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abstract

 

When excised inside-out membrane patches are bathed in symmetrical Cl

 

�

 

-rich solutions, the cur-
rent-voltage (I-V) relationship of macroscopic cystic fibrosis transmembrane conductance regulator (CFTR) Cl

 

�

 

currents inwardly rectifies at large positive voltages. To investigate the mechanism of inward rectification, we stud-
ied CFTR Cl

 

�

 

 channels in excised inside-out membrane patches from cells expressing wild-type human and mu-
rine CFTR using voltage-ramp and -step protocols. Using a voltage-ramp protocol, the magnitude of human CFTR
Cl

 

�

 

 current at 

 

�

 

100 mV was 74 

 

�

 

 2% (

 

n

 

 

 

�

 

 10) of that at 

 

�

 

100 mV. This rectification of macroscopic CFTR Cl

 

�

 

current was reproduced in full by ensemble currents generated by averaging single-channel currents elicited by an
identical voltage-ramp protocol. However, using a voltage-step protocol the single-channel current amplitude (i)
of human CFTR at 

 

�

 

100 mV was 88 

 

�

 

 2% (

 

n

 

 

 

�

 

 10) of that at 

 

�

 

100 mV. Based on these data, we hypothesized that
voltage might alter the gating behavior of human CFTR. Using linear three-state kinetic schemes, we demon-
strated that voltage has marked effects on channel gating. Membrane depolarization decreased both the duration
of bursts and the interburst interval, but increased the duration of gaps within bursts. However, because the volt-
age dependencies of the different rate constants were in opposite directions, voltage was without large effect on
the open probability (P

 

o

 

) of human CFTR. In contrast, the P

 

o

 

 of murine CFTR was decreased markedly at positive
voltages, suggesting that the rectification of murine CFTR is stronger than that of human CFTR. We conclude that
inward rectification of CFTR is caused by a reduction in i and changes in gating kinetics. We suggest that inward
rectification is an intrinsic property of the CFTR Cl

 

�

 

 channel and not the result of pore block.

 

key words:
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I N T R O D U C T I O N

 

The cystic fibrosis transmembrane conductance regula-
tor (CFTR; Riordan et al., 1989) is a phosphorylation-
regulated Cl

 

�

 

 channel that plays a central role in tran-
sepithelial fluid and electrolyte transport (Gadsby and
Nairn, 1999; Sheppard and Welsh, 1999). The charac-
teristic behavior of CFTR is determined by the function
of the different domains from which CFTR is assem-
bled. These include the two membrane-spanning do-
mains (MSDs) that are each composed of six trans-
membrane segments, the two nucleotide-binding do-
mains (NBDs) that each contain motifs which interact
with ATP, and the unique R (regulatory) domain that
contains multiple consensus phosphorylation sites and
many charged amino acids. The MSDs assemble to
form the Cl

 

�

 

-selective pore while the NBDs and R do-
main control CFTR channel gating (Gadsby and Nairn,
1999; Sheppard and Welsh, 1999).

In cell-attached membrane patch recordings, the sin-
gle-channel current-voltage (I-V) relationship of CFTR

outwardly rectifies (Berger et al., 1991; Tabcharani et
al., 1991). Berger et al. (1991) attributed this outward
rectification to Goldman-type rectification caused by
the Cl

 

�

 

 concentration gradient. However, subsequent
studies have offered alternative explanations. First,
Overholt et al. (1993) proposed that rectification is a
function of the concentration and permeability of
anions within the cell. Second, Fischer and Machen
(1994) attributed rectification to high frequency gating
of the CFTR Cl

 

�

 

 channel at negative voltages. Third,
studies by a number of investigators have demonstrated
that large anions cause a voltage-dependent block of
the CFTR Cl

 

�

 

 channel when they are present in the in-
tracellular solution (McDonough et al., 1994; Linsdell
and Hanrahan, 1996; Sheppard and Robinson, 1997;
Zhou et al., 2002). These anions bind within a deep
wide vestibule at the intracellular end of the CFTR
pore to prevent Cl

 

�

 

 permeation (Linsdell and Hanra-
han, 1996; Sheppard and Robinson, 1997; Hwang and
Sheppard, 1999; Zhou et al., 2002). This block of the
CFTR Cl

 

�

 

 channel by large intracellular anions is remi-
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niscent of the effect of intracellular cations on inward-
rectifier K

 

�

 

 channels (K

 

ir

 

 channels; Hille, 2001). In-
ward rectification of these K

 

�

 

 channels is caused by
voltage-dependent block by Mg

 

2

 

�

 

 and polyamines
found in the cytoplasm of the cell (Vandenberg, 1987;
Lopatin et al., 1994). Thus, as first proposed by Tabcha-
rani et al. (1991), the outward rectification of CFTR
Cl

 

�

 

 channels observed in cell-attached membrane
patches is likely caused by voltage-dependent block by
large anions found in the cytoplasm of the cell (Lins-
dell and Hanrahan, 1998a, 1999).

When inside-out membrane patches excised from
cells expressing wild-type human CFTR are bathed in
symmetrical Cl

 

�

 

-rich solutions, the single-channel I-V
relationship of CFTR is linear (e.g., Berger et al.,
1991). However, we previously observed inward rectifi-
cation of wild-type CFTR Cl

 

�

 

 currents in excised mem-
brane patches from C127 cells expressing wild-type hu-
man CFTR (Lansdell et al., 2000; Cai and Sheppard,
2002). At negative voltages, the I-V relationship was lin-
ear, whereas at positive voltages, the I-V relationship ex-
hibited inward rectification that was most marked at
voltages above 

 

�

 

50 mV (Lansdell et al., 2000; Cai and
Sheppard, 2002). Using excised membrane patches
from baby hamster kidney (BHK) cells expressing wild-
type human CFTR, Linsdell and colleagues observed
similar results in some studies (Linsdell and Hanrahan,
1999; Linsdell and Gong, 2002), but not in others (e.g.,
Linsdell et al., 1998; Linsdell and Hanrahan, 1998b).
Moreover, Zhao et al. (1996) reported inward rectifica-
tion of CFTR Cl

 

�

 

 channels reconstituted into planar
lipid bilayers. In this study, we investigate the mecha-
nism of inward rectification of the CFTR Cl

 

�

 

 channel.
We employ voltage-ramp and -step protocols to study
macroscopic and single-channel currents in excised in-
side-out membrane patches from cells expressing wild-
type human and murine CFTR and kinetic modeling to
analyze channel gating.

 

M A T E R I A L S  A N D  M E T H O D S

 

Cells and Cell Culture

 

For this study, we used mouse mammary epithelial (C127) cells
stably expressing wild-type human CFTR and Chinese hamster
ovary (CHO) cells stably expressing wild-type murine CFTR.
C127 and CHO cells were gifts of Dr. C.R. O’Riordan (Genzyme,
Framingham, MA) and Dr. S.J. Delaney and Professor B.J. Wain-
wright (University of Queensland, Brisbane, Australia), respec-
tively. Cells were cultured as described previously (Sheppard and
Robinson, 1997; Lansdell et al., 1998a). For experiments using
excised inside-out membrane patches, cells were seeded onto
glass coverslips and used within 48 h.

 

Electrophysiology

 

CFTR Cl

 

�

 

 channels were recorded in excised inside-out mem-
brane patches using an Axopatch 200A patch-clamp amplifier
(Axon Instruments, Inc.) and pCLAMP data acquisition and

analysis software (version 6.04; Axon Instruments, Inc.) as de-
scribed previously (Hamill et al., 1981; Sheppard and Robinson,
1997). The established sign convention was used throughout;
currents produced by positive charge moving from intra- to ex-
tracellular solutions (anions moving in the opposite direction)
are shown as positive currents.

Both the pipette (extracellular) and bath (intracellular) solu-
tions contained (mM): 140 NMDG, 3 MgCl

 

2

 

, 1 CsEGTA, and 10
TES, adjusted to pH 7.3 with HCl, ([Cl

 

�

 

], 147 mM; free [Ca

 

2

 

�

 

],

 

�

 

10

 

�

 

8

 

 M). Patch pipettes had resistances of 10–30 M

 

�

 

 when
filled with this solution. The intracellular solution was main-
tained at 37

 

�

 

C using a temperature-controlled microscope stage
(Brook Industries).

After excision of inside-out membrane patches, we added the
catalytic subunit of PKA (75 nM) and ATP (1 mM) to the intra-
cellular solution within 5 min of patch excision to activate CFTR
Cl

 

�

 

 channels. To prevent the rundown of CFTR Cl

 

�

 

 channels in
excised membrane patches, we added PKA to all intracellular so-
lutions. Unless otherwise indicated, membrane patches were
voltage-clamped at 

 

�

 

50 mV.
To investigate the voltage dependence of CFTR, we used ei-

ther membrane patches containing large numbers of active
channels or membrane patches containing five or less active
channels. The number of channels in a membrane patch was de-
termined from the maximum number of simultaneous channel
openings observed during the course of an experiment, as previ-
ously described (Lansdell et al., 1998a). Using multichannel
patches, we generated macroscopic I-V relationships by averag-
ing currents generated by 15–30 ramps of voltage each of 2-s du-
ration; holding voltage was 

 

�

 

50 mV. Basal currents with no active
CFTR Cl

 

�

 

 channels recorded in the absence of PKA (75 nM) and
ATP (1 mM) were subtracted from those recorded in the pres-
ence of PKA and ATP to generate the I-V relationship of CFTR
Cl

 

�

 

 currents. To generate ensemble currents, we applied the
same voltage protocol used with multichannel patches to mem-
brane patches containing five or less active channels 50–100
times. We subtracted basal currents recorded in the absence of
PKA (75 nM) and ATP (1 mM) from currents recorded in the
presence of PKA and ATP before averaging subtracted currents
to generate the ensemble current. For single-channel studies of
the voltage dependence of CFTR, voltage was stepped from

 

�

 

100 to 

 

�

 

100 mV in 20-mV increments of 30–60 s duration. Al-
ternatively, voltage was clamped at a single voltage for 2–4-min
periods to acquire sufficient data for analyses of gating kinetics.

CFTR Cl

 

�

 

 currents were initially recorded on digital audiotape
using a digital tape recorder (model DTR-1204, Biologic Scien-
tific Instruments; Intracel Ltd.) at a bandwidth of 10 kHz. On
playback, records were filtered with an eight-pole Bessel filter
(model 902LPF2, Frequency Devices

 

TM

 

; SCENSYS Ltd.) at a cor-
ner frequency of 500 Hz and acquired using a Digidata 1200 in-
terface (Axon Instruments, Inc.) and pCLAMP software at sam-
pling rates of either 1.0 kHz (voltage-ramp protocols) or 5 kHz
(single-channel studies). To determine whether a sampling rate
of 1 kHz was suitable for the construction of I-V relationships, we
compared the effects of acquiring voltage-ramp protocols at sam-
pling rates of 1 and 5 kHz. Fig. 1 B demonstrates that identical
I-V relationships were obtained using the two different sampling
rates.

To measure single-channel current amplitude (i), Gaussian
distributions were fit to current amplitude histograms. Chord
conductance was calculated by dividing unitary current by the
difference between the applied voltage and the reversal poten-
tial. For open probability (P

 

o

 

) and kinetic analyses, lists of open
open  and closed times were created using a half-amplitude cross-
ing criterion for event detection. Transitions 

 

�

 

1 ms in duration
were excluded from the analyses. Single-channel open  and
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closed time histograms were created using logarithmic 

 

x

 

-axes
with 10 bins decade

 

�

 

1

 

. Histograms were fit with one or more com-
ponent exponential functions using the maximum likelihood
method. To determine which component function fitted best,
the log-likelihood ratio test was used and considered statistically
significant at a value of 2.0 or greater (Winter et al., 1994). Burst
analysis was performed as described by Carson et al. (1995a), us-
ing a burst delimiter (t

 

c

 

; the time that separates interburst clo-
sures from intraburst closures) determined by analyses of closed
time histograms (Fig. 5, A and B). Closures longer than t

 

c

 

 were
considered to define interburst closures, whereas closures shorter
than this time were considered gaps within bursts. The mean in-
terburst interval (T

 

IBI

 

) was calculated using the equation:

 

(1)

 

where T

 

b

 

 

 

�

 

 (mean burst duration) 

 

	

 

 (open probability within a
burst). Mean burst duration (T

 

MBD

 

) and open probability within
a burst (P

 

o(burst)

 

) were determined directly from experimental
data using pCLAMP software. T

 

MBD

 

 was determined from histo-
grams of burst duration data plotted with logarithmic 

 

x

 

-axes with
10 bins decade

 

�

 

1

 

, P

 

o(burst)

 

 was calculated using burst duration and
closed times within bursts data, and P

 

o

 

 was calculated as de-
scribed previously (Lansdell et al., 2000). Only membrane
patches that contained a single active channel were used for sin-
gle-channel kinetic analyses.

 

Modeling of Single-channel Kinetics

 

To perform maximum likelihood analysis and develop kinetic
models of CFTR channel gating, we used the QuB software suite
(www.qub.buffalo.edu; Qin et al., 1997) to analyze data from
membrane patches that contained only a single active channel as
described previously (Cai and Sheppard, 2002). In brief, digi-
tized current records generated by pCLAMP software were im-
ported with no further filtering and baseline corrected (program
PRE). Using a recursive Viterbi algorithm (program SKM), ideal-
ized currents were produced. Finally, rate constants for kinetic
models were calculated from the idealized current dwell time se-
quence using a maximum likelihood approach (program MIL).
For consistency with analyses using pCLAMP software, transitions

 

�

 

1 ms were excluded.
To investigate the voltage dependence of rate constants, we

first calculated rate constants at equivalent positive and negative
voltages from individual membrane patches. If rate constants
are voltage dependent, the relationship between rate constant
and voltage is described by the single exponential function:

 

(2)

 

where k is the unknown rate constant, k

 

0

 

 is the rate constant at
unitary ligand concentration and zero voltage, P is the ligand
concentration, and V is voltage. The term k

 

1

 

 is defined as:

 

(3)

 

where z

 

g

 

 is the equivalent gating charge (defined as the product
of the unit charge moved (z) times the fraction of the electric
field (

 




 

)), q

 

e

 

 is the elementary charge, k

 

B

 

 is the Boltzmann’s con-
stant, and T is the absolute temperature. The parameters k

 

1

 

 and
k

 

0

 

 are intrinsic properties of the channel that do not vary with ex-
perimental conditions (Qin et al., 2000). To determine k

 

0

 

 and k

 

1

 

,
we simultaneously fitted combined sets of data obtained at equiv-
alent positive and negative voltages (e.g., 

 

�

 

75 mV) from the
same membrane patch. Because the ligand concentration (P) is

Po Tb TMBD TIBI+( ),⁄=

k k0Pexp
k1V( )

,=

k1 zgqe kBT( ),⁄=

 

constant under the experimental conditions employed ([ATP]

 

i

 

 

 

�

 

1 mM), the value of P is assumed to be 1. Finally, using values
of k

 

0

 

 and k

 

1

 

, we simulated the effects of voltage on rate constants
over a wide range of voltages (program SIM; Qin et al., 1997,
2000).

 

Reagents

 

The catalytic subunit of PKA was purchased from Promega UK.
ADP (disodium salt), ATP (disodium salt), pyrophosphate (tetra-
sodium salt), and TES were obtained from Sigma-Aldrich. All
other chemicals were of reagent grade.

Figure 1. I-V relationship of CFTR Cl� currents. (A) Current
traces from an excised inside-out membrane patch from a C127
cell expressing wild-type human CFTR. The recordings were made
in the absence (middle) and presence (bottom) of PKA (75 nM)
and ATP (1 mM) in the intracellular solution. The basal recording
is the current in response to a single ramp of voltage with no active
CFTR Cl� channels, whereas the recording in the presence of PKA �
ATP is the average current of 30 ramps of voltage. Holding volt-
age was �50 mV and the membrane patch was bathed in symmet-
rical 147 mM NMDGCl solutions. The voltage ramp protocol used
is shown and currents were acquired at a sampling rate of 1 kHz as
described in the materials and methods. (B) I-V relationship
constructed by subtracting the basal trace from the PKA � ATP
trace shown in A. The inset shows the I-V relationship of the same
data acquired at a sampling rate of 5 kHz (abscissa: �100 to �100
mV; ordinate: �30 to �30 pA). (C) I-V relationship of CFTR Cl�

currents. Data are means � SEM (n � 10) at each voltage calcu-
lated by expressing individual current values measured from �100
to �100 mV in 10-mV increments as a percentage of the current
value at �100 mV. Error bars are smaller than symbol size. The
continuous line is the fit of a second order regression to the data.
The dotted line shows the predicted ohmic I-V relationship. Other
details as in A.
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Statistics

Results are expressed as means � SEM of n observations. To com-
pare sets of data, we used either a one-way analysis of variance
(ANOVA) or Student’s paired t test. Differences were considered
statistically significant when P � 0.05. All tests were performed
using SigmaStatTM (version 2.03; Jandel Scientific GmbH).

Online Supplemental Material

To investigate the possibility that inward rectification of CFTR
Cl� currents is caused by a component of the recording solu-
tions, we examined the effect on CFTR of a number of factors in
the bath and pipette solutions. These included the nature of the
biological buffer (Fig. S1) and the monovalent cation used in
our recording solutions (Figs. S2 and S3). Supplemental figures
and text is available at http://www.jgp.org/cgi/content/full/
jgp.200308921/DC1.

R E S U L T S

Voltage Dependence of the CFTR Cl� Channel

To learn how voltage regulates the activity of CFTR, we
studied CFTR Cl� currents in excised inside-out mem-

brane patches from C127 cells expressing wild-type hu-
man CFTR. We bathed membrane patches in symmetri-
cal 147 mM Cl� solutions and recorded membrane cur-
rents over the voltage range �100 mV using a voltage-
ramp protocol. Fig. 1 A demonstrates that under basal
conditions, the voltage ramp protocol evoked only tiny
membrane currents. However, after the activation of
CFTR Cl� currents by cAMP-dependent phosphoryla-
tion, the voltage-ramp protocol elicited large membrane
currents (Fig. 1 A). To identify the membrane currents
generated by CFTR, we subtracted the membrane cur-
rents recorded under basal conditions from those re-
corded following the addition of PKA (75 nM) and ATP
(1 mM) to the intracellular solution. Fig. 1 B shows the
I-V relationship of these CFTR Cl� currents. At negative
voltages, the I-V relationship is linear, whereas at positive
voltages, the I-V relationship exhibits weak inward rectifi-
cation (Fig. 1 B). This inward rectification of CFTR Cl�

currents is more clearly demonstrated in Fig. 1 C, where
data are expressed as a percentage of the current value
at �100 mV. At voltages above �50 mV, current values

Figure 2. Summation of single-channel cur-
rents reproduces the rectification of macroscopic
CFTR Cl� currents. (A) Representative record-
ings of a single CFTR Cl� channel in an excised
inside-out membrane patch elicited by a depolar-
izing voltage ramp from �100 to �100 mV. ATP
(1 mM) and PKA (75 nM) were continuously
present in the intracellular solution. The dotted
line indicates the zero current level. For the pur-
pose of illustration, single-channel records were
digitally refiltered at 100 Hz. (B) Ensemble cur-
rent obtained by averaging 70 ramps of voltage
from the same experiment as that shown in A.
The continuous line is the fit of a second-order
regression to the data. (C) I-V relationship ex-
pressed as a percentage of the current value at
�100 mV. Data are means � SEM (n � 5) at each
voltage. Other details as in A and Fig. 1.
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diverge noticeably from the I-V relationship of an ion
channel that obeys Ohm’s law (Fig. 1 C). These data in-
dicate that CFTR Cl� currents exhibit weak inward recti-
fication when bathed in symmetrical Cl�-rich solutions.

To further investigate the inward rectification of
CFTR, we studied single Cl� channels. We reasoned that
if the I-V relationship of individual CFTR Cl� channels
exhibits inward rectification, summation of single-chan-
nel currents should reproduce the rectification of mac-
roscopic CFTR Cl� currents. To test this hypothesis, we
applied the same voltage protocol used to study macro-
scopic CFTR Cl� currents to membrane patches contain-
ing five or less active channels. Fig. 2 A shows the activity
of a single CFTR Cl� channel evoked by five ramps of
voltage from �100 to �100 mV. Visual inspection of
these single-channel records suggests that current ampli-
tude at negative voltages is larger than that at positive
voltages. Consistent with this idea, the ensemble current
generated by averaging the single-channel currents elic-
ited by 70 voltage ramps inwardly rectifies (Fig. 2 B). Im-
portantly, the extent of the inward rectification observed
for the ensemble current agrees closely with that of mac-
roscopic CFTR Cl� currents (Figs. 1 C and 2 C). For ex-
ample, at �100 mV the magnitude of the macroscopic
CFTR Cl� current was 74 � 2% (n � 10) of that at �100
mV while that of the ensemble current was 79 � 3%
(n � 5) of that at �100 mV (P � 0.1). These data indi-
cate that voltage-dependent changes in the single-chan-
nel activity of CFTR account for the inward rectification
of macroscopic CFTR Cl� currents.

Effect of Voltage on the Single-channel Activity of CFTR

In principal, the inward rectification of CFTR Cl� cur-
rents might be caused by a voltage-dependent change

in first, the number of active channels; second, current
flow through open channels; third, channel gating and
hence, Po. To discriminate between these different pos-
sibilities, we investigated the effect of voltage on the
single-channel activity of CFTR. Fig. 3 compares the ac-
tivity of a single CFTR Cl� channel phosphorylated by
PKA and ATP at �75 and �75 mV. These single-channel
records suggest that inward rectification was not caused
by a decrease in the number of active channels present
at positive voltages (n � 6; Fig. 3). On the contrary, the
single-channel data suggest that inward rectification is
caused by both a reduction in i and changes in gating
behavior at positive voltages (Fig. 3).

The decrease in i at positive voltages is not readily ap-
parent by visual inspection of single-channel records
(Fig. 3). However, it is evident from single-channel cur-
rent amplitude histograms and the I-V relationship of
CFTR (Fig. 4, A and B). Fig. 4 A shows histograms of
the distribution of current values at �50 and �75 mV.
When compared with i values at negative voltages, the
reduction in i at �50 mV was very slight and that at
�75 mV was small (Fig. 4 A). Nevertheless, like that of
macroscopic CFTR Cl� currents, the single-channel I-V
relationship of CFTR weakly inwardly rectified at posi-
tive voltages (Fig. 4 B). Consistent with these data, the
chord conductance of CFTR decreased from 11.4 � 0.3
pS at �100 mV to 10.0 � 0.3 pS at �100 mV (n � 10;
P � 0.01; Fig. 4 C).

Comparison of the macroscopic and single-channel
I-V relationships of CFTR (Figs. 1 C and 4 B) suggests
that the decrease in i at positive voltages is insufficient
to account for the rectification of macroscopic CFTR
Cl� currents. For example, at �100 mV single-channel
current amplitude (i) � 88 � 2% of that at �100 mV

Figure 3. Effect of voltage on the single-chan-
nel activity of CFTR. Representative recordings of
a single CFTR Cl� channel at �75 mV (top) and
�75 mV (bottom). ATP (1 mM) and PKA (75
nM) were continuously present in the intracellu-
lar solution. Dotted lines indicate the closed
channel state. Downward and upward deflections
correspond to channel openings at �75 mV and
�75 mV, respectively. Each trace is 10-s long. For
the purpose of illustration, single-channel records
were filtered at 500 Hz and digitized at 1 kHz.
Other details as in Fig. 1 A.
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(n � 10), whereas at �100 mV macroscopic current
(I) � 74 � 2% of that at �100 mV (n � 10; P � 0.001).
In agreement with these data, Fig. 3 demonstrates that the
pattern of channel gating at �75 mV differs strikingly
from that observed at �75 mV. At negative voltages the
gating behavior of CFTR was characterized by bursts of
channel activity, interrupted by brief flickery closures,
separated by longer closures between bursts (Fig. 3,
top). In contrast, at positive voltages both the duration
of bursts as well as the long closed periods separating
bursts were decreased in length (Fig. 3, bottom).

To quantify the changes in gating behavior at positive
voltages, we used membrane patches that contained only
a single active channel. We analyzed histograms of open
and closed times at �75 mV to determine how voltage al-
ters the distribution of open and closed times. At both
�75 and �75 mV, open and closed time histograms of
CFTR were best fitted with one- and two-component
functions, respectively (Fig. 5, A and B, and Table I).
However, at positive voltages the distribution of open
and closed times was altered in several ways. First, the
open time constant (�O1) was decreased by 52% (Fig. 5,
A and B, and Table I). Second, the fast closed time con-
stant (�C1) that describes the flickery closures which in-
terrupt channel openings was increased by 79%, while
its share of the closed time distribution expanded
slightly from 61 to 66% (Fig. 5, A and B, and Table I).

Third, the slow closed time constant (�C2) that describes
the long closures which separate channel openings was
decreased by 27%, while its share of the closed time dis-
tribution contracted slightly from 39% to 34% (Fig. 5, A
and B, and Table I). As a consequence of these changes
in channel gating, the number of events per minute at
�75 mV was double that at �75 mV (Table I).

To further investigate the changes in gating behavior
at positive voltages, we performed an analysis of bursts
using a burst delimiter (tc) determined as the nadir be-
tween the two populations of channel closures (Fig. 5,
A and B, and Table I; Carson et al., 1995a; Lansdell et
al., 1998b). At �75 mV, tc � 11.26 � 0.32 ms (n � 10),
whereas at �75 mV, tc � 18.97 � 0.85 ms (n � 10). The
large difference between the fast and slow time con-
stants at both negative and positive voltages, suggests
that errors caused by misclassification of bursts should
be rare. Fig. 5 C demonstrates that both burst duration
and interburst interval were significantly decreased at
�75 mV (P � 0.001). As a result, the Po of CFTR at �75
mV was only slightly decreased compared with the
value at �75 mV, although the difference was statisti-
cally significant (P � 0.002; Fig. 5 C). These data sug-
gest that voltage alters the gating behavior of the CFTR
Cl� channel without noticeably changing Po.

Thus, our data suggest that the single-channel behav-
ior of CFTR accounts for the rectification of CFTR Cl�

Figure 4. Single-channel
conductance of CFTR. (A)
Single-channel current ampli-
tude histograms of a single
CFTR Cl� channel at the indi-
cated voltages recorded using
the conditions described in
Fig. 3. At negative voltages
(top), the closed-channel am-
plitude is shown on the right,
whereas at positive voltages
(bottom), the closed channel
amplitude is shown on the left.
Linear x-axes with 20 bins
decade�1 were used for the
histograms and the continu-
ous lines represent the fit of
Gaussian distributions to the
data. The vertical dashed lines
indicate the position of the
open and closed channel lev-
els at negative voltages. (B)
Single-channel I-V relation-
ship of CFTR. (C) Relation-
ship between chord conduc-
tance and voltage for the data
shown in B. Chord conduc-
tance was calculated as de-
scribed in materials and
methods. Other details as in
Fig. 1.
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currents. CFTR Cl� current is determined by the prod-
uct of the number of CFTR Cl� channels in the mem-
brane patch (N), the single-channel current amplitude
(i), and the probability (Po) that a single channel is
open: ICFTR � N 	 i 	 Po. If we set each of these vari-
ables to 100% for the �100 mV data, we can compare
the CFTR Cl� current generated at �100 and �100
mV. Table II presents values of each variable, the pre-
dicted CFTR Cl� current determined by calculating
N 	 i 	 Po and the observed value of CFTR Cl� cur-
rent. Differences between the observed and predicted
values are likely accounted for by using data at �75 mV
and not �100 mV to calculate Po and the subtraction
of basal currents.1 Nevertheless, the predicted and ob-
served values agree closely.

Voltage Changes the Gating Kinetics of CFTR

To understand better how voltage changes the pattern
of channel gating, we used maximum likelihood analy-

sis and kinetic modeling. Using this approach, Winter
et al. (1994) demonstrated that the gating kinetics of
single phosphorylated wild-type CFTR Cl� channels are
described equally well by the linear three-state schemes
shown in Figs. 6 A and 7 A. In these schemes, C1 repre-

Figure 5. Analysis of the
dwell time histograms of a sin-
gle CFTR Cl� channel. (A
and B) Representative open
and closed time histograms
for a single CFTR Cl� chan-
nel recorded at �75 and �75
mV, respectively, using the
conditions described in Fig.
3. For open time histograms,
the continuous line is the fit
of a one-component expo-
nential function. For closed
time histograms, the continu-
ous line is the fit of a two-
component exponential func-
tion. The dotted lines show
the individual components of
the exponential functions.
Logarithmic x-axes with 10
bins decade�1 were used for
both open  and closed time
histograms. (C) Burst dura-
tion (top), interburst interval
(middle), and Po (bottom) of
CFTR at the indicated volt-
ages. Columns and error bars
indicate means � SEM (n �
10) at each voltage. For the Po

data, filled circles connected by lines represent individual experiments and the open circles are means � SEM (n � 10). The asterisks in-
dicate values that are significantly different from the �75 mV data (P � 0.05). Burst duration and interburst interval were calculated as de-
scribed in materials and methods. Other details as in Fig. 1.

1Although very small, the membrane currents evoked by the voltage
ramp protocol under basal conditions outwardly rectified. For exam-
ple, at �100 mV basal current was �0.88 � 0.20 pA and at �100 mV
basal current was 2.00 � 0.37 pA (n � 10). When basal currents were
subtracted from those recorded in the presence of ATP (1 mM) �

PKA (75 nM), the outward rectification of basal current accounted
for 6 � 2% (n � 10) of the inward rectification of CFTR Cl� current
at �100 mV.

T A B L E  I

Effect of Voltage on the Open  and Closed Time Constants of Wild-type 
CFTR Cl� Channels

Voltage (mV) �75 �75

�O1 (ms) 72.13 � 4.45 34.97 � 3.50

�C1 (ms) 1.78 � 0.03 3.19 � 0.14

�C2 (ms) 119.05 � 12.15 86.73 � 10.32

Area under curve �C1 0.61 � 0.02 0.66 � 0.02

Area under curve �C2 0.39 � 0.02 0.34 � 0.02

Events per minute 965 � 49 1,929 � 262

Total time (s) 939 614

Open and closed time constants were measured at the indicated voltages
by fitting one- and two-component exponential functions to open and
closed time histograms as described in materials and methods. Area
under curve indicates the proportion of the total closed time distribution
that corresponds to either �C1 or �C2. Events per minute represent the
number of transitions between the open and closed states within one
minute. The total time analyzed at each voltage is shown, and in each patch
�2,000 events were analyzed at each voltage. Values are means � SEM of
n � 10 at each voltage. Measurements were made using the conditions
described in Fig. 3.
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sents the long duration closed state separating channel
openings, C2 the brief flickery closures that interrupt
channel openings, and O the open state. Transitions
between the three states are described by the rate con-
stants 1, 2, �1 and �2. Using the C1↔C2↔O kinetic
scheme, intracellular ATP regulates CFTR at the transi-
tion between C1 and C2: as the ATP concentration is
raised, 1 increases (Winter et al., 1994). In contrast,
none of the other transition rates were altered signifi-
cantly by ATP (Winter et al., 1994). Similar analyses of
our own data support this model of ATP-dependent
regulation of CFTR channel gating (Cai and Sheppard,
2002). They also suggest that using the C1↔O↔C2 ki-
netic scheme, intracellular ATP regulates CFTR at the
transition between C1 and O with 1 increasing at ele-
vated ATP concentrations while the other rate con-
stants remain unchanged (unpublished data). As the
gating behavior of CFTR is equally well described by
the kinetic schemes C1↔C2↔O and C1↔O↔C2, we

used both schemes to determine how voltage regulates
CFTR channel gating.

Fig. 6 B shows the rate constants for the C1↔C2↔O
kinetic scheme (Fig. 6 A and Winter et al., 1994) at �75
and �75 mV calculated using the QuB software suite
(www.qub.buffalo.edu; Qin et al., 1997). When com-
pared with the �75 mV data, �1 was decreased by 53%
at �75 mV, �2 was increased by 88%, 2 was decreased
by 24%, but 1 was unchanged. The duration of bursts
is influenced first by �1, the rate constant that deter-
mines the velocity with which the channel leaves the
bursting state, and second by �2 and 2, the rate con-
stants that control opening and closing transitions
within the bursting state (see Eq. 4). The decrease in �1

delays the exit from the bursting state and hence, in-
creases the duration of bursts at �75 mV. In contrast,
the decrease in 2 and particularly the increase in �2

both act to decrease the duration of bursts at �75 mV.
Thus, the data suggest that depolarized voltages pro-
duce reciprocal changes in �1 and the rate constants
within the bursting state (i.e., �2 and 2) that tend to
offset each other.

Fig. 7 B shows the rate constants for the C1↔O↔C2

kinetic scheme (Fig. 7 A and Winter et al., 1994) at �75
and �75 mV. When compared with the �75 mV data,
�1 was increased by 27% at �75 mV, 1 was increased by
29%, 2 was increased by 118% and �2 was decreased by
34%. As with the C1↔C2↔O kinetic scheme, the dura-
tion of bursts in the C1↔O↔C2 model is influenced by
�1, �2, and 2 (see Eq. (5)). However, unlike the
C1↔C2↔O kinetic scheme, the changes in �2 and 2

have little effect on burst duration at �75 mV while the
increase in �1 accelerates the rate of exit from the
bursting state and hence, decreases the duration of

T A B L E  I I

Comparison of Predicted CFTR Cl� Current, N 	 i 	 Po, and Measured 
CFTR Cl� Current at �100 and �100 mV

V N i Po N 	 i 	 Po ICFTR

mV % % % % %

�100 100 100 100 100 100

�100 100 88 93 77 74

N, the number of CFTR Cl� channels in the membrane patch; i, single-
channel current amplitude; Po, open-probability. To estimate N, we used
data from Fig. 3, and to estimate Po, we used data from Fig. 5C, where
voltage was either �75 or �75 mV. The predicted CFTR Cl� current has
been corrected for the outward rectification of basal currents (see
footnote 1).

Figure 6. Effect of voltage on the rate constants
of the C1↔C2↔O kinetic scheme. (A) The
C1↔C2↔O kinetic scheme that describes CFTR
channel gating (Winter et al., 1994). States C1, C2,
and O represent two closed states and one open
state, respectively, while 1, 2, �1, and �2 repre-
sent the rate constants describing transitions be-
tween these states. States enclosed within the
dashed box represent the bursting state. (B) Rate
constants at the indicated voltages determined by
the maximum likelihood fit to the model shown
in A. Data are means � SEM (n � 6) at each volt-
age. The asterisks indicate values that are signifi-
cantly different from the �75 mV data (P �
0.05). (C) The relationship between the rate con-
stants 1 (filled circles), 2 (filled diamonds), �1

(open circles) and �2 (open diamonds) and volt-
age for the C1↔C2↔O model. Values are
means � SEM (n � 5–6) at each voltage. The
continuous lines represent fits of the single expo-
nential function  (Eq. 2) as de-
scribed in the materials and methods. Other
details as in Fig. 1 and Table III.

k k0P k1V( )exp=
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bursts at �75 mV. Similarly, the increase in 1, the rate
constant that determines the velocity with which the
channel enters the bursting state, causes a reduction in
the interburst interval at �75 mV.

To investigate whether the changes in rate constants
counteract each other, we used the rate constants for
the C1↔C2↔O and C1↔O↔C2 kinetic schemes to cal-
culate values of (i) burst duration, (ii) mean duration
of gaps within bursts, (iii) interburst interval, and (iv)
Po and compared these values with those derived using
pClamp software. First, using the kinetic scheme
C1↔C2↔O, mean burst duration is given by the equa-
tion (Sakmann and Trube, 1984):

(4)

Using Eq. 4, mean burst duration decreased from
158 � 17 ms (n � 6) at �75 mV to 130 � 18 ms (n � 6)
at �75 mV, a decrease of 18% (P � 0.05). Using the ki-
netic scheme C1↔O↔C2, mean burst duration is given
by the equation (Sakmann and Trube, 1984):

(5)

Using Eq. 5, mean burst duration decreased from 145 �
18 ms (n � 6) at �75 mV to 120 � 16 ms (n � 6) at
�75 mV, a reduction of 17% (P � 0.05). These data are
in close agreement with the mean burst duration values
determined using rate constant data for the C1↔C2↔O
kinetic scheme and pClamp software (19% decrease;
Fig. 5 C). They indicate that burst duration decreases at
positive voltages.

Second, using the kinetic scheme C1↔C2↔O, mean
duration of gaps within bursts is given by the equation
(Sakmann and Trube, 1984):

Mean burst duration
β2 α1+( )2 α2β2+[ ] β2 α1+( )α2α1[ ]⁄ .

=

Mean burst duration β2 α2+( ) α2α1( ).⁄=

(6)

Using Eq. 6, mean duration of gaps within bursts in-
creased from 1.92 � 0.07 ms (n � 6) at �75 mV to
3.02 � 0.17 ms (n � 6) at �75 mV, an increase of 57%
(P � 0.05). Using the kinetic scheme C1↔O↔C2,
mean duration of gaps within bursts is given by the
equation (Sakmann and Trube, 1984):

(7)

Using Eq. 7, mean duration of gaps within bursts in-
creased from 1.93 � 0.07 ms (n � 6) at �75 mV to 2.93 �
0.15 ms (n � 6) at �75 mV, an increase of 52% (P �
0.05). These data are in reasonable agreement with the
values of mean duration of gaps within bursts calcu-
lated using rate constant data for the C1↔C2↔O ki-
netic scheme and excellent agreement with values de-
termined using pClamp software (�75 mV, 2.14 � 0.07
ms (n � 10); �75 mV, 3.25 � 0.25 ms (n � 10); 52% in-
crease; P � 0.05). They indicate that bursts become in-
terrupted by longer brief closures at positive voltages.

Third, using the kinetic scheme C1↔C2↔O, an ap-
proximate value of interburst interval can be deter-
mined using the equation (Sakmann and Trube, 1984):

(8)

Using Eq. 8, interburst interval decreased from 113 �
18 ms (n � 6) at �75 mV to 84 � 11 ms (n � 6) at �75
mV, a decrease of 26% (P � 0.05). Using the kinetic
scheme C1↔O↔C2, interburst interval is given by the
equation (Sakmann and Trube, 1984):

(9)

Mean duration of gaps within bursts 1 β2 α1+( ).⁄=

Mean duration of gaps within bursts 1 α2( ).⁄=

Interburst interval 1 β1⁄( ) 1 α1 β2⁄( )+[ ] 1 β2⁄( ).+=

Interburst interval 1 β1( ).⁄=

Figure 7. Effect of voltage on the rate constants
of the C1↔O↔C2 kinetic scheme. (A) The
C1↔O↔C2 kinetic scheme that describes CFTR
channel gating (Winter et al., 1994). (B) Rate
constants at the indicated voltages determined by
the maximum likelihood fit to the model shown
in A. (C) The relationship between the rate con-
stants 1 (filled circles), 2 (filled diamonds), and
�1 (open circles) and voltage for the C1↔O↔C2

scheme. The inset shows the relationship between
the rate constant �2 and voltage for the same
scheme. Other details as in Fig. 6 and Table IV.
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Using Eq. 9, interburst interval decreased from 106 �
18 ms (n � 6) at �75 mV to 80 � 11 ms (n � 6) at �75
mV, a reduction of 25% (P � 0.05). These data are
in very good agreement with the values of interburst
interval calculated using rate constant data for the
C1↔C2↔O kinetic scheme, but only reasonable agree-
ment with those values determined using pClamp soft-
ware (16% decrease; Fig. 5 C). They indicate that inter-
burst interval decreases at positive voltages.

Fourth, using the kinetic scheme C1↔C2↔O, Po is
given by the equation (Sakmann and Trube, 1984):

(10)

Using Eq. 10, Po decreased slightly from 0.57 � 0.04
(n � 6) at �75 mV to 0.56 � 0.04 (n � 6) at �75 mV, a
decrease of 2% (P � 0.05). Using the kinetic scheme
C1↔O↔C2, Po is given by the equation (Sakmann and
Trube, 1984):

(11)

Using Eq. 11, Po decreased marginally from 0.57 � 0.04
(n � 6) at �75 mV to 0.56 � 0.04 (n � 6) at �75 mV, a
reduction of 2% (P � 0.05). These data are in very
good agreement with the values of Po calculated using
rate constant data for the C1↔C2↔O kinetic scheme
and good agreement with values determined using
pClamp software (5% decrease; Fig. 5 C). However, the
decrease in Po calculated using rate constant data was
not statistically significant, unlike that calculated using
pClamp software. We attribute this subtle effect of volt-
age on Po to the changes in mean burst duration and
interburst interval counterbalancing each other.

To understand better the voltage dependence of
CFTR channel gating, we calculated rate constants for
both kinetic schemes at �50, �20, �20, and �50 mV
and fitted the data using the single exponential func-
tion  (Eq. 2; Figs. 6 C and 7 C). To de-
termine whether rate constants changed with voltage,
we performed one-way ANOVAs. Considering first the
C1↔C2↔O kinetic scheme, this test indicated that 1

and 2 did not change significantly with voltage (Fig. 6
C; P � 0.05).2 In contrast, a significant difference
was found between voltage and �2 and �1 (Fig. 6 C;
P � 0.05).2 Considering next the C1↔O↔C2 kinetic
scheme, one-way ANOVAs indicated that �1 and 2 did
not change significantly with voltage (Fig. 7 C; P �
0.05). In contrast, a significant difference was found be-

PO β2β1 β1 α1+( ) β2 α2+( ) β2α1( )–[ ]⁄ .=

PO α2β1 β1 α1+( ) β2 α2+( ) β2α1( )–[ ]⁄ .=

k k0P
k1V( )

exp=

tween voltage and 1 and �2 (Fig. 7 C; P � 0.05). Thus,
in both kinetic schemes voltage has profound effects
on the gating behavior of the CFTR Cl� channel. How-
ever, because in both kinetic schemes the effects of volt-
age on the rate constants tend to oppose one another,
CFTR Cl� currents exhibit only weak voltage-depen-
dence.

Finally, using the data in Figs. 6 C and 7 C, we derived
values of equivalent gating charge for each of the rate
constants in the two kinetic schemes (Tables III and
IV). For the C1↔C2↔O kinetic scheme, the total equiv-
alent gating charge for CFTR is 0.32e (Table III) while
for the C1↔O↔C2 kinetic scheme it is 0.28e (Table
IV). These values of gating charge are threefold lower
than that of ClC-0, the voltage-dependent Cl� channel
of Torpedo electric organ (Hanke and Miller, 1983;
Pusch et al., 1995; Chen and Miller, 1996) and about
fortyfold lower than those of voltage-gated Na�, K� and
Ca2� channels (Hille, 2001).

Effect of Voltage on the Regulation of Channel Gating
by the NBDs

Following cAMP-dependent phosphorylation, the gat-
ing behavior of CFTR is controlled by cycles of ATP
binding and hydrolysis at the NBDs (Gadsby and Nairn,
1999; Sheppard and Welsh, 1999). Previous work indi-
cates that ADP inhibits the activity of CFTR by antago-
nizing ATP-dependent channel opening to prolong
greatly the duration of long closures separating chan-
nel openings (Winter et al., 1994). Conversely, the inor-
ganic phosphate analogue, pyrophosphate (PPi) stimu-
lates the activity of CFTR by increasing the frequency
and prolonging dramatically the duration of channel
openings (Carson et al., 1995b). We were especially in-
terested in the effects of PPi on the voltage dependence
of CFTR channel gating, because PPi abolished the
asymmetric permeability of CFTR to large organic an-

2In contrast to analyses of rate constant values at �75 mV using Stu-
dent’s paired t test, some analyses of rate constant data over the
range �75 to �75 mV using one-way ANOVAs failed to achieve statis-
tical significance. We attribute this difference to the fact that paired
data were used for analyses using Student’s paired t test, but pooled
data were used for one-way ANOVAs.

T A B L E  I I I

Summary of the Fits to the Rate Constants for the C1↔C2↔O
Kinetic Scheme

Rate k0 k1 zg

s�1 V�1 e� charges

1 18.22 � 2.18 1.06 � 0.47 0.03

�1 141.04 � 8.02 �5.09 � 0.61 �0.14

2 281.58 � 20.86 �1.93 � 0.27 �0.05

�2 24.44 � 3.65 3.64 � 0.69 0.10

Values of k0, k1, and zg (equivalent gating charge) derived from
exponential fits to the rate constants for the C1↔C2↔O kinetic scheme
using dwell-time data acquired using the conditions described in Fig.
3. Rate constants were fitted with the single exponential function

 (Eq. 2) as described in the materials and methods.
For k0 and k1, data are means � SEM (n � 6). The absolute value of the
total equivalent gating charge derived from addition of the individual
charges for each rate constant is 0.32e.

k k0P k1V( )exp=
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ions (Linsdell and Hanrahan, 1998b). We speculated
that PPi might convert CFTR from an inwardly rectify-
ing channel to a linear channel. To test this hypothesis,
we examined the effect of PPi on the inward rectifica-
tion of CFTR Cl� currents using voltage ramp proto-
cols. As a control, we tested the effect of ADP, which
is without effect on the asymmetric permeability of
CFTR to large organic anions (Linsdell and Hanrahan,
1998b).

Fig. 8 A shows I-V relationships of CFTR Cl� currents
recorded in the absence and presence of PPi (5 mM).
PPi (5 mM) increased CFTR Cl� currents by similar
amounts at both negative and positive voltages (Fig. 8
B), indicating that PPi-stimulation of CFTR is voltage-
independent. Similarly, Fig. 9, A and B, demonstrates
that CFTR inhibition by ADP (1 mM) was voltage inde-
pendent. Consistent with these data, neither PPi (5
mM) nor ADP (1 mM) altered the inward rectification
of CFTR Cl� currents (Figs. 8 C and 9 C).

Voltage Dependence of the Murine CFTR Cl� Channel

In previous work, we demonstrated that wild-type mu-
rine CFTR Cl� channels have a reduced single-channel

conductance, a dramatically decreased Po and an al-
tered pattern of channel gating compared with those of
wild-type human CFTR (Lansdell et al., 1998a,b). To
explore further the voltage dependence of CFTR, we
investigated the effect of voltage on the activity of wild-
type murine CFTR Cl� channels in excised inside-out
membrane patches. Fig. 10 A demonstrates that at �80
mV the pattern of gating of murine CFTR is character-
ized by transitions between a closed state and two open
states: sustained openings to a subconductance state
and brief openings to a full open state (Lansdell et al.,
1998b). At �80 mV, the gating behavior of CFTR was
also characterized by prolonged openings to a subcon-
ductance state and brief openings to a full open state
(Fig. 10 A). However, the frequency and duration of
openings to the full open state appeared to be reduced
compared with those at �80 mV (Fig. 10 A).

To quantify the voltage dependence of the murine
CFTR Cl� channel, we measured i and Po of the full
open state. (We did not investigate the voltage depen-
dence of the subconductance state because of its tiny
single-channel current amplitude.) Fig. 10 B compares
the single-channel I-V relationship of murine CFTR
with that of human CFTR. For murine CFTR, at �100
mV i � 73 � 4% (n � 7) of that at �100 mV while for
human CFTR at �100 mV i � 88 � 2% (n � 10) of that
at �100 mV (P � 0.01). Consistent with these data, the
chord conductance of murine CFTR decreased by 25%
over the voltage range �100 to �100 mV, whereas that
of human CFTR decreased by only 12% (Fig. 10 C).
Moreover, at each voltage tested, the chord conduc-
tance of murine CFTR was reduced compared with that
of human CFTR (Fig. 10 C).

Fig. 10 D compares the Po of human and murine
CFTR at negative and positive voltages. These data
demonstrate two important differences between hu-
man and murine CFTR: first, the Po of the full open
state of murine CFTR is much reduced compared with
that of human CFTR (Fig. 10 D). Second, the Po of mu-
rine CFTR is greatly decreased at positive voltages,

T A B L E  I V

Summary of the Fits to the Rate Constants for the C1↔O↔C2

Kinetic Scheme

Rate k0 k1 zg (e� charges)

s�1 V�1

1 11.48 � 1.17 2.11 � 0.39 0.06

�1 8.17 � 0.76 1.98 � 0.26 0.05

2 17.05 � 4.30 3.99 � 0.76 0.11

�2 404.43 � 18.86 �2.11 � 0.83 �0.06

Values of k0, k1, and zg (equivalent gating charge) derived from
exponential fits to the rate constants for the C1↔O↔C2 kinetic scheme
using dwell-time data acquired using the conditions described in Fig. 3.
The absolute value of the total equivalent gating charge derived from
addition of the individual charges for each rate constant is 0.28e. Other
details as in Table III.

Figure 8. Pyrophosphate stimulation of CFTR
Cl� currents is voltage independent. (A) I-V rela-
tionships of CFTR Cl� currents recorded in the
absence and presence of pyrophosphate (PPi; 5
mM) in the intracellular solution. (B) Effect of
voltage on the fraction of CFTR Cl� current stim-
ulated by PPi (5 mM). Values are means � SEM
(n � 4) at each voltage. The continuous line is
the fit of a first order regression to the data. (C)
I-V relationships of CFTR Cl� currents recorded
in the absence (open circles) and presence (filled
circles) of PPi (5 mM) expressed as a percent-
age of the current value at �100 mV. Data are
means � SEM (n � 4) at each voltage. Other de-
tails as in Fig. 1.
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whereas that of human CFTR is little changed (Fig.
10 D). For murine CFTR, the Po value at �80 mV
decreased by 49 � 10% (n � 10) when compared
with that at �80 mV (P � 0.01). In contrast, for hu-
man CFTR, the Po value at �75 mV was decreased
by only 5 � 1% (n � 6) when compared with that at
�75 mV (P � 0.05). Thus, these single-channel
data suggest that inward rectification of murine
CFTR is stronger than that of the human CFTR Cl�

channel.

D I S C U S S I O N

The goal of this study was to investigate the inward rec-
tification of macroscopic CFTR Cl� currents in excised
inside-out membrane patches. Using three indepen-
dent methods, we demonstrated that CFTR exhibits in-
ward rectification when bathed in symmetrical Cl�-rich
solutions. The data indicate that this inward rectifica-
tion is caused both by a voltage-dependent decrease in
single-channel chord conductance and by changes in
the kinetics of channel gating at large positive voltages.

They also suggest that inward rectification of the mu-
rine CFTR Cl� channel is stronger than that of human
CFTR.

In principal, inward rectification of the CFTR Cl�

channel might either result from channel block by a
soluble factor or be an intrinsic property of the CFTR
channel protein. Studies of other ion channels provide
strong support for both hypotheses. For example, the
inward rectification of Kir channels, NMDA receptors,
and cyclic nucleotide–gated channels is caused by volt-
age-dependent block of outward current flow by extrin-
sic cations. In the case of Kir channels the blocking cat-
ions are intracellular Mg2� and polyamines (Vanden-
berg, 1987; Lopatin et al., 1994), whereas for NMDA
receptors and cyclic nucleotide–gated channels the
blocking cations are extracellular Ca2� and Mg2� (No-
wak et al., 1984; Zimmerman and Baylor, 1986). In
contrast, inward rectification of KAT1, an inward-recti-
fier K� channel from the plant Arabidopsis thaliana, re-
sults from an intrinsic gating mechanism (Zei and Al-
drich, 1998). Like voltage-gated K� channels (Hille,
2001), KAT1 possesses a voltage-sensor, the S4 segment

Figure 9. ADP inhibition of CFTR Cl� currents
is voltage independent. (A) I-V relationships of
CFTR Cl� currents recorded in the absence and
presence of ADP (1 mM) in the intracellular solu-
tion. (B) Effect of voltage on the fraction of CFTR
Cl� current inhibited by ADP (1 mM). (C) I-V re-
lationships of CFTR Cl� currents recorded in the
absence (open circles) and presence (filled cir-
cles) of ADP (1 mM) expressed as a percentage of
the current value at �100 mV. Other details as in
Fig. 8.

Figure 10. Effect of voltage on the murine
CFTR Cl� channel. (A) Recordings of a single
murine CFTR Cl� channel at �80 mV (top) and
�80 mV (bottom) made using the conditions de-
scribed in Fig. 3. (B) Single-channel I-V relation-
ships of human (open circles) and murine (filled
circles) CFTR. Data are means � SEM (n � 8–10)
at each voltage. Other details as in Fig. 1. (C) Re-
lationship between chord conductance and volt-
age for the data shown in B. (D) Effect of voltage
on the Po of human (left ordinate) and murine
(right ordinate) CFTR. Note the change in scale.
Columns and error bars indicate means � SEM
(human, n � 6; murine, n � 10). For human
CFTR, voltage was �75 and �75 mV, whereas for
murine voltage was �80 and �80 mV. The aster-
isks indicate values that are significantly different
from the data at negative voltages (P � 0.05).
Other details as in Fig. 4.
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that uses the energy of voltage to control channel gat-
ing (Zei and Aldrich, 1998).

Several lines of evidence suggest that channel block
is not likely to account for inward rectification of the
CFTR Cl� channel in excised inside-out membrane
patches. First, changes in the composition of the intra-
and extracellular solutions did not abolish inward recti-
fication (for data and discussion, see the online sup-
plemental material, available at http://www.jgp.org/
cgi/content/full/jgp.200308921/DC1). Second, inward
rectification has been observed using cells expressing
either native or recombinant wild-type human CFTR
(e.g., Quinton and Reddy, 2000; Lansdell et al., 2000;
Linsdell and Gong, 2002; this study), indicating that in-
ward rectification is independent of the expression sys-
tem used to investigate CFTR. Third, inward rectifica-
tion of CFTR Cl� channels reconstituted into planar
lipid bilayers was unaffected by changes in the composi-
tion of the lipid bilayer (Zhao et al., 1996), suggesting
that the surface charge of the membrane lipid does not
affect inward rectification. Fourth, the effects of voltage
on the function of the murine CFTR Cl� channel
(present study) indicate that inward rectification is a
common characteristic of human and murine CFTR.
Fifth, mutation of several residues within the MSDs al-
ters the shape of the I-V relationship of CFTR. Inward
rectification of CFTR Cl� currents is accentuated by
mutation of R334, T338, T339, and S341 (sixth trans-
membrane segment (M6); Gong and Linsdell, 2003;
Linsdell et al., 1998; Gong et al., 2002), S1118 (M11;
Zhang et al., 2000), and T1134 and N1138 (M12; Gupta
et al., 2001). In contrast, mutation of V317 (M5; Zhang
et al., 2002) causes outward rectification of CFTR Cl�

currents. Based on these data, we speculate that inward
rectification is an intrinsic property of the CFTR Cl�

channel. Because ADP and PPi, two agents that inter-
act with the NBDs, are without effect on inward recti-
fication and because site-directed mutations in the
MSDs enhance inward rectification, we propose that
the CFTR pore determines this property of the CFTR
Cl� channel.

For the CFTR pore, itself, to be responsible for in-
ward rectification, the architecture of the pore should
facilitate the flow of Cl� from the intra- to the extracel-
lular side of the membrane, but hinder Cl� flow in the
opposite direction. To transport ions at maximal trans-
location rates, ion channels have evolved charged lined
vestibules that concentrate and funnel ions toward the
selectivity filter (Green and Andersen, 1991; Dutzler et
al., 2002, 2003). Based on these considerations, inward
rectification of current flow through the CFTR pore
might be achieved by asymmetries in the geometry of
the intra- and extracellular vestibules, differences in
the distribution of Cl�-binding sites between the two
vestibules or a combination of these factors.

Evidence for asymmetries in the topology of the in-
tra- and extracellular vestibules is provided by studies of
anion permeation and channel block. Anion perme-
ation studies indicate that the narrowest part of the
CFTR pore is �0.53–0.60 nm in diameter (Cheung and
Akabas, 1996; Linsdell et al., 1997), widening under
certain circumstances to a diameter of �1.3 nm (Lins-
dell and Hanrahan, 1998b). This constriction, which
likely represents the selectivity filter, occurs in the re-
gion of F337 and T338 in M6 because mutation of
these residues altered dramatically the anion perme-
ability sequence of CFTR, whereas mutation of other
residues in M6 had less marked effects on anion perme-
ation (Linsdell et al., 1998, 2000; McCarty and Zhang,
2001; Gong et al., 2002; Gupta and Linsdell, 2003). On
the intra- and extracellular sides of this constriction,
the pore enlarges. The voltage dependence of channel
block by large organic anions suggests that the CFTR
pore contains a wide intracellular vestibule that funnels
blocking anions deep into the pore where they bind,
occlude the pore, and block Cl� permeation (Linsdell
and Hanrahan, 1996; Sheppard and Robinson, 1997;
Hwang and Sheppard, 1999; Zhou et al., 2002). Less is
known about the topology of the extracellular end of
the CFTR pore. Based on the ability of methanethiosul-
phonate reagents in the extracellular solution to react
with M6 residues toward the cytosolic side of the mem-
brane (Cheung and Akabas, 1996), there might also be
a wide extracellular vestibule. However, the inability of
open-channel blockers to reach their binding sites
when added to the extracellular solution and the short
length of extracellular loops 3 and 6 led McCarty
(2000) to propose that CFTR has a small extracellular
vestibule. Consistent with this idea, Linsdell and Hanra-
han (1998a,b) demonstrated that CFTR exhibits an
asymmetric permeability to large organic anions (e.g.,
galacturonate, glutathione, and lactobionate). During
the normal gating cycle, flow of large organic anions
through the CFTR pore is only permitted in the in-
tra- to extracellular direction (Linsdell and Hanrahan,
1998a,b).

The sixth transmembrane segment plays a crucial
role in determining the pore properties of CFTR
(Sheppard and Welsh, 1999; McCarty, 2000; Gong et
al., 2002). Within M6, the residues R334 (Smith et al.,
2001; Gong and Linsdell, 2003), K335 (Anderson et al.,
1991), F337 (Linsdell et al., 2000), T338 (Linsdell et
al., 1998), S341 (McDonough et al., 1994), I344 (Gong
et al., 2002), and possibly R352 (Guinamard and Aka-
bas, 1999; Gong et al., 2002) contribute to Cl�-binding
sites. Assuming that the narrowest part of the CFTR
pore occurs in the region of F337 and T338 (see above
and Linsdell et al., 1998, 2000; McCarty and Zhang,
2001; Gong et al., 2002; Gupta and Linsdell, 2003), the
data suggest that three Cl�-binding sites (S341, I344,
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and R352) might be located in a spacious intracellular
vestibule, whereas two Cl�-binding sites (R334 and
K335) might be located in a more confined extracellu-
lar vestibule. This simple model suggests that current
flow through the CFTR pore might inwardly rectify.
However, an important caveat of this model is that
present knowledge of the mechanism of anion perme-
ation by the CFTR Cl� channel is incomplete and it is
quite likely that residues in other transmembrane seg-
ments contribute to Cl�-binding sites. Nevertheless,
asymmetries in the size of the intra- and extracellular
vestibules and/or the distribution of Cl�-binding sites
within the CFTR pore are plausible explanations for
the inward rectification of CFTR Cl� currents.

Besides the architecture of the CFTR pore, volt-
age-dependent gating might make some contribution
to the observed inward rectification of current flow
through the CFTR Cl� channel. Work by other investi-
gators and ourselves demonstrate that CFTR channel
gating exhibits voltage dependence despite the lack of
a marked effect of voltage on Po. First, using cell-
attached membrane patches from NIH 3T3 fibroblasts
expressing wild-type human CFTR, Fischer and Ma-
chen (1994) demonstrated that slow (ATP dependent)
gating is voltage independent, whereas fast (flickery in-
traburst) gating is voltage dependent, becoming the
dominant gating mode at strong negative voltages. Sec-
ond, using excised membrane patches from Xenopus
oocytes expressing wild-type human CFTR, Zhang et al.
(2002) demonstrated that burst duration increases at
negative voltages, whereas interburst interval is unaf-
fected by voltage. Third, to investigate the flickery clo-
sures that interrupt bursts of channel openings, Zhou
et al. (2001) analyzed the gating kinetics of the CFTR
variant K1250A whose prolonged openings facilitate
the discrimination of fast and slow gating events. Zhou
et al. (2001) found that the rate of transition from the
short-lived closed state to the open state exhibits volt-
age dependence and is sensitive to permeant anions in
the extracellular solution, suggesting that brief flickery
closures represent the voltage-dependent occupancy of
an anion-binding site within the CFTR pore by un-
known intracellular anions.

To elucidate the effects of voltage on CFTR channel
gating, we adopted a different strategy to other investi-
gators. We employed kinetic modeling to analyze the
gating behavior of single wild-type human CFTR Cl�

channels in excised membrane patches bathed in sym-
metrical Cl�-rich solutions at 37�C and lightly filtered
our data. Using this approach, we determined the ef-
fect of voltage on both fast and slow gating events. Our
data indicate that voltage has significant effects on
CFTR channel gating. Membrane depolarization de-
creased both the duration of bursts and the interburst
interval, but increased the duration of gaps within

bursts. However, because the voltage dependencies of
the different rate constants were in opposite directions,
Po was largely unaffected by voltage. The voltage inde-
pendence of Po and the lack of effect of ADP and PPi

on the inward rectification of CFTR Cl� currents argue
that changes in CFTR channel gating do not contribute
to the rectification of macroscopic CFTR Cl� currents.
However, other data suggest the contrary. First, the pre-
dicted CFTR Cl� current (N 	 i 	 Po) at �100 mV,
which is accounted for by reductions in both i and Po,
agrees closely with the measured CFTR Cl� current at
this voltage. Second, the Po of murine CFTR is de-
creased markedly at positive voltages. Third, compari-
son of the data of Smith et al. (2001) and Gong and
Linsdell (2003) suggests that the strong inward rectifi-
cation of the CFTR variant R334C is not accounted for
by voltage-dependent changes in i. Based on these data,
we argue that voltage-dependent changes in CFTR
channel gating contribute to the inward rectification of
macroscopic CFTR Cl� currents.

Our data indicate that the total equivalent gating
charge for CFTR is only �0.30e. The small size of the
gating charge of CFTR is consistent with the lack of
marked voltage dependence of CFTR channel gating.
The data suggest that residues with charged and un-
charged polar side chains move only a very small dis-
tance within the transmembrane electric field. These
residues might be located either along the full-length
of the CFTR pore or restricted to a specific region of
the permeation pathway. Alternatively, linear three-
state kinetic schemes might be too simple to describe
the voltage dependence of CFTR channel gating. Be-
cause the total equivalent gating charge of CFTR is
comparable to the amount of charge movement intrin-
sic to the voltage-dependent Cl� channel ClC-0 (Chen
and Miller, 1996), we favor the former idea. The amino
acid sequence of ClC-0 lacks a motif equivalent to the
S4 segment, the voltage sensor of voltage-gated cation
channels (Hille, 2001). Instead, permeant anions in
the extracellular solution act as the source of the gating
charge (Pusch et al., 1995; Chen and Miller, 1996). The
binding of Cl� ions to a Cl�-binding site located at the
extracellular end of the ClC-0 pore causes a conforma-
tional change that precedes channel opening and in-
ward Cl� flow (Chen and Miller, 1996). Because bound
Cl� ions traverse the transmembrane electric field, gat-
ing is both voltage and Cl� concentration dependent
(Pusch et al., 1995; Chen and Miller, 1996). Excitingly,
the structural basis of this gating mechanism has been
elucidated following the determination of high-resolu-
tion crystal structures of bacterial CLC proteins (Dutz-
ler et al., 2002, 2003). In these bacterial CLC chan-
nels, the Cl�-binding site closest to the extracellular
end of the selectivity filter is gated by the carboxyl
group of glutamate (E)148 that protrudes into the CLC
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channel pore: when the carboxyl group of E148 is
bound to the Cl�-binding site the pore is closed, but
when a Cl� ion binds the pore opens to allow Cl� per-
meation (Dutzler et al., 2002, 2003).

The regulation of CLC channel gating by localized
motions of an amino acid side chain (Dutzler et al.,
2003) raises the question as to whether a similar mech-
anism might operate in the CFTR Cl� channel. How-
ever, anion permeation through the CFTR pore is
tightly linked to the function of the NBDs that power
channel gating. For example, Kogan et al. (2003)
recently demonstrated that glutathione permeation
through the CFTR pore is controlled by ATP binding
rather than ATP binding and hydrolysis as in the case
of Cl� permeation. These data suggest that global con-
formation changes in the structure of the CFTR pro-
tein control Cl� permeation, not local changes in the
orientation of amino acid side-chains. If this idea were
correct, it would suggest that CFTR channel gating
shares similarities with activation gating in K� channels
that involves the reorientation of transmembrane
�-helices (Jiang et al., 2003). Future studies should test
this possibility.
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