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S u m m a r y  

The  thal lous ion was f o u n d  to  in te rac t  very  specifically with gramicidin 
channels  in black lipid membranes .  Al though  the ion itself carries cu r ren t  
th rough  the channel  be t t e r  than  Na ÷ or K +, it blocks Na ÷ currents  at concen-  
t ra t ions  which are two  orders  of  magn i tude  lower  than the  Na ÷ concent ra-  
tions. 

Black lipid membranes  are widely  used as mode l  sys tems for  the s tudy  
of  electr ical  permeabi l i ty .  High selectivi ty among  cations,  which  is c o m m o n  
in biological  systems,  has so far on ly  been r epo r t ed  for  membranes  d o p ed  
with carriers, such as va l inomycin .  Typica l  channel  fo rmers  such as gramicidin 
and a lamethic in  lack this p r o p e r t y  [1 ] .  An ex cep t i o n  to  this rule has r ecen t ly  
been d e m o n s t r a t e d  by  Eisenman et  al. [2] who  f o u n d  f rom m e m b r a n e  
po ten t ia l  measu remen t s  in gramicidin doped  bilayers tha t  the thal lous  ion 
T1 ÷ plays a special role among  the m o n o v a l e n t  cations.  Its pe rmeabi l i ty  rat io 
with respec t  to  K ÷ is a p p r o x i m a t e l y  50 (at a concn  10 -2 M) as co m p a red  to  
rat ios be tween  0.1 and 2 for  mos t  o the r  m o n o v a l e n t  cat ions  [ 1 ] .  

Thal l ium also has some ex t r ao rd ina ry  proper t ies  wi th  respect  to  biolo- 
gical membranes .  It  is the mos t  permeable  ion in the K ÷ channel  of  squid [3] 
and mye l ina t ed  nerve [4] .  I t  is actively t r anspor ted  in to  human  red cells in 
exchange  for  in ternal  Na ÷ and subst i tu tes  with high af f in i ty  for  K ÷ at the 
ex te rna l  I~ binding sites of  the Na ÷ pump  [5 ] .  It  also compe tes  reversibly 
with t e t r o d o t o x i n  and saxi toxin  for  binding sites in the Na ÷ channel  of  nerve 
m e m b r a n e  [6 ] .  Its in te rac t ion  wi th  these sites is 50 to  100 t imes s t ronger  
than  tha t  o f  Na ÷ or  K ÷. 

*Present  address:  Yale Univers i ty  School  of  Medicine,  D e p a r t m e n t  of  Phys io logy,  New Haven ,  Conn.  
06510 ,  U.S.A. 



541 

In the light of these findings it seemed interesting to investigate the con- 
ductance of T1 ÷ in gramicidin induced ionic channels more closely. 

Black lipid membranes were made from 20 mM solutions of glyceryl- 
monooleate  in hexadecane across a 300 pm diameter hole in a polypropylene  
vessel as described earlier [7] .  Small quantities (0.1 to 0.2 ml) of a 5 ng/ml 
ethanol solution of gramicidin A were added to the electrolyte (total volume: 
30 ml) until discrete current  steps occurred at fixed membrane voltage. The 
most  f requent  unit  step size was determined for + 20 mV and + 15 mV mem- 
brane voltage. From these four  values conductance was calculated and desig- 
nated as "zero  current  conductance" .  In some cases, unit  step sizes were also 
determined at -+ 100 mV. The ratio A I/A V (current-voltage) in these cases 
was designated "conductance  at 100 mV".  Extremely small diameter mem- 
branes between 150--300 pm diameter  were prerequesite for measuring unit  
step sizes in the range 0.05--0.2 pA (see insert Fig. 1). The experiments were 
performed at room temperature  (22 to 24°C). Since T1C1 is not  well soluble 
in water, acetate salts (thallous acetate and sodium acetate, suprapure from 
Merck) were used. NaC1 or T1C1 respectively was added to all solutions at a 
concentra t ion of 1 mM in order to stabilize electrode potentials (silver/silver 
chloride sintered pellets). 

Concentration-dependence o f  channel conductance. Zero current  con- 
ductance of gramicidin-induced channels was determined as a funct ion of 
concentra t ion of  Tl+-acetate. It  showed the typical saturating behaviour 
found for other  monovalent  cations [8] .  This behaviour is well described by 
L~iuger's theory  of channel conductance [9] ,  in which saturation is the result 
of a mutual  exclusion of ions within the channel. In this theory,  the concen- 
tration dependence bears a formal analogy to an adsorption isotherm. There- 
fore the data are plot ted as double reciprocal plots in Fig. 1A. The apparent  
binding constant  KNa has a value of  6.2 M -~. Fig. 1B (circles) gives the data 
on pure sodium acetate solutions for comparison. It is evident that  T1 ÷ gives 
a slightly higher limiting conductance than Na ÷ and reaches saturation at 
lower concentrat ions.  Its apparent  binding constant  KT1 is 12.3 M -1. 

Surprisingly, Na ÷ currents are markedly depressed by traces of  T1 ÷. 
Channel conductance as a funct ion of NaC1 concentrat ion was determined 
in the presence of a constant  2 mM thallous acetate. In the double-reciprocal 
plot  of  Fig. 1B the inhibition appears to be competitive. However, a value of 
800 M -~ is obtained for the inhibi tory binding constant  of thallium KTI,I. It 
should be noted that  this value is almost a hundred times higher than the ap- 
parent  binding constant  KT1 in pure Tl÷-solutions. A simple mutual  exclusion 
mechanism would predict  KTI,I = KTt. 

For T1 ÷ a pronounced  change in the I-V relation from sublinearity to 
supralinearity is seen with increasing concentrat ion;  for  Na ÷ this is not  so 
obvious. 

Single channel conductance is dependent  on tool fraction. To study 
Na÷/T1 ÷ interaction further,  channel conductance  was measured at a 1 M total 
salt concn with the ratio T1 ÷ : Na ÷ being varied symmetrical ly in both chambers, 
by analogy with the procedure  first used by Eisenman et al. in analyzing the 
complex behavior of  thin glass films [10] .  Fig. 2 shows a pronounced  depres- 
sion in the curve relating unit  channel conductance  to mol fraction of  T1 ÷. 
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Fig.  1. D o u b l e - r e c i p r o c a l  p l o t  o f  t h e  c o n d u c t a n c e  o f  g r a n l i c i d i n - i n d u c e d  s ing le  c h a n n e l s  v e r s u s  sal t-  
c o n c e n t r a t i o n .  C l o s e d  s y m b o l s  are v a l u e s  o f  " z e r o  c u r r e n t  c o n d u c t a n c e " .  O p e n  s y m b o l s  r e f e r  to  con-  
d u c t a n c e  a t  1 0 0  m V  a p p l i e d  p o t e n t i a l .  The  s o l u t i o n s  are s y m m e t r i c a l  on  b o t h  s ides  o f  the  m e m b r a n e .  
In  p a r t  A t he  sa l t  is t h a l l o u s - a c e t a t e ;  in  p a r t  B the  sa l t  is p u r e  s o d i u m  a c e t a t e  fo r  c i rc les  a n d  i t  is 
s o d i u m  a c e t a t e  p l u s  a c o n s t a n t  a m o u n t  o f  2 m M f l i t e r  t h a l l o u s  a c e t a t e  fo r  squares .  A n a l y s i n g  " z e r o  
c u r r e n t  c o n d u c t a n c e " ,  p a r t  A s u g g e s t s  a b i n d i n g  c o n s t a n t  [9 ]  for  T1 + o f  K T I -  12 .3  M l;  f r o m  B a v a l u e  
o f  K N a  o f  6 .2  M i is o b t a i n e d .  The  s c a t t e r  in  t h e  d a t a  p o i n t s  f o r  d i l u t e d  s o l u t i o n s  d o e s  n o t  o r i g i n a t e  
f r o m  i n a c c u r a c y  in  t he  d e t e r m i n a t i o n  o f  c o n d u c t a n c e  v a l u e s  b u t  f r o m  d i f f e r e n c e s  b e t w e e n  d i f f e r e n t  
m e m b r a n e s  a n d  a lso  s l o w  d r i f t s .  These  d r i f t s  were  n o t  o b s e r v e d ,  w h e n  sa l t  c o n c e n t r a t i o n s  were  in  t h e  
s a t u r a t i n g  range .  In  o r d e r  t o  d o c u m e n t  t he  a c c u r a c y  o f  t h e  da t a ,  an  o r i g i n a l  c u r r e n t  t r a c e  is i n c l u d e d  as 
an  i n s e r t  in  p a r t  B. Sa l t  c o n c e n t r a t i o n  is 6 2 . 5  m M  s o d i u m  ace t a t e .  V o l t a g e  is s w i t c h e d  f r o m  - - 1 5  m V  at  
a b o u t  t he  m i d p o i n t  o f  t h e  r e c o r d i n g .  T h e s e  c o n d i t i o n s  are a m o n g  t he  m o s t  u n f a v o u r a b l e  o n e s  e n c n u n t e r t * d  
d u r i n g  t h i s  i n v e s t i g a t i o n  ( s m a l l e s t  c h a n n e l  sizes).  Mean  c h a n n e l  s izes o f ~ 0 . ]  3 p A are d e t e r m i n e d  f r o m  
th i s  r e c o r d  a t  ~ 15  m V .  The  v e r t i c a l  b a r  r e p r e s e n t s  0 . 2 5  p A :  t o t a l  d u r a t i o n  o f  t h i s  s e g m e n t  is 1 4 0  s. 
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Fig.  2. P l o t  o f  the  c o n d u c t a n c e  o f  g r a m i c i d i n  i n d u c e d  s ing le  c h a n n e l s  ve r sus  m o l e - f r a c t i o n  o f  T1 + a t  
1 M t o t a l  c o n c e n t r a t i o n  o f  t h a l l o u s  a c e t a t e  p l u s  s o d i u m  a c e t a t e ;  s y m m e t r i c a l  c o n d i t i o n s  on  b o t h  s ides  
o f  the  m e m b r a n e  • • z e ro  c u r r e n t  c o n d u c t a n c e ;  o-o,  c o n d u c t a n c e  a t  1 0 0  inV.  The  u p p e r  p a r t  is an e x -  

p a n d e d  v i e w  o f  t h e  l o w e r  one .  T h e  t h i n  c o n t i n u o u s  l ine  i n  each  p l o t  is c a l c u l a t e d  a c c o r d i n g  t o  

A : ;ko ,Na/[  I+(1KTI,ICT1)/(KNaCNa)] + Ao,T1/[ l+(l+KNa,i.CNa)/(KTl.CT1) ] 

w i t h  k o , N a ,  k o , T l ,  KNa ,  KTI  a n d  KTI,I t a k e n  f r o m  Fig.  1. K N a , I  h a d  t o  be  t a k e n  as zero .  W h e n  s e t t i n g  
K N a , I  = K N a  d e v i a t i o n s  u p  t o  50% o c c u r r e d .  
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Analogous behavior was reported for the membrane of starfish egg cell [11].  
Extending L~iuger's theory [9] of channel conductance to the case of 

two cations present symmetrically on each side of the membrane, one arrives 
at 

1 1 

= }k°'Na ±~ + ( i  + l i T  I [ [ l l N !  T'~ l ' C T l ' " ~ N a C - - a  --~ + k0,Tl i ' r [ l - r / ~ N  ' [ ~ -~ . , . , - :  ~,r--a. C N a , / , K T l C T l  , (1 )  

where h is the conductance of the channel, ho, Na and ho,T1 are maximum 
conductances obtainable at high concentrations of the respective ion, KNa 
and KT1 are binding constants of Na ÷ and T1 ÷ to the pore, and CNa and CT1 
are ion concentrations. This expression is obtained by replacing the quanti ty 
P (probability of occupancy of a pore) in Eqns 40 and 41 of ref. 9 by its 
equilibrium value as derived from Eqns 5 and 6 of the same reference. A 
monotonically increasing curve would be obtained in Fig. 2 under these con- 
ditions, since ~T1 > hNa- Obviously Eqn 1 cannot be fitted to the data. Con- 
sidering, however, that  the term (I+KTlCT1) in the first part of Eqn 1 repre- 
sents the inhibitory effect of TF on the Na ÷ contribution to the current, it 
seemed interesting to replace KTI ' in this expression by KTI,I as derived from 
Fig. lB. An accurate fit to the data can be obtained (see solid line in Fig. 2) 
by inserting the values for X o Na, Xo,T1, KNa, KT1, and KTI,I from Fig. 1 
into Eqn 1 with the additional assumption that  there is no inhibitory effect 
of Na ÷ on the TF contribution to the current (KNa in the second term of 
Eqn 1 was set to zero). 

This result is a strong indication that  a simple mutual  exclusion mech- 
anism among ions in a channel does not  apply to the action of T1 ÷. On the 
other hand, the specific alterations in Eqn 1 which are necessary to fit the 
data may provide some hints for selecting a better model: If it is assumed 
that  T1 ÷ binds specifically to the lipid, creating a surface charge, all cation 
concentrations would be reduced at the interface in the presence of small 
amounts of T1 ÷. Such a mechanism would predict the observed effects but 
was ruled out by the experimental finding that  the presence of divalent, 
negatively charged ions (2 mM Na2SO4) did not increase the channel conduc- 
tance in 20 mM T1 ÷ acetate solutions. If the proposed mechanism would apply, 
sulfate-ions should have a strong screening effect under these circumstances. 

Alternatively a mechanism involving a structural change of the channel, 
depending on mol fraction, might apply, similar to that  suggested by studies 
on ion-sensitive glasses [10].  

The results reported here are the consequence of a highly selective inter- 
action between T1 ÷ and an ionic channel (or the membrane in which it is em- 
bedded). This is the only specific interaction between an ion and a well de- 
fined channel so far reported for model membranes. 

Acknowledgement: I wish to thank Prof. George Eisenman, who sug- 
gested most of these experiments. 
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