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Background: It is expected that the transport pathway of CFTR should alternate between internally and externally acces-
sible conformations.
Results: Access to the channel from both sides of the membrane is regulated by opening and closing.
Conclusion: The open state is outwardly facing, the closed state inwardly facing.
Significance: These findings prompt reevaluation of prevailing models of CFTR conformational changes.

The cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel is a member of the ATP-binding cas-
sette (ABC) protein family, mostmembers of which act as active
transporters. Actively transportingABCproteins are thought to
alternate between “outwardly facing” and “inwardly facing”
conformations of the transmembrane substrate pathway. In
CFTR, it is assumed that theoutwardly facing conformation cor-
responds to the channel open state, based on homology with
other ABC proteins. We have used patch clamp recording to
quantify the rate of access of cysteine-reactive probes to cys-
teines introduced into two different transmembrane regions of
CFTR from both the intracellular and extracellular solutions.
Two probes, the large [2-sulfonatoethyl]methanethiosulfonate
(MTSES)molecule andpermeantAu(CN)2� ions,were applied to
either side of the membrane to modify cysteines substituted for
Leu-102 (first transmembrane region) andThr-338 (sixth trans-
membrane region). Channel opening and closing were altered
by mutations in the nucleotide binding domains of the channel.
We find that, for bothMTSES andAu(CN)2�, access to these two
cysteines from the cytoplasmic side is faster in open channels,
whereas access to these same sites from the extracellular side is
faster in closed channels. These results are consistent with alter-
nating access to the transmembrane regions, however with the
open state facing inwardly and the closed state facing outwardly.
Our findings thereforeprompt revisionof currentCFTRstructural
andmechanisticmodels, aswell as havingbroader implications for
transportmechanisms inallABCproteins.Our results also suggest
possible locationsofboth functionalanddysfunctional (“vestigial”)
gates within the CFTR permeation pathway.

ATP-binding cassette (ABC)3 transporters form a large
group of membrane proteins that couple ATP hydrolysis to the

movement of a diverse range of substrates across the cell mem-
brane. ABC transporters share a common minimal architec-
ture, with two cytoplasmic nucleotide binding domains (NBDs)
that hydrolyze ATP and two transmembrane domains (TMDs)
that come together to form the substrate translocation path-
way. As is conventional in active transporter models (1), it is
assumed that ABC proteins function by an “alternating access”
mechanism in which the transmembrane transport pathway
transitions between “inward facing” and “outward facing” con-
formations, alternately exposing the transported substrate to
the intracellular and extracellular solution respectively (2–4).
Indeed, the structures of various prokaryotic ABC proteins
revealed by x-ray crystallography have identified both inward
facing (closed to the extracellular side) and outward facing
(closed to the intracellular side) orientations of the TMDs
(2–4). Generally speaking, the ATP-bound state of ABC pro-
teins is thought to be the outward facing and the nucleotide-
free state inward facing, suggesting that ATP binding drives the
conformational switch in TMDorientation, although this spec-
ulation is subject to concerns relating to dynamic protein flex-
ibility, substrate dependence, structural and possibly functional
diversity between different transporters, and incomplete
understanding of transport mechanisms (2–4).
The alternating accessmodel can also be formulated in terms

of “gates” in the transport pathway that can be either permissive
(open) or prohibitive (closed) to substrate translocation (5). To
achieve active transport, a transporter protein must have at
least two gates in the transport pathway that are never both
open simultaneously. Instead, the gates open and close alter-
nately, so that one state (inner gate open, outer gate closed)
corresponds to the “inward facing” conformation, and the other
(inner gate closed, outer gate open) corresponds to “outward
facing.” Such a gating formulism emphasizes local, rather than
global, structural rearrangements in the transport pathway.
However, the location of such gates has not been identified in
ABC proteins.
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The black sheep of the ABC protein family is the cystic fibro-
sis transmembrane conductance regulator (CFTR; ABCC7),
the protein that ismutated in cystic fibrosis (6). AlthoughCFTR
shares the general architecture of other ABC proteins, it func-
tions not as an active transporter but as an ion channel, inwhich
ATP binding and hydrolysis at the NBDs lead to the opening of
an ion channel pore formed by the TMDs that mediates the
rapid electrodiffusional transport of Cl� and other small anions
(6, 7). Ion channels are thought to differ from active transport-
ers in that they have only a single functional gate in the trans-
port pathway, allowing the channel to switch rapidly between
“open” (conductive) and “closed” (nonconductive) conforma-
tions (5). This has led to the suggestion that CFTR is a “broken
pump” that evolved froman actively transportingABCancestor
due to dysfunction of one of its gates (5, 8).
The structure of the TMDs in CFTR has been observed

directly only at low resolution (9–11). The structure of the
entire CFTRprotein has beenmodeled at the atomic level using
bacterial ABC proteins as templates (12–15), although these
proteins show the lowest sequence identity to CFTR (10–15%)
in the TMDs and presumably also show low functional similar-
ity as they are active transporters and not ion channels. CFTR
has beenmodeled in the outward facing conformationusing the
bacterial ABC protein Sav1866, a multidrug efflux transporter,
as a template (12–14), and in the inward facing conformation
using another bacterial ABC protein template, the putative
lipid translocase MsbA (15). Based on the nucleotide binding
status of the bacterial templates, it was suggested that the out-
ward facing model of CFTR represents the channel open state,
and the inward facingmodel the closed state (15). Despite a lack
of functional evidence and some major inconsistencies with
longstanding functional data (see “Discussion”), the idea that
CFTR TMDs are outward facing when the channel is open and
inward facing when it is closed has been incorporated into
recent work on CFTR channel gating (16) and reiterated in
reviews of CFTR channel function (5, 8). This model has also
led to the suggestion that it is the inner (cytoplasmic) gate of
CFTR that has been lost functionally (5, 8).
Previously we identified three sites in the sixth transmem-

brane �-helix (TM6) at which introduced cysteine residues
could be modified by cysteine-reactive methanethiosulfonate
(MTS) reagents applied to either the intracellular or extracel-
lular sides of themembrane, even though these reagents are not
permeant in CFTR (17). We suggested that conformational
changes in the pore might allow these sites (Phe-337, Thr-338,
Ser-341) to be alternately accessible to different sides of the
membrane (17). Interestingly, cysteines substituted into
another pore-lining TM, TM1, did not show access to both
sides of the membrane, with the outermost site in this TM that
could bemodified by intracellularMTS reagents (L102C) being
insensitive to extracellular MTS reagents (18). In the present
work, we have compared changes in the accessibility of T338C
in TM6 with L102C in TM1 to both intracellular and extracel-
lular cysteine-reactive reagents, both large, impermeant [2-sul-
fonatoethyl] MTS (MTSES) and smaller, permeant Au(CN)2�
ions, under conditions in which ATP-dependent channel gat-
ing is altered. Our results suggest that sites within the CFTR
pore show alternate access to the two sides of the membrane in

open and closed channels that is unexpected from current
structural models of the pore.

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. 19), and which includes a
mutation in the first NBD (V510A) to increase protein expres-
sion in the cell membrane (20). This Cys-less variant, which we
have used in previous studies of substituted cysteine accessibil-
ity inside the pore (17, 18, 21, 22), has channel pore properties
very similar to those of wild-type CFTR (23). Additional muta-
tions were introduced into the Cys-less background using the
QuikChange site-directed mutagenesis system (Agilent Tech-
nologies, Santa Clara, CA) and verified by DNA sequencing.
Two reporter cysteines in the pore were studied: T338C in
TM6, which is modified by both intracellular and extracellular
MTS reagents (17), and L102C in TM1, which is modified by
intracellular, but not extracellularMTS reagents (18). Based on
their locations and relative sensitivities to intracellular and
extracellular MTS reagents, we hypothesized that these two
residues might be located closest to the “boundary” between
externally and internally accessible regions of the pore within
these two important TMs, and as such the most sensitive
reporters of changes in pore orientation during channel gating.
These two reporter cysteine substitutions were combined with
mutations in theNBDs that affect ATP-dependent channel gat-
ing: K464A (NBD1) and E1371Q (NBD2). As discussed in detail
in our recent study (22), these NBD mutations are expected
either to decrease (K464A) or increase (E1371Q) overall CFTR
channel activity via well characterized effects on ATP-depen-
dent channel gating.
Modification of individual cysteine residues introduced into

Cys-less CFTR by cysteine-reactive reagents was monitored as
a change in macroscopic current amplitude carried by CFTR
channels using patch clamp recording. To allow the rate of
modification on application of cysteine-reactive reagents to
either the intracellular or extracellular face of themembrane to
be compared, modification by intracellular reagents was stud-
ied using excised, inside-outmembrane patches, whereasmod-
ification by extracellular reagents was studied in intact cells
using whole cell current recording. Inside-out patch experi-
ments were carried out exactly as described in our recent study
(22). Following patch excision and recording of background
currents (where appropriate), CFTR channelswere activated by
exposure to protein kinase A (PKA) catalytic subunit (20 nM)
plusMgATP (1mM) in the cytoplasmic solution. In some exper-
iments, channels bearing the NBD2 mutation E1371Q were
used. This mutation results in constitutive, high levels of activ-
ity when expressed in baby hamster kidney cells (24). Both
intracellular (bath) and extracellular (pipette) solutions con-
tained 150mMNaCl, 2 mMMgCl2, 10 mM TES, pH 7.4. Follow-
ing channel activation, CFTR macroscopic current amplitude
was monitored during brief voltage deflections (to �50 mV)
from a holding potential of 0 mV applied every 6 s (see supple-
mental Fig. S1).
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Conventional whole cell patch clamp recordings were made
by rupturing the membrane patch following seal formation.
Bath (extracellular) solution contained 145 mM NaCl, 15 mM

sodium glutamate, 4.5 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 10
mM HEPES, 5 mM glucose, pH 7.4, and pipette (intracellular)
solution contained 139mMCsCl, 2 mMMgCl2, 5 mM EGTA, 10
mM HEPES, 5 mM glucose, 1 mM ATP, 0.1 mM GTP, pH 7.2.
Patch pipettes had a resistance of 4–8 megohms when filled
with these solutions. Overall calculated Cl� concentrations
were 155.5 mM intracellular and 143 mM extracellular. Whole
cell currents were monitored continuously at a membrane
potential of �30 mV. Following attainment of the whole cell
configuration and recording of stable base-line currents, CFTR
channels were activated by extracellular application of a cyclic
AMP stimulatory mixture containing 10 �M forskolin, 100 �M

3-isobutyl-1-methylxanthine, and 100 �M 8-(4-chlorophenyl-
thio) cyclic AMP. At the end of the experiment, remaining cur-
rents were confirmed as being carried by CFTR by their sensi-
tivity to the specific CFTR inhibitor GlyH-101. As described
above, channels bearing the E1371Q mutation were constitu-
tively active, and whole cell currents carried by such channels
were not further increased in amplitude by application of
cAMP mixture, although they were sensitive to GlyH-101 (see
supplemental Fig. S2).
The rate of modification of introduced cysteine residues by

two cysteine-reactive reagents, MTSES and Au(CN)2�, was
quantified as described recently (22). For both intracellular and
extracellular application, the time-dependent change in cur-
rent amplitude following addition of MTSES or Au(CN)2� was
fitted by a single exponential function. Themeasured exponen-
tial time constant (�) was then used to calculate the apparent
second order reaction rate constant, k, from the equation k �

1/([R] �), where [R] is the concentration of reagent (MTSES or
Au(CN)2�) applied. Cys-less CFTR is not sensitive to either
intracellular or extracellular MTSES or Au(CN)2� under the
conditions used in this study (see Fig. 3) (14, 17, 20, 22).
Experiments were carried out at room temperature,

21–24 °C. Values are presented as mean � S.E. Unless stated
otherwise, tests of significance were carried out using an
unpaired t test, with p � 0.05 being considered statistically sig-
nificant. All chemicals were from Sigma-Aldrich, except for
PKA (Promega), MTSES (Toronto Research Chemicals, North
York, ON, Canada), and GlyH-101 (EMD Chemicals,
Gibbstown, NJ).

RESULTS

Regulated Access from Cytoplasm to Pore—Recently we have
used pharmacological and mutagenic approaches to correlate
the rate ofmodification of cysteine residues introduced into the
CFTR channel pore by intracellular MTS reagents with ATP-
dependent channel gating (22). Specifically, following the lead
of other groups (25, 26), we used the NBD1mutation K464A to
decrease overall channel activity, and the NBD2 mutation
E1371Q to increase channel activity. Previously we showed that
these mutations mimic the effects of decreasing channel activ-
ity with low cytoplasmic ATP concentrations (K464A) or by
“locking” channels in the open state by treatment with 2 mM

sodium pyrophosphate (E1371Q) (22). Fig. 1 shows the influ-
ence of these NBDmutations on the rate ofmodification of two
cysteines introduced deep into the channel pore from the
inside, T338C in TM6 and L102C in TM1. The rate of modifi-
cation by cytoplasmically applied MTSES was quantified by
measuring the rate of change ofmacroscopic current amplitude
in fully activated channels in inside-out membrane patches. As

FIGURE 1. Rate of modification of T338C and L102C by internal MTSES. A and B, sample time courses of macroscopic currents (measured at �50 mV) carried
by different CFTR channel variants as indicated in inside-out membrane patches. Current amplitudes were measured every 6 s following attainment of stable
current amplitude after channel activation. In each panel, 200 �M MTSES was applied to the cytoplasmic face of the patch at time zero as indicated by the
hatched bars. The decline in current amplitude following MTSES application has been fitted by a single exponential function. C, average modification rate
constants (k) for MTSES, calculated from fits to data such as those shown in A and B. Asterisks indicate a significant difference from the cysteine mutants T338C
and L102C (black bars) (p � 0.05). Data are mean from three or four patches.
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described previously (17, 18), application of intracellular
MTSES caused a decrease in current amplitude in these two
mutants. In both cases, the rate of modification by MTSES was
significantly decreased by the K464A mutation and signifi-
cantly increased by the E1371Qmutation, effects that are quan-
tified in Fig. 1C. For modification of T338C, the mean modifi-
cation rate constant was decreased �2.4-fold in a K464A
background and increased �3.9-fold in E1371Q, whereas the
modification rate constant for L102C was decreased by �26%
in K464A and increased �2.0-fold in E1371Q. As in our previ-
ous work (22), the effects of the E1371Q mutation were mim-
icked by locking channels open by treatment with 2 mM pyro-
phosphate (data not shown; �3.9-fold increase for T338C and
�1.6-fold increase for L102C). These results suggest that access
of MTSES to these sites in the pore, as with sites located closer
to the intracellular ends of TMs 1 and 6 (22), is accelerated by
ATP-dependent channel opening.
To investigate whether permeant anions show the same reg-

ulated access from the cytoplasm to T338C and L102C, we
investigated channel modification by Au(CN)2�, a highly per-
meant anion that has been used previously to modify cysteine
side chains in the CFTR pore (14, 22). As shown in Fig. 2, appli-
cation of a low concentration of Au(CN)2� (2�M) caused a rapid
inhibition of current carried by bothT338C andL102C.Aswith
MTSES, the rate of modification by Au(CN)2� was significantly
decreased by the K464Amutation (by�1.8-fold for T338C and
�3.4-fold for L102C) and significantly increased by the E1371Q
mutation (by�5.6-fold for T338C and�1.8-fold for L102C), as
well as by pyrophosphate treatment (by �6.0-fold for T338C
and �2.0-fold for L102C; data not shown). Thus, permeant
anion access from the cytoplasm to these residues also appears
to be regulated by ATP-dependent channel opening.

Regulated Access from Extracellular Solution to Pore—
T338C is modified not only by intracellular, but also by extra-
cellularMTS reagents (14, 17, 26), whereas L102Cwas reported
to be insensitive to extracellular MTS reagents (18). To inves-
tigate the rate of modification of introduced cysteines by extra-
cellular cysteine-reactive reagents (MTSES and Au(CN)2�)
under different channel gating conditions, we used whole cell
patch clamp recording of the same CFTR constructs used for
inside-out patch recording and cytoplasmic modification.
Expression of all CFTR constructs (except those containing the
E1371Q mutation, see below) in baby hamster kidney cells led
to the appearance of cAMP-activated whole cell currents that
were inhibited by the specific CFTR inhibitor GlyH-101 (Fig. 3
and supplemental Fig. S2) and which were not observed in cells
transfected with vector alone (supplemental Fig. S2). Expres-
sion of all E1371Q-CFTR constructs led to the appearance of
constitutive, cAMP-insensitive but GlyH-101-inhibited whole
cell currents (supplemental Fig. S2). Cys-less CFTR was insen-
sitive to application of high concentrations ofMTSES (2mM) or
Au(CN)2� (1 mM) to the extracellular solution (Fig. 3A). In con-
trast, T338C was strongly inhibited by very much lower con-
centrations of MTSES (1 �M) and Au(CN)2� (200 nM) (Fig. 3B).
L102C was insensitive to 2 mMMTSES, but was strongly inhib-
ited by intermediate concentrations of Au(CN)2� (10 �M) (Fig.
3C).

The rate of modification by extracellularly applied cysteine-
reactive reagents was quantified by measuring the rate of
change of whole cell current amplitude following stable cAMP
stimulation (Figs. 4 and 5). Fig. 4A shows examples of the rate of
current inhibition in response to application of a common con-
centration of MTSES (1 �M) in T338C, T338C/K464A, and
T338C/E1371Q. Quantification of the rate constant for modi-

FIGURE 2. Rate of modification by internal Au(CN)2
�. A and B, sample time courses of macroscopic currents carried by different CFTR channel variants as

indicated in inside-out membrane patches. In each panel, 2 �M Au(CN)2
� was applied to the cytoplasmic face of the patch at time zero as indicated by the

hatched bars. The decline in current amplitude following Au(CN)2
� application has been fitted by a single exponential function. C, average modification rate

constants (k) for Au(CN)2
�, calculated from fits to data such as those shown in A and B. Asterisks indicate a significant difference from the cysteine mutants T338C

and L102C (black bars) (p � 0.02). Data are mean from three or four patches.
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fication (Fig. 4B) suggests an increase of �3.7-fold in T338C/
K464A and a dramatic decrease of �35-fold in T338C/E1371Q
compared with T338C alone. Note that, because MTSES mod-
ification was so slow in T338C/E1371Q, the rate constant for
modification of this construct was calculated from experiments
using a higher concentration of MTSES (200 �M). L102C was
not apparentlymodified by extracellularMTSES (Fig. 3C), con-
sistent with previous findings (18).
Fig. 5 shows a similar analysis of the rate of modification by

extracellular Au(CN)2�, both for T338C (Fig. 5A; 200 nM
Au(CN)2�) and for L102C (Fig. 5B; 10 �M Au(CN)2�). Quantifi-
cation of the rate constant for modification (Fig. 5C) suggests,
for modification of T338C, an increase of �5.7-fold in K464A
and a decrease of�150-fold in E1371Q, and formodification of
L102C, an increase of �2.3-fold in K464A and a decrease of
�2.7-fold in E1371Q. As with extracellular MTSES modifica-
tion of T338C/E1371Q (Fig. 4), the rate constant for Au(CN)2�
modification of E1371Q channels was calculated from experi-
ments using higher concentrations of Au(CN)2� (100 �M).
Changing Patterns of Accessibility Suggest Marker Cysteine

Residues “Switch Sides” of Membrane during Gating—The
effects of NBDmutations on the rate of modification of T338C
and L102C by internal cysteine-reactive reagents (estimated
from experiments on inside-out membrane patches) and by
external cysteine-reactive reagents (estimated from whole cell
current recording experiments) are compared in Fig. 6. It
should be pointed out that these two types of experiments were
not carried out under the same conditions; for example, differ-
ences in voltage protocols and methods of channel stimulation
are likely to influence the overall modification rate constants
calculated, and as such we believe that there is no information
contained in the relative rate of modification for internal versus
external reagents in the same channel construct. It is also pos-

sible that NBD mutations might differentially affect channel
function under different channel stimulation conditions. How-
ever, what is most relevant here is the relative change in modi-
fication rate constant for the same cysteine residue in the pres-
ence of different NBD mutations that are expected to alter
ATP-dependent channel gating. In each panel, it can be seen
that the rate of modification by internal MTSES and Au(CN)2�
increases in the order K464A � Cys-less � E1371Q, whereas
modification by extracellularMTSES (in T338C) andAu(CN)2�
shows the opposite pattern, K464A � Cys-less � E1371Q.
Thus, the same molecular manipulation (NBD mutation) that
causes a decrease in the rate of modification by internal
reagents causes an increase in the rate ofmodification by exter-
nal reagents, and vice versa. This suggests that the reporter
cysteines in the pore that we have used, T338C and L102C, are
capable of “moving” from a relatively internally accessible posi-
tion to a relatively externally accessible position. Given the
known effects of the K464A and E1371Q mutations on ATP-
dependent channel gating, it seems reasonable to us to infer
that the factor causing this movement from one side of the
membrane to the other is channel gating: when the channel is
closed (enriched in theK464A constructs), accessibility of these
cysteines from the outside is increased, andwhen the channel is
open (enriched in the E1371Q constructs), their accessibility
from the inside is increased.

DISCUSSION

ABC proteins are thought to achieve active transmembrane
transport by an alternating access mechanism, whereby sub-
strate bound to the TMDs can access either the extracellular or
intracellular solution depending on whether the TMDs are in
an outward facing or inward facing configuration. Transport is
then thought to be driven by ATP binding and hydrolysis at the

FIGURE 3. Modification by external MTSES and Au(CN)2
�. Sample whole cell currents were recorded at �30 mV for Cys-less (A), T338C (B), and L102C (C). CFTR

currents were activated by application of cAMP stimulatory mixture (indicated as cAMP) in each case. A, Cys-less CFTR currents were insensitive to high
concentrations of MTSES (2 mM) and Au(CN)2

� (1 mM) but were confirmed as being carried by CFTR by their sensitivity to GlyH-101 (50 �M). B, T338C currents
were inhibited by low concentrations of MTSES (1 �M) or Au(CN)2

� (200 nM). C, L102C currents were insensitive to MTSES (2 mM) but were inhibited by GlyH-101
(50 �M) and Au(CN)2

� (10 �M). All substances were added directly to the extracellular side of the membrane.
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NBDs controlling the switch between outward and inward fac-
ing conformations. We have taken advantage of the unique
functional properties of CFTR as an ion channel to monitor
changes in access from the extracellular and intracellular solu-
tions to sites within the TMDs. As an ion channel, modification
of CFTR can be monitored rapidly and with high temporal res-
olution as changes in electrical current. Because of the unique
ion channel function of CFTR, different conformations of the
TMDs are recognized as functionally distinct open and closed
channel states.
The simplest model of ion channel gating would be that

access of ions to the pore increases upon opening and decreases
upon closing. We would suggest that the most straightforward
interpretation of our results (summarized in Fig. 6) is contrary
to this simple model. For residues supposed to be located near
the extracellular ends of TM6 (Thr-338) and TM1 (Leu-102),
access from the cytoplasm is increased by manipulations that

increase channel open probability by altering interactions
between theNBDs andATP, the normalmechanismof channel
gating. However, these same manipulations have exactly the
opposite effect on access from the other side of the membrane,
suggesting that these amino acids paradoxically become less
accessible from the outside in open channels than they are in
closed channels. These findings have clear parallels to a classi-
cal alternating access model of the permeation pathway, with
the channel closed state facing outward and the open state fac-
ing inward (Fig. 7A).
Previously our group showed that T338C could be modified

by both intracellular and extracellular MTS reagents, even
though these reagents are thought to be too large to permeate
through the channel pore (17). Our present results suggest that
this reflects switching of this amino acid residue from one side
of the membrane to the other (Fig. 7A). Thus, it is possible that
T338C is modified by intracellular MTSES in open channels
and by extracellular MTSES in closed channels; the measured
apparent rate of modification would then be dependent on the
intrinsic rate of modification and the proportion of time the
channel spends in the open and closed state in different channel
constructs. Importantly, the same sidedness was observed for
modification by permeant Au(CN)2� ions, suggesting that the
switching of Thr-338 across the membrane is relevant to Cl�
access to the permeation pathway.
Although decreased accessibility to one side of the mem-

brane in open channels might seem counterintuitive, it is not
without precedent inCFTR-TM6. Zhang et al. (25) showed that
R334C, located slightly closer to the outside of TM6 than Thr-
338, was modified by extracellular MTS reagents only in the
closed state. The rate ofmodification of L333C andK335C, also
at the extracellular end of TM6, was also decreased in an
E1371Q background, suggesting slower modification of open,
compared with closed channels (26). However, these cysteines
in the outer pore region (L333C, R334C, and K335C) are not
modified by intracellular MTS reagents under any conditions
(17, 27), suggesting that unlike T338C they cannot move to a
position that is accessible to large cytoplasmic substances. Res-
idues closer to the cytoplasmic end of TM6 show regulated
access to intracellular MTS reagents without being accessible
to extracellular MTS reagents, for example I344C is accessible
to intracellular MTSES only in open channels (22) but is not
modified by extracellular MTS reagents (14, 17). Therefore,
Thr-338may exist in a restricted “central” part of TM6 that can
alternate between intracellular and extracellular access to large,
impermeant substances.
Furthermore, the ability to be modified by MTS reagents

applied to either side of the membrane appears exclusive to
TM6 among TMs studied to date; we did not identify any sites
in either TM1 (18) or TM12 (21) that could bemodified by both
intracellular and extracellular MTS reagents. For example,
L102C in TM1 is modified by internal, but not external MTS
reagents (18), a result confirmed by the present results (Figs. 1
and 3), whereas R104C, only 2 residues closer to the external
end of TM1, is modified by external, but not internal MTS
reagents (28). L102C, like T338C, becomes apparently more
accessible to internal cysteine reactive reagents in open chan-
nels (Fig. 6B), but is inaccessible to extracellular MTSES (Fig.

FIGURE 4. Rate of modification of T338C by external MTSES. A, time course
of whole cell current amplitude decay (measured at �30 mV, see Fig. 3) fol-
lowing application of 1 �M MTSES in different channel constructs. Current
amplitudes have been scaled to amplitude prior to MTSES application (IREL).
The decline in current amplitude following MTSES application has been fitted
by a single exponential function (red line). B, average modification rate con-
stants (k) for MTSES, calculated from fits to data such as those shown in A.
Modification rate constant for T338C/E1371Q was quantified from experi-
ments using a higher concentration of MTSES (200 �M). Asterisks indicate a
significant difference from T338C alone (p � 0.0005). Data are mean from
three or four patches.
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3C). L102C is accessible to permeant Au(CN)2� ions applied to
either side of the membrane, as expected for a permeant probe
that ought to access the entire permeation pathway, and as with
T338C access from the outside decreases as access from the
inside increases (Fig. 6D), again consistent with easier access
from the cytoplasm in open channels and from the extracellular
solution in closed channels. One possible explanation for the
difference in external accessibility of L102C in TM1 andT338C
inTM6 is that T338C is located in amore superficial position in
the outer mouth of the pore (at least in closed channels), such
that it can be accessed by large extracellular MTS reagents that
cannot penetrate further into the pore from the outside tomod-
ify L102C (Fig. 7A). Consistentwith this differential access from
the outside, the rate of modification by extracellular Au(CN)2�
is approximately 35 times greater for T338C than for L102C in
a Cys-less background (Fig. 5C). One apparent problem with
this explanation is that a residue only slightly closer to the outer
end of TM1 (R104C) is accessible to extracellular, but not intra-
cellular MTS reagents (see above); the model shown in Fig. 7A
should put this residue close to Thr-338. One possible specula-

tive explanation for this would be that different TMs show not
only changes in tilt (relative to the membrane) but also transla-
tional movement relative to each other during opening and
closing. For example, TM6 could move outward (or TM1
inward) during channel closing, placing Thr-338 closer to the
extracellular end of the closed channel pore, and TM6 could
move inward (or TM1 outward) upon opening.
Strikingly, the association of outward facing/inward facing

with closed and open channels suggested in Fig. 7A is exactly
the opposite of that proposed on the basis of structural studies
in other ABC proteins (see the Introduction). Of course, our
model is a functional one and should not be taken in a literal
structural sense. On the other hand, current structural models
of the TMDs that are based on homology modeling of distantly
related proteins with diverse functions are subject to a number
of important caveats (as described in the Introduction) and,
importantly, have not previously been subjected to direct
experimental testing. In fact, the model in Fig. 7A seems more
consistent with longstanding functional models that propose
an inner vestibule in the open channel that is deep and wide

FIGURE 5. Rate of modification of T338C and L102C by external Au(CN)2
�. A and B, time course of whole cell current amplitude decay (measured at 30 mV,

see Fig. 3) following application of Au(CN)2
� (200 nM in A, 10 �M in B) in different channel constructs. Current amplitudes have been scaled to amplitude prior

to Au(CN)2
� application (IREL). The decline in current amplitude following Au(CN)2

� application has been fitted by a single exponential function (red line). C,
average modification rate constants (k) for Au(CN)2

�, calculated from fits to data such as those shown in A and B. Modification rate constants for T338C/E1371Q
and L102C/E1371Q were quantified from experiments using a higher concentration of Au(CN)2

� (100 �M). Asterisks indicate a significant difference from T338C
and L102C alone as applicable (black bars) (p � 0.01).Data are mean from three or four patches.

FIGURE 6. Relationship between modification rates and NBD function. Each panel illustrates the change in modification rate constant for the same reporter
cysteine (T338C in A and C, L102C in B and D) in three different backgrounds (K464A, Cys-less, and E1371Q), for modification by MTSES (A and B) or Au(CN)2

� (C
and D) applied to the intracellular (●, inside) or extracellular (E, outside) side of the membrane. Modification rate constants under different conditions are as
shown in Figs. 1C (internal MTSES), 2C (internal Au(CN)2

�), 4B (external MTSES), and 5C (external Au(CN)2
�). Note that L102C was not apparently modified by

extracellular MTSES (B; see Fig. 3C).
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enough to accommodate large cytoplasmic substances, such as
those that enter into the pore from its cytoplasmic end to act as
open channel blockers (29, 30). In contrast, in outwardly facing
homology models that have been proposed to represent the
open channel (12–14), the TMDs are widely separated at their
extracellular end and close together at the intracellular end,
such thatmost amino acids in the putative permeation pathway
are exposed to the extracellular solution, and no inner vestibule
is apparent. Furthermore, recent substituted cysteine accessi-
bility studies have shown that many residues in the TMDs are
accessible to internally applied cysteine reactive reagents, and
in many cases these same residues are inaccessible to the same
reagents applied extracellularly, suggesting a physical constric-
tion near the outer end of the TMDs (17, 18, 21, 22, 27, 31). In

fact, residues in the cytoplasmic half of the TMDs appear to
show equivalent access to cytoplasmic substances in both open
and closed channels (22), suggesting that channel gating is not
associated with a major conformational change at the intracel-
lular end of the pore. Interestingly, a recent structural study of
CFTR was suggested to be consistent with an outwardly facing
conformation of the TMDs, even though the channel was
unstimulated and presumed to be in an inactive, closed state
(11).
Our present results can also be interpreted in terms of the

location of channel gates, and a speculativemodel of this kind is
presented in Fig. 7B. When the channel is closed, access from
the cytoplasm is prohibited by a closed activation gate (red).
Previously, we suggested that such a gate is located in the region
of Lys-95/Gln-98 (TM1), Ile-344/Val-345 (TM6), Met-1140/
Ser-1141 (TM12) (17, 18, 21, 22). Our present results are con-
sistent with such amodel, as Leu-102 andThr-338 are expected
to be on the extracellular side of this gate and as such inacces-
sible to the cytoplasm in closed channels. Importantly, inter-
nally applied Au(CN)2� ions also show regulated access to this
part of the pore, suggesting that the activation gate can prevent
passage of permeant ions as well as large MTS reagents. In this
model, reduced access from the extracellular solution in open
channels is due to partial closure of a vestigial open gate, which
decreases the rate of entry of extracellular MTSES and
Au(CN)2� to T338C and L102C, although not completely
occluding the pore and thus allowing Cl� permeation. Again,
Leu-102 is shown as being more deeply into the pore from the
outside, perhaps beyond the vestigial gate as experienced by
extracellular substances, resulting in external MTSES insensi-
tivity. Although this simple model can explain our functional
data, as well as being consistent with previous work on the
functional properties of the pore, itmay not be possible to prove
the existence of a vestigial gate that does not contribute to an
experimentally observable change in channel gating state. Nev-
ertheless, we would tentatively speculate that the nonfunc-
tional, vestigial outer gate in the CFTR pore is located close to
Thr-338 in TM6. It is known that Thr-338 contributes to the
physically narrowest part of the open channel pore (30), and
this amino acid has also been shown to contribute to a region of
high resistance to Cl� flux in open channels (32). Mutations
that decrease amino acid side chain volume at this position
increase the rate of Cl� permeation through open channels,
whereas mutations that increase side chain volume dramati-
cally reduce Cl� conductance (33). This side chain may also
contribute to the channel selectivity filter that allows some dis-
crimination between Cl� and other anions (30, 33, 34). We
therefore speculate that Thr-338 contributes to a gate that
closes incompletely when the channel opens, forming a narrow
constriction in the channel that acts as a “selectivity filter” and
so allows it to function as a Cl�-selective ion channel. The dra-
matic decrease in modification rate for external MTSES and
Au(CN)2� seen in T338C/E1371Q (Figs. 4B, 5C, and 6) suggests
that access to this narrow region from the extracellular solution
is greatly decreased in open channels.When the channel closes,
access from the outside is very high, suggesting that this region
becomes wide open to the extracellular solution.

FIGURE 7. Models of CFTR pore structure during gating. The implications of
the current experimental findings, that T338C and L102C in the CFTR pore
show increased access to the extracellular solution in the closed state and
increased access to the intracellular solution in the open state, can be inter-
preted according to a number of different simple diagram models of channel
function. A, in the simplest interpretation of the inward facing/outward fac-
ing configurations of the TMDs, the closed state is designated as outward
facing, and the open state as inward facing, with physical exposure of Leu-102
(orange) and Thr-338 (blue) alternating between the extracellular (closed) and
intracellular (open) side of the membrane. B, as an ABC protein, the channel
can be envisioned as having two gates, one of which controls channel open-
ing (the activation gate, red) and a vestigial gate (green) that closes when the
activation gate opens. The gates are positioned to allow opening of the chan-
nel to be associated with an increase in accessibility from the cytoplasmic side
of the membrane and a decrease of accessibility from the extracellular side of
the membrane for residues located between the two gates. Possible physical
locations of these two putative gates are discussed under “Discussion.” C, this
slightly less schematic view incorporates key aspects of the first two models.
Opening of the channel is suggested to be associated with a physical dilation
of the intracellular part of the narrow pore region and a physical constriction
of the outer mouth of the pore, causing Leu-102 and Thr-338 to move from a
position that is exposed to the extracellular solution in closed channels to a
physically constricted, more cytoplasmically exposed position in open
channels.
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As with the alternating access model shown in Fig. 7A, it
must be noted that the gates model of Fig. 7B is in direct con-
tradiction of previous suggestions that the CFTR pore should
have an atrophied, vestigial inner gate (5, 8, 15). Our previous
work has suggested that the rate ofmodification by cytoplasmic
MTS reagents is independent of channel gating for residues on
the cytoplasmic side of the activation gate (red in Fig. 7B) (22),
suggesting that there is no functionally consequential confor-
mational change occurring on the cytoplasmic side of this gate
during channel gating.
Our ideas concerning conformational changes in the pore

during gating, based on present and previous functional data,
are summarized in Fig. 7C. As with the othermodels in Fig. 7, it
must be stressed that this is a schemewith strictly limited struc-
tural implications. In the closed state, the pore is occluded at
the outer end of the inner vestibule, and the outer vestibule is
dilated, making Thr-338 readily accessible to the extracellular
solution. Leu-102 is shown as being more deeply into the pore
from the outside, preventing access to largeMTS reagents from
the outside. On opening, the occlusion in the pore dilates, per-
haps in the region of Lys-95/Gln-98 (TM1), Ile-344/Val-345
(TM6) (22). The wide inner vestibule itself does not change in
conformation, consistent with equivalent access to this region
in open and closed channels (22). The outer vestibule of the
pore constricts, contributing to a narrow pore region that is
known to exist in open channels (see above). Openingmay pos-
sibly also be associated with inward translational movement of
Thr-338 and/or Leu-102. In this model, only a physically
restricted region of the pore alternates between inward facing
and outward facing conformations.
CFTR has been described as a broken pump that at some

point in evolutionary history was converted from an active
transporter to an anion-selective ion channel, due to loss of
function of one of the gates controlling access to the transport
pathway. Although our functionally based models in Fig. 7
remain speculative at present, it is interesting to conjecture as
to their implications for the relationship between CFTR and its
ABC protein relatives. One possibility raised by Fig. 7B is that
CFTR evolved as a transporter in which the outer gate became
“leaky” to small anions even when closed, eventually leading to
the formation of an open, selective, rapidly conducting (and
inward facing) ion channel pore. Another possible implication
is that our model suggests that both putative gates are located
within theTMDs (in fact, in the central/outer parts of theTMs).
Although the locations of the two putative gates that allowABC
proteins to function as active transporters are not known, if
evolutionarily conserved then we would propose that they may
be found within the membrane-spanning parts of these
proteins.
Despite its functional uniqueness within the ABC family, our

results suggest that CFTR still undergoes conformational
changes in its TMDs that resemble an alternating access mech-
anism, and as with other ABC proteins that the switch between
outward facing and inward facing conformations of the TMDs
is still driven by ATP interactions with the NBDs. However, in
contrast to current models (5, 8, 15, 16), our direct functional
data correlate the open state with an inward facing conforma-
tion and the closed state with an outward facing conformation.

This discrepancy with functional data should be taken into
account in structural and mechanistic models of CFTR
function.
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