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ABSTRACT
The deletion of Phe-508 (F508del) constitutes the most prevalent
cystic fibrosis-causing mutation. This mutation leads to cystic
fibrosis transmembrane conductance regulator (CFTR) misfolding
and retention in the endoplasmic reticulum and altered channel
activity in mammalian cells. This folding defect can however be
partially overcome by growing cells expressing this mutant protein
at low (27°C) temperature. Chemical “correctors” have been iden-
tified that are also effective in rescuing the biosynthetic defect in
F508del-CFTR, thereby permitting its functional expression at the
cell surface. The mechanism of action of chemical correctors
remains unclear, but it has been suggested that certain correctors
[including 4-cyclohexyloxy-2-(1-[4-(4-methoxy-benzenesulfonyl)-
piperazin-1-yl]-ethyl)-quinazoline (VRT-325)] may act to promote
trafficking by interacting directly with the mutant protein. To test
this hypothesis, we assessed the effect of VRT-325 addition on
the channel activity of F508del-CFTR after its surface expression

had been “rescued” by low temperature. It is noteworthy that
short-term pretreatment with VRT-325 [but not with an inactive
analog, 4-hydroxy-2-(1-[4-(4-methoxy-benzenesulfonyl)-pipera-
zin-1-yl]-ethyl)-quinazoline (VRT-186)], caused a modest but sig-
nificant inhibition of cAMP-mediated halide flux. Furthermore,
VRT-325 decreased the apparent ATP affinity of purified and
reconstituted F508del-CFTR in our ATPase activity assay, an ef-
fect that may account for the decrease in channel activity by
temperature-rescued F508del-CFTR. These findings suggest that
biosynthetic rescue mediated by VRT-325 may be conferred (at
least in part) by direct modification of the structure of the mutant
protein, leading to a decrease in its ATP-dependent conforma-
tional dynamics. Therefore, the challenge for therapy discovery
will be the design of small molecules that bind to promote bio-
synthetic maturation of the major mutant without compromising
its activity in vivo.

Introduction
The cystic fibrosis transmembrane conductance regulator

(CFTR) functions as a phosphorylation and nucleotide regu-
lated chloride channel on the apical surface of epithelial tissues
(Boucher, 2007). Defects in CFTR lead to defective fluid trans-
port by the epithelia lining the airways, gastrointestinal tract,
pancreatic duct, and the reproductive tract (Amaral, 2005;
Cheung et al., 2008). The most common CF mutation, present
on at least one allele in 90% of patients with CF, is the deletion
of phenylalanine 508 (F508del-CFTR) (Kerem et al., 1989;

Riordan et al., 1989). This mutation causes protein mis-
folding and retention in the endoplasmic reticulum (ER),
in which it is subsequently polyubiquitinated and targeted
for degradation by the proteasome (Cheng et al., 1990;
Gelman et al., 2002; Younger et al., 2006).

Previous studies by Denning et al. (1992) demonstrated
that the trafficking defect of F508del-CFTR can be partially
“corrected” in cell culture by incubation at low temperatures
(27°C). It is noteworthy that temperature-rescued F508del-
CFTR exhibits functional expression at the cell surface, al-
beit with altered gating relative to the normal protein (Den-
ning et al., 1992; Aleksandrov and Riordan, 1998; Wang et
al., 2000; Cui et al., 2006; Pissarra et al., 2008). Once at the
cell surface, the open probability of the F508del-CFTR chan-
nel can be enhanced to near “normal” values after the addi-
tion of “potentiator” compounds (Hwang et al., 1997; Pede-
monte et al., 2005; Van Goor et al., 2006).
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Large-scale screening efforts for small-molecule com-
pounds that could rescue the biosynthetic defect of F508del-
CFTR (correctors) or enhance its regulated function once
rescued to the surface (potentiators) have been very fruitful.
Such screens led to the identification of several small-mole-
cule compounds that showed efficacy in modifying the traf-
ficking and/or function of F508del-CFTR in heterologous ex-
pression systems and in human tissues in some cases
(Pedemonte et al., 2005; Van Goor et al., 2006).

Studies of the molecular mechanism of action of “potenti-
ator” compounds are ongoing. The short-term effect of poten-
tiators on mutant CFTR channel activity in detailed patch-
clamp studies suggests that they may interact directly with
the mutant protein (Cai and Sheppard, 2002; Ai et al., 2004).
Consistent with this idea, we showed recently that the short-
term addition of 4-methyl-2-(5-phenyl-1H-pyrazol-3-yl)phenol
(VRT-532) to isolated membranes expressing the F508del-
CFTR protein modified its conformation and susceptibility to
trypsin-mediated proteolysis (Wellhauser et al., 2009). Fi-
nally, we showed that VRT-532 reduced the intrinsic ATP
turnover by partially purified and reconstituted F508del-
CFTR, an effect that confirms a direct interaction and pro-
vides insight into the mechanism underlying the potentiation
of channel open time (Wellhauser et al., 2009).

Likewise, the molecular mechanism of action for “correc-
tor” compounds remains unclear. Such compounds could con-
ceivably modify aberrant interactions of F508del-CFTR with
chaperone or cochaperone proteins and/or components of the
degradative pathway (Wang et al., 2006; Younger et al.,
2006). On the other hand, “corrector” compounds could inter-
act directly with the mutant protein to partially repair its
inherent structural defects, thereby preventing the aberrant
interactions described above. In support of the latter hypoth-
esis, studies by Clarke et al., using ”engineered” versions of
CFTR or CFTR ”half-molecules,” have shown that cross-link-
ing of non-native cysteine residues located at the interface
between the first and second membrane-spanning domains is
altered by the addition of the well-studied corrector com-
pound: VRT-325 (Van Goor et al., 2006; Wang et al., 2007a;
Loo et al., 2008, 2009).

These findings prompted us to further investigate the con-
sequences of VRT-325 binding to F508del-CFTR, hypothesiz-
ing that a direct interaction may lead to changes in protein
activity. In the current work, we examined the immediate
consequences of adding VRT-325 to the channel activity of
the temperature-rescued F508del-CFTR (bearing no sup-
pressor mutations) in intact cells. Furthermore, we deter-
mined the effect of VRT-325 binding to the intrinsic ATPase
activity of the partially purified mutant protein.

Materials and Methods
Materials and Cell Lines. Baby hamster kidney (BHK) cells

stably expressing F508del-CFTR (BHK-F508del-CFTR) were ob-
tained from Dr. G. L. Lukacs (Department of Biochemistry, McGill
University, Montreal, QC, Canada) and maintained as described
previously (Du et al., 2005). Human embryonic kidney (HEK) Grip-
tite 293MSR cells stably expressing F508del-CFTR (HEK-F508del-
CFTR) were obtained from Dr. D. Rotin (Programme in Cell Biology,
Research Institute, Hospital for Sick Children, Toronto, ON, Can-
ada) and were maintained as described previously (Kim Chiaw et al.,
2009). All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted. Genistein and 4-cyclohexyloxy-2-(1-[4-

(4-methoxy-benzenesulfonyl)-piperazin-1-yl]-ethyl)-quinazoline
(VRT-325) were provided by the Cystic Fibrosis Foundation Thera-
peutics (Bethesda, MD), and 4-hydroxy-2-(1-[4-(4-methoxy-benzene-
sulfonyl)-piperazin-1-yl]-ethyl)-quinazoline (VRT-186) was provided
by Vertex Pharmaceuticals (Cambridge, MA). All compounds were dis-
solved in DMSO.

Immunoblotting. HEK-F508del-CFTR cells were treated with
VRT-325 or VRT-186 (10 or 25 �M) or vehicle DMSO at 37°C for 48 h.
After treatment, cells were washed once with phosphate-buffered
saline and lysed with a modified radioimmunoprecipitation assay
lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 0.1% SDS,
1% Triton X-100, and Complete Mini EDTA-free protease inhibitor
tablet; Roche Applied Sciences, Laval, QC, Canada). Protein was
separated using a 6% SDS-polyacrylamide gel. CFTR was detected
using a 1/1000 dilution of MAB3480 antibody (monoclonal M3A7)
(Millipore, Billerica, MA) and enhanced chemiluminescence detec-
tion kit (GE Healthcare, Baie d’Urfe, QC, Canada).

Continuous-Recording Iodide Efflux Assay. Continuous-re-
cording iodide efflux assays were performed using BHK cells stably
overexpressing F508del-CFTR as described previously (Wellhauser
et al., 2009). In brief, BHK-F508del-CFTR was cultured at low tem-
peratures (27°C) for 24 h to increase surface expression of the mu-
tant protein. Cells were loaded with NaI, external iodide was re-
moved, and cells were resuspended in an iodide-free buffer as
described previously (Wellhauser et al., 2009). Surface channels
were stimulated by the addition of cAMP agonist forskolin (10 �M).
To assess whether VRT-325 has the ability to further potentiate
channel function, VRT-325 (10 or 25 �M) was added after the addi-
tion of forskolin. To investigate the effect of acute preincubation of
VRT-325 on CFTR channel function, the following modifications
were used. During the equilibration period, suspensions of temper-
ature-rescued F508del-CFTR-expressing cells were incubated with
test compounds or the vehicle DMSO for 10 min before measuring
iodide efflux. F508del-CFTR-expressing cells were then stimulated
with a cAMP stimulation cocktail containing forskolin (10 �M) and
3-isobutyl-1-methylxanthine (IBMX) (200 �M). This cAMP cocktail
was used to elicit a maximal efflux response. Channel function
(percentage of activation) was quantified as the percentage of iodide
efflux released after the addition of cAMP agonist divided by the
total percentage of iodide efflux released upon the addition of Triton
X-100.

Purification and Reconstitution of F508del-CFTR. A frozen
Sf9 insect cell pellet from 0.5 l of expression culture was thawed and
resuspended in 50 ml of phosphate-buffered saline containing 2%
Triton X-100, DNAse1 (40 U/ml), 2 mM magnesium chloride, 1 mM
dithiothreitol, and protease inhibitors (Roche Diagnostics) while
shaking at room temperature for 1 h. The mixture was then centri-
fuged for 2 h at 100,000g at 4°C to yield a Triton-insoluble pellet.
This pellet was solubilized for 2 to 4 h in 8% pentadecafluorooctanoic
acid and 25 mM phosphate, pH 8.0. Procedures for purification,
reconstitution, and phosphorylation of purified F508del-CFTR were
similar to wild-type-CFTR-His as described elsewhere (Ramjeesingh
et al., 2008; Wellhauser et al., 2009). Phosphorylated samples were
pelleted using an Airfuge ultracentrifuge (Beckman Coulter, Fuller-
ton, CA); washed twice with 50 mM Tris-HCl, 50 mM NaCl, 2.5 mM
MgCl2, and 1 mM dithiothreitol at pH 7.5; and then dialyzed over-
night against 4 l of washing buffer.

ATPase Assay of Purified F508del-CFTR Protein. F508del-
CFTR was purified from Sf9 insect cells transfected using the bacu-
lovirus system as described previously (Wellhauser et al., 2009).
ATPase activity was measured as the production of �-32Pi from
[�-32P]ATP (Gross et al., 2006; Ramjeesingh et al., 2008; Wellhauser
et al., 2009). To assess the effect of VRT-325 on ATPase activity, the
ATP stock solution was prepared with or without VRT-325 (or an
identical volume of the vehicle DMSO alone). The buffer for this
solution was 50 mM Tris-HCl, 50 mM NaCl, 2.5 mM MgCl2, and 1
mM dithiothreitol, pH 7.5. The ATPase reaction was initiated by
mixing the ATP stock solution with the reconstituted protein
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(0.2–0.5 mg/ml) and incubating the mixture for 2 h at 37°C. The
reaction was quenched, and Pi was separated from ATP by thin-
layer chromatography.

Statistics. Data are shown as mean � S.E.M. of n observations.
Prism 4 software (GraphPad Software Inc., San Diego, CA) was used,
and statistical paired or nonpaired t tests and one-way analysis of
variance (ANOVA) was performed as appropriate. P values less than
0.05 were considered significant.

Results
VRT-325 Inhibits cAMP-Dependent Activation of

F508del-CFTR at the Cell Surface. On the basis of bio-
chemical studies suggesting that the corrector compound
VRT- induces a change in the conformation of F508del-CFTR
protein (Wang et al., 2007b; Loo et al., 2009), we were
prompted to determine whether binding of VRT-325 could
also cause an immediate change in protein function. Clearly,
a compound capable of correcting the trafficking defect of
F508del-CFTR and potentiating its channel activity at the
cell surface would be predicted to be highly efficacious as a
potential CF therapy. As in our previous studies (Wellhauser
et al., 2009), we monitored channel activity of the major
mutant after its biosynthetic rescue by low-temperature
(27°C) incubation (see Materials and Methods). Channel ac-
tivity was monitored by iodide efflux from a suspension of
BHK cells stably expressing F508del-CFTR and loaded with
iodide. We demonstrated previously that this efflux assay
reports the activity of small-molecule modifiers of F508del-
CFTR, such as the potentiator compound VRT-532 (Well-
hauser et al., 2009).

Figure 1A shows a representative trace of iodide efflux
from cells expressing F508del-CFTR rescued by low-temper-
ature incubation (27°C). The activation of cAMP-dependent
protein kinase A by the addition of forskolin did not signifi-
cantly stimulate iodide efflux (Fig. 1) relative to wild-type
CFTR stimulated under similar conditions (data not shown).
This probably reflects the altered channel gating of the mu-
tant protein (Dalemans et al., 1991). As expected, the subse-
quent addition of the CFTR potentiator VRT-532 (but not
DMSO, the solvent) significantly enhanced efflux (Fig. 1, A,
B, and D). This is consistent with its known ability to in-

crease the channel open probability (Van Goor et al., 2006). It
is noteworthy that short-term addition of 10 or 25 �M cor-
rector VRT-325 after forskolin stimulation did not signifi-
cantly increase the iodide efflux rate (Fig. 1, C and D). These
results suggest that short-term addition of VRT-325 (10 or 25
�M) does not act like VRT-532 to potentiate the activity of
cell surface-expressed F508del-CFTR.

We were then prompted to determine whether the binding
of VRT-325 could exert an inhibitory effect on F508del-CFTR
channel gating. To evaluate this possibility, we modified the
design of our iodide efflux assay so that it could detect inhi-
bition of cAMP-dependent activation. In proof-of-concept
studies (Fig. 2A), we showed that preincubation of cells ex-
pressing F508del-CFTR for 10 min with the well known inhib-
itor CFTRinh-172 (Ma et al., 2002; Taddei et al., 2004; Caci et
al., 2008) prevented subsequent cAMP-dependent activation
mediated by a cAMP “cocktail” of forskolin plus IBMX, a cock-
tail known to maximally activate cell surface-expressed
F508del-CFTR channels. Given these proof-of-concept studies,
we reasoned that this experimental design would be effective in
determining whether VRT-325 exerts an inhibitory effect on
cAMP-dependent activation of F508del-CFTR.

Figure 2, B to D, illustrates representative traces of tem-
perature rescued F508del-CFTR pretreated with varying
concentrations of VRT-325 for 10 min as described previously
for the studies of CFTRinh-172. Pretreatment of F508del-
CFTR with concentrations of VRT-325 up to and including 10
�M did not significantly alter the agonist (10 �M forskolin/
200 �M IBMX) response relative to vehicle (DMSO)-pre-
treated samples (Fig. 2, B, C, and E). It is noteworthy that a
significant decrease in the rate of agonist-mediated efflux
was observed when F508del-CFTR was pretreated with a
higher concentration of VRT-325 (25 �M) (Fig. 2D, gray line).
Although significant, the inhibitory response to VRT-325 was
relatively modest compared with the inhibitory response
caused by short-term pretreatment with CFTRinh-172 (Ma et
al., 2002; Taddei et al., 2004; Caci et al., 2008), as seen in Fig.
2E. This was the highest concentration of VRT-325 that could
be studied, because of the limited solubility of VRT-325 in
aqueous buffers.

To determine whether the inhibitory effect of VRT-325 on

Fig. 1. VRT-325 does not potentiate channel function of
F508del-CFTR after cAMP-dependent activation. As expected,
there is little detectable activation of the rate of halide (iodide)
efflux through F508del-CFTR channels by the addition of an
agonist of cAMP even though the trafficking defect was par-
tially corrected by low-temperature incubation (27°C) for 24 h.
However, as reported previously, the “potentiator” compound
VRT-532 (B) but not the vehicle alone DMSO (A) was effective
in enhancing the rate of halide flux after cAMP activation. The
initial decrease in efflux observed upon the addition of agonist
or vehicle is an artifact of our assay and reflects a disturbance
to the local environment of the iodide-sensitive electrode re-
sulting from the addition of a 2-�l volume. The addition of the
detergent Triton X-100 confirmed equal halide loading in each
case. C, VRT-325 does not act like VRT-532 to potentiate
F508del-CFTR. The addition of VRT-325 at 10 or 25 �M (see
D) failed to enhance the rate of activation of F508del-CFTR
after cAMP activation. D, bars showing mean � S.E.M. of
iodide efflux rates after forskolin activation and addition of
either Vertex compound. Short-term addition of 10 �M VRT-
532 significantly increased the iodide efflux rate (11 � 2 nM/s,
n � 6) relative to vehicle (DMSO)-treated samples (0.6 � 0.6
nM/s, n � 3), whereas short-term addition of 10 or 25 �M
VRT-325 failed to significantly increase the iodide efflux rate
(1.2 � 0.3 nM/s, n � 3 and 1.4 � 0.4 nM/s, n � 5, respectively).
���, p � 0.001, ANOVA statistical test used.
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F508del-CFTR channel activation correlates with its activity
as a corrector of the biosynthetic defect of F508del-CFTR, we
were prompted to test the effect of a structurally related
compound that lacks corrector activity, VRT-186. The chem-
ical structure of the active corrector (VRT-325) and the struc-
turally related compound lacking corrector ability (VRT-186)
are shown in Fig. 3A. The only difference between the two
structures is that the inactive compound lacks the hydropho-
bic cyclohexyl ether on the quinazoline ring. Although no
quantitative structure-activity relationship data are pub-
lished for these compounds, it does seem that a hydrophobic
moiety at this region of the molecule is necessary for activity.

As shown in Fig. 3, B and C, we confirmed that VRT-325
but not VRT-186 acts as a partial corrector of the biosyn-
thetic trafficking defect in F508del-CFTR. Correction of this
primary defect is evident as the appearance of complex gly-
cosylation (i.e., an increase in the ratio of the band C to the
band B form of the protein). Biosynthetic rescue typically
requires treatment of cells expressing F508del-CFTR with
small molecules for 48 h. It is noteworthy that using the
iodide efflux assay, we determined that pretreatment of tem-
perature-rescued F508del-CFTR with 25 �M VRT-186 (for 10
min) also failed to inhibit agonist-mediated efflux relative to
vehicle (DMSO)-treated samples (Fig. 3D). These data are
summarized in the bar graph of Fig. 3E.

The Small-Molecule VRT-325 Directly Modifies the
ATPase Activity of Reconstituted F508del-CFTR. The
results of the flux-based assay shown in Fig. 2 suggest that
the short-term treatment of F508del-CFTR with VRT-325 at
a concentration of 25 �M, after surface expression of the
mutant protein was rescued prevents activation of its chlo-
ride channel activity. Because channel gating between the
closed and open conductance states requires the binding and
hydrolysis of ATP (Vergani et al., 2005; Gadsby et al., 2006;
Ramjeesingh et al., 2008), we were prompted to determine
whether VRT-325 mediated its inhibitory effect via a direct
effect on the ATPase activity of the mutant protein.

Because the intrinsic ATPase activity of CFTR is low, its
measurement requires extraction from other cellular
ATPases (Ramjeesingh et al., 2008). We developed a method
for the partial purification and functional reconstitution of
F508del-CFTR (possessing a carboxyl-terminal histidine tag)
from Sf9 insect cells transiently expressing this protein
(Wellhauser et al., 2009). The ATPase activity was measured
as the production of �-32Pi from [�-32P]ATP by reconstituted
F508del-CFTR as described previously (Ramjeesingh et al.,
2008; Wellhauser et al., 2009). Figure 4A shows that par-
tially purified and reconstituted F508del-CFTR conferred
ATPase activity and that treatment of F508del-CFTR with
VRT-325 at a concentration of 25 �M resulted in a decrease

Fig. 2. VRT-325 inhibits cAMP-dependent activation of
F508del-CFTR channels. As in Fig. 1, cAMP-dependent io-
dide efflux was measured to assess channel activity medi-
ated by F508del-CFTR after biosynthetic rescue by low-
temperature incubation (27°C) for 24 h. Cells in suspension
were pretreated for 10 min with 5 �M CFTRinh-172 (A), 2.5
�M VRT-325 (B), 10 �M VRT-325 (C), or 25 �M VRT-325
(D). Channels expressed at the cell surface were maximally
stimulated with a cAMP agonist cocktail containing 10 �M
forskolin and 200 �M IBMX. A to D, representative traces of
the activity in the presence of CFTRinh-172/ VRT-325 or
vehicle (DMSO) alone. The trace obtained in the presence of
DMSO was from a single representative experiment. E,
graph displays mean � S.E.M. percentage activation (cal-
culated as the percentage of iodide released after the addi-
tion of agonist divided by total iodide released after the
addition of Triton X-100). The addition of cAMP agonist
(forskolin and IBMX) to vehicle (DMSO)-treated samples
yielded a 61 � 3% (n � 7) activation, whereas cells pre-
treated with 5 �M CFTRinh-172 displayed a significant re-
duction in the agonist-mediated iodide efflux response (22 �
4%, n � 3). Pretreatment with VRT-325 led to a concentra-
tion-dependent reduction in the agonist-mediated iodide ef-
flux response, with a significant reduction in function when
pretreated with 25 �M VRT-325 (47 � 2%, n � 6). ��, p �
0.01; ���, p � 0.001, ANOVA statistical test used.
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in ATPase activity. The ATP-dependence of F508del-CFTR
ATPase activity (�VRT-325) was fitted using the Michaelis-
Menten function, and the analysis revealed that treatment
with VRT-325 caused a decrease in the apparent affinity (Km)
of the mutant protein for Mg-ATP, from �0.2 to �3.0 mM
Mg-ATP with a minor effect on Vmax (Fig. 4, B and D). The
bar graph in Fig. 4C shows a summary of our data. We
observed that the ATP dependence of F508del-CFTR in the
presence of 25 �M VRT-325 was significantly decreased by
approximately 75% relative to DMSO-treated samples (Fig.
4C). It is noteworthy that the ATP-dependence of F508del-
CFTR was also significantly diminished in the presence of 10
�M VRT-325, but to a lesser extent than 25 �M VRT-325
(Fig. 4C). These findings are consistent with the hypothesis
that VRT-325 (25 �M) prevents channel activation by reduc-
ing the affinity of the mutant protein for Mg-ATP binding.

Discussion
The activity of VRT-325 as a corrector of the trafficking

defect of F508del-CFTR has been validated in multiple lab-
oratories, yet its mechanism of action remains unknown, and
its specificity for the major CF-causing mutation has been
challenged (Van Goor et al., 2006; Wang et al., 2007b). The

lack of mechanistic insight for this and other effective cor-
rector compounds hinders future development in defining the
molecular and cellular defects that lead to F508del-CFTR
mistrafficking. Our study supports the original claim by
Clarke et al. (Wang et al., 2007a; Loo et al., 2009) that
F508del-CFTR is one of the molecular targets of VRT-325,
and hence, this small molecule can serve as a tool for future
studies of the molecular defects caused by this mutation. It is
noteworthy that we found that at relatively high concentra-
tions, this direct interaction reduced apparent ATP affinity
for partially purified F508del-CFTR and its ATPase activity
and exerted a modest but significant inhibition of its channel
activity.

The ATPase Activity Assay Provides Insight into the
Mechanism of Action of VRT-325. VRT-325 has been
shown previously to enhance the biosynthetic maturation of
F508del-CFTR with an EC50 of approximately 6 to 7 �M over
extended treatment times of 24 to 48 h. Furthermore, it has
been shown that prolonged treatment is associated with en-
hanced functional expression at the cell surface in mamma-
lian heterologous expression systems and in bronchial
epithelial monolayers obtained from patients with CF ho-
mozygous for this mutation (Van Goor et al., 2006). In the

Fig. 3. Inhibition of F508del-CFTR chan-
nel activation by VRT-325 related to effi-
cacy as a corrector. A, chemical structure
of the active corrector VRT-325 (left) and
the structurally related compound VRT-
186 lacking corrector ability (right). B,
representative immunoblots illustrating
maturation of F508del-CFTR in the pres-
ence of VRT-325 but not with VRT-186.
Core-glycosylated form is denoted by the
letter B; complex glycosylated form de-
noted by the letter C. C, bar graph shows
the mean of several experiments wherein
treatment of F508del-CFTR with 10 or 25
�M VRT-325 significantly increased the
band C/B ratio 0.40 � 0.02 (n � 7) and
0.54 � 0.04 (n � 3), respectively, relative to
vehicle (DMSO)-treated samples (0.10 �
0.02, n � 7). Treatment of F508del-CFTR
with 25 �M VRT-186 failed to significantly
increase the band C/B ratio relative to ve-
hicle (DMSO)-treated samples (n � 3). D,
representative continuous recording io-
dide efflux trace of temperature rescued
F508del-CFTR treated with 25 �M VRT-
186. E, graph displays the mean � S.E.M.
percentage of activation (calculated as
the percentage of iodide released after the
addition of agonist divided by total iodide
released after addition of Triton X-100) of
DMSO (�)-, VRT-325 (25 �M) (f)-, or
VRT-186 (25 �M) (u)-treated samples.
Short-term addition of 25 �M VRT-325
(n � 6) significantly inhibited the per-
centage activation of CFTR channel func-
tion, whereas short-term addition of 25
�M VRT-186 (n � 4) failed to inhibit
CFTR channel function. ��, p � 0.01; ���,
p � 0.001, ANOVA statistical analysis
used.
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current studies, we assessed whether there may also be an
effect on the channel activity of F508del-CFTR (after its
mistrafficking defect had been corrected), as would be pre-
dicted if VRT-325 directly interacts with the mutant protein.
We found that there was no potentiation of cAMP-dependent
activity (although this would have been beneficial for opti-
mizing the functional expression of F508del-CFTR) after
treatment with VRT-325 (25 �M). On the other hand, there
was a significant inhibitory effect on cAMP-dependent chan-
nel activation induced by VRT-325 (25 �M). There was also a
trend toward this inhibitory effect at 10 �M VRT-325, but it
did not achieve statistical significance. It is noteworthy that
this inhibitory effect was not observed after the addition of
the structurally related VRT-186 (25 �M) lacking correcting
ability, pointing to a possible relationship between the activ-
ity of VRT-325 as a corrector and as an inhibitor of CFTR
channel activity.

We used our purification and reconstitution system to eval-
uate the mechanism of action of VRT-325 on F508del-CFTR
(Wellhauser et al., 2009). After the addition of VRT-325 (25
�M) or VRT-325 (10 �M) to a lesser degree, we found that the
specific ATPase activity of partially purified and reconsti-
tuted F508del-CFTR (in the presence of 1 mM Mg-ATP) was
significantly reduced. A similar inhibitory effect was medi-
ated by CFTRinh-172 binding to F508del-CFTR in our previ-
ous studies (Wellhauser et al., 2009). Comparison of the
ATP-dependence of the ATPase activity of F508del-CFTR
protein in the absence or presence of VRT-325 (25 �M) sug-
gests that binding of this small molecule reduces the specific
ATPase activity of the mutant protein by altering its appar-
ent affinity for ATP. Because it has been suggested that
nucleotide binding initiates the opening of the CFTR channel
gate (Vergani et al., 2005), a decrease in apparent ATP af-
finity may account for the inhibition of the cAMP-dependent
iodide efflux rate (relative to control) caused by pretreatment
with VRT-325. As expected, this effect is different from that
measured in our previous studies of the potentiator VRT-532.
In contrast to the effects of VRT-325, VRT-532 decreased
ATPase activity by reducing the Vmax or the rate of ATP
turnover, a metabolic event predicted to promote closure of

the CFTR channel gate (Vergani et al., 2005). Together, these
findings suggest that VRT-532 promotes channel activity by
binding to the mutant protein to prevent ATP turnover (or
ATPase activity), whereas VRT-325 inhibits channel activity
by reducing apparent ATP affinity at the catalytic site
formed at the interface between NBD1 and NBD2. This in-
terpretation needs to be tested in studies of single-channel
kinetics because it is also possible that VRT-325 binding may
not impair the rate of channel opening but rather may reduce
the stability of the open state or alternatively modify both
gating transitions. Further studies are also required to de-
termine whether there is a difference between the potentia-
tor VRT-532 and the corrector compound VRT-325 in terms
of their effects on ATPase activity and channel activity de-
pendent on concentration. It is noteworthy that the well
known potentiator genistein has been shown to act as an
inhibitor of channel activity at relatively high concentrations
(Lansdell et al., 2000), and this may also be true for VRT-532.

Molecular modeling studies by Moran et al. previously
highlighted the potential role for the nucleotide binding do-
mains of CFTR in mediating small-molecule “modifier” activ-
ity (Moran et al., 2005; Zegarra-Moran et al., 2007). However,
we cannot conclude from the current studies that VRT-325
competes with ATP binding to the catalytic site, because we
are measuring apparent nucleotide affinity rather than di-
rect binding. Furthermore, the binding site for VRT-325 may
be located in a region distant from the NBDs but functionally
coupled to their activity through allosteric interactions. Re-
cent studies using a split molecule approach, wherein the
first half of the molecule (residues 1–633) bearing the
F508del mutation was coexpressed with the second half
(634–1480), revealed a related effect of the small molecules
VRT-325 and Corrector 4a on promoting the interaction be-
tween the two halves of the mutant (Loo et al., 2009). Hence,
VRT-325 may bind to one or multiple sites comprising the
interfaces between the first and second half of the full-length
protein.

The effect of VRT-325 on ATP binding and hydrolysis by
reconstituted F508del-CFTR supports a model wherein this
small molecule acts as an allosteric inhibitor. As discussed in

Fig. 4. VRT-325 inhibits the ATPase activity of F508del-
CFTR by decreasing its apparent affinity for ATP. A, thin-
layer chromatography plate: lane 1, purified and reconsti-
tuted F508del-CFTR in the absence of VRT-325; lane 2,
purified and reconstituted F508del-CFTR in the presence of
25 �M VRT-325. In the presence of VRT-325, a reduction in
ATPase activity by F508del-CFTR is observed. B, graph
illustrating the effect of VRT-325 (25 �M) on ATP dose-
dependence of the ATPase activity for F508del-CFTR. Data
obtained in the presence (Œ) and absence (f) of VRT-325
were fitted using the Michaelis-Menten equation. (f, n � 4
different protein preparations, r2 � 0.92; and Œ, n � 2, r2 �
0.99). C, quantification showing the percentage of ATPase
activity relative to vehicle (DMSO) control. Purified and
reconstituted F508del-CFTR in the presence of 0.5 mM ATP
after the addition of 10 �M VRT-325 (u) displayed 89 � 3%,
(n � 3) activity, whereas 25 �M VRT-325 (f) displayed
25.8 � 0.3%, (n � 4) activity relative to DMSO-treated
controls. D, table summarizing the effect of 25 �M VRT-325
on F508del-CFTR ATPase activity. The addition of 25 �M
VRT-325 alters the apparent affinity for Mg-ATP (Km �
2.87 � 0.33 mM) relative to vehicle (DMSO) control (Km �
0.22 � 0.06 mM) without affecting the Vmax.

416 Kim Chiaw et al.



a recent review (Li and Sheppard, 2009), allosteric inhibitors
are proposed to interact at a site distinct from the pore,
possibly binding to the canonical catalytic site formed at the
interface of NBD1 and NBD2. Furthermore, the authors of
this review postulated that allosteric inhibitors of channel
opening may act by preventing ATP binding to this site and
modifying heterodimerization of the NBDs, events associated
with channel opening. The biochemical studies presented
here provide direct evidence in support of such a mechanism
of inhibition for VRT-325. It is noteworthy that we found that
at high concentrations, VRT-325 exerted a similar effect on
apparent ATP affinity and ATPase activity as CFTRinh-172,
an inhibitor studied biochemically in our previous work
(Wellhauser et al., 2009) and previously suggested to have an
allosteric mechanism of action (Ma et al., 2002). Recent stud-
ies by Robert et al. (2010) regarding a distinct small-molecule
corrector, the anthranilic acid derivative glafenine, also
showed that high concentrations (e.g., 100 �M) resulted in a
decrease in channel function as measured by iodide efflux
assays. Future studies are required to determine whether
glafenine or other corrector molecules act directly as alloste-
ric inhibitors.

Relationship between Efficacy of VRT-325 as a Cor-
rector of F508del-CFTR Maturation and Its Modest
Inhibition of Channel Activity. Our observations are rem-
iniscent of the inhibitory effect induced by chemical cross-
linking between the two halves of CFTR (Serohijos et al.,
2008). Specifically, single-channel studies by Serohijos et al.
revealed that cross-linking of non-native cysteine residues
engineered at domain-domain interfaces in the “Cys-less”
version of CFTR led to the inhibition of channel opening.
Hence, correctors that act by stabilizing certain interdomain
interactions within F508del-CFTR may also have a negative
impact on ATP-dependent channel gating transitions, which
are conferred by dynamic conformational changes. If this
concept is confirmed in future experimentation, the challenge
for therapy discovery will be the design of small molecules
that modify the multidomain assembly required for correc-
tion of the primary misassembly defect in F508del-CFTR yet
exert minimal inhibitory effects on channel activity.

There is an extensive literature documenting the efficacy
with which small molecules correct the misfolding of disease-
causing mutations in other membrane proteins, such as the
gonadotropin-releasing hormone and the vasopressin 2 re-
ceptor (Ulloa-Aguirre et al., 2006; Conn et al., 2007; Bichet,
2008). Many of these small molecules were designed to mimic
the natural peptide ligands for these receptors, and their
efficacy as correctors point to the role of ligand binding in
promoting a protein conformation conducive to ER exit. It is
noteworthy that there is also an obligate requirement for the
dissociation of such ligand mimetics from the receptor once it
is correctly trafficked to the cell surface to ensure receptor
function (Ulloa-Aguirre et al., 2006; Conn et al., 2007).
Hence, as in the case of misfolded gonadotropin-releasing
hormone and V2 receptors, optimization of the functional
expression of F508del-CFTR protein may require fine-tuning
of the bioavailability and affinity of small-molecule “correc-
tors” not only to ensure their interaction in the biosynthetic
compartments but also their release from the properly traf-
ficked protein at the cell surface.

To summarize, the results of these studies show that VRT-
325 directly binds F508del-CFTR and furthermore support

the hypothesis that this interaction produces an allosteric
effect that induces a more wild-type conformation in the
mutant protein, possibly enabling ER exit. Clearly, direct
support for this hypothesis requires that the binding site (or
sites) for VRT-325 in F508del-CFTR be identified in future
work. Furthermore, this putative binding must be validated
in mutagenesis studies. We expect that definition of the
binding site in F508del-CFTR will provide insight into not
only the mechanisms underlying the “correction” effect by
VRT-325 of the major CF mutant but also the correction
caused by this small molecule in other misfolded mutant
membrane proteins (Van Goor et al., 2006; Wang et al.,
2007b).
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