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Abstract
Spinocerebellar ataxia syndrome with axonal neuropathy (SCAN1) is a debilitating neurological disease that is caused by the mutation the Tyrosyl-DNA phosphodiesterase 1 (TDP1) DNA repair enzyme. The crucial His493 in TDP1’s binding site is replaced with an arginine amino acid residue rendering the enzyme dysfunctional. A virtual screen was performed against the homology model of SCAN1 and seventeen compounds were identified and tested in a novel SCAN1 specific biochemical assay. Six compounds showed activity with IC50 values between 3.5 and 25.1 µM. The most active ligand 5 (3.5 ± 2.3 µM) is a dicoumarin followed by a close structural analogue 6 at 6.0 µM. A less potent series of β-carbolines (14 and 15) was found with potency in the mid-teens. According to molecular modelling an excellent fit for the active ligands into the binding pocket is predicted. Data on inhibitors of the mutant form of TDP1 has not been reported previously to our knowledge. The virtual hits were also tested for wild type TDP1 activity and all six SCAN1 inhibitors are potent for the former, e.g., ligand 5 has a measured IC50 at 99 ± 44 nM. The active ligands are mostly non-toxic to cancer cell lines A-549, T98G and MCF-7 as well as the immortalized WI-38 human fetal lung cells. Furthermore, ligands 5 and 7, show promising synergy in conjunction with topotecan, a clinically used topoisomerase 1 anticancer drug. The active ligands 5, 7, 14 and 15 have a good balance of the physicochemical properties required for oral bioavailability making the excellent candidates for further development. 

1. Introduction
[bookmark: _Hlk514168961]The development of DNA repair enzymes inhibitors is currently an important goal. The design of drugs halting DNA repair pathways can provide new specific and less toxic treatments for oncological, cardiovascular, and neurodegenerative diseases. These pathologies are often associated with alterations in DNA repair genes structure and aberrations in DNA repair protein expression.[endnoteRef:1],[endnoteRef:2],[endnoteRef:3] [1: Sykora P, Wilson DM, Bohr VA. Base excision repair in the mammalian brain: implication for age related neurodegeneration. Mech Ageing Dev. 2013;134(10):440-448. doi:10.1016/j.mad.2013.04.005
]  [2: Virág L, Szabó C. The therapeutic potential of poly(ADP-ribose) polymerase inhibitors. Pharmacol Rev. 2002;54(3):375-429.
]  [3: Shukla PC, Singh KK, Yanagawa B, Teoh H, Verma S. DNA damage repair and cardiovascular diseases. Can J Cardiol. 2010;26 Suppl A:13A-16A. doi:10.1016/s0828-282x(10)71055-2
.] 

[bookmark: _Hlk514152160][bookmark: _Hlk514157115][bookmark: _Hlk514160529][bookmark: _Hlk514160958]Tyrosyl-DNA phosphodiesterase 1 (TDP1) plays a key role in the removal of damage caused by topoisomerase 1 (Top1) poisons such as topotecan and irinotecan,[endnoteRef:4] which are widely used in clinical practice. This makes TDP1 a promising target to enhance anticancer treatment in conjunction with established therapies based on DNA damage. A number of studies support the hypothesis that TDP1 is responsible for drug resistance in some cancer types.[endnoteRef:5] On the one hand, TDP1-/- mice and cell lines with SCAN1 (spinocerebellar ataxia syndrome with axonal neuropathy) mutation, that reduces in vitro catalytic activity compared to the wild type enzyme, are hypersensitive to camptothecin,[endnoteRef:6],[endnoteRef:7],[endnoteRef:8] a Top1 poison. Antibiotic monocyclin enhances the antimetastatic effect of irinotecan by reducing expression of TDP1 as well as increasing the life span of experimental animals.[endnoteRef:9] On the other hand, cell lines with enhance TDP1 expression are less prone to DNA damage when dosed with camptothecin.[endnoteRef:10],[endnoteRef:11] Moreover, TDP1 overexpression in colorectal cancer cells leads to poor response to irinotecan therapy.[endnoteRef:12] These findings suggest that a combination of DNA damaging drugs and TDP1 inhibitors can significantly improve the effectiveness of chemotherapy.  [4: Cortes Ledesma F, El Khamisy SF, Zuma MC, Osborn K, Caldecott KW. A human 5’-tyrosyl DNA phosphodiesterase that repairs topoisomerase-mediated DNA damage. Nature. 2009;461(7264):674-678. doi:10.1038/nature08444]  [5: Beretta GL, Cossa G, Gatti L, Zunino F, Perego P. Tyrosyl-DNA phosphodiesterase 1 targeting for modulation of camptothecin-based treatment. Curr Med Chem. 2010;17(15):1500-1508.
]  [6: Cuya SM, Comeaux EQ, Wanzeck K, Yoon KJ, van Waardenburg RCAM. Dysregulated human Tyrosyl-DNA phosphodiesterase I acts as cellular toxin. Oncotarget. 2016;7(52):86660-86674. doi:10.18632/oncotarget.13528
]  [7: Katyal S, el-Khamisy SF, Russell HR, et al. TDP1 facilitates chromosomal single-strand break repair in neurons and is neuroprotective in vivo. EMBO J. 2007;26(22):4720-4731. doi:10.1038/sj.emboj.7601869
]  [8: Alagoz M, Wells OS, El-Khamisy SF. TDP1 deficiency sensitizes human cells to base damage via distinct topoisomerase I and PARP mechanisms with potential applications for cancer therapy. Nucleic Acids Res. 2014;42(5):3089-3103. doi:10.1093/nar/gkt1260
]  [9: Huang H-C, Liu J, Baglo Y, et al. Mechanism-informed Repurposing of Minocycline Overcomes Resistance to Topoisomerase Inhibition for Peritoneal Carcinomatosis. Mol Cancer Ther. 2018;17(2):508-520. doi:10.1158/1535-7163.MCT-17-0568]  [10: Nivens MC, Felder T, Galloway AH, Pena MMO, Pouliot JJ, Spencer HT. Engineered resistance to camptothecin and antifolates by retroviral coexpression of tyrosyl DNA phosphodiesterase-I and thymidylate synthase. Cancer Chemother Pharmacol. 2004;53(2):107-115. doi:10.1007/s00280-003-0717-6 ]  [11: Barthelmes HU, Habermeyer M, Christensen MO, et al. TDP1 overexpression in human cells counteracts DNA damage mediated by topoisomerases I and II. J Biol Chem. 2004;279(53):55618-55625. doi:10.1074/jbc.M405042200]  [12: Meisenberg C, Gilbert DC, Chalmers A, et al. Clinical and cellular roles for TDP1 and TOP1 in modulating colorectal cancer response to irinotecan. Mol Cancer Ther. 2015;14(2):575-585. doi:10.1158/1535-7163.MCT-14-0762
] 

[bookmark: _Ref12889841][bookmark: _Ref12889853][bookmark: _Ref12889862][bookmark: _Ref5750186][bookmark: _Ref12890082][bookmark: _Ref12889886]The literature reports on a number of TDP1 inhibitors, with potency varying from submicromolar to millimolar values.[endnoteRef:13],[endnoteRef:14] Previously, we found effective TDP1 inhibitors based on usnic acid,[endnoteRef:15],[endnoteRef:16],[endnoteRef:17],[endnoteRef:18] aminoadamantanes,[endnoteRef:19],[endnoteRef:20] benzopentathiepines,[endnoteRef:21] bile acids,[endnoteRef:22] chromenes,[endnoteRef:23] thieno[2,3-b]pyridines,[endnoteRef:24] and coumarin derivatives.[endnoteRef:25] The combination of some of these inhibitors with camptothecin or its derivative topotecan showed synergistic effect on tumor cell lines.15,16,17,25 Recently, the usnic acid hydrazinothiazole derivative 20d was shown to significantly increase the antitumor and antimetastatic effect of topotecan in mice. The combined effect of topotecan and 20d reduced the tumor weight by 57.6% compared to the control and metastases by an order of magnitude compared to the effect of topotecan only.17 [13: Laev SS, Salakhutdinov NF, Lavrik OI. Tyrosyl-DNA phosphodiesterase inhibitors: Progress and potential. Bioorg Med Chem. 2016;24(21):5017-5027. doi:10.1016/j.bmc.2016.09.045
]  [14: Kawale AS, Povirk LF. Tyrosyl-DNA phosphodiesterases: rescuing the genome from the risks of relaxation. Nucleic Acids Res. 2018;46(2):520-537. doi:10.1093/nar/gkx1219
]  [15: Zakharenko A, Luzina O, Koval O, et al. Tyrosyl-DNA Phosphodiesterase 1 Inhibitors: Usnic Acid Enamines Enhance the Cytotoxic Effect of Camptothecin. J Nat Prod. 2016;79(11):2961-2967. doi:10.1021/acs.jnatprod.6b00979
]  [16: Zakharova O, Luzina O, Zakharenko A, et al. Synthesis and evaluation of aryliden- and hetarylidenfuranone derivatives of usnic acid as highly potent Tdp1 inhibitors. Bioorg Med Chem. 2018;26(15):4470-4480. doi:10.1016/j.bmc.2018.07.039
]  [17: Zakharenko AL, Luzina OA, Sokolov DN, et al. Novel tyrosyl-DNA phosphodiesterase 1 inhibitors enhance the therapeutic impact of topoteсan on in vivo tumor models. Eur J Med Chem. 2019;161:581-593. doi:10.1016/j.ejmech.2018.10.055
]  [18: Dyrkheeva N, Luzina O, Filimonov A, et al. Inhibitory Effect of New Semisynthetic Usnic Acid Derivatives on Human Tyrosyl-DNA Phosphodiesterase 1. Planta Med. 2019;85(2):103-111. doi:10.1055/a-0681-7069
]  [19: Ponomarev KY, Suslov EV, Zakharenko AL, et al. Aminoadamantanes containing monoterpene-derived fragments as potent tyrosyl-DNA phosphodiesterase 1 inhibitors. Bioorg Chem. 2018;76:392-399. doi:10.1016/j.bioorg.2017.12.005
]  [20: Zakharenko AL, Ponomarev KU, Suslov EV, et al. Inhibitory properties of nitrogen-containing adamantane derivatives with monoterpenoid fragments against tyrosyl-DNA phosphodiesterase 1. Russ J Bioorg Chem. 2015;41(6):657-662. doi:10.1134/S1068162015060199
]  [21: Zakharenko A, Khomenko T, Zhukova S, et al. Synthesis and biological evaluation of novel tyrosyl-DNA phosphodiesterase 1 inhibitors with a benzopentathiepine moiety. Bioorg Med Chem. 2015;23(9):2044-2052. doi:10.1016/j.bmc.2015.03.020
]  [22: Salomatina OV, Popadyuk II, Zakharenko AL, et al. Novel Semisynthetic Derivatives of Bile Acids as Effective Tyrosyl-DNA Phosphodiesterase 1 Inhibitors. Molecules. 2018;23(3). doi:10.3390/molecules23030679]  [23: Li-Zhulanov NS, Zakharenko AL, Chepanova AA, et al. A Novel Class of Tyrosyl-DNA Phosphodiesterase 1 Inhibitors That Contains the Octahydro-2H-chromen-4-ol Scaffold. Molecules. 2018;23(10). doi:10.3390/molecules23102468]  [24: Arabshahi HJ, Rensburg M van, Pilkington LI, et al. A synthesis, in silico, in vitro and in vivo study of thieno[2,3-b]pyridine anticancer analogues. Med Chem Commun. 2015;6(11):1987-1997. doi:10.1039/C5MD00245A
]  [25: Khomenko T, Zakharenko A, Odarchenko T, et al. New inhibitors of tyrosyl-DNA phosphodiesterase I (Tdp 1) combining 7-hydroxycoumarin and monoterpenoid moieties. Bioorg Med Chem. 2016;24(21):5573-5581. doi:10.1016/j.bmc.2016.09.016
] 

[bookmark: _Ref12890114][bookmark: _Ref12890456]TDP1 is a member of phospholipase D superfamily[endnoteRef:26] and catalyzes the cleavage of phosphodiester bond between the 3’-phosphate with the aid of a tyrosine residue (Tyr723 of the human enzyme) through two sequential SN2 reactions. DNA-Top1 binds to the substrate-binding pocket where the 3’-phoshate is stabilized by hydrogen bonds with the Lys265 and Lys495 residues. The first step involves nucleophilic attack of the 3’-phosphate by the Nε2 atom of His263 (Fig. 1A) The product of this reaction is the TDP1-DNA covalent cleavage complex. In the second step, the complex is hydrolyzed via nucleophilic attack of a His493-activated water molecule (Fig. 1B). The final product of the catalytic reaction is a 3’-phosphate DNA strand (Fig. 1C).[endnoteRef:27],[endnoteRef:28]  [26: Interthal H, Pouliot JJ, Champoux JJ. The tyrosyl-DNA phosphodiesterase Tdp1 is a member of the phospholipase D superfamily. Proc Natl Acad Sci USA. 2001;98(21):12009-12014. doi:10.1073/pnas.211429198
]  [27: Davies DR, Interthal H, Champoux JJ, Hol WGJ. Insights into substrate binding and catalytic mechanism of human tyrosyl-DNA phosphodiesterase (Tdp1) from vanadate and tungstate-inhibited structures. J Mol Biol. 2002;324(5):917-932.
 ]  [28: Davies DR, Interthal H, Champoux JJ, Hol WGJ. Crystal structure of a transition state mimic for Tdp1 assembled from vanadate, DNA, and a topoisomerase I-derived peptide. Chem Biol. 2003;10(2):139-147.
] 

[image: ]
Fig. 1. Proposed reaction mechanism for human TDP1. The first step of the reaction involves the nucleophilic attack of the phosphodiester-containing substrate by the imidazole Nε2 atom of His263 (A). His493 donates a proton to the tyrosyl residue of the leaving group. The phosphohistidine intermediate occurs. The next step of the reaction involves a second nucleophilic attack by a water molecule activated by His493 (B), generating final 3′-phosphate product and free Tdp1 (C).The SCAN1 mutation (H493R) leads to the accumulation of the Tdp1-DNA intermediate and a defect in Tdp1 turnover rate (D).[endnoteRef:29] [29: Dexheimer TS, Antony S, Marchand C, Pommier Y. Tyrosyl-DNA phosphodiesterase as a target for anticancer therapy. Anticancer Agents Med Chem. 2008;8(4):381-389.] 

[bookmark: _Ref5749653]SCAN1 is a natural mutant of TDP1 where His493 is replaced with Arg493 in the binding pocket. The mutation changes the geometry of the enzyme active site, which increases the distance between catalytic amino acids Arg493 and His263. Therefore, the second stage of hydrolysis of the covalent cleavage complex does not occur and the enzyme remains covalently bound to DNA (Fig. 1D). Potentially SCAN1-DNA adduct can be removed by “noncatalytic” hydrolysis albeit much slower thancatalytically.[endnoteRef:30] This mutation leads to a severe neurodegenerative disease spinocerebellar ataxia syndrome with axonal neuropathy (SCAN1).[endnoteRef:31] The exact molecular mechanisms leading to the SCAN1 disease is still unclear. However, despite TDP1 being a DNA repair enzyme, the frequency of oncological or other diseases associated with defects in the DNA repair system is not increased in patients with SCAN1.31 Probably, the pathology is caused by the accumulation of the SCAN1-DNA covalent cleavage complexes formed.[endnoteRef:32] It should also be noticed that this mutation leads to the mitochondrial dysfunction which presumably contributes to the pathology of SCAN1.[endnoteRef:33]  Therefore, suppression of SCAN1 activity could potentially improve the SCAN1 patients’ condition and prevent the progression of the disease. It should be noted that the search SCAN1 inhibitors has not yet been conducted. [30: Interthal H, Chen HJ, Kehl-Fie TE, Zotzmann J, Leppard JB, Champoux JJ. SCAN1 mutant Tdp1 accumulates the enzyme--DNA intermediate and causes camptothecin hypersensitivity. EMBO J. 2005;24(12):2224-2233. doi:10.1038/sj.emboj.7600694
]  [31: Takashima H, Boerkoel CF, John J, et al. Mutation of TDP1, encoding a topoisomerase I-dependent DNA damage repair enzyme, in spinocerebellar ataxia with axonal neuropathy. Nat Genet. 2002;32(2):267-272. doi:10.1038/ng987
 ]  [32: Interthal H, Chen HJ, Kehl-Fie TE, Zotzmann J, Leppard JB, Champoux JJ. SCAN1 mutant Tdp1 accumulates the enzyme--DNA intermediate and causes camptothecin hypersensitivity. EMBO J. 2005;24(12):2224-2233. doi:10.1038/sj.emboj.7600694
 ]  [33: Fam HK, Choi K, Fougner L, Lim CJ, Boerkoel CF. Reactive oxygen species stress increases accumulation of tyrosyl-DNA phsosphodiesterase 1 within mitochondria. Sci Rep. 2018;8(1):4304. doi:10.1038/s41598-018-22547-8
] 

In the present research, we conducted a virtual screening of a library of natural products and their derivatives for their ability to inhibit the SCAN-TDP1 formation. Coumarin and β-carboline based ligands were identified, their effect on the TDP1 and SCAN1 enzymes was determined as well as their cytotoxicity against different cell lines. Furthermore, some of the coumarin and β-carboline derivatives showed synergistic effect with topotecan on the tumor cell lines A-549 and T98G. 

2. Results and discussion
2.1. Virtual screening
The virtual screening protocol used has been previously successfully applied to a host of different bio-molecular targets, e.g., phospholipase C – γ,[endnoteRef:34] autophagy,[endnoteRef:35] tyrosyl-DNA phosphodiesterase I22,25 and heat shock protein 90.[endnoteRef:36]  [34: Reynisson J, Court W, O’Neill C, et al. The identification of novel PLC-gamma inhibitors using virtual high throughput screening. Bioorg Med Chem. 2009;17(8):3169-3176. doi:10.1016/j.bmc.2009.02.049
 ]  [35: Robinson E, Leung E, Matuszek AM, et al. Virtual screening for novel Atg5–Atg16 complex inhibitors for autophagy modulation. Med Chem Commun. 2015;6(1):239-246. doi:10.1039/C4MD00420E
 ]  [36: Huang R, Ayine-Tora DM, Muhammad Rosdi MN, Li Y, Reynisson J, Leung IKH. Virtual screening and biophysical studies lead to HSP90 inhibitors. Bioorg Med Chem Lett. 2017;27(2):277-281. doi:10.1016/j.bmcl.2016.11.059
 ] 

[bookmark: _Ref12889749][bookmark: _Ref12890513][bookmark: _Ref12890524][bookmark: _Ref12890540][bookmark: _Ref12890563]The TDP1 1MU727 protein structure was edited using the Scigress software suite to make the histidine to arginine (H493R) mutation. The imidazole side chain of His493 was modified in to the aliphatic guanidine moiety representing Arg. The remaining amino acids were locked in position and the PM3 semi-emprical method[endnoteRef:37] was used to optimize the geometry of Arg493. The screen was conducted with 9.2×103 molecules from the InterBioScreen natural product collection. The GoldScore (GS),[endnoteRef:38] ChemScore (CS),[endnoteRef:39],[endnoteRef:40] Piecewise Linear Potential (ChemPLP)[endnoteRef:41] and Astex Statistical Potential (ASP)[endnoteRef:42] scoring functions were used to assess the binding of the ligands. The virtual screen was done in two phases using relatively low screening efficiency (30%) weeding out compounds with predicted low binding affinity followed by a more robust search for the remaining ligands. First, all ligands were screened and those with no or weak predicted hydrogen bonding (<1) were eliminated as well as those with low predicted binding energies (GS<52, CS<24, ChemPLP<60 and ASP<30). This left 380 candidates, which were screened again with high search efficiency (100%) and again were eliminated based on their binding energies (GS<57, CS<25, ChemPLP<63 and ASP<26) and poor hydrogen bonding (<1) resulting in 144 candidates. [37: Stewart JJP. Optimization of parameters for semiempirical methods I. Method. Journal of Computational Chemistry. 1989;10(2):209-220. doi:10.1002/jcc.540100208
 ]  [38: Jones G, Willett P, Glen RC, Leach AR, Taylor R. Development and validation of a genetic algorithm for flexible docking. J Mol Biol. 1997;267(3):727-748. doi:10.1006/jmbi.1996.0897
]  [39: Eldridge MD, Murray CW, Auton TR, Paolini GV, Mee RP. Empirical scoring functions: I. The development of a fast empirical scoring function to estimate the binding affinity of ligands in receptor complexes. J Comput Aided Mol Des. 1997;11(5):425-445.
 ]  [40: Verdonk ML, Cole JC, Hartshorn MJ, Murray CW, Taylor RD. Improved protein-ligand docking using GOLD. Proteins. 2003;52(4):609-623. doi:10.1002/prot.10465
]  [41: Korb O, Stützle T, Exner TE. Empirical scoring functions for advanced protein-ligand docking with PLANTS. J Chem Inf Model. 2009;49(1):84-96. doi:10.1021/ci800298z
]  [42: Mooij WTM, Verdonk ML. General and targeted statistical potentials for protein-ligand interactions. Proteins. 2005;61(2):272-287. doi:10.1002/prot.20588
 ] 

Compounds were chosen based on favourable hydrogen bonding and hydrophobic contacts. Based on docking studies the key hydrogen bonding interaction is with the histidine residues (493 & 263) and due to the H493R mutation the scope of potential hydrogen bonding interactions was opened. Compounds that had predicted binding to other amino acids were also included. Histidine (263), asparagine (283, 288, 516), serine (399,400, 518), lysine (295) and tyrosine (204) were all included as acceptable for hydrogen bonding interactions. The criteria for hydrophobic contacts remained the same as previous TDP1 screens.22,25 Occupation of either the hydrophobic cleft situated to the left hand side or the hydrophobic pocket on the right hand side as shown in Figure 2 were deemed acceptable. Compounds that scored well, gave a consensus pose (similar/same poses predicted by the four scoring funcitons) and met the above criteria were selected for testing resulting in seventeen compounds (see Table 1). 
A[image: C:\Users\hara005\Documents\PhD\TDP1\Report\april.png]B[image: C:\Users\hara005\Documents\PhD\TDP1\Report\april2.png]
Fig. 2 (A) The docked configuration of 8 to the binding site of SCAN1 using the ChemPLP scoring function. The protein surface is rendered, blue depicts positive areas surface, and red depicts negative areas on the surface. The hydrophobic cleft is shown to the left and the hydrophobic pocket to the right. (B) The docked configuration of 8 to the binding site of SCAN1using the ChemPLP scoring function. Predicted hydrogen bonding to Lys495, Arg493 Asn283 and Ser399 was seen. The hydrogen bonding is depicted as green dashed lines and are in the range of 1.8 to 2.2 Å. 

2.2. TDP1 and SCAN1 activity
	Previously, we designed real-time oligonucleotide biosensor based on the capability of TDP1 to remove fluorophore quenchers from the 3’-end of DNA. The substrate is a 16-mer single-stranded oligonucleotide containing both a 5’-FAM fluorophore donor and a quenching 3’-BHQ moiety.21
This assay was used to measure the TDP1 activity of the virtual hits. The results for the coumarins, β-carbolines, psoralens and one peptide compound are presented in Table 1. The reaction between TDP1 and the DNA substrate occurs through two sequential steps: the cleavage of the bond between DNA and 3’-adduct (tyrosine moiety in the case of Top1/DNA complex or BHQ1 in the case of DNA biosensor) with the formation of TDP1-DNA covalent complex and its subsequent splitting. SCAN1 can perform only the first step of the reaction so BHQ1 is removed from 3’-end of DNA but it remains covalently bound to SCAN1. This means that DNA-biosensor can also be used to determine the rate of the BHQ1 removal reaction performed by SCAN1. It should be taken into account that each wild-type enzyme is able to perform several different catalytic cycles, while the SCAN1 molecule can perform only one; therefore, the rate of increase in fluorescence intensity is significantly different. In addition, it is important to mention that SCAN1 does not act like classical enzyme as it is consumed by the reaction. This is why the conditions of the reactions catalyzed by TDP1 and SCAN1 are different and their IC50 values (concentration leading to 50% inhibition of activity) obtained for the same compounds are not directly comparable. All the results are given in Table 1. 
	Class of inhibitor
	Number of compound
	Chemical structure
	IC50 (SCAN1), μM
	IC50 (TDP1), μM

	Coumarin
	1 
	

	> 100 
	3.5±0.3 

	
	2 
	

	> 100 
	5.6±1.9 

	
	3 
	

	> 100 
	12.9±3.0 

	
	4 
	

	> 100 
	> 100 

	Dicoumarin
	5 
	

	3.5±2.3 
	0.099±0.044

	
	6 
	

	13.9±5.6 
	0.28±0.03 

	
	7 
	

	6.0±1.5 
	0.36±0.19

	
	8 
	

	> 100 
	0.27±0.19

	
	9 
	

	> 100 
	7.6±1.3 

	Psoralene
	10 
	

	25.1±13.7 
	1.06±0.56 

	
	11 
	

	> 100 
	0.85±0.5 

	
	12 
	

	> 100 
	15.4±4.5 

	
	13 
	

	> 100 
	> 100 

	β-carboline
	14 
	

	17.6±6.1 
	0.98±0.6

	
	15 
	

	14.1±1.9 
	1.3±0.1 

	
	16 
	

	> 100 
	3.1±0.8 

	Peptide
	17 
	

	> 100 
	> 100 


Table 1. The IC50 values (concentration leading to 50% inhibition of activity) of the virtual hits for both TDP1 and SCAN1.
Generally, dicoumarins (5-9) and β-carbolines (14-16) show better inhibitory activity against both TDP1 and SCAN1 enzymes than monocoumarins (1-4) and psoralens (10-13). The peptide 17 was inactive against both enzimes.
The most effective inhibitors of TDP1 are dicoumarins 5, 6, 7 with IC50 values between 3.5 and 13.9 μM. They contain chlorine substituents as well as dicoumarin 8 contains a bulky naphthalene moiety. At the same time for dicoumarin 9 with rather small hydroxyacetone residue a decrease of the IC50 value by almost two orders of magnitude was observed as compared to 5. The similar situation is observed for β-carbolines. In this series (14, 15 and 16) inhibitory activity decreases as the size of the substituent decreases. The psoralen derivatives 12 and 13 have no, or very limited activity, whereas the compounds 10 and 11 with bulky chlorobenzene and fluorobenzene moieties are the active inhibitors against TDP1. Most monocoumarins showed moderate inhibitory activity (IC50 = 3.5-12.9 μM) against TDP1. 
To confirm the IC50 values obtained with the fluorescent method for TDP1 enzyme we determined the IC50 value of compound 10 using the independent method of electrophoretic separation of reaction products under denaturing conditions in PAAG (Supplementary, Fig. S1). The values obtained by fluorescent and gel-based methods differed insignificantly: 1.06 µM and 1.75 µM, respectively (Supplementary Fig. S2).
The most effective inhibitors against SCAN1 are the same as those against TDP1 dicoumarins 5, 6 and 7. There are also some SCAN1 inhibitors among the psorales (10) and β-carbolines (14, 15) efficiently suppressing TDP1 activity. 
It is important to notice that some effective inhibitors of TDP1 with low IC50 values (coumarins 1-3 and 8, psoralens 11-13, carboline 16) do not inhibit SCAN1. As it was mentioned before, the reaction catalyzed by TDP1 occurs via two sequential steps: formation of the TDP1-DNA covalent cleavage complex in the first step and its cleavage on the second step (Fig.1A-C). As for SCAN1 catalysis, it involves only the first step of reaction, i.e. the formation of a covalent complex, whereas the second step (hydrolysis) does not occur (Fig. 1D). It can be assumed that the effective TDP1 inhibitors incapable to inhibit SCAN1 suppress the second step of the reaction, which is missing in SCAN1. At the same time compounds inhibiting both enzymes suppress the first step of the reaction preventing DNA binding or DNA-TDP1 covalent complex formation.
Compounds suppressing the second step of reaction (incapable to inhibit SCAN1) prevent the hydrolysis of DNA-TDP1cc complex so they act through its stabilization. It can lead to the accumulation of these complexes by the same way as in SCAN1 disease. Therefore, the use of such compounds in antitumor therapy can cause side effects in the nervous system similar to that for SCAN1 patients. Both types of inhibitors are suitable for creating drugs for adjuvant cancer therapy, but the possible neurotoxicity of compounds that do not affect the activity of the SCAN1 should be taken into account. As for the treatment of SCAN1 patients only inhibitors suppressing the first step of reaction can be used.
When the numbers from the four scoring functions used are compared to their SCAN1 IC50 values (see Table S4 in the Supplementary Information), only a general trend can be discerned. The prediction power of scoring functions is often good but there is still room for improved. (Ref. Wang, Phys.Chem.Chem.Phys., 2016, 18, 12964 DOI: 10.1039/c6cp01555g) Furthermore, the docking scaffold of SCAN1 used is a homology model based on TDP1 making a robust correlation less likely.   

2.3. Cell growth and viability
	To measure the cytotoxic effect of the TDP1 and SCAN1 inhibitors three cancer cell lines were used. A-549 are human lung adenocarcinoma cells; topotecan and other inhibitors of Top1 are used to treat this type of cancer. T98G is a human glioblastoma cell line. MCF-7 are human breast adenocarcinoma cells, characterized by its high levels of TDP1 expression.[endnoteRef:43] The WI-38 cell line (human fibroblast-like fetal lung cells) is an immortalized and non-cancerous used for comparison between diseased and healthy cells.  [43: Dean RA, Fam HK, An J, et al. Identification of a putative Tdp1 inhibitor (CD00509) by in vitro and cell-based assays. J Biomol Screen. 2014;19(10):1372-1382. doi:10.1177/1087057114546551
 ] 

The cells were exposed to the most efficient inhibitors, with IC50 values less than 10 μM, in concentration from 0.5 μM to 100 μM. Most of compounds do not show any cytotoxic effect for concentration up to 100 μM for the cell lines: A-549 (Fig. 3A), WI-38 (Fig. 3B), T98G (Fig. 3C) and MCF-7 (Fig. 3D). Compound 7 demonstrated mild cytotoxicity in three cell lines: WI-38 cells (CC50=60 μM) (Cytotoxic Concentration at 50%, concentration killing 50% of the cells), T98G (CC50=16 μM) and MCF-7 (CC50=17 μM). Compound 10 appeared to be slightly toxic for two cell lines T98G (CC50=66 μM) and MCF-7 (CC50=80 μM)) and compound 6 only for T98G cells (CC50=16 μM) (Supplementary, Table S3). There was no obvious correlation between cytotoxicity IC50 values of the ligands.
 A
B
C
D

Fig. 3. Dose-dependent action of the ligands on A-549 (A), WI-38 (B), T98G (C) and MCF-7 (D) cell lines. The viability was measured with the MTT assay.
2.4. Synergistic activity with topotecan against tumor cells
As previously explained, the ability of TDP1 to unravel the Top1-DNA stalled complex, Tdp1 activity can work against the efficacy of the Top1 poisons. Thus, blocking TDP1 has the potential to increase the efficacy of topotecan and irinotecan.[endnoteRef:44] [44: Zakharenko A, Dyrkheeva N, Lavrik O. Dual DNA topoisomerase 1 and tyrosyl-DNA phosphodiesterase 1 inhibition for improved anticancer activity. Med Res Rev. 2019;39(4):1427-1441. doi:10.1002/med.21587
] 

[bookmark: _Ref8917735]For this purpose, we evaluated the influence of the TDP1 inhibitors on the cytotoxic effect of topotecan on the A-549, WI-38 and T98G cell lines. The CC50 values of topotecan in the presence of DMSO and ligands in two concentrations were measured. The enhancement of topotecan cytotoxicity and combination indices (CI) were calculated. (Supplementary, Tables S1 and S2). CI values reflect the extent of drug-drug interaction. CI < 1 indicates synergy, CI = 1 - additivity and CI > 1 – antagonism.[endnoteRef:45] [45: Zhao L, Wientjes MG, Au JL-S. Evaluation of combination chemotherapy: integration of nonlinear regression, curve shift, isobologram, and combination index analyses. Clin Cancer Res. 2004;10(23):7994-8004. doi:10.1158/1078-0432.CCR-04-1087
 ] 

The most effective inhibitors were selected that meet at least one of two requirements. The compound had to inhibit TDP1 with IC50 value less than 1 μM or SCAN1 with IC50 value less than 20 μM. Five compounds fit this criterion: 5, 6, 7, 14 and 15.
Compounds 5 and 7 potentiated the topotecan cytotoxicity 8 and 4.5 times, respectively for the A-549 cell line (Fig. 4A, red and pink plots) and showed low or no enhancement for both T98G (Supplementary, Table S1) and WI-38 cells (Fig. 5). The combination indices for these compounds (0.2 and 0.1 respectively) for A-549 cells indicate their synergy with topotecan. Compounds 5 and 7 most effectively enhance the cytotoxicity of topotecan against lung cancer cells A-549, while the ligands do not show a cytotoxic effect. Compounds 6, 14 and 15 had low or no enhancement for all three cell lines (Fig. 4 and 5, Supplementary, Table S1).
Even though no obvious correlation between synergy with topotecan and the IC50 values was observed, based on these experiments we selected two compounds 5 and 7 that show synergy with topotecan for A-549 cell line for further research.



A								B
Fig. 4. Dose-dependent action of topotecan in combination with 1 μM of 5, 6, 7 (A) and 14, 15 (B) on A-549 cells viability.




A								B
Fig. 5. Dose-dependent action of topotecan in combination with 1 μM of 5, 6, 7 (A) and 14, 15 (B) on WI-38 cells viability.

2.5. Molecular modelling
The docked conformation of 5 into the binding pocket of the SCAN1 homology pocket (Fig. 6) suggests that the substituted phenyl is positioned in the hydrophobic pocket to the left, and the two coumarin moieties are positioned in the centre and the right pocket. There are four predicted hydrogen bonds, two interactions with His263 and Lys265 and two with Arg493. Additionally, hydrophobic π-π T-shaped contacts are also predicted between Tyr204 the central coumarin.
[image: C:\Users\hara005\Documents\PhD\thesis\tdp1\scanarino\s4.png]
[bookmark: _Ref462766409][bookmark: _Toc464738002]Fig. 6. a) Docked configuration of 5 to SCAN1. The surface is rendered. b) Predicted hydrogen bonding interactions of 5 with His263, Lys265 and Arg493 indicated by dashed green lines, their lengths are from 1.8 to 2.2 Å.

The closely related analogue 6 has very similar docked conformations with the single chlorine substitution having no effect on the binding. This indicates that aromatic groups are less tolerated or that the halogen species was preferred. An example of this intolerance was the inactivity of compound 8. The naphthalene moiety is predicted to be positioned in the left of the binding region, inside the hydrophobic pocket. Previous studies with derivative 25c indicated that a large pinene moiety was well tolerated,25 thus the idea that bulkiness of the naphthalene may be causing the inactivity seems unlikely. However, mutation to the protein may have altered the binding pocket more than predicted and modified the binding region.
Compounds 14 and 15 also share a similar structure and the docking algorithm predicted similar poses (see Fig. 7). The benzo-dioxole was positioned within the upper are of the hydrophobic pocket whilst the cyclohexene carboxamide was in the lower. The pyrido-indole was positioned within the cleft. Both compounds were predicted to have two hydrogen bonding interactions with Arg549 and Tyr204 in addition to a hydrophobic interaction with Tyr204. 
[image: C:\Users\hara005\Documents\PhD\thesis\tdp1\scanarino\s21.png]
[bookmark: _Ref462770031][bookmark: _Toc464738004]Fig 7. a) Docked configuration of 15 to SCAN1. The surface is rendered. b) Predicted hydrogen bonding interactions of 15 with Tyr204, His263 and Arg516 indicated by dashed green lines (1.8 to 2.2 Å.). Hydrophobic interactions (π-π T-shaped) with Trp590 indicated by dashed pink lines.

2.6. Chemical Space
The calculated molecular descriptors (MW – molecular weight, log P – octanol water partition, HD – hydrogen bond donors, HA – hydrogen bond acceptors, PSA – polar surface area and RB – rotatable bonds) for the seventeen derivatives are given in Table 2. The ligands are relatively large in size with molecular weight between 392.4 and 559.6 with most of ligands in the mid-400s. This means a majority are within the boundaries of drug – like chemical space (for definition of lead-like, drug-like and Known Drug Space (KDS) regions see ref.[endnoteRef:46]). The log P values range from 2.0 to 6.1, most of the compounds lie outside the lead-like region reaching into KDS. [46: Zhu F, Logan G, Reynisson J. Wine Compounds as a Source for HTS Screening Collections. A Feasibility Study. Mol Inform. 2012;31(11-12):847-855. doi:10.1002/minf.201200103
] 

For further analysis the Know Drug Indexes 2a and 2b (KDI2a/2b)[endnoteRef:47] were also derived. The KDI reflect the overall balance of the six molecular properties calculated based on the statistical distribution of KDS and derivation of an index for each descriptor. KDI2a is an additive value with a maximum of 6.0 and KDI2b the indexes are then multiplied giving 1.0 as its maximum.  [47: Eurtivong C, Reynisson J. The Development of a Weighted Index to Optimise Compound Libraries for High Throughput Screening. Molecular Informatics. 2019;38(3):1800068. doi:10.1002/minf.201800068
 ] 

The average for KDI2a for known drugs is 4.08 (±1.27) and the hits lie around the average of 5.10, the KDI2b gives a range of 0.11 to 0.69 with the average of know drugs being 0.18 (±0.20). The hits have superior values than the drugs in clinical use. However, the relatively large size in terms of MW and Log P give somewhat low values for the KDI2b index. Due to the multiplication of the molecular descriptor indexes for KDI2b it is less forgiving than KDI2a where a poor value for one descriptor can be compensated. The active dicoumarins 5 and 7 have KDI values of 5.39/5.30(2A) and 0.51/0.46(2B) with the β–carbolines 14 and 15 having even slightly better results with 5.33/5.47 (2A) and 0.47/0.54 (2B), both series having reasonable balance of their molecular descriptors indicating descent oral bioavailability. 
	Name
	MW
	HB Donor
	HB Acceptor
	Log P
	PSA
	Rotatable Bonds
	KDI2a/b

	1
	517.6
	1.3
	7.5
	5.4
	123.8
	12
	4.42/0.11

	2
	478.5
	3.3
	7.8
	2.8
	161.5
	10
	4.62/0.18

	3
	459.5
	1.3
	7.8
	3.7
	139.9
	9
	5.06/0.34

	4
	469.9
	2.0
	7.8
	3.6
	126.4
	8
	5.28/0.45

	5
	465.3
	0.0
	5.8
	4.8
	78.9
	4
	5.39/0.51

	6
	430.8
	0.0
	5.8
	4.6
	82.4
	4
	5.52/0.58

	7
	474.9
	0.0
	6.5
	5.0
	85.9
	5
	5.30/0.46

	8
	446.5
	0.0
	5.8
	4.9
	81.3
	4
	5.43/0.53

	9
	392.4
	0.0
	8.5
	2.0
	117.0
	5
	5.36/0.49

	10
	559.6
	1.3
	7.3
	5.9
	126.9
	10
	4.38/0.12

	11
	548.0
	1.3
	6.8
	5.8
	120.3
	8
	4.76/0.22

	12
	519.6
	1.3
	7.3
	5.1
	127.0
	10
	4.68/0.20

	13
	419.4
	1.3
	6.8
	2.9
	129.8
	6
	5.65/0.69

	14
	474.5
	3.0
	5.0
	5.5
	87.8
	6
	5.33/0.47

	15
	439.5
	2.0
	5.0
	5.8
	68.6
	6
	5.47/0.54

	16
	431.5
	2.0
	6.7
	4.8
	85.1
	8
	5.50/0.57

	17
	496.6
	3.3
	8.3
	3.0
	120.4
	13
	4.49/0.10


Table 2. Calculated molecular descriptors for the selected hits.
3. Conclusions
In this study, two chemical series, coumarin and β-carboline derivatives were identified using virtual screening against a homology model of SCAN1. Both series contain bulky substituents (i.e. chlorobenzene or naphthalene moieties) and exhibit both TDP1 and SCAN1 inhibition. Most of the compounds are moderately toxic or non-toxic against human cell lines. Furthermore, plausible binding modes for the active ligands are predicted as well as favorable physicochemical properties for cell permeability. These attribute makes the active ligands found in this study excellent starting points for further development as potential therapy for SCAN1 sufferers. To our best knowledge, data on inhibitors of the mutant form of TDP1 was obtained for the first time in this study.
For the inhibition mechanism, two types of inhibitors were found: those acting on the first stage of catalysis, the binding of the substrate and the formation of a complex (active against both TDP1 and SCAN1), and those acting on the second stage, the release of the enzyme (active against TDP1 only). Both types of inhibitors are suitable for creating drugs for the adjuvant cancer therapy, taking into account the possible neurotoxicity of compounds that do not affect the activity of the SCAN1 enzyme. The most promising dicoumarin derivatives 5 and 7 exhibit potent anti-TDP1 activity, low cytotoxicity, and synergism with topotecan, an established Top1 anticancer drug. In vivo studies will elucidate whether these compounds have a potential as an adjunctive therapy with topotecan. 
4. Experimental section
4.1 Molecular modeling and virtual screening
[bookmark: _ENREF_4]The compounds were screened to the edited crystal structure of TDP1 (PDB ID: 1MU7, resolution 2.0 Å),28 which was obtained from the Protein Data Bank (PDB).[endnoteRef:48],[endnoteRef:49] The Scigress FJ 2.6 program[endnoteRef:50] was used to prepare the crystal structure for docking, i.e., hydrogen atoms were added, the co-crystallised tungsten(VI)ion was removed as well as crystallographic water molecules. The amino acid His493 was converted to Arg493, the remainder of the protein backbone was locked and PM336 optimisation was run on the modified amino acid. The basic amino acids lysine and arginine were defined as protonated. Furthermore, aspartic and glutamic acids were assumed to be deprotonated. The centre of the binding pocket was defined as the position of the hydrogen atom of His263 (TDP1), which nitrogen formed a coordination bond with the tungsten ion (x = 8.312, y = 12.660, z = 35.452) with 10 Å radius. Ten docking runs were allowed for each ligand with 30% search efficiency resulting in 380 candidates. These were all re-docked using 100% search efficiency and fifty docking runs. The results were inspected visually and seventeen virtual hits selected. The GoldScore (GS),37 ChemScore (CS),38,39 Piecewise Linear Potential (ChemPLP)40 and Astex Statistical Potential (ASP)41 scoring functions were implemented to validate the predicted binding modes and relative energies of the ligands using the GOLD v5.4 software suite. [48: Berman HM, Westbrook J, Feng Z, et al. The Protein Data Bank. Nucleic Acids Res. 2000;28(1):235-242. doi:10.1093/nar/28.1.235
]  [49: Berman H, Henrick K, Nakamura H. Announcing the worldwide Protein Data Bank. Nat Struct Biol. 2003;10(12):980. doi:10.1038/nsb1203-980
]  [50:  Scigress Explorer Ultra Version 7.7.0.47, Fijitsu Limited: 2000 – 2007
] 

The QikProp 3.2[endnoteRef:51] software package was used to calculate the molecular descriptors of the compounds. The reliability of QikProp has been established for the molecular descriptors.[endnoteRef:52]  [51: QikProp, 3.2; Schrödinger: New York, 2009
]  [52: Ioakimidis L, Thoukydidis L, Mirza A, Naeem S, Reynisson J. Benchmarking the Reliability of QikProp. Correlation between Experimental and Predicted Values. QSAR & Combinatorial Science. 2008;27(4):445-456. doi:10.1002/qsar.200730051
] 

4.2. General biological methods
4.2.1 Real-time detection of TDP1 and SCAN1 activity
The TDP1 and SCAN1 activity measurements were carried out as previously described.21 The reaction mixtures of 200 μL contained TDP1 buffer (50 mM Tris-HCl pH8,0, 50 mM MaCl, 7 mM β-mercaptoethanol), TDP1-biosensor 5′-(5,6 FAM-AAC GTC AGG GTC TTC C-BHQ1)-3′ with a final concentration of 50 nM and inhibitors in various concentrations. All compounds were purchased in the InterBioScreen natural product collection. The reaction started when TDP1 (1.5 nM) or SCAN1 (150 nM) was added. The reaction mixtures were incubated at a temperature of 26 °C in a POLARstar OPTIMA fluorimeter, BGM LABTECH, GmbH, to measure fluorescence every 1 min (Ex485/Em520 nm). TDP1 or SCAN1 inhibition was calculated by comparing the rate of increase in fluorescence in the present of compound to that of DMSO control wells. IC50 values were determined using a concentration response curve. The data were imported into the MARS Data Analysis 2.0 program (BGM LABTECH), and the slope during the linear phase was calculated. Biosensor was synthesized in the Laboratory of Biomedical Chemistry, ICBFM SB RAS.
4.2.2 Gel-Based Enzyme Assay
The reaction mixtures of 200 μL contained TDP1 buffer (50 mM Tris-HCl pH8,0, 50 mM MaCl, 7 mM β-mercaptoethanol), TDP1-biosensor mentioned above with a final concentration of 50 nM and inhibitors in various concentrations. The reaction was started by adding TDP1 to a final concentration of 1.5 nM or SCAN1 to a final concentration of 150 nM. The reaction mixtures were incubated at a room temperature for 20 min. The reaction was stopped by the addition of a loading buffer.[endnoteRef:53] [53: Summer H, Grämer R, Dröge P. Denaturing urea polyacrylamide gel electrophoresis (Urea PAGE). J Vis Exp. 2009;(32). doi:10.3791/1485
] 

The products were visualized using a Typhoon FLA 9500 (GE Healthcare) scanner. The quantitative calculation was carried out with the QuantityOne 4.6.7 program. The IC50 values were determined using the OriginPro 8.6.0 software.
4.2.3 Cell culture assay
Tumor cell lines A549 (human alveolar adenocarcinoma), T98G (human glioblastoma), MCF-7 (human breast adenocarcinoma) and WI-38 (non cancer female human embryonic lung) were plated into the wells of 96-well plate at a density ~2000 cells per well, incubated for 24h at 37 °C in IMDM medium (5% CO2) and then they were treated with the coumarin or β-carboline derivatives in four concentrations: 1, 5, 20 and 100 µM. After 72h of cell incubation, the relative amount of live cells was determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (a standard colorimetric MTT-test) and the CC50 values of compounds were measured.[endnoteRef:54]  [54: Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J Immunol Methods. 1983;65(1-2):55-63.
] 

To determine the synergistic effect of the ligands and topotecan cells were exposed to the inhibitors in nontoxic concentrations (from 0.5 to 10 μM depending on their own CC50 values) and different concentrations of topotecan (0, 30, 100, 300, 500, 1000, 2500 nM). The CC50 values of topotecan in the presence of DMSO and compound in two concentrations were measured. The enhancement of topotecan cytotoxicity was determined as the ratio of CC50 value without TDP1 inhibitor to CC50 value with it. Combination indices (CI) were calculated according to the formula:
 ,
where CC50,tpc and CC50,inh – the concentration of drugs needed to achieve 50% of drug effect separately; C50, tpc – the concentration of topotecan needed to achieve same effect in combination with TDP1 inhibitor; C50,inh – the concentration of inhibitor needed to achieve same effect in combination with topotecan. CI < 1 indicates synergy, CI = 1 - additivity and CI > 1 – antagonism.45 For cases when CC50 is more than 100 µM CC50,inh value assumed to be equal to 100 µM. 
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Table S1. Enhancement of topotecan cytotoxicity for T98G cells in the presence of tested compounds 
	
	T98G

	
	CC50 inh, μM
	CC50 tpc, μM *10-1
	CC50 tpc (when C50inh = 1 μM), μM *10-1
	CC50 tpc (when C50inh = 10 μM), μM *10-1
	CI (I=1 μM)
	CI (I=10 μM)
	Enhancement (I=1 μM)
	Enhancement (I=10 μM)

	5 
	> 100
	2.7±0,4
	1.9±0,3
	1.8±0,2
	0.7
	0.7
	1.4
	1.5

	6 
	16±2
	7.2±0,7
	4.9±0,5
	1.4±0,1
	0.7
	0.5
	1.5
	5.1

	7 
	16±2
	13.6±1,4
	8.6±0.9
	7.6±0.8
	0.7
	1.2
	1.6
	1.8

	14 
	> 100
	22.0±4.2
	19.1±3.6
	15.0±2.9
	0.9
	0.7
	1.2
	1.5

	15 
	> 100
	4,3±0,4
	9,2±0,9
	7,9±0,8
	2,1
	1,9
	0,5
	0,5

	10 
	65,8±6,7
	1±0,1
	1±0,1
	1±0,1
	1
	1,1
	1
	1

	1 
	> 100
	2,5±0,3
	2,8±0,4
	1,8±0,2
	1,1
	0,7
	0,9
	1,4

	16 
	> 100
	2,5±0,6
	1,8±0,8
	5,2±2,0
	0,7
	2
	1,4
	0,5



Table S2. Enhancement of topotecan cytotoxicity for A-549 and WI-38 cells in the presence of tested compounds 

	
	A549

	Compound
	CC50 inh, μM
	CC50 tpc, μM *10-1
	CC50 tpc (when C50inh = 1 μM), μM *10-1
	CI (I=1 μM)
	Enhancement (I=1 μM)

	5 
	> 100
	15,0±2,3
	3,3±0,5
	0,2
	4,5

	6 
	> 100
	15,0±2,3
	5,3±0,8
	0,4
	2,8

	7 
	> 100
	15,0±2,3
	1,9±0,3
	0,1
	8,0

	14 
	> 100
	4,0±0,6
	1,6±0,2
	0,4
	2,5

	15 
	> 100
	4,0±0,6
	7,3±1,1
	1,8
	0,6



	
	WI-38

	Compound
	CC50 inh, μM
	CC50 tpc, nM
	CC50 tpc (when C50inh = 1 μM), nM
	CI (I=1 μM)
	Enhancement (I=1 μM)

	5 
	> 100
	8,5±1,1
	9,0±1,0
	1
	0,9

	6 
	> 100
	8,5±1,1
	9,5±1,0
	1,1
	0,9

	7 
	60±6
	8,5±1,1
	7,0±0,8
	0,8
	1,2

	14 
	> 100
	10,0±1,6
	5,0±0,8
	0,5
	2

	15 
	> 100
	10,0±1,6
	5,0±0,8
	0,5
	2





      Table S3. CC50 values (μM) for tested compounds against A-549, WI-38, T98G and MCF-7 cells 

	
	A-549
	WI-38
	T98G
	MCF-7

	1 
	> 100
	n/d
	> 100
	> 100

	5 
	> 100
	> 100
	> 100
	> 100

	6 
	> 100
	> 100
	16±2
	> 100

	7 
	> 100
	60±6
	16±2
	17±2

	8 
	44±7
	n/d
	11±2
	49±3

	10 
	> 100
	n/d
	66±7
	80±5

	14 
	> 100
	> 100
	> 100
	> 100

	15 
	> 100
	> 100
	> 100
	> 100

	16 
	> 100
	n/d
	> 100
	> 100



Verification of IC50 values with independent gel-based electrophoresis method
[image: ]
Fig. S1. DNA gel electrophoresis of products of the BHQ1 cleavage reaction from 3’-end of TDP1-biosensor, catalyzed by TDP1 in the presence of inhibitor 10 in different concentrations (0, 0.4, 0.7, 1.2, 2, 3.3, 5.7 µM). The reaction is conducted in two repeats: lanes 1-7 and 9-15 respectively. The control of DNA-biosensor without TDP1 and its inhibitor is in the lane 8. 


Fig. S2. The dependence of the reaction product (DNA-biosensor without BHQ1) related to all reaction mixture expressed in percentages on the concentration of the inhibitor 10. tau value is IC50 value of compound 10 (IC50=1.75 µM).
, when, so






Table S4. The results of the scoring functions for the selected compounds and their corresponding SCAN1 IC50 values.

	Name
	GoldScore
	ChemScore
	ChemPLP
	ASP
	IC50, μM

	1
	66.2
	27.6
	72.2
	34.5
	> 100 

	2
	71.9
	25.1
	66.2
	40.3
	> 100 

	3
	66.8
	24.9
	69.4
	37.7
	> 100 

	4
	64.6
	28.0
	71.9
	32.0
	> 100 

	5
	65.6
	31.6
	66.5
	32.1
	3.5±2.3 

	6
	64.0
	29.6
	67.4
	34.0
	13.9±5.6 

	7
	59.6
	30.0
	66.2
	34.8
	6.0±1.5 

	8
	62.4
	30.6
	68.0
	34.6
	> 100 

	9
	63.2
	27.0
	70.7
	33.7
	> 100 

	10
	74.4
	24.6
	73.1
	33.7
	25.1±13.7 

	11
	65.4
	24.8
	68.4
	36.1
	> 100 

	12
	67.0
	30.8
	74.4
	32.6
	> 100 

	13
	60.1
	26.9
	66.6
	33.6
	> 100 

	14
	65.8
	32.0
	69.9
	39.2
	17.6±6.1 

	15
	62.3
	30.7
	65.4
	32.6
	14.1±1.9 

	16
	58.9
	28.2
	67.6
	32.8
	> 100 

	17
	64.6
	28.0
	71.9
	32.0
	> 100 
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