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The permeation of  Na + through gramicidin A channels shows a simple saturation with increasing Na + concentrat ion 
that can be described by two different models. The  first model assumes  that one N a  + binds to the channel with high 
affinity ( ~- 30 M - 1 ) and that conduction occurs by a 'knock-on" mechanism requiring double  o c c u p a n c y  of the channel; 
the other  model assumes that Na + binding is of low a|finity ( <  I M - 1 ) )  and that double  o c c u p a n c y  of the channel is 
rare. N M R  measurements  have shown tight Na  + binding, favoring the first model, but measurements  of flux ratios and 
water t ransport  support  the second model. We  present  here  a relatively model-independent measurement  of the dwell 
time of Na + inside the channel, in which we characterize the fluctuations in H + current  through the channel induced by 
'block '  from the more  slowly permeating Na + ions. The mean Na + dwell time inside the channel is estimRted to be ~- 10 
ns at a membrane  potential of 200 inV. This  result is inconsistent with tight Na + binding, thus  favoring the second 
model. 

Introduction 

The permeat ion of monovalent  cations through the 
gramicidin A channel appears  to involve the binding of  
ions to sites near the end of  the channel  and their 
translocation across a central barrier  (see, for example, 
Refs. 1 and 2). The details of permeat ion by N a  + have 
been in some dispute. The concentra t ion dependence of  
Na  + conductance shows a simple saturat ion which, 
surprisingly, can be described equally well by two very 
different sets of  rate constants,  h'j one  case, a relatively 
high affinity of  N a  + for the channel  ( - -  30 M - t )  would 
cause the channel to conduct  predominant ly  by a 
• knock-on" process involving double  occupancy; satura-  
tion would occur when two ions are b o u n d  in the 
channel.  In the other  case, low affinity of N a  + for the 
channel  would cause it to act as a classical ' one  ion" 
channel,  with saturat ion corresponding to the occupa- 
tion of one of  the binding sites. Suppor ted  by Z3Na 
nuclear magnetic resonance ( N M R )  experiments,  Urry  
et al. [3,4] p roposed  a tight b inding of the first sodium 
ion of  30-100 M - I ;  experiments with gramicidin ana-  
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logues having a reduced n u m b e r  of  amino  acids also 
indicated that the gramicidin A channel  becomes  dou-  
bly occupied by sod ium ions [5]. Finkelstein and Ander -  
sen [1], however,  concluded f rom analysis of  the con-  
centrat ion dependence of  conductance,  current-voltage 
relationships, and flux ratios tha~. the first N a  + b inds  
very loosely (<< 1 M - t )  and  that double  occupancy 
does not  occur. 

The  set of rate cons tan ts  as p roposed  by  Finkelstein 
and Andersen  [1] is now widely accepted, but  it is of  
interest to a t tempt  to dist inguish between the ' t igh t  
binding" and "weak binding" theories by  measur ing  the 
dwell time of N a  ÷ in the channel.  By analogy wi th  the 
work of  L a n s m a n  et al. [6] in calcium channels ,  in 
which blockages of  N a  ÷ current  by calcium ions was  
used to estimate the affinity of  calcium for the channel,  
we wished to find experimental  condi t ions under  which 
the sod ium ions could be considered as a blocking agent  
for a p robe  current.  Hydrogen  ions have a very high, 
essentially diffusion-limited, permeabil i ty in G A  chan-  
nels [7] and serve as an ideal p robe  current  carrier since 
only low concentra t ions  of  H ÷ are needed to p roduce  
substantial  currents  and the dwell t ime of  H *  in the 
channel is very short,  Together,  these proper t ies  allow 
specific i o n - i o n  interact ions to be neglected, and  the 
dwell t ime of  a sodium ion in the channel  can be 
considered as a slow blocking event for the much  faster 
p ro ton  t ranspor t  process. 
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The blocked times we would expect to observe, even 
~a the case of  tight N a  + binding, are well below 1 ps  
and therefore would not be directly resolvable as inter- 
rupt ions in the single-channel H + current. However, as 
we have shown in the ease of  nanosecond-durat ion 
blockage of the gramicidin A channel by formamide [81, 
analysis of changes in the mean current and the open- 
channel  noise with blocker concentrat ion allows an 
estimate of the blocked time. Our  experimental  results 
are in suppor t  of a weak binding of  sodium ions inside 
the gramcidia A channel. 

Experimental  methods 

Micro-bilayers f rom glycerol monooteate  (GMO)  
(NuCheck  Prep, Elysian, MN,  U.S.A.) 40 m g / m l  in 
squatene (Sigma, St.Louis, MO, U.S.A.) were formed on 
the tips of  borosilicate pipettes (Kimax-51, Kimble 
Products,  Vineland N J, U.S.A.) as described by Sigworth 
et al. [9]. H *  current  measurements  were performed in 
symmetrical  solutions of  20 m M  and 80 m M  HCI (pH 
2.2 and 1.7, respectively) and a specified concentrat ion 
of  NaCI  at room temperature  (21°C) .  Under  the same 
experimental  condi t ions N a  + currents  were recorded at 
neutral  pH.  Purified gramicidin A was kindly provided 
by Prof. D.W. Urry.  

M e m b r a n e  currents  were measured with an  EPC-7 
pa tch -c lamp amplif ier  (List  Medical, Darms tad t ,  
F.R.G.),  digitized, and stored on  video tape at 44.1 kHz 
sampl ing  rate. For  fur ther  processing, 180-s stretches of  
data  were transferred digitally to a disk file in a P D P  
1 1 / 7 3  computer  (Digital Equipment  Corp.,  Marlboro,  
MA, U.S.A.). The digital data processing including 
filtering, masking of  brief  channel  closings, calculation 
of  the power  spectra, and correct ions for the system 
response  function and artifacts due to channel gating 
have been described earlier [8-101. Fo r  each experiment  
determinat ions  were made  of  the mean single-channel 
current ,  i, and the average spectral density, S, which 
was  obtained by  averaging the power  spect rum between 
1 and  10 kHz. In  some cases a slight decay of the 
spectra  with frequency was found. In  order  to estimate 
the asymptot ic  shot  noise level the spectra showing such 
a decay were fitted by the sum of a constant  and a small 
c o m p o n e n t  propor t ional  to 1I f  in the rage between 0.1 
and 20 kHz. Since the values of  the constant  componen t  
were repeatable, we used them as measures  of  the ion 
t ranspor t  noise for further  calculations. 

Characterization of  the ion t r aaspo~  

Frehland [11,12] has shown that, given a discrete 
kinetic scheme for the t ranspor t  of  ions through a 
channel,  the single-channel current  i and also the spec- 
tral density S of the current  f luctuations can be calcu- 
lated. Our  numerical  implementat ion o f  this theory and 
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its application to channel-blocking events has been de- 
scribed [8]; we summarize here its application to the 
t ransport  of H + in the presence of  Na  +. 

Alodel-independent description 
We first consider a simplified approach  to the calcu- 

lation of  the mean channel current  and spectral density. 
The current through a gramieidin A channel carried by 
a single permeant  ion species shows, within the 
frequenc) range accessible to our  measurements ,  a con- 
stant  spectral density similar in magni tude to that pre- 
dicted for a simple shot process [13], 

SH = 2 q i  H rtt {1)  

arid 

SN~ = 2q i~ rN~  (2) 

where q is the elementary charge (1 .6-10-19 C). The  
factors r H and rN~ are equal to unity in the case o f  a 
unidirectional flux of  independently-moving ions that 
encouter  only one rate-limiting step in translocation 
across the membrane;  we introduce these factors here to 
account  phenomenological ly for the concentrat ion-de- 
pendent  correlation a m o n g  individual ion t ranspor t  
events [8A4]. 

We now introduce an interaction between Na+ and 
H + currents,  such that current  carried by one ion species 
cannot  flow while one of  the olher  icn species is inside 
the channel. The mean current  i is Lhe sum of N a *  
current  and the H + current  

i = iNa  + i H (3)  

The pro ton  current  is given by 

i n  = ( l  + c s ~ r )  t 4 l  

where i ° is the current  carr ied by pro tons in the ab-  
sence of  sodium ions, eN~ is the sodium concentrat ion,  

is the entry rate of  sod ium ions, and ¢ is their mean 
dwell time in the channel. 

The  sodium current  i ~  in the absence of  p ro tons  
can be estimated from independent  experiments  at vari- 
ous  N a  + concentrat ions and at neutral  pH.  The ! I + - N a  + 
interactions, however, will result in a reduction of  iN,. 
Given the ratio p of the mobilitics of  Na  + and  H *  
inside the channel,  one can approximate  iNa by 

iN. -- - - -  (5) 
p i  H + i ° a  

As a first approximat ion  p can be assumed to be close 
to 0.1 [7]. 
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Fig. I. Kinetic schemes for ion transport in the gramicidin A channel. 
(A) Four-state scheme for a channel with two binding sites. At low 
ion concentrations the transport of the ion (N) is represented by cyclic 
transitions in the lower half of the diagram, as the empty channel [00l 
binds an ion [NO] which is then transloeated [ON] and dissociates. At 
high concentrations the transport consists of cyclic transitions in the 
upper half of the diagram. (B) Nine-state scheme for transport in the 
presence of both H + and Na*. The four states for H÷-transport alone 

are drawn with heawy lines. 

The  spectral density of  the current  fluctuations with 
both  H + and N a  + present  is approximated  by [8] 

s--- SNa + S a + 4¢Na?,'r21~t (6) 

The  last term accounts  for the noise generated by  the 
interruptions of  p ro ton  flow by the presence of  a sodium 
ion inside the channel. It  should be pointed out  that 
Eqns. 4 and 6 only hold if there are no  specific interac- 
tions of p ro tons  with sodium ions, if the dwell time of  

TABLE I 

Rate constants of a 2S3B model (Fig. 1A) for the proton transport 
through gramicidin A in s - i 

The rate constants are derived item ©xperirr;er, ts in CiMO/squalene 
membranes (Fig. 3A.B). 

Rate Value 
f N / c  2.2.10 9 
r 2.3.107 
[~H/C 1.1.10 ° 
rHH 1.1.101° 
t H 2 . 0 . 1 0  a 

Na + inside the channel  is much  larger than the dwell 
time of  H ÷ (i.e., P << 1), and if the total reduction of  the 
pro ton  current  by  sodium ions  is small (i.e., h,  ~" small). 
Provided that  the sodium ions have a high affinity to 
the gramicidin A channel,  i.e., ~ is large, one would  
expect a reduction in mean  current  and an increase in 
spectral density as C~a is increased. 

E x t e n d e d  ion t ranspor t  m o d e l  

More straightforward,  bu t  also more  involved, is the 
description of  this discrete t ranspor t  system by  mas te r  
equat ions and f luctuat ions about  their solut ions as in- 
troduced by  Frehland [11,12]. F o r  the applicat ion of  
this theory one mus t  start  wi th  a specific kinetic model  
for the ion t ranspor t  mechanism.  We start  with the 
2-site, 3-barrier model  (2S3B) o f  Finkelstein and Ander -  
sen ([1]; Fig, 1A) for p ro ton  conduct ion,  and accom- 
odate the flux of  sod ium by extending this model  to 
nine states allowing sod ium ions to compete  with pro-  
tons for the same b inding  sites (Fig. 1B). F r o m  an 
extensive n u m b e r  o f  experimental  measurements  of  ion 
flow in solut ions conta in ing  N a  + and mixtures  o f  H ÷ 
and N a  + one might  be  able to est imate all of  the 
parameters  in this scheme. We  have not  a t tempted  to do  
this, bu t  instead have used calculations based  on  sets of  
rate constants  f rom the l i terature as a compar i son  of  the 
predictions of  this model  (Table  II). 

Results 

N a  + t ranspor t :  t w o  m o d e l s  g i ve  i den t i ca l  p r e d i c t i o n s  

Fig. 2A shows values o f  i obta ined  at 200 mV 
membrane  potential  as  a funct ion of  N a  + concentra-  
tion; the data  plotted as squares  were taken f rom Neher  
et al. [15]. Super imposed  are fitted curves calculated 
f rom the four-state model  of  Fig. 1A. Fo r  the solid 
curve the start ing values of  the fit were the ' w e a k  
binding '  rate cons tan ts  of  Finkelstein and  Andersen  [1], 
while for the dot ted curve the "tight b inding '  values o f  
Ur ry  et al. [3,4] were used. The  fitted values (listed in 
Table If)  are very similar to the s tar t ing values, and  fit 
the experimental  points  indist inguishable well even 
dtough two of  the rate cons tan t s  differ by  two orders  of  
magni tude  between the two sets. The two sets of  rate 
constants  also predict  essential identical current-voltage 
relations at 100 m M  and  1 M N a  + (Fig. 2E). 

Fig. 2B compares  the predicted concent ra t ion  depen-  
dence of  the spectral density with experimental  da ta  at 
N a  + concentra t ions  of  100 m M  and  1 M. Again,  the 
two sets o f  parameters  yielded similar predictions,  such 
that we would not  be able to dist inguish between the 
two modets  even if we could reliably measure  the spec- 
tral density over a wide concent ra t ion  range. Fo r  refer- 
encc we include in Figs. 2C and  2D the concentra t ion  
dependence of channel  occupancy  predicted f rom the 
two sets of  rate constants .  Fo r  weak N a  + binding (Fig. 



2 C )  c u r v e s  for  t h e  p r o b a b i l i t y  o f  a n  e m p t y  c h a n n e l  a n d  
o n e  i o n  b o u n d  a re  s h o w n ;  s a t u r a t i o n  of  the  c u r r e n t  
o c c u r s  as  t h e  c h a n n e l  b e c o m e s  s i ng ly  o c c u p i e d .  In  the  
c a s e  o f  t i g h t  N a  + b i n d i n g  (F ig .  2 D )  i t  c a n  be  seen  t h a t  
t h e  t r a n s i t i o n  to  d o u b l e  o c c u p a n c y  (sl- ,aded r e g i o n )  is 
r e s p o n s i b l e  for  the  s a t u r a t i o n  o f  the  c u r r e n t - c o n c e n t r a -  
t i o n  curve .  

Charac ter i za t ion  o f  p ro ton  transport  

T h e  t w o  m o d e l s  for  N a  + t r a n s p o r t  m a k e  a p p r e c i a b l y  
d i f f e r e n t  p r e d i c t i o n s  for  i a t  v e r y  l o w  N a  + e o n c e n t r a -  
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Fig, 2. Na + current and spectral density in gramicidm A channels, 
with theoretical curves from fitted parameter sets co~Tesponding to 
'weak binding" of Na + {solid eurves: from Table IL t:olumn 4) and 
' t ight binding" (dotted curves; from Table 1t. column 2). (A) Loga- 
rithm of current at 200 mV as a function of Na + concentration, The 
circles are our data; the squares are data from Ne"~er et al. 115] 
extrapolated to 200 mV assuming a linear current-veltage relation- 
ship. The solid and dotted curves are nearly superimposed. (B) The 
relative spectral density, normalized to the c~assical shot noise (S,,ot 
= 2 ~ q) shown with tl~e theoretical curves for the two parameter sets. 
(C) Predicted probabiKt.¢s of channel occupancy by zero or one ion 
for the *weak binding' parameters. (D) Corresponding occupancy plot 
for the ' tight binding" parameters, with occupancy by two ions shown 
as the shaded region. (E) Current-voltage relationships in 0.l M {open 
symbols) and 1.0 M NaCl (filled symbols}. For all of the experimental 

data the two parameter sets give equally good fits. 
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TABLE II 

Different sets of rate constant~ for Na * permeation through gramicldin 
A in s -~ 

Rate 'Tight binding" "Weak binding" 

Ref. 3 J fit h Ref. 1 c fit a 

JN/C 3.0.107 6.0.107 1.9. I0 v 5.8. l0 T 
r.~ 3.0. l0 s 4.1 • 105 1.2-107 3.5-107 
fNN/C 1.2'108 6.8"107 l.O'lO a 9-6"10 "~ 
rNN 4.0. l07 3.0. l07 1.0. l0 '~ 1.7.10 '~ 
t N > 3.0- l05 3.7- l07 2.0-107 2.5 + 107 

+ After Urr'y et al. [3] derived from 2aNa-NMR experiments. For the 
translocation rate, r~. only a lower limit could be given. 

b Rate constants after Urry et al. [3] (column 1) adjusted to data as 
shown in Fig. 2. For the relative electrical position of the binning 
site in the electric field we assumed O.13. 

c After Finkelstein and Andersen [l]. 
a Rate constants after Finkelstein and Andersen [! 1 (column 3) 

adjusted to data as shown in Fig. 2. 

t ions ,  b u t  m e a s u r e m e n t  of  the  s i n g l e - c h a n n e l  c u r r e n t  is  
d i f f i cu l t  u n d e r  s u c h  c o n d i t i o n s .  I n s t e a d  w e  c h o s e  t o  
m e a s u r e  the  m o d u l a t i o n  o f  a H + c u r r e n t  by  l o w  N a  + 
c o n c e n t r a t i o n :  th i s  i n c r e a s e s  the  s i g n a l - t o - n o i s e  r a t i o  
a p p r e c i a b l y  a n d  g ives  a d i r e c t  e s t i m a t e  for  t h e  d w e l l  
t i m e  of  s o d i u m  in  t h e  c h a n n e l .  H o w e v e r ,  t h i s  a p p r o a c h  
f i rs t  r e q u i r e s  a m o d e l  for  the  t r a n s p o r t  o f  p r o t o n s  
t h r o u g h  t h e  c h a n n e l .  I t  is  k n o w n  t h a t  p r o t o n s  p a s s  
t h r o u g h  t h e  g r a m i c i d i n  A c h a n n e l  b y  fas t  e x c h a n g e  
r e a c t i o n s  w i t h  w a t e r  m o l e c u l e s  t h a t  f i l l  t he  p o r e  ( t h e  
O r o t t h u s  m e c h a n i s m  [16]). O n e  t h e r e f o r e  e x p e c t s ,  for  

e x a m p l e ,  t h a t  b i n d i n g  s i t e s  fo r  h y d r o g e n  i o n s  i n s i d e  the  

c h a n n e l  m a y  b e  less  we l l  d e f i n e d  t h a n  for  a l k a l i  ions .  
K e e p i n g  s u c h  l i m i t a t i o n s  in  m i n d ,  w e  a t t e m p t  t o  t heo -  
r e t i c a l l y  d e s c r i b e  t h e  f lux  o f  p r o t o n s  by  a 2 S 3 B  p e r m e a -  
t i o n  m o d e l  for  s a k e  o f  s i m p l i c i t y .  

F igs .  3 A , B  s h o w  t h e  a m p l i t u d e  o f  s i n g l e - c h a n n e l  
c u r r e n t s  a n d  t h e i r  n o r m a l i z e d  s p e c t r a l  d e n s i t i e s  o f  cur -  

r e n t  n o i s e  a s  a f u n c t i o n  o f  p r o t o n  c o n c e n t r a t i o n .  T h e s e  
c u r r e n t s  w e r e  m e a s u r e d  in  G M O / s q u a l e n e  m e m b r a n e s  
a t  2 0 0  inV. T h e  s i n g l e - c h a n n e l  c u r r e n t  s a t u r a t e s  s l i g h t l y  
a t  the  h i g h e s t  a t t a i n e d  c o n c e n t r a t i o n  (320  m M ) :  a l -  
t h o u g h  t h e  v a l u e s  of  i a r e  we l l  f i t t ed  b y  t h i s  m o d e l ,  t h e  
s p e c t r a l  d e n s i t y  s h o w s  a n  i n c r e a s e  a t  h i g h  c o n c e n t r a -  
t i ons  w h i c h  c a n n o t  b e  a c c o u n t e d  for  b y  t h e  m o d e l ' s  
p r e d i c t i o n  ( t h i n  c u r v e  in  Fig .  3B). 

O n e  e x p l a n a t i o n  for  the  i n c r e a s e d  n o i s e  w i t h  H + 
c o n c e n t r a t i o n  w o u l d  b e  a p r o t o n - d e p e n d e n t  b l o c k a g e  o f  

the  c h a n n e l ,  e i t h e r  d i r e c t l y  v i a  b i n d i n g  to  t h e  o u t s i d e  o f  

the  c h a n n e l ,  o r  i n d i r e c t l y  d u e  t o  p H - d e p e n d e n t  c h a n g e s  
in  the  m e m b r a n e .  F o r  e x a m p l e ,  G M O  is  u n s t a b l e  a t  l o w  
p H  a n d  i t s  f i s s ion  pioduc,  ts ,  s u c h  a s  o l i c  a c i d  a n d  
g lyce ro l ,  c o u l d  g ive  ~ s e  to  a s o l v e n t  e f f ec t  o n  n o i s e  l i k e  

t h a t  o b s e r v e d  in  G M O / d e c a n e  m e m b r a n e s  [8]. W e  

a t t e m p t e d  to  e x p l a i n  the  n o i s e  b y  m e c h a n i s m s  s u c h  a s  
t h e s e  b y  i n c o r p o r a t i n g  a c o n c e n t r a t i o n - d e p e n d e n t  
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Fig. 3. Currents  and sp~ t ra l  density in HCI solutions. (A) Logar i thm 
of  H + current as a function of  H + concentration at 200 mV mem-  
brane potential. (B) Spectral density, normalized to the shot noise 
formula. The thin curve is the prediction of  the simplc four-state 
transport model (shown as heavy lines in the state d iagram in (C)). 
The dotted curve is the best fit of  a simple proton-block mechanism; 
the solid curve was a fit by the scheme shown in C+ in which blocked 
states can be entered only if  one or more protons are inside the 
channel. The fitted rates are a = l . 6 - 1 0 3  s - t  and ~ = 8 . 1 - 1 0  s s - t ;  
the predictions for the coneent~'ation dependence of channel current  
by all three models are indistinguishable. Most  data  points  were 
dcrived from single espesiments;  error bars  indicat© standard devia- 

tions of two or  three independent measurements .  

b l o c k i n g  r e a c t i o n  t h a t  d i d  n o t  d e p e n d  o n  t h e  a c t u a l  
c h a n n e l  s t a t e .  T h e  c o r r e s p o n d i n g  f i t  i s  s h o w n  a s  d o t t e d  

c u r v e s  i n  F i g s .  3 A  a n d  B,  b a s e d  o n  a b l o c k i n g  r a t e  o f  
2 . 4 - 1 0 3  s -1  • M - I  a n d  a n  u n b l o c k i n g  r a t e  o f  4 . 4 . 1 0  s 

5 -~ .  

A better description of the data resulted from assum- 
ing that the channel can become blocked (for about  I its 
at a time) if a hydrogen ion is inside the channel.  The 
s t a t e  m o d e l  i n  F i g .  3 C  a c c o u n t s  f o r  s u c h  a m e c h a n i s m ,  

i n  w h i c h  a l l  s t a t e s  e x c e p t  t h a t  o f  t h e  e m p t y  c h a n n e l  [00 ]  

c a n  b e  t r a n s f o r m e d  i n t o  a b l o c k e d  s t a t e .  T h e  r e s u l t i n g  

f i t  i s  s h o w n  a s  t h e  s o l i d  c u r v e  i n  F i g s .  3 A  a n d  B,  w i t h  
a = 1 . 6 . 1 0  3 s - t  a n d  /~ = 8 .1  - I O  s s -~ .  W e  w e r e ,  u n f o r -  

t u n a t e l y ,  n o t  a b l e  t o  r e c o r d  c h a n n e l  c u r r e n t s  a t  l o w e r  

p H  v a l u e s  t o  f u r t h e r  t e s t  t h i s  m e c h a n i s m .  

F o r  o u r  f u r t h e r  c a l c u l a t i o n s  w e  n e v e r t h e l e s s  u s e d  t h e  

s i m p l e  f o u r - s t a t e  m o d e l  (F ig+  1 A ) ,  w h i c h  g i v e s  a g o o d  

description of the H + conductance but which under- 
estimates the spectral density. This did not  greatly 
a f f e c t  t h e  i n t e r p r e t a t i o n  o f  o u r  N a  ÷ b l o c k  e x p e r i m e n t s  

s i n c e  w e  u s e d  r e l a t i v e l y  l o w  H + c o n c e n t r a t i o n s .  

N a  + b l o c k  e x p e r i m e m s  

F i g .  4 s h o w s  t h e  m e a n  c u r r e n t s  a n d  t h e  r e l a t i v e  

s p e c t r a l  d e n s i t i e s  m e a s u r e d  i n  m i x t u r e s  o f  H + a n d  N a  +. 

T h e  p r o b e  c u r r e n t  c a r r i e d  b y  2 0  m M  ( o p e n )  a n d  8 0  m M  

H + ( f i l l e d  s y m b o l s ) ,  a t  1 0 0  m V  ( A )  a n d  2 0 0  m V  ( B )  a r e  

p l o t t e d  a s  a f u n c t i o n  o f  t h e  a d d e d  N a  + c o n c e n t r a t i o n .  

T h e  m e a n  c u r r e n t  a s  w e l l  a s  t h e  s p e c t r a l  d e n s i t y  w a s  n o t  

v e r y  s t r o n g l y  a f f e c t e d  b y  t h e  p r e s e n c e  o f  N a + ;  t h i s  

a l r e a d y  s u g g e s t s  t h a t  s o d i u m  i o n s  d o  n o t  b i n d  v e r y  

A 1 r-~: 
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Fig. 4. Na  + block experiments  with first-order block theory. Changes  
in :he current  and noise in 20 mM HCI  (open circles) and 80 mM HCI  
(filled circles) with added N a  + at 100 mV (A) and 200 mV (B), 
resp. ~ly. The solid curves represent fits of  the model- independent  
bloc., .~dction according to Eqns. 1 -6 .  The  association rate was  taken 
to be diffusion-limited: ~. = 2.0-10 7 s - I  M - I .  ~- was determined by 
least-squares fit: ,r ffi 8.4.10 - 9  s (100 mV), ,r = t 2 - 1 0  -c~ s (200 mV), 
The  doued  curves show the clearly excessive noise increases and 
current decreases at high bla ÷ concentrat ions that are predicted if  the 

Na  + dwell t imes ,r are increased by a factor  of  5. 



tightly to a site inside the channel. The curves in the 
figure are least-squares fits to the data according to 
Eqns. 3 and 6, with the relative Na  + current  noise 
parameter  rNa ~ 1 and with the proton current  noise 
parameter  r H set equal to r ° ,  the value determined in 
the absence of  N a  +. The mobility ratio, p, was taken as 
a free parameter  (initial value = 0.1). In a first simulta- 
neous  fit to  all available data, p was estimated to be 
0.138. Initially, the other  free parameters  X and ~- were 
then fitted to data  grouped according to the membrane  
potential,  with estimated values at 100 mV: ~-= 2.6- 
10 -gs ,  2k= 1.2 -10 a s -1 - M - t ;  at  200 mV: ~-= 5 .9 .10  -9 
s, h = 8.4.107 s -1 -  M - t .  Since the curves are almost  
straight  lines in the observed concentrat ion range, it was 
necessary to constrain  either A or  ¢. Taking A to be a 
typical diffusion-limited association rate, 2 .0.107 s - t  
we obtained ~, ~ 8.4- 10 -9 s (100 mV) and ¢ ~ 12- 10 -9 
s (200 mV). The  affinities of  0.17 M - t  and 0.24 M - t .  
respectively, are in close agreement  with the results of 
Finketstein and Andersen  [1 ]. However,  taking the "weak 
binding '  parameters  of a four-state t ranspor t  model  
(Table  II ,  co lumn 3), one obtains  a dwell time that is 
approximate ly  five times larger at 200 mV, yielding 
much  higher noise spectral densities (see dotted curves 
in Fig. 4). 

Predictions of the extended ion-transport model 
The  simple 'model - independent '  theory is valid only 

when  specific H + - N a  + interact ions can be ignored, and 
when  the probabi l i ty  of  occupancy of  the channel  by 
N a  + is low. The  latter a ssumpt ion  almost  certainly did 
not  hold t rue for the data  points  obta ined in 1 M NaCi.  
Further ,  the theory yields dwell times for ions in the 
channel ,  which are not the same as dwell t imes at the 
b ind ing  sites and therefore are not directly related to 
the dissociation rate. A more  r igorous approach  is to 
calculate the current  and speciral density for the nine- 
s tate  model  (Fig. 1B) which accomodates  directly the 
t ranspor t  of  both  H + and N a  + (see ReL 8). This  model 
explicitly conta ins  the voltage dependence of  ion trans- 
por t  and  can therefore provide informat ion about  equi- 
l ibr ium rate eons t .n t s .  

Most  of  the rate constants  in the nine-state model are 
the same as those in the four-state models  for H + and 
N a  + permeat ion  alone. The constants  for H + t ranspor t  
were taken f rom Table  I and the adjusted rate constants  
for  N a  ÷ t ranspor t  in the cases of  tight and weak bind- 
ing were taken f rom Table  II, co lumns  2 and 4, respec- 
tively. The  other  rates, mixed-occupancy configuration, 
were obtained by  assuming  that  the association and 
dissociation of  a second ion is independent  of  the 
species of  the first bound  ion, i.e., fN,~ =fNN,  rNn = rNN 
and fHN = /HH,  rHN = ?'HH" The solid and dotted curves 
in Fig. 5 are predictions based on  these sets of  rate 
cons tan ts  for 20 m M  (Fig. 5A) and 80 mM H ÷ (Fig. 
5B). It  is clearly seen that the model  with tight sod ium 
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Fig. 5. Na + block experiments wlth predielions of  a nine-state trans- 
port model. Normalized spectral density and logarithm of single-chan- 
nel current as function of Na concentration in 20 mM (A) and 80 
mM HCI (B). Data obtained .~t 100 mV and 200 mV are shown as 
open circles and filled circles, respectively. The curves were calculated 
from the nine-state transport model {Fig. 1B) with independently-de- 
termined parameters. The PI + transport parameters were from the fits 
in Fig. 3. and are given in Table !. Parameters for Na ÷ transport were 
from column 4. of Table II ('weak binding" model: plotted as solid 
curve) or from column 2 of Table 11 {'tight binding" model: dashed 

and dashed-dotted curves). 

b inding predicts a reduction in mean current  and a very 
large increase in noise spectral density that were not  
observed. The weak binding mode1 predicts only small 
changes in current  and noise, consistent with the ob- 
servations. The deviations between the weak binding 
model and the data likely arise f rom the lack of  a 
'correct" t ransport  model for p ro ton  permeat ion (see 
above). The rather  s t rong discrepancy between data  and 
model predictions at high N a  + concentra t ions  indicate 
the limitations of  the model which does not  account  for 
specific H + - N a  ÷ interactions either. 



Discuss ion  

Current  and spectral density of  sodium flux through 
the gramicidin A channel can be described by a two-site, 
three-barrier model. Such a description, however, is not 
unique; two very different sets of rate constants  yield 
equally good characterizations of  the conductance and 
noise data. To discriminate between these 'weak-b in-  
ding'  and ' t ight-binding '  models, we measured the mean 
value and spectral density of p ro ton  currents  in the 
presence of  various concentrat ions of  N a  +, as well as in 
the absence of  Na  +. These experiments  are analogous to 
ones performed on Ca 2+ channels [6], in which interrup- 
tions of a Na  + or  Li + current  were used to measure the 
entry rate and dwell time of  divalent cations in the 
channe l  However as we expected, the Na  + dwell times 
are far too short  to produce resolvable in terrupt ions  in 
the single-channel current. The presence of  N a  + was  
seen to cause only a small decrease in the H + current,  
and a small open-channel  noise. F rom the numerical fit 
of  a simple first-order block mechanism to the data we 
obtained Na + dwell times of 8 .4 .10  -9 s and 12-10  -9 s 
and non-equil ibrium Na  + affinities of  0.17 M -~ and 
0.24 M -  ] at membrane  potentials of 100 mV and 200 
mV, respectively. These values agree well with the 
'weak-binding '  Na  + t ranspor t  rate constants  of  Finkel- 
stein and Andersen  [1]. 

A more general approach  is to calculate the current  
and noise in a discrete t ranspor t  system according to 
Frehland [11,12]. For  this, a kinetic model of  t ranspor t  
for H + as well as Na + was required. Assuming  no 
species-specific interactions between ions in double oc- 
cupancy of the channel, we combined our  estimated H + 
t ranspor t  rates with either the "weak-binding'  or  the 
"tight-binding" parameter  sets and again found good 
agreement witi~ the former set. The spectral density data 
discriminated ve~T strongly against  the t ight-binding 
parameter  set, whicii predicted spectral densities more  
than 20-fold larger than was observed. 

Meanwhile, in the process of  characterizing the H ÷ 
permeation,  we found a large excess noise at low p H  
that could not be described by the four-state ion-trans-  
por t  model alone. We obtained a good description of  
the concen~.ration dependence of  the noise by adding 
states to the model, allowing transit ions into a blocked 
state (blocked time ~ 1 bts) to occur, but  only when the 
channel is occupied by H +. 

Our  study of Na + permeation therefore confirms the 
view that Na ÷ has a relatively low affinity for the 

gramicidin A channel, and that the apparen t  sa turat ion 
of  channel  current  at Na  + concentra t ions  above 1 M 
likely arises from the channel  becoming  occupied by 
one ion: double occupancy by  N a  + probably  is a rare 
occurrence at accessible Na  + concentrat ions.  The  rela- 
tively tight Na  + binding cons tan t  of  ~-30 M - t  de-  
termined by 23Na-NMR [4] and by a combinat ion  of  
2°STI-NMR and cation compet i t ion [17] therefore ap- 
pear  not  to reflect the binding of  N a  + in the permeat ion 
pa thway of  the funct ioning gramicidin A channel.  We  
wonder  if they might  represent  b inding  to another ,  
nonconduct ing  conformat ion  of the gramicidin A pro-  
tein. 
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