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Introduction: With the aim of repositioning commercially available drugs for the inhibition
of the anti-apoptotic myeloid cell leukemia protein, Mcl-1, implied in various cancers, five
molecules, highlighted from a published theoretical screening, were selected to experimen-
tally validate their affinity toward Mcl-1.

Results: A detailed NMR study revealed that only two of the five tested drugs, Torsemide
and Deferasirox, interacted with Mcl-1. NMR data analysis allowed the complete character-
ization of the binding mode of both drugs to Mcl-1, including the estimation of their affinity
for Mcl-1. Biological assays evidenced that the biological activity of Torsemide was lower as
compared to the Deferasirox, which was able to efficiently and selectively inhibit the anti-
apoptotic activity of Mcl-1. Finally, docking and molecular dynamics led to a 3D model for
the Deferasirox:Mcl-1 complex and revealed the positioning of the drug in the Mcl-1 P2/P3
pockets as well as almost all synthetic Mcl-1 inhibitors. Interestingly, contrary to known
synthetic Mcl-1 inhibitors which interact through Arg263, Deferasirox, establishes a salt
bridge with Lys234.

Conclusion: Deferasirox could be a potential candidate for drug repositioning as Mcl-1
inhibitor.
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Introduction

Drug approval by the Food and Drug Administration (FDA) requires around 10
months, and the total drug development cost is estimated to be between $868
million and $1.241 billion USD." Advancing strategies to reduce drug development
time, lower costs and improve success rates are essential. Drug repurposing is one
such strategy. Also known as drug re-tasking or drug reprofiling, this approach
describes the process that seeks to discover new indications for an existing drug that
are not previously referenced and not currently investigated or prescribed.”

The fact that drug repurposing is based on drugs with previous clinical approval
has major benefits: data related to toxicology, preclinical safety, pharmacokinetics,
and tolerance in healthy volunteers are already available for such compounds. A
number of successes have been achieved in therapeutic areas such as sildenafil, an
antihypertensive drug, for erectile dysfunction.’

Drug repurposing can be conveniently achieved using two strategies named
activity-based drug repositioning and computational drug repositioning. The activ-
ity-based drug repositioning refers to the application of actual drugs for screening.
In contrast, computational approaches are largely data-driven; they involve sys-
tematic analysis of public databases of any type (gene expression, chemical
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structure ...) and use of bioinformatics tools, to system-
atically identify interaction networks between drugs and
protein targets, which can then lead to the formulation of
repurposing hypotheses.”™®

In oncology, drug repurposing has drawn also particu-
lar attention and it has become now a powerful alternative
for discovering and developing novel anticancer drug
candidates.”” The discovery of new anticancer drugs
allows a rapid increasing of the drugs’ number that can
take part in combinatorial therapies.

In 2017, Glantz-Gashai et al published an in-silico drug
repurposing study related to the oncology field.'® They
have computationally screened a data set of all US Food
and Drug Administration (FDA) approved drugs and a
data set containing 2.3 million lead-like molecules ran-
domly selected for the ZINC database against the anti-
apoptotic Myeloid Cell Leukemia-1 protein (Mcl-1).
Mcl-1 is a pro-survival member of the Bcl-2 protein
family regulating the cell death.'"'? Mcl-1 is overex-
pressed in many human cancers.'®> Restoring apoptosis
and thus promoting tumor cell death is of significant
therapeutic interest. Therefore, several small-molecules
inhibiting Mcl-1 were developed during the last decade
and are in clinical tests.'*

Based on docking technique carried out on conformation
ensembles, generated either by normal mode analysis (6
conformations), or by molecular dynamics (4 conformations)

or from nuclear magnetic resonance data (20 conformations),
Glantz-Gashai et al identified potential Mcl-1 ligands.'”
From each screening, the top 10 ligands exhibiting the most
favorable average binding energies were selected, resulting
in 30 ligands in total. The 30 FDA-approved drugs predicted
as potentially interacting with Mcl-1 were compared with
their clinical use and half of them are already clinically used
for cancer treatment by acting on other targets, thus promot-
ing the idea that the other half of potential drugs could also be
acting as anticancer agents.'® This in-silico study highlighted
a set of FDA-approved drugs as potential Mcl-1 inhibitors
and exposed them to the scientific community for further
investigation (in vitro and in vivo activity evaluations).

In this context, we have focused on the validation of this
theoretical study through experimental evidence. For this
purpose, we selected five drugs from the 30 identified as
potential inhibitors of Mcl-1 protein, to prove and character-
ize their interaction with Mcl-1 protein, and to verify the
possibility of repositioning them in cancer treatment. The
choice of the five molecules (Oxcarbazepine, Deferasirox,
Risperidone, Lenalidomide and Torsemide) (Table 1) was
based mainly on (i) their predicted binding Gibbs energy,'”
and (ii) their solubility in aqueous media according to the
Drug Bank database.”* Interestingly, Deferasirox was
selected in two screenings on FDA-approved drugs: the one
carried out on normal mode ensemble as well as the one on

molecular dynamics ensemble.
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Table | The FDA-Drugs Experimentally Evaluated in This Study

FDA-Approved Drug?

Predicted Binding Affinity to Mcl-1° (kcal/mol)

Oxcarbazepine R

-5.99

Deferasirox Q

N

N
\N
HO
OH

—7.53 or —6.03

O—n

Risperidone N -7.22
Ao~y
/
o}

Lenalidomide

o O,
i K
N
N o
NH,

—6.23

Torsemide o H H
\\/N N
o | \\O Y Y
o
\

NH

—6.13

Note: *Data from Glantz-Gashai et al, 2017.'°
Abbreviations: FDA, Food and Drug Administration; Mcl-1, myeloid cell leukemia-1.

Oxcarbazepine, a tricyclic compound with histaminer-
gic and serotoninergic activity, is used to control pain,
depression and as an antiemetic in cancer patients.
Deferasirox is an oral iron chelator used to reduce chronic
iron overload.”> Recently, Deferasirox was found to induce
apoptosis of multiple myeloma cells via the inhibition of
proline-rich tyrosine kinase 2 (Pyk2), which is known to
promote tumor growth in multiple myeloma.*®
Risperidone is an atypical antipsychotic with serotonin
and dopaminergic activity.”” Lenalidomide is a structural
analogue of the rhodamine derivative, BH3I, developed by
Degterev et al.”® The BH3I molecule has a micromolar
affinity for the BH3 domain of Mcl-1 protein.
Lenalidomide is already associated with cancer treatment:

it induces apoptosis and is used in the treatment of multi-
ple myeloma and myelodysplastic syndromes.>*~° Finally,
Torsemide, is a pyridine-sulfonylurea diuretic mainly used
in the management of edema associated with congestive
heart failure.*! It is interesting to note that Torsemide has
some structural similarities with ABT-737,** a promising
drug inhibiting Bcl-2 and Bcl-x; another two anti-apopto-
tic proteins of Bcl-2 family, particularly through the pre-
sence of benzyl-sulfonyl-amide moiety.

Nuclear magnetic resonance (NMR), a powerful tool to
characterize protein—ligand interactions in solution under

33735 was used to probe

near physiological conditions,
interactions at the atomic level between the five chosen

drugs and Mcl-1. Biological assays were then carried out
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on the confirmed compounds from NMR study to demon-
strate their in vitro action on the ovarian cancer cells.
Molecular modelling study guided by NMR observations
allowed us to predict the binding mode of Deferasirox and
Torsemide. Finally, the most potent of the tested molecules
according to the assays results is Deferasirox.

Materials and Methods
Chemicals and Recombinant Mcl-1 for
NMR Studies

Oxcarbazepine, Risperidone, Lenalidomide and Torsemide
were purchased from Sigma-Aldrich and Deferasirox from
VWR. Soluble labelled 'N Mcl-1 (172-327) was pro-
duced following a previously published protocol.*®

NMR Experiments
The backbone assignment of Mcl-1 resonances was carried
out in our previous work.*®

To highlight the interaction and carry out the titration
experiments between each drug and the labeled '°N Mcl-1,
two sets of samples were prepared. The first set contained
600 pL of a uniformly >N labeled Mcl-1 solution pre-
pared at 50 uM in PBS buffer (20 mM, 130 mM NacCl, 2
mM DTT, pH 7, 5% D50, v/v). The second set contained
>N labeled Mcl-1 and drugs at Ligand/Protein (L/Py) ratio
of 20/1 in PBS buffer (20 mM, 130 mM NacCl, 2 mM DTT,
pH 7, 5% D,O, v/v) at a concentration of 50 uM for
protein and 1 mM for drugs.

For Torsemide and Deferasirox, the titration series
were incremented in steps of 1 or 2 molar equivalents of
the ligand. To do this, adequate volumes of each sample
were mixed to obtain the following ratios L/Py (0/1 — 1/1 —
2/1 —3/1-4/1 —6/1 —8/1 —10/1 — 12/1 — 14/1 — 16/1 —
17/1 — 18/1 — 19/1 — 20/1).

NMR spectra were recorded at 298K on a Bruker
Avance III 600 MHz spectrometer equipped with a triple
resonance cryoprobe {'H, '*C, "N} including shielded
z-gradients.

The interaction between >N Mcl-1 and drugs was char-
acterized by recording 2D "H-'"N HSQC experiments®’ for
each ratio L/P, described above.

2D '"H-'>N HSQC spectra were collected with 128
indirect points, 1152 direct points using spectral width of
40 ppm (F2, "°N) and 12 ppm (F1, 'H), respectively, and
64 scans. A one-second relaxation delay was used, and
quadrature detection in the indirect dimension was
obtained  with  states-time

proportional ~ phase

incrementation (TPPI) phase cycling.*® Before Fourier
transformation, linear prediction (LP) was applied in the
indirect dimension (Forward LP on a complex data mode,
Number of LP coefficients, and Number of points for LP
were set to 64 and 32, respectively). The time domain data
were zero filled (size of the real spectrum was 2048x512
points) and apodized by Sine Squared function. Data were
acquired and processed using Topspin 3.5 software
(Bruker Biospin).

Protein spectra were analyzed using Sparky for signal
assignment,”® CCPNMR*° and TITAN*' for the estimation
of Kp and kg

For a given 'H-'>N HSQC cross peak, proton and
nitrogen chemical shift perturbation induced by drug bind-
ing was defined as the combined difference between the
corresponding chemical shifts in the bound and in the free
states. The combined chemical shift perturbations (CCSP)
were calculated from the 'H and '°N shift coordinates of
the cross peaks using Equation (1):

1/2
CCSP(ppm) = |ASH? + (0.2A8N)? (1)

where ASH and ASN are the observed chemical shift
differences along the proton and nitrogen dimensions,
respectively, with respect to the Mcl-1 free 'H-'>N
HSQC spectrum.

The dissociation constant (Kp) was then obtained by
monitoring the chemical shift changes of the backbone
amide as a function of ligand concentration using a binding
model with 1:1 stoichiometry** in CCPNMR software®

(Equation 2).
Kp Kp)*
—— 1 — | —4
+x+ Py ( + x4+ Po ) X

where Adps is the change in the observed shift from the

Admax
Abops = = 1

free state and fitted Ad.x is the maximum change in
chemical shifts for the given peak, x is the molar L/P,
ratio and P, is the total concentration of the labelled
protein.

"H-'>N HSQC spectra were also analyzed by the
TITAN program®' using a two-state binding mode. Mcl-1
concentration, drugs concentrations and NMR acquisition
parameters were provided as inputs for the data fitting. Ten
peaks with significant CCSPs were chosen to be fitted for

each titration experiment. Error analysis was performed by
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the bootstrap re-sampling module in the program with 100
re-sampled spectra.

Biological Assays

Cell Culture and Treatment

IGROV1-R10 cells were obtained as previously described
from IGROV1 cell line,** itself kindly provided by Dr.
Jean Bénard (Institut Gustave Roussy, Villejuif, France).
This cell line was cultured in RPMI 1640 medium supple-
mented with 2 mM GlutamaxTM, 25 mM HEPES, 10%
fetal calf serum, and 33 mM sodium bicarbonate (Fisher
Scientific, Illkirch, France). The atmosphere was main-
tained at 37°C and 5% CO,. 550,000 cells were seeded
in 25 cm? flasks. After 24 h, exponentially growing cells
were exposed to Deferasirox or Torsemide (0.1 to 50 pM)
as single agents or in combination with ABT-737 (5 uM)
or S63845 (1 uM) for 48 h.

Real Time Cell Imaging

Six thousand cells were seeded in 96-well plates in appro-
priate media. Cells were maintained at 37°C and 5% CO,
and monitored using an IncuCyte® S3 (Essen BioScience)
and baseline images were taken using 10x objective.
Phase-contrast images were acquired in real time every 2
hours from a single region per well. The live-cell phase
contrast images were used to calculate confluence using
the IncuCyte® software, and to provide morphology
information.

Morphological Observation of the Cell Nuclei

Both detached and adherent cells were pooled after trypsi-
nization, applied to a polylysine-coated glass slide by
cytocentrifugation and fixed with a solution of ethanol/
(6:3:1)
Preparations were then incubated for 15 min at room

chloroform/acetic  acid after  treatment.
temperature with 1 pg/mL DAPI solution (Boehringer
Mannheim-Roche, Mannheim, Germany), washed in dis-
tilled water, mounted under a coverslip in Mowiol
(Calbiochem) and analyzed under a fluorescence micro-

scope (BX51, Olympus, Rungis, France).

Target Expression and Apoptosis Induction Analysis by
Western Blot

Cells were rinsed with ice-cold PBS, suspended in a lysis
buffer [RIPA: NaCl 150 mM, Tris (pH 8) 50 mM, Triton
X100 1%, PMSF 4 mM, EDTA 5 mM, NaF 10 mM,
NaPPi 10 mM, Na;VO4 1 mM, aprotinin 0.5 pL/mL and
4.6 mL ultra-pure water] and incubated on ice for 30min.

Lysates were collected after centrifugation (13200 g, 10
min, 4°C) and protein concentrations were determined
using the Bradford assay (Bio-Rad, Hercules, USA).
Equal amounts of protein (25 pg) were separated by
SDS-PAGE on a 4-15% gradient polyacrylamide Mini-
PROTEAN® TGX™ precast gel (Bio-Rad) and transferred
to PDVF membranes (Bio-Rad). Membranes were blocked
1 hour at room temperature with 5% (v/v) non-fat dry milk
in TBS with 0.05% (v/v) Tween 20 (T-TBS). Membranes
were then incubated overnight at 4°C with the appropriate
antibodies, listed above. Membranes were then washed
with T-TBS and incubated for 1 hour with the appropriate
secondary antibody. Signals were revealed using Enhance
ChemiLuminescence substrate (ECL) Prime Western Blot
detection reagent (GE Healthcare Life Sciences) and the
ImageQuant® Las4000Series (GE Healthcare Life
Sciences).

Antibodies used: anti-Caspase 3 (#9662), anti-PARP
(#9542), (Cell Signaling Technology),
(#MAB1501) (Merck Millipore).

anti-Actin

Apoptotic Events Quantification Using Flow Cytometry
Adherent and floating cells were pooled by trypsinisation,
washed with phosphate-buffered saline (PBS) and fixed
with ethanol 70%. Cells were then centrifuged at 2000 r.
p.m. for 5 min and incubated for 30 min at 37°C in PBS, to
allow the release of low molecular weight DNA. Cell
pellets were stained with propidium iodide using the
DNA Prep Coulter Reagent Kit (Beckman Coulter).
Samples were analyzed using Gallios flow cytometer
(Beckman Coulter) and cell cycle distribution was deter-
mined using Gallios software (Beckman-Coulter).

FPA Experiments

Carboxy-fluorescein labeled peptide (5-FAM-
EDIIRNIARHLAQVGDSMDR-NH2) and Bim-WT pep-
tide (H-Ahx-DMRPEIWIAQELRRIGDEFNAYYAR-OH)
were purchased from GENEPEP and used without further
purification. Mcl-1 (172-327) was produced following a
previously published protocol.*® FPA measurements were
carried out in 96-well, black, flat-bottom plates (Greiner
Bio-One) using the Biotek microplate reader Synergy 2.
All assays were conducted in assay buffer containing 20
mM Na,HPO, (pH 7.4), 50 mM NaCl, 2 uM EDTA,
0.05% Pluronic F-68. For ICs, determination, compounds
were diluted in DMSO in a 8-point, serial dilution scheme,
added to assay plates and were incubated with 100 nM
Mcl-1 for two hours. Then, to measure inhibition of Mcl-
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1/FAM-Bid interaction, 15 nM 5-FAM-Bid peptide was
added and plates were incubated for two hours at room
temperature. For each experiment, a negative control con-
taining Mcl-1 and 5-FAM-Bid peptide (equivalent to 0%
inhibition), and a positive control containing Mcl-1, 5-
FAM-Bid peptide, and 10 uM Bim-WT peptide (equiva-
lent to 100% inhibition) were included on each assay plate.
Each point was duplicated and each experiment was per-
formed in two biological replicates. The change in polar-
ization was measured and used to calculate an ICs
(inhibitor concentration at which 50% of bound peptide
is displaced), by fitting the inhibition data using GraphPad
Prism 6 software to a sigmoidal, 4PL, X is log(concentra-
tion). This was converted into a binding dissociation con-
stant (K;) according to the formula described by
Nikolovska-Coleska et al.**

Docking and Molecular Dynamics
Simulations

Docking

Mcl-1 X-ray structure (PDB ID 3WIX),* with the ligand
removed, was prepared using Schrdodinger’s Protein
Preparation Wizard (PrepWizard)*® and used for the mole-
cular docking. The Schrdodinger’s Protein Preparation
Wizard generated tautomer with hydrogen on Ng, nitrogen
for His224 and His277 and tautomer with hydrogen on
N9, nitrogen for His252 and His320. The Deferasirox and
Torsemide starting X-ray structures were fetched from the
Cambridge Structural Database (CCDC N°872554 and
CCDC N°795036).*”*  The
Deferasirox and Torsemide at pH = 7 was checked, and a

protonation state of
deprotonated carboxylic group form was used in our mod-
elling study of Deferasirox.

Docking was performed using the EA Dock DSS dock-
ing software®® through the swissDock server.’' In a nut-
shell, the binding modes are generated on all found
binding cavities, and the CHARMM?22 force-field is used
to compute the binding energies. Then, the best interacting
modes are post-processed using the implicit solvation
model FACTS (Fast Analytical Continuum Treatment of
Solvation)®* to include the desolvation effect of ligand
binding. Finally, the clustering of the binding modes is
performed using a 2 radius, with a maximum of 8 binding
modes per cluster.

Generated binding mode clusters from docking
study were analyzed visually and two poses were

retained depending on the orientation of the

Deferasirox and Torsemide in the binding groove, and
their interaction with Mcl-1’s main hotspots observed
in the NMR study.

Molecular Dynamics Simulations and Noncovalent
Interactions Analysis

The stability of the two selected binding poses for each
ligand was then assessed using unbiased molecular
dynamics simulations of 100 ns. All simulations were
performed using NAMD 2.12 software.”® The all-atom
CHARMM 36m forcefield>*>> was applied for the protein
and CGENFF>° for ligands. The CHARMM-GUI server”’
was used to prepare the starting systems. Each system was
solvated using the TIP3P explicit water model®® within a
rectangular box; the box size ensured that the simulated
complex was at a minimum distance of 10 A from the
edge. 0.15 M of NaCl was added to neutralize the total
charge of the system. Periodic boundary conditions were
applied to the systems using the IMAGE algorithm. Van
der Waals interactions were truncated using a force switch-
ing function between 10 and 12 A and the Particle Mesh
Ewald (PME)* was used to calculate long-range electro-
static interactions. All bonds involving hydrogen atoms
were restrained by the SHAKE algorithm.

The systems underwent energy minimization in 10,000
steps. Next, the minimized systems were heated to 300 K
and the dynamics were temperature-equilibrated during 50
ps via heating reassignment under NVT conditions.
Finally, the systems ran freely for 100 ns under NPT
conditions with a 2 fs time step. Langevin dynamics with
a damping coefficient of 1 ps ' were used to maintain the
system temperature and the Nosé-Hoover Langevin piston
was used to maintain a 1 atm pressure. Production trajec-
tories were saved every 10 ps and resulted in 10,000
frames. These trajectories were analyzed using VMD®
and the Pycontact software® for noncovalent interactions.

In order to account for noncovalent interactions and
their evolution during the trajectory, a geometrical
approach was used. In the first place, the interatomic
distance matrix between ligand and the protein atoms
was computed. Then, a cutoff distance of 5 was applied
to consider an interaction and a sigmoid function, f(d),
scored the interaction along the distance as follows (equa-
tion 3):°!

1
fd) = {md < cutoff 3)

0, else
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The interaction score, resulting from this sigmoid function
was afterward encoded to an intensity color gradient per
time unit.

Results & Discussion
NMR Analysis

We used an NMR approach based on the observation of
protein signals to probe ligand binding to Mcl-1, to define
protein hotspots and to quantify the binding affinity of
each of the five chosen drugs for Mcl-1 (estimation of
dissociation constant values Kp).

For this purpose, we expressed and purified '°N-
labeled Mcl-1 and recorded 2D 'H-'N HSQC experi-
ments in the absence and presence of each of the 5
ligands. The NMR assignment of Mcl-1 backbone reso-
nances in the free form was previously obtained from
the analysis of 'H, "N, and '’C triple resonance
experiments.>-%2

As shown in Figure 1, the presence of 20 molar equiva-
lents of Risperidone, Lenalidomide, or Oxcarbazepine did

not result in any modification of the 2D '"H-"’N HSQC
spectrum of the protein. Mcl-1 amide cross peaks showed
neither significant chemical shift perturbations nor changes
in intensities, reflecting the lack of interaction between
these 3 compounds and the protein.

The discrepancy between the computational study pre-
viously performed by Glantz-Gashai et al'® and this experi-
mental validation can be due to different aspects. It is
known that the scoring functions employed during the
docking studies have some weakness, leading to discrepan-
cies between docking and in vitro screening accuracy.®® The
widely used docking programs predict ligand positions in
the target similar to these observed by X-ray crystallogra-
phy or NMR, but their scoring function does not necessarily
rank it as the best. In addition, in the AutoDockVina pro-
gram employed by Glantz-Gashai et al,'® the binding site in
the protein is predefined by a box and so the choice of its
position as well as its size could influence the results
because it forces the ligands to position inside it.
Furthermore, the success of docking depends also on the

O Reference Spectrum : [N MCL-1] = 50 uM
(O Risperidone - Ratio P:L = 1:20 ¢ 0
() Lenalidomide - Ratio P:L = 1:20 ©
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Figure | Overlay of 'H-'>"N HSQC spectra obtained for '>N-Mcl-1 in the absence and presence of Risperidone, Lenalidomide or Oxcarbazepine.
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choice of protein structure conformation used in docking.
For example, we previously demonstrated that Mcl-1
adopts an equilibrium between several conformations in
its apo state but the opening of the P2 pocket, crucial for
the synthetic ligands binding is only induced by the ligand
presence.®*

The situation is different in the case of Torsemide and
Deferasirox, which induce significant chemical shift per-
turbations (CSP) in the 'H-">N HSQC spectrum of the
protein. We therefore focused on the characterization of
the interaction between Mcl-1 and these two compounds
separately.

Mcl-1I: Torsemide

The comparison of 'H-'>N HSQC spectra recorded in
the absence and presence of 20 molar equivalent of
Torsemide (Figure 2) allowed us to calculate combined
CSP values (CCSP) for each protein residue (Figure 3A)
and to identify protein regions involved in the ligand
binding.

(O Reference spectrum [*N MCL-1] = 50uM
O Ratio ["N MCL-1]: Torsemide = 1:20 °

3
271G me230G -
@
219G
o ° .
° 283Q° o
o ] o Pige ® -
217G ‘
® l % 0 °
L o BN °
¢ 190 " ~ 260N ©
0 ®, T~
® o9 g_
® ® =7
(- ¥ 2 PY 333’ 0‘ ‘ 8 w0
. —
® o & o .. 225E
'3 (]

2131 w«.zk
° . 0%
270F

As shown in Figure 3A and B, protein residues exhi-
biting the highest CCSP values are mostly localized in the
canonical BH3 binding groove of Mcl-1 and include
Leu267, Trp261, His252, Met250, Ile264, Leu235,
Leu232, Phe270, WVal253, Val2l6, Gly219, Glu221,
Val220 and Arg263. These residues form a continuous
surface on only one side of the protein and are mainly
located at and around hydrophobic pockets P1, P2, and P4
of the Mcl-1 canonical binding site.*®

Large CCSP values were also observed for residues
Val243, Ser245, and Arg248 of helix o4 that are close to
hotspot residues Met250, His252, and Val253 in the Mcl-1
structure (Figure 3C). The perturbation of Lys238 in the
loop a3-04 (Figure 3C) is likely due to a conformational
rearrangement induced by its spatial proximity with the P1
hydrophobic pocket.

The contact surface formed by the perturbed residues is
much larger compared to the size of the Torsemide, ie, in a
1:1 stoichiometry model, and the Torsemide could unlikely
occupy simultaneously both hydrophobic pockets P2 and

130

o o
2 ° [} [ % @ ¢ g‘t X
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@ 2641 Q
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Figure 2 Overlay of 'H-'>"N HSQC spectra obtained for '°N -Mcl-1 in the absence and presence of Torsemide.
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Pocket Residues
P1 1235, K234, V249, M231
P2 M250, F270, L267, V253
P3 A227, F228, H224, T266
P4 V216, V220, V265

Other perturbed residues : R207, G219, Q221, L232, K238, V243, S245, R248, H252, W261, R263, 1264, and G271

Figure 3 (A) Measured Combined Chemical Shifts Perturbation (CCSP) of the Mcl-I amide functions after the addition of Torsemide (ratio '°N-Mcl-I:Torsemide 1:20). (P)
presence of Proline. (¥) Undetermined. (B) The most perturbed residues on the surface of the Mcl-1 protein. (C) The cartoon representation of Mcl-1 structure with
annotation of most perturbed residues (red=residues from PI, Blue=residues from P2, Purple= residues from P4, Green=other residues).
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P4. Thus, the chemical shift changes of P4 residues
Val216, Gly219, Val220, and Glu221 may result from a
direct binding to Torsemide or from their spatial proximity
with the P2 hydrophobic pocket.

NMR titration experiments were also conducted to quan-
tify the binding affinity (Kp) for Torsemide. NMR crosspeaks
of the "H-'N HSQC spectrum showed linear concentration-
dependent chemical shift changes upon addition of increasing
amounts of the ligand (Figure 4A), indicating a fast exchange
regime on the NMR chemical shift time scale.*” In this case,
the evolution of the 'H-'"N chemical shifts with the protein/

A
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Torsemide molar ratio can be fitted to determine apparent
thermodynamic affinities at the residue level (Figure 4B).
Apparent K, for the most perturbed residues were estimated
in the millimolar range, with an average value of 1 mM.

2D line-shape analyses of the NMR crosspeaks, carried
out using the TITAN software,*' allowed the estimation of
the kinetic (ko) and thermodynamic (Kp) constants.
Interestingly, it revealed a slow ko value (818 + 8 s71)
and a low residence time t of 1.2 ms (t = 1/kyg). These
values are consistent with the low affinity of Torsemide for

the Mcl-1 protein.

B
0.08
F-270 : K = (8+1)*10*M
) 0.06 .
a
N
&
S 004
Q
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0
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_ 007
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N
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Figure 4 Overlay of 'H-'"*N HSQC spectra (expanded views) obtained for '>N-Mcl-| in the absence and presence of increasing amounts of Torsemide (various L/P, ratio).
Chemical shift modifications of residues F-270, R-263, L-235, R-184, R-284 and |-264 (A), are indicated by black arrows. (B) Titration curves for F-270 and L-235 and Kp

estimation of each residue using Equation (2).
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Mcl-I: Deferasirox

Using the same approach, the analysis of 'H-'>N HSQC
spectra of Mcl-1 recorded in the absence and presence of
increasing amounts of Deferasirox also revealed signifi-
cant chemical shift perturbations (Figure 5). This observa-
tion reflects the presence of an interaction between this
drug and Mcl-1. The highest CCSP values correspond to
residues located either in the hydrophobic pockets (P1:
Lys234, Leu235/ P2: Val253, Leu267, Phe270/ P3:
Phe228/ P4: Val216, Val220) or in the areas surrounding
them (Gly219, Arg263, Val243, 1le264, Asp256, Trp261,
Asp236, Gly271, Arg248, Gly217, Lys238, Thr259 and
Leu232) (Figure 6A and B).

As observed for Torsemide, the mapping of the
residues, perturbed by Deferasirox on the surface of
Mcl-1, reveals a continuous contact zone on the same
side of the protein centered on pocket P2 (Figure 6B
and C). However, the observed CCSP values were

higher for Deferasirox compared to Torsemide, sug-
gesting that Deferasirox has a higher affinity for Mcl-
1 protein.

Accordingly, a dissociation constant (Kp) of approxi-
mately 300 uM was extracted from the fitting of CCSP
values as a function of protein/ligand molar ratio, confirm-
ing that Mcl-1 shows a 3-fold greater affinity for
Deferasirox than for Torsemide (Figure 7).

The Kog, Kp and 1 values of 368 = 8 s, 262 uM and
2.71 ms, respectively, were also calculated using the
TITAN software and reflect the higher affinity of
Deferasirox for the Mcl-1 protein.

As for Torsemide and other previously studied ligands,
it was observed that the identified contact surface is larger
compared to the Deferasirox size (Figure 6C). This sug-

gests that some NMR perturbations induced by
Deferasirox could be related to an indirect effect of the
interaction.>®

(O Reference Spectrum ['*N MCL-1] = 50 uM I
(O Ratio ["N MCL-1]:[Deferasirox]=1:20 0 L
0
o
o
0
T E
Q
&
-
- o :O
QY
)
N
238 B
°® ,
ke L
6 o
- m
T T T T T T T T T T T T T T
10 9 8 7 6
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Figure 5 Overlay of 'H-'>N HSQC spectra obtained for '°N-Mcl-1 in the absence and presence of Deferasirox.
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Pocket Residues
P1 1235, K234, V249, M231
P2 M250, F270, L267, V253
P3 A227, F228, H224, T266
P4 V216, V220, V265

Other perturbed residues : G217, G219, L232, D236, K238, V243, R248, D256, T259, W261, R263, G271

Figure 6 (A) Measured Combined Chemical Shifts Perturbation (CCSP) of the Mcl-1 amide functions after the addition of Deferasirox (ratio '*N-Mcl-1:Deferasirox 1:20).
(P) presence of Proline. (¥) Undetermined. (B) The most perturbed residues on the surface of the Mcl-1 protein. (C) The cartoon representation of Mcl-| structure with
annotation of most perturbed residues (red=residues from P1, Blue=residues from P2, Purple= residues from P4, Green=other residues).
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Figure 7 Overlay of 'H-'>N HSQC spectra (expanded views) obtained for '*N-Mcl- 1 in the absence and presence of increasing amounts of Deferasirox (various L/P, ratio).
Chemical shift modifications of residues L-235, R-184, R-248, 1-264, L-213, R-263 and F-270 (A), are indicated by black arrows. (B) Titration curves for L-235 and F-270 and

Kp estimation of each residue using Equation 2.

Biological Assay

We next performed biological assays to validate the effect
of Deferasirox and Torsemide on Mcl-1 anti-apoptotic
activity. The chemoresistant IGROV1-R10 ovarian cancer
cell line was used since it is known to be in a steady state
for apoptosis entry following concomitant Mcl-1 and Bcl-
x, inhibition as previously described.®®> Mcl-1 inhibition
by the molecules is assessed by a treatment of IGROV1-
R10 cells in combination with ABT-737, a well-known
Bcl-x;, inhibitor. In this context, Mcl-1 inhibitors induce
massive apoptosis as shown by the effect of the combina-
tion of the selective Mcl-1 inhibitor S63845 with ABT-737
on IGROV1-R10 cells (Figure S1).

We first investigated the effect of both compounds from
0.1 to 50 uM on IGROV1-R10 cells by real-time imaging in
96-well plates. Deferasirox did not induce cytotoxic effects
as single agent even at 50 uM. In contrast, Torsemide at 50
UM decreases proliferation as single agent.

Deferasirox and Torsemide have then been tested in
association with ABT-737 to confirm their potential activ-
ity and selectivity on Mcl-1 suggested by NMR studies.

For Deferasirox, 25 pM appeared as the optimal con-
centration to obtain the best cytotoxic effect in combina-
tion with ABT-737 (Figure 8). A concentration-dependent
slowed down proliferation was suggested by the reduced
cell confluency. Moreover, cell detachment and cell
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shrinking were observed when Deferasirox was combined
to ABT-737.

The selective activity of the compounds on Mcl-1 as
compared to Bcl-x;, was also evaluated using a combina-
tion with S63845. Selectivity for Mcl-1 should result in a
massive apoptosis induction in combination with ABT-737
but not with S63845. Conversely, if the molecule is able to
bind to Bcl-x; and inhibits its activity, cells will undergo
apoptosis in combination with S63845. In our experi-
ments, Deferasirox did not induce cytotoxic effect when
combined to S63845, suggesting its specificity for Mcl-1
as compared to Bel-xp (Figure 8).

In contrast, Torsemide appeared as a less potent Mcl-1
Inhibitor. Indeed, at 25uM, only a weak cytotoxic effect is
observed in combination with ABT-737. At 50 uM,
Torsemide exerts a cytotoxic effect when combined to
ABT-737, but also a marked cytostatic effect as a single
agent (Figure 9).

In order to complete these results and to demonstrate
the apoptotic nature of cell death, we observed cells and
nuclear morphologies as well as DNA content histograms
(cell cycle repartition). After a 48h exposure, neither 25
uM Deferasirox nor 25 pM Torsemide induced apoptosis
as single agents (Figure 10). When they were combined to
S63845, little or no modification of cells and nuclei
morphologies or DNA content histograms were observed,
strongly suggesting that the molecules are not able to
inhibit Bel-x;, as expected. In contrast, when Deferasirox
was combined to ABT-737, a great number of floating and
shrunk cells was observable, suggesting a high level of cell
death. The observation of nuclei morphologies after DAPI
staining showed numerous nuclear condensations and frag-
mentations evocative of apoptotic cell death, as well as the
appearance of a sub-G1 peak (Figure 10A). Lastly,
Western blot revealed an intense PARP and Caspase 3
cleavages only in cells exposed to the Deferasirox/ABT-
737 combination, confirming the apoptotic nature of cell
death (Figure 10). In contrast, the combination of
Torsemide with either ABT-737 or S63845 did not exert
more effect than the one observed with the molecules used
separately.

Taken together, our results showed that Deferasirox is
able to efficiently inhibit Mcl-1 in a dose and time-depen-
dent manner with optimal conditions reached with 25 pM
and a 48 h exposure. The biological activity of Torsemide
seems to be lower as compared to the one of Deferasirox

since a 50 pM concentration is required to observe similar

effects, this concentration being itself associated to a cyto-
static effect of Torsemide used as a single agent.

Competition Binding Assays by FPA

In order to determine if the mechanism of Deferasirox
killing IGROV1-R10 in combination with ABT-737 is
through inhibiting Mcl-1, and to see the effect of
Deferasirox on disrupting Mcl-1 interactions with pro-
apoptotic partners like Bid, competition binding assays
using Fluorescence polarization anisotropy (FPA) were
carried out. The results confirmed a direct interaction
between Mcl-1 and Deferasirox and evidenced that
Deferasirox was able to disrupt interactions between
Mcl-1 with Bid. An inhibition close to 60% (at 600 pM)
was observed and ICso and K values of 368 + 45 uM and
83 £ 10 uM, respectively, were obtained for Deferasirox
(Figure S2).

Torsemide was also tested. As expected, a weaker
inhibition close to 20% was observed at a concentration
of 600 uM. This inhibition was too weak to allow the
estimation of ICs, and K; values.

Deferasirox and Torsemide Binding
Modes Through Molecular Modeling

To elucidate, in detail, the binding modes of Torsemide
and Deferasirox in Mcl-1, a docking study followed by
molecular dynamics simulation was carried out. Three

47.66.67 and Torsemide*

X-ray structures of Deferasirox
are available in the Cambridge Structural Database. The
three structures of Deferasirox are closely related and
share a common intramolecular H-bond between one
hydroxyl group and the nitrogen atom of the triazole
group. We docked the Deferasirox X-ray structure
(CCDC N°872554) and Torsemide one (CCDC N°
795036) to the Mcl-1 model (PDB ID: 3WIX) using
swissDock server. We applied the blind docking approach
during which ligands binding poses in the vicinity of all
Mcl-1 cavities were generated. For Deferasirox, among 29
clusters resulting from docking, only one was elsewhere
than in the canonical binding site (Figure S3A). While for
Torsemide, a total of 56 clusters were generated and 4
clusters were outside of the canonical binding site
(Figure S3B). None of the Torsemide clusters nor
Deferasirox ones occupied the P4 pocket. We retained
two binding poses of Deferasirox and two of Torsemide
from the docking results, based on the perturbed residues
revealed by the NMR study. In the case of Deferasirox, the
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Figure 10 Effect of Deferasirox and Torsemide in combination with ABT-737 or $63845 on apoptosis on IGROVI-R10 cell line. Twenty-four hours after seeding, IGROVI-
R10 ovarian cancer cells were exposed to 25 uM Deferasirox or Torsemide for 48 h in absence or presence of 5 pM ABT-737 or | pM S63845. (A) Effects of Deferasirox or
Torsemide on cellular morphology, DNA content and nuclear morphology. (B) PARP and caspase 3 cleavage was assessed by Western blot in order to visualize apoptosis

induction.

conservation of the intramolecular H-bond in Deferasirox
was also regarded during the selection. The selected poses
for both ligands corresponded to cluster 1 centroid and
cluster 2 centroid, two most energy-favorable clusters
from docking, and they are shown in Figure 11.

In the selected poses, Torsemide interacted with Mcl-1
through hydrophobic contacts occurring principally in Mcl-1
P2 pocket and through a m-stacking of its phenol ring with
Phe270 (Figure 11C and D). In pose 1, Torsemide interacted
with Leu235 and Leu267 while in pose2 the hydrophobic
contacts were more numerous (Phe228, Val253, Phe254,
Asp256, Thr266 and Leu267). The Val253, Phe270, Leu267,
residues forming P2 pocket, were identified as strongly per-
turbed in NMR analysis. No H-bond was detected between
Torsemide and Mcl-1 in both poses, corroborating the experi-
mentally observed weak affinity of Torsemide.

In selected Deferasirox posel (Figure 11A), the one
phenol ring of Deferasirox was placed in the Mcl-1 P2

pocket, in agreement with NMR observations, while the
benzoate anion was oriented towards Arg263, one of the
residues detected as strong perturbed during the NMR
experience. Deferasirox interacted with the Arg263 via =n-
cation interaction between the guanidinium group and the
phenol ring, and an H-bond with the triazole nitrogen ring.
Stabilizing hydrophobic contacts were also formed with
Val253, Phe254 and Leu267. Val 253 and Leu 267 were
also strongly perturbed in NMR study.

Concerning the second binding mode (pose2 -
Figure 11B), it was the other phenol ring that was posi-
tioned in the Mcl-1 P2 pocket and the benzoate anion was
returned to the opposite site of the Mcl-1 binding groove,
towards Lys234, another residue revealed as strong per-
turbed in NMR study. Deferasirox established a salt bridge
with Lys234, an H-bond with Arg263 and a n-n stacking
interaction with Phe270. Hydrophobic contacts were made
with Val253.
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Binding modes extracted from molecular docking are
suitable to establish the first guess, but the dynamical
nature and stability of the noncovalent interactions are
not considered. Hence, we complemented our analysis by
including the dynamical nature of the noncovalent

interactions during the MD simulations. As shown in
Figure 12 the primarily predicted interactions varied dur-
ing the MD simulations.

During the dynamics of Torsemide posel and pose2,
the Torsemide remained fixed by its phenol ring in the
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Figure 11 Docking binding poses of Deferasirox in Mcl-1; (A) Pose |; (B) Pose 2 and of Torsemide; (C) Pose | and (D) Pose 2.

Mcl-1 P2 pocket, its aliphatic chain was very flexible and interaction with Mcl-1 along the dynamics (Figure 12A
at the same time came close to Arg263 or His224 to form and B). To be able to establish electrostatic interactions
an H-bond. However, it failed to establish a stable with Arg263 or His224 Torsemide must come out of the
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Figure 12 Key interacting residues (sorted using the mean lifetime of the interaction) and dynamical evolution of noncovalent interactions for MD simulation of pose | (A)
and pose 2 (B) of Torsemide and pose | (C) and pose 2 (D) of Deferasirox complexes. Each cell accounts for Ins; yellow cell indicates an interaction through the protein’s
backbone; green cell indicates an interaction through the sidechain. A color gradient was used in order to account for the interaction distance. Hydrogen bonds and
electrostatic interactions are colored in pink.
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cavity and hydrophobic contacts with P2 pocket decreased
(Figure S4 and Supplementary Video 1). 12 residues-main-

tained hydrophobic contacts with Torsemide in posel dur-
ing the simulation and the main contributing residues were
Val 253, Thr266, Leu267 (main chain) and Phe270. For
pose 2 binding mode, 9 residues maintained the contact
with Torsemide and the main contributing residues were
Val253, Thr266 and Leu267 (main chain). As the
Torsemide aliphatic chain did not establish a stable
H-bond interaction, the detected electrostatic contacts
were punctual. Our dynamic study therefore suggests that
Torsemide is able to simultaneously establish the H-bond
interaction with Arg263 (or other charged residue) and
fully occupy the P2 pocket, which can explain its weak
affinity (Figure 13A). The main anchoring point of
Torsemide in Mcl-1 is the P2 pocket according to the
modelling results, which is in agreement with NMR obser-
vations. The P2 pocket residues were observed mostly
among most perturbed residues highlighted by NMR.
Then, a propagation effect could explain the detected
perturbation of residues in P2 pocket vicinity and that of
Arg263. The simulations suggest that the observed pertur-
bation of P1 pocket residues (Leu232, Leu235 and
Lys238) is related to fluctuation of a3-a4 loop then the
direct Torsemide binding effect.

Moreover, the NMR data suggested an interaction with
Gly219, Val220 and Val216, part of the P4 pocket, for both
ligands. This observation was also highlighted from simi-
lar NMR data reported by Mady et al,®® for a set of Mcl-1
inhibitors. These interactions at the P4 pocket might rise
from a non-direct effect due to the presence of aromatic
rings (ring-current effect) as we have previously discussed
for Pyridoclax®® for instance. Another explanation might
be derived from two steps binding process: the ligands
form a pre-encounter complex at the P4 pocket (Val216
and Gly219) in the first place and shift afterwards to the
P2/P3 pocket interface as a second step. This two-step
binding process was proposed for Bcl-x; (another anti-
apoptotic protein) and reported by the work of
Krishnamoorthy et al,” using NMR chemical shift data
and J-Surface mapping.

For pose 1 the Deferasirox turned on itself at the
beginning of the dynamics bringing the carboxylate
group towards Lys234 (Figure S5 and Supplementary
Video 2). 13 with
Deferasirox during the MD simulation (Figure 12C and

residues-maintained  contacts

D). Among them, the main contributing residues to the
interaction with Deferasirox were Met231 and Gly230

(backbone), Phe228, Val253 through hydrophobic con-
tacts. Hydrogen bonds with Arg263, Lys234 side chains,
as well as an electrostatic interaction with Ala227 (back-
bone) were noticed.

For pose 2 binding mode, the Deferasirox oscillated
around the pose from docking during the MD simulation
and 10 residues maintained the contact with it. The resi-
dues: Leu267 (backbone), Gly262 (backbone), Phe254,
Phe270 established hydrophobic contacts, while Thr266,
His224, Arg263 and Lys234 side chains established hydro-
gen bonds.

Interestingly, the presence of an intramolecular H-bond
in Deferasirox has been preserved along both dynamics
(Figure S6). The contacts established by Deferasirox were
more preserved and stronger along the dynamics compared
to Torsemide (Figure 12). The Deferasirox electrostatic
interactions were more important in agreement with its
observed higher affinity.

A more detailed description of Deferasirox dynamics
with Mcl-1 is provided in Supplementary Video 2. Overall,

Deferasirox interacts with Mcl-1’s binding groove by
with P2
(Figure 13B). The most interacting residues in pose 2

establishing contacts and P3 pockets
MD simulation are in an overall good agreement with
the most perturbed residues determined by NMR chemical
shifts.

Combining the MD simulations and NMR chemical
shifts, we propose the following binding mode for
Deferasirox with Mcl-1 protein (Figure 13B). As discussed
above, Deferasirox interacts directly with the P2/P3 pock-
ets establishing noncovalent interactions (hydrophobic
interactions). The observed perturbation of P1 pocket resi-
dues (Leu235 and Asp236) is due to the interaction with
the Lys234 through a salt bridge (propagation effect).
Finally, the perturbation of Val220 and Val216 residues,
part of the P4 pocket could be due to either the well-
known ring-current effect for aromatic rings (mediated
by the presence of the aromatic ring nearby the P4 pocket)
or a result of two steps binding mechanism, not high-
lighted for moment in the docking.

Conclusion

In this study, the interaction between Mcl-1 and five drugs
already used for other therapeutic indications and high-
lighted in Mcl-1
(Oxcarbazepine, Deferasirox, Risperidone, Lenalidomide

literature as potential inhibitor

and Torsemide) were characterized

by NMR.

experimentally
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Torsemide and Deferasirox from NMR study are shown in licorice representation (residue CCSP > 0.10 ppm).
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NMR analysis showed that only two of the five tested
molecules, Torsemide and Deferasirox, interact with Mcl-
1. The interaction sites evidenced by NMR for these two
drugs are mainly centered on around the P2 hydrophobic
pocket, Deferasirox showing a stronger affinity for Mcl-1
(Kp~300uM) than Torsemide (Kp~1mM).

Biological assays confirmed that Deferasirox was able
to inhibit Mcl-1 efficiently and selectively in a dose and
time-dependent manner with optimal dose of 25uM for a
48 h exposure treatment. The biological activity of
Torsemide was lower as compared to the Deferasirox one
since a 50 uM concentration was required to observe
similar effects.

FPA competition assays confirmed that Deferasirox
was able to disrupt interactions between Mcl-1 with Bid,
a pro-apoptotic partner of Mcl-1. An inhibition close to
60% (at 600 uM) was observed and ICso and K; values of
368 £ 45 uM and 83 £ 10 uM, respectively, were obtained
for Deferasirox. A weaker inhibition close to 20% (at 600
uM) was observed with Torsemide.

Finally, combining the MD simulations and NMR che-
mical shift perturbation analysis, we proposed a binding
mode for Deferasirox with Mcl-1 protein. Deferasirox
interacts directly with the P2/P3 pockets, as well as almost
all synthetic Mcl-1 inhibitors, establishing noncovalent
hydrophobic interactions. However, contrary to most syn-
thetic Mcl-1 inhibitors, Deferasirox interacts through a salt
bridge with Lys234 and not with Arg263. The Torsemide
binds to P2 pocket and our simulations suggest that it is
able to simultaneously interact with P2 pocket and form an
H-bond with Arg263. It oscillates between these two bind-
ing spots.

In conclusion, this work evidenced the complementar-
ity of computational and experimental approaches in drug
repositioning. Combining both approaches, we showed
that Deferasirox could be a potential candidate for drug
repositioning as Mcl-1 inhibitor.
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