Molecular Pharmacology Fast Forward. Published on July 13, 2016 as DOI: 10.1124/mol.116.104570
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #104570

Title: Synergistic Potentiation of CFTR gating by two chemically distinct potentiators,

I vacaftor (VX-770) and NPPB.

Wen-Ying Lin, Yoshiro Sohma, and Tzyh-Chang Hwang

Department of Medical Pharmacology and Physiology, Dalton Cardiovascular Research Center,

University of Missouri-Columbia, Columbia, MO 65211, Department of Pharmacology, Keio

University School of Medicine, Shinjuku, Tokyo 160-8582, Japan

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on July 13, 2016 as DOI: 10.1124/mol.116.104570
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #104570

Running title: Synergistic Potentiation of CFTR
Corresponding author :

Name: Tzyh-Chang Hwang

Mailing address: 134 Research Park Dr. Columbia, MO 65211
Telephone number: 573-882-2181

Fax number: 573-884-4232

Email address: hwangt@health.missouri.edu

The number of text pages: 42

The number of tables: 0

The number of figures: 10

The number of references: 53

The number of words in the Abstract: 258

The number of words in the Introduction: 791
The number of words in the Discussion: 1453

A list of nonstandard abbreviations:

VX-770 (lvacaftor or Kalydeco): N-(2,4-ditert-butyl-5-hydroxyphenyl)-4-oxo-1H-
quinoline-3-carboxamide

NPPB: 5-nitro-2-(3-phenylpropylamino) benzoate
PKA: Protein Kinase A

TMD: Transmembrane domain

NBD: Nucleotide binding domain

R domain: Regulatory domain

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on July 13, 2016 as DOI: 10.1124/mol.116.104570
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #104570

Abstract

Cystic Fibrosis (CF) is caused by loss-of-function mutations of the Cystic Fibrosis
Transmembrane conductance Regulator (CFTR) gene encoding a phosphorylation-activated, but
ATP-gated chloride channel. Previous studies suggested that VX-770 (ivacaftor), a CFTR
potentiator now used in clinics, increases the open probability (P,) of CFTR by shifting the
gating conformational changes to favor the open channel configuration. Lately, the chloride
channel blocker and CFTR potentiator NPPB was reported to enhance CFTR activity by a
mechanism that exploits the ATP hydrolysis-driven, non-equilibrium gating mechanism unique to
CFTR. Surprisingly however, NPPB increased the activity of non-hydrolytic G551D-CFTR, the
third most common disease-associated mutation. Here, we further investigated the mechanism of
NPPB’s effects on CFTR gating by assessing its interaction with well-studied VX-770.
Interestingly, once G551D-CFTR was maximally potentiated by VX-770, NPPB further
increases its activity. However, quantitative analysis of this drug-drug interaction suggests that
this pharmacological synergism is not due to independent actions of NPPB and VX-770 on
CFTR gating; instead, our data support a dependent mechanism involving two distinct binding
sites. This latter idea is further supported by the observation that the locked-open time of a
hydrolysis-deficient mutant K1250A was shortened by NPPB, but prolonged by VX-770. In
addition, the effectiveness of NPPB, but not of VX-770, was greatly diminished in a mutant
whose second nucleotide-binding domain was completely removed. Interpreting these results
under the framework of current understanding of CFTR gating not only reveals insights into the
mechanism of action for different CFTR potentiators, but also brings us one step forward to a

more complete schematic for CFTR gating.
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Introduction

Cystic fibrosis (CF), caused by loss-of-function mutations of the CFTR (Cystic Fibrosis
Transmembrane conductance Regulator) gene, is one of the most common life-shortening

genetic diseases, affecting 1 in every 2500 newborns in Caucasian populations (Rowe et al., 2005;
Zielenski and Tsui, 1995). The CFTR protein, functioning as a chloride channel that plays critical
roles in water and salt transport in epithelium-lining tissues (Bear et al., 1992; Quinton and
Reddy, 1991; Riordan et al., 1989), is classified as an ATP-binding cassette (ABC) protein
because of its characteristic topological features: two cytosolic nucleotide-binding domains
(NBDs) each preceded by a transmembrane domain (TMD). Unique to CFTR, however, is a
regulatory (R) domain that connects two TMD/NBD complexes and contains multiple consensus

serine/threonine residues for PKA-dependent phosphorylation (Ostedgaard et al., 2001).

Once the R domain is phosphorylated, opening and closing (gating) of the CFTR chloride
channel are controlled, respectively, by ATP binding-induced dimerization and hydrolysis-
catalyzed separation of the NBDs. (Hwang and Sheppard, 2009; Tsai et al., 2010; Tsai et al.,
2009; Vergani et al., 2003; Vergani et al., 2005). A CFTR gating model (Fig. 1A) depicting
energetic coupling between dimerization of CFTR’s two NBDs and gate opening/closing in the
TMDs was recently proposed (Jih and Hwang, 2012). In theory, mutations that disrupt any
critical steps in this gating process may lead to CFTR dysfunction and hence cause CF. For
example, the G551D mutation results in >100-fold reduction of the open probability (Po)
(Bompadre et al., 2007; Cai et al., 2006; Miki et al., 2010) due to a prevention of ATP-induced
NBD dimerization (Lin et al., 2014), two rightmost horizontal transitions in Fig. 1A. A recent

study suggests defects in the conformational changes of CFTR’s TMDs (three vertical transitions
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in Fig. 1A) may account for the much-reduced P, observed in the R117H mutation associated

with a mild form of CF (Yu et al., 2016).

In the past few years, high-throughput screening (Van Goor et al., 2009) identified a high-affinity
CFTR potentiator, VX-770 (Ivacaftor or Kalydeco), which increases the P, of G551D by 8 — 10
fold in vitro. Subsequent successful clinical trials (Accurso et al., 2010; Ramsey et al., 2011) led
to FDA approval for the first CF therapy targeting mutant CFTR. However, how VX-770
potentiates a wide spectrum of gating mutants (Van Goor et al., 2014; Yu et al., 2012) remained
unknown until recent papers that reveal the mechanisms for VVX-770’s effects on gating kinetics
and energetics (Eckford et al., 2012; Jih and Hwang, 2013; Yeh et al., 2015). These latest studies
support the idea that VX-770 acts at the interface between CFTR’s TMDs and the lipid core of
the membrane bilayer, and increases the P, by shifting the three vertical gating transitions
depicted in Fig. 1A to favor the open states. Of note, these detailed mechanistic studies provide a
theoretical framework to help design second-generation drugs that can complement the action of
VX-770. This strategy is important since, however encouraging, the VX-770-rectified P, of
G551D channels is still less than 10% of that of WT-CFTR (Jih and Hwang, 2013); but cf.(Van
Goor et al., 2009). In addition, VX-770 diminishes the effects of VX-809 (Cholon et al., 2014;
Veit et al., 2014), a compound designed to correct the trafficking defects of the most common
pathogenic mutation AF508 (Van Goor et al., 2011). Although this negative impact of VX-770 on
the action of VX-809 may not be as severe when VVX-770 concentration is in the nanomolar
range (Matthes et al., 2016), new CFTR potentiators with little drug-drug interactions seem

warranted.
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Among the plethora of CFTR potentiators (Barry et al., 2015; Rowe and Verkman, 2013) that
may serve as candidates to complement or supplant VX-770, the arylaminobenzoate 5-nitro-2-(3-
phenylpropylamino) benzoate or NPPB (Wei et al., 2005), which has long been known to the
anion transport community as a chloride channel blocker (Wangemann et al., 1986), is
particularly appealing. The action of NPPB is distinct from that of many other dual-action
potentiators that increase the activity of CFTR at low concentrations but inhibit CFTR channel
gating at high concentrations (Lansdell et al., 2000; Wang et al., 1998), as NPPB, when used at
micromolar concentrations, potentiates CFTR channel gating as well as blocking the pore. In the
current report, we show that although both NPPB and VVX-770 effectively increase the P, of
wild-type and G551D CFTR to a similar extent, their effects differ markedly in other CFTR
mutants tested. To investigate how NPPB and VX-770 work differently on CFTR gating, we
quantify the combined effects of NPPB and VVX-770, and compare them to the individual action
of each compound. Our data suggest that these two reagents work not only through different
binding sites, but also at different kinetic steps. The pharmacological and physiological

implications of our results will be discussed.
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Materialsand Methods

Cell culture and transient expression system

We used Chinese hamster ovary (CHO) cells for all our patch-clamp experiments. Cells were
grown at 37°C in Dulbecco’s modified Eagle’s medium and supplemented with 10% fetal bovine
serum. We first transfected cells with pcDNA plasmids containing various CFTR constructs and
pPEGFP-C3 (Takara Bio Inc.) by using PolyFect (QIAGEN). The transfected CHO cells were
then trypsinized, transferred to new 35-mm tissue dishes containing sterile glass chips, and
incubated at 27°C before electrophysiological experiments done 2 - 3 d after transfection for

microscopic current recordings or 4 — 6 d for macroscopic current recordings.

Mutagenesis
For site-directed mutagenesis, QuikChange XL kit (Agilent Technologies) was used according to
the manufacturer’s protocols. All of the DNA constructs were sequenced by the DNA Core

(University of Missouri) to confirm mutation identity.

Electrophysiological recordings

We performed all the electrophysiological experiments at room temperature using an EPC9
amplifier (HEKA). Recording electrodes were made from borosilicate capillary glass with a two-
step micropipette puller (Narishige). The tips of micropipettes were then polished using a
homemade microforge before experiments. The resistance of polished pipettes was 1.5 - 3 MQ
for macroscopic current recordings and 4 - 5 MQ for microscopic current recordings. After
observing the seal resistance >40 GQ, we excised membrane patches into an inside-out mode and

applied 2 mM ATP with 25 IU PKA to activate CFTR until the current reached a steady-state.
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The time course of this phosphorylation-dependent activation varies from patch to patch, but
usually requires > 5 min to reach the maximal level. To minimize effects of dephosphorylation
by membrane-associated phosphatases and to assess the degree of phosphorylation-independent
rundown, 10 IU PKA was added in all other ATP-containing solutions applied thereafter. For the
macroscopic current recording, the membrane potential was kept at =30 mV, whereas single-
channel recordings were made at =50 mV. To obtain macroscopic I-V relationships, voltage
ramps (=100 to +100 mV over duration of 1 s) were applied. The data were filtered with an
eight-pole Bessel filter (LPF-8; Warner Instruments) with a 100-Hz cutoff frequency and
digitized to a computer at a sampling rate of 500 Hz. For a better visual effect, we invert the
inward current so that upward deflections represent channel openings. For recordings that
demand fast solution changes, a perfusion system (SF-77B; Warner Instruments) with a dead

time of ~30 ms was used.

Chemicals and solution composition

The pipette solution contained (mM) 140 NMDG (N-Methyl-D-glucamine)-Cl (Fisher Biotec), 2
MgCl, (Fisher Biotec), 5 CaCl, (Fisher Biotec), and 10 HEPES (Fisher Biotec), pH 7.4 with
NMDG for all of the patch-clamp experiments. This pipette solution was used routinely for all
the experiments except those shown in Supplemental Figure 3, where pipettes were filled with
NPPB-containing pipette solution. Cells were perfused with a bath solution having (mM) 145
NaCl (Fisher Biotec), 5 KCI (Fisher Biotec), 2 MgCl,, 1 CaCly, 5 glucose (Fisher Biotec), 5
HEPES, and 20 sucrose (Fisher Biotec), pH 7.4 with NaOH (Fisher Biotec). After establishing an

inside-out configuration, the patch was perfused with a standard perfusion solution (i.e.,
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intracellular solution) containing (mM) 150 NMDG-CI, 2 MgCl,, 10 EGTA (Fisher Biotec), and
8 Tris (Fisher Biotec), pH 7.4 with NMDG.

MgATP and PKA were purchased from Sigma-Aldrich. MgATP was stored in 500 mM stock
solutions at —20°C prepared to working concentration, and the pH was adjusted to 7.4 with
NMDG. VX-770 (N-(2,4-Di-tert-butyl-5-hydroxyphenyl)-4-oxo-1,4-dihydroquinoline-3-
carboxamide, Ivacaftor), provided by Prof. Robert Bridges (Rosalind Franklin University, North
Chicago, IL), was stored as a 100 pM stock in DMSO at —70°C and diluted to 200 nM. NPPB
(5-nitro-2-(3-phenylpropylamino)benzoate), purchased from Sigma-Aldrich, was stored as a 100

mM stock in DMSO at —20°C and diluted to 200 pM.

Data analysis and statistics

We used Igor Pro program (WaveMetrics) to measure the steady-state mean current amplitude.
The current relaxation phase after NPPB removal was fitted with single exponential functions in
Gb551D-, WT-, and ANBD2-CFTR using a built-in Levenberg—Marquardt-based algorithm. Two-
tailed t-tests assuming equal variance were conducted with Excel (Microsoft) for all the
comparisons showing statistical probability (p value). p was expressed as *p < 0.05, **p < 0.01,
***p < 0.001 in figures. *p < 0.05 was considered statistically significant. Single-channel kinetic
analysis for WT-CFTR was done with a program developed by Csanady (2000) (Figure 6).
NPPB’s effect on gating was isolated by first quantifying its pure blocking effect using a
hydrolysis-deficient mutant, E1371S-CFTR (Moody et al., 2002; Vergani et al., 2003), whose P,
is close to unity whereas the single-channel conductance is unchanged suggesting that the pore
was not affected by the mutation (Vergani et al., 2003). A similar strategy was employed in

Csanady and Tordcsik (2014). Ramped I-V relationships of macroscopic E1371S-CFTR currents
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in the presence or absence of 200 UM NPPB were obtained (see Fig. 1C). Fractional block of
73% was estimated for currents at -30 mV membrane potential, at which voltage all the
experiments with NPPB were carried out. This value was then used to calculate the net gating
effect of NPPB with the following mathematic derivation:

Inere = N X Po (neee) X inpee, N: number of active channels in the patch, Py ees) : Po in the
presence of NPPB, inpps: single-channel amplitude in the presence of NPPB.

lcontrol = N X Po (controty X Tcontrol, N2 number of active channels in the patch, Po controry : Po in the
absence of NPPB, icontrol: Single-channel amplitude in the absence of NPPB.

Then, Inpps/ lcontrol = Po (npee)/ Po (controly X Inppe/ Tcontrol, @SSUMing the number of active channels
does not change over the experimental duration.

Since inppa/ Icontrot = 0.27 based on 73% fractional block described above, assuming this
fractional block is the same among all CFTR variants tested,

Po (nvepey/ Po (controty = Inppe/0.27/ leontrol.

Since our experimental protocol is always designed to include a control before and after NPPB
treatment, our final control current amplitude will be the average of these two measurements:
Fold increase in P, by NPPB = [Inpee/0.27]/[(Icontrol before +lcontrol after/2],

where Inppg represents macroscopic currents in the presence of NPPB while lcontro before @Nd lcontrol
after al'e respectively macroscopic current before the application of NPPB and that after washing
out of NPPB. By averaging lcontrol before @Nd lcontrol atter fOr the control, we effectively minimized the
effect of time-dependent changes of the current amplitude. Of note, the formula employed here
to calculate fold increase of the P, is based on two assumptions: First, the number of active
channels in the membrane patch remains unchanged over the experimental duration; Second, the

blocking effect of NPPB is the same among all CFTR variants tested. While the first assumption

10
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IS a common practice in patch-clamp experiments, the second one is presumably also safe as all
the CFTR constructs used in the current study exhibit the same single-channel conductance
suggesting an unperturbed pore where NPPB may reside. For experiments involving VX-770, as
noted before (Jih and Hwang 2013), the “stickiness” of VX-770 makes it impossible to bracket
our experiments with controls. Thus fold increase of the current was calculated based on the one

control immediate before the application of VX-770.

Computer simulations

We developed an in-house computer program for simulating the drug effects on the gating of
G551D-CFTR based on our proposed gating scheme (Supplemental Figure 4) using Intel Visual
Fortran Compiler on the Windows 7 operation system (Cai et al., 2011). (See Supplements for

details.)

11
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Results

NPPB, best known as a chloride channel blocker (Wangemann et al., 1986), can be driven into
the CFTR pore by hyperpolarizing voltages and hence disrupts the flow of chloride ions
(Csanady and Torocsik, 2014; Zhang et al., 2000; Zhou et al., 2010). Thus, when NPPB was
applied as a CFTR potentiator to an inside-patch that yields macroscopic currents of wild-type
(WT) CFTR at a negative membrane potential, a net decrease of the current was observed since
the potentiation of CFTR gating is effectively masked by pore blockade (Fig. 1B). To
quantitatively assess the gating effects of NPPB, one has to first quantify its blocking effect and
use this information to isolate NPPB’s effects on gating. A simple way to measure pure block of
the CFTR pore by NPPB is to apply the reagent to a channel with a P, close to unity. The
hydrolysis-deficient mutant, E1371S-CFTR (\Vergani et al., 2003), offers just that as
demonstrated recently (Csanady and Torocsik, 2014). Fig. 1C shows ramped I-V curves of
macroscopic E1371S-CFTR currents in the presence or absence of 200 uM NPPB. As reported
previously (Csanady and Torocsik, 2014), NPPB-induced block exhibits a strong voltage-
dependence with more block at hyperpolarizing membrane potentials. From these I-V
relationships, we calculated the percentages of blockade at given membrane potentials, and used
these values to assess the net gating effect of NPPB as described in the Materials and Methods.
Once the magnitude of block was corrected for data shown in Fig. 1B, we deduced that NPPB

increases the P, of WT-CFTR by 1.81 £+ 0.14 fold (n = 8).

We next tested effects of NPPB on G551D-CFTR (Fig. 1D). In contrast to the result with WT
channels (Fig. 1B), 200 uM NPPB increased the net G551D-CFTR currents, indicating that the

gating effects outweighed the block for this mutant channel. Nonetheless, the existence of the

12
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block of G551D-CFTR currents by NPPB was evidenced by the transient current increase upon
sudden washout of NPPB (inset in Fig. 1D). The biphasic time course of current changes upon
removal of NPPB was interpreted as a fast release of NPPB’s blocking effect followed by a slow
disappearance of its gating effects. Fitting the falling phase with a single exponential function
yielded a time constant of 1.67 £ 0.28 s (n = 6). The lack of this transient increase of currents in
WT-CFTR might be due to a high P, at 2 mM ATP so that the smaller transient was masked by
the low bandwidth of recording. Again, once the NPPB-induced block was corrected, we
observed an increase of the P, by 12.1 + 1 fold (n = 20) for G551D-CFTR. These results
intrigued us not only because of the differences in fold increase between WT- and G551D-CFTR,
but also because NPPB could work on G551D-CFTR at all as previous studies (Csanady and
Torocsik, 2014) suggest a mechanism for NPPB’s action that should not be applicable for this
mutant whose gating does not involve ATP hydrolysis (Lewis et al., 2004; Lin et al., 2014; Xu et

al., 2014).

To further understand how NPPB modulates G551D-CFTR gating, we first reviewed briefly our
previous gating scheme for G551D-CFTR (Lin et al., 2014). As the lack of a side chain at
position 551 in WT-CFTR exposes the peptide backbone amide to form a hydrogen bond with
the y-phosphate of ATP upon NBD dimerization, we proposed that with a negative charge
introduced at this position, NBD dimerization is likely prohibited as a result of simple
electrostatic repulsion between two negatively charged entities. Of note, this idea is supported by
the observation that G551E, but not G551K, exhibits a similar gating abnormality as G551D (Lin
et al., 2014). We therefore modified the gating scheme (Fig. 1A) originally proposed for WT-

CFTR (Jih et al., 2012a) by eliminating NBD-dimerized states to explain G551D-induced gating

13
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defects (Fig. 2A). The resulting scheme contains two open and two closed states, “monoliganded”
and “biliganded”, in equilibrium. Unlike classical ligand-gated channels, however, binding of the
ligand ATP by itself does not alter gating parameters of CFTR (\Vergani et al., 2005). Thus, once
the NBD dimerization is removed from the scheme, gating with only ATP binding/unbinding is
inefficient as happened in G551D-CFTR. Nonetheless, this four-state gating scheme predicts that
altering [ATP] can change the distribution of the states. As our previous study (Lin et al., 2014)
suggests that 20 uM ATP can effectively decrease ATP binding to site 2 in G551D-CFTR, we
examined the effects of 200 uM NPPB in the presence of 20 uM ATP (Fig. 2B). Again, NPPB
increased the net current resulting in an increase of the P, by 7.31 + 0.81 fold (n = 3), which was

significantly lower than that at 2 mM ATP (p < 0.005)(Fig. 2D).

To further lower the probability of occupancy in site 2, we mutated Y1219, a residue involved
directly in binding of ATP at the head subdomain of NBD2 (Zhou et al., 2006), to glycine
(Y1219G). We then applied 200 uM NPPB to G551D/Y1219G-CFTR in the presence of 20 uM
ATP (Fig. 2C). The calculated increase of the P, turned out to be 6.83 + 1.53 fold (n = 8), very
similar to the magnitude seen with G551D-CFTR at 20 uM ATP (Fig. 2D). If we accept the
premise that our strategies have effectively eliminated the states with ATP bound in site 2, this
result leads to the propositions that NPPB potentiates C, «<» O, transition, and that NPPB works
on this transition not as well as it affects C, ATP <> O, ATP transition. Regardless, the above idea
dictates that NPPB affects the same Kinetic steps potentiated by VX-770, a well-studied CFTR

potentiator (Eckford et al., 2012; Jih and Hwang, 2013; Yeh et al., 2015).

If the hypothesis that NPPB and VVX-770 act on the same Kkinetic step is correct, we can consider

14
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three possible scenarios: First, they bind to the same site (i.e., a competitive relationship).
Second, they bind to different sites and work independently, a scenario demonstrated for nitrate
and VX-770 (Yeh et al., 2015). Third, although they bind to two different sites, the effect of one
drug may influence that of the other (i.e., a dependent action or drug-drug interactions). For the
first scenario, when both drugs are used at saturating concentrations in our experiments, we
would predict a lack of additive effects in gating potentiation upon applications of NPPB and
VX-770 together. However, the experimental result contradicted this prediction (Fig. 3A & 3B).
The current of G551D-CFTR was further enhanced as we added VVX-770 to the bath in the
presence of NPPB and vice versa. For the second scenario to be valid, one would expect that the
fold increase of P, by one reagent should be independent of the presence of the other compound.
Yet, quantitative analyses of our results indicated that, at 2 mM ATP, the fold increase of NPPB
did depend on the presence of VX-770 and vice versa (Fig. 3D): In the presence of NPPB, VX-
770 increased the P, of G551D-CFTR by 4.76 £ 1.75 fold (n = 5), significantly smaller than the
effect of VX-770 in the absence of NPPB (9.32 + 1.42 fold, n = 21, p < 0.05). Similarly, the
presence of VX-770 significantly dampened the effect of NPPB (6.27 + 1.0 fold, n =9, vs 12.1
fold, p < 0.005). Thus, the overall 46-fold increase of G551D-CFTR currents when NPPB and
VX-770 were applied together (46.6 + 8.5 fold, n = 18) was larger than the sum of the effects
from individual reagents (~12-fold), an indication of pharmacological synergism supporting the
notion that NPPB and VVX-770 bind to different sites. However, the fact that the combined effects
of NPPB and VX-770 are smaller than the product of individual effects (~110-fold) suggests a
mechanism by which these two potentiators work in a dependent manner (i.e., the third scenario
described above). While the mechanism responsible for this drug-drug interaction is unclear, we

can at least test one simple idea that binding of one drug lowers the effect of the other by
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reducing its binding affinity. This hypothesis predicts that this “interference” can be overcome by
raising the concentration of the compound of interest. Due to the limited solubility of NPPB, we
were only able to increase the concentration of VX-770. As shown in Supplemental Figure 1, no
further increase in G551D-CFTR currents was seen when we switched from 200 nM VX-770 to
1 uM VX-770 (1.02 £ 0.04 fold, n = 7, Supplemental Figure 1B). Thus, binding of NPPB does

not appear to lower the binding affinity of VX-770.

As described above, by lowering [ATP] to 20 uM, we can shift the distribution of G551D-CFTR
towards monoliganded states. Similar to the result with NPPB (Fig. 2B), the effect of VX-770
was retained but reduced (4.79 + 1.04 fold, n = 14, Fig. 3C & D; vs. 7.31 £ 0.81 fold in Fig. 2D
above). Furthermore, the inter-dependency of the effects of VX-770 and NPPB on G551D-CFTR
could still be observed. In the presence of VX-770, NPPB gave only 5.0 + 0.4 fold increase (n =
13, Fig. 3C); whereas VX-770 enhanced the P, of NPPB-treated G551D-CFTR by 2.53 + 0.31
fold (n = 3). When the two reagents were applied together, at 20 uM ATP, we obtained an 18.0 +
5.0 fold increase of the P, for G551D-CFTR (n =7, Fig. 3C & D). Again, 18 is larger than the
sum of individual effects (4.79 and 7.31 fold-increase respectively), but smaller than the product
of 4.79 and 7.31, affirming pharmacological synergism between VVX-770 and NPPB through a

“dependent” mechanism.

This dependent mechanism between VX-770 and NPPB could also be observed in the most
common pathogenic mutation AF508. As shown in Supplemental Figure 2A, macroscopic
AF508-CFTR currents increase immediately upon applying NPPB with a calculated fold increase

in P, of 5.52 + 2.18 fold (n = 10) in the presence of 2 mM ATP. However, once the activity is
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enhanced by VX-770, the application of NPPB causes a net decrease of the macroscopic currents
(Supplemental Figure 2B) with a calculated fold increase in P, of 2.29 £ 0.17 fold (n = 14).
While previous reports (Kopeikin et al., 2014; Van Goor et al., 2009) show a 5 — 10 fold increase
of the P, of AF508-CFTR by VX-770; here, in the presence of NPPB, the effect of VX-770 is
decreased to 3.51 £ 1.27 fold (n = 3). In these three patches, an overall 19.4 + 7.0 fold (n = 3)

increase in P, is seen with VX-770 and NPPB applied together (Supplemental Figure 2C).

Previous studies (Csanady and Torocsik, 2014; Jih and Hwang, 2013) demonstrated that NPPB
and VX-770 share similar kinetic effects on WT-CFTR gating: an increase of the opening rate
but a decrease of the closing rate, and the data presented above also show a similar magnitude of
potentiation on G551D channels for both reagents. However, the fact that the effect of VX-770
and NPPB together on G551D-CFTR is larger than the sum of individual effects from each
reagent when applied alone argues that VX-770 and NPPB bind to different sites in CFTR.
Results in Fig. 4 further support the proposition that NPPB and VX-770 work differently.
Although NPPB is considered a CFTR potentiator, Csanady and Torocsik (2014) showed that the
locked-open time of K1250A-CFTR, a hydrolysis deficient mutant, is paradoxically shortened by
NPPB. In contrast, VX-770 prolongs the lock-open time of a different hydrolysis-deficient
mutant E1371S-CFTR (Jih et al., 2011). To rule out the possibility of mutation-specific effect,
we compared NPPB and VX-770 on K1250A-CFTR. Fig. 4A shows a representative current

relaxation of K1250A-CFTR upon removal of ATP. The current decay phase could be well fitted

with a single exponential function with a time constant of 54.1 s (mean data: 55.6 + 4.3 s, n = 19).

A similar experiment was carried out with the addition of VX-770 (Fig. 4B), which significantly

(p < 0.001) prolonged the time course of current relaxation upon ATP removal (time constant =
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93.2 +12.4 s, n =9). On the contrary, Fig. 4C shows that NPPB indeed shortened the relaxation
time constant of K1250A-CFTR t0 26.9 +3.0 s (n =9, p <0.001). Fig. 4D summarizes current

relaxation time constants for the indicated experimental conditions.

The other mutation ANBD2-CFTR, a construct with the NBD2 deleted and hence unresponsive
to ATP (Cui et al., 2007) was also tested. As demonstrated previously, the P, of this mutant is
extremely low (Yeh et al., 2015). But, since the mutation eliminates NBD dimerization and ATP
hydrolysis, the gating of ANBD2-CFTR can be described by an open-closed, two-state scheme in
equilibrium. As seen in Fig. 4E, the application of 200 uM NPPB caused a net decrease of
ANBD2-CFTR currents. The calculated gating effect of NPPB on ANBD2-CFTR was only 2.56
+ 0.15 fold (n = 5), which was not only much smaller than that of G551D (p < 0.01), but also far
from the ~10-fold increase of the P, of ANBD2-CFTR by VX-770 (Yeh et al., 2015). Upon
removal of NPPB, a rapid current rise followed by a slow current decay was observed. This
biphasic response to NPPB removal is reminiscent of the result seen with G551D-CFTR (Fig.
1D). However, careful inspections of these current changes provided some insights regarding the
interaction of NPPB with ANBD2-CFTR. First, fitting the decay phase with a single exponential
function yielded a time course of 39.7 £ 6.7 s (n = 9), which was much longer than that of
G551D. If we assume that this decay phase reflects the dissociation of NPPB from the channel, a
slower decay rate of ANBD2-CFTR indicates a tighter binding of NPPB to ANBD2-CFTR.
Therefore, the reduced effect of NPPB on ANBD2-CFTR is not due to a lower binding affinity of
the reagent with the channel. Second, because of the slow decay of the current, a stable peak
current could be obtained just seconds after NPPB removal. This peak amplitude reflects the

gating-enhanced current with the block eliminated. Since the ratio of this peak current and the

18

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on July 13, 2016 as DOI: 10.1124/mol.116.104570
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #104570

steady-state current in the absence of NPPB is also around 2 fold, we can conclude that the
calculated potentiation effect is accurate and also exclude the possibility that the ANBD2
mutation may somehow alter NPPB block. Fig. 4F summarizes comparisons of the gating effects
between NPPB and VX-770 on two different constructs, G551D- and ANBD2-CFTR. Thus,
while these two CFTR potentiators bear similar effects on G551D-CFTR, deletion of NBD2
dramatically dampens the effects of NPPB but not that of VVX-770, a result further reinforcing the

conclusion that they work through different mechanisms.

The results presented so far suggest that NPPB and VX-770 may bind to two different sites. Our
previous study (Jih and Hwang 2013) proposed that VVX-770 binds to CFTR’s transmembrane
segments since external application of VX-770 obliterates the effect of internal VX-770. Here,
we tested whether NPPB exhibits similar properties as VX-770 by loading NPPB into the pipette
in experiments using inside-out membrane patches . Further application of NPPB from the
intracellular side still yielded 8.89 + 2.43 fold (n = 5) increase in G551D-CFTR macroscopic
current (Supplemental Figure 3A). This result suggests that most, if not all, of NPPB’s gating
effects come from NPPB binding to a binding site that is readily accessible from the cytoplasmic

but not the extracellular side of the membrane.

Before we proceed to the discussion section, we shall ask: Are the different magnitudes of
potentiation by NPPB between WT- and G551D-CFTR (Fig. 1) due to the mutation itself? In
other words, although we posit that NPPB’s effects on G551D-CFTR can be well explained
under the same kinetic framework used for WT channels with the only required removal of post-

NBD-dimerized states in Fig. 1, it remains plausible that modification of G551D-CFTR gating
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by NPPB is unique for G551D itself and not related to the behavior of WT channels. This
question is relevant since many of the experiments shown in the current report were carried out
with G551D-CFTR, and the results were interpreted under a unified gating scheme. As a general
limitation for all mutational approaches, one can seldom absolutely rule out the possibility that
the observed effects are specific to the mutation itself, but in this particular case, we can at least
examine if NPPB’s effects on WT-CFTR gating can be magnified by maneuvers that minimize
ATP-induced NBD dimerization, and hence mimicking that of G551D-CFTR. One such
experimental manipulation is to lower the probability of ATP occupancy at site 2 by decreasing
[ATP] and/or mutations that reduce ATP affinity at site 2. Fig. 5 shows that indeed for WT-CFTR,
as [ATP] was decreased, the potentiation effect of NPPB was increased. For example, in the
presence of 100 uM ATP (Fig. 5A), 20 uM ATP (Fig. 5B), 5 uM ATP (Fig. 5C), the calculated
fold increases of P, were 2.37 £ 0.17 fold (n = 7), 3.40 £ 0.24 fold (n = 5), 5.19 + 0.60 fold (n =
8) respectively. Moreover, in the presence of 5 UM ATP, a net increase of the current upon
applying NPPB was seen, a result very similar to that of G551D. We also employed a second
approach to lower the probability of occupancy in site 2, by mutating Y1219 to phenylalanine
(Y1219F) and carried out the same set of experiments. In the presence of 2 mM ATP (data not
shown), 100 uM ATP (Fig. 5D), 20 uM ATP (data not shown), 5 uM ATP (Fig. 5E) in Y1219F-
CFTR, the fold increases of P, were 1.71 +0.17 fold (n =9), 2.95 £ 0.43 fold (n =5), 5.41 £
0.98 fold (n = 6), 9.10 = 1.93 fold (n = 9) respectively (Fig. 5F). Of note, we chose not to lower
[ATP] further lest a significant number of channels would lose the ATP molecule bound in site 1.
Although the results did not completely replicate the same magnitude of fold increase of P, in
G551D because some of the WT channels might still go through the NBD dimerization-

hydrolysis pathway, these results are qualitatively consistent with the notion that the same
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mechanism for NPPB’s effects on G551D-CFTR may be applicable to WT channels.
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Discussion

Data presented in the current manuscript support the conclusion that NPPB and VX-770 increase
the activity of G551D-CFTR through different binding sites and their mechanisms of action
likely differ from each other. It should be noted that this conclusion, based simply on quantitative
comparisons between combined effects of these two reagents and their individual effects, is
independent of any kinetic model for CFTR gating. Further evidence supporting this conclusion
includes: First, relative to the magnitudes of gating potentiation by NPPB and VX-770 on
G551D-CFTR, deletion of NBD2 drastically reduces the efficacy of NPPB but not that of VX-
770 (Fig. 4F); Second, NPPB and VVX-770 pose opposite effects on the closing rate of K1250A-
CFTR (Fig. 4D); Third, while the binding site for VX-770 is equally accessible from either side
of the membrane (Jih and Hwang, 2013), the one for NPPB is preferentially accessible from the
cytoplasmic side of the channel. To elucidate the potential mechanism responsible for this
interesting drug-drug interaction between two CFTR potentiators, it is helpful to understand our

results in the context of a gating model.

The modified gating model depicted in Fig. 2A for G551D-CFTR was used to see whether we
can gain some insights into the mechanism of action for NPPB, which may then shed light on
how NPPB acts on WT-CFTR. As proposed originally by Vergani et al. (2003), ATP binding to
the catalysis-competent site (or site 2) is not coupled to gate opening; opening of CFTR’s gate is
controlled instead by NBD dimerization, which is facilitated by ligand binding. Applying this
concept to our gating model, we reckon that the two transitions in Fig. 2A, C, ATP < O, ATP
and C; <> Oy, should share the same parameters. This lack of energetic coupling between ATP

binding and gating predicts that NPPB should exert a similar effect on these two kinetic reactions
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and hence the potentiation effect of NPPB should not depend on [ATP], changes of which shift
the distribution of the channel between mono-liganded and bi-liganded states. Our experimental
data (Fig. 2B, C, &D) apparently contradict this prediction. In order to keep the scheme
unchanged, one has to propose that NPPB works differently on these two transitions: C, ATP <>

0O, ATP and C, < O..

Suppose, indeed, NPPB affects the C, <> O, step, the same transition proposed to be modulated
by VX-770, we expect either a competitive relationship (i.e., binding to the same site) or an
independent action from two distinct binding sites (e.g., nitrate and VX-770 in Yeh et al. (2015))
when NPPB is applied together with VX-770. However, neither was observed. Instead, a
“reduction” of one reagent’s effect was seen in the presence of the other reagent as if they work
in a dependent manner. Our results also make it unlikely that this apparent negative impact of
one drug over the other is due to a change of binding affinity (Supplemental Figure 1). Thus,
although we cannot rule out some sort of non-specific “allosteric” interference between NPPB
and VX-770, here we attempt to find a more testable proposition based on a relatively new idea

of the gating mechanism of CFTR.

As shown in Fig. 1A, the energetic coupling model depicts a probabilistic relationship between
NBD dimerization and gate opening. ATP, the ligand for CFTR gating, serves as a catalyst that
facilitates NBD dimerization. The sheer existence of this molecular motion predicts NBD
dimerization with an unoccupied site 2 (i.e., C, and O, states). We thus propose to add Coap and
Oy states representing a closed state and an open state respectively with dimerized NBDs but an

empty site 2 (Fig. 6). In the absence of the catalyst ATP in site 2, transitions from C, and O; to
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these two newly added states are slow, but the same principle of energetic coupling between
NBD dimerization and gate opening should apply. That is, Coap <> Og should assume a higher P,
than C, «» O,. This modification of CFTR gating scheme, albeit speculative, not only explains
data presented in our previous report (Lin et al., 2014), but also opens a new possibility to

explain how VX-770 and NPPB can interact with each other.

We hypothesize that NPPB, by binding at the NBD dimer interface, promotes NBD dimerization,
a mechanism distinct from that of VX-770. Qualitatively, this mechanism explains how NPPB
increases the opening rate of WT-CFTR (increasing Caate = Caap in Fig. 1A), shortens the lock-
open time of K1250A-CFTR presumably due to destabilization of NBD dimer because of
molecular crowding, and inhibits ATP hydrolysis (Csanady and Torocsik, 2014). This hypothesis
also offers a straightforward explanation for the sensitivity of NPPB’s effects to the deletion of
NBD?2. Furthermore, this proposed mechanism also qualitatively explains an intriguing,
fortuitous observation noted in Fig. 3A: the presence of NPPB reduced the initial current rising
phase upon ATP washout with G551D-CFTR (46 = 5%, n = 4, versus 70% in the presence of

V' X-770). As reported previously (Lin et al., 2014), this rapid current increase phase is due to
G551D-CFTR channels being trapped by millimolar ATP in the Coarp States depicted in Fig. 6;
whereas removal of ATP allows the CFTR protein to undergo conformational changes to the
more stable dimerized open states, Op in the modified gating scheme. Thus, NPPB, through the
proposed mechanism, shifts the gating equilibrium of G551D-CFTR channels to dimerized-Og
and Coap States, and hence diminishes the apparent “inhibitory” action of ATP. Lastly, because of
the coupling between NBD dimerization and gate opening, a dependent interaction is expected

for NPPB acting on NBD dimerization and VX-770, which modulates directly gate
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opening/closing step. In Supplemental Figure 4, we provide results based on computer

simulations to collaborate this idea of a dependent mechanism for these two CFTR potentiators.

While results from our computer simulations are consistent with the idea that NPPB acts on
NBD dimerization steps for G551D-CFTR (Supplemental Figure 4), the question is whether the
same mechanism can be applied to WT-CFTR. This question is hard to answer, as one can never
completely exclude the possibility of a global effect caused by the mutation on the protein
structure and hence gating function. Nevertheless, as we showed in Fig 5, the potentiation effect
of NPPB at very low [ATP] in WT-CFTR, which eliminates most ATP-induced NBD

dimerization events to mimic G551D-CFTR, is similar to that of G551D.

Although our computer simulations using the modified gating model seem to fit some
experimental data (see Fig.S3), we were unable to explain a reduction of the effect of VX-770 on
G551D-CFTR when [ATP] is decreased to 20 uM (10 fold based on simulations, but 5 fold
observed). Here we speculate several possible reasons responsible for this discrepancy. First, we
must accept the possibility that our model is wrong. While our model does explain many of the
current as well as published data, yet these inconsistent results do provide an opportunity to
reexamine the model in the future.. Second, since P, of G551D-CFTR is extremely low, most of
our recordings yield microscopic currents, resulting in imprecise measurements. However, we
did not see the expected large variation of our data predicted by this scenario. Third, itis a
generally held principle that modeling should be carried out with as few assumptions as possible.
Here, the simplest assumption for our simulations is that VVX-770 affects each vertical transition

to the same extent. However, it was recently shown that conformational changes in the NBDs
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will cause reorientation of transmembrane domains (Ehrhardt et al., 2016), which may in theory
alter the effect of VX-770 as VX-770 is proposed to bind to the transmembrane domains.
Therefore, although modifications of our assumption may better suit the experimental data, we

decided not to increase complexity lacking supporting evidence.

One caveat of our study we recognize is that our functional assay does not allow direct
visualization of NPPB’s binding site; therefore, much of what have been deliberated above
remains speculative. It may also be interesting to consider the possible binding sites identified by
previous studies. Moran et al. (2005) argue that the NBD1:NBD?2 interface is one binding site
for CFTR potentiators. Kalid et al.(2010) raise the possibility that the interface between the
NBDs and the intracellular loops is another potential binding site. Indeed much more about how
potentiators work on CFTR channels awaits future studies using diverse tools. Nonetheless, the
current work by demonstrating synergistic effects of two well-studied CFTR potentiators and a
logical gating scheme supported by numerous functional data do lay a sound foundation to guide
future drug design. The unique dependent gating mechanism revealed here underscores the
possibility of developing drugs that can complement the action of VX-770, and hence holds the

promise of a major therapeutical advancement for at least a subset of CF patients.
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Figure Legends

Figure 1. Dual effects of NPPB on CFTR. (A) The energetic coupling model (Jih and Hwang,
2012) for wild-type CFTR gating illustrating the relationship between opening/closing of the
gate (three vertical transitions), ATP binding/unbinding (two horizontal transitions on the left),
NBD dimerization/dissociation (two horizontal transitions on the right), and ATP hydrolysis and
dissociation of hydrolytic products (oblique transitions in below). The yellow trapezoids
represent CFTR’s two TMDs, which craft a gated pore. The red and blue semicircles depict
CFTR’s NBD1 and NBD2 respectively. They jointly form the ATP binding site 1 (lower binding
pocket), which consists of the head subdomain of NBD1 and the tail subdomain of NBD2, and
catalysis-competent site 2 (upper binding pocket), composed of the head subdomain of NBD2
and the tail subdomain of NBD1. The different lengths of the arrows marking the transitions
represent relatively different rate constants. The top three states represent the closed states,
whereas the lower four states are open channel conformations. (B) Effects of NPPB on
macroscopic WT-CFTR currents. In an inside-out patch containing multiple WT-CFTR channels,
the application of 200 UM NPPB results in a net current reduction that is readily reversed upon
removal of NPPB. (C) Voltage-dependent block of E1371S-CFTR by NPPB. Ramped I-V curves
over £ 100 mV membrane potential show a linear I-V relationship (red) in the absence of NPPB
and an outwardly rectified 1-V curve (blue) in the presence of 200 uM NPPB. (D) Effects of
NPPB on G551D-CFTR, a mutant with defective ATP-induced NBD dimerization. Macroscopic
G551D-CFTR currents increase immediately upon applying NPPB. The inset highlights a
biphasic change of the currents upon removal of NPPB, a telltale sign for a fast release of the
pore block followed by a slower abolition of the potentiation effect of NPPB. Fitting the decay

phase in this representative trace with a single exponential function (red line) yields a time
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constant of 1.55 s (mean value of 1.67 + 0.28, n = 6). Inh-172: a thiazolidinone CFTR inhibitor
(Kopeikin et al., 2010; Ma et al., 2002). 10 uM Inh-172 is used here and throughout the other

figures.

Figure 2. Effects of ATP occupancy at “site 2” of NBDs on NPPB’s potentiation in G551D-
CFTR. (A) Amodified gating scheme for G551D-CFTR. Two NBD-dimerized states from Fig.
1A are eliminated based on our previous report (Lin et al., 2014). (B) Potentiation of G551D-
CFTR currents by NPPB in the presence of 20 uM ATP. Note an increase of the G551D-CFTR
currents upon changing [ATP] from 2 mM to 20 pM. By lowering [ATP], we shift the channel to
states with a vacant site 2 (i.e., C, and O, in panel A). (C) Effects of NPPB in the presence of 20
UM ATP on G551D/Y1219G-CFTR, a double mutant whose ATP affinity at site 2 is drastically
reduced (Zhou et al., 2006). (D) Summary of increases in P, by NPPB under conditions marked.
Fold increase in Py: 12.1 £+ 1 fold (n = 20) for G551D-CFTR in the presence of 2 mM ATP, 7.31
+ 0.81 fold (n = 3, *p < 0.05,) in the presence of 20 UM ATP, and 6.83 + 1.53 fold (n =8, **p <

0.01) in the presence of 20 uM ATP for G551D/Y1219G.

Figure 3. Synergistic effects of NPPB and VX-770 on G551D-CFTR. (A) A continuous
recording of G551D-CFTR currents shows that the application of VX-770 further enhances
G551D-CFTR current in the presence of NPPB. (B) Increase of VX-770-activated G551D-CFTR
current by NPPB. (C) Synergistic effects of VX-770 and NPPB in the presence of 20 uM ATP. A
continuous recording of G551D-CFTR current shows a sequential increase of the current by 20
UM ATP, VX-770 and NPPB. (D) A bar graph summarizes the mean £ S. E. of the P, increase in

the presence of 2 mM ATP (solid bars) or 20 uM ATP (open bars) respectively by NPPB or VX-
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770 or both under conditions marked. At 2 mM ATP, in the presence of NPPB, VX-770 increases
the P, of G551D-CFTR by 4.76 + 1.75 fold (n = 5), significantly smaller than the effect of VX-
770 in the absence of NPPB (*p < 0.05). Similarly, the presence of VX-770 significantly
dampens the effect of NPPB (6.27 + 1.0 fold, n = 9, **p < 0.01). Thus, an overall 46.6 + 8.5 fold
(n =18) increase in P, is seen with VX-770 and NPPB applied together. At 20 uM ATP, the
effect of VX-770 was reduced (4.79 £ 1.04 fold, n = 14; 9.32 fold at 2 mM ATP in Fig. 4F). In
the presence of VX-770, NPPB yields a 5.00 £ 0.40 fold increase of G551D currents (n = 13, *p
< 0.05 compared to Fig. 2D); whereas VX-770 enhances the P, of NPPB-treated G551D-CFTR
by only 2.53 + 0.31 fold (n = 3). When the two reagents were applied together, we obtained 18.0

+ 5.0 fold increase of the P, for G551D-CFTR (n = 7).

Figure 4. Different mechanisms of action for NPPB and VX-770 on K1250A- and ANBD2-
CFTR. (A) Slow current relaxation of K1250A-CFTR upon removal of ATP. Red line represents
single-exponential fit of the current decay with a time constant of 54.1 s. (B) Effects of VX-770
on current relaxation of K1250A-CFTR upon removal of ATP. Red line indicates single-
exponential fit of the current decay with a time constant of 96.4 s. (C) Effects of NPPB on
current relaxation of K1250A-CFTR upon removal of ATP. Note an immediate decrease of the
K1250A-CFTR currents upon the application of NPPB due to pore block. The current decay
upon removal of ATP can be fitted with a single-exponential function (red line) with a time
constant of 22.9 s. (D) A bar graph summarizes the current relaxation time constant of K1250A-
CFTR upon ATP washout in the presence of VX-770 (solid bar, 93.2 £ 12.4s,n =9, *** p<

0.001 compared to control), NPPB (open bar, 26.9 £3.01s,n =9, *** p<0.001 compared to

control), and control (hatched bar, 55.6 + 4.31 s, n = 19). (E) Effects of NPPB on ANBD2-CFTR.
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Macroscopic ANBD2-CFTR currents decrease immediately upon applying NPPB. The calculated
gating effect of NPPB on ANBD2-CFTR was only 2.56 + 0.15 fold (n =5, *** p < 0.001). A
biphasic change of the ANBD2-CFTR currents is shown upon NPPB removal due to a fast
release of blockade followed by a slower abolition of the potentiation effect. The slow decay
phase can be fitted by a single exponential curve with time course of 39.7 s (mean value: 39.65 *
6.68 s, n = 9). (F) Summary of effects of VX-770 (solid bar) and NPPB (open bar) on G551D-

and ANBD2-CFTR.

Figure 5. ATP concentrations influence the effects of NPPB on WT-CFTR gating. (A) Effects of
NPPB on WT-CFTR at 100 uM ATP. A continuous recording of WT-CFTR shows a decrease of
macroscopic currents by lowering [ATP] from 2 mM to 100 uM. Subsequent application of
NPPB results in a net decrease of the currents, indicating blocking effects outweigh the gating
effect. The calculated gating effect of NPPB was 2.37 = 0.17 fold (n = 7). (B) Similar
experiments as that in panel A except [ATP] = 20 uM ATP when NPPB was added. The
calculated gating effect was 3.40 £ 0.24 fold (n = 5). (C) Effects of NPPB on WT-CFTR gating at
5 UM ATP, with a calculated gating effect of 5.19 + 0.60 fold (n = 8). (D) Effects of NPPB on
Y1219F at 100 uM ATP, with a calculated gating effect of 2.95 + 0.43 fold (n = 5). (E) Effects of
NPPB on Y1219F-CFTR at 5 uM ATP, with a calculated gating effect of 9.10 + 1.93 fold (n = 9).
(F) A bar graph summarizes the gating effects of NPPB under different ATP concentrations for
WT- (solid bars) or Y1219F-CFTR (open bars). Calculated gating effects of NPPB on Y1219F-
CFTR at 2 mM and 20 uM ATP were 1.92 + 0.23 fold (n = 8) and 5.41 £ 0.98 fold (n = 6)

respectively.
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Figure 6. A modified gating model of CFTR. This gating scheme modified from Jih and Hwang
(2012) incorporates the mechanism for ATP-dependent inhibition of G551D gating in our
previous study (Lin et al., 2014) as well as data in the current report. Two states, Op and Coap,
with NBD-dimerized but a vacant ATP binding site 2, are added to accommodate the mechanism
of NPPB in G551D and to explain the biphasic current decay after ATP washout in G551D in
previous study (Lin et al., 2014). These two newly added states are simple mirror images of O;
and C, ap. The idea of energetic coupling between NBD dimerization and gate opening predicts

that O; and Oy are two stable open states.
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