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Abstract. Nucleotide-dependent gating ofDF508-CFTR
was evaluated in membrane patches excised from HEK
293 and mouse L-cells and compared to observations on
wt-CFTR channels recorded in the same expression sys-
tems. DF508-CFTR exhibited PKA activated, ATP-
dependent channel gating. When compared towt-CFTR,
the Km for ATP was increased by ninefold (260mM vs.
28 mM) and maximal open probability (Po) was reduced
by 49% (0.21 ± 0.06vs. 0.41 ± 0.02). Additionally, in
the absence of PKA,DF508-CFTR inactivated over a 1
to 5 min period whereaswt-CFTR remained active.
Time-dependent inactivation could be mimicked inwt-
CFTR by the intermittent absence of ATP in the cytoso-
lic solution. The effects of 3-isobutyl-1-methyl xanthine
(IBMX), a compound reported to stimulateDF508-
CFTR, were evaluated onwt- and DF508-CFTR chan-
nels. At concentrations up to 5 mM, IBMX caused a
concentration dependent reduction in the observed single
channel amplitude (i) of wt-CFTR (maximal observed
reduction 35 ± 3%). However, IBMX failed to signifi-
cantly alter total patch current because of a concomitant
30% increase inPo. The effects of IBMX onDF508-
CFTR were similar to effects onwt-CFTR in thati was
reduced andPo was increased by similar magnitudes.
Additionally, DF508-CFTR channel inactivation was
dramatically slowed by IBMX. These results suggest
that IBMX interacts with the ATP-bound open state of
CFTR to introduce a short-lived nonconducting state
which prolongs burst duration and reduces apparent
single channel amplitude. A secondary effect observed
in DF508-CFTR, which may result from this interaction,
is a prolongation of the activated state. In light of pre-
viously proposed linear kinetic models of CFTR gating,
these results suggest that IBMX traps CFTR in an ATP-

bound state which may preclude inactivation ofDF508-
CFTR.
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Introduction

The product of the gene which, when mutated, causes
cystic fibrosis codes for an integral membrane protein
(the cystic fibrosis transmembrane conductance regula-
tor; CFTR1) which is a small (6–11 pS), ohmic, chloride-
conducting channel (Berger et al., 1991). Functional in-
tegrity of this channel is required for the transport of
chloride across epithelial barriers resulting in salt and
fluid secretion or absorption (Welsh & Smith, 1993).
The most common mutation in CFTR,DF508, is asso-
ciated with at least two defects. The first is that the
DF508-CFTR protein is not trafficked correctly to the
cell membrane (Cheng et al., 1990), a defect which has
been overcome in some in vitro systems (Denning et al.,
1992; Brown et al., 1996; Sato et al., 1996). Once the
DF508-CFTR protein arrives at the cell membrane, most
reports indicate that channel activity differs from that of
wt-CFTR. Whole-cell and single channel kinetics are re-
ported to be affected, but questions remain regarding
which parameter or biophysical state is most changed
(Dalemans et al., 1991; Drumm et al., 1991; Sherry, Cup-
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poletti & Malinowska, 1994; Haws et al., 1996; Becq et
al., 1996; Sato et al., 1996; Hwang et al., 1997). These
observations could reflect changes in phosphorylation-
dependent activation/inactivation and/or changes in
nucleotide-dependent gating kinetics. Alternatively, two
reports have concluded that gating kinetics are not
greatly affected by theDF508 mutation (Li et al., 1993;
Pasyk & Foskett, 1995).

3-Isobutyl-1-methyl xanthine (IBMX) is one of
many compounds that have now been reported to stimu-
late DF508-CFTR-mediated chloride conductance
(Drumm et al., 1991; Becq et al., 1993; Yang et al., 1993;
Haws et al., 1996). Well documented effects of IBMX
on the activity of intracellular enzymes including alka-
line phosphatase (Croce, Kramer & Garbers, 1979; Far-
ley, Ivey & Baylink, 1980) and phosphodiesterase
(Beavo et al., 1970) are thought to account for these
effects onwt-CFTR-mediated ion transport. However,
significant stimulation ofDF508-CFTR chloride conduc-
tance is seen only at concentrations far in excess of con-
centrations expected to affect these intracellular enzymes
and in excess of those which fully stimulatewt-CFTR in
the same expression systems. At the higher concentra-
tions, the mechanism of stimulation remains unresolved.
Effects of IBMX on CFTR, independent of alterations in
cAMP concentrations, have been reported (Cohen et al.,
1997; He et al., 1998). Information regarding the mecha-
nism of action of IBMX might provide insights into the
underlying differences in the gating ofwt- and DF508-
CFTR.

Therefore, experiments were conducted to deter-
mine which kinetic parameters of CFTR were most af-
fected by theDF508 mutation in cell-free membrane
patches and to determine if IBMX caused a direct effect
on DF508-CFTR channel activity that could account for
the favorable changes in macroscopic current levels that
have been reported. Results suggest that IBMX directly
interacts with CFTR to introduce a novel kinetic state
and thus, favorably alters the state distribution ofDF508-
CFTR to provide for prolonged channel activity. Some
of these data have previously been presented in abstract
form (Schultz, Bridges & Frizzell, 1994; Schultz, Friz-
zell & Bridges, 1994).

Materials and Methods

Patch-clamp experiments were performed using excised inside-out
membrane patches from HEK 293 and L-cells expressing eitherwt- or
DF508-CFTR. Channel activity in the two expression systems was
indistinguishable. The data were acquired and analyzed as described
previously (Venglarik et al., 1994) with minor modifications. All ex-
periments were performed at 34 to 37°C unless otherwise stated with
membrane potential held at −60 or −80 mV (bathvs. pipette) so that
negative currents (represented as downward deflections) represent
chloride channel openings. Cells were exposed to forskolin (2–5mM)
to endogenously phosphorylate CFTR prior to patch excision into a
bath which contained ATP. In most patches, the catalytic subunit of
cyclic AMP dependent protein kinase (PKA; Promega, Madison, WI)

was added to the bath following patch excision to insure and/or main-
tain maximal CFTR channel activation. Unless otherwise noted, the
0.75 ml bath was refreshed at a rate of 4 bath volumes per min during
the control and treatment periods. Recordings of up to 25 min in length
were analyzed for each membrane patch. Single channel current (i)
was determined based on fits of multi-Gaussian functions to amplitude
histograms of the current records without constraining the peak ampli-
tudes to be equally spaced and thus further document that a homog-
enous population of channels was being evaluated. Mean channel am-
plitude during each treatment period (e.g., duration of exposure to a
unique combination of stimulants or at a given holding potential) was
calculated as the average distance between peaks. Mean current (I) was
determined by averaging all data points in the current record during the
treatment period. Current records were visually examined for the du-
ration of patch viability to determine the number of actively gating
channels (N) present in the patch (i.e., the maximum number of chan-
nels simultaneously open in conditions that maximize channel activity;
e.g., $1 mM ATP with PKA; (Horn, 1991; Venglarik et al., 1994).
Values of i, I, andN were used to calculate the channelPo from the
equationPo 4 I (Ni)−1. Only patches containing less than eight chan-
nels were evaluated for statistical analysis ofPo (Venglarik et al.,
1994). Fluctuation analysis and estimation of the corner frequency (fc),
were performed using Bio-Patch software (version 3.30; Molecular
Kinetics, Pullman, WA) as previously described (Venglarik et al.,
1994). Nonlinear fits to the data for concentration-response relation-
ships were completed using SigmaPlot (for Windows, version 4.0;
Jandel Scientific, San Rafael, CA). Values are presented as the mean
andSEM. Pairedt-tests were performed using SigmaPlot to determine
significance of treatment effects. Effects are considered significant ifP
< 0.05 for type I errors.

CELL CULTURE

L-cells, a murine fibroblast cell line, stably expressing eitherwt- or
DF508-CFTR were maintained as previously described (Yang et al.,
1993). Briefly, cells were grown in Dulbecco’s modified Eagle’s me-
dium (GIBCO BRL, Gaithersburg, MD) supplemented with 10% fetal
bovine serum, 100 u ml−1 penicillin and 100mg ml−1 streptomycin.
Cells were passaged twice weekly. For patch-clamp studies, cells were
plated onto plastic coverslips coated with human placental collagen
(collagen type VI; Sigma, St. Louis, MO) and channel activity was
evaluated 2 to 4 days after plating.

HEK 293 Cells. wt-or DF508-CFTR cDNA was cloned into
pCMVb (Clontech, Palo Alto, CA) in place of theb-galactosidase gene
and thus obtain the pCMV/wt/CFTR or pCMV/DF508/CFTR con-
structs. HEK 293 cells were seeded on plastic coverslips coated with
human placental collagen in 35 mm dishes at density of 40–50%. On
the following day, cells were transfected with 5mg/dish plasmid DNA
by calcium phosphate coprecipitation method as previously described
(Graham & van Der Eb, 1973). Cells were maintained in standard
incubation conditions and channel activity was evaluated 2 days later.

SINGLE CHANNEL RECORDING AND ANALYSIS

The analogue recording and digital acquisition apparatus were as pre-
viously described (Schultz et al., 1995; Venglarik et al., 1994). In
general, digitized files were acquired at a sampling rate of 400 Hz
(low-pass 8 pole Bessel filter at 200 Hz; 902LPF, Frequency Devices,
Haverhill, MA) and analyzed using Bio-Patch software as previously
described with the exception that the power density spectra (PDS) were
examined to an upper frequency of 140 Hz. For clarity of presentation,
most data are plotted at a frequency of 200 Hz. Some records (e.g., Fig.

52 B.D. Schultz et al.:DF508-CFTR and IBMX



5B) were acquired at sampling frequencies of up to 2 kHz (low-pass
filtered at 800 Hz) for presentation and to determine if additional
Lorentzian components could be identified in this portion of the
spectra. For analysis, all data points form a treatment period were
included in the construction of amplitude histograms. However, for
presentation, data sets were restricted to 60 or 120 seconds duration so
that the area under the fitted curves could be directly compared.

For experiments to determine the longevity of channel activity
and stability ofPo, L-cells expressingwt- or DF508-CFTR were ex-
posed to 5mM forskolin and patches were excised into a bath contain-
ing various concentrations of ATP, PKA, and IBMX. Channel activity
was recorded until patch membranes broke; for these data sets, most
patches were maintained for at least 7 min. To ascertain if the loss of
observed channel activity was due to incremental diminution inPo or
to channel inactivation,Po of channels was determined for each patch
over 30-sec periods. For these studies, channel activity was analyzed
using the following criteria. When actively gating channels were no
longer observed in a patch, the patch was designated as ‘nonviable’ and
records subsequent to the last observed event were excluded from
analysis. This method is conservative in that it will designate [viable]
patches with inactive channels as being nonviable (i.e.,Po is undeter-
mined rather than zero). The maximum number of channels observed
during the entire recording, along with single channel amplitude and
mean current were used to determinePo during each successive 30-sec
interval during which channels remained active.

SOLUTIONS

The pipette solution contained (in mM): 140 N-methyl-D-glucamine-
HCl (NMDG-Cl), 1 CaCl2, 2 MgCl2, 10 1,3-bis[tris(hydroxymethyl)-
methylamino]propane-HCl (BTP). The bathing solution contained (in
mM): 150 NaCl, 2 MgCl2, 10 NaF, 0.5 ethylene glycol-bis(b-
aminoethyl ether) N,N,N8,N8-tetraacetic acid (EGTA), 0.26 CaCl2, and
10 BTP. The pH of both the bath and pipette solutions was maintained
between 7.33 and 7.37 in all experiments. Free Ca2+ concentration in
the bath was calculated to be 100 nM (Brooks & Storey, 1992). Fluo-
ride was included as a nonspecific inhibitor of any phosphatases that
might be present at excision and can lead to channel inactivation (Tab-
charani et al., 1991). We have previously evaluatedwt-CFTR channel
activity in the presence and absence of F− and could identify no dif-
ference in kinetic behavior (Schultz et al., 1995; Schultz, Bridges &
Frizzell, 1996). The disparity in this regard with the report by Berger,
Travis and Welsh (1998) is at this time unexplained.

ATP was made as a stock solution (200 mM) in 200 mM BTP and
the pH adjusted to 7.2. Aliquots were frozen at −20°C until use.

CHEMICAL SOURCES

Na2ATP was obtained from Boehringer Mannheim (Indianapolis, IN).
Forskolin (Coleus forskohlii) was purchased from Calbiochem (La
Jolla, CA). The catalytic subunit of cyclic-AMP-dependent protein ki-
nase (PKA) was obtained from Promega (Madison, WI). IBMX was
purchased from Sigma. All other chemicals used were reagent grade.

Results

DF508-CFTR CHANNEL ACTIVITY IS REGULATED BY

PHOSPHORYLATION AND NUCLEOTIDES

A continuous recording of a membrane patch excised
from an HEK 293 cell containing at least 15DF508-

CFTR Cl− channels is presented in Fig. 1. Prior to patch
excision, the cell was exposed to forskolin to stimu-
late PKA activity and F− was present as a nonspecific
phosphatase inhibitor throughout the entire experiment.
Upon excision into a static bath containing 300mM ATP,
a maximum of 2 simultaneously open channels was ob-
served. PKA catalytic subunit (200 u ml−1) was then
added to the solution bathing the cytosolic face of the
membrane to activate (phosphorylate) theDF508-CFTR
channels. Up to 9 simultaneously open channels were
then observed. An increase in ATP concentration to 3
mM caused a further increase in the number of simulta-
neously openDF508-CFTR channels to 15. The solution
bathing the intracellular face of the membrane was then
replaced by continuous perfusion with a bath containing
no PKA and 300mM ATP. Washout of PKA and reduc-
tion of ATP concentration was accompanied by an im-
mediate reduction in current and a loss of channel activ-
ity. The results presented in Fig. 1 demonstrate that the
DF508-CFTR regulation is qualitatively similar to obser-
vations regarding kinase- and nucleotide-dependent
regulation ofwt-CFTR activity.

DEPENDENCE OFDF508-CFTRPo ON

ATP CONCENTRATION

Shown in Fig. 2a are excerpts of representative current
records of membrane patches excised from L-cells con-
taining 3DF508-CFTR Cl− channels. PKA (200 u ml−1)
was present in a static bath solution during these record-
ings. For the three records shown,DF508-CFTR chan-
nel Po ranged from 0.09 in the presence of 300mM ATP
to 0.20 in the presence of 3 mM ATP. Amplitude histo-
grams show thati was not affected by differences in ATP
concentration. The data from these and additional ex-
periments demonstrate that, in the presence of PKA, the
Po of DF508-CFTR channels depends on the concentra-
tion of ATP present at the cytosolic face of the mem-
brane. These and similar results from a total of 52 ex-
cised membrane patches are summarized in Fig.
2B. Results from parallel experiments employing L-cells
expressingwt-CFTR are included for comparison. A
Michaelis-Menten type saturation function for a simple
bimolecular reaction was fitted to each set of observa-
tions to quantitate differences in nucleotide dependen-
cies. ThePo max derived forDF508-CFTR was half that
of wt-CFTR (0.21 ± 0.06vs. 0.41 ± 0.02) andKm was
right-shifted by 9-fold (260 ± 190mM vs.28 ± 8 mM).

DF508-CFTR LOSESACTIVITY OVER TIME

Previously we reported thatwt-CFTR routinely remains
active in excised membrane patches in the absence of
PKA (Venglarik et al., 1994; Schultz et al., 1995). How-
ever, in acquiring and compiling the data presented in
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Fig. 2, it became obvious thatDF508-CFTR channels did
not share this attribute; channel activity decreased over
the time of recording. An example of this ‘run down’ is
presented in Fig. 1 and evidence documenting the ‘run
down’ is presented in Fig. 3. As shown in Fig. 3A,
DF508-CFTR channel activity ended in many patches
during the recording period. Within two minutes after
excision of patches containing actively gatingDF508-
CFTR into a bath containing 1 mM ATP, channel activity
was no longer observed in more than 50% of patches (6
of 10); activity was not observed in any patch more than
five minutes following excision. Alternatively, excision
into a bath containing 200 u ml−1 PKA increased the
likelihood thatDF508-CFTR channels would continue to
actively gate for five minutes or more; channel activity
was observed in more than half the patches (7 of 12) six
minutes after excision. For comparison,wt-CFTR chan-
nels remained active throughout the recording period in
all patches observed (11 of 11), in the absence of PKA.
As shown in Fig. 3B, the Po of DF508-CFTR never
reached the same level aswt-CFTR recorded in the same
conditions, although thePo of channels in active patches
remained relatively stable for both constructs. Since, af-
ter the 5 min time point,DF508-CFTR channel activity

was not observed in the absence of PKA, one cannot be
assured that channels were present, but with aPo of zero
as opposed to recording failures due to other limitations
i.e., nonviable patches. ThatPo did not substantially de-
cline in patches with actively gating channels, but that
the number of patches with active channels was reduced
over the duration of the recordings (Fig. 3A) suggests
thatDF508-CFTR channels were inactivating rather than
exhibiting incremental reductions inPo. Excision of
patches containingDF508-CFTR into a bath containing
PKA (200 u ml−1), was associated with an extended du-
ration of channel activity andPo was relatively stable
throughout the recording period (the modest downward
trend in Po could result from the inactivation of indi-
vidual channels in multichannel patches that would have
led to an apparent reduction inPo for the remaining
active channels in that patch).Po of wt-CFTR was
greater than that ofDF508-CFTR at all time points and
remained relatively stable throughout the recordings.
These results demonstrate that, even in the most favor-
able conditions tested (1 mM ATP and PKA),DF508-
CFTR has a lowerPo thanwt-CFTR and channel activity
is not as stable in the absence of kinase activity. Because
truly stationary kinetics were not routinely observed, es-

Fig. 1. DF508-CFTR channel activity requires phosphorylation by PKA and the ongoing presence of ATP. Shown is a continuous recording of a
membrane patch excised from an HEK 293 cell containing at least 15DF508-CFTR Cl− channels. The patch was excised into a static bath containing
300 mM ATP. PKA catalytic subunit (200 u ml−1) and ATP (to 3 mM) were added to the solution bathing the cytosolic face of the membrane, as
indicated. The solution bathing the intracellular face of the membrane was then replaced by continuous perfusion with a bath containing no PKA
and 300mM ATP. The dashed lines indicate the current level when all channels were closed.
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Fig. 2. DF508-CFTR channelPo depends on ATP in a concentration dependent manner. (A) Membrane patches containing a maximum of three
simultaneously open channels were excised from L-cells into baths containing PKA (200 u ml−1) and various concentrations of ATP as indicated.
The dashed lines indicate the current level when all channels were closed. (B) ATP concentration dependence ofwt- andDF508-CFTR Cl− channel
Po. Po was calculated using the equation as shown in the axis title whereI was the mean current during the duration of the observation,N was the
maximum number of simultaneously open channels observed in the patch, andi was the single channel amplitude. Conditions were as described
in PanelA except that observations onwt-CFTR were made in the absence of PKA. Means ±SEM are shown for 12 to 44 observations at each
concentration with the exception of 0.03 and 0.1 mM with theDF508-CFTR where 1 and 3 observations were made, respectively. Solid lines indicate
the best fit of a Michaelis-Menten type saturation function for a simple bimolecular reaction to the observations. The data sets include 147 and 66
observations forwt- andDF508-CFTR, respectively.
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timates of the nucleotide-dependent opening rate and the
closing rate could not be made with a high degree of
confidence and estimates of kinetic parameters must be
viewed as ‘first approximations.’ Specifically, theKm

for nucleotide dependence ofDF508-CFTR channelPo

presented in Fig. 2B, must be viewed as a ‘best estimate’
within these limitations.

wt-CFTR CHANNELS INACTIVATE WHEN DEPRIVED

OF ATP

Results presented in Fig. 4 are from experiments de-
signed to determine if there might be a causal relation-
ship between occupancy of ATP binding domain(s) and
the stability of actively gating channels. In panelA are
shown excerpts from a continuous record of an excised
membrane patch containing at least 7wt-CFTR channels.
Initially upon excision, the bath solution contained 300
mM ATP. The inflowing solution was changed to one
which contained no ATP for one minute. During this
time, Po declined to zero as shown. ATP was then re-
introduced into the bath (for a total of 120 seconds) and
channels again began to actively gate. However, the av-
erage current and the maximal number of open channels
was reduced when compared to the previous period dur-
ing which ATP was present. ATP was again omitted
from the inflowing solution, but for a three-minute pe-
riod followed by reintroduction. During the final expo-
sure to ATP, the maximal number of simultaneously ob-
served channels was reduced to three andI was 0.8 pA.
These results and those of eight similar experiments are

summarized in Fig. 4B. Results indicate that, when com-
pared to the previous period during which ATP was
present,I and Nobs were inversely proportional to the
duration during which ATP was absent from the bath
solution. In five of the nine patches employed for this set
of experiments, PKA was added (in the presence of ATP)
after channels had inactivated. This treatment resulted in
an increase in the number of active channels compared to
the previous recording period which further suggests that
channels had, in fact, dephosphorylated (inactivated)
during the course of the recording in which ATP was
only intermittently present (data not shown).

IBMX CAUSES A FAST BLOCK OF wt-CFTR

We first determined if IBMX affected the gating kinetics
of wt-CFTR in excised membrane patches. As shown in
Fig. 5, IBMX, at the concentrations reported to increase
mutant CFTR Cl− conductance inXenopusoocytes
(Wilkinson et al., 1996), alters the gating behavior of
wt-CFTR. In this example, an excised membrane patch
which contained three actively gating CFTR Cl− chan-
nels was observed in control conditions and in the pres-
ence of IBMX (1 and 5 mM). In control conditions, a
multi-Gaussian function fitted to the amplitude histo-
gram revealed thati 4 1.07 pA. Channels exhibited
gating kinetics that are similar to those which we previ-
ously reported (Fig. 5A and B; (Venglarik et al., 1994;
Schultz et al., 1995). Fluctuation analysis (Fig. 5D),
likewise, supported previous observations demonstrating
a Lorentzian component associated with nucleotide-

Fig. 3. Time dependence ofwt- and DF508-CFTR channel activity. (A) Percentage of patches with channels remaining active over time. (B)
Comparison of channelPo in the presence of 1 mM ATP and the presence or absence of PKA (200 u ml−1). Po was calculated as described in Fig.
2. Po for channels within each patch were calculated over 30-sec intervals and averaged over all patches. Ten to twelve patches were evaluated for
each data set. Means ±SEM are displayed for each data point.SEM could not be determined when the number of patches with actively gating channels
fell below three.
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dependent bursts (fc 4 1.63 Hz; So 4 0.20 pA2 sec−1)
and a second Lorentzian component associated with
short-lived closures within a burst (fc 4 64 Hz; So 4
1.7 ? 10−4 pA2 sec−1). Addition of 1 mM IBMX to the
solution bathing the intracellular face of the membrane
caused a modest change in gating kinetics (Fig. 5A and
B). In the presence of IBMX, the open channel noise is
increased and additional short-lived, poorly resolved
transitions to a nonconducting state are observed. In this
figure, the gating change is more obvious at the single
open level in the higher resolution trace (PanelB) where
numerous short-lived transitions to the closed state are
seen. Noise observed while all channels were closed was
not affected by IBMX addition. The effect of 1 mM
IBMX on CFTR is perhaps most apparent on inspection
of the amplitude histogram (Fig. 5C). The width of the
distribution about the closed level is not changed (Stan-
dard deviation control 0.11 pA; 1 mM IBMX, 0.10 pA).
However, peaks associated with open channel levels are

broadened (e.g., standard deviation of the distribution for
the first open level increased from 0.13 pA to 0.28 pA)
and i was reduced to 0.93 pA.I was little changed by 1
mM IBMX (0.62 pA). Fluctuation analysis revealed that
1 mM IBMX caused a reduction in the power associated
with nucleotide-dependent gating from 0.21 to 0.14 pA2

sec−1 with a concomitant increase infc to 1.68 Hz (data
not shown). A further increase in IBMX concentration to
5 mM heightened the observed effects. Inspection of cur-
rent record at higher resolution (Fig. 5B) reveals greater
noise associated with the open state and greater difficulty
in resolving openings to the second or third level. A
multi-Gaussian function fitted to the amplitude histo-
gram indicated a further diminution ini to 0.67 pA (Fig.
5C). Again, note that the distribution about the closed
state is not changed (standard deviation 0.10 pA), but
that the distribution about the open state is sufficiently
broadened to obscure a clear peak for the levels associ-
ated with the second and third open channels.I was only

Fig. 4. ATP is required to maintain CFTR in an activated state. (A) Shown are
excerpts from a continuous recording ofwt-CFTR channel activity in a membrane
patch intermittently exposed to 300mM ATP. Nobs and I indicate the maximum
number of simultaneously open channels and mean current, respectively, during the
final 1 min of ATP exposure prior to washout. The dashed lines indicate the current
level when all channels were closed. (B) Reduction inNobs and I is inversely
proportional to the duration that ATP was absent from the bath. Results from nine
excised patches were combined for presentation. Linear regression indicates a
significant (r2 $ 0.95) loss of approximately 11% per minute in bothI andNobs.
Means ±SEM are displayed for 3 to 8 observations at each data point. Note that
during any particular membrane patch recording the order of treatments (i.e.,
duration of ATP washout) was randomized.
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slightly reduced by 5 mM IBMX (0.59 pA). Fluctuation
analysis (Fig. 5D) indicated that 5 mM IBMX caused a
further reduction in the power of the nucleotide-
dependent Lorentzian component to 0.067 pA2 sec−1

with a further increase infc to 2.54 Hz. Although ob-
scured by the number of data points, a second effect of
IBMX was to increase thefc of the high-frequency
Lorentzian component. In this example,fc was 64, 97,
and 180 Hz for control, 1 and 5 mM IBMX, respectively,
although the power associated with this Lorentzian com-
ponent did not change (1.7? 10−4 pA2 sec−1) with in-
creases in IBMX concentration. This change in the PDS
is consistent with an IBMX-induced increase in the num-
ber of short-lived closures within a burst. These data

along with data gathered in similar experiments are sum-
marized in the Table. These data show that IBMX sig-
nificantly reducesi, but increasesPo such thatI is un-
changed. These results are consistent with the effect of
IBMX being to prolong the open state by punctuating it
with many short-lived, unresolved closures.

Although not separated for individual presentation,
experiments designed to evaluate the effects of IBMX on
CFTR were completed in various concentrations of ATP
(0.1, 0.3, 0.6, 1.0, 3.0, 10.0 mM) and at −60 and −80 mV.
Changes in ATP concentration did not alter the concen-
tration-dependent effects of IBMX on CFTR channel ac-
tivity. In every case, IBMX caused a statistically signifi-
cant reduction ini, an increase in open channel noise, no

Fig. 5. IBMX-induced changes inwt-CFTR Cl− channel activity. (A) Low resolution (sampling rate4 200 Hz) and (B) high resolution (sampling
rate 2000 Hz) panels are excerpts from a continuous current record of a membrane patch excised from a CFTR transfected L-cell. The concentration
of IBMX present at the intracellular face of the membrane was as indicated. Filled circles indicate that portion of the recording in panelA which
is expanded for presentation in panelB. The dashed lines indicate the current level when all channels were closed. (C) Amplitude histograms
constructed using 1 min of continuous current record in each of the three conditions, respectively. (D) Power density spectra constructed from 29
and 20 nonoverlapping data segments digitized at 2000 Hz after passing through a low-pass 8-pole Bessel filter (cutoff frequency 800 Hz). A
multi-Lorentzian function was fitted to each data set. Parameters of each fitted line are presented in the text.
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consistent effect onI, and an apparent increase inPo that
reached statistical significance only in 5 mM IBMX.
Three additional experiments were conducted to further
investigate the possibility that IBMX-induced effects
were voltage dependent. As shown in Fig. 6, current-
voltage relationships were constructed based upon cur-
rent records from three excised membrane patches made
in the absence and presence of 5 mM IBMX. Results
show that single channel conductance is similarly af-
fected at all potentials, which included observations
at positive potentials and with outward currents. IBMX
(5 mM) reduced the slope conductance from 11.8 pS to
7.7 pS.

IBMX CAUSES A FAST BLOCK OF DF508-CFTR

The effects of IBMX onDF508-CFTR were similar to
the effects observed onwt-CFTR in thati was signifi-
cantly reduced by the same magnitude and fluctuation
analysis revealed similar IBMX-induced changes in gat-
ing frequency (data not shown). Shown in Fig. 7 are
excerpts from a continuous recording ofDF508-CFTR
channel activity in the excised patch configuration. The
patch was excised into a static bath which contained ATP
(1 mM), IBMX (1 mM), and forskolin (2mM). During the
first ten minutes following excision, a maximum of one
open level was observed and openings were infrequent
(Po ! 0.05; PanelA). [It is important to note, however,
DF508-CFTR remained active, albeit at lowPo; a stark
contrast to previous recordings made in the absence of
IBMX (e.g., seeFigs. 1 and 2)]. PKA was then added to
the static bath which caused channel activation and a
maximum of 4 simultaneously open channels was ob-
served (N 4 4). Stable channel activity was observed in
these conditions for over three minutes (PanelB) before
the bath solution was changed by continuous perfusion to
one which contained IBMX and ATP (1 mM, each), but

did not include PKA.2 During the following four min-
utes, channels continued to actively gate, althoughI de-
creased and the fourth open level was not seen during the
final two minutes of this recording period (i.e., it appears
that one of the channels inactivated/dephosphorylated;
Panel C). The bath was then changed to include no
IBMX, but still with 1 mM ATP. As expected,i imme-
diately increased from 0.70 pA to 0.80 pA and open
channel noise was reduced (PanelD). During this re-
cording period (4 minutes) the third open level was ob-
served only infrequently although it was observed
throughout the entire period. Subsequently, the concen-
tration of ATP was reduced to 300mM with further re-
duction in I. Although the patch remained viable for
only an additional two minutes,I and N continued to
decline such that during the final thirty seconds of re-
cording,I was∼0.15 pA and the third open level was not
observed.

IBMX CONTRIBUTES TO THEMAINTENANCE OF

DF508-CFTR CHANNEL ACTIVITY IN EXCISED PATCHES

DF508-CFTR channel activity can be maintained for an
extended period in the presence of IBMX. As shown in
Fig. 7 channels remained active for more than ten min-

2 The reduction ini that accompanied washout of PKA is likely ac-
counted for by the perfusion solution being slightly cooler than the
static bath solution. (Records of bath temperature were not kept for this
experiment, however, we have previously reported the temperature-
dependence of CFTR channel amplitude (Schultz et al., 1995)).

Table. Effects of IBMX on wt-CFTR channel amplitude (i), patch
current (I) and open probability (Po)

[IBMX] i DI Po

(mM) (pA @ −80 mV) (% change
from control)

0.0 1.08 ± 0.01 0.29 ± 0.03
(Control) (18)a (26)
0.5 1.06 ± 0.02b 18 ± 22 0.32 ± 0.03

(4) (4) (4)
1.0 0.93 ± 0.02b −12 ± 10 0.33 ± 0.05

(7) (13) (11)
5.0 0.67 ± 0.03b −3 ± 13 0.38 ± 0.06b

(7) (11) (11)

a Mean ± SEM; Numbers in parentheses indicate the number of obser-
vations included in the reported mean. ATP (0.3 mM) was present
during all recordings.
b Significantly different from paired control.

Fig. 6. Current-voltage relationship forwt-CFTR Cl− channels in the
absence and presence of 5 mM IBMX. Slope conductance and reversal
potential were 11.8 pS and 4.7 mV in control conditions, and 7.7 pS
and −0.27 mV in the presence of 5 mM IBMX.
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utes both before the addition of PKA and following the
removal of PKA. However, IBMX is unable to activate
channels in the excised patch configuration as evidenced
by the PKA-dependent increase in actively gating chan-
nels in the presence of IBMX (Fig. 7, PanelsA andB).
Results of this experiment and 8 similar trials are pre-
sented in Fig. 8. As shown in Fig. 8A, channels continued
to actively gate in 65% or more of all patches so long as
IBMX was present. PKA neither appeared to further
augment the effect of IBMX on channel activity nor did

IBMX appear to augment the effect of PKA onDF508-
CFTR channels. In Fig. 8B are shown the effects of
IBMX on DF508-CFTR channelPo in the presence and
absence of PKA. It is immediately obvious that in the
presence of IBMX, thePo was greater at every time
point, although appropriate comparisons did not provide
statistical significance with this small data set (4 or 5
patches in each condition). These results suggest a strik-
ing divergence inDF508-CFTR channel activity due to
the presence of IBMX, both in the presence and absence

Fig. 7. IBMX prolongs activity and reduces amplitude ofDF508-CFTR Cl− channels. Shown are excerpts of a continuous record ofDF508-CFTR
Cl− channel activity in an excised membrane patch and associated amplitude histograms constructed from 1 min of continuous recording.
Observations and recording conditions were as follows. (A) I 4 0.06 pA,i 4 0.88 pA; Static bath; containing forskolin (2mM), ATP (1 mM), and
IBMX (1 mM). (B) I 4 1.29 pA, i 4 0.85 pA; Static bath as inA, with the addition of PKA catalytic subunit (200 u ml−1). (C) I 4 0.76 pA, i
4 0.70 pA; Perfused bath containing ATP (1 mM), and IBMX (1 mM). (D) I 4 0.37 pA,i 4 0.80 pA; Perfused bath containing ATP (1 mM), and
IBMX (1 mM). (D) I 4 0.37 pA,i 4 0.80 pA; Perfused bath containing ATP (1 mM). The dashed lines indicate the current level when all channels
were closed.
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of PKA. IBMX increases the duration thatDF508-CFTR
channels remain active following stimulation and ap-
pears to increase thePo of actively gating channels.

Discussion

In the present study, we have shown that the gating be-
havior of Cl− channels formed by the most common
mutant form of CFTR,DF508-CFTR, is distinctly dif-
ferent from that ofwt-CFTR. Based upon these obser-
vations we propose a kinetic model (see below) and in-
dicate the transition rates that are most affected by this
mutation. Secondarily, we have shown that IBMX has a
direct effect on CFTR Cl− channels, and that this effect
can account for at least some of the IBMX-induced
stimulation of Cl− flux in cells expressing this mutant
form of the protein as has previously been reported.

COMPARISONS OFDF508-AND WT-CFTR IN A WORKING

KINETIC MODEL

TheDF508 mutation has been reported to alter the gating
behavior of CFTR. Most laboratories have suggested
that there is significant difference between these two
forms of the protein in macroscopic current or gating
behavior (Dalemans et al., 1991; Drumm et al., 1991;
Sherry et al., 1994; Becq et al., 1996; Haws et al., 1996;
Sato et al., 1996; Hwang et al., 1997) although some

reports indicate thatDF508-CFTR behaves no differently
than wt-CFTR when reconstituted into similar systems
(Li et al., 1993; Pasyk & Foskett, 1995). The reported
differences betweenwt- andDF508-CFTR could reflect
changes in phosphorylation-dependent activation/
inactivation and/or changes in nucleotide-dependent gat-
ing kinetics. The current results suggest that altered
nucleotide-dependent gating activity contributes to an
accelerated inactivation of theDF508-CFTR channel.

Many kinetic models have been proposed to account
for the gating behavior of CFTR when recorded in cell-
attached or excised membrane patches and in lipid bi-
layers. It has now become widely accepted that nucleo-
tide triphosphates are hydrolyzed by CFTR to provide
for certain kinetic states to be observed resulting in cy-
clic kinetic schemes (Gadsby et al., 1994; Gunderson &
Kopito, 1995; Bear et al., 1997). Alternatively, simple
linear kinetic models have been proposed by ourselves
(Venglarik et al., 1994; Schultz et al., 1995) and others
(Haws et al., 1992; Fischer & Machen, 1994; Winter et
al., 1994) to account for phosphorylation and nucleotide-
dependent gating behavior (e.g., Kinetic Scheme 1). Re-
gardless of the model that is employed, it is important to
identify open or closed states that are affected by muta-
tions and to determine which states are affected by phar-
macological intervention. In the context of the linear
scheme which we proposed, the present results support
three hypotheses regarding the gating behavior and regu-
lation of DF508-CFTR: (i) the general kinetic scheme is

Fig. 8. Time dependence ofDF508-CFTR channel activity in the absence and presence of IBMX. (A) Percentage of patches with channels remaining
active in the presence of IBMX (1 mM). Data recorded in the absence of IBMX (previously presented in Fig. 3A) is included for direct comparison.
(B) Comparison of channelPo in the presence or absence of IBMX. Data recorded in the absence of IBMX (previously presented in Fig. 3B; error
bars omitted for clarity) is included for direct comparison. Four and five patches were evaluated for effects of IBMX in the absence and presence
of PKA, respectively. Means ±SEM are displayed for each data point.SEM could not be determined when the number of patches with actively gating
channels fell below three due to breakage of some patches.

61B.D. Schultz et al.:DF508-CFTR and IBMX



equally applicable for bothwt- andDF508-CFTR, (ii) the
nucleotide-dependent opening rate is reduced by the
DF508 mutation, and (iii)DF508-CFTR channels are
more likely thanwt-CFTR to undergo dephosphorylation
(i.e., make the closed1 to closed0 transition).

The general kinetic scheme is equally applicable for
both wt- andDF508-CFTR. Results presented in Fig. 1
demonstrate that kinase-dependent stimulation must pre-
cede nucleotide-dependent gating. Once activated
(phosphorylated), thePo of DF508-CFTR demonstrated
an ATP concentration dependence. Although super-
saturating concentrations of ATP were not employed in
this study, the evidence supports the notion that the
maximal ATP-dependentPo is far from unity, thus re-
quiring the imposition of an ATP-bound, closed state in
this scheme (closed2). Truly stationary kinetics were not
routinely observed, however first approximations regard-
ing theKm for ATP, the maximal nucleotide-dependent
opening rate, and the closing rate can be made. Results
indicate that theKm is dramatically increased forDF508-
CFTR compared to our previous observations onwt-
CFTR evaluated in the same conditions (260mM vs.24
mM; (Venglarik et al., 1994). If one makes the assump-
tion that 3 mM ATP is sufficient to saturate virtually all
nucleotide binding sites, then fluctuation analysis, along
with the observedPo, provides a first approximation of
kopen1 (1.4 ± 0.2 sec−1) and kclose1 (5.5 ± 0.9
sec−1). These approximations suggest that kclose1 is not
affected by theDF508 mutation (6.5 ± 0.5 sec−1 for
wt-CFTR; Venglarik et al., 1994), but that kopen1is dra-
matically reduced (5.4 ± 0.4 sec−1 for wt-CFTR; Ven-
glarik et al., 1994). Fluctuation analysis also provided
parameters that were consistent with previous observa-
tions regarding the presence of a short-lived (<2 msec)
nonconducting state (closed3). Because of the nature of
these transitions and the inability to pharmacologically
modify them, the exact location of this state in the kinetic
scheme cannot be reliably determined (seeVenglarik et
al., 1994).

Transitions between closed0 and closed1 are over-
simplified by Kinetic Scheme 1. Depending upon the
expression system and the types of experiments com-
pleted, numerous kinases and phosphatases are reported
to contribute to the distribution of CFTR between these

states such that numerous distinct phosphorylated states
are likely to exist. Phosphorylation at numerous known
or yet unidentified sites contributes to the likelihood of
observing open CFTR channels (Rich et al., 1991; Rich
et al., 1993; Gadsby & Nairn, 1994). In the present
study, standard conditions as outlined in Materials and
Methods were chosen to best approximate those that had
been employed in previous studies so that relevant com-
parisons towt-CFTR could be made. Thus, PKA was
employed to activate CFTR channels and specific phos-
phatase inhibitors were not employed (although F− was
present throughout). These conditions have been shown
to provide for stationary, nucleotide-dependent gating
behavior ofwt-CFTR in excised membrane patches of
L-cells and T84 cells (Venglarik et al., 1994; Schultz et
al., 1995; Schultz et al., 1996). Furthermore,wt-CFTR
was shown, in the present study, to behave similarly in
membrane patches excised from HEK 293 cells.

The nucleotide-dependentPo of DF508-CFTR is
significantly reduced when compared towt-CFTR evalu-
ated in excised membrane patches. This observation is
consistent with previous reports employingDF508-
CFTR (Dalemans et al., 1991; Drumm et al., 1991;
Sherry et al., 1994; Becq et al., 1996; Haws et al., 1996;
Sato et al., 1996; Hwang et al., 1997). However, the
mechanisms predicted to account for these differences
cannot always be directly compared. For example,
Drumm et al. (1991) report that the maximal attainable
Cl− current inXenopusoocytes expressingDF508-CFTR
was approximately 60% of that elicited inwt-CFTR-
expressing oocytes. Furthermore, the rate ofDF508-
CFTR activation by a cAMP cocktail was significantly
slowed. Likewise, Sato et al. (1996) reported that whole-
cell records of Cl− currents from cells expressingDF508-
CFTR were significantly smaller than similar cells ex-
pressingwt-CFTR. While the differences that were re-
ported are significant, the kinetic basis for these
observations, at the protein level, could not be assessed
in either system. Dalemans et al. (1991) were the first to
report that kinetic behavior ofDF508-CFTR Cl− chan-
nels was different thanwt-CFTR activity. In both cell
attached and excised membrane patches recorded at
room temperature, thePo of DF508-CFTR was less than
that ofwt-CFTR. This observation was accounted for by

CFTR P
closed1

Kon-ATP

Koff-ATP

CFTR P ATP
closed2

CFTR
closed0

CFTR P ATP IBMX
nonconducting

Kinases
(ATP) Phosphatases

CFTR P ATP
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CFTR P ATP
closed3

Kopen1

Kclose1

Kon-IBMX Koff-IBMX

Kclose2
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a fourfold increase in the closed time duration (4.9 secvs.
1.4 sec; unlike the current report, the authors reported a
single closed state). Since the recordings were made at
room temperature, direct comparisons to the current re-
port cannot be made. It is, however, interesting to note
that the authors (Dalemans et al., 1991) reported a loss of
channel activity over time; an observation that was re-
produced in the current study at more physiological tem-
peratures. Similarly, others have reported thatDF508-
CFTR has an extended closed time compared towt-
CFTR when evaluated in cell attached and excised
membrane patches at room temperature (Haws et al.,
1996; Hwang et al., 1997). In lipid bilayers, Sherry et al.
(1994) reported thatDF508-CFTR had a lowerPo than
that of wt-CFTR. In this case, though, the reduction in
Po was attributed to a decrease in the burst duration
without any difference in the closed duration.

The present observations support and extend previ-
ous reports thatDF508-CFTR has a lowerPo than wt-
CFTR when recorded in similar conditions. The reduc-
tion in Po is accounted for in two ways. First, in refer-
ence to Kinetic Scheme 1, the maximal nucleotide-
dependent opening rate (kopen1) is reduced by the
mutation. At concentrations of ATP which would maxi-
mize the likelihood of channels being in the closed2 state,
Po was reduced. This suggests that the conformational
change which accompanies ATP binding and results in a
conductive state of the channel is slowed by the muta-
tion. The apparent reduction in kopen1could be explained
by a reduction in kon-ATP—if koff-ATP is unaffected. This
possibility is appealing since it would explain the appar-
ent change in the distribution of channels between
closed1 and closed2 which shifted in the favor of closed1

for DF508-CFTR. Regardless of which is more affected,
kon-ATP or koff-ATP, the observation remains that the ratio
of koff-ATP to kon-ATP (i.e., the apparentKD) is increased
by the mutation and the ratio of channels in the closed1

vs. the closed2 state is shifted to favor closed1. Thus,
because kopen1 is reduced, after closing to the closed2

state aDF508-CFTR channel is more likely to sojourn
through closed2 to closed1 before again traversing
closed2 to reopen. Furthermore, channels which are in
the closed1 state can undergo dephosphorylation to the
closed0 state and require kinase-dependent activation be-
fore again being available to bind ATP and open. This
sojourn through numerous closed states would account
for the reducedPo, the extended closed times, the re-
duced opening rate, and the requirement for ongoing ki-
nase activity currently observed and previously reported
in whole cell, cell attached, and excised membrane
patches.

DF508-CFTR DEPHOSPHORYLATES ANDINACTIVATES

That PKA could prolong or rescueDF508-CFTR channel
activity suggests that the active (phosphorylated) form of

the mutated protein is less stable than thewt-CFTR ac-
tive form. Because distinct phospho-forms of CFTR
have been associated with channel activity (Gadsby &
Nairn, 1994), the data suggest that one or more of the
phosphorylation sites that is keenly important for gating
activity is adversely affected by theDF508 mutation.
That the maximumPo achieved byDF508-CFTR was
less than observed forwt-CFTR in these conditions
might suggest thatDF508-CFTR is not able to be as
highly phosphorylated; that one or more sites are not
kinase accessible. If dephosphorylation leads to inacti-
vation, then a channel with fewer phosphorylated sites
might be expected to inactivate more rapidly as was ob-
served. Experiments employingwt-CFTR led us to con-
clude that the apparent instability of the phosphorylated
form could, in part, be due to reduced ATP affinity.
Indeed, we showed that absence of ATP in the cytoplas-
mic bath accelerates inactivation ofwt-CFTR. These re-
sults suggest that, upon interaction with nucleotides, the
first NBD interacts with other domains to ‘protect’ one
or more phosphorylated residues. Furthermore, the re-
sults suggest that either CFTR auto-dephosphorylates, or
a phosphatase is present in the excised membrane patch
and able to inactivate CFTR when the first NBD is not
protecting the necessary site(s). This observation is bol-
stered by previous reports suggesting that the R-domain
intimately associates with the NBD (Ma et al., 1997;
Winter & Welsh, 1997; Matthews et al., 1998). In these
reports, changes in phosphorylation of the R-domain re-
sulted in changes in ATP-sensitivity. Presently, we
show that the converse can also be true; changes in ATP
sensitivity due to mutations in the NBD result in changes
in the stability of phosphorylation state(s). The current
observations do not address questions regarding the
phosphatases that participate or are most important for
the inactivation of CFTR. Rather they merely indicate
that a de-activation mechanism is present in the excised
membrane patch and that this mechanism is inhibited by
the presence of ATP.

IBMX D IRECTLY MODIFIES CFTR CHANNEL ACTIVITY

Numerous laboratories have reported that IBMX favor-
ably affectsDF508-CFTR Cl− channel activity and vari-
ous mechanisms have been proposed. In most cases
IBMX is employed as a nonspecific inhibitor of cAMP
phosphodiesterase activity to increase and maintain high
levels of kinase activity within the cell. Depending upon
the cell type, the type of PDE present, and the activity of
the PDE, different sensitivities to IBMX are expected
(Beavo, 1995). Additionally, IBMX may act at other
sites within the cell at the concentrations being employed
to stimulateDF508-CFTR (e.g., phosphatase inhibition).

Alternative mechanisms for the stimulation of
DF508-CFTR by IBMX have been proposed. Drumm et

63B.D. Schultz et al.:DF508-CFTR and IBMX



al. (1991) first reported that IBMX, at concentrations
approaching solution saturation, stimulated Cl− conduc-
tance inXenopusoocytes expressingDF508-CFTR. The
authors attributed this phenomena to inhibition of cAMP
phosphodiesterase resulting in concentrations of cAMP
that could not otherwise be attained in this expression
system. A direct effect of IBMX on CFTR was not im-
puted at that time although subsequent reports from this
laboratory (Wilkinson et al., 1996, 1997) have incorpo-
rated an IBMX-induced amplitude reduction term into
their macroscopic kinetic calculations. Yang et al.
(1993) reported that 4 mM IBMX, but not 0.1 mM IBMX,
would stimulate halide conductance in fibroblasts ex-
pressingDF508-CFTR. It is particularly intriguing that
stimulation could occur in cells incubated at a nonper-
missive temperature, (37°C) suggesting that a pool of
DF508-CFTR was present at the cell membrane. Like-
wise, Haws et al. (1996) reported that IBMX, when used
at 5 mM but not at 0.1 mM, stimulated halide efflux from
cells expressingDF508-CFTR. In each case, the mecha-
nism of stimulation at the level of the channel was not
determined although the authors speculated that there
might be a direct interaction of IBMX with mutant forms
of CFTR. In evaluating membrane patches, Becq et al.
(1993, 1994) reported that IBMX reduced the channel
rundown accompanying patch excision. Based upon the
effects of other drugs (e.g., (−)-p-bromotetramisole), the
authors concluded that the effect of IBMX was mediated,
at least in part, by the inhibition of a phosphatase(s)
which inactivated CFTR. Recently, these authors
(Chappe et al., 1998) reported that various xanthine de-
rivatives stimulated CFTR-mediated anion flux without
affecting intracellular cAMP concentration. The xan-
thine rank order of potency for anion flux stimulation
was unique when compared to that for either phospho-
diesterase inhibition or adenosine receptor antagonism.
Thus, an apparently unique functional binding site for
xanthines was identified. However, whether the func-
tional site was on CFTR remained unresolved. The cur-
rent data indicates that IBMX can interact directly with
CFTR as has been reported for other xanthines (Arispe et
al., 1998). The exact physical location of the function-
ally relevant binding site remains to be determined al-
though a direct interaction with NBD1 has been reported
(Cohen et al., 1997). In this regard, mutations in either
the R-domain (Wilkinson et al., 1997) or the NBDs (Smit
et al., 1993) changed the sensitivity to IBMX when as-
sayed inXenopusoocytes. Whether these mutations re-
flect distinct changes in an IBMX binding site or domain
interactions remains to be determined.

The current data show that IBMX has a direct effect
on bothwt- andDF508-CFTR channel activity. Impor-
tantly, the results indicate that a distinct conformational
state, the open state, is the primary target. In Kinetic
Scheme 1, CFTR can exist in the open state of any one

of four closed states in the absence of IBMX. Exposure
to IBMX provides an additional nonconductive state in
which CFTR can reside. Because the IBMX-induced
non-conducting state communicates only with the open
state, the state distribution is shifted to favor open state
occupancy and away from inactivation (i.e., away from
closed0 and the state(s) that directly communicates with
closed0). For wt-CFTR, where transitions from the
closed1 to the closed0 state were seldom observed, the
effect of IBMX was simply to prolong the open bursts
and diminish the observed channel amplitude. IBMX in-
duced no significant changes in macroscopic current.
However, for DF508-CFTR the effect of altering the
state distribution was more profound. The presence of
the IBMX-bound state reduces the proportion of chan-
nels in the closed2 state and thus the proportion of chan-
nels that can sojourn through closed1 and dephosphory-
late is reduced. IBMX not only extended the burst du-
ration, but also reduced the transition rate to the closed0

state.
In summary, we have shown that the phosphoryla-

tion- and nucleotide-dependent gating behavior of
DF508-CFTR is qualitatively similar to, but quantita-
tively different from that ofwt-CFTR. When compared
to wt-CFTR,DF508-CFTR has reduced ATP sensitivity,
reduced maximalPo and is more likely to inactivate.
The reduced ATP sensitivity contributes to instability
of the activated form. IBMX has direct and significant
effects on bothwt- andDF508-CFTR. The drug interacts
with the activated, nucleotide-bound and open form
of CFTR to introduce a short-lived nonconducting state.
Secondarily, the interaction with IBMX stabilizes the
nucleotide-bound form ofDF508-CFTR and thus
prevents inactivation. This effect of IBMX onDF508-
CFTR helps to explain the encouraging ‘therapeutic’ ef-
fects that have been observed in model systems. Fur-
thermore, these observations introduce this conforma-
tional state of CFTR as a distinct therapeutic target for
pharmaceutical development as we design compounds to
reduce or preclude suffering of cystic fibrosis patients.
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