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Abstract

Folding correctors of F508del-CFTR were discovered by in silico structure-based screening
utilizing homology models of CFTR. The intracellular segment of CFTR was modeled and three
cavities were identified at inter-domain interfaces: (1) Interface between the two Nucleotide
Binding Domains (NBDs); (2) Interface between NBD1 and Intracellular Loop (ICL) 4, in the
region of the F508 deletion; (3) multi-domain interface between NBD1:2:1CL1:2:4. We
hypothesized that compounds binding at these interfaces may improve the stability of the protein,
potentially affecting the folding yield or surface stability. In silico structure-based screening was
performed at the putative binding-sites and a total of 496 candidate compounds from all three sites
were tested in functional assays. A total of 15 compounds, representing diverse chemotypes, were
identified as F508del folding correctors. This corresponds to a 3% hit rate, ~tenfold higher than
hit rates obtained in corresponding high-throughput screening campaigns. The same binding sites
also yielded potentiators and, most notably, compounds with a dual corrector-potentiator activity
(dual-acting). Compounds harboring both activity types may prove to be better leads for the
development of CF therapeutics than either pure correctors or pure potentiators. To the best of our
knowledge this is the first report of structure-based discovery of CFTR modulators.
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Introduction

Cystic Fibrosis (CF) is the most common lethal autosomal recessive disorder in Caucasian
population, affecting approximately 30,000 people in the United States and ~70,000
worldwide. In the United States, an additional ten million, or about one in every 31
Americans, are carriers of the defective CF gene, but do not express the disease. CF occurs
in approximately one of every 3,200 live Caucasian births (http://www.health.state.ny.us/
diseases/cystic_fibrosis/fag.htm) and approximately 1,000 new cases of CF are diagnosed
each year, usually (>70%) by the age of two (http://www.cff.org/AboutCF/). While there is
yet no cure for CF, aggressive treatment including mucus thinners, antibiotics, anti-
inflammatories and bronchodilators along with physical therapy and proper nutritional
repletion, can lengthen and improve the quality of life of CF patients. Consequently, the
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currently predicted median age of survival for CF patients is just over 37 (http://
www.cff.org/AboutCF/).

The cystic fibrosis transmembrane conductance regulator (CFTR) glycoprotein, a chloride
channel essential in the apical membrane of epithelial cells for ion and fluid homeostasis, is
a member of the ATP-binding cassette (ABC) protein family. However, it is functionally
distinct, being the only member of this family known to function as an ion channel.
Nevertheless, CFTR architecture is similar to other ABC transporters (Fig. 1), comprising
two membrane spanning domains (MSDs), each linked, through intracellular loops (ICLS) to
a nucleotide binding domain (NBD). Uniquely to CFTR these two repeated motifs are
connected by a structurally disordered regulatory domain (R-domain), which requires
phosphorylation by PKA in order to allow for channel opening [1]. Thus, channel gating
depends on the extent of R domain phosphorylation at multiple sites, reflecting the balance
between protein kinases and the phosphatases acting on these sites. Gating is further
regulated by association of the NBD domains and the binding and hydrolysis of the ATP
ligands, however this mechanism is not fully understood [2].

At the molecular level, CF is caused by mutations in the CFTR gene. Currently, over 1,400
disease causing mutations have been identified that vary in the severity of the resulting
disease [3] (http://www.cff.org/AboutCF/). However, the F508del mutation is by far the
most common one; at least one allele is found in ~90% of the patient population [3]. The
F508del mutation nearly abolishes correct cellular processing of CFTR, probably by
reducing the folding efficiency of NBD1 as well as disrupting inter-domain contacts
required for the stability of the wt protein [4-6]. Most of the mutant protein is targeted to
endoplasmic reticulum-associated degradation (ERAD) and the few mutant channels that
make it to the plasma membrane are characterized by a reduced open probability and
thermal instability and are rapidly endocytosed and targeted for lysosomal degradation [2].

As chloride conductance by CFTR depends on the number of channels in the cell membrane
as well as their gating, mainly two complementary approaches are being pursued as potential
treatment for F508del-associated CF. The first involves the development of small molecule
‘correctors’, namely, compounds that would act as chemical chaperones to correct the
folding defect of F508del-CFTR, thereby increasing the number of CFTR channels that
reach the cell membrane. In principle there are several intervention points within the cellular
quality control mechanisms where small molecule interference might lead to improved
trafficking of F508del-CFTR to the cell surface, such as the ER associated degradation
(ERAD pathway), endocytic trafficking etc., each of which contributes to the low surface
expression of F508del-CFTR [2]. However, these mechanisms are non-specific and may
lead to undesirable side-effects. In contrast, an “ideal” mechanism of action for correctors
would be through direct interaction with the mutant protein and subsequent stabilization of
the correctly folded state throughout the maturation and surface trafficking pathways. The
viability of such a mechanism of action is supported by recent reports of compounds
correcting disease-associated misfolding of GPCRs and enzymes by direct binding to the
mutant proteins [7]. The second strategy for increasing F508del-CFTR conductance involves
the development of ‘activators’ or ‘potentiators’, namely compounds that correct the
defective gating of mutant channels already at the cell surface. While such compounds may
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act indirectly by increasing cAMP production or inhibition of regulatory enzymes, many
reports have ruled out these non-specific mechanisms suggesting direct interaction with the
mutant CFTR [8-15].

Efforts to develop both types of therapeutics have been ongoing for over a decade [16-18].
One of the early high throughput screening (HTS) campaigns for CFTR modulators was
described by Van Goor et al. of Vertex Pharmaceuticals, who reported the screening of over
160,000 compounds for F508del-CFTR correction and of over 120,000 compounds for
F508del-CFTR potentiation [19]. In this work, six structurally distinct correctors were
identified, the most potent was a quinazoline compound, VRT-422, which was further
optimized to yield VRT-325. However, both quinazoline compounds were also found to
correct the cellular processing of the G601S mutant hERG channel and thus may operate via
a target in the biogenesis pathway shared by both proteins. The potentiator screen led to the
discovery of the pyrazole compound, VRT-532, as a potent potentiator. Later studies have
shown that this compound may in fact be a dual acting corrector-potentiator [20] which may
interact directly with the CFTR protein [21]. Development at Vertex eventually resulted in
the potentiator VX-770 (Phase-11 and Phase-I11 clinical trials for CF associated with the
F508del and G551D mutations, respectively, are ongoing, http://clinicaltrials.gov), and the
corrector VX-809 (Phase-lla clinical trial completed, http://clinicaltrials.gov and http://
www.vrtx.com/current-projects/drug-candidates/V/X-809.html). The success of the Vertex
compounds supports the notion that increasing chloride conductance has a positive effect on
CF patients.

In a study by Pedemonte et al. [22] high throughput screening of 150,000 chemically diverse
compounds and of more than 1,500 analogs of active compounds yielded several classes of
F508del-CFTR correctors. Biochemical studies suggested a mechanism of action involving
improved F508del-CFTR folding at the ER as well as increased stability at the cell surface.
A class of bisaminomethylbithiazoles, including corrector-4a, was found to improve
F508del folding through a potentially specific mechanism [22].

Both screens described above were performed using functional assays. Pedemonte et al. [22]
assayed iodide flux in F508del-CFTR—transfected epithelial cells using a fluorescent halide
indicator while Van-Goor et al. [19] used a voltage-sensitive assay based on the change in
fluorescence resonance energy transfer between a membrane-soluble voltage sensitive dye
and a plasma membrane-localized fluorescent coumarin-linked phospholipid in NIH-3T3
cells.

In contrast, Carlile and coworkers developed a HTS assay that does not rely on a functional
read-out of CFTR-related ion conductance but rather on CFTR surface expression measured
by immunodetection [23]. Several hits were identified in a high throughput screen of over
40,000 compounds, including several compounds previously reported to affect CFTR
function or trafficking [24, 25]. One of the correctors identified in the original screen was
the PDES inhibitor, sildenafil, and a purchased analog of that compound, KM11060, which
showed even greater corrector activity. Interestingly, Sildenafil and even more so KM11060
are chemically similar to VRT-325 and VRT-422, which may suggest a similar mechanism
of action for these compounds (Fig. 2).
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Much progress has been made in the identification and development of both F508del-CFTR
correctors and potentiators. However, the exact mechanism of action of the compounds
under development has not been elucidated. In particular, there is no clear strategy for
designing compounds that act by direct interaction with CFTR, mostly due to the lack of a
high resolution 3D structure of the full length protein. However, advances in molecular
modeling of CFTR, especially following the disclosure of the Sav1866 crystal structure [26]
may provide templates for structure-based design of CFTR modulators. Two models of full
length wt-CFTR, as well as models of the nucleotide binding domains, have recently been
reported. Both Serohijos et al. [27], and Mornon et al. [28] reported models based on
Sav1866 which are in agreement with a large volume of experimental data. Serohijos et al.
highlight the NBD1:1CL4 interface as a potential target for CFTR modulators and Mornon et
al. specifically propose this region as a potential site of action for small molecule correctors
based on their modeling of the F508del mutant CFTR. Moran et al. [29] and Huang et al.
[30] modeled the NBD1:2 dimer and predicted binding sites for CFTR potentiators.
However, to the best of our knowledge, none of these models have been used for structure-
based discovery of CFTR modulators.

In order to provide a structural framework for the development of CFTR therapeutics, we
have modeled the 3D structure of full length CFTR in its open (i.e., conducting) state [31].
Of particular relevance to drug discovery are the intracellular (i.e., cytosolic) regions of both
wt- and F508del-CFTR. These regions are comprised of the intracellular loops and the two
nucleotide binding domains (NBD1 and NBD2). While putative binding sites for CFTR
modulators may in principle also exist within the transmembrane (TM) domain [32], ligand
binding to such sites was not considered in the present work. This is supported by the fact
that, to the best of our knowledge, a CFTR correction/potentiation effect for any of the
numerous CFTR porebinding open channel blockers has not been demonstrated to date.
Thus, several models of the CFTR intracellular domains (both wt and F508del) were
developed independently of the full length model mentioned above, using different
modeling and refinement protocols as described below. The resulting models were explored
for potential binding sites. Experimental evidence suggests that the F508del mutation
reduces the folding efficiency of NBD1 and also interferes with the interactions of NBD1
with other CFTR domains within the cytosolic region [4-6]. Consequently, inter-domain
interfaces involving NBD1 were analyzed for potential binding sites, under the assumption
that small molecules binding at these sites may stabilize essential interactions between
CFTR domains during the folding process consequently acting as CFTR correctors, which
were the main focus of the present study. Three distinct sites were identified in the models
and each was subjected to in silico screening of commercially available compound libraries
using an array of proprietary and commercial computational tools. A set of 100-200
compounds were prioritized from each screening campaign then purchased and tested in
cell-based functional assays. The details of this process as well as the properties of several
validated hit compounds are reported below.
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Our models of the CFTR cytoplasmic region have evolved over time, and each model has
been used for in silico screening of new putative binding sites for CFTR correctors. The first
model was developed prior to the publication of the Sav1866 crystal structure and was
limited to the isolated NBD1:2 dimer. Following the disclosure of the Sav1866 structure,
new models were developed that also included the ICLs, modeled by homology to Sav1866
(“Methods™). In silico screening of these models was performed according to the general
paradigm described in Fig. 3. However, the exact methodologies varied due to specific
challenges associated with each putative binding site.

The following sections describe each of the models along with the respective putative
binding sites used for screening, followed by details of the screening results including
examples of validated hit compounds.

Model of the NBD1:NBD2 dimer and putative binding site at the dimer
interface—CFTR is believed to adopt its conducting state when the NBDs are dimerized
[2, 33, 34]. Binding at the NBD1.:2 interface and consequent dimer stabilization has been
proposed as a possible mechanism of action for CFTR potentiators [29]. We hypothesize
that stabilization of the NBD1:2 dimer may also lead to an overall fold stabilization and
thereby such molecules may also act as correctors.

A model of the wt NBD1:2 dimer was developed as described in “Methods” and was found
consistent with available crosslinking data [33-35]. Cavity mapping with Sybyl MOLCAD
[36] revealed a pocket at the NBD1:NBD2 dimer interface. Slight rotamer adjustments were
manually performed to increase cavity size making it more suitable for small molecule
binding. This was not unanticipated as the dimer model was refined by MD in its “apo”
form. The resulting site was mostly linear and largely composed of the following CFTR
residues: Q493, S495, S573, F575, S605, and Y577 from NBD1, ATP from NBD1, H1348,
A1374, H1375, and R1403 from NBD2 (Fig. 4). In order to evaluate whether the NBD1:2
interface site could accommodate correctors described in the literature, a representative set
of known modulators was docked into this putative binding site (“Methods”). Interestingly,
while there is no experimental evidence suggesting this as their site of action, a set of known
modulators described by Hadida et al. [37] displayed both shape complementarity and
specific hydrogen bonding interactions with the dimer interface site. Since these compounds
seemed to utilize most of the potential binding site interactions, we decided to use a
representative as a “molecular probe” for optimizing binding site conformation in
preparation for screening (generating a hypothetical “co-crystal” structure). Thus, compound
20 from Hadida et al. [37] was re-docked into the interface site using an Induced-Fit
Docking protocol [38] which enables structural adaptation of the protein in response to
ligand binding. The resulting 1.1 A all-atom RMSD compared to the initial conformation
reflects the minor adjustments required for obtaining improved interactions.

The optimized model was subsequently subjected to virtual screening (VS) as described in
“Methods”. “Screening results” are described below.

J Comput Aided Mol Des. Author manuscript; available in PMC 2014 May 05.
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First generation model of the complete intracellular domain and putative
binding site—Following the disclosure of the Sav1866 crystal structure [26], the NBD1:2
dimer model was extended to include the entire predicted cytoplasmic domain of CFTR.
Sav1866 is a 12TM bacterial transporter belonging to the ABC transporters subfamily B,
which belongs to the same ABC transporters superfamily as CFTR. However, in contrast to
CFTR which consists of a single polypeptide chain, Sav1866 is a dimer of two identical
MSD:NBD polypeptide chains. Sav1866 bares a relatively low sequence identity to CFTR
(18% sequence identity between the Sav1866 monomer and either MSD1-NBD1 or MSD2-
NBD2,<14% in the TM regions) and the outward-facing conformation of its transmembrane
helices does not agree with the expected TM conformation of CFTR in its conducting state
[39-41]. Still, the structure of the intracellular domains of Sav1866, namely, the ICLs and
NBDs, provides a reasonable template for modeling the corresponding regions of CFTR. In
addition to the improved sequence identity in the isolated intracellular region (~23%), the
choice of Sav1866 as a template is supported by the observed head-to-tail configuration of
the Sav1866 NBD dimer, which is also expected for the conducting state of CFTR [34], as
well as by the “domain swapped” interaction between Sav1866 ICLs and NBDs which is
also expected for CFTR based on crosslinking data [27, 35].

A model of the intracellular domain of wt CFTR was developed as described in “Methods”
and was found largely consistent with available crosslinking data [27, 33-35]. This model
reveals a cluster of aromatic interactions at the NBD1:ICL4 interface, mediated by F508,
F1068, F1074, Y1073, and W496. Since the F508del mutation has been suggested to disrupt
inter-domain contacts in CFTR [4-6], this model may not be suitable for predicting
interaction sites for F508del correctors. Thus, a model of the F508del mutant was similarly
developed (“Methods”). A comparison of the wt and F508del models reveals that the
NBD1:1CL4 aromatic interaction network is disrupted in the mutant (Fig. 5), resulting in the
formation of a cavity at the NBD1:ICL4 interface. This cavity (Fig. 6a) represents a
structural deformation of the NBD1:1CL4 interface, which may be related to the proposed
destabilization of inter-domain contacts by the F508 deletion. We hypothesize that a small
molecule binding at this cavity may lead to correction of CFTR misfolding by effectively
mimicking the interactions of the missing F508 side chain.

In support of this hypothesis, it has been demonstrated that the double mutant F508del/
R1070W, predicted by our model to improve hydrophobic packing in this region (Fig. 7),
improves the trafficking of F508del-CFTR (Philip J. Thomas, personal communication).

The putative F508del binding site at the NBD1:1CL4 interface is composed of the following
CFTR residues: R1070, Y1073, F1068, and F1074 from ICL4, R516, Y563, and M498,
from NBD1 (Fig. 6b). As for the NBD1:2 interface site, the F508del cavity was probed by
docking a representative set of known modulators (“Methods™). However, in this case none
of these compounds docked well. To further evaluate the potential of this cavity as binding
site for small molecules prior to screening, a random library of 1,000 drug-like compounds
from the EPIX database was docked into the binding site and protein—ligand interactions
were visually inspected. Encouragingly, results indicated that the F508del site could
accommodate diverse drug-like molecules. Subsequent in silico screening was performed as
described in “Methods”. Screening results are described below.
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Second generation model of the intracellular domain and putative binding
sites—Following the completion of the F508del site screening, an updated model of the
intracellular domain was generated by incorporating the following modifications: a more
recent crystal structure of NBD1, inclusion of crystallographic water molecules, minor
adjustments to the sequence alignment with Sav1866, and application of a modified
refinement protocol (“Methods™). A binding site search using Schrédinger SiteMap [42]
exposed a pocket at the multi-domain interface between NBD1, NBD2, ILC1, ICL2 and
ICL4 (Fig. 8). Since the loss of inter-domain contacts has been proposed as a source for the
F508del folding defect [4-6], this pocket also seems a reasonable interaction site for small
molecule correctors.

The multi-domain interface site may be divided into three sub-sites (Fig. 8). The upper
portion is composed of residues from four protein domains: 1172, 1177, and G178 from
ICL1, S263 from ICL2, D1341 and F1294 from NBD2 and K1060 from ICL4; The middle
part of the site is a narrow aromatic cage formed by three residues, F494 from NBD1, W496
from NBD1 and W1063 from ICL4; The lower section is in contact with the NBD1 ATP
molecule, crystallographic water molecules and two residues from ICL1, D173 and S169.
This site was also probed by known modulators (“Methods™), and similar to what was
observed in the F508del site, no favorable interactions were observed for any of them.
Similar to the F508del site, a random library of 1,000 drug-like compounds from the EPI1X
database was docked to the multi-domain interface site in order to evaluate potential
interactions with diverse chemotypes, and visual inspection of the docking results indicated
a potential for favorable interactions with diverse drug-like molecules. Virtual screening was
performed as described in “Methods” and the results are discussed below.

In vitro screening

In the absence of a direct binding assay to CFTR, compounds were assessed by functional
assays. Following virtual screening, a total of 496 compounds were selected for in vitro
testing, as described in “Methods”. To rapidly evaluate this large set of compounds, in vitro
screening commenced with a high throughput iodide flux corrector assay [22] performed in
the laboratory of Professor Luis Galietta (Advanced Biotechnology Center, Genova, Italy).
Compound activity was assessed at 10 UM in Fisher Rat Thyroid (FRT) cells and in A549
cells, a human alveolar basal epithelial cancer cell line, both stably expressing F508del-
CFTR. In either cell line, a compound producing activity greater than three standard
deviations (>3 SD) above vehicle levels in each of duplicate measurements was considered a
hit. Hit compounds were then tested to confirm functional activity in an Ussing chamber
short circuit current (Igc) corrector assay with F508del-CFTR FRT cells at ChanTest
(Cleveland, OH) or at EP1X. Compounds that yielded a statistically significant increase in
Isc in the combined response to forskolin, IBMX and genistein (“end current”) were
considered as confirmed corrector hits. Compounds yielding a significantly increased
forskolin response compared to vehicle while having little or no effect on the end current
were identified as potentiator candidates (see “Data analysis” section in “Methods”).
Compounds of interest were further tested for potentiator activity by acute addition in the
Ussing chamber assay. Tables 1, 2, and 3 and Figs. 9, 10, and 11 present several confirmed
hits from the three binding sites. Following hit confirmation, a small set of chemical analogs
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(usually around 30) of each promising hit was purchased in order to generate initial SAR
and possibly identify more potent compounds.

Screening results

NBD1:2 interface site—Two hundred and five compounds from the NBD1:NBD2
binding site screening were purchased and tested in the high throughput iodide flux corrector
assay [22]. Ten compounds displayed activity >3 SDs above vehicle in the F508del-CFTR
FRT cell line and 10 compounds showed activity>3 SDs above vehicle in the F508del-
CFTR A549 cell line. Only one compound was found active in both cell lines. This lack of
congruence may be accounted for by the use of single concentration screening and
differences in sensitivity between cells lines, and is typically observed for other screening
campaigns in the Galietta laboratory (Luis Galietta, personal communication). For the
purpose of the screening activity that is the subject of this work, an initial hit is defined as a
compound that displayed activity >3 SDs above vehicle in either the FRT or the A549 cells.
Of the 20 combined initial hits from both cell types, eight compounds were found to have
statistically significant corrector activity in the Ussing chamber short circuit current (Isc)
corrector assay and were thus considered as confirmed corrector hits (none of these were
identified as hits in the A549 cell line). This corresponds to a confirmed hit rate of 3.9% for
the NBD1:2 interface site (8/205). Five additional compounds were identified as potentiators
after acute addition in the Ussing chamber assay. None of the active compounds were
structurally similar to the reference modulator used for binding-site optimization
(“Methods™).

Seven of the hits, including both correctors and potentiators, were subjected to an analog
search from commercial sources, and of those, four yielded additional analogs with corrector
activity in the FRT Ussing assay (EPX-106224, EPX-106260, EPX-106303 and
EPX-106047). Two of the primary screening hits subjected to analog search, EPX-106303
and EPX-106047 (Fig. 9; Table 1) showed strong potentiation activity that in the case of
EPX-106047 was paired with weak corrector activity (at 10 uM EPX-106047 showed a 36%
improvement in the total current compared to vehicle). Interestingly, these compounds
yielded the two most efficacious corrector analogs, EPX-108380 and EPX-108361 (Fig. 9;
Table 1). In fact, EPX-108380, an analog of EPX-106303, was found to be a dual acting
corrector-potentiator. When tested at 10 pM, this compound reached 48% of the efficacy of
6 UM Corrector 4a, corresponding to a maximum current approximately 50% greater than
vehicle. This was coupled to potentiation activity independently confirmed in an acute
cumulative dose response titration indicating an ECsg below 1 pM. In contrast, the
potentiation activity of EPX-106047 was mostly lost in its analog EPX-108361, achieving at
10 uM a 40% improvement in total current over vehicle. Structures and activities of the
confirmed corrector hits, the most efficacious analogs and the potentiator EPX-106303 are
presented in Fig. 9 and Table 1.

F508del site at the NBD1:ICL4 interface—One hundred and one compounds from the
F508del site screening were tested in the high throughput corrector assay. Fourteen initial
hits were identified, of which five compounds were validated as correctors in Ussing
chamber, corresponding to a confirmed hit rate of 5.0% (5/101). Three additional
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compounds had confirmed potentiator activity when added acutely in the Ussing assay. Two
of the confirmed hits, EPX-106428 and EPX-106403, showed significant corrector activity
and yielded additional analogs with corrector activity. EPX-106428 produced currents
~26% above vehicle when tested at 10 uM. A number of commercially available analogs of
this compound showed increased potency, most notably EPX-106817 and EPX-106779. In
the FRT Ussing assay, 10 uM EPX-106817 increased F508del current threefold over
vehicle, obtaining 50% of cold-conditioning control (low temperature rescue), in which cells
expressing F508del-CFTR are incubated at 27 °C resulting in partial correction of the
folding defect [22]. This compound had an EC50 value between 3-10 pM. EPX-106779 was
even more active, increasing current threefold over vehicle at 10 uM and reaching 87% of
cold-conditioning control, with an ECgg ~ 5 UM. The second primary hit, EPX-106403,
increased F508del current by ~ 40% compared to vehicle when tested at 10 pM. However,
none of the tested analogs of this compound showed improved activity. Structures and
activities of the five confirmed hits as well as most efficacious analogs are presented in Fig.
10 and Table 2. Ussing chamber traces for compounds EPX-106817, EPX-106779 and
EPX-106209 are provided as supplementary information Figures S1-S3.

Multi-domain interface site (NBD1:2:ICL1:ICL2:ICL4)—One hundred and ninety
compounds from the multi-domain interface site screening were tested in a high throughput
corrector assay. Of the sixteen identified initial hits, two were validated as correctors in the
Ussing chamber assay, corresponding to a hit rate of 1.1% (2/190), and two more
compounds were confirmed as potentiators.

The more potent of the two confirmed corrector hits was EPX-107860. When tested in the
FRT Ussing assay at 10 uM, this compound increased F508del current to almost twofold the
current obtained from vehicle-treated cells, equivalent to ~84% of the correction obtained
with 6 UM corrector 4a. Ussing chamber testing of compounds from this binding site also
included acute compound addition at 10 uM following initial activation of CFTR with
forskolin as a first indication of potentiation activity (Table 3). A significant response to this
acute addition was observed for the second confirmed corrector, EPX-107979, and
potentiator activity was independently confirmed in an acute cumulative dose response
titration. At 10 pM, the forskolin current was sevenfold over vehicle and at the same time
the current after forskolin, IBMX and genistein was only twofold greater than that from
vehicle-treated cells, effectively corresponding to no genistein response. These are the
hallmark activity characteristics of a dual acting compound as opposed to a pure corrector
(see “Data analysis” section in “Methods”).

EPX-107979 yielded four analogs with significant corrector activity and seven others
characterized as potentiators. Analogs of EPX-107860 included four additional compounds
with significant corrector activity and more than ten additional potentiators. Still,
EPX-107860 remained the most efficacious commercially available compound obtained
from this binding site. Structures and activities of four validated hits, two correctors and two
potentiators, are presented in Fig. 11 and Table 3. Ussing chamber traces for compounds
EPX-107860 and EPX-107979 are provided as supplementary information Figures S4-S5.
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Discussion

The hypothesis that increasing chloride conductance through mutated CFTR channels may
result in clinical benefits to CF patients has been at least partially validated by the VX-770
and VVX-809 clinical trial results obtained to date. However, in the absence of a high-
resolution experimental 3D structure of CFTR, the development of CFTR modulators has
had to rely on classical medicinal chemistry approaches leading to a relatively slow
development cycle.

In recognition of the potential benefit of rational drug design approaches, we have
developed 3D models of the cytoplasmic domains of wt and F508del-CFTR to enable
structure-based discovery of small molecule correctors. It is generally accepted that the
deletion of F508 alters critical inter-domain interaction and consequently only a small
fraction of F508del-CFTR channels assume a fold that is permissive for ER exit. It would be
anticipated that small molecules that bind to and stabilize inter-domain regions of CFTR
may stabilize the permissive structure of F508del-CFTR thus promoting increased
maturation of the mutant protein. Hence, our screening efforts were focused on cavities at
inter-domain interfaces: NBD1:NBD2, NBD1:ICL4 and NBD1:NBD2:ICL1:ICL2:I1CLA4.

The three putative binding sites were subjected to separate in silico screening campaigns and
a total of 496 compounds were selected for in vitro testing. In silico screening of each of the
binding sites gave rise to hits representing multiple scaffolds. From a drug development
perspective, identifying multiple, diverse hits is beneficial as it provides multiple options for
hit-to-lead development and lead optimization. Hit rates of 1.1-5.0% were obtained for
validated corrector hits (Table 4). For modulators, including both correctors and
potentiators, hit rates ranged from 2.1 to 7.9% (Table 4) (since a corrector assay involving
pre-incubation and subsequent compound washout was used for primary screening, the
potentiator hit rate may be an underestimate of their actual percentage among the tested
compounds). These can be contrasted with hit rates obtained in high throughput screening
campaigns. For example, Pedemonte et al. reported 45 primary corrector hits identified by a
high-throughput screening of a library containing 150,000 diverse drug-like compounds,
corresponding to a hit rate of 0.03% which may further decline upon hit verification
(numbers following verification were not reported) [22]. Van Goor et al. reported the
experimental screening of 160,000 compounds in a correction assay and of 120,000
compounds in a potentiation assay leading to hit rates of 0.11 and 0.23% for CFTR
correctors and potentiators, respectively [19]. Carlile et al. have reported the screening of
2,000 compounds for CFTR correction yielding a validated hit rate of 0.25% [23]. Thus, hit
rates reported in this work are ~tenfold higher than hit rates obtained in high-throughput
screening campaigns, lending some credibility to the present structure-based in silico
screening approach for the identification of CFTR correctors.

Two primary screening hits from the NBD1:2 interface site, EPX-106303 and EPX-106047
(Fig. 9; Table 1) showed strong potentiation activity coupled with weak corrector activity
which was significantly improved in the commercially available analogs EPX-108380 and
EPX-108361. In contrast, two of the primary hits from the F508del site, EPX-106428 and
EPX-106403, already showed promising corrector activity. EPX-106428 yielded a number
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of commercially available analogs with increased potency, most notably EPX-106817 and
EPX-106779 (Fig. 10; Table 2). The multi-domain interface site produced two confirmed
correctors, EPX-107860 and EPX-107979, which was characterized as dual acting.

Interestingly, all the binding sites subjected to screening yielded CFTR potentiators as well
as correctors. Moreover, several of the chemical series (e.g., EPX-106403, EPX-107860,
and EPX-106303) were found to harbor the potential for both types of activities, with small
chemical modifications independently modulating the level of correction and potentiation.
Notably, several compounds were found to have significant dual corrector-potentiator
activity, especially EPX-107979 which was identified from the multi-domain interface site.
One could argue that this is due to the fact that the CFTR model used for screening was
constructed to represent the conducting state of the channel and that stabilizing this state by
direct binding of small molecules may increase the open probability of the channel
(potentiation), improve the stability of the protein (potentially affecting the folding yield or
surface stability of the protein, i.e., correction), or both. Due to their synergistic activity,
dual acting compounds may prove to be superior to pure correctors or pure potentiators as
leads for the development of CF therapeutics.

Analogs of several primary hits from the various sites were potent enough to be detected in
Band-C Western blots, as shown in Fig. 12 for EPX-106817 (Band-C refers to the band
corresponding to the complex-glycosylated form of the CFTR protein). This observation
supports the strategy behind the in-silico methods described here, namely that small
molecule ligands that are predicted to bind to F508del-CFTR would stabilize and lead to
improved maturation of the protein.

None of the primary hits or their commercially available close analogs was potent enough to
show corrector activity in human Bronchial Epithelial (hBE) cells [19] (data not shown).
However, compared to functional assays in FRT cells, hBE cell assays require a higher level
of corrector activity in order to obtain a positive signal. It should not be generally expected
that the required leap in activity compared to primary hits would be attained with an initial
set of commercially available analogs. It remains to be seen whether further development of
these scaffolds would yield compounds active in hBE cells.

Taken together, the high confirmed hit ratio (in comparison to traditional cell based
screening methods) for each of the three putative binding sites, and the experimental
evidence for F508del-CFTR maturation exemplified in Fig. 12 provide confidence in the
ability of the approach described herein to identify promising biologically active small
molecule modulators of F508del-CFTR chloride channel activity.

Since methods for evaluating direct binding to the full length CFTR or its F508del mutant
are currently unavailable, in vitro screening was performed using functional assays.
Consequently, it is possible that some of the identified correctors may not bind directly to
CFTR but may utilize alternative correction mechanisms including: (1) changes to the
chaperone network, e.g., increased expression of rate-limiting chaperones [43], (2) reduction
of the ER retention rate of F508del-CFTR, e.g., by lowering the ER calcium concentration
[44], (3) reduction of the rate of endocytosis of F508del-CFTR [45] and (4)
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phosphodiesterase(PDE)5 inhibition [23-25]. Similarly, “off-target” mechanisms of action
have also been suggested for potentiators. One potential mechanism of action is inhibition of
PDEs, which down regulates channel activity through enzymatic degradation of cAMP [9,
15, 46]. However, there is evidence that some PDE inhibitors potentiate CFTR through a
non-PDE related mechanism, possibly by direct interaction with CFTR [14]. An alternative
mechanism is the inhibition of phosphatases leading to increased phosphorylation of the
CFTR R-domain [46]. A potentially direct, non PDE- or phosphoatase-dependent,
mechanism of action has been suggested for several classes of potentiators [8, 9, 12, 13, 15].
Some non-specific potentiators that inhibit PDE4 may be identified in Ussing chamber
assays if they substantially decrease the IBMX effect on Isc. It is important to note that
while the rationale for all of the proposed mechanisms of correction and potentiation is
sound, none have been fully validated.

Despite the success of our structure-based approach for identifying F508del correctors we
would like to point out several potential inherent limitations including firstly, low model
resolution; Our CFTR models rely on homology to a bacterial ABC transporter for which a
crystal structure is available. Due to the relatively low target-template sequence identity, the
quality of the resulting model may not be optimal. Nevertheless, our models are largely
consistent with experimental data and resemble two other CFTR homology models recently
published [27, 28]. A second limitation is that of model suitability for identifying CFTR
correctors; virtual screening was performed under the assumption that the modeled binding
sites occur in the fully-folded mature conformation of CFTR. Thus, correctors identified by
our screening process are expected to act by stabilizing the fully folded protein, which is not
necessarily the optimal mechanism of action. It is conceivable that stabilization of
intermediate states along the folding pathway, rather than of the end point conformation may
provide a better approach to assist in CFTR folding. However, modeling such intermediate
states is currently not feasible. A third limitation is related to the location of binding sites, as
all binding sites used for screening are located at inter-domain interfaces that are believed to
be dynamic [27, 35], and consequently not optimally adjusted for small molecule binding (as
are the binding sites for small molecule activators of cellular receptor, for example). This
issue may have been partly addressed by the use of several models and the conformational
exploration by MD. Introducing protein flexibility into the docking process may be
beneficial for such binding sites, but was not part of the screening procedures reported
herein. Finally, as mentioned above, direct binding of known CFTR modulators to CFTR
has not been demonstrated unequivocally. In the absence of such data, it is difficult to
conclusively validate and optimize in silico methodologies for structure-based identification
of F508del correctors.

Conclusions and future direction

In this work we presented the structure-based discovery of small molecule modulators of
F508del-CFTR, including correctors, potentiators and dual-acting compounds. In-silico
screening directed at three putative binding sites yielded hit rates between 1 and 5%,
~tenfold higher than corresponding HTS campaigns, and all binding sites gave rise to
multiple hits representing diverse chemotypes. The most active compounds obtained from
the current screening campaign originated from a putative binding site created by a local
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disruption of inter-domain interactions in the vicinity of the missing F508 side-chain.
EPX-106817 had an ECgq between 3 and 10 uM, and in FRT cells at 10 uM obtained 50%
of cold-conditioning control, whereas EPX-106779 obtained 87% of cold-conditioning
control at 10 uM and had an ECgp ~ 5 M.

Molecular modeling

Construction of the NBD1:2 dimer model—The NBD1 model (residues 388-643)
was based on the 1XMI crystal structure of NBD1 from human CFTR [47]. Solubilizing
mutations and the F508A mutation present in 1XMI were mutated back to the wild-type
sequence using Prime [48]. The Regulatory Extension (RE) helix, which interferes with
dimer assembly, was removed from the structure. NBD2 was modeled by homology to the
1XEF structure of Haemolysin B NBD [49] (Haemolysin B NBD shares 25% sequence
identity and 53% sequence similarity with human NBD2). While NBD2 is relatively similar
to NBD1 (24% sequence identity, and 46% sequence similarity), it is predicted to have a
partly alpha-helical insertion relative to NBD1 (residues 1,275-1,285) which is present in
Haemolysin B, making the latter a more suitable template for modeling NBD2. The
NBD1:NBD2 dimer was assembled in the canonical head-to-tail orientation observed in the
crystal structure of the Haemolysin B NBD homodimer, which likely represents the dimer
conformation present in the open channel state of the CFTR [34]. Initial relaxation was
performed using Prime side chain refinement, followed by a stochastic dynamics relaxation
of interface residues and subsequent refinement of the entire model. Dynamics was carried
out in MacroModel using the OPLS_2005 force field and the Generalized-Born Surface-
Area (GB/SA) implicit solvent model. The refinement protocol included an initial energy
minimization followed by a 200 ps heating stage, 200 ps equilibration and 1 ns production
phase.

This model was constructed prior to the release of the F508del NBD1 crystal structure
(2BBT). Encouragingly, the limited conformational effect of the F508del mutation observed
in 2BBT, which is localized and distant from the interface region, suggests that modeling
results would not have been significantly different.

Construction of the first model of the full cytoplasmic domain—This model of
the cytoplasmic domain of CFTR includes the ICLs and the NBD1:NBD2 dimer (residue
numbers: 148-194(ICL1); 245-300(ICL2); 363-387 (intracellular helical extension of TM6
and connection to NBD1); 388—-643(NBD1); 939-985(1CL3); 1,038-1,092(ICL4); 1,155~
1,167(intracellular helical extension of TM12); 1,207-1,444(NBD2)). ICLs were modeled
by homology to the crystal structure of Sav1866 (2HYD) using Prime. The 1XMI crystal
structure of NBD1 was used for modeling the wt protein and the 2BBT crystal structure of
human F508del NBD1 was used for modeling the mutant CFTR. In both NBD1 structures,
solubilizing mutations present in the crystal structures were mutated back to wt and refined
using Prime. As in the NBD1:2 dimer model, NBD2 was modeled using Haemolysin B as a
template. However, the NBD2 model was updated to include three water molecules from the
Haemolysin B crystal (1LXEF), based on literature suggesting their involvement in ATP
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hydrolysis [49]. In addition, H1402 was rotated towards the bound ATP molecule into an
orientation similar to that observed in 1L2T, an NBD structure from the bacterial ABC
transporter MJ0976 (this catalytic histidine corresponds to an alanine in 1XEF). NBD1 and
NBD?2 were superimposed onto the corresponding NBDs of Sav1866 to obtain their
orientation relative to ICLs. Prime side chain refinement was performed on this construct
except for residues that are either involved in ATP hydrolysis or those that form interactions
with Mg?*, ATP and bound water (Q493, W401, Y1219, Q1291 H1402, E1371, K464,
K1250, S466, and Q552). The model was then subjected to energy minimization followed
by stochastic dynamics simulations in MacroModel [48] using the OPLS_2005 force field.
A distance dependent dielectric of 4 was used to roughly simulate solvent effects. Backbone
atoms, as well as bound Mg2*, ATP and water molecules were restrained using harmonic
positional constraints that were gradually lifted during dynamics in 20 ps intervals,
following an initial 100 ps heating phase, allowing for gradual relaxation of the structure.
Following relaxation, the system was subjected to a final 500 ps MD run without any
constraint on backbone atoms, Mg2*, ATP, and water molecules. To preserve structural
integrity in the implicit environment, distances between atoms of residues contacting the
Mg?2*, ATP and water molecules, as well as phi-psi dihedral angles of helical segments were
constrained throughout the entire run (except for proline residues and two residues C-
terminal and N-terminal to each proline). The resulting model of F508del-CFTR, largely
consistent with crosslinking data [27, 33—-35], was used for screening.

Construction of the second model of the full cytoplasmic domain—This model
of the cytoplasmic portion of F508del-CFTR (residue numbers:; 148-194(ICL1); 245-
300(ICL2); 359-387(intracellular helical extension of TM6 and connection to NBD1); 388-
636(NBD1); 939-985(ICL3); 1,038-1,092(1CL4); 1,152-1,173 (intracellular helical
extension of TM12); 1,207-1,444(NBD2)) was generated using a new refinement protocol,
a more recent NBD1 crystal structure and a slightly altered sequence alignment for the
intracellular extensions of TM6 and TM12, based on TM helix boundaries determined by
our in house PREDICT™ program [50]. The change in sequence alignment relative to the
first intracellular domain model did not affect ICLs participating in any of the putative
binding sites located in the previous model and used for in silico screening. NBD2 was
modeled as before but a protonated form of H1402 was used, based on the proposed
catalytic mechanism in Haemolysin B [51]. F508del NBD1 coordinates were taken from a
more recent crystal structure of the F508del-NBD1 without solubilizing mutations which
was crystallized in a homodimer configuration (2PZF). Crystallographic water molecules
were identified by comparison of several crystal structures of NBD1 and other NBDs (2PZF,
2PZE, 2PZG, 1XMI, 1XMJ, 1XEF, 2BBO, 2BBT, 2BBS, 1ROX and 1L2T). Water
molecules that were conserved in several structures, had low B-factors, similar to their
neighboring residues, and were not exposed to solvent, were considered as crystallographic
water molecules [52]. The NBDs were oriented as in Sav1866. Prior to model refinement, a
manual rotamer adjustment was made in order to alleviate a clash between Y577 and Q1291
at the NBD1:2 interface. The model was initially subjected to a rapid constrained
minimization, designed to relieve initial clashes formed at inter-domain interfaces.
MacroModel minimization was performed using the OPLS_2005 force field, a distance
dependent dielectric of 4 and a gradient tolerance of 1.0 kJ/mol. Positional harmonic
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constraints were applied to water oxygen atoms, Mg?* and ATP; harmonic constraints were
used to maintain the distances between the Mg?*, ATP and water molecules and their
interacting NBD residues. In addition, backbone phi-psi dihedral angles, as well as the two
membrane-proximal turns of the ICL helices were constrained to prevent excessive
unrealistic movements. This minimization was followed by Prime side chain refinement of
all residues except for those interacting with Mg2*, ATP and water molecules (Q493, W401,
K464, S466, Q552, T460, Y1219, Q1291, H1402, E1371 and K1250). Subsequent
refinement was performed in GB/SA solvent using the OPLS_2005 force field. Energy
minimization was followed by a 100 ps heating stage and subsequent 1 ns stochastic
dynamics refinement. In this simulation, all phi-psi dihedral constraints as well as positional
constraints on Mg2*, ATP and water molecules were lifted, allowing increased motion in the
more realistic environment. Analysis of simulation snapshots revealed a potential binding
site at the interface between NBDs and ICLs, as discussed in Results. However, this
interface cavity showed significant flexibility during MD and the energy minimized
conformation immediately preceding MD seemed the most suitable for screening. Thus, the
structure following side chain refinement was subjected to an extended energy minimization
using a more stringent convergence tolerance of 0.05 kj/mol and the resulting model was
used for screening.

Docking known modulators into the model binding sites—Potential compatibility
of known modulators with the various putative binding sites was evaluated by docking the
following compounds into each of the putative binding sites using either GOLD [53, 54] or
Glide [55]. Docked compounds included correctors from Pedemonte et al. [22] and Hirth et
al. [56] and modulators from Hadida et al. [37]. GOLD docking was performed using 7-8
speedup settings and Glide was used in Standard Precision (SP) mode. Compounds were
prepared for docking using either ligPrep [48] or as described in Bar-Haim et al. [57].

Library Preparation for screening—Prior to docking, compound libraries were
prepared as described by Bar-Haim et al. [57].

NBD1:2-site screening protocol—Prior to docking experiments, the library of ~4-
million commercially available compounds was reduced to 150,000 compounds in two
steps. Initially, a library of 500,000 compounds was extracted using ranges of 1D chemical
properties derived from: (1) An analysis of binding site properties (2) Lipinski Rule-of-Five
[58] (3) Properties of known modulators from Hadida et al. [37] that were successfully
docked and thus represent chemotypes which may fit this putative binding site (hence
termed “reference modulators™). Molecular weight (MW) and number of rotatable bonds
ranges were increased to improve diversity, taking into account the resultant library size.
Final parameter ranges used for database filtering were: MW: 250-600, H-bond acceptors:
1-4, H-bond donors: 1-5, rotatable bonds: 3-7, aromatic rings: 1-3, positive charge centers:
0, negative charge centers: 0.

In the second stage, Structure Based Focusing (SBF [59]) was used to further filter the
library using 3D information (interactions and shape) derived from the binding site
including a shape similarity filter with a large tolerance value based on the van der Waals
surface of the virtually co-crystallized probe compound (compound shape, size and binding
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mode can vary considerably, as reflected by the diversity of the final set of molecules
selected for in vitro testing). This procedure reduced the number of compounds from
500,000 to 150,000, a reasonable library size for docking.

The 150,000 compounds from the focused library were docked and scored using GOLD
with 7-8 speedup settings. While the docking software produces multiple alternative binding
modes for each ligand, the next stages of virtual screening require that a single binding
mode be selected for each docked molecule. Since docking software generally do not
identify the most “biologically relevant” binding mode as the best ranked solution, other
methods for binding mode selection should be applied. In this particular case, we found
empirically that binding modes forming the largest number of hydrogen bonds with binding
site residues also made the most sense in terms of overall interactions. This was verified for
a set of randomly selected library compound with favorable docking scores as well as the
reference modulators. Thus, the GOLD H-bond score was used for binding mode selection
and applied as a filter excluding from further analysis all compounds without sufficient H-
bonds.

To enable further library filtration, compounds were re-scored with the following scoring
functions: Accelrys: ligScorel Drieding, ligScore2 Drieding, PLP1, PLP2, JAIN, PMF [59];
Tripos: D-Score, G-Score, ChemScore, PMF [36]. Of these, ligScore2 Dreiding ranked the
reference modulators significantly better than the random library compounds. A cutoff value
was selected for this score and used to filter the docked library down to 2,000 compounds.

The remaining 2,000 compounds were clustered based on molecular similarity as described
below and Macro-Model eMBrAcE [48] scores were calculated and used for selecting
cluster representatives. These representatives were analyzed by visual inspection in the
binding site. Two hundred and five compounds were selected for in vitro testing following
assessment of favorable interactions (e.g., H-bonds, aromatic interactions) versus
unfavorable interactions (e.g., hydrophobic moieties in hydrophilic regions, charge
repulsions), conformational strain, diversity and novelty. In addition, overly flexible
molecules were deprioritized to avoid large entropic penalties upon binding. Cluster
members of “interesting” compounds were also analyzed.

To make sure that our selected compounds were distinct from the reference modulators,
molecular similarity distributions were analyzed for a set of compounds comprised of the
representative modulators and all compounds selected for in vitro testing following virtual
screening. The distribution of pairwise similarity values (see Molecular Similarity Analysis
below) within the set of representative modulators was compared to the distribution within
our set of selected compounds and to the distribution between the two sets. The result
clearly shows that our selected compounds are diverse (EPIX-EPIX average Tanimoto 0.2 £
0.08) and distinct from the reference modulators (EP1X-REF average Tanimoto 0.2 + 0.07)
which are relatively similar to one another (REF-REF average Tanimoto 0.5 + 0.1).
Moreover, our experimentally validated hits were structurally diverse and unrelated to the
reference modulators.
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F508del-site screening protocol—A focused library of 450,000 molecules was
extracted from our in-house database of ~4-million compounds, using a combination of
chemical property ranges derived from binding site analysis, and Structure-Based Focusing.
The following ranges of chemical properties were used for database filtering: MW < 350
(due to the relatively small size of the binding site), H-bond acceptors: <8, H-bond donors:
<10, aromatic rings:>0, positive charge centers: 0, negative charge centers: <2.

Because this library, is still too large for efficient structure-based screening, we decided to
use the Glide docking program in High Throughput Virtual Screening (HTVS) mode, which
is designed for rapid albeit less accurate screening of large libraries, preceding docking with
the more accurate SP mode. A plausible binding mode was selected based on a combination
of Glide EModel score and the ability to occupy at least one of the two hydrophobic pockets
observed in the binding site (Fig. 5). Compounds that did not have any binding pose
occupying either one of the hydrophobic pockets were discarded, reducing library size to
~100,000 compounds. The remaining compounds were re-docked using Glide in SP mode.
Binding mode selection and subsequent library filtration were conducted as before, resulting
in a set of ~14,000 compounds. Visual inspection of the different MW and docking score
classes revealed that molecules with either MW < 250 or Glide SP Score > —4 did not have
significant interactions. These molecules were discarded, further reducing the library to
merely 640 compounds.

The final set of molecules was clustered based on molecular similarity as described below.
Cluster representatives were analyzed by visual inspection in the binding site as described
above and 101 compounds were selected for in vitro testing following.

Multi-domain interface site screening protocol—A focused library of ~100,000
compounds was extracted from the EPIX database of ~4-million commercially available
compounds based on a combination of binding site analysis, Lipinski rule of five, and the
Veber rules [60]. The following property ranges were used for filtering: MW: 350-600,
PSA: <140 A2, CLogP: 0-5, H-bond acceptors: 1-10, H-bond donors: 1-5, positive charge
centers: 0, negative charge centers: 0, aromatic rings: 1-4, aliphatic rings: 0-3, total number
of rings: <6.

Compounds were docked using GOLD with 7-8 speedup settings. Unlike the F508del site,
there was no clear binding mode hypothesis and unlike the NBD1:2 site, H-bonds were not a
dominant factor in this case. Thus, binding modes were selected based on a combination of
the docking score and interactions found with residues in the binding site using our in-house
BMA/SW [61] software. Compounds with low combined scores were excluded from further
analysis. Additional filtration was performed by applying an empirical cutoff to the GOLD
fitness score following visual inspection of the compounds in the binding site. ~25,000
compounds survived these two filtration steps and were re-scored using the following
scoring functions: Acclerys: ligScorel Drieding, ligScore2 Drieding, PLP1, PLP2, JAIN,
PMFO04 [62]; Tripos: D-Score, G-Score, ChemScore, PMF [36]; GOLD H-bond score and
Gold ChemScore. Visual inspection of compounds from different score ranges could not
identify cutoff values clearly separating molecules with “good” versus “bad” interactions,
except for a general requirement for sufficient h-bonding interactions. Thus, compounds
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with GOLD H-bond scores worse than —1 were eliminated and rank-by-vote consensus
scoring [63] was performed using a cutoff value of one standard deviation below the mean
for each of the following scores: GOLD ChemScore, GOLD GoldScore, PMF04, Ligscore2
Dreiding, PLP2, Jain. Tripos ChemScore and. Tripos G-Score and D-Score were excluded
due to strong correlation with molecule size, which may lead to a high false positive rate.
Ligscorel and PLP1 were excluded due to strong correlation with the newer versions
Ligscore2 and PLP2, respectively. Initially, compounds with a consensus score of zero were
eliminated, resulting in a list of 7,080 compounds. These were separated into two classes:
compounds occupying mostly the top part of the binding site and those also having
significant interaction with the bottom part (Fig. 8). The two sets of molecules were
individually clustered based on molecular similarity into 500 clusters each using Discovery
Studio [62]. Cluster representatives were selected by maximal consensus score and 210
compounds were selected for in vitro testing as described above for the other screening
campaigns.

Molecular similarity analysis and clustering—Molecular similarity was calculated
using the Multilevel Neighborhoods of Atoms approach [64] implemented in-house.
Clustering is based on the following procedure: (1) for a given Tanimoto cutoff value, all
compounds are sorted by number of neighbors (2) the compound with the highest number of
neighbors is selected as a reference molecule for the first stage of clustering (3) all
compounds within cutoff distance of the reference molecule are grouped into a single cluster
and the compound with the highest number of neighbors outside the cluster is selected as a
reference compound for the next stage of clustering.

Biological assays

FRT cell tissue culture and ussing-chamber assays—~Fisher Rat Thyroid (FRT)
cells, stably transfected with F508del-CFTR, were obtained from Professor Luis Galietta.
FRT cells were cultured according to published protocols [65]. FRT cell monolayers were
grown on Snapwell filter inserts (Corning #3801, Corning, NY, USA) and were incubated
with compound for 24 h at 37 °C before the Ussing chamber assay. Cells were subsequently
transferred to the Physiologic Instruments (Physiologic Instruments, Inc., San Diego, CA,
USA) Ussing recording chamber and superfused on the serosal side with a HEPES buffered
physiological saline (HB-PS) with composition (in mM): NaCl, 137; KCl, 4.0; CaCl2, 1.8;
MgCI2, 1; HEPES, 10; Glucose, 10; pH adjusted to 7.4 with NaOH. In order to create a
transepithelial Cl-ion gradient, 10CF-PS (composition in mM: Na-gluconate, 137; KClI, 4;
CaCly, 1.8; MgCl,, 1; HEPES, 10; Glucose, 10; pH adjusted to 7.4 with N-methyl-D-
glucamine) is applied at the mucosal side. A Physiologic Instruments VCC MC8-8S
epithelial voltage clamp was used to record short circuit current (ISC). Inserts were voltage
clamped at 0 mV and the assay was carried out at 27 °C. 10CF-PS solution (5 mL) was
added to the mucosal side of the Snapwell filter and HB-PS solution (5 mL) was added to
the serosal side of the Snapwell filter insert. After acquisition of at least 10 min of baseline
current, agonists (final concentrations: 10 uM forskolin, 100 uM 3-isobutyl-1-
methylxanthine [IBMX] and 20 uM genistein) and antagonist (final concentration; 20 pM
CFTRinh-172) were applied sequentially and cumulatively at 10-15 min intervals for
forskolin and IBMX, ~ 15 min intervals for genistein and CFTRinh-172, to both serosal and
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mucosal epithelial surfaces. Agonists were added as 200-1000x stock solution to the
solutions bathing the serosal and mucosal sides. Transepithelial resistance was monitored
every 20 s with 10 mV voltage steps. In potentiator assays, appropriate volumes from 10 uM
compound stock solution in DMSO were added to the mucosal 10CF-PS solution.

Reported FRT cell Ussing chamber data was obtained from assays in which FRT cells were
incubated with compound in presence of 1% serum.

For CFTR biological activity assays, typical positive controls run would include either cold-
conditioning control, in which cells expressing F508del-CFTR are incubated at 27 °C
resulting in partial correction of the folding defect [22], or the reference CFTR corrector
corrector-4a [22].

Data analysis—The “end current” after addition of all agonists, forskolin, IBMX, and
genistein was considered a measure for correction according to: Imacroscopic = | % Popen % N,
where i is the single channel current amplitude, Popen the open probability of a single
channel, and N the total number of channels at the cell surface. For the end current to be a
valid measure of correction it must be assumed that after all agonist additions, i.e., after the
addition of genistein in the protocol above, F508del-CFTR channels assume a constant open
probability regardless of the compound used for correction during the 24 h incubation. In
this case the macroscopic current is then directly proportional to the total number of
channels N. We have no ultimate proof for this assumption but we have consistently found
that the current increase upon the addition of 20 pM genistein varies dependent on how
much CFTR currents were potentiated prior to the genistein addition. Thus, in our hands the
genistein response varies from ~40% of the total current for a straight corrector, e.g.,
corrector 4a, to virtually no genistein response at all if cells were incubated with a pure
potentiator or a potent dual acting compound prior to the genistein addition. For a much
reduced genistein responses see data for EPX-108380 (Table 1) or EPX-107979 (Table 3).

Western blots—HelLa cells were transiently transfected with pPCMV-CFTR wt or
F508del. 24 h post transfection, cells were butyrate-treated (0.5 mM) and shifted to 30 °C.
Four hour following butyrate-treatment cells were treated with 20 uM compounds (in
DMSO). For Western Blots, 24 h post butyrate-treatment, cells were harvested in RIPA
Buffer and lysates run on 7% PAGE for Western Blot analysis of Band B and Band C with
the UNC monoclonal NBD2-directed antibody 596 [66].

Assessment of cytotoxicity—An indication of compound cytotoxicity can be obtained
from the Ussing chamber assay since the transepithelial resistance (TER) of a FRT cell
monolayer will usually be lowered by cytotoxic compounds. Thus, any compound is
potentially cytotoxic that after 24 h incubation significantly reduces the cell monolayer TER
compared to cells incubated with vehicle only (DMSO). General cytotoxicity for compounds
of interest may then be further investigated in a specific cytotoxicity assay: HepG2 cells
(ATCC, Manassas, VA, USA) were grown according to the ATCC-recommended culture
conditions. The ATCC recommended medium is made up with phenol-red free medium and
was supplemented with 1 mM L-glutamine, penicillin (50 U/mL) and streptomycin (0.05
mg/mL). Cells were plated at 12,000 cells/well in a 96-well plate, and 2 days after plating
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compound was added so that by serial solution a suitable concentration range is covered.
After 48 h incubation cytotoxicity was measured according to the protocol for the Promega
CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI,
USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Modular organization of CFTR. CFTR is composed of two membrane spanning domains (MSD1 and MSD?2), each comprised of

six transmembrane segments connected by intracellular loops, as well as two nucleotide binding domains (NBD1 and NBD2)
and a regulatory domain (R domain)
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Library Generation
A focused library of ~100,000 compounds is extracted from
the EPIX in-house database containing ~4-million unique
commercially available compounds

A 4

Docking
Library compounds are docked into the target binding site

A 4

Binding-Mode Selection
A single “most plausible” binding-mode is selected for each
compound based on its binding-site interactions and docking
score

A

Re-Scoring
A variety of protein-ligand interaction scores are calculated
for each compound

\ 4
Selection
~2,000 top ranking compounds are clustered based on
molecular  similarity and ~100-200 representative

compounds are selected for in vitro testing following visual
inspection of binding site interactions and evaluation of
chemical diversity and novelty

Fig. 3. Generic virtual screening workflow
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(b)

Fig. 4.
NBD1:NBD?2 interface binding site. a MOLCAD [36] surface showing the shape and size of the interface-site. NBD1 is shown
in red; NBD2 is shown in green. b Binding site residues (stick representation) and binding site interaction regions generated
with SiteMap. Yellow hydrophobic region, blue H-bond donor region; and red: H-bond acceptor region
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Fig. 5.
Comparison of the ICL4:NBDL interaction network in the wt ar?d F508del models of the CFTR intracellular domains. a Overlay
of wt (cyan) and F508del (orange) models. The deletion of F508 and the resulting alteration of the loop conformation affect the
interaction of NBD1 with ICL4. b The F508 network of aromatic interactions in the wt model. ¢ Loss of aromatic interactions in
the F508del model
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NBD1

Fig. 6.
F508del binding site (NBD1:ICL4 interface). a MOLCAD surface of the interface site. b Binding site residues (stick

representation) and binding site interaction regions generated with SiteMap. Yellow hydrophobic region, blue H-bond donor
region, and red H-bond acceptor region
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Fig. 7. Inssilico generation of the R1070W mutant in the F508del model suggests that a tryptophan in this position may restore
interactions lost in the F508del mutant

J Comput Aided Mol Des. Author manuscript; available in PMC 2014 May 05.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Kalid et al. Page 32

(b) Ca
4

Fig. 8.
Multi-domain interface site. a MOLCAD surface of the interface site. b Binding site residues (stick representation) and binding

site interaction regions generated with SiteMap. Yellow hydrophobic region, blue H-bond donor region; and red H-bond
acceptor region
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Fig. 9.

Hits from the NBD1.:2 interface site and selected analogs. Vendor catalog numbers in parentheses
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Fig. 10.
Hits from the F508del site and selected analogs. VVendor catalog numbers in parentheses
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Fig. 11.

Hits from the multi-domain interface site and selected analogs. Vendor catalog numbers in parentheses
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Fig. 12.
Band C Western blot analysis. HeLa cells were transiently transfected with wt CFTR or F508del-CFTR. One day after

transfection cells were incubated at 30 °C with vehicle (DMSO), 20 uM EPX-106817 or 10 uM corrector 4a (C4) for 24 h after
which cells were collected and whole cell lysates analyzed by Western blot. Compared to DMSO, EPX-106817 and C4
reproducibly increased the amount of Band C observed for both wt and F508del-CFTR transfected cells
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