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ABSTRACT The mechanism of Cl~ ion permeation through single cystic fibrosis transmembrane conductance
regulator (CFTR) channels was studied using the channel-blocking ion gluconate. High concentrations of intra-
cellular gluconate ions cause a rapid, voltage-dependent block of CFTR CI~ channels by binding to a site ~40% of
the way through the transmembrane electric field. The affinity of gluconate block was influenced by both intracel-
lular and extracellular CI~ concentration. Increasing extracellular ClI~ concentration reduced intracellular glu-
conate affinity, suggesting that a repulsive interaction occurs between Cl~ and gluconate ions within the channel
pore, an effect that would require the pore to be capable of holding more than one ion simultaneously. This ef-
fect of extracellular Cl~ is not shared by extracellular gluconate ions, suggesting that gluconate is unable to enter
the pore from the outside. Increasing the intracellular CI~ concentration also reduced the affinity of intracellular
gluconate block, consistent with competition between intracellular CI~ and gluconate ions for a common binding
site in the pore. Based on this evidence that CFTR is a multi-ion pore, we have analyzed CI~ permeation and glu-
conate block using discrete-state models with multiple occupancy. Both two- and three-site models were able to re-
produce all of the experimental data with similar accuracy, including the dependence of blocker affinity on exter-
nal CI~ (but not gluconate) ions and the dependence of channel conductance on Cl~ concentration. The three-
site model was also able to predict block by internal and external thiocyanate (SCN™) ions and anomalous mole

fraction behavior seen in C1~/SCN™ mixtures.
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INTRODUCTION

Cystic fibrosis is caused by mutations in a single gene,
that encoding the cystic fibrosis transmembrane con-
ductance regulator (CFTR)! (Riordan et al., 1989). Al-
though CFTR is a member of the ATP-binding cassette
family of transport proteins (Higgins, 1995) and has
been reported to act as a modulator of other mem-
brane proteins (Schwiebert et al., 1995; Stutts et al.,
1995), it is also itself a C1~ ion channel (Anderson et
al., 1991; Kartner et al., 1991; Tabcharani et al., 1991;
Bear et al., 1992). Indeed, several specific amino acids
have been shown to contribute to the pore of the CFTR
Cl~ channel (Anderson et al., 1991; Sheppard et al.,
1993; Tabcharani et al., 1993; Akabas et al., 1994; Mc-
Donough et al., 1994; Cheung and Akabas, 1996; Lins-
dell et al., 1997). In some cases, mutations within the
pore that compromise channel activity may lead to cys-
tic fibrosis (Welsh and Smith, 1993).

In spite of this information on the physical location
of the CFTR CI~ channel pore, little is known about the
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permeation properties of even wild-type CFTR. The
CFTR CI™ channel is permeable both to halides (per-
meation sequence P; > Py > P > Pp; Tabcharani et
al., 1997) and to polyatomic anions (Linsdell et al.,
1997), and also to some small uncharged molecules
(Hasegawa et al., 1992). The dimensions of the largest
permeant ions suggest a minimal pore diameter of
~5.3 A (Linsdell et al., 1997). The pore may be blocked
by the arylaminobenzoate compounds diphenylamine-2-
carboxylate and flufenamic acid from either side of the
membrane (McCarty et al., 1993), by intracellular disul-
fonic stilbenes (Linsdell and Hanrahan, 19965) and,
with a much lower affinity, by large intracellular anions
such as glutamate and gluconate (Linsdell and Hanra-
han, 1996a). CFIR has previously been modeled only
as a single-ion pore (Overholt et al., 1993, 1995), even
though there is good evidence that it can hold more
than one ion at a time (Tabcharani et al., 1993; Lins-
dell and Hanrahan, 1996a). The ability to hold more
than one ion simultaneously is thought to be an impor-
tant part of the permeation mechanism in cation chan-
nels, since it allows channels to achieve selectivity by se-
lective ion binding, but still permits rapid ionic fluxes
due to electrostatic repulsion between ions bound in the
pore (Almers and McCleskey, 1984; Hess and Tsien,
1984; Neyton and Miller, 1988; Yang et al., 1993). A sim-
ilar multi-ion mechanism may be involved in CI~ per-
meation through CFTR (Tabcharani et al., 1993).
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We have used the impermeant blocking ion gluco-
nate to examine Cl~ permeation through single CFTR
channels. Channel block by intracellular gluconate is
modulated by both intracellular and extracellular C1~
concentrations, consistent with competition between
intracellular Cl~ and gluconate for a common binding
site, and with repulsion between extracellular CI~ and
intracellular gluconate within the pore. Single channel
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FiGURre 1. Voltage and concentration dependence of intracellu-

lar gluconate block of single CFTR CI~ channels. (A) Single CFTR
channel currents recorded from inside-out membrane patches at a
potential of —90 mV, using symmetrical 150 mM NaCl plus 0, 75,
or 300 mM intracellular Na-gluconate. The line on the left indi-
cates the closed state of the channel. Intracellular gluconate causes
arapid block of the channel, leading to a reduction in mean chan-
nel amplitude (Linsdell and Hanrahan, 19964). (B) Mean single
channel i/V relationships constructed using symmetrical 150 mM
NaCl plus 0 (O), 25 (V), 75 (A), 150 (@), and 300 (O0) mM intra-
cellular Na-gluconate. Voltage-dependent block by gluconate
leads to a reduction of inward, but not outward, current. Each
point represents the mean of data from 3-12 patches. (C) Fraction
of control current remaining (i/4) in the presence of different
concentrations of gluconate at —100 mV. Each point represents
the mean of data from four to six patches. The points have been
fitted by Eq. 6, giving a K for gluconate of 176.9 mM.
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FiGure 2. Different intracellular cations do not affect gluconate
block. Mean single channel i/V relationships were constructed
from three to seven patches with symmetrical 150 mM NaCl plus
150 mM Na-gluconate (@) or NMDG-gluconate ((J) in the intra-
cellular solution.

current-voltage relationships in the absence and pres-
ence of intracellular gluconate were modeled using dis-
crete-state models containing two or three sites that
may be multiply occupied. Both models were able to
replicate the effects of gluconate on CI- permeation
and also account for the dependence of single channel
conductance on symmetrical C1~ concentration. The
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i(pA) nate (C) in the extracellular
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FIGURE 4. Effect of extracellular anions on the affinity of gluco-
nate block. Data from Fig. 3 were analyzed using the Woodhull
(1973) model of voltage-dependent block, as described in METH-
obs. Each point represents the mean of data from three to six
patches with 150 mM NaCl (O), 40 mM NaCl (@), and 150 mM
Na-gluconate () in the extracellular solution. The data have
been fitted by Eq. 1 using the mean parameters given in Table I. A
similar value for electrical distance of the gluconate block was ob-
tained by setting the gluconate flux to ~~0 and allowing the electri-
cal distance to be an adjustable parameter during model fits (see
RESULTS).

three-site model was also able to predict all of the ef-
fects of SCN~ on CFTR permeation previously de-
scribed for both wild-type and R347D CFTR (Tabcha-
rani et al., 1993). (A preliminary report of this work has
appeared, Linsdell and Hanrahan, 1996¢.)

METHODS

Electrophysiological Recordings and Analysis

All experiments were carried out on Chinese hamster ovary cells
stably expressing the human wild-type CFTR gene (Tabcharani et
al.,, 1991, 1997; Chang et al., 1993). Single channel recordings
were made using the excised, inside-out patch configuration of

the patch clamp technique, as described elsewhere (Tabcharani
etal., 1997). Since experiments were designed to test the conduc-
tion properties of CFTR under a range of different conditions, a
large number of different bath (intracellular) and pipette (extra-
cellular) solutions were used. Experiments with different solu-
tions were carried out on different patches. Solutions contained var-
ious concentrations of NaCl and/or Na-gluconate (or N-methyl-p-
glucamine [NMDG] gluconate in Fig. 2), as described in the indi-
vidual figure legends. In addition, all solutions contained 2 mM
MgCl, and 10 mM TES (N-tris[hydroxymethyl]methyl-2-amino-
ethanesulfonate)buffer, and were adjusted to pH 7.4 by addition
of NaOH or HCIL. In many cases, the total osmolarity of the intra-
cellular solution is expected to be far greater than that of the ex-
tracellular solution, although this did not seem to compromise
the stability of excised patches. Current traces were filtered at 50 Hz
using an eight-pole Bessel filter (Frequency Devices, Inc., Haver-
hill, MA), and digitized at 250 Hz.

Outward currents (carried by Cl™ influx) are ascribed a posi-
tive sign and shown as upward deflections of the current trace.
Single channel i/V relationships have been corrected for mea-
sured liquid junction potentials of between —4 and +6 mV
that exist between dissimilar pipette and bath solutions. Voltage-
dependent channel block was analyzed using the Woodhull
(1973) method and also using the two-site multiple occupancy
model. For the Woodhull method, current remaining in the pres-
ence of blocker was expressed as a fraction of the control, un-
blocked current (i/%), and plotted as a function of membrane
potential. The data were then fitted by the equation

/i = Ky (V)7 (Kq (V) + [B]), M

where [B] is the blocker concentration and K,(V) is the voltage-
dependent dissociation constant, the voltage dependence of
which is given by

K, (V) = K,(0) exp (—2' VE/ RT), (2)

where 7' is the apparent valency of the blocking ion, that is the
real valency (—1) multiplied by 9, the fraction of the membrane
electric field experienced by the blocking ion. In most cases,
blocker affinity is expressed as K;(—100), which has previously
been suggested to provide an accurate measure of affinity in this
case (Linsdell and Hanrahan, 1996a). The electrical distance of

TABLE 1
Affinity and Voltage Dependence of Block by 150 mM Intracellular Gluconate under Different Ionic Conditions

Intracellular [Cl~]/mM z' K;(—100) /mM

Effect of extracellular [Cl™]

External anion

154 mM Cl~ (n = 5) 154 —0.38 = 0.02 179 + 4

44 mM Cl™ (n=15) 154 —0.39 = 0.02 140 = 3%*

150 mM gluconate (n = 5) 154 —0.41 = 0.04 118 = 9t
Effect of intracellular [Cl™]

Extracellular [Cl™]/mM

154 (n = 5) 154 —0.38 = 0.02 179 = 4

154 (n = 4) 304 —0.43 = 0.03 206 * 28

44 (n=15) 44 —0.45 = 0.03 90 = 2

44 (n=15) 154 —0.39 = 0.02 140 = 3l

z' and apparent affinity at —100 mM (K,;(—100)) were calculated for individual patches as described in Figs. 4 and 6. Significant differences, as deter-
mined using the two-tailed ¢ test, are indicated as follows: *significantly different from 154 mM Cl~,/154 mM CI~; (P < 0.001); *significantly different
from 44 mM Cl~(/154 mM Cl—; (P < 0.02); Ssignificantly different from 154 mM Cl,/154 mM Cl, (P < 0.002); lsignificantly different from 44 mM Cl,/44

mM CJ; (P< 0.01).
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the blocking site in the two-site model was also calculated by set-
ting the rate constant for transitions of the blocker between sites
to ~0 s~! and allowing the electrical distance of the inner block-
ing site to vary as a fitted parameter.

Experiments were carried out at room temperature (22 *
1°C). Mean values are presented as mean * SEM, except where
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Ficure 5. Dependence of gluconate block on intracellular CI~
concentration. Mean single channel i/V relationships were con-
structed from 3-12 patches with 150 mM NaCl (O) or 150 mM
NaCl plus 150 mM Na-gluconate (@) in the intracellular solution,
under conditions of high (150 mM; top) or low (40 mM; bottom) ex-
tracellular NaCl concentrations, and with intracellular NaCl con-
centrations of 150 (A and D), 300 (B), and 40 (C) mM.

stated otherwise. For graphical presentation of mean values, er-
ror bars represent *SEM; where no error bars are shown, this is
smaller than the size of the symbol.

Modeling of Energy Barrier Profiles

For a pore with two distinct ion binding sites, in the presence of
both CI~ and gluconate, there exist nine distinct equilibrium
states and 28 transition rates (see SCHEME 1), where Cl represents
asite occupied by a Cl~ ion, G represents a site occupied by a glu-
conate ion, and 0 represents a vacant site. With three binding
sites, this increases to 27 distinct equilibrium states and 92 rate
constants. The complexity of such models necessitates simplify-
ing assumptions, such as fixing the locations of ion binding sites.
Although Eyring Transition State Theory (Eyring et al., 1949)
does not apply to condensed phases, it can be useful when think-
ing about ion permeation and is practical for fitting data because
it reduces hundreds of free parameters to a manageable kinetic
scheme. In the present study, we modeled a range of experimen-
tal data using the AJUSTE program described by Alvarez et al.
(1992). This program uses energy barriers rather than kinetic
constants as fitting parameters so that microscopic reversibility
would not have to be imposed as a constraint. To reduce the de-
pendence on Eyring assumptions, more general rate constants
were then calculated for all the allowable transitions between oc-
cupancy states in two- and three-site models with the membrane
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F1GURE 6. Effect of intracellular Cl~ concentration on the affinity
of gluconate block, under conditions of high (150 mM; A) and low
(44 mM; B) extracellular NaCl concentration. Data from Fig. 5
were analyzed using the Woodhull (1973) model of voltage-depen-
dent block, as described in METHODS. Each point represents the
mean of data from three to six patches. (A) Intracellular NaCl con-
centrations of 150 (O) and 300 (@) mM. (B) Intracellular NaCl
concentrations of 40 (O) and 150 (@) mM. The data have been fit-
ted by Eq. 1 using the mean parameters given in Table I.
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TABLE II
Rate Constants for Allowable Transitions in the Two-Site Model for CFTR

Transition Rate constant Transition Rate constant
s7! st
00 -CO 6.34 X 10° OC-CC 5.00 X 10°
CO-00 3.11 X 10° CC-O0C 6.22 X 106
00 -0C 5.30 X 107 OC-GC 2.92 X 10°
OC-00 3.88 X 10° GC-0C 7.74 X 10°
CO-0C 1.50 X 107 GO -GC 4.19 X 10°
OC-CO 2.23 X 107 GC-GO 7.76 X 10°
00 - GO 3.70 X 10° GG-GO 8.8
GO -00 3.87 X 10° GO -GG 306
00 -0G 388 OG- GG 2.92 X 10°
OG-00 4.4 GG-0G 7.74 X 103
OG-GO 88.3 OG- CG 5.01 X 10°
GO -0OG 80.7 CG-0G 6.22 X 106
CO-CC 4.19 X 10° CO-CG 306
CC-CO 7.76 X 10° CG-CO 8.8

Rate constants were calculated from the free energy profiles computed
using the AJUSTE program (Alvarez et al., 1992; see METHODS). Electrical
distance of the first site (3) was fixed at 0.4 from the cytoplasmic side. The
position of the second site and all energy levels were allowed to vary dur-
ing the fitting procedure. C, chloride ion; G, gluconate ion; O, empty site.
The fitted ion-ion repulsion parameter was 0.28 = 0.01RT. The weighted
sum of squared differences between the experimental data and values
predicted by the model (SUMSQ) was 0.2804 pA? over the 220 individual
i/V points used.

potential set at 0 mV. Rate constants for transitions between any
two states ¢ and jin a two- (9 occupancy states) and three- (28 oc-
cupancy states) site model were calculated as

kij = (KT/ ) exp (—(E, —E,)) exp (~(Bw,p) zFV/RT),  (4)
where F, and E, are the energies at the starting site, w, and the

peak being traversed, p, and Aw,p is the electrical distance be-
tween this site and peak. This equation gave the rate constant

A. 154mM C1_/154mM Cl B. 154mM Cl_/154mM Cl,

when the pore contains only one ion; for a multi-occupied pore,
the rate constant was multiplied by a factor due to ionic repul-
sion within the pore, given by

exp(—A[ (V/Apw,) — (/Aw,w,)] ), (5)

where A is an ion-ion repulsion parameter obtained from the
fits; Ap,w, is the electrical distance from the peak being traversed,
p, to the location of a second ion, w,, and Aw,w, is the electrical
distance between the starting well, w, and w,. For a three-site pore
containing three ions, the transition rate constant will be multi-
plied by two expressions of the kind given in Eq. 5, one for each
bound ion that interacts with the ion undergoing a transition.

Current-voltage relationships obtained under various condi-
tions of intra- and extracellular C1~ and gluconate (see Figs. 1, 3,
5, and 8) were modeled using two or three sites. Adjustable pa-
rameters in the models were the energies at the sites and peaks
between the sites, their respective positions in the membrane
electric field, and an interaction parameter used to model ion-
ion repulsion within the pore (A in Eq. 5), which was assumed to
decrement with 1/distance (Alvarez et al., 1992). Physical inter-
pretation of such models is limited by the simplifying assump-
tions that the barriers and wells are located at the same positions
for both CI~ and gluconate and are unaffected when multiple
sites are occupied (see DISCUSSION). Internal and external sur-
face charges were both fixed at zero in this model; it has previ-
ously been suggested that surface charge has little effect on Cl~
permeation in CFTR (Linsdell et al., 1997), and allowing surface
charge to vary had a negligible effect on the goodness of fit of the
model. For the modeling, all ion concentrations were converted
to activities, calculated using the modified Debye-Hiickel equa-
tion (Bates, 1973). However, for clarity, all values quoted in the
text and in figures (except Fig. 8C) are absolute concentrations.
Other details of the modeling procedure are as described else-
where (Alvarez et al., 1992; Ravindran et al., 1992).

RESULTS

Properties of the Block of CFTR by Intracellular Gluconate

Previously, we showed that high concentrations of the im-
permeant anion gluconate caused a rapid, voltage-depen-
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0.2 - FIGURE 7. Comparison of experimental data

with theoretical values predicted by the two-site
model. Each of the i/V relationships A-F" are re-
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50 productions of those given in Figs. 1, 3, and 5 as
V(mV) follows: A, Fig. 1 B; B, Figs. 3 Aand 5 A; C, Figs. 3
Band 5 D; D, Fig. 3 G, E, Fig. 5 B; I, Fig. 5 C. In

each case, symbols represent the experimental

=04 4 data, and the lines are the theoretical curves cal-

culated from the two-site model.
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dent block of CFTR CI~ channels when applied to the in-
tracellular, but not extracellular, face of the membrane
(Linsdell and Hanrahan, 19964). A more detailed exam-
ination of the concentration dependence of gluconate
block is presented in Fig. 1. Addition of 25-300 mM Na-
gluconate to the intracellular solution caused a reduc-
tion of single channel amplitudes at negative, but not at
positive, potentials (Fig. 1 B). The concentration depen-
dence of block at =100 mV is shown in Fig. 1 C. The frac-
tion of the control current remaining in the presence

50
V(mV)

-0.8 -

0.6 7
i(pA)

e T e e B
-100 — 1 50
b V(mV)

~0.4 -

O. —-0.6

4B38

3B2S

O+——7 77 7 1 1
0 100 200 300 400 500 600 700

(€L Y(mm)

Ficure 8. Dependence of CFTR conductance on symmetrical
Cl~ concentration, fit by two- and three-site models. (A and B)
Mean single channel i/V curves constructed using data from 3-12
patches with symmetrical NaCl concentrations of 15 (#), 30 (A),
40 (V),45 (0), 75 (M), 150 (O), and 400 (@) mM. In A, lines rep-
resent the predictions of the two-site model while in B, lines repre-
sent the predictions of the three-site model. (C) Dependence of
conductance (y) on symmetrical Cl~ activity. Each point repre-
sents the mean of data from 3-11 patches. The lines represent
model predictions.

of gluconate (i/4) is shown as a function of gluconate
concentration. The data have been fit by the equation:

i/iy = K,/ (K, + [Gluc] ), (6)

where K is the dissociation constant and [Gluc] is the
intracellular gluconate concentration. The fit of the data
shown in Fig. 1 C suggests that a single gluconate ion
blocks the channel with a K; of 176.9 mM at —100 mV.

Although all of the effects of intracellular Na-gluco-
nate shown in Fig. 1 and described previously (Linsdell
and Hanrahan, 1996a) can be explained in terms of
voltage-dependent block by gluconate ions, it remains a
formal possibility that the high concentrations of Na*
that are added along with the gluconate also have some
effect on CI~ permeation through CFTR channels. This
is particularly troubling since several Cl~ channels have
been shown to have a considerable Na* permeability
(Franciolini and Petris, 1992). However, addition of
150 mM NMDG-gluconate to the intracellular solution
had identical blocking effects on single CFTR channel
currents as 150 mM Na-gluconate (Fig. 2), indicating
that these effects are independent of the cation added
and wholly due to the addition of gluconate.

An interesting property previously noted of gluconate
block of single CFTR channels was its apparent depen-
dence on external Cl~ concentration (Linsdell and Han-
rahan, 19964). We have reexamined this effect using a
gluconate concentration of 150 mM, close to the K at
—100 mV described in Fig. 1 C. Reducing the external Cl~
concentration from 154 to 44 mM led to a significant in-
crease in the affinity of gluconate block without altering
its voltage dependence (Figs. 3 and 4, and Table I), con-
sistent with the hypothesis that extracellular Cl~ ions can
enter the pore of the CFTR CI~ channel and repel bound

180 o _—
60 / - 3B2S
1 S,
e
140 9/,7/
L 3Bas
. 120 i
= = ¢ 4838
£ 100
~
S
= 80
60
40 -
o cl
20 ® Gluconate
0 T T T )
0 50 100 150 200
[Anion],

FIGURE 9. Both two- and three-site models predict a dependence
of intracellular gluconate blocking affinity on extracellular CI~
concentration. Symbols represent mean experimental data, taken
from Table I, for the K;(—100) for block by intracellular gluconate
with 150 mM NaCl plus 150 mM Na-gluconate in the intracellular
solution, and either 40 or 150 mM NaCl (O) or 150 mM
Na-gluconate (@) in the extracellular solution. Lines show the
theoretical dependence of K;(—100) measured under these condi-
tions as a function of either extracellular Cl~ concentration (solid
lines) or extracellular gluconate concentration (dashed lines), calcu-
lated from the two- and three-site models.
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TABLE III
Rate Constants for Allowable Transitions in the Three-Site Model for CFTR

Transition Rate constant Transition Rate constant Transition Rate constant
OCG - GCG 4.35 X 10° GCO-0CO 2.39 X 106 GOG-00G 2.10 X 10°
GCG - OCG 6.78 X 106 OCG-COG 1.58 X 108 000G - GOG 7.64 X 10°
GCG-GCO 1.69 X 10° COG-0CG 1.21 X 108 OGG - 0GO 1.26 X 10%
GCO - GCG 496 GCO - GOC 2.90 X 107 OGO - 0GG 213
CCO-CCC 6.72 X 10° GOC-GCO 1.65 X 107 OGO - GGO 5.12 X 10°
CCC-CCO 1.12 X 107 COO -0CO 2.69 X 108 GGO - 0GO 2.39 X 106
CCC-O0CC 3.21 X 107 OCO - COO 1.36 X 108 OGO - OGC 8.62 X 10?
OCC - CCC 1.31 X 100 OCO - 00C 5.79 X 106 OGC-0GO 8.37 X 106
CCG - CCO 1.69 X 103 0O0C-0CO 2.47 X 107 GOG-GOO 815
CCO - CCG 496 COO - COG 800 GOO - GOG 801
CCO-COC 2.90 X 107 COG-COO 813 CGG - CGO 1.69 X 103
COC - CCO 1.65 X 107 COO -000 1.03 X 103 CGO - CGG 6.71 X 10°
COC-0CC 1.21 X 108 000 - COO 2.71 X 10 CGC-CGO 1.12 X 107
OCC-COC 1.58 X 108 0O0C-000 4.04 X 10°¢ CGO - CGC 6.71 X 10°
OCC-GCC 4.35 X 10° 000 -00C 1.39 X 1010 CGC-OGC 3.22 X 107
GCC-0CC 6.78 X 106 0O0C-GOC 7.63 X 10° OGC-CGC 1.31 X 101
CCG-0CG 3.21 X 107 GOC-00C 2.18 X 106 GGC- 0OGC 6.78 X 106
OCG- CCG 1.31 X 1010 COG-00G 7.64 X 1010 OGC-GGC 4.35 X 10°
OCO-CCO 1.55 X 1010 000G - COG 2.30 X 10'° OGG - CGG 1.31 X 1010
CCO-0CO 1.13 X 107 000 - 00G 1.03 X 103 CGG - 0OGG 3.22 X 107
COC - COO 5.41 X 106 00G- 000 609 OGG - GOG 3.22 X 103
COO-COC 1.08 X 100 000 - GOO 8.98 X 10° GOG - OGG 1.15 X 106
0O0C-COC 1.16 X 108 GOO - 000 7.70 X 10° GGO - GOG 13.1
COC-00C 1.03 X 107 GOO - GOC 1.08 X 100 GOG-GGO 5.61 X 10%
OCO-0CC 8.62 X 10° GOC-GOO 5.41 X 106 GGC - GGO 1.12 X 107
OCC-0CO 8.37 X 10° COG-CGO 5.61 X 10° GGO - GGC 6.71 X 10°
GCO - GCC 6.72 X 10° CGO - COG 65.4 OGG - GGG 4.35 X 10°
GCC-GCO 1.12 X 107 GOC-0OGC 1.15 X 106 GGG - 0OGG 6.75 X 106
OCG-0CO 1.26 X 10° OGC-GOC 3.23 X 10° GGO - GGG 496
OCO-0CG 635 OGO - CGO 1.55 X 1010 GGG - GGO 1.69 X 103
OCO - GCO 5.12 X 10° CGO - 0GO 1.13 X 107

Rate constants were calculated as for the two-site model in Table II, except the electrical distance (3) of the first two sites were fixed at 0.2 and 0.4, respec-
tively, from the cytoplasmic side. All rate constants have the units second™!. C, chloride ion; G, gluconate ion; O, empty site. The electrical distance of the

third site (final 8 = 0.69), all energies, and the ion—ion repulsion parameter (0.68 % 0.01RT) were allowed to vary during the fitting procedure. The
SUMSQ value (see Table IT) was 0.2867 pA?, indicating that this model fit the data marginally less well than the two-site model shown in Table II.

gluconate ions from their blocking site (Linsdell and
Hanrahan, 19964). Replacing all of the extracellular C1~
with 150 mM gluconate led to a further increase in affin-
ity (Figs. 3 Cand 4, and Table I). This suggests that ex-
tracellular gluconate ions cannot substitute for Cl~ in re-
pelling intracellular gluconate ions from the pore, a situ-
ation different from that for tetracthylammonium (TEA)
blockade of cloned Kt channels, where external TEA
ions, although impermeant, can repel internal TEA ions
from the channel pore (Newland et al., 1992). Ionic re-
pulsion occurring within an ion channel pore, such as
that seen between intracellular gluconate and extracel-
lular CI7, is strong evidence for a multi-ion pore capable
of holding at least two ions simultaneously (Hille, 1992).

We have also studied the effects of intracellular Cl~
concentration on gluconate block, both at high (154
mM) and low (44 mM) extracellular Cl~ concentra-
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tions (Fig. 5). In both cases, increasing the intracellular
Cl~ concentration significantly decreased the affinity of
gluconate block (Fig. 6, Table I). This effect is consis-
tent with intracellular ClI~ and gluconate ions compet-
ing for a common binding site in the pore of the chan-
nel; when intracellular ClI~ concentration is increased,
intracellular gluconate ions will be less likely to enter
the pore and reach their blocking site, and the appar-
ent affinity of the block will therefore be decreased.

Three-Barrier, Two-Site, Double-Occupancy Model for the
CFTR Cl= Channel Pore

Since the pore of the CFTR Cl~ channel appears to be
able to hold more than one ion at a time (Tabcharani
et al., 1993; Linsdell and Hanrahan, 19964«; see above),
we used our results to develop a two-site model.
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Since intracellular gluconate appears to interact with
a site ~40% of the way through the membrane electric
field from the inside (Table I), and gluconate ions
bound at this site may interact with Cl~ ions entering
the pore from the outside (see above), we constrained
the inner energy well to be at 40% of the electrical dis-
tance through the channel. This was quite arbitrary
since the electrical position of ion binding sites in a
multi-ion pore may depend on pore occupancy, rather
than being fixed as assumed by our model. The
Woodhull model used to estimate the electrical dis-
tance of gluconate binding does not take into account
the kind of ion—ion interactions that we imagine are oc-
curring within the pore. Nevertheless, a similar dis-
tance of 0.43 was obtained from the two-site multiple-
occupancy model by setting the central energy barrier
for the blocker gluconate to a very high value and al-
lowing the electrical distance of the gluconate blocking
site to vary. The site near the extracellular end of the
channel and all energy peaks between the sites were al-
lowed to vary during the modeling procedure.

The parameters of the model, as described in METH-
oDs, were optimized by simultaneously fitting i/V rela-
tionships obtained under 20 different sets of ionic con-
ditions (see Figs. 1, 3, 5, 8). The best fit rate constants
are presented in Table II. This model was able to accu-
rately describe the i/V relationships obtained experi-
mentally under all conditions studied in this paper
(Fig. 7), as well as the dependence of channel conduc-
tance on symmetrical Cl~ activity (Fig. 8, A and C).

A. 154mM C10/154mM CL B. 154mM C10/154mM Cl
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The rationale for modeling CFTR as a multi-ion pore
was based mainly on the dependence of the affinity of
gluconate block on extracellular CI~ concentration
(Figs. 3 and 4, and Table I). This key finding was also
reproduced by the two-site model. As shown in Fig. 9,
this model predicts that the K for 150 mM intracellular
gluconate increases linearly as a function of extracellular
Cl~ concentration, although the predicted relationship
is not as steep as the observed dependence on extracel-
lular CI~. The two-site model also predicts that intracel-
lular gluconate block is independent of extracellular
gluconate concentration (Fig. 9), indicating that in this
model extracellular gluconate is effectively excluded
from the pore.

Four-Barrier, Three-Site, Multi-Occupancy Model for the
CFTR CI~ Channel Pore

Although our experiments with gluconate offer evidence
for only two ion binding sites within the pore of CFIR,
there is other strong evidence for an ion binding site lo-
cated <40% of the distance across the transmembrane
electric field. Intracellular thiocyanate (SCN™) ions block
Cl™ permeation through CFTR by binding to a site ~20%
of the way through the electric field (Tabcharani et al.,
1993; see below). SCN™ block is not seen in a pore mu-
tant form of CFTR, R347D (Tabcharani et al., 1993),
suggesting that this amino acid may contribute to the
SCN~ binding site. Since R347D also has a Cl~ conduc-
tance of only ~50% of wild-type CFTR, it was suggested

. 44mM C10/154mM CL

i(pa) ]

e

50
V(mV)

F. 44mM C10/44mM Cl

i(pA)
0.2

N FiGure 10. Comparison of ex-
50 perimental data with theoretical
V(mV) values predicted by the three-site
model. Symbols represent the
same experimental data shown in
Fig. 7, and lines are the theoreti-
cal curves calculated from the

three-site model.

—-0.4 -
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that R347 also contributes to a Cl~ jon binding site in
the pore (Tabcharani et al., 1993).

To better understand the effects of SCN~ on CFTR,
we were interested to see if our data could be fit by a
three-site, multi-occupancy model with sites located 20
and 40% across the membrane electric field (corre-
sponding to SCN™ and gluconate binding sites), and a
third well located more extracellularly (to explain re-
pulsion of bound gluconate ions by extracellular CI7).
Of course, the choice of these electrical distances are
subject to the same caveats described above for the two-
site model. Other parameters of the model, as de-
scribed in METHODS, were optimized by fitting the same
data as used above to construct the two-site model. The
92 rate constants for allowable transitions among 28 oc-
cupancy states with CI~ and gluconate are presented in
Table III.

The three-site model was able to describe the i/V re-
lationships obtained with different mixtures of Cl~ and
gluconate (Fig. 10) and the dependence of channel
conductance on symmetrical Cl~ activity (Fig. 8, B and
C) with a similar accuracy to that achieved by the two-
site model (see above). The three-site model also pre-
dicted that the K, for gluconate block should increase
linearly as a function of extracellular Cl-, but not glu-
conate concentration (Fig. 9); this prediction appears
to describe the experimental data somewhat more
closely than that of the two-site model.

Modeling SCN~ Block and Permeation

Since the barrier models developed above were both
able to describe the multi-ion pore effects seen in glu-
conate block of CFTR, we wanted to test whether they
could also reproduce the earlier evidence that CFIR is
a multi-ion pore, namely the anomalous mole fraction
dependence of channel conductance seen in symmetri-
cal C17/SCN™ mixtures (Tabcharani et al., 1993). To
model the effects of SCN™, the parameters obtained for
Cl~ (Tables II and III) were kept and new ones describ-
ing SCN™ movement in the pore were constructed by si-
multaneously fitting three sets of results (see Tabcha-
rani et al., 1993, for details): block by low concentra-
tions of internal SCN~ (Figs. 11 A and 12 A), block by
low concentrations of external SCN~ (Figs. 11 Band 12
B), and conductance in different symmetrical CI~/
SCN™ mixtures (Figs. 11, C and D, and 12, C and D).
The two-site model was able to predict the block by in-
ternal (Fig. 11 A) and external SCN~ (Fig. 11 B) with
some success, but could not simultaneously describe
the anomalous mole fraction dependence of conduc-
tance (Fig. 11, C and D). In contrast, the three-site
model was able to reproduce all of the experimental re-
sults presented, including the anomalous mole fraction
behavior (Fig. 12).

373 LINSDELL ET AL.

Three-Site, Multi-Occupancy Model for R347D CFTR

Block of CFTR by internal SCN~, and the anomalous
mole fraction dependence of conductance seen in Cl~/
SCN™ mixtures are lost in the low conductance pore mu-
tant R347D CFTR (Tabcharani et al., 1993). We wanted
to see if the three-site model developed above for SCN™
could be modified to describe the permeation properties
of R347D CFTR. The results of the fitting procedure are
presented as free energy profiles to facilitate comparison
between mutant and wild-type CFIR (see METHODS for as-
sumptions). As shown in Fig. 13, specific changes in the
height of the second barrier and both adjacent wells near
the cytoplasmic end of both the CI~ and SCN™ energy
profiles were able to reproduce the reduction in CI~ con-
ductance (Fig. 13 C), loss of blockade by 10 mM inter-
nal SCN™ (Fig. 13 C), and the loss of anomalous mole
fraction behavior (Fig. 13 D) seen in R347D CFTR.

DISCUSSION

The effects of the impermeant blocking ion gluconate
reveal several features of the mechanism of ion perme-
ation through the CFTR CI~ channel. The block is only
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Ficure 11. Comparison of experimental data with theoretical
values predicted by the two-site model. (A-C) Mean single channel
i/V relationships constructed using symmetrical 150 mM NaCl
(O), and when intracellular (A), extracellular (B), or symmetrical
(C) QI has been partly replaced, in an equimolar fashion, by 0.5
(A),1(@),5(0), 10 (M), or 150 (¥) mM SCN~. (D) Dependence
of mean channel conductance on SCN™ mole fraction. See Tab-
charani et al. (1993) and Linsdell et al. (1997) for experimental
details. In each case, symbols represent the experimental data, and
the lines are the predictions of the two-site model.
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seen when gluconate is added to the intracellular solu-
tion (Linsdell and Hanrahan, 19964), indicating that
the blocking site is accessible only from the cytoplasmic
side of the membrane. The voltage and Cl~ depen-
dence of the block indicate that the blocking site is
within the channel pore (Linsdell and Hanrahan,
19964; see above). Furthermore, the fact that gluconate
block is partly relieved by increasing the concentration
of Cl~ ions on the opposite side of the membrane
(Figs. 3 and 4, and Table I) suggests the presence of re-
pulsive ion-ion interactions within the pore. In the
present model, this is assumed to be due to the presence
of multiple ion binding sites within the pore of CFTR.
All of the evidence that CFTR is a multi-ion pore (the
dependence of intracellular gluconate block on extra-
cellular Cl~ concentration described above, and the
anomalous mole fraction behavior seen in mixtures of
the permeant ions Cl~ and SCN~; Tabcharani et al.,
1993) can be explained by assuming there are two an-
ion binding sites within the pore. Indeed, a two-site
model fits all of our data for CI~ and gluconate very
well (Figs. 7 and 8). In the two-state model, gluconate
blocks because it enters the pore readily from the cyto-
plasmic side (3.7 X 10° s7!), but does not jump to the
other site significantly (80.7 s71), and leaves the block-
ing site slowly (3.87 X 10% s7!). The i/V data are fit
equally well by a three-site model (Figs. 8 and 10) based
on the assumption that intracellular SCN~ and gluco-
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i(pA i(pA)
(P )0,6 4 0.6
0.4 0.4 - *
= T
0.2 0.2 -
T T T T T T T T T T T T T
-80 20 40 60 80 ~80-60 20 40 B0 80
i V(mV) - V(mV)
° ~0.4 - ] ~0.4
© 06 4 (] 0.6
S 0.6 h 06 1
C. D
0.8 12 4
i(pA) ¥(pS)
0.6 10 4 z
v
0.4
B -
0.2 ]
6 -
T T T T T T T L
~80-60-40 20 40 60 80
7 V(mv) 4
-0.4 4 5.
O 0.6 -
4 0.6

0 - (E— T T T 1
0.0 0.2 0.4 0.8 0.8 1.0
[SCN]/([SCN]+[C1])

FiGure 12. Comparison of experimental data with theoretical
values predicted by the three-site model for wild-type CFTR. Sym-
bols represent the same experimental data as shown in Fig. 11, and
lines are the predictions of the three-site model.

nate may block the channel by binding to different sites
(see above). In the three-site model, the block arises
because the rate constant for the outward movement of
gluconate ions from the central site is 440,000-fold
slower than for Cl~. Both models were also able to re-
produce the classical multi-ion pore behavior exhibited
by gluconate block; namely, the reduction in blocker
affinity caused by increasing the permeant ion concen-
tration on the opposite side of the membrane (Fig. 9).
Our present results do not indicate how many Cl~ ions
may reside in the CFTR channel pore simultaneously;
such estimates would require other experimental tech-
niques (Hodgkin and Keynes, 1955; Stampe and Begen-
isich, 1996).

One interesting difference between model predic-
tions is the reduction in conductance at high Cl~ con-
centrations predicted by the two- but not the three-site
model (Fig. 8C). A conductance maximum such as that
shown in Fig. 8 Cis expected from multi-ion pore the-
ory; in fact, the three-site model also predicts a conduc-
tance maximum (12 pS) at a symmetrical Cl~ activity of
~2,000 mM (not shown). However, to date, such a phe-
nomenon has only been observed experimentally in K*
channels (Villarroel et al., 1988; Lu and MacKinnon,
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FIGURE 13. A three-site energy profile for R347D CFTR. (A and
B) Best fit energy profiles for Cl~ (A) and SCN~ (B) in wild-type
(solid lines) and R347D CFTR (dashed lines). (C) The three-site
model of Fig. 13, A and B predicts the reduced conductance of
R347D in symmetrical 150 mM NaCl (O) and the lack of block by
10 mM intracellular SCN~ (@). (D) Loss of anomalous mole frac-
tion dependence of conductance in R347D. See Tabcharani et al.
(1993) for experimental details. In each case, symbols represent
the experimental data and lines are the predictions of the three-
site model.
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1994) and in gramicidin channels (Hladky and Hay-
don, 1972; Finkelstein and Andersen, 1981). The con-
ductance behavior of CFTR in very high symmetrical
Cl~ concentrations has not previously been examined,
although higher concentrations than those used in Fig.
8 are possible using lipid bilayer recording techniques.

The three-site model was also able to reproduce the
effects of SCN™ on permeation in CFTR (Fig. 12), al-
though the two-site model could not simultaneously
predict SCN™ block and anomalous mole fraction be-
havior (Fig. 11). It must be noted that this in itself does
not prove the existence of a third ion binding site in
the pore; both these models were developed to model
gluconate block and subsequently modified to model
SCN~ permeation, and it is possible that a different
two-site model developed from scratch could repro-
duce all of the effects of SCN™ described above. This
could be a valid approach if, for example, the energy
peaks and wells experienced by CI~, gluconate, and
SCN~ ions were not located at the same electrical dis-
tances through the pore, as is assumed in all our mod-
els. As noted above, the electrical distance of one site
probably depends on the presence of other ions within
the pore. Indeed, the notion of a finite number of dis-
crete sites may be overly specific; anions could partition
into the pore during permeation without interacting
preferentially at particular sites. The sites identified us-
ing voltage-dependent blockers would then simply be
points at which those blocking ions become stuck due
to their large size or, in the case of SCN™, due to a hy-
drophobic interaction that may not constitute a site for
Cl~. Nevertheless, the ability of the three-site model to
reproduce all of our present results on C1~ permeation,
gluconate block, SCN™ block, and SCN~ permeation
suggest it may be useful in future investigations of per-
meation in the CFTR CI~ channel. The fact that spe-
cific modifications of the model can also reproduce the
effects of the pore mutation R347D (Fig. 13) also sug-
gest it may serve as a useful starting point in structure—
function studies. We note, however, that the simplify-
ing assumptions used in developing such models limit
their usefulness to heuristic explanations rather than

true physical models of ion movements in the pore. A
more self-consistent physical representation would rely
on accurate modeling of the electric field; e.g., using
Poisson-Nernst-Planck theory (Eisenberg, 1996).

Although all of our experimental data can be ex-
plained by a model in which there are two Cl~ binding
sites within the CFTR channel pore, the three-site
model is also of particular interest since three different
amino acid residues in the sixth membrane spanning
region (TM6) of CFTR have been suggested, on the ba-
sis of mutagenesis experiments, to contribute to Cl~
binding sites in the pore. As mentioned above, R347
has been suggested to contribute both to a Cl~ binding
site and to the site at which intracellular SCN~ blocks
Cl~ permeation (Tabcharani et al., 1993). Mutation of
another positively charged amino acid, K335, which is
located close to the extracellular end of TM6, alters ha-
lide selectivity (Anderson et al.,, 1991) and channel
conductance (Tabcharani et al., 1993). Between these
two positively charged amino acids lies S341, which has
been shown to interact with the channel blocker diphe-
nylamine-2-carboxylate (McDonough et al., 1994). The
mutation S341A also severely reduces channel conduc-
tance, suggesting that this amino acid also interacts
with permeating Cl~ ions (McDonough et al., 1994).
Interestingly, the voltage dependence of diphenylamine-
2-carboxylate block suggests that it experiences ~40%
of the transmembrane electric field (McCarty et al.,
1993; McDonough et al., 1994), similar to that felt by
intracellular gluconate (Table I). R347, K335, and S341
have each been shown to be accessible to hydrophilic
molecules after mutation to cysteine residues (Cheung
and Akabas, 1996), consistent with their lining the chan-
nel pore.

As a working hypothesis, it is tempting to correlate
these three putative Cl~ binding sites (R347, S341, and
K335) with the sites in our model; however, this is
highly speculative. If mutation of these amino acids dis-
rupts ion binding sites within the pore, then the barrier
models presented here may provide a useful framework
for interpreting the effects of the mutations and guide
further structure/function analysis of the CFTR pore.
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