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Failure of the Cystic Fibrosis Transmembrane
Conductance Regulator to Conduct ATP
M. M. Reddy, P. M. Quinton, C. Haws, J. J. Wine,

R. Grygorczyk, J. A. Tabcharani, J. W. Hanrahan,
K. L. Gunderson, R. R. Kopito*

The cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride ion channel
regulated by protein kinase A and adenosine triphosphate (ATP). Loss of CFTR-mediated
chloride ion conductance from the apical plasma membrane of epithelial cells is a primary
physiological lesion in cystic fibrosis. CFTR has also been suggested to function as an ATP
channel, although the size of the ATP anion is much larger than the estimated size of the
CFTR pore. ATP was not conducted through CFTR in intact organs, polarized human lung
cell lines, stably transfected mammalian cell lines, or planar lipid bilayers reconstituted with
CFTR protein. These findings suggest that ATP permeation through the CFTR is unlikely to
contribute to the normal function of CFTR or to the pathogenesis of cystic fibrosis.

The cloning of the CFTR gene (I, 2) and
the demonstration that it encodes a low-
conductance protein kinase A (PKA)-regu-
lated Cl~ channel (3-5) confirmed that the
loss of epithelial plasma membrane CI™
conductance is the principal ionic mecha-
nism underlying the pathogenesis of cystic
fibrosis (CF) (6, 7). The precise mechanism
by which this loss of Cl~ conductance is
linked to the complex and varied features of
the CF phenotype remains obscure. CFTR
has been reported to regulate other ion
channels (8, 9) and mediate permeability of
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cell membranes to ATP (10). Both CFTR
(10) and its distant relative P-glycoprotein
(11) have been reported to form ATP-per-
meant channels with single-channel con-
ductance of ~5 pS. However, we found that
CFTR had no detectable ATP conductance
in four different systems, including native
sweat duct and reconstituted bilayers.
CFTR is abundantly expressed in human
sweat duct (12), where it appears to consti-
tute the sole pathway. for Cl~ absorption
(13). When the CFTR channel is activated

by addition of adenosine 3’,5’-monophos-



phate (cAMP) and ATP to the cytoplasm,
the influx of Cl~ causes the luminal side of
the apical membrane to become more pos-
itive with respect to the cell and the elec-
trical conductance of the membrane to in-
crease. We tested the permeability of ATP
through the apical membrane (and there-
fore through CFTR) by adding 50 mM ATP
to a Cl™-free (gluconate substituted) Ringer
solution. If ATP is more permeable than
gluconate, the luminal side of the mem-
brane should become more positive and its
apparent specific conductance should in-
crease. Instead; the apical membrane be-
came slightly more negative (by 6 mV) and
the change in specific conductance was
negligible (from 2.3 to 3.2 mS/cm?) (Fig. 1).
By contrast, in the presence of a Cl™ gra-
dient, the luminal potential increased by 35
mV and the membrane conductance in-
creased from 9.7 to 14.5 mS/cm?. The
change in transmembrane potential in the
presence of ATP was essentially the same as
the junction potential for these solutions
without the duct present. The slight differ-
ence in specific conductance is within ex-
perimental error because the specific con-
ductance of the membrane must be calcu-
lated from the cable equation (14). These
results indicate that ATP is not more per-
meant than gluconate through CFTR in the
apical membrane of the sweat duct.

CFTR channels were recorded by the
patch-clamp technique in Calu3 cells, a
human lung cell line that contains numer-
ous markers indicating that they are a good
model for submucosal gland serous cells,
including the expression of large amounts of
CFTR mRNA, protein, and single-channel
currents (15). Recordings were made from
apical membranes of confluent islands of
cells. Whole-cell and short-circuit experi-
ments indicate that CFTR channels are the
exclusive Cl™ channels in the apical mem-
branes (15). With ATP in the pipette, in-
ward single-channel currents were routinely
observed in the cell-attached mode at neg-
ative potentials, indicating movement of
Cl™ from the cell to the pipette. By con-
trast, outward single-channel currents
through CFTR, indicating ATP movement
into the cell, were not observed in seven of
seven experiments, even at strong depolar-
izing potentials (up to +110 mV) (Fig. 2, A
and B). Outward currents were observed
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transiently in three experiments in which
the pipette tip was filled with NaCl to
facilitate seal formation (Fig. 2C). We in-
terpret the loss of currents in this condition
to reflect the gradual replacement of resid-
ual Cl™ by ATP in the tip of the electrode
because such currents were not observed in
the presence of ATP only. The pipette so-
lutions used here are essentially the oppo-
site arrangement from those present in the
original experiments reporting ATP con-
ductance (10), in which the pipette tip was
filled with ATP.

Single-channel and whole-cell currents

Fig. 1. Lack of ATP permeation in human sweat duct. An
isolated segment of a human eccrine sweat duct was mi-.
croperfused with solutions as indicated by the bars (top) (22).
The basolateral membrane was functionally removed by selec- 45
tive permeabilization with a-toxin (23), after which the cyto-

-free, K* gluconate

Ringer solution containing 0.1 mM cAMP and 5 MM ATP in the 10
presence of 1.2 mM Mg?*. Activation of CFTR Cl~ conduc-
tance was detected as a rapid increase in luminal potential
(lumen relative to bath) and a concomitant increase in mem-
brane conductance indicated by the smaller voltage deflec-
tions induced by constant current (50 nA) transepithelial puls-
es. ClI~ dependence of the potential was shown by replacing
Cl~ with the impermeant gluconate anion. The smaller con-
stant current pulse deflections in the presence of 50 mM K*

plasm was continuously bathed with CI~

recorded from Chinese hamster ovary cells
stably expressing CFTR also indicate that
CFTR does not have measurable conduct-
ance to cytoplasmic ATP (Fig. 3). Outward
CFTR-mediated single-channel currents
were observed in inside-out membrane
patches at all positive membrane potentials
examined when the pipette solution con-
tained a high concentration of NaCl and
the bath contained 100 mM MgATP, as
would be expected for Cl™ flow from pi-
pette to bath. By contrast, inward current
transitions, corresponding to ATP flow
from the bath to the pipette solution, were
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Fig. 2. ATPis not conducted through CFTR channels in the human lung cell line Calu3. (A) Single-channel
currents through CFTR in cell-attached mode with 100 mM Na,ATP in the pipette and 150 mM NaCl in
the bath. Current records were obtained 8.5 min after seal formation when the CI~ in the tip had diffused
away. Essentially identical results were obtained in five cell-attached patches with 100 mM MgATP and
two cell-attached and excised patches with Na,ATP. All cells were stimulated with 10 pM forskolin. Bath
solution contained 150 mM NaCl, 2.5 mM MgCl,, 5 mM KClI, 10 mM Hepes (pH 7.4), 2 mM EGTA, and
0.5 mM ATP. Records were filtered at 100 Hz and sampled at 1 KHz. (B) I-V relations for four patches with

ATP (@, CI=/ATP) (n = 4) and six patches with N-methyl-D-glucamine Cl~

(@, CI=/CI7) (h = B)in the

pipette. (C) Gradual loss of outward CI~ current through CFTR channels. The pipette tip was filled with
NaCl and the shank was backfilled with Na,ATP. Points represent the change in absolute single-channel
current with time measured at =90 mV in the cell-attached mode and at =110 mV after the patch was

excised.
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sistent with single-channel data. This
whole-cell membrane current represents in-
ward flow of Cl™ ions from the bath into
the pipette. At negative membrane poten-
tials, the inward currents due to outward
flow of ATP anions or inward flow of cat-
ions (or both) from the bath through CFTR
and other channels were negligible under
these conditions and provide further evi-
dence that CFTR does not mediate ATP
conductance.

Finally, ATP permeation through CFTR
was examined in artificial planar lipid bilayers
reconstituted with recombinant CFTR (Fig.
4). Reconstitution of wild-type CFIR into
planar bilayers in 300 mM KCl revealed small
(9 to 10 pS), ATP-dependent Cl~ channels

not observed under these conditions despite
application of large voltages (—110 mV) to
drive ATP through the channels (Fig. 3, A
and B). No CFTR-mediated ATP currents
were observed with 100 mM ATP in both
the bath and the pipette, although active
CFTR CI™ channels were observed in the
same patches when Cl~ was present on one
side of the membrane (16). Similar results
were obtained when current was measured
in the whole-cell configuration with intra-
cellular  solution containing 100 mM
MgATP and 140 mM NaCl in the bath
(Fig. 3, C and.D). Leak-corrected whole-
cell currents during forskolin stimulation
were outwardly rectifying (Fig. 3D) and did
not reverse up to at least —110 mV, con-

B 267 1 (pA) D
0.4+ .
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r L T
-80 -60 -40 -20
-0.2+
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-0.4-

-0.6-

Fig. 3. Effect of high intracellular ATP on single CFTR channel and whole-cell currents. (A) Excised
inside-out patch recordings with bath solution containing 100 mM MgATP (Sigma), 75 nM PKA (Pro-
mega), and 10 mM N-tris[hydroxymethyllmethyl-2-aminoethane-sulfonic acid (TES) (pH 7.4). The pipette
solution contained 150 mM NaCl, 2 mM MgCl,, and 10 mM TES (pH 7.4). (B) Single-channel /-V relation
with 100 mM ATP bathing the cytoplasmic side. (C) Whole-cell current measured with the same 100 mM
MgATP solution in the pipette and with bath solutions containing 140 mM NaCl, 5 mM KCI, 1.2 mM
CaCl,, 1.2 mM MgCl,, 10 mM TES (pH 7.4), and 10 pM forskolin. Broken line indicates zero current. (D)
I-V relations during the same experiment shown in (C). Pipette currents were measured in the cell-
attached configuration (O) and 150 s after breaking into the whole-cell configuration by applying excess
suction (@). The leak-corrected current flowing through the cell membrane (CJ) was approximated as the
difference between the total current after breaking into the cell minus the current flowing through the seal
between the cell membrane and glass pipette in the cell-attached configuration (24).

Fig. 4. Failure of CFTR to A B 1(pA) °
mediate ATP conductance +80 mV

when reconstituted  into 08
planarlipid bilayers. (A) Sin- T T

gle-channel records of T2 e

CFTR expressed in human
embryonic kidney (HEK)
cells and reconstituted into
a planar lipid bilayer pre-
pared as described (77, 78), held at different potentials from —80 to 80 mV (cis side of bilayer with respect
to trans) in 20-mV increments. The ionic conditions were 300 mM KClI (pH 7.2) (cis) and 100 mM Na,ATP
(pH 7.2) (trans). The Ci~ solution contained 10 mM MOPS, 1 mM Na,ATP, and 1 mM MgCl,. The ATP
solution contained 10 mM MOPS and 1 mM MgCl,,. (B) /- relations for CFTR channels under three different
cis:trans ionic conditions: 300 mM KCI:100 mM Na,ATP (@), data from the traces shown in (A); 100 mM
Na,ATP:300 mM KCI (l); and 100 mM Na, ATP supplemented with 300 mM KCI:300 mM KCl (¥). The latter
conditions yielded a linear /-V relation corresponding to a single-channel conductance of 8.9 pS.
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that exhibited the characteristic slow gating
pattern of CFTR (17, 18). The orientation of
these channels upon fusion into the bilayer is
such that the cytoplasmic side of CFTR faces
the cis chamber (17). Exchange of the cis
solution with a Cl™-free solution containing
100 mM Na,ATP abolished all conductance
at negative (cis to trans) potentials (Fig. 4).
The current-voltage (I/V) relation of CFTR
channels with 100 mM ATP (cis) and 300
mM KCl (trans) revealed Cl™-conductive
channels at positive potentials, the amplitude
of which gradually decreased to zero as the
potential was reduced to —80 mV. Addition
of 300 mM KClI (in addition to the 100 mM
ATP) to the cis chamber restored the linear
I/V relation, with a slope conductance of 8.9
pS. Similarly, when the ATP gradient was
reversed (that is, 100 mM Na, ATP trans and
300 mM KCl cis), currents were detected only
at negative potentials, consistent with CI~
permeation, but not at positive potentials up
to +100 mV, confirming that ATP does not
permeate the channel. Finally, no currents
were detected when both cis and trans cham-
bers contained 100 mM ATP as the sole
anion (19). These data therefore demonstrate
that functional CFTR channels reconstituted
into planar bilayers fail to reveal conductance
to ATP.

Our results demonstrate that ATP is not
conducted through CFTR in intact organs,
polarized human lung cell lines, stably trans-
fected mammalian cell lines, or planar lipid
bilayers reconstituted with recombinant
CFTR. This lack of permeability to ATP is
fully compatible with estimates of the pore
diameter of CFTR (=5.5 A) (20) and the
smallest silhouette dimensions for ATP
(10.5 A) (21). The currents originally inter-
preted as being mediated by ATP flow
through CFTR channels had variable ampli-
tudes, kinetic properties, and responses to
blockers (10) and might therefore represent
some combination of currents carried
through CFTR by ions other than ATP or
ATP currents through channels or perme-
ation pathways other than CFTR. It is pos-
sible that such alternative pathways for ATP
permeation are related to CFTR expression,
but the relation is apparently not obligatory.
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Testing for Bias in the Climate Record

We have tested two of the conclusions
made by David J. Thomson in his article (1):
That “anomaly series in climate research
that have been deseasonalized by subtracting
monthly averages need to be recomputed”
and that “significant efforts must be made to
understand the consequences of the annual
temperature cycle following precession rath-
er than the equinoxes, and of the capture
effect.” Unlike Thomson, we used daily data,
which is necessary to detect possible bias
resulting from precession in an instrumental
climate record based on deseasonalized cli-
mate trends.

We tested Thomson’s assertions with the
use of 144 long-term stations (each station
generally spanning about 75 to 85 years)
within the contiguous United States. Most
of these stations were derived from the U.S.
Historical Climate Network (2). We also
used the longest homogeneous daily series
available, the Central England Temperature
(CET) time series (3). Using these series, we
estimated the change in monthly, seasonal,
and annual trends, allowing for the change
in perihelion dates. Over the span of the
CET time series, 219 years, the change is
about 5 days, and for the U.S. stations the
change amounts to 2 days (perihelion shifts
toward increasing Julian days). We com-
pared monthly trends of temperature (calcu-
lated from deseasonalized anomalies of daily
mean, maximum, and minimum tempera-
tures based on Gregorian calendar months)
with trends derived from deseasonalized val-
ues [where the days included in each month
were offset by the change in the date of

perihelion from the beginning of the record
to the end of the record (4)]. Such a test
bounds the maximum impact of precession
because the differences will also result from
seasonal effects and the random effects of
weather as well as any effects due to preces-
sion of the orbit.

Low persistence, low variability

TECHNICAL COMMENTS

TL-1 DMA interface (Axon Instruments) were used to
generate the command potentials and for data ac-
quisition. When the pipette or bath (or both) con-
tained ATP, electrical connection to the Ag-AgCl
electrode was made through an agar bridge con-
taining NaCl solution. Liquid junction potentials
were measured against a flowing 3 M KCl electrode
[E. Neher, Methods Enzymol. 207, 123 (1992)]. All
voltages shown were corrected for liquid junction
potentials.
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We found that incorporating perihelion
calendar shifts in the network of U.S. sta-
tions had no effect on the annual mean
temperature trends. However, monthly dif-
ferences did appear (Fig. 1), but a question
arose with regard to the significance of the
monthly difference. How much is simply
due to random chance (that is, the vagaries
of weather over two days during the course
of 75 to 85 years)? This may be reflected by
the end of 1 month having a spell of weath-
er significantly different from the beginning
of the next month. Even over long records
it is conceivable that such an effect may not

High persistence, high variability
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Fig. 1. Distribution of the observed differences (A°C per century) of monthly trends in mean daily
minimum temperature between standard deseasonalized monthly anomalies and those calculated using
a shifted calendar consistent with the Earth’s precession of orbit (A) versus those simulated where only
the effects of seasonality and day-to-day weather variability are active (B). Each set of differences is
categorized by variance and day-to-day persistence of weather anomalies (both quantities are partitioned
by the upper and lower one-half of the distribution of values for all months and all stations). Dark center,
little or no difference; striped bars, positive or negative differences.
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