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Highlights
· Fourteen small molecules as Ureas, Thioureas and carbamic derivatives were designed and synthesized.
· The possible interaction mechanism of urea or thiourea compounds with Glu59 of Csub of ATP synthase regulates the opening of mitochondrial permeability transition pore.
· The electronic effects on the urea or thiourea carbonyl allowed us to hypothesize the different mechanism of action between inhibitors and activators of PTP multiproteic complex.
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Abstract
Maintaining a high percentage of living and functional cells in those pathologies in which excessive cell death occurs, such as neurodegenerative disorders and cardiovascular diseases, is one of the most intriguing challenges in the field of biochemical research for drug discovery. Here, mitochondrial permeability transition-driven regulated cell death is the main mechanism of mitochondrial impairment and cell fate; this pathway is still lacking of satisfying pharmacological treatments to counteract its becoming; for this reason, it needs continuous and intense research to find new compounds as modulator of the permeability transition pore complex (PTPC) activity. In this study, we report the identification of small-molecule urea derivatives able to inhibit PTPC opening following calcium overload and selected for future use in cytoprotection.
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1. Introduction
All cells of our body, sooner or later die, either naturally following a precise physiological program or upon pathological and accidental events. From this observation, it follows that different cell death types exist and each of them can be distinguished by quantifiable biochemical parameters [1]. Regulated cell death (RCD) is a pathway shared by both human physiology and in case of failing of adaptive responses to dangerous external stimuli. In the last years, one of the most studied RCD is that one driven by the mitochondrial permeability transition (mPT), because (but not exclusively related to this) it still lacks of satisfying pharmacological approaches and genetic treatments to counteract its progression (PMID: 34880425). mPT consists in the irreversible permeabilization of the inner mitochondrial membrane (IMM) to solutes with a molecular weight of up to 1500 Da (as reviewed in [2]). Inducers of mPT like calcium overload, reactive oxygen species (ROS) production, but also increased phosphates concentration and a reduction in the adenine nucleotide intracellular pool, trigger the opening of the mitochondrial permeability transition pore complex (PTPC), that is responsible for mPT. This promotes severe and prolonged mitochondrial perturbation and the impairment of essential functions, seriously compromising cell life [3, 4]. Indeed, in these conditions, failure of the mitochondrial electron transport chain (ETC) and the related break of ATP production occur. PTPC is a proteinaceous complex composed by an undefined number of proteins allocated at the crosstalk of inner and outer mitochondrial membranes (OMM) (PMID: 34155777).  It is reported that mPT-driven RCD develops in neurodegeneration [5] and ischemia-reperfusion diseases like infarction [6-8]. Here, the maintenance of a balanced mitochondrial homeostasis and the “right” number of living cells allow minimizing the inauspicious phenotype arising with disease. Thus, pharmacological targeting of its modulators or pore-forming proteins would be beneficial against these deleterious effects of PTPC opening. Unfortunately, PTPC is still an evolving entity with cyclophilin D (CypD) as the only genetically confirmed modulator. But, from 2012, increasing evidences ascribed to the C subunit of FO ATP synthase (Csub) a key role as regulator of the PTPC [9-13]. In our previous paper we have confirmed its usefulness as cardioprotective strategy following ischemia/reperfusion injury (IRI) by the selective targeting of the protein with small-molecule inhibitors [14] (PMID: 33852870). 
Given the difficulty for a functional compound to become a drug, intense efforts are needed in understanding chemical moieties that are involved in the modulation of the multiproteic components of PTPC. Also, a hyper-activation of this channel is useful in therapies, such as in cancers, where cells easily evade from apoptosis.
In this manuscript we studied the chemistry of urea compounds for their ability to inhibit (but also to activate) PTPC opening as read out of putative mPT-driven RCD blockers.   
Dicyclohexylcarbodiimide (DCC) has been considered as a starting point for the design of new PTPC inhibitors because of its known capability of binding Csub to Glu59 (Figure 1) [15]. 
[image: ]
Figure 1: Interactions between DCC and Glu59 of Csub.

In particular, DCC induces an irreversible inhibition according to the formation of a dicyclohexyl-N-acylisourea (DCNU)-modified c-monomer. Despite this recognized mechanism we considered that DCC in aqueous solution is partially hydrated to the corresponding dicyclohexylurea (DCU) that was tested for its activity as PTPC opening inhibitor. 
According to the calcein-cobalt assay [16] performed in human ventricular cardiomyocytes cell line (AC16) and under conditions of mitochondrial calcium overload (inducer of PTPC opening) DCU itself showed a higher activity (IC50 = 1µM) in inhibiting PTPC than DCC (IC50 = 15µM) (Figure 2). Even more important for the present project, DCU is not supposed to bind covalently the investigated target protein, thus, being devoid of the potential side effects typical of covalent ligands. The covalent ligand of inhibitors to the PTPC is not functional to our purpose because after the first block of activity in IRI the cardiomyocytes will be able to start the ATP synthesis as in the physiological way.  As described by Simersky and co-workers [17] the DCNU adduct interacts with the Glu59 trough a covalent bond (Figure 1)  with  the cyclohexyl groups fitting into a hydrophobic pocket that was previously occupied by Phe64 of the c -ring.
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Figure 2: calcein-cobalt assay in AC16 cell line comparing PTPC inhibition between 15µM DCC and 1µM DCU.

2. Discussion and results
In light of this, DCU has been chosen as a promising hit compound suitable for structure-activity optimization. As there are no previous evidences for Csub inhibition by urea derivatives, compounds 1 - 14 (Table 1) have been synthesized in order to obtain useful information about the relevance of different parts of these molecules for interactions within the protein. In this way, punctual modifications have been introduced either to the urea moiety or to the N/N' substitutions. In addition, some of the most interesting modifications have been combined in a single compound. The general structure of these derivatives is depicted in Table 1.
Following this approach, five classes of DCU derivatives have been synthesized. Firstly, the intact urea moiety has been maintained and a number of symmetric (compounds 1-7) or asymmetric (8-9) N/N’ modifications were introduced by combination of different alkyl/cycloalkyl/(substituted)aryl/benzyl groups. Secondly, the urea function has been substituted with a thiourea group so to evaluate the effect of the removal of a potential hydrogen bond acceptor. Even in this case, symmetric (10, 11) and asymmetric (12) compounds have been prepared. Lastly, two carbamates derivatives were synthesized (13-14), in order to understand how a hydrogen bond acceptor instead of a donor one influences the activity.
[image: ]
Table 1: DCU and its derivatives.

Synthesis of DCU derivatives have been conducted in different ways leading to the obtainment of symmetric ureas, asymmetric ureas, thioureas or carbamates (Table 1). Finally, compound 14 had a unique synthetic pathway. Even considering the different approaches, these compounds are produced easily, require economic and green reagents, are easily purified and almost all of the reactions lead to high yields (>70%).
Symmetric ureas 1 – 7 have been prepared by the reaction between carbonyldiimidazole (CDI) and two equivalents of aromatic or aliphatic primary amines. The reaction mechanism (Scheme 1) involves the attack by the lone pair of the primary amine to the carbonyl group of CDI, with the dissociation of the imidazole as good leaving group. The mono-substituted intermediate easily rearranges producing an isocyanate intermediate with loss of the second imidazole. Then it is further attacked by the same primary amine, finally producing symmetric ureas. Most of the reactions conducted to yields between 80 to 85%, except for reaction with 4-ciano-aniline and cyclopropylamine.
Since the reaction between CDI and primary amines rearranges into an isocyanate intermediate, this approach can conceivably be used for the synthesis of asymmetric ureas, by adding a different amine. However, because of the rather high reaction rate, isocyanate intermediate is not easy to isolate for its further reaction with amine. For this reason, asymmetric ureas, as well as thioureas, have been prepared by an alternative synthetic pathway, but with basically the same reaction mechanism (Scheme 1). Thus, the reaction directly involves aromatic or aliphatic primary amines and commercially available isocyanates or isothiocyanates and lead to high yields in most cases. 
Carbamates 13 and 14 were prepared by reacting either aryl- or cyclohexyl-amine with ditertbutyl-dicarbonate. In this way, the nitrogen lone pair in primary amine attacks a carbonyl group of ditertbutyl-dicarbonate, realising mono-tert-butyl ester of carbonate as a good leaving group (Scheme 1).
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Scheme 1: reactions conditions.

In producing urea derivatives, five classes of structural modifications have been introduced (Table 1), in order to investigate which parts of DCU are involved in the PTPC inhibition, to figure out which improvements can be undertaken for the biological activity optimization. 
To test the biological activity of urea derivatives, AC16 has been chosen as cell model to study PTPC inhibition under mitochondrial calcium overload conditions induced by the ionophore ionomycin (see Materials and Methods for details). The method used is a well-established approach [16] to evaluate if compounds may drive PTPC inhibition and thus potential beneficial effects against cell death.
Since we synthetized a library of derivates with different hindrance and stereoelectronic properties, we observed that aliphatic cyclic substituents with number of carbon atoms less than six (corresponding to DCU) demonstrated to have less inhibition potency or even not relevant.
Moreover, the electron-withdrawing groups showed to be inactive contrarily to the electron-donor ones that, inducing the enolic or thioenolic form, lose the inhibition function in favor of an activation of PTPC. 
In particular, regarding the first statement of our supposed ratio, we observed that the inhibition activity of the compounds 1 and 2, that have five and three ring carbon members respectively, decreases in a relevant way correlated with the steric hindrance (- 16,4% compound 1, -3,9% compound 2) (Table 2).
Considering the binding site interaction of the known PTPC inhibitor Oligomicyn with Glu59 residue through a hydrogen bond with a molecule of water, [18] we speculated that the -NH group of the DCU is the one binding the oxygen of the water. The hydrogen of the water is able to interact with the carboxylate of Glu59 residue through another H-bond. (Scheme 2)
This mechanism is evident in some derivatives namely compounds 3, 5, 6, 8, 9; in particular, we noticed that compound 8 is more efficient than the others, not only because of these reasons but also due to the steric hindrance of the tert-butyl group: in fact, here we observed a synergistic combination that affects positively the inhibitory activity of the PTPC opening.
In the case for example of the compound 6, we assumed that having an electron-withdrawing as substituent doesn’t change much on the inhibition activity.
On the other side, to see the activator functionality we supposed that electron-donor groups as substituents promote the enolic or thioenolic form, subtracting the molecule of water from the interaction with Glu59. (Scheme 2).
It is worth noting that compounds 4, 7, 10, 11, 12, 13, 14 showed a consistent behavior with the mechanism we support (Table 2). In fact compounds with electron-donor substituents, such as methoxy group (compound 4) or benzyl group (that as a protecting group can decrease the reactivity of the nitrogen: compounds 7 and 11) as well as aliphatic substituents without any lone pair available (compounds 10) favor the enolic (compound 7) or the thioenolic form of the thiourea over the thio-ketonic form because of the weak stability of the latter.
Also the compounds 13 and 14 were observed to be stronger activators of PTPC opening than the ones cited above. This could be due to the presence of a carbamate functionality which displays an -O- atom instead of a -NH- moiety. Here, the oxygen atom acts as H-bond acceptor with a molecule of water, which could prevent the water molecule from interacting through a hydrogen bond with Glu59 residue (Scheme 2). 
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	Compound
	R
	R'
	PTPC activity (% at 1µM)

	DCU
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	-28%

	1 
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	-16,4%

	2 
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	-3,87%

	3 
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	-28,11%

	4 
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	+53,61%

	5 
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	-9,75%

	6 
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	-25,43%

	7 
	[image: ]
	[image: ]
	+30,39%

	8 
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	-43,17%

	9 
	[image: ]
	[image: ]
	-4,6%

	10 
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	+32,43%

	11 
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	+37,18%

	12 
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	+3%

	13 
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	+42,54%

	14 
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	+60,82%


Table 2: Nomenclature, scheme and biological activity of urea-derivatives.
[image: ]
Scheme 2: Supposed interaction mechanism of urea or thiourea compounds with Glu59. The c-ring crystal (PDB 4F4S, [17]) is shown on the top of the Scheme and some amino acid residues, involved in the proton translocation, are put in evidence. In particular, as mentioned above, residue Glu59 (circled in red) plays a crucial role in the mechanism.
On the bottom part of the scheme, three different interactions between DCU-derivatives and the amino acid residue are shown:
a) Interaction between urea derivatives and Glu59 through interposition of a water molecule which behaves as a “bridge-molecule” thanks to the capability of the urea -NH group and the carboxylate of glutamate to form H-bonds: this translates in an inhibitory potential;
b) In the case of thiourea derivatives, the more stable thioenolic form subtracts the water molecule from the interaction with the carboxylate. This could be translated in an activating behavior as observed.
c) In the case of carbamate derivatives, both the two oxygen atoms work as H-bond acceptors with water, which in turn is not able to prevent carboxylate of the glutamate from proceeding in the physiological way: also in this case, an activator potency is observed.

3. Conclusion
In conclusion in this work we have firstly demonstrated that part of the PTPC inhibition activity of DCC is due to its behavior as a prodrug, in fact the corresponding urea is a more potent inhibitor respect to DCC. Shading light to this mechanism we investigated the importance of steric hindrance and stereo-electronic effects on the ability of urea-based compounds to interact with the PTPC. Despite the chemical simplicity of the molecules in this study, the fine regulation of the electronic effects on the urea or thiourea carbonyl allowed us to hypothesize the different mechanism of action between inhibitors and activators of PTP multiproteic complex. Further studies will be necessary to confirm these hypotheses, also with the aid of molecular modeling or new experimental evidence with different classes of molecules.

4. Materials and Methods
4.1 Chemistry
Analytical thin-layer chromatography (TLC) was carried out using precoated silica gel plates Macherey-Nagelpoligram SIL G/UV254 with thickness of the layer of 0.25mm and further monitoring with 254/365nm UV lamp. Column chromatography was performed using Isolera One (BiotageSweden) or traditional column chromatography with silica gel 60 (40-63µm). 1H, 13C, DEPT, bidimensional (gCOSY) and heterocorrelated (gHMQC, gHMBC) NMR spectra were recorded on a VARIAN 400 MHz instrument. Chemical shifts (δ) are reported in parts per million (ppm), using 7.256 ppm peak of deuterated chloroform as an internal standard and coupling costants (J) are reported in Hertz. Following abbreviations have been used for multiplicity: s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet, bs=broad signal, dd=doublet of doublets, dt=doublet of triplets, td=triplet of doublets. Mass spectral analyses were performed by ESI MICROMASS ZMD 2000 electrospray mass spectrometer, after dissolution of compounds in a solution composed by 40:60:0.1 of H2O:CH3CN:TFA. The purity of compounds is 97% controlled by analytical HPLC with Beckmann System Gold 168 HPLC have been used with LC column Kinetex 5 µm EVO C18 100Å (250 X 4.6mm) and a variable wavelength UV detector fixed to 220nm. Analysis were conducted using two solution A and B containing, respectively, 100:0.1 H2O:TFA and 40:60:0.1 of H2O:CH3CN:TFA with gradient eluition of 0->50 of solution B in 30 minutes.  For purification Waters Delta Prep 3000 HPLC have been used with column Jupiter 10µm C18 AXIA (100 x 30.00 mm). 
[bookmark: _Toc454634745][bookmark: _Toc454714259]4.1.1 General procedure for the preparation of Symmetric ureas (1-6).
To a solution of primary amine (7.54 mmol) in CH2Cl2 or THF (10mL) was added carbodiimidazole (CDI) (0.6g, 3.77 mmol). The solution was then stirred at room temperature or under reflux for 3-18 h. After the reaction was complete as indicated by TLC, the precipitate was filtered and washed with Et2O to afford the product as a white solid.
4.1.1.1 1,3-dicyclopentyl-urea (1)
Molecular weight: 196.29 g/mol, Yield: 80%, mp: 235-240 °C, 1H NMR (400 MHz, DMSO) δ 5.62 (d, J = 7.4 Hz, 2H), 3.82 (h, J= 6.8 Hz, 2H), 1.81-1.68 (m, 4H), 1.64 – 1.53 (m, 4H), 1.47 (dddd, J = 7.4, 6.4, 4.8, 3.7 Hz, 4H), 1.29 – 1.14 (m, 4H), 13C NMR (101 MHz, DMSO) δ 157.32, 50.83, 33.02, 23.13. Anal. For C11H20N2O (196.29): Calcd. C, 67.31; H, 10.27; N, 14.27; Found: C, 66.54; H, 10.14; N, 16.96.
4.1.1.2 1,3-dicyclopropylurea (2)
Molecular weight: 140.18 g/mol, Yield:  61%, mp: 168-173 °C, 1H NMR (400 MHz, DMSO) δ 6.06 - 5.94 (m, 2H), 2.50 (p, J = 1.9 Hz, 2H), 0.55 – 0.50 (td, J = 6.8, 4.6 Hz, 4H), 0.38 – 0.20 (m, 4H), 13C NMR (101 MHz, DMSO) δ 159.43, 22.47, 6.46. Anal. For C7H12N2O (140.18): Calcd. C, 59.98; H, 8.63; N, 19.98; Found: C, 57.51; H, 8.26; N, 24.62.
4.1.1.3 1,3-diphenyl-urea (3)
Molecular weight: 212.25 g/mol, Yield: 88%, mp: 257-261 °C, 1H NMR (400 MHz, DMSO) δ 8.66 (s, 2H), 7.53 – 7.36 (m, 4H), 7.27 (dd, J = 8.6, 7.3 Hz, 4H), 6.98 – 6.94 (tt, J = 7.4, 1.2 Hz, 2H), 13C NMR (101 MHz, DMSO) δ 152.53, 139.72, 128.81, 121.81, 118.17. Anal. For C13H12N2O (212.25): Calcd. C, 73.56; H, 5.70; N, 13.20; Found: C, 71.60; H, 5.50; N, 14.60.
4.1.1.4 1,3-bis(4-methoxyphenyl)urea (4)
Molecular weight: 272.30 g/mol, Yield: 85%, mp: 250 – 253 °C, 1H NMR (400 MHz, DMSO) δ 8.38 (s, 2H), 7.33 (d, J = 9.0 Hz, 4H), 6.85 (d, J = 9.0 Hz, 4H), 3.71 (s, 6H), 13C NMR (101 MHz, DMSO) δ 154.31, 132.96, 119.88, 113.97, 55.17. Anal. For C15H16N2O3 (272.30): Calcd. C, 66.16; H, 5.92; N, 10.29; Found: C, 65.36; H, 5.82; N, 12.46.
4.1.1.5 Diethyl 4,4’- (carbonylbis(azanediyl)) dibenzoate (5)
Molecular weight: 356.38 g/mol, Yield: 80%, mp: 225 – 228 °C, 1H NMR (400 MHz, DMSO) δ 9.30 (s, 2H), 7.90 (d, J = 8.8 Hz, 4H), 7.60 (d, J = 8.8 Hz, 4H), 4.30 – 4.25 (q, J = 7.1 Hz, 4H), 1.32 – 1.29 (t, J = 7.1 Hz, 6H), 13C NMR (101 MHz, DMSO) δ 165.41, 151.92, 143.96, 130.41, 123.08, 117.50, 60.35, 14.27. Anal. For C19H20N2O5 (356.38): Calcd. C, 64.04; H, 5.66; N, 7.86; Found: C, 62.66; H, 5.51; N, 9.08.
4.1.1.6 1,3-bis(4-cyanophenyl)urea (6)
Molecular weight: 262.27 g/mol, Yield: 25%, mp: 266 – 269 °C, 1H NMR (400 MHz, DMSO) δ 9.40 (s, 2H), 7.76 (d, J = 8.9 Hz, 4H), 7.64 (d, J = 9.1 Hz, 4H), 13C NMR (101 MHz, DMSO) δ 151.87, 143.77, 133.41, 119.29, 118.44, 103.86. Anal. For C15H10N4O (262.27): Calcd. C, 68.69; H, 3.84; N, 21.36; Found: C, 65.57; H, 4.27; N, 25.36.
[bookmark: _Toc454634746][bookmark: _Toc454714260]4.1.2 General procedure for the preparation of 1, 3 dibenzylurea (7), asymmetric ureas (8-9)  and thioureas (10-12).
To solution of amine (4.8 mmol) in 1,2 dichlorethane or THF (30mL) was added isocyanate/isothiocyanate (4.8 mmol). The solution was then stirred at room temperature for 18 h. After the reaction was complete as indicated by TLC, the solution was evaporated and washed two times with Et2O to afford the product as a white solid.
4.1.2.1 1, 3-dibenzylurea (7)
Molecular weight: 240.30 g/mol, Yield: 89%, mp: 169 – 173 °C, 1H NMR (400 MHz, DMSO) δ 7.38 – 7.12 (m, 10H), 6.44 (t, J = 6.1 Hz, 2H), 4.23 (d, J = 6.0 Hz, 4H), 13C NMR (101 MHz, DMSO) δ 158.11, 140.93, 128.24, 127.02, 126.58, 42.98. Anal. For C15H16N2O (240.30): Calcd. C, 74.97; H, 6.71; N, 11.66; Found: C, 73.93; H, 6.59; N, 12.64.
4.1.2.2 1-(tert-butyl)-3-cyclohexylurea (8)
Molecular weight: 198.31 g/mol, Yield: 84%, mp: 225 °C, 1H NMR (400 MHz, DMSO) δ 5.52 (d, J = 8.0 Hz, 1H), 5.49 (s, 1H) 1.70 (d, J = 12.1 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.50 (d, J = 12.7 Hz, 1H), 1.19 (s, 12H), 1.01 (q, J = 11.2, 10.0 Hz, 2H), 13C NMR (101 MHz, DMSO) δ 156.71, 48.89, 47.19, 33.40, 29.36, 25.35, 24.48. Anal. For C11H22N2O (198.31): Calcd. C, 66.62; H, 11.18; N, 14.13; Found: C, 65.14; H, 10.89; N, 17.17.
4.1.2.3 1-(4-methoxyphenyl)-3-phenylurea (9)
Molecular weight: 242.27 g/mol, Yield: 86.73%, mp: 194 – 199 °C, 1H NMR (400 MHz, DMSO) δ 8.57 (s, 1H), 8.46 (s, 1H), 7.47 – 7.39 (m, 2H), 7.35 (d, J = 9.0 Hz, 2H), 7.29 (dd, J = 8.6, 7.4 Hz, 2H), 7.01 – 6.91 (m, 1H), 6.89 – 6.81 (m, 2H), 3.71 (s, 3H), 13C NMR (101 MHz, DMSO) δ 13C NMR (101 MHz, DMSO) δ 154.44, 152.73, 139.92, 132.73, 128.77, 121.61, 120.00, 118.06, 113.99, 55.18. Anal. For C14H14N2O2 (242.27): Calcd. C, 69.41; H, 5.82; N, 11.56; Found: C, 68.72; H, 5.69; N, 12.77.
4.1.2.4 1,3 Dicyclohexylthiourea (10)
Molecular weight: 240.41 g/mol, Yield: 88.12%, mp: 184-187 °C, 1H NMR (400 MHz, DMSO) δ 7.09 (d, J = 8.0 Hz, 2H), 3.95 (s, 2H), 1.83 (dd, J = 12.4, 3.9 Hz, 4H), 1.64 (dt, J = 12.5, 3.9 Hz, 4H), 1.53 (dd, J = 8.9, 3.8 Hz, 2H), 1.25 (ddd, J = 12.6, 10.6, 3.3 Hz, 4H), 1.14 (ddd, J = 13.5, 10.1, 3.2 Hz, 6H), 13C NMR (101 MHz, DMSO) δ 179.95, 51.48, 32.38, 25.22, 24.51. Anal. For C13H24N2S (240.41): Calcd. C, 64.95; H, 10.06; N, 11.65; S, 13.34; Found: C, 64.13; H, 9.94; N, 12.71; S, 13.27.
4.1.2.5 1, 3-dibenzyl-thiourea (11)
Molecular weight: 256.37 g/mol, Yield: 88.66% yield), mp: 169 – 173 °C, 1H NMR (400 MHz, DMSO) δ 7.96 (s, 2H), 7.28 (dt, J = 16.7, 7.4 Hz, 10H), 4.68 (s, 4H), 13C NMR (101 MHz, DMSO) δ 183.04, 139.29, 128.29, 127.24, 126.86, 47.08. Anal. For C15H16N2S (256.37): Calcd. C, 70.28; H, 6.29; N, 10.93; S, 12.51; Found: C, 69.48; H, 6.23; N, 12.03; S, 12.96.
4.1.2.6 1-cyclohexyl-3-phenyl-thiourea (12)
Molecular weight: 234.36 g/mol, Yield: 14.48%, mp: 143-148 °C, 1H NMR (400 MHz, DMSO) δ 9.38 (s, 1H), 7.66 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 7.9 Hz, 2H), 7.29 (t, J = 7.9 Hz, 2H), 7.07 (t, J = 7.3 Hz, 1H), 4.09 (s, 1H), 1.90 (d, J = 11.1 Hz, 2H), 1.68 (d, J = 11.9 Hz, 2H), 1.56 (d, J = 12.5 Hz, 1H), 1.39 – 1.08 (m, 5H). 13C NMR (101 MHz, DMSO) δ 179.17, 139.61, 128.43, 123.74, 122.62, 52.10, 31.87, 25.18, 24.53. Anal. For C13H18N2S (234.36): Calcd. C, 66.62; H, 7.74; N, 11.95; S, 13.68; Found: C, 65.19; H, 7.53; N, 13.19; S, 13.40.
[bookmark: _Toc454634747][bookmark: _Toc454714261]4.1.3 General procedure for the production of carbamates (13-14)
To solution of amine (1 eq) in THF (10 mL) was added ditertbutyldicarbonate (0.5720g, 2.62 mmol, 1 eq). The solution was then stirred at room temperature for 2 h. After the reaction was complete as indicated by TLC, the solution was evaporated to afford the product as a white solid.
4.1.3.1 Tert-butyl cyclohexylcarbamate (13)
Molecular weight: 199.29 g/mol, Yield: 87%, mp: 78 – 80 °C, 1H NMR (400 MHz, CDCl3) δ 4.46 (s, 1H), 3.37 (s, 1H), 1.87 (dt, J = 12.2, 4.1 Hz, 2H), 1.69 – 1.60 (m, 2H), 1.59 – 1.50 (m, 1H), 1.40 (s, 9H), 1.27 (ddd, J = 15.5, 7.8, 3.2 Hz, 2H), 1.06 (tdd, J = 15.4, 9.6, 4.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 155.27, 78.97, 49.48, 33.61, 28.51, 25.61, 24.99. Anal. For C11H21NO2 (199.29): Calcd. C, 66.29; H, 10.62; N, 7.03; Found: C, 66.16; H, 10.50; N, 8.01.
4.1.3.2 Tert-butyl phenylcarbamate (14)
Molecular weight: 193.24 g/mol, Yield: 81%, mp: 135 – 137 °C, 1H NMR (400 MHz, DMSO) δ 9.32 (s, 1H), 7.47 – 7.38 (m, 2H), 7.23 (dd, J = 8.6, 7.3 Hz, 2H), 7.01 – 6.86 (m, 1H), 1.47 (s, 9H). 13C NMR (101 MHz, DMSO) δ 152.77, 139.52, 128.62, 121.99, 118.07, 78.96, 28.14. Anal. For C11H15NO2 (193.24): Calcd. C, 68.37; H, 7.82; N, 7.25; Found: C, 66.15; H, 7.73; N, 8.04.
4.2 Biology
4.2.1 Cell culture. The AC16 human ventricular cardiomyocyte cell line (Merck-Millipore, cod. SCC109) was grown in DMEM/F12 containing 2 mM L-glutamine, 12.5% FBS and 1x PS solution in 75-cm2 Corning flasks.
4.2.2 PTPC assay.
For the calcein-cobalt quenching assay, all cells were loaded with 1 µM calcein acetoxymethyl ester and 2 mM Co2+, and staining solution was added to cells for 15 min at 37°C in a 5% CO2 atmosphere (ref). Image acquisition was performed with a Nikon Eclipse Ti confocal microscope with a 40×/0.60 SPlanFluor objective. The rate of PTPC opening was determined as the slope of the calcein fluorescence trace over a period of 60 seconds poststimulation with 1 µM ionomycin administered 30 seconds after the beginning of the experiment to induce PTPC opening. 
Statistical analysis.
The statistical methods included t-test (when comparing two experimental groups), one-way ANOVA with or without multiple comparisons (for three or more groups) calculated by GraphPad Prism software.
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