Molecular insights into hERG potassium channel blockade by lubeluzole
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Materials and Methods

Synthesis of lubeluzole, its enantiomer, and corresponding moieties

Chemistry

Lubeluzole [(S)-1], its enantiomer [(R)-1], and N-methyl-N-piperidin-4-yl-1,3-benzothiazol-2-amine
(3) [Fig. 1A] were prepared as reported in the literature [Cavalluzzi et al., 2013]. Compound 3 was
then converted into its hydrochloride salt by treatment with a few drops of 2 M HCI and
azeotropically removing water. (-)-(S)-1-(3,4-Difluorophenoxy)-3-(piperidin-1-yl)propan-2-ol [(-)-
(S)-2] was obtained starting from 3,4-difluorophenol (4) which was reacted with (2S)-glycidyl
tosylate to give the oxirane (S)-5 which was in turn subjected to a ring-opening reaction with

piperidine to give the desired product [Scheme 1].
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Scheme 1. Reagents and conditions: (i) (2S)-glycidyl tosylate, NaH 60%, dry DMF, room temperature; (ii)
piperidine, Yb(OTf);, dry CH,CI,, room temperature.

(+)-(S)-1-(3,4-Difluorophenoxy)methyl]oxirane [(+)-(S)-5].

A solution of 3,4-difluorophenol (4, 0.500 g, 3.8 mmol) in dry DMF (20 mL) was added dropwise
to a suspension of NaH (60%) (0.34 g, 8.5 mmol) in dry DMF (20 mL) at room temperature, under
nitrogen atmosphere. After 30 min, a solution of (2S)-glycidyl tosylate (0.895 g, 3.9 mmol) in dry
DMF (20 mL) was slowly added dropwise and the mixture was stirred at room temperature for 24 h.
Then, the mixture was quenched with saturated NH,Cl, diluted with H,O, and extracted with Et,0.
The combined organic phases were washed with saturated aqueous NaHCO;s; and dried over
anhydrous Na,SO,4. The solvent was removed in vacuo, and the residue was purified by flash
chromatography (CHCls/petroleum ether, 9:1) to give 0.63 g of a yellow oil: quantitative yield,;
[a]o®® = +5.2 (c 1, CHCls). Spectrometric and spectroscopic data were in agreement with those

reported in the literature for the racemate [Liu et al., 2001; Bruno et al., 2006].

(-)-(S)-1-(3,4-Difluorophenoxy)-3-(piperidin-1-yl)propan-2-ol [(-)-(S)-2].
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Prepared as reported in the literature for the racemate.Yield: 77%, yellowish oil; [a]o?® = -22.7 (c
2, CHCI3). The corresponding hydrochloride was obtained dissolving the free amine in anhydrous
Et,O and treating with gaseous HCI for a few seconds. Yield: 14%; mp 126-127 °C (abs
EtOH/Et,0). Anal. Calcd for (C14H19F2NO2HCI): C, 54.64; H, 6.55; N, 4.55. Found: C, 54.41; H,
6.45; N, 4.63. Spectrometric and spectroscopic data were in agreement with those reported in the
literature for the racemate [Desaphy et al., 2013].

N-Methyl-N-piperidin-4-yl-1,3-benzothiazol-2-amine (3). Prepared as reported in the literature
[Cavalluzzi et al., 2013]. Spectrometric and spectroscopic data were in agreement with the literature
[Cavalluzzi et al., 2013]. The corresponding hydrochloride was obtained dissolving the free amine
in anhydrous Et,O and treating with gaseous HCI for a few seconds. Yield: 78%; mp > 250 °C (abs
EtOH/Et,0). Anal. Calcd for Ci3H:7N3S3HCI0.5EtOH: C, 44.28; H, 6.10; N, 11.06. Found: C,
44.02; H, 5.79; N, 11.18.

Patch-clamp data analysis

The fractional block of Ihere Was determined using the equation:
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where Inerg(conTror) IS the amplitude of Iherg in the absence of the drug and Hnergpruc) IS
the lhere amplitude in the presence of the drug.
The relationship between drug concentration and Inerg fractional block was determined by fitting
data with the Hill-equation:

%inhibition = 100
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where [DRUG], 1Cso and ny represent the concentration of drug, the drug concentration producing
half-maximal inhibition of Iyere and the Hill coefficient, respectively.
The normalized tail-current amplitude (I,) was plotted versus test potential (V) and fitted with a
Boltzmann function:
1
f1+exp[(v,,, -V, )/k]}

where Vi, is the voltage at which the hERG current is half-activated, and k is the slope factor.
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Deactivation of hERG channels was quantified by fitting the time-dependent decay of Iy to a
mono- or bi-exponential function. To simplify the comparison between hERG current with or
without lubeluzole, we fitted all the deactivation currents by a monoexponential function, as
similarly done by [Wu et al., 2016] for the drug ginsenoside Rg3.

Statistical analysis

Results were expressed as means =, n represents the number of cells studied. Statistical significance
was analysed using paired or unpaired t-tests or one/two-way analysis of variance (ANOVA), when
appropriate (see Figure legends). A value of P < 0.05 was considered significant. Data were
analyzed and fitted using the “Origin 8.1” software (OriginLab, Northampton, USA).

Molecular dynamics (MD) simulations

MD simulations were performed with Gromacs5.1.1 [Abraham et al., 2015] using the Amber99sb
force field [Hornak et al., 2006]. The hERG WT and S631A channels were embedded into a
palmitoyloleoylphosphatidylcholine (POPC) lipid bilayer and solvated with TIP3P water [Jorgensen
et al., 1983]. K" ions were placed at selectivity filter sites SO, S2 and S4. Corrected monovalent ion
Lennard-Jones parameters for the amber force field were used [Joung et al., 2008] Electrostatic
interactions were calculated at a distance smaller than 1.0 nm, long-range electrostatic interactions
were treated by the particle-mesh Ewald method at every step [Darden et al., 1993]. Lennard-Jones
interactions were calculated with a cut off of 1.0 nm and the LINCS algorithm [Hess et al., 1997]
was used to constrain bonds. Modeling hydrogens as virtual sites [Feenstra et al., 1999] allowed for
an integration step of 4 fs. V-rescale was used to keep simulation temperature constant by coupling
the protein, lipids and solvent (water and ions) separately to a temperature bath of 310 K. Likewise,
the pressure was kept constant at 1 bar by using the Parrinello-Rahman barostat algorithm
[Parinello et al., 1981] with a coupling constant of 1 ps. Prior to simulation, 5000 conjugate

gradient energy-minimization steps were performed, followed by 5 ns of equilibrium simulation in

which the protein atoms were restrained by a force constant of 1000 kJ molL nm=2 to their initial
position. Lipids, ions, and water were allowed to move freely during equilibration. Five times 100
ns MD simulations were performed for the WT channel as well as the S631A mutant channel.

S4



References

Abraham M.J., Murtola T., Schulz R., Pélla S., Smith J.C., Hess B., Lindahl E. GROMACS: High
performance molecular simulations through multi-level parallelism from laptops to supercomputers.
SoftwareX 2015, 1-2, 19-25.

Bruno C., Carocci A., Catalano A., Cavalluzzi M.M., Corbo F., Franchini C., Lentini G., Tortorella
V. Facile, alternative route to lubeluzole, its enantiomer, and the racemate. Chirality 2006, 18, 227-
231.

Cavalluzzi M.M.,Viale M., Bruno C., Carocci A., Catalano A., Carrieri A., Franchini C., Lentini G.
A convenient synthesis of lubeluzole and its enantiomer: evaluation as chemosensitizing agents on
human ovarian adenocarcinoma and lung carcinoma cells. Bioorg. Med. Chem. Lett. 2013, 23,
4820-4823.

Darden T., York D., Pedersen L. Particle Mesh Ewald: An N log(N) Method for Ewald Sums in
Large Systems. J. Chem. Phys. 1993, 98, 10089.

Desaphy J.-F., Carbonara R., Costanza T., Lentini G., Cavalluzzi M.M., Bruno C., Franchini C.,
Conte Camerino D. Molecular dissection of lubeluzole use-dependent block of voltage-gated
sodium channels discloses new therapeutic potentials. Mol. Pharmacol. 2013, 83, 406-415.

Feenstra K.A., Hess B., Berendsen H.J.C. Improving Efficiency of Large Time-Scale Molecular
Dynamics Simulations of Hydrogen-Rich Systems. J. Comput. Chem. 1999, 20, 786—798.

Hess B., Bekker H., Berendsen H.J.C., Fraaije J.GE.M. LINCS: A Linear Constraint Solver for
Molecular Simulations. J. Comput. Chem. 1997, 18, 1463-1472.

Hornak V., Abel R., Okur A., Strockbine B., Roitberg A., Simmerling C. Comparison of multiple
Amber force fields and development of improved protein backbone parameters. Proteins: Structure,
Function, and Bioinformatics 2006, 65, 712—725.

Jorgensen W. L., Chandrasekhar J., Madura J. D., Impey R.W., Klein M. L. Comparison of Simple
Potential Functions for Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926.

Joung 1.S., Cheatham T.E. Determination of Alkali and Halide Monovalent lon Parameters for Use
in Explicitly Solvated Biomolecular Simulations. J. Phys. Chem. B 2008, 112, 9020-9041.

Liu H.-L., Hoff B.H., Berg T.C., Anthonsen T. Synthesis of the antistroke drug lubeluzole and its
enantiomer. Lipase-catalyzed resolution of chiral building block. Chirality 2001, 13, 135-139.

Parrinello M., Rahman A. Polymorphic Transitions in Single Crystals: A New Molecular Dynamics
Method. J. Appl. Phys. 1981, 52, 7182.

Wu W., Gardner A., Sachse F.B., Sanguinetti M.C. Ginsenoside Rg3, a gating modifier of EAG
family K+ channels. Mol. Pharmacol. 2016, 90, 469-482.

S5



