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ABSTRACT 

The conductance-voltage (G-V) c h a r a c t e r i s t i c  of a s i n g l e - f i l i n g ,  mul t i -  

b a r r i e r ,  multi-occupancy channel  depends i n  t h e  l i m i t  of low i o n  concent ra t ion  

upon only two parameters: t h e  v o l t a g e  dependence of t h e  e n t r y  s t e p  and t h e  

r a t i o  of t h e  rate cons tan t  f o r  l e a v i n g  t h e  channel t o  t h a t  f o r  c r o s s i n g  i t s  

middle (14,17,20) .  W e  show t h a t  t h e  G-V shape i n  t h i s  low concent ra t ion  l i m i t  

can be measured a c c u r a t e l y  u s i n g  a t r i a n g u l a r  wave, many-channel technique and 

demonstrate  t h a t  t h e  observed shape i s  incompatible  w i t h  t h a t  expected i f  t h e  

only important  rate l i m i t i n g  b a r r i e r  a t  low c o n c e n t r a t i o n  w e r e  a t  t h e  channel  

mouth. I n s t e a d  t h e  c e n t r a l  b a r r i e r  t u r n s  o u t ,  s u r p r i s i n g l y ,  i n  view of t h e  

markedly s u b l i n e a r  I - V  shape a t  low concent ra t ion ,  t o  b e  even s l i g h t l y  l a r g e r  

than  t h e  e x i t  b a r r i e r .  A d d i t i o n a l l y ,  w e  f i n d  t h a t  it is  n o t  p o s s i b l e  t o  f i t  

both t h e  G-V shape and t h e  c o n c e n t r a t i o n  dependence of t h e  zero-current  conduc- 

tance  s imultaneously wi th  a 3 - b a r r i e r  2 - s i t e  model. However, by adding addi -  

t i o n a l  sites t o  y i e l d  a 3-bar r ie r  4 - s i t e  model e i t h e r  of t h e  t y p e  3B4S" where 

t h e  e x t r a  s i t e  i n  each channel  h a l f  i s  e x t e r n a l  t o  t h e  mouth of t h e  channel o r  

of t h e  t y p e  3B4S' where t h e  e x t r a  s i te  is  i n t e r n a l  t o  t h e  mouth of t h e  channel ,  

w e  o b t a i n  good agreement. 

and Andersen (19) t o  d i s c r i m i n a t e  between 3B4S' and 3B4S" models, w e  f i n d  t h e  

3B4S" model t o  be t h e  only s a t i s f a c t o r y  one. 

A d d i t i o n a l l y ,  us ing  t h e  f l u x  r a t i o  d a t a  of Procopio 

INTRODUCTION AND THEORETICAL EXPECTATIONS 

The shape of t h e  cur ren t -vol tage  (I-V) c h a r a c t e r i s t i c  of an i o n  channel 

g i v e s  informat ion  on i t s  energy p r o f i l e  ( i . e .  t h e  h e i g h t s  and t h e  l o c a t i o n s  i n  

t h e  e lectr ical  p o t e n t i a l  f i e l d  of  t h e  b a r r i e r s ) ;  and t h e  changes i n  G-V shape 

wi th  i o n  c o n c e n t r a t i o n  g i v e  informat ion  about t h e  depths  and l o c a t i o n s  of t h e  

w e l l s  (e .g .  t h e  binding c o n s t a n t s  of t h e  s i t e s )  as w e l l  as about  s h i f t s  i n  

energy p r o f i l e  f o r  d i f f e r e n t  l o a d i n g  states. L2uger (17), analyz ing  t h e  con- 
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c e n t r a t i o n  dependence of t h e  G-V c h a r a c t e r i s t i c  f o r  s ingly-occupiable  mul t i -  

s i te ,  m u l t i - b a r r i e r  channels ,  w a s  t h e  f i r s t  t o  p o i n t  o u t  t h a t  i f  t h e  s u r f a c e  

b a r r i e r s  w e r e  lower t h a n  t h e  i n t e r n a l  b a r r i e r s ,  t h e  c u r r e n t  would i n c r e a s e .  

“ s u p r a l i n e a r l y “  ( i . e .  f a s t e r  than t h e  v o l t a g e ) ;  whereas i f  t h e  s u r f a c e  b a r r i e r s  

w e r e  s u f f i c i e n t l y  h i g h  compared w i t h  t h e  i n t e r n a l  b a r r i e r s t h e  c u r r e n t  would in-  

crease “subl inear ly”  ( i . e .  a t  a lower ra te  than  t h e  v o l t a g e ) .  

c o n s i d e r a t i o n s  t o  channels  occupiable  by a second c a t i o n ,  Hladky et a l .  (15,16, 

25) explained t h e  dependence of t h e  shape of t h e  G-V c h a r a c t e r i s t i c  of t h e  

gramicidin channel ( s u b l i n e a r  a t  low ion  c o n c e n t r a t i o n s  and s u p r a l i n e a r  a t  high)  

by assuming t h a t  a t  low i o n  a c t i v i t i e s  t h e  e n t r y  s t e p  w a s  ra te  determining ( t h e  

f l u x  being l i m i t e d  by t h e  frequency wi th  which ions  a r r i v e  a t  t h e  channel ) ;  

whereas a t  high i o n  a c t i v i t y  t r a n s f e r  a c r o s s  t h e  middle of t h e  channel  w a s  

assumed t o  become t h e  slow s t e p .  These a u t h o r s  concluded (16) t h a t  t h e r e  w a s  

good agreement between measured s i n g l e  channel  c u r r e n t s  and t h o s e  t h e o r e t i c a l l y  

c a l c u l a t e d  according t o  a 3 - b a r r i e r  2-site (3B2S) model. However, as w i l l  be- 

come evident  below, t h e  concent ra t ion  range over  which t h i s  comparison w a s  

c a r r i e d  out  w a s  too  r e s t r i c t e d  t o  d e f i n e  t h e  t r u e  l i m i t i n g  shape. Indeed, 

because t h e  changes i n  G-V shape are n o t  p a r t i c u l a r l y  s t r i k i n g  f o r  t h e  u s u a l  

concent ra t ions  (3 ,4 ,16) ,  it w a s  i n i t i a l l y  be l ieved  ( 1 7 ) t h a t t h e  G-V charac te r -  

i s t i c  of t h e  s i n g l e  channel  w a s  on ly  “ s l i g h t l y  s u b l i n e a r  a t  low ion  concentra-  

t i o n s  and l i n e a r  o r  s l i g h t l y  s u p e r l i n e a r  a t  s a t u r a t i n g  i o n  concent ra t ion” .  

This  conclus ion  is erroneous s i n c e  w e  have r e c e n t l y  shown (8,13) t h a t  t h e  con- 

c e n t r a t i o n  dependence i s  as s t r o n g  f o r  t h e  gramic id in  channel as f o r  t y p i c a l  

carriers (cf .  Fig. 1 A ) .  

Extending t h e s e  

Fig. 

‘q GW A 
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Although t h e  d e t a i l s  of t h e  concent ra t ion  dependence of G-V, when taken to-  

g e t h e r  wi th  t h e  c o n c e n t r a t i o n  dependence of s i n g l e  channel  conductance and of 

t h e  f l u x  r a t i o  exponent, can enable  one i n  p r i n c i p l e  t o  d i s c r i m i n a t e  between 

a l t e r n a t i v e  models (8 ,13) ,  many a d j u s t a b l e  parameters  are involved. A d r a s t i c  

s i m p l i c a t i o n  r e s u l t s  i n  c e r t a i n  l i m i t i n g  cases. I n  p a r t i c u l a r ,  it can be shown 

q u i t e  g e n e r a l l y  (14,20) f o r  s i n g l e - f i l i n g ,  m u l t i - b a r r i e r ,  multi-occupancy chan- 

n e l s  t h a t  i n  t h e  l i m i t  of low ion  c o n c e n t r a t i o n  t h e  shape of t h e  G-V charac te r -  

i s t ic  is g iven  simply by 
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1 + E212V s i n h  U / 2  
* u/2 ($) c-to = cosh (0.5-fl) U + g2/23 

c o  
Where (C / G  ) is t h e  chord conductance d iv ided  by t h e  zero  c u r r e n t  conductance, 

c a l l e d  h e r e a f t e r  t h e  "normalized chord conductance" and U i s  t h e  v o l t a g e  ( i n  

RTIF u n i t s ) .  as a f u n c t i o n  of U i s  seen t o  depend on only two parame- 

ters: f l ,  t h e  v o l t a g e  dependence of t h e  e n t r y  s t e p ,  and E2/;, t h e  r a t i o  of t h e  

rate cons tan t  f o r  leav ing  t h e  channel  ( c  ) t o  t h a t  f o r  c r o s s i n g  i t s  c e n t e r  ( v ) ,  
as def ined  i n  F igure  1 C .  

c o  
G / G  

* 2 

A t  somewhat h igher  (but  s t i l l  low) concent ra t ions  (e .g .  where t h e  channel i s  

occupied by one ion)  t h e  G-V c h a r a c t e r i s t i c  is given by: 

+ '212' s i n h  U / 2  
a + b*E2/23 - u l 2  

C=low 

a = cosh f U-cosh (0.5-f -f )U 

b = cosh (fl+f2)U 
1 1 2  

The v o l t a g e  dependence of t h e  e x i t  s t e p  (f  ) now e n t e r s .  

tween t h e  G-V shapes of equat ions  1 and 2 occurs  a t  h a l f  occupancy of t h e  f i r s t  

s i t e  (14 ,20) ,  as can be seen i n  Fig.  1B by t h e  correspondence i n  change of 

G1O0/Go w i t h  t h e  occupancy; and t h e  p l a t e a u  a t  1-ion occupancy i s  very c l e a r l y  

seen f o r  T1 i n  Fig.  5 ( t h e  e x p l i c i t  r e l a t i o n  t o  t h e  occupancy w i l l  be  found i n  

Fig. 6 of (8)).  The high (but  no t  i n f i n i t e )  c o n c e n t r a t i o n  l i m i t i n g  G-V charac- 

terist ic i s  g iven  by: 

The t r a n s i t i o n  be- 2 

s i n h  Ul2 1 + ElC/2V - - u12 
cash (0.5-f )U + E1C/2v 2 C+high 

(3)  

which now c o n t a i n s  t h e  ra te  cons tan t  of t h e  e n t r y  s t e p  f o r  a second ion  t o  e n t e r  

a s i n g l y  occupied channel (E ) ,  as w e l l  as t h e  aqueous i o n  concent ra t ion ,  C .  

The only v o l t a g e  dependence i s  t h a t  f o r  t h e  e x i t  s t e p  (f  ) .  

c o n c e n t r a t i o n  equat ion  3 reduces t o  t h e  s imple l i m i t  

1 
A t  i n f i n i t e l y  high 2 

s i n h  U/2 
( 4 )  

where t h e  s u p r a l i n e a r  behavior  r e f l e c t s  t h e  f a c t  t h a t  t h e  c e n t r a l  b a r r i e r  i s  

indeed rate-determining because,  as noted by Hladky et  a l .  (15,16) ,  t h e  en t ry  

ra te  i s  i n f i n i t e .  

*This l i m i t  is c o n s i s t e n t  w i t h  t h e  corresponding one i n  Lguger 's  single-occu- 
pancy (17) t r e a t m e n t ,  a l though f l  and f 2  do not  appear e x p l i c i t l y  owing t o  h i s  
assumption of a r e g u l a r l y  spaced symmetrical b a r r i e r s .  H i s  t rea tment  a l lows  
f o r  m u l t i p l e  i n t e r n a l  b a r r i e r s  of equal  he ight  i n s t e a d  of t h e  s s n g l e  c e n t r a l  
b a r r i e r  used here .  

249 



It should be r e a l i z e d  t h a t  a "supra l inear"  G-V c h a r a c t e r i s t i c  a t  high con- 

c e n t r a t i o n s  does n o t  n e c e s s a r i l y  s i g n i f y  t h a t  t h e  c e n t r a l  b a r r i e r  is rate-de- 

termining.  

b a r r i e r  is n e g l i g i b l e ) ,  i n  which case eq.  (3 )  s i m p l i f i e s  t o  

Consider t h e  s i t u a t i o n  i n  eq. (3) where k ( i . e .  where t h e  c e n t r a l  

- s i n h  U / 2  
U 
;; cash (0.5-f,)U 

(5)  

Cjhigh L 

which i s  s u p r a l i n e a r  whenever f >0.2 and s u b l i n e a r  when f <0.2. Thus, even a 

channel wi th  b a r r i e r s  only a t  i t s  ends can y i e l d  a s u p r a l i n e a r  G-V charac te r -  

i s t i c  f o r  reasons  t h a t  have nothing t o  do d i r e c t l y  with t h e  c e n t r a l  b a r r i e r  be- 

coming rate-determining.  I n  t h i s  paper w e  c o n c e n t r a t e  on t h e  l i m i t i n g  behavior 

a t  t h e  lowest ion c o n c e n t r a t i o n  and i n t e r p r e t  t h e  r e s u l t s  w i t h  pure  b a r r i e r  

models. We show t h a t  t h e  G-V shape i n  t h i s  l i m i t  is incompatible  w i t h  a model 

i n  which t h e  only b a r r i e r s  are a t  t h e  ends of t h e  channel. I n s t e a d ,  our  d a t a  

i n d i c a t e  t h a t  t h e  c e n t r a l  b a r r i e r  is l a r g e r  than  t h e  b a r r i e r  f o r  e x i t .  Since 

t h e  r e l a t i v e  h e i g h t s  of t h e  b a r r i e r s  are found t o  depend on permeant i o n s p e c i e s  

but  are independent of  very  l a r g e  i o n i c  s t r e n g t h  v a r i a t i o n s  (e.g. as produced 

by 1 M  C s C l  i n  t h e  presence of 2 M  Ca(N0 ) ) ,  w e  a rgue  t h a t  d i f f u s i o n a l  resis- 

t a n c e s  a t  t h e  mouth of t h e  channel  (2) are unimportant and t h a t  pure b a r r i e r  

models are a p p r o p r i a t e .  F i n a l l y ,  combining t h e  observed G-V shape and i ts  con- 

c e n t r a t i o n  dependence w i t h  e x i s t i n g  d a t a  f o r  s i n g l e  channel  conductances,  w e  

show t h a t  it is n o t  p o s s i b l e  t o  d e s c r i b e  t h e s e  two e lectr ical  p r o p e r t i e s  wi th  a 

3 - b a r r i e r  2 - s i t e  model, i n  c o n t r a s t  t o  t h e  c o n t e n t i o n  of Hladky et  a l .  (16,25) .  

However, a 3 - b a r r i e r  4 - s i t e  model wi th  t h e  a d d i t i o n a l  sites e x t e r n a l  t o  t h e  

outermost b a r r i e r  can r e c o n c i l e  t h e  e lectr ical  d a t a .  

2 2 

3 2  

METHODS 

Lip id  b i l a y e r s  w e r e  formed on a t e f l o n  a p e r t u r e  by t h e  a i r  bubble technique 

(24) w i t h  p a r t i c u l a r  care being taken  t o  add l i p i d  as symmetr ical ly  as poss ib le .  

The l i p i d s  used ( u s u a l l y  a t  a c o n c e n t r a t i o n  of 25 mg per  mi l l i l i t e r  i n  n-decane 

o r  n-hexadecane (Analabs, Spectroscopic))were:  GMO (glycerol-monooleate, 

Sigma), GME ( g l y c e r y l  monoleylether ,  synthes ized  by H. E i b l ) ,  PE ( b a c t e r i a l  

phosphat idyl  ethanolamine, Supelco) .  Val ine  Gramicidin A w a s  a g i f t  from 

Erhard Gross. S a l t s  w e r e  as s p e c i f i e d  i n  (18). A l l  measurements were made 

a t  23OC f 0.5OC. 

Previous multi-channel I -V measurements appear  t o  have been l a r g e l y  re- 

s t r i c t e d  t o  t h e  u s e  of b r i e f  p u l s e s  from which " instantaneous" c u r r e n t  v o l t a g e  

curves  have been measured (3-5) a l though t h e  ramp technique has  been used as a 

s tandard  procedure w i t h  carriers from t h e  earliest s t u d i e s  (6 ,22,23) .  

t r i a n g u l a r  ramp of v o l t a g e  w a s  appl ied  through a p a i r  of c h l o r i d e d  Ag p l a t e s  

A s i n g l e  
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(3 cm2 a r e a )  us ing  an I E C  Model F74 f u n c t i o n  genera tor  v i a  a v o l t a g e  d i v i d e r  

and t h e  r e s u l t i n g  c u r r e n t  was measured with a Kei thley Model 427 a m p l i f i e r  

(rise t i m e  u s u a l l y  -01 msec.). 

ch lor ided  Ag wires c l o s e  t o  t h e  membrane w a s  measured w i t h  a f l o a t i n g  Kei th ley  

Model 604 d i f f e r e n t i a l  a m p l i f i e r .  A magnetic reed swi tch  enabled t h e  c u r r e n t  

a m p l i f i e r  t o  be removed from t h e  c i r c u i t  f o r  measuring 

brane p o t e n t i a l  (Vo>. 

n e t i c  t a p e  w i t h  a Nicole t  Model 1090A d i g i t a l  o s c i l l o s c o p e  and a Kennedy Model 

9700 t a p e  recorder .  

onto an  X-Y p l o t t e r ,  can be seen a t  t h e  l e f t  i n  Figures  2 and 3. The I - V  limb 

from -220 t o  +220 MV w a s  read i n t o  an I B M  3033 computer, "computer f i l t e r e d "  t o  

remove high frequency n o i s e  and f i t t e d  t o  a 5 t h  order  polynomial f o r  convenient  

s t o r a g e  us ing  a non-l inear  least  squares  r e g r e s s i o n  (6 c o e f f i c i e n t s  s u f f i c e d  t o  

d e s c r i b e  t h e  I - V  c h a r a c t e r i s t i c  i n d i s t i n g u i s h a b l y  from t h e  o r i g i n a l  record) .  

Using t h e  measured v a l u e  of Vo and t h e  corresponding c u r r e n t  a t  zero  p.d. (Io) 
t h e  "normalized chord conductance" G / G  

computed. Typica l  G-V curves  are seen  a t  t h e  r i g h t  i n  F igures  2 and 3 and 

show symmetry, frequency-independence, and independence of channel d e n s i t y .  

The transmembrane p.d. between a second p a i r  of 

t h e  open c i r c u i t  mem- 

Voltage and c u r r e n t  were d i g i t i z e d  and s t o r e d  on mag- 

Typical  I - V  records ,  w r i t t e n  d i r e c t l y  o u t  from t h e  t a p e  

c o  as a f u n c t i o n  of v o l t a g e  w a s  e a s i l y  * 

PO0 

400 

50 

LO 

0 5  

ZWrn" 

I GCIG" I cC/co 

Fig.  2.  E f f e c t  of gramicidin on t h e  I -V 1.30 "1 ~ l O l O O H 2  

c h a r a c t e r i s t i c  of t h e  b a r e  b i l a y e r .  
Af te r  t h e  i n i t i a l  record ,  gramicidin w a s  I 

added t o  t h e  aqueous s o l u t i o n  on both  
s i d e s  of t h e  membrane and t h e  I - V ' s  w e r e  Fig. 3 .  I-V behavior  a t  two widely 
recorded success ive ly .  Computed curves d i f f e r i n g  gramicidin concent ra t ions .  
of GC/Go ,  corresponding t o  t h e s e  I - V ' s ,  Not ice  a t  t h e  r i g h t  t h a t  a s i g n i f i -  
are presented  a t  t h e  r i g h t .  0 . 1  mM K C 1 ,  c a n t  h y s t e r e s i s ,  due t o  an i n c r e a s e  
9 mM MgS04, PEfDec. i n  t h e  number of channels  (3) )  occurs  

only a t  f r e q u e n c i e s  of 0.1 Hz and 
below. 
GMO/HxDec. 

,250 m" -za 

300 mM K C 1 ,  9 mM MgS04, 

* 
When c a p a c i t a t i v e  d i s t o r t i o n  (1,3,22)  i s  present  it is  p o s s i b l e  t o  f i n d  t h e  
symmetry p o i n t  of t h e  curve  around t h e  t r u e  Vo by c o r r e c t i n g  f o r  c a p a c i t a t i v e  
c u r r e n t s .  An e f f e c t i v e  procedure w a s  t o  compute t h e  symmetry p o i n t  f o r  d a t a  
between t 2 0  mV and r e c a l c u l a t e  Go and Vo f o r  t h i s .  Occasional ly  a t r u e  mem- 
brane asymmetry w a s  observed but  such I - V ' s  have not  been used. Small asym- 
metries i n  our  u s u a l  records  ( c f .  t h e  t y p i c a l  records  of F igures  2 and 3) w e r e  
cor rec ted  f o r  by us ing  t h e  geometr ic  mean of t h e  n e g a t i v e  and p o s i t i v e  l imbs.  



The usua l  u s e f u l  range  of frequency independence f o r  GMOfHXDec and GME/HXDec 

Usually w a s  1->200 Hz. 

i o n i c  s t r e n g t h  w a s  maintained a t  9 mi l l imolar  w i t h  MgSO which not  on ly  , 

screened s u r f a c e  charge  but  a l s o  lowered t h e  e l e c t r i c a l  r e s i s t a n c e  of t h e  solu-  

t i o n .  W e  have found (10) t h a t  t h e  "blocking" d i v a l e n t  c a t i o n  C a  ( 4 ) ,  i n  

f a c t ,  a c t u a l l y  merely reduces  t h e  e f f e c t i v e  concent ra t ion  of permeant c a t i o n  t o  

its low c o n c e n t r a t i o n  l i m i t  as judged by t h e  a b i l i t y  of t h e  calcium i o n  

t o  cause t h e  G-V c h a r a c t e r i s t i c  a t  any permeant ion  concent ra t ion  t o  become t h a t  

c h a r a c t e r i s t i c  of t h e  permeant ion  i n  i t s  low c o n c e n t r a t i o n  l i m i t  ( c f .  A ' s  i n  

Fig. 5), presumably by e l e c t r o s t a t i c  repuls ion .  This  provided an  a l t e r n a t i v e  

way of measuring t h e  l i m i t i n g  shape a t  low e f f e c t i v e  permeant ion  concent ra t ion .  

The G-V c h a r a c t e r i s t i c  i n  GMO b i l a y e r s  w a s  found t o  be i d e n t i c a l  whether decane 

o r  hexadecane w a s  used,  and w a s  a l s o  i d e n t i c a l  f o r  GME ( c f .  C s  i n  Fig. 5).  

S i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  i n  PE b i l a y e r s  a t  h igher  s a l t  c o n c e n t r a t i o n s  

( c f .  K i n  Figs .  5 vs .  4 ) ,  which w i l l  be  analyzed elsewhere (lo), but  n o t  i n  t h e  

l i m i t i n g  shape a t  low c o n c e n t r a t i o n  (c f .  Fig. 6 ) .  Fresh ly  formed membranes and 

membranes aged more than  30' showed v i r t u a l l y  i d e n t i c a l  G-V c h a r a c t e r i s t i c s  up 

t o  200 mV. 

For G M O / D e c  and PE/Dec 20->200 Hz proved s a t i s f a c t o r y .  

4 
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The most important c o n t r o l  of t h e  c o r r e c t n e s s  of s ingle-channel  I - V  shape 

i n f e r r e d  us ing  t h e  many-channel technique is, of course ,  t h e  d i r e c t  comparison 

w i t h  s ingle-channel  measurements a t  comparable i o n i c  concent ra t ions .  Fortu- 

n a t e l y ,  a number of such measurements e x i s t  i n  t h e  l i t e r a t u r e ,  a l though n o t ,  of 

course ,  a t  t h e  lowest i o n i c  concent ra t ions ;  and 'exce l len t  agreement between our  

new many-channel measurements and e x i s t i n g  s i n g l e  channel d a t a  f o r  Cs', K', and 

N a  can be seen i n  F igs .  4 and 5. + 

1.0 

Fig. 4 .  

.5 

The I-V behavior  of  t h e  gramicidin A channel  f o r  K i n  GMOIHXDec b i l a y e r s  is 

summarized i n  Figure 4 ,  which compares a t  t h e  l e f t  our  many-channel measure- 

ments (curves)  of normalized chord conductance v s .  v o l t a g e v s .  publ ished v a l u e s  

( d o t s )  f o r  t h e  s i n g l e  channel  of Hladky et a l .  (16) a t  71.5 mM. Note t h a t  f o r  

measurements a t  comparable concent ra t ions  ( c f .  71.5 and 78 mM), t h e  shape of 
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t he  G-V c h a r a c t e r i s t i c  i s  the  s a m e  by both many-channel and single-channel tech- 

niques. The right-hand f i g u r e  g ives  t h e  K concentration dependence of t he  G-V 

shape, i n  t e r m s  of t h e  "normalized chord conductance" a t  100 m i l l i v o l t s .  

do t s  are our many-channel da ta ;  t he  X ' s  those of Hladky e t  al .  (16) f o r  s i n g l e  

channels; and t h e  +'s in both por t ions  of t h e  f i g u r e  present  no i se  measurements 

of single-channel G-V shape a t  aK = 0.8 mM by Neher, Eisenman and Sandblom 

(unpublished), which can be seen t o  subs t an t i a t e  t he  G-V shape deduced by t h e  

many-channel technique a t  t h i s  low concentration. 

The 

A s imi l a r  agreement i s  i l l u s t r a t e d  f o r  C s  and N a  i n  Figure 5, which f o r  
100 0 reasons of space presents  only t h e  G / G  data.  Figure 5 a l s o  shows, as i n  

Fig. 4 ,  t h a t  it is indeed poss ib le  using t h e  many channel technique t o  f ind  a 

concentration below which the  shape of t h e  G-V c h a r a c t e r i s t i c  i s  independent of 

ion concentration. GlOO/GO 10 - _ _ _ - -  - - - _ _ _ - _  11 ., . , ., . - 0 , .  **": , 

, 
10 _ _ _ _  - - - _ _  ~7 ~ .c-_ _ _ _  

The l imi t ing  G-V shapes a t  low concentra- 

t i o n  of various permeant ca t ions  are summar- 

ized i n  Figures 6-8. Figure 6 presents  da ta  

fo r  K i n  GMO/HXDec, as w e l l  a s  PE/Dec, bi-  

8 

91 ., . ., *, , , K l aye r s  and compares t h e  shape with t h e  expec- 
8 (PE /DECl 

t a t i o n s  of eq. 1 i f  the  c e n t r a l  b a r r i e r  were 

not s i g n i f i c a n t  (E / 3 = 0 ) ,  i n  which case  f 1 2 

Fig . 5. Many-channel (0, 0, D) and s ing le  
channel (+,x) da ta .  T 1  (GMO/HXDec). N a  
(GMOfDec). For C s ,  var ious  l i p i d s  can be 

cated concentrations of C a  ( A ) .  

0 GMOlHXDEC 
10 - -, GMOIDEC 

- - - - - ~ -&LkxLx- 
compared, as w e l l  a s  t he  e f f e c t  of t h e  indi-  ; GMElHXDEC , %*! , cs , 

X HLADKY, et 0 1  

. a  * O b * u  

8 .. ~ O O ~ M & N O ~ ) ~  IM c ~ ( N o ~ ) ~  

-5 -4 -3 -2 -1 0 1 
Log Ionic Activity 

is t h e  only ad jus t ab le  parameter. 

experimental da t a  adequately with a model i n  which only t h e  outermost b a r r i e r s  

a r e  s i g n i f i c a n t l y  rate determining. 

C l e a r l y ,  it i s  not poss ib l e  t o  represent  t h e  

I n  con t r a s t ,  Figure 7 i l l u s t r a t e s  t h a t ,  by allowing f o r  a s ign i f i can t  inner 

b a r r i e r ,  t h e  experimental da t a  po in t s  are n ice ly  representab le  by t h e o r e t i c a l  

curves drawn according t o  eq. 1 f o r  t h e  indicated values of E2/7. Except f o r  

N a  a t  higher vol tages ,  a l l  da ta  are bes t  f i t  with no vol tage  dependence of t he  

entrance s t e p  ( s o l i d  curves, f ,=O).  

vo l tage  dependence of t he  en t ry  s t e p  (fl = .03) i n  t he  case  of Na . 
d i f f e r i n g  va lues  of E2/; show t h a t  t h e  spec ies  d i f f e rences  r e f l e c t  t h e  ease  

with which the  ions  c ros s  the  c e n t r a l  b a r r i e r  r e l a t i v e  t o  leaving t h e  channel. 

Among the  a lka l i  ca t ions ,  t he  least permeant species,  N a y  c l e a r l y  is a l s o  t h e  

l e a s t  "sublinear". K and N a  f i nd  it increas ingly  easier t o  leave  the  channel 

than t o  c ros s  it compared t o  C s .  

+ 
The dashed curve shows t h e  e f f e c t  of a 3% 

+ 
The 
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Fig. 6 .  1 0  mM K i n  PE/Dec GNO/HXDec Fig. 7. So l id  curves  ( f l = 0 ) ;  dashed 
(X) 0.3 mM K i n  PE/Dec 0.  9 mM 
MgS04. 

curve  ( f l = . 0 3 ) .  
(10 mM, GMO/HXDec), C s  ( 0 .1  mM, GMO/Dec), 
T 1  (0.25 mM, GMO/HXDec), H ( .03  mM, GMO/ 
HXDec). 9 mM MgS04. 

N a  ( 3  mM, GMO/Dec), K 

The r e s u l t s  of F igures  4-7 i n d i c a t e ,  a t  t h e  very  least ,  t h a t  more than one 

b a r r i e r  i s  needed i n  any model which hopes t o  account f o r  t h e  shape of t h e  G-V 

r e l a t i o n s h i p  a t  low i o n  c o n c e n t r a t i o n  i n  t h e  gramicidin channel .  Here w e  have 

assumed t h a t  t h e  a d d i t i o n a l  b a r r i e r  i s  l i k e l y  t o  be i n  t h e  middle of t h e  

channel .  

(12) s ta tement  " t h a t  t h e r e  is  no s i g n i f i c a n t  e l e c t r o s t a t i c  b a r r i e r  t o  ion  move- 

ment between t h e  energy w e l l s  at  t h e  two ends of t h e  channel" because our ,  

pure ly  formal ,  c e n t r a l  b a r r i e r  can r e s u l t  from t h e  summation of many smaller 

b a r r i e r s  which could r e p r e s e n t  n o t  on ly  t h e  energy of moving t h e  ion  but  a l s o  

t h e  k i n e t i c  l i m i t a t i o n s  involved i n  t h e  coupled movements of water molecules .  

This  assumption i s  n o t  i n  c o n f l i c t  w i t h  F i n k e l s t e i n ' s  and Andersen's 

. *  

DISCUSSION 

The f i n d i n g  of a s i g n i f i c a n t  c e n t r a l  b a r r i e r  even a t  t h e  lowest  concentra-  

t i o n s  has  i m p l i c a t i o n s  f o r  t h e  behavior  of t h e  channel a t  h igher  concent ra t ions .  

This  can be seen from Figure  8 which demonstrates  f o r  T 1  and H t h e  inadequacy 

of a 3-bar r ie r  2-site model ( l e f t  and middle  f i g u r e s  f o r  each ion)  t o  f i t  simul- 

taneous ly  t h e  l i m i t i n g  shape of t h e  G-V c h a r a c t e r i s t i c  a t  low s a l t  concentra-  

t i o n  (upper) and t h e  concent ra t ion  dependence of t h e  s i n g l e  channel  conductance 

a t  low v o l t a g e  ( lower) .  One can e i t h e r  f i t  t h e  G-V shape (upper) o r  t h e  con- 

c e n t r a t i o n  dependence of conductance ( lower) ,  bu t  n o t  both.  In c o n t r a s t ,  
* 
Although a d d i t i o n a l  b a r r i e r s  (e.g. f o r  d i f f u s i o n a l  access t o  t h e  channel mouth 
suggested by Andersen (2 )  
i s  n o t  only t h e  s imples t  bu t  i s  supported by t h e  s p e c i e s  d i f f e r e n c e s  of re- 
l a t i v e  b a r r i e r  h e i g h t s  implied by Fig. 7 ,  which are n o t  e a s i l y  explained by 
a d d i t i o n a l  d i f f u s i o n a l  b a r r i e r s .  A l so ,  t h e  same l i m i t i n g  shape is observed a t  
v a s t l y  h igher  salt  c o n c e n t r a t i o n s  i n  t h e  presence of Ca*. Indeed, t h e  G-V 
shape c h a r a c t e r i s t i c  f o r  each ion  a t  i t s  low c o n c e n t r a t i o n  l i m i t  i s  a l s o  ob- 
served a t  a h igher  permeant ion  concentqa t ion  when t h e  channel  i s  maximally 
blocked by C a y  as can be seen from t h e  A ' s  f o r  C s  i n  Fig.  5. 

cannot b e  excluded r i g o r o u s l y , a  pure  b a r r i e r  model 
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adding 2 a d d i t i o n a l  sites enables  a very  s a t i s f a c t o r y  f i t  t o  both sets of 

measurements,as can be seen a t  t h e  r i g h t  f o r  each i o n .  The a d d i t i o n a l  s i tes 

can be added e i t h e r  i n t e r n a l  t o  t h e  b a r r i e r s  a t  t h e  channel  ends (3B4S' model 

(14) ) ,  as i l l u s t r a t e d  h e r e ,  o r  e x t e r n a l  t o  t h e s e  (3B4S" model (20))  f o r  which a 

p a r t i a l  comparison can be found i n  Fig.  1 and a f u l l  comparison has  been g iven  

( 9 , l l )  e lsewhere f o r  H. 

* 

Fig. ,8 .  
t h e o r e t i c a l  curves  f o r  t h e  i n d i c a t e d  model. The l e f t  hand p a i r  f o r  TIF ( l e f t )  
and H C 1  ( r i g h t )  shows t h a t  i f  t h e  3B3S model i s , f i t t e d  t o  t h e  G-V shape, t h e  
conductance-concentration behavior  i s  n o t  w e l l  f i t t e d .  
t h a t  i f  t h e  conductance-concentration behavior  i s  f i t t e d  f o r  t h e  3B2S model, 
t h e  G-V shape i s  wrong. In  c o n t r a s t ,  t h e  r i g h t  hand p a i r  shows t h a t  a 3-bar r ie r  
4 - s i t e  (3B4S') model f i t s  bo th  behaviors  s a t i s f a c t o r i l y .  

Each v e r t i c a l  p a i r  of f i g u r e s  compares t h e  observed d a t a  p o i n t s  w i t h  

The middle p a i r  shows 

W e  t h e r e f o r e  conclude t h a t  a 3 - b a r r i e r  2 - s i t e  model, d e s p i t e  c o n t r a r y  con- 

t e n t i o n s  (16,25) ,  is - n o t  adequate  f o r  t h e  e lectr ical  behavior  of t h e  gramicidin 

channel; whereas a 3 - b a r r i e r  4 - s i t e  model of e i t h e r  of  t h e  types  3B4S" o r  3B4S' 

can account f o r  a l l  e x i s t i n g  e lectr ical  measurements on a l l  ions  s t u d i e d  so f a r .  

To choose between t h e s e  models, t h e  concent ra t ion  dependence of t h e  f l u x  r a t i o  

(21,19)  i s  c r u c i a l ,  t h e  d i f f e r e n c e s  between t h e  two 3 - b a r r i e r  4 - s i t e  models 

being t h e  e x p e c t a t i o n  t h a t  t h e  f l u x  r a t i o  exponent cannot exceed 2 f o r  3B4S" 

whereas f o r  3B4S' i t  can be as h igh  as 4. Although w e  prev ious ly  concluded 

(8,13) from Lev's e a r l y  measurements (21)  on Rb t h a t  t h e  3B4S' model w a s  l i k e l y  

t o  be c o r r e c t ,  now, r e l y i n g  upon Procopio ' s  and Andersen's more d e f i n i t i v e  d a t a  

(19) f o r  C s ,  Rb, and N a  i n  an  uncharged l i p i d ,  w e  conclude t h a t  t h e  3B4S" model 

of Fig. 1 C  is t h e  only 4 - s i t e  model which s a t i s f a c t o r i l y  r e p r e s e n t s  t h e s e  d a t a .  
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