
equvalent to that of buffer A contanng 0 1 M KC1 and 
was appled to a 1 -iter phosphocellulose c o l u ~ n  !PI 1 
Whatman, Ma~dstone UK) The column vjas eluted 
stepwse at one packed coulnn volume per hour \hi~th 
buffer A contanng 0.5 M KCI. Fractons (200 ml) were 
collected, and actve fractons were pooled, adjusted to 
1 M fNH,l,SO, by add~t~on of an equal volume of buffer 
A contalnng 2 M (NH.),SO, and apped to a 100 ml 
Pheny Sepharose-6 Fast Flow (low sub) column (Phar- 
~naca l  equlhbrated in buffer D [LO rnM Hepes-NaOH 
(pH 7 91 0.5 rnlvl EDTA, 1 rnM DTT, and 1036 (v/v) 
glycerol] conta~ning 1 M fNH,),SO. The column was 
eluted at 10 mI,'mn wtl i  a 1 - te r  near gradlent from 1 to 
0 M !NH,),SO. in buffer D. Fractons (60 ml) were co-  
ected, and tlie active fractons wh~cli eluted vj~th -0.6 
M (NH,),SO,, were pooled and dalyzed aganst buffer B 
[LO mh4 tr~s-HCl (pH 7.9). 0.5 mM EDTA, 1 rnM DTT 
and IO:'b.(vlv) glycerol] to a conductvty equvaent to 
that of b'uffer B contaning 0 07 M KCI. The daysate 
was centr~fuged at 20 0002 for 30 m n  and appled to a 
10-m Mono-Q column (Pliarmac~a) equlbrated vj~th 
buffer B contanng 0 07 M KCI. The column vjas eluted 
at 1 ml;mn with a 100-m near gradent from 0.07 to 
0.5 M KC1 n buffer B. Fractons 16 ml) were collected, 
and the active fract~ons which eluted at -0.2 M KCI, 
were pooled. dayzed aganst buffer A to a conductvty 
equvalent to buffer A contanng 0 07 M KC and ap- 
pled to a I -TI Mono-S coluvn (Phar:naca) equlbrated 
In the same buffer The column was eluted at 1 mllmn 
wltli a 10-ml Inear gradient from 0.07 to 0 5 M K C  in 
buffer A Fractions (1 ml) were coliected and the actve 
fractons vjhcli eluted wth -0 3 M KCI. were adjusted 
to 1 M (NH,),SO, by addton of an equal volume of 
buffer ,A ccota~nlng 2 M (NH,)$30,, centr~iuged at 
20,000g for 30 rnin and appled to a Blo-Gel TSK phe- 
ny-5-PLV column (7 5 mm by 75 mm, Blo-Rad) equll- 
brated w~th buffer D contalnlng ' M (NH.,l,SO. The 
column was eluted at 1 ml;min vjith a 30-m lnear gra- 
dent from 1 .0 M to 0 M (NH,)>SO. in buffer D. Fractons 
(1 ml) were collected, and the active fractions, \hjhc/i 
eluted with -0.5 M !NH,),SO,, were pooled d~alyzed 
aganst buffer B to a conductv~ty equvalent to that of 
buffer B contanng 0.07 M KCI. and appled to a TSK 
DEAE-NPR (35 rnm by 4.6 mm Toso-Haas Montgotn- 
e~~.vIle. PA) equlhbrated In the same buffer The column 
was eluted at 0 3 m ~ m n  wth a llnear gradent from 0 07 
to 0 5 M K C  n buffer B Fract~ons (0 1 ml) vjere collect- 
ed. and tlie actve fractons, \ ~ h c h  eluted wth -0 2 M 
KC were pooled, duted with an equal volume of 4 M 
guanidne hydroclior~de 4 M urea, 7.546 aceton~tr~le 
0 15% trfluoroacetic acd ! F A )  and 0 2% Zwlttergait 
ZC-8 (Calb~ochem La Jola CA), atid appled at 0.1 
mI,'mn to a PLRP-S (I mm by 50 mm, pore slze 1000 A, 
partce slze 8 pm) rpHPLC coumti [Mlchrom BoRe- 
sources. Auburn CA) preequ~llbrated at 40°C n 296 
eluant B (9096 acetontrle 0.090/0 TFA) and 9896 euatit 
A (296 acetontrle 0.1 90 TFA). The column was devel- 
oped at 0.1 rnl,'mn \hi~th a 2-mn near gradent from 2 to 
2596 eluant 8 followed by a 23-mn lnear gradent from 
25 to SO0/; eluant B 
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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. 

T h e  cloning of the CFTR gene (1 ,  2 )  a11d 
the delnonstratio~l that it encodes a low- 
collductance protein kinase A (PKA)-regu- 
lated C 1  c h a l ~ l ~ e l  (3-5) confir~lled that the 
loss of epithelial plasma membrane C1- 
conducta~lce is the principal ionic mecha- 
nism underlying the pathogenesis of cystic 
fibrosis (CF) (6.  7). The precise lnechanisln 
h\- which this loss of C 1  co~lducta~lce is 
linked to the complex and varied features of 
the CF phenotype remains obscure. CFTR 
has been reported to regulate other ion 
cha111lels (8, 9 )  and mediate per~neabllity of 

cell ~nelllhranes to ATP (10). Both CFTR 
(1G) and its distant relative P-glycoprotein 
(1 1 ) have been reported to form ATP-per- 
meant channels with single-channel con- 
ducta~lce of -5 pS. However, we found that 
CFTR had no detectable ATP co~lductal~ce 
in four different systems, i n c l u d ~ ~ ~ g  native 
sweat duct and reconstituted blla\-ers. 

CFTR is ahu~ldantly expressed in hu~nal l  
sweat duct (1 2) .  where it appears to consti- 
tute the sole pathwa\- for C 1  ahsorpt io~~ 
(1 3).  When the CFTR channel 1s act~vated 
by addition of adenosine 3'3'-monophos- 
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phate (CAMP) and ATP to the cytoplasm, 
the Influx of C 1  causes the luin~nal s ~ d e  of 
the a n d  membrane to become more nos- 
itive with respect to the cell and the elec- 
trical conductance of the membra~le to in- 
crease. We tested the permeability of ATP 
through the apical membrane (and there- 
fore through CFTR) by adding 50 mbl ATP 
to a C1--free (gluconate substituted) Ringer 
solution. If ATP is more permeable than 
gluco~late, the luininal side of the mem- 
brane should become more nositive and its 
apparent speclflc conductance should In- 
crease. Instead: the ao~cal  inembra~le be- 
came slightly more negative (by 6 mV) and 
the change i11 specific conducta~lce alas 
negligible (from 2.3 to 3.2 mS/cm2) (Fig. 1) .  
B>- contrast, in the presence of a C1- gra- 
dient, the luininal potential increased by 35 
inV and the membrane col~ductance in- 
creased from 9.7 to 14.5 mS/cm2. The 
change in tra~lslnelnbrane potential in the 
presence of ATP was essentially the same as 
the junction potential for these so l~~t ions  
n~ithout the duct present. The slight differ- 
ence in specific conductance is within ex- 
oerimental error because the specific con- 
ductance of the membrane must be calcu- 
lated from the cable eauation 114). These 
results indicate that ATP is not inore 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 indicatine that they are a good 

L u 

model for submucosal gland serous cells, 
including the expression of large amounts of 
CFTR mRNA, protein, and single-channel 
currents 115). Recordings were made from ~, u 

apical membranes of confluent islands of 
cells. Whole-cell and short-circuit exoeri- 
ments indicate that CFTR c h a n ~ ~ e l s  are the 
excl~~sive C1- channels in the apical mem- 
branes (15). With ATP in the pipette, in- 
ward single-channel currents were routinely 
obser.r.ed in the cell-attached mode at neg- 
ative potentials, indicating mo.r7ernent of 
C 1  from the cell to the pipette. By con- 
trast, out~vard single-channel currents 
through CFTR, indicating ATP movement u u 

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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transientlv in three experiments in w h ~ c h  
the pipette tip was fllled with NaCl to 
facilitate seal formation (Fie. 2C). W e  in- , - 
terpret the loss of currents in this conditio~l 
to reflect the gradual replacelne~lt of resid- 
ual C 1  b>- ATP In the tip of the electrode 
because such currents were not observed in 
the presence of ATP onl>-. The pipette so- 
lutions used here are essentiall>- the oppo- 
site arrangement from those present in the 
original experime~lts reporting ATP con- 
ducta~lce ( l f i ) ,  i11 which the pipette tip was 
filled with ATP. 

Single-cha1111el and whole-cell currents 

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-cha1111el currents 
were observed in inside-out membrane 

at all positive membrane potentials 
examined when the pipette solution con- 
tained a high concentration of NaCl and 
the bath co~ltai~led 100 mM blgATP, as 
would be expected for C1- flow from pi- 
pette to bath. B>- contrast, inward current 
transitions, correspo~lding to ATP flow 
from the bath to the pipette solution, were 

Fig. 1. Lack of ATP permeat~on n human sweat duct. An CAMP (O i m ~ )  +ATP (5 m ~ )  n Sath 

isolated segment of a human eccrine sweat duct was mi- NO GI n lumen and Sath 
v//#M44//#4/#/#4#/##A 

croperfused with solutions as indicated by the bars (top) (22). ATP (50 m ~ )  n lumen 

45 r ',li,N~i\lj 
- 

The basolatera membrane was functionally removed b\/ selec- 
tive permeabilization with a-toxn (23) after whch the cyto- 
plasm was cont~nuously bathed with CI--free, K- gluconate 
Ringer solution containing 0 1 mM CAMP and 5 mM ATP in the 
presence of 1 2 mM Mg2+ Activat~on of CFTR C conduc- 
tance was detected as a rapid increase in umnal potential 

brane conductance indcated by the smaller voltage deflec- 
(lumen relative to bath) and a concomitant Increase n mem- 

tons induced by constant current (50 nA) transepithelal pus 
es C dependence of the potential was shown by replacing 
C I  with the impermeant gluconate anion The smaller con 
stant current ~ u l s e  deflections n the Dresence of 50 mM K- -110- 

ATP occur bkcause ATP substantially reduces the specific 
resistance of the perfuson souton and thereby the core resistance of the tubule preparation. 

il -110 mV (excsed) 
o i l l 0  mV (excised) 

F 0 ,  Exclse 
0 5 10 15 20 

Time (rnin) 

Fig. 2. ATP is not conducted through CFTR channels in the human lung cell n e  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 C I  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 KCI. 10 mM Hepes (pH 7.4), 2 mM EGTA. and 
0.5 mM ATP. Records were ftered at 100 Hz and sampled at 1 KHz. (B) I-Vrelations for four patches w~th 
ATP (0. C-fATP) (n = 4) and six patches with N-methyl-D-gucamine C I  (C, CI-/GI) (n = 6) in the 
pipette. (C) Gradual loss of outward CI- current through CFTR channels. The ppette tip was fled with 
NaCl and the shank was backfilled with Na,ATP. Points represent the change in absolute single-channel 
current with time measured at 590 mV in the cell-attached mode and at 11 10 mV after the patch was 
excised. 
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not observed under these conditions despite 
application of large \voltages ( -  110 mV) to  
drive A T P  through the  channels (Fig. 3, A 
and B). N o  CFTR-mediated A T P  currents 
were observed with 100 nlM A T P  in both 
the  bath and the  pipette, although active 
CFTR C l  channels were o b s e r ~ ~ e d  in the  
same patches \vhen C l  was present o n  one 
side of the  membrane ( 1  6) .  Similar results 
were obtained 11711en current was measured 
in  the  whole-cell configuration wit11 intra- 
cellular solution containing 100 m M  
blgATP and 140 m M  NaCl in  the  bath 
(Fig. 3 ,  C and:D). Leak-corrected \\:hole- 
cell currents during forskolin stimulation 
were outwardly rectifying (Fig. 3D)  and did 
not  reverse up to at least - 110 mV, con- 

sistent with single-cljannel data. This 
\\:hole-cell membrane current represents in- 
ward flow of Cl-  ions from the  bath into 
the  pipette. A t  negative membrane poten- 
tials, the  inward currents due to  outward 
flow of A T P  anions or inward flo117 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 A T P  
conductance. 

Finally, ATP permeation through CFTR 
\\:as examined in artificial planar lipid bilayers 
reconstituted with recoinbinant CFTR (Fig. 
4 )  Reconstitution of wild-type CFTR into 
planar bilayers in 300 mM KC1 revealed srnall 
(9  to 10 pS), ATP-dependent C1- channels 

Fig. 3. Effect of high intraceluar ATP on single CFTR channel and whole-cell currents. (A) Excised 
inside-out patch recordings with bath souton contanng 100 mM MgATP (Sigma). 75 nM PKA (Pro- 
mega), and 10 mM N-tris[hydroxymethyl]methyl-2-aminoethane-sulfon1c acd (TES) (pH 7.4). The pipette 
solution contaned 150 mM NaCI. 2 mM MgCI,, and 10 mM TES (pH 7.4). (6) Single-channel I-V reaton 
with 100 mM ATP bathlng the cytoplasmic slde. (C) Whole-cell current measured with the same 100 mM 
MgATP solutlon in the pipette and with bath solut~ons containing 140 mM NaCl. 5 mM KCI. 1.2 mM 
CaCI,. 1.2 mM MgCI,, 10 mM TES (pH 7.4), and 10 pM forskolin. Broken lhne Indicates zero current. (D) 
I-V relations during the same experment shown in (C). Ppette currents were measured In the cell- 
attached configuraton (0) and 150 s after breakng into the whole-cell configuraton by applying excess 
suction (0).  The leak-corrected current flowlng through the cell membrane (n) was approximated as  the 
dfference between the total current after breakng 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 
mediate ATP conductance +80 mV 
when reconstituted Into - 
planar pld bilayers. (A) Sin- --,,- 
gle-channel records of -L 

CFTR expressed in human 
--80 mV embryonic kidney (HEK) I s 

cells and reconstituted into -1 o 
a planar lipld bllayer pre- 
oared as described (17, 78), held at different potentials from 8 0  to 80 mV (cis slde of bllayer with respect 

that exhibited the characteristic slo\v gating 
pattern of CFTR (1 7, 18). T h e  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 \\:it11 a CIP-free solution containing 
100 mM NazATP abolished all conductance 
at negative (cis to trans) potentials (Fig. 4). 
The  current-voltage (IP) relation of CFTR 
channels with 100 mM A T P  (cis) and 300 
mM KC1 (trans) revealed Cl--conducti.r.e 
channels at positive potentials, the amplitude 
of which gradually decreased to zero as the 
potential was reduced to -80 mV. Addition 
of 300 mM KC1 (in addition to the 100 mM 
ATP) to the cis chamber restored the linear 
IIV 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 KC1 cis), currents were detected only 
at negative potentials, consistent with CIP 
permeation, but not at positive potentials up 
to - 100 mV, confirming that A T P  does not 
permeate the channel. Finally, no  currents 
were detected \\:hen both cis and trans cham- 
bers contained 100 mM A T P  as the sole 
anion (1 9). These data therefore demonstrate 
that functional CFTR channels reconstituted 
into planar bilayers fail to reveal conductance 
to ATP. 

Our results demonstrate that A T P  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  A T P  is 
fully compatible with estimn2tes of the  pore 
diameter of CFTR ( 5 5 . 5  A )  (20) and the  
s r n a l l e ~  silhouette dimensions for A T P  
(10.5 A )  (2 1 ). T h e  currents originally inter- 
preted as being mediated by A T P  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 A T P  or 
A T P  currents through channels or perme- 
ation pathways other than CFTR. It is pos- 
sible that such alternative path\\:ays for A T P  
permeation are related to CFTR expression, 
but the relation is apparently not obligatory. 
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W e  tound that i n c o l p o ~ a t ~ n g  perihelion 
calendar shifts in the  network of U.S sta- 
tlons had n o  effect o n  the annual mean 
temperature trends However, monthly d ~ f -  

Testing for Bias in the Climate Record ferences did appear ( F I ~  I ) ,  but a questlon 
arose with regard to  the  significance of the  
monthly difference How much IS simply 

W e  have tested t\ \o of the conclusions perihelion from the beginning of the record due to random chance ( that  is, the  vagaries 
made by Dar id J Thoinson In his artlcle (1 ) to the end of the  record (4)] Such a test of meather over two days during the  course 
That  "anomaly series in clnnate research bounds the maxlmum impact of precesslon of 75 to 85 years)? T h ~ s  may be reflected by 
that have been deseasonallzed by subtracting because the  differences wlll also result from the  end of 1 month hawng a spell of weath- 
monthly avelages need to be recomputed" seasonal effects and the random effects of er significantly different from the  beginning 
and that "s~gn~ficant  efforts must be made to weather as \\ell as any effects due to preces- of the  next month Even over long records 
understand the consequences of the annual sion of the orblt it is conceir~able that such a n  effect may not 
temperature cycle follou ing precession rath- 
er than the equinoxes, and of the capture 
effect " Unlike Tho~nson ,  n7e used daily data, Low persistence, low variability High persistence, high variability 
w h c h  IS necessari to detect possible bias 

$roo 
bser 

resulting from precession in an  instrumental 80 
cllrnate record based 011 deseasonalized cli- a 

mate trends. g 60 
LL 

W e  tested Thoinson's assertions wlth the 40 

use of 144 long-term stations (each statlon 20 

geneially spann~ng  about 75 to 85 years) o 
within the -co l~ t i~uous  United States. Most 
of these stations were derived from the  U.S. 
Historical Climate Network (2).  W e  also 
used the  longest homogeneous daily series 
available, the  Central England Temperature 
(CET) time series (3). Gsing these series, we 
estimated the  change in monthly, seasonal, 
and annual trends, allowing for the change 
in perihelion dates. Over the  span of the  
C E T  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). W e  com- 
pared monthly trends of temperature (calcu- 
lated from deseasonalized anomalies of daily 
mean, maximum, and minimum teinuera- 
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 
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Fig. 1. D~stribution of the observed differences (1°C per century) of monthly trends in mean dally 
mnmum temperature between standard deseasonallzed monthly anomalies and those calculated uslng 
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 (8). 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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