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Mutations at Arginine 352 Alter the Pore Architecture of CFTR
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Abstract Arginine 352 (R352) in the sixth transmem-
brane domain of the cystic fibrosis transmembrane
conductance regulator (CFTR) previously was reported to
form an anion/cation selectivity filter and to provide posi-
tive charge in the intracellular vestibule. However,
mutations at this site have nonspecific effects, such as
inducing susceptibility of endogenous cysteines to chemi-
cal modification. We hypothesized that R352 stabilizes
channel structure and that charge-destroying mutations at
this site disrupt pore architecture, with multiple conse-
quences. We tested the effects of mutations at R352 on
conductance, anion selectivity and block by the sulfonyl-
urea drug glipizide, using recordings of wild-type and
mutant channels. Charge-altering mutations at R352
destabilized the open state and altered both selectivity and
block. In contrast, R352K-CFTR was similar to wild-type.
Full conductance state amplitude was similar to that of
wild-type CFTR in all mutants except R352E, suggesting
that R352 does not itself form an anion coordination site. In
an attempt to identify an acidic residue that may interact
with R352, we found that permeation properties were
similarly affected by charge-reversing mutations at D993.
Wild-type-like properties were rescued in R352E/D993R-
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CFTR, suggesting that R352 and D993 in the wild-type
channel may interact to stabilize pore architecture. Finally,
R352A-CFTR was sensitive to modification by externally
applied MTSEA*, while wild-type and R352E/D993R-
CFTR were not. These data suggest that R352 plays an
important structural role in CFTR, perhaps reflecting its
involvement in forming a salt bridge with residue D993.
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Introduction

The cystic fibrosis transmembrane conductance regulator
(CFTR) forms a chloride channel whose gating is regulated
by phosphorylation by protein kinase A (PKA) plus binding
and hydrolysis of ATP (Riordan et al. 1989; Cheng et al.
1990, 1991; Anderson et al. 1991; Baukrowitz et al. 1994,
Hwang et al. 1994; Gadsby et al. 2006; Guggino and
Stanton 2006); CFTR is a member of the large ATP binding
cassette (ABC) transporter superfamily (Dean et al. 2001).
The proposed overall structure of CFTR consists of five
functional domains: two hydrophobic membrane-spanning
domains (MSD1, MSD2), each including six transmem-
brane (TM) helices; two hydrophilic membrane-associated
domains, containing sequences that form nucleotide-bind-
ing domains (NBD1, NBD2); and a regulatory (R) domain
(Riordan et al. 1989; Devidas and Guggino 1997).

The majority of the work investigating the CFTR pore has
focused on TM6, including residues 334-353 (McCarty 2000;
Linsdell 2006). For example, R334 and K335 are located in
the outer vestibule of the CFTR pore and influence selectivity
and C1™ conductance (Smith et al. 2001; McCarty and Zhang
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2001; Zhang et al. 2005a, b). T338 and T339 together control
the permeability of the channel to polyatomic anions as if they
contribute to a narrow region in the pore (McDonough et al.
1994; Linsdell et al. 1997; McCarty and Zhang 2001; Liu
et al. 2004). S341 lies at the cytoplasmic end of the narrow
region and contributes to anion selectivity, single-channel
conductance and the binding site for some pore blockers
(McDonough et al. 1994; McCarty and Zhang 2001). R347,
near the predicted cytoplasmic end of the pore, has been the
focus of several investigations. Tabcharani et al. (1993)
showed that anomalous mole-fraction behavior in mixtures of
SCN™ and Cl™ was lost in R347D-CFTR and that this muta-
tion also reduced single-channel conductance. Other
investigators proposed that R347 functions in anion selectivity
and block by cytoplasmic 4,4’-diisothiocyanatostilbene-2,2'-
disulfonic acid (DIDS) (Linsdell and Hanrahan 1996a, b;
Cheung and Akabas 1997; Tabcharani et al. 1997). Alterna-
tively, Cotten and Welsh (1999) reported that R347 plays an
important role in regulating the overall structure of the CFTR
pore; R347P-CFTR exhibited significantly decreased single-
channel conductance and unstable channel openings, while
R347H-CFTR displayed a pH-dependent conductance and
anomalous mole-fraction behavior. In contrast, R347K-CFTR
exhibited permeation properties similar to those of wild-type
(WT)-CFTR. This suggested that substitutions at R347 to
amino acids other than lysine disrupted an important structural
feature of the pore, perhaps causing gross changes in pore
structure that lead to anomalous function and instability of the
open state. The D924R mutation in TM8 complemented the
R347D mutation, reverting the channel to WT behavior,
allowing the authors to conclude that R347 functions at least in
part by forming a salt bridge with D924 (Cotten and Welsh
1999).

Residues in TM domains other than TM6 have been
investigated as well (Sheppard et al. 1996; McCarty 2000;
Ge et al. 2004; Linsdell 2005). Dawson and coworkers
have suggested that TMS5 may contribute to the pore based
on the finding that mutations at G314 and V317 alter
conduction properties (Zhang et al. 2001; Smith et al.
2001). By contrast, Ge et al. (2004) suggested that TMs 1
and 6 make the strongest contributions to defining the
permeation properties of open CFTR channels; other TM
domains, including TM12 (McDonough et al. 1994; Ge
et al. 2004) likely also contribute to the pore. The assem-
bled structure of these TM domains in the WT channel is
finely tuned to provide stable channel openings with con-
sistent permeation properties.

R352 is predicted to lie near the cytoplasmic end of TM6.
Three cystic fibrosis (CF)—associated mutations have been
identified at this position (R352G, R352W and R352Q), but
the mechanisms by which these mutations cause disease are
not clear (Cremonesi et al. 1992; Audrézet et al. 1993;
Brancolini et al. 1995). It was suggested previously that
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T351, R352 and Q353 formed a reentrant loop that estab-
lished the anion/cation selectivity filter of CFTR based on
Cl™ to Na* permeability ratios and the rates of reaction to
positively and negatively charged methanethiosulfonate
(MTS) reagents of cysteines engineered at this site, with
R352 acting as a major determinant of charge selectivity
(Cheung and Akabas 1997; Guinamard and Akabas 1999; St.
Aubin and Linsdell 2006). However, mutations at R352 also
have consequences that cannot be attributed to simple loss of
positive charge (e.g., Smith et al. 2001). To better under-
stand the role of R352 in CFTR structure and function, we
examined the effects on permeation properties of mutations
at R352, as well as at various acidic residues in other TM
helices that might interact with R352. The data suggest that
R352 does not play a direct role in selectivity and conduc-
tance in CFTR but helps to maintain the gross architecture of
the channel pore, thereby indirectly controlling permeation
properties.

Methods
Preparation of Oocytes and cRNA

The mutants used in this study were prepared using site-
directed mutagenesis with the Quikchange protocol
(Stratagene, La Jolla, CA). All cRNAs except WT-CFTR
for single-channel recording were prepared from constructs
encoding CFTR in the pGEMHE vector, which was kindly
provided by Dr. D. Gadsby (Rockefeller University, New
York, NY). WT-CFTR cRNA for single-channel recording
was prepared from a construct in the pAlter vector (Pro-
mega, Madison, WI). All mutant constructs were verified
by sequencing across the entire open reading frame before
use. Xenopus laevis oocytes were injected in a range of 10—
100 ng of CFTR cRNAs and incubated at 18 °C in modi-
fied Liebovitz’s L-15 medium with the addition of HEPES
(pH 7.5), gentamicin and penicillin/streptomycin. Record-
ings were made 24-72 h after the injection of cRNAs.
Methods of animal handling were in accordance with
National Institutes of Health guidelines, and the protocol
was approved by the Animal Use and Care Committee of
the Georgia Institute of Technology.

Electrophysiology

For single-channel recording, CFTR channels were studied
in excised, inside—out patches at room temperature (22—
23 °C). Oocytes were prepared for study by shrinking in
hypertonic solution (in mM: 200 monopotassium aspartate,
20 KCl, 1 MgCl,, 10 EGTA and 10 HEPES-KOH, pH 7.2),
followed by manual removal of the vitelline membrane.
Pipettes were pulled from borosilicate glass (Sutter
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Instrument, Novato, CA) and had resistances averaging
~10 MQ when filled with chloride-containing pipette
solution (in mM: 150 NMDG-CI, 5 MgCl, and 10 TES, pH
7.5). Typical seal resistances were 200 GQ or greater.
Channels were activated by excision into intracellular
solution (in mM: 150 NMDG-CI, 1.1 MgCl,, 2 Tris-EGTA,
10 TES, 1 MgATP and 50 U/mL PKA, pH 7.5). CFTR
currents were measured with an Axopatch 200B amplifier
(Axon Instruments, Union City, CA) and recorded at
10 kHz to DAT tape. For subsequent analysis, records were
played back and filtered with a four-pole Bessel filter
(Warner Instruments, Hamden, CT) at a corner frequency
of 100 Hz and acquired using a Digidata 1322A interface
(Axon Instruments) and computer at 500 Hz with pClamp
8.2 software (Axon Instruments). For display, single-
channel records were filtered digitally to 70 Hz.

For inside—out macropatch recording, electrodes were
filled with the same solution as for single-channel record-
ing, with resistances averaging ~ 1-2 MQ. Typical seal
resistances were 100 GQ or greater. Macropatch recordings
also were performed with an Axopatch 200B amplifier
operated with pClamp 8.2; data were filtered at 100 Hz and
acquired at >2 kHz. The normal intracellular control
solution contained (in mM) 150 NaCl, 1.1 MgCl,, 2 Tris-
EGTA, 10 TES and 1 MgATP (pH 7.45). Channels were
activated by exposure to 50 U/ml PKA (Promega). For
selectivity experiments, the substitution solutions con-
tained (in mM) 130 Na salt (NaSCN, NaNOs or NaBr), 20
NaCl, 1.1 MgCl,, 2 Tris-EGTA, 10 TES and 1 MgATP (pH
7.45). Data were corrected for junction potentials at the
ground bridge (3 M KCl in 4% agar), which ranged 0.5-
9.1 mV as determined with a free-flowing KCI electrode
(McCarty and Zhang 2001). Substitutions were always
made in the same order and for a 1-min duration before
recording. CFTR macropatch currents for selectivity
experiments were generated with a depolarizing ramp
protocol, holding at Vy = —100 mV for 60 ms, followed
by a ramp to +100 mV over the course of 200 ms (as
shown later, in Fig. 5). The protocol was run in triplicate,
and the data were averaged. For experiments with pore
blockers, we used the same solution as for single-channel
recording but added glipizide to a final concentration of
200 uM. We used two protocols for experiments with
blockers. One used a holding potential of 0 mV, followed
by a step to +80 mV for 150 ms, then to —120 mV for
150 ms, then to +100 mV for 150 ms before returning to
0 mV (as shown later, in Fig. 6A, C, E, G). Another pro-
tocol used a holding potential of —100 mV, followed by a
ramp between —100 and +100 mV over 200 ms (as shown
later, in Fig. 6B, D, F, H). The protocol was run three
times, and the averaged data were used for analysis and
display. In all cases, blocker was applied using a fast-
perfusion system (Warner Instruments, model SF-77B).

Oocytes expressing CFTR and the f,-adrenergic
receptor were studied by two-electrode voltage clamp
(GeneClamp 500 amplifier, Axon Instruments) in order to
determine the consequences of exposure to the membrane-
permeant sulthydryl-modifying reagent methanethiosulfo-
nate ethylammonium (MTSEA™). Oocytes were incubated
for 20 min in ND96 solution (in mM: 96 NaCl, 2 KCI, 1
MgCl, and 5 HEPES, pH 7.5) containing 2 mM dithio-
threitol (DTT), to set the redox status of accessible cysteine
residues, in order to normalize the potential responses to
subsequent exposure to MTSEA™ (Liu et al. 2004). CFTR
currents were activated by exposure to 1 uM isoproterenol.
Once channel activation reached plateau, cells were
exposed to ND96 containing 1 mM MTSEA™ in the con-
tinuous presence of isoproterenol. For analysis, currents
after 5-min exposure to MTSEA™ were compared to pla-
teau currents before MTSEA™.

Analysis of Single-Channel and Macropatch
Experiments

pClamp version 9.0 was used to make all-points amplitude
histograms, which had bin widths of 0.01 pA and were fit
with gaussian distributions using Clampfit. Open and
closed current levels were first identified manually, and
then transition analysis using a 50% cut-off between open
and closed levels was employed. Channels formed by
R352A, Q and E mutants and some double mutants
exhibited multiple conductance levels, with s/ representing
subconductance level 1; s2, subconductance level 2; f, full
conductance level; and ¢, closed conductance level, as
previously described (Zhang et al. 2005a, b). Single-
channel slope conductances were determined by linear
regression.

To determine how mutations at R352 affected the sta-
bility of the open state, single-channel records from WT-
CFTR and R352A-CFTR were analyzed using Clampfit
and QuB (http://www.qub.buffalo.edu) (Qin et al. 2006).
After filtering data files at 50 Hz, sections with baseline
noise that would obscure transitions or with concurrent
openings of multiple channels were set to zero, from the
end of the last clean burst to the end of the last unusable
burst, in order to avoid contamination of the analysis. Data
files were then opened in QuB, where the zeroed portions
were removed. QuB was then used to idealize the record
using a five-state model consisting of the following kinetic
states representing specific conductance levels of varying
durations: f conductance, full, maximal single-channel
conductance; s2 subconductance, 70% of full conductance;
s1 subconductance (40% of full conductance); IC, intra-
burst closed (closed states lasting <100 ms); and c, long-
lived closed states. Only transitions that were stable for
more than 10 ms were counted. QuB calculated the fraction
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of time spent in each of the five states over the course of
the record.
For macropatch blocker experiments, we calculated the

fractional block at Vy; = —120 mV, after current reached
steady state, according to the equation
Fractional block = 1 — (1, /) (1)

where I, is the steady-state current in the presence of
blocker and I is the steady-state current before blocker.
For macropatch selectivity experiments, patches were
exposed to solution containing substitute anions bracketed
by measurements in solution containing chloride as the
predominant anion (McCarty and Zhang 2001). Relative
permeability (P,/Pc;) and relative conductance (G,/G¢,) for
each substitute anion (anion x) were calculated with the
average data for the preceding and subsequent exposures to
chloride. This procedure allowed us to compare the G,/G¢;
values for several anions by controlling for the changes in
activation during the experiment (McCarty and Zhang
2001). Reversal potentials for C1™ (Vrcelv) and for each test
anion (Vi) were used to calculate P./P¢, values according to
the Goldman-Hodgkin-Katz equation in the following form:

Py/Pa = {[C 1072 1] } /1), 2)

where [Cl], and [Cl ], are the concentrations of chloride
in the reference and test solutions, respectively; [x ], is the
concentration of anion x in the test solution (130 mM); AVr
is the change in V,.,; z is the valence; R is the gas constant;
T is the absolute temperature; and F is the Faraday constant
(McCarty and Zhang 2001). Relative chord conductances
for exit of intracellular anions were calculated from the
change in current over a voltage range from Vy; = V., to
VM = Viey — 25 mV. All macropatch data were back-
ground-subtracted, using as background the current
measured before activation of CFTR by PKA and ATP.

Source of Reagents

Unless otherwise noted, all reagents were obtained from
Sigma (St. Louis, MO). L-15 medium was from GIBCO/
BRL (Gaithersburg, MD). NaBr and NaSCN were from
Baker (Phillipsburg, NJ). NaNO; was from Fisher Scientific
(Fair Lawn, NJ). PKA was from Promega. Glipizide was
prepared as a stock solution in dimethyl sulfoxide (DMSO)
at 0.1 M and diluted to 200 uM final concentration imme-
diately before use. At the concentration used, DMSO was
without effect on CFTR currents (data not shown).

Statistics

Unless otherwise noted, values are means == SEM. Statis-
tical analysis was performed using the #-test for unpaired or
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paired measurements by Sigma Stat 2.03 (Jandel Scientific,
San Rafael, CA), with P < 0.05 considered indicative of
significance.

Results

Charge-Neutralizing Substitutions at R352 Affect
the Stability of the Open State

R347 and R352 are two basic residues in the CFTR TM6.
Previous studies showed that both R347C and R352C either
were not accessible to membrane-impermeant MTS reagents
(methanethiosulfonate ethyltrimethylammonium [MTSET"]
or methanethiosulfonate ethylsulfonate [MTSES™]) applied
to the extracellular solution or lacked significant functional
consequences when modified; this suggested that both sites
either were at the predicted cytoplasmic end of the pore, and
therefore cytoplasmic to the narrow region, or were not pore-
facing residues (Smith et al. 2001). R352C was, however,
sensitive to membrane-permeant MTSEA®. Surprisingly,
mutation R352Q also resulted in sensitivity to MTSEA™,
suggesting that loss of positive charge at position 352 caused
an endogenous cysteine to become available for modification,
perhaps reflecting loss of gross pore structure. Previously, it
was reported that loss of positive charge at position 347 had a
similar pleiotropic effect on altering pore geometry due to its
role in forming a salt bridge with D924 in TM8 (Cotten and
Welsh 1999). It seemed possible that R352 may serve a similar
role in preserving the architecture of the channel pore.

If R347 and R352 function to preserve gross pore
architecture, then loss of these residues would be expected
to destabilize channel openings. WT-CFTR opens princi-
pally to the full conductance state (f, ~7.6 pS at 150 mM
[CI7]) with infrequent transitions to two subconductance
states, which we label s/ (~3.1 pS) and s2 (~5.4 pS);
other very brief conducting states may also exist (Zhang
et al. 2005a). We showed previously that these transitions
between open conductance states reflect the behavior of a
single pore in CFTR, perhaps due to conformational
changes in the pore domain coupled to ATP-dependent
channel gating (Zhang et al. 2005a, b). Transitions to these
subconductance levels occur rarely in WT-CFTR but more
frequently in some pore-domain mutants, such as R334C
and T338A, although the relative conductances between
levels s/, s2, and f are maintained (Zhang et al. 2005a).
Hence, the appearance of subconductance states is not
necessarily caused by these mutations, although the sta-
bility of the subconductance states relative to the full
conductance state can be altered in pore-domain mutants
(Zhang et al. 2005a).

If mutations at R352 disrupted the pore architecture of
CFTR, we expected that the single-channel conductance
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would show random occupancy of these conducting states
compared to recordings of WT-CFTR. To determine whe-
ther R352 mutant channels exhibit instability of the open
conductance states, we studied single channels in excised
inside—out patches. Figure 1 (left) shows representative
single-channel traces of WT-CFTR and selected R352
mutants. Figure 1 (right) shows the all-points amplitude
histograms for each trace shown at the left. Both R352A- and
R352Q-CFTR showed three distinct open conductance
states: s/, s2 and f. In contrast to WT-CFTR, channels formed
by R352A- and R352Q-CFTR occupied the s/ and s2 states
in the vast majority of open bursts, while transitions to the f
conductance state were rare events. These data suggest that
the pore architecture of CFTR was altered in these mutants
such that the open state was made unstable. The transitions
between the three open states in R352A- and R352Q-CFTR
were random, showing no regular pattern. In contrast, our
previous experiments (Zhang et al. 2005a) with R334C-
CFTR showed a more regular transition pattern: Within
nearly every burst there were transitions to all three con-
ductance states, with most bursts ending in the f state.

To ensure that the multilevel openings presented in
Fig. 1 did not simply reflect the concurrent and summed
activity of multiple individual channels, each with full
conductance significantly lower than that of WT-CFTR, we

Fig. 1 Sample traces of WT- A WT

CFTR and indicated R352 C---------
mutants from excised inside—out

membrane patches with

symmetrical 150 mM C1™

solution (left) and their all- f
points amplitude histograms

(right). Each current level is

indicated by a dashed line. In B
R352A- and R352Q-CFTR,
there are four current levels
indicating the ¢, s/, s2 and f
states. All traces were recorded
at Vyy = —100 mV. Solid lines
in histograms are fit results to
the gaussian function in
Clampfit 9.0

recorded channel behavior in patches with low activity. A
representative recording is shown in Fig. 2. In this patch,
six openings from the closed conductance level are evident;
the lower traces, at higher temporal resolution, show that
these openings exhibited instability of the open state.
Importantly, no isolated openings with conductance
equivalent to that of either subconductance level were
observed as transitions from the closed current level in this
record, suggesting that all openings to the full-conductance
level in this record represented the activity of a single-
channel pore. These results suggest that the designated full
conductance level we report here, which is larger than that
reported by St. Aubin and Linsdell (2006) for the same
mutations, is not an artifact arising from the near simul-
taneous opening of two lower-conductance channels in
records with high activity such as those shown in Fig. 1.

R352K-CFTR showed single-channel properties very
similar to those of WT-CFTR: Transitions to the s/ and s2
conductance states were rare events in this mutant
(Fig. 1D). It seems likely that the R-to-K mutation pre-
served the positive charge and maintained the pore
architecture similar to that of WT-CFTR. This result sug-
gests that a large positively charged residue (arginine or
lysine) at position 352 in CFTR stabilizes the f state rela-
tive to the s/ and s2 states.
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s2 -
f---

Fig. 2 Instability of open channel current does not reflect summed
activity of multiple lower-conductance openings. Shown in the top
trace is a single record for R352Q-CFTR in a patch with low open
probability, Vyy = —80 mV. Four individual openings are identified

To quantify the effect of mutations at R352 on the stability
of the open state, we analyzed intraburst kinetics by deter-
mining the fraction of time that each channel spent in the s/,
s2, f and IC states for WT-CFTR and R352A-CFTR. As
shown in Fig. 3, WT-CFTR channels spent 96.7 £ 1.3% of
each open burst in the f'state, while R352A-CFTR channels
spent only 65.5 £ 17.5% of each burst in the f state
(P < 0.02, mean & SD for n = 3-4 records each). Consis-
tent with previous results, R352A-CFTR channels spent a
significantly larger fractional duration of each open burst in
the s/ and s2 states than did WT-CFTR (P < 0.001). We
point out that while the data shown in the histograms of
Fig. 1 reflect only the records displayed there, with a low
number of bursts selected to emphasize transitions to sub-
conductance states, the intraburst kinetic analysis presented
here represents 870 s of recording for WT-CFTR, including
510 bursts, and 356 s of recording for R352A-CFTR,
including 150 bursts. Interestingly, loss of positive charge at

*%

*% T
0.1 1 i

0.01 1

0.001 -j T T

si s2 f IC
State

Fraction of Open Burst Duration

Fig. 3 Stability of the open state and intraburst closed state of WT-
CFTR and R352A-CFTR. Mean fraction of open burst duration is
plotted for each state of two CFTR constructs (black bars, WT-CFTR;
gray bars, R352A-CFTR). **P < 0.001, *P < 0.02
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b c d

0.2 pA

2s

0.2 pA

05s

(a—d). In the lower part of the figure, these four openings are
displayed at higher temporal resolution; these openings exhibit
conductance transitions between open levels that are not found as
transitions from the closed current level

position 352 did not affect the fractional contribution of the
IC state, suggesting that transitions to this state may reflect
conformational changes not limited to the pore domain.
Dwell-time analysis of the same records indicated that the
mean duration for the f state decreased from 632 £ 264 ms
in WT-CFTR to 123 £ 63 ms in R352A-CFTR (mean +
SD), representing an 80% reduction in the stability of the
fully open state (n = 3-4, P = 0.02).

To determine whether the residue at position 352
affected absolute single-channel conductance, we exam-
ined the i-V relationships and slope conductances of the
mutant channels. Substate behavior was observed in
R352A-CFTR at all voltages (Fig. 4A), including both
negative and positive membrane potentials. Figure 4 shows
the i-V relationship for the f conductance states of WT-,
R352A-, R352Q- and R352K-CFTR (Fig. 4B) and for the
subconductance states of R352A- and R352Q-CFTR
(Fig. 4C), at potentials ranging between Vy; = —100 and
+100 mV. The f state slope conductance of R352A-CFTR
at negative membrane potentials was not different from
that of WT-CFTR, suggesting that the positive charge at
R352 does not determine channel conductance; at positive
membrane potentials, the slope conductance of the f state
was larger in R352A-CFTR than in WT-CFTR (Table 1).
The f'state slope conductance in R352Q-CFTR was slightly
reduced at both negative and positive membrane potentials.
Both f state slope conductances were significantly reduced
in R352E-CFTR (Table 1). In contrast, the slope conduc-
tances of R352K-CFTR were very similar to those of WT-
CFTR (Table 1). The single-channel conductance of the f
state exhibited significant outward rectification in R352A-,
R352Q- and R352E-CFTR (Table 1). In sum, these results
are not consistent with a simple role of R352 in providing
positive charge to the intracellular vestibule; if this sce-
nario were true, loss of the positive charge in R352A would
be expected to reduce single-channel conductance at both
positive and negative potentials but more drastically at
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Fig. 4 Sample traces of
R352A-CFTR and i~V

relationships of the conducting

states of WT-CFTR and R352

mutants. (A) Four traces of
R352A-CFTR from a single
patch at tested voltages

indicated at the right. Current
levels are indicated by a dashed
line. (B) Single-channel -V

relationships for f conductance

states of R352A-, R352Q- and
R352K-CFTR, with WT-CFTR

for comparison. Points show
mean + SEM for n = 5-7
observations, and error bars are
smaller than the symbols; lines
are from linear regression. (C)
The iV relationship of the s/
and s2 subconductance states of
R352A- and R352Q-CFTR.

Slope conductances are
summarized in Table 1

Table 1 Slope conductance® (in pS) of the f state of WT-CFTR and
multiple single and double mutants

CFTR n Negative Vy; Positive Vi
WT 7 6.82 + 0.03 6.97 + 0.06
R352A 6 6.80 + 0.06 7.85 £ 0.07%**
R352Q 6 5.29 + 0.02* 6.28 £+ 0.05%**
R352K 5 6.87 + 0.03 6.86 + 0.01
R352E 5 3.78 + 0.01* 6.03 &+ 0.01%**
R352E/E873R 6 3.84 + 0.01* 5.64 + 0.01%**
R352E/ 6 4.36 £ 0.01* 5.86 + 0.02%**
E1104R

R352E/D993R 5 5.90 + 0.02* 6.44 + 0.01%**
D993R 7 8.27 + 0.05* 7.13 £ 0.07**

# Slope conductance indicates single-channel conductance calculated
from 0 to +100 mV (positive Vy) or to —100 mV (negative V) by
linear regression

* P <0.001 compared to the equivalent slope conductance in WT-
CFTR, ** P < 0.001 compared to the slope conductance in the same
mutant at negative Vi

negative membrane potentials, where the local surface
charge in the intracellular vestibule would most strongly
affect exit of cytoplasmic anions through the channel pore.

Anion Selectivity of R352A-, R352E-
and R352K-CFTR

To determine whether mutations at R352 affected the ability
of CFTR channels to select between ions of similar charge, we

—O— WT-CFTR
—&— R352A

A R352Q
—¥— R352K | o

—&— R352A si
—O— R352A s2
= R352Q s1
R352Q s2

studied the anion selectivity patterns of R352A-, R352E- and
R352K-CFTR using inside—out macropatches and compared
them to WT-CFTR. Figure 5 shows five representative
experiments in cytoplasmic solutions containing 150 mM CI™
as the predominant anion or solutions containing 20 mM CI™
and 130 mM substitute anion. We calculated relative per-
meability (P,/Pc) and relative conductance (G,/Gc¢y) for WT-
CFTR and each mutant (Tables 2, 3). Anions are listed in the
tables in the order of their use in experiments, with each
substitute anion bracketed by measurements in chloride. All
CFTR variants tested displayed the same anion permeability
sequence: SCN™ > NO3 > Br~ > CI". These results sug-
gested that mutations at R352 did not alter lyotropic
permselectivity (Tabcharani et al. 1997; Smith et al. 1999),
although small changes in magnitude were evident in com-
parison to WT-CFTR. For calculation of G./Gc, we
compared R352A-, R352E- and R352K-CFTR with WT-
CFTR as well as R352E- and R352K-CFTR with R352A-
CFTR. All tested R352 single mutants exhibited significantly
increased relative conductance for SCN™—, Br~ and NO3
compared to that of WT-CFTR. These data suggested that
mutations at position 352 caused a change in the conductance
of these small anions but not their permeability. The relative
conductance for SCN™ was particularly affected; SCN™ has
previously been used as a permeant probe of the CFTR
channel pore due to its high sensitivity to alterations of puta-
tive anion binding sites (Zhang et al. 2000; Linsdell et al.
2000; Linsdell 2001, 2005). The normalization of relative
conductances between the different anions tested likely
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Fig. 5 Mutations at R352 alter

anion selectivity. Representative A wTt Cl D R352K 4000 - NO,
inside—out macropatches, 6000 Br SCN
recorded in the presence of NO, / Br
cytoplasmic CI~ or CI™ plus SCN cl
substitute anions, with voltage -100  -50 / -1 90 '5.0 x )
ramps between —100 and 50 100 50 100
+100 mV, are shown for (A) SCN Cl v
WT-CFTR, (B) R352A-CFTR, Br mV Br 1 m
(C) R352E-CFTR, (D) R352K- NO, -6000 A SCN pA
CFTR and (E) the double cl NO, -4000 -
mutant R352E/D993R-CFTR.
Raw currents are shown with B R352A E R352E/
background curren.ts subtracted 800 ﬁco:': D993R 800 cl
and before correction for B Br
junction potentials (see _ C: NO,
“Methods™). Pipette solution -100 -50 -100 SCN
contained 150 mM NMDG-CI. * ! !
All data in a given panel come Cl / 50 100 SCN 50 100
from a single patch. Solutions Br 1 mVv NO, mVv
were at pH 7.45 and are labeled NO, A Br A
as follows: 150 mM CI~ SCN -800 1 p cl -800 P
(black), 130 mM CI1™ plus
20 mM NOj3 (purple), 130 mM
CI™ plus 20 mM Br™ (green) C R352E 300 SCN
and 130 mM CI~ plus 20 mM _Br
SCN™ (red) NO,
Cl
-100 -50

cl / 50 100

Br mvV

NO,

pA

SCN -300
Table 2 Relative . CFIR n SCN Br NO,
permeabilities of some anions in
WT{‘CtFTR and R352-CFTR WT 6 411 £0.17 1.45 £ 0.04 151 £ 0.02
mutants
¢ Sionifi dift R352A 10 4.18 + 0.65 1.35 £ 0.21 1.70 + 0.29

ignificant difference "

compared with WT-CFTR, R352E 5.18 £ 0.32 1.47 + 0.08 1.64 + 043
P < 0.05; ** Significant R352K 7 4.05 + 0.12 1.52 £ 0.01 1.59 £+ 0.03%*
difference compared with R352E/D993R 3.62 4+ 0.06%* 1.48 + 0.04 1.59 £ 0.02%*

R352A, P < 0.05

Table 3 Relative conductances of some anions in WT-CFTR and
R352-CFTR mutants

CFTR n SCN Br NO;

WT 6 0.16 £ 0.02 0.67 £ 0.04 0.84 £+ 0.04

R352A 10 1.59 £ 0.12%* 1.31 £ 0.08%* 1.59 £ 0.14*

R352E 6 2.73 £ 031%%* 1.49 £ 0.22% 1.54 £ 0.12%

R352K 7 1.12 £ 0.08%** 0.99 £ 0.02%** 1.73 + 0.26*

R352E/ 7 0.61 £ 0.05%** 0.98 £ 0.03%** 1.26 + 0.13*
D993R

Relative conductance was measured at Vy; = V., —25 mV

* Significant difference compared with WT-CFTR, P < 0.05; ** Sig-
nificant difference compared with R352A, P < 0.05
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reflects the loss of anion binding properties within the core of
the permeation pathway, which contributes to the tight bind-
ing of SCN (Smith et al. 1999).

It is interesting that the charge-destroying mutation,
R352A, had minimal effects on relative permeabilities but
very significant effects on relative conductances. This might
indicate that the consequences of mutations at R352 are felt
more strongly deep within the pore, where the conformation
of the narrow region establishes conductance rates, than at
the wide cytoplasmic end of the pore, where R352 itself is
predicted to lie. Indeed, our previous experiments (McCarty
and Zhang 2001) showed that for small anions suchas SCN ™,
Br~ and NOj relative conductance values are considerably
more sensitive to the effects of pore-domain mutations than
are relative permeability values. Our present results suggest
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that loss of positive charge at position 352 destroyed the
overall pore architecture, which subsequently changed the
anion selectivity characteristics as seen in R352A- and
R352E-CFTR. Therefore, it can be concluded that the pres-
ervation of positive charge at position 352 is very important
for the maintenance of pore architecture of CFTR and the
characteristics of anion selectivity. Furthermore, the finding
that relative permeability values are nearly identical in
R352A-,R352E- and R352K-CFTR suggests that the role of
this site in determining anion selectivity is only indirect.

Mutations R352A and R347A Abolished
Time-Dependent Block by Glipizide

Glipizide is a CFTR pore blocker from the sulfonylurea
family of compounds which includes glibenclamide
(Sheppard and Welsh 1992; Schultz et al. 1996; Sheppard
and Robinson 1997; Zhang et al. 2004a, b). These com-
pounds block WT-CFTR in a concentration-, voltage- and
time-dependent manner; in previous experiments using a
protocol identical to that used here, we showed that the
apparent Kp for inhibition of WT-CFTR by glibenclamide
at Vyy = —120 mV was 27 pM (Zhang et al. 2004a). Gli-
benclamide and glipizide block the WT-CFTR pore at
hyperpolarizing potentials by interacting with three binding
sites: Equilibration with the first two is rapid, causing time-
independent block, while equilibration with the third is
slow, leading to time-dependent block (Zhang et al. 2004a,
b). We hypothesized that a gross alteration of pore struc-
ture as a consequence of charge-neutralizing mutations at
R352 would greatly affect block of the channel pore by
glipizide.

Both R347A- and R352A-CFTR showed significantly
weakened block by 200 uM glipizide, largely due to loss of
the time-dependent component (Fig. 6). The average frac-
tional block of WT-CFTR by 200 uM glipizide at Vy; =
—120 mV (0.48 £ 0.02, n = 6) was significantly different
from the block of R352A-CFTR (0.33 4+ 0.03, n =5,
P = 0.004). Similar results were found for block of
R347A-CFTR (fractional block was 0.11 & 0.02, n = 5,
P < 0.001 compared to WT-CFTR). The gross change in
pore architecture induced by both the R347A and R352A
mutations appeared to have altered the kinetics of inter-
action with the site underlying slow block by glipizide,
resulting in the loss of time-dependent inhibition. In con-
trast, the average fractional block of R352K-CFTR by
200 pM glipizide was not significantly different from the
block of WT-CFTR at this concentration (0.52 4 0.02,
n = 6,P = 0.119) (Fig. 6G). Figure 6B, D, F, H shows the
macroscopic i—V relationships for WT-, R352A-, R347A-
and R352K-CFTR in representative experiments, indicat-
ing that glipizide blocked the currents primarily at negative
membrane potentials in WT- and R352K-CFTR. However,

99
A WT-CFTR B 4l nA
2 -
’= j 100 -50
) 50 100
] 2 \'
2"AﬂJOms 4 — ATP "
— ATP + Glip 200 uM
C R352A-CFTR D 60 pA

20-

N 100 50
20 pA M_ 50 100
I—1()0ms mv

401 — ATP
604 — ATP+Glip200 uM
E R347A-CFTR F 600 4 PA
400 -

] L -100 -50 2%0 ]
=" 00| 50 100

200 pA e
I— 100 ms -400 1 — aTP
600 4 — ATP + Glip 200 Mt
G R352K-CFTR H 4001 pA
r—— f 2001
| 1100  -50
"] | 200 pA ' i 5 100
I— 100 ms -2001 mv
— ATP
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Fig. 6 Mutations at R352 alter pore pharmacology. Left Block of
CFTR macropatch currents by glipizide (glip) was time-dependent in
WT-CFTR (A) and R352K-CFTR (G) but not in R352A-CFTR (C) or
R347A-CFTR (E). Each panel shows current in the absence (black)
and in the presence of 200 uM glipizide (red), during voltage step
protocols as described in “Methods.” Dashed line indicates zero
current level. Right i—V relationships for WT-CFTR (B), R352A-
CFTR (D), R347A-CFTR (F) and R352K-CFTR (H) were con-
structed from voltage ramps performed in the absence (black) and in
the presence of 200 uM glipizide (red). Solutions contained sym-
metrical ~150 mM [CI], pH 7.5

the voltage dependence of block was clearly altered in
R352A- and R347A-CFTR. Finally, R352A- and R347A-
CFTR, but not R352K-CFTR, exhibited outward rectifi-
cation of macroscopic currents in the absence of blocker,
consistent with the outward rectification of single-channel
amplitudes (Fig. 4, Table 1) (Cotten and Welsh 1999).

In summary, mutations at R352 that destroyed the
positive charge (R352A, R352E and R352Q) altered
the pore architecture of CFTR and caused instability of the
open state, changing anion selectivity and pore block by
glipizide. R352K-CFTR, in contrast, maintained the posi-
tive charge and most characteristics of WT-CFTR. This
strongly suggests that R352 may serve a critical role in
preserving the gross structure of the channel pore, perhaps
by contributing to an interfacial pair with a negatively
charged amino acid at another position in CFTR. To
identify the acidic residue(s) that may interact with R352,
we designed the following experiments.
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D993 in TMO Interacts with R352 in TM6

We hypothesized that R352 may mediate a stabilizing
influence by contributing to an electrostatic interaction
such as a salt bridge or hydrogen bonding pair within the
MSDs (Creighton 1993; Glaser et al. 2001); salt bridges
are important structural features that confer thermostability
and resistance to denaturation to proteins (Perutz 1978).
The distance between two residues in a salt bridge is typ-
ically 1.8-6.0 A (average 3.5 A) (Sharp and Honig 1990),
making it likely that the potential partner of R352 would be
localized within the MSDs. A computational study of
protein—protein interfaces in 621 proteins indicated that
arginine exhibits a strong preference for interaction with
glutamic or aspartic acid (as well as tryptophan) (Glaser
et al. 2001). Multiple glutamic acid and aspartic acid res-
idues within the MSDs are likely within reach of R352:
E92 (TM1), E873 (TM7), D924 (TM8), D993 (TM9) and
E1104 (TM11). D924 already is known to form a salt
bridge with R347 (Cotten and Welsh 1999). To identify the
interaction partner for R352, we replaced R352 with an
acidic residue (R352E) and introduced an arginine residue
in the place of candidate interaction partners. We studied
the conductance properties of CFTR channels bearing the
following mutations: R352E, R352E/E873R, R352E/
D993R and R352E/E1104R. Figure 7 shows representative

Fig. 7 Single-channel current A R352E

tracings of R352E-CFTR and P
double mutants from excised

inside—out patches (leff) and s1---------
resulting all-points amplitude s2---------
histograms (right) under the PR

same experimental conditions as
in Fig. 1. Different conductance
levels are indicated with dashed
lines. There are four current
levels indicating the ¢, si, s2 si
and f states in all but the
revertant mutant R352E/
D993R-CFTR, which only
exhibited the ¢ and f states.
Solid lines in the panels at right

are fit results to a gaussian Cc --------

function in Clampfit 9.0. All

traces were recorded at -3 I

Vm = —100 mV §2 ~~-------
f —————————

@ Springer

currents (left) and all-points amplitude histograms (right)
for these mutant channels under the same conditions as in
Fig. 1. Three of these mutants, R352E-, R352E/E873R-
and R352E/E1104R-CFTR, exhibited instability of the
open state, in which the amplitudes of the s/, s2 and f
conductance states were very similar between the three
mutants. R352E/D993R-CFTR, in contrast, exhibited sta-
bility of the full conductance state similar to that seen in
WT-CFTR and R352K-CFTR (Fig. 1); transitions to the s/
and s2 states were rare events in this double mutant. Fig-
ure 8A shows the i—V relationship for the f conductance
state for all four mutants, and WT-CFTR. R352E-, R352E/
E873R- and R352E/E1104R-CFTR exhibited significant
outward rectification, while WT-CFTR did not (Table 1).
The slope conductance of R352E/D993R-CFTR was
slightly lower than that of WT-CFTR, although linearity of
the i—V relation was mostly retained. These data suggested
that the D993R mutation at least partly compensated for the
R352E mutation, although the double mutant R352E/
D993R-CFTR did not fully recapitulate the behavior of
WT-CFTR.

As discussed above, block of R352A-CFTR by glipizide
was different from that of WT-CFTR in that the time-
dependent component of block was lost (Fig. 6). If D993
served as the interaction partner of R352, we would expect
that block of R352E/D993R-CFTR would be similar to that

c f
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seen for WT-CFTR. Figure 8B shows macropatch currents
from R352E/D993R-CFTR in the presence and absence of
200 pM glipizide; time-dependent block was rescued in this
double mutant. The average magnitude of fractional block
by 200 uM glipizide at Vjy = —120 mV (0.23 £ 0.05,
n = 5), however, was significantly different from the block
of WT-CFTR (0.48 &+ 0.02, n = 6, P < 0.001). This result
suggested that the revertant double mutation, R352E/
D993R, recovered the time-dependent block by glipizide
but did not completely recover the sensitivity to glipizide
characteristic of WT-CFTR. This may reflect the difference
in side chain volumes between aspartic and glutamic acids;
the volume of a glutamic acid side chain is 20% larger than
that of an aspartic acid side chain (Creighton 1993), which
may result in a different pore structure.

To further explore the characteristics of R352E/D993R-
CFTR, we studied anion selectivity between Cl~ and four
substitute monovalent anions. Figure SE shows a represen-
tative experiment in an excised inside—out macropatch under

A 0.8 pA
0.4
-100 -50
L 1 1 1
50 100
mV
044 —® WTCFTR
—& R352E
-V~ R352E/D993R
—a— R352E/E873R
-0.8 1 <- R352E/E1104R

0.2nA

100 ms

h

Fig. 8 The double mutant R352E/D993R-CFTR recovers WT-like
channel behavior. (A) Single channel i—V relationships are shown for
full conductance states of WT-, R352E-, R352E/E873R-, R352E/
E1104R- and R352E/D993R-CFTR. Points show mean £+ SEM for
n = 5-7 observations each, and many error bars are smaller than the
symbols; lines are from linear regression. (B) Block of R352E/
D993R-CFTR macropatch currents by glipizide (200 pM) is time-
dependent. Experimental conditions are the same as in Fig. 6. Red
line indicates current in the presence of glipizide; dashed line is zero-
current level. Fractional block was measured at the end of the pulse to
Vm = —120 mV

the same conditions as before. Overall, both relative perme-
ability and relative conductance values for WT- and R352E/
D993R-CFTR were similar (Tables 2, 3). R352E/D993R-
CFTR currents exhibited the same anion permeability sequence
as WT-CFTR: SCN™ > NO3 > Br™ > Cl™ (although Pgcn/
P was clearly reduced in the double mutant). R352E/D993R-
CFTR exhibited relative conductances to SCN™ and Br~
intermediate between that of WT-CFTR and R352A-CFTR
(Table 3). These results also suggested that R352A-CFTR and
R352E/D993R-CFTR have different pore architecture and that
the selectivity properties of the pore of the double mutant might
be slightly different from that of WT-CFTR.

The D993R Mutation Alone also Altered the Pore
Architecture of CFTR

D993 is localized to TM9 of CFTR, which has not been
suggested to be a pore lining domain (McCarty 2000).
Because the data presented thus far suggested that D993
serves as the interacting partner of R352, we predicted that
the D993R mutation alone would change channel activity in
a manner similar to that of the R352E, -A or -Q mutation.
We studied D993R-CFTR with single-channel recording
techniques using the same conditions as in Fig. 1. D993R-
CFTR exhibited instability of the open state, with frequent
transitions between all three open conductance levels
(Fig. 9A, B); these three open states were even less stable
than those of R352A-CFTR. The slope conductance of the f
state in D993R-CFTR was larger than that of WT-CFTR
and indicated slight inward rectification (Fig. 9C, Table 1).
These results suggest that the D993R mutation alone also
destroyed pore architecture in a manner similar to that of the
charge-destroying mutations at R352.

Disruption of Pore Architecture Alters Reactivity of
Endogenous Cysteine(s)

As a final test of our hypothesis that charge-altering muta-
tions at R352 alter the gross structure of the channel pore, we
asked whether such mutations impacted the sensitivity to
chemical modification by externally applied thiol reagents.
We previously reported that a cysteine engineered at R352
either was not accessible to the membrane-impermeable
reagents MTSES ™ and MTSET™ applied externally or lacked
significant functional consequences when modified,
although R352C-CFTR (but not WT-CFTR) did respond to
prolonged exposure to the membrane-permeant MTSEA™
(Smith et al. 2001). Surprisingly, similar results were found
inR352Q-CFTR, suggesting that the response to MTSEA™ in
R352C-CFTR was nonspecific, not being due to modifica-
tion of that engineered cysteine. WT-CFTR bears 18
endogenous cysteines. Hence, it is likely that MTSEA™
modified one (or more) of the endogenous cysteines, which
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Fig. 9 Mutation D993R alone
had effects similar to those of
the charge-reversing mutations
at R352. Representative single-
channel current tracing (A), all-
points amplitude histogram (B)
and i~V relationship for the f
conductance state (C) are shown

for the D993R mutant. Currents B
were obtained under the same ) 6000 -
conditions as in the experiment c
shown in Fig. 1, Vy = g

- 3 J
—100 mV. In ¢, points show S 4000
mean + SEM for n =7 H
observations, and error bars are 2000 -
smaller than the symbols; lines

are from linear regression

0.0 -0.4

Currents (pA)

became available for covalent modification due to the loss of
protein structure resulting from destruction of the salt bridge
at R352. If this were true, we would expect that the revertant
double mutant, R352E/D993R-CFTR, would not respond to
MTSEA*. We tested this hypothesis using two-electrode
voltage-clamp measurements of CFTR currents activated by
isoproterenol in oocytes expressing CFTR and the human f,-
adrenergic receptor. After isoproterenol-activated currents
reached steady state, cells were exposed to 1 mM MTSEA™
in the continuous presence of isoproterenol. MTSEA™ led to
a transient increase in WT-CFTR current but a sustained
increase in R352A-CFTR current (Fig. 10). After 5 min of
incubation, WT-CFTR exhibited a 1.11 £ 0.05-fold
increase, while R352A-CFTR exhibited a 1.30 &+ 0.07-fold
increase (n = 3 each, P = 0.021). In contrast, R352E/
D993R-CFTR was insensitive to exposure to MTSEA™,
which resulted in only a 1.08 £ 0.02-fold increase in current
(n = 6), thus indicating that the double mutant exhibited
WT-like behavior.

Discussion
R352 Stabilizes the Open State in WT-CFTR

The results presented here are compatible with the
hypothesis that R352 in TM6 of CFTR functions at least in
part by contributing to an interaction with D993 in TM9,
perhaps by forming a salt bridge. First, channels bearing
charge-destroying mutations at this site, including R352Q,
R352E and R352A, exhibited instability of the open state
compared to WT-CFTR, as indicated by frequent transi-
tions between all three open conductance states (s/, s2, f).
These mutant CFTRs also exhibited anion selectivity pat-
terns different from that of WT-CFTR, and time-dependent
block by glipizide was lost. In contrast, channels bearing
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Fig. 10 Mutation R352A results in appearance of sensitivity to a
cysteine-modifying reagent. Oocytes expressing WT-CFTR (top
trace), R352A-CFTR (middle trace) or R352E/D993R-CFTR (bottom
trace), along with the ff,-adrenergic receptor, were studied by two-
electrode voltage clamp. CFTR currents were activated by exposure
to isoproterenol (1 pM). After currents reached steady state, cells
were exposed to | mM MTSEA™ for 5 min in the continuing presence
of isoproterenol. Holding potential = —60 mV

the charge-conserving mutation R352K showed character-
istics similar to WT-CFTR. R352A-CFTR exhibited
outward rectification in conditions of symmetrical [C]7],
similar to that found in R347A-CFTR (Fig. 6). These
results strongly suggested that the loss of the positively
charged side chain at position 352 shifted the pore archi-
tecture in such a way as to destabilize the full open state,
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likely due to the involvement of R352 in forming a stabi-
lizing interaction with an acidic residue. Second, we
identified the interaction partner as D993 by use of double
mutants; R352E/E873R-CFTR and R352E/E1104R-CFTR
exhibited permeation properties similar to those of R352E-
CFTR, while R352E/D993R-CFTR behaved more like
WT-CFTR. In this charge-swapping double mutant, the f
conductance state was the dominant open state while states
sl and s2 were rare, time-dependent block by glipizide was
recovered, and anion selectivity patterns were similar to
those of WT-CFTR. Third, we showed that the interaction
between R352 and D993 also could be disrupted by a
charge reversal mutation at D993. As predicted, D993R-
CFTR exhibited instability of the open state similar to that
seen in R352E-CFTR.

Previous work suggested that residues at the cytoplas-
mic end of TM6 (including T351, R352 and Q353) might
form a reentrant loop directed back into the channel pore,
narrowing the lumen and thereby forming both the charge
selectivity filter and the major resistance to current flow
(Cheung and Akabas 1997; Guinamard and Akabas 1999).
Designation of R352 as the anion selectivity filter was
predominantly based upon differences in the rates of
modification of engineered cysteines at this site (in R352C-
CFTR) by positively and negatively charged sulthydryl
modifying reagents, MTSET" and MTSES™ (Cheung and
Akabas 1997; Guinamard and Akabas 1999). However,
control experiments were not included in that study in
order to ensure that the results could be attributed to the
single engineered cysteine. Also, near the predicted cyto-
plasmic end of the CFTR pore, substitutions of the arginine
at position 347 by any residue other than lysine destabi-
lized the pore structure, while the double mutation R347D/
D924R recovered open state stability, suggesting that R347
formed a salt bridge with D924 in the wild-type channel
(Cotten and Welsh 1999). Hence, R347 plays an important
structural role in CFTR, and many of the functions previ-
ously ascribed to this site, including anion binding
(Tabcharani et al. 1993), control of susceptibility to block
by cytoplasmic DIDS (Linsdell and Hanrahan 1996a, b),
control of iodide permeability (Tabcharani et al. 1997) and
determination of anion/cation selectivity (Cheung and
Akabas 1997), most likely were only indirectly affected by
charge-destroying mutations at this site. Mutations at R347
also inhibited ATPase activity at the NBDs (Ramjeesingh
et al. 2001), suggesting that loss of the salt bridge
involving this residue has profound effects on protein
structure and function that may be propagated to a great
distance within the folded polypeptide.

Our results are not consistent with the notion that R352
simply provides a positive surface charge at the intracel-
lular end of the pore, as proposed by St. Aubin and Linsdell
(2006). In that study, the authors examined the effects of

mutations at R352 and at R303, the latter of which is
thought to contribute to the intracellular end of TMS.
Glutamine and glutamic acid substitutions at these posi-
tions induced outward rectification in the presence of
symmetrical [Cl7] and reduced single-channel conduc-
tance. However, the changes in both of these parameters
upon introduction of negative charge (i.e., glutamic acid
compared to glutamine) were much larger for mutations at
R303 than at R352. This suggests that R303 and R352 may
serve different structural roles in the WT channel.

Contributions of R352 to Pore Architecture

We recently showed that a single anion-conducting pore is
formed by a single CFTR polypeptide (Zhang et al.
2005a). However, other authors reported that the amino-
terminal portion of CFTR, containing MSD1, NBD1 and
the R domain (D836X-CFTR), formed regulated CI™
channels that differed somewhat from WT-CFTR
(Sheppard et al. 1994). Although the substate behavior of
D836X-CFTR was not studied in detail, this mutant was
reported to show instability of the open state compared to
WT-CFTR; the authors suggested that residues in MSD2
might stabilize the channel complex, perhaps assisting in
the arrangement of residues in MSD1 into a functional
structure, based on the finding that the number of func-
tional C1™ channels generated from the D836X construct
was much lower than expected for WT-CFTR. Other
authors also reported that constructs encoding only the
amino-terminal (front) half (Yue et al. 2000) or only the
carboxy-terminal (back) half (Ramjeesingh et al. 2003) of
CFTR can form functional channels when expressed
individually, although it is very likely that two front-half
CFTRs or two back-half CFTRs form homodimers to
create functional channels (Zhang et al. 2005a). Bio-
chemical experiments also indicated that integration of
peptides comprising only MSDI1 of CFTR into lipid
bilayers was extremely unstable (Tector and Hartl 1999).
These findings suggest that two MSDs must function
together to form a stable chloride channel.

In the WT-CFTR channel, the interaction partner of
R347 (D924) is in TMS8 (Cotten and Welsh 1999) and the
interaction partner of R352 (D993) is in TM9 (present
work). Hence, two sites in MSD1 have now been linked to
sites in MSD2, making it clear that both halves of the full
CFTR polypeptide are required for formation of the func-
tional channel. Several R352 mutations are CF-associated
mutations, including R352G, R352W and R352Q (Crem-
onesi et al. 1992; Audrézet et al. 1993; Brancolini et al.
1995; Feldmann et al. 2003); similarly, D993Y and D993G
are associated with disease (Tsui et al. 2007). Our data
suggest that CF-associated mutations, as well as other
charge-destroying mutations, at these sites affect CFTR
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function similarly in that they alter pore structure by dis-
rupting the interaction between R352 and D993. These data
highlight the importance of R352 for CFTR function and
may explain in part why this residue is the locus of multiple
CF-associated mutations. Consistent with the important
structural role for R352 and D993 in stabilizing the chan-
nel’s tertiary structure, which we propose here, Chen et al.
(2001) showed that both of these sites are conserved across
CFTR sequences from mammalian and nonmammalian
species ranging from dogfish to human.

Disruption of the R352/D993 Interaction May Affect
Channel Gating

Salt bridges are key structural elements in channels, and
their disruption can affect properties of both permeation
and gating. Arginine and lysine residues through electro-
static interactions with anionic residues are important for
the structure of membrane-spanning domains in many
other proteins, such as Lac permease and the inwardly
rectifying K™ channel (IRK1) (King et al. 1991; Yang et al.
1997). Disrupting the E145/R155 salt bridge in Kir3.4
abolished selectivity for K* and agonist activation of these
channels (Claydon et al. 2003). The role of salt bridges in
channel gating was also studied in HCN2 and CNGAI1
channels. The K472E mutant of HCN2 was activated
slowly and no longer modulated by cAMP; the R431E
mutant of CNGA1 exhibited an increase in the favorability
of channel opening. The WT behavior of both HCN2 and
CNGA1 channels was rescued by swapping the positions of
the basic and acidic interacting residues, thus restoring the
salt bridges (Craven and Zagotta 2004). Finally, porins are
trimeric channel-forming proteins of the outer membrane
of Escherichia coli. Disruptions of salt bridges between
residues D118, R174 and R92 of the L3 loop in OmpC
porin affected gating by increasing the activity of sponta-
neous transitions (Liu and Delacour 1998). In other ABC
transporters, salt bridges have been identified within the
NBDs (Zaitseva et al. 2006; Kitaoka et al. 2006) and
periplasmic binding proteins (Stockner et al. 2005; Abbott
and Boraston 2007) and between a periplasmic binding
protein and its cognate TM domain (Braun and Herrmann
2007), but salt bridges within the TM domains have not
been described to date, except in CFTR (Cotten and Welsh
1999).

Our data show that instability of the open state could
be induced by charge-destroying mutations at either R352
or D993. Stability of the open state was retained in the
case of a charge-conserving mutation, R352K, and in the
double mutant R352E/D993R-CFTR. However, a major
difference between our work with R352 and the previous
work with R347 (Cotten and Welsh 1999) is that we
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showed that repairing the salt bridge in the double mutant
does not fully recapitulate the permeation properties of
WT-CFTR. Compared to WT-CFTR, R352E/D993R-
CFTR channels exhibited lower slope conductance,
weakened block by glipizide, and altered selectivity
between ClI~ and SCN™. The fact that differences in anion
selectivity remain between R352K- and WT-CFTR is
consistent with the notion that interactions between lysine
and the aspartic acid at D993 are not the same as the
interactions between arginine and D993. We consider it
likely that this difference in side-chain volume and/or
orientation results in distortions of the pore structure,
including in the narrow portion of the pore where selec-
tivity between ions is strongest, and that this results in the
observed differences in relative conductances. We also
note that while the relative conductance values for SCN—,
Br™ and NOj3 are shifted in the same direction in R352K-
CFTR as they are in R352A- or R352E-CFTR, the shifts
for SCN™ and Br™ are smaller in R352K-CFTR than in
the charge-destroying mutants. We conclude that the
double mutant R352E/D993R-CFTR retains the interac-
tion between these residues but does not fully mimic the
behavior of WT-CFTR, suggesting that permeation
properties in the CFTR chloride channel are very sensitive
to small changes in pore structure.

CFTIR is a member of the ABC transporter superfamily
and is regulated by PKA-mediated phosphorylation plus
ATP hydrolysis at NBDI and NBD2. However, the
mechanism by which the binding and hydrolysis of ATP at
the NBDs is coupled to gating the permeation pathway is
not known. The functional conducting states that can be
visited by the protein, with their associated rates of per-
meation, may depend on small and local structural
rearrangements within the pore brought about as a conse-
quence of ATP-dependent gating. The stability of the open
state(s) and the consistency of biophysical properties of
permeation likely rely upon a stable architecture of the
membrane-spanning domains in the folded polypeptide.
We predict that disruption of the interaction between R352
and D993 alters the architecture of the CFTR pore,
resulting in effects on both permeation and pore gating.
Indeed, it seems likely that the interaction between these
sites is formed during channel opening and then broken
during the conformational changes underlying channel
closure. These studies may provide a tool to probe the
connection between conformational changes in the pore
and the energy of hydrolysis of ATP.
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