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Abstract: Cystic fibrosis (CF) is caused by different mutations related to the cystic fibrosis transmem-
brane regulator protein (CFTR), with F508del being the most common. Pioneering the development
of CFTR modulators, thanks to the development of effective correctors or potentiators, more re-
cent studies deeply encouraged the administration of triple combination therapeutics. However,
combinations of molecules interacting with other proteins involved in functionality of the CFTR
channel recently arose as a promising approach to address a large rescue of F508del-CFTR. In this
context, the design of compounds properly targeting the molecular chaperone Hsp70, such as the
allosteric inhibitor MKT-077, proved to be effective for the development of indirect CFTR modulators,
endowed with ability to amplify the accumulation of the rescued protein. Herein we performed
structure-based studies of a number of allosteric HSP70 inhibitors, considering the recent X-ray
crystallographic structure of the human enzyme. This allowed us to point out the main interaction
supporting the binding mode of MKT-077, as well as of the related analogues. In particular, cation-π
and π–π stacking with the conserve residue Tyr175 deeply stabilized inhibitor binding at the HSP70
cavity. Molecular docking studies had been followed by QSAR analysis and then by virtual screening
of aminoaryl thiazoles (I–IIIa) as putative HSP70 inhibitors. Their effectiveness as CFTR modulators
has been verified by biological assays, in combination with VX-809, whose positive results confirmed
the reliability of the whole applied computational method. Along with this, the “in-silico” prediction
of absorption, distribution, metabolism, and excretion (ADME) properties highlighted, once more,
that AATs may represent a chemical class to be further investigated for the rational design of novel
combination of compounds for CF treatment.

Keywords: HSP70; allosteric inhibitor; MKT-077; CFTR modulator; correctors; virtual screening; QSAR

1. Introduction

Cystic fibrosis (CF) is the autosomal recessive disorder most common in Caucasian
populations [1]. It is caused by different mutations in the cystic fibrosis transmembrane
regulator protein (CFTR) [2,3].

This protein belongs to the ABC (ATP-Binding Cassette) Transporter Superfamily,
being made of five distinctive domains, namely two transmembrane domains (TMDs), two
nucleotide-binding domains (NBDs), and a regulatory (R) domain. It is well established
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that CFTR’s R domain needs to be phosphorylated by protein kinase A (PKA) before the
channel can be gated by ATP [4]. In fact, the TMDs form the channel across the membrane,
and the NBDs bind and hydrolyze ATP to stimulate opening and closing of the channel,
regulated by (de)phosphorylation, which changes the interactions of R [5–7].

More than 2500 mutations of the CFTR gene are known [3]. The most common
mutation, F508del, belongs to the class II trafficking defects, where folding of the CFTR
protein is impaired, resulting in a reduction of the amount of ion channels present on the
cell surface. Although CF is a systemic disease, the most severe effects come from the
reduced chloride secretion in the airways. Subsequent lung surface dehydration leads to
the buildup of a thick mucus layer, which clogs the airways and traps bacteria, leading to
infections, extensive lung damage, and, eventually, respiratory failure [8,9].

Most treatments, such as antibiotics and mucus-clearing agents, are symptomatic;
hence, there is a great need for disease-modifying agents [10,11]. It is believed that the
folding and channel activity defect of F508del can be addressed by means of modulators
named correctors and potentiators, respectively [12–16].

CFTR correctors (e.g., lumacaftor; VX-809) [17] allow for the transfer the mutant
proteins to the plasma membrane, while CFTR potentiators (e.g., ivacaftor; VX-770) [15]
strongly increase channel gating. Since neither lumacaftor nor ivacaftor, by themselves,
seem to have clinical benefits for CF patients with the F508del mutation, [18,19] combination
therapy with the two drugs has been applied. This approach improved lung function and
disease stability [20], leading to the approval of lumacaftor–ivacaftor combination therapy,
such as Orkambi [21–23], healing lung function to a modest degree in F508del homozygous
patients. On the other hand, triple combinations, using two distinct correctors and a
potentiator, showed good clinical benefit in patients with a F508del-CFTR mutation on
at least one allele [24–27]. Recently, elexacaftor was found able to multiplicative synergy
with the ivacaftor in rescuing multiple CFTR class defects, supporting the effectiveness of
new therapeutic combination of these compounds for CF therapies. This agreed with their
incorporation into a triple combination therapeutic (marketed as Trikafta) in presence of
the corrector tezacaftor [28].

While the effectiveness of these combined drugs, through the multitude of genotypes,
remains to be evaluated, combinations of molecules interacting with other proteins in-
volved in the functionality of the CFTR channel are expected to result in a large rescue of
F508del-CFTR [29,30].

In this context, the design of compounds properly targeting the molecular chaperone
Hsp70 have recently been discussed as a promising strategy to optimize drug combinations
for the treatment of CF [31,32]. Indeed, molecular chaperones assist the folding and
assembly of the cytosolic domains of CFTR, with Hsc70 (HSPA8), its inducible homolog
Hsp70 (HSPA1A/B), and Hsp90 being the most important [33,34].

Recent studies, reported in the literature by Young and co-workers [31], pointed out a
key role played by allosteric ligands targeting the Hsc70/Hsp70 proteins to deeply amplify
the corrector ability of lumacaftor. In particular, they shown that the stability barrier of
rescued F508del-CFTR can be circumvented by a new combination of mechanisms. While
VX809 corrects the trafficking defect of F508del CFTR, allosteric inhibitors of HSP70, such
as MKT-077, allow the further accumulation of the rescued protein. MKT-077 increased the
stability of F508del CFTR against degradation at the endoplasmic reticulum, relieving the
suppression of maturation by Hsc70/Hsp70 over longer time scales [31].

Since MKT-077 can affect Hsc70/Hsp70-mediated degradation of CFTR both during
and after maturation, it is believed that may also be effective against other misfolding CF
mutations, such as R560T, A561E, R1066C, and N1303K. This opens a promising scenario
for the development of effective therapies to be used to contrast other CF mutations.

MKT-077 is a cationic rhodacyanine, proposed as an anti-proliferative agent, active
against MCF-7 breast cancer cells. Despite its little cytotoxicity against either normal
human fibroblasts or immortalized epithelial cells, it was withdrawn by Phase I clinical
trials because of poor metabolic stability [35]. For this reason, during the last years, a
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number of studies have been performed to modify the chemical structure of the prototype
towards novel compounds maintaining the same HSP70 allosteric modulator ability but
exhibiting a better safety and pharmacokinetic (PK) profile [36,37].

In this context, we deemed it interesting to better explore the putative binding
mode of a consistent series of MKT-077 analogues that have, so far, been reported in the
literature [36,37] as allosteric HSP70 inhibitors, exhibiting variable ability to inhibit cellular
growth in cancer lines (MKT-077, YM-01 and 1–90; see Supplementary Tables S1 and S2).
Indeed, it has been found that the MCF-7 antiproliferative ability of these series of com-
pounds was related to the HSP70 inhibitory one, by testing the ligand binding affinity
towards the HSP70 protein of active/inactive ligands, when evaluated as MCF-7 antiprolif-
erative agents [37].

As shown in Figure 1, most of the collected compounds maintained the MKT-077
pyridinium substituent as a terminal group, while a number of them have been optimized
as thiazolyl-containing congeners, as experienced by JG-98 (30) and JG-231 (71).
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Herein, their most important key features involved in the MCF-7 antiproliferative abil-
ity as a result of its activity as an HSP70 inhibitor have been analyzed performing molecular
docking studies and Quantitative-Structure Activity Relationship (QSAR) analyses.

In particular, while the docking calculations so far reported in the literature were
performed based on the bovine protein, the recent X-ray crystallographic of the human
HSP70 data released on the protein data bank (pdb code: 6CZ1 released: 10 April 2019,
resolution = 1.68 Å) [38] allowed us to apply a more reliable structure-based approach,
towards the design of further new molecules.

These findings paved the way for the following screening and evaluation of novel
MKT-077 analogues, to be exploited, in combination with F508del correctors, conceiv-
ably in order to improve their rescue ability. This was done by initially focusing on the
benzothiazole-containing compounds present in our in-house series of aminoarylthiazoles
(AATs), previously explored as F508del-CFTR correctors [39].

Indeed, our research group synthesized a number of thiazole-based compounds with
an interesting ability to improve both the trafficking and gating of mutant CFTR [40,41],
with a lot of them a library of new AAT-VX-809 hybrid derivatives. These compounds
proved to act, especially, as correctors in biochemical experiments [40,41].

Herein, MKT-077 and the best-scored and filtered AATs I–IIIa have been evaluated, in
combination with VX-809, in order to confirm their CFTR modulator effectiveness. Mean-
time, the insilico prediction of descriptors, related to absorption, distribution, metabolism,
and excretion properties (ADME), have been determined, in order prioritize the most
promising AATs for further optimization. This approach allowed us to assess the rescue
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ability of the selected multi-compound treatment, supporting the CFTR amplifier ability
promoted for the allosteric HSP70 inhibitors.

In addition, the explored I–IIIa, which may represent lead compounds for the de-
velopment of optimized multi-drugs that correct the basic defect in CF patients, being of
high relevance for the development of treatments able to revert or arrest the progression of
the disease.

2. Results and Discussion
2.1. Exploring In Silico the Human HSP70 Protein

Up to now, structure-based studies concerning the putative binding positioning expe-
rienced by the well-known HSP70 inhibitor MKT-077 have performed, taking into account
the X-ray data of the bovine protein (PDB code = 3HSC) [42]. These studies revealed that
MKT-077 and its analogs bind within a highly conserved, hydrophobic pocket, adjacent to
the nucleotide-binding cleft. In particular, the main benzothiazole core shows favorable
hydrophobic contacts with the protein cavity, while the rhodacyanine group appears to
play a role in orienting the other rings but detecting a few numbers of direct contacts.
Conversely, the benzothiazole ring occupied a relatively narrow pocket, suggesting the
need of a flat core able to occupy this region, showing small substituents.

In particular, according to the studies reported by Gestwicki [36,37,43,44], the HSP70
allosteric inhibitors, such as MKT-077 and the analogue JG-98 (30), occupy the enzyme
cavity, delimited by K71, R72, P147, and F150, thanks to the flat benzothiazole core, while
the terminal cation portion protruded towards T222, A223, G224, D225, and T226 (Figure 2).
The two tethering five-membered rings were surrounded by V82, Y149, H227, and L228.
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Figure 2. Schematic representation of the main contacts involving the MKT-077 and bovine HSP70,
as described in the literature. The key residues for the ligand binding, as shown by mutagenesis
experiments, are labelled in cyan [37].

Based on the cellular potency, as antiproliferative agents, evaluated in MCF-7 cells,
featured by the prototype MKT-077 (pEC50 = 5.66 M), and more potent congeners JG-98 (30;
pEC50 = 6.40 M) and JG-294 (89; pEC50 = 7.00 M), the same authors evaluated the affinity
JG-294, as representative of the series for purified Hsp70 in vitro, using a fluorescence shift
assay. Compound JG-258 (62; pEC50 = 5.30 M) was also used as negative control.

They identified that JG-294 (89) displayed an affinity value of 0.35 µM, while JG-258
(62) did not bind (Ki > 10 µM). Following mutagenesis experiments, involving the Y149W,
T222A, H227A, or L228A mutants, confirmed the key role, played by the four mentioned
residues, since each mutation reduced the affinity of JG-294 (89) by 4- to 20-fold [37].

Herein, we proceed for the first time to a careful analysis of the docking mode of the
inhibitor MKT-077, as well as of the analogues reported in the literature, see Supplementary
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Tables S1 and S2), relying on the experimental data of the human enzyme (PDB code
= 6CZ1) [37]. This kind of approach is expected to clarify the most important chemical
interactions, and the related amino acids supporting the compound HSP70 inhibitory
ability, and to open the way for the following virtual screening strategy.

Initially, the three-dimensional coordinates of the human Hsp70 (monomer A) and
bovine one had been aligned and superposed, by means of MOE software [45], giving
pairwise percentage residue identity values of 69.9%, while the root mean square deviation
value (RMSD; calculated on the carbon atom alignment) between the two proteins was of
1.254 Å (see the protein alignment in Figure 3).

Pharmaceuticals 2021, 14, 1296 5 of 26 
 

 

Based on the cellular potency, as antiproliferative agents, evaluated in MCF-7 cells, 
featured by the prototype MKT-077 (pEC50 = 5.66 M), and more potent congeners JG-98 
(30; pEC50 = 6.40 M) and JG-294 (89; pEC50 = 7.00 M), the same authors evaluated the affin-
ity JG-294, as representative of the series for purified Hsp70 in vitro, using a fluorescence 
shift assay. Compound JG-258 (62; pEC50 = 5.30 M) was also used as negative control. 

They identified that JG-294 (89) displayed an affinity value of 0.35 μM, while JG-258 
(62) did not bind (Ki > 10 μM). Following mutagenesis experiments, involving the Y149W, 
T222A, H227A, or L228A mutants, confirmed the key role, played by the four mentioned 
residues, since each mutation reduced the affinity of JG-294 (89) by 4- to 20-fold [37]. 

Herein, we proceed for the first time to a careful analysis of the docking mode of the 
inhibitor MKT-077, as well as of the analogues reported in the literature, see Supplemen-
tary Tables S1 and S2), relying on the experimental data of the human enzyme (PDB code 
= 6CZ1) [37]. This kind of approach is expected to clarify the most important chemical 
interactions, and the related amino acids supporting the compound HSP70 inhibitory abil-
ity, and to open the way for the following virtual screening strategy. 

Initially, the three-dimensional coordinates of the human Hsp70 (monomer A) and 
bovine one had been aligned and superposed, by means of MOE software [45], giving 
pairwise percentage residue identity values of 69.9%, while the root mean square devia-
tion value (RMSD; calculated on the carbon atom alignment) between the two proteins 
was of 1.254 Å (see the protein alignment in Figure 3). 

 
Figure 3. Sequence alignment of the human HSP70 (PDB code = 6CZ1) [37], with respect to the bo-
vine one (PDB code = 3HSC) [42]. The conserved residues are highlighted in grey. Poorly conserved 
aminoacids, in terms of hydrophilic or hydrophobic properties, are shown in black. When polar 
features or lipophilic requirements are shared or maintained, the related couple of aligned residues 
is colored. The alignment was depicted thanks to the visualization UCSF Chimera software [46]. 

These findings supported a good similarity, shared by the two enzymes, as con-
firmed by the superimposition of 6CZ1 on the X-ray data of 3HSC, reported in Figure 4 
(left; ribbon in cyan and light yellow, respectively). A perspective of the overall conserved 
regions of the two proteins is also shown in green (Figure 4; right). 

Figure 3. Sequence alignment of the human HSP70 (PDB code = 6CZ1) [37], with respect to the bovine
one (PDB code = 3HSC) [42]. The conserved residues are highlighted in grey. Poorly conserved
aminoacids, in terms of hydrophilic or hydrophobic properties, are shown in black. When polar
features or lipophilic requirements are shared or maintained, the related couple of aligned residues is
colored. The alignment was depicted thanks to the visualization UCSF Chimera software [46].

These findings supported a good similarity, shared by the two enzymes, as confirmed
by the superimposition of 6CZ1 on the X-ray data of 3HSC, reported in Figure 4 (left; ribbon
in cyan and light yellow, respectively). A perspective of the overall conserved regions of
the two proteins is also shown in green (Figure 4; right).

Accordingly, several residues resulted to be maintained along the whole structure
of the two Hsp70 proteins, suggesting quite comparable binding sites at the two macro-
molecules. As shown in Table 1, a number of residues supporting the MKT-077 binding
at the bovine HSP70 cavity, as reported in the literature [37], are conserved at the human
HSP70. Among them, four aminoacids, scouted as key residues for the ligand binding
at the bovine protein by mutagenesis experiments (Y149, T222, H227, and L228), were
maintained as Y175, T247, H252, and L263 within the human protein.

Nevertheless, two residues featured electrostatic and steric variation, moving from
the bovine enzyme to the human one, as exemplified by the two small and hydrophobic
A223 and V82 residues in 3HSC, which correspond to the human hydrophilic N248 and
S107 residues. As a consequence, the overall cavity delimited at the 6CZ1 allosteric binding
site could be differently occupied by the inhibitors.

2.2. Molecular Docking Studies of MKT-077 and Related Analogues

On this basis, and to further assess the reliability of the human HSP70 putative binding
site, proposed as previously described, we have considered the site finder module of the
MOE software to identify the best score binding site at 6CZ1. The results suggested and
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confirmed the same crevice, identified by comparison with 3HSC, giving us the opportunity
to proceed with the following molecular docking calculations described.
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Table 1. Comparison of the putative MKT-077 binding domain at the bovine HSP70 cavity and
human HSP70. The key residues for the ligand binding, based on mutagenesis experiments, are
labelled in cyan [37].

Protein PDB Code Binding Site: Pairwise Amino Acids

3HSC K71 R72 V82 P147 Y149 F150 T222
6CZ1 K96 R97 S107 P173 Y175 F176 T247
3HSC A223 G224 D225 T226 H227 L228
6CZ1 N248 G249 D250 T251 H252 L263

Starting from this data, we performed docking studies of the reference compound
MKT-077, as well as of the aforementioned different analogues reported in the literature
1–90 (see Supplementary Tables S1 and S2). The related scoring functions have been shown
in Supplementary Table S3.

Based on our calculations, the docking positioning of the reference Hsp70 allosteric
inhibitor MKT-077 experienced polar contacts, involving the carbonyl oxygen atom of the
main five-membered ring and side chains of R97 and T251 (see Figure 5). In addition,
it proved to be highly stabilized at the HSP70 surface, thanks to: (i) polar and cation-π
interactions, involving the terminal benzothiazole ring and Mg2+, K96; (ii) cation-π contacts
between the pyridine-containing cation group and Y175 sidechain.

Notably, the key role played by interacting with Y175 was in accordance with mutage-
nesis experiments solved by other authors for the corresponding bovine HSP70 residue
Y149 (see the previously cited Table 1). Thus, specific requirements, in terms of proper
balanced hydrophilic and hydrophobic properties within the allosteric inhibitor, resulted
to be mandatory to fit the protein surface, as shown in Figure S1, as a ligplot of YM-01.
Accordingly, YM-01 featured an extended and consistent electron-rich flat core, which was
properly projected towards positively charged motifs of the biological target, such as Mg2+,
Lys96, and Arg97. Conversely, the inhibitor cation moiety was oriented in proximity of the
solvent-exposed surface of the HSP70 protein, being involved in cation-π stacking with
Tyr175 (see Figure 6, the electrostatic properties of YM-01 are shown on the left).

It is worth noting that the aforementioned electrostatic properties turned out to be
efficiently guaranteed by the conjugated system, through the folded aromatic structure
of the inhibitor YM-01, being endowed with two terminal aromatic rings. These would
contribute to stabilize the compound at the HSP70 surface, thanks to aromatic interactions
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and cation-π stacking with Tyr175 and Lys96, also fulfilling the steric requirements, as
described by this narrow pocket of the enzyme (see Figure 6, where the lipophilic properties
of YM-01 are shown on the right).
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With the introduction of several chemical substituents on two reference inhibitors
MKT-077 (MCF-7 pEC50 = 5.66) and YM-01 (MCF-7 pEC50 = 5.28), and, in particular, with
the insertion of halogens or ether substituents in the main bicyclic core, effective fluorinated
analogues, such as 5–8 (MCF-7 pEC50 = 5.62–6.10) and 1–4 (MCF-7 pEC50 = 4.74–6.00), have
been constructed, respectively.

In particular, choosing the 3-F group in R1 improved the potency of both 1 (MCF-7
pEC50 = 5.66) and 5 (MCF-7 pEC50 = 6.00), if compared to YM-01 and MKT-077.

As shown in Figure 7, the docking positioning observed for the HSP70 inhibitor 1 was
highly comparable with that of YM-01, revealing a proper role played by the electron-rich
3-F group to detect polar contacts with Mg2+.

Any substitution to the substituents R2 and R3, considering the (aryl)alkyl groups,
resulted in a promising effect, created by the benzyl group in R3 (rather than R2), by
maintaining the ethyl part in R2, especially in the presence of the chlorine atom or additional
hydrophobic groups in R1, at position 5 of the bicyclic nucleus.
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Indeed, the 5-Cl and 5-methyl-substituted 30 (JG-98; MCF-7 pEC50 = 6.40) and 40
(JG-194; MCF-7 pEC50 = 6.80) were more potent than the corresponding 4-substituted
analogues 29 (MCF-7 pEC50 = 6.22) and 39 (MCF-7 pEC50 = 6.68). Then, bearing in mind
all the HSP70 inhibitors featuring the unsubstituted benzyl group as R3 (20, 26–48; MCF-7
pEC50 = 5.30–7.10), compound 43 that exhibit the 5-ethyl substituent in R1 was the most
effective (MCF-7 pEC50 = 7.10). The related docking positioning is shown in Figure S2.

These data highly motivated the further development of benzyl-substituted analogues
bearing bulky groups at the same benzyl moiety. Among them, the ortho-benzyl-substituted
analogues proved to be often more effective than the meta or para-substituted ones, as
confirmed by the higher potency of 49 (MCF-7 pEC50 = 6.80) and 52 (MCF-7 pEC50 = 6.72),
if compared to 50–51 (MCF-7 pEC50 = 6.21–6.32) and 53–54 (MCF-7 pEC50 = 5.84–6.59),
respectively (see the chemical structures in Tables S1 and S2). In addition, the ortho-benzyl-
substituted inhibitors 55–61 (MCF-7 pEC50 = 6.40–6.89) bearing the 5-Cl substituent onto
the benzothiazole-based ring, were more potent than the unsubstituted analogue 30 (JG-98)
(MCF-7 pEC50 = 6.40).

Interestingly, the presence of H-bond acceptor functions on the benzyl group proved
to be beneficial, especially when alkyl chains or chlorine atoms were maintained at the
main bicyclic core. Thus, the 5-CH3 and 5-OCH3 analogues 78 (MCF-7 pEC50 = 7.19) and
80 (MCF-7 pEC50 = 7.15), exhibiting the 2-OCF3-benzyl ring in R3, were more potent than
40 (JG-194) (MCF-7 pEC50 = 6.80) and 45 (MCF-7 pEC50 = 6.89).

Accordingly, the 5-CH2CH3 congener 86 (JG-345) (MCF-7 pEC50 = 7.31) displayed higher
pEC50 than 43 (MCF-7 pEC50 = 7.10), being one of the most effective MKT-077 analogue.

Indeed, as shown in Figure 8, the benzothiazole moiety and terminal benzyl group
were projected towards the cation Mg2+ and the Tyr175, displaying cation-π and π–π
stackings. This kind of positioning was deeply stabilized by additional H-bonds, involving
the ester moiety and Thr247, while the carbonyl oxygen atom and protonated nitrogen one
experienced polar contacts with the surrounding Arg97 and Asp250.

Moreover, the isosteric replacement of the benzyl group as R3 with the thiophene ring
led to further MKT-077 analogues, such as 68–72 (MCF-7 pEC50 = 6.14–7.01), also endowed
with MCF-7 inhibitory ability, including some with comparable potency values, compared
to benzyl-containing compound 30 (MCF-7 pEC50 = 6.40).

It is thought that proper steric properties are required for optimized aromatic sub-
stituents as R3, which would efficiently fit the enzyme cavity delimited by Tyr175, Asn248,
Gly249, Asp250, and Thr251. This information is supported by the high pEC50 value observed
for the dimethyl-substituted thiophene-containing derivative 72 (MCF-7 pEC50 = 7.01).
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2.3. QSAR Analyses

During the last years, applying computational methods to the search of novel bioactive
compounds proved to be highly effective and useful along the drug discovery process [47,48].
While protein modelling allows to simulate the main drug-target binding interactions,
QSAR analyses turns in quantitative methods to predict the potency of further novel com-
pounds [49,50].

In this context, we deemed it interesting to explore, by development of a QSAR model,
the different potency featured by the MKT-077 analogues, herein investigated (1–90) as
putative HSP70 inhibitors, referring to their MCF-7 antiproliferative ability.

The QSAR model, developed considering the compound positioning observed by
docking calculations, is expected to deepen our knowledge of the main relevant chemical
substitutions to efficiently design novel MKT-077 analogues as MCF-7 inhibitors.

With this aim, about three hundred molecular descriptors (including 2D and 3D
parameters) were estimated, thanks to MOE software [45]. The bidimensional parameters
are classified in seven subsets, including physical properties (2D-I), subdivided surface
areas (2D-II), atom and bond counts (2D-III), connectivity-based descriptors (2D-IV), partial
charges descriptors (2D-V), pharmacophore features descriptors (2D-VI), and the so-called
adjacency and distance matrix descriptors (2D-VII). The 3D-descriptors are divided in
five groups, such as the potential energy (3D-I), and MOPAC (3D-II), surface area (3D-III),
volume and shape (3D-IV), and conformation-dependent charge descriptors (3D-V).

This study was performed applying a statistical approach, previously described [51].
The final model was obtained by splitting the compounds into a training and test

set, using the Kennard–Stone design [52], one of the most popular algorithms for guiding
the selection of a subset of samples with a distribution as close as possible to the uniform
distribution. In particular, the Kennard–Stone algorithm was performed, adding the
response vector (pEC50) as an additional column to the matrix of the descriptors, in order
to ensure that the training set compounds were distributed evenly within not only in the
space defined by the descriptors but also by the response values [53].

Among the 333 molecular descriptors, the most informative ones were identified using
a multivariate variable selection method. In particular, iterative stepwise elimination PLS
(ISEPLS) [54] was applied, in order to evaluate the relevance of the predictors, with regard
to the possibility of predicting the response variable y (pEC50). Following this approach,
eight descriptors were retained, as related to the MCF-7 inhibitory ability experienced by
the collected compounds, most of them being 2D descriptors (see Table 2). Indeed, five
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descriptors fall in the 2D cluster, as follows: one in the 2D-I group, two in the 2D-II group,
and one in the 2D-V and 2D-VI groups, respectively. Then, two parameters fall in the 3D-I
cluster, with the final one in the 3D-VI.

Table 2. List of the selected descriptors, in tandem with the related type, series, and relative importance index (RI).

Descriptor Type Series RI

bpol
Sum of the absolute value of the difference between

atomic polarizabilities of all bonded atoms in the
molecule (including implicit hydrogens).

2D-I a 0.293554

SlogP_VSA1 Sum of vi, such that Li is in −0.4, −0.2. 2D-II b 0.320719
SlogP_VSA3 Sum of vi, such that Li is in (0,0.1). 2D-II b 0.138811

Q_VSA_POS
Total positive van der Waals surface area. This is the
sum of the vi, such that qi is non-negative. The vi are
calculated using a connection table approximation.

2D-V 0.112977

vsa_hyd Approximation to the sum of VDW surface areas of
hydrophobic atoms (Å2). 2D-VI 0.289878

E_str Bond stretch potential energy. 3D-I 1.000000

E_strain Local strain energy: the current energy minus the
value of the energy at a near local minimum. 3D-I 0.726455

vsurf_DD23 Contact distances of vsurf_DDmin (three descriptors). 3D-IV c 0.148377
a CRC Handbook of Chemistry and Physics; CRC Press (1994). b The subdivided surface areas are descriptors, based on an approximate
accessible van der Waals surface area (in Å2) calculation for each atom, vi along with some other atomic property, pi. The vi are calculated
using a connection table approximation. Each descriptor in a series is defined to be the sum of the vi over all atoms i, such that pi is in a
specified range a,b Li denotes the contribution to logP (o/w) for atom i, as calculated in the SlogP descriptor. Ri denotes the contribution to
molar refractivity for atom i, as calculated in the SMR descriptor (Wildman, S.A., Crippen, G.M.; Prediction of Physiochemical Parameters
by Atomic Contributions; J. Chem. Inf. Comput. Sci. 39 No. 5 (1999) 868–873). The ranges were determined by percentile subdivision over
a large collection of compounds. c These descriptors depend on the structure connectivity and conformation (dimensions are measured
in Å). The vsurf descriptors are similar to the VolSurf descriptors (Cruciani, G., Crivori, P., Carrupt, P.-A., Testa, B.; Molecular Fields in
Quantitative Structure-Permeation Relationships: the VolSurf Approach; J. Mol. Struct. (Theochem) 503 (2000) 17–30).

The predictive model was calculated by dividing the whole dataset of ninety-two
compounds into a training set, (MKT-077, 1, 3–12, 14, 16–19, 21–25, 27, 28, 30, 31–34, 36, 38,
41–45, 47, 48, 50–54, 57–62, 63–66, 68, 69, 71–76, 78–81, 83–85, 87–90) to develop the QSAR
model, and into a test set, including twenty derivatives (YM-01, 2, 13, 15, 20, 26, 29, 35, 37,
39, 40, 46, 49, 55, 56, 67, 70, 77, 82, 86), in order to assess the reliability of the regression
model. In particular, the final model was generated by employing PLS analysis to give a
cross validated r2 (r2

cv) = 0.78, a non-cross validated r2 (r2
ncv) = 0.82, root mean square

error (RMSE) = 0.310, and a test set r2 (r2
pred) = 0.85. The predicted and experimental

MCF-7 inhibitor ability for all the compounds is reported as tables, along with the collected
descriptors, as shown in Supplementary Table S4.

A perspective of the high performance of this model is represented in Figure 9, in terms
of distribution of the predicted (Pred.pEC50), with respect to the experimental (Exp.pEC50)
potency values of the dataset compounds.

Quantitatively, the MCF-7 inhibitory ability of the compounds, here investigated, is
explained by the following Equation (1):

pEC50 = 2.30164 + 0.06220 · bpol − 0.11591 · E_str + 0.03423 · E_strain + 0.00122 · Q_VSA_POS − 0.03745 ·
SlogP_VSA1 − 0.01321 · SlogP_VSA3 + 0.00554 · vsa_hyd + 0.04307 · vsurf_DD23

(1)

Most of the selected descriptors deal with the polarity profile of the compounds (such
as bpol and Q_VSA_POS), extended along the molecular surface of the ligands, which
would exhibit quite flat or poorly flexible conformation (see the E_str descriptor). This turns
in specific requirements, in order to guarantee the necessary hydrophilic/hydrophobic
properties onto the overall surface extent, as suggested by the vsa_hyd descriptor. This
is in harmony with the results obtained by docking calculations, regarding the likely role
played by two aromatic terminal rings being engaged in cation-π or π–π stacking with the
cation Mg2+ and Tyr175.
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In particular, in Table 3, the mean values of a number of descriptors chosen as represen-
tative for the related 2D and 3D sub-classes are reported based on the main cation portion
of the compounds. Only the most active thiazole-containing derivatives (pEC50 > 6.80 M)
had been considered as references for optimized derivatives.

Table 3. List of the mean values of the most relevant 3D and 2D descriptors featured by pyridine- and thiazole-based
MKT-077 analogues.

MCF-7 Inhibitors E_Strmean SlogP_VSA1mean bpolmean Q_VSA_POSmean Vsa_hydmean pEC50

Pyridine-based
MKT-077 analogues 18.4938 9.0545 34.7501 167.2119 361.5962 4.72–6.10

Thiazole-based
MKT-077 analogues 3.5747 11.0400 42.7463 322.0256 453.5605 >6.80

Among them, the E_str and SlogP_VSA1 proved to be negatively related to the com-
pound potency (shown in italic in Table 3), while increasing values of bpol, Q_VSA_POS,
and Vsa_hyd led to more promising analogues. Accordingly, the calculated mean values of
E_str for the most potent thiazoles (pEC50 > 6.80 M; E_Str mean = 3.5747) was lower than that
for the less promising pyridine-based analogues (pEC50 4.72–6.10; E_Str mean = 18.4938),
while the related SlogP_VSA1 mean values were quite comparable. Then, all the parame-
ters positively related to the biological activity reported in Table 3 (bpol, Q_VSA_POS and
Vsa_hyd) were properly higher for the most promising thiazoles than for the bioisostere
pyridine-containing precursors.

A schematic representation of the role played by most of them is shown in Figure 10,
once again revealing the high correlation between the reported descriptors and experimen-
tal pEC50 values of the whole dataset.

Along with this information, the optimal number of the bpol, Q_VSA_POS, and
Vsa_hyd descriptors should be higher than 40, 300, and 400, respectively.

The reliability of this information is verified by the mean values observed for the
aforementioned bpol, Vsa_hyd, and Q_VSA_POS, when focusing on the only most active
thiazoles (pEC50 > 6.80 M). As shown in Table 4, within the thiazole series, the most potent
benzyl-containing derivatives featured slightly higher values for these parameters than the
five-membered ring analogues, with the exception of Q_VSA_POS. On the other hand, the
five-membered, ring-containing analogues displayed limited, just adequate bpol values.
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Table 4. List of the mean values of the bpol, Q_VSA_POS, and Vsa_hyd descriptors, as featured by
thiazole-based MKT-077 analogues.

MCF-7 Inhibitors bpolmean Q_VSA_POSmean Vsa_hydmean pEC50

Five-membered
ring-based

MKT-077 analogues
40.9062 341.1889 436.2678 6.92–7.00

Benzyl-containing
MKT-077 analogues 43.2063 317.2347 457.8837 6.82–7.32

Despite this, by an overall perspective of the data shown in Table 4, in any case, the
described thiazoles experienced acceptable descriptor values, often in accordance with the
previously recommended ones (bpol > 40, Q_VSA_POS >300 and Vsa_hyd > 400).

Indeed, it is worth noting that one of the most potent five-membered, ring-based MKT-077
analogues 72 (pEC50 = 7.01; bpol = 41.5818, Q_VSA_POS= 340.5153, and Vsa_hyd = 444.6678)
was endowed by comparable parameter levels, with respect to 86 (pEC50 = 7.31; bpol = 47.2218,
Q_VSA_POS = 388.8322, and Vsa_hyd = 456.3374), which is one of the most effective MKT-
077 analogues of the whole dataset.

2.4. Virtual Screening of AATs as Putative HSP70 Inhibitors

In the search of CFTR modulators, during the last years, we evaluated various AATs
with the interesting ability to improve both the trafficking and gating of mutant CFTR [39],
while, more recently, we have synthetized a library of new AAT-VX-809 hybrid derivatives
featuring the reference corrector benzodioxole-based carboxamide moiety, maintaining the
prototype corrector ability [40,41].

Thus, this novel class of correctors was further optimized by us towards the dis-
covery of a number of analogues featuring comparable potency, with respect to VX809
(EC50 = 2600 nM), such as compound 7m (EC50 = 70 nM), shown in Figure S3. The effec-
tiveness of these compounds, as F508del CFTR correctors, was confirmed by biological and
biochemical experiments [41].

Nowadays, based on the efficient F508del-CFTR rescue, achieved by co-administration
of VX809, in the presence of the HSP70 allosteric inhibitor MKT-077 [31], we proceeded
with virtual screening campaigns towards the discovery of novel likely HSP70 inhibitors.
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Based on the aforementioned information, obtained by molecular docking studies
and QSAR calculations, we filtered a number of MKT-077 analogues within the in-house
series of AATs, taking into account their ability to share the observed docking mode of
the reference compound MKT-077. In particular, we focused on and then better explored
compound Ia, whose chemical structure highly resembles the one of the prototype MKT-077.
Indeed, Ia appears to show chemical characteristics comparable to the precursor but with a
thiazole core as spacer between the flat benzothiazole terminal ring and pyridine group of
the prototype, being that this one changed in a phenyl ring for compound Ia (see Figure 11).
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Figure 11. A comparison of the chemical features displayed by Ia, with respect to the allosteric
HSP70 prototype MKT-077, being the two terminal aromatic motifs and central H-bonding core,
highlighted by orange and blue dotted circles, respectively (left). The chemical structures of the two
Ia analogues (II–IIIa) are also shown, being the maintained amino-aryl thiazole core of Ia highlighted
in orange (right).

Our preliminary computational studies supported the structural similarity between
MKT-077 and Ia, revealing comparable electrostatic properties and hydrophobic contact
areas onto the related Connolly surface. In fact, the two compounds share similar shape
and distribution of hydrophobic features, suggesting a key role played by the aromatic and
hydrophobic ring within the HSP70 inhibitor chemical structure. As shown in Figure 12
(upper left and right side of the image, MKT-077 and Ia are reported), the extended
hydrophobic area of the two derivatives is represented in green, while less lipophilic
groups are highlighted in white.

Running activeLP calculations gives a perspective of the overall mild polar, H-bonding,
and hydrophobic properties of the two compounds, being shown in blue, yellow, and red,
respectively (see Figure 12, down, left, and right side of the image, MKT-077 and Ia
are reported).

Thus, Ia was endowed by adequate electrostatic properties and H-bonding features,
thanks to the thiazole ring heteroatoms, if compared to the electro-negatively charged
carbonyl group of the MKT-077 thiazolidine one.

In addition, molecular docking calculations revealed a common binding positioning
for both MKT-077 and Ia within the human HSP70 putative allosteric binding site, detecting
the previously mentioned π–π stacking and cation-π contacts with the key residue Tyr175
and Mg2+. As shown in Figure 12, the amino-aryl moiety of Ia was properly superposed on
the prototype pyridine ring, while the thiazole core overlapped the MKT-077 thiazolidine
ring. This allowed compound Ia to maintain the necessary Van der Waals and polar
contacts with the surrounding residues Gly249, Tyr175, Arg97, and Arg101. On the other
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hand, the bicyclic ring of both the two compounds was engaged in cation-p stacking with
the metal ion and Lys96.
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In order to better explore the effectiveness of aromatic features, enriched with electro
withdrawing substituents, aimed to improve the polar contacts with their neighboring
residues, also we consider two Ia analogues, namely IIa and IIIa (see chemical structures
in Figure 11).

In particular, the presence of the disubstituted phenyl ring at the amino-aryl portion
(IIa) or tethered to the position 4 of the thiazole core (IIIa) is expected to simulate the
behavior played by the benzothiazole of MKT-077.

Accordingly, based on the docking positioning of IIa and IIIa, the disubstituted phenyl
ring of the two compounds quite overlapped the benzothiophene-based ring of MKT-077
(see Figures S4 and S5). In this way, II–IIIa maintained the required cation- stacking with
the metal ion, while the terminal mono-substituted aromatic ring guarantees the proper
π–π interactions with Tyr175.

Based on these encouraging data, the aforementioned compounds I–IIIa have been
submitted to the following chemical synthesis and biological evaluation. In particular, we
synthesized compounds I–IIa based on the chemical synthesis previously described [39],
and then measured their cellular effects as pharmacological chaperones, in combination
with correctors VX-809 and 7m.

2.5. Biological Evaluation of I–IIIa in Presence of F508del CFTR Correctors

Compounds I–IIIa had been synthesized based on the chemical synthesis previously
described [39], and then, by exploiting the YFP-based functional assay, we performed a
preliminary evaluation of their efficacy in rescuing mutant F508del-CFTR trafficking, as
single agents or in combination with correctors VX-809 and 7m [41].

In order to assess the effect of HSP70 pharmacological inhibition on mutant CFTR
rescue, we first evaluated the ability of our reference compound MKT-077 to improve CFTR
trafficking and function, when administered in the presence of VX-809. To this aim, we
exploited the YFP-based functional assay.
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Our results show that cells treated with VX809 displayed an increase in iodide in-
flux that was further enhanced when MKT-077 (10nM) was added in combination with
VX809. As shown in Figure 13, these data are in agreement with the data reported in the
literature [31].
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Figure 13. Representative bar graphs showing F508del-CFTR activity, measured with the HS-YFP
microplate reader assay. CFBE41o- cells were treated for 24h, with the indicated compounds. Data
in the graph are reported as quenching rate (QR) of HS-YFP fluorescence. Data are expressed as
mean ± SD, n = 4. Asterisks indicate statistical significance versus respective control (VX-809 in the
absence of MKT-077); ** p < 0.01.

We then focused on the MKT-077 highly related analogue Ia. As in the case of MKT-077,
the YFP-based functional assay demonstrated its rescue activity, as well as its comparable
additive effect, when co-administered with VX-809. Interestingly, these data strongly
support: (i) the common indirect CFTR modulator ability likely via HSP70 inhibition
and then (ii) the effectiveness of neutral substituents at terminal aromatic ring (such as
the compound Ia phenyl ring). Indeed, biological assays reported in the literature also
demonstrated the maintained anti-proliferative activity of derivatives bearing neutral
pyridines, targeting the HSP70 protein [55].

Similar additive effects of Ia were also observed, when combined with another correc-
tor, the in-house VX-809 hybrid 7m (see Figure 14).
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Figure 14. Representative bar graphs showing F508del-CFTR activity measured with the HS-YFP
microplate reader assay. CFBE41o- cells were treated for 24h with indicated compounds. Data in
the graph are reported as the quenching rate (QR) of HS-YFP fluorescence. Data are expressed as
mean ± SD, n = 4. Asterisk indicates statistical significance versus VX-809 1 µM alone; * p < 0.05.

In Figure 15, the thiazole Ia improves the activity of 7m when used at nanomolar
concentrations, similar to what happened with the VX-809.
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Figure 15. Representative bar graphs showing F508del-CFTR activity, measured with the HS-YFP
microplate reader assay. CFBE41o- cells were treated for 24h, with the indicated compounds. Data
in the graph are reported as quenching rate (QR) of HS-YFP fluorescence. Data are expressed as
mean ± SD, n = 4. Asterisks indicate statistical significance versus respective control: * p < 0.05;
** p < 0.01.

As regarding compounds II–IIIa, IIa was the most effective, able to enhance the
F508del CFTR rescue ability of VX-809, as previously described for the reference MKT-077
and benzothiazole-containing AAT Ia (see Figure 16). IIa was effective at comparable
concentrations, with respect to the previous Ia (0.1 µM).

Administering II–IIIa, in the presence of the hybrid 7m, also allowed us to modestly
improve the compound corrector ability at low micromolar concentration (0.3 µM), as
reported in Figure S6.

Further analyses of compound efficacy and mechanisms of action as CFTR modulators
are needed to characterize these compounds, including testing in more relevant cell models,
such as primary human bronchial cells from F508del-CFTR homozygous patients. These
analyses are, however, beyond the scope of the present study.

2.6. In Silico PK Profile Prediction

Recently, the drug discovery process relied on the predictive ability of in-silico evalua-
tion of absorption, distribution, metabolism, and excretion parameters (ADME). Evaluation
by computational methods of the putative pharmacokinetic (PK) properties of ligands,
deeply accelerated the hit-to-lead and lead optimization process [56–58]. In the search
of effective and drug-like HSP70 modulators, it should be noticed that MKT-077 was
found to be susceptible to rapid metabolism, due to oxidation of the benzothiazole ring
and of the pyridinium group [55]. The following efforts had been attempted to design
putative more drug-like analogues, leading to YM-01 (lacking any cation portion) and
substituted benzothiazole-based compounds, such as JG98 and further congeners (JG231
and JG345) [37], being JG231 the most promising.

Thus, herein we explored in silico the predicted main PK properties, in terms of
the drug-like profile of I-IIIa here discussed, in comparison with those calculated for the
reference compound MKT-077 and previously mentioned highly related analogues YM-01,
JG98, JG231, and JG345.

Initially, we considered any putative violation of the well-known Lipinski’ rule [59]
and Veber’ rule [60], proceeding with calculation of the logarithmic ratio of the octanol–
water partitioning coefficient (cLogP), molecular weight (MW) of derivatives, H-bonding
acceptor number (HBA), donor groups (HBD), number of rotatable bonds (nRot_bond),
and topological polar surface area (TPSA), as well as of total polar surface area (ASA_P)
(see Table 5).
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Figure 16. Representative bar graphs showing F508del-CFTR activity, measured with the HS-YFP
microplate reader assay. CFBE41o- cells were treated for 24 h, with the indicated compounds. Data
in the graph are reported as quenching rate (QR) of HS-YFP fluorescence. Data are expressed
as mean ± SD, n = 4. Asterisks indicate statistical significance versus respective control (VX-809
1 µM alone): * p < 0.05; ** p < 0.01.

Table 5. Calculated properties, related to the Lipinski’s rules and to the Veber’s rules, referred to the
AATs I-IIIa and reference compounds MKT-077, YM-01, JG98, JG231, and JG345.

Compound MW a HBA b HBD c nRot bond d TPSA e cLogP f

MKT-077 396.56 1 0 3 27.43 −0.88
YM-01 382.53 1 0 2 27.43 −1.31
JG98 499.10 1 0 4 27.43 2.59

JG231 584.03 1 0 4 27.43 3.04
JG345 550.75 2 0 7 53.73 2.55

Ia 355.51 2 1 4 37.81 4.92
IIa 360.93 1 1 5 24.92 5.97
IIIa 367.32 1 1 4 24.92 5.70

a molecular weight (MW) of compounds, b number of H-bonding acceptor, c number of donor groups, d number
of rotable bonds, e topological polar surface area, f total polar surface area, cLogP represents the logarithmic ratio
of the octanol–water partitioning coefficient.

It is well-known that the first ones (Lipinski’s rule) suggest for ligands exhibiting
MW < 500, cLogP < 5, HBA < 10, and HBD < 5, while the rule described by Veber concerns
drug bioavailability, thanks to nRot_bonds ≤ 10, the sum of HBA and HBD < 12, and the
TPSA descriptor ≤ 140 Å2.

According to the pK properties prediction, all the compounds fulfil Lipinski’s and
Veber’s rules, with the exception of the suggested MW and cLogP values, which were
quite > 500 for JG231, JG345 and >5 for II–IIIa, respectively. On the other hand, all the
reported AATs experienced adequate molecular weight values (MW < 500), if compared to
the MKT-077 analogues JG231 and JG345 (MW > 500).
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Then, the in silico prediction of ADME properties was extended to human intestinal
absorption (HIA), volume of distribution (Vd), and the evaluation of the plasmatic protein
binding event (%PPB), as well as of the ligand affinity toward human serum albumin
(LogKa HSA). These calculations had been performed, in order to assess the putative oral
bioavailability as a percentage (%F) (see Table 6).

Table 6. Calculated ADMET parameters, related to absorption and distribution properties, as referred
to the AATs I–IIIa and reference compounds MKT-077, YM-01, JG98, JG231, and JG345.

Compound HIA (%) a Vd (l/kg) b %PPB c LogKa HAS d %F (Oral) e

MKT-077 2% 2.8 76.62 2.79 0.0
YM-01 3% 2.4 73.28 2.75 0.0
JG98 51 4.7 97.96 3.75 0.0

JG231 74 5.1 98.10 3.61 0.0
JG345 49 4.1 96.86 3.44 0.0

Ia 100 4.3 99.59 4.91 83.9
IIa 100 4.8 99.68 5.01 62.2
IIIa 100 4.2 99.74 5.23 38.2

a HIA represents the human intestinal absorption, expressed as percentage of the molecule able to pass through
the intestinal membrane; b prediction of volume of distribution (Vd) of the compound in the body; c plasmatic
protein binding event; d ligand affinity toward human serum albumin; e oral bioavailability, as a percentage.

As shown in Table 6, while the MKT-077 analogues exhibiting a cation portion (YM-01,
JG98, JG231, and JG345) are predicted as poorly absorbed (HIA% = 2–51%), with the
exception of JG231 (HIA= 74%), the three proposed AATs I–IIIa are endowed by optimal
HIA percentage values (100%). Even if I–IIIa displayed comparable plasmatic protein
binding values (%PPB = 99.59–99.74%), with respect to JG231 (%PPB = 98.10%), they are
characterized by higher bioavailability values (%F = 38.2–83.9%), with Ia being the most
interesting (%F= 83.9).

In addition, I–IIIa featured ameliorated human serum albumin binding affinity (logKa
HSA = 4.91–5.23) and volume of distribution (V =4.2–4.8 l/Kg) values, rather than JG231
(logKa HSA = 3.61; V = 5.1), which was designed as optimized analogue of MKT-077.

3. Material and Methods
3.1. Ligand Preparation

All the studied correctors were manually built by the MOE Builder program [45] and
then were parametrized (AM1 partial charges as calculation method), and energy was
minimized by the energy minimize program, using a MMFF94x forcefield and RMS (root
mean square) equal to 0.0001 Kcal/mol/A2 of the MOE compute module, to produce a
single low-energy conformation for each ligand [45]

3.2. Protein Preparation and In Silico Analysis

Both the two selected human and bovine HSP70 X-ray data had been collected from
the protein data bank [38] and explored, thanks to the previous cited MOE software [45].

Alignment and superimposition of the two proteins have been performed by MOE.
The related protein align module implements a modified version of the alignment method-
ology, originally introduced into molecular biology by [61]. In this approach, alignments
are computed by optimizing a function based on residue similarity scores (obtained from
applying an amino acid substitution matrix to pairs of aligned residues) and gap penalties.
Penalties are imposed for introducing and extending gaps in one sequence, with respect
to another. The final optimized function value is referred to as the alignment score. The
basis of sequence-only alignment is the amino acid substitution matrix. MOE includes
matrices derived directly from families of aligned proteins, as well as matrices derived by
application of an evolutionary model to a set of closely related matrices. These matrices
reside in a library included in the MOE software [45].
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Calculation of the molecular electrostatic, hydrophobic, and ActiveLP properties at the
Connolly surface of the human HSP70 protein had been performed, thanks to the surface
and map tool implemented in MOE [45]. In particular, specific electrostatic properties
had been reported onto the molecular surface of the protein, as preferred locations of
hydrophobic, H-bond acceptor, and H-bond donor sites, based on the solutions of the
Poisson–Boltzmann equation.

The molecular surface represents an approximation to the solvent-excluded surface,
previously mentioned as the Connolly surface. The solvent-excluded surface encloses the
volume, from which a probe sphere (usually with water radius 1.4 Å) is excluded when it
rolls over a molecule. If the atoms of the molecule are represented as spheres having van
der Waals radii, then the solvent-excluded volume comprises these sphere volumes, plus
the regions in-between that are too small for the probe to fit into [62]. The surfaces of those
regions, between neighboring atoms, are smooth concavities and are sometimes referred
to as re-entrant [63,64]. The solvent-excluded surface is related to the accessible surface,
which is the surface traced out by the center of a probe sphere rolling over the atoms of
the molecule. In contrast to the re-entrant surface, the accessible surface has sharp valleys,
where the probe surface touches the van der Waals spheres of two or more atoms.

An analytical method to calculate the solvent-excluded surface was first described
in [65], and other methods have appeared over the years [64]. MOE uses the method of
level sets, as proposed by [66].

3.3. Molecular Docking Studies

All the molecular docking calculations, herein described, had been performed by
means of the DOCK tool implemented in MOE [45], choosing, as a binding site, the
one identified thanks to the MOE site finder module, agreeing with the one described
in the literature, regarding the bovine HSP70 and MKT-077 putative complex. Specific
details of the docking module were previously reported [56]. Briefly, the alpha triangle, as a
placement algorithm, was chosen, running by superposition of compound atom triplets and
triplets of biological target site points. The enzyme points are shown as alpha sphere centers.
At each iteration, a random conformation is chosen. A random triplet of compound atoms
and a random triplet of alpha sphere centers are exploited to determine the pose. After
calculation of the enthalpy-based affinity DG scoring parameter, the proposed best-scored
fifty poses had been refined by the induced fit method to the final ten ones. These poses
were rescored, considering the alpha HB methodology, based on H-bonding estimation.

This affinity DG function estimates the enthalpic contribution to the free energy of
binding, by means of a linear function reported in our previous work, as well as details
about the induced fit module [67].

3.4. QSAR Analysis

QSAR studies were performed based on calculations of about three hundred molecular
descriptors, including 2D and 3D parameters, by means of the MOE software. The 2D
molecular descriptors are defined to be numerical properties that can be calculated from
the connection table representation of a molecule (e.g., elements, formal charges, and
bonds, but not atomic coordinates). The 2D descriptors are, therefore, not dependent on
the conformation of a molecule and are most suitable for large database studies. They
include descriptors related to physical properties, subdivided surface areas, atom and
bond counts, connectivity-based descriptors, partial charges descriptors, pharmacophore
features descriptors, and the so-called adjacency and distance matrix descriptors. The
3D-descriptors consist of potential energy descriptors, MOPAC descriptors, surface area,
volume and shape descriptors, and conformation dependent charge descriptors.

A final data matrix of 92 rows (molecules) and 333 columns (molecular descriptors)
was obtained.

As a first step, the CHECK module implemented in the chemometric package PARVUS [68]
was used in order to eliminate descriptors with constant or almost constant values for all
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molecules. Also, pairs of variables with a correlation coefficient greater than 0.99 were
removed from the data matrix.

The remaining data was collected in an n × m matrix, where n = 92 and m = 294 were
the numbers of molecules and descriptors, respectively.

Then, the Kennard–Stone duplex design [53] was used for splitting the input data
into a training and a test set. In this way, both sets scattered over the whole range of the
considered space, defined by the descriptors of molecular structure (X) and response (y)
value (pEC50). The Kennard–Stone duplex algorithm was applied using the first eight
principal components of the autoscaled data, accounting for the 80% of the total variance.
The 72 representative molecules were selected for the training set, and 20 were assigned to
the test set (20% of the total molecules).

Among the 294 molecular descriptors, the most informative ones were identified
using a multivariate variable selection method. In particular, iterative stepwise elimination
PLS (ISEPLS) [54] was applied, in order to evaluate the relevance of the predictors, with
regard to the possibility of predicting the response variable y (pEC50). ISE is based on the
importance of the predictors, defined as:

zv =
|bv|sv

∑V
v=1|bv|sv

(2)

where bv is the regression coefficient and sv the standard deviation of the descriptor v. In
each elimination cycle, the descriptor with the minimum importance is eliminated, and the
model is computed again with the remaining predictors.

The final model, that with the maximum predictive ability in cross validation, retained
eight relevant descriptors.

QSAR was performed by the application of partial least-squares (PLS) regression
analysis, considering the selected eight molecular descriptors as independent variables and
corrector pEC50 values, as dependent variables. The leave-one-out validation procedure
was used to check the internal predictability of the derived models. The predictive ability
of the derived model was finally evaluated for the test set compounds (expressed as r2

pred),
by using the following equation:

r2
pred = (SD − PRESS)/SD (3)

SD is the sum of the squared deviations between the biological activities of the test set
molecules and the mean activity of the training set compounds, and PRESS is the sum of the
squared deviation between the observed and predicted activities of the test set compounds.

3.5. In Silico Evaluation ADME Properties

The prediction of any parameter related to ADME properties was performed, thanks
to the Advanced Chemistry Development (ACD) Percepta platform [69]. This software
works on the basis of the implemented training libraries, which include different series of
compounds, in tandem with their experimentally evaluated pharmacokinetic properties.

3.6. Biological Evaluation
3.6.1. Cell Culture

The bronchial epithelial CFBE41o- cells stably co-expressing F508del-CFTR and the
halide-sensitive yellow fluorescent protein (HS-YFP) were cultured in MEM medium,
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U/mL penicillin, and
100 mg/mL streptomycin.

3.6.2. Fluorescence Assay for CFTR Activity

CFBE41o-cells with stable expression of mutant CFTR and HS-YFP were plated on
clear-bottom, 96-well black microplates (Corning Life Sciences, Acton, MA, USA), at a
density of 50,000 cells/well and kept at 37 ◦C in 5% CO2 for 24 h.



Pharmaceuticals 2021, 14, 1296 21 of 25

For the corrector assay, CFBE41o-cells were treated for a further 24 h, with compounds
and/or VX-809. After treatment, the culture medium was removed, and cells in each well
were stimulated for 30 min at 37 ◦C with 60 mL PBS (containing 137 mM NaCl, 2.7 mM
KCl, 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 1mM CaCl2, and 0.5 mM MgCl2), plus forskolin
(20 µM) and genistein (50 µM).

Prior to the assay, CFBE41o- cell plates were transferred to a microplate’s reader
(FluoStar Galaxy; BMG Labtech, Offenburg, Germany), equipped with high quality ex-
citation (HQ500/20X: 500 ± 10 nm) and emission (HQ535/30M: 535 ± 15 nm) filters for
YFP (Chroma Technology, Brattleboro, VT). Fluorescence was monitored continuously for
14 s, with 2 s before and 12 s after injection of an iodide-substituted solution (165 µL of
a modified PBS, containing I- instead of Cl-; final I- concentration in the well: 100 mM).
Data were normalized to the initial background-subtracted fluorescence. To determine the
fluorescence quenching rate, associated with I- influx, the final 10 s of data for each well
were fitted with an exponential function to extrapolate initial slope (dF/dt).

Dose-response relationships from each experiment were fitted with the Hill equation,
using the Igor software (WaveMetrics) to calculate EC50, maximal effect, and Hill coefficient.

4. Conclusions

The design of compounds targeting further biological targets involved in the CFTR
physiological pathway, such as the molecular chaperone Hsp70, was found to be a promis-
ing strategy to optimize drug combinations for the treatment of CF. Accordingly, the al-
losteric HSP70 inhibitor MKT-077 proved to deeply amplify the corrector ability of VX-809.
Despite this, it was withdrawn by Phase I clinical trials because of poor metabolic stability.

In this work, we reported, for the first time, structure-based studies related to the
putative docking mode of MKT-077, as well as of several analogues described in the
literature, considering the recent X-ray crystallographic structure of the human HSP70.
This allowed us to point out the main interaction supporting their HSP70 allosteric inhibitor
ability, including cation-π and π–π stacking, with the conserve residue Tyr175. All these
compounds had been further explored by means QSAR analysis and used as reference
compounds for the in-silico evaluation of AATs (I–IIIa), as putative HSP70 inhibitors,
to be exploited in combination with VX-809. Following biological assays confirmed the
effectiveness of I–IIIa in the presence of the reference F508del CFTR corrector VX-809,
with IIa being the most promising. Further assays, performed in combination with the
hybrid 7m, confirmed the indirect CFTR modulator ability featured by these AATs, when
co-administered in the presence of potent F508del CFTR correctors. As a result, the
biological assays validated the computational approach, herein proposed to guide the
search of novel putative human Hsp70 inhibitors. Furthermore, prediction of the I–IIIa
ADME and physicochemical properties versus MKT-077 and related optimized analogues
(such as JG-231) enlightened favorable characteristics for the proposed AATs. This is
expected to pave the way for the rational design of novel compounds lacking pyridinium
ring. This could turn into new derivatives, endowed with a better bioavailability and
metabolic stability.

Further analyses are, however, required to confirm the efficacy of putative HSP70
inhibitors, in order to improve mutant CFTR rescue, when co-administered with CFTR
modulators. The development of compounds able to maximize CFTR function, when
co-administered with modulator drugs, is of great interest, in particular for those patients
bearing mutations displaying trafficking and/or gating defects poorly responsive to already
approved modulators.

Overall, the positive outcome derived from this study verified the reliability of the
applied computational studies, as well as the applied virtual screening protocol, shedding
light on the thiazole core, as a privileged scaffold for the design of optimized CFTR
modulators, probably via inhibition of the HSP70 protein.
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positioning of MKT-077 and of compound IIa; Figure S5: molecular docking positioning of MKT-
077 and of compound IIIa; Figure S6: representative bar graphs, showing F508del-CFTR activity,
measured with the HS-YFP microplate reader assay; Table S1: chemical structure and biological
data of MKT-077 and the related six-membered ring analogs; Table S2: chemical structure of the
five-membered ring analogs of the HSP70 inhibitor MKT-077; Table S3: molecular docking scoring
functions, as related to MKT-077 and analogues; Table S4: list of the predicted and experimental MCF-
7 antiproliferative ability for all the dataset compounds, in tandem with the collected descriptors.

Author Contributions: Conceptualization, E.C. and E.M. (Enrico Millo); methodology and validation,
E.C. and M.C.; software, E.C.; investigation, E.P., R.S. and A.P.; resources, E.C. and N.P.; writing—
original draft preparation, E.C. and E.M. (Enrico Millo); writing—review and editing, E.M. (Enrico
Millo) and S.B.; visualization, E.M. (Eleonora Mustorgi) and R.S.; supervision, E.C. and N.P.; project
administration, E.M. (Enrico Millo) and E.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Fondazione Ricerca Fibrosi Cistica FFC#9/2021 to E.M.
(Enrico Millo), S.B., and E.C.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Elborn, J.S. Cystic fibrosis. Lancet 2016, 388, 2519–2531. [CrossRef]
2. Cheng, S.H.; Gregory, R.J.; Marshall, J.; Paul, S.; Souza, D.W.; White, G.A.; O’Riordan, C.R.; Smith, A.E. Defective intracellular

transport and processing of CFTR is the molecular basis of most cystic fibrosis. Cell 1990, 63, 827–834. [CrossRef]
3. Veit, G.; Avramescu, R.G.; Chiang, A.N.; Houck, S.A.; Cai, Z.; Peters, K.W.; Hong, J.S.; Pollard, H.B.; Guggino, W.B.;

Balch, W.E.; et al. From CFTR biology toward combinatorial pharmacotherapy: Expanded classification of cystic fibrosis
mutations. Mol. Biol. Cell 2016, 27, 424–433. [CrossRef]

4. Dean, M.; Rzhetsky, A.; Alikmets, R. The human ATP-binding cassette (ABC) transporter superfamily. Genome Res. 2001, 11,
1156–1166. [CrossRef]

5. Gadsby, D.C.; Naim, A.C. Control of CFTR channel gating by phosphorylation and nucleotide hydrolysis. Physiol. Rev. 1999, 79,
S77–S107. [CrossRef]

6. Anderson, M.P.; Berger, H.A.; Rich, D.P.; Gregory, R.J.; Smith, A.E.; Welsh, M.J. Nucleoside triphosphates are required to open the
CFTR chloride channel. Cell 1991, 67, 775–784. [CrossRef]

7. Berger, H.A.; Travis, S.M.; Welsh, M.J. Regulation of the cystic fibrosis transmembrane conductance regulator Cl- channel by
specific protein kinases and protein phosphatases. J. Biol. Chem. 1993, 268, 2037–2047. [CrossRef]

8. Lyczak, J.B.; Cannon, C.L.; Pier, G.B. Lung infections associated with cystic fibrosis. Clin. Microbiol. Rev. 2002, 15, 194–222.
[CrossRef]

9. Bhatt, J.M. Treatment of pulmonary exacerbations in cystic fibrosis. Eur. Respir. Rev. 2013, 22, 205–216. [CrossRef] [PubMed]
10. Moscowitz, S.M.; Chmiel, J.F.; Sernen; Cheng, E.; Gibson, R.L.; Marshall, S.G.; Cutting, G.R. Clinical practice and genetic

counseling for cystic fibrosis and CFTR-related disorders. Genet. Med. 2008, 10, 851–868. [CrossRef]
11. Fajac, I.; De Boeck, K. New horizons for cystic fibrosis treatment. Pharm Thera 2017, 170, 205–211. [CrossRef]
12. Cai, Z.W.; Liu, J.; Li, H.Y.; Sheppard, D.N. Targeting F508del-CFTR to develop new rational therapies for cystic fibrosis. Acta

Pharm. Sin. 2011, 32, 693–701. [CrossRef] [PubMed]
13. Kym, P.R.; Wang, X.; Pizzonero, M.; Van der Plas, S. Recent Progress in the Discovery and Development of Small-Molecule

Modulators of CFTR. Prog. Med. Chem. 2018, 57, 235–276. [CrossRef]
14. Wang, X.; Liu, B.; Searle, X.; Yeung, C.; Bogdan, A.; Greszler, S.; Singh, A.; Fan, Y.; Swensen, A.M.; Vortherms, T.; et al.

Discovery of 4-[(2R,4R)-4-({[1-(2,2-Difluoro-1,3-benzodioxol-5-yl)cyclopropyl]carbonyl}amino)-7-(difluoromethoxy)-3,4-dihydro-
2H-chromen-2-yl]benzoic Acid (ABBV/GLPG-2222), a Potent Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)
Corrector for the Treatment of Cystic Fibrosis. J. Med. Chem. 2018, 61, 1436–1449. [CrossRef]

15. Jih, K.Y.; Hwang, T.C. Vx-770 Potentiates CFTR Function by Promoting Decoupling between the Gating Cycle and ATP Hydrolysis
Cycle. Proc. Natl. Acad. Sci. USA 2013, 110, 4404–4409. [CrossRef]

https://www.mdpi.com/article/10.3390/ph14121296/s1
https://www.mdpi.com/article/10.3390/ph14121296/s1
http://doi.org/10.1016/S0140-6736(16)00576-6
http://doi.org/10.1016/0092-8674(90)90148-8
http://doi.org/10.1091/mbc.e14-04-0935
http://doi.org/10.1101/gr.184901
http://doi.org/10.1152/physrev.1999.79.1.S77
http://doi.org/10.1016/0092-8674(91)90072-7
http://doi.org/10.1016/S0021-9258(18)53959-4
http://doi.org/10.1128/CMR.15.2.194-222.2002
http://doi.org/10.1183/09059180.00006512
http://www.ncbi.nlm.nih.gov/pubmed/23997047
http://doi.org/10.1097/GIM.0b013e31818e55a2
http://doi.org/10.1016/j.pharmthera.2016.11.009
http://doi.org/10.1038/aps.2011.71
http://www.ncbi.nlm.nih.gov/pubmed/21642944
http://doi.org/10.1016/bs.pmch.2018.01.001
http://doi.org/10.1021/acs.jmedchem.7b01339
http://doi.org/10.1073/pnas.1215982110


Pharmaceuticals 2021, 14, 1296 23 of 25

16. Okiyoneda, T.; Veit, G.; Dekkers, J.F.; Bagdany, M.; Soya, N.; Xu, H.; Roldan, A.; Verkman, A.S.; Kurth, M.; Simon, A.; et al.
Mechanism-based corrector combination restores DF508-CFTR folding and function. Nat. Chem. Biol. 2013, 9, 444–454. [CrossRef]

17. Farinha, C.M.; King-Underwood, J.; Sousa, M.; Correia, A.R.; Henriques, B.J.; Roxo-Rosa, M.; Da Paula, A.C.; Williams, J.; Hirst, S.;
Gomes, C.M.; et al. Revertants, low temperature and correctors reveal the rescue mechanism of F508del-CFTR via VX-809 and
suggest multiple agents for a complete correction. Chem. Biol. 2013, 20, 943–955. [CrossRef] [PubMed]

18. Amaral, M.D.; Farinha, C.M. CFTR Rescuing mutant CFTR: A multi-task approach to a better outcome in treating cystic fibrosis.
Curr. Pharm. Des. 2013, 19, 3497–3508. [CrossRef] [PubMed]

19. Veit, G.; Xu, H.; Dreano, E.; Avramescu, R.G.; Bagdany, M.; Beitel, L.K.; Roldan, A.; Hancock, M.A.; Lay, C.; Li, W.; et al.
Structure-guided combination therapy to potently improve the function of mutant CFTRs. Nat. Med. 2018, 24, 1732–1742.
[CrossRef] [PubMed]

20. Lopes-Pacheco, M. CFTR modulators: Shedding light on precision medicine for cystic fibrosis. F. Phar. 2016, 7, 275. [CrossRef]
21. Van Goor, F.; Hadida, S.; Grootenhuis, P.D.; Burton, B.; Cao, D.; Neuberger, T.; Turnbull, A.; Singh, A.; Joubran, J.;

Hazlewood, A.; et al. Rescue of CF airway cell function in vitro by a CFTR potentiator, VX-770. Proc. Natl. Acad. Sci. USA 2009,
106, 18825–18830. [CrossRef] [PubMed]

22. Van Goor, R.; Yu, H.; Burton, B.; Hoffman, B.J. Effect of ivacaftor on CFTR forms with missense mutations associated with defects
in protein processing or function. J. Cyst. Fibros. 2014, 13, 29–36. [CrossRef]

23. Hoppe, J.E.; Chilvers, M.; Ratjen, F.; McNamara, J.J.; Owen, C.A.; Tian, S.; Zahigian, R.; Cornell, A.G.; McColley, S.A. Long-term
safety of lumacaftor-ivacaftor in children aged 2-5 years with cystic fibrosis homozygous for the F508del-CFTR mutation: A
multicentre, phase 3, open-label, extension study. Lancet Respir. Med. 2021, 9, 977–988. [CrossRef]

24. Kuek, S.L.; Ranganathan, S.C.; Harrison, J.; Robinson, P.J.; Shanthikumar, S. Optimism with Caution: Elexacaftor-Tezacaftor-
Ivacaftor in Patients with Advanced Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2021, 204, 371–372. [CrossRef] [PubMed]

25. Davies, J.; Moskowitz, S.M.; Brown, C.; Horsley, A.; Mall, M.A.; McKone, E.F.; Plant, B.J.; Prais, D.; Ramsey, B.W.;
Taylor-Cousar, J.L.; et al. VX16-659-101 Study Group. VX-659-Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis and One or
Two Phe508del Alleles. N. Engl. J. Med. 2018, 379, 1599–1611. [CrossRef] [PubMed]

26. Keating, D.; Marigowda, G.; Burr, L.; Daines, C.; Mall, M.A.; McKone, E.F.; Ramsey, B.W.; Rowe, S.M.; Sass, L.A.; Tullis, E.; et al.
VX16-445-001 Study Group VX-445-Tezacaftor-Ivacaftor in patients with cystic fibrosis and one or two Phe508del Alleles. N. Engl.
J. Med. 2018, 379, 1612–1620. [CrossRef]

27. Ridley, K.; Condren, M. Elexacaftor-Tezacaftor-Ivacaftor: The First Triple-Combination Cystic Fibrosis Transmembrane Conduc-
tance Regulator Modulating Therapy. Pediatr. Pharmacol. Ther. 2020, 25, 192–197. [CrossRef]

28. Shaughnessy, C.A.; Zeitlin, P.L.; Bratcher, P.E. Elexacaftor is a CFTR potentiator and acts synergistically with ivacaftor during
acute and chronic treatment. Sci. Rep. 2021, 11, 19810. [CrossRef] [PubMed]

29. Balch, W.E.; Morimoto, R.I.; Dillin, A.; Kelly, J.W. Proteostasis adaptation for disease intervention. Science 2008, 319, 916–919.
[CrossRef]

30. Bagdany, M.; Veit, G.; Fukuda, R.; Avramescu, R.G.; Okiyoneda, T.; Baaklini, I.; Singh, J.; Sovak, G.; Xu, H.; Apaja, P.M.; et al.
Chaperones rescue the energetic landscape of mutant CFTR at single molecule and in cell. Nat. Commun. 2017, 8, 398. [CrossRef]
[PubMed]

31. Kim Chiaw, P.; Hantouche, C.; Wong, M.J.H.; Matthes, E.; Robert, R.; Hanrahan, J.W.; Shrier, A.; Young, J.C. Hsp70 and DNAJA2
limit CFTR levels through degradation. PLoS ONE. 2019, 14, e220984. [CrossRef] [PubMed]

32. Baaklini, I.; de Campos Gonçalves, C.; Lukacs, G.L.; Young, J.C. Selective Binding of HSC70 and its Co-Chaperones to Structural
Hotspots on CFTR. Sci. Rep. 2020, 10, 4176. [CrossRef] [PubMed]

33. Young, J.C. The role of the cytosolic HSP70 chaperone system in diseases caused by misfolding and aberrant trafficking of ion
channels. Dis. Model. Mech. 2014, 7, 319–329. [CrossRef]

34. Loo, M.A.; Jensen, T.J.; Cui, L.; Hou, Y.; Chang, X.B.; Riordan, J.R. Perturbation of Hsp90 interaction with nascent CFTR prevents
its maturation and accelerates its degradation by the proteasome. EMBO J. 1998, 17, 6879–6887. [CrossRef]

35. Propper, D.; Braybrooke, J.; Taylor, D.; Lodi, R.; Styles, P.; Cramer, J.; Collins, W.; Levitt, N.; Talbot, D.; Ganesan, T.; et al. Phase I
trial of the selective mitochondrial toxin MKT 077 in chemo-resistant solid tumours. Ann. Oncol. 1999, 10, 923–927. [CrossRef]

36. Li, X.; Srinivasan, S.R.; Connarn, J.; Ahmad, A.; Young, Z.T.; Kabza, A.M.; Zuiderweg, E.R.; Sun, D.; Gestwicki, J.E. Analogs of the
Allosteric Heat Shock Protein 70 (Hsp70) Inhibitor, MKT-077, as Anti-Cancer Agents. ACS Med. Chem. Lett. 2013, 4, 1042–1047.
[CrossRef]

37. Shao, H.; Li, X.; Moses, M.A.; Gilbert, L.A.; Kalyanaraman, C.; Young, Z.T.; Chernova, M.; Journey, S.N.; Weissman, J.S.;
Hann, B.; et al. Exploration of Benzothiazole Rhodacyanines as Allosteric Inhibitors of Protein-Protein Interactions with Heat
Shock Protein 70 (Hsp70). J. Med. Chem. 2018, 61, 6163–6177. [CrossRef] [PubMed]

38. Berman, H.M.; Battistuz, T.; Bhat, T.N.; Bluhm, W.F.; Bourne, P.E.; Burkhardt, K.; Feng, Z.; Gilliland, G.L.; Iype, L.; Jain, S.; et al.
The Protein Data Bank. Acta Cryst. Sect. D 2002, 58, 899–907. [CrossRef]

39. Pesce, E.; Bellotti, M.; Liessi, N.; Guariento, S.; Damonte, G.; Cichero, E.; Galatini, A.; Salis, A.; Gianotti, A.; Pedemonte, N.; et al.
Synthesis and structure-activity relationship of aminoarylthiazole derivatives as correctors of the chloride transport defect in
cystic fibrosis. Eur. J. Med. Chem. 2015, 99, 14–35. [CrossRef] [PubMed]

http://doi.org/10.1038/nchembio.1253
http://doi.org/10.1016/j.chembiol.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23890012
http://doi.org/10.2174/13816128113199990318
http://www.ncbi.nlm.nih.gov/pubmed/23331027
http://doi.org/10.1038/s41591-018-0200-x
http://www.ncbi.nlm.nih.gov/pubmed/30297908
http://doi.org/10.3389/fphar.2016.00275
http://doi.org/10.1073/pnas.0904709106
http://www.ncbi.nlm.nih.gov/pubmed/19846789
http://doi.org/10.1016/j.jcf.2013.06.008
http://doi.org/10.1016/S2213-2600(21)00069-2
http://doi.org/10.1164/rccm.202103-0682LE
http://www.ncbi.nlm.nih.gov/pubmed/33951409
http://doi.org/10.1056/NEJMoa1807119
http://www.ncbi.nlm.nih.gov/pubmed/30334693
http://doi.org/10.1056/NEJMoa1807120
http://doi.org/10.5863/1551-6776-25.3.192
http://doi.org/10.1038/s41598-021-99184-1
http://www.ncbi.nlm.nih.gov/pubmed/34615919
http://doi.org/10.1126/science.1141448
http://doi.org/10.1038/s41467-017-00444-4
http://www.ncbi.nlm.nih.gov/pubmed/28855508
http://doi.org/10.1371/journal.pone.0220984
http://www.ncbi.nlm.nih.gov/pubmed/31408507
http://doi.org/10.1038/s41598-020-61107-x
http://www.ncbi.nlm.nih.gov/pubmed/32144307
http://doi.org/10.1242/dmm.014001
http://doi.org/10.1093/emboj/17.23.6879
http://doi.org/10.1023/A:1008336904585
http://doi.org/10.1021/ml400204n
http://doi.org/10.1021/acs.jmedchem.8b00583
http://www.ncbi.nlm.nih.gov/pubmed/29953808
http://doi.org/10.1107/S0907444902003451
http://doi.org/10.1016/j.ejmech.2015.05.030
http://www.ncbi.nlm.nih.gov/pubmed/26041577


Pharmaceuticals 2021, 14, 1296 24 of 25

40. Liessi, N.; Cichero, E.; Pesce, E.; Arkel, M.; Salis, A.; Tomati, V.; Paccagnella, M.; Damonte, G.; Tasso, B.; Galietta, L.J.V.; et al.
Synthesis and biological evaluation of novel thiazole- VX-809 hybrid derivatives as F508del correctors by QSAR-based filtering
tools. Eur. J. Med. Chem. 2018, 144, 179–200. [CrossRef]

41. Parodi, A.; Righetti, G.; Pesce, E.; Salis, A.; Tasso, B.; Urbinati, C.; Tomati, V.; Damonte, G.; Rusnati, M.; Pedemonte, N.; et al.
Discovery of novel VX-809 hybrid derivatives as F508del-CFTR correctors by molecular modeling, chemical synthesis and
biological assays. Eur. J. Med. Chem. 2020, 208, 112833. [CrossRef]

42. Flaherty, K.M.; DeLuca-Flaherty, C.; McKay, D.B. Three-dimensional structure of the ATPase fragment of a 70K heat-shock
cognate protein. Nature 1990, 346, 623–628. [CrossRef] [PubMed]

43. Rousaki, A.; Miyata, Y.; Jinwal, U.K.; Dickey, C.A.; Gestwicki, J.E.; Zuiderweg, E.R. Allosteric drugs: The interaction of antitumor
compound MKT-077 with human Hsp70 chaperones. J. Mol. Biol. 2011, 411, 614–632. [CrossRef] [PubMed]

44. Rinaldi, S.; Assimon, V.A.; Young, Z.T.; Morra, G.; Shao, H.; Taylor, I.R.; Gestwicki, J.E.; Colombo, G.A. Local Allosteric Network
in Heat Shock Protein 70 (Hsp70) Links Inhibitor Binding to Enzyme Activity and Distal Protein-Protein Interactions. ACS Chem
Biol. 2018, 11, 3142–3152. [CrossRef]

45. Molecular Operating Environment (MOE); Chemical Computing Group ULC, 1010 Sherbooke St. West, Suite #910,
Montreal, QC, Canada, H3A 2R7. 2021. Available online: http://www.chemcomp.com/ (accessed on 9 December 2021).

46. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualiza-
tion System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]

47. Kim, J.; Park, S.; Min, D.; Kim, W. Comprehensive Survey of Recent Drug Discovery Using Deep Learning. Int. J. Mol. Sci. 2021,
18, 9983. [CrossRef] [PubMed]

48. Shaker, B.; Ahmad, S.; Lee, J.; Jung, C.; Na, D. In silico methods and tools for drug discovery. Comput. Biol. Med. 2021, 137, 104851.
[CrossRef] [PubMed]

49. Wang, Y.L.; Li, J.Y.; Shi, X.X.; Wang, Z.; Hao, G.F.; Yang, G.F. Web-Based Quantitative Structure-Activity Relationship Resources
Facilitate Effective Drug Discovery. Top. Curr. Chem. 2021, 6, 37. [CrossRef]

50. Guariento, S.; Tonelli, M.; Espinoza, S.; Gerasimov, A.S.; Gainetdinov, R.R.; Cichero, E. Rational design, chemical synthesis and
biological evaluation of novel biguanides exploring species-specificity responsiveness of TAAR1 agonists. Eur. J. Med. Chem.
2018, 146, 171–184. [CrossRef]

51. Righetti, G.; Casale, M.; Liessi, N.; Tasso, B.; Salis, A.; Tonelli, M.; Millo, E.; Pedemonte, N.; Fossa, P.; Cichero, E. Molecular
Docking and QSAR Studies as Computational Tools Exploring the Rescue Ability of F508del CFTR Correctors. Int. J. Mol. Sci.
2020, 21, 8084. [CrossRef] [PubMed]

52. Righetti, G.; Casale, M.; Tonelli, M.; Liessi, N.; Fossa, P.; Pedemonte, N.; Millo, E.; Cichero, E. New Insights into the Bind-
ing Features of F508del CFTR Potentiators: A Molecular Docking, Pharmacophore Mapping and QSAR Analysis Approach.
Pharmaceuticals 2020, 12, 445. [CrossRef]

53. Kennard, R.W.; Stone, L.A. Computer aided design of experiments. Technometrics 1969, 11, 137–148. [CrossRef]
54. Boggia, R.; Forina, M.; Fossa, P.; Mosti, L. Zupan’s descriptors in QSAR applied to the study of a new class of cardiotonic agents.

Farmaco 1997, 52, 411–419.
55. Miyata, Y.; Li, X.; Lee, H.-F.; Umesh, K.J.; Sharan, R.S.; Sandlin, P.S.; Young, T.Z.; Brodsky, J.L.; Dickey, C.A.; Sun, D.; et al.

Synthesis and initial evaluation of YM-08, a blood-brain barrier permeable derivative of the heat shock protein 70 (Hsp70)
inhibitor MKT-077, which reduces tau levels. ACS Chem. Neurosci. 2013, 4, 930–939. [CrossRef] [PubMed]

56. Van de Waterbeemd, H.; Gifford, E. ADMET in Silico Modelling: Towards Prediction Paradise? Nat. Rev. Drug Discov. 2003, 2,
192–204. [CrossRef] [PubMed]

57. Francesconi, V.; Cichero, E.; Kanov, E.V.; Laurini, E.; Pricl, S.; Gainetdinov, R.R.; Tonelli, M. Novel 1-Amidino-4-Phenylpiperazines
as Potent Agonists at Human Taar1 Receptor: Rational Design, Synthesis, Biological Evaluation and Molecular Docking Studies.
Pharmaceuticals 2020, 13, 391. [CrossRef]

58. Tonelli, M.; Espinoza, S.; Gainetdinov, R.R.; Cichero, E. Novel Biguanide-Based Derivatives Scouted as TAAR1 Agonists: Synthesis,
Biological Evaluation, ADME Prediction and Molecular Docking Studies. Eur. J. Med. Chem. 2017, 127, 781–792. [CrossRef]

59. Lipinski, C.A.; Lombardo, F.; Dominy, B.W.; Feeney, P.J. Experimental and Computational Approaches to Estimate Solubility and
Permeability in Drug Discovery and Development Settings. Adv. Drug Deliv. Rev. 2001, 46, 3–26. [CrossRef]

60. Veber, D.F.; Johnson, S.R.; Cheng, H.Y.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular Properties That Influence the Oral
Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615–2623. [CrossRef] [PubMed]

61. Needleman, S.B.; Wunsch, C.D. A General Method Applicable to the Search for Similarities in the Amino Acid Sequences of Two
Proteins. J. Mol. Biol. 1970, 48, 443–453. [CrossRef]

62. Ryu, J.; Park, R.; Kim, D.S. Molecular surfaces on proteins via beta shapes. Comput. Aided Des. 2007, 39, 1042–1057. [CrossRef]
63. Lee, B.; Richards, F.M. The Interpretation of Protein Structures: Estimation of Static Accessibility. J. Mol. Biol. 1971, 55, 379–400.

[CrossRef]
64. Richards, F.M. Areas, Volumes, Packing and Protein Structure. Annu. Rev. Biophys. Bioeng. 1977, 6, 151–176. [CrossRef] [PubMed]
65. Connolly, M.L. Solvent-Accessible Surfaces of Proteins and Nucleic Acids. Science 1983, 221, 709–713. [CrossRef]
66. Rocchia, W.; Sridharan, S.; Nicholls, A.; Alexov, E.; Chiabrera, A.; Honig, B. Rapid Grid-Based Construction of the Molecular

Surface and the Use of Induced Surface Charge to Calculate Reaction Field Energies: Applications to the Molecular Systems and
Geometric Objects. J. Comput. Chem. 2002, 23, 128–137. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejmech.2017.12.030
http://doi.org/10.1016/j.ejmech.2020.112833
http://doi.org/10.1038/346623a0
http://www.ncbi.nlm.nih.gov/pubmed/2143562
http://doi.org/10.1016/j.jmb.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21708173
http://doi.org/10.1021/acschembio.8b00712
http://www.chemcomp.com/
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.3390/ijms22189983
http://www.ncbi.nlm.nih.gov/pubmed/34576146
http://doi.org/10.1016/j.compbiomed.2021.104851
http://www.ncbi.nlm.nih.gov/pubmed/34520990
http://doi.org/10.1007/s41061-021-00349-3
http://doi.org/10.1016/j.ejmech.2018.01.059
http://doi.org/10.3390/ijms21218084
http://www.ncbi.nlm.nih.gov/pubmed/33138251
http://doi.org/10.3390/ph13120445
http://doi.org/10.1080/00401706.1969.10490666
http://doi.org/10.1021/cn300210g
http://www.ncbi.nlm.nih.gov/pubmed/23472668
http://doi.org/10.1038/nrd1032
http://www.ncbi.nlm.nih.gov/pubmed/12612645
http://doi.org/10.3390/ph13110391
http://doi.org/10.1016/j.ejmech.2016.10.058
http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.1021/jm020017n
http://www.ncbi.nlm.nih.gov/pubmed/12036371
http://doi.org/10.1016/0022-2836(70)90057-4
http://doi.org/10.1016/j.cad.2006.10.008
http://doi.org/10.1016/0022-2836(71)90324-X
http://doi.org/10.1146/annurev.bb.06.060177.001055
http://www.ncbi.nlm.nih.gov/pubmed/326146
http://doi.org/10.1126/science.6879170
http://doi.org/10.1002/jcc.1161
http://www.ncbi.nlm.nih.gov/pubmed/11913378


Pharmaceuticals 2021, 14, 1296 25 of 25

67. Brandas, C.; Ludovico, A.; Parodi, A.; Moran, O.; Millo, E.; Cichero, E.; Baroni, D. NBD2 Is Required for the Rescue of Mutant
F508del CFTR by a Thiazole-Based Molecule: A Class II Corrector for the Multi-Drug Therapy of Cystic Fibrosis. Biomolecules
2021, 10, 1417. [CrossRef] [PubMed]

68. Forina, M.; Leardi, R.; Armanino, C.; Lanteri, S. (Eds.) PARVUS: An. Extendable Package of Programs for Data Exploration,
Classification and Correlation; Elsevier: Amsterdam, The Netherlands, 1988.

69. ACD/Percepta Platform; Advanced Chemistry Development, Inc.: Toronto, ON, Canada, 2015. Available online: www.acdlabs.
com (accessed on 8 December 2021).

http://doi.org/10.3390/biom11101417
http://www.ncbi.nlm.nih.gov/pubmed/34680050
www.acdlabs.com
www.acdlabs.com

	Introduction 
	Results and Discussion 
	Exploring In Silico the Human HSP70 Protein 
	Molecular Docking Studies of MKT-077 and Related Analogues 
	QSAR Analyses 
	Virtual Screening of AATs as Putative HSP70 Inhibitors 
	Biological Evaluation of I–IIIa in Presence of F508del CFTR Correctors 
	In Silico PK Profile Prediction 

	Material and Methods 
	Ligand Preparation 
	Protein Preparation and In Silico Analysis 
	Molecular Docking Studies 
	QSAR Analysis 
	In Silico Evaluation ADME Properties 
	Biological Evaluation 
	Cell Culture 
	Fluorescence Assay for CFTR Activity 


	Conclusions 
	References

