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Abstract The cystic fibrosis transmembrane conductance
regulator (CFTR) Cl™ channel pore is thought to contain
multiple binding sites for permeant and impermeant anions.
Here, we investigate the effects of mutation of different
positively charged residues in the pore on current inhibition
by impermeant Pt(NO,)3~ and suramin anions. We show
that mutations that remove positive charges (K95, R303)
influence interactions with intracellular, but not extracel-
lular, Pt(NOz)Azf ions, consistent with these residues being
situated within the pore inner vestibule. In contrast,
mutation of R334, supposedly located in the outer vestibule
of the pore, affects block by both extracellular and intra-
cellular Pt(NOz)ﬁ_. Inhibition by extracellular Pt(NO,);~
requires a positive charge at position 334, consistent with a
direct electrostatic interaction resulting in either open
channel block or surface charge screening. In contrast,
inhibition by intracellular Pt(NOZ)sz is weakened in all
R334-mutant forms of the channel studied, inconsistent
with a direct interaction. Furthermore, mutation of R334
had similar effects on block by intracellular suramin, a
large organic molecule that is apparently unable to enter
deeply into the channel pore. Mutation of R334 altered
interactions between intracellular Pt(NOz)ﬁ_ and extracel-
lular C1™ but not those between intracellular Pt(NOz)ﬁ_ and
extracellular Pt(NO2)42f. We propose that while the posi-
tive charge of R334 interacts directly with extracellular
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anions, mutation of this residue also alters interactions with
intracellular anions by an indirect mechanism, due to
mutation-induced conformational changes in the protein
that are propagated some distance from the site of the
mutation in the outer mouth of the pore.
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Introduction

Cystic fibrosis (CF) is caused by mutations in the gene
encoding the cystic fibrosis transmembrane conductance
regulator (CFTR). CFTR is a member of the adenosine
triphosphate (ATP)-binding cassette (ABC) family of
membrane transport proteins that functions as a cyclic
adenosine monophosphate (cAMP)-regulated C1™ channel
in the apical membrane of many different epithelial cell
types (Sheppard & Welsh, 1999; Kidd, Kogan & Bear,
2004). While high-resolution crystal structures have been
obtained for soluble, intracellular regions of the CFTR
protein that are involved in channel gating (Lewis et al.,
2004), only low-resolution structural information is cur-
rently available for the membrane-spanning region of the
protein that presumably forms the pore for transmembrane
CI" transport (Rosenberg et al., 2004). Consequently, most
of what is currently known about the structure and function
of the channel pore has come from studying the functional
effects of mutations within the transmembrane (TM)
domains of the CFTR protein (Liu, Smith & Dawson, 2003;
Kidd et al., 2004; Linsdell, 2006). Thus, it has been sug-
gested that, of the 12 TM regions that presumably form the
pathway for CI” movement across the membrane, TMI,
TMS5 and TM6 make the most important contributions to the
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pore and to the determination of its functional properties
(Ge et al., 2004; St. Aubin & Linsdell, 2006).

Recent structure-function studies have highlighted the
role of positively charged amino acid side chains in the
CFTR channel pore. An arginine residue in TM6, R334,
appears to be located in the outer mouth of the pore, where it
acts to attract C1~ ions into the pore from the extracellular
solution (Smith et al., 2001). Similarly, the positive charges
donated by K95 (in TM1) and R303 (in TM5) act to attract
Cl™ ions from the intracellular solution (Linsdell, 2005; St.
Aubin & Linsdell, 2006). Current models of the pore place
the positive charges of R334 and K95 on the extracellular
and intracellular ends, respectively, of a short, narrow
section of the pore (Linsdell, 2006), while R303 appears to
be located at the cytoplasmic pore mouth (St. Aubin &
Linsdell, 2006). Consistent with their location in an internal
vestibule in the pore, both K95 and R303 have also been
implicated in the formation of binding sites for open
channel blockers that enter the pore from its cytoplasmic
end (Linsdell, 2005; St. Aubin, Zhou & Linsdell, 2007).

Mutation of R334 has multiple effects on CFTR channel
function. The amino acid side chain at this position is
thought to be in contact with the lumen of the pore (Cheung
& Akabas, 1996; Smith et al., 2001). Mutations that remove
the positive charge at this position lead to inward rectifi-
cation of the current-voltage relationship (Smith et al.,
2001; Gong & Linsdell, 2003a), suggesting that this posi-
tive charge normally acts to attract C1~ ions into the outer
mouth of the pore by an electrostatic interaction. Mutations
at this site also affect block of C1™ permeation by the high-
affinity permeant anion Au(CN), , leading to the suggestion
that R334 contributes to a permeant anion binding site
(Gong & Linsdell, 2003a). However, all mutations studied,
including the charge-conservative R334K, lead to signifi-
cant weakening of Au(CN), binding (Gong & Linsdell,
2003a), which is inconsistent with an electrostatic interac-
tion. Furthermore, mutagenesis at R334 has also been
associated with weakened binding of intracellularly
applied, impermeant anions such as lonidamine (Gong
et al., 2002b) and tetranitroplatinate (Pt[NOz]?f) (Gong &
Linsdell, 2003b), which seems to be inconsistent with the
putative location of R334 in the outer mouth of the pore. In
addition to weakening Au(CN), binding inside the pore, all
mutations studied at R334 disrupted the interaction between
internally applied Au(CN); ions and extracellular permeant
anions, interactions that normally act to relieve channel
block and that also contribute to the apparent voltage
dependence of block (Gong & Linsdell, 2003a). These
findings led our group to suggest that an arginine side chain
was absolutely required at position 334 to coordinate
repulsive ion-ion interactions within the pore (Gong &
Linsdell, 2003a). The effects of mutations at R334 on cur-
rent-voltage relationship shape are consistent with an
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electrostatic interaction between external Cl™ ions and the
side chain at this position (Smith et al., 2001; Gong &
Linsdell, 2003a; see above). However, single-channel
recording showed that all mutations at this site, including
the charge-conservative R334K, lead to a dramatic decrease
in the amplitude of unitary currents carried by CI™ efflux
through the pore (Gong & Linsdell, 2004). This suggests
that mutation of R334 has both charge-dependent (electro-
static) and charge-independent effects on the rate of Cl™
permeation. It has also been shown that the accessibility of
the side chain at this position changes during channel gat-
ing, suggesting that channel opening and closing is asso-
ciated with a conformational change in the pore in the
region around R334 (Zhang, Song & McCarty, 2005). The
multitude of functional effects associated with mutation of
R334 as well as the confusing relationship between these
effects and substituted side chain physical properties (Gong
& Linsdell, 2003a, 2004) suggest that the role this amino
acid residue plays in determining the properties of the pore,
while undoubtedly important, is not currently explained.
In recent studies, our group has used the impermeant
anion Pt(NO,); ™ to probe anion interactions with the CFTR
pore (Gong & Linsdell, 2003b; Ge & Linsdell, 2006; Fatehi,
St. Aubin & Linsdell, 2007). The results of these studies
suggest that both intracellular and extracellular Pt(NO,); ™~
ions block CI™ permeation through the pore by interacting
with distinct sites in the inner and outer mouths of the pore.
However, the molecular bases of these sites are not known.
In addition, we have provided evidence that extracellular
Pt(NOZ)ﬁf ions bind to a site on the CFTR protein that is
outside of the pore and that Pt(NO,);~ binding to this site
causes a conformational change in the pore that affects its
functional properties (Ge & Linsdell, 2006). Again, the
location of this putative extra-pore binding site is not known.
In the present work, we identify sites in the pore inner
vestibule that are important for interaction with Pt(NO,);~
ions and investigate the role of R334 in determining the
interaction between Pt(NO2)42f and the pore. Mutations that
neutralize the positive charges associated with K95 and
R303 weaken block by intracellular Pt(NO,)3~, consistent
with an interaction between these residues and blocking
anions within the pore inner vestibule. Our results also
suggest that mutation of R334 affects binding of internally
applied Pt(NO,)7~ ions indirectly, probably by causing a
conformational change in the channel pore that is sensed at
some distance from the site of mutation. In contrast, the
effect of R334 mutations on block by externally applied
Pt(NOZ)ﬁf ions is consistent with an electrostatic interac-
tion, leading us to propose that R334 contributes directly to
Pt(NO,); interaction with the outer mouth of the pore. In
addition, we provide evidence that the binding site for
external Pt(NOz)i_ ions outside of the pore is independent of
R334 and that the mechanism by which Pt(NO,); ~ binding
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to this site influences the interaction between internally
applied blocking ions and the pore is different from the
interaction between external C1™ ions and internal blockers.

Methods

Experiments were carried out on baby hamster kidney
(BHK) cells transiently transfected with wild-type or
mutant forms of CFTR (Gong et al., 2002a). Macroscopic
and single-channel patch-clamp recordings were made
from inside-out membrane patches excised from these
cells, as described in detail previously (Gong et al., 2002a;
Gong & Linsdell, 2003b; St. Aubin & Linsdell, 2006).
After patch excision and recording of background currents,
CFTR channels were activated by exposure to protein
kinase A (PKA) catalytic subunit plus MgATP (1 mm) in
the cytoplasmic solution. As in previous studies on these
cells (Ge et al., 2004; St. Aubin & Linsdell, 2006), single-
channel currents were recorded after weak PKA stimula-
tion (1-5 nm) whereas all macroscopic CFTR currents were
recorded after maximal PKA stimulation (~20 nm) and
subsequent treatment with sodium pyrophosphate (PPi, 2
mm) to “lock” channels in the open state.

In all experiments, the intracellular (bath) solution
contained (mm) 150 NaCl, 2 MgCl, and 10 N-tris(thy-
droxymethyl)methyl-2-aminoethanesulfonate (TES). The
extracellular (pipette) solution contained either the same
solution (154 mm Cl17) or a low-Cl™ solution in which
NaCl was replaced by Na gluconate (4 mm Cl 7). In some
experiments (see below), K,Pt(NO,), (1-10 mm) was
added to the extracellular solution. All experimental solu-
tions were adjusted to pH 7.4 using NaOH. All chemicals
were from Sigma-Aldrich (Oakville, Canada) except PKA
(Promega, Madison, WI). Intracellular channel blockers
were added to the bath solution during the experiment from
concentrated stocks made up in bath solution.

Current traces were filtered at 50 Hz (for single-channel
currents) or 100 Hz (for macroscopic currents) using an
eight-pole Bessel filter, digitized at 250 Hz and analyzed
using pCLAMP software (Molecular Devices, Sunnyvale,
CA). Single-channel current amplitudes were estimated
from all-points amplitude histograms. Macroscopic cur-
rent-voltage relationships were constructed using depolar-
izing voltage ramp protocols (Linsdell & Hanrahan, 1996,
1998). Background (leak) currents recorded before addition
of PKA were subtracted digitally, leaving uncontaminated
CFTR currents (Linsdell & Hanrahan, 1998; Gong &
Linsdell, 2003b). Given voltages were corrected for liquid
junction potentials calculated using pCLAMP software.

As in previous studies (Gong & Linsdell, 2003b; Ge &
Linsdell, 2006), the effects of intracellular Pt(NOz)?f on
macroscopic current amplitude were analyzed using the

simplest version of the Woodhull (1973) model of voltage-
dependent block:

I/ly = Ka(V)/{Ka(V) + [B] } (1)

where [ is the current amplitude in the presence of
Pt(NO,); ", I, is the control unblocked current amplitude
and K4(V) is the voltage-dependent dissociation constant,
the voltage dependence of which is given by

Ka(V) = K4(0) exp(—z8VF/RT) )

where z0 is the effective valence of the blocking ion
(actual valence, z, multiplied by fraction of the
transmembrane electric field apparently experienced
during the blocking reaction) and F, R and T have their
usual thermodynamic meanings.

In some cases, mean K4 and zo values estimated under
different ionic conditions were compared as the ratio
between individual values measured with Na gluconate-
containing extracellular solutions (Gluc) and the mean
value measured with NaCl-containing extracellular solu-
tions (Cl) (Gong & Linsdell, 2003a).

To investigate channel block by external Pt(NO,);~
ions, macroscopic current-voltage relationship shape was
compared under different ionic conditions. Initially, mac-
roscopic current amplitudes were normalized to amplitude
at —80 mV (Irgr). These Ixgr, values obtained with dif-
ferent concentrations of extracellular Pt(NO,);~ were then
compared to those obtained in the absence of Pt(NO,);~
(IreL[0]). Concentration-inhibition relationships obtained
for block by external Pt(NO,);~ were fitted by the fol-
lowing equation:

Fractional unblocked current

L " (3)
= 1/(1 +{[Pt(NOy); |/Ka}"")

where nH is the slope factor or Hill coefficient.

Experiments were carried out at room temperature, 21—
24°C. Values are presented as mean + standard error of the
mean (SeM); for graphical presentation, error bars repre-
sent + SEM and, where no error bars are shown, this is smaller
than the size of the symbol. Statistical comparisons between
groups were carried out using Student’s two-tailed #-test,
with p < 0.05 being considered statistically significant.

Results

Neutralization of Positive Charges in the Pore Weakens
Block by Intracellular Pt(NO,);~ Ions

Pt(NO,); ions block the CFTR CI™ channel when present
on either side of the membrane (Gong & Linsdell, 2003b;
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Fig. 1 Removal of positive charges in the pore weakens block by
intracellular Pt(NOz)Azf ions. a,b Example leak-subtracted macro-
scopic current-voltage relationships recorded from inside-out patches
excised from BHK cells transfected with the CFTR variant named
above. In a the extracellular solution contained 4 mm Cl~, while in b
it contained 154 mm Cl . In each case currents were recorded
following maximal channel stimulation with PKA and PPi, both
before (a) and after (b) addition of 300 um K,Pt(NO,), to the
intracellular solution, to show the inhibitory effects of Pt(NO,)3 . (¢)
Mean fraction of control current remaining (/1) at different voltages
following addition of this concentration of Pt(NOz)ﬁ’, with both 4 mm
(O) and 154 mm(@®) extracellular C1~. Mean of data from three to

Ge & Linsdell, 2006), most likely by interacting with dif-
ferent sites (Fatehi et al., 2007). While altered Pt(NO,);
block has been reported in some CFTR pore mutants (Gong
& Linsdell, 2003b), the molecular basis of Pt(NO,);~ block
is not clear. Figure 1 shows the effect of point mutations
that neutralize important positive charges in the pore (K95,
R303, R334) on block by intracellular Pt(NOz)ZZf ions.
Whether studied under conditions of low (Fig. 1a) or high
(Fig. 1b) extracellular C1™ concentration, Pt(NO,)3~ block
is significantly weakened in both K95Q and R303Q
(Figs. 1c, 2). This is consistent with the proposed location
of these two residues within the pore inner vestibule and
their involvement in attracting intracellular C1™ ions into
the pore by an electrostatic mechanism (Linsdell, 2005; St.
Aubin & Linsdell, 2006) and in contributing to binding
sites for intracellular open channel blockers (St. Aubin
et al., 2007). Furthermore, a double mutant in which both
of these positive charges are neutralized (K95Q/R303Q)
generated currents that were almost completely insensitive
to the blocking effects of Pt(NO,);~ (Fig. 1), consistent
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eight patches. Fitted lines are to equation 1, with the following
parameters: wild type 4 mm external ClI7, K4(0) =85.8 um,
z0 = —0.201; wild type 154 mm external Cl~, Ky(0) = 387 um,
z0 = —0.344; K95Q 4 mm external Cl™, K4(0) =403 um, zd =
—0.130; K95Q 154 mm external C1™, K4(0) = 978 um, z6 = —0.227,
R303Q 4 mm external ClI™, K4(0) = 300 um, z0 = —0.096; R303Q
154 mm external C1~, K4(0) = 904 um, zo = —0.197; R334Q 4 mm
external C1~, K4(0) = 286 um, z6 = —0.330; R334Q 154 mwm external
Cl™, K4(0) = 256 um, z6 = —0.307. Because block was so weak at
this concentration, data for the K95Q/R303Q double mutant were not
fitted

with the overall channel-blocking effects of Pt(NO,)3 ™ ions
being the result of interactions with both of these pur-
portedly independent sites (St. Aubin et al., 2007). In spite
of the weakened blocking effects of intracellular Pt(NO,); ™~
seen in both K95Q and R303Q, block of each of these two
mutants was still significantly weakened by extracellular
Cl™ ions (Figs. Ic, 2).

Neutralization of a third pore-forming positive charge,
in the R334Q mutant, was also associated with significant
weakening of the blocking effects of internal Pt(NO,);~
(Figs. 1, 2). This is consistent with previously reported
weakening of intracellular Pt(NO,);~ block in R334C
(Gong & Linsdell, 2003b). However, unlike K95Q and
R303Q, the R334Q mutant weakened Pt(NO,);~ block at
low, but not high, extracellular C1~ concentration (Fig. 2).
This difference likely results from the fact that the R334Q
mutation also apparently removes the sensitivity of block
to extracellular C1~ concentration (Figs. lc, 2).

As described above, weakened block by intracellular
Pt(NO,); ions in K95Q and R303Q is consistent with
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Fig. 2 Effect of neutralization of different positive charges on block
by intracellular Pt(NO,)3~. Mean K, (at 0 mV) was estimated by
fitting data from individual patches such as those shown in Figure 1
by equation 1. Data shown for both 4 mm extracellular C1™ (black
bars) and 154 mm extracellular C1™ (gray bars). Mean of data from
three to eight patches. Asterisks indicate a significant difference from
the corresponding value in wild type (*p < 0.05, **p < 0.001), while
daggers indicate a significant difference from the same channel
variant at 4 mm C1~ ("p < 0.05, Tp < 0.001)

current models of the pore that place these two positively
charged amino acid residues within the pore inner vesti-
bule. In contrast, R334 is thought to reside in the outer
vestibule of the pore (Smith et al., 2001; Linsdell, 2006),
and the mechanism by which neutralization of this residue
would weaken the blocking effects of an intracellularly
applied, impermeant blocker is less obvious.

Characterization of the Effect of Mutations at R334 on
Block by Intracellular Pt(NO,)3 ™~ Ions

To investigate further the role of R334 in controlling block
by intracellular Pt(NOz)ff ions, we investigated the effects
of other substitutions at this position. Figure 3 shows the
blocking effects of internally applied Pt(NO,);  in six
different channel mutants (R334C, R334E, R334H,
R334K, R334L, R334Q) under conditions of both low
(Fig. 3a) and high (Fig. 3b) extracellular C1~ concentra-
tion. The overall blocking effects of Pt(NO,);~ on these
different mutants are compared to wild type in Figure 4.
All mutations at R334 were associated with weakening of
Pt(NOz)ﬁf block under conditions of low extracellular C1™.
All mutants also show a diminished effect of extracellular
CI™ ions on the strength of block. These effects are seen
more clearly from estimates of the apparent blocker Ky

shown in Figure 5. With low extracellular C1™ concentra-
tions, the K4 for Pt(NO,);~ block (at 0 mV) was signifi-
cantly increased in all six R334 mutants studied (Fig. 5a),
although it is clear that R334C and R334E had far greater
effects on Ky compared to other amino acid substitutions.
With elevated extracellular C1 ™, the K4(0) was significantly
increased only in R334C and R334E; not significantly
altered in R334K, R334L and R334Q; and significantly
decreased in R334H (Fig. 5b). Comparison of the Ky
estimated under different extracellular C1~ concentrations
(Fig. 5¢) revealed that all six mutants studied had a sig-
nificantly weakened (in fact, practically abolished) sensi-
tivity of block to extracellular C1™ ions. These R334
mutations also exhibited a weakened sensitivity of blocker
voltage dependence (quantified as —zd, Fig. 5) to external
CI™ concentration (Fig. 5c), although because of the small
magnitude of this effect only R334C, R334H and R334Q
reached a level of statistical significance (Fig. 5c).

Mutation of R334 Affects Block by Intracellular
Suramin

The effects of R334 mutations on block by intracellular
Pt(NOz)ﬁf described above suggest that this residue influ-
ences both the affinity and extracellular CI~ dependence of
block. This is somewhat surprising given (1) the proposed
location of R334 in the pore outer vestibule (Smith et al.,
2001; Linsdell, 2006), (2) the impermeability of Pt(NOz)?f
in CFTR (Gong & Linsdell, 2003b) and its supposed
restriction to binding sites on the same side of the mem-
brane as that to which it is applied (Fatehi et al., 2007) and
(3) possible localization of Pt(NO,);~ binding sites in the
pore inner vestibule, around the locations of K95 and R303
(Figs. 1, 2). This suggests that either Pt(NO,);~ is able to
pass most of the way through the pore, close enough to
R334 in the outer vestibule to sense the nature of the amino
acid side chain at this position, or the effects of mutations
at R334 on Pt(NO,);~ block are indirect, perhaps caused
by mutation-induced changes in the conformation of the
pore inner vestibule. To try to separate these possibilities,
we sought to investigate the effects of an intracellular open
channel blocker that could not approach close to the pore
outer vestibule. We chose suramin, a large organic anion
that blocks the channel, apparently due predominantly to
interactions with R303 at the cytoplasmic mouth of the
pore (St. Aubin et al., 2007). Since block by intracellular
suramin is insensitive even to mutations at K95, located
relatively deep in the pore inner vestibule (Linsdell, 2005;
St. Aubin et al., 2007), we believe that suramin does not
enter far into the pore from its cytoplasmic end and is
therefore highly unlikely to be able to sense directly the
nature of amino acid residues in the outer pore mouth.
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Fig. 3 Intracellular Pt(NO,); A
block of different R334 mutants.
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The effects of intracellular suramin on wild-type and
R334-mutant forms of CFTR are compared in Figure 6.
Because suramin block is insensitive to extracellular C1™
concentration (St. Aubin et al., 2007), these experiments
were carried out only using low external CI conditions.
Comparison of the mean Ky estimated for suramin (at 0
mV) shows that R334C, R334E, R334K, R334L and
R334Q were all associated with weakened suramin block,
with only R334H failing to significantly affect suramin
block (Fig. 7). Suramin block was particularly weakened in
R334C and R334E (Figs. 6, 7) such that the profiles of
mutation effects on block by internal Pt(NOz)ﬁ_ and sur-
amin are very similar.

Mutation of R334 Does not Affect Interactions between
Intracellular and Extracellular Pt(NO,)3~ Ions

Block of wild-type CFTR by intracellular Pt(NO,); ™ is
significantly weakened by Pt(NOz)ﬁ_ ions present in the
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extracellular solution, an effect which is apparently inde-
pendent of the ability of external Pt(NOz)%_ ions directly to
inhibit ClI- permeation (Ge & Linsdell, 2006). Since
mutation of R334 affected interactions between intracel-
lular Pt(NOz)Azf and extracellular C1™~ (Figs. 1c, 2, 5¢), we
wondered if this residue was also involved in interactions
between internal and external Pt(NO,)7~ ions. As shown in
Figure 8, although block by internal Pt(NO,);~ is signifi-
cantly weakened in R334Q, this blocking effect is still
sensitive to the presence of Pt(NO,); ions in the extra-
cellular solution. In wild type, addition of 8 mm Pt(NO,); ™
to the extracellular solution increased mean Kg(0) for
intracellular Pt(NO,)3~ approximately 2.7-fold without
significantly altering —zd, while in R334Q this concentra-
tion of extracellular Pt(NOz)}f increased mean Ky(0) 2.5-
fold, again with no significant change in —zd (Fig. 8c).
Thus, the R334Q mutation practically abolishes the
dependence of intracellular Pt(NO,);~ block on external
CI™ (Figs. lc, 2, 5c) without significantly altering its
dependence on external Pt(NO,);~ (Fig. 8).
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Fig. 4 Effect of different substitutions of R334 on block by
intracellular Pt(NO,)3~. Mean fraction of control current remaining
(1/1y) at different voltages following addition of 300 um Kth(NOZ)i’
to the intracellular solution, with both 4 mm (Q) and 154 mm (@)
extracellular C1”. Mean of data from three to eight patches. Fitted
lines are to equation 1 as described in Figure 1 for wild type and
R334Q and with the following parameters for other channel variants:
R334C 4 mm external C1™, K4(0) = 1362 um, z6 = —0.295; R334C

Characterization of the Effect of Mutations at R334 on
Block by Extracellular Pt(NOQ)if Ions

Block of CFTR by external Pt(NOz)Azf ions is most
apparent at the single-channel level (Fig. 9). As described
previously (Ge & Linsdell, 2006; Fatehi et al., 2007),
inclusion of Pt(NO,);  in the pipette solution led to a
strongly voltage-dependent reduction in unitary current
amplitude (Fig. 9). Unfortunately, single-channel record-
ing cannot be used to investigate blocker effects on the
R334 mutants described above since each of these mutants
shows very low unitary conductance even in the absence of
blocking ions (Gong & Linsdell, 2004). Blockers can be
added to the extracellular solution during whole-cell
recording; however, this technique sometimes gives dif-
ferent results in CFTR when compared to measurements of
single-channel current amplitude, perhaps because the
blocker affects both CI™ conductance and channel gating
(see Fatehi et al., 2007). In order to compare the blocking
effects of external Pt(NO,); ™~ ions in R334-mutant forms of
CFTR, we therefore used a somewhat indirect measure of
blocker potency that relies on the strong voltage depen-
dence of block we observe in wild type (Fig. 9).

We estimated the relative potency of external Pt(NO,); ™~
block by analysis of the shape of the macroscopic current-
voltage relationship (Fig. 10). As shown in Figure 10a,

154 mm external Cl™, K4(0) = 836 um, zo = —0.219; R334E 4 mm
external C17, K4(0) = 759 um, z0 = —0.376; R334E 154 mm external
Cl, K40) =564 pm, z06 = —0.173; R334H 4 mm external Cl,
Kq(0) = 140 um, zd6 = —0.166; R334H 154 mm external CI,
K4(0) = 119 um, z6 = —0.149; R334K 4 mm external C1~, K4(0) =
143 um, z0 = —0.314; R334K 154 mm external C1~, K4(0) = 317 um,
z0 = —0.374; R334L 4 mwm external Cl™, K4(0) =176 um, z0 =
—0.258; R334L 154 mM external Cl~, K4(0) = 284 um, zo = —0.366

inclusion of increasing concentrations of Pt(NO,);~ in the
pipette solution led to increasing inward rectification of the
current-voltage relationship in wild-type CFTR. Since
these current-voltage relationships were recorded after the
channel was locked open with PPi, any effect on channel
gating should be removed and the macroscopic current-
voltage relationship should have the same form as the
unitary current-voltage relationship recorded in the absence
of PPi. In fact, in no case was macroscopic current-voltage
relationship shape significantly changed by addition of PPi.
The inward rectification induced by Pt(NOz)i_ could
reflect one of two effects. First, it may be that binding of
Pt(NOz)ﬁf within the pore outer vestibule causes a strongly
voltage-dependent open channel block of CI™ permeation.
Second, Pt(NO,);~ could act by screening important sur-
face charges (Green & Andersen, 1991), leading to loss of
electrostatic attraction on external Cl~ ions that is impor-
tant for C1™ influx at positive voltages (Smith et al., 2001).
While mechanistically important (see Discussion), this
distinction makes no difference to the validity of the
analysis.

Since external Pt(NOz)Azf, even at concentrations as high
as 10 mm, has no significant effect on unitary current
amplitude at hyperpolarized voltages (Fig. 9), we com-
pared the shape of macroscopic current-voltage relation-
ships in the presence of different concentrations of
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Fig. 5 Effect of mutations at R334 on the properties of block by
intracellular Pt(NO,)3~. Mean K,4(0) and —zd calculated from fits to
data from individual patches for different channel variants, with 4 mm
(a) and 154 mm (b) extracellular C1™. ¢ The effect of changing the
extracellular C1™ concentration from 4 to 154 mm is expressed as the
ratio of either K4(0) (left) or —zd (right) under these different ionic
conditions. Asterisks indicate a significant difference from wild type
(p < 0.05). Mean of data from three to eight patches in each case

extracellular Pt(NO,)3~ by normalizing current amplitude
at the hyperpolarized extreme of the voltage range studied,
—80 mV (Fig. 10b). It can be seen that the mean normalized
current-voltage relationships produced in this way have a
very similar form to the unitary current-voltage relation-
ships recorded under the same ionic conditions (Fig. 9c¢).
Relative current in the presence of different concentrations
of Pt(NOz)ﬁf is shown as a fraction of relative control
current amplitude at the same voltage in Figure 10c; these
relationships are analogous to the fractional unitary cur-
rent-voltage relationships of Figure 9d. To show the close
agreement between direct single-channel analysis and
indirect macroscopic current-voltage relationship analysis,
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mean concentration-inhibition curves constructed by these
two methods at +80 mV are compared in Figure 10d; as
described in the legend to Figure 10, fits to these sets of
data give very similar apparent K,y values for external
Pt(NO,);~ of 2.85 mm from single-channel currents
(without PPi) and 2.73 mm from macroscopic currents
(with PPi).

We then applied this same analysis to macroscopic
current-voltage relationships obtained from pore-mutant
forms of CFTR (Fig. 11). One potential caveat in doing so
is that we do not have independent confirmation that
external Pt(NOz)ff does not block these mutants at
strongly hyperpolarized voltages, which is an assumption
of the analysis. However, we considered that these muta-
tions would be more likely to alter the apparent affinity of
block at depolarized voltages than to cause the appearance
of block at hyperpolarized voltages. Example macroscopic
current-voltage relationships for wild type and each R334
mutant studied, as well as mutations that neutralize positive
charges involved in binding of intracellular Pt(NO,);
(K95Q, R303Q), are compared in Figure 11a. In each
panel, two current-voltage relationships, recorded from
different patches and normalized to current amplitude at —
80 mV, are shown, representing control conditions (no
Pt[NOz]ﬁ*) and 10 mm extracellular Pt(NOz)ézf. As
described previously (Smith et al., 2001; Gong & Linsdell,
2003a), mutagenesis of R334 led to strong inward rectifi-
cation even under control conditions. However, it can be
seen that for all R334 mutations except the charge-con-
servative R334K, current-voltage relationship shape was
not strongly altered by the presence of Pt(NO,); ™ in the
extracellular solution. Both K95Q and R303Q are associ-
ated with outward rectification under control conditions;
this rectification was apparently weakened in the presence
of extracellular Pt(NOz)ﬁ_, most likely due to voltage-
dependent current inhibition, which was most prominent at
depolarized voltages. The mean effects of 10 mm
Pt(NOz)ﬁf in each channel variant, analyzed as described
above for wild type (Fig. 10c), are illustrated in Figure 11b
(for R334 mutants) and 1lc (for K95Q and R303Q).
Considering only the data at +80 mV (Fig. 11d), where
block of wild-type CFTR is strongest (Figs. 9, 10), the
blocking effects of Pt(NO,);  are slightly (but signifi-
cantly) weakened in K95Q, R303Q and R334K (p < 0.05)
but practically abolished in all other R334 mutants
(p < 0.0005). In fact, only wild type, R334K, K95Q and
R303Q - those mutants that retain a positive charge at
position 334 — were significantly affected by 10 mm
Pt(NO,);~ according to this analysis (as illustrated by the
daggers in Fig. 11d, p < 0.001), whereas all mutants
associated with removal of the positive charge at R334
showed no significant differences in the absence or pres-
ence of external Pt(NO,);~ (p > 0.15).
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Fig. 6 Block of different R334
mutants by intracellular
suramin. For each channel
variant named is an example
leak-subtracted macroscopic
current-voltage relationship
recorded before (a) and after (b)
addition of 10 uM suramin to the
intracellular solution. Beneath
each current-voltage
relationship is the
corresponding mean fraction of
control current remaining (1/1)
at different voltages following
addition of this concentration of
suramin. These plots represent
mean data from four to seven
patches. Fitted lines are to
equation 1 with the following
parameters: wild type,

K4(0) = 2.51 um, z6 = —0.042; B
R334C, K4(0) = 18.5 um,
z0 = —0.056; R334E,
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Discussion

Previous studies have suggested that Pt(NOz)?f ions
applied to the intracellular or extracellular solution block
CI™ permeation in CFTR by binding to distinct sites in the
pore (Ge & Linsdell, 2006; Fatehi et al., 2007). Our present
results suggest that block by intracellular Pt(NO,);~
involves interactions with positively charged amino acid
side chains in the wide inner vestibule of the pore since
mutations that remove these positive charges (K95Q,
R303Q) lead to significant weakening of Pt(NOz)?f block
(Figs. 1, 2). Furthermore, removal of both positive charges
(in the K95Q/R303Q double mutant) gave rise to a channel
that was almost completely resistant to the blocking effects
of internal Pt(NO,);~ (Fig. 1), suggesting that both posi-
tive charges contribute to Pt(NOz)i_ binding in the pore
inner vestibule. Given the proposed locations of these two
positively charged amino acids — K95 is thought to be
located in a central region, on the internal side of a narrow
pore region (Linsdell, 2005, 2006), whereas R303 is likely

0.0 . . . .
120 80 -40 0 40
V (mV)

0.0 + T T T )
-120 -80 -40 0 40
v (mV

-80 -40 0 40

V (mV)

located at the cytoplasmic mouth of the pore (St. Aubin &
Linsdell, 2006; St. Aubin et al., 2007) — we suggest that
Pt(NO,);~ ions block the channel at either of two sites
involving these two positive charges. This is consistent
with the idea that K95 and R303 contribute to anion
binding sites that are independent of one another (St. Aubin
et al., 2007). Alternatively, these two positively charged
residues may act by attracting Pt(NOz)ézf ions into the
inner vestibule by an electrostatic mechanism, in the same
way as has been proposed for C1™ ions (Linsdell, 2005; St.
Aubin & Linsdell, 2006). Since other pore-lining residues
contributing to Pt(NOz)ﬁf binding have not been descri-
bed, this would mean that the Pt(NOz)?f binding site(s)
remains to be identified.

Block by intracellular Pt(NO,);~ ions was also signifi-
cantly weakened by mutation of another positively charged
pore-forming residue, R334 (Figs. 1-5), consistent with
previous results showing significant weakening of the
blocking effects of intracellular Au(CN), ions in these
mutants (Gong & Linsdell, 2003a). However, in contrast
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with our previous suggestion that intracellular Au(CN); 400 * N 02
blocks the channel by interacting directly with R334, 200
several reasons prompt us to suggest that Pt(NO,);~ does o1
not interact directly with the arginine side chain at this 0 _ 0.0 - _
position. First, the proposed location of the R334 residue, wg‘é R334Q _\af gde R334Q

in the outer mouth of the pore (Smith et al., 2001; Liu et al.,
2003; Linsdell, 2006) appears inconsistent with interaction
with an impermeant anion applied to the cytoplasmic
mouth of the pore. Second, Pt(NOz)i_ block is significantly
weakened in all of the six R334-mutated variants studied,
including the charge-conservative R334K (Fig. 5a). Thus,
while Pt(NOz)Azf block is particularly weak in R334C and
R334E (Figs. 3-5), there is no strong correlation between
the apparent affinity of Pt(NO,);~ block and the nature of
the side chain present at position 334. Third, mutations at
R334 had qualitatively similar effects on block by intra-
cellular suramin (Figs. 6, 7) as they did on block by
Pt(NO,); . We chose to investigate suramin block since
this substance appears to be able to enter only into the most
superficial parts of the pore inner vestibule when applied to
the cytoplasmic solution (St. Aubin et al., 2007); in fact, it
appears that suramin does not enter deeply enough into the
pore to experience electrostatic interactions with K95 (St.
Aubin et al., 2007). The ability of mutations at R334 (at the
outer mouth of the pore) to influence block by intracellular
suramin (at the cytoplasmic entrance to the pore) (Fig. 6)
therefore seems inconsistent with a direct interaction. The
similar effects of mutations on block by intracellular
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Fig. 8 Extracellular Pt(NO,); modifies block by intracellular
Pt(NO,)3~ following neutralization of the positive charge at R334.
a Example leak-subtracted macroscopic current-voltage relationships
recorded with 8 mm K,Pt(NO,)3~ present in the extracellular solution
for wild type (left) and R334Q (right), recorded before (control) and
after (+ Pt{NO,]4) addition of 300 um K,Pt(NO,), to the intracellular
solution. b Mean fraction of control current remaining (//I;) at
different voltages following addition of Pt(NO,)3~ under these ionic
conditions (@) is compared with the effects of the same concentration
of Pt(NO,)3~ measured in the absence of extracellular Pt(NO,)3 [(OF
same data as in Fig. Ic). Mean of data from three to eight patches.
Fitted lines are to equation 1 with the following parameters: wild type
(), K4(0) = 85.8 um, -zd = 0.201; wild type (@), K4(0) = 205 um, -
z0 = 0.248; R334Q (O), K4(0) = 286 um, -zo = 0.330; R334Q (@),
K4(0) = 704 pm, -z0 = 0.401. ¢ Mean K4(0) and —zJ calculated under
these conditions, without extracellular Pt(NO,);~ (white bars) and
with 8 mm Pt(NOz)f (black bars). Mean of data from four to seven
patches. Asterisks indicate a significant difference from zero extra-
cellular Pt(NO,),4 conditions (p < 0.005)

suramin and intracellular Pt(NO,);~ — in particular, the
strong effects of R334C and R334E on the inhibitory
effects of both blockers — suggest that these mutations
affect suramin block and Pt(NO,);~ block by a common
mechanism. We propose that mutations at R334 alter block
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by intracellular anions such as suramin and Pt(NOZ)?f that
bind within the pore inner vestibule by an indirect mech-
anism. This suggests that mutations at R334 have far-
reaching effects on pore structure and function, perhaps

<« Fig. 9 Block of unitary currents by extracellular Pt(NO,)7~ ions. a

Example single-channel currents recorded from inside-out patches at
membrane potentials of +70 and —70 mV, as indicated. In each case
the closed state of the channel is indicated by the line on the far left.
Currents were recorded in the absence of Pt(NO,)3~ (Control) or with
10 mm Pt(NOz)?f present in the extracellular solution (+ Pt{NO,]4). b
Amplitude histograms prepared from these patches under the condi-
tions shown in a at +70 mV (left) and =70 mV (right). ¢ Mean unitary
current-voltage relationships recorded in the absence of Pt(NO,); (@)
and with 1 mm (O), 3 mm (V) or 10 mm (57) Pt(NO,)3~ present in the
extracellular solution. d Mean fraction of control current remaining in
the presence of different concentrations of extracellular Pt(NO,)3~ at
different membrane potentials. Same symbols used as in ¢. Fractional
current was significantly reduced by 10 mm Pt(NO,)5 ™ at all voltages
between +30 and +80 mV and significantly reduced by both 1 and 3
mm Pt(NOz)ﬁ’ at all voltages between +40 and +80 mV (p < 0.05).
Mean of data from three to six patches in ¢ and d

changing the conformation of the pore inner vestibule such
that anion binding in the region of K95 and/or R303 is
disrupted. However, we note that mutation of R334 has
other effects on intracellular anion binding that are not
replicated by mutation of either K95 or R303. Thus, all
R334 mutants studied disrupted the dependence of intra-
cellular Pt(NOz)Azf block on extracellular C1™ ions (Fig. 5),
whereas Pt(NO,);~ block of both K95Q and R303Q
remained Cl dependent (Figs. 1, 2). This suggests that the
effects of mutation of R334 on the structure of the pore
inner vestibule are not limited simply to the disruption of
localized anion interactions with the pore.

Mutagenesis of R334 also alters current inhibition by
external Pt(NOz)ff ions (Figs. 10, 11). In wild-type CFTR,
extracellular Pt(NO,);~ causes a strongly voltage-depen-
dent inhibition (Fig. 9) with an apparent K4 of ~2.8 mwm at
+80 mV (Fig. 10d); this may reflect voltage-dependent
open channel block or surface charge screening. Because of
the low single-channel conductance of R334-mutated
forms of CFTR (Gong & Linsdell, 2004), it was not pos-
sible to investigate Pt(NO,);~ block of these mutants
directly by single-channel recording. Nevertheless, quan-
titative analysis of macroscopic current-voltage relation-
ship rectification (Figs. 10, 11) suggests that block by
external Pt(NO,);~ was significantly weakened in all R334
mutants studied. In fact, all mutations that either removed
or reversed the positive charge present at position 334
resulted in channels that were not significantly affected by
the presence of 10 mm Pt(NOz)i_ in the extracellular
solution according to this analysis (Fig. 11d). In contrast,
the charge-conservative R334K mutant showed only very
slightly weakened block by external Pt(NOz)ZZf (Fig. 11d).
Thus, current inhibition by external Pt(NOz)?f ions shows
very strong dependence on the presence of a positively
charged side chain at this location in the outer mouth of the
pore. This could be consistent with an open channel block
mechanism, with R334 contributing to a binding site at
which Pt(NO,);~ occludes the channel pore or with a
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Fig. 10 Macroscopic current-voltage relationship shape reveals
voltage-dependent inhibition by extracellular Pt(NO,); . a Example
leak-subtracted macroscopic current-voltage relationships recorded
without Pt(NOz)if or with 1, 3 or 10 mm Pt(NOz)Z’ present in the
extracellular solution as indicated. b Normalized current-voltage
relationships illustrating the change in current rectification induced by
Pt(NOz)i’ in the extracellular solution, for currents recorded in the
absence of Pt(NO,);~ (®) and with 1 mm (QO), 3 mm (V) or 10 mm
(V) Pt(NOQ)ﬁ’ present in the extracellular solution. Current ampli-
tudes are shown relative to those at —80 mV (Irg), as described in
Methods. ¢ Mean fraction of control normalized current remaining in

charge screening mechanism whereby Pt(NOz);f screens
the known electrostatic attractive effect of R334 on
extracellular C1™ ions (Smith et al., 2001). In contrast,
neutralization of positive charges in the putative pore inner
vestibule (K95, R303) had only very minor effects on block
by external Pt(N02)42( ions (Fig. 11c,d), consistent with the
critical factor for Pt(NO,);~ inhibition being the presence
of a positive charge at position 334. While mutation of
R334 has previously been associated with a range of
functional effects in CFTR (see Introduction), only current-
voltage relationship rectification — likely reflecting elec-
trostatic attraction of extracellular C1™ ions into the outer
mouth of the pore — has previously been strongly associ-
ated with amino acid side chain charge at this position
(Smith et al., 2001; Gong & Linsdell, 2003a, 2004). Our
present results are therefore consistent with a direct elec-
trostatic interaction between extracellular Pt(NO,);~
anions and the positive charge of the R334 side chain being
critical for Pt(NO,);~ binding in the outer mouth of the
pore, leading to occlusion of the open channel and block of
Cl™ permeation. Our results are also entirely consistent
with extracellular Pt(NO,);~ ions screening the surface
charge contributed by R334 (or by the substituted lysine in
R334K), resulting in loss of electrostatic attractive forces
on extracellular C1™ ions and reduced Cl~ entry into the
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the presence of different concentrations of extracellular Pt(NOz)ﬁ_ at
different membrane potentials. Same symbols used as in b. Fractional
relative current was significantly reduced by 1, 3 and 10 mm
Pt(NO,)? ™ at all voltages between +20 and +80 mV (p < 0.001).
Mean of data from three to five patches in b and ¢. d Concentration
dependence of inhibition by extracellular Pt(NO,)3~ estimated at +80
mV. Points represent data from single-channel experiments (), taken
from Fig. 9d) or macroscopic current experiments (@, taken from
Fig. 10c). Both sets of data have been fitted by equation 3, giving a K4
of 2.85 mm and ny of 0.64 for single-channel currents and a K, of 2.73
mM and ny of 0.77 for macroscopic currents

pore at depolarized voltages. In this respect, we note that
extracellular Pt(NOz)f ions, which block current only at
depolarized voltages, do not reproduce the effect of charge-
neutralizing mutations at R334, which cause a large
decrease in single-channel conductance at all voltages
(Gong & Linsdell, 2004). Irrespective of the exact mech-
anism of the interaction, the different dependence on side
chain charge demonstrates that intracellular and extracel-
lular Pt(NO,);~ do not share a common interaction with
R334.

Extracellular Pt(NO,)3~ ions also affect blocker inter-
actions with the pore inner vestibule, an effect that we have
previously suggested results from external Pt(NOj);~
binding to a site outside the pore (Ge & Linsdell, 2006).
The resulting negative interaction between external and
internal Pt(NO,);~ ions is apparently unaffected by a
mutation that removes the positive charge associated with
R334 (Fig. 8), even though all mutations affecting R334
interfere with the interaction between extracellular CI™
ions and intracellular Pt(NOz)?f ions (Fig. 5, see below).
This result is consistent with the binding site for external
Pt(NO,);” ions that leads to interactions with internal
blockers (R334-independent) being distinct from the site
with which external Pt(N02)42f ions interact to inhibit C1~
permeation (R334-dependent) and supports the notion that
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Fig. 11 Extracellular Pt(NO,)3~ block of pore mutants. a Example
normalized, leak-subtracted macroscopic current-voltage relation-
ships recorded without Pt(NOz)ﬁf (@) and with 10 mm
Pt(NO,)3~ present in the extracellular solution (b) for different
channel variants. Note the change in current rectification induced by
extracellular Pt(NOz)ﬁ_ in wild type, R334K, K95Q and R303Q but
not other R334 mutants. b,c Mean fraction of control normalized
current remaining in the presence of 10 mm extracellular Pt(NO,)3~ at
different membrane potentials for different channel variants: b wild

the first site exists outside of the pore. Furthermore, we
suggest that external Pt(NO,);~ and external C1~ destabi-
lize the binding of internal blockers by different mecha-
nisms since the effects of C1™, but not Pt(NOz)i_, are lost
in R334Q. Thus, while extracellular Pt(NOz)ﬁ_ and muta-
genesis of R334 both appear to have long-range effects on
the conformation of the pore inner vestibule, these effects
appear to be independent of each other.

We conclude that the multiple effects that are associated
with mutagenesis of R334 in the outer mouth of the CFTR
pore reflect both direct effects (interaction with anions at
the outer mouth of the pore) and indirect effects (resulting
from conformational changes occurring at a distance from
the site of the mutation). Direct effects include loss of
electrostatic attraction of permeant and impermeant ions
from the extracellular solution to the outer mouth of the
pore. As a result, these direct effects show a strong
dependence on side chain charge, being strongly disrupted
in all mutants except R334K. Indirect effects include
weakened binding of intracellular blockers in the pore

R334E
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R334K
R334L
R334Q
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type (@), R334C (V), R334E (v7), R334H (W), R334K (), R334L
(), R334Q (®); ¢ wild type (@), K95Q (A), R303Q (¢). d
Normalized current remaining at +80 mV for different channel
variants. Asterisks indicate a statistically significant difference from
wild type (*p <0.05, **p <0.0005), while daggers indicate a
significant difference from the same channel variant in the absence
of Pt(NO,)3~ (+p < 0.001). Mean of data from three to six patches in
b-d

inner vestibule (Figs. 5, 7), loss of interactions between
external Cl~ ions and intracellular blocking anions
(Fig. 5¢) (Gong & Linsdell, 2003a) and reduced single-
channel conductance at hyperpolarized voltages (Gong &
Linsdell, 2004). These indirect effects are relatively non-
specific, occurring to some extent with all mutations.
However, disruption of the effects of intracellular blockers
is particularly pronounced in R334C and R334E (Figs. 5,
7). Currently, we have no explanation as to why R334C
and R334E have so much more dramatic effects on block
by intracellular Pt(NO,);~ and suramin than other R334
mutations. Certainly, in the absence of direct structural
information on the CFTR pore, it is impossible to predict
how mutations at one site may be propagated over distance.
One possibility consistent with our results would be that
there is a component of pore structure that is absolutely
dependent on the presence of an arginine residue at posi-
tion 334 (which is disrupted in all mutants) and a separate
structural alteration that occurs when an amino acid side
chain containing a full (glutamate) or partial (cysteine)
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negative charge is introduced at this position. Nevertheless,
it also appears that some aspects of pore function are
affected by mutation of R334 in an even more nonspecific
way. Thus, the ability of extracellular C1™ ions to desta-
bilize block by intracellular Pt(NO,)3 ™ ions is practically
abolished in all R334 mutants studied (Fig. 5c), suggesting
that this interaction absolutely requires the presence of an
arginine side chain in the outer pore mouth.

Previously, we suggested that interactions between
extracellular C1™ and intracellular anionic blockers might
reflect ion-ion repulsion inside the channel pore that was
dependent on the ability of the R334 side chain to coor-
dinate the binding of multiple anions in the pore (Gong &
Linsdell, 2003a). We believe that our present results point
to an alternative explanation — namely, that mutation of
R334 leads to a wide-ranging alteration in the architecture
of the pore inner vestibule that disrupts ion-ion interac-
tions. Since we also previously suggested that loss of these
ion-ion interactions results in the low unitary conductance
of R334-mutated forms of CFTR (Gong & Linsdell, 2004),
it also seems likely that the reduced conductance of these
mutants reflects, at least in part, structural effects that are
propagated some distance from the location of R334 itself.

In summary, we propose that R334 contributes directly
to electrostatic attraction of external anions and that
mutations at this site also affect pore functional properties
indirectly by changing the properties of other, distinct
binding sites for internal anions.
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