  (Maddy,  I964; Knauf  and 
Rothstein, 1971). There fo re ,  in these cases the action of  D T T  or glycine treat- 
ment  has no meaning.  The  TNBS-channe l  complex is not reversed by either 
D T T  or glycine, indicating that the binding is very s t rong and possibly covalent. 
Covalent binding of  TNBS to amino groups  has been previously repor ted  
(Barker, 1971). Co ++ data are not given in Table IV because when D T T  and 
Co ++ are used together  the cells seem to clump. 

Effect of Divalent Cations and Chemical Modifiers on Cell Volume 

Parker and Hof fm an  (1965) have shown that the cation permeability o f  canine 
red blood cells is dependen t  upon  cell volume. They  have repor ted  that sodium 
permeability increases and potassium permeability decreases when dog  red cells 
shrink while the opposite is true in swollen cells. One  possibility then is that these 
modifiers increase sodium permeability by causing the cells to shrink ra ther  than 
by directly modifying a site within the channel.  In o rde r  to investigate this 
possibility MCV's were measured for erythrocytes which were incubated with 
either a divalent cation or a chemical modifier  in the medium for 2 h, i.e., 
duplicating actual experimental  conditions. The  results were expressed as per- 
cent change in the MCV of  chemically modified cells f rom that of  control cells. 

The  results o f  the MCV measurements  are summarized in Table V. Most of  
the divalent cations and chemical modifiers actually cause the cells to swell ra ther  
than shrink, and this should cause a decrease ra ther  than an increase in sodium 
permeability. There fore ,  it can be concluded that most o f  these modifiers cause 
an increase in Na + permeability which does not result f rom a change in cell 
volume. One would probably expect swelling o f  the cells to be the result o f  large 
increases in Na + permeability, i.e., sodium and water should enter the cells. 

T A B L E  V 

EFFECT OF CHEMICAL MODIFICATION ON MEAN CELL 
VOLUME (MCV) 

Modifier Change in MCV (_+ SEM) No. of exps. 

% 

N i  ++ + 4 . 2 % + - 5 . 3 %  5 

Cu ++ -5.1%-+3.6% 4 
Co ++ +10.7%---5.4% 5 
Hg ++ -0.9%+3.1% 4 
Zn ++ +0.4%---1.8% 5 
PCMBS +5.8%-+3.5% 5 
TNBS +33.5%---3.0% 6 
SITS +10.5%-+3.7% 6 
Control 0 

The percent change in the MCV for each modifier is expressed relative to that 
with no modifier present. Minus signs indicate cell shrinkage and plus signs cell 
swelling. 
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However ,  there  seems to be no correlat ion between the change  in permeabi l i ty  
and the volume change.  T N B S  is a conspicuous example  in that  it causes a large 
increase in MCV and yet only a 3.5-fold increase in Na + permeabi l i ty .  T h e  
reason for  this exceptionally large increase in volume is not yet unders tood .  

Two divalent cations, Cu ++ and H g  ++, cause the cells to shrink.  However ,  in 
the case of  H g  ++ this shr inkage  is very slight and  probably  has no significant 
effect  on Na + permeabi l i ty .  Romualdez  et al. (1972) have r epo r t ed  that  a 3% 
decrease in cell vo lume would result  in an increase in sod ium uptake  equivalent  
to a relative sodium permeabi l i ty  of  less than 1.5. Such a change  is far  too small 
to account  for  the 7.6-fold increase in Na + permeabi l i ty  in response  to H g  ++ 
t rea tment .  Part  o f  the increase in Na + permeabi l i ty  caused by Cu ++ can probably  
be a t t r ibuted to cell shr inkage.  For this reason Cu ++ was not used in most  o f  the 
exper iments  r epo r t ed  here .  Finally, in all o f  the modi f ied  cells the intracellular  
sodium concentra t ion was approx ima te ly  the same as that  in control  cells so the 
driving force on sodium was approx ima te ly  the same in each case. In  s u m m a r y ,  
the results o f  the MCV measu remen t s  indicate that the e n h a n c e m e n t  of  sodium 
permeabi l i ty  caused by the modif iers  used in this s tudy cannot  be a t t r ibuted to 
cell shr inkage.  

D I S C U S S I O N  

Other Possible Effects of Pharmacological Modification 

A basic assumpt ion  in this s tudy is that  the pharmacological  modif iers  act to 
increase sodium permeabi l i ty  by combin ing  with sites within the sodium chan-  
nels. I t  is impera t ive ,  the re fore ,  that  one eliminate any o ther  actions o f  these 
modif iers  that  may have an effect  on sodium flux. One  possibility is that  the 
modif iers  cause a decrease in cell vo lume and in this m a n n e r  increase Na ÷ 
permeabi l i ty .  However ,  the MCV measu remen t s  shown in Table  V indicate that  
the e n h a n c e m e n t  o f  sodium permeabi l i ty  caused by these modif iers  cannot  be 
a t t r ibuted to cell shr inkage.  In  addi t ion,  pre l iminary  studies in ou r  labora tory  
have also shown that  potass ium eff lux is increased by the same kinds of  p h a r m a -  
cological modificat ion of  the cell m e m b r a n e  which enhance  sodium eff lux.  
However ,  Pa rke r  and  H o f f m a n  (1965) have r epo r t ed  that  the sodium and 
potassium permeabil i t ies  vary in opposi te  directions in response  to a given 
change in cell vo lume.  T h e r e f o r e ,  these findings also indicate that  m e m b r a n e  
modificat ion in this s tudy does not  increase permeabi l i ty  by changing  cell 
volume.  

PCMBS and H g  ++ have been r epo r t ed  to inhibit glucose t r anspor t  in h u m a n  
red blood cells (Weed et al., 1962). T h u s ,  a second possibility is that the modif ier -  
induced increases in sodium permeabi l i ty  r epo r t ed  in the present  study are 
secondary to energy  deplet ion due  to the inhibition of  glucose t ranspor t  by these 
modifiers .  However ,  Miles and  Lee (1972) have s tudied t ranspor t  in energy-  
depleted canine red blood cells and  have r epor t ed  that  sodium permeabi l i ty  is 
decreased.  Yet, PCMBS, H g  ++, and  the o ther  modif iers  used in the presen t  
study increase r a the r  than decrease sodium permeabi l i ty .  T h e r e f o r e ,  an effect  
on glucose t r anspor t  cannot  explain the observed changes  in sodium permeabi l -  
ity. 
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Another  possibility is that pharmacological  modifiers increase sodium perme-  
ability by accelerating some active t ranspor t  process. I ndeed ,  PCMBS has been 
repor ted  to affect ATPase activities (Godin and Schrier,  1972) and to alter the 
ouaba in -dependen t  active t ranspor t  of  sodium and potassium in human  eryth-  
rocytes (Rega et al., 1967). But these repor ted  effects o f  PCMBS are inhibitory,  
i.e., PCMBS causes a decrease in ATPase activity and a decrease in active 
t ransport .  Recently, Parker  (1973 b) has identified a ouabain-insensitive so- 
dium p u m p  in dog red cells which ext rudes  sodium. One  might suggest that cell 
modification may be affecting this mechanism. Yet prel iminary studies f rom our  
laboratory (not r epor ted  here) indicate that cell modification induces a bidirec- 
tional increase in sodium flux, i.e., sodium influx as well as sodium eff lux is 
enhanced .  Increases in potassium eff lux and influx have also been found .  These  
bidirectional increases in sodium and potassium fluxes could not be expected  if 
alteration of  an active p u m p  were involved since active pumps  are usually 
unidirectional.  

T h e  bidirectional increase in sodium flux induced by these modifiers could be 
caused by an exchange diffusion mechanism. Even though we could not demon-  
strate exchange diffusion in normal  cells it is possible that the modifiers are 
capable o f  tu rn ing  on such a mechanism.  However ,  in two exper iments  (not 
repor ted  here) we found  that Zn ++, Hg ++, PCMBS, TNBS,  and SITS increase 
Na ÷ eff lux to the same extent  in Na+-free medium as in a medium of  normal  
Na + concentra t ion.  These  exper iments  indicate that the modifiers do not  cause 
an accelerated exchange diffusion process. T h e r e f o r e ,  it is likely that pharmaco-  
logical modifiers are al tering the movement  of  sodium th rough  some passive 
permeat ion  pathway. 

Hof fman  and Laris (1974) have accurately measured  the membrane  potential  
o f  erythrocytes  by using a dye whose f luorescence is propor t iona l  to m e m b r a n e  
potential.  They  have r epo r t ed  that the membrane  potential  of  h u m an  and 
amph iuma  red cells is some combination o f  the Nernst  potentials for  chloride 
and potassium with chloride being the dominant  ion. Knauf  and Rothstein (1971) 
have repor ted  that amino reagents decrease anion permeabili ty.  As ment ioned  
earlier,  it has been found  in our  laboratory that m em b ran e  modification en- 
hances potassium permeabili ty.  These  shifts in ionic permeabilit ies could alter 
the membrane  potential  and alter the driving force on sodium. This would 
result in a change in sodium flux which would not  require  a cor responding  
change in sodium permeabil i ty,  i.e., sodium channels  need  not  be modif ied.  
Using medium and cell electrolyte concentrat ions for  dog erythrocytes  r epor t ed  
by Parker  (1973 a), the Nernst  potential  for  chloride is -11 .3  mV while that for  
potassium is - 14.0 mV. T h e r e f o r e ,  taking the most ex t reme case of  a shift f rom 
a totally chlor ide-dominated  m e m b r a n e  to a totally potassium membrane ,  one  
would expect  only a 1.24-fold change in sodium flux. This change is too small to 
explain the increases in sodium flux repor ted  in the present  study. Th u s ,  it 
seems that the sodium channels are being modif ied,  and that pharmacological  
modifiers can be used to identify ligands within these channels.  

One final possibility is that ra ther  than affecting normal  sodium channels  
these modifiers open  up nonspecific holes in the membrane ,  especially since 
potassium permeabil i ty is also increased. It should be ment ioned  that a l though 
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TNBS,  SITS,  and PCMBS increase sodium and potass ium permeabi l i ty ,  each of  
t hem causes a decrease in sulfate permeabi l i ty  (V. Castranova,  unpubl i shed  
results). This  would not be expec ted  if these reagents  f o r m e d  holes in the 
m e m b r a n e .  T h u s ,  we take this to mean  that  these modif iers  increase Na + 
permeabi l i ty  by acting on no rma l  cation pathways a l though fo rmat ion  o f  new 
pathways has not been  absolutely el iminated.  

Possible Modes of Modifier Action 

Sulfhydryl-specific PCMBS, H g  ++, Ni ++, and  Co ++ all seem to enhance  Na + 
permeabil i ty  by affect ing sulfhydryl  g roups .  F u r t h e r m o r e ,  these modif iers  all 
follow second-order  kinetics. We take this to mean  that  there  are two SH sites 
which must  be modif ied  in o rde r  to cause an increase in Na + permeabi l i ty .  It  is 
believed that  these sulfhydryl  g roups  are involved in mainta in ing the s t ruc ture  
o f  the sodium channel .  I ndeed ,  sulfhydryl  g roups  have been r epor t ed  to be 
capable of  f o rm i ng  hydrogen  bonds  (Barker ,  1971), and  modificat ion o f  sulfhy- 
dryl g roups  with PCMBS, H g  ++, Ni ++, or  Co ++ can result  in the removal  o f  the 
hydrogen  ion f rom the sulfur  (Means and  Feeney,  1971; Vallee and  Walker ,  
1970) and  thus,  the el imination o f  these hyd rogen  bonds.  This  could result  in 
some distortion of  the sodium channel  which causes an increase in sodium 
permeabi l i ty .  Sulfhydryl  g roups  have also been shown to be involved in hydro-  
phobic interactions o f  proteins  (He i tmann ,  1968). Such interactions have been 
suggested by Car te r  (1973) as a mechan i sm for  the main tenance  of  m e m b r a n e  
s t ructure  in h u m a n  erythrocytes  and  may indeed  be involved here .  

One  could also imagine  that these sulfhydryl  reagents  react with disulfide 
g roups  to increase Na + permeabi l i ty ,  especially since disulfide g roups  are of  
great  impor tance  in the main tenance  o f  many  prote in  s tructures.  For  example ,  
H g  ++ has been shown to react with such disulfide g roups  (Vallee and Walker,  
1970). Yet it is unlikely that  these g roups  are involved in the regulat ion of  
sodium permeabi l i ty  since D T T ,  a reagent  specific foi' disulfides, has little effect  
on sodium flux. Finally, the results in Table  I show a great  variability in the 
maximal  effects o f  SH-react ive agents.  T h e  reason for  this variability is hot yet 
unders tood ,  but expe r imen t s  are current ly  in progress  to study this p h e n o m e -  
non.  

The proposed reaction mechanisms for amino reagents (Barker, 1971) indi- 
cate that the increase in sodium permeability resulting from amino modification 
is associated with the loss of the positive charge from the amino sites. Thus, it is 
possible that amino groups may normally limit sodium permeability by the 
electrostatic repulsion of sodium ions. Such a mechanism for ionic regulation, 
i.e., the limitation of sodium movement by the presence of positive amino 
groups in a channel, has been proposed for human red cells by Passow (1969). 
These amino sites are thought to lie deep within the channel since SITS, a very 
large molecule, has no effect on Na + permeability (Knauf and Rothstein, 197 I). 
This is not the case in dog red cells, however, where the amino sites seem to be 
located superficially since SITS is effective. 

In conclusion, pharmacological modification of the sodium channels with 
heavy metal ions and chemical modifiers increases the sodium permeability of 
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dog  red  b lood  cells. Reversibi l i ty  a n d  b i n d i n g  s tudies  as well as the  relat ive 
ef fec t iveness  o f  each m o d i f i e r  ind ica te  tha t  PCMBS,  H g  ++, Ni ++, a n d  Co ++ act 
on  su l fhydry l  sites while  T N B S ,  S I TS ,  a n d  Zn ++ e n h a n c e  s o d i u m  pe rmeab i l i t y  
by a f fec t ing  a m i n o  sites wi th in  the  s o d i u m  c h a n n e l .  T h u s ,  these  a m i n o  a n d  
su l fhydry l  sites n o r m a l l y  act as ba r r i e r s  to l imit  the  m o v e m e n t  o f  s o d i u m .  T h e  
a m i n o  b a r r i e r  seems super f ic ia l  a n d  may  be d u e  to the  electrostat ic  r e p u l s i o n  o f  
s o d i u m  ions  while su l fhydry l  g r o u p s  may  l imit  s o d i u m  m o v e m e n t  by physical ly 
c o n s t r a i n i n g  the  c h a n n e l .  
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