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Summary. This paper presents an experimental study and a theo- 
retical interpretation of the effects of thallous ion on the electri- 
cal properties of the cation-selective channel of the sarcoplasmic 
reticulum (SR channel). The properties of this channel in solu- 
tions which do not contain thallous ion are consistent with the 
predictions of Lfiuger's theory for singly occupied pores (P. 
L~iuger, 1973, Biochim.  Biophys.  Aeta  311:423-441). However, 
this theory does not account for SR channel properties in mix- 
tures containing thallous ion. SR channel conductance is less 
than predicted in mixed salt solutions of thallium with either 
potassium or ammonium (J. Fox, 1983, Biochim. Biophys.  Acta  
736:241-245), yet is greater than expected in mixtures of lithium 
and thallium. In a simple single-ion pore, the ratio of the prod- 
ucts of the single-salt binding constants and maximum conduc- 
tances is equal to the permeability ratio calculated from zero- 
current potential experiments under near equilibrium conditions. 
This is not found for the SR channel when thallous ion is present. 
SR channel properties in the presence of thallous ion can, how- 
ever, be explained by a model which postulates the existence of 
two external modulatory sites on the channel, without implying 
double-occupancy in the permeation pathway. When thallous ion 
is bound to a modulatory site the maximum conductance of the 
channel to all permeating ions is altered (thallous included). Two 
otber models (a three-barrier, two-internal-site pore which al- 
lows multiple occupancy, and a pore with fluctuating barriers) 
are discussed, but are found to be unable to fit our conductance 
data at different concentrations. 
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Introduction 

This paper describes thallous ion permeation in the 
cation-selective channel of rabbit sarcoplasmic re- 
ticulum (SR channel). Previous work (Fox, 1983; 
1984) has shown that this channel is permeant to 
thaUous ion, and that channel conductance in mixed 
cation solutions containing thallous ion is less than 
expected by simple one-ion pore models. In this 
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paper we present a more extensive description of 
these effects, including the new finding that the thal- 
lous ion can enhance the conductance of the SR 
channel in mixtures with lithium, and we also pro- 
pose a model to account for all of these effects. 

THE CATION-SELECTIVE CHANNEL 

OF THE SARCOPLASMIC RETICULUM 

The SR channel is a protein channel selective for 
monovalent cations, first described in artificial 
membranes by Miller and his coworkers (Miller & 
Racker, 1976; Miller, 1978; Miller & Rosenberg, 
1979a,b; Coronado, Rosenberg & Miller, 1980; La- 
barca, Coronado & Miller, 1980). It can be inserted 
into artificial bilayer membranes, where its electri- 
cal properties can be examined under controlled 
conditions (Miller, 1978). When SR vesicles are pre- 
sented to one membrane face only, virtually all of 
the inserted channels have the same orientation, as 
determined by the asymmetric response to applied 
voltage, blockers and proteolytic enzymes (Miller, 
1978; Coronado & Miller, 1979; Miller & Rosen- 
berg, 1979a,b; Labarca et al., 1980; Miller, 1982b). 

The conductance of the open state in symmetric 
single-salt solutions saturates with increasing ion 
concentration, with a maximum limiting conduc- 
tance in PE-PC bilayers of 223 pS for potassium and 
7 pS for lithium (Bell & Miller, 1983). Zero-current 
potentials measured under bi-ionic conditions do 
not vary with the total ion concentration, and per- 
meability ratios calculated from these potentials are 
equal to the conductance ratio for the same pair of 
ions at low concentration. These data are consistent 
with a simple single-ion pore model for the SR chan- 
nel (Coronado et al., 1980). 

Channel current increases nearly linearly with 
applied potential through the open channel for both 
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positive and negative potentials (Coronado et aJ., 
1980; Labarca et al., 1980). Current through the SR 
channel may be blocked in a voltage-dependent, 
competitive manner by various divalent cations 
(Miller, 1978), cesium (Coronado & Miller, 1979), 
several monovalent quaternary ammonium ions 
(Coronado & Miller, 1982) and several bis-quater- 
nary ammonium compounds (Coronado & Miller, 
1980; Miller, 1982b). The blocking data is consistent 
with a single-ion pore model of SR channel conduc- 
tance (Coronado & Miller, 1982; Miller, 1982b). 

In summary, the rabbit SR channel is permeant 
to monovalent cations, blocked in a voltage-depen- 
dent, competitive fashion by several organic cations 
and cesium, and behaves like a one-ion pore. More 
detailed information on the properties of this sys- 
tem may be found in recent reviews (Miller, 1982a; 
1983). 

THALLOUS [ON EFFECTS ON CATION CHANNELS 

The thallous ion exhibits anomalous behavior in 
many cation channels in that, while permeant, it 
blocks current when present in mixed-salt solu- 
tions. It is more permeant than potassium in the 
potassium channel of squid (Hagiwara et al., 1972), 
frog node of Ranvier (Hille, 1973), in the anomalous 
rectifier channel of starfish egg (Hagiwara et al., 
1977) and frog muscle (Gay, 1981; Ashcroft & Stan- 
field, 1983), and as permeant in the gramicidin chan- 
nel (Andersen, 1975; Eisenman, Sandblom & 
Neher, 1977). Yet, anomalous rectifier channel 
conductance goes through a minimum at low mole 
fractions of thallium in mixed thallium-potassium 
solutions in starfish egg (Hagiwara & Takahashi, 
1974; Hagiwara et al., 1977) and frog muscle 
(Ashcroft & Stanfield, 1983). The same effect is 
seen with gramicidin channel conductance in mix- 
tures of thallium with sodium (Neher, 1975) or po- 
tassium (Andersen, 1975). 

Thallium effects in gramicidin have been mod- 
eled as being due simply to occupation of the chan- 
nel by both thallium and potassium at one time (Ur- 
ban, Hladky & Haydon, 1978; Hladky, Urban & 
Haydon, 1979), or to multiple occupancy in concert 
with ion binding to external modulatory sites 
(Eisenman et al., 1977; Sandblom, Eisenman & 
Neher, 1977). 

Alternatively, the thallous ion effects observed 
in the anomalous rectifier channel have been ac- 
counted for by modifying a single-ion pore model 
for that channel (Ciani et al., 1978) by postulating 
that the conductance and gating properties of this 
channel are altered when thallous ions are bound to 
an external "gating site" (Krasne et al., 1983). 

Thus, similar thallous ion effects have been ac- 
counted for by dissimilar models, some of which 
allow only one ion to occupy a pore at any one time, 
others allowing multiple occupancy of the pore. Al- 
though these two kinds of models can make similar 
quantitative predictions, we find that the one-ion 
model better fits our data. 

Materials and Methods 

PREPARATION 

OF THE SARCOPLASMIC RETICULUM VESICLES 

Rabbit sarcoplasmic reticulum vesicles (SR vesicles) were pre- 
pared by the method of Miller and Rosenberg (1979a), and stored 
in 0.4 M sucrose in glass tubes at -7(1~ until use. The final con- 
centration of the SR vesicle solution in sucrose was 4 to 8 mg 
protein per ml solution. Calcium uptake, measured with 45Ca 
label as detected by liquid scintillation counter, was used to as- 
say the condition of the vesicles. Typically, 100,000 cpm were 
observed for a 50-/xl aliquot of the vesicle preparation (corre- 
sponding to roughly 300 nM Ca '-+ taken up per mg protein per 
minute over 5 rain). 

SOLUTIONS 

Acetate salts were used in all solutions to insure adequate thal- 
lium solubility. Salt solutions also contained 5 mM MOPS or 
HEPES buffer, and 0.1 mM EDTA, at pH 7.0 (set with Tris or 
KOH). Solutions were made fresh each day, either from the dry 
salts or from stock 1 M solutions. All solutions were filtered with 
a 0.22/zm pore diameter disposable filter just before use. 

Activity coefficients are from the Tables in Robinson and 
Harned (1941). Coefficients for concentrations below 0.1 M were 
calculated by the method of Guggenheim as described in the 
above reference. 

BILAYER FORMATION 

Mueller-Rudin bitayers were formed from a 90% t-alpha-dioleoyl 
phosphatidyl ethanolamine (PE) and 10% L-alpha-dioleoyl phos- 
phatidyl choline (PC) mixture in decane (10 rag lipid per ml dec- 
ane), made fresh each day. Lipids were purchased from Avanti 
Polar Lipids, and the decane from Sigma Chemical Company. 
These bilayers were formed across a small (0.3 to 0.5 ram) hole in 
the wall of a polystyrene test tube held in a Plexiglas | chamber 
with an optically flat glass window. The bilayer separated the 
solution inside the test tube (the t rans  pool, containing approxi- 
mately 3 ml) from the solution in the Plexiglas | chamber (the cis 

pool, approximately 7 ml). Although these membranes were gen- 
erally quite stable, after fusion of the sarcoplasmic reticulum 
vesicles they became unstable at high voltages. Membrane insta- 
bility increased as the concentration of thallium was increased 
both in single-salt and mixed solution experiments. 

Montal-Mueller bilayers were formed across a hole (0.1 to 
0.2 mm) melted into a piece of 13/zm thick Teflon sheet which 
covered a " V "  cut in a septum separating two pools in a Teflon 
chamber. These membranes were made from mixtures of PE and 
PC or PE and PS, at a concentration of 10 mg/ml in pentane. 
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CHANNEL INSERTION INTO THE MEMBRANE 

Once a membrane was formed and a stable baseline observed, 
SR vesicle solution was added to the cis pool in the presence of 1 
mM calcium with stirring (to a final concentration of 50 to 100/xg 
of protein per milliliter), with the membrane potential held at 
+40 mV. In some cases with the Montal membranes, an osmotic 
gradient was created across the membrane by addition of sucrose 
to the cis pool to enhance channel insertion. Once channel steps 
were observed, the voltage was set to zero and EDTA was added 
in order to prevent further insertion. 

ELECTRONICS 

Single-channel current steps were monitored with a high-gain 
current-to-voltage converter, consisting either of a Function 
Module 380K amplifier with a 1 Gf~ feedback resistor, or, of a 
circuit patterned after the patch clamp amplifier described in 
Hamill et al. (1981). Electrical connection to the bathing solu- 
tions was via Ag/AgC1 electrodes and agar bridges, the cis pool 
being connected to the voltage source (a battery), and the trans 

pool to virtual ground. 

C H A N N E L  CONDUCTANCE MEASUREMENTS 

The single-channel conductances reported in this paper are the 
average of the experimental conductances found at + and - 20 
mV applied voltage (in some cases values from + and - 40 mV 
were included when the current was too small for reliable mea- 
surements at 20 mV). These conductance values are meant to 
approximate the zero-current conductance of the SR channel. 

Results 

The theory and experiments described in this sec- 
tion deal with the effects of thallium on the electri- 
cal properties of single SR channels in pure thallium 
acetate solutions, and in mixed solutions containing 
thallium and another permeant cation. Some of the 
data presented here have been reported previously 
(Fox, 1983; 1984), but are presented again in this 
paper to illustrate the fit of the model to the com- 
plete set of measurements. 

THEORETICAL RESULTS 

The model which we developed is described in de- 
tail in Appendix A. In this section, we present only 
the main results which will be used to fit the experi- 
mental data. In agreement with Coronado et al. 
(1980), we postulate that the pore of the SR channel 
may be occupied by only a single ion, but we also 
make the further assumption that there are two ex- 
ternal binding sites on the channel, one at each side, 
and that when a thallous ion is bound to one of 
them, the conductance properties of the channel are 

. q l  pI c I 

"r p" c" 
Fig. 1. This diagram illustrates our conception of the SR channel 
pore in terms of the energy barriers an ion would encounter 
during permeation. The pore may be found in either the "un- 
bound" state, or, following thallous ion binding to one of the 
external modulatory sites, the "bound"  state�9 The symbols 
above the arrows (which indicate the directions of ion flow) 
denote the ion jump rates. According to our assumptions, the 
transition of the pore between the " 'unbound" and the "bound"  
states does not alter the depth of the well, and leaves the relative 
heights of the barriers unchanged 

altered. We assume that other cations may compete 
with thallous ion for binding to these external sites, 
but that only thallous ion binding alters the perme- 
ability properties. A diagram illustrating some fea- 
tures of the channel is shown in Fig. I. 

Applying Eyring rate theory to a two-barrier, 
one-internal-site pore model, the following equation 
which describes the zero-current conductance is ob- 
tained: 

(1 + 2KBCj') -J 
go = 1 + K~:CK + KrCr {g~axKKCK + g~axKrCr 

+ 2KBCr[gr~:xKKCK + g~r~'xK~Cr]} (1) 

for a membrane separating symmetrical solutions 
containing two permeant cations. In this, as well as 
the following equations, the subscript T represents 
thallium, and K the other cation. Thus, K may rep- 
resent K +, Na +, NH~-, or Li +. Cr and CK are the ion 
concentrations, while KK and Kr are the ion binding 
constants to the internal site of the channel (which, 
according to our model, are the same regardless of 
the occupancy state of the modulatory site). Thal- 
lous ion binding to the external sites is described by 
the effective binding constant KB; g~aX and g~ax are 
the maximum channel conductances in single-salt 
solutions of the subscripted ion for a channel with 
no thallous ion bound to an external site, while gB~ • 
and g~X are the same quantities when a thallous ion 
is bound to one of the external sites. When ex- 
pressed as functions of the rate constants of perme- 
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ation, defined in Fig. 1, the binding constants to the 
internal site and the maximum conductances are 

- -  t - - r e  - -  t - - i t  

K~ Pi Pi  PBi PBi 
-,, - - ,  - -,, =7 (i = K, T) (2) 
I~i I&i [s I&Bi 

and 

gp,~• . . . .  
kT 7.; + ~;' 

- -  (1 = K ,  T, B K ,  B T ) .  (3) 

Note that it is possible to describe the binding con- 
stants K~ in terms of the rate constants for both 
" b o u n d "  and " u n b o u n d "  pores [as in Eq. (2)] as a 
consequence of an assumption of  our model (as- 
sumption 6 in Appendix A) and of microscopic re- 
versibility. 

The parameter  KB, which has been introduced 
mainly to shorten the equations, could be called the 
effective binding constant of Tl + to the external 
modulatory sites and is defined, in terms of the real 
binding constants,  Ker  and KBK, by 

K B T  

KB = I + KBK(C' K + C~:) (4) 

When the solutions are symmetrical,  as in the 
case of  Eq. (1), the denominator  reduces to 1 + 
2 K B K C K .  

Sing le -Channe l  Conduc tance  
f o r  Arbi trary  Vol tage 

At voltages away from zero, the conductance in 
symmetric mixtures can be described by the follow- 
ing expression: 

e" - I P K C K  + P T C 7  
g(u) - - u  ( vK vr ~ (5) 

(1 + 2 K s C r ) \ I  + - - + . 1  /xr/ 

where the parameters  thus far undefined have the 
following meanings: u is the potential in units of 

kT/e, VK/~K and RT/~T are 

v, _ v; + v'; I + Ri e '": 
tzi p.; + tz ~, - KiCi 1 2,, + Riell ,_~,1,,/2 (i = K,  T) (6) 

where K~ and a are defined in Eq. (2) and in Fig. 1, 
respectively, and 

,,-f 
R~ = ~i,(i  = K, T). (7) 

Finally, the two quantities, PK and Pr,  are 

I + R ;  
P, = ,.., :"',:K, ,, {,~,?~" * 2K,C,G;"I (i = ~. 7~ (8) 

I + Rie"- 

where all the parameters on the right-hand side 
have been defined previously. 

Zero-Curren t  Poten t ia l  

When the channel is in a membrane separating dif- 
ferent ionic solutions, the expression for the zero- 
current potential can be cast in a form similar to the 
Goldman-Hodgkin-Katz equation, in which the per- 
meability ratio is given by 

Pa K~ I + R~. ! + R,e"': .a,i~ ~'~ + K~(C} + C'hgTd' (9) 
- -  = - -  

P~ K~ 1 + R j  I + Rue ''/2 g,~'~'~ + K~(C} + C'~)g~'}" 

The permeability ratio, Pr/PK, becomes voltage in- 
dependent  when RK = Rr ,  a requirement that coin- 
cides with the condition that the difference between 
the two energy peaks be the same for the two ions. 
Note also that if KB is sO large that 

g~aX < Ks(C'r + Cr)gsx" max (10) 

for at least some experimental  values of the thallium 
concentrat ions,  the permeability ratio Pr/PK is not 
relatable to the ratio of the zero-current  conduc- 
tances in single-salt solutions. This case applies to 
our system, since the fitting value of Ker is indeed 
very high, and the conductance ratio for K + and Tl + 
does not agree with the permeability ratio. 

EXPERIMENTAL RESULTS 

S R  Channe l  C o n d u c t a n c e  in Thall ium A c e t a t e  

Single-channel current steps were recorded in thal- 
lium acetate solutions at several concentrations. 
Current records from these single-salt experiments 
are shown in Fig. 2. A plot of  channel conductance 
(as measured from current traces such as these) ver- 
sus thallium concentrat ion is shown in Fig. 3. SR 
channel conductance approaches a limiting value of 
57.5 pS, with an apparent  dissociation constant of 
18.25 mM (corresponding to 54.8 M-l). According to 
our model, these are the values of  gBrmax and K>  
respectively. (The observed maximum limiting con- 
ductance in pure thallium corresponds to gBr~aX and 
not gT ax since, in our model, the external sites will 
saturate at high thallous ion concentrat ion along 
with the internal site in the permeation pathway.) 
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A J 

Fig. 2. SR channel current steps at three concentrations of sym- 
metric thallium acetate. A. 0.05 M; B. 0.1 M; and C. 0.5 M (90% 
PE-10% PC membranes in decane). Horizontal bars: 15 sec; ver- 
tical bars: A, 50 pS; B, 50 pS; C, 100 pS 

These data are shown with the curve generated 
by Eq. (1) for the case of CK = 0. 

The gem~rx for thallous ion is well below that of 
potassium in this channel, and is close to the 77 pS 
value for sodium, while the thallium binding con- 
stant Kr is near to the 52.6 M -1 reported for lithium 
(Coronado et al., 1980). 

Mole Fraction Experiments 

The SR channel has been characterized as a single- 
ion channel (Coronado et al., 1980). Accordingly, 
the one-ion pore theory of L~iuger should account 
for the conductance observed when the SR channel 
is in a membrane which separates symmetric solu- 
tions containing two permeant ion species (L~iuger, 
1973). This theory adequately describes SR channel 
conductance for mixed potassium and sodium solu- 
tions, as is illustrated by the theoretical curve in 
Fig. 4. The total cation concentration was 0.1 M in 
each solution used in this series of experiments, 
while the mole fraction of each ion varied from 0 to 
100% (mole fraction is defined as the concentration 
of one of the cations divided by the total cation 
concentration in the mixture). Only gmax and Ki for 
each ion (found from single-salt experiments) are 
needed to calculate the expected conductance from 
the Lfiuger theory. However, attempts to use this 
theory to calculate the expected conductance of the 
SR channel in mixtures were not successful when 
thallous ion was included in the solution (Fox, 
1983). Our model is capable of accounting for the 
effects of thallous ion, as will be shown in this sec- 
tion. 

Representative pairs of current records are 
shown in Fig. 5 to illustrate these effects. The 
marked decrease in the channel conductance upon 
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Fig. 3. SR channel conductance at various concentrations of 
symmetric thallium acetate solutions. Channels were incorpo- 
rated into new 90% PE-10% PC decane-containing membranes 
for each experimental concentration. The points represent the 
averages of channel conductances found at • mV (with • 
mV included as well if currents were too small at • The 
curve is drawn according to our model. These data are also fit by 
the equation derived by Lfiuger (1973) for the conductance of a 
single-ion channel as a function of concentration with a gmax of 
~7.5 pS and a Kr of 54.8 M -~ 
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Fig. 4. Conductance in mixtures of potassium and sodium sulfate 
at 0.2 M total concentration. Each point is the average of the 
conductances found at low voltage for the indicated mixed solu- 
tions. The curve is drawn according to the equation derived from 
Lfiuger's single-ion theory for two-salt mixtures (LS.uger, 1973). 
The data are plotted as conductance versus mole fraction of 
sodium 

replacement of only 10% of the potassium ions by 
thallous ions is quite evident (note the different 
scales for the traces). These effects were found at 
each of the four total ion concentrations used for 
potassium-thallium mixtures, and at both concen- 
trations of ammonium-thallium mixtures (reported 
previously in Fox, 1983). Experimental results with 
sodium were consistent with a minimum in the con- 
ductance near 10% thallium at both 0.1 and 1 M total 
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A 

C 

Fig. 5. SR channel current steps in pure acetate salts o f K ' ,  NH~ 
and Li +, as well as in mixtures of these salts with thallium ace- 
tate, in a molar ratio of 9 : 1. All experiments were done in sym- 
metric solutions, with 90% PE-10% PC decane-containing mem- 
branes. Horizontal scale: 15 sec for all records. A. 0.5 u 
potassium acetate (top trace); 0.45 N potassium, 0.05 M thallium 
acetate (bottom trace). Vertical bar: 100 pS. B. 0.1 M ammonium 
acetate (top trace); 0.09 M ammonium, 0.01 M thallium acetate 
(bottom trace). Vertical bar: 100 pS. C. 0.5 M lithium acetate (top 
trace); 0.45 M lithium, 0.05 M thallium acetate (bottom trace). 
Vertical bar: 25 pS (top), 50 pS (bottom) 

concentrations, as fitted by our model, although the 
minimum conductance was within one standard de- 
viation of the maximum conductance at 0.1 M so- 
dium (Fox, 1984). 

Small percentages of thallous ion had the oppo- 
site effect on the conductance in mixtures of lithium 
and thallium. Since the maximum channel conduc- 
tance for thallium is greater than for lithium, 
L~iuger's theory does predict an increase in channel 
conductance as the mole fraction of thallium in- 
creases in mixtures. However, a much greater in- 
crease than predicted by that theory was found at 
low mole fractions of thallium. Our results are illus- 
trated by the pair of current traces for 0.5 M LiAc 
and 0.45 LiAc - 0.05 T1Ac in Fig. 5C, and a plot of 
the prediction of our model to this data is shown in 
Fig. 7. This effect, an enhancement of channel con- 
ductance, has not been seen before in investigations 
of thallium interactions with other cation channels. 

SR channel conductance was also studied as a 
function of total concentration in mixed solutions 
with a constant mole fraction of thallous ion. Figure 
8 shows channel conductance in mixed 90% potas- 
sium-10% thallium acetate solutions at total salt 
concentrations varying from 0.03 to 1 M. 

16o~ A 

0 .0'2 .04 .06 .0'8 .1 
[K] + [Vi] =.IM 

200~,,\ B 
u~ 1 5 0 1 L \ " "  \ 
o_ lOO t ~ " - .  

50 / ~ ~  

0 
0 .2 .4 .6 .8 I 

[K] + [TI] : 1M 
I20]~.. \ C 

9 0 1 ~  ~ 

0 .02 .04 .06 .08 .I 
[NH4] + [TI] =.IM 

Fig. 6. SR channel conductance in symmetric mixed (acetate 
salt) solutions of thallium with either potassium (.4, 0.1 N; B, 1 M) 
or ammonium (C, 0.1 M) at fixed total concentrations. The data 
are plotted as conductance versus mole fraction of  thallium; each 
point represents the average of the channel conductances found 
at low voltage. Membranes were of 90% PE-10% PC in decane. 
Continuous curves are from our model,  while the dashed curves 
illustrate the predictions of the L~iuger model. The constants 
used to fit these curves are listed in Table 2; for the L~iuger 
model, only the binding constant  and the (unbound) gm~X are used 

The results of these experiments are presented 
in Figs. 6 through 8 along with the theoretical 
curves [from Eq. (1)] fit to the data. All experiments 
were done in symmetric solutions. 

Competition Experiments 

In order to better characterize the inhibitory effect 
of thallium on the potassium conductance of the SR 
channel, we performed experiments in which the 
channel conductance was measured as a function of 
the potassium concentration in the presence of a 
constant concentration of thallium. These experi- 
ments are analogous to those used to determine the 
mechanism of inhibitor action in enzyme systems, if 
thallous ion is thought of as the inhibitor and potas- 
sium as the substrate. 

The results of these competition experiments, 
shown with a double-reciprocal plot in Fig. 9 are fit 
well by the curve illustrating Eq. (1). The total con- 
centration is different for each point in the Figures 
shown here, unlike the case for the Figures shown 
in the preceding section, where the total concentra- 
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Fig. 7. SR channel conductance in symmetric mixed solutions of 
thallium and lithium acetate at a total concentration of 0.5 M is 
plotted as function of thallium concentration. Membranes were 
composed of 90% PE-10% PC in decane. Data points represent 
the average of the channel conductances at low voltage. The 
continuous curve is drawn according to our model, while the 
dashed curve represents the prediction of the L~iuger model 
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Fig. 8. SR channel conductance in symmetric mixed potassium 
and thallium acetate solutions, each composed of 90% potas- 
sium, 10% thallium, is plotted versus the total concentration of 
the mixture in moles per liter. The conductance is the average 
single-channel conductance at low voltage; membrane composi- 
tion was PE-PC in decane. The continuous curve represents the 
prediction of our model, while the dashed curve represents that 
of Lfiuger's model. These curves are plotted with the constants 
listed in Table 2 

t ion  w a s  c o n s t a n t  t h r o u g h o u t  e a c h  e x p e r i m e n t .  In  

F igs .  9A a n d  9B t h e  d a t a  fo r  c h a n n e l  c o n d u c t a n c e  in 
p o t a s s i u m  a c e t a t e  w i t h o u t  t h a l l i u m  is a l so  p re -  

s e n t e d  ( the  s t r a i g h t  l ines )  f o r  c o m p a r i s o n .  

Current-Voltage Relations in Thallous 
and Mixed Potassium-Thallous Ion Solutions 

In  th is  s e c t i o n  w e  d e s c r i b e  s i n g l e - c h a n n e l  c u r r e n t -  

v o l t a g e  r e l a t i o n s h i p s  in t h e  p r e s e n c e  o f  t h a l l o u s  ion ,  
e i t h e r  as  t h e  o n l y  c a t i o n  in s o l u t i o n  (F ig .  10) o r  in a 
m i x t u r e  o f  t h a l l i u m  w i t h  p o t a s s i u m  a c e t a t e  (F ig .  

o22~ 

~ oi' J / J -  

ol 
o 8 tG z4 ~z 40 

A 
| / ( K a c t i v i l y  ) 

azz!  

0 s i~ z4 ~ 4s 

1 . / (K  a c t i v i l y  ) 

Fig. 9. Double-reciprocal plot of SR channel conductance in 
symmetrical mixed solutions containing constant concentrations 
of thallium with various potassium concentrations is shown. 
Membranes were PE-PC in decane. The concentration of potas- 
sium varied from 0.02 to 1 molar. In A thallium concentration is 
0.04 M; in B thallium concentration is 0.05 M. Potassium activity 
is from Robinson and Harned (1941 ). The theoretical curve, illus- 
trating our model, is plotted using the constants in Table 2. The 
circles indicate experimental points for mixed potassium-thal- 
lium solutions, with potassium concentration varying, while the 
x's indicate the channel conductance in potassium solutions with 
no added thallium 
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Fig. 10. SR channel conductance in pure thallium acetate solu- 
tions is plotted as a function of voltage. The membrane was PE- 
PC in decane; thallium acetate concentration was 0.05 N. The 
curve indicates the prediction of our model 

11). T h e  c u r v e s  a r e  c a l c u l a t e d  f r o m  E q .  (5) (mul t i -  
p l y i n g  it by  the  v o l t a g e ) .  T h e y  a r e  v e r y  n e a r l y  
l i nea r ,  p a r t i c u l a r l y  o v e r  t he  r a n g e  (_+50 m V )  w h e r e  

m o s t  o f  t h e  m e a s u r e m e n t s  w e r e  t a k e n .  

I n  m i x t u r e s ,  d e v i a t i o n s  f r o m  l i n e a r i t y  in t he  I-V 
p l o t  o f  up  to  3 0 %  g r e a t e r  c o n d u c t a n c e  at  h igh  vo l t -  
age  t h a n  n e a r  z e r o  v o l t a g e  w e r e  o b s e r v e d ,  as  s h o w n  
in F ig .  I 1. T h e  g r e a t e s t  d e v i a t i o n  f r o m  l i n e a r i t y  oc -  
c u r r e d  a t  n e g a t i v e  v o l t a g e s ,  w h e r e  a d e g r e e  o f  
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Table 1." A. Zero Current Potentials and Permeability Ratios at 
Several Concentrations 

[ ] cis trans V0(exp.) V0(calc.) Pr/Pio, 

0.01 K T1 19.0 -+ 1.6 (3) 17.6 2.11 
0.01 T1 K -18 .2  -+ 0.39 (3) -21 .5  2.05 
0.1 K TI 17.0 § 1.0 (3) 17.3 1.95 
0.1 T1 K -20.8  -+ 1.2 (2) - 2 t . 2  2.27 
0.5 K T1 19,6 -+ 0.48 (4) 17.3 2.16 
0.7 K TI 22,8 -+ 1.8 (5) 17.3 2.45 
1.0 K T1 1%8 -+ 0.92 (4) 17.3 2.18 
0.1 Li TI 5%3 -+ 4.2 (3) 59.0 10.33 
!.0 Li TI 58.7 -+ 1.7 (2) 59.0 10.08 

B. Calculated Permeability Ratios as a Function of Thallium 
Mole Fraction 

% TI 10 20 30 40 60 80 100 
Pr/PK 4.2 4.8 3.2 2.6 2.2 2.1 2.3 

Zero-current potentials were determined from I-V plots of sin- 
gle-channel currents observed under bi-ionic conditions (equal 
concentrations of  the two salts on either side of the membrane). 
These values are presented under the heading V0(exp.). The 
zero-current potential predicted by our model is listed under the 
heading Vdcalc.). All zero-current potentials are reported in mV. 
The permeability ratios were calculated from the relation 

PrlPK = eVoF/er 

where RT/F is 25.4 mV at 22~ and P~ represents either potas- 
sium or lithium. The lower section of the Table presents the 
permeability ratios calculated from the zero-current potentials 
shown in Fig. 12. 

asymmetry in the I -V relation can also be seen, with 
larger channel currents when the cis pool is nega- 
tive than when it is positive. This behavior was 
most apparent in mixed solutions. It is fit by the 
model with the assumption that the exit rates for 
ions in the channel are different, with exit to the cis 
pool favored over  the exit to the trans. 

V o Experiments 

Table 1 lists the results of experiments which mea- 
sured zero-current  potentials V0 at several concen- 
trations for the ions K and Li versus T1. These mea- 
surements were done under bi-ionic conditions, 
with the zero-current  potential determined from sin- 
gle-channel current-voltage plots. V0 is nearly con- 
stant over  the concentrat ion range 0.01 to 1 M for 
potassium and thallium, and is also nearly the same 
for lithium and thallium at 0. l N and at 1 M. The 
permeability ratios were calculated without correct- 
ing for activity. If activity corrections had been 
used, they would not be constant,  but would range 
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Fig. 11. SR channel current in a symmetric 0.6 M K-0.1 M TI 
(acetate salt) mixture is shown as a function of the applied volt- 
age. A Montal membrane composed of PE-PS was used for this 
experiment.  The curve indicates the prediction of our model 

from 2.12 at 0.01 M to 3.3 at 1 M ( f o r  the ratios PT/ 
PK; Fox, 1983). The absolute value of the zero-cur- 
rent potentials does not depend greatly upon which 
end of the channel faces the thallium-containing so- 
lution, consistent with the assumption that there is 
one modulatory site on both sides of  the membrane. 
This is seen in the V0 measurements at 0.01 and at 
0.1 M concentrat ion under bi-ionic conditions. 

Figure 12 shows the behavior of V0 when the 
mole fraction of  thallium was varied in mixed T1 +- 
K + solutions on the cis side of the membrane (at a 
total concentrat ion of  0.1 M), while the solution on 
the trans side was 0.1 M KAc for all experiments.  
The zero-current  potential with T1 § on the cis side 
only goes to -20 .8  mV as the mole fraction of thal- 
lium approaches 100%. The theoretical curve is 
from the G-H-K equation with permeability ratios 
given by Eq. (9). The same asymmetry in the exit 
rates that has been used to account  for the I -V be- 
havior is appropriate to fit this data as well, which is 
particularly pleasing since the fit here would not be 
nearly so good if the exit rate ratios were taken to 
be one. At the same time, this asymmetry in exit 
rates does not lead to a prediction of a large asym- 
metry in the bi-ionic potentials, in agreement with 
the data. 

In a simple one-ion channel, under conditions 
near to equilibrium, the permeability ratio for any 
two ions should be given by the ratio of their maxi- 
mum conductances multiplied by the ratio of their 
binding constants (Hille, 1975). If this calculation is 
carried out in our case, potassium is expected to be 
the more permeant  ion (the ratio Pr/P~c estimated in 
this way is 0.82). An interesting feature of  the 
results presented here is that the permeability ratios 
indicate that thallium is the more permeant ion (PT/ 
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Fig. 12. Zero-current potentials across SR channels incorporated 
into PE-PC decane membranes separating asymmetric solutions 
are shown. The t rans  pool contained 0.1 M potassium acetate in 
each experiment, while the solution in the cis  pool contained 
mixed potassium and thallium acetate at a total concentration of 
0.1 M. The measured zero-current potentials are plotted as a 
function of the thallium mole fraction in the cis  pool; the theoreti- 
cal curve is plotted with the constants listed in Table 2 

Px greater than one, as deduced from the zero-cur- 
rent potential under conditions near equilibrium). 
Although we will discuss this point more fully in the 
Discussion section, it should be noted that this dis- 
crepancy is compatible with our model. 

Discussion 

ASSUMPTIONS OF THE MODEL 

The basic findings which must be accounted for in 
order to successfully model our results include 
anomalous mole fraction effects on conductance, 
discrepancies between permeability and conduc- 
tance ratios, and slightly hyper-linear current-volt- 
age relations. 

The model which we propose in order to fit our 
data is based on the idea that thallium binds to a 
modulatory site, thereby altering the properties of 
the SR channel. Some of the assumptions we make, 
although inevitably arbitrary, are generally consis- 
tent both with properties inferred from previous 
work on this channel, and with previously proposed 
interpretations of the anomalous effects of thallous 
ion on other channels (Hagiwara et al., 1977; 
Sandblom et al., 1977; Krasne et al., 1983). For 
example, the assumption that the channel may only 
contain one permeant ion at a time follows from the 
work of Coronado et al. (1980), which shows that 
the behavior of the conductance and of the zero- 
current potential is consistent with the predictions 
of Lfiuger's single-ion pore theory (L/iuger, 1973). 

In the presence of thallous ion our theory is 
more complex than that of Lfiuger, and does not 
necessarily predict simple saturating behavior of 
the conductance. However, due to the very large 
thallium binding constant to the modulatory site, 
Eq. (1) becomes virtually the same as L/iuger's in 
single-salt solutions. This is because the contribu- 
tion to the conductance due to the unbound state 
becomes negligible when the product KsCr is large, 
as it is in this case for all of the experimental condi- 
tions, whereas the fraction expressing the contribu- 
tion by the altered state is virtually one. Accord- 
ingly, the shape of the curve shown in Fig. 3 is as 
expected for a single-ion channel. That the channel 
behaves like a single-ion channel even in mixed so- 
lutions, where the anomalous mole fraction effects 
are most noticeable, is suggested by the finding that 
the conductance versus (total ion) concentration 
curve in mixed 90% potassium-10% thallium acetate 
has a shape similar to that for pure thallium (Fig. 8). 
As in Fig. 3, there is no indication of a decrease in 
conductance, even at high concentrations, where 
such effects might be evident if the channel were 
doubly occupied. These considerations, in conjunc- 
tion with the finding that the bi-ionic zero-current 
potential varies little with ion concentration (Table 
1) suggest that the available evidence is compatible 
with the one-ion channel assumption. 

The hypothesis that the binding constant to the 
modulatory site is independent of the state of occu- 
pancy of the pore (assumption 6 in Appendix A) is 
introduced mainly to reduce the number of parame- 
ters, but is not indispensable to fit the data. A fortu- 
nate consequence of this assumption, however, in 
that it greatly simplifies the analysis, is that the 
depth of the internal well (and therefore the binding 
constants of the various ions to the well) is unal- 
tered by binding to the external site, so that the sole 
permeation parameter modified by thallous ion 
binding to the modulatory site is the maximum con- 
ductance. This circumstance can easily be proven 
using microscopic reversibility. 

The assumption that cations other than thallous 
may compete for the modulatory site is required in 
order to fit the competition experiments, but is also 
very reasonable in that a site which binds thallium 
ion is naturally expected to have some affinity for 
other cations as well. 

The discrepancy between the permeability ratio 
and the conductance ratios in single-salt solutions is 
accounted for by the hypothesis that the channel is 
altered by thallous ion binding. More specifically, 
the expression for the permeability ratio, Eq. (9), 

max contains parameters, such as gsK, which are not 
deducible from conductance measurements in sin- 
gle-salt conditions, implying that in this model the 
two quantities are generally not relatable. 



18 J. Fox and S. Ciani: TI- Effects on the SR Cation Channel  

t 

2 

V', ~ ,  s , ~  
*,u, ,, / ~  "V" 6 ~  

< c/,, ~---~ ( ~ ) (  c/,, ) 

Fig. 13. Energy barrier model for a two-site pore, as d iscussed in 
Appendix B. The diagram enumera te s  the seven  possible occu- 
pancy states of  the channel  if double occupancy  is only allowed 
for unlike ions 

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

SR channel conductance in mixed potassium- or 
ammonium-thallium acetate solutions was titled in a 
previous report (Fox, 1983) using an equation pro- 
posed by Neher (1975) for describing the effects of 
thallous ion on gramicidin conductance. However, 
the observed conductance in lithium-thallium ace- 
tate mixtures could not be fit by this equation, 
which, at any rate, is an empirical equation re- 
stricted to the zero-current conductance that cannot 
be extended in any obvious way to derive the ex- 
pected permeability ratio or the current-voltage re- 
lation. 

An alternative attempt to fit our data consisted 
of applying a model recently elaborated by Lfiuger, 
Stephan and Frehland (1980), in which the kinetics 
of channel fluctuation is allowed to interact with 
that of permeation. This model is particularly at- 
tractive, because it is based on very reasonable as- 
sumptions and is known to predict certain results 
similar to those expected for multi-ion pores. Ex- 
tending the results of Lfiuger et al. (1980) to the case 
of two ions (Ciani, 1984), we derived expressions 
for the conductance as well as for the zero-current 
potential. However, using the predictions of this 
model for the conductance, it was found to be im- 
possible to fit the data from mole fraction conduc- 
tance experiments at more than one total concentra- 
tion with the same constants. 

Similar problems were encountered in attempts 
to fit our data with equations derived for models 
which allowed for multi-ion occupancy of the chan- 
nel. Several cation channels are thought to be occu- 
piable by more than one ion at a time. Among these 
are gramicidin (Eisenman et al., 1977; Urban et al., 
1978) and various potassium channels found in 
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Fig. 14. These  figures illustrate our  a t tempts  to fit the conduc- 
tance data  from mixed solution exper iments  using the double 
occupancy  model  described in Appendix  B. Values of  the con- 
s tants  which give reasonable fits to the experimental  data at one 
total concentrat ion will not give reasonable fits to the experimen- 
tal data at other  concentra t ions ,  as is illustrated in the paired 
plots in this Figure. A and C plot the conductance  data for mixed 
potassium-thal l ium at 1 M total concentrat ion,  while B and D plot 
the data for 0.1 M total concentrat ion.  (The fit of  our model to 
this data was presented  in Fig. 6.) In A and B, we show the 
prediction of  Eq. (B7) with the values W = 107 and K f  = 120. 
With these values,  the double-occupancy model fits the experi- 
mental  data  for 0.1 M total concentrat ion,  but does not fit the data 
for 1 M total concentrat ion.  With the values W = l0 6 and Kr  K = 3, 
the model now fits the data for 1 M total concentrat ion,  but  does 
not fit the data for 0.1 M (shown in C and D) 

nerve, muscle and egg cell membranes (see Hille & 
Schwarz, 1978 for a comprehensive review and dis- 
cussion). Models for doubly or multiply occupied 
pores may predict anomalous mole fraction effects, 
maxima in the conductance versus concentration 
relation, and deviation of the flux ratio from the 
Ussing-Teorell criterion. To determine whether 
such models might be applicable to our results with 
the SR channel, we have deduced an equation for 
the conductance of a two-site channel, schemati- 
cally illustrated in Fig. 13, assuming that it may be 
either empty, singly occupied or doubly occupied 
by one K + and one TI + ion, but not by two ions of 
one species. (We do not include double occupancy 
by two like ions since no conductance maxima are 
apparent in single-salt solutions.) This model is de- 
rived in Appendix B. The results of our attempts to 
fit the conductance data are illustrated in Fig. 14, 
where we show that we have been unable to find a 
set of values for the constants which would simulta- 
neously fit the data at different concentrations. (The 
fit of our model to this data was presented in Fig. 6.) 
We thus are led to infer that the postulate of double- 
ion occupancy is not easily reconcilable with the 
observed conductance behavior of the SR chan- 
nel. 
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Table 2. Model parameters  used  to fit the exper imental  data a 

Max imum conduc tances (pS) :  

Ion Unbound  Bound 

TI 250 57.5 
K 212 80 
NH4 168 65 
Li 7.7 15 

Binding constants :  

Ion Internal Modulatory 

M I KBT = 14,000 M -1 
M I KB,,: = 1500 M -1 

M -I KBK = 1500 M -t 
M -I  KBLi 5000 M I 

TI 54.8 
K 18.2 
NH4 27.3 
Li 52.6 

Channel  Parameters :  

R r 0.7 
R K 0.6 
alpha 0.5 
beta 0.5 

a These  values were used  to generate  the curves  in the Figures 
showing our  model  predictions.  The value we use  for the un- 
bound m a x i m u m  conduc tance  for K + is very similar to the maxi- 
m u m  conduc tance  value reported by Bell and Miller (1983). We 
have  used the m a x i m u m  channel  conduc tances  values reported 
by Coronado et al. (1980) for NH;- and Li + as the unbound  maxi- 
m u m  conduc tances  for these  ions. For  both K + and NH2,  the 
best  value for the binding cons tan t  to a modula tory  site, KBK, 
was 1500 M -1, while the best  value for the binding of lithium to a 
modula tory  site was 5000 M 1. The values of  alpha and beta 
indicate the p lacement  of  the internal site in the center  of  the 
voltage drop across  the membrane .  

A S S I G N M E N T  OF P A R A M E T E R  V A L U E S  

The constants which appear in Eqs. (1) through (10) 
of the Results section were fit to the data with com- 
puter programs which used a wide range of possible 
values for the constants in the preceding equations, 
and saved those which minimized the square of the 
difference between the calculated and the experi- 
mental values. These values are presented in Table 
2. The strategy used to make this fitting is described 
in the following paragraphs. 

The g~:ax and Kk values for potassium were eval- 
uated from the results of experiments performed at 
various concentrations of potassium salt. 

Like the potassium data, the data from thallium 
salt experiments were well fit by a simple model 
with a single site of permeation. Our expression for 
SR channel conductance [Eq. (1)] in pure TI + salts 
becomes virtually indistinguishable from that ex- 
pected for such model if the value of the binding 
constant to the modulatory site is so large that the 
probability of its being occupied at the concentra- 
tions used is virtually one. Assuming this to be the 
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case, we could then identify the gma~x found from 
single thallium salt experiments as the g~rmax, namely 
the maximum conductance to thallium of the bound 
channel. The binding constant of T1 + to the internal 
site Kr, can be found directly from single thallium 
salt experiments, since according to our model it is 
not altered by the state of occupancy of the modula- 
tory site. 

We initially tried to fit our data with models 
which assumed that only thallous ion could bind to 
the modulatory site. These attempts were not suc- 
cessful. However, by introducing the reasonable 
idea that potassium (or, in general, any other cat- 
ion) could compete with thallium for binding to the 
modulatory site, we were able to fit both the mole 
fraction and the competition experiments with a 
consistent set of constants. Values for Ker and KBK 
were found by fitting the results of the mole fraction 
and competition experiments simultaneously. 

The nonlinearities and asymmetries found in 
the/-V relations could be fit by adjusting either the 
ratios Rr and RK, or the values of alpha and beta, 
(which determine the position of the internal site in 
the potential field), or both. For simplicity, and also 
because the limited degree of asymmetry in the ex- 
perimental range of voltage did not allow us to 
clearly distinguish between the three alternative 
possibilities, we assumed that the internal site was 
centered, by setting alpha equal to beta, and varied 
the rates RK and R:r. Using the RT and Rx values fit 
to the I - V  data alone, we determined the best value 
o fg r  from the mole fraction V0 data. As can be seen 
from the Figures, the final set of values determined 
in this way gives good fits to all of our experimental 
data. 

A C T I V I T Y  C O R R E C T I O N S  

The permeability ratios calculated from bi-ionic po- 
tentials listed in Table 1 do not vary much with 
concentration, in agreement with the model. If, 
however, activity corrections are used, the calcu- 
lated values do show some variation. For example, 
the permeability ratio Pr/PK deduced using activity 
corrections is 2.12 at 0.01 M, while at l M it is 3.31. 
Although the use of activities is certainly correct in 
the case of reversible electrodes, the theoretical ba- 
sis for applying them to the bi-ionic case is not en- 
tirely clear. For example, in the equations for the 
flux through the pore (irrespective of binding to the 
modulatory sites), the aqueous compositions ap- 
pear in the equations through the rate constants, v 
= pc,  or v = pa,  where c and a are presumably 
proportional to the number of ions ready to jump 
into the channel, and p is assumed to be constant. It 
is not evident that the use of bulk solution activities 
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in the definition above is any less arbitrary than the 
use of concentration, or provides better assurance 
that p is independent of concentration. Moreover, 
the difficulty of doing V0 measurements in single- 
channel experiments implies sufficient uncertainty 
that it is difficult to use this data to discriminate 
between possible models. 

CONCLUSIONS 

We conclude from the results presented that: 
1) Thallous ion is permeant in the SR channel. 
Channel conductance saturates with increasing 
thallous ion concentration, and does not decline 
from its maximum level even at concentrations up 
to fifty times greater than the half-maximal. 
2) SR channel conductance in mixed solutions of 
thallous ion with potassium, ammonium, or sodium 
ions is less than predicted by the simple single-ion 
theory of LS.uger, but is greater than predicted by 
that theory in mixed thallous and lithium ion solu- 
tions. The channel conductance in mixed sodium- 
potassium solutions is well described by the theory 
of L/iuger. 
3) An anomaly is also found in that, although SR 
channel maximum conductance in thallium acetate 
solutions is less than in potassium acetate, and the 
product of the ion binding constants and maximum 
conductances from single-salt experiments would 
indicate that potassium is more permeant than thal- 
lium (assuming a simple single-ion pore), zero-cur- 
rent voltage measurements indicate that thallous 
ion is more permeant than potassium. 
4) The current-voltage relations in pure thallium ac- 
etate and in mixed thallium-potassium acetate solu- 
tions are both somewhat nonlinear and asymmetric, 
with greater conductance when the potential of the 
solution to which the vesicles are added is negative. 
5) The effects of thallous ion on channel conduc- 
tance are accounted for in a quantitative manner by 
the model presented, which postulates external 
modulatory sites to which one thallous ion may 
bind, thereby altering the maximum conductance of 
the channel to the cations in solution by modifying 
the barriers of the pore. Other cations compete with 
thallous ion for binding to these modulatory sites, 
but only thallous ion binding affects the permeabil- 
ity properties of the channel. The channel is as- 
sumed to have one internal site, and thus to be a 
one-ion pore. The discrepancy between the perme- 
ability ratios calculated in the two ways described in 
conclusion 3) is reconciled within the framework of 
the model by the decrease of the maximum conduc- 
tance to potassium in the altered state of the chan- 
nel. 
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and useful discussions. J.F. received support from NIH grant 
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Muscular Dystrophy Association. 
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Appendix A 

The model we propose is based on the idea that thallous ion 
binding to one of two postulated external binding sites on the SR 
channel will alter the permeability properties of the channel. We 
will describe the ionic fluxes by Eyring rate theory, and the pore 
will be modeled as one internal site separated from the aqueous 
solutions by two lateral energy barriers, as shown in Fig. 1. The 
description of ion transport is based on a number of assumptions, 
most of which, however, should not be considered indispensable 
to account for our data, but rather as necessary to reduce the 
number of parameters and formulate the simplest adequate 
model. These assumptions are as follows: 

1) The SR channel can be schematized by two energy barri- 
ers with a site in between. 

2) In addition to the internal well, the channel has two ex- 
ternal cation binding sites, one on each side. Thallous ion binding 
to one of these sites causes an alteration in the permeability 
properties of the pore, although the relative heights of the energy 
barriers, and the location of the peaks and of the internal well are 
unaffected. 

3) Other cations may compete with thallous ion for binding 
to these sites, but their binding does not affect the transport 
properties of the pore. 

4) Only one modulatory site per channel may be bound at a 
time, and the channel alteration due to thallous ion binding does 
not depend on whether binding is to the cis or trans site. 

5) Ion association and dissociation to the external sites are 
considered to be so fast that bound and unbound channels in the 

same state of internal occupancy are at equilibrium with each 
other. 

6) The binding constants to the external sites are indepen- 
dent of the occupation of the pore, being the same for an empty 
channel as for an internally occupied one. 

From assumptions 1) to 4) and considering a channel with a 
cation bound to the left external site as indistinguishable from 
one with the same cation bound to the right external site, it is 
easy to see that the pore can exist in (n + 1) 2 different states, 
with n being the number of cations in the system. Since n is at 
most equal to 2 in the mixtures being considered, there will be at 
most nine states. The number of pores (per unit area of mem- 
brane) in each of these states can be subdivided as follows: 

N (unbound, empty) 

Ni (unbound, occupied by cation i) (i = 1, 2) 

Nzt (bound by cation l, empty) ( /=  I, 2) 

NBt.~ (bound by cation I, occupied by cation i) (i,I = I, 2). 

Bound and unbound states will be related by the conditions 
for equilibrium: 

N~l = KmN(C[ + C}'); NBt.i = KetNi(C; + C}') (AI) 

where the equilibrium constant KBt is the same in the two equa- 
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tions on account of assumption 6). Moreover, due to assumption 
5), Eqs. (All are assumed to hold even when the equilibrium of 
the overall system is perturbed by ion movement through the 
channel. If K + and T1 + are the two species of cations present, 
and using Eq. (All to relate bound and unbound pores, the total 
number of channels per unit area, N r will be given by 

N r = [ N  + N K + Nr] 

�9 [1 + KB,dC'K + c~) + Ker(C'~ + G ) ] .  (A2) 

Equation (A2) will give us the sum N + N K + N r, while the 
separate values for N, Nx and N r  will be provided by Eq. (A2) in 
conjunction with the steady-state conditions 

d N K  _ d N r  
0. (A3) 

d t  d t  

Since ArK and Nr are assumed to be at equilibrium with their 
corresponding bound states, the rate-limiting step in the kinetics 
of variation of NK and Nr will be that of ion permeation, so that 
Eq. (A3) can be written 

d N x  
d t  - v K N  -- IXKNK = 0; 

d N r  
d t  - u r N  - t, t r N r  = 0 (A3') 

where u, and Ix, are defined by 

(i = K, T) 
Ixi = P,~ + IX" (A4) 

while the meaning of the individual rate constants should be clear 
from Fig. 1. From Eqs. (AlL (A2) and (AY) the number of chan- 
nels in each of the nine states can be calculated simply. (It should 
be mentioned that instead of Eqs. (A3') we could have used the 
corresponding equations for Net;, NHK.,~, Nm~.~, Nm.K, and 
NeT-~ and similarly, Eq. (A2) could have been written in terms of 
one of these triplets. It is easy to prove that assumption 5) and 
the stipulation in assumption 2) that binding of Tl" does not alter 
the relative heights of the two barriers would give us the same 
results for the nine values of the N's.) 

EXPRESSIONS FOR THE FLUXES 

Since we assume that the channel properties are changed only 
when T1 + is bound to a modulatory site, the rate constants for 
each modified channel will be indicated by ~'Bi (instead of ve~.,), 

where B stands for "bound by T1 § and i denotes, as before, the 
permeant cation. At steady state, the total flux of potassium and 
thallium ions will be 

J~ = [v'~.(N + N ~ )  - IXT,(NA + N ~ D ]  

+ [v~xNDr - tx~KNBr.K] (A5) 

and 

J-p = lu~(N  + N e D  - ~ ( N r  + Neu.t)t 

+ [ u ; r N B z  - ff~rNBr.r]. (A6) 

All the equations in the text are obtained by adding (A5) to 
(A6), replacing the rate constants by their explicit expressions in 
terms of potential and ion concentrations: 

u' = I x ' C ' e  '''/z, ix' = Ix 'e  ~'''2, u" = Ix"C"e ~,.2 

IX" = ~"e  <,,/2 (AT) 

and substituting the N's by their explicit expressions as obtained 
by Eqs. (All, (A2) and (A3'). We have also made use of the four 
relations: 

(AS) 

required by "microscopic reversibility," as well as of the result 
that the binding constants of the internal site are the same for 
both bound and unbound pores: 

i --r 

P ,  P m  (i = K, T) (A9) 

which follows from "'microscopic reversibility" and assumption 
(6) 

A p p e n d i x  B 

ZERo-CuRRENT CONDUCTANCE 

OF A T w o - S I T E ,  THREE-BARRIER CHANNEL 

WITH MIXED-ION DOUBLE OCCUPANCY 

From the diagram in Fig. 13 it is apparent that in the presence of 
two permeant cations, a two-internal-site pore with double occu- 
pancy in the mixed case only can exist in seven different states. 
For simplicity we shall only consider pores with energy profiles 
symmetric with respect to the central peak. The rate constants of 
translocation across such a peak will be denoted by k' and X", 
while those for the lateral barriers will be denoted by the same 
letters as were used in the previous model�9 However, consider- 
ing that double occupancy is allowed for, each of these constants. 
will have two values, depending on whether the adjacent site is 
empty or occupied. Two suffixes will be used in the latter case. 

For example, the rate constant for entry of ion K + into the left 
site from the left solution will be denoted by v,~ if the right site is 
empty and by v~,,' if occupied by TI +, For singly occupied chan- 
nels the binding constants of either site are most naturally de- 
fined by 

K~-  - - ~  (i = K, T). 
~'/ Ix, 

(Bi 

It is also convenient to introduce the binding constants K~ and 
K~', defined as 

K.~ ~~' - ~4" -J"  tx.i' ( i , j  = K ,  T; i 4 - j )  
Ixi 

(B2) 



J. Fox and S. Ciani: Tl + Effects on the SR Cation Channel 23 

which, through "microscopic reversibility" are related to the 
others by 

K~K~ - KjKJi. (B3) 

From the diagram in Fig. 13 it is clear that the fluxes of K + and 
TI + will be given by 

4K = ,kKNx -- ,k~:Ns q~r = ~N,~ A~Ns (B4) 

where N~ indicates the number of channels (per unit area) in state 
I. The mean current per unit channel will be equal to the sum of 
the two fluxes multiplied by e /N T, e being the unitary charge and 
N T the total number of pores per unit surface. The steady-state 
values of the N[s can be calculated, according to a standard 
procedure, by solving a system of kinetic equations in which the 
net variation in density of channels in each state is set equal to 
zero. For example, for N2 we shall have 

aN2 = [vxm~ -- ~KN2] + [X~N3 G~N2] 
dt 

+ [/~f'N 6 -- vrK"N2] = 0. (115) 

Of the seven homogenous equations of this type that can be 
written only six are independent. From any group of six of these 
equations and the equation of conservation of the total number of 
channels, 

7 

~ I N z  = N r (B6) 
1 

the explicit values of each of the N's can be derived. Substituting 
in (B4) one can finally obtain explicit expressions for the fluxes, 
the current density and the conductance. The final result for the 
zero-current conductance can be written 

go = g~o + gro (B7) 

where 

m a x  291,- K,vCI,. 
gA. = I + 2[KzC~ + KKCK(I + K~CT)] " 

co 2 ~ ;  A" I + _~- ( I  + _ ) K r C ,  ('l + co~)K~C~ , ' 

tzl + 2o~ 

{B8) 

and gT0 is obtained from Eq. (Ba) by interchanging K and T in all 
indices. In Eq. (Ba) g ~  and co are defined as 

, m t L X  ~ C O  _ _  , . 

~a" k T 2 ~ ,  x + f , .  fir, + f~ ,  
(B9) 

Note that r is symmetrical with respect to the indices K and T, 
and that g~aX is obtained from g,~ax by replacing K with T. The 
two parameters in Eqs. (Ba) which cannot be deduced from mea- 
surements in single salt are co and K~ (K~ is related to K~ by the 
relation (B3) where KK and Kr are determined from experiments 
in single-salt solutions). 


