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1. Drug design approaches
The used in this work virus-host-multi-targeting approach towards new antivirals considers the 3D-structures of target proteins (PDB, protein data bank) and available own generated or existing (ZINC, CCDC etc.) single X-ray structures of favipiravir and deferiprone (Figure S1, input step I). According to this three-step concept, two main methodological workflows for each target of interest (Mpro and ACE2) can be followed (cf. Figure S1, SeeSAR workflow and HYDE-based virtual screening). Therefore, scoring, selection, and characterization of FAV and DFP that virtually interact with SARS-Cov-2 Mpro and ACE2) can be conducted in two steps (II and III). The selection criteria for the best-scored docked poses of each ligand based on their i) predicted affinity ranges (HYDE scores: Ki HYDE ranges), ii) physicochemical and drug-like, and iii) toxicological properties1–4. Along many computational approaches for in silico drug design, the combined SCXRD/HYDE technology enables us to carry out at once: (i) quantification and visualization of binding modes, (ii) semi-quantitative decomposition of enthalpic ((H) and entropic part (–T(S) of the Gibbs free energy of binding ((G in kJ/mol), (iii) high-score ranking and prediction of biological activity using the HYDE approximation concept, (iv) torsion and tautomerism analyses, and (v) physicochemical and toxicological profiling.1–4
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Figure S1. Workflow of the applied virus-host-multi-targeting approach by using SCXRD/HYDE platform.
2. Single crystal X-ray analysis of deferiprone (2)
A single crystal (C7H9NO2) was examined on a Rigaku Supernova diffractometer using CuK( (( = 1.54184 Å) radiation. The crystal was kept at 100.0(1) K during data collection. Using Olex25, the structure was solved with the ShelXT6 structure solution program using Intrinsic Phasing and refined with the ShelXL7 refinement package using Least Squares minimisation. Hydrogen atoms were taken into account using a riding model. Figure S1 represents the single X-ray crystal structure of 2 (DFP).
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Figure S2. Single X-ray structure of 2 (DFP) showing the atom numbering. The thermal ellipsoids are drawn at the 50% probability level.
Table S1. Crystallographic data and structure refinement for deferiprone (DFP).
	
	DFP

	CCDC
	2258424

	Empirical formula
	C7H9NO2

	Formula weight
	139.15

	Temperature/K
	100.0(1)

	Crystal system
	monoclinic

	Space group
	P21/c

	a/Å
	6.4929(15)

	b/Å
	13.700(4)

	c/Å
	7.1417(19)

	(/°
	90

	(/°
	95.69(2)

	(/°
	90

	Volume/Å3
	632.2(3)

	Z
	4

	(calc g/cm3
	1.462

	(/mm-1
	0.896

	F(000)
	296.0

	Crystal size/mm3
	0.459 × 0.02 × 0.02

	Radiation/Å
	CuK( (( = 1.54184)

	Crystal colour/habit
	Colourless needle

	2( range for data collection/°
	12.924 to 152.386

	Index ranges
	-8 ≤ h ≤ 7, -16 ≤ k ≤ 16, -9 ≤ l ≤ 6

	Reflections collected
	2716

	Independent reflections
	1278 [R(int) = 0.0646, Rsigma = 0.1046]

	Reflections with I > 2((I)
	695

	Data/restraints/parameters
	1278/0/94

	Goodness-of-fit on F2
	0.979

	Final R indexes [I >= 2( (I)]
	R1 = 0.0756, wR2 = 0.1781

	Final R indexes [all data]
	R1 = 0.1310, wR2 = 0.2132

	Largest diff. peak/hole / e Å-3
	0.38/–0.28


3. Binding of nirmatrelvir (PF-07321332) and deferiprone to SARS-CoV-2 Mpro
[image: image3.png]



Figure S3. SeeSAR8 visualization of the overall binding of PF-0732133 (ball-and-stick model in cyan) within the substrate-binding pocket (in transparent grey) of SARS-CoV-2 Mpro (goldenrod ribbons with indicated domains I–III, PDB: 7VH8)9. A) The zoom-in view of the substrate binding pocket of PF-0732133 with the most important H-interactions Glu166–ligand (highlighted in the dark square, bottom left). B) The zoom-in perspective of the covalent bonding of PF-0732133 to Cys145 formed between the S( atom of the catalytic Cys145 and the nitrile carbon (C(N) of PF-0732133.9
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Figure S4. The overall structure of SARS-CoV-2 main protease Mpro (PDB ID: 7VH8, res. 1.59Å)9 bonded to deferiprone (DFP, 2). The three domains (I–III) of SARS-CoV-2 Mpro (colored in goldenrod cartoon) are indicated. The ligand is shown as a stick model in cyan with heteroatom colouring. The overall surface area of DFP is presented as mash model contoured at 2.5Å with transparency of 70%. As predicted by molecular docking experiments, DEF occupies the same substrate-binding pocket as PF-0732133, which is covalently-bonded to SARS-CoV-2 Mpro (cp. Figure S1). The binding mode of 2 is presented as viewed from the vertical plane (left) and rotated at 180° along the Y-aches (right). Structural visualization was performed with the UCSF Chimera package (http://www.cgl.ucsf.edu/chimera).10
4. HYDE thermodynamic profiling of favipiravir (1) and deferiprone (2)
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Figure S5. HYDE visual assessment of binding of favipiravir (FAV, 1) and deferiprone (DFP, 2) obtained from their best docking poses into the SARS-CoV-2 ACE2 (A) and SARS-CoV-2 Mpro (B) enzymes. The partial desolvation (lipophilic) and interaction (H-bonding) effects of all non-hydrogen (heavy atoms) of the ligand (Lig) and the receptor (Rec) that contributed to the overall binding affinity (the free energy of Gibbs ∆G = ∆H – T∆S, kJ/mol) of both compounds are colored using HYDE coronas: green = good, red = bad for affinity. Both compounds are shown as ball-and-stick model with the carbon atoms in off-white. Additionally, the intramolecular H-bond between N-terminal carboxamide and the keto-group in the formed keto-tautomer of FAV (cf. panel A) is shown. Please consider that the atom numbering is given as generated from SeeSAR.8
Table S2. HYDE estimated thermodynamic binding values: binding free energy (G), enthalpic (H) and entropic (–TS) parts of G (all values in kJ/mol) for FAV and DFP to SARS-CoV-2 ACE2 (PDB: 6M0J).
	FAV
	DFP

	Atom1)
	∆G
	∆H

(interaction)
	–T∆S 

(dehydration)
	Atom
	∆G
	∆H

(interaction)
	–T∆S 

(dehydration)

	O3 Lig2)
	0.0
	0.0
	0.0
	O1 Lig
	0.5
	0.0
	0.5

	O3 Rec3)
	–0.8
	0.0
	–0.8
	O1 Rec
	–0.5
	0.0
	–0.5

	O11 Lig
	–0.1
	–8.9
	8.8
	O2 Lig
	–0.1
	–9.3
	9.2

	O11 Rec
	–1.3
	–7.2
	5.9
	O2 Rec
	–0.3
	–7.6
	7.3

	F7 Lig
	–1.0
	0.0
	–1.0
	N1 Lig
	–0.8
	0.0
	–0.8

	F7 Rec
	–2.8
	0.0
	–2.8
	N1 Rec
	0.0
	0.0
	0.0

	N1 Lig
	0.0
	0.0
	0.0
	C1 Lig
	–0.6
	0.0
	–0.6

	N1 Rec
	–1.4
	0.0
	–1.4
	C1 Rec
	–1.5
	0.0
	–1.5

	N5 Lig
	0.0
	0.0
	0.0
	C2 Lig
	–0.6
	0.0
	–0.6

	N5 Rec
	–1.8
	0.0
	–1.8
	C2 Rec
	0.0
	0.0
	0.0

	N9 Lig
	–1.2
	–8.4
	7.2
	C3 Lig
	–0.4
	0.0
	–0.4

	N9 Rec
	0.2
	–10.4
	10.6
	C3 Rec
	–1.6
	0.0
	–1.6

	C2 Lig
	–0.8
	0.0
	–0.8
	C4 Lig
	–1.2
	0.0
	–1.2

	C2 Rec
	0.0
	0.0
	0.0
	C4 Rec
	–1.0
	0.0
	–1.0

	C4 Lig
	–0.4
	0.0
	–0.4
	C5 Lig
	–0.9
	0.0
	–0.9

	C4 Rec
	0.0
	0.0
	0.0
	C5 Rec
	0.0
	0.0
	0.0

	C6 Lig
	–0.3
	0.0
	–0.3
	C6 Lig
	–2.8
	0.0
	–2.8

	C6 Rec
	0.0
	0.0
	0.0
	C6 Rec
	–3.5
	0.0
	–3.5

	C8 Lig
	–0.7
	0.0
	–0.7
	C7 Lig
	–1.9
	0.0
	–1.9

	C8 Rec
	0.0
	0.0
	0.0
	C7 Rec
	–1.6
	0.0
	–1.6

	C10 Lig
	–0.4
	0.0
	–0.4
	–
	–
	–
	–

	C10 Rec
	0.0
	0.0
	0.0
	–
	–
	–
	–

	Total:
	–12.8
	–34.9
	22.1
	Total:
	–18.8
	–16.9
	–1.9


1) SeeSAR atom numbering scheme. 2) Lig = ligand. 3) Rec = receptor.
Table S3. HYDE estimated thermodynamic binding values: binding free energy (G), enthalpic (H) and entropic (–TS) parts of G (all values in kJ/mol) for FAV and DFP to SARS-CoV-2 Mpro (PDB: 7VH8).
	FAV
	DEF

	Atom1)
	∆G
	∆H

(interaction)
	–T∆S 

(dehydration)
	Atom
	∆G
	∆H

(interaction)
	–T∆S 

(dehydration)

	O11 Lig2)
	0.2
	–10.4
	10.6
	O1 Lig
	1.1
	0.0
	1.1

	O11 Rec3)
	–2.8
	–8.4
	5.6
	O1 Rec
	–1.9
	0.0
	–1.9

	F7 Lig
	–1.8
	0.0
	–1.8
	O2 Lig
	–1.5
	–10.4
	8.9

	F7 Rec
	–3.6
	0.0
	–3.6
	O2 Rec
	–2.2
	–8.4
	6.2

	N1 Lig
	0.3
	0.0
	0.3
	C2 Lig
	–0.5
	0.0
	–0.5

	N1 Rec
	–0.3
	0.0
	–0.3
	C2 Rec
	0.0
	0.0
	0.0

	N5 Lig
	7.2
	0.0
	7.2
	C3 Lig
	–0.1
	0.0
	–0.1

	N5 Rec
	0.0
	0.0
	0.0
	C3 Rec
	0.0
	0.0
	0.0

	N9 Lig
	1.8
	0.0
	1.8
	C5 Lig
	–0.9
	0.0
	–0.9

	N9 Rec
	–1.5
	0.0
	–1.5
	C5 Rec
	–1.0
	0.0
	–1.0

	C2 Lig
	–0.1
	0.0
	–0.1
	C6 Lig
	–3.2
	0.0
	–3.2

	C2 Rec
	0.0
	0.0
	0.0
	C6 Rec
	4.3
	0.0
	4.3

	C6 Lig
	–0.2
	0.0
	–0.2
	C7 Lig
	–3.0
	0.0
	–3.0

	C6 Rec
	0.0
	0.0
	0.0
	C7 Rec
	–1.7
	0.0
	–1.7

	C8 Lig
	–1.7
	0.0
	–1.7
	–
	–
	–
	–

	C8 Rec
	–1.2
	0.0
	–1.2
	–
	–
	–
	–

	C10 Lig
	–0.5
	0.0
	–0.5
	–
	–
	–
	–

	C10 Rec
	0.0
	0.0
	0.0
	–
	–
	–
	–

	Total:
	–4.2
	–18.8
	14.6
	Total:
	–10.6
	–18.8
	8.2


1) SeeSAR atom numbering scheme. 2) Lig = ligand. 3) Rec = receptor.

5. Design of novel antivirals
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Figure S5. Chemical structures of designed antivirals, based on favipiravir (1) and DFP (2) basic scaffolds (A) and tabular representation of the HYDE estimated affinity ranges (from nM to pM), the lipophilic ligand efficiencies (LLE), the ligand efficiencies (LE), the torsions (Tor.), the graphical intra- and intermolecular clashes, and some important physicochemical characteristics (incl. MW, LogP, and tPSA), obtained from the best docking poses for all ligands as virtually screened into SARS-Cov-2-ACE2 (B) and SARS-Cov-2-Mpro (C). All computations and structural visualization were performed using SeeSAR.8
6. Tautomer calculations for favipiravir (1) and deferiprone (2)
[image: image7.png]S
A
o

oo

AE (kcal/mol)

()]

FAV

Most stable tautomers

DFP

H. _H O
i F Nj\)L _H
F_N N N
X 0 \[ \
T f o H
s 4H I}I O
1E 1K
“enol form keto form”
O|--|-| O—H
O N -
| |
N N+
| |
2E 2K
“enol form” “keto form”




Figure S7. Energy diagram representing the calculated most stable conformers of FAV (1E and 1K) and DFP (2E and 2K) (A) together with the chemical structures of the most possible tautomeric ‘keto-enol’ forms of favipiravir and deferiprone (B). The predicted ((E values (in kcal/mol) in ACN and DMSO are indicated, while in brackets are the respective values in water.
7. UV-Vis experiments
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Figure S8. Absorption spectra of DFP (2, 30 µM) in solvent–water mixtures (50%) and HEPES buffer (at pH7.4) (A). Comparison of absorption spectra of 2 in DMSO and DMSO (50% water, B), and in MeOH and MeOH (50% water, C).
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Figure S9. Simulated absorption spectra (B3LYP/TZVP, ((1/2 = 3500 cm–1) for the most stable tautomers for favipiravir (enol form FAV-1E in blue solid line and keto form FAV-1K in red solid line) and deferiprone (enol form DFP-2E in blue dashed line, keto form DFP-2K in red dashed line, and di-keto form DFP-2CH in dark-green dashed line) in DMSO (A), acetonitrile (B), and water (C). The absorption spectra should be considered not as absolute values of the bands, but as an indication that the transition from ‘enol’ to ‘keto’ leads to red shift in the spectra.
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Figure S9. Absorption spectra of DFP (2, 30 µM) in DMSO (50% water) with addition of FeCl3 (A) and FeSO4 (B) in molar ratios as follows: 2 (black line) – 50% DMSO, 2 (red dashed line) – 3 : 1, 2 (blue dashed line) – 2 : 1. 



Table S4. Theoretically predicted (B3LYP/TZVP, in DMSO) long-wavelength absorption maxima ((max, nm) and the oscillator strength ( of the most stable keto-enol tautomers of FAV and DFP.
	
	FAV
	DFP

	Transition
	1E
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	1K
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	(max1)
	(2)
	(max
	(
	(max
	(
	(max
	(
	(max
	(

	S0(S1
	307.8
	0.0024
	339.02
	0.0006
	257.75
	0.2368
	312.28
	0.1635
	428.73
	0.0095

	S0(S2
	297.85
	0.2073
	335.6
	0.1963
	253.94
	0.0004
	265.74
	0.0001
	366.59
	0.1265

	S0(S3
	256.4
	0.0011
	318.13
	0.0001
	245.95
	0.0396
	251.8
	0.0894
	290.25
	0.0113

	S0(S4
	243.7
	0.0212
	288.55
	0.0335
	216.62
	0.0001
	224.41
	0.0
	243.83
	0.0428

	S0(S5
	223.66
	0.0005
	235.6
	0.0018
	208.88
	0.3087
	220.91
	0.0002
	228.82
	0.2391

	S0(S6
	218.2
	0.0001
	220.68
	0.0001
	206.97
	0.0046
	203.4
	0.1595
	197.87
	0.016

	S0(S7
	214.54
	0.1377
	213.27
	0.1895
	190.52
	0.0028
	203.02
	0.4611
	195.26
	0.0176

	S0(S8
	194.09
	0.0002
	208.42
	0.0
	186.72
	0.6003
	193.24
	0.0005
	189.21
	0.0147

	S0(S9
	188.86
	0.0293
	195.99
	0.0214
	182.41
	0.0024
	182.83
	0.104
	179.59
	0.0022

	S0(S10
	186.11
	0.2452
	187.53
	0.1312
	172.14
	0.0107
	177.07
	0.0022
	176.19
	0.0144


1) Position of the long-wavelength band ((max in nm) at the respective transition state. 2) Oscillator strength values at the respective transition.
Table S5. Theoretically predicted (B3LYP/TZVP, in acetonitrile) long-wavelength absorption maxima ((max, nm) and the oscillator strength ( of the most stable keto-enol tautomers of FAV and DFP.
	
	FAV
	DFP

	Transition
	1E
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	(max1)
	(2)
	(max
	(
	(max
	(
	(max
	(
	(max
	(

	S0(S1
	307.88
	0.0024
	339.41
	0.0006
	257.36
	0.2276
	311.86
	0.1585
	429.03
	0.0088

	S0(S2
	297.27
	0.2015
	334.69
	0.1906
	254.13
	0.0006
	265.99
	0.0001
	365.82
	0.1225

	S0(S3
	256.47
	0.0011
	318.39
	0.0001
	245.8
	0.0382
	251.6
	0.0845
	290.3
	0.0111

	S0(S4
	243.57
	0.0204
	288.71
	0.0329
	216.75
	0.0001
	224.56
	0.0
	243.89
	0.0389

	S0(S5
	223.69
	0.0005
	235.66
	0.0018
	208.47
	0.2949
	221.08
	0.0002
	228.5
	0.2356

	S0(S6
	218.2
	0.0001
	220.72
	0.0001
	207.1
	0.0072
	203.47
	0.0175
	197.68
	0.0152

	S0(S7
	214.31
	0.1326
	212.93
	0.1821
	190.62
	0.0025
	202.48
	0.5894
	195.47
	0.0171

	S0(S8
	194.12
	0.0002
	208.58
	0.0
	186.27
	0.5885
	193.37
	0.0005
	189.24
	0.0144

	S0(S9
	188.79
	0.0284
	196.1
	0.0204
	182.53
	0.003
	182.68
	0.0976
	179.74
	0.0022

	S0(S10
	185.9
	0.235
	187.39
	0.127
	172.22
	0.0105
	177.28
	0.0022
	176.38
	0.0098


1) Position of the long-wavelength band ((max in nm) at the respective transition state. 2) Oscillator strength values at the respective transition.

Table S6. Theoretically predicted (B3LYP/TZVP, in water) long-wavelength absorption maxima ((max, nm) and the oscillator strength ( of the most stable keto-enol tautomers of FAV and DFP.
	
	FAV
	DFP

	Transition
	1E
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	(max1)
	(2)
	(max
	(
	(max
	(
	(max
	(
	(max
	(

	S0(S1
	307.59
	0.0024
	338.43
	0.0006
	257.09
	0.2266
	311.29
	0.1574
	428.0
	0.0091

	S0(S2
	297.06
	0.2008
	334.65
	0.1904
	253.68
	0.0005
	265.4
	0.0001
	365.73
	0.1222

	S0(S3
	256.24
	0.0011
	317.73
	0.0001
	245.71
	0.0368
	251.34
	0.0833
	290.06
	0.0109

	S0(S4
	243.57
	0.0202
	287.93
	0.0326
	216.45
	0.0001
	224.21
	0.0
	243.55
	0.0404

	S0(S5
	223.58
	0.0005
	235.46
	0.0018
	208.41
	0.2961
	220.55
	0.0002
	228.42
	0.2333

	S0(S6
	218.13
	0.0001
	220.6
	0.0001
	206.69
	0.005
	203.12
	0.0298
	197.87
	0.0155

	S0(S7
	214.27
	0.1319
	212.95
	0.1809
	190.35
	0.0028
	202.33
	0.5752
	194.91
	0.0169

	S0(S8
	194.04
	0.0002
	208.19
	0.0
	186.21
	0.5887
	193.03
	0.0005
	189.12
	0.0144

	S0(S9
	188.82
	0.0283
	195.74
	0.0209
	182.22
	0.0027
	182.68
	0.0982
	179.38
	0.0021

	S0(S10
	185.81
	0.2336
	187.4
	0.1258
	171.97
	0.0104
	176.76
	0.0022
	176.16
	0.0133


1) Position of the long-wavelength band ((max in nm) at the respective transition state. 2) Oscillator strength values at the respective transition.
8. PAMPA-BBB studies
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Figure S11. BBB permeability of standard drugs and tested compounds. A) Chemical structures of all standard drugs and investigated compounds with their IUPAC names, empirical formulas and molecular weights (MW in g/mol). B) Distribution of BBB mean permeability (expressed as Pe) of standard drugs measured in the PAMPA-BBB assay. C) Correlation between reported and experimental permeability (expressed as –logPe) of standard drugs. The range for low BBB permeable drugs (below Pe 1.0x10-6 cm/s and above –logPe = 6.0) is indicated with dotted lines. The area in between is indicated in light grey. All values for standard drugs including reported –logPe and experimental Pe and –logPe are summarized in Table S7). D) Distribution of mean BBB permeability of standard drug (theophylline), favipiravir (FAV, 1), deferiprone (DFP, 2) and FAV–Mg complex (Mg(FAV)2) measured in the PAMPA-BBB assay. Each data represents the main ± SD (n = 3).
Table S7. Permeability data of standard drugs used for validation of the PAMPA-BBB assay.
	Compound
	Reported 1)
	Experiment
	CNS+/– Prediction 2), 3)

	
	–logPe
	Pe 

(( 10-6 cm/s)
	–logPe
	

	Verapamil • HCl (a)
	3.8 ± 0.25
	14.5 ± 2.23
	4.84 ± 0.07
	CNS+

	Quinidine • HCl (b)
	4.3 ± 0.25
	42.2 ± 1.70
	4.38 ± 0.02
	CNS+

	Propranolol • HCl (c)
	4.1 ± 0.25
	31.7 ± 15.2
	4.52 ± 0.21
	CNS+

	Lidocaine (d)
	4.3 ± 0.25
	12.3 ± 1.83
	4.91 ± 0.07
	CNS+

	Progesterone (e)
	3.7 ± 0.25
	50.2 ± 21.6
	4.32 ± 0.17
	CNS+

	Corticosterone (f)
	4.6 ± 0.25
	21.0 ± 0.06
	4.68 ± 0.06
	CNS+

	Theophylline (g)
	> 6.0 ± 0.25
	0.33 ± 0.02
	6.49 ± 0.02
	CNS–


1) Ref. 11. 2) Ref. 12. 3) CNS+/– prediction: CNS+ indicates high blood-brain barrier (BBB) permeation predicted, CNS± middle BBB permeation predicted, CNS– low BBB permeation predicted.
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