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High affinity ATP/ADP analogues as new tools for studying

CFTR gating
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Previous studies using non-hydrolysable ATP analogues and hydrolysis-deficient cystic fibrosis
transmembrane conductance regulator (CFTR) mutants have indicated that ATP hydrolysis
precedes channel closing. Our recent data suggest that ATP binding is also important in
modulating the closing rate. This latter hypothesis predicts that ATP analogues with higher
binding affinities should stabilize the open state more than ATP. Here we explore the possibility
of using N¢-modified ATP/ADP analogues as high-affinity ligands for CFTR gating, since these
analogues have been shown to be more potent than native ATP/ADP in other ATP-binding
proteins. Among the three N®*-modified ATP analogues tested, N°-(2-phenylethyl)-ATP (P-ATP)
was the most potent, with a K1/, of 1.6 == 0.4 1M (>50-fold more potent than ATP). The maximal
open probability (P, ) in the presence of P-ATP was ~30% higher than that of ATP, indicating that
P-ATP also has a higher efficacy than ATP. Single-channel kinetic analysis showed that as [P-ATP]
was increased, the opening rate increased, whereas the closing rate decreased. The fact that these
two kinetic parameters have different sensitivities to changes of [P-ATP] suggests an involvement
of two different ATP-binding sites, a high-affinity site modulating channel closing and a low
affinity site controlling channel opening. The effect of P-ATP on the stability of open states was
more evident when ATP hydrolysis was abolished, either by mutating the nucleotide-binding
domain 2 (NBD2) Walker B glutamate (i.e. E1371) or by using the non-hydrolysable ATP
analogue AMP-PNP. Similar strategies to develop nucleotide analogues with a modified adenine
ring could be valuable for future studies of CFTR gating.
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Cystic fibrosis transmembrane conductance regulator
(CFTR), a member of the ATP-binding cassette
(ABC) transporter superfamily, is a protein kinase A
(PKA)-activated and ATP-gated chloride channel
(reviewed by Gadsby & Nairn, 1999). Proteins in this
family share many characteristic structural features,
including two membrane-spanning domains and two
nucleotide-binding domains (NBD1 and NBD2), each
containing a Walker A motif, a Walker B motif and a
signature sequence, which are important for ATP binding.
Crystallographic and biochemical studies of several
members of the ABC superfamily (e.g. Chen et al. 2003)
indicate that the two NBDs form a head-to-tail dimer
with two ATP molecules buried at the dimer interface.
The bound nucleotides, as well as several amino acid
residues from each NBD participating in nucleotide
interactions, are intimately involved in forming a stable
dimer. Because each binding pocket in a dimeric structure
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consists of molecular components from both NBDs, we
define the NBD1 ATP-binding site (or NBD1 site) as the
binding pocket containing Walker A and Walker B motifs
in the NBD1 sequence and the signature sequence of the
NBD2. An equivalent definition is applied to the NBD2
site.

Although there is no structural evidence for
dimerization of the NBDs of CFTR, a recent functional
study by Vergani et al. (2005) suggests that dimerization
of the NBDs of CFTR is associated with the open channel
conformation; their data also provide evidence that the
NBD dimer of CFTR may assume a similar structure as
seen in other members of the ABC superfamily. Since
the ligand, ATP, becomes part of the open channel
conformation as this new structure/kinetic model implies,
the binding energy of ATP should be part of the free
energy that determines the open-state stability. Indeed,
our recent study provides functional data to support this

DOI: 10.1113/jphysiol.2005.095083



448 Z. Zhou and others

idea. By examining macroscopic and microscopic kinetics
of a hydrolysis-deficient mutant CFTR (i.e. E1371S), we
demonstrate an [ATP]-dependent distribution of the
open time constants, indicating that ATP binding can
affect the life time of the open state (Bompadre et al.
2005a,b). In theory, the importance of ATP binding for
the open channel stability can be tested by examining
how changes of the nucleotide binding affinity affect the
stability of the open state. One would expect that ATP
analogues with higher binding affinity should stabilize
the open state more than ATP.

Many ATP analogues have been used to study
CFTR gating. Most commonly used ATP analogues,
such as AMP-PNP and ATP-y-S, are modified at the
phosphate groups so that they become poorly hydrolysable
(e.g. Gunderson & Kopito, 1994; Hwang et al. 1994). These
analogues are useful in studying effects of ATP hydrolysis
on gating, but they do not offer distinct advantages of a
higher binding affinity. We chose to examine analogues
with added hydrophobic moieties at the N® position of
the adenine ring of ATP or ADP for several reasons.
First, it is known that a large hydrophobic pocket exists
immediately adjacent to the adenine ring in the crystal
structures of ATPase family members, including CFTR
(Lewis et al. 2004, 2005). Therefore, analogues with hydro-
phobic moieties added to the adenine ring are more
likely to assume higher affinities than ATP. Second, the
N® position of the adenine ring can be easily modified
(Shah ef al. 1997), and the resulting nucleotide analogues,
with higher affinities than the native nucleotides, have
been successfully used to study the structure/function
relationship of other ATPase proteins, such as myosin
isozymes (Gillespie et al. 1999). Third, analogues with
modifications of the adenine ring, instead of the phosphate
groups, may have less effect on ATP hydrolysis. Since
multiple ATP-binding sites may be involved in CFTR
gating (e.g. Hwang et al. 1994; Carson et al. 1995;
Gunderson & Kopito, 1995; Zeltwanger et al. 1999; Ikuma
& Welsh, 2000; Bompadre et al. 2005b; Randak & Welsh,
2005; Vergani et al. 2005), a high-affinity ATP analogue
could also help resolve the functional roles of these
sites.

We have tested three N°-modified ATP analogues;
all exhibit higher potency than ATP for CFTR gating.
The most potent one, N°-(2-phenylethyl)-ATP (P-ATP),
shows a >50-fold higher apparent affinity than ATP.
Single-channel kinetic analysis for channels opened by
P-ATP demonstrates that both the opening rate and
the closing rate of the channel are dependent on
the concentration of the analogue, but with different
sensitivities, suggesting a possible involvement of two
different binding sites. Consistent with our hypothesis that
nucleotide-binding energy is important for the stability of
the open state, P-ATP-opened channels stay in the open
state longer than ATP-opened channels.
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Methods
Cell preparation and transient expression

Chinese hamster ovary (CHO) cells were used for
transient expression of wild-type (WT) or mutant CFTR.
CHO cells were kindly provided by Dr Karen Cone
(University of Missouri-Columbia). These CHO cells
(A23 genotype thymidine kinase minus) were originally
obtained from Stanford Human Genome Center. The
cDNA constructs are cotransfected with pEGFP-C3
(Clontech, Palo Alto, CA, USA), encoding the green
fluorescent protein, using SuperFect transfection reagent
(Qiagen, Valencia, CA, USA) according to manufacturer’s
instruction. The duration of the transfection reaction is
4 h. Cells were then trypsinized and seeded onto glass
chips in fresh 35 mm Petri dishes. Electrophysiological
recordings were performed 2—7 days after the transfection.

Electrophysiological recordings

Details of the recording methods have been previously
described (e.g. Zhou et al. 2002). Briefly, electro-
physiological recordings were performed on inside-out
patches excised from CHO cells transiently expressing
WT or mutant CFTR channels. The pipette solution (i.e.
extracellular solution) contained (mm): 140 NMDG-CI,
2 MgCl,, 5 CaCl, and 10 Hepes (pH 7.4 with NMDG).
Cells were perfused with a bath solution containing (mm):
145 Na(l, 5 KCl, 2 MgCl,, 1 CaCl,, 5 glucose, 5 Hepes and
20 sucrose (pH 7.4 with NaOH). After the establishment of
an inside-out configuration, the patch was perfused with
a standard perfusion solution (i.e. intracellular solution)
containing (mm): 150 NMDG-Cl, 2 MgCl,, 10 EGTA and
8 Tris (pH 7.4 with NMDG). The membrane potential
was held at —50mV for all the experiments. Down-
ward deflections of the current trace represent channel
opening. Currents were recorded at room temperature
using an EPC10 patch-clamp amplifier (Heka Electronic,
Lambrecht, Germany). Current traces were filtered at
100 Hz with a built-in four-pole Bessel filter and digitized
online at 500 Hz.

Data analysis

Estimations of the steady-state mean current amplitude
and all curve fittings were performed with Igor Pro
program (Version 3.11; Wavemetrics, Oswego, OR, USA).
For single-channel kinetic analysis, data were further
filtered at 50 Hz and analysed using software written
by Dr Csanaddy (Csanady, 2000). Only recordings from
patches containing no more than five channels (estimated
from maximal number of simultaneous openings) were
selected for kinetic analysis, except for the experiments
with submicromolar P-ATP concentrations where patches
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with up to eight channels were also included because
of the low channel activities at very low [P-ATP]. We
routinely applied 30 um P-ATP before and after the
application of submicromolar P-ATP in the same patch.
The maximum number of simultaneous openings at
30 um P-ATP was used to estimate the number of channels
at submicromolar P-ATP. A three-state kinetic model,
C= O= B, was adopted to extract kinetic parameters
as previously described (Csanady et al., 2000; Vergani
et al. 2003; Bompadre et al. 2005a). This kinetic model
was also used to extract single-channel kinetic parameters
in the presence of P-ADP. This method is apparently an
oversimplification since our previous studies indicate that
ADP, by competing with ATP for channel opening, induces
another closed state (Bompadre et al. 2005a). However, this
oversimplified model, which lumps multiple closed states
together, is sufficient for a crude estimation of the closed
time. The purpose of our kinetic analysis with P-ADP
is primarily to verify the effect of P-ADP on the closed
time.

For the current relaxation experiments shown in
Fig.7, we designed different protocols to minimize
potential time-dependent effects on current relaxation.
These protocols also take into account a potential
difference between ATP and P-ATP as substrates for
PKA. For E1371S-CFTR current relaxation experiments
(Fig. 7A), initially channels were activated by PKA plus
P-ATP in some patches, while by PKA plus ATP in
others. For WT-CFTR current relaxation experiments
(Fig. 7C), channels were first activated by PKA plus
ATP. Subsequently, ATP/AMP-PNP or P-ATP/AMP-PNP
was applied alternately in the same patch. Since we
did not find time-dependent changes in E1371S-CFTR
experiments or in WT-CFTR experiments, data from each
set of experiments were pooled for statistical analysis. To
estimate the relaxation time constant, we fitted the time
course of current decay with a single exponential function.
The first 5s of the data were routinely excluded from
fitting because the current decay during this time period
cannot be reliably measured due to the limited speed of
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All averaged data are presented as means £ S.E.M.; 1
represents the number of experiments. Student’s t tests
were performed using SigmaPlot (Version 8.0) and results
were considered significant if P < 0.05.

DNA constructs

We have previously described in detail the subcloning of
wild-type CFTR ¢DNA into the mammalian expression
vector pcDNA 3.1 Zeo(+) (Invitrogen, Carlsbad, CA,
USA) (Powe et al. 2002). Point mutation E1371S was
introduced into the pcDNA3.1 wild-type CFTR by
QuikChange XL method (Stratagene, La Jolla, CA,
USA). To obtain plasmid pBudCE4.1/split AR-CFTR for
expressing AR-CFTR channels, cDNAs encoding CFTR
residues 1-633 and residues 837—1480 were subcloned into
pBudCE4.1 (Invitrogen) under the control of the CMV
and EF1-o promoters, respectively (see Ai et al. 2004 for
details).

Reagents

N°®-(2-phenylethyl)-ATP (P-ATP) (purity, 99.63%), N°-
benzyl-ATP (B-ATP) (99.73%), N°-(2-methylbutyl)-ATP
(M-ATP)  (98.04%) and N°®-(2-phenylethyl)-ADP
(P-ADP) (98.12%) were purchased from Biolog
Life Science Institute (Bremen, Germany). PKA was
purchased from Promega (Madison, WI, USA). Mg-ATP
(~95%) was purchased from Sigma (St Louis, MO, USA).
AMP-PNP was purchased from Roche (Indianapolis, IN,
USA).

Results

Characterization of Né-modified ATP analogues

We tested three ATP analogues with added hydrophobic
moieties at the N° position of the adenine ring (Fig. 1)
on WT-CFTR. All three such ATP analogues, including
P-ATP, B-ATP and M-ATP, were more potent than
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Figure 1. Chemical structures of ATP and N¢-modified ATP analogues
The three ATP analogues tested were N®-(2-phenylethyl)-ATP (P-ATP), N®-benzyl-ATP (B-ATP) and

NB-(2-methylbutyl)-ATP (M-ATP).
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ATP in activating the channel (Fig.2). Figure 2A shows
representative current traces of WT-CFTR in the presence
of ATP and the three ATP analogues examined. Inside-out
membrane patches were first exposed to PKA (40 Uml ™)
and 1 mMm ATP for channel activation. ATP (2.75 mm),
applied before and after the application of 5 um of each
ATP analogue, served as a control to ensure minimal
time-dependent channel rundown. The ratios of the mean
current induced by each ATP analogue (5uM) to that
induced by 2.75 mm ATP were calculated, and the mean
values are shown in Fig. 2B. The ratios for the three ATP
analogues were much higher than that of 5 um ATP (data
from Zeltwanger et al. 1999), indicating that all three ATP
analogues are more potent than ATP, with P-ATP being
the most potent analogue tested. It is interesting to note
that the mean current in the presence of 5 um P-ATP is
larger than that with 2.75 mm ATP, a saturating [ATP] for
WT-CFTR, suggesting that P-ATP is not only more potent
butalso more effective than ATP. We therefore chose P-ATP
for the rest of the study.

Gating of CFTR by P-ATP

We next examined the single-channel kinetics of CFTR
channels in the presence of P-ATP. Our recent studies
(Bompadre et al. 2005a) indicate that AR-CFTR, a
mutant CFTR with the regulatory (R) domain (residues
634-836) deleted (see Methods for details), can be a
useful tool for single-channel kinetic analysis because of

J Physiol 569.2

its resistance to dephosphorylation-dependent rundown.
Moreover, the relatively low expression level of AR-CFTR
channels greatly improves the chance of obtaining
patches containing fewer channels for data analysis. Most
importantly, the single-channel kinetics of AR-CFTR is
similar to that of the WT. To test if P-ATP had a similar
effect on AR-CFTR channels as observed with WT-CFTR,
we performed the same experiment as shown in Fig. 2A on
AR-CFTR channels, and obtained a ratio for 5 um P-ATP
similar to that of WT-CFTR channels (Fig. 2B).

Figure 3A shows representative single-channel current
traces of AR-CFTR in the presence of 2.75mm ATP,
30 um P-ATP and 0.1 um P-ATP. Even by eye inspection,
the open time in the presence of 30 um P-ATP appears
to be longer than that with 2.75 mm ATP, a saturating
[ATP] for AR-CFTR (Bompadre et al. 2005a), or 0.1 um
P-ATP. The measured open probability (P,) at various
[P-ATP] was used to construct the P-ATP dose-response
relationship (Fig. 3B). The dose—response curve of P-ATP
shifts drastically to the left, compared with that of ATP,
with a Ky, of 1.6£0.4 um, indicating that P-ATP is
>50-fold more potent than ATP (K, = 127.9 +43.1 um,
data from Bompadre et al. 2005a). Since the ATP
preparation used in the current study may contain a
higher percentage of impurity (see Methods), the observed
differences between ATP and P-ATP could result from the
higher contamination of ADP in the ATP preparation.
Based on our previous data on ADP-dependent inhibition
(Bompadre et al. 2005a) and a 2.5% ADP contamination
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Figure 2. N6-modified ATP analogues are more potent than ATP

A, after patch excision, wild-type cystic fibrosis transmembrane conductance regulator (WT-CFTR) channels were
activated by protein kinase A (PKA) and 1 mm ATP. ATP (2.75 mm) was then applied before and after the application
of each ATP analogue (5 uM). B, mean current responses to 2.75 mm ATP and 5 um ATP analogues of WT-CFTR
channels were compared. The ratios of the mean current induced by ATP analogue (5 um) to that by 2.75 mm ATP
for WT-CFTR channels are 1.12 & 0.09 (n = 10), 0.54 & 0.05 (n = 10) and 0.25 & 0.04 (n = 8) for P-ATP, B-ATP
and M-ATP, respectively. This ratio is 0.07 £ 0.04 (n = 8) for 5 um ATP (data from Zeltwanger et al. 1999). For
AR-CFTR channels, this ratio is 1.09 & 0.06 (n = 9) for 5 um P-ATP.
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Figure 3. Concentration dependence of AR-CFTR activity in response to P-ATP or ATP

A, AR-CFTR single-channel current traces in the presence of 2.75 mm ATP, 30 um P-ATP and 0.1 um P-ATP. B,
open probability (P,) dose-response relationships of P-ATP (@) and that of ATP (O; from Bompadre et al. 2005a).
Continuous lines are Hill equation fits to the data. The n values for the fits are 1.05 & 0.30 for P-ATPand 0.66 + 0.23

for ATP.

in the ATP preparation (data from Sigma), we estimated
that the P, of AR-CFTR in the presence of ATP was
underestimated by ~10%. The corrected K, for ATP is
now 118.0 = 34.6 um, which is not significantly different
from that before correction. Therefore, P-ATP is indeed
more potent than ATP. In addition, consistent with the
macroscopic results shown in Fig. 2A, the corrected P, in
the presence of 2.75 mm ATP (P, =0.45+£0.01,n=12) is
still lower than that with 30 um P-ATP (P, = 0.55 £ 0.02,
n=6), suggesting the P-ATP is more effective than ATP as
well.

Detailed kinetic analysis shows that both the opening
rate and the closing rate are [P-ATP] dependent
(Fig. 4). However, these two kinetic parameters exhibit
different sensitivities to changes of [P-ATP]. The
opening rate (Fig.4A) appears less sensitive to [P-ATP]
(K, =4.5%2.7 um) and reaches a maximal value that
is similar to that in the presence of saturating [ATP]
(2.6 £0.2s7', n=20, data from Bompadre et al. 2005a;

>
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dashed line in Fig. 4A). On the other hand, the closing rate
(Fig. 4B) decreases with [P-ATP] (K1, = 0.16 0.24 um),
and reaches a minimal value that is ~50% smaller than
that in the presence of ATP (3.34+0.1s7!, n=38, data
from Bompadre et al. 2005a; dashed line in Fig. 4B). The
different sensitivity of the opening and closing rates to
changes of [P-ATP] suggests that at least two different
ATP-binding sites are involved: a low-affinity site for its
effect on the opening rate, and a high-affinity site for its
effect on the closing rate.

P-ADP is more potent than ADP in inhibiting
ATP-induced currents

Since P-ATP is more potent than ATP in opening the
channel, we expect that P-ADP should be more potent
than ADP in inhibiting the channel. This is indeed the case.
Figure 5A shows representative WT-CFTR current traces
in the presence of 0.5 mm ADP or 50 um P-ADP. When

B AR-CFTR

T LI Y | T T T T ™

0.1 1 10
[P-ATP] (nM)

Figure 4. Single-channel kinetic parameters of AR-CFTR in the presence of P-ATP

The dose-response relationship between P-ATP and the opening rate (A) or the closing rate (B). Continuous lines
are Hill equation fits to the data. The n values for the fits are 0.75 % 0.30 for the opening rates, and 1.30 £ 0.90
for the closing rates. The dashed line in A shows the maximal opening rate in the presence of saturating [ATP]
(2.6 £ 0.2, n = 20). The dashed line in B shows the mean closing rate at various [ATP] (3.3 £ 0.15~', n = 8)
(data from Bompadre et al. 2005a). *P < 0.05 compared with the closing rate at 0.1 um P-ATP.
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Figure 5. P-ADP is more potent than ADP in inhibiting CFTR

A, WT-CFTR current traces in the presence of 0.5 mm ADP or 50 um P-ADP, both with 0.5 mm ATP. B, concentration
dependence of P-ADP inhibition of WT-CFTR currents in the presence of 0.5 mm ATP. The continuous line is the
Michaelis-Menten fit to the data for 0.5 mm P-ADP plus 0.5 mm ATP. The r2 value for the fit is 0.998. The dashed
line is the Michaelis-Menten fit to the data for 0.5 mm ADP plus 0.5 mm ATP (data from Bompadre et al. 2005a).
The r? value for the fit is 0.993. Ks, of ADP in the presence of 0.5 mm ATP is 180.1 £ 38.6 um.

50 um P-ADP was applied in the presence of 0.5 mm ATP,
74.1 £2.6% (n=4) of the current was inhibited (versus
58.9 &+ 3.0%, n=6, for 0.5mm ADP). The Ky, value of
P-ADP in the presence of 0.5 mm ATP was 17.9 &+ 1.3 um
(Fig. 5B), which is ~10-fold smaller than that of ADP
under the same experimental conditions (dashed line in
Fig. 5B; data from Bompadre et al. 2005a).

Previous studies indicate that ADP may inhibit CFTR
channel opening by competing with ATP for the same

binding site (Anderson & Welsh, 1992; Gunderson &
Kopito, 1994; Schultz et al. 1995; Bompadre et al. 2005a).
We performed the following experiments to test if P-ADP
also competes with ATP. First, we examined the effect
of [ATP] on P-ADP inhibition. In the same membrane
patches, when [ATP] was increased from 0.5 to 2 mm
(Fig. 6A), the inhibition of 50 um P-ADP decreased
significantly (Fig. 6B), consistent with the idea that P-ADP
competes with ATP.

WT-CFTR

*k%k

N\

A WT-CFTR B
50 uM P-ADP 50 M P-ADP 80
0.5 mM ATP 2 mM ATP -
é 60 —
<
2 40—
S
€ 20
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100 s
C AR-CFTR
0.5 mM ATP
+ 25 uM P-ADP
+ 50 uM P-ADP

VT W T W03

0.5 mM ATP 2mM ATP

Figure 6. Effects of [ATP] and [P-ADP]
on P-ADP-dependent inhibition

A, inhibition of WT-CFTR currents by

50 uM P-ADP in the presence of two
different [ATP]: 0.5 and 2 mm. B, mean
data from four experiments. When [ATP]
is increased from 0.5 to 2 mw, inhibition
of the current by 50 uMm P-ADP decreases
from74.1+£2.61t043.4+5.1% (n=4).
***P < 0.005. C, single-channel traces of
AR-CFTR in the presence of 0.5 mm ATP
alone, 0.5 mm ATP plus 25 um P-ADP, and
0.5 mm ATP plus 50 um P-ADP.
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Our previous studies show that ADP, by competing
with ATP for channel opening, induces another closed
state (Bompadre et al. 20054). To verify that the effect
of P-ADP is also on the opening rate, we performed
single-channel kinetic analysis. Again, we resorted to
AR-CFTR channels for reasons described above. Figure 6C
shows representative single-channel traces of AR-CFTR
channels in the presence of 0.5 mm ATP alone, 0.5 mm ATP
plus 25 um P-ADP, and 0.5 mm ATP plus 50 um P-ADP.
While P-ADP has little effect on the open time, it prolongs
the closed time significantly in a concentration-dependent
manner. Since the P-ADP-induced closed state is expected
to be much more stable than the one induced by ADP,
it is technically very difficult to collect single-channel
recordings that are long enough for dwell-time analysis.
We therefore analysed the data from patches containing
up to three channels using a simplified C= O= B
model for multichannel kinetic analysis (Csanady, 2000;
also see Methods). Although this method lumps together
multiple closed states, it allows us to quantify the
effect of P-ADP on the closed time. The closed times
in the presence of 0.5mmM ATP, 0.5mm ATP plus
25 um P-ADP, and 0.5mm ATP plus 50 um P-ADP
are 0.494+0.06s (n=13), 0.92+0.09s (n=11) and
1.32+0.14s (n=10), respectively. These results are
thus consistent with a simple competitive inhibition of
channel opening by P-ADP, although other mechanisms
(e.g. Randak & Welsh, 2005) cannot be ruled out.
Nevertheless, P-ADP, as an ADP analogue with a higher
affinity, may be useful to further differentiate between
different mechanisms of ADP-dependent inhibition of
CFTR gating.

P-ATP stabilizes the locked open state
of CFTR channels

We demonstrated above that the closing rate is lower
at saturating [P-ATP] compared with that with ATP
(Fig. 4B). Since previous studies suggest that channel
closing is controlled mainly by ATP hydrolysis (e.g.
Gunderson & Kopito, 1994; Hwang et al. 1994; Carson
et al. 1995; Zeltwanger et al. 1999; Vergani et al. 2003),
one possible explanation for this effect of P-ATP on the
closing rate is that P-ATP may be hydrolysed more slowly
than ATP. This mechanism predicts that the closing rate
should be independent of [P-ATP]. Our data showing
a [P-ATP]-dependent decrease of the closing rate argue
against this mechanism. Alternatively, this effect of P-ATP
on the closing rate could be due to tight binding of
P-ATP. Our recent studies support this latter hypothesis
(Bompadre et al. 2005a,b). First, there exist multiple open
states, and the distribution of the open time constants is
dependent on [ATP]. Second, ADP, a smaller molecule
than ATP, shortens the open time. These results suggest
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that nucleotide binding does affect the stability of the open
state.

We further differentiated between these two possibilities
by using the hydrolysis-deficient mutant CFTR, E1371S
(Vergani et al. 2003; Bompadre et al. 2005b). This
mutant channel can open, in response to millimolar ATP
concentrations, for minutes. The mean open time for this
mutant can be quantified by measuring the relaxation
time constant upon removal of the nucleotide. Figure 7A
shows an example of such an experiment. Interestingly,
macroscopic E1371S-CFTR channel currents can be
activated by 50 um P-ATP and PKA, indicating that P-ATP
not only can support ATP-dependent gating, but also can
be used as a substrate for PKA-dependent phosphorylation
of the R domain. The relaxation time constant is estimated
from single exponential fit to the data. The current decay
upon removal of P-ATP is significantly slower than that
of ATP (Fig.7B) (P < 0.001). These results suggest that
P-ATP stabilizes the locked open state of E1371S-CFTR
due to tight binding.

Another way to circumvent the issue of ATP hydrolysis
and to isolate the effect of P-ATP binding on the
closing rate is to use AMP-PNP to lock open WT-CFTR
channels. It has been shown previously that AMP-PNP,
a non-hydrolysable ATP analogue, can lock open CFTR
channels for minutes in the presence of ATP (e.g.
Gunderson & Kopito, 1994; Hwang et al. 1994). Under
this condition, WT-CFTR channels probably close through
a non-hydrolytic pathway. We set out to examine the
relaxation time constant in the presence of AMP-PNP
and P-ATP, and in the presence of AMP-PNP and ATP. In
excised inside-out patches, WT-CFTR channels were first
activated by 0.5 mm ATP plus PKA (Fig. 7C). Subsequently,
the channels were exposed to either P-ATP (10 um) plus
AMP-PNP (2mwm), or ATP (0.5mm) plus AMP-PNP
(2 mm). At least two components of the current relaxation
time course were seen upon washout of nucleotides. The
fast component represents the current relaxation of the
unlocked channels, and the slow one represents the current
relaxation of the AMP-PNP locked open channels. Since
the fast component is beyond the resolution of our solution
change system and is already excluded by our fitting
routine (see Methods), the time constant of the slow
component can be estimated from a single exponential
fit. The relaxation time constant for channels locked open
by P-ATP plus AMP-PNP is significantly longer, compared
with that of channels locked open by ATP plus AMP-PNP
(Fig. 7D) (P < 0.01).

Discussion

In this work, we demonstrate that high-affinity
N®-modified ATP/ADP analogues can serve as new tools
for CFTR gating studies. P-ATP is not only >50-fold
more potent than ATP, but also ~30% more effective
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in activating the channel. At a single-channel level, as
[P-ATP] is increased, the opening rate is increased, while
the closing rate is decreased. These two kinetic parameters
exhibit different sensitivities to changes of [P-ATP],
suggesting an involvement of at least two P-ATP-binding
sites. The effect of P-ATP on the stability of the open state
is likely to be due to tight binding because this effect is also
present in conditions where hydrolysis is abolished.

The current study establishes that addition of a hydro-
phobic moiety at the N°® position of the adenine ring
indeed increases the apparent affinity of the resulting
nucleotides for CFTR gating. Whether this strategy affects
the hydrolysability of these analogues awaits biochemical
confirmation, but we argue that N°-modified ATP
analogues can be readily hydrolysed by CFTR for the
following reasons. First, P-ATP can be used as a substrate
by PKA for phosphorylation-dependent activation of
CFTR (Fig.7A). Second, while non-hydrolysable ATP

A E1371S-CFTR

PKA/P-ATP PKA/ATP

]

500 s

100 pA

C WT-CFTR
PKA/ATP P-ATP/AMP-PNP

|

500 s

50 pA

Figure 7. Effect of P-ATP on CFTR locked open state

ATP/AMP-PNP
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analogues are poor CFTR openers, P-ATP can readily
open CFTR even with a higher apparent affinity. Indeed,
other hydrolysable ATP analogues, such as 2’- and
3’'-deoxy-ATP (Aleksandrov et al. 2002) and 8-azido-ATP
(e.g. Aleksandrov et al. 2001; Basso et al. 2003), also
readily open CFTR. Third, unlike non-hydrolysable
ATP analogues whose y-phosphates are modified, the
triphosphate backbone in P-ATP is preserved. In addition,
while non-hydrolysable ATP analogues lock open CFTR
for minutes in the presence of ATP, P-ATP only slightly
prolongs the open time of CFTR.

If P-ATP indeed can be readily hydrolysed by CFTR, the
mechanism underlying the prolongation of the open time
by P-ATP may be different from that by non-hydrolysable
ATP analogues. It should be pointed out first that the
prolongation of the open time by P-ATP is not limited
to AR-CFTR, since a similar effect on the open time was
also observed in WT-CFTR. Although it is difficult to
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A, macroscopic E1371S-CFTR current relaxations upon removal of 50 um P-ATP or 1 mm ATP. For this particular
experiment, the relaxation time constants are 255.1 s (P-ATP) and 150.8 s (ATP), respectively. B, mean data of the
current relaxation experiments of E1371S-CFTR. The current relaxation time constants (t g|axation) for E1371S-CFTR
channels are 297.6 + 34.0 s (n = 5) upon the removal of 50 um P-ATP, and 118.8 + 9.4 s (n = 5) upon the removal
of 1 mm ATP. ****P < 0.001. C, macroscopic WT-CFTR current relaxations upon washout of 10 um P-ATP plus 2 mm
AMP-PNP, or 0.5 mm ATP plus 2 mm AMP-PNP. Note that > 95% of the current decays 5 s after an initial washout
of PKA and ATP. For this particular experiment, the relaxation time constants are 178.6 s (P-ATP plus AMP-PNP) and
66.7 s (ATP plus AMP-PNP), respectively. D, mean data of the current relaxation experiments of WT-CFTR. 7 qjaxation
values are 188.1 4= 32.7 s (n = 12) upon removal of 10 um P-ATP plus 2 mm AMP-PNP, and 73.5+9.35s (n=9)
upon removal of 0.5 mm ATP plus 2 mm AMP-PNP. **P < 0.01. Dashed lines in A and C are single exponential fits to
the data. PKA is present in all nucleotide-containing solutions to minimize potential effects of dephosphorylation

by membrane-associated protein phosphatases.

© 2005 The Authors. Journal compilation © 2005 The Physiological Society



J Physiol 569.2

obtain enough single-channel data for WT-CFTR channels
over a wide range of [P-ATP], we nevertheless managed
to acquire some single-channel data at 30 um P-ATP
for WT-CFTR channels (see Fig.S1 in Supplemental
materials). Compared to 2.75mm ATP, 30 um P-ATP
prolonged the open time by a similar degree for WT-CFTR
(~30%) and AR-CFTR (~40%). It is, however, puzzling
that a concentration dependence of the open time is
not regularly seen with ATP. Previous studies, with the
exception of Zeltwanger et al. (1999), show that the closing
rate is hardly affected by changes of [ATP]. Although the
exact reason is unknown, we speculate that the difference
in binding affinity between P-ATP and ATP may be
responsible. If the hypothesis that the open state of CFTR
corresponds to an nucleotide-binding-domain dimer with
ATP sandwiched at the dimer interface (Vergani et al. 2003,
2005; Bompadre et al. 2005a,b) is correct, the binding
energy provided by the bound ATP molecules should
contribute to the overall energetics of the open state.
Because of its tight binding, P-ATP is expected to stabilize
the open state more than ATP. Since closing rates for
low and high [P-ATP] differ by only ~50% (Fig.4B), an
even smaller effect of ATP on the closing rate may escape
detection. To make the matter worse, it is known that the
gating patterns of the CFTR channels can change with time
even under steady experimental condition (i.e. mode shift)
so that the closing rate of CFTR varies notably even in the
same expression system (see Bompadre et al. 2005a for
details).

It is also interesting to note that our single-channel
kinetic analysis reveals that the opening and closing
rates of CFTR channels are both [P-ATP]-dependent,
but with different sensitivities to changes of [P-ATP].
These observations, together with our previous findings
(Bompadre ef al. 20054,b), suggest the involvement of at
least two different binding sites, with one site controlling
channel opening and the other site modulating channel
closing. Although we cannot rule out the possibility that
P-ATP exerts its effects through site(s) other than the
NBD1 and NBD2 sites (e.g. Randak & Welsh, 2005)
or on other ATP-binding proteins that may be involved
in regulating CFTR gating (e.g. AMP-activated protein
kinase; Hallows et al. 2003), the simplest explanation
for our observation is that these two sites for the action
of P-ATP actions correspond to the NBD1 and NBD2
sites.

Our earlier studies show that a mutation (i.e. K464A)
that causes a decrease of ATP binding affinity at the NBD1
site (Basso et al. 2003) does not affect the opening rate
or the ATP dose-response relationship (Powe et al. 2002;
cf. Vergani et al. 2003), suggesting ATP binding at the
NBDI site may not be absolutely required for channel
opening (also see Bompadre et al. 2005b). We therefore
propose that P-ATP, like ATP, may act on the NBD2 site to
open the channel.

© 2005 The Authors. Journal compilation © 2005 The Physiological Society
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The proposition that P-ATP acts on the NBD1 site
to modulate channel closing is also based on our
earlier studies with the K464A mutant. Although this
mutation does not affect channel opening, K464A-CFTR
exhibits a shorter open time (Powe et al 2002). In
addition, K464A mutation decreases the locked open
time of hydrolysis-deficient mutants K464A/K1250A and
K464A/E1371S (Powe et al. 2002; Vergani et al. 2003;
Bompadre et al. 2005b), supporting the idea that the
strength of ligand binding at the NBDI1 site affects
the stability of the open state. Furthermore, data from
experiments using different nucleotides as ligands on
CFTR channels are consistent with this notion as well.
For example, a smaller ADP, a nucleotide presumably with
lower binding strength than ATP, shortens the open time
of the channel (Bompadre et al. 20054,b). On the other
hand, our current results show that P-ATP, with a higher
apparent affinity than ATP, can prolong the open time.

This effect of P-ATP on the open time is more prominent
when hydrolysis is abolished in WT-CFTR with AMP-PNP
(Fig. 7C and D). AMP-PNP induced locked open state
is more stable with P-ATP than that with ATP. Previous
research suggests that the long-lived open state in the
presence of ATP and AMP-PNP reflects tight binding of the
non-hydrolysable AMP-PNP (e.g. Gunderson & Kopito,
1994; Hwang et al. 1994). The slow closing of AMP-PNP
locked open channel represents a slow dissociation of the
bound AMP-PNP. Since ATP alone can lock open mutant
channels where ATP hydrolysis at NBD2 is abolished (e.g.
Carson et al. 1995; Zeltwanger et al. 1999; Vergani et al.
2003), it is generally believed that AMP-PNP locks open
the channel by binding to the NBD2 site (Gadsby & Nairn,
1999; Zou & Hwang, 2001). If this current view of the
action of AMP-PNP is correct, the simplest explanation
for our results would be that when the NBD2 site is
occupied by AMP-PNP, and the NBD1 site is occupied
by P-ATDP, the locked open state is more stable than that
with ATP and AMP-PNP bound at the NBD1 and NBD2
sites, respectively.

Using P-ATP as a new tool, we are able to reveal
that the closing rate is more sensitive to changes of
[P-ATP] than the opening rate (Fig.4). If we accept
the argument that P-ATP binds to the NBDI site to
modulate the closing rate (see above), our results suggest
that the NBD1 site assumes a higher affinity to P-ATP
than the NBD2 site. This assignment is consistent with
what we know about CFTR’s two ATP-binding sites,
biochemically and structurally. Biochemical studies using
8-azido-ATP labelling (Aleksandrov et al. 2001; Basso
et al. 2003) indicate that the NBD1 site has a higher
nucleotide-binding affinity than the NBD2 site. Moreover,
recently solved crystal structures of CFTR’s NBD1 (Lewis
et al. 2004; cf. Lewis et al. 2005) show an involvement of
multiple aromatic residues in interacting with the adenine
ring of ATP, a feature shared by many proteins with high
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affinity to nucleotides (e.g. phosphodiesterases in Huai
et al. 2003, 2004; and myosin isozymes in Gillespie et al.
1999). On the other hand, there is only one such aromatic
residue in the NBD2 of CFTR according to sequence
alignment and homology model (Zou & Hwang, 2001;
Moran et al. 2005).

It should be noted that the primary goal of the
current work is not to definitely identify the functional
role of CFTR’s two ATP-binding sites. Nevertheless, in
conjunction with the crystallographic information about
CFTR’s NBDs, the high affinity ATP/ADP analogues
reported here will be useful tools to further elucidate
functional roles of the two ATP-binding pockets at
the molecular level. As the first attempt to search for
high-affinity adenine-ring-modified nucleotide analogues
as potential tools to study CFTR gating, we focused on
those modified at the N® position. Given the chemical
nature of the adenine ring, we contemplate with the idea
that modifications at positions other than N°® may yield
interesting nucleotide analogues as novel tools to study
the structure—function relationships of CFTR, as well as
other ABC transporters.
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