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Abstract

The cystic fibrosis transmembrane conductance
regulator (CFTR) is an ATP-binding cassette (ABC)
transporter that functions as a cAMP-activated
chloride channel. The recent model of CFTR gating
predicts that the ATP binding to both nucleotide-
binding domains (NBD1 and NBD2) of CFTR is
required for the opening of the channel, while the
ATP hydrolysis at NBD2 induces subsequent channel
closing. In most ABC proteins, efficient hydrolysis of
ATP requires the presence of the invariant histidine
residue within the H-loop located in the C-terminal
part of the NBD. However, the contribution of the
corresponding region (H-loop) of NBD2 to the CFTR
channel gating has not been examined so far. Here
we report that the alanine substitution of the
conserved dipeptide HR motif (HR—AA) in the H-loop
of NBD2 leads to prolonged open states of CFTR
channel, indicating that the H-loop is required for
efficient channel closing. On the other hand, the
HR—AA substitution lead to the substantial decrease

of CFTR-mediated current density (pA/pF) in
transfected HEK 293 cells, as recorded in the whole-
cell patch-clamp analysis. These results suggest that
the H-loop of NBD2, apart from being required for
CFTR channel closing, may be involved in regulating
CFTR trafficking to the cell surface.

Copyright © 2010 S. Karger AG, Basel

Introduction

The ATP-binding cassette (ABC) transporters are
a large group of transmembrane proteins that utilize the
energy derived from ATP hydrolysis to transport various
substrates across the membrane against the concentration
gradient [1]. The cystic fibrosis transmembrane
conductance regulator (CFTR) differs from other
members of this superfamily in that it functions as an
epithelial cAMP-activated anion channel that allows for
passive transport of chloride ions down their
electrochemical gradient [2, 3]. Additionally, CFTR may
regulate other epithelial ion channels or transporters,
mediating the transmembrane CI', HCO,", Na’, K" and
Ca?" transport, thereby significantly contributing to the
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maintaining of the overall ion balance in the epithelia [4].
Defective function of CFTR is responsible for several
human diseases, including cystic fibrosis (CF), congenital
bilateral absence of the vas deferens (CBAVD) and
chronic pancreatitis [5], all associated with abnormal ion
fluxes in epithelial tissues of different organs.
According to the current model of ABC transporter
mechanism, the concerted action of two nucleotide-binding
domains (NBDs), forming a so-called nucleotide-
sandwich dimer, is essential for efficient transport activity
[6, 7]. The NBD dimer, arranged in a head to tail
orientation, is predicted to contain two ATP-binding sites,
each formed by the Walker A and Walker B motifs of
one nucleotide-binding domain and the ABC signature
from the other NBD [8, 9]. It has been proposed that
both the formation of an ATP-bound dimer and the
subsequent hydrolysis and dissociation of the bound
nucleotides are associated with specific conformational
changes that are further transmitted to the transmembrane
domains of the protein, thus facilitating the active transport
of the substrate molecule [10, 11]. The application of the
above model to explain the functioning of CFTR, a protein
being an atypical ABC transporter, requires certain
modifications that take into account the structural and
functional differences between CFTR and other ABC
transporters. Many details of this CFTR-specific model
are still unknown and the mechanism of CFTR gating
remains a subject of ongoing debate [12-14].
Nevertheless, there seems to be general agreement that
ATP binding to both NBDs of CFTR is required for the
formation of a tightly bound NBD1-NBD2 heterodimer
that induces channel opening [15, 16]. The subsequent
hydrolysis of the ATP molecule bound to the site formed
by the Walker A and Walker B motifs of NBD2 has been
suggested to promote channel closing [17-19]. Indeed,
mutations predicted to affect the NBD2-mediated
hydrolysis retard the closing of CFTR [15, 20, 21].
Among different amino acid motifs contributing to
the NBD-mediated hydrolysis in ABC proteins, a special
attention has been given to the so-called H-loop or switch
motif, constituting a conserved structural element within
the carboxyl terminal region of NBD in most ABC proteins
[22]. This loop contains an invariant histidine residue that
is required for both ATP hydrolysis and transport activity
[23-29], although not for ATP binding [23, 25, 27, 29, 30].
In about half of the known ABC transporters, this invariant
histidine is accompanied by the arginine residue suggested
to undergo a significant displacement following the
conformational change induced by nucleotide binding or
release [31]. Importantly, it has been noted that the region

corresponding to the H-loop in NBD1 of CFTR lacks the
conserved histidine residue (Fig. 1), which seems to be
consistent with the limited ability of NBDI1 to hydrolyze
ATP[32, 33]. Since the analogous region in NBD2 retains
the characteristic consensus sequence, including the
conserved HR motif, it seems plausible that the H-loop
of NBD2 plays an important role in the NBD2-mediated
ATP hydrolysis. However, the exact function of this motif
in CFTR has not been tested so far.

The C-terminal region of NBD2 in CFTR has been
previously found to affect the folding of CFTR [34, 35]
and of CFTR-derived peptides [36-38]. Specifically, the
short nine-amino acid sequence, termed the “ag region”,
has been found to induce the aggregation of the CFTR-
derived C-terminal peptides [36, 37], even when inserted
into a new amino-acid context [38]. The ag region
contains amino acids 1395-1403 of the full-length human
CFTR, including the His1402 residue that corresponds to
the conserved histidine in the H-loop. Intriguingly, the
potential of the ag region to induce protein aggregation
seems to depend mostly on the presence of His1402 and
the adjacent Arg1403 residue, since substitution of these
two residues with alanines prevents the aggregation of
the CFTR-derived peptides [37]. This suggests that the
conserved HR motif in H-loop may constitute an important
element of the NBD2 structure.

To investigate whether the ag region is critical for
the structural and functional integrity of the full-length
CFTR protein, we examined the maturation process and
the chloride channel function of two mutant CFTR
proteins, devoid either of the entire ag region or of the
conserved HR motif, predicted to constitute an essential
part of the H-loop in NBD2.

Materials and Methods

Plasmid construction

The creation of pRSV-CFTR, a Rous sarcoma virus (RSV)-
driven expression plasmid containing the full-length wild type
(WT) CFTR sequence, was described elsewhere [39]. Also, the
introduction of the AF508 mutation into this expression plasmid
was previously described [40]. Mutations within the H-loop of
NBD2, including the deletion of the entire ag region (A1395-
1403) and the double alanine substitution H1402A, R1403A
(HR—AA), were created in the CFTR-containing pBQ4.7 vector
(a gift from J. Rommens and L.-C. Tsui) using the site-directed
mutagenesis system “Transformer” (Becton Dickinson). The
mutations were then shuttled into the pRSV-CFTR plasmid
using the Ncol and Sall restriction sites common to both
plasmids. The GFP-encoding eukaryotic expression plasmid
pRKS5-GFP was previously described [36].
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MRP1-C 1477-1493
MRP2-C 1484-1500
SURL1-C 1528-1544
MDR1-N 578-594
MDR3-N 580-596
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SUR1l-N 879-895
B
ADCTVILCEBRJIEAMLE CFTR WT
ADCTVILCEEWAIEAMLE CFTR HR—» AA
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Fig. 1. The H-loop region in nucleotide-binding domains of
CFTR and other human ABC transporters. A. Multiple sequence
alignment showing conserved amino acids within the H-loop
region of the N-terminal (N) or C-terminal (C) NBDs of different
human ABC proteins. MRP1 (ABCC1) and MRP2 (ABCC2) -
multidrug resistance related proteins 1 and 2; MDR1 (ABCBI1)
and MDR3 (ABCB4) - multidrug resistance proteins 1 and 3;
SUR1 (ABCCS) - sulfonylurea receptor 1. The position of the
H-loop region in the amino acid sequence of the full-length
proteins is indicated on the left. B. The sequence of the H-loop
region in CFTR constructs with HR—>AA and A1395-1403
mutations.

Cell culture

The human embryonic kidney cell line HEK 293 was grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum (FCS), 2mM L-glutamine and 1mM
penicillin and streptomycin. Cell cultures were incubated in a
humid air atmosphere enriched with 5% CO, in 37°C. All cell
culture reagents were from ICN Biochemicals.

Cell transfection

To obtain transiently transfected HEK 293 cells for the
immunoprecipitation analysis, the lipofectin reagent
(Invitrogen) was used according to the manufacturer’s protocol.
For the patch clamp analysis, the transfection protocol was as
follows: cells were plated at 100 mm culture dishes in the
sufficient density to obtain 30-50% confluency following
overnight growth. On the next day, the CFTR- and
GFP-encoding plasmids (mixed in 1:1 ratio) were diluted in
DMEM and incubated for 15 minutes at room temperature with
Plus Reagent. The lipofectamine solution (in DMEM) was then
added and the cells were incubated for 3 hours.
After transfection the cells were kept in the standard medium
and used for experiments 24-48 hours later. Only cells showing
GFP expression under fluorescence microscope were used for
subsequent patch-clamp experiments. Lipofectamine and
PlusReagent were from Invitrogen.

CFTR immunoprecipitation
Transiently transfected HEK 293 cells were lysed in
the lysis buffer (20 mM HEPES pH 7.0, 150 mM NaCl, 1 mM

EDTA, and 1% NP-40) supplemented with aprotinin and
phenylmethylsulfonyl fluoride (PMSF). Lysates were
pre-cleared overnight at 4°C with protein A-Sepharose beads,
and the protein concentration of the lysate was determined
using a protein assay kit (Sigma). Four mg of protein was
incubated with 1 pg of the C-terminus-specific monoclonal
anti-CFTR antibody (Zymed) in 1 ml of RIPA buffer (20 mM
Tris-HCI pH=7.5, 150 mM NacCl, 1% Triton X-100, 1% sodium
deoxycholate and 0.1% SDS) for 90 min at 4°C. Then 20 pl of
washed protein A-Sepharose beads was added and incubated
for 30 min at 4°C. Samples were centrifuged at 10 krpm and
the pellets were then washed five times (10 min each at 4°C)
with RIPA buffer. After additional washing with TBS pH=8.0
the precipitate was resuspended in 50 mM Tris pH=7.5, 10 mM
MgCl,, 0.1 mg/ml bovine serum albumin.

PKA labeling

Five units of protein kinase A (PKA, Sigma) and 10 pCi
of [y-?P]ATP (Dupont NEN) were added to the beads with
immunoprecipitated CFTR, and the whole solution
was incubated at 30°C for 1 h. The beads were then washed
twice (10 min at 4°C) in RIPA buffer, and the labeled proteins
were eluted in standard electrophoresis buffer by 5 min
incubation at 37°C. The radiolabeled samples were
electrophoresed on 6% SDS-PAGE gel at 150 V for 1-2 h.
The gels were then fixed, dried and autoradiographed.

Patch-clamp analysis

The single-channel and whole-cell currents were
measured using the Axopatch 200A amplifier (Axon
Instruments). The classic patch clamp protocol was applied
[41]. Shortly, cells grown on a Petri dish were placed under the
inverted Nikon fluorescent microscope. The patch pipette tip
was placed in the close proximity of a cell and gentle suction
was applied to draw a small patch of the membrane into the
pipette. A tight seal was formed between the pipette and the
cell membrane, resulting in the so-called cell-attached
configuration. The whole-cell configuration was obtained by a
subsequent application of a short electric pulse that broke the
membrane patch. The cell-attached configuration allows the
measurement of single channel activity, while the whole-cell
mode measures the current flowing through all the channels
present in the plasma membrane. Patch pipettes were pulled
from a thin-wall borosilicate glass with micropipette puller and
fire-polished (Narishige). Pipettes resistances were 3-5 MQ for
the whole-cell configuration and 10-12 MQ for single-channel
measurements. All measurements were made at room
temperature. The compositions of the bath and the pipette
solutions were designed to have chloride as the main anion.
In control experiments, the bath and the pipette solution
contained 129 mM Tris-HCl and 16 mM TEA-CI
(tetracthylamine chloride) to block voltage-dependent
potassium channels. Perfusion solutions (bath solution) were
supplemented with 250 pM 8-CPT-cAMP (8-[4-
chlorophentylthio]-adenosine-3'":5'-cyclic monophosphate) or
250 uM 8-CPT-cAMP with either 500 uM DIDS (4,4’-
diisothiocyanato-stilbene-2,2’-disulfonic acid) or 100 uM
glibenclamide, pH=7.4. The holding potential was set to -30
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mV. A voltage stepped from -100 mV to +100 mV, at 10 mV
increments, for a duration of 345 ms (whole-cell) or 2-5 seconds
(single-channel). The whole-cell data were recorded after
filtration at 280 Hz, while the single channel measurements were
recorded after 5 kHz filtration. For the analysis of single-channel
data, the CFTR currents were filtered again at 50 Hz (the noise
0.006 pA), whereas the ORCC-like currents were filtered at
500 Hz (noise 0.02 pA). To determine the open and closed
time constants, the 5 kHz filtered data were used. When testing
the impact of channel blockers, the measurements were made 5
min after addition of DIDS and 10 min after addition of
glibenclamide. Pulse generation, data collection and analyses
were done with Clampex 7.0 software (Axon Instrument).
The single channel conductance, mean open/closed state
duration, open/closed probability, etc. were calculated from
data obtained in multiple experiments (with exemplary traces,
illustrating the general trend in the data, shown in the
corresponding figures). The number of experiments (n) was
five or greater, unless otherwise stated. Current density
(pA/pF) was defined as the ratio of the current magnitude to
the capacitance. Data points from a steady-state levels were
taken to generate current-voltage (I-V) plots. Data were given
as means + S.E.M. To test whether a mean of a variables differs
between the “non-expressing® and “expressing” cells,
One-way Analysis of Variance (ANOVA) and Tuke-Kramer
Multiple Comparisons Test were applied. Significant differences
between results were assumed when P<0.05. To test linear
correlation of the data points, Person test was performed.

Results

The region overlapping with the H-loop in NBD2

is required for proper folding of CFTR

To examine whether mutations in the aggregation-
prone region (ag region), that overlaps with the H-loop in
NBD?2 of CFTR, affect the maturation rate of the full-
length CFTR protein, we created the CFTR expression
plasmids containing two different mutations: 1) the deletion
of the entire ag region (A1395-1403) or 2) the alanine
substitution of the highly conserved HR motif (HR—>AA)
within the ag region (Fig. 1). To analyze the impact of
these mutations on the processing of CFTR, we
immunoprecipitated the mutant CFTR proteins from the
transiently transfected HEK 293 cells. The proteins were
then labeled using protein kinase A (PKA)-mediated **P
radiolabeling. Their maturation status was evaluated based
on their migration rate in denaturing gel electrophoresis
(Fig. 2). The wild-type (WT) CFTR and the AF508 mutant
were used as controls for the properly processed (mature,
fully glycosylated) and misprocessed (immature, core
glycosylated) proteins, respectively. Most of the protein
with the deletion of the entire ag region (A1395-1403)
was misprocessed and retained in the endoplasmic
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Fig. 2. Maturation analysis of the CFTR mutants. The
autoradiograph shows wild-type and mutant CFTR proteins
that were expressed in HEK 293 cells, immunoprecipitated using
monoclonal anti-CFTR antibody, radiolabeled with 3P using
protein kinase A (PKA) and electrophoretically separated by
SDS-PAGE. Band C corresponds to the fully glycosylated
mature CFTR protein, whereas the non-glycosylated or core-
glycosylated proteins migrate as bands A and B, respectively
[80].

reticulum, as can be judged from its incomplete
glycosylation status. Only about 10-20% of this mutant
protein underwent full glycosylation in the Golgi apparatus
and was most likely further transported to the post-Golgi
compartments, including the cell surface. On the other
hand, the introduction of the HR—>AA substitution did
not interfere with the maturation process of CFTR. These
results suggested that the NBD2 fragment encompassing
the H-loop is required for proper folding and maturation
of CFTR, although certain conserved amino acids within
this region can be substituted without disrupting the protein
processing.

The HR—AA mutation in NBD2 retards CFTR

channel closing

Since the HR—AA substitution did not affect the
maturation of CFTR processing, we tested whether the
mutant protein, once inserted into the plasma membrane,
exhibits unaltered chloride channel properties. To this end,
we used the single-channel patch-clamp analysis in the
cell-attached configuration. The single channel currents,
generated by the HR—>AA mutant in response to 8-CPT-
cAMP, resembled the currents produced by the wild-type
protein (Fig. 3A and 3B). However, though the single
channel conductances were almost identical in both cases
(7.9£1.2 pS for HR—>AA and 8.2+0.9 pS for WT CFTR),
the channels formed by the HR—>AA mutant showed
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Fig. 3. Exemplary single channel traces from HEK
293 cells expressing WT (A), HR—AA (B), A1395-
1403 (C) or AF508 (D) CFTR. The horizontal bars,
placed to the left of the individual records, indicate
closed states of the channel (baseline level). The
voltage was stepped from -100 to +100 mV at 10
mV increments for 2 seconds. Signal was filtered
at 280 Hz. Both pipette and bath solutions
contained 129 mM Tris-HCI and 16 mM TEA-Cl.
Bath solution was supplemented with 250 uM 8-
CPT-cAMP.
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significantly increased open probability (0.80+0.13 for
HR—AA vs. 0.40+£0.19 for WT CFTR at -80 mV;
P<0.02). This corresponded to longer individual openings
of the HR—-AA CFTR channels (63.8+8.4 ms vs.
33.7£13.5 ms for WT CFTR), which clearly indicated
that the mutation in the H-loop resulted in slowing down
the channel’s closing rate. The same mutation did not
seem to substantially affect the channel’s opening rate,
as the difference between the mean closed interburst
duration recorded for HR—>AA (3.4+1.3 ms) and for WT
CFTR (4.1£1.2 ms) was not statistically significant. This
indicated that the HR—>AA substitution did not prevent
the NBD-mediated ATP binding, required for efficient
channel opening. On the other hand, the recordings of
the A1395-1403 and AF508 mutant channels (Fig. 3C and

3D) revealed prolonged duration of the closed (interburst)
states, suggesting that these two folding mutants, even
when reaching the plasma membrane, show decreased
ability to acquire the open channel conformation.

The small subconductance state of CFTR is not

eliminated by mutations in the NBD2 H-loop

Apart from the most frequent 8 pS conductance state,
additional small subconductances were occasionally seen
in single-channel patch-clamp recordings following the
stimulation with 8-CPT-cAMP (Fig. 4). These small
subconductance states were produced by both the wild-
type (2.0+0.3 pS) and mutant CFTR proteins (1.9+0.3
pS for HR—>AA and 2.4+0.3 pS for A1395-1403 CFTR),
although they were not observed in patches from mock-
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Fig. 5. The outwardly rectified chloride channel (ORCC) activity
in patches expressing the wild type CFTR channel. A. An
exemplary single channel recording showing both CFTR and
ORCC activity. The first part of the upper trace, enhanced in
the lower trace, shows CFTR openings, while the remaining
part of the upper trace corresponds to ORCC activity,
characterized by large amplitude of channel openings. Potential
was +50 mV and signal was filtered at 500 Hz (upper trace) or 50
Hz (lower trace). The horizontal bars, placed to the right of the
individual records, indicate closed states of the channel
(baseline level). B. The linear I-V relationship for the CFTR
channel. C. The I-V relationship for the large conductance
channel showing outward rectification (ORCC).

transfected cells (data not shown). The openings of the
small conductance channels were very rare (P, ~ 0.01)
and seen only at high values (either negative or positive)
ofholding potentials, when the small amplitudes could be
distinguished from the background signal. In contrast to
a previous study reporting similar double-conductance
behavior of human CFTR in HEK 293 cells [42], we
observed no openings demonstrating cumulated
conductance (8 pS + 2 pS), which suggested that the
large (O1) and small (O2) subconductance states were
mutually exclusive. Since the large subconductance
openings for the HR—>AA mutant were very long, the
small subconductance openings of this mutant channel
were seen even less frequently than the very rare 02
openings of WT CFTR, making the statistical comparison
of their mean open times unfeasible. Both
subconductances (Ol and O2) showed sensitivity to
glibenclamide and insensitivity to DIDS (data not shown),
which was consistent with the characteristic blocker
profile of CFTR [43].

Mutations in the H-loop of NBD2 do not abolish

the CFTR-mediated ORCC activation

In certain plasma membrane patches expressing the
CFTR-specific currents, an additional chloride channel
activity was seen (Fig. 5). This new channel was easily
distinguished from CFTR based on its relatively large
conductance (Fig. 5A) that reached about 120 pS at
conductive potentials and 25 pS at rectifying ones. In
contrast to CFTR, it showed apparent outward
rectification (Fig. 5B and 5C, respectively) and sensitivity
to DIDS (data not shown). The activity of this outwardly
rectified chloride channel (ORCC) was seen in 5 of 22
patches expressing WT CFTR, in 1 of 8 patches
expressing HR—>AA CFTR, and in 2 of 6 patches
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Fig. 6. The kinetics of a whole-cell currents in exemplary HEK
293 cells transfected with a wild-type (WT, triangles), HR—>AA
(squares) or A1395-1403 (circles) CFTR. At time zero 250 uM 8-
CPT-cAMP was added to the bath. Holding potential was -30
mV. Once in 60 seconds the potential was changed to +100 mV
and the current was recorded after 345 ms.

expressing A1395-1403 CFTR, while it was never
observed in control experiments, performed on patches
from mock-transfected cells. This was consistent with
previous studies, showing the ability of CFTR to regulate
the activity of DIDS-sensitive outwardly rectified chloride
channels [44, 45]. It also indicated that both H-loop CFTR
mutants were able to induce the ORCC-specific currents.
However, our results suggested that the endogenous
ORCC channels, expressed in HEK 293 cells, are much
less numerous than the exogenously expressed CFTR
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Fig. 7. The CFTR- and ORCC-specific currents in HEK
293 cells expressing different variants of CFTR. A-C. The
I-V relationship for currents recorded in whole-cell patch-
clamp experiments performed on HEK 293 cells expressing
WT (4, n=10), HR—>AA (B, n=8), and A1395-1403 (C,
n=5) CFTR channels. Currents were activated by 250
uM 8-CPT-cAMP and after reaching the maximum
amplitude they were blocked with 500 uM DIDS, and
then with 500 uM DIDS and 100 pM glibenclamide. In
some experiments 5 minutes after activation 100 uM
glibenclamide was added followed by 500 uM DIDS and
100 pM glibenclamide. Holding potential was -30 mV;
voltage steps from -100 mV to +100 mV with 10 mV
increments; duration of 345 ms; no leak subtraction. The
outward rectification, seen in the 8-CPT-cAMP-
stimulated currents generated by all three CFTR variants,
lead to increased current densities at positive (+100 mV)
voltages, as compared to the corresponding values at
negative (-100 mV) voltages. Rectification was stronger
for the wild-type CFTR (A, about three-fold increase)
than for both mutants (B and C, less than two-fold
increase). D. Average chloride current density (pA/pF)
of CFTR (glibenclamide-sensitive), ORCC (DIDS-
sensitive), and total chloride channels measured in HEK
293 cells expressing WT and mutant CFTR: HR—>AA
(n=8), A1395-1403 (n=5), AF508 (n=7). Potential 80 mV.
* denotes significant (p<0.01) change of current density,
as compared with WT.
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channels. Unfortunately, the limited number of patches
showing ORCC activity did not allow for statistically
reliable comparison of single-channel properties of these
outwardly rectifying channels, expressed in the presence
of different CFTR variants.

Mutations within the H-loop of NBD2 affect the

density of CFTR- and ORCC-specific currents

To examine the impact of mutations within the H-
loop on macroscopic CFTR- and ORCC-mediated
currents, we performed the whole-cell patch-clamp
measurements in transfected HEK 293 cells. In contrast
to the AF508 CFTR-expressing cells, showing practically
no response to the 8-CPT-cAMP stimulation, the cells
expressing the HR—AA and A1395-1403 CFTR mutants
responded to such stimulation in a way similar to the wild-
type CFTR-expressing cells. However, although 8-CPT-
cAMP fully activated WT CFTR after about 3 minutes,
the A1395-1403 and HR—>AA CFTR mutants required
approximately 7 and 30 minutes, respectively, to reach
the maximal level of activation (Fig. 6).

To distinguish between the CFTR- and ORCC-
generated currents, we analyzed their sensitivity to DIDS,

assuming that DIDS-sensitive currents should correspond
to ORCC activity [46]. Since CFTR-mediated currents
were reported to be sensitive to glibenclamide [47], we
additionally tested the impact of this channel blocker on
the recorded whole-cell currents. The current generated
by cells expressing the wild-type CFTR protein showed
apparent outward rectification (Fig. 7A), which indicated
that the ORCC-mediated ion fluxes constituted a
significant fraction of the overall chloride channel activity
that was induced upon 8-CPT-cAMP stimulation. The
outward rectification was much less evident in cells
expressing the mutated HR—>AA or A1395-1403 CFTR
proteins (Fig. 7B and 7C, respectively). However, the
ORCC-specific channel blocker DIDS was able to
substantially decrease the currents generated in the
presence of all above CFTR variants (Fig. 7A-C). The
analysis of the relative contribution of the ORCC-specific
(DIDS-sensitive) and CFTR-specific (DIDS-insensitive
and glibenclamide-sensitive) currents (Fig. 7D) revealed
that the density of the CFTR-specific currents in cells
expressing HR—>AA CFTR (4.6+1.4 pA/pF) or A1395-
1403 CFTR (0.7440.46 pA/pF) was significantly lower
than in the case of cells expressing WT CFTR (9.2+£2.0
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pA/pF). Most likely, the reduced ability of the maturation-
deficient A1395-1403 mutant to reach the plasma
membrane was responsible for its low activity at the cell
surface. However, such an explanation could not be
satisfactory in the case of the HR—>AA mutant that was
previously shown to be properly processed (see Fig. 2)
and active in the plasma membrane, where it additionally
showed increased open channel probability (Fig. 3B).
Thus, the decreased density of CFTR currents, generated
by the HR—AA mutant, was most likely associated with
much lower number of active channels present in the
plasma membrane.

In contrast to the CFTR-specific currents, the
ORCC activity seemed to be elevated in cells expressing
the HR—>AA and A1395-1403 mutants (Fig. 7D). The
densities of DIDS-sensitive currents were significantly
higher in cells expressing HR—>AA CFTR (11.6£2.1 pA/
pF) or A1395-1403 CFTR (11.6£1.9 pA/pF) than in cells
expressing the wild-type protein (7.7+1.8 pA/pF). This
suggested that mutations in the H-loop of NBD2 may
affect the CFTR-mediated regulation of ORCC.

Discussion

A large body of evidence indicates that the transition
from the open to closed state of CFTR is facilitated by
the hydrolysis of ATP bound at NBD2 [15, 16, 19-21, 48-
50]. According to the NBD dimer model, the NBD2
nucleotide-binding site is formed by the Walker A and B
motifs of NBD2 and the ABC signature motif of NBD1
[3, 32, 33]. Based on the analogy with NBDs of other
ABC transporters, it has been predicted that the H-loop
of NBD2 participates in hydrolysis of ATP bound at this
particular site [32, 33, 49], thereby possibly contributing
to channel closing. Our finding that the mutation of the
conserved HR motif within the H-loop of NBD2 prolongs
the open time duration of individual CFTR channels
provides the first evidence that this conserved element
of NBD structure is indeed required for efficient closing
of CFTR, the only ion channel among ABC transporters.

Previous studies on conserved amino acids in the
H-loop of ABC transporters have focused on the invariant
histidine residue that has been recently suggested to form
a “catalytic dyad” with the conserved glutamate residue
from the Walker B motif [51, 52]. This model assumes
that both these residues are essential for ATP hydrolysis,
with the H-loop histidine acting as a linchpin that holds
together all the components required for this reaction.
Specifically, the histidine residue is supposed to stabilize

the transition state of hydrolysis by forming the hydrogen
bonds with the ATP y-phosphate and the catalytic water
molecule that interacts with both residues of the catalytic
dyad. In agreement with this model, the ability of the H-
loop histidine to form the hydrogen bonds has been
recently shown to be crucial for the proper functioning of
the multidrug resistance protein MRP1 [53]. However,
another recent study has demonstrated that alanine
substitution of the H-loop histidine residue in NBD2 of
the yeast multidrug transporter Pdr5 does not affect the
steady ATPase activity of this protein, although it
selectively abolishes the transport of rhodamine, while
not affecting the transport of other substrates [54]. This
clearly shows that ATP hydrolysis may be uncoupled from
the transport activity. Furthermore, it indicates that the
H-loop may have different functions in different ABC
transporters. Thus, though our study indicates that the
H-loop in NBD2 of CFTR is involved in chloride channel
closing, it may also have an additional role related, for
example, to the regulatory function of CFTR.

Several other amino acid residues in NBD2 of CFTR
have previously been reported to affect the rate of CFTR
channel closing. This includes Lys1250 [15, 19, 20, 55]
and Asp1370[15, 20, 21], both required for efficient ATP
hydrolysis at NBD2, as well as Asn1303 in the putative
y-phosphate linker region, predicted to couple the
nucleotide binding to a movement of an a-helical
subdomain of NBD [56]. However, mutations at all above
positions abrogate not only ATP hydrolysis but also ATP
binding, thus affecting both the opening and closing rates
of the channel. By contrast, the HR—>AA substitution in
the H-loop of NBD2, although slowing down the channel
closing, did not decrease the rate of channel opening.
This suggests that the conserved histidine and arginine
residues in the H-loop are not required for ATP binding.
Although additional biochemical studies are needed to
support this conclusion, it is consistent with the
observation that NBD1 of CFTR is able to bind ATP [57,
58], despite lacking the HR motif in its H-loop region.
The only other conserved CFTR residue that shows similar
effect on NBD function is Glu1371, a putative partner of
His1402 from the catalytic dyad in NBD2. Substitution
of this conserved glutamate with either serine (E1371S)
or glutamine (E1371Q) produces a channel that displays
prolonged open times [3, 16, 21, 59]. Importantly, a recent
study has demonstrated that the E1371Q substitution leads
to significant decrease of ATPase activity in the full-length
CFTR [50] and an earlier study has shown that the same
mutation abolishes the ATPase activity of the NBDI1-
NBD2 heterodimer, while not affecting the nucleotide
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binding affinity of NBD2 [49]. Hence, although we have
no data regarding the influence of E1371Q on the CFTR
opening rate, it seems that mutations affecting either the
H-loop or Glul371 have a very similar impact on ATP-
dependent CFTR gating, which suggests close cooperation
of both these elements, as predicted in the catalytic dyad
model. As the arginine residue in H-loop of ABC
transporters is less conserved than the adjacent invariant
histidine, it seems likely that Arg1403 is not required for
NBD2-mediated ATP hydrolysis. However, it would be
interesting to know whether, and to what extent, this
particular residue contributes to CFTR channel closing,
especially when suspecting that it may undergo a
considerable displacement upon ATP release, as has been
shown for the analogous arginine residue in the archeal
MJ1267 transporter [31].

Although we have shown that the HR motifin NBD2
contributes to CFTR channel closing, it remains uncertain
whether both subconductance states of CFTR are equally
affected by mutations within the H-loop. While our data
clearly indicate that the HR—>AA mutation in NBD2
prolongs the large subconductance (8 pS) channel
openings, no such unequivocal conclusion could be made
for the relatively rare small (2 pS) subconductance states.
It is worth noting that the exact nature of these small
CFTR subconductance states remains enigmatic, as their
relationship with the large subconductance state of CFTR
is not clear and they show remarkable variation in the
amplitude, with reported conductance values ranging from
0.4 to 6 pS [42, 60-64]. It has been proposed that the
small subconductance pore is formed by the second half
of the human CFTR protein [42]. Intriguingly, the small
subconductance state seems to represent a major form
of chloride channel activity in murine CFTR [64], which
is in apparent contrast to the human protein where large
subconductance constitutes the dominant state [65].
Importantly, the replacement of either of the human NBDs
with its murine counterpart seems to be not sufficient to
ensure high frequency of small subconductance openings
[65], thus suggesting that the membrane-spanning domains
(MSDs) of CFTR rather than NBDs are responsible for
imposing a specific subconductance state.

The whole-cell patch-clamp analysis revealed that
the macroscopic CFTR-mediated currents were
significantly reduced in cells expressing the H-loop
mutants when compared to cells expressing WT CFTR
(Fig. 7D). Similar decrease in whole-cell currents has
been very recently reported for another H-loop mutation
E1401K, associated with CBAVD [66]. The above results
may seem surprising in light of our finding that the

HR—AA CFTR mutant shows increased open
probability in single-channel analysis (Fig. 3A). However,
this observation suggests that certain consequences of
mutations in the H-loop of NBD2 are discernible only in
the whole cell context. One possible explanation of this
opposite effect of the HR—>AA mutation on the CFTR
function is that the H-loop may have a dual role in
regulating the CFTR activity. Apart from being involved
in ATP hydrolysis-dependent CFTR closing, it may also
regulate other processes that could potentially lead to
increased activity of CFTR on the cell surface. For
example, the H-loop may be engaged in certain regulatory
mechanisms that facilitate the surface-directed trafficking
of intracellular CFTR, including the retrograde trafficking
of endocytosed channel molecules. This kind of regulation
would result in increased CFTR activity when measured
at the whole-cell level, while not affecting the single-
channel properties of CFTR. Importantly, this scenario is
consistent with our observation that cells expressing the
CFTR H-loop mutants respond very slowly to 8-CPT-
cAMP stimulation (Fig. 6), which is what one would
expect from mutations affecting the vesicular transport
of intracellular CFTR to the cell surface.

Besides affecting the CFTR-specific currents, the
H-loop seems to influence the activity of the outwardly
rectified chloride channel (ORCC), previously reported
to be regulated by CFTR [43, 44]. The exact mechanism
of the CFTR-mediated regulation of ORCC remains
unknown [67, 68], although it has been suggested that
NBDI1 and the regulatory (R) domain of CFTR may be
essential for regulatory interaction with ORCC [69]. Our
study, showing increased ORCC activity in cells
expressing the CFTR protein with mutations within the
H-loop of NBD2 (Fig. 7D), suggests that NBD2 may
also play an important role in this process by restraining
CFTR-stimulated ORCC activity. However, we have
been unable to determine whether the mutations in H-
loop of CFTR affect the rate of ORCC opening or closing,
or whether they interfere with other steps of ORCC
regulation, related for example to the subcellular trafficking
of the channel. Further studies, including single-channel
analysis performed on epithelial cells expressing ORCC
at much higher level, should be undertaken to answer
these questions. It is worth noting that the ORCC-specific
macroscopic currents in cells expressing either HR—>AA
or A1395-1403 CFTR were increased to identical levels
(Fig. 7D), although these two mutations in H-loop showed
different effects on the CFTR single-channel behavior
(Fig. 3B and 3C). This indicates that the H-loop-
dependent regulation of ORCC may be uncoupled from
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the CFTR channel closing. Consequently, the CFTR-
mediated regulation of ORCC may be uncoupled from
the ATP hydrolysis, similarly to what has been previously
observed for the Pdr5-mediated rhodamine transport in
yeast [54].

It should be noted that the DIDS-sensitive ORCC
activity has, to our knowledge, never been previously
detected in HEK 293 cells, although several studies have
used this cell line to measure the currents mediated by
exogenous CFTR (for example see [42, 70-73]). The
channel described in this work exhibits relatively large
single-channel conductance at depolarizing voltages (120
pS as compared to 40-80 pS reported for ORCC in other
studies [45, 74-77]) and shows no sensitivity to
glibenclamide, which is in marked contrast to most
previous reports [75, 78, 79], though in agreement with

the studies on IB3-1 cells [39]. Since the molecular identity
of ORCC has not been definitively established, one may
speculate that different proteins/channels are responsible
for ORCC-specific currents in different cell lines and
under different conditions, thus contributing to the above
discrepancies.
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