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The thallous ion was found to permeate the cation-selective channel of rabbit sarcoplasmic reticulum and to
block current through this channel when present in mixtures with other permeant ions. Channel conductance
in pure thallium acetate saturates with increasing concentration, with a maximum limiting conductance of 60
pS. The conductance ratio Gy /G at 1 M is 3.7, while the permeability ratio is near 0.4 over the
concentration range 0.01 to 1 M. Thallium blockade in mixtures can be described by the equation of Neher
(Neher, E. (1975) Biochim. Biophys. Acta 401, 540-544).

The thallous ion exhibits anomalous behavior in
many cation channels in that, while permeant, it
blocks current when present in solutions contain-
ing other ions. It is more permeant than potassium
in the potassium channel of squid [1] and muscle
[2], in the anomalous rectifier channel of egg [3]
and muscle [4], and as permeant in the gramicidin
channel [5,6]. Gramicidin conductance goes
through a minimum at low mole fractions of thal-
lium in mixtures with sodium [7] or potassium [6].
Thallium ion interactions are of interest because
they enable one to investigate ion specific interac-
tions with channels.

The sarcoplasmic reticulum channel has been
described in great detail through the work of Miller
and coworkers [8—11]. It is a cation-selective chan-
nel most permeant to potassium which can be
inserted into artificial bilayers. Single and multi-
channel currents may be studied with control of
solution composition on both membrane faces un-
der these conditions. The reported properties of
this channel are consistent with a single ion pore
model.

0005-2736 /83 /$03.00 © 1983 Elsevier Science Publishers B.V.

In this paper I report that thallous ion is per-
meant in this channel, and describe the conduc-
tance behavior in both single-salt and mixed-salt
solutions. In symmetric 1 M thallium acetate solu-
tions the single channel conductance is 56 pS. This
value may be compared with the reported sarcop-
lasmic reticulum channel conductances at 1 molar
salt of 214 pS for potassium and 72 pS for sodium
[10). When present in mixtures of permeant ions
thallium blocks current through the channel. The
zero-current potential under bi-ionic conditions
(potassium and thallium) decreases somewhat,
while the conductance ratio doubles, as activity
increases.

Black lipid membranes were formed across a
0.3 mm hole in a polystyrene cup. Membranes
were composed of PE/PC (9:1) (70 mM in de-
cane). Rabbit sarcoplasmic reticulum vesicles were
prepared by the method of Miller and Rosenberg
[11], and stored in 0.4 M sucrose at —70°C until
used. Membrane currents were monitored via
potassium acetate agar bridges by a high-gain cur-
rent to voltage converter with outputs to oscillo-
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Fig. 1. (A) Channel conductance in thallium acetate. The
conductance of the sarcoplasmic reticulum channel is shown as
a function of thallium acetate activity. The activity at which the
conductance is half maximal is 16 mM, which corresponds to a
concentration of 18 mM. The maximal conductance G,,,, is 60
pS. Activity of 0.513 M corresponds to a thallium acetate
concentration of 1 M. Activities are from Robinson and Harned
[13]). Bars indicate mean conductance + S.D. (absence of bars
indicates that the deviation is less than 1 pS). (B) Single-chan-
nel records in pure thallium acetate. Top trace: 0.5 M con-
centration; vertical scale 100 pS conductance. Middle trace: 0.1
M concentration; vertical scale 50 pS. Bottom trace: 0.01 M
concentration; vertical scale 25 pS. Horizontal scale shows 15 s
for all three records.

scope and chart recorder. Acetate salts were used
in all solutions (unless noted) to insure adequate
thallium solubility, with 0.1 mM EDTA, 5 mM
Mops and Tris buffers (to pH 7) also present.
After membrane formation, 1 mM calcium acetate
and 5-10 pg protein/ml vesicles were added to

the cis compartment (trans side ground) with +40
mV applied. The solution was stirred until single-
channel currents appeared, and then 1.5 mM
EDTA was added to stop the insertion of chan-
nels. Occasionally, single channels appeared
without addition of calcium to the solution; in
these cases, no EDTA was added. Results were
similar in both situations.

The conductance of the sarcoplasmic reticulum
channel was determined as a function of con-
centration in symmetric solutions of thallium
acetate. The results are shown in Fig. 1. The
channel shows saturating behavior with a maximal
conductance of 60 pS and half-maximal conduc-
tance at a thallium activity of 16 mM (correspond-
ing to a concentration of 18 mM). This is much
lower than the 240 pS maximal conductance for
potassium, while similar to the value for sodium of
77 pS, and greater than the 7 pS G,,, for lithium
[10]. The K, of 16 mM is similar to the 19 mM
value for lithium, but is well below the value of 54
mM for potassium [10].

Using the values from the single-salt data, one
can calculate the conductances for mixtures of
ions predicted by the single-ion pore theory of
Lauger [12]. In experiments with mixed solutions
where the fractions of thallium and another cation
are varied, while the total concentration is con-
stant, clear deviations from this theory are
observed. For example, in a 05 M (10%
thallium /90% potassium) solution the sarcop-
lasmic reticulum channel conductance is 48% less
than the value in pure 0.5 M potassium acetate.
Only a 10% drop in channel conductance is ex-
pected from Liuger’s theory in this case. These
results are shown in Fig. 2.

The data from thallium-potassium mixtures and
thallinm-ammonium mixtures can be fit using
Neher’s equation for thallium blockade of sodium
conductance in gramicidin [7]. His equation, as
used to fit my data from the sarcoplasmic reticu-
lum channel is:

G, G,
G= mlon + mTl (1)
( 1+ K, Cqy ) ( 1 )
1+——2 1 1+
Klon' Clon Kn:Cq
(where G, is the maximal conductance in single

salt solutions of K or NH,; G, 1, is that for TI;
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Fig. 2. sarcoplasmic reticulum channel conductance in mixed
solutions. Anomalous dependence of conductance on mole
fraction of thallium in mixtures with potassium (A-C) or
ammonium (D) at constant total salt concentration (A: 1 M; B:
0.5 M; C: 0.1 M; D: 0.1 M). 0% indicates pure potassium or
ammonium acetate; 100% indicates pure thallium acetate at the
indicated concentrations. The upper curves show the conduc-
tance expected assuming simple exclusion proportional to the
binding constant in the pure salt, derived from Lauger {7,12].
The lower curves show the conductance predicted by assuming
a block by thallium, but not by the other permeant ion (Eqn. 1;
Ref. 7). The lower curves were calculated using a blocking
constant value for all three potassium concentrations of 380
M~ ; for ammonium the value was 250 M~!. The symbols
indicate mean conductance +1 S.D. (absence of error bars
indicates a standard deviation smaller than the size of the
symbol at the indicated scale). (E and F) Single-channel records
from 0.5 M potassium acetate (E) and 0.45 M potassium
acetate thallium acetate plus 0.05 M (F). The vertical scale for
both records is 100 pS, the horizontal 15 s.
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TABLE I

CONDUCTANCE AND PERMEABILITY RATIOS FOR
POTASSIUM AND THALLIUM

The permeability ratios were determined under bi-ionic condi-
tions, and calculated as

Py _ (ﬂ)e—VOF/RT
Py ax

where ay and ay are the activity coefficients for thallium and
potassium at the experimental concentration, ¥}, is the observed
zero-current potential, and F, R, and T have their usnal mean-
ings.

Ion Gk /Gni Py /Py
concentration

™M)

0.01 1.672+0.52 0.471+£0.03 (n=13)
0.1 2.71740.23 0.409+0.02 (n=13)
0.5 3.431+0.49 0.362+0.01 (n=4)
1.0 37174046 0.303+0.01 (n=4)

Cion and Cy, are the corresponding ion concentra-
tions; K,,, and K, the binding constants for the
indicated ions determined in single-salt solutions;
and K, the blocking constant which is fit empiri-
cally).

Data from potassium-thallium mixtures at all
three concentrations can be fit by Eqn. 1 with a
blocking constant value of 380 M~!. The am-
monium data is best fit with a value of 250 M.
These values may be compared to the value of 800
M ! for the block of sodium by thallium in the
gramicidin channel [7]. The lower curves in Fig. 2
illustrate these fits.

The upper curves in Fig. 2 illustrate the ex-
pected conductance in mixtures assuming that the
presence of one ion in a pore simply excludes
other ions with no other effect on conductance.
These curves are from the equation for the channel
conductance in a mixed solution with no blocking,
as derived from Lauger [7,12]. The conductance
data are clearly not fit by using this assumption,
since this does not explain the large decreases in
conductance at low mole percent of thallium seen
with both potassium and ammonium mixtures.
(The equation for these curves can be formed if, in
Eqn. 1 above, the term K, is replaced by the
binding constant K4, and the product K, - C,..
is added to the 1 in the numerator of the fraction

in the denominator of the term on the right [7]).

Table I compares the conductance ratio G /G,
to the permeability ratio P, /P, as a function of
concentration. The conductance ratio is simply the
ratio of the conductances found in symmetric solu-
tions of the pure salts, while the permeability ratio
is found by measuring the zero-current potential
under bi-ionic conditions at the indicated con-
centration. The permeability ratio Py /Py, is near
0.4 at low activity, but as activity increases, it falls
to 0.3 at a concentration of 1 M. (For all con-
centrations, the measured V, was 20+ 1 mV, but
activity corrections at high concentrations of thal-
lium lead to this decrease in the calculated value).
The permeability ratios for all pairs of ions tested
by Coronado et al. [10] were constant with respect
to ion concentration in this channel.

Blocking effects of thallium ion in mixed solu-
tions have been observed previously in gramicidin
channels [5-7], nerve membrane [1], muscle [2,4],
and egg [3]. In gramicidin, the permeability ratio
Py /Py is concentration dependent. Eisenman et
al. [5] explain the 10-fold change observed in this
ratio under asymmetric conditions (from 0.1 to 10
mM), and the predicted 2-fold change for the
bi-ionic case, with a model which allows multiple
occupancy of the gramicidin channel. My data for
the sarcoplasmic reticulum channel do not show
such large changes in the ratio Py /Pq.

The conductance data in pure thallium acetate
are consistent with a single-ion pore model of this
channel. The blocking data in mixed solutions may
be accounted for without invoking multiple oc-
cupancy of the channel if one postulates that
thallium binding to an external site, not in the
conduction path, alters the channel conductance
to the two cations in solution. With this assump-
tion, which has been used to account for similar
effects of thallium in the inward rectifier channel
[14], equations formally equivalent to Eqn. 1 above
can be derived (personal communication from Dr.
Sergio Ciani). Other possible models, which might
be compatible with my data, would be to allow
fluctuation of channel barriers between different
conformational states, along the lines of model
discussed by Liduger et al. [15], or to allow for
multiple occupancy. This last suggestion is least
attractive at this point, unless double occupancy is
limited to channels which contain thallium and a



different cation, since the pure thallium data, and
the behavior of this channel in all other salt solu-
tions do not show evidence of multiple occupancy.

In summary, my observations of thallium ion
permeation in the sarcoplasmic reticulum channel
include anomalous blocking effects in mixtures of
permeant ions, probably without multiple oc-
cupancy of the channel. This effect is also seen in
the presence of sulfate ions, indicating that it is
not due simply to altered membrane surface charge
as a result of nonspecific thallium binding. Thus
thallium ion appears to interact specifically with
the sarcoplasmic reticulum channel to block cur-
rent to other ions.
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