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ABSTRACT We have characterized
mechanisms of ionic permeation in the
K channel of canine cardiac sarcoplas-
mic reticulum (SR K channel). lonic
selectivity, as measured by relative per-
meabilities, followed Eisenman se-
quence |, a low field strength sequence.
Slope conductance measured in sym-
metrical solutions across the bilayer
followed Eisenman sequence V. In all
cases, the selectivity characteristics of
the prominent subconductance state
(O,) were similar to those of the main-

state (O,). Further, our studies have
revealed that this channel differs in
three significant ways from the highly
characterized SR K channel of skeletal
muscle. First, the ratio of permeabilities
Cs* to K* was a complex function of
ion concentration. Second, the con-
centration dependence of conduc-
tance was not well described by the
Michaelis-Menten formalism. Instead,
we modeled the observed relations
using a more general approach based
on classical rate theory. Third, mole

fraction experiments (Cs* with K*)
demonstrated a prominent anomalous
effect. Certain of our Cs* data required
the Eyring rate theory approach for
adequate interpretation. We adopted a
symmetrical energy profile incorporat-
ing ion-ion interaction and thereby
accounted for much of the data. We
conclude that the canine cardiac SR K
channel is significantly different from
that of skeletal muscle, and it may
accommodate more than one ion at a
time.

INTRODUCTION

The electrical activity of sarcoplasmic reticulum (SR)
membrane has been the subject of much scientific interest
(for a review, see Caillé et al, 1985) Two broad
approaches have been utilized to date, namely, measure-
ments of transmembrane potential and studies of mem-
brane permeability. The discovery that the SR is highly
permeable to monovalent cations led to the proposal that
a charge compensating mechanism existed during the
Ca?* fluxes associated with excitation—contraction cou-
pling. This shunt permeability was attributed to a mono-
valent cation channel (McKinley and Meissner, 1978;
Meissner and McKinley, 1982). In subsequent studies,
this cation channel of skeletal muscle has been character-
ized extensively, largely through measurements of uni-
tary channel current in artificial bilayer membranes (e.g.,
Miller and Racker, 1976; Coronado and Miller, 1979,
1980, 1982; Cukierman et al., 1985).

A number of studies of the skeletal muscle SR K
channel have demonstrated single ion behavior, i.e., a
pore that accommodates at most one ion at a time
{Coronado et al., 1980; Cukierman et al., 1985). It is well
known, however, that many K channels exhibit multi-ion
conduction (Hille, 1984). In order to investigate this
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apparent discrepancy, we decided to re-examine the ques-
tion of multiple-versus single-ion conduction in the SR K
channel from cardiac muscle.

Confirming previous findings, we argue that perme-
ability is modulated by a relatively weak electric field
inside the pore. We describe experiments using Cs*, a
species that permeates the channel and yet impedes the
diffusion of K*, to induce a state of rapid “block.”
Certain experimental observations, however, are most
consistent with multiple ion occupancy. Thus, our data
suggest that significant differences exist between the SR
K channels of mammalian cardiac and skeletal muscle.
We have interpreted our findings using a two-binding site
model of ionic diffusion based on classical rate theory.

METHODS

Experimental techniques

Bilayer phospholipid (Avanti Polar Lipids, Inc., Birmingham, AL) was
suspended in n-decane (2040 mg lipid/ml). Lipid suspensions were
prepared as 1:1 (wt/wt) mixtures of phosphatidylethanolamine/
phosphatidylserine (PE, E. coli:PS, bovine brain). Decane was purified
by passage over a 10-cm adsorbent column of alumina (No. A-1522,
Type WN-6, Neutral; Sigma Chemical Co., St. Louis, MO).

An aperture (300-zm diam) in an acrylic partition separating two
chambers (3-ml cis and 5.5-ml trans) was painted with the lipid
suspension (Mueller et al., 1962). Using an agar bridge electrode, the cis
chamber was connected to a voltage-command signal. The trans cham-
ber was connected to a current—voltage converter circuit (1 G2 feedback
resistor) in order to monitor transmembrane current. The signal was
low-pass filtered (—3 dB generally at 100-200 Hz) using an 8-pole
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Bessel filter and stored on magnetic tape (Store 4-DS; Racal Recorders
Inc., Sarasota, FL).

All bath electrolyte solutions were buffered with 10-mM histidine and
pH adjusted to 7.1. All experiments were performed using symmetrical
concentrations of solution (denoted [X] across the bilayer, unless
otherwise indicated). Junction potentials were measured (and correc-
tions assigned assuming constant charge accumulation with time) after
each experiment; these were generally <3 mV in absolute value.

Vesicles were incorporated into the planar bilayer by a Ca?*-induced
fusion process (Miller and Racker, 1976). Fusion was halted as soon as
discrete channel fluctuations were detected, usually by perfusing away
the vesicle suspension. Sometimes we chose to decrease average vesicle
size by sonication in a bath-type sonicator (Ultrasonic Apparatus
G-112-SP1, Laboratory Supplies Co., Hicksville, NY) in order to
prevent the incorporation of several channels with a fusion event (Miller
and Racker, 1976).

In some experiments, it was necessary to change the solution on one
side of the bilayer. To do this, we perfused the cis chamber with new
solution while removing an identical volume of cis solution, all in the
presence of vigorous stirring. The perfusion time required for nearly
complete turnover of the bath solution was determined to be 7 min (18
ml or 6 chamber vol). Under these conditions, 0.75% (+0.20) of the
original solution concentration remained (time constant = 1.42 + 0.08
min; n = 3).

Data analysis

Analog single channel current data were sampled for digital analysis
and stored on magnetic media. (The programs used for analysis were
kindly provided by Dr. H. Affolter, Yale University.) We routinely
calculated current amplitude histograms and fitted Gaussian curves (by
eye) to the approximately normally distributed current data. The
amplitude of a single channel transition was taken as the difference
between the means of two fitted curves. Data are reported as mean +
standard error of the mean (SEM).

Most points on all I-V curves represent the average of 3—10 amplitude
calculations. A theoretical curve was fitted to the experimental I-V
relation; this was generally a least squares fitted straight line. All
conductances were calculated from I-V curves defined by at least three
(generally 10-15) points. Reversal potentials were determined by
interpolation using the fitted curve. Where noted, ratios of permeabili-
ties were calculated using the Goldman-Hodgkin-Katz equation from
reversal potential measurements taken under biionic conditions.

Vesicle preparation and
characterization

isolation procedure

Canine cardiac membrane vesicles were isolated according to the
procedure described by Jones (Jones, 1988) and according to a slightly
modified protocol. In the modified procedure, we interposed 0.4 M
sucrose between the 0.6 and 0.25 M layers in the discontinuous density
gradient. In addition, we centrifuged the gradients overnight in a
swinging bucket rotor (model SW28; Beckman Instruments, Inc., Palo
Alto, CA) at 25,000 rpm (113,000 g,,,). Each procedure provided a
heterogeneous population of membrane vesicles from sarcolemma and
SR. This is similar to the findings reported by others (Jones and Besch,
1984; Hungerford et al., 1984).

An enriched fraction of SR vesicles from canine cardiac muscle and
rabbit fast-twitch skeletal muscle was kindly provided by Dr. G.
Meissner (University of North Carolina). The SR vesicles were of light
density with relatively few dihydropyridine binding sites (G. Meissner,

personal communication) indicating that they originated in longitudinal
SR.

Eyring rate theory model

To gain additional insight into mechanisms of ionic permeation, we
implemented a two-binding site Eyring rate theory model. The theory
and mathematical techniques are similar to those described by others
(L#uger, 1973; Hille, 1975a.b; Hille and Schwarz, 1978; Begenisich and
Cahalan, 1980). The computer code was written in Turbo Pascal
(Borland International, Inc.) and was modified from a FORTRAN
version kindly provided by Dr. G. S. Oxford of the Department of
Physiology at the University of North Carolina. Calculations were
performed using an IBM PC-AT computer. Fits to the experimental
data were achieved empirically.

Briefly, the permeation pathway inside the channel is represented as a
linear series of free energy peaks and troughs. This corrugated energy
profile corresponds to the free energy of an ion-channel system at
various positions of the ion within the membrane, in the absence of (a)
an applied electric field, and (b) other ions inside the channel. lons
“jump” according to a Poisson process from one site to another over an
intervening energy barrier. Reaction rates for ionic diffusion are calcu-
lated as rate constants (derived from classical rate theory and including
a voltage-dependent term) multiplying occupancy probabilities for each
possible state. The model has two local free energy minima that can
either be empty or contain an ion. Both sites may be filled simultaneous-
ly; thus, nine possible occupancy states exist. Following the pattern of
Hille and Schwarz (1978), repulsive coulombic forces are assumed to
drop linearly from one well to the next and are expressed as factors
multiplying the rate constants. The system of differential equations is
solved using a matrix technique as described by Begenisich and Cahalan
(1980). Conductances are calculated as the slope of a short segment of
the current—voltage curve about the x-axis.

RESULTS

General features

An illustrative record of the SR K channel is depicted in
Fig. 1. Immediately apparent are the characteristically
slow gating kinetics and the two levels of open state
current, labeled O, and O,. The substate O, was seen in
all experiments; indeed, it served as one criterion for
identifying the SR K channel in bilayers (other criteria
included channel conductance, slow gating kinetics, and
Cs* blockade effects). As discussed elsewhere (Hill, J. A.,
R. Coronado, and H. C. Strauss, manuscript in prepara-
tion), we interpret O, to represent a subconductance state
of the “main-state” O,. Each state (Closed, O,, O,) has
direct access to the other two and apparently occurs at
random.

lonic selectivity

Selectivity as measured by zero-current

reversal potential

We measured reversal potentials under biionic conditions,
and quantified the data as relative permeabilities of
species X with respect to K* (Py:Py) for open state O,
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FIGURE! Unitary current mediated by the cardiac SR K channel with
two open states (O,, O,).

(Fig. 2 A). The sequence observed, Cs (P¢,:Px = 1.25) >
Rb (1) > K (1) > Na (0.5) > Li (0.2), corresponds to
sequence I (low field strength) in the formalism developed
by Eisenman (1961). With the notable exceptions of
NH,* (1.7) and T1* (9.7), permeability with respect to
K* increases monotonically with ionic radius. Other
biionic potential measurements (data not shown) have
confirmed that the SR K channel was Nernst ideally
selective for cations over anions. Tetraethylammonium
ions (TEA™*) were impermeant (Prga:Px < 0.03) as were
calcium ions (Pc,:Px unmeasurable).

The fact that permeability ratios vary directly with
ionic size suggests that coulombic interactions between an
alkali metal cation and water are significant in the
selectivity reaction (Krasne, 1980). In other words, the
permeability of a given ion is dictated largely by the ease
with which surrounding water molecules are removed. A
simple prediction that follows is that relative selectivity in
the SR K channel should decrease with increasing hydra-
tion energy (Fig. 2 B). A remarkably linear relation is
observed for the group IA cations.

It is apparent that NH,* and T1* both have anoma-
lously high permeabilities compared with alkali metal
ions of similar radius (Fig. 2 A) or similar hydration
energy (Fig. 2 B). It follows (see above) that the selectiv-
ity for NH,* and T1* must be due at least in part to
relatively greater affinities between ion and channel (as
opposed to ion and water). Such effects may possibly
be attributed to preferential tetrahedral associations
(NH,*) or polarizing interactions (T1*) with ligands
lining the channel pore (Krasne, 1980).

The selectivity fingerprint for the subconductance state
O, was experimentally identical to that of O,. This finding
suggests that selectivity (as measured by biionic reversal
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FIGURE 2 lonic selectivity. (4) Selectivity fingerprint of the cardiac
SR K channel. In this diagram, log permeability of species X relative to
K (Px:Py) is plotted versus Pauling crystal radius. Reversal potentials
were measured under biionic conditions, with 100 mM K* trans and 100
mM test cation X* cis. (B) Relative permeability is plotted as a function
of absolute enthalpy of hydration.

potentials over the range of crystal radii 0.60 to 1.7 A)
occurs independently of the mechanism responsible for
the substate. These data confirm the work of Tomlins and
co-workers (Tomlins et al., 1984; Tomlins and Williams,
1986) who have shown that SR K channels from rabbit
cardiac and skeletal muscle exhibit a substate with ionic
selectivity characteristics similar to those of the main
state.

Selectivity as measured by conductance

We measured single channel conductances in the pres-
ence of symmetrical solutions of alkali metal cations other
than K*. A representative current—voltage (I-V) curve (in
Cs*) is depicted in Fig. 3 A from transitions such as those
shown in B. Current-voltage curves in Rb* and Na* also
were ohmic (constructed from transitions such as those
shown in C and D). Conductance data from several
experiments are compiled for states O, and O, in Fig. 4.
Here, selectivity as measured by conductance in the
presence of symmetrical 0.1 M salt exhibited Eisenman
sequence V, an intermediate field strength sequence.
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FIGURE 3 Unitary current of alkali metal cations. (4) Current—voltage relations recorded in symmetrical Cs* solutions. Experimental conditions:
327 mM CsOAc symmetrical. Slope conductances (0,, O;) = 35 pS, 20 pS. (B) Unitary current carried by Cs*. Experimental conditions: 327 mM
CsOAc // 100 mM CsOAc, V4 as indicated, bandwidth = 70 Hz, open ~ up. Amplitudes (pA) are as follows (O,, O,): +40 mV, 1.8, 1.0 (not
shown); +20 mV, 1.1, 0.6; +10 mV, 0.75, 0.4. Slope conductances (0,,0,) = 35 pS, 20 pS. (C) Unitary current carried by Rb*. Experimental
conditions: 327 mM RbCl // 100 mM RbCl, ¥,y = 0 mV, bandwidth = 80 Hz, open = up. Amplitudes (pA) are 3.6 (0,) and 1.7 (O,). (D) Unitary
current carried by Na*. Experimental conditions: 280 mM NaOAc // 100 mM NaOAc, Vyy = +40 mV, bandwidth = 80 Hz. Amplitudes (pA) are

2.8 (0,) and 2.1 (O)).
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FIGURE 4 Single channel slope conductance in symmetrical 100 mM
solutions. O, and O, are plotted as the mean of two or more measure-
ments.

Again, the same selectivity sequence was observed for O,
as for O,.

Concentration dependence of P,:P

For multi-ion channels, energy profile barrier heights as
well as trough depths are important factors in ionic
selectivity (Hille and Schwarz, 1978). Thus, ratios of
permeabilities are expected to be functions of ionic activ-
ity and the specific energy profile of each ion. We studied
the concentration dependence of Pq:Px in two experi-
ments. The experimental protocol involved measuring
slope conductances in solutions of symmetrical concentra-
tion over the range 50-500 mM (Fig. 5). As with the
selectivity fingerprint measured at 0.1 M ionic strength,
the concentration dependence of P,:Px was identical for
states O, and O,. It is clear from the figure that Pg,:Pg
was not constant, but rather was a function of ionic
activity. These results suggest that ionic permeation
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FIGURE S Activity dependence of relative permeability. The ratio of Cs
to K permeabilities (Pc,:Px) is plotted versus ionic activity. Means of
two or more measurements are shown + SEM.

under these conditions involves significant ion—ion inter-
action.

Concentration dependence of
conductance

To elucidate possible ionic interaction within the channel
pore, it was necessary to know how channel conductance
varied with the ionic activity of the bathing solutions.
Slope conductance (O, and O,) is plotted versus ionic
concentration in Fig. 6 4. Immediately apparent is the
similarity of the conductance-activity relations for O,
and O,. Both curves have leveled off substantially at K*
activities of 150 mM (~200 mM concentration). An
empiric fit from the permeation model (see below) is
superimposed as a continuous curve on the O, data points.
In addition, we measured the activity dependence of Na*
conduction (Fig. 6 B). The ratio of conductances K*:Na*
(0,) is independent of cation activity within experimental
error (data not shown). Calculated data from the rate
theory model (see below) are superimposed on the experi-
mental data points in Fig. 6.

Cs blockade
Rapid blockade

Exposure to Cs* led to an apparent diminution of single
channel conductance (Fig. 7). We have analyzed this
effect in terms of the following simple reaction scheme:
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FIGURE 6 Concentration dependence of conductance. (4) Conduc-
tance—concentration relations for O, (open squares) and O, (solid
squares) are plotted versus K concentration, [K]. Each point represents
the fitted slope of a current-voltage curve (at least three points)
measured in symmetrical K salt solutions. Error bars represent + I unit
of standard deviation. The smooth curve superimposed on O, is the
theoretical prediction from the energy profile depicted in Fig. 10 4. The
smooth curve superimposed on O, is the same as that for O, scaled down
to 56%. (B) Slope conductances for O, in K* (squares) and Na* (plus
signs) plotted versus ionic activity.

If the forward reaction rate (a - [Cs*]Open) and the
backward rate (8 - Blocked) are very rapid (with respect
to the recording bandwidth), then the open state and the
blocked state will be in apparent equilibrium. If the
interaction between Cs* and the channel exceeds the
bandwidth capacity of the recording apparatus, then a
filtering effect blurs the two states into a single state.
Under such circumstances, the two states can conve-
niently be considered to be a single open state, say Openg,.
The apparent conductance of Openg, is proportional to
the relative dwell times of the true open and “blocked”
states. For example, at low Cs* concentrations, the
blocked state will be populated relatively infrequently,
and the apparent conductance of Opene, will be only
slightly less than the conductance of true open state. As
the Cs* concentration is increased, the relative impor-
tance of the blocked state will increase, and Openg,
current diminish. (For an alternative view of Cs* block
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FIGURE? Cs blockade effects. (4) Conductance versus Cs concentra-
tion. Single channel current measured at +30 mV (in 100 mM K* from
an experiment in which Cs* was added symmetrically across the bilayer;
data are plotted versus Cs* concentration for O, (open squares) and O,
(solid squares). The transformed relations derived from the Scatchard
analysis (C) are superimposed. (B) trans Cs blockade. Control conduc-
tance/experimental conductance versus Cs* concentration (symmetri-
cal solutions). The slopes of the fitted lines indicate that Kp (O,,
trans) = 13.1 mM, Kp (O,, trans) = 13.6 mM. (C) Scatchard plots of
cis Cs* blockade of the SR K channel. The fitted lines have the following
parameters: O,, Kp = 8.8 mM, sites = 0.82; O,, Kp = 9.5 mM, sites =
0.79.

couched in terms of nonequilibrium permeation kinetics,
see Discussion.)

Theoretical curves derived from the Woodhull (1973)
analysis are shown superimposed on the experimental
points in Fig. 7, A and B. In C, data from another
experiment are plotted in the form of Scatchard plots.

These data clearly demonstrate the similarities in binding
affinity between O, and O,. Collected data from six
experiments (+30 mV) revealed apparent dissociation
constants for the cis reaction: Kp(QO,) = 9.5 (1.3) mM,
Kp(O,) = 8.8 (x1.0) mM, and for the trans reaction
Kp(0,) = 16.8 (+3.2) mM, Kp(O,) = 16.0 (+£3.0) mM.
Measurement of Cs* blocking effects at relatively large
transmembrane potentials consistently revealed only
slight voltage-dependence of block (data not shown).

Competition of Cs block

Potassium ions compete with the blocking action of Cs* in
the cardiac SR K channel (Fig. 8). In this figure, single
channel conductance is plotted versus ionic strength from
data pooled from several experiments. Each data point
was recorded in 100 mM K* plus a variable amount of
Cs* and/or K*. The points that define the downward
sloping curve were recorded with only Cs* added to the
100 mM K*. If, however, after adding 40 mM Cs*, K*
activity was increased [(100 + X)mM K*, 40 mM Cs*]
then channel conductance rose back toward control levels.
This competitive behavior is additional evidence (along
with the finite Cs* permeability) that argues strongly for
a Cs* binding site within the pore.

Anomalous mole fraction

Finally, we investigated the mechanisms of Cs™* interac-
tion with K* transport through the SR K channel in
greater detail in a mole fraction series of experiments
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FIGURE 8 Cs* block is competitive with K*. Single channel conduc-
tances (O,, solid squares; O,, open squares) were measured (pooled
data from several experiments) initially in symmetrical 100 mM K*.
Addition of Cs* (up to ionic strength 0.3 M) caused a marked fall in
conductance. This fall, however, is reversible by the addition of K* (up
to ionic strength 1.1 M).
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FIGURE 9 Conductance versus ionic mole fraction. (4) Anomalous
mole fraction effect. Single channel conductance as a function of Cs*
mole fraction (with K*, Xg,). Solutions were prepared such that {K*] +
[Cs*] = 200 mM. (B) Close-up of anomalous mole fraction curves
illustrating the conductance minimum. Error bars represent + SEM.

(Fig. 9 4). In these experiments, we measured single
channel conductance in the presence of symmetrical 0.2
M ionic strength (K* + Cs*) salt solutions of varying
proportions. A minimum was observed in the conductance
versus Cs* mole fraction plot at mole fraction Cs* (X,)
~ 0.75 (Fig. 9 B). This minimum was identically observed
for both O, and O, and strongly suggests that multiple
occupancy of the channel may occur under these condi-
tions. This property of conduction is strikingly different
from that reported for the SR K channel of skeletal
muscle. Fitted second degree polynomials are shown
superimposed on the O, and O, data points in the illustra-
tions; these curves are without theoretical significance.

Eyring rate theory model

We have analyzed our experimental observations in terms
of a two-binding site Eyring rate theory model. Calcu-
lated data from the model are shown as continuous curves
on the conductance—activity curves (Fig. 6).

The free energy profile that provided a best fit to all of

G=TO3RT

0.8

Occupancy Probability

08 12 16 2 24 28
K} /m

FIGURE 10 Theoretical calculations. (4) Free energy profile for K*.
This profile provided the best fits to current—voltage and conductance-
activity data for K* permeation during O,. The positions of the wells and
peaks are symmetric as follows: trans chamber = 0.0, peak 1 = 0.2, well
1 = 0.4, peak 2 = 0.5, well 2 = 0.6, peak 3 = 0.8, cis chamber = 1.0. (B)
Probabilities that a channel with an energetic profile as depicted in A4 is
doubly (P,), singly (P,), or un- (Py) occupied by K*, plotted versus K*
concentration.

the O, experimental data in K* is depicted in Fig. 10 A.
As shown, two binding sites were necessary for an accept-
able fit. As only ohmic I-V curves were observed, we
adopted a symmetrical profile with lateral energy barriers
of equal height (5.5 RT) and wells of equal depth
(—4.09 RT). The central barrier was fixed at 7.03 RT.
The K*—K* repulsion factor was 20. Occupancy probabil-
ity plots for the closed, O,, and O, states are depicted in
Fig. 10 B.

The O, data in K* were acceptably fit simply by scaling
down the O, fit to 56% (corresponding to the ratio of their
conductances) (Fig. 6). These observations are consistent
with the hypothesis that the conduction pathways for K*
during O, and O, are similar. As discussed elsewhere
(Hill, J. A, R. Coronado, and H. C. Strauss, manuscript
in preparation), we attribute the differences in conduc-
tance to a “duty cycle” effect for the O, state wherein K*
has access to the conduction pathway only 56% of the
time (flutter model).

Hill et al.

SR K Channel: Multi-lon Channet 41



DISCUSSION

Selectivity-relative permeability

Our measurements of ionic selectivity have confirmed
findings from other SR K channels. First, the cardiac SR
K channel strongly selects for cations over anions. This
indicates that a negative electric field is present within the
channel pore. Second, selectivity (as measured by relative
permeability) is dominated by the energy required to
dehydrate a cation. This implies that the electric field
inside the channel pore is relatively weak (ligands are few
in number, and/or have few charges or small dipole
moments) and is unable to overcome the attractive forces
between an ion and tightly bound water. As shown in Fig.
2 B, the ions from which water molecules are removed
most easily are most permeant. In addition, relative
permeability in the SR K channel follows in qualitative
terms the mobility of alkali metal cations in aqueous
solution (as measured by the diffusion coefficient, D):
Px:Py (D, 107° cm?/s; Hille, 1984) Cs (2.06) > Rb (2.07)
> K (1.96) > Na (1.33) > Li (1.03). This suggests that
the permeability of a cation in the SR K channel pore is
related to its mobility in aqueous solution; or an ion
permeates the pore in some ways similar to the way it
moves through water.

The model channels gramicidin A (Myers and Haydon,
1972) and alamethicin (Gordon, 1974) are low field
strength channels. Also, the selectivity sequence
described here is similar to those reported for the SR K
channel of rabbit skeletal muscle (Coronado et al., 1980;
Cukierman et al., 1985) namely NH, > K > Cs > Rb >
Na > Li as well as rabbit cardiac muscle (Tomlins et al.,
1984). The reported sequence for the frog SR channel is
K > Na (Labarca and Miller, 1981).

Our measurements of the ratio of Cs* and K* perme-
abilities indicate that the ratio is a complex function of
ionic activity, a result expected for a multi-ion channel
(Hille and Schwarz, 1978). At present, the issue is
sufficiently complicated and there are enough free vari-
ables involved that we are unable to attribute any signifi-
cance to the shape of the Pc Py relation. However, this
observation is the first clue that the cardiac SR K channel
exhibits significant multi-ion behavior. This observation
differs from the activity-independent P.,:Px ratios
reported for the SR K channel of skeletal muscle (Cukier-
man et al., 1985).

Conductance

Selectivity, measured as a function of conductance exhib-
its a different selectivity sequence, namely K > Rb >
Na > Cs (Eisenman sequence V). This sequence differs

substantially from that predicted from aqueous diffusion
coefficients, suggesting that conduction is not simply a
matter of ions moving through a water-filled pore. Again
there is a large body of literature documenting biological
and chemical systems that exhibit similar selectivity
properties (e.g., K, of the Na*, K* ATPase of nerve,
Skou, 1960; Bader and Sen, 1966; tetranactin, Krasne
and Eisenman, 1976). It is interesting that the cyclic
polyether XXXI, which exhibits Eisenman sequence I in
certain circumstances, exhibits sequence V on salt extrac-
tion into hexane (Eisenman et al., 1968). Thus, it demon-
strates the same two sequences as the canine cardiac SR
K channel.

The SR K channel from frog muscle exhibits a selectiv-
ity sequence (conductance) that is quantitatively identi-
cal to that from rabbit (e.g., K> NH,> Rb> Na > Li>
Cs). This sequence is similar to that which we describe for
the canine cardiac channel (K > Rb > Na > Cs).
Further, the same sequence has been observed for the
rabbit cardiac SR K channel (Tomlins et al., 1984). This
channel, however, exhibited similar selectivity character-
istics when measured as relative permeability or conduc-
tance, a significant difference from the canine cardiac
channel. Finally, the selectivity characteristics of the
main conductance state and those of the substate are
experimentally identical, a finding that is common to the
channels from heart and skeletal muscle.

Disagreement between permeability ratios determined
by conductance and zero-current potential measurements
indicates that ions do not move independently. A common
mechanism for violation of this “independence principle”
is one ion’s binding to a channel (or translocator in
general) particularly strongly (Hille, 1975b6; McLaugh-
lin, 1977). In this instance, tight binding by Cs* inside the
pore (see below) could explain most of the differences in
the two observed sequences. Deviations from indepen-
dence have also been attributed to other effects such as
“single file diffusion” (e.g., Hodgkin and Keynes, 1955).

We have shown that the selectivity fingerprint of state
O, (as measured by relative permeabilities or by conduc-
tance in symmetrical solutions) is experimentally indis-
tinguishable from that of O,. In addition, the shapes of
the conductance-activity curves and anomalous mole
fraction curves are very similar for O, and O,. These
observations suggest that the conduction pathway
changes very little on transition between O; and O, A
similar proposal has been put forth by Gray et al. (1985)
who observed similar selectivities and K* binding affini-
ties between substate and main state for the SR K
channel from rabbit heart. Given the obvious differences
between O, and O,, the similarities in selectivity proper-
ties (as well as conductance—activity and anomolous mole
fraction behavior) are quite remarkable.

42 Biophysical Journal

Volume §5 January 1989



Cs effects

Two measures of the SR K channel’s selectivity with
respect to Cs* gave apparently contradictory results.
First, the relative permeability of Cs* relative to K* was a
function of concentration, but varied generally about
unity. However, single channel conductance in the pres-
ence of Cs* alone was 26 pS (O,) and 15 pS (O))
(symmetrical 200 mM Cs*). These values contrast with
those observed in the presence of symmetrical 200 mM
K*, e.g., 189 pS for O, and 105 pS for O,. Thus, Cs* ions
are more permeant than K* in the SR K channel but less
conductive. In addition, the presence of Cs* ions inhibits
K* permeation through the channel, inducing a rapid
type of “blockade” (Fig. 7 4) (Cukierman et al., 1985).

Cursory examination of these data suggests that they
conflict. However, a consideration of the underlying rate
processes shows that permeability and conductance, as
measures of selectivity, do not in general agree (Hille,
1975a). Selectivity as measured by conductance is
expected to be directly comparable to that inferred from
permeability ratios only in the limit of negligible occupan-
cy, where conductance is proportional to concentration
(i.e., where independence holds).

In biionic conditions, Cs* may be considered more
permeant than K* ions because in the presence of cis Cs*,
the reversal potential is more negative than with cis
solutions of K* at the same concentration. However, when
Cs* and K* ions are mixed together, single channel
conductance becomes smaller than with either of the pure
salt solutions; conductance reaches a minimum at a mole
fraction Cs* of 0.75 for both O, and O, (Fig. 9). This
finding suggests that Cs* is now less permeant than K*.
Such “anomalous mole-fraction” behavior absolutely
requires a model in which one permeant ion influences
either the channel or another permeant ion during trans-
port (Hille and Schwarz, 1978).

Finally, we must reconcile the fact that Cs* is as
permeant as K* (and under certain conditions more
permeant) in the cardiac SR K channel (Figs. 2 and 5)
and yet it blocks K* current. Clearly the standard notion
of a blocking particle that diffuses into the pore, sterically
inhibits the movement of ions, and later moves back out of
the pore in the same direction from which it entered, is
inappropriate. Rather, we postulate that Cs* diffuses in
and binds to an energetically favorable site for a relatively
long time; in doing so it inhibits the transport of K* just
like 2 blocker. Later, however, the Cs* ion may continue
through the pore and thereby contribute an increment of
Cs* current. It is this additional mechanism of exit from
its binding site (continuing through the channel rather
than reversing direction and returning from whence it
came) that distinguishes the Cs* “blocking” reaction.

The phenomenon of low conductance-permeant ion
blockade has been reported for a variety of channels.
These include Ca?* channels (Hess and Tsien, 1984; Hess
et al., 1986; Lansman et al., 1986), sodium channels
(Hille, 1975b), squid axon K* channels (French and
Wells, 1977), and the rabbit skeletal muscle SR K
channel (Miller et al., 1984; Cukierman et al., 1985).

Modeling conduction

In our analysis of Cs* block, we have vacillated between
the simple thermodynamic treatment developed by
Woodhull (1973) and a nonequilibrium approach based
on classical rate theory. Interestingly, both approaches
provide useful insight. It is intuitive from an examination
of Fig. 7 that the Woodhull-type analysis provides a
useful description of the Cs* “blocking” reaction under
certain conditions. However, this analysis certainly fails
to explain the anomalous mole fraction data (not to
mention the substantial Cs* permeability and its measur-
able conductance).

As mentioned, we envision the reaction between Cs*
and the cardiac SR K channel to involve tight binding
within the conduction path followed by slow permeation.
As more Cs* is added to solutions containing K*, the
occupancy of the channel by Cs* increases. It follows that
total current becomes increasingly dominated by the low
conductance Cs™* ion at the expense of high conductance
K*. Under such circumstances, total current falls so low
that simple equations that assume zero current upon
“blockade” are acceptable. At some point, however, Cs*
ions overwhelm K* and total current increases, presum-
ably because repulsion between multiple Cs* ions within
the pore is significant.

In order to model these situations, we adopted a rate
theory approach. Also, as conductance in the SR K
channel continues to rise monotonically over the activity
range 0.2-0.7 M (Fig. 6), we implemented a model in
which more than one ion may occupy the channel at any
given time. Good fits were obtained for O, and O,. In
addition, we obtained excellent fits to the ohmic current—
voltage relations using this model. The profile from which
the fits were calculated has lateral barriers of equal
height and wells of equal depth. In order to fit the
monotonically rising phase of the conductance-activity
curves between 0.2 and 0.7 M, an ionic repulsion term
(=20) was added. This term requires that the K, for
binding of a K* ion is 400-fold greater when the adjacent
site is occupied as opposed to vacant. That is, occupancy
of one binding site raises the energy of the second site by 6
RT. Physically, this corresponds to two unliganded
(“naked™) ions separated by 0.5 nm in a medium of
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dielectric constant 20 (a low field strength ion channel
with a linear drop in potential between wells).

The theoretical conductance-activity curve calculated
from the model exhibits an essentially linear rise in the
limit of low ionic activity (14 pS/mM). Not shown in the
illustrations is a conductance peak at 245 pS (K* activ-
ity = 1.5 M) followed by a linear decline phase (—24
pS/M). Finally, the rate of decline slows as conductance
approaches zero in the limit of very high concentration.

In the theoretical calculations of channel occupancy
(Fig. 10 B), the probability of channel vacancy (P,) falls
rapidly in low ionic strength solutions while the probabil-
ity of single occupancy (P,) rises rapidly; they cross each
other (P, = P, = 0.5) at 5.1 mM K*. P, reaches a
maximum and then begins to decline linearly (—0.087
M~'). P, crosses the P, (probability of double occupancy)
curve (P, = P, = 0.5) at 6.7 M K* (data not shown). P,
rises slowly initially but asymptotes to a linear segment
whose slope is 0.087 M~' up to 10 M K* activity.

Thus, we have seen that calculations based on rate
theory using a two-site model adequately account for the
current-voltage and conductance versus activity data in
K*. It is almost certain that other profiles exist from
which adequate fits can be calculated. To date, we have
been unable to model the anomalous mole fraction data or
the concentration dependence of Py:Pc, with a unique
two-site profile for Cs*. However, anomalous mole frac-
tion behavior implies significant interaction among con-
ducting ions.

Multi-ion conduction

Of the several indicators for the multi-ion nature of ionic
channels (Hille, 1984), the cardiac SR K channel exhibits
three, ¢.g., a conductance—activity relationship that does
not saturate, a non-monotonic relationship between con-
ductance and ionic mole fraction, and a non-monotonic
relationship between permeability ratio and ionic activity.
Among the indicators that failed are the absence of strong
voltage-dependent blockade by Cs* and activity-indepen-
dence of the conductance ratios (K* and Na*). We
suggest that our failure to demonstrate activity-depen-
dent conductance ratios may reflect our difficulty in
measuring Na* conductances below ~100 mM (where
ionic conductance diminishes rapidly and the signal-
to-noise ratio of the measurements declines substantial-
ly). Further, non-saturating conductance-activity behav-
ior can be demonstrated in a single-ion channel if fixed
negative charges are concentrated at the pore mouth
(Jordan, 1987). Of course, each criterion is consistent
with but not necessary for identifying multi-ion occupan-
cy.

Thus, we have demonstrated two strong and one weak
argument for the multi-ion nature of the cardiac SR K

channel; taken together the three arguments are compel-
ling and lead us to conclude that the channel is indeed
multi-ion. Further, the facility with which the two-site
model explains the experimental data is consistent with
the multi-ion nature of the SR K channel. It strongly
suggests that ion—ion interaction occurs, leading to devia-
tion from the independence principle and anomalous
mole-fraction behavior.
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