The EMBO Journal Vol.17 No.4 pp.898-908, 1998

CFTR CI- channel and CFTR-associated ATP channel:
distinct pores regulated by common gates

Makoto Sugita, Yun Yue and activity is under complex regulation by phosphorylation

J.Kevin Foskett!2 and cytoplasmic ATP (Andersoetal, 1991a; Cheng
et al, 1991). Phosphorylation of the R domain by cAMP-
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) _ formational changes or modulating electrostatic
Corresponding author interactions of the R domain with other parts of the
e-mail: foskett@mail.med.upenn.edu molecule (Rictet al, 1993). The ABC transporters couple
ATP hydrolysis at NBDs to the transport of a wide variety
of molecules (Higgins, 1992; Gottesman and Pastan,
1993). However, CFTR conducts@ns down an electro-
chemical gradient, a process which has no obvious need
for external energy (Andersoet al, 1991; Chenget al,
1991; Beart al,, 1992; Welstet al, 1992). Nevertheless,
CFTR hydrolyzes ATP (Let al, 1996b) and once the R
domain is phosphorylated, intracellular ATP interacts with
the NBDs to regulate channel activity by nucleotide

The cystic fibrosis transmembrane conductance regu-
lator (CFTR) is a chloride channel that is regulated by
phosphorylation of the R domain and ATP hydrolysis at
two nucleotide-binding domains (NBDs). It is contro-
versial whether CFTR conducts ATP or whether CFTR
might be closely associated with a separate ATP con-
ductance. To characterize ATP channels associated
with CFTR, we analyzed CI and ATP single channel-

currents in excised inside-out membrane patches from X ¢ )
MDCK epithelial cells transiently expressing CFTR. hydrolysis (Baukrowitzt al, 1994; Carsoret al, 1995).

. : : — Non-hydrolyzable ATP analogues fail to open phosphoryl-
With 100 mM ATP in the pipette and 140 mM CI~ in
the bath, ATP channels vF\J/(I:re associated with CETR  ated CFTR Cichannels that can subsequently be opened
CI- channels in two-thirds of patches that included Y ATP (Carson and Welsh, 1993; Hwaegal, 1994),
CETR. CETR CI- channels and CFTR-associated ATP  @nd they cause CFTR channels to _Iock into conducting
channels had slope conductances of 7.4 pS and 5.2 ps, States of markedly prolonged duration (Gunderson and
respectively, and had distinct reversal potentials and ~ KOPito, 1994; Hwancet al, 1994). ATP hydrolysis there-
sensitivities to channel blockers. CFTR-associated ATP ~ fOré appears to contribute to both opening and closing of
channels exhibited slow gating kinetics that depended ~ CFTR channels (Gunderson and Kopito, 1994; Hwang
on the presence of protein kinase A and cytoplasmic etal, 1994). Recent studies of NBD mutants suggest that
ATP, similar to CFTR Cl - channels. Gating kinetics of ~ ATP hydrolysis at the two NBDs has opposing functions,
the ATP channels as well as the CFTR Cl channels Wlth. NBD1 and.NBD2 controlling channel opening and
were similarly affected by non-hydrolyzable ATP ana- closing, respectively (Carsoet al, 1995). On the other
logues and mutations in the CFTR R domain and  hand, a model for CFTR gating in which ATP binding
NBDs. Our results indicate that phosphorylation- and ~ @nd hydrolysis at NBD2 is the engine that drives the
nucleotide-hydrolysis-dependent gating of CFTR is  OP€ning and closing has also been proposed (Gunderson
directly involved in gating of an associated ATP chan- ~ and Kopito, 1995). o
nel. However, the permeation pathways for Ct and Electrc_)physu_)logmal a_nalyses of CFTR mutants indicate
obligatorily associated with the expression of CFTR. ~ Segments (TM6 and TM12) contribute to the"€hannel

Keywords ATP channel/ATP hydrolysis/CFTR/ pore of CFTR (Tabcharaet al, 1993; McDonougket al,
phosphory|ation 1994, Cheung and Akabas, 1996) The CFTR®lannel

is blocked by diphenylamine-2-carboxylic acid (DPC),
which permeates the channel from either side of the
membrane (McCartgt al,, 1993), and by 4,4diisothiocy-
anostilbene-2,2disulfonic acid (DIDS) from the cyto-
The cystic fibrosis transmembrane conductance regulatorplasmic side (Linsdell and Hanrahan, 1996b). Serine at
(CFTR) is a member of the traffic ATPase or ATP binding position 341 (S341) and K335 in TM6, and T1134 in
cassette (ABC transporter) superfamily of proteins and is TM12 appear to interact with DPC (McDonougtt al.,
composed of two membrane-associated domains, eachl994), and R347 in TM6 appears to be a binding site for
with six putative transmembrane segments, two nucleotide- DIDS (Linsdell and Hanrahan, 1996b). The estimated
binding domains (NBDs) and a large cytoplasmic R diameter of the CFTR Clchannel pore is approximately
domain (Riordanet al, 1989; Rommenstal, 1989). 0.6 nm, as assessed by permeation analyses (Hasegawa
Cystic fibrosis, a common lethal genetic disease, is causedet al, 1992; Cheung and Akabas, 1996; Linsdedilal.,

by mutations in CFTR (Welsh and Smith, 1993). Despite 1997), and by accessibilities of blockers to the binding sites
its structural similarity to transporters, CFTR is a Cl (McDonoughet al,, 1994; Linsdell and Hanrahan, 1996).
channel (Andersoet al,, 1991b; Beaet al., 1992) whose Recent studies have suggested that CFTR may also
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mediate a cell membrane permeability to ATP (Reisin
etal, 1994; Schwieberetal, 1995; Pratetal, 1996;
Pasyk and Foskett, 1997). However, these results are
currently rather controversial, because ATP permeability
specifically associated with CFTR could not be observed
in other studies (Grygorczyét al, 1996; Liet al,, 1996b;
Reddy et al, 1996). Furthermore, the size of the ATP
anion is larger than the estimated size of CFTR pore (the
smallest silhouette dimension is 1.05 nm). Because the
bases of these discrepant results are unknown, it is
unclear whether CFTR itself conducts ATP, if specific
ATP permeation pathways are regulated by CFTR or

whether technical aspects have contributed to the variable

results. It is necessary to resolve these issues, becaus
adenine nucleotide permeability associated with CFTR is
of potential importance in regulating receptor-mediated
cell signaling (Hwanget al, 1996), other ion channels
(Schwiebertet al, 1995) and glycoprotein processing
(Pasyk and Foskett, 1997). Dysfunction of this permeabil-
ity could therefore contribute to pathogenesis in cystic
fibrosis.

In the present work, we have examined the relationship
between expression of CFTR and ATP channels and
characterized ATP channels associated with CFTR, by
investigating the effects of pharmacological reagents and
mutations in CFTR. Our results indicate that expression
of CFTR results in the appearance of a novel ATP channel
with distinct pharmacological properties from CFTR, but
that opening and closing of both channels are regulated
by common gates in CFTR.

Results

Characterization of the CFTR-associated ATP

channel

In excised inside-out membrane patches from MDCK
cells transiently expressing CFTR with symmetricat-Cl
containing solutions in the bath and pipette; €hannels
were observed with typical CFTR characteristics, including
linear current-voltage V) relation and 7.2- 0.2 pS
(n=4) single channel conductance (Figure 1A and C). To
determine whether CFTR is associated with an ATP
conductance, we carried out experiments using excised
membrane patches with 100 mM ATP and 140 mM ClI
in the pipette and bath solution, respectively: €lrrents

CFTR is a regulator of ATP conductance
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Fig. 1. CFTR CI channel activities expressed in MDCK cells.

(A) CFTR CI channels recorded from an inside-out patch in
symmetrical Ct solutions (140 mM NMDG-CI) at various membrane
potentials. Short lines on the left of current traces indicate the baseline
level (channel closed)B) CFTR CI channels, but lack of ATP
channels, in an inside-out patch with 100 mMJN&P in the pipette
and 140 mM NMDG-CI in the bath at various membrane potentials.
ATP conductances were not associated with CFTRdBannels in one
third of patches that included CFTR{3;7). (C) I/V relationship for
CFTR CI channels with symmetrical Ckolutions O, n=4 patches)

or with 100 mM ATP in the pipette and 140 mMTh the bath @,
n=3 patches). The solid line is the best curve fitted to the GHK
current equation for Cland ATP~ with Pg/Parp = 142.5 in the
asymmetrical condition.

and ATP currents were detected at negative and positive
membrane potentials, respectively. ATP channels were.
associated with CFTR Clchannels in two-thirds of

Table I. Frequency of CFTR Clchannels and ATP channels detected
in control and CFTR-transfected MDCK cells

patches 1%/,17) that included CFTR (Table I). Typical ATP
channel activities associated with CFTR Channels are
shown in Figure 2A. The ATP channels had a slope
conductance of 5.2 0.4 pS (=5) between+30 mV and
+90 mV, and a reversal potential of —15 mV (Figure 2B).

CFTR-transfected

MDCK cell Control MDCK cell

CFTR CI channel
(+) -)

CFTR Cichannel
(+) =)

The CFTR Cf channel slope conductance was 4.1

pS (=5) between —-30 mV and —90 mV, which was
similar to that observed when ATP channels were absentAT
(7.2%= 0.3 pS,n=3) (Figure 1B and C) or with symmet-

ATP¢q and ATRqg 7 0 0 0

ATPcm 68 0 0 0
Pind 5 9 0 5

No ATP channel 37 70 0 19

rical CI- solutions (Figure 1A and C). The CFTR CI
channel had a reversal potential ef60 mV, close to
the estimated reversal potential for-GH85 mV). The
presence of two reversal potentials suggests that the
permeation pathway for ATP is distinct from theCl
channel in CFTR. Furthermore, fitting of the data over

CFTR CI channels and ATP channels were observed in inside-out
patches with 100 mM ATP in the pipette and 140 mM @l the bath.
The numbers represent frequencies of the presence or absence of
CFTR-associated ATP channels (AP and/or CFTR-independent
channels (ATRy) in patches that either included or lacked CFTR ClI
ATP channels. Totals of 196 and 24 patches from CFTR-transfected
and control MDCK cells, respectively, were tabulated.
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Fig. 2. CFTR CI channels and associated ATP channély. CFTR

CI~ channels (large deflections at -90 mV) and CFTR-associated ATP
channels (large deflections #90 mV and small deflections at

—90 mV) in an inside-out patch with 100 mM BT P in the pipette
and 140 mM NMDG-CI in the bath at various membrane potentials.
One hundred nM PKA and 2 mM MgATP were included in the bath
solution. Similar ATP channels were associated with CFTR Cl
channels in two thirds of patches that included CFT®{;). Short
lines on the left of current traces indicate the baseline le@)II{/
relationship for CFTR Clchannels @) and CFTR-associated ATP
channels &) with 100 mM ATP in the pipette and 140 mM Cih the
bath =6 patches). The solid line is the best fit curve for CFTR CI
channels which is fitted to the GHK current equation for &hd

ATP* with Pg/Patp = 142.5. Fitting of the ATP channel currents
ylelded FE:I/PATP4_ =3, PCI/PATPS_ = 1.6, PCI/PATPZ_ = 0.75.

the entire voltage range to oh® curve with the Goldman—
Hodgkin—Katz (GHK) current equation gave poor results.
Cl- is excluded as the current carrier at the positive
membrane potentials because the reversal potential for Cl
is +85 mV. NMDG is excluded as the current carrier
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Fig. 3. CFTR CI channels and CFTR-associated ATP channels,
recorded during rapid voltage steps from —90 m\At80 mV (at the
center line). Five sweeps were continually recorded from a single
excised patch. Four CFTR Cthannels and a single ATP channel
were detected at —90 mV ang90 mV, respectively. Short lines beside
current traces indicate the baseline level. Asterisks represent open
events of the ATP channel.

suggests that the CFTR Cthannel is not obligatorily
linked to the ATP conductance. In some particularly
favorable recordings, ATP channels could be observed
at—90 mV in current traces containing CFTR €hannels
(for example, Figure 3). Based on analysebgfrelations,
the larger current deflections corresponded to those
expected for the CFTR Ckhannel, whereas the smaller
deflections corresponded to those expected for the ATP
channel. CFTR CI channels had flickery kinetics at
negative membrane potentials (Figures 1A, 2A and 3),
whereas the ATP channels were not flickery at either
positive or negative membrane potentials.

In the other one-third®{/,,,) of patches which contained

because similar channels were never observed in symmetCFTR, ATP channels were not observed (Tablel). In

rical NMDG-CI solutions. The ATP conductances meas-
ured were not due to contaminants within the ATP, since
the NgATP employed was 99% pure (Ctontaminant

patches that did not contain an ATP channet, €irrents
were observed at negative membrane potentials, the ampli-
tude of which gradually decreased to zero as the voltage

<0.05%). Therefore, the ~5 pS channel currents were was increased to+60 mV (Figure 1B), close to the

carried by ATP. We also applied rapid voltage steps from —
90 mV to +90 mV in order to observe continually the
activities of CFTR Ct channels and CFTR-associated
ATP channels. In the example shown in Figure 3, four
CFTR Ct channels and a single ATP channel were
observed at membrane potentials of —90 mV aréd) mV,
respectively. A similar lack of numerical correspondence

estimated reversal potential forG@h-85 mV). The relative
permeability ratio of the CFTR Clchannel to Cl (Pg)
and ATP- (Pap), calculated by fitting thd/V curve in
Figure 1C to the GHK current equation, wag,/Patp
~140, indicating that CFTR is essentially impermeable
to ATP. In contrast, fitting of the ATP channel currents
y|e|ded FE:|—/PATP4_ = 3, PCl_/PATF’s_ = 16 and %l_/

between the two channels in this and other experimentsParp?~ = 0.8 (Figure 2B). Because the predominant ATP
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Fig. 4. CFTR-independent ATP conductance in MDCK cells.

(A) Endogeneous CIATP channel activities in an inside-out patch

with 100 mM NagATP in the pipette and 140 mM NMDG-CI in the
bath at various membrane potentials. Short lines on the left of current
traces indicate the baseline leveB)(I/V relationship for the
endogenous CIATP channel with 100 mM ATP in the pipette and

140 mM CF in the bath. The slope conductance of the ATP current
was 6.3 pS betweer30 mV and+90 mV.

ion in our solutions has a valence of ~ -3.5, thg/Purp
in our experiments was likely to be ~2.5.
Similar channels were never observed in MDCK cell

membrane patches from cells that did not express CFTR.

However, in 9 out of 79 patches that did not include
CFTR CF channel activities from CFTR-expressing cells,
and in 5 out of 24 patches from control cells, different
ATP channels (ATRy channel) were observed (Table 1),
with a distinctl/V relation and gating kinetics (Figure 4).

CFTR is a regulator of ATP conductance

A

ATP current

p i
+90mV -

ATP current _, . Josessremmisine
+60 mV

W‘r“wm

M%

BO MY — ctmmmprrsbistssrton Wtk bbbl

-90 mvV —% m m ” ‘ H

0.5pA LO5s

FTTI TY YUY I YO

After the addition of 500 uM DPC in the bath

ATP t fiwy
HOOMV  — ot mm [ WP
T R M g P SR

After washing out

ATP current .
+90 mV

-60 mV

-60mv. — - A,

After the re-addition of 100 nM PKA and 2 mM ATP

ATP current
+90mV .,
BOMY o™ s ™ b,

B 500 uM DPC in the pipette
ATP current MWM%WW
+90mvV. —
At%g%r\?nt—WWW

60mvV WWWMMW d%‘wwmwwumw

Q0MY ik W ™ i
m\w\m W 05pAL_05s

Fig. 5. Effects of DPC on CFTR Clchannels and CFTR-associated
ATP channels.A) CFTR CI channels and CFTR-associated ATP
channels were recorded in an inside-out patch with 100 mM ATP in
the pipette and 140 mM Cin the bath at various membrane

potentials. 50uM DPC was added to the bath as indicated
(representative of three independently observed channels). Short lines
on the left of current traces indicate the baseline lev&).500 uM

DPC was included in the pipette solution (representative of three
independently observed channels).

Relationship between the CI- and ATP permeation
pathways

To characterize the relationship between CFTR and the
CFTR-associated ATP channels, we have compared per-
meation and gating properties of the two channels in
response to pharmacological reagents and mutations in
CFTR. To examine the relationship between the two
permeation pathways, we compared the effects of ClI
channel blockers. To analyze the data, the mean open time
between blocker-induced rapid closures (mean inter-block

The slope conductance for ATP was 6.3 pS between open timet;,) of CFTR CF channels and CFTR-associated

+30 mV and+90 mV, but the ATR,4 channel, in contrast

ATP channels was determined at —=90 mV ak€l0 mV,

to the channel associated with CFTR, was substantially respectively, using a 2 ms delimiter as described in

more permeable to Clas evidenced by a larger ClI

Materials and methods. DPC (5@M) in either the bath

conductance at negative membrane potentials, and aor pipette induced flickery kinetics of the CFTR —ClI

reversal potential of ~+25 mV. ATR,q channels were

currents §=3; Figure 5A and B), consistent with a rapid

also detected in 12 out of 117 patches that included CFTR channel block as previously observed (McCastyal,

ClI- channels, and in 7 out of 75 patches that included

1993). The addition of DPC to the bath reduced thef

CFTR-associated ATP channels. The frequencies of CFTR CI channels from 207.2 18.1 ms (three patches)

detecting ATR,4 channels in CFTR-transfected celfé;§,
12117 "175) are not different compared with that in control
cells (5/24) (Chi-square tegt;= 0.24, 0.15, 0.13). Thus,

to 7.8= 0.3 ms (three patchesp (<0.01). In contrast,
DPC in the bath or pipette had no effect on the CFTR-
associated ATP channels<3; Figure 5A and B). Gliben-

this channel is endogenous to MDCK cells and appears clamide (100uM) also caused a flickery block of CFTR

to be unrelated to the expression of CFTR.

Cl-channelstf, = 15.6 = 0.6 ms, three patches,<0.01)
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associated ATP channels. CFTR €hannels and CFTR-associated

ATP channels were recorded in an inside-out patch with 100 mM ATP 0.5pA | 05s
in the pipette and 140 mM Cin the bath at various membrane
potentials. 10QuM glibenclamide was added as indicated Fig. 7. Effects of DIDS and R347E mutation on CFTR @hannels

(representative of three independently observed channels). Short lines ang CFTR-associated ATP channels) CFTR CI channels and
on the left of current traces indicate the baseline level. CFTR-associated ATP channels were recorded in an inside-out patch
with 100 mM ATP in the pipette and 140 mM Tin the bath at

as previously observed (Schuletal, 1996; Sheppard 2t TECEs BEUTER, o8 o e eeved channele).
and Robinson, 1997), whereas it completely blocked the ghort lines on the left of current traces indicate the baseline level.
CFTR-associated ATP channefs=3; Figure 6). Addition (B) 300 uM DIDS was included in the pipette solution (representative
of 200 uM DIDS to the bath reduced the open probability 3 S(e:\éen ilrlldependentlyR03lf7eéved Channgﬁ)-%urr?nrt] tré}tchei Cl;gom '\fjll
(P,) from 0.41+ 0.09 to 0.04+ 0.03 =3, p <0.01) and 1 CEll expressing In an Insice-out patch wi m
induced flickery kinetics in the CFTR Cthannelst, = ATP in the pipette and 140 mM Clin the bath.
19.5+ 1.9 ms, three patches,<0.01), in agreement with
previous observations (Linsdell and Hanrahan, 1996b). R347E mutation had little effect on the slope conductance
Similar effects were observed for the CFTR-associated of the CFTR-associated ATP channels (5:08.27 pS;
ATP channels (control: = 0.31+0.06 andt, = n=3) (Figure 7C). Thus, the results of pore-directed muta-
623.4*+ 58.2 ms; DIDS: B = 0.03*= 0.01 andt, = genesis and pharmacology both suggest that ATP and ClI
22.4+ 1.8 ms; three patchegp, <0.01) (Figure 7A). In permeate through distinct pathways.
contrast, DIDS in the pipette had no effect on CFTR
CI- channels, whereas it completely blocked the CFTR- The role of phosphorylation in CFTR-associated
associated ATP channels=7; Figure 7B). ATP channel gating

By revealing different inhibitor sensitivities of the two  Although the permeation pathways of CFTR-associated
permeation pathways, these reults support the biophysicalATP channels and CFTR Cthannels are distinct, gating
evidence that the CFTR Cthannel and CFTR-associated of the two channels appeared qualitatively similar, charac-
ATP channel pores are distinct. To explore this idea terized by slow kinetics. We therefore explored the rela-
further, we employed site-directed mutagenesis of CFTR. tionship of the gating behaviors of the two channels in
Previous results suggested that residues in the sixthmore detail. Both channels required the presence of
transmembrane segment contribute to the channel porePKA and cytoplasmic ATP for activityn=3; Figure 5A),
(Tabcharaniet al, 1993; Cheung and Akabas, 1996). suggesting a requirement for phosphorylation. To deter-
Mutations in R347 decrease the single channel conduct-mine whether the phosphorylation requirement of the
ance of CFTR Cl channels and weaken the binding ATP channel reflected the phosphorylation requirement of
affinity of disulfonic stilbenes for CFTR (Tabcharatial, CFTR, or of another protein associated with CFTR, we
1993; Linsdell and Hanrahan, 1996). We confirmed the examined ATP channel activity associated with CFTR
reduced single channel conductance of R347E CFTR mutants that display phosphorylation-independent gating.
(1.6 £ 0.1 pS;n=3, p <0.01) (Figure 7C). However, the We first examined the deletion mutant CFAR-S660A,
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Fig. 8. Effect of the R domain mutations on CFTR G@hannels and
CFTR-associated ATP channelé)(Diagram of CFTR showing the
two membrane-associated domains, two nucleotide-binding domains
(NBD1 and NBD2) and the R domain. The residues altered in
CFTRAR-S660A, CFTR S-oct-D, K464A and K1250A mutants are
shown. B) Current traces from a MDCK cell expressing CRAR
S660A in the presence or absence of PKA at various membrane
potentials (representative of five independently observed channels).
Short lines on the left of current traces indicate the baseline level. In
eight patches, CFTR Ckthannels were detected without PKA, but
ATP channels were not observe)(Current traces from a MDCK

cell expressing CFTR S-oct-D in an inside-out patch with 100 mM
ATP in the pipette and 140 mM Cin the bath at various membrane
potentials (representative of five independently observed channels).
Bath contained 2 mM MgATP but no PKA. ATP channels were
associated with CFTR Ckhannels in 5 out of 12 patches that
included CFTR.

CFTR is a regulator of ATP conductance

cytosolic ATP alone (Figure 8B), and the gating activity
did not increase following addition of PKA, in agreement
with the previous results. However, the CHIR-S660A
mutant eliminated CFTR-associated ATP channel activit-
ies, even in the presence of both PKA and ATR=5;
Figure 8B). This result suggests that the phosphorylation
requirement of ATP channel gating was mediated through
the CFTR R domain. To examine this further, we expressed
CFTR S-oct-D, which contains eight serine-to-aspartate
substitutions in the R domain (S660D, S686D, S700D,
S712D, S737D, S768D, S795D and S813D) (Figure 8A).
Insertion of the negatively charged aspartates in consensus
PKA phosphorylation sites in the R domain results in
constitutively active CFTR Clchannels in the absence of
PKA (Rich etal, 1993). We found that CFTR S-oct-D
generated both CFTR-associated ATP channels and CFTR
CI- channels, which gated without a requirement for PKA-
mediated phosphorylation in the presence of cytoplasmic
ATP (n=5; Figure 8C). The open probabilities of CFTR
S-oct-D Ct channels and associated ATP channels were
0.16+ 0.03 (1=4) and 0.15+ 0.01 (=3), respectively.
Thus, the phosphorylation requirement of ATP channel
gating appears to be mediated by the R domain, and the
R domain is required for ATP channel activity.

The role of ATP hydrolysis at CFTR NBDs in
CFTR-associated ATP channel gating

In addition to phosphorylation of the R domain, gating of
CFTR CF channels requires nucleotide hydrolysis. To
determine whether the ATP channel has a similar require-
ment, we investigated the effects of hydrolysis-resistant
ATP analogues on gating of CFTR Cthannels and
CFTR-associated ATP channels. Adenosifie53-thio-
triphosphate) (ATKS) alone failed to open either PKA-
phosphorylated CFTR CI channels, as previously
reported, or CFTR-associated ATP channeis=4;
Figure 9A). In contrast, AT¥S or 5-adenylylimidodi-
phosphate (AMP—PNP) enabled both CFTR €iannels
and CFTR-associated ATP channels opened by ATP to
remain open, by locking both into prolonged open states
(n=5; Figure 9B). The mean open timeg)(of CFTR

CI~ channels and CFTR-associated ATP channels, in the
presence of 20uM ATP and 2 mM AMP-PNP, were
6.5+ 1.6 s (three patches) and 2t10.4 s (three patches),
respectively, which were significantly greatgr €0.01)
than those of CFTR Clchannels (1.4 0.3 s, three
patches) and CFTR-associated ATP channels £0071

s, three patches) with 2 mM ATP. AYB similarly
increasedt, of CFTR CI channels (6.6- 1.3 s, three
patches,p <0.01) and CFTR-associated ATP channels
(3.6 £ 0.7 s, three patchep, <0.01).

To determine whether this ATP hydrolysis-requirement
of ATP channel gating is mediated by the NBDs in CFTR,
we investigated the effects of mutations in each NBD. We
used mutant CFTRs containing point mutations in the
conserved Walker A motifs, which intimately contact the

which lacks much of the R domain and replaces Ser-660 polyphosphoryl moieties of bound nucleoside triphos-
with alanine (Figure 8A). Welsh and co-workers previously phates in other ATP- and GTPases. These NBD1 and
showed that the permeation properties of this channel NBD2 mutants, containing the individual mutations

were unaltered, but that its gating was independent of K464A and K1250A, respectively, were expressed in

PKA-mediated phosphorylation (Richt al, 1993). The
CFTRAR-S660A Ct channels were active in MDCK cells
(P, = 0.05% 0.003, n=3) requiring the presence of

MDCK cells and single-channel currents of CFTR ClI
channels and CFTR-associated ATP channels were ana-
lyzed. Compared with the wild-type CFTR Cthannel,
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Fig. 9. Effects of poorly-hydrolyzable nucleotide analogues on the
kinetics of CFTR Ct channels and CFTR-associated ATP channels.
(A) CFTR CI channels and CFTR-associated ATP channels in the
presence or absence of ATP followed by addition of 2 mM ySRt
various membrane potentials (representative of four independently
observed channels). Short lines on the left of current traces indicate
the baseline level.B) CFTR CI channels and CFTR-associated ATP
channels in the presence of 20M ATP followed by addition of

2 mM AMP-PNP at various membrane potentials (representative of
five independently observed channels). A&Fhad same effects as
AMP-PNP (=6).

the K464A mutant exhibited no significant differences in
P, (p >0.05),t, (p >0.05) and the mean closed tintg) (p
>0.15), although there was a tendency towards increased
and shortet, (Figure 10B, C, D and E). Similar, relatively
small effects of this mutation have been previously noted
(Gunderson and Kopito, 1995). The K464A mutation
similarly had no significant effects on the gating of the
CFTR-associated ATP channels (Figure 10B, C, D and
E). In contrast, mutation of the corresponding lysine
in NBD2 (K1250A) resulted in CFTR-associated ATP
channels [f <0.01) as well as CFTR Clchannels g
<0.02) that exhibited significantly prolonged,
(Figure 10A and D). The K1250A mutation resulted in
gating behaviors of wild-type CFTR Cichannels and
CFTR-associated ATP channels which mimicked those
induced by non-hydrolyzable nucleotide analogues
(Figure 10A). In addition, we noted that the K1250A
mutation also decreasedof both CFTR Ct channels §
<0.01) as well as CFTR-associated ATP channgs (
<0.01) (Figure 10E). As a result, the K1250A mutation
caused a substantial increase in theoP both channels

(p <0.01) (Figure 10C).

Discussion
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Fig. 10. Effect of mutations of the Walker A motif lysines in NBD1

and NBD2 on the gating of CFTR Cthannels and CFTR-associated
ATP channels.A) Current traces from a MDCK cell expressing
K1250A in an inside-out patch with 100 mM ATP in the pipette and
140 mM CF in the bath at various membrane potentials (representative
of six independently observed channels). Short lines on the left of
current traces indicate the baseline level. ATP channels were
associated with CFTR Ckchannels in 6 out of 14 patches that

included CFTR. B) Current traces from a MDCK cell expressing
K464A at various membrane potentials (representative of nine
independently observed channels). ATP channels were associated with
CFTR CI channels in 9 out of 17 patches that included CFTR.
Comparison of the open probabilitZ), mean open timelX), and

mean closed timeH) of CFTR CI channels and CFTR-associated

ATP channels in wild-type CFTR and NBD mutants. Closed and open
bars represent CFTR Cthannels and CFTR-associated ATP channels,
respectively. The data represent meaSE from three to four patches
containing only one active CFTR CTthannel or CFTR-associated

ATP channel. Asterisks indicate statistical significange<Q.05)

relative to wild-type.

of 100 mM ATP to detect ATP currents neither damaged
nor permeabilized membrane patches, since stable seals
(10-50 &) lasted 15-60 min, the slope conductance of
CFTR CFI channels with ATP in the pipette was similar
to that observed in symmetrical Cholutions and the
activities of CFTR Ct channels and CFTR-associated
ATP channels were regulated normally by the addition of
PKA and cytosolic ATP. We noted the occasional presence
of ATP currents that appeared to be associated with
endogenous Clchannels in the MDCK cells, but their
properties were distinct from those which were associated

with CFTR. The frequencies with which these AP

channels were detected in CFTR-transfected cells or in
patches that included CFTR were not different from the

frequency of their detection in control cells, suggesting

that they are unrelated to CFTR. AjPchannels may
Our data indicate that expression of CFTR in MDCK cells possibly underlie the CFTR-independent ATP release
induces the appearance of a novel ATP channel. The useobserved in epithelial cells in response to mechanical
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stimuli (Grygorczyk and Hanrahan, 1997) or cell swelling has been established by analysis of the effects of nucleotide

(Wanget al,, 1996). analogues and hydrolysis by-products, and by mutagenesis
of the NBDs (Hwanget al, 1994; Carsoret al, 1995;

The permeation pathways for CI- and ATP are Gunderson and Kopito, 1995). These results have been

distinct complemented by biochemical evidence of ATP binding

Our results suggest that although CFTR induces the (Traviset al, 1993; Logaret al, 1994) and hydrolysis by
appearance of a different ATP conductance, the novel CFTR (Li et al, 1996b). Mutation analysis suggests that
ATP permeation pathway is not the same pathway that ATP hydrolysis at NBD1 and NBD2 controls both channel
mediates Cl permeation through CFTR. First, in one- opening and closing (Carsat al,, 1995; Gunderson and
third of patches that included CFTR, CFTR Channels Kopito, 1995). In our experiments, nucleotide hydrolysis
were not associated with detectable ATP conductances.appears to be involved in regulating gating of not only
Furthermore, there was no strict correspondence betweerthe CFTR Ct channel, but also the CFTR-associated ATP
the numbers of CFTR Clchannels and ATP channels in channel. First, ATPS alone failed to open either PKA-
the CFTR-containing patches. Second, channel inhibitors phosphorylated CFTR Clchannels or CFTR-associated
that interact with the CFTR Clpore had different effects =~ ATP channels. Second, in the presence of RGO ATP,

on the Ct and ATP channels. DPC, which inhibits the poorly-hydrolyzable ATP analogues AlSor AMP—
CFTR CF channels from either side of the membrane at PNP caused both CFTR Glhannels and CFTR-associated
hyperpolarizing voltages by causing a rapid flickery block ATP channels to lock into long open states. The similar
due to binding within the permeation pathway (McCarty requirement of ATP hydrolysis for gating of CFTR-
et al, 1993; McDonougtet al, 1994), was without effect  associated ATP channels and CFTR €Hannels suggests
on the ATP channels. Glibenclamide also induces a flickery that distinct pores of the two channels are both regulated
block of open CFTR Cichannels (Schultet al, 1996; by ATP hydrolysis at CFTR’s NBDs. To address this
Sheppard and Robinson, 1997), but in contrast it com- issue, we examined the effects of mutations at NBD1 and
pletely blocked the ATP channel. Furthermore, DIDS, NBD2. Mutations in the conserved Walker A motif lysines
which cannot permeate through the CFTR pore and causeof NBD1 (K464A) and NBD2 (K1250A) are thought to

a voltage-dependent inhibition of CFTR ~Cthannels attenuate ATP hydrolysis with minimal effect on ATP
when applied to the cytoplasmic side of the membrane binding (Sunget al, 1988; Schneideet al, 1994; Carson
(Linsdell and Hanrahan, 1996b), but is ineffective from etal, 1995). Previous analyses of the K464A mutant
the extracellular side, completely blocked the CFTR- indicated that it had a reduced, Hue to an increased
associated ATP channel from the extracellular side of the closed time, although these effects were not pronounced
membrane. Third, mutation of a residue in the CFTR CI (Carsonret al, 1995; Gunderson and Kopito, 1995). In our
channel pore, R347E, had little effect on the conductance experiments, there was a tendency to lowgakd longer

of CFTR-associated ATP channels, in contrast to its effect closed time, but the effects were not significant. However,
on the CFTR Ci conductance. Finally, the two channels it is of note that similar effects were observed for the
exhibited distinctl/V relations and reversal potentials. ATP channels associated with this mutant. The K1250A
Hysteresis, as sometimes observed witpresent on the  mutation had more pronounced effects. The CFTR CI
extracellular side of the channel (Tabcharanal., 1997), channels exhibited significantly prolonged open times and
cannot account for the distinct reversal potentials becausedecreased closed times, resulting in a significant increase
the CI and ATP channels could be observed simultan- in P,. The prolonged channel open time in the K1250A
eously with conductances consistent with distinéy mutant suggests that ATP hydrolysis at NBD2 closes the
relations for the two channels. Taken together, these datachannel, consistent with previous observations (Carson
suggest that the pore in the ATP channel associated withet al,, 1995; Gunderson and Kopito, 1995). The shortened

CFTR is distinct from the pore for Cin CFTR. closed time that we observed has not been noted previously,
but suggests that ATP hydrolysis at NBD2 may also play
CFTR gates the CFTR-associated ATP channel a role in channel opening. Most importantly for the present

Although our results suggest that separate pores mediatestudy, remarkably similar effects on the gating kinetics of
CFTR-associated permeation of-Gind ATP, gating of  the CFTR-associated ATP channels were also observed.
the ATP channel is nevertheless closely linked with the
gating of CFTR. First, both channels exhibit slow gating CFTR as an ATP channel regulator
kinetics and require cytoplasmic PKA and ATP. Second, Our results therefore indicate that phosphorylation- and
the phosphorylation requirement of ATP channel gating nucleotide-hydrolysis-dependent gating of CFTR is dir-
is mediated by phosphorylation of CFTR. Thus, CFTR ectly involved in gating of an associated ATP channel.
S-oct-D generated CFTR-associated ATP channels as wellNevertheless, our data also suggest that the permeation
as CFTR Cft channels that opened without a requirement pathways for Cl and ATP are distinct. A model in
for PKA-mediated phosphorylation. Although the mechan- which distinct pores are regulated by a common gate is
isms by which phosphorylation of the R domain influences reminiscent of the gating behavior of the CIC-0-CI
CFTR Cr channel gating are still unknown, our results channel, in which a slow gate contributed by two CIC-0
indicate that electrostatic interactions between the R monomers simultaneously gates two independent CIC-0
domain and another part of CFTR, or charge-induced pores (Ludewiget al, 1996, 1997; Middletoet al.,, 1996).
conformational changes in the R domain associated with However, the CIC-0 model is distinguished from that for
its phosphorylation, enable gating of the CFTR-associated CFTR since the CIC-0 channels are always ‘double-
ATP channels as well as CFTRGlhannels. barreled’, whereas the expression of CFTR is not obligator-
The role of ATP hydrolysis in CFTR Cthannel gating  ily associated with expression of the ATP conduction
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pathway. Manifestation of the CFTR-associated ATP con- play a role in the maintenance of normal fluid balance in
ductance may require interaction of CFTR with another the lung (Schwieberetal, 1995; Hwanget al. 1996).
molecule(s), although neither the nature of this interaction Furthermore, since CFTR functions in intracellular organ-
nor the other molecule(s) are known. The apparent tight elles as well as in the plasma membrane (Pasyk and
coupling between the gating kinetics of CFTR and the Foskett, 1995), the adenine nucleotide permeability associ-
ATP channel suggests that the structural changes in CFTRated with CFTR may play important roles in membrane
which control the opening and closing of CFTR have trafficking (Bradburyetal, 1994; Biwersiet al., 1996)
similar effects on the ATP conduction pathway. However, and glycoprotein processing (Pasyk and Foskett, 1997).
our data do not indicate whether the hypothetical inter- Identification of the molecular basis of the CFTR-associ-
acting molecule(s) contributes, solely or in association ated ATP channel is now of critical relevance for under-
with CFTR, to the ATP pore. The interacting molecule(s) standing the importance of this permeability in normal
may include a separate ATP channel protein regulated byand patho-physiology.
domains in CFTR. Precedents for this mechanism exist
in the demonstr:_:ltlons that P—gly_coproteln, another_ ABC Materials and methods
transporter protein, regulates distinct cell-volume activated
ClI- channels (Hardyetal, 1995); the interaction of  Cells and CFTR expression
the sulfonylurea receptor (SUR), again another ABC MDCK cells were used for transfection and expression of wild-type
transporter protein, with a K channel is required to ~ and mutant CFTR proteins. The cells were grown in MEM (Gibco)
ifest ATP iti K ch | tivity (Aquil supplemented with 10% FCS in 5% &Ohey were co-transfected with
manires -sensitive . Channel aclivity ( gu_' ar— PcDNA eukaryotic expression vectors containing cDNAs for CFTR and
Bryanet a|-,_ 1995; Inf_:lgak_et al, 1995); and the assoclation  a separate expression vector containing the green fluorescent protein
of CFTR with the epithelial Na channel (ENaC) modifies  (pGREEN LANTERN-1, Gibco) (10:1) using the Lipofectamine reagent
ENaC gating kinetics and response to phosphorylation (Gibco), according to the manufacturer’s instructions. Expressing cells
; were identified by visualizing the green fluorescent protein. Cells were
(Stuttset al, 199.7)2 Our re.SUIt.S suggest "’?” |mp_ortant role plated on glass coverslips the day before their use in patch—clamp
for the R domain in contributing to manifestation of the = gyperiments and were studied 2 or 3 days after transfection.
ATP channel, since its deletion, while leaving the CFTR
CI- channel pore intact, eliminates the ATP channel. It is Patch-clamp electrophysiology
interesting to note that phosphorylation of the linker EXxcised inside-out membrane patches were obtained by standard tech-
f . . Lo . niques. Coverslips containing CFTR-transfected MDCK cells were
reglp_n In P-glycoproteln_, which is Ioc_ateq '_n an a_‘nal()gous transferred to a chamber on the stage of an inverted microscope. Unless
position to the R domain of CFTR, is critically involved  otherwise specified, the pipette solution contained 100 mM Na2ATP,
in P-glycoprotein regulation of cell-volume activatedCl 5 mM KCI, 1 mM MgSQ, 0.1 mM CaC}, 1.1 mM EGTA and 10 mM
channels (Hardgt al,, 1995). Alternatively, the molecular HIEPES pH ;I-&_ ;n?Nt'\f}I% gat&)sollmii;] &Oglaci)nled %A4g ng\f i\l-lm&t’ayl-
; ; ; ; glucamine chloride —Cl), 1 m g6/0.1 mM CaC}, 1.1 m
interaction of CFTR with the unknown molecule(s) might 2" 2= o ol 2 pH 7.4. 100 nM PKA and 2 mM MgATP
create a novel permeation pathway. Finally, the interaction \yere added to the bath for excised membrane patches. Ag/AgCI
could possibly create an ATP channel within CFTR itself. electorodes were used in the pipette and bath without agar bridges, since
Further studies will be required to clarify the nature of the compositions of pipette and bath solutions were not changed during
the ATP permeation pathway. Because our results sugges he experiments. Junction potentials were corrected in all experiments

. R y an initial offset applied by the amplifier. Stable seals (10-8D) G
that CFTR is a regulator of an ATP channel that is distinct ;. o ootained using heat-polished electrodes €5 pm diameter)

from the Ct channel in CFTR, they may provide an with 20-40 M resistance. Excision of membrane patches did not
explanation for the inability in some studies to observe adversely affect the seal. The membrane potential in excised patches was:
CFTR-associated ATP permeabilities (Grygorcatial,, Ve = Voo Ve = v
1996; Li etal, 1996a; Reddyetal, 1996). A CFTR- " ean ‘ppeter foyopiasme™ foxaceluiar
associated ATP permeability has also been observed in 0n|yPositive current flowed from bath to pipette, according to the usual
_ - convention. All patch—clamp experiments were performed at room
a subset of CFTR Clconductance eXpres.Slm.genOpus temperature. Single-channel currents were amplified with an Axopatch
oocytes (J.Engelhardt', p_grsonal Communlcat_'on) and we2qoB amplifier with anti-aliasing filtering at 300 Hz, transferred to a
previously noted variability in the expression of the Power Macintosh 8100/100 via an ITC-16 interface (Instrutech Corp.,
ATP conductance in different CFTR-expressing CHO cell Great Neck, NY), digitized at 2 kHz and written directly onto hard disk

clones (Pasyk and Foskett 1997) These observationsby Pulse+ Pulsefit software (HEKA electronic, Lambrecht, Germany).
’ : Channel opening and closing events were detected and analyzed using

!end su_pport _tO the hypOtheSiS _that specific molecular MacTac 2.0 (Skalar Instruments, Seattle, WAY.curves were generated
interactions with CFTR are required to create the ATP from the amplitudes determined by computer-assisted manual measure-
conductance. ments of detected events. The membrane potential was stepped from 0
Because the ATP concentrations employed in this study [0 ~90 mV or from =90 (o190 mV in 30 mV increments, or rapidly
exceed physiological levels, future investigations of the srgtg_probn;bni& é’{ was determined l‘(rc;r?wuraem[:))iitudz Chistré%?afn?né
Concemr_at'on_condUCta_nce relauonSh'P of the channel will as measured in patches containing one to six channels and in current
be required to determine the magnitude of the ATP recordings of at least 2 min duration. The number of channels was
permeability associated with this pathway under physio- determined as the maximum number_ of channels open simultaneously
logical conditions. Since CFTR is expressed on the apical fhroughout the duration of the recording (15-60 min). The mean open
membranes of epithelial cells. ATP released throuah the time (o) and_the mean closed tlmec)(w_ere der_lved fror_n patches W|th_

. _p il h . g only one active channel (for 15-60 min). Gating of wild-type CFTR is
adenine nucleotide permeability associated with CFTR characterized by relatively long openings punctuated by brief closings
may interact with luminal components, for example pur- and separated by relatively long closures. The brief closures are probably
inergic receptors on epithelial cells or on immune cells, g'“EeP‘EOS)O%‘?nhﬁg;"b”rg'ng"zﬁ!‘nfgeﬁoﬂéo&e;‘;faﬁ;;higbgaég (for nstance,

. . . | ) ) [
for exa_mplg neUtrOph”S and macrophages associated WlthWelsh, 1997) and are therefore not intrinsic parts of the CFTR gating
the epithelial cell apical membrane surface. Extracellular mechanisms. A 40 ms delimiter was chosen to separate openings from

ATP may stimulate other Clchannels in the airway and  brief closings on the basis of the closed dwell time distribution of wild-

(Equation 1)
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type CFTR Ct channels. Thus, closures shorter than 40 ms are included Grygorczyk,R., Tabcharani,J.A. and Hanrahan, JW. (1996) CFTR
as part of the open state. In contrast, analysis of channel blocker data channels expressed in CHO cells do not have detectable ATP
employed a 2 ms delimiter. Within single openings from portions of conductanceJ. Membr. Biol, 151, 139-148.

recordings in which only a single open level was observed, the mean Gunderson,K.L. and Kopito,R.R. (1994) Effects of pyrophosphate and

open time between blocker-induced rapid closures (inter-block open
time, tj;) was determined by event-duration analysis of records from
patches containing one or two channels and lasting 2—10 rgjrie,R;
andt;, of CFTR CI” channels and CFTR-associated ATP channels were
determined at —90 mV anét90 mV, respectively.

Results are presented as meanS.E. of n observations. Unless
noted otherwise, statistical significance was determined using unpaired
Student’st test.p values<<0.05 were considered statistically significant.

Materials

The catalytic subunit of PKA was obtained from Promega,AN&,
MgATP, AMP-PNP, ATRS, DIDS and glibenclamide were obtained
from Sigma. DPC was from RBI.
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