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Abstract The membrane-spanning part of the cystic fibrosis
transmembrane conductance regulator (CFTR) CI™ channel
comprises 12 transmembrane (TM) «-helices, arranged in 2
symmetrical groups of 6. However, those TMs that line the
channel pore are not completely defined. We used patch clamp
recording to compare the accessibility of cysteine-reactive
reagents to cysteines introduced into different TMs. Several
residues in TM11 were accessible to extracellular and/or in-
tracellular cysteine reactive reagents; however, no reactive
cysteines were identified in TMs 5 or 11. Two accessible
residues in TM11 (T1115C and S1118C) were found to be
more readily modified from the extracellular solution in
closed channels, but more readily modified from the intracel-
lular solution in open channels, as previously reported for
T338C in TM6. However, the effects of mutagenesis at
S1118 (TM11) on a range of pore functional properties were
relatively minor compared to the large effects of mutagenesis
at T338 (TM6). Our results suggest that the CFTR pore is
lined by TM11 but not by TMS or TM7. Comparison with
previous works therefore suggests that the pore is lined by
TMs 1, 6, 11, and 12, suggesting that the structure of the open
channel pore is asymmetric in terms of the contributions of
different TMs. Although TMs 6 and 11 appear to undergo
similar conformational changes during channel opening and
closing, the influence of these two TMs on the functional
properties of the narrowest region of the pore is clearly unequal.
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Introduction

Cystic fibrosis is caused by genetic mutations that result in
loss of function of the cystic fibrosis transmembrane con-
ductance regulator (CFTR) protein [27]. CFTR is a member
of the ATP-binding cassette (ABC) family of membrane
proteins that functions as a phosphorylation-regulated,
ATP-gated Cl channel [12]. 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). The trans-
membrane Cl™ channel pore is formed by the two MSDs,
each of which contains six transmembrane «-helices (TMs
1-12) [12, 18, 21]. The structure of the MSDs in CFTR has
been observed only at low resolution [17, 35]. However,
atomic homology models based on the structures of other
ABC proteins suggest that a subset of the TMs form a central
pore in a symmetrical fashion consistent with the presence of
two symmetrical MSDs [7, 31-33, 36]. In fact, due to do-
main swapping, the MSDs appear to be arranged in two
symmetrical “wings,” one made up of TMs 1, 2, 9, 10, 11,
12, and the other TMs 3, 4, 5, 6, 7, 8 [17]. These model
structures all suggest crucial pore-lining roles for TMs 6 and
12, with possible supporting roles of symmetrical TM pairs 1
and 7, and 5 and 11 [7, 17, 31-33, 36]. These models are
therefore quite consistent with functional [18, 21, 28] and
substituted cysteine accessibility mutagenesis (SCAM) evi-
dence [2-5, 9, 10, 13, 33, 34, 44] that TMs 1, 6, 11, and 12
line the channel pore and determine its functional properties.
However, the relative positions and alignments of these TMs
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in the three-dimensional structure of the pore are only begin-
ning to be investigated experimentally [43, 44, 49]. Further-
more, the potential contribution of other TMs is not known,
and as a result it is not known how many TMs line the pore.
Partial evidence has been put forward in support of a pore-
lining role for TM3 [1, 33], TM5 [14, 28, 39] and TM9 [33].
Furthermore, if the two TMDs do indeed make symmetrical
contributions to the pore, then the suggested pore-forming
roles of TMs 1 and 11 should be reflected in similar contri-
butions by TMs 7 and 5, respectively [7, 17, 31-33].

Uncertainty concerning the identity, relative positions,
and relative alignment of different TMs lining the CFTR
pore make it difficult to describe and understand the
three-dimensional organization of functionally important
pore regions such as the outer vestibule [37, 45, 47],
narrow region [26, 29, 33], putative channel “gate” [41],
and inner vestibule [6, 9, 19, 40, 48, 49]. In many
cases, the identity of TM6 residues contributing to these
functionally important pore regions has been described,
but functionally analogous amino acid residues from
other TMs have not been identified [18, 21]. For exam-
ple, the narrowest part of the pore that might form a
“selectivity filter” that discriminates weakly between CI™
and other small permeant anions is thought to be lined
by TM6 residues F337 and T338 [21]. Consistent with
this idea, channel functional properties such as single
channel conductance and relative permeability of differ-
ent anions are strongly dependent on the volume of the
amino acid side chain present at these two positions
[24, 26]. In particular, replacement of T338 with a
smaller alanine residue causes (a) an increase in single
channel conductance [26], (b) increased permeability of
lyotropic anions (those with a low free energy of hy-
dration) such as SCN [26, 29] and Au(CN), [15], (¢)
altered block of Cl permeation by permeant SCN and
Au(CN), ions [11, 15, 22], and (d) increased perme-
ability of small organic anions such as acetate, the
permeability of which is thought to be limited by steric
factors as they pass through the narrow pore region [25,
26]. Overall, the effects of the T338A mutation have
been interpreted as reflecting an increase in functional
diameter of the narrowest part of the pore [26] and a
reduced barrier to the movement of permeant ions inside
the pore [11]. However, although other TMs besides
TM6 presumably also line the narrow pore region, the
effect of mutations at T338 and/or F337 has not been
reproduced by mutagenesis of residues from any other
TM.

As a complement to earlier SCAM studies on TMs 1, 6,
and 12 [8, 34, 44], we have studied the accessibility of
cysteines introduced into TMs 5, 7, and 11 to the methanethio-
sulfonate (MTS) reagent [2-sulfonatoethyl] MTS (MTSES).
Whereas cysteines introduced into TMs 5 and 7 do not appear
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accessible to internal MTSES, several residues in TM11 are
accessible to MTSES applied to the inside of the membrane, to
the outside, and in some cases to either side. While this pattern
of accessibility is similar to that described previously for TM6
[8, 42], comparison of the functional effects of mutations at
T338 in TM6 with those at the analogous position in TM11
(S1118) suggest that these two TMs make unequal contribu-
tions to the functional properties of the pore. We propose that
the CFTR pore is lined by TMs 1, 6, 11, and 12; however, these
TMs appear to have distinct roles in determining pore func-
tional properties.

Materials and methods

Experiments were carried out on baby hamster kidney cells
transiently transfected with CFTR. In this study, we have
used two different human CFTR variants as backgrounds for
further mutagenesis: wild type CFTR and “cys-less” CFTR
in which all cysteines have been removed by mutagenesis
[30] and that also includes a mutation in the first NBD
(V510A) to increase protein expression in the cell membrane
[20]. Additional mutations were introduced into these two
backgrounds using the QuikChange site-directed mutagene-
sis system (Agilent Technologies, Santa Clara, CA, USA)
and verified by DNA sequencing.

Investigation of different TMs by SCAM was guided by
current atomic homology models of CFTR’s MSD regions
(Fig. 1). Previous experiments investigating internal MTSES
access to TMs 1, 6, and 12 have allowed functional align-
ment of these TMs [8, 34, 44]. In particular, alignment of
these three TMs around a gate in the pore that regulates
access from the cytoplasm suggests that K95 (TM1), V345
(TM6), and S1141 (TM12) are located close together in the
pore inner vestibule [8, 34, 44]; this alignment is consistent
with current models of the MSDs (Fig. 1) and with disulfide
cross-linking experiments [44, 49]. In an attempt to identify
those parts of TMs 5, 7, and 11 that might also contribute to
this region of the pore, we aligned K95, V345, and S1141
with residues that are predicted by homology models to
occupy nearby positions in these other TMs (V317 in
TMS; V874 in TM7; F1111 in TM11; Fig. 1). Based on these
approximate alignments, we initially mutated 6-9 consecu-
tive residues in each of TMS (F315-L320), TM7 (F870-
L878), and TM11 (I1109-S1115) in a region spanning the
putative gate to cysteine in a cys-less CFTR background
(Fig. 1d). Based on positive results in TM11 and previous
results showing accessibility of the outer part of this TM to
extracellular MTS reagents [10], we subsequently extended
our cysteine mutagenesis efforts in TM11 to more extracel-
lular residues (Fig. 2¢). In some cases, cysteine mutants were
combined with the NBD2 mutation E1371Q, which we have
used previously to abolish ATP-dependent channel gating
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Fig. 1 Arrangement of putative pore-forming transmembrane helices in a
CFTR homology model, and location of regions selected for SCAM. a
Atomic homology model of CFTR. ICLs intracellular loops. b Detail of
the TMs, indicating the location of regions selected for SCAM (in red),
together with aligned regions of TMs 1, 6, and 12 (in blue). ¢ Detail of the
central pore regions selected for SCAM, approximately centered around
key pore-lining residues K95 (TM1), V345 (TM6), and S1141 (TM12)
and putatively aligned residues V317 (TM5), V874 (TM7), and F1111
(TM11). Based on this alignment, the extent of the regions initially

and so isolate effects of cysteine reactive substances on open
CFTR channels [41-43].

Macroscopic and single channel CFTR currents were
recorded using patch clamp recordings from inside—out mem-
brane patches excised from BHK cells, except for experiments
investigating modification by external MTSES described in
Figs. 3 and 4b, which were performed using whole-cell patch
clamp recording. For inside—out patch recording, following
patch excision and recording of background currents, CFTR
channels were activated by exposure to protein kinase A
catalytic subunit (PKA; 20 nM) plus MgATP (1 mM) in the
intracellular solution. Both intracellular (bath) and extracellu-
lar (pipette) solutions were based on one containing (mM):
150 NaCl, 2 MgCl,, 10N-trislhydroxymethyl]methyl-2-
aminoethanesulfonate, pH 7.4. For experiments investigating
the relative permeabilities of different anions (Figs. 7, 8), inter-
nal NaCl was replaced by NaSCN (Fig. 7), or external NaCl
was replaced by Na acetate (Fig. 8). Measurement of single
channel and macroscopic current amplitudes, and construction
of leak-subtracted macroscopic current—voltage relationships
were carried out as described previously [49]. The rate of
modification of introduced cysteine residues by intracellular

selected for SCAM is indicated in d. This alignment is centered around
those residues shown in ¢, which are boxed in black in d. Residues in TMs
1, 6, and 12 that have previously been shown, based on SCAM, to have
pore-lining side chains [8, 13, 34, 44], are highlighted in yellow. Those
residues in TMs 5, 7, and 11 selected for SCAM are boxed in red.
Illustrated CFTR models in a—¢ were based on coordinates provided by
Dalton et al. [7] and visualized using PyMol (Schrodinger, LLC, Portland,
OR, USA); other published models give approximately similar relative
alignment of the TMs

MTSES was quantified from the change in macroscopic current
amplitude as described in detail recently [41, 42]. Briefly,
CFTR current amplitudes were monitored during brief voltage
deflections (to +50 mV) from a holding potential of 0 mV
applied every 6 s. The measured time constant of exponential
current change (at =50 mV) following MTSES application, T,
was used to calculate the apparent second order reaction rate
constant, k, from the equation k= 1/([MTSES]1). In some cases,
the identity of CFTR currents in inside-out patches was con-
firmed by their sensitivity to the specific inhibitor CFTR;,,-172
S uM).

Whole cell currents were recorded as described in detail
recently [42, 43]. Bath (extracellular) solution contained
(mM): 145 NaCl, 15 Na glutamate, 4.5 KCI, 1 MgCl,, 2 CaCl,,
10 HEPES, 5 glucose, pH 7.4, and pipette (intracellular) solu-
tion contained (mM): 139 CsCl, 2 MgCl,, 5 EGTA, 10 HEPES,
5 mM glucose, 1 ATP, 0.1 mM GTP, pH 7.2. 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 “cocktail”
containing forskolin (10 uM), 3-isobutyl-1-methylxanthine
(100 uM), and 8-(4-chlorophenylthio) cyclic AMP (100 uM).

@ Springer



480

Pflugers Arch - Eur J Physiol (2014) 466:477-490

A Internal MTSES
11112C 400 T1115C 4 S1118C T1121C
I{pA) I (pA) 200 200
50 i I(pA) I (pA)
100 100
-(;0 -til] 2‘0 4‘0 60 -Elu[l 4‘0 20 4‘0 6‘0 60 -40 20 40 80 -éO -40 -2‘[) 2’{] 40 E:E
V (mV) V (mV) / V (mV) : V(mV)
+MTSES / -200 +MTSES 200 +MTSES 1 +MTSES 0
-200 trol -200
control -400 control 400 control control
B
1M1112C T1115C S1118C T1121C .
time (s) time (s) time (s) time (s)
0 120 240 360 480 600 (1] 120 240 360 [1] 120 240 360 1] 120 240 360
0 0 > : - 0 - - . 0 .
i PKAJATP q00 1™ PKA/ATP 2 PKA/ATP PKAATP m
100 . ,_\ -100 ﬂ
. 200 ." 100 o b -
- e i =
200 ﬂm .'. ;/‘. " p A= 00 \ inh,.,
. -300 o 150 A . % =
s 1 (pA) v & 1 (pA) e  af 300 . %
3001 & & 400 . it I (pA) * b
I (pA .: Y \ * *‘l..
(PA) "\ MTSES MTSES =  MTSES 400 MTSES
-400 -500 I -250
c ™11
80 4 -
g ™5 ™7
s r
3
s
£ 254 -
0+ L
OO VO OO OOOGTOYL OO VO O0OLV VL OO O
0w M~wWw oo (= ™ = W WO M~ DO N OO W0 O M~ —
PR S BB DB DR D CSEEEEEE s e &
L >>uw4d L.|.._l<t£><t<tm_1 ESEEEEELEES =

Fig. 2 Modification of cysteine-substituted CFTR mutants by internal
MTSES. a Example leak subtracted /-} relationships for different TM11
cysteine mutants as indicated. In each case, currents were recorded
following channel activation with PKA and ATP, before (control) and
after addition of 200 uM MTSES to the intracellular solution. b Time
courses of macroscopic current activation by PKA and ATP (gray bars)
and effect of MTSES (black bars) for these same four membrane patches,
monitored at =50 mV. Note that while MTSES caused rapid inhibition of
macroscopic current amplitude in T1115C and S1118C, inhibition of
11112C current was much slower (note different time scale for this
mutant). MTSES did not affect T1121C currents; however, these were

Whole cell currents were monitored continuously at a mem-
brane potential of +30 mV. In some cases, the identity of CFTR
whole cell currents was confirmed by their sensitivity to the
extracellular-active CFTR inhibitor GlyH-101 (50 uM).
Because the properties of T338A-CFTR channels have
been investigated in detail previously, simplified protocols
were used to facilitate comparison of the effects of the
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inhibited by CFTR;,-172 (5 uM; hatched bar). Lack of effect of internal
MTSES on cys-less CFTR under identical conditions was shown in our
recent publications [8, 34, 44]. ¢ Mean effect of internal MTSES on
cysteine mutants in TMs 5, 7, and 11. Black bars represent a significant
difference from cys-less (P<0.05); gray bars no significant difference.
Mean of data from three to six patches. Note that TM11 mutants [1119C
and L1120C were not tested since they have previously been shown to be
unaffected by extracellular MTS reagents and were therefore described as
being non-pore lining [10]. TM7 mutant E873C expression did not yield
functional CFTR channel currents in BHK cell patches

T338A mutation with those of other mutations (Figs. 5, 6,
7, and 8). Single channel recording was used to measure
unitary ClI” conductance under high [C] ] conditions (Fig. 5).
Block of macroscopic currents by intracellular Au(CN),
ions was used as a measure of permeant ion binding and
blocker permeation (Fig. 6), as described in detail previously
[11, 15]. Apparent blocker dissociation constant, Ky, was
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Fig. 3 Modification of cysteine-substituted CFTR-TM11 mutants by
external MTSES. a Example whole cell currents recorded continuously
at +30 mV for the same four TM11 mutants shown in Fig. 2a. CFTR
currents were activated by application of cAMP stimulatory cocktail
(indicated as cAMP, gray bars) and subsequently treated with external
MTSES (200 uM, black bars) followed by the specific CFTR inhibitor

approximated from:

= [au(en), ] /([1/(1/100)] 1)

where [/ is the current amplitude measured following the
addition of Au(CN), and [ is the control, unblocked current
amplitude.

T338A, as well as other substitutions at this position,
cause complex changes in the relative permeability of differ-
ent anions in CFTR [26]; however, the major changes ob-
served in T338A can be summarized as (a) an increase in the
relative permeability of lyotropic anions such as SCN,
NO; , Br, I, and ClO,4, and (b) an increase in the relative
permeability of extracellular organic (kosmotropic)
monvalent anions including formate, acetate, propanoate,
and pyruvate [26]. These effects probably reflect the roles
of ion dehydration and steric factors, respectively, in deter-
mining the permeability of different anions in the CFTR
channel [23, 26]. To investigate and exemplify these differ-
ent effects in a simple fashion, we have studied the relative
permeability of intracellular SCN™ (Fig. 7) [14, 26] and
extracellular acetate (Fig. 8; due to the different observed
permeability of organic anions when present in the intracel-
lular or extracellular solution [23, 26]). For experiments
involving both SCN™ and acetate-containing solutions, the
macroscopic current reversal potential (Vgrgy) was estimated
by fitting a polynomial function to the leak-subtracted

GlyH-101 (50 uM, hatched bars). Lack of effect of external MTSES on
cys-less CFTR under identical conditions was shown recently [42]. b
Mean effect of external MTSES on these TM11 cysteine mutants. Black
bars represent a significant difference from cys-less (P<0.05); gray
bars (11112C only) no significant difference. Mean of data from three to
six patches

current—voltage relationship and used to calculate the rela-
tive permeability of these anions relative to that of Cl”
(Pscn/Pey of Pycetate/ Por) according to:

Vrev = (RT / F)In| (PscnSCN],, + PailCT],,) / (PalCl],,,)]

where [SCN];,=150 and

[CT ],u =154 mM or:

mM, [CI],=4 mM,

Vv = (RT / F) In [(PCl[cr]m) / (Pceue acetate],,, + PCl[cr]Wt)}

where [Cl ];,=154 mM, and
[Cl ], =4 mM.

Experiments were carried out at room temperature, 21—
24 °C. Values are presented as mean+SEM. Tests of signif-
icance were carried out using Student’s two-tailed ¢ test. All
chemicals were from Sigma-Aldrich (Oakville, ON, Canada)
except for GlyH-101 (EMD Chemicals, Gibbstown, NJ,
USA), MTSES (Toronto Research Chemicals, North York,

ON, Canada), and PKA (Promega, Madison, WI, USA).

[acetate],,,=150 mM,
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Fig. 4 Effect of the E1371Q mutation on modification by internal and
external MTSES. a Example time courses of macroscopic currents (mea-
sured at =50 mV during voltage ramps) carried by different channel
variants in inside-out membrane patches. In each panel, 200 utM MTSES
was applied to the cytoplasmic face of the patch at time zero (black bars).
The decline in current amplitude following MTSES application has been
fitted by a single exponential function. b Example whole cell currents
recorded continuously at +30 mV for constitutively active T1115C/
E1371Q and S1118C/E1371Q channels. In contrast to currents carried
by T1115C and S1118C channels (see Fig. 3), these whole cell currents
were not significantly affected by addition of 200 uM MTSES to the

Results

Accessibility of cysteine side chains introduced into TMs 5,
7,and 11

We hypothesized that the central portion of the CFTR pore
might be lined by TMs 1, 5, 6, 7, 11, and 12 (Fig. 1).

@ Springer

extracellular solution (black bars), even though these currents were
positively identified as being carried by CFTR by sensitivity to GlyH-
101 (50 uM, hatched bars). ¢ Average modification rate constants (k) for
MTSES, calculated from fits to data such as those shown in a as described
in the “Materials and methods” section. d Average extent of MTSES
inhibition of whole cell current amplitude following 2 min MTSES
application, calculated from data such as shown in b and Fig. 3. In both
cand d, black bars represent the named mutants in a cys-less background,
and white bars in a cys-less/E1371Q background, and asterisks indicate a
significant difference between these two backgrounds (P<0.05). Mean of
data from three to six patches

Previously, we used internal application of MTSES to identify
pore-lining cysteine side chains introduced into TM1 [44],
TM6 [8], and TM12 [34] of cys-less CFTR. In the present
work, we have extended this approach to parts of TMs 5, 7,
and 11, selected by alignment with key residues in TMs 1, 6,
and 12 (Fig. 1). Figure 2a shows the effect of internal MTSES
on currents carried by some TM11 mutant channels in inside—
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Fig. 5 Single channel currents carried by TM11 mutant channels. a
Example single channel currents carried by the named channel variants
at a membrane potential of =50 mV. The horizontal line to the left of the
traces indicates the channel closed state current level. b, ¢ Mean single

out membrane patches during voltage ramps, and Fig. 2b
shows the timecourse of current change monitored at
=50 mV in these same membrane patches. Application of
MTSES (200 uM) following channel activation with PKA
and ATP caused a decrease in macroscopic current amplitude
in [1112C, T1115C and S1118C, but not in T1121C (Fig. 2a,
b) or in I1109C, FI110C, F1111C, A1113C, VI1114C,
F1116C, or I1117C (Fig. 2c). In contrast to these results
indicating modification of cysteine side chains introduced into
TMI1 by internal MTSES, we found no evidence for modifi-
cation of cysteine side chains introduced into TM5 or TM7.
Thus, although ATP- and PKA-dependent, CFTR;,;,-172-sen-
sitive macroscopic currents were observed for several cysteine
mutants in TM5 and TM7, in no case were these currents
significantly affected by internal application of 200 uM
MTSES (Fig. 2c). We did not observe any CFTR current in
inside-out patches associated with E873C (TM7). These pre-
liminary experiments therefore do not support an important
role for either TMS or TM7 in forming the inner vestibule or
central portion of the CFTR pore.

Previously it was shown that S1118C, T1121C, and
T1122C—but not F1116C, I1117C, 11119C, or L1120C—are
accessible to externally applied MTS reagents [10]. Figure 3
confirms that application of external MTSES (200 pM) fol-
lowing channel activation with cAMP-stimulatory cocktail

channel /-V relationships for these channel variants. d Mean single
channel conductance measured from the slope of individual /-V rela-
tionships. Asterisks indicate a significant difference from wild type
(P<0.05). Mean of data from 6 to 12 patches in b—d

caused a decrease in whole cell current amplitude in T1115C,
S1118C, and T1121C, but not in 11112C. Together, these
results (Figs. 2b, 3b) suggest that S1118C represents the out-
ermost extent of internal MTSES penetration into the pore, and
T1115 the innermost extent of external MTSES penetration.
Interestingly, the central portion of TM11 including the pore-
accessible side chains of T1115 and S1118, is accessible to
MTSES reagents applied to either side of the membrane. This
dual accessibility is common with some residues in TM6 [8]
but contrasts with TMs 1 and 12, in which no side chains were
found to be accessible to both internal and external MTS
reagents [34, 44].

State-dependent accessibility of T1115C and S1118C
in TM11

Modification of T1115C and S1118C by both internal and
external MTSES is reminiscent of the accessibility pattern
observed for TM6 cysteine mutant T338C [42]. This similar-
ity is perhaps not surprising since a disulfide bond can be
formed between the two cysteine side chains of T338C and
S1118C in open channels [43], indicating close physical prox-
imity of these pore-exposed side chains. Previously we sug-
gested that the ability of T338C to be modified by MTSES
from both sides of the membrane was due to this residue
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showing alternate access during channel gating, being
accessible from the outside in closed channels and from
the inside in open channels [42]. This suggestion was
based in large part on the effects of the E1371Q muta-
tion, which results in constitutively open CFTR channels,
on side-dependent modification. As shown in Fig. 4a, c, the
E1371Q mutation significantly accelerated the rate of mod-
ification of both T1115C and S1118C by intracellular
MTSES, suggesting that these cysteines are more readily
modified from the inside in open channels. In contrast,
these channels bearing the E1371Q mutation were almost
completely insensitive to external MTSES (Fig. 4b),
suggesting that these cysteines are much more difficult to
modify from the outside in open channels (Fig. 4d). These
results suggest that, much like T338 in TM6 [42], TM11
residues T1115 and S1118 move from a relatively externally

accessible location in closed channels to a relatively internally
accessible location in open channels.

Comparison of the roles of T338 and S1118 in determining
the functional properties of the CFTR pore

The cysteine accessibility results described above suggest
that TM11 residues T1115 and S1118 occupy a similar
location within the pore as that of TM6 residue T338. This
suggestion is consistent with data that S1118C can form a
disulfide bond with T338C in open channels [43]. T338 is
thought to be located close to the narrowest part of the CFTR
open channel pore, since mutations at this site have a variety
of effects on channel permeation properties that are correlat-
ed with the side chain volume of the introduced amino acid
(see the “Introduction” section). We therefore carried out a
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Fig. 6 Block of macroscopic currents by internal Au(CN), ions. a
Example leak-subtracted /-V relationships for different CFTR variants
in inside—out patches. In each case currents were recorded before
(control) and after addition of 100 uM Au (CN), to the intracellular
solution. b, ¢ Mean fractional current remaining following addition of
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this concentration of Au(CN), as a function of voltage. d Mean K (at
—80 mV), calculated from data such as that shown in b and ¢ as
described in the “Materials and methods” section. Asterisks indicate a
significant difference from wild type (P<0.02). Mean of data from 3 to
8 patches in b—d
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Fig. 7 Thiocyanate permeability of mutants. a Example leak-
subtracted /-V relationships (from two different patches) recorded with
CI -containing extracellular solutions and SCN -containing intracellu-
lar solutions. The depolarizing (rightward) shift in the current reversal
potential indicates an increased Pgcn/Pcy in the T338A/S1118A double
mutant. b Mean Pgcn/Pcy values calculated from reversal potential
measurements under these conditions as described in the “Materials
and methods” section. Mean of data from three to six patches. Asterisks
indicate a significant difference from wild type (P<0.01), while hashtag
indicates a significant difference from the T338A mutant (P<0.0002)

series of experiments designed to investigate if S1118 might
play a similar functional role within the pore as that proposed
for T338. In addition, possible additive effects of reducing
the side chain volumes of these two nearby residues was
investigated using a T338A/S1118A double mutant. These
experiments, carried out in a wild-type CFTR background,
were designed to provide a simple test of the relative effects
of mutations on (a) single channel conductance (Fig. 5), (b)
open channel block by permeant anions (Fig. 6), (c) lyotropic
anion selectivity (Fig. 7), and (d) permeation of large organic
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Fig. 8 Acetate permeability of mutants. a Example leak-subtracted -V
relationships (from two different patches) recorded with CI -containing
intracellular solutions and acetate-containing extracellular solutions.
The hypolarizing (lefiward) shift in the current reversal potential in-
dicates an increased Pjeerare/ Py in the T338A/S1118A double mutant. b
Mean P,eerae/ P values calculated from reversal potential measure-
ments under these conditions as described in the “Materials and
methods” section. Mean of data from three to five patches. Asterisks
indicate a significant difference from wild type, while hashtag indicates
a significant difference from the T338A mutant (P<0.01)

anions (Fig. 8) - channel functional properties that have
previously been shown to be sensitive to mutation of T338
(see the “Introduction” section).

Previously it was shown that the S1118C mutation re-
duced single channel conductance at depolarized membrane
potentials [10]. In contrast, SI118A had no effect on con-
ductance, while S1118Q and S1118V were associated with
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Fig.9 Model of TM contributions to the pore in open and closed CFTR p

channels. a Proposed locations of pore-lining side chains in TM 11 (/ef?)
and TM6 (right). TM11 residues that were modified by MTSES applied
to either side of the membrane (T1115, S1118) are shown in red. Based
on evidence from Figs. 2 and 3, and previous work using external MTS
reagents [10], residues that were modified only by internal MTSES are
shown in blue and those modified only by external MTS reagents in
green, while residues for which no evidence for modification has been
obtained are in black. This pattern of MTS sensitivity is compared to
previously published work from TM6 [8]; similar alignments with TMs
1 and 12 have also previously been presented [34]. b Position of pore-
lining TMs in the atomic homology model of Fig. 1. Different TMs are
visualized from the extracellular side of the membrane. Putative pore-
lining TMs 1, 6, 11, and 12 are shown in red, with non-pore-lining TMs
5 and 7 in blue. ¢ Proposed changes in orientation of TM11 residues
T1115 and S1118 during channel gating. As proposed previously for
TMG6 residue T338 [42], the channel is shown as being in an “outward
facing” configuration when closed (with T1115 and S1118 accessible
from the outside), and switching to an “inward facing” configuration on
opening (with T1115 and S1118 accessible from the inside)

very small (<5 %) reductions in conductance (Fig. 5). Con-
ductance was also unaltered in T1115A. In each case, the
single channel /-V relationship remained linear (e.g., Fig. 5-
b), in contrast to the strongly inwardly rectified /-V relation-
ship previously observed for S1118C [10]. These very minor
effects on conductance are in contrast with the large (>25 %)
increase seen in T338A (Fig. 5), as reported previously [26].
The double mutant T338A/S1118A had a similarly elevated
conductance that was not significantly different from that of
T338A alone (P>0.75; Fig. 5).

Altered movement of permeant ions in the pore of T338A-
CFTR is also reflected by changes in the voltage-dependent
block of CI currents by low concentrations of permeant
Au(CN), ions[11, 14, 15]. As shown in Fig. 6, channel block
by intracellular Au(CN),  ions is altered in two distinct ways
by the T338A mutation: (a) block is significantly weakened
and (b) the /-V relationship in the presence of Au(CN),
shows an unusual “N”-shape (Fig. 6a), resulting in a “U”-
shaped fractional current—voltage relationship (Fig. 6¢) that
indicates strongest block close to 0 mV membrane potential
that is weakened at both more hyperpolarized and more
depolarized voltages. This unusual shape is thought to reflect
increased unblock by blocker permeation at hyperpolarized
voltages, which may reflect a reduced barrier to Au(CN),
movement inside the pore in T338A [11]. Block by intracel-
lular Au(CN), was also significantly weakened in S1118A,
S1118T, and T1115A compared to wild type, especially at
hyperpolarized membrane potentials (Fig. 6); however, no
apparent “U”-shape to the fractional current—voltage relation-
ship was observed (Fig. 6b). Interestingly, block of the
T338A/S1118A double mutant was slightly weaker than for
T338A alone (Fig. 6¢c, d), suggesting that these two mutations
might have additive effects on Au(CN), binding in the pore.
As observed at the single channel level (Fig. 5), the macro-
scopic /-V relationships for all mutants remained linear (e.g.,
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Fig. 6a), in contrast to the strongly inwardly rectifying rela-
tionship previously observed for S1118C [10].

Changes in lyotropic anion selectivity were determined
by estimating SCN permeability from macroscopic current
reversal potential measurements with SCN ™ -containing bath
solutions [10, 14] (Fig. 7). Under these conditions, SCN™
permeability was slightly but significantly increased in both
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S1118A and T1115A, although this increase was much less
than that observed in T338A (Fig. 7b). Interestingly, SCN™
permeability was further increased in the T338A/S1118A
double mutant (Fig. 7). Changes in the permeability of
organic anions, the permeability of which are limited by
steric factors at the narrowest part of the pore [25], were
determined from macroscopic current reversal potential mea-
surements with acetate-containing pipette solutions [26]
(Fig. 8). Acetate permeability was slightly increased in
SI1118A and T1115A, but not significantly changed in
S1118Q or S1118V (Fig. 8b). Again, the increase in acetate
permeability seen in T338A was significantly augmented in
the T338A/S1118A mutation (Fig. 8), suggesting an additive
effect of these two mutations on organic anion permeability.

Discussion

Our present results, combined with those presented earlier
concerning MTS accessibility from the extracellular side of
the membrane [10], suggest that TM11 lines the CFTR pore
and can be divided into regions that are accessible to large
MTS reagents from the cytoplasmic side of the membrane
only, from the extracellular side only, or from either side of the
membrane. The pattern of accessibility for TM11 is summa-
rized and compared to the pattern observed in TM6 [8] in
Fig. 9a; we have also previously presented similar schemes for
TMI1 [44] and TM 12 [34]. The proposed relative alignment of
TMs 6 and 11 presented in Fig. 9a is consistent not only with
the pattern of MTSES accessibility from different sides of the
membrane, but also with previous data showing that disulfide
bonds can form between T338C and S1118C, and between
R334C and T1122C, in open channels [43].

Substituted cysteine accessibility mutagenesis experi-
ments therefore suggest that the CFTR pore is lined by
TMs 1, 6, 11, and 12, and that residues in each of these
TMs are accessible either to the extracellular or the intracel-
lular solution ([2—4, 8, 10, 13, 33, 34, 44] and present re-
sults); this SCAM data is consistent with structure—function
analyses that suggest that these TMs make the most impor-
tant functional contributions to the pore [18, 21, 28]. In
contrast, our present results using similar techniques provide
no evidence for accessibility of side chains in TMs 5 or 7 to
intracellular MTSES (Fig. 2), suggesting that these TMs may
not line the pore, at least over the (approximately central)
parts of these TMs investigated (Fig. 1). It is possible that
other TMs may contribute to the lining of the pore, for
example TMs 3 and/or 9 [1, 33], and also that the relative
contribution of different TMs may change at different loca-
tions along the axis of the pore [33, 44]. For example,
R303 at the cytoplasmic end of TMS5 has been shown to
contribute to the inner mouth of the pore [39, 40]. Other
kinds of ion channels with multi-subunit structures in which

different subunits make quite symmetrical contributions to
the channel pore typically have pores that are lined by
between four and six TM regions [16]. The CFTR channel
is formed by a single subunit but is still thought to have a
two-fold symmetrical structure due to its two homologous
groups of six TMs; in fact, the TMs are thought to be
arranged in two symmetrical wings, one made up of TMs
1,2,9,10, 11, 12, and the other TMs 3, 4, 5, 6, 7, 8 (see the
“Introduction” section). Taking the idea that the CFTR pore
is lined by TMs 1, 6, 11, and 12 at face value would suggest
that the pore is in fact not symmetrical—whereas “mirror-
image” TMs 6 and 12 both contribute to the pore (albeit
asymmetrically—see [34]) the contributions of TMs 1 and
11 are apparently not matched by their “mirror-image” TMs
7 and 5 (Fig. 9b). Furthermore, of the four apparent pore-
lining TMs, three are in one “wing” (TMs 1, 11, and 12) with
only TM6 coming from the other, structurally supposedly
symmetrical wing (Fig. 9b). This apparent asymmetry in the
CFTR pore should be taken into account when modeling the
structure of CFTR on other, clearly symmetrical ABC
proteins.

Two side chains in TM11-T1115 and S1118 - are acces-
sible to large MTSES reagents applied either to the extracel-
lular or the intracellular side of the membrane (Figs. 2, 3, and
9). This is in common with F337, T338, and S341 in TM6 [8]
(Fig. 9a) but in contrast to TMs 1 and 12, where no residues
were found to show accessibility to both sides of the mem-
brane [34, 44]. Furthermore, using the same approach used
previously to study side-dependent modification of T338C
[42], we found that T1115C and S1118C were more readily
modified from the extracellular solution in closed channels,
but more readily modified from the intracellular solution in
open channels (Fig. 4). This pattern, which is common to that
previously observed for T338C [42], is consistent with these
residues showing alternating access to the extracellular and
intracellular sides of the membrane during channel opening
and closing (Fig. 9c¢). In this scheme, channel opening and
closing is controlled by a cytoplasmic gate [41], with the
outer part of the pore (close to T338, T1115, and S1118)
paradoxically narrowing when the channel opens [43]. This
scheme puts T338 and S1118 close to the narrowest part of
the open channel pore (Fig. 9¢c), and is consistent with the
finding that cysteines introduced at these two positions can
form disulfide bonds only in the channel open state [43],
since these two residues are proposed to move closer togeth-
er when the channel opens and to move further apart when
the channel closes (Fig. 9c). The similar apparent changes in
accessibility of residues in TMs 6 and 11 during channel
gating (Fig. 9c), in contrast to the finding that residues in
TMs 1 and 12 do not show such dramatic changes in acces-
sibility relative to the membrane [34, 44], suggests that TMs
6 and 11 may show similar movements during channel
opening and closing.
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Longstanding functional evidence also suggests that T338
is located close to the narrowest part of the open channel pore
(see the “Introduction” section). The idea that the side chains
of T338 and S1118 are situated close together in open chan-
nels (Fig. 9c) therefore suggests that S1118 may also con-
tribute to the functional properties of the narrow pore region,
and further that co-mutagenesis of T338 and S1118 may
have the potential to lead to larger changes in the functional
diameter of the narrow pore lumen. However, mutagenesis
of S1118 to residues with smaller (alanine) or larger (gluta-
mine, valine) residues had surprisingly small effects on
channel functional properties, in particular compared to
those of mutagenesis of T338A. The effects of the S1118A
mutation on permeant anion (Au(CN), ) binding (Fig. 6),
permeability of the lyotropic SCN™ anion (Fig. 7), and per-
meability of the organic acetate anion (Fig. 8) were qualita-
tively similar to, but generally smaller than, those of T338A,
and in fact similar effects were seen in T1115A. Neither
S1118A nor T1115A significantly altered single channel
conductance, although introduction of larger amino acid side
chains in S1118Q and S1118V led to very small decreases in
conductance (Fig. 5). Previously, it was shown that substitu-
tion of S1118 with a much larger phenylalanine residue
(S1118F) caused a larger (~35 %) decrease in single channel
conductance [46]. Mutagenesis of T338 to residues with a
larger side chain volume (asparagine, isoleucine, valine)
leads to a dramatic (>90 %) decrease in conductance [26].
Reduction of side chain volume in S1118A and T1115A, like
T338A, led to an increase in the relative permeability of the
small organic anion acetate, consistent with an increase in the
apparent diameter of the narrowest region of the pore [25,
26]; however, introduction of side chains with larger volume
(S1118Q, S1118V) did not lead to a decrease in acetate
permeability (Fig. 8). Together these results suggest only
very minor functional roles for S1118 and T1115 that are
difficult to correlate with changes in side chain volume.
Simultaneous mutagenesis of T338 and S1118 to small ala-
nine residues also had only small additional effects com-
pared to the T338A mutation alone (Figs. 5, 6, 7, and 8).
Most striking here were a significantly increased permeabil-
ity of the T338A/S1118A double mutant both to SCN
(Fig. 7) and to acetate (Fig. 8). Permeability of small
lyotropic anions like SCN  might be influenced by interac-
tions throughout the pore [18, 38] or might be determined
predominantly at a localized “selectivity filter” [18, 24] and
so the apparently additive effects of the T338A and S1118A
mutations is difficult to interpret in terms of the relative roles
or locations of these two residues. Permeability of large
anions such as acetate is thought to be determined predom-
inantly by steric factors at the narrowest part of the pore [25],
and so the increase in acetate permeability in T338A/S1118A
compared to either mutation alone might be considered ev-
idence that these two mutations impact the dimensions of a
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common, narrow region of the pore. One possible reason
contributing to the minor functional effects observed in these
experiments is that S1118A (and T1115A) might be consid-
ered relatively conservative mutations leading to only small
changes in amino acid side chain volume. Nevertheless,
T338A (which results in a similarly small reduction in side
chain volume) is associated with much greater changes in
pore properties. Previously, the S1118C mutation was shown
to decrease conductance at positive voltages, leading to
inward rectification of both the single channel and macro-
scopic current—voltage relationships [10], and although this
would be considered a very conservative mutation (one
oxygen atom replaced by sulfur) this effect was not
reproduced in S1118A, S1118Q or S1118 (Fig. 5). Given
that the effects of the S1118C mutation on single channel
conductance and rectification were exacerbated by modifi-
cation by external MTSES, and mostly reversed by modifi-
cation with positively charged MTSET [10], these effects
might reflect partial negative charge of the introduced cyste-
ine side chain rather than a change in side chain volume.

Conclusions

Overall TM11 and TM6 appear to make broadly similar
contributions to the lining of the CFTR pore (Fig. 9a) and
to undergo similar conformational rearrangements during
channel opening and closing (Fig. 9¢). However, these two
TMs appear to make different functional contributions to the
narrow region of the pore, as evidenced by the relatively
minor functional effects of mutation of S1118 compared to
T338. While these data are consistent with longstanding
evidence that TM6 plays a dominant role in determining
the functional properties of the pore [18, 21, 28], it remains
unclear why one TM apparently dominates the functional
properties of a three-dimensional structure such as the nar-
row pore region. Furthermore, comparison of different TMs
using a common SCAM approach suggests an asymmetric
overall pore structure, casting some questions over the
supposed symmetric structural arrangement of the TMs
(Fig. 9b).
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