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are observed in open and closed channels.

these segments.
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(Background: Three-dimensional architecture of the CFTR channel is not well defined.
Results: Different patterns of disulfide cross-linking between cysteine residues introduced into two transmembrane segments

Conclusion: The alignment of transmembrane segments changes during gating, consistent with translational movement of

Significance: These findings illuminate three-dimensional structural rearrangements during CFTR channel opening.
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Multiple transmembrane (TM) segments line the pore of the
cystic fibrosis transmembrane conductance regulator C1~ chan-
nel; however, the relative alignment of these TMs and their rel-
ative movements during channel gating are unknown. To gain
three-dimensional structural information on the outer pore, we
have used patch clamp recording to study the proximity of pairs
of cysteine side chains introduced into TMs 6 and 11, using both
disulfide cross-linking and Cd** coordination. Following chan-
nel activation, disulfide bonds could apparently be formed
between three cysteine pairs (of 15 studied): R334C/T1122C,
R334C/G1127C, and T338C/S1118C. To examine the state
dependence of cross-linking, we combined these cysteine muta-
tions with a nucleotide-binding domain mutation (E1371Q)
that stabilizes the channel open state. Investigation of the
effects of the E1371Q mutation on disulfide bond formation
and Cd*>* coordination suggests that although R334C/
T1122C and T338C/S1118C are closer together in the chan-
nel open state, R334C/G1127C are close together and can
form disulfide bonds only when the channel is closed. These
results provide important new information on the three-di-
mensional structure of the outer mouth of the cystic fibrosis
transmembrane conductance regulator channel pore: TMs 6
and 11 are close enough together to form disulfide bonds in
both open and closed channels. Moreover, the altered relative
locations of residues in open and in closed channels that we
infer allow us to propose that channel opening and closing
may be associated with a relative translational movement of
TMs 6 and 11, with TM6 moving “down” (toward the cyto-
plasm) during channel opening.

Cystic fibrosis is caused by genetic mutations that result in
loss of function of the cystic fibrosis transmembrane conduct-
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ance regulator (CFTR)? protein (1). CFTR is a member of the
ATP-binding cassette (ABC) family of membrane proteins,
most of which function as ATP-dependent active transporters
(2). CFTR is unique within the ABC family in functioning as a
phosphorylation-regulated, ATP-gated Cl~ channel (3). CFTR
is essential for salt and water transport in many epithelial tis-
sues, consistent with the pleiotropic symptoms associated with
cystic fibrosis (1).

In common with other ABC proteins, CFTR has a modular
architecture, consisting of two membrane-spanning domains
(MSDs) each followed by a cytoplasmic nucleotide-binding
domain (NBD). CFTR also has a unique cytoplasmic regulatory
domain (or R domain) linking the two MSD-NBD halves of the
protein. Physiological regulation of CFTR is by phosphoryla-
tion and dephosphorylation of the R domain, predominantly at
protein kinase A phosphorylation sites, with phosphorylation
being an absolute prerequisite for channel activation (3). Once
phosphorylated, channel opening and closing are controlled by
ATP interactions with the two NBDs (4, 5) (see supplemental
materials). The transmembrane channel pore is formed by the
two MSDs, each of which contains six transmembrane a-heli-
ces (TMs 1-12) (6). Opening and closing of the channel pore is
thought to reflect conformational rearrangements of the TMs
that are controlled by ATP interactions with the cytoplasmic
NBDs (7-9) that are analogous to the conformational changes
in the substrate translocation pathway that underlie ATP-
driven transport in canonical ABC protein transport mecha-
nisms (2, 10, 11).

The structure of the MSDs in CFTR has been observed only
at low resolution (12). However, functional evidence has indi-
cated that TMs 1, 5, 6, 11, and 12 contribute to the lining of the
pore and interact with Cl™ ions (6, 7, 13—-16). Extracellular
loops between TMs 1 and 2 (ECL1) and TMs 11 and 12 (ECL6)
have also been proposed to contribute to the outer mouth of the
channel pore (15, 17). However, for the most part the structure

3 The abbreviations used are: CFTR, cystic fibrosis transmembrane conduct-
ance regulator; ABC, ATP-binding cassette; CuPhe, copper(ll)-o-phenan-
throline; ECL, extracellular loop; FSK, forskolin; MSD, membrane-spanning
domain; NBD, nucleotide-binding domain; TM, transmembrane a-helix.
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and function of these parts of the protein have been studied in
isolation, and there is very little direct functional information
relating to the three-dimensional arrangement of different
TMs (18, 19).

Consistent with the idea that channel opening and closing
reflect conformational changes in the channel pore, previous
studies have identified changes in the accessibility of indi-
vidual amino acid side chains in the TMs to either the cyto-
plasm or the extracellular solution. These accessibility
changes may be associated either with activation/phosphor-
ylation (16, 19-21) or with ATP-dependent channel gating
(7-9, 22-24) (see supplemental materials). Our recent work
has suggested that ATP-dependent channel opening is asso-
ciated with (i) opening of a “gate” between the pore inner
vestibule and narrow regions (8), and (ii) constriction of the
outer mouth of the pore (9). However, because previous
studies have been limited to changes in the accessibility of
single sites, relative motion of different parts of the protein
during these putative rearrangements of the MSDs has not
previously been identified.

The outer mouth of the CFTR pore is lined both by TM6 (6,
23, 25) and the TM11-ECL6-TM12 loop (15). In the present
study, we have sought to understand the three-dimensional
arrangement of these two parts of the protein by engineering
disulfide cross-links between introduced cysteine residues.
Furthermore, we have investigated the dependence of cross-
link formation on different channel protein conformations,
associated both with channel activation (by phosphorylation)
as well as ATP-dependent channel opening (see supplemental
materials). In addition to identifying the proximity and align-
ment of TMs 6 and 11, our results suggest that opening and
closing of the channel pore are associated with a change in
alignment, suggestive of a relative translational movement of
these two TMs.

EXPERIMENTAL PROCEDURES

Experiments were carried out on baby hamster kidney cells
transiently transfected with CFTR. In this study we have used a
human CFTR variant in which all cysteines had been removed
by mutagenesis (as described in Ref. 26) and that includes a
mutation in the first NBD (V510A) to increase protein expres-
sion in the cell membrane (27). This Cys-less variant, which we
have used in previous studies of pore conformational change (8,
9), has functional properties that are very similar to those of
wild-type CFTR (28). Additional mutations were introduced
into this Cys-less background using the QuikChange site-di-
rected mutagenesis system (Agilent Technologies, Santa Clara,
CA) and verified by DNA sequencing. To engineer disulfide
cross-links between different TMs, we combined individual
cysteine substitutions at sites that have previously been
shown to line the channel pore and to react with externally
applied cysteine-reactive reagents. In TM6, we selected
three functionally important residues: Arg-334 and Lys-335,
which act to attract extracellular Cl™ ions electrostatically to
the pore (17, 29), and Thr-338, which lines the narrowest
part of the pore (6) and contributes to a region of high resis-
tance to Cl ™ flux (30). Each of these three residues have been
proposed to show conformation-dependent access from the
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extracellular solution (9, 22, 23). The three TM6 mutants
R334C, K335C and T338C were combined with cysteine sub-
stitution of five externally accessible TM11-ECL6-TM12
residues (S1118C, T1121C, T1122C, G1127C, and T1134C)
(15, 25) to give a total of 15 cysteine pair mutants (see Figs. 1
and 7). In some cases, cysteine mutants were combined with
the NBD2 mutation E1371Q, which we (8, 9) and others (7,
23) have used to abolish ATP-dependent channel gating and
lock CFTR channels in the open state (see supplemental
materials).

The proximity of cysteine side chains introduced into differ-
ent parts of the protein was identified functionally using patch
clamp recording. Formation of disulfide bonds between two
cysteine side chains was inferred from changes in channel func-
tion resulting from treatment with the oxidizing agent coppe-
r(II)-o-phenanthroline (CuPhe) and/or the reducing agent
DTT. The proximity of two cysteine side chains was also deter-
mined by tight binding of externally applied Cd*>" ions, result-
ing in inhibition of channel function. The functional conse-
quences of both CuPhe-induced cross-linking and Cd**
coordination have previously been used to infer distances
between pairs of cysteine side chains of <10 A in other channel
types (31-35). Furthermore, both CuPhe-induced cysteine
cross-linking (18, 19) and Cd*>* inhibition of single cysteine
mutants (23) have been investigated in the CFTR channel pore
using electrophysiological recording.

Whole cell patch clamp recordings were made as de-
scribed in our recent study (9). Bath (extracellular) solution
contained 145 mm NaCl, 15 mm sodium glutamate, 4.5 mm
KCI, 1 mm MgCl,, 2 mm CaCl,, 10 mm HEPES, 5 mm glucose,
pH 7.4, and pipette (intracellular) solution contained 139
mMm CsCl, 2 mm MgCl,, 5 mm EGTA, 10 mm HEPES, 5 mm
glucose, 1 mM ATP, 0.1 mm GTP, pH 7.2. Whole cell currents
were monitored using voltage steps from a holding potential
of 0 mV (Figs. 1 and 4) or continuously at a membrane poten-
tial of +30 mV (Figs. 2, 3, 5, and 6). Following attainment of
the whole cell configuration and recording of stable baseline
currents, CFTR channels were activated by extracellular
application of a cyclic AMP stimulatory mixture containing
forskolin (FSK; 10 um), 3-isobutyl-1-methylxanthine (100
uM), and 8-(4-chlorophenylthio) cyclic AMP (100 um). At
the end of the experiment, remaining currents were con-
firmed as being carried by CFTR by their sensitivity to the
specific CFTR inhibitor GlyH-101. As described previously
(9, 18), channels bearing the E1371Q mutation were consti-
tutively active, and whole cell currents carried by such chan-
nels were not further increased in amplitude by application
of cAMP mixture, although they were sensitive to GlyH-101.
CuPhe was prepared freshly before each experiment by mix-
ing stock solutions of CuSO, (200 mm in distilled water) with
1,10-phenanthroline (200 mm in ethanol) in a 1:4 molar
ratio. The final concentration used to treat cells was 100 um Cu®™,
400 um phenanthroline (18). In preliminary experiments Cd*"
was applied to the extracellular solution at different concentra-
tions to generate concentration-inhibition relationships; in all
cases, these were consistent with a simple, reversible inhibition of
the channel by Cd*" ions. However, for clarity in the experiments
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FIGURE 1. Spontaneous and oxidant-induced disulfide bond formation between cysteine side chains in TM6 and TM11. A and B, example whole
cell current recordings for R334C/G1127C during voltage steps (—80 mV to +80 mV in 20-mV increments from a holding potential of 0 mV). Currents
were recorded after attainment of a stable whole cell configuration (control), after application of cAMP stimulatory mixture (see “Experimental
Procedures”) (+cAMP), after application of DTT (A) or CuPhe (B), and after CFTR channel inhibition by addition of 50 um GlyH-101. Current-voltage
relationships from these two cells, measured from the final 100 ms of the voltage steps for each of the four sets of current traces shown, are illustrated
to the right. Cand D, mean effect of DTT (C) or CuPhe (D) application on whole cell current amplitude for each of the 15 double cysteine mutants studied.
In both cases, the TM6 residue substituted by cysteine (Arg-334, Lys-335, or Thr-338) is named above the panel, and the TM11-ECL6-TM12 residue
substituted is below the panel.In both Cand D, the mutants in which treatment with DTT or CuPhe resulted in a significant change in current amplitude
(p < 0.05) are represented by black bars, and those mutants for which there was no significant change are represented by gray bars. The means of data
from three to six cells are shown in Cand D.

illustrated, only results with a single, representative concentration
of Cd*" are shown.

Experiments were carried out at room temperature (21—
24 °C). The values are presented as the means * S.E. Unless
stated otherwise, tests of significance were carried out using an
unpaired ¢ test, with p < 0.05 being considered statistically sig-
nificant. All chemicals were from Sigma-Aldrich, except for
GlyH-101 (EMD Chemicals, Gibbstown, NJ).
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RESULTS

Disulfide Cross-linking between Different TMs—To investi-
gate the potential for disulfide bonds to form between different
TMs, we introduced pairs of cysteines into TM6 and TM11/12
(see Fig. 7A). The ability of these pairs of cysteines to form
disulfide bonds was investigated functionally using whole cell
recording (Fig. 1). Two different protocols were used to identify
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disulfide formation. First, channels were activated using cAMP,
following which DTT was applied to reduce any disulfide bonds
that might have formed spontaneously (Fig. 14). Second, after
cAMP stimulation, the cells were treated with CuPhe to cata-
lyze the formation of disulfide bonds (Fig. 1B). In most cases,
neither DTT nor CuPhe affected whole cell current amplitude
(Fig. 1, C and D), suggesting either that disulfide bond forma-
tion did not occur or that these bonds were without significant
functional consequence. However, DTT treatment caused a
significant change in current amplitude in five mutants: R334C/
G1127C (Fig. 1, A and C), R334C/S1118C, R334C/T1121C,
K335C/S1118C, and T338C/G1127C (Fig. 1C). This suggests
that these pairs of cysteine residues were cross-linked prior
to channel activation and that although the presence of the
cross-links did not interfere with cAMP activation, they
altered channel function in some way such that breaking the
disulfide bond with DTT led to either a decrease (R334C/
S1118C, K335C/S1118C) or an increase (R334C/T1121C,
R334C/G1127C, and T338C/G1127C) in overall current
amplitude. In the absence of single channel recordings, it is
not clear whether these disulfide bonds affect channel open
probability, channel conductance, or both. The fact that so
many paired mutants (with at least one pair including each
individual cysteine substituted) failed to respond to DTT
effectively rules out DTT effects on individual cysteine side
chains not involved in disulfide bond formation.

To investigate disulfide bond formation after channel activa-
tion, cells were treated with CuPhe (Fig. 1B). Note that in this
series of experiments, the cells were pretreated with DTT (5
mM) to ensure reduction of any spontaneously formed disulfide
bonds. In most cases, CuPhe treatment failed to affect whole
cell current amplitude (Fig. 1D), again suggesting that, in active
channels, disulfide bonds could not readily form, or they
were without functional effect. However, CuPhe treatment led
to a rapid inhibition of current amplitude in R334C/G1127C
(Fig. 1, B and D), R334C/T1122C, and T338C/S1118C (Fig.
1D), suggesting that disulfide bond formation somehow
impeded normal channel function; again, this may reflect
changes in channel open probability and/or conductance. As
with DTT treatment (see above), the preponderance of neg-
ative results (Fig. 1D) indicates that CuPhe specifically
induced disulfide bond formation rather than exerting its
functional effects by interactions with any specific individual
cysteine side chain. For example, CuPhe inhibited R334C/
T1122C and T338C/S1118C channel function, but had no
effect on R334C/S1118C or T338C/T1122C.

To demonstrate the irreversibility and stability of CuPhe-
induced disulfide bonds in R334C/T1122C. R334C/G1127C
and T338C/S1118C, we pretreated cells to induce disulfide
bond formation and then tested their reversibility by DTT
treatment (Fig. 2). The cells were exposed to CuPhe with or
without FSK (10 um) for 5 min to promote disulfide bond for-
mation. Following pretreatment, the cells were washed with
normal bath solution for at least 5 min to remove the CuPhe
and FSK before being transferred to the patch clamp recording
chamber. Following attainment of the whole cell patch config-
uration, the cells were stimulated with cAMP stimulatory mix-
ture as usual, and the presence of disulfide bonds was deter-
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FIGURE 2. Irreversibility of CuPhe inhibition in double cysteine mutants.
A, example whole cell currents recorded at +30 mV for T338C/S1118C from
cellsthat had been pretreated with CuPhe either together with FSK (left panel)
orwithout FSK (right panel) for 5 min. Following extensive washing and attain-
ment of the whole cell patch configuration, channel activation by application
of cAMP stimulatory mixture revealed currents that were increased by DTT
application (5 mm) only if CuPhe was applied together with FSK. In each case,
the identity of CFTR currents was confirmed using the specific inhibitor GlyH-
101 (50 um). B, mean effect of DTT application on whole cell currentamplitude
for the three double cysteine mutants named, following different pretreat-
ment conditions. Asterisks indicate a significant difference from no pretreat-
ment conditions (p < 0.01), and daggers indicate a significant difference from
pretreatment with CuPhe in the absence of FSK (p < 0.01). The means of data
from three to six cells are shown. C, stability of CuPhe inhibition of R334C/
G1127Cand reversibility by excess DTT. Example whole cell current from a cell
treated sequentially with cAMP stimulatory mixture, CuPhe, DTT, and
GlyH-101.

mined by sensitivity to application of DTT. For each of the three
cysteine double mutant channels tested, pretreatment with FSK
and CuPhe resulted in currents that were stimulated by expo-
sure to DTT (Fig. 2, A and B), indicating the presence of disul-
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FIGURE 3. Cadmium inhibition of single and double cysteine mutants. A-F, example whole cell currents recorded at +30 mV for Cys-less (A), R334C (B),
R334C/T1122C (C and F), and R334C/G1127C (D and E). CFTR currents were activated by application of cAMP stimulatory mixture in each case, prior to the
addition of Cd" to the extracellular solution at the concentrations illustrated. The cells were pretreated with DTT (5 mm) except where stated otherwise (E and
F). G, mean inhibitory effect of Cd?>* on different channel variants under different conditions as illustrated. Asterisks indicate a significant difference from the
same channel variant without pretreatment (p < 0.0001), and daggers indicate a significant difference from the corresponding single TM6 mutant (R334C or
T338C) under the same pretreatment conditions (p < 0.005). Note that CuPhe-induced disulfide formation prevented strong inhibition by Cd*" ions in all
double cysteine mutants tested. The means of data from three to five cells are shown. Ctrl, control.

fide bonds. Both for R334C/T1122C and T338C/S1118C, this reflecting the presence of spontaneously formed disulfide

DTT sensitivity was in contrast to cells that had been pretreated
by CuPhe alone or had received no pretreatment, suggesting
that channel activation with FSK was a necessary precondition
for disulfide bond formation (Fig. 2, A and B). In contrast, DTT
sensitivity of R334C/G1127C channel currents was indepen-
dent of the pretreatment conditions (Fig. 2B), most likely
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bonds in this mutant (Fig. 1C). Because of this spontaneous
DTT sensitivity, we were unable to use this pretreatment
approach to demonstrate stable CuPhe-induced inhibition of
R334C/G1127C channel function. For this mutant alone, we
therefore applied both CuPhe and DTT sequentially following
channel activation with cAMP (Fig. 2C). Under these condi-
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FIGURE 4. Disulfide bond formation in constitutively open channels. A, example whole cell current recording and corresponding current-voltage relation-
ship for R334C/G1127C/E1371Q, illustrating a lack of inhibition by CuPhe. Compare with R334C/G1127Cin Fig. 1 under identical experimental conditions. Note
the overlapping current-voltage relationships for control (@), +cAMP (O), and +CuPhe (V). B, mean effect of CuPhe treatment on whole cell currentamplitude
for the three CuPhe-sensitive double mutants named, with either the native Glu present at position 1371 (1371E, white bars) or with Gln substituted at this
position (1371Q, black bars). Asterisks indicate a significant difference from the effectina 1371E background. *, p < 0.05; **, p < 0.00001. The means of data from

three to six cells are shown. Ctrl, control.

tions, DTT was able to reverse 106 * 4% (n = 3) of the inhibi-
tory effect of CuPhe treatment.

Interestingly, the pattern of spontaneous disulfide bond for-
mation identified in Fig. 1Cis quite distinct from that of CuPhe-
induced disulfide bond formation identified in Fig. 1D; only
R334C/G1127C was sensitive to both DTT and CuPhe. Treat-
ment with DTT identifies disulfide bonds that have formed
spontaneously, presumably in resting, unstimulated channels.
Furthermore, because we have no way of knowing the rate at
which these spontaneous cross-links formed prior to the exper-
iment, it is possible that some of these represent gradual accu-
mulation or “trapping” of channels in a relatively rare confor-
mation in which the two cysteine side chains in question were
close enough together to form a disulfide bond. In contrast,
CuPhe treatment induced rapid (within minutes) disulfide
bond formation in stimulated (phosphorylated) channels that
were presumably actively opening and closing. We therefore
focused on the three CuPhe-sensitive paired cysteine mutants
identified in Fig. 1D.

Channel Inhibition by External Cd”" Ions—Cysteine side
chains can bind metal ions like Cd*>", and indeed, current
inhibition by externally applied Cd*>" ions has previously
been used to identify individual pore-lining cysteine side
chains in CFTR (23). Furthermore, coordination of Cd**
ions by multiple cysteine side chains can lead to stronger
binding if these side chains are separated by <10 A (see
“Experimental Procedures”). As shown in Fig. 34, Cys-less
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CFTR was insensitive to even a high concentration of Cd*"
(1 mm). Single TM6 cysteine mutants R334C (Fig. 3, Band G)
and T338C (Fig. 3G) were inhibited by a lower concentration
of Cd** (10 um). TM11 mutants S1118C, T1122C, and
G1127C were insensitive to this concentration of Cd*>* (Fig.
3G), although 1 mm Cd>™ did inhibit both S1118C (38 * 4%
inhibition, » = 3) and T1122C (70 = 5%, n = 3) but not
G1127C (1 = 2%, n = 3). As shown in Fig. 3C, the double
mutant R334C/T1122C was more strongly blocked by 10 um
Cd?" than the corresponding individual mutants. The dou-
ble mutant R334C/G1127C was also strongly inhibited by 10
uMm Cd*>* (Fig. 3, D and G), but only in cells that had been
pretreated with DTT; in nonpretreated cells, inhibition was
weak even when [Cd*"] was increased to 1 mm (Fig. 3E). This
finding is further evidence for spontaneous disulfide bond
formation between R334C and G1127C; presumably these
two cysteine side chains are unable to bind Cd*>" ions until
the disulfide bond has been reduced. In contrast, Cd*" inhi-
bition in R334C/T1122C was independent of DTT pretreat-
ment (Fig. 3G), again consistent with a lack of spontaneous
disulfide formation between these two cysteines. The third
cysteine pair, T338C/S1118C, was inhibited by Cd*" to a
similar extent as the single T338C mutant, and inhibition of
this double mutant was unaffected by DTT pretreatment
(Fig. 3G). In all three double cysteine mutants, pretreatment
with FSK and CuPhe to induce disulfide bond formation led
to Cd>*-insensitive currents (Fig. 3, Fand G), providing fur-
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ther evidence for stable disulfide bond formation in these
mutants and demonstrating the lack of strong Cd*" binding
following forced disulfide bond formation.

Isolating Effects on the Channel Open State—The functional
effects of disulfide bond formation (Fig. 1) and Cd*" binding
(Fig. 3) described above occur in activated, phosphorylated
channels that are opening and closing normally and so may
reflect a mixture of effects on open channels and on closed
channels. To separate the effects on open channels, we have
used the E1371Q mutant, which results in a constitutively
open channel in baby hamster kidney cells (8, 9, 18, 36) (see
supplemental materials). Previous studies have used this
mutation to isolate the open state and thereby to infer that
access to individual introduced cysteine residues is state-de-
pendent (7-9, 23) (see supplemental materials). An example
of constitutive, cAMP-independent currents carried by
channels bearing the E1371Q mutation is shown in Fig. 44
(R334C/G1127C/E1371Q). Interestingly, this recording
shows that the R334C/G1127C/E1371Q mutant, unlike
R334C/G1127C (Fig. 1), is not affected by CuPhe (Fig. 4).
This suggests that R334C and G1127C cannot form disulfide
bonds in open channels, implying that the disulfides formed
by CuPhe treatment in R334C/G1127C occur when the
channel is closed. Treatment with CuPhe did cause current
inhibition in R334C/T1122C/E1371Q and in T338C/
S1118C/E1371Q (Fig. 4B), suggesting that these cysteine
pairs are capable of forming disulfide bonds in open chan-
nels. In fact, CuPhe caused a significantly stronger inhibition
of T338C/S1118C/E1371Q than of T338C/S1118C (Fig. 4B),
hinting that disulfide bond formation between these two
cysteines might occur preferentially in open channels. The
ability of CuPhe to inhibit the function of locked open
E1371Q channels might suggest that this inhibition reflects
reduced channel conductance rather than open probability,
although this was not tested directly by single channel
recording.

We also investigated the effect of the E1371Q mutation on
Cd*>” inhibition. This experiment is complicated by the fact
that the E1371Q mutation alters the Cd*" sensitivity of single
cysteine mutants (23), perhaps because channel opening is
associated with constriction of the pore outer mouth and
decreased accessibility from the extracellular solution (9).
Indeed, we found that the Cd*>" sensitivity of the Cd*>*-sensi-
tive TM6 mutants R334C and T338C were significantly
decreased in an E1371Q background (Fig. 5B), consistent with
decreased access by Cd*". Similarly, the Cd*" sensitivity of
R334C/G1127C was decreased in an E1371Q background,
although it is difficult to discriminate between a decrease in
Cd*>" coordination by the two cysteine side chains versus a
decrease in Cd*" access as suggested by results with R334C/
E1371Q; the Cd*" sensitivity of R334C/G1127C/E1371Q
was similar to that of R334C/E1371Q (Fig. 5B). In contrast,
the apparent Cd>™" sensitivity of T338C/S1118C was signifi-
cantly increased in an E1371Q background (Fig. 5), suggest-
ing stronger coordination of Cd*" ions in open channels.
This apparent increase in Cd*>" sensitivity is all the more
remarkable given the decrease in Cd** sensitivity in T338C/
E1371Q (Fig. 5B), implying reduced Cd>* accessibility in
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FIGURE 5. Cadmium inhibition in constitutively open channels. A, exam-
ple whole cell currents recorded at +30 mV for T338C/S1118C (left panel) and
T338C/S1118C/E1371Q (right panel), showing the increased sensitivity to
inhibition by external Cd** (10 um) in E1371Q-containing channels. B, effect
of the E1371Q mutation on Cd*" sensitivity in single and double cysteine
mutants. Cadmium concentrations, chosen to give ~50% inhibition for each
mutant, are given below the name of the mutant used. Asterisks indicate a
significant difference from the effectin a Glu-1371 background (p < 0.05). The
means of data from three to four cells are shown. Ctrl, control.

open channels. As a result, whereas Cd®* inhibition is simi-
lar in T338C/S1118C as in T338C (Fig. 3), it is significantly
stronger in T338C/S1118C/E1371Q compared with T338C/
E1371Q (p < 0.00005) (Fig. 5B), suggesting that the cysteine
side chains in T338C/S1118C are able to coordinate Cd**
ion binding in open channels. R334C/T1122C was able to
bind Cd*" ions tightly (note use of 1 um Cd*" in Fig. 5B),
irrespective of the presence of the E1371Q mutation (Fig.
5B), suggesting that Cd*>* coordination by these cysteines
can occur in open channels.

The results shown in Fig. 5 are from cells that had been
pretreated with DTT to reduce any spontaneous disulfide
bonds. Note that the results of Cd>" inhibition experiments
shown in Fig. 3 suggested spontaneous disulfide bond forma-
tion between R334C and G1127C, but not between R334C
and T1122C or between T338C and S1118C. However, in
these experiments disulfide bonds are presumed to have
formed spontaneously in resting, unstimulated channels. To
test whether disulfide bonds could form spontaneously in
constitutively open channels, we therefore tested the DTT
sensitivity of Cd®" inhibition in double cysteine mutants
bearing the E1371Q mutation (Fig. 6). These experiments
show that R334C/T1122C/E1371Q channels are potently
inhibited by Cd*>" only following DTT pretreatment; in the
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FIGURE 6. Evidence for spontaneous disulfide bond formation in consti-
tutively open channels. A, example whole cell currents recorded at +30 mV
for R334C/T1122C/E1371Q, showing thatinhibition by external Cd?* (3 um) is
dependent on prior treatment with DTT to reduce spontaneous disulfide
bonds. B, dependence of Cd?* inhibition on different pretreatment con-
ditions in different cysteine double mutants in an E1371Q background.
Cadmium concentrations, chosen to give ~50% inhibition for each
mutant, are given below the name of the mutant used. Asterisks indicate a
significant difference from the effect without pretreatment (p < 0.0005).
The means of data from three to six cells are shown. Note that the Cd>™"
sensitivity of the single cysteine mutants R334C/E1371Q and T338C/
E1371Q was independent of DTT pretreatment (not shown), as shown in
Fig. 3 for R334C and T338C. Ctrl, control.

absence of pretreatment, the channels appeared much less
sensitive to Cd>" (Fig. 6). This suggests that disulfide bonds
can form spontaneously between R334C and T1122C in con-
stitutively open channels and that these disulfide bonds pre-
vent the cysteine side chains in question from tightly binding
Cd** ions. In contrast, in both R334C/G1127C/E1371Q and
T338C/S1118C/E1371Q Cd?" inhibition appeared inde-
pendent of DTT pretreatment (Fig. 6B), arguing against
spontaneous disulfide bond formation between these cys-
teine pairs. Furthermore, in both R334C/T1122C/E1371Q
and T338C/S1118C/E1371Q, but not in R334C/G1127C/
E1371Q, Cd*" sensitivity was greatly impaired by pretreat-
ment with FSK and CuPhe to induce disulfide bond forma-
tion (Fig. 6B), suggesting that disulfide bonds cannot be
induced between R334C and G1127C under these condi-
tions. These results are noteworthy in comparison with
R334C/G1127C itself, which did appear to form spontane-
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FIGURE 7. Proposed alignment and relative movement of TMs 6 and 11
during channel opening and closing. A, two-dimensional location of
mutated residues in TM6 (left panel) and TM11-ECL6-TM12 (right panel). For
TM6, side chains accessible to the extracellular solution are to the right, and
nonaccessible side chains are to the left (21, 23, 29, 40). For TM11-12, acces-
sible side chains are outside the loop, and nonaccessible side chains are inside
(15,25). Residues mutated in the present study are in red. Functional evidence
suggests that other accessible TM11-12 residues Val-1129, lle-1131, and lle-
1132 are located at more superficial positions in the pore outer mouth (15).
B and C, proposed location of disulfide bonds formed in closed (B) and open
(Q) channels and inferred relative alignment of TMs 6 and 11 in these two
states (Table 1). The suggested relative movement of these two TMs is indi-
cated by the red arrows in G, when the channel opens, TM6 moves relatively
“downward” (toward the cytoplasm) and/or TM11 moves relatively “upward”
(toward the extracellular solution).

ous disulfide bonds that interfered with Cd*" binding (Fig.
3). This suggests that although these cysteine side chains can
come close enough to form a disulfide bond spontaneously in
closed, nonactivated channels, they do not form a disulfide
bond spontaneously in the open state.
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TABLE 1

Summary of results for disulfide cross-linked cysteine pairs R334C/T1122C, R334C/G1127C, and T338C/S1118C

Cysteine pairs were studied with either the native Glu present at position 1371 (Glu-1371) or with Gln substituted at this position (GIn-1371). As described under
“Discussion,” Glu-1371 is expected to reflect both open and closed channels, and GIn-1371 reflects almost exclusively open channels. In parentheses are indicated the figures
in which the quantitative evidence justifying each nonquantitative statement in the table is presented.

R334C/T1122C R334C/G1127C T338C/S1118C
Glu-1371 Gln-1371 Glu-1371 GIn-1371 Glu-1371 GIn-1371
Spontaneous cross-linking No (Figs. 1and 3)  Yes (Fig. 6) Yes (Figs. 1and 3)  No (Fig. 6) No (Figs. 1and 3)  No (Fig. 6)
CuPhe-induced cross-linking ~ Yes (Fig. 1) Yes (Fig. 4) Yes (Fig. 1) No (Fig. 4) Yes (Fig. 1) Enhanced (Fig. 4)
Cd*" inhibition Strong (Fig. 3) Strong (Fig. 5)  Moderate (Fig. 3) Abolished (Fig. 5) ~ Weak (Fig. 3) Strengthened (Fig. 5)

DISCUSSION

Of the 12 TMs in CFTR, TM6 makes the most important
functional contribution to the pore (6, 13, 21, 24, 25). At the
outer mouth of the pore, the positive charges of Arg-334 and
Lys-335 act to attract extracellular Cl ™ ions to the pore electro-
statically (17, 29, 37, 38). Slightly further into the pore from
the outside, Thr-338 contributes to a physical constriction in
the pore (6) that also acts as a major part of the resistance to
Cl™ flow (30). In the present study we have probed the prox-
imity of these important amino acids to pore-lining residues
coming from another part of the protein, TM11-ECL6-
TM12 (Fig. 7A). Functional evidence suggests that other
pore-lining side chains in this region (Val-1129, Ile-1131,
and Ile-1132) exist at a more superficial part of the pore
outer vestibule (15). Our evidence for the existence of disul-
fide bridges between cysteine side chains introduced into
these two parts of CFTR, either spontaneously formed (Fig.
1C) or induced by oxidant (Fig. 1D), suggests that TM6 is
physically close to TM11 in the three-dimensional structure
of the pore. Furthermore, the fact that all three sites mutated
in TM6 (Arg-334, Lys-335, and Thr-338) and all four in
TM11 (Ser-1118, Thr-1121, Thr-1122, and Gly-1127) were
able to form disulfide cross-links (Fig. 1, C and D) offers
independent verification that the amino acid side chains at
these positions are accessible to the outer pore vestibule (15,
23). In contrast, we did not find any evidence for disulfide
bond formation for the TM12 mutation T1134C (Fig. 1),
even though this residue has been proposed to line a narrow
region in the pore (25). Our previous work has failed to iden-
tify an important role for TM12 in formation of the narrow
pore region (16, 39).

Interestingly, the pattern of disulfide bond formation
between TMs 6 and 11 is different when identified by DTT
sensitivity (Fig. 1C) compared with CuPhe sensitivity (Fig. 1D);
only R334C/G1127C was positive for disulfide bond formation
in both experimental assays. We assume that DTT identifies
cross-links that have formed spontaneously, presumably in
unstimulated channels under resting conditions, whereas
CuPhe applied after channel activation promotes cross-linking
between cysteine side chains in channels undergoing normal
gating. If this is the case, then the difference between cross-links
identified in Fig. 1 (C and D) might reflect differences in the
proximity of different cysteine side chains in resting, unstimu-
lated (unphosphorylated) CFTR channels (Fig. 1C) and acti-
vated, phosphorylated channels (Fig. 1D) (see supplemental
materials). It is interesting to speculate, then, that this different
pattern might reflect a conformational rearrangement in the
outer pore mouth that is associated with phosphorylation, pos-
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sibly independent of that associated with the ATP-dependent
opening and closing of phosphorylated channels. Assuming
further that the cross-linking pattern identified by DTT (Fig.
1C) reflects nonactivated channels, then there may be some
structural flexibility in the protein under these conditions that
allows, for example, R334C to form disulfide bonds with either
S1118C, T1121C, and G1127C and that also allows K335C to
form a disulfide with S1118C while at the same time allowing
the more deeply located T338C to form a disulfide with the
purportedly more superficially located G1127C (Figs. 1C and
74).

Because CuPhe was applied after channel activation and
resulted in a rapid change in channel function, we assume that
it identifies cysteine pairs that are close together in active chan-
nels, at least at some point during the gating cycle (see supple-
mental materials). We have focused on three cysteine pairs that
formed disulfide bonds readily under these conditions: R334C/
T1122C, R334C/G1127C, and T338C/S1118C (Fig. 1D). No
CuPhe-induced changes in channel current were observed for
any K335C-containing mutants (Fig. 1D); although there could
be several reasons for this apparent negative result and
although an apparent lack of cross-link formation is not evi-
dence for a lack of physical proximity between different amino
acids, this could reflect the side chain of Lys-335 facing some-
what away from the main axis of the pore, as proposed previ-
ously (40). There were also no CuPhe-induced effects in
T1121C-containing mutants (Fig. 1D).

For the strongly CuPhe-reactive cysteine pairs R334C/
T1122C, R334C/G1127C, and T338C/S1118C, our results
suggest different conformations in open channels and in
closed channels. This suggestion is based on results using
the ATP hydrolysis-defective E1371Q mutant which, as
described previously (8, 9), effectively isolates the open state
when expressed in baby hamster kidney cells (see supple-
mental materials). As a result, we expect results from chan-
nels bearing the E1371Q mutation to reflect the effects on
the channel open state, whereas results from channels with-
out this NBD2 mutation (after activation by cAMP agonists)
reflect a mixture of effects on open and closed channels (see
supplemental materials). Where different results are ob-
tained with and without the E1371Q mutation, therefore, we
can discriminate between effects that occur preferentially in
open channels (effects that are enhanced in E1371Q
mutants) and effects that occur preferentially in closed chan-
nels (effects that are diminished in E1371Q mutants). Com-
parison of results for these three reactive cysteine pairs with
and without E1371Q are summarized in Table 1 and in the
following paragraphs.
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For R334C/T1122C, both CuPhe-induced disulfide bonds
and strong Cd*>* coordination can occur in E1371Q-containing
channels, suggesting that these two cysteine side chains are
close together in open channels. Similar effects seen without
E1371Q may therefore also reflect effects on open channels,
although we have no evidence to rule out effects also on closed
channels. Interestingly, these two cysteines can form disulfide
bonds spontaneously only in the presence of the E1371Q muta-
tion, supporting a close proximity in open channels.

For R334C/G1127C, the E1371Q mutation has a strongly
negative effect on the apparent proximity of the two cys-
teines; it abolished both spontaneous and CuPhe-induced
disulfide bond formation and also drastically weakened inhi-
bition by Cd?" ions. Based on this, we suggest that these two
cysteines are only close enough together to form disulfide
bonds and to coordinate Cd*>" binding when the channel is
closed; the effects observed in non-E1371Q-containing
channels therefore presumably reflect effects that occur dur-
ing channel closures.

For T338C/S1118C, evidence for proximity is actually
strengthened by the E1371Q mutation. Thus, E1371Q both
enhanced CuPhe-induced disulfide bond formation and also
strengthened Cd>" inhibition. This latter effect is particularly
noteworthy because E1371Q strengthened Cd** inhibition in
T338C/S1118C, even though it weakened Cd>" inhibition in
the T338C single mutant (Fig. 5B), suggesting reduced Cd>*
accessibility from the extracellular solution. The facilitation of
disulfide formation and Cd*>* binding seen in T338C/S1118C/
E1371Q suggests that these two cysteine side chains are closer
together in open channels than in closed channels.

The apparent state dependence of cross-linking (as well as
Cd*>" coordination) suggested above is summarized graphically
in Fig. 7 (B and C). Based on these results, we suggest that
channel opening and closing may be associated with a relative
translational movement of TMs 6 and 11; as shown by the red
arrows in Fig. 7C, we propose that channel opening may be
associated with a relative “downward” (toward the cytoplasm)
movement of TM6 and/or a relative “upward” (toward the
extracellular solution) movement of TM11. This suggested that
translational movement is an addition to previously suggested
movements of the TMs during CFTR channel opening and
closing, such as “inward facing/outward facing” TM-tilting
movements (9), constrictive/dilational-type pore closing and
opening (8, 21), and rotational movements of individual TMs
(7, 24). Of course, these different kinds of rearrangements are
not mutually exclusive; the TMs may move translationally, as
well as tilt and rotate, causing localized constrictions or dila-
tions at different points in the transmembrane permeation
pathway during pore opening and closing.

Our results provide important structural constraints for the
CFTR channel pore in the open state and in the closed state.
Outer pore residues in TMs 6 and 11 are in close proximity in
both the open and the closed states, as well as in unstimulated,
presumably unphosphorylated channels. Furthermore, these
two TMs appear to move relative to one another during pore
opening and closing. We propose that the outer mouth of the
pore undergoes both an overall constriction (9) and a transla-
tion of individual TMs during pore opening. Because confor-
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mational rearrangement of the MSDs driven by ATP interac-
tions with the NBDs (such as those that control CFTR channel
opening and closing) are a conserved aspect of the mechanism
of action of all ABC transporters, the rearrangements of the
TM:s that we propose may also have structural and functional
implications for the transport mechanism of ABC proteins in
general.
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