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Abstract. It is well known that extracellular CI™ ions
can weaken the inhibitory effects of intracellular open
channel blockers in the cystic fibrosis transmembrane
conductance regulator (CFTR) CI™ channel pore.
This effect is frequently attributed to repulsive ion-
ion interactions inside the pore. However, since CI™
ions are permeant in CFTR, it is also possible that
extracellular CI” ions are directly competing with
intracellular blocking ions for a common binding site;
thus, this does not provide direct evidence for mul-
tiple, independent anion binding sites in the pore. To
test for the possible through-space nature of ion-ion
interactions inside the CFTR pore, we investigated
the interaction between impermeant anions applied
to either end of the pore. We found that inclusion of
low concentrations of impermeant Pt(NO,)~ ions in
the extracellular solution weaken the blocking effects
of three different intracellular blockers [Pt(NOz)42_,
glibenclamide and  5-nitro-2-(3-phenylpropylami-
no)benzoic acid] without affecting their apparent
voltage dependence. However, the effects of extra-
cellular Pt(NO,)#~ ions are too strong to be
accounted for by simple competitive models of ion
binding inside the pore. In addition, extracellular
Fe(CN)?™ ions, which do not appear to enter the
pore, also weaken the blocking effects of intracellular
Pt(NO,)/ ™ ions. In contrast to previous models that
invoked interactions between anions bound concur-
rently inside the pore, we propose that Pt(NO,);
and Fe(CN)¢’~ binding to an extracellularly accessi-
ble site outside of the channel permeation pathway
alters the structure of an intracellular anion binding
site, leading to weakened binding of intracellular
blocking ions.
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Introduction

Biophysical evidence has long suggested that ions
bind to specific sites within ion channel pores (Hille,
2001), and this thought has now been strikingly
confirmed by the identification of multiple, discrete
permeant ion binding sites in the crystal structures
of both cation-selective (Doyle et al., 1998; Zhou
et al., 2001b) and anion-selective channels (Dutzler,
Campbell & MacKinnon, 2003). Simultaneous
binding of permeant ions to multiple closely spaced
sites within the channel pore, leading to mutual
electrostatic repulsion, is thought to be the key link
between stringent ionic selectivity and rapid ion
translocation in cation-selective channel pores
(MacKinnon, 2003; Sather & McCleskey, 2003).
Similarly, in both cystic fibrosis transmembrane
conductance regulator (CFTR) (Linsdell, 2006) and
CIC CI” (Dutzler et al., 2003; Cohen & Schulten,
2004) channels, it has been suggested that simulta-
neous occupancy of multiple anion binding sites in
the pore by CI” ions leads to repulsive interactions
that are a critical part of the normal mechanism of
rapid CI” ion permeation.

Several different lines of evidence suggest that
the CFTR pore is capable of holding more than one
anion at a time (Linsdell, 2006). Movement of the
permeant anions CI~ and Au(CN), appears to be
coupled inside the pore (Gong & Linsdell, 2003b),
suggesting that anions do not move independently
through the pore but instead are sensitive to one
another’s presence. Entry of Pt(NO,),/~ ions from
the intracellular solution into the pore of a mutant
form of CFTR (F337A) accelerates the exit of other
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Pt(NO,)/~ ions that are already bound inside the
pore (Gong & Linsdell, 2003a). However, the most
commonly observed manifestation of so-called
multi-ion pore behavior in CFTR is the ability of
extracellular CI™ to disrupt the binding of intracel-
lular open channel blockers inside the pore. Thus,
increasing the extracellular CI- concentration
weakens the blocking effects of intracellular anions
such as  diphenylamine-2-carboxylate  (DPC)
(McDonough et al., 1994), gluconate (Linsdell &
Hanrahan, 1996b; Linsdell, Tabcharani & Hanra-
han, 1997), glibenclamide (Sheppard & Robinson,
1997; Gupta & Linsdell, 2002; Zhou, Hu & Hwang,
2002), taurolithocholate-3-sulfate (Linsdell & Han-
rahan, 1999), lonidamine (Gong et al., 2002b), is-
ethionate (Zhou et al., 2002), Au(CN), (Gong &
Linsdell, 2003b), Pt(NO,),~ (Gong & Linsdell,
2003a) and unknown cytosolic anion(s) that appear
to block CFTR CI™ currents in intact cells (Zhou,
Hu & Hwang, 2001a). These effects of extracellular
Cl™ are usually ascribed to CI™ ions entering the
pore from the outside and binding within it, desta-
bilizing the binding of blocking anions bound to
other, more intracellular sites, perhaps by an elec-
trostatic mechanism — the now classical ‘‘knock-off”
mechanism (MacKinnon & Miller, 1988; Neyton &
Miller, 1988). However, since Cl~ itself is permeant,
an alternative explanation could be that extracellular
Cl” ions pass most of the way through the pore to
bind at the binding site for intracellular blockers,
thereby weakening the block by direct competition.
As a result, these experiments do not establish
whether or not ClI” and other anions bound at
separate sites inside the pore experience through-
space interactions.

A Dbetter test for through-space interactions in-
side the pore might come from the study of ions
that cannot permeate the channel and, presumably
therefore, cannot compete for a common site when
applied to opposite ends of the channel. This
strategy has been used, for example, to show that
interactions do take place between impermeant
tetracthylammonium (TEA) ions applied to either
end of K" channel pores (Newland et al., 1992;
Thompson & Begenisich, 2000). In the present
study, we test for these kinds of through-space
interactions in the CFTR pore using the divalent
pseudohalide anion Pt(NO,)/", an impermeant
blocker of the pore (Gong & Linsdell, 2003b). This
anion blocks CI™ permeation when applied to either
end of the pore (but with a considerably higher
affinity from the intracellular side), presumably by
binding to separate sites located on different sides
of some barrier to Pt(NO,)/~ permeation within
the pore (Gong & Linsdell, 2003b). In this case, we
reason it may be possible to identify interactions
between anions bound concurrently to different
sites by functional means.
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Methods

Experiments were carried out on baby hamster kidney cells stably
transfected with wild-type human CFTR (Chang et al., 1998).
Macroscopic and single-channel patch-clamp recordings were
made from inside-out patches excised from these cells, as described
in detail previously (Gong et al., 2002a; Gong & Linsdell, 2003b;
Ge et al., 2004). Following patch excision and recording of back-
ground currents, CFTR channels were activated by exposure to
protein kinase A (PKA) catalytic subunit (1-20 nm) plus magne-
sium-adenosine triphosphate (MgATP, 1 mm) in the cytoplasmic
(bath) solution. As in a previous study (Ge et al., 2004), single-
channel currents were recorded following weak PKA stimulation
(1-10 nm), whereas all macroscopic CFTR currents were recorded
following maximal PKA stimulation (~20 nM) and subsequent
treatment with inorganic sodium pyrophosphate (PPi, 2 mm) to
“lock” channels in the open state. The intracellular (bath) solution
contained (mm): 150 NaCl, 10 N-trislhydroxymethyllmethyl-2-
aminoethanesulfonate (TES) and 2 MgCl,. Intracellular blockers
were added to this solution from stocks made up in the same buffer;
glibenclamide and 5-nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB) were initially solubilized in dimethyl sulfoxide (Linsdell,
2005). The extracellular (pipette) solution contained (mm): 150 Na
gluconate, 10 TES and 2 MgCl,, to which K,Pt(NO,)4 (1-8 mm) or
K;Fe(CN)g (5 mm) was added as necessary. Higher concentrations
of Pt(NO,)7 interfered intolerably with adequate seal formation.
All solutions were adjusted to pH 7.4 using NaOH. Given voltages
have been corrected for liquid junction potentials, either calculated
using pPCLAMP?9 software (Axon Instruments, Union City, CA) or
measured where necessary. All chemicals were from Sigma-Aldrich
(Oakville, Canada), except for PKA (Promega, Madison, WI) and
K,Pt(NO,); and Kj3Fe(CN)g (Strem Chemicals, Newburyport,
MA).

Except where described below, current traces were filtered at
50 Hz (for single-channel currents) or 100 Hz (for macroscopic
currents) using an 8-pole Bessel filter, digitized at 250 Hz-1 kHz
and analyzed using pCLAMPY software. Macroscopic current-
voltage (I-V) relationships were constructed using depolarizing
voltage ramp protocols (Linsdell & Hanrahan, 1996a, 1998).
Background (leak) currents recorded before the addition of PKA
were subtracted digitally, leaving uncontaminated CFTR currents
(Linsdell & Hanrahan, 1998; Gong & Linsdell, 2003b).

The effects of intracellular channel blockers were compared
under different steady-state, nonequilibrium ionic conditions. The
relationship between macroscopic current inhibition and mem-
brane voltage was routinely fitted by the simplest version of the
Woodhull (1973) model of voltage-dependent block:

/1y = Ki(V)/{Ki(V) + [B]} ()

where 7 is the current amplitude in the presence of the blocker B, I,
is the control unblocked current amplitude and K;(V) is the voltage-
dependent dissociation constant, the voltage dependence of which
is given as follows:

Ki(V) = Ki(0) exp (—z0VF/RT) )

where z9 is the effective valence of the blocking ion (actual valence

multiplied by the fraction of the transmembrane electric field
apparently experienced during the blocking reaction) and F, R and
T have their usual thermodynamic meanings.

Spectral analysis of macroscopic current variance was carried
out on continuous current recordings at a membrane potential of
—30 mV before and after addition of NPPB, as described previously
(Gong et al., 2002b). Current recordings were filtered at 5 kHz,
digitized at 10 kHz and then divided into nonoverlapping segments
containing 8,192 data points (i.e., 819.2 ms/segment). Power den-
sity spectra were then calculated for each segment using BioPatch
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Analysis software (BioLogic Science Instruments, Claix, France).
Spectra from at least 100 segments were then averaged and fitted by
the sum of two or three Lorentzian functions, as described in detail
previously (Gong et al., 2002b). As in this previous study under
similar conditions (Gong et al., 2002b), the dominant, low-fre-
quency and low-amplitude, high-frequency Lorentzian components
had corner frequencies in the range of 1-4 and 900-1,400 Hz,
respectively; and these components were not significantly altered by
the addition of NPPB to the intracellular solution.

Experiments were carried out at room temperature, 21-24°C.
Values are given as mean + standard error of the mean (SEM).
Tests of statistical significance were carried out using a two-tailed
t-test.

Results

INTERACTION BETWEEN INTERNAL AND EXTERNAL
Pt(NO,),> Ions

Block of CFTR CI™ currents by intracellular
Pt(NO,)s~ ions, as with many other open channel
blockers of this channel, is weakened by permeant
CI” ions in the extracellular solution (Gong & Lins-
dell, 2003b). To determine if impermeant Pt(NO,),*~
ions in the extracellular solution would mimic this
effect of CI7, we investigated the block of macro-
scopic CFTR CI™ currents in inside-out membrane
patches by intracellular Pt(NO,)7~ (Fig. 1). To pre-
clude the effects of Cl™ itself, these experiments were
carried out using gluconate rather than CI™ as the
main extracellular anion. As shown in Figure 14,
inclusion of a low concentration of K,Pt(NO,), in the
extracellular solution weakened the blocking effects
of intracellular Pt(NO,);~. Under different steady-
state conditions [with or without Pt(NO,),”” in the
extracellular solution], the voltage dependence of
block by intracellular Pt(NO,),~ was well described
by a simple Woodhull model (Fig. 1B), as described
previously under different ionic conditions (Gong &
Linsdell, 2003b). Fits to equation 1 of data from
individual patches indicate a K;(0) of 138 + 12 pm
(n = 5) without extracellular Pt(NO,)#~ compared
to 518 £ 84 um (n = 3) (P < 0.001) with 8 mm
Pt(NO,)#~ in the extracellular solution. Thus,
extracellular Pt(NO,),>", like CI7, lowers the appar-
ent affinity of block by intracellular Pt(NO,);~ ions.
However, extracellular CI™ also increases the appar-
ent voltage dependence of block by intracellular
Pt(NO,) (Gong & Linsdell, 2003b) and many other
anionic blockers (McDonough et al., 1994; Sheppard
& Robinson, 1997; Linsdell & Hanrahan, 1999; Gong
& Linsdell, 2003a). In contrast, the Woodhull fits in
Figure 1B suggest that extracellular Pt(NO,){" alters
the affinity of block by intracellular Pt(NO,),~
without significantly affecting the voltage dependence
of block [z6 = -0.243 £ 0.025 (n = 5) without
extracellular Pt(NO,);~ and —-0.184 + 0.014 (n = 3)
with 8 mm extracellular Pt(NO,)2™; P > 0.1].
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The concentration-dependent effect of extracellu-
lar Pt(NO,)4~ on block by intracellular Pt(NO,),> is
summarized in Figure 1C,D. Extracellular Pt(NO;);~
caused a concentration-dependent increase in the
apparent K; for intracellular Pt(NO,),*~ (Kn) both at
0 mV and at the recorded voltage at which block was
strongest (—100 mV) (Fig. 1C) without significantly
altering the apparent voltage dependence of the block
(Fig. 1D).

To interpret the nature of the apparent interac-
tions between intracellular and extracellular
Pt(NO,)4~ ions, we need to know not only Kjn but
also the affinity of extracellular Pt(NO,)4~ ions for
the channel, Koyt. Previously it was shown that
extracellular Pt(NO,);~ blocks CFTR with a much
lower apparent affinity than intracellular Pt(NO»)s ™
(Gong & Linsdell, 2003b); this is consistent with our
ability to record macroscopic CFTR CI™ currents
with extracellular Pt(NO,)4~ concentrations as high
as 8 mMm (e.g., Fig. 14). To characterize block by
extracellular Pt(NO,);>~ ions under the same ionic
conditions used in Figure I, we recorded single-
channel currents from inside-out membrane patches
using pipette solutions containing gluconate plus
varying concentrations of Pt(NO,);~ (Fig. 2). As
described previously using Cl -containing extracel-
lular solutions (Gong & Linsdell, 2003b), extracellu-
lar Pt(NO,)/~ caused a concentration-dependent
decrease in apparent unitary current amplitude
(Fig. 24,B), consistent with a rapid open channel
blocking effect. The concentration and voltage
dependence of block is illustrated in Figure 2C. The
straight-line fit to Figure 2D suggests a K; of 2.30 mm
at 0 mV and an effective valence, zd, of —0.611. This
strong voltage dependence of block is consistent with
inhibition being enhanced at positive voltages that
would tend to draw anions into the pore from the
extracellular solution.

The interaction between internal and external
Pt(NO,)s", illustrated in Figure 1C, is explored in
more detail in Figure 3. The apparent affinity for
internal Pt(N02)42_, Ky, 1s plotted as a function of
external Pt(NO,),~ concentration at —60 mV, a
membrane potential at which both Ky and Koyt
were determined directly. In Figure 34, the solid line
represents the expected relationship if internal and
external Pt(NO,); block the channel completely
independently, while the dashed line is that if
Pt(NOz)42_ bound at an external site excludes
Pt(NO,),”~ from binding to an internal site:

Kout + [Pt(N02)4]
Kout

Kin = Kin(0) (3)

Clearly, neither of these scenarios is sufficient to
explain quantitatively the interaction between inter-
nal and external Pt(NO,),”~ ions. Instead, it appears
that the effect of external Pt(NOz)f* on KN 1S
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Fig. 1. Extracellular Pt(NO,),*>~ modulates block by intracellular
Pt(NO,),*". (4) Example leak-subtracted macroscopic current-
voltage relationships recorded from inside-out membrane patches
following maximal channel activation with PKA followed by PPi,
with either 0 or 8 mM Pt(NO,),>~ in the extracellular solution as
indicated. In both cases, currents were recorded before (control)
and after [+ Pt(NO,), in] addition of 300 um Pt(NO,)s>~ to the
intracellular solution. (B) Mean fraction of control current
remaining (I/I) following addition of 300 pm Pt(NO,);*~ to the
intracellular solution either without or with 8 mm Pt(NO,),> in the

stronger than can be explained by a simple competi-
tive interaction. To illustrate this point, the same data
are fit in Figure 3B but this time allowing the value of
Kourt to vary. The best fit to equation 3 occurs when
Kout = 1.97 mm. While this value has no physical
meaning and does not correspond with any identifi-
able individual or aggregate effect of external
Pt(NO,);*~ on the channel, the fact that it is so much
lower than the observed Koyt of 10.46 mm at
—60 mV underlines the point that, for a competitive
interaction to explain the effects of external
Pt(NO,)4~ on channel block by internal Pt(NO,)4 ",
external Pt(NO,),~ binding would need to be of

extracellular solution. Mean of data from three to five patches
fitted by equation 1 with K;(0) = 136 um and z6 = —0.243 without
extracellular Pt(NOz)42’ (@) and K;(0) = 500 pum and z8 = —0.182
with 8 mm extracellular Pt(NO,),>~ (O). (C) Mean apparent K; for
block by intracellular Pt(NO,),>~, Kin, increases as a function of
extracellular Pt(NO,),>~ concentration at representative voltages of
0 mV (O) and —100 mV (@). (D) Mean apparent voltage depen-
dence of block by intracellular Pt(NO,),>", z8, is independent of
extracellular Pt(NO,),>~ concentration. Both (C) and (D) show the
mean of data from three to five patches.

much higher affinity than that estimated from exter-
nal Pt(NO,); " inhibition of unitary CI” conductance.
Similar discrepancies between the observed Koyt and
that necessary to model qualitatively the effects of
external Pt(NO,),”~ on Kjy by a simple competitive
mechanism were seen at other membrane potentials
(not shown).

Since the measured Koyt reflects Pt(NO,);
binding inside the pore where it interferes directly
with CI” permeation, whereas the “modeled” Koyt
reflects interactions between Pt(NO,)#~ ions bound
to the outside of the channel (but not necessarily
within the pore) and blocking ions bound to the
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Fig. 2. Properties of block by extracellular Pt(NO,); . (4) Exam-
ple single-channel currents recorded from inside-out membrane
patches, following stimulation with PKA and ATP but in the ab-
sence of PPi, at —30 mV. These traces were recorded with no
Pt(NO,)3~ (control) or with 8 mm Pt(NO,);” [+ Pt(NO,),] in the
extracellular solution. The closed-state current is indicated by the
straight line to the far left. (B) Mean unitary current-voltage rela-
tionships recorded with different concentrations of Pt(NO,);™ in
the extracellular solution: 0 (@), 1 mm (O), 3 mm (V), 8 mm (V).
Mean of data from three or four patches. (C) Mean fraction of

inside of the channel, we will use this discrepancy
between Koyt values to argue for the existence of an
additional, non-pore binding site for external
Pt(NO,);~ ions (see Discussion).

INTERACTIONS BETWEEN Pt (NO,),>~ AND OTHER
BLOCKERS

The ability of extracellular CI” ions to weaken
the apparent affinity of intracellular open channel
blockers is common to many large blocking mole-
cules (see Introduction). To determine if extracellular
Pt(NO,),”~ ions could also affect block by large
intracellular organic anions, we investigated two well-
known CFTR blockers, glibenclamide (Sheppard &

control unitary current remaining (i/ip) with different concentra-
tions of Pt(NO;);~ present in the extracellular solution, at mem-
brane potentials of —60 mV (@) and —10 mV (O). The data have
been fitted by the equation i/iy = 1/[1+ ([Pt(NO,);"]/Kout)] to
estimate the apparent affinity of the blocking reaction by extra-
cellular Pt(NO,)7, Kour. The fits shown suggest Koyr = 10.46
mM at —60 mV and 3.60 mMm at —10 mV. (D) Similar analysis at
other membrane potentials reveals a steep voltage dependence of
block; the fitted straight line suggests z6 = —0.611 according to
equation 2.

Robinson, 1997; Zhang, Zeltwanger & McCarty,
2004) and NPPB (Zhang, Zeltwanger & McCarty,
2000). These are both quite large blocker molecules
(molecular weights 494 and 300, respectively), and we
presume that, like Pt(NO,)", they are not capable of
passing through the CFTR channel.

Under low external Cl™ ionic conditions, addition
of 8 mm Pt(NO,)4 "~ to the extracellular solution did
indeed weaken the blocking effects of both glibencla-
mide (Fig. 44,B) and NPPB (Fig. 4C,D). For gliben-
clamide, fits of data from individual patches to
equation 1 indicate a K;(0) of 17.6 £ 1.9 um for con-
trol (n = 3), increasing significantly to 54.3 + 4.9 um
with 8 mm Pt(NO,); (n = 3) (P < 0.0025); however,
as with intracellular Pt(NO,)/", there was no change
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Fig. 3. Qualitative analysis of the interaction between extracellular
and intracellular Pt(NO,),>". Both panels show the same data, the
dependence of Kpy on extracellular Pt(NO,),>~ concentration at
—60 mV (see Fig. 1C for similar data at other membrane poten-
tials). (A4) Predictions of simple models whereby internal and
external Pt(NO,),>~ inhibit the channel independently (solid line) or
compete for binding inside the channel (dashed line, see equation 3).
(B) Fit of the data with simple competition between internal and
external Pt(NO,),>". The fit to equation 3 gives an apparent Koy
of 1.97 mm, in conflict with the observed Koyt of 10.46 mm at this
voltage.

in the apparent voltage dependence of glibenclamide
block [z6 = —-0.314 £ 0.013 in control (n = 3),
—0.252 £ 0.036 with 8 mm Pt(NO,);~ (n = 3); P >
0.1]. For NPPB, K;(0) increased from 56.5 £+ 2.0 um
for control (n = 3) to 81.2 £ 7.6 um with 8§ mm
Pt(NO,)7 (n = 4) (P < 0.05), again with no signifi-
cant changes in voltage dependence of block [z8 = —
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0.312 £ 0.017 in control (n = 3), —0.259 + 0.048
with 8 mm Pt(NO,)7 (n = 4); P > 0.1].

If extracellular anions bind within the channel
permeation pathway to interact electrostatically with
bound intracellular anions and destabilize their bind-
ing, then we would expect an effect of extracellular
anions predominantly on the off-rate of the intracel-
lular blocking molecule. To gain some information on
the on- and off-rates for intracellular blockers under
different ionic conditions, we used spectral analysis of
macroscopic currents (Venglarik et al., 1996; Gong
et al., 2002b; Scott-Ward et al., 2004) (see Methods).
Unfortunately, we found no measurable increase in
current variance over the frequency range investigated
(1-4,096 Hz) associated with macroscopic current
block by either Pt(NO,)Z~ (perhaps because the
blocking reaction is too fast) or glibenclamide (prob-
ably because the blocking reaction is too slow; see
Schultz et al., 1996). However, at —30 mV membrane
potential, NPPB led to the introduction of a new
component of current variance at intermediate fre-
quencies (50-300 Hz) (Fig. 54). The frequency of
NPPB-induced current variance was estimated by fit-
ting spectra such as those shown in Figure 54 with the
sum of two (in control) or three (with NPPB)
Lorentzian functions (see Methods). Both with and
without 8 mm Pt(NO,),>~ in the extracellular solution,
the corner frequency of the NPPB-induced, interme-
diate frequency Lorentzian component (f;) increased
with increasing NPPB concentration (Fig. 5B). As
described previously (Venglarik et al., 1996; Gong
et al., 2002b; Scott-Ward et al., 2004), blocker-
dependent changes in f;. were used to estimate blocker
on- and off-rates, k., and kg, according to a simple
kinetic scheme:

ko en kon
Closed & Open 2 Blocked

Kelose kot

Such a scheme predicts that 2nf, will be a linear
function of blocker concentration with an intercept of
ko and a slope of k., (Lindemann & van Driessche,
1977; Venglarik et al., 1996). Such a relationship is
shown in Figure 5B. Unfortunately, NPPB could not
be studied over the same concentration range with
and without Pt(NO,)/" in the pipette solution since
without external Pt(NO,),>~ high concentrations of
NPPB caused almost total inhibition of the current,
while with external Pt(NO,)~ low concentrations of
NPPB caused weak block with no discernible increase
in current variance. As shown in Figure 5B, in the
absence of Pt(NO,)/", the data are well fitted by a
straight line, giving a ko, of 10.3 pm™' s7" and a kg of
273 s7'; the ratio of these two rates, kog/kon, Suggests
a Ky of 26.5 um (at —=30 mV). With 8 mm external
Pt(NO,)4", the data were considerably less well fit-
ted, with the straight-line fit shown in Figure 5B
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Fig. 4. Interaction between extracellular Pt(NO,),>~ and intracel-
lular blockers glibenclamide and NPPB. (4, C) Example macro-
scopic current-voltage relationships recorded with either 0 or 8 mm
Pt(NO2)42_ in the extracellular solution, before (control) and after
addition of either 30 pm glibenclamide (4, + glibenclamide) or 50
um NPPB (C, + NPPB) to the intracellular solution. (B, D) Mean
fraction of control current remaining (/1) following addition of
either 30 pm glibenclamide (B) or 50 pm NPPB (D) to the intra-
cellular solution. In both cases, experiments were carried out either

suggesting a ko, of 6.79 pm~' s7' and a ko of 337 571,
giving a K4 of 49.6 um. Both these Ky values are in
good agreement with K values estimated by macro-
scopic I-V curve analysis (see Fig. 4C,D).

These results suggest that extracellular Pt(NO,)4
causes a 34% decrease in NPPB on-rate and a 23%
increase in NPPB off-rate. However, it is difficult to
know how significant these apparent changes in
blocker on- and off-rates are. The straight-line fit to the
data in the presence of extracellular Pt(NO,)4~ shown
in Figure 5B is considerably less convincing than that
in the absence of Pt(NO,),”". In particular, since the
blocker off-rate is determined by the extrapolated
x-intercept of this straight line, a small change in the
form of the fit could result in a significant change in

without (@) or with (O) 8 mm Pt(NO,),>~ in the extracellular
solution. Mean of data from three to five patches fitted by equation
1 in both (B) and (D). In (B), the fit gives K;(0) = 17.5 pm and
z8 = -0.304 without extracellular Pt(NO,)>~ (@) and
K;(0) = 59.8 pm and z6 = —-0.295 with 8 mm extracellular
Pt(NO,),>~ (O). In (D), the fit gives K(0) = 56.5 pum and
z5 = -0.312 without extracellular Pt(NO,),>~ (@) and
Ki(0) = 91.0 pm and zd = —0.246 with 8 mm extracellular
Pt(NOL);™ (O).

apparent NPPB off-rate. Importantly, at no NPPB
concentration was the apparent f. greater in the pres-
ence of extracellular Pt(N02)42_ than in its absence
(Fig. 5B), questioning the validity of a higher esti-
mated blocker off-rate in the presence of Pt(NO,) .
Therefore, while unbiased inspection of the results
from Figure 5B suggests that extracellular Pt(NO,);
decreases the on-rate for block by intracellular NPPB
and at the same time increases its off-rate, we are un-
able to ascribe a level of significance to these results.
Perhaps the most conservative interpretation of these
data is that the effects of extracellular Pt(NO»)s ™
do not appear consistent with a simple knock-off
mechanism whereby Pt(NO,),”~ predominantly affects
blocker off-rate.
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Fig. 5. Spectral analysis of the sensitivity of NPPB block to extra-
cellular Pt(NO,)4>". (4) Power spectra calculated for macroscopic
CFTR currents in inside-out membrane patches at —30 mV before
(control) and after (+ NPPB) addition of 100 um NPPB to the
intracellular solution. These spectra come from currents recorded
with either 0 or 8§ mm Pt(N02)42’ in the extracellular solution as
indicated. Spectra have been fitted by the sum of two (control) or
three (+ NPPB) Lorentzian functions of the form Sy = S, / (1 +(f/
/.)?), where Sg is the current variance per unit frequency at each

EFFECTS OF EXTERNAL Fe(CN)¢*~

The analysis of the interaction between intracellular
and extracellular Pt(NO,);*~ summarized in Figure 3
suggests that the ability of extracellular Pt(NO,)s~ to
affect block by intracellular Pt(NO,),*~ cannot be ex-
plained solely by the observed effect of extracellular
Pt(NO,)/~ ions entering the permeation pathway to
block CI™ current. To further explore the possibility
that external anions could interact with internal
blocking anions without entering deeply into the pore,
we looked for multivalent anions that did not block
ClI” permeation when present in the extracellular
solution. One such anion was the trivalent Fe(CN)g ™,
which at external concentrations as high as 5 mm had
no significant effect on unitary current amplitude
(Fig. 64,B). In spite of this apparent inability to enter
far enough into the pore from the extracellular solu-
tion to have any impact on ClI” permeation, external
Fe(CN)¢>~ did significantly affect block by intracellu-
lar Pt(NO,),*~ ions (Fig. 6C). Indeed, fits to data from
individual patches with equation 1 suggested that 5 mm
Fe(CN)¢ ™ increased the K;(0) for block by intracellu-
lar Pt(NO,)/ from 138 + 12 um (n = 5) to
286 = 45 um (n = 3) (P < 0.01). As with external
Pt(NOz)42_, this effect of external Fe(CN)63_ was not
associated with any change in apparent blocker volt-
age dependence [z8 for intracellular Pt(NO,),/~
was —0.243 £ 0.025 (n = 5) for control and
-0.311 £ 0.028 (n = 3) with Fe(CN)¢; P > 0.1].
One surprising prediction of these results is that, in the
presence of intracellular Pt(NO,);" ions, addition of
Fe(CN)¢'™ to the extracellular solution should slightly
increase unitary current amplitude; however, this
prediction was not tested directly.

Frequency (Hz)

INPPB] (uM)

frequency f, Sy is the maximum value of S as fapproaches zero and f.
is the corner frequency at which S; = Sy/2 (see Gong et al., 2002b).
(B) Dependence of f. of the intermediate-frequency Lorentzian
component associated with NPPB block on blocker concentration,
estimated either without (O) or with (@) 8 mm Pt(NO,),* in the
extracellular solution. Mean of data from three or four patches. The
fitted straight lines have an intercept of 273 Hz and a slope of 10.3 Hz
um™! without Pt(NO,)4>~ and an intercept of 337 Hz and a slope of
6.79 Hz pm~ ' with 8 mm Pt(NO,)2".

Discussion

Weakening of the inhibitory effects of intracellular
open channel blockers of CFTR by extracellular
ClI” ions is a commonly observed phenomenon
(McDonough et al., 1994; Linsdell & Hanrahan,
1996b, 1999; Sheppard & Robinson, 1997; Gong
et al., 2002b; Zhou et al., 2002; Gong & Linsdell,
2003b) that has previously been used as diagnostic of
an open channel block mechanism (Linsdell & Gong,
2002; Cai et al., 2004). We found that low concen-
trations of the impermeant anion Pt(NO,);™ in the
extracellular solution also significantly weakened the
blocking effects of three different intracellular open
channel blockers: Pt(N02)42_, glibenclamide and
NPPB. Assuming that none of these substances is
capable of passing through the pore, this suggests
that binding of Pt(NO,)/~ to an extracellularly
accessible site weakens the binding of Pt(NO,)4,
glibenclamide and NPPB to a separate, intracellularly
accessible site or sites.

The usual interpretation of the effects of external
CI” on internal blockers — related to the classical
“knock-off” effect — is illustrated schematically in
Figure 74. It is assumed that CI” entering the pore
from the outside will bind close to bound blocking
ions and repel them electrostatically, pushing them
back into the cytoplasmic solution and decreasing
their apparent affinity by increasing blocker off-rate
(McDonough et al., 1994; Linsdell et al., 1997; Zhou
et al.,, 2002; Gong & Linsdell, 2003a). However,
several lines of evidence argue against such a mech-
anism of action for external Pt(NO,), " ions: (1) the
interaction between external and internal Pt(NO,)4
ions appears to be too strong to be accounted for by
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Fig. 6. Interaction between extracellular Fe(CN)s*~ and intracel-
lular Pt(NO,),>". (4) Example single-channel currents recorded
from inside-out membrane patches at ~60 mV, with no Fe(CN)s>~
(control) or with 5 mM Fe(CN)s>~ [+ Fe(CN)g] in the extracellular
solution. The closed-state current is indicated by the straight line to
the far left. (B) Mean unitary current-voltage relationships re-
corded under these conditions, for control (@) or 5 mm Fe(CN)s*~
(O). Mean of data from four or five patches. There was no sig-
nificant difference in mean unitary current amplitude at any
membrane potential examined. (C) Example macroscopic current-

models in which ions compete directly or indirectly
for binding sites inside the pore (Fig. 3); (2) the effects
of external Pt(NO,)/” ions are reproduced by
Fe(CN)¢>™ ions, which do not appear to enter the
pore at all (Fig. 6); (3) external Pt(NO,)7 ions re-
duce the affinity of intracellular blockers without
altering their voltage dependence (Figs. 1D, 4B and
D), even though entry of Pt(NO,);/ ions into the
pore appears to be strongly voltage-dependent
(Fig. 2D), and in contrast with external CI™ ions
which reduce blocker affinity and at the same time
increase blocker voltage dependence (McDonough
et al., 1994; Sheppard & Robinson, 1997; Linsdell &
Hanrahan, 1999; Gong & Linsdell, 2003a,b); (4) the
interaction between external Pt(NO,)7~ ions and
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voltage relationships recorded with 5 mm Fe(CN)>™ in the extra-
cellular solution, before (control) and after addition of 300 um
Pt(NO,),>~ [+ Pt(NO,)4] to the intracellular solution. (D) Com-
parison of the mean blocking effects of 300 um Pt(NO,),*>~ under
these conditions (O) to those without Fe(CN)¢>~ in the extracel-
lular solution (@; see Fig. 14, B). Mean of data from three to five
patches fitted by equation 1 with K;(0) = 136 pm and z6 = —-0.243
without extracellular Fe(CN)s*~ (@) and K;(0) = 267 pum and
28 = —0.282 with 5 mm extracellular Fe(CN)¢~ (O).

internal NPPB does not appear to reflect predomi-
nantly or exclusively an increase in the off-rate for
this blocker (Fig. 5).

The strong effects of extracellular Pt(NO,)#~
ions on intracellular blockers, together with the
finding that extracellular Fe(CN)s>~ can interact with
intracellular blocking ions without apparently enter-
ing into the pore, are more consistent with a model in
which external ions act at a site away from the pore
itself to destabilize intracellular blockers. Such a
model is proposed schematically in Figure 7B. An-
ions such as Pt(NO,),”~ and Fe(CN)¢~ bind to a site
(or sites) on the extracellular face of the channel but
outside of the pore such that binding here does not
directly influence CI~ movement through the pore.
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Fig. 7. Direct and indirect interactions between extracellular and
intracellular anions. (4) Conventional direct interaction between
an extracellular anion (black) and intracellular blocking anion
(white). External anions enter the pore and bind to a site extra-
cellular to the blocker binding site; electrostatic repulsion between
the two bound anions then accelerates their exit from the pore. This
leads to an increase in the blocker off-rate and a consequent de-
crease in its overall affinity. (B) We propose that extracellular an-
ions such as Pt(NO,),>~ and Fe(CN)s>~ can destabilize blocker
binding indirectly without entering the pore. In this model, external
anion binding causes a conformational change in the pore, lower-
ing the affinity of intracellular blocker interactions at a distant
binding site.

However, anion binding to this site causes a confor-
mational change in the channel protein, which alters
the structure of the inner pore, altering access and/or
stability of intracellular anions at a cytoplasmic
blocker binding site. As a result, external anion
binding outside the pore weakens binding of intra-
cellular blocking ions inside the pore. This kind of
mechanism has precedent in other channel types. For
example, the sensitivity of TEA block of K" channel
pores to ionic conditions has been proposed to result
from permeant ion binding that causes a conforma-
tional change in the TEA binding site (Immke et al.,
1999; Spassova & Lu, 1999). From our present results
we cannot tell if Pt(NO,),”~ and Fe(CN)¢~ bind to a
specific site on the extracellular face of the channel or
if they act by screening one or more positive extra-
cellular surface charges. In either case, the effects of
these extracellular anions would be to cause a con-
formational change at some distance from their
extracellular site of action.

The model shown in Figure 7B is able to explain
the discrepancy between observed and “‘estimated”
affinities for external Pt(NO,)/~ (Kour in Fig. 3).
Thus, the observed Koyt reflects only Pt(N02)42_
binding within the pore (Fig. 74), whereas the
“estimated” Kout required to model the effects of
external Pt(NOz)42_ on Kjn could reflect extracellular
Pt(NO,)~ binding in the pore (Fig. 74), outside the
pore (Fig. 7B) or some combination of both. In fact,
binding of Pt(NO,);~ [or Fe(CN)¢ ] to the extra-
pore site shown in Figure 7B is expected to alter Kin
but not Kout. Furthermore, whereas extracellular
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Pt(NO,)4~ entry into the pore appears to be strongly
voltage-dependent (Fig. 2D), the extra-pore site may
be outside of the transmembrane electric field,
allowing anion binding to affect blocker binding in a
voltage-independent manner.

The effects of extracellular Pt(NO,)7~ on intra-
cellular blocker affinity but not voltage dependence
are reminiscent of those of some other extracellular
anions on CFTR open channel block by intracellular
Au(CN); ions (Gong & Linsdell, 2003a). In this case,
while CI™ and other anions showing high permeability
in CFTR affected both the affinity and voltage
dependence of block, anions with low permeability
could weaken block by intracellular Au(CN); but did
not result in strong blocker voltage dependence, as
seen with extracellular CI™ (Gong & Linsdell, 2003a).
Thus, it may be that extracellular anions show dif-
ferent interactions with intracellular blocking ions
depending on whether these extracellular anions are
permeant (like CI7) or impermeant [like Pt(NO,),].
One possible scenario is that impermeant anions like
Pt(NOz)42_ bind to an extracellular site on the channel
to weaken the blocking effects of intracellular anions
by a nonelectrostatic mechanism (Fig. 7B8), whereas
permeant anions like CI™ are able to travel further into
the pore from the extracellular solution, to a site at
which they are able to interact with intracellular
blockers in a way that affects both their affinity and
their voltage dependence (Fig. 74). These effects
could in theory result from either electrostatic or
nonelectrostatic interactions. In addition, we cannot
rule out the possibility that much of the effect of
extracellular C1™ on the apparent affinity of intracel-
lular blockers results from interactions with the extra-
pore anion binding site suggested in Figure 7B.

Extracellular anions have recently been shown to
affect both the gating (Wright et al., 2004) and the
ionic selectivity (Shcheynikov et al., 2004) of CFTR.
In both these cases, it was suggested that binding of
anions to an extracellularly accessible site on the
channel would lead to a conformational change in the
channel protein sufficient to affect intracellular pro-
cesses. Indeed, a different pattern of tryptic digest of
the CFTR protein is observed in Cl -containing vs.
Cl -free media, suggesting that Cl binding controls a
discrete conformational switch in CFTR (Shcheyni-
kov et al., 2004). Thus the ionic composition of the
extracellular solution may be an important factor
regulating CFTR structure and activity. Whether the
diverse effects of extracellular anions on CFTR
functional properties (intracellular blocker binding,
channel gating, ionic selectivity) reflect anion binding
to a common or different extracellular binding sites
will be an important question for future studies. Our
present results suggest that anions present in the
extracellular solution have access to binding sites
both within and outside of the channel permeation
pathway and that binding to either of these sites can
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influence the functional properties of the pore. We
further suggest that external Pt(NO,);~ and
Fe(CN)¢*™ represent good probes of an extracellular
anion binding site located outside of the pore (as
proposed in Fig. 7B) that could be used in combi-
nation with site-directed mutagenesis studies to
identify the molecular determinants of this site.
Future molecular identification of this site would al-
low us to address the question of whether binding of
Cl” and/or other physiologically relevant anions
(such as HCO3) to this site affects the normal physi-
ological function of CFTR.

We thank Chantal St. Aubin for providing the single-channel data
shown in Figure 64 and Kellie Davis and Jeremy Roy for technical
assistance. This work was supported by the Canadian Institutes of
Health Research.
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