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Abstract Despite substantial efforts, the entire cystic
fibrosis transmembrane conductance regulator (CFTR)
protein proved to be difficult for structural analysis at high
resolution, and little is still known about the actual
dimensions of the anion-transporting pathway of CFTR
channel. In the present study, we therefore gauged geo-
metrical features of the CFTR CI~ channel pore by a
nonelectrolyte exclusion technique. Polyethylene glycols
with a hydrodynamic radius (Ry,) smaller than 0.95 nm
(PEG 300-1,000) added from the intracellular side greatly
suppressed the inward unitary anionic conductance,
whereas only molecules with R, < 0.62 nm (PEG
200-400) applied extracellularly were able to affect the
outward unitary anionic currents. Larger molecules with
R, = 1.16-1.84 nm (PEG 1,540-3,400) added from either
side were completely excluded from the pore and had no
significant effect on the single-channel conductance. The
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cut-off radius of the inner entrance of CFTR channel pore
was assessed to be 1.19 £ 0.02 nm. The outer entrance
was narrower with its cut-off radius of 0.70 £ 0.16 nm and
was dilated to 0.93 £ 0.23 nm when a non-hydrolyzable
ATP analog, 5'-adenylylimidodiphosphate (AMP-PNP),
was added to the intracellular solution. Thus, it is con-
cluded that the structure of CFTR channel pore is highly
asymmetric with a narrower extracellular entrance and that
a dilating conformational change of the extracellular
entrance is associated with the channel transition to a non-
hydrolytic, locked-open state.

Keywords CFTR - Channel pore - Conformational
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Introduction

Cystic fibrosis transmembrane conductance regulator
(CFTR), also called ABCC7, shares structural similarities
with many others of the ATP-binding cassette (ABC) family
of proteins: it has two cytoplasmic, nucleotide-binding
domains (NBDs) to bind and hydrolyze ATP, two trans-
membrane domains (TMDs) consisting of six membrane-
spanning o-helices each and the cytoplasmic regulatory
domain (RD) that connects CFTR’s two homologous halves,
TMD1/NBD1 and TMD2/NBD2 [1-7]. As with other ABCC
subfamily members, only the second of the nucleotide-
binding domains (NBD?2) is hydrolytic in CFTR [8].
Unlike other ABC transporters that are ATP-hydrolyz-
ing pumps for active transport of nutrients, drugs and sol-
utes across the membrane [7], CFTR is an ATP-gated C1™
channel, in which the two processes, binding of ATP and
channel gating, are allosterically coupled. CFTR is
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dependent on PKA-mediated phosphorylation of RD, and
its ATPase activity facilitates the conformational change of
the protein from open to closed states [3-5, 8, 9]. The
cytoplasmic two NBDs of CFTR channel may, at least
transiently, form a head-to-tail heterodimeric complex with
two ATP molecules sandwiched at the dimer interface [0,
10-12]. It is acceptable that ATP dissociation or hydrolysis
at any of the sites triggers dimer dissociation. Such
dynamic NBD dimerization serves as the molecular
mechanism that couples ATP binding and hydrolysis cycles
to cyclic changes in the TMDs. The conformational signals
generated by NBD heterodimer formation and dissociation
are transmitted to the TMDs where they result in opening
and closing, respectively, of the CFTR ion-permeation
pathway. Hydrolysis of ATP does not appear to be essential
to either channel opening or closing transition per se but
enables repeated cycles of gating to occur because the
release the products (ADP and P;) allows the cycle to be
accomplished rapidly [8, 13, 14].

Flow of anions through the CFTR channel is indispens-
able to the normal function of the fluid-secreting epithelia of
airways, intestine, pancreas, testes and sweat glands, and
mutations in the CFTR gene are a cause of cystic fibrosis [2,
4, 15-18]. The mechanisms of anion permeation through the
CFTR pore have been functionally well studied [19-21], and
the recent structural and biochemical studies have provided
mechanistic insight to the CFTR channel function [4, 12, 22].
However, the structure—function relationship of the CFTR
pore is still poorly understood. The entire CFTR protein
proved to be difficult for structural analysis at high resolu-
tion. The situation is further complicated because the CFTR
channel might exhibit multiple conductance and/or func-
tional states [23-25]. So, despite substantial efforts, includ-
ing the development of homologous and atomic models of
the three-dimensional structure of CFTR in both open and
closed states [4, 22, 26-31], little is still known about
the actual dimensions of the anion-transporting pathway of
the CFTR channel. There is not even a consensus about the
number of CFTR molecules forming a single channel
structure. Electron microscope studies of purified, antibody-
decorated CFTR performed at 2-nm resolution revealed
CFTR as adimer of ellipsoidal form (12 x 10.6 x 16.2 nm)
with orifices beneath the putative TMD [28]. Atomic force
microscopy (AFM) of immunogold-labeled CFTR on iso-
lated plasma membranes also revealed the CFTR channel as
a tail-to-tail dimer with a central pore of unrealistically large
(~ 10 nm) radius [32]. In contrast, single molecule fluores-
cence imaging in live cells [33] and electron microscopy of
two-dimensional CFTR crystals [26] provided evidence for
monomeric CFTR. The latter study visualized shafts (up to
1 nm in radius) across the CFTR protein [26]; however, their
relationship to the actual path of anions traversing the CFTR
protein remains unknown.
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The poorly and non-hydrolyzable nucleotide analogs,
including 5’-adenylylimidodiphosphate (AMP-PNP) and
polyphosphate pyrophosphate (PPi), have been employed
extensively for the investigation of the mechanisms
underlying CFTR activation [1, 34]. The binding of AMP-
PNP or PPi to NBDs causes the channels to become
“locked” open [35-37] predominantly through effects at
NBD?2 preventing the channel closure [38]. This locked-
open phenotype is also observed when the ATPase activity
of NBD2 is abolished by the mutation of K1250A or
E1371S [10, 23, 39]. However, there is little, if any,
structural information of the CFTR pore as to the actual
conformational change associated with transitions between
the hydrolytic, open state and the non-hydrolytic, locked-
open state.

Previous functional studies indicated that the CFTR pore
in the open state exhibits an asymmetry in the permeability
to large organic anions [19, 40—46] and that this unique
functional asymmetry of the CFTR channel is disrupted in
the locked-open state in the presence of a non-hydrolyzing
ATP analog [21, 43, 47, 48]. Thus, there is a possibility that
such functional properties of the CFTR channel are asso-
ciated with changes in a structural asymmetry of the
channel pore.

Here, we made systematical studies by using polymeric
forms of ethylene glycol in the pore of a single CFTR CI™
channel to gauge the size of the pore entrance for the ionic
transport pathway in the heterologously expressed channel
protein for the following reasons. Polyethylene glycols
(PEGSs) in water solutions obey the viscosity law for ran-
dom coils [49-51] and act as a “hard sphere” [52]. These
organic nonelectrolytes should exhibit no coulombic
interaction with the ion channel wall. Also, PEGs have
been successfully used for single-channel pore sizing
experiments both in lipid bilayer experiments [53, 54] and
in patch-clamp studies [55, 56], yielding estimates con-
sistent with X-ray crystallography and electron microscopy
data [54]. The present study demonstrated that the CFTR
channel has a highly asymmetric pore (with a larger
cytoplasmic entrance) in the hydrolytic open state, and that
this asymmetry is mostly lost by dilatation of the extra-
cellular entrance in the non-hydrolytic, locked-open con-
formation induced by AMP-PNP.

Preliminary results have appeared in abstract form [57].

Materials and methods
Cells and transfection
Human embryonic kidney HEK293T cells were grown in

DMEM supplemented with 10% fetal calf serum. The cells
were plated on 35-mm dishes to obtain approximately
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20-30% confluence on the day of transfection. For single-
channel recordings, the cells cultured on glass coverslips
were used.

The vector pBQ6.2 containing a full-length wild-type
human CFTR cDNA insert was a kind gift from Dr. J.R.
Riordan (University of North Carolina at Chapel Hill, NC,
USA). The coding region of CFTR was subcloned into a
bicistronic vector, pCINeo-IRES-GFP (a kind gift from
Dr. J. Eggermont, KU Leuven, Belgium), to produce an
expression vector [58]. Cells were transiently transfected
with Effectene transfection reagent (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instruction.

Channel sizing

Studies on the permeability and open-channel blocking
effects of negatively charged molecules may provide some
information on the size of anion channel pore or vestibule.
However, the interaction between these anionic molecules
and charged sites within a channel pore should be affected
by the applied transmembrane electric field. Moreover,
there is more than one anion-binding site in the cytoplas-
mic vestibule [59] and some anion-interacting sites in the
non-pore-lining amino acid side chains [60] of the CFTR
channel. Therefore, in the present study, we gauged the
size of the pore entrance of CFTR channel by studying
partition of non-charged organic molecules, PEG
200-3,400, in the pore of a single CFTR channel.

In order to quantitatively analyze the differential poly-
mer partitioning in the CFTR channel pore, we use the
filling coefficient (F) defined according to our previous
report [61]:

F=[(vo—=)/7/1(xo =20/ (1)

where y and y are the channel conductance and the bulk
solution conductivity in the presence of nonelectrolytes,
respectively, and yo and yo are the same parameters in a
control solution devoid of nonelectrolytes. This coefficient
represents the fraction of the pore filled with the polymer
and is based on the assumption that the pore electrical
resistance can be considered as a sum of resistances of two
parts in series: filled with polymer [with a resistance of
F/(Ay)) and non-filled (with a resistance of F/(Ayo)], where
A= anz,/L, R, is the pore radius and L is the pore length.

Solutions

The Ringer solution contained (in mM): 135 NaCl, 5 KClI,
2 CaCl,, 1 MgCl,, 5 Na-HEPES, 6 HEPES, and 5 glucose
(pH 7.4, 290 mosmol/kg H,0O). The standard pipette solu-
tion contained (in mM): 146 NMDG, 2 MgCl,, and
5 HEPES/HCI (pH 7.4, 280 £+ 3 mosmol/kg H,0). In the
cell-attached mode, CFTR channels were activated by

adding 1-5 pM forskolin to the bathing solution. In the
inside-out configuration, the bathing solution was prepared
by adding 2 mM ATP to the pipette solution, and the CFTR
channels were activated by 5-25 U/ml PKA catalytic
subunit (Promega, Madison, WI, USA) with 2 mM
MgATP. In some inside-out experiments, the bath solution
was supplemented with AMP-PNP (Li-salt: Sigma,
St. Louis, MO, USA) at the concentration (5 mM) which
was used in previous studies [26, 43]. For polymer parti-
tioning experiments, the nonelectrolytes, PEG with a
variety of molecular weights (PEG 3,400; ICN Biomedi-
cals, Aurora, OH, USA; and all others from Wako Pure
Chemical, Osaka, Japan), were added to pre-made solu-
tions to a final concentration of 20% (wt/vol). The osmo-
lality was measured using a freezing-point depression
osmometer (OMS802, Vogel, Germany). The bulk conduc-
tivity was measured using a B-173 conductivity meter
(Horiba, Kyoto, Japan). The hydrodynamic radii (R;,) were
taken from our previous report [55].

Electrophysiology

Patch electrodes were fabricated from borosilicate glass
capillaries using a laser micropipette puller (P-2000; Sutter
Instruments, Novato, CA, USA). The tips of the electrodes
were filled by immersing in the PEG-containing solution,
and then the pipettes were back-filled with the same solu-
tion. Higher osmotic pressure generated by the nonelec-
trolytes added to the pipette solution greatly decreased the
stability of patches formed using relatively wide 2- to
3-MQ pipettes. However, when the pipette tip was smaller
(4-7 MQ) the patches survived long enough to perform
accurate single-channel measurements in the presence of
nonelectrolytes. Membrane currents were measured with
an EPC-9 patch-clamp system (Heka-Electronics, Lamb-
recht/Pfalz, Germany). The membrane potential was con-
trolled by shifting the pipette potential (V},) and is reported
as —V,. Currents were filtered at 1 kHz and sampled at
5-10 kHz. The traces were further filtered off-line at
100400 Hz for data analysis and presentation. Data
acquisition and analysis were done using Pulse+PulseFit
(Heka-Electronics). Liquid junction potentials were calcu-
lated according to Barry and Lynch [62] and were cor-
rected either on- or off-line when appropriate. All
experiments were performed at room temperature
(23-25°0C).

Data analysis
Single-channel current amplitudes were measured either by
manually placing a cursor at the open and closed channel

levels or by constructing all-point histograms and fitting
these with Gaussian functions. We only rarely observed
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Fig. 1 Single CFTR CI™ channel currents in the open and locked-
open states recorded from HEK293T cells transiently transfected with
CFTR gene. Representative current traces (a) and corresponding
unitary current—voltage relationships (b) recorded from a cell-
attached patch (left traces), inside-out patch (center traces) in the
presence of 2 mM ATP and inside-out patch in the presence of 2 mM
ATP + 5 mM AMP-PNP (right traces) in the bath (intracellular)

such subconductance states of the channel as previously
reported [63, 64]. In our experimental conditions using a
HEPES buffer, however, current records through the above
filter demonstrated the presence of two functionally dif-
ferent open states, named as Ol and O2 [23, 42], of the
CFTR channel. These two states exhibited close single-
channel conductances that were not easily distinguished.
Moreover, one of the states (O2) is considerably shorter-
lived than the other one [23]. With this in mind, the data of
the present study are related to the longer-lived (O1) state.
In the presence of AMP-PNP or PPi closing of the CFTR
channel was rare and brief especially at negative potentials
(see Fig. 1). This open state of the channel is known as
non-hydrolytic, locked-open state which is referred to the
O* state hereafter. For measurements of single-channel
amplitude, the relatively long closing was used as a ref-
erence point. In the presence of several CFTR channels in
the patch, all-point histograms were constructed, fitted with
Gaussian functions, and the difference between positions of
maximum values of the adjacent Gaussians was taken as
the channel amplitude. The reversal potentials were cal-
culated by fitting I-V curves to a second-order polynomial
[55]. Data were analyzed using Origin, versions 5-7
(OriginLab, Northampton, MA, USA). Pooled data are
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solution with standard pipette solution at different membrane voltages
as indicated on the left of each trace. Arrowheads on the right of each
trace indicate zero current level. Each data point represents the
mean £ SEM of 8-32 measurements from 5-7 different patches.
Solid lines are linear fits with slopes corresponding to the unitary
outward and inward conductances

given as mean £ SEM of n observations. More than 5
measurements of the current amplitude of the events
derived from at least 5 different patches were provided for
calculation of the mean single-channel amplitude. Statis-
tical differences in slopes of linear fits were evaluated by
analysis of covariance using StatsDirect software (Stats-
Direct, Cheshire, UK) and considered significant at
P < 0.05.

Results
Characteristics of single CFTR channels

Lack of endogenous expression of the CFTR protein in
HEK293T cells has been confirmed previously by immu-
nofluorescence microscopy using an anti-CFTR antibody
raised against the intracellular R-domain [58]. Stimulation
with an adenylyl cyclase activator, 1-5 uM forskolin, did
not activate single-channel currents in non-transfected
HEK?293T cells (n = 5, data not shown). We introduced
CFTR into HEK293T cells by transient transfection with a
bicistronic expression vector containing GFP as a marker
for positive selection of CFTR-expressing cells. We
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previously showed that this results in expression of the
CFTR protein, which can be detected by western blot
analysis as a 180-kDa mature glycosylated band and
recorded functionally as a large cAMP-activated whole-
cell conductance with a linear current—voltage relationship
and without exhibiting time-dependent activation or inac-
tivation [58]. In the present experiments, we examined the
single-channel activity in CFTR-transfected GFP-positive
cells. The cell-attached patch recordings were mostly silent
in non-stimulated conditions. Stimulation with forskolin
after giga-ohm seal formation caused a high level of single-
channel activity with relatively slow gating (Fig. 1a, left
traces). The channel events had the mean unitary ampli-
tudes of 0.79 £ 0.02 pA (n = 14) and —0.57 £ 0.03 pA
(n = 11) at +100 and —100 mV, respectively. The unitary
I-V relationship for these events exhibited slight outward
rectification (Fig. 1b, left graph) due to not only an anion
concentration gradient but also fast open-channel block by
cytosolic organic anions [65] and had a reversal potential
of —1.6 £ 1.3 mV. The mean slope conductances in the
cell-attached mode were 7.76 £ 0.11 and 5.37 £ 0.32 pS
at positive and negative potentials, respectively. The
channel activity gradually disappeared after washing out
forskolin or after patch excision unless the bath (intracel-
lular) solution contained ATP. In the excised inside-out
patches, the single-channel activity could be restored by
bath-application of 5-25 U/ml PKA catalytic subunit and
2 mM MgATP (Fig. la, center traces). In the inside-out
mode, the mean unitary amplitudes were 0.78 = 0.01 pA
(n=37) and —0.79 &£ 0.03 pA (n = 11) at +100 and
—100 mV, respectively. The unitary -V relationship for
these events in the excised mode was linear and symmet-
rical (Fig. 1b, center graph) with reversal at 0 mV, and the
mean slope conductances were 7.75 & 0.12 and
8.10 & 0.23 pS at positive and negative potentials,
respectively. In the presence of 5 mM AMP-PNP together
with 2 mM MgATP in the bath solution, we recorded more
prolonged single-channel events (Fig. la, right traces),
which reversed at 0 mV and had the mean slope conduc-
tances of 7.05 £ 0.17 and 7.88 £ 0.24 pS at positive and
negative potentials, respectively, in the inside-out mode
(Fig. 1b, right graph). Thus, these properties reproduce the
phenotype of the CFTR C1™ channels observed earlier after
heterologous expression in oocytes [25], mammalian cell
lines [38, 66] and lipid bilayers [23, 67].

Differential effects of polymers on the CFTR current
amplitude

When the polymer-containing solutions were infused into
the bath, they differentially affected the unitary currents of
the pre-activated CFTR CI™ channels in inside-out patches
depending on their molecular size, as illustrated in Fig. 2.

Infusion of a small polymer, PEG 300 (hydrodynamic
radius: Ry, = 0.53 nm), reduced both the inward and out-
ward currents from around 0.5 pA (Fig. 2a) to 0.2-0.3 pA
(Fig. 2b) at 60 mV. In contrast, a large polymeric mol-
ecule, PEG 2,000 (R;, = 1.39 nm), did not have such an
effect on the unitary channel amplitude (Fig. 2c). Since the
unitary current—voltage (I-V) relationship remained linear
in both the negative and positive voltage ranges in the
presence of PEGs, for further analysis of the polymer
effects, we used slope conductances calculated separately
for inward and outward unitary currents. The inward con-
ductance was decreased significantly in the presence of
PEG 300 to the value of 4.37 &+ 0.18 pS (a 46% decrease
from the control). The outward conductance was also
decreased, albeit to a lesser extent of 32%. In contrast to
PEG 300, the channel inward and outward conductances in
the presence of PEG 2,000 (8.36 £ 0.26 and
7.93 £ 0.10 pS, respectively) were not significantly dif-
ferent from the control values (Fig. 2d). These results
indicate that only a small molecule like PEG 300 was able
to reach the channel interior to interfere with the movement
of C1™ ions, whereas a larger molecule of PEG 2,000 was
effectively excluded from the CFTR Cl™ channel pore.

Dimensions of the entrance of CFTR channel pore

In order to differentially assess the size of extracellular and
intracellular entrances or vestibules of the CFTR CI™
channel pore, we systematically studied the effects of
polymers of various molecular sizes ranging from 0.45 to
1.84 nm in the following five experimental configurations.
Configuration 1: polymers applied from the extracellular
side (pipette-application) in the cell-attached mode; con-
figuration 2: polymers applied from the extracellular side
(pipette-application) in the inside-out mode; configuration
3: polymers applied from the intracellular side (bath-
application) in the inside-out mode; configuration 4:
polymers applied from the extracellular side (pipette-
application) in the inside-out mode in the presence of
5 mM AMP-PNP in the bath; and configuration 5: poly-
mers applied from the intracellular side (bath-application)
in the inside-out mode in the presence of 5 mM AMP-PNP
in the bath.

All polymers tested efficiently decreased the bulk
solution conductivity by about 50% (Fig. 3a, open
squares). However, the larger molecules (PEG 1,540-3,400
of R, = 1.16—1.84 nm) had no significant effect on the
channel amplitude or the slope conductances in any of the
experimental configurations (Fig. 3a). Thus, these mole-
cules had no access to the channel interior and were
completely excluded from the CFTR channel pore. The
effects of smaller molecules depended on the sidedness of
application. PEGs with R, < 0.95 nm (PEG 300-1,000)

@ Springer



272

J Physiol Sci (2011) 61:267-278

a Control

0025 005 0075
05s Probability

| 60mV |
0.5 pA 0 0.05 0.10

05s Probability

Fig. 2 Effects of polyethylene glycols on the single CFTR CI™
channel currents. Representative current traces recorded from excised
inside-out patches at +60 and at —60 mV in control conditions in the
absence of nonelectrolytes (a) and in the presence of PEG 300 (b) and
PEG 2,000 (c) in the bath solution. C denotes the closed state,
O corresponds to the open channel level, respectively. The respective
all-point histograms are shown at the right of each record; the
histograms (shadowed) were fitted with Gaussians (solid lines) to give
the peak-to-peak single-channel amplitudes (i) as indicated. Single-

significantly suppressed the inward conductance when
applied from the intracellular side (filled circles), but only
the molecules with R, < 0.62 nm (PEG 200-400) were
able to reduce the outward conductance when applied from
the extracellular side (open circles and triangles). These
data strongly suggest that the accessibility of the two
vestibules of the CFTR channel pore to the polymeric
probes is substantially different and that the effective size
of the intracellular entrance is greater than that of the
extracellular entrance. The radii of largest effective poly-
mers, PEG 1,000 (0.95 nm) and PEG 400 (0.62 nm), give
approximate estimates of the lowest limit of the size for
intracellular and extracellular entrances of CFTR channel,
respectively.

In the plot of filling coefficient (defined by Eq. 1) as a
function of polymer hydrodynamic radius (Fig. 3b), the
data points are separated into two distinct groups, the
values of F(out) (open symbols) and F(in) (filled symbols),
which correspond to extracellular and intracellular appli-
cation of polymers, respectively. The two solid lines are
linear fits to the data points of the descending part of the
curve which represents a transition zone from partial filling
(0 < F < 1) to complete exclusion (F = 0). The intersec-
tions of these two lines with the horizontal dashed line
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channel current—voltage relationships (d) were obtained in control
conditions (filled circles) and in the presence of PEG 300 (open
circles) and PEG 2,000 (open triangles) in the bath solution. Each
data point represents the mean &= SEM of 5-29 measurements from
5-9 patches. Solid lines are linear fits with slopes corresponding to the
unitary outward and inward conductances given in the text. The slope
for PEG 300 is significantly different from the control slope at
P < 0.05

(F = 0, zero filling) give estimates of the cut-off size of the
extracellular (R1 = 0.70 & 0.16 nm) and intracellular
(R2 = 1.19 £ 0.02 nm) entrances to the CFTR channel
pore.

Dilatation of the extracellular entrance to the CFTR
channel pore induced by AMP-PNP

Linsdell and Hanrahan [43] described a unique property of
CFTR channel to pass large organic anions when they were
present on the intracellular, but not the extracellular, side.
This asymmetry was not observed for small inorganic anions
and was disrupted by inhibition of ATP hydrolysis in the
presence of AMP-PNP or PPi [43]. In light of these reported
observations, we hypothesized that the non-hydrolytic con-
formation of the CFTR channel is associated with dilatation
of the extracellular entrance, thereby allowing passage of
large organic anions from the extracellular side.

In the presence of AMP-PNP (5 mM) and ATP (2 mM) in
the bath (intracellular) solution, the unitary I-V relationship
showed a slight inward rectification with the mean slope
conductances of 7.05 £ 0.17 and 7.88 £ 0.24 pS at positive
and negative potentials, respectively, in the inside-out mode
(Fig. 1b, right panels). Under these experimental conditions,
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Fig. 3 Effects of polymers on the single-channel conductance of the
CFTR CI” channel in the absence of AMP-PNP. a Relative changes
in the unitary single-channel conductance (left axis) and bulk
conductivity (right axis) as a function of the hydrodynamic radius
(Rp) of PEG molecules (R, = 0.45, 0.53, 0.62, 0.75, 0.95, 1.16, 1.39
and 1.84 nm for PEG 200, 300, 400, 600, 1,000, 1,540, 2,000 and
3,400, respectively). Filled circles represent the inward slope
conductance obtained in the inside-out mode with polymers added
to the bath solution (configuration 3). Open circles and open triangles
represent the outward slope conductance obtained with polymers
added to the pipette solution in the inside-out mode (configuration 1)
and the cell-attached mode (configuration 2), respectively. Data were
collected from 5-9 different patches for each polymer. Open squares
represent the relative decrease in the bulk conductivity of the
solutions used in these experiments (n = 5). *Significantly different
from the slope conductance obtained in control conditions without
polymers at P < 0.05. *Significantly different from the respective
slope conductance obtained with polymers added to the pipette
solution in the inside-out mode at P < 0.05. Inset Schematic
illustrations of configurations 1-3 used in these experiments. b Filling
coefficients calculated according to Eq. 1 as a function of the
hydrodynamic radius of PEG molecules. Symbols are the same as in
(a). Solid lines are linear fits to the descending parts of the curves with
correlation coefficient of —0.90 and —0.99 for extracellular and
intracellular PEG application experiments, respectively. A horizontal
dashed line corresponds to zero filling. R1 and R2 denote the radius of
the extracellular and intracellular entrance of the CFTR Cl~ channel
pore, respectively

the polymers added from the extracellular side exhibited
drastically different effects (Fig. 4a). Specifically, PEG
300-600 (R, = 0.53-0.75) caused significantly larger
effects on the outward conductance (Fig. 4a, open dia-
monds) compared to its effects in the absence of AMP-PNP
(Fig. 3a, open triangles). Examples of single-channel current
recordings in the absence (upper trace) and presence (lower

trace) of AMP-PNP in the bath (intracellular) solution for
PEG 400 are shown in Fig. 4a (inset). These results suggest
substantial widening of the extracellular entrance to the pore
induced by AMP-PNP.

The plot of filling coefficient as a function of polymer
hydrodynamic radius (Fig. 4b, open diamonds) yielded a
radius R3 = 0.93 &£ 0.23 nm, indicating a pore size dila-
tation of about 25%. In contrast, the intracellular entrance
was insensitive to the presence of AMP-PNP as evidenced
by the similarity of the radius of R4 = 1.15 £ 0.08 nm
(Fig. 4b, filled diamonds) and R2 = 1.19 + 0.02 nm
(Fig. 3b, filled circles), obtained when the polymers were
added from the intracellular side of the CFTR channel in
the presence and absence of AMP-PNP, respectively.

Discussion

Highly asymmetric structure of CFTR channel pore
in the open state

The present work shows that the nonelectrolytes exclu-
sion method (when used in the conditions where there is
no interaction between nonelectrolyte and the channel)
can be used successfully in single-channel patch-clamp
experiments to study the geometry of ion channels with
conductance as small as ~ 10 pS. In the case of CFTR,
this method revealed that the channel has a highly
asymmetric pore (with the cut-off radius of 1.19 4 0.02
and 0.70 & 0.16 nm for the cytoplasmic and the extra-
cellular entrances, respectively) in the hydrolytic open
state. The geometric asymmetry revealed in the present
study by polymer partitioning is consistent with the
functional asymmetry of CFTR Cl~ channel suggested
by blocking effects of large organic anions and osmo-
lytes only from the intracellular but not the extracellular
side of the pore [40, 41, 45, 65, 66, 68, 69], by asym-
metric permeability to organic anions [43] and by
intrinsic weak inward rectification [46]. The present
results of an asymmetric ion transporting pathway with a
wider intracellular entrance is also consistent with a
teepee-like CFTR pore structure proposed by summa-
rizing some of site-directed mutagenesis and ion per-
meation studies [21].

The predicted transmembrane topology for CFTR
(where 79.5% of the whole CFTR molecule composes
cytoplasmic domains [28-30]) might be related to its
structural asymmetry. Such a highly asymmetric pore
geometry of the CFTR channel with a narrower extracel-
lular pore entrance is consistent with its close relationship
to the ABC-exporters, which also have exceedingly
asymmetric structures with a wide interior chamber to
accommodate a variety of exporting substances [7]. In
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Fig. 4 Effects of polymers on the single-channel conductance of the
CFTR CI™ channel in the presence of AMP-PNP. a Relative changes
in the unitary single-channel conductance as a function of the
hydrodynamic radius of PEG molecules in the presence of AMP-PNP
in the bath (intracellular) solution in the inside-out mode. Open
diamonds represent the outward slope conductance obtained with
polymers added to the pipette solution (configuration 4). Filled
diamonds represent the inward slope conductance obtained with
polymers added to the bath solution (configuration 5). Data were
collected from 5-9 different patches for each polymer. *Significantly
different from the slope conductance obtained in control conditions
without polymers at P < 0.05. The slope conductances obtained in
the presence of AMP-PNP for PEG 300, 400, 600 and 1,000 (filled
diamonds) are significantly different from those in the absence of
AMP-PNP (open triangles in Fig. 3a). Upper inset Schematic
illustrations of configurations 4 and 5 used in this experiment. Lower
inset Representative current traces recorded at 4100 mV in the
absence (upper trace) and presence (lower trace) of AMP-PNP in the
bath (intracellular) solution. b Filling coefficients calculated accord-
ing to Eq. 1 as a function of the hydrodynamic radius of PEG
molecules. Symbols are the same as in (a). Solid lines are linear fits to
the descending parts of the curves with correlation coefficient of
—0.92 and —0.99 for extracellular and intracellular PEG application
experiments, respectively. A horizontal dashed line corresponds to
zero filling. R3 and R4 denote the radius of the extracellular and
intracellular entrance, respectively, of the CFTR Cl™ channel in the
presence of AMP-PNP in the bath solution

addition, the cut-off sizes of the CFTR pore entrances
estimated in the present study fit well with the dimensions
of shafts visible in electron microscope images of crystals
of purified CFTR protein [26, 27], suggesting that the
shafts are closely associated with the anion-translocation
pathway of CFTR CI™ channel.

The PEG-partition study allows us to estimate not only
the cut-off size of the channel entrance from the
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hydrodynamic radii of accessible PEGs but also the chan-
nel pore geometry from the filling coefficients of the PEGs
[52, 59, 68]. It is of importance that the small PEGs (e.g.,
PEG 300) filled the channel in a side-dependent manner.
The F(out) and F(in) values were found to be equal to
0.11 &£ 0.02 and 0.89 +£ 0.04 for extracellular and intra-
cellular PEG 300 applications, respectively (Fig. 3b). Such
a difference would be caused, at least in part, by a higher
access rate of PEG 300 from a wider intracellular side
compared to a lower access rate from a narrow extracel-
lular side. The simplest assumption would be that filling of
the polymer was induced by simple diffusion and the
F value is proportional to the cross-sectional area of
the channel entrance. This assumption yields F(in)/
F(out) ~ 1.8 for R1 = 0.70 and R2 = 1.19. However, the
calculated ratio is considerably less than the actually
measured ratio of about 8 for PEG 300.

A more prominent difference between F(in) and F(out)
would be caused by an obstacle to polymer filling, if the
obstacle exists far from the middle of the route of the
channel pore. As PEG 300 (R;, = 0.53 nm) is not able to
fill the CFTR pore completely, the obstacle squeezes the
pore size down to <0.53 nm in radius. This is consistent
with a fact that the apparent functional pore radius at the
narrowest zone of CFTR channel was extrapolated down to
0.27 nm from anion permeability measurements [66]. Such
an obstacle would restrict the access of PEG to the region
behind the obstacle, thereby giving rise to physical sepa-
ration of the higher-resistance pore region filled with this
polymer from the lower-resistance region devoid of the
polymer. Thus, the F(in)/F(out) value of around 8 for PEG
300 may suggest that the obstacle exists very much closer
to the extracellular entrance. It seems feasible that a nar-
rowest constriction within the pore serves as the obstacle
for polymer nonelectrolytes. The definition of the filling
coefficient is based on the assumption that the pore elec-
trical resistance can be considered as a sum of resistances
of two parts in series: filled with polymer and non-filled.
Thus, it may be reasonable to imagine that the F value
electrophysiologically evaluated by Eq. 1, though not
identical, can be related to the effective electrical distance
for permeating Cl~ ions. The linear I-V relationship of
CFTIR in the absence of PEG may imply that the applied
voltage drops uniformly along the pore length. The value
(F = 0.11 £ 0.02) for the extracellular application would
mean that only chloride ions moving 1/10 of the total
voltage drop distance (the electrical distance) sense the
presence of PEG added from the outside. Thus, the nar-
rowest constriction as a barrier for PEG 300 is located not
closer than 10% of the total electrical distance for chloride
ions from the outside. Consistently, chloride ions moving
up to approx. 90% from the intracellular mouth sense the
presence of PEG 300 added from the intracellular side, as
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evidenced by F = 0.89 &£ 0.04 for the case of intracellular
application. Even if a difference in the polymer access rates
at both entrances partially contributed to the difference
between F(in) and F(out), it would be reasonable to con-
clude that the narrowest constriction of the CFTR channel
pore exists closer to the extracellular entrance. Our results
are consistent with previous reports suggesting that the
binding sites for chloride and for negatively charged
blockers exist near the extracellular side of CFTR Cl1™
channel pore [45, 66, 69].

On the basis of electron microscope images of two-
dimensional crystals of purified CFTR protein [26, 27], it
was considered that the CFTR pore has dual outer
entrances. Although the dual-pore model explains well the
existence of subconductance states of CFTR [23, 24, 42],
we did not observe such distinct major levels of single-
channel conductance frequently in the present study. In
contrast, real time measurements of covalent modification
of single R334C-CFTR channels by [2-(trimethylammo-
nium)ethyl]methanethiosulfonate indicated that a single
CFTR polypeptide forms a CFTR channel with a single
pore [25]. Based on this single-pore hypothesis, the present
results are summarized in Fig. 5 (left drawing) in a cartoon
illustrating a possible CFTR conformation of the open
state. In the absence of AMP-PNP, the open CFTR channel
pore is highly asymmetric, exhibiting a narrower outer
entrance with R1 = 0.70 nm and a wider inner entrance
with R2 = 1.19 nm. The narrowest constriction, depicted
in Fig. 5 (left drawing: smallest filled circle), may repre-
sent the selective filter and exhibit an apparent functional
radius (RS5) of 0.27 nm which was evaluated by studies of
organic anion permeability by Linsdell et al. [66]. This
state probably represents the Ol open state with a site in
the pore to bind large cytoplasmic anions [41], which
intermittently occlude Cl~ flow resulting in bursts. Con-
sistent with open-channel blocking studies [40, 41, 45, 65,
66, 68, 69], the CFTR pore geometry depicted in Fig. 5
allows access of bulky open-channel blockers, such as
glibenclamide (R, ~ 0.63 to 0.75 nm [45, 68]) and DIDS
or DNDS (R, ~ 0.65 nm [41]), to the pore only from the
intracellular side.

Dilating conformational change of CFTR channel pore
in the locked-open state

It is well known that non-hydrolyzable nucleotide analogs
considerably prolong the open channel bursts of CFTR in
the presence of ATP [35, 36]. This state of the channel is
called as non-hydrolytic, locked-open (O*) state. Using the
PEG partitioning method, in the present study, we found
that, in the presence of AMP-PNP, the geometry of the
CFTR pore in the locked-open state is dramatically dif-
ferent from the O1 state. The cut-off radius of the outer
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Fig. 5 AMP-PMP-dependent structural transitions from the open state
(O1) to the locked-open (O*) state of CFTR CI™ channel. Left A
hypothetical drawing depicts the solute-accessible interior of a highly
asymmetric pore with narrower extracellular (the radius of
R1 = 0.70 nm) and wider intracellular (R2 = 1.19 nm) entrances in
the presence of ATP and in the absence of AMP-PNP. The size of
the narrowest constriction inside the pore (smallest filled circle,
R5 = 0.27 nm) is based on the permeability data reported by Linsdell
etal. [66]. Right A hypothetical drawing illustrates AMP-PNP-induced
dilatation of the extracellular entrance (R3 = 0.93 nm) but not of the
intracellular entrance (R4 = 1.15 nm) of the CFTR C1™ channel pore.
Smaller hatched circle in the middle corresponds to an AMP-PNP-
dependent widening of the narrowest constriction which may represent
the selectivity filter. For the radius of the narrowest constriction in the
presence of AMP-PNP, the value of R6 = 0.69 nm reported by Linsdell
and Hanrahan [43] is adopted, and its localization in the proximity to the
extracellular entrance of the channel is based on the present PEG
partition study. NBDI and NBD2 denote two nucleotide-binding
domains of CFTR channel protein. The transmembrane and regulatory
domains are not depicted for the simplicity

entrance (R3) became considerably larger (from 0.70 to
0.93 nm in radius). Moreover, PEG 300 was able to fill the
channel in the presence of AMP-PNP in a manner
nearly independent of the sidedness of the PEG application
[F(out) = 0.90 £ 0.13 and F(in) = 1.02 £ 0.09] (Fig. 4b).
As schematically depicted in Fig. 5 (right drawing), it thus
appears that the structural asymmetry of CFTR channel pore
became smoothed out by dilatation of the extracellular
entrance of CFTR channel in the presence of AMP-PNP or
PPi. The present finding is consistent with electron micro-
scope studies of two-dimensional crystals of purified CFTR
[26, 27] where the size of the supposed extracellular pore
entrance at the channel structure obtained in the presence of
AMP-PNP appears larger than that in the presence of Mg-
ATP. Anion permeability experiments [43] also showed that
ATPase inhibitors that lock CFTR channels in the open state
(PPi, AMP-PNP), but not those that reduce channel open
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probability (NaN3, ADP), can considerably decrease the
asymmetry in CFTR channel permeability to large anions:
the radius of its narrowest constriction site (R6) was found to
widen to 0.69 nm (this value is incorporated into Fig. 5, right
drawing: smaller hatched circle). Thus, the camulative data
indicate that CFTR, which has not only a functionally but
also a structurally asymmetric pore in the O1 state (Fig. 5,
left drawing), exhibits a conformational change manifested
by not only relaxation of the narrowest constriction but also
dilatation of the extracellular entrance in association with the
O* state in the presence of a non-hydrolyzable ATP analog
(Fig. 5, right drawing). An intriguing question as to whether
the mutation at the site essential for ATP hydrolysis in NBD2
(such as K1250A and E1371S) causes a similar conforma-
tional change remains for future studies. However, it must be
noted that mutations (even in the non-pore region) them-
selves could alter the pore architecture of CFTR [70-72].

The asymmetry of F(out) and F(in) almost disappears
for small PEG 300 and PEG 400 in the presence of AMP-
PNP. However, the filling coefficient for PEG 600 was
asymmetric for the two vestibules in the locked-open state
[F(out) = 0.14 &+ 0.04, F(in) = 0.62 + 0.04], suggesting
that the narrowest constriction site still exists near the
extracellular side. Since a linear fitting of the open symbols
(especially, the data point for PEG 600) in Fig. 4b looks
poor, in Fig. 5 (right drawing), we tentatively depict the
selectivity filter at the same location as for the conforma-
tion in the absence of AMP-PNP (left drawing).

The dilatation of the extracellular entrance and relaxa-
tion of the narrowest constriction may favor the increase in
the single-channel conductance. However, it is well known
that the single-channel conductance at the open and locked-
open states are practically the same (e.g., [22, 36]) and not
largely different in the present study (see Fig. 1b). The
increase in cut-off radius of the extracellular entrance
(without decreasing the size of intracellular entrance) and
relaxation of the narrowest constriction of the CFTR pore
may not necessarily be accompanied by an increase in the
single-channel conductance, if the rate of ion permeation
through the O1 state open CFTR channel is essentially
identical to that through the O* state locked-open channel
due to a conformational change resulting in a change in the
profile of energy barriers within the pore.

There are, at least, two models of CFTR channel which
are currently discussed by the scientific community (see,
e.g., [24]): single-pore and dual-pore models. Several
previous studies demonstrated that the CFTR pore exhibits
more than two conformations displaying a number of
subconductance levels [23, 24, 42]. Thus, it is likely that
there are conformations other than closed, open and
locked-open states in association with different subcon-
ductance levels of the CFTR channel regardless of a single-
pore or dual-pore hypothesis. The structural basis for these

@ Springer

subconductance states remains for future studies. The data
obtained in the present study demonstrated a prominent
difference in structure between open (O1) and locked-open
(O*) states. Thus, an important implication of the present
study is that there may be significant structural diversity
even among different “open states”.
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