CFTR Gating I: Characterization of the ATP-dependent Gating of a
Phosphorylation-independent CFTR Channel (AR-CFTR)
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ABSTRACT The CFTR chloride channel is activated by phosphorylation of serine residues in the regulatory (R)
domain and then gated by ATP binding and hydrolysis at the nucleotide binding domains (NBDs). Studies of the
ATP-dependent gating process in excised inside-out patches are very often hampered by channel rundown partly
caused by membrane-associated phosphatases. Since the severed AR-CFTR, whose R domain is completely removed,
can bypass the phosphorylation-dependent regulation, this mutant channel might be a useful tool to explore the
gating mechanisms of CFTR. To this end, we investigated the regulation and gating of the AR-CFTR expressed in
Chinese hamster ovary cells. In the cell-attached mode, basal AR-CFTR currents were always obtained in the absence
of cAMP agonists. Application of cAMP agonists or PMA, a PKC activator, failed to affect the activity, indicating
that the activity of AR-CFTR channels is indeed phosphorylation independent. Consistent with this conclusion,
in excised inside-out patches, application of the catalytic subunit of PKA did not affect ATP-induced currents.
Similarities of ATP-dependent gating between wild type and AR-CFTR make this phosphorylation-independent
mutant a useful system to explore more extensively the gating mechanisms of CFTR. Using the AR-CFTR construct,
we studied the inhibitory effect of ADP on CFTR gating. The Ki for ADP increases as the [ATP] is increased,
suggesting a competitive mechanism of inhibition. Single channel kinetic analysis reveals a new closed state in the
presence of ADP, consistent with a kinetic mechanism by which ADP binds at the same site as ATP for channel
opening. Moreover, we found that the open time of the channel is shortened by as much as 54% in the presence

of ADP. This unexpected result suggests another ADP binding site that modulates channel closing.
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INTRODUCTION

The cystic fibrosis transmembrane conductance regulator
(CFTR) is a member of the ATP-binding cassette trans-
porter family, and the only ATP-binding cassette (ABC)
transporter so far established as an ion channel. Muta-
tions in this channel cause the genetic disease cystic
fibrosis (Riordan et al., 1989). CFTR is composed of
five domains: two membrane-spanning domains, each
with six putative transmembrane segments, contribute
to the formation of the chloride channel pore; two
nucleotide-binding domains (NBD1 and NBD2), defined
by the conserved Walker A and B motifs, play critical
roles in CFTR gating; a regulatory domain (R domain),
not found in other ABC transporters, contains several
phosphorylation sites for cAMP-dependent protein
kinase (PKA) and PKC. PKA activates CFTR by phos-
phorylating multiple serine residues in the R domain,
while the opening and closing of the channel is cou-
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pled to ATP binding and hydrolysis at the nucleotide
binding domains (NBDs) (for review see Gadsby and
Nairn, 1999).

Several different kinetic models have been proposed
to explain ATP-dependent gating of CFIR (e.g., Zelt-
wanger et al., 1999; Ikuma and Welsh, 2000; Vergani et
al., 2003), but it remains unclear how each NBD utilizes
ATP to open and close the channel. Compared with
voltage-gated cation channels, CFTR gating is slow, with
each opening and closing events lasting for hundreds of
milliseconds to seconds. Our understanding of CFTR
gating relies heavily on single-channel kinetic analysis
that demands recordings that last for tens of minutes
in order to collect sufficient gating events. However,
stationary recordings for this length of time are techni-
cally challenging because PKA-dependent phosphoryla-
tion is absolutely required for WI-CFIR function and
CFTR is often dephosphorylated by membrane-associated

Abbreviations used in this paper: ABC, ATP-binding cassette; BIM,
bisindolylmaleimide; CHO, Chinese hamster ovary; CFTR, cystic fibrosis
transmembrane conductance regulator; CPT-cAMP, 8-(4-chlorophe-
nylthio)-cAMP; NBD, nucleotide binding domain; NMDG-CI, N-methyl-
p-glucamine chloride; PKI, PKA inhibitor; R, regulatory; WT, wild type.
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protein phosphatases in inside-out patches. The chan-
nel rundown by dephosphorylation could affect not
only single-channel kinetic parameters, but also “steady-
state” dose-response relationships (e.g., Szellas and Na-
gel, 2003). The severity of this technical problem varies
among different expression systems. In some cases, de-
phosphorylation-induced channel rundown in excised
patches takes place within seconds upon removal of
PKA (e.g., Weinreich et al., 1999).

Another technical difficulty that hampers kinetic stud-
ies is to obtain membrane patches that contain only
one channel. Although analytical methods have been
developed to quantify gating kinetics from multichan-
nel data (e.g., Fenwick et al., 1982; Csanady, 2000),
these methods still cannot replace classical single-chan-
nel dwell-time analysis because of the necessity of using
a preconceived gating model. The discovery of phos-
phorylation-independent CFTR constructs provides
a potential solution for the problems described
above. Recently, Csanady et al. (2000) constructed a CFTR
whose R domain (amino acids 634-836) is completely
deleted. This construct, when expressed in Xenopus oo-
cytes, exhibits robust basal activity. However, addition
of PKA causes a further increase in the AR-CFTR cur-
rents (~30%), suggesting the presence of phosphoryla-
tion site(s) outside the R domain. This conclusion con-
tradicts an early report by Rich et al. (1993) that shows
that all the functionally important phosphorylation
sites are located in the R domain (see DISCUSSION for
details).

One potential reason for this discrepancy is the differ-
ence in the expression system (mammalian cell line vs.
Xenopus oocytes). We therefore examined if the AR-
CFTR construct made by Csanady et al. (2000) is sensi-
tive to modulation by PKA-dependent phosphorylation
when it is expressed in a mammalian expression system.
Our results show that the constitutive activity of AR-
CFTR channels is not modified by application of cAMP
agonists in cell-attached recordings or exogenous PKA
in excised inside-out patches, indicating that these AR-
CFTR mutant channels are completely phosphorylation
independent, at least when expressed in Chinese ham-
ster ovary (CHO) cells. Because the expression level is
low, patches containing only a single channel can be fre-
quently obtained. We found that gating parameters of
AR-CFTR are very similar, if not identical, to those of
WT-CFTR. These include single-channel Po, ATP dose—
response relationship, and opening and closing rates. It
is therefore concluded that, contrary to Csanddy’s re-
port, this AR-CFTR construct provides a valuable model
system to study CFTR gating at a single-channel level
when expressed in CHO cells. Indeed, our single-chan-
nel kinetic analysis in the presence of ADP reveals, for
the first time, a new closed state, consistent with the
idea that ADP inhibits CFTR opening by competing
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with ATP for a binding site. Surprisingly, ADP also re-
duces the open time of the channel, suggesting that
binding of nucleotides affects the stability of the open
state. This unexpected finding leads to further studies
elaborated in the accompanying paper.

MATERIALS AND METHODS

Cell Culture

CHO cells were grown at 37°C and 5% COy in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% FBS. For whole-cell
and cell-attached experiments, cell suspensions were prepared
with trypsinization. For excised inside-out experiments, cells
were plated on sterile glass chips in 35-mm tissue culture dishes
1-2 d before use.

Construction of the CFTR Mutant

The DNA construct (pBudCE4.1 split AR-CFTR) for expressing
the AR-CFTR channel has been described in detail previously (Ai
etal,, 2004). In brief, the cDNAs encoding CFTR residues 1-633
and residues 837-1480 were subcloned into the expression vec-
tor pBudCE4.1 (Invitrogen) under the control of the CMV and
EFl-a promoters, respectively. The plasmids pGEMHE-1-633 and
pGEMHE-837-1480 were a gift from D. Gadsby (Rockefeller Uni-
versity, New York, NY).

Transient Expression of CFTR

To transiently express CFTR, CHO cells were grown in 35-mm
tissue culture dishes one day before transfection. The plasmid
pBudCE4.1 split AR-CFTR or pcDNA3.1 containing wild-type
(WT)-CFTR were cotransfected with pEGFP-C3 (CLONTECH
Laboratories, Inc.) encoding green fluorescent protein using Su-
perFect transfection reagent (QIAGEN) according to manufac-
turer’s protocols. The cells were incubated at 27°C for 1-2 d be-
fore use.

Whole-cell Experiments

Pipette electrodes were made from Corning 7056 glass capillaries
(Warner Instrument). The pipette resistance was ~3 M{) in the
bath solution. The membrane potential was held with an EPC9
patch-clamp amplifier (HEKA) at 0 mV, voltage ramps (=100
mV, 2 s in duration, every 6 s) or voltage steps were generated
with Pulse software (HEKA) to create the I-V relationships. Cur-
rent traces were filtered at 1 kHz with a built-in four-pole Bessel
filter and then digitized at 2 kHz into the computer. The currents
were recorded at room temperature (~23°C). The pipette solu-
tion contained (in mM) 85 aspartic acid, 5 pyruvic acid, 10
EGTA, 20 tetraethylammonium-chloride, 5 tris creatine phos-
phate, 10 MgATP, 2 MgCly, 5.5 glucose, and 10 HEPES (pH 7.4
with CsOH). Aspartate was replaced with CI~ for some experi-
ments under symmetrical [Cl7] condition. The bath solution
contained (in mM) 150 NaCl, 2 MgCl,, 1 CaCl,, 5 glucose, and 5
HEPES (pH 7.4 with NaOH). 20 mM sucrose was added to the
bath solution to prevent activation of swelling-induced currents.

Single-channel Experiments

Patch-clamp experiments in excised inside-out mode were de-
scribed in detail previously (e.g., Zeltwanger et al., 1999). In
brief, single-channel CFTR currents were recorded at room tem-
perature (~23°C) with an EPC9 or EPC10 amplifiers (HEKA).
Data were filtered at 100 Hz with an eight-pole Bessel filter
(Warner Instrument) and captured onto a hard disk at a sam-



pling rate of 500 Hz. For cell-attached patches, the pipette poten-
tial is held at 50 mV. For excised inside-out patches, the mem-
brane potential is held at —50 mV. The pipette solution con-
tained (in mM) 140 N-methyl-p-glucamine chloride (NMDG-CI),
2 MgCl,, 5 CaCly, and HEPES (pH 7.4 with NMDG). The super-
fusion solution for inside-out patches contained (in mM) 150
N-methyl-pD-glucamine chloride (NMDG-CI), 10 EGTA, 10 HEPES,
8 TRIS, and 2 MgCl, (pH 7.4 with NMDG).

Reagents

Forskolin, purchased from Alexis, was stored as 20 mM stock in
DMSO at 4°C. Genistein were purchased from Sigma-Aldrich and
stored as 100 mM stock in DMSO at —20°C. CPT-cAMP (8-(4-
chlorophenylthio)-cAMP) and Mg-ATP, purchased from Sigma-
Aldrich, were stored in water at —20°C. PKA was purchased from
Promega. PKI was purchased from Alexis. Bisindolylmaleimide
(BIM) and PMA were purchased from Sigma-Aldrich. ADP was
purchased from Calbiochem.

Data Analysis

The steady-state mean current and single channel amplitudes were
calculated with Igor software (Wavemetrics). Curve fitting of the
dose-response relationships were also performed with Igor. Single
channel Po, mean burst duration, and mean interburst duration
were obtained from patches with few channels (<4) with a pro-
gram developed by Dr. Csanddy (Csanady, 2000). To determine
the true ATP-dependent parameters, the ATP-independent brief
closures (flickers) observed within a burst had to be removed. To
do that, we employed the three-state model shown below:

Tco To
—O—/8B
Toc Tgo (SCHEME 1)

where O and C are open and closed states, respectively. B is a
blocked state induced by an intrinsic blocker (Zhou et al., 2001).
Rate constants r¢p, roc, Top and 1y are extracted by a simulta-
neous fit to the dwell-time histograms of all conductance levels.
Mean interburst, burst durations, and channel open probability
(Po), were calculated as 7, = 1/1c0, 7, = (1/79¢) (1 + 7958/ 780) >
Po = 1/(1 + roc/rco + 708/ 7p0), respectively. Then, the burst
time (7,) corresponds to the ATP-dependent open time of the
channel (7o), and the interburst time (7;) corresponds to the
ATP-dependent closed time of the channel (7c). To avoid confu-
sions, we will use throughout this manuscript the terms open and
closed time to refer to these ATP-dependent events.

For single-channel dwell-time analysis (Fig. 8), we pooled the
current recordings obtained from several patches containing
only a single AR-CFTR channel. The digitized current records
were further filtered digitally at 50 Hz and analyzed with a pro-
gram developed by Y. Sohma in our lab. The program automati-
cally detects events using a 50% threshold-crossing method. The
pooled open and closed interval durations were log-binned at a
resolution of 10 bins per log unit and plotted as the square root
of the number of intervals per bin with the constant bin width on
a logarithmic time axis (Sigworth and Sine, 1987). To exclude
the shortlived, ATP-independent flickery events (Zhou et al.,
2001), we reconstructed dwell-time histograms by setting up a
cutoff of 50 ms (e.g., Carson et al., 1995; Li et al., 1996; Zelt-
wanger et al., 1999). Least square estimation with sums of expo-
nential components was performed to obtain open and closed
time constants. The intervals shorter than dead times were ex-
cluded from the fitting.

All values are presented as mean * SEM. Student’s ¢ test was
performed with Sigmaplot (SPSS Science), P < 0.05 was consid-
ered significant.
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Online Supplemental Material

The supplemental material for this paper consists of two figures
(available at http://www.,jgp.org/cgi/content/full/jgp.200409227 /
DCI1). Fig. S1 shows the ATP dose-response for AR-CFTR mutant
channels. Fig. S2 shows the change from slow gating mode to fast
gating mode as we switch from on-cell mode to excised inside-out
mode in WI-CFTR channels.

RESULTS

Phosphorylation-independent Regulation of AR-CFTR

It was reported that AR-CFTR, expressed in Xenopus oo-
cytes, is constitutively active and that the whole-cell AR-
CFTR channel currents can be increased by cAMP stim-
ulation (Csanddy et al., 2000). Surprisingly, when ex-
pressed in CHO cells, constitutively active AR-CFTR
currents do not respond to forskolin or CPT-cAMP
stimulation. Fig. 1 A shows a representative cell-attached
recording of AR-CFTR. Addition of 10 pM forskolin
plus 100 wuM CPT-cAMP, both maximally effective con-
centrations for CFTR activation (Hwang et al., 1997; Al-
Nakkash and Hwang, 1999), failed to increase the basal
activity, but 20 uM genistein, a known CFTR potentia-
tor (e.g., Yang et al., 1997), increased the current by ap-
proximately twofold (n = 4).

To further test if AR-CFTR currents are indeed phos-
phorylation independent, we used PKI, a PKA inhibi-
tor, in the whole-cell configuration, which allows intro-
ducing PKI directly into the cell. Previously, Hwang et
al. (1992) showed that introducing 1 mM PKI into the
cell through the patch pipette can abolish cAMP-stimu-
lated CFTR currents in cardiac myocytes. We first tested
effects of PKI on WI-CFTR. In cells expressing WT-
CFTR, an outward current was observed upon breaking
into the whole-cell configuration in the presence of 10
wM forskolin (Fig. 1 B). However, this current was com-
pletely abolished within 1 min due to a rapid diffusion
of the pipette PKI into the cell. Subsequent application
of 20 uM genistein did not potentiate the current (Fig.
1 B), consistent with the notion that genistein only po-
tentiates CFTR that is already activated by PKA-depen-
dent phosphorylation (Yang et al., 1997; cf. Illek et al.,
1995). In contrast, AR-CFTR basal currents were ob-
tained without any cAMP stimulant after the whole-cell
configuration was formed. The pipette PKI has little ef-
fect on this current. Although a slow decay of the AR-
CFTR current over a course of tens of minutes is ob-
served, this is likely due to phosphorylation-indepen-
dent rundown since a similar irreversible decrease of
the cAMP-dependent current is very often seen with
the WI-CFTR (unpublished data). Application of 10
pM forskolin did not alter the PKl-resistant current,
but 20 wM genistein further increased the current (n =
7) (Fig. 1 C).

Although the cAMP-PKA pathway constitutes the ma-
jor regulatory mechanism for CFTR, PKC may also be
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Ficure 1. Effects of PKA activators
and inhibitors on AR-CFTR. (A) A
cell-attached recording showing that
addition of 10 pM forskolin (Fsk) +
100 uM CPT-cAMP failed to increase
the basal current of AR-CFTR. However,
addition of 20 puM genistein (Gen)
could potentiate the current (n = 4).
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CFTR, in the presence of forskolin, a
very brief outward current was obtained
immediately after the whole-cell config-
uration was formed (arrow). Then, the
currents decayed rapidly. Subsequent
application of genistein did not potenti-
ate the currents. For AR-CFTR, basal
currents were seen without any cAMP
stimulant after the whole-cell configura-
tions are formed (arrow). Subsequent
application of forskolin did not alter
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involved in the phosphorylation of CFTR (Tabcharani
et al., 1991; Button et al., 2001; Chappe et al., 2003;
Chen et al., 2004). We therefore tested whether AR-
CFTR is sensitive to PKC modulation by using both a
PKC activator, PMA, and an inhibitor, BIM. Fig. 2 A
shows a continuous current trace of whole-cell AR-
CFTR currents. A ramp voltage >100 mV was applied
every 6 s to monitor any conductance change over the
time course of the experiment. The basal AR-CFTR
current is insensitive to 1 pM BIM (n = 7). In cell-
attached patches (Fig. 2 B), the PKC activator PMA
(500 nM) did not change AR-CFTR channel activity
(n = 6). In both cases, however, genistein, serving as a
positive control, increased AR-CFTR currents.
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the currents. But, genistein could po-
tentiate the channel activity. Similar
results were obtained from seven cells.
Ramp I-V curves (right) were taken as
marked in the raw current traces.

Sensitivity of the AR-CFTR channel to PKA-depen-
dent phosphorylation was further tested in excised in-
side-out patches. Fig. 3 A shows the current trace of a
single AR-CFTR channel with 2.75 mM ATP. Consistent
with the results shown above, subsequent application of
PKA (25 U/ml) did not change the open probability.
Fig. 3 B shows expanded traces in the presence or ab-
sence of PKA. In six similar experiments, the mean sin-
gle-channel Poin the presence of 2.75 mM ATP alone is
not significantly different from that in the presence of
PKA plus 2.75 mM ATP (Fig. 3 B). We thus conclude
that AR-CFTR channels, when expressed in CHO cells,
are constitutively active in the presence of ATP and are
phosphorylation independent.
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Ficure 2. Effect of PKC on AR-CFTR. (A) A representative whole-cell AR-CFTR current trace showing lack of effects of BIM, a PKC
inhibitor, on the basal current. The inset shows the I-V relationships at different conditions as marked. Similar results were obtained from
seven cells. (B) A continuous AR-CFTR current trace in a cell-attached mode. PMA, a PKC activator, did not alter the AR-CFTR currents.
Summary of the mean currents in the presence or absence of PMA. Values were normalized by mean currents with genistein (n = 6).
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application 2 min after patch excision. Subsequent addition of PKA did not alter the channel activity. (B) Expanded traces of the recording
in A. (C) Summary of the measured Powith 2.75 mM ATP alone and with both 2.75 mM ATP and PKA (25 U/ml) (n = 6).
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ATP-dependent Gating of AR-CFTR

To further explore the possibility of using AR-CFTR
channels to study the ATP-dependent gating process,
we performed detailed experiments to examine gating
behavior of AR-CFTR in response to ATP in excised in-
side-out patches and compared the gating parameters
to those of WI-CFTR.

The AR-CFTR channel activity in the presence of dif-
ferent [ATP] was monitored to obtain a dose-response
relationship. The single channel open probability (Po)
was plotted against [ATP], and a fit with the Michaelis-
Menten equation yielded a K, value of 89 * 25 uM,
which, within the error range, is quite similar to that of
WT-CFTR (137 * 28 uM; Zeltwanger et al., 1999). De-
spite some scattered differences, the Po values for AR-
CFTR are also very close to those of WI-CFIR (see Fig.
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S1, available at http://www.jgp.org/cgi/content/full/
jgp-200409227/DC1).

Fig. 4 A shows representative single-channel traces of
AR-CFTR in the presence of different [ATP]. Similar to
WT-CFTR, AR-CFTR exhibits two types of closings, an
ATP-sensitive long closing and flickery closings that
appear to be ATP-independent. For single-channel ki-
netic analysis, recordings from patches containing up
to three channels were analyzed using the program de-
veloped by Csanady (2000). Fig. 4 B shows relationships
between [ATP] and mean open time (7o), or mean
closed time (7c). Both gating parameters are remark-
ably similar to those of WI-CFTR (Zeltwanger et al.,
1999). Thus, the function of NBDs, the gating machin-
ery for CFTR, appears to be intact despite a complete
removal of the R domain. We therefore conclude that



A 2.75 mM ATP

25 U/ml PKA

'TH’ W N-#it
WO 4

W \

l t

]

10s slow-gating mode
B 2.75 mM ATP

L

fast-gating mode

Tl

i

Os
fast-gating mode
C
1.0 1
(n=3)
Po 1 (n=8) (n=6)
0.5 T
0.0
Fast Slow High

AR-CFTR, being phosphorylation independent and be-
having similarly to WT channels, is an ideal construct to
explore more extensively the gating mechanisms of
CFTR.

Different Gating Modes

Stable recordings of AR-CFTR provide a unique oppor-
tunity to observe gating behavior over a long duration.
In addition, bypassing the PKA-dependent activation
step allows examination of the gating pattern imme-
diately following patch excision. We observed three
different gating modes: slow gating mode, fast gating
mode, and a high Po mode. The slow gating mode is
characterized by long openings as well as long closings,
and is often observed immediately after excision of the
membrane. Within a few minutes, it switches spontane-
ously to the fast gating mode. Fig. 5 A presents a 3-min
single-channel trace showing such a switch. This switch
is not phosphorylation dependent since the addition of
PKA did not switch the channel back to the original
slow gating mode. It is interesting, however, to note
that the Po values for slow gating mode and fast gating
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high -Po mode

FIGURE 5. Mode shifts of AR-CFTR.
(A) A single-channel recording of the
AR-CFTR channel in an excised inside-
out patch. The slow gating mode, i.e.,
long openings and closings of the
channel, is often observed immediately
after excision of the membrane patch.
The slow gating mode usually switches
to the fast gating mode spontaneously
within a few minutes after patch exci-
sion. (B) A sample trace showing a
spontaneous mode switch from the fast
gating mode to the high Po mode. The
mode switch occurred 4 min after the
excision of membrane, and lasts for >6
min. (C) Summary of Po of AR-CFTR in
different modes. *, P < 0.01.

mode are similar, 0.45 £ 0.06 (n = 6) and 0.42 = 0.06
(n = 8), respectively, in the presence of 2.75 mM ATP.
In addition to the gating modes described above, we
also observed a rarely occurring state whose Po is signifi-
cantly higher than that of the fast or slow gating modes.
Fig. 5 B shows a spontaneous switch of the gating mode
from a fast one to the high Po mode. This high-Po mode
is characterized by a Po of 0.72 = 0.07 (n = 3) in the
presence of 2.75 mM ATP. The higher Pois likely due to
a prolonged open time and a shortened closed time.
Unlike the switch between fast and slow gating modes,
which usually occurs in the first few minutes of record-
ings, the switch to the high Po mode can take place at
any time after excision. The mechanism underlying this
mode shift is unknown but may explain partly the dis-
crepancy in the literature for the different Po values re-
ported for WI-CFTR (see p1scussiON for details).

Effect of ADP in Fast Gating Mode

It has been reported that ADP inhibits the ATP-depen-
dent WI-CFTR activity (Anderson and Welsh, 1992;
Gunderson and Kopito, 1994; Winter et al., 1994;
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Inhibition of ATP-induced AR-CFTR currents by ADP. (A) Inhibitory effects of ADP on the AR-CFTR currents induced with

different ATP concentrations. (B) The dose-response relationship between [ADP] and the magnitude of inhibition in the presence of
four different ATP concentrations: ([J) 75 uM ATP, () 200 uM ATP, (O) 500 pM ATP, and (@) 1 mM ATP. All data points are presented
as mean = SEM of at least four values obtained from different patches. Data are fitted with the Michaelis-Menten equation.

Schultz et al., 1995). Although it is proposed that ADP
and ATP compete for a binding site that opens the
channel (Anderson and Welsh, 1992), a recent report
by Randak and Welsh (2003), however, suggest a poten-
tial alternative mechanism for nucleotides’ action on
CFTR gating. Because of the structural similarity be-
tween ATP and ADP, the competitive mechanism seems
appealing, but definite single-channel kinetic evidence
is lacking. We first show that ADP inhibits ATP-induced
AR-CFTR currents in a dose-dependent manner (Fig.
6). As predicted for a competitive mechanism, the mag-
nitude of ADP-dependent inhibition is a function of
[ATP]. As the [ATP] is increased, a higher [ADP] is
needed to achieve a same magnitude of inhibition. The
apparent Ki values for ADP inhibition are as follows:
26.3 = 5.1 pM with 75 uM ATP, 51.2 = 5.1 pM with
200 uM ATP, 180.1 * 38.6 uM with 500 uM ATP, and
205.1 £ 43.7 uM with 1 mM ATP (Fig. 6 B). These re-
sults strongly suggest that ADP inhibits the CFTR chan-
nel by competitively binding to an ATP binding site.
Fig. 7 shows effects of ADP at the single-channel
level. Even by eye inspection, one can discern the in-
crease of the closed time upon addition of ADP. Using
the analysis program for multichannel recordings (see
MATERIALS AND METHODS), we were able to demon-
strate that the Po decreases in the presence of ADP
is mostly due to an increase of the mean closed time
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(tTc = 437 = 36 ms for 1 mM ATP to tc = 1288 *= 197
ms for 1 mM ATP + ImM ADP, n = 11). Although the
mean open time remains almost unchanged (1o =
333 = 18 ms for 1 mM ATP and 318 * 26 ms for 1 mM
ATP + 1 mM ADP), one should note that a simple
three-state scheme was assumed for data analysis so that
the 7o values presented here can only be considered as
arough estimate (Fig. 7).

To study in detail the closed time distribution we
pooled data from eight single-channel patches and ana-
lyzed the dwell time histograms without the need of as-
suming a particular kinetic scheme. We observed that
the closed time distribution with 1 mM ATP + 1 mM
ADP was broader than the distribution with 1 mM ATP
alone, suggesting the presence of a second closed time
constant (Fig. 8 A). However, the difference between
these two mean closed times is not large enough to al-
low a clear separation of the two kinetic components.
Based on the hypothesis that ADP and ATP compete
for the binding site that opens the channel, one would
predict that a higher [ADP] will further increase the
ADP-induced closed time. To test this idea, we in-
creased the ADP concentration to 2 mM. Indeed, the
closed dwell time histogram becomes even broader and
the data can now be better fitted with a double expo-
nential function. As far as we know, this result provides
the first piece of single-channel kinetic evidence for
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competitive inhibition of channel opening by ADP. Sur-
prisingly, when the open time histograms were fitted
with a single exponential function, a shortening of the
open time by ADP was seen. The shortening of the
open time is modest in the presence of 1 mM ADP
(only 20%), but becomes more evident when the ADP
concentration is increased to 2 mM (37%) (Fig. 8 B).

Effect of ADP in Slow Gating Mode

While single-channel dwell time analysis shows an effect
of ADP on the mean open time (Fig. 8), we were sur-
prised that analysis of multichannel recording failed to
reveal this effect (Fig. 7). One possibility, already men-
tioned above, is that the assumed gating scheme for
multichannel kinetic analysis is oversimplified. Thus, a
20-40% change of the open time constant by ADP was
not detected. One should also note that since the fast
gating mode represents the most commonly occurring
state of the channel, the results described above reflect
mostly the effects of ADP on AR-CFTR gating in the fast
gating mode. If the lifetime of the ADP-induced open
state is not drastically different from that with ATP
alone, it will be difficult to detect this state. We there-
fore examined effects of ADP on gating kinetics while
the channel is in the slow gating mode when the mean
open time is somewhat longer. The experiments were
performed in the first 3-5 min following patch excision.

The patch membranes were exposed to 1 mM ATP
for 1-2 min, then to I mM ADP plus 1 mM ATP for 1-3
min, and back to 1 mM ATP again. This bracketing was
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very important as a control because of the spontaneous
switch of the gating mode. Fig. 9 A shows a continuous
current trace obtained in a patch with a single channel.
As expected, the closed time is dramatically prolonged
in the presence of ADP. In addition, the current trace
clearly shows a reversible shortening of the open time
in the presence of ADP. Due to the short duration of
the slow gating mode, it was very difficult to obtain a
large number of patches that could be used for kinetic
analysis since most of the time the channel switched to
the fast gating mode before the appropriate bracketing
was performed. Out of >30 patches, only 6 of them
could be analyzed. The results showed that the open
time was reduced by an average of 54 = 6%. The mean
open time was reduced from 828 * 53 ms with 1 mM
ATP alone, to 384 = 41 ms with 1 mM ATP plus 1 mM
ADP; the mean closed time increased from 614 = 101
ms with 1 mM ATP to 1993 £ 373 ms for 1 mM ATP
plus 1 mM ADP. Detailed studies of this novel effect of
ADP are described in the accompanying paper.

DISCUSSION

Characterization of the AR-CFTR Construct

Being a member of the ABC transporter family, CFTR
utilizes the free energy of ATP binding/hydrolysis to
perform its function (Gadsby and Nairn, 1999). While
other members of the family harvest this energy to
actively transport substrates across the cell membrane
(Kuchler and Thorner, 1992), CFTR, being a bona fide
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ion channel, uses ATP to control the opening and clos-
ing of its gate. The exquisite sensitivity of electrophysio-
logical techniques makes it possible to study detailed ki-
netic events at a single-molecule level, a goal not easily
attainable for other members of this superfamily. How-
ever, studying the ATP-dependent gating of CFTR has
proven to be a difficult task mainly because of the tech-
nical hurdles associated with obtaining long stable sin-
gle-channel recordings needed for rigorous kinetic anal-
ysis (Powe et al., 2002). Channel “rundown” in excised
inside-out patches often presents an insurmountable
problem (see Powe et al., 2002 for detailed discussion).
This technical difficulty of channel rundown may at
least partially account for the enormous variation of re-
ported kinetic parameters for WI-CFTR (see below).
One known mechanism for this rundown is the de-
phosphorylation of the CFTR by membrane-associated
protein phosphatases. Although including phosphatase
inhibitors such as okadaic acid may be of some value to
inhibit phosphatases 1 and 2A (e.g., Berger et al., 1993;
Hwang et al., 1993), no known specific inhibitors have
been reported for phosphatase 2C, a major class of
phosphatases that dephosphorylate CFTR (Travis et al.,
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1997; Luo et al., 1998). To complicate matters further,
a recent study suggests that PP2C through its close as-
sociation with CFTR is a strong candidate for the en-
dogenous membrane-bound phosphatase responsible for
dephosphorylating the channel inside an intact cell as
well as in the membrane after patch excision (Zhu et
al., 1999). It is therefore questionable whether using
phosphatase inhibitors can amend this problem.

In theory, one can also include PKA throughout the
experiment to promote CFTR phosphorylation. The
antagonism between added kinases and membrane-
associated phosphatases allows for stable, steady-state
conditions during recording. However, it is inevitable
that the kinase/phosphatase-driven transitions between
partially phosphorylated and dephosphorylated states
become nested within transitions solely due to ATP-
dependent gating, adding further variability to the ex-
tracted kinetic parameters.

Rich et al. (1991) first reported that CFTR channels
become constitutively active after removal of part of the
R domain (amino acids 708-835). Since several of the
PKA consensus sequences remain in this partial AR con-
struct, the channel remains responsive to cAMP stimula-
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tion and therefore is not immune to dephosphoryla-
tion-dependent rundown in excised patches (compare
Ma et al., 1997). Later Rich et al. (1993) reported a
phosphorylation-independent channel, obtained after
the mutation of serine 660 in their partial AR construct.
More recently, Csanady et al. (2000) obtained a func-
tional CFTR channel with the R domain completely de-
leted (amino acids 634-836). However, they reported
that the basal activity of this AR-CFTR, expressed in Xe-
nopus oocytes, could be increased ~30% by the applica-
tion of PKA. Although a suggestion of the presence of
PKA phosphorylation site(s) outside of the R domain
was made, so far there is no evidence that any serine res-
idue outside of the R domain can be phosphorylated in
intact CFTR in vivo or in vitro (Cheng et al., 1991;
Picciotto et al., 1992; Neville et al., 1997). In fact, us-
ing mass spectroscopic methods, the most sensitive bio-
chemical technique for identification of phosphory-
lated peptides, Csanady et al. (2005) failed to detect
phosphorylation of extra R domain serine. Indeed, after
removal of 15 PKA consensus sites (major as well as mi-
nor), 14 of which are located in the R domain, CFTR
can no longer be activated by PKA (Seibert et al., 1999).

We expressed the AR-CFTR construct reported by Csa-
nady et al. (2000) in CHO cells and characterized in
detail its regulation and gating mechanisms. Contrary to
the results reported by Csanady et al. (2000), we found
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that the basal AR-CFTR currents cannot be enhanced by
the application of cAMP agonists in cell-attached and
whole-cell experiments, nor can the single-channel Po of
AR-CFTR be increased by the presence of exogenous
PKA in excised inside-out patches. The reason for this
discrepancy is unknown. It should be noted, however,
that two different expression systems were used: mamma-
lian cells versus Xenopus oocytes. Nevertheless, the fact
that AR-CFTR, expressed in CHO cells, is resistant to de-
phosphorylation makes this construct an ideal candidate
for studying ATP-dependent gating, at least in CHO cells.

The current report shows that ATP-dependent gating
of AR-CFTR is very similar to WI-CFTR gating. The sin-
gle-channel Po, the ATP dose response, and the open
and closed times agree very well with our previous stud-
ies of WI-CFTR channels (Zeltwanger et al., 1999).
However the kinetic parameters in the current manu-
script do not agree with those reported by Csanady et al.
(2000). At maximal ATP concentration (2 mM), their
Po is much lower than the one reported in this paper
(0.19 = 0.01 vs. 0.39 = 0.01). The open time of the chan-
nel is about the same (297 = 35 ms vs. 325 * 21 ms), but
their closed time is significantly longer (1297 + 181 ms
vs. 388 £ 34 ms). We do not know what accounts for
these differences. Different expression systems may be
partly responsible. Factors other than phosphorylation/
dephosphorylation (e.g., PIP2, PDZ binding proteins)



TABLE I
Summary of Single-channel Po for WI-CFTR

Manuscript Cell type Configuration Stimulant Po
Gunderson and Kopito, 1994 HEK293 bilayer 1 mM ATP 0.69-0.76
Ma et al., 1997 HEK293 bilayer 2 mM ATP 0.364 = 0.042
Ramjeesingh et al., 1999 sf9 bilayer 1 mM ATP 0.68 * 0.05
Aleksandrov et al., 2000 CHO bilayer 0.3 mM ATP 0.16-0.38
Csanady et al., 2000 Xenopus oocytes excised 2 mM ATP + PKA 0.36 = 0.03
Tabcharani et al., 1991 CHO excised 0.5 mM ATP + PKA 0.407 *+ 0.023
Chang etal., 1993 CHO excised 1 mM ATP + PKA 0.46 £ 0.8
Mathews et al., 1998 CHO excised 1 mM ATP + PKA 0.24 = 0.04
Rich et al., 1993 Hela excised 0.88 mM ATP 0.35 = 0.01
Sheppard et al., 1993 HeLa excised 1 mM ATP + PKA 0.34 = 0.09
Tkuma and Welsh, 2000 Hela excised 1 mM ATP 0.33 = 0.02
Anderson and Welsh, 1992 HeLa excised 2.53 mM ATP 0.44 = 0.04
Winter et al., 1994 Hela/NIH3T3 excised 3 mM ATP 0.44 = 0.06
Denning et al., 1992 NIH3T3 excised 1 mM ATP 0.34 = 0.02
Zeltwanger et al., 1999 NIH3T3 excised 2.75 mM ATP 0.41 + 0.03
Venglarik et al., 1994 L excised 1 mM ATP 0.42 = 0.03
Cai etal., 2003 C127 excised 1 mM ATP + PKA 0.57 = 0.04
Raghuram et al., 2003 Calu-3 excised 2 mM ATP + PKA 0.43 £ 0.06
Fischer and Machen, 1994 NIH3T3 cell attached 1 uM Fsk 0.5 = 0.02
Hwang et al., 1997 NIH3T3 cell attached 10 uM Fsk 0.27 = 0.03
Ai et al., 2004 NIH3T3 cell attached 10 uM Fsk 0.2 +0.02
Haws et al., 1992 16HBE cell attached 10 uM Fsk 0.33 = 0.3

should also be considered (Wang et al., 2000; Raghuram
etal., 2001; Himmel and Nagel, 2004).

Perhaps because of its inefficient assembly, AR-CFTR
expression in the cell membrane is low. We were able to
obtain a significant number of patches that contain
only a single AR-CFTR channel. This distinct advan-
tage, plus the fact that AR-CFTR is resistant to dephos-
phorylation-induced rundown, makes this AR-CFTR
construct a useful tool to explore the mechanisms of
CFTR gating. It may also provide a useful system to test
the effect of pharmacological reagents since the phos-
phorylation step is bypassed (e.g., Ai et al., 2004).

Different Gating Modes

Overcoming the dephosphorylation-induced rundown
also allows us to obtain long-lasting steady recordings of
AR-CFTR channels, which reveal shifts of gating modes.
Mode shifts are commonly observed in ion channel stud-
ies, reported for numerous other channels such as the
Ca-activated maxi K channels (McManus and Mangleby,
1988), fast ClI channels from rat skeletal muscle (Blatz
and Mangleby, 1986), and Na channels from mouse myo-
cardial cells (Bohle and Benndorf, 1995). Although in
most cases the exact mechanism for mode shifts is yet to
be identified, some are known to be phosphorylation de-
pendent (e.g., Yue et al., 1990). In the current study, we
do not understand the mechanism for the mode shifts of
CFTR, but it appears that CFTR’s gating modes are not
related to PKA-dependent phosphorylation.
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Does WI-CFTR exhibit mode shifts? Although the
current study does not provide direct evidence that
these mode shifts occur in WI-CFTR, we speculate that
they do exist for the following reasons. First, the re-
ported Po values for WI-CFTR vary in the literature
(see Table I). Some of these differences may be due to
different levels of phosphorylation (e.g., a lower Po
value reported by Mathews et al., 1998). However, there
seems to be a pattern of observations regarding the Po
of WI-CFTR. For example, most studies showed a Po of
~0.4 for WI-CFTR, a number very similar to that of AR-
CFTR in fast and slow gating modes, but much higher
Po values have been reported (Gunderson and Kopito,
1994; Ramjeesingh et al., 1999). Interestingly, the Po
value of ~0.7 in these studies is similar to that of AR-
CFTIR in the high Po mode. Second, it is known for
years that CFTR gating is much slower when studied in
the cell-attached configuration than that in excised in-
side-out patches (compare Fig. 1 and Fig. 3; also Hwang
et al., 1997 vs. Zeltwanger et al., 1999). This change of
gating behavior of WI-CFTR is consistent with our ob-
servation that AR-CFTR usually exhibits slow gating
right after patch excision. Lastly, in a few patches with
WT-CFTR activated with cAMP agonists in the cell-
attached configuration before patch excision, we did
observe a change from slow to fast gating mode after
patch excision (Fig. S2).

One may ask why mode shifts have never been re-
ported for WI-CFTR. First, a time-dependent rundown



of WI-CFTR makes it difficult to interpret any time-
dependent changes of gating behavior. Second, in order
for WI-CFIR to function in excised inside-out patches,
PKA and ATP have to be applied once the membrane
patch is excised. Phosphorylation by exogenous PKA
usually takes a few minutes to reach a steady state. There-
fore, it is likely that mode shifts, if occur, may be buried
in the recording that precedes the steady state. In addi-
tion, even if mode shifts are observed, presteady-state
channel activity is seldom used for data analysis.

Effect of ADP on CFTR Gating

After establishing AR-CFTR channels as useful tools for
studying CFTR gating, we first investigated the mecha-
nism of ADP-induced inhibition of CFTR channel activ-
ity. Previous studies showed that ADP can inhibit CFTR
channel activity presumably by competing with ATP for
a common binding site since the magnitude of inhibi-
tion is diminished upon increasing [ATP] (Anderson
and Welsh, 1992; Schultz et al., 1995). Subsequently,
Gunderson and Kopito (1994) and Winter et al. (1994)
showed that ADP increased the closed time with little
effect on the open time. Using noise analysis of macro-
scopic CFTR currents, Schultz et al. (1995) confirmed
that ADP decreases the Po of CFTR by decreasing the
opening rate. However, since ATP is likely hydrolyzed
during CFTR gating cycle, many potential kinetic steps
can be affected to account for this inhibition. Without
demonstrating an ADP-dependent closed state, a defi-
nite kinetic mechanism for this ADP inhibition of the
opening rate remains to be determined.

In this paper we provide, for the first time, single-
channel kinetic evidence that ADP competes with ATP
by binding to the binding site that opens the channel.
First, the ADP dose-response curves shift to the right as
the ATP concentration increases, so that the Kiis higher
with higher ATP concentration, supporting a competi-
tive mechanism (also see Anderson and Welsh, 1992).
More importantly, using single-channel dwell time anal-
ysis, we were able to observe a new closed state in the
presence of ADP. This new closed state was suggested by
Schultz et al. (1995), but their only single-channel re-
cording was not long enough to collect enough events
to adequately separate it from the ATP-dependent closed
state. Indeed, the fact that both ATP-dependent gating
and ADP-induced inhibition are slow events demands
extremely long recordings for single-channel analysis.
The steady channel activity of AR-CFTR allows us to use
a higher ADP/ATP ratio that effectively separates two
closed time constants. With this result, we conclude
then that ADP competitively inhibits CFTR channel
opening. It should be noted that our results do not indi-
cate that an ADP-bound channel cannot open. It simply
means that ADP-bound channels have a much lower
opening rate compared with ATP-bound ones.
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Which NBD does ADP bind to inhibit channel open-
ing? Recent biochemical studies (Szabo et al., 1999;
Aleksandrov et al., 2002; Basso et al., 2003) suggest that
ATP is occluded in NBD1 (i.e., the off rate is extremely
slow). Therefore, association and dissociation of
ATP at NBD1 cannot account for the electrophysiologi-
cally observed, millisecond-to-second gating transitions.
Vergani et al. (2003) found that mutations of either
Walker A lysine, K464, or K1250 result in a rightward
shift of the dose-response of ATP in CFTR activation.
The same paper shows that the D1370N mutation at
the Walker B motif in NBD2 also decreases the appar-
ent affinity of ATP (compare Bompadre et al., 2005).
Incorporating both electrophysiological and biochemi-
cal data, Vergani et al. (2003) proposes (Scheme 2)
that binding of ATP to NBDI is prerequisite for ATP
binding at NBD2 to open the channel, but association
and dissociation of ATP at NBD1 (first C<>C-ATP tran-
sitions in Scheme 2) are not involved in the observed
gating transitions because of the slow off rate of ATP at
NBDI. Based on this scheme, we propose that ADP
competes with ATP at NBD2 for channel opening.

ATP ATP
N ~
C+——=C.ATP— C.ATP —0
ATP
NBDI NBD2
N (SCHEME 2)

Surprisingly, we found that ADP not only induces a
new closed state but also shortens the open time. The
open time of the channel was reduced in the presence
of ADP by as much as 54%. An effect of ADP on the
open time has been suggested by Weinreich et al.
(1999). While performing macroscopic relaxation anal-
ysis, they observed that ADP increases the relaxation
rate of macroscopic currents (reflecting channel clos-
ing) upon nucleotide removal. Like what has been dis-
cussed above, the mechanism of this effect of ADP is
unknown without detailed single-channel kinetic analy-
sis. Here we provide the first single-channel kinetic evi-
dence that ADP affects the open state stability of the
CFTR channel. This novel effect of ADP on the open
time constant cannot be easily explained by the gating
model described in Scheme 2 since both nucleotide
binding sites have to be occupied by ATP for channel
opening. We hypothesize that ADP binds at a site that is
different from the binding site for channel opening, as
proposed by Weinreich et al. (1999). In theory, one
would predict the presence of a discrete open time
constant corresponding to the new open state of the
channel when ADP is bound. While our single-channel
dwell time analysis shows a shortening of the open time
in the presence of ADP, we were not able to resolve two
open time constants in WI-=CFTR. We reason that if the
difference between the time constant of ADP-bound
open state and that of ATP-bound one is not extremely



large, dissecting different states is a technical difficulty
that is hard to overcome. Nevertheless, the use of the
AR-CFTR construct gives us a unique opportunity to be
able to collect enough single-channel events that reveal
this phenomenon. Observing the slow gating mode al-
lows us to verify the ADP effect on the open time. In
the accompanying paper, we used various CFTR mu-
tants to further elaborate the kinetic mechanism for
this interesting observation.
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