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ARTICLE INFO ABSTRACT

Keywords: We have discovered a family of synthetic oxazole-based macrocycles to be active against SARS-CoV-2. The
COVID-19 synthesis, pharmacological properties, and docking studies of the compounds are reported in this study. The
Oxazole ) structure of the new macrocycles was confirmed by NMR spectroscopy and mass spectrometry. Compounds 13,
Iﬁggoé};s/ezs 14, and 15a-c were evaluated for their anti-SARS-CoV-2 activity on SARS-COV-2 (NRC-03-nhCoV) virus in Vero-

E6 cells. Isopropyl triester 13 and triacid 14 demonstrated superior inhibitory activities against SARS-CoV-2
compared to carboxamides 15a-c. MTT cytotoxicity assays showed that the CCsg (50% cytotoxicity concentra-
tion) of 13, 14, and 15a-c ranged from 159.1 to 741.8 pM and their safety indices ranged from 2.50 to 39.1.
Study of the viral inhibition via different mechanisms of action (viral adsorption, replication, or virucidal
property) showed that 14 had mild virucidal (60%) and inhibitory effects on virus adsorption (66%) at 20 pM
concentrations. Compound 13 displayed several inhibitory effects at three levels, but the potency of its action is
primarily virucidal. The inhibitory activity of compounds 13, 14, and 15a-c against the enzyme SARS-CoV-2
MP™ was evaluated. Isopropyl triester 13 had a significant inhibition activity against SARS-CoV-2 MP™ with
an ICs( of 2.58 uM. Large substituents on the macrocyclic template significantly reduced the inhibitory effects of
the compounds. Study of the docking of the compounds in the SARS CoV-2-MP™ active site showed that the most
potent macrocycles 13 and 14 exhibited the best fit and highest affinity for the active site binding pocket. Taken
together, the present study shows that the new macrocyclic compounds constitute a new family of SARS CoV-2-
MP™ inhibitors that are worth being further optimized and developed.

Main protease

1. Introduction The new virus has now infected over 120 million people around the
world and resulted in over 2.6 million deaths [1-5]. SARS-CoV-2, like

The severe acute respiratory syndrome coronavirus 2 (SARS-COV-2) SARS-CoV and MERS-CoV, belongs to the genus Beta coronavirus and is
virus was first detected in China’s Wuhan province at the end of 2019 responsible for the infection of the lower respiratory tract in particular,
and has greatly affected human societies due to the global pandemic. resulting in the disease COVID-19 [1,6]. SARS-CoV-2 is a 30,000-base
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pair single stranded RNA virus, which possesses an envelope containing
spike (S) proteins on its surface which binds with high affinity to the
human angiotensin-converting enzyme 2 (ACE2) embedded in the
membrane of cells found in the lungs, heart, kidneys, intestines, and
arteries. This results in the infection of these cells by the virus [1,7]. The
incubation time can vary from 2 days up to 24 days and is asymptomatic
in many cases, which facilitated the virus transmission [6]. Several
efficient and safe vaccines have rapidly been developed by several
pharmaceutical companies [7]. The production of sufficient doses for
the vaccination of the world population has proved challenging with the
concomitant threat of the emergence of vaccine-resistant variants of the
virus.

Very few known drugs have proved effective in reducing the gravity
of the disease in severely affect patients with COVID-19 [2,6]. COVID-
19-related research has been able to elucidate many druggable SARS-
CoV-2 targets, including the spike (S) protein, the 3-chymotrypsin-like
protease/main protease (3CLP"°/MP™), the papain-like protease
(PLP™), and the RNA-dependent polymerase [3,7]. Of these, viral pro-
teases PLP™ and MP™ constitute the most promising targets for the
development of effective drugs against SARS-CoV-2. Viral proteases in
coronaviruses are responsible for the development of non-structural
proteins (nsps) by processing viral RNA translated polyproteins
[3-4,7]. Thus, MP™ and PLP™ have acknowledged a great deal of pub-
licity for their significant role in the enzymatic operation leading to their
post-translational treatment of replicate polyproteins that are essential
to the life cycle of the corona virus [8-16]. In the last year, several
peptide-like derivatives were introduced as COVID-19 MP inhibitors I-
IX as shown in Fig. 1 [17-21]. Virtual screening and docking studies
have played a pivotal role in the discovery of these kinds of inhibitors.

On the other hand, more than 40 cyclic peptides are used clinically in
treatment of different diseases [22]. These peptides came from natural
and synthetic origin. Takagi et al. have reported a series of cyclic peptide
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as NS2B-NS3 protease inhibitor [23]. The design of these peptides was
done to mimic the substrate of NS2B-NS3 protease. Among this series,
the cyclic peptide X (Fig. 2) exhibited inhibitory activity of NS2B-NS3
protease of dengue virus at ICso of 0.95 uM. Aspergilli peptide D XI is
a natural product isolated from Aspergillus sp and exhibited inhibitory
activity against herpes simplex virus type 1 at ICsg value of 9.5 pM [24].

The eight-residue cyclic D,L-a-peptide XII exhibited antiviral activity
against adenovirus infection without an apparent adverse effect on cell
viability [25]. The plausible mechanism of action of this compound
could be mediated by targeting endosomal compartments in pH-
dependent viral infections. Liang et al. have reported a series of cyclic
peptide XIII with significant antifungal and obvious antiviral activity
against herpes simplex virus [26]. Among these derivatives, Sim-
plicilliumtide J XIV exhibited significant antiviral activities against
herpes simplex virus type 1 (ICso = 14.0 pM) [26].

The cyclic peptide ICU-1 (XI) was designed as potential anti-COVID-
19 activity [27]. The design was performed using SARS coronavirus
(SARS-CoV) main protease bound to a peptide substrate, which was
modified to give a cyclic peptide inhibitor VI. A molecular docking study
was used to illustrate the binding interactions of the designed peptide
with main protease of both SARS-CoV and SARS-CoV-2.

Macrocyclic peptides are notoriously promising privilege structures
in drug discovery due to their improved selectivity and stability against
proteolytic enzymes in addition to their higher membrane permeability
compared to their linear counterparts [28,29].

Motivated by the aforementioned data and over the course of the
screening of in-house collections of molecules we discovered that a
family of oxazole-based macrocycles, previously developed for other
applications [30-32] possessed significant activity against SARS-CoV
MP™, The large macrocyclic structures were made following the work
of Rebek et al who developed this type of nature-inspired molecules for
applications in supramolecular chemistry [30] and tackle the inhibition
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Fig. 1. Peptide-like inhibitors of COVID-19 MP™.
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of protein—protein interactions [31,32] (Fig. 3).

We report herein the inhibitory activity of the new macrocyclic
compounds 13, 14, and 15a-c (Fig. 3) against the SARS-COV-2 main
protease, their pharmacological properties in infected Very-E6 cells, and
results of docking studies in the SARS-COV-2 main protease active site.

2. Results and discussion
2.1. Chemistry

The synthesis of the macrocyclic compounds is largely inspired from
the synthesis of Rebek triacid platform and Galmic [30-32]. However,
we prepared the required oxazole building blocks having the opposite
absolute configuration to that required for the synthesis of Galmic,
leading to a slightly simplified synthesis of the macrocycles.

Enantiomerically pure amino acid 6 was prepared in five steps from
commercially available amino diester 1 (Scheme 1). Boc-protection of
this compound followed by a-methylation, and kinetic resolution using
pig liver esterase gave enantiomerically pure Boc-protected amino acid
4. This compound was then esterified as an isopropyl ester and the
methyl ester was hydrolyzed to afford the required compound 6 in good
overall yield.

Oxazole isopropyl amino ester building block 12 was then obtained
from compound 6 by performing a sequence of reactions similar to those
described for the synthesis of the Rebek platform (Scheme 2). Coupling
of Boc-amino acid 6 with commercially available 1-threonine benzyl
ester 7 using EDCI and HOBt in the presence of DIPEA gave dipeptide 8.
Oxidation of the secondary alcohols of 8 with the Dess-Martin reagent
followed by cyclodehydration using iodine/triphenylphosphine in the
presence of 4-dimethyl aminopyridine (DMAP) and TEA afforded oxa-
zole 10. IR spectrum of oxazole 10 showed a stretching NH band at
3424 em™! and C=0 stretching bands at 1755, 1740, and 1710 em L,
consistent with the proposed structure and literature data on similar
compounds [26]. The 'HNMR spectrum of oxazole 10 showed signals for
the benzyl group at 7.45-7.28 ppm (m, 5H, Ar-H) and 5.34 (s, 2H,
PhCHy), isopropyl group at 5.02 ppm (h, J = 6.3 Hz, 1H, CH(CH3),) and
1.16 (dd, J =13.1, 6.3 Hz, 6H, CH(CH3)>), and finally a singlet signal at
2.56 ppm corresponding to the oxazole CHs groups. The compound was
further characterized by HRESI-MS with the presence of a [M + H] " ion
at m/z 447.2129 which correlates with the molecular weight and
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molecular formula Cy3H31N207 of 10. Hydrogenation of the benzyl ester
group was then performed using Pd/C (10%) in EtOAc with vigorous
stirring at room temperature under hydrogen atmosphere to yield free
carboxylic acid 11. Deprotection of the Boc group was carried out under
acidic conditions by treatment of 11 with 4 M HCl solution in dioxane to
afford a quantitative yield of 12 as a hydrochloride salt.

The syntheses of triacid macrocycle 14 and the triamide macrocycles
15a-c are depicted in Scheme 3. Triester macrocycle 13 was directly
obtained in good yield through treatment of the salt 12 with BOP in the
presence of DIPEA. The isopropyl ester groups of 13 were subsequently
saponified using 5% NaOH to furnish triacid 14 after acidic workup.
Coupling of 14 with appropriate amines using BOP in the presence of
DIPEA afforded the desired carboxamides 15a-c in good yields. The 'H
NMR of 15a (as a representative example), shows singlet signals at 8.79
ppm (3H, NHCO), 3.30 ppm (9H, oxazole-CH3), and 1.97 ppm (9H,
quaternary C-CHs). The phenethyl group signals appear at 3.51 ppm (q,
J = 7.2 Hz, 6H, 3 x NHCH2CH>) and 2.75 ppm (t, J = 7.2 Hz, 6H, 3 x
NHCH,CH,). HRESI-MS analysis confirmed the molecular formula of
15a HRESI-MS m/z caled for [M + H]" C4gHs2NgOg: 898.3883, found:
898.3884, see supplementary file.

2.2. Biological activities

2.2.1. Detection of in vitro cytotoxicity

A colorimetric MTT assay [33] was used to assess the cytotoxicity of
13, 14, and 15a-c on Vero-E6 cells. The results showed that their CCsg
ranged from 159.1 to 741.8 pM and their safety indices ranged from 2.50
to 39.1 (Table 1, Fig. 4a). Two of the best SARS-COV-2 inhibitors are 13
and 14 with ICsg of 18.3 and 18.95 pM and SI of 20.8 and 39.1.

2.2.2. Anti-SARS-CoV-2 activity

The inhibitory effect of compounds 13, 14, and 15a-c on SARS-COV-
2 (NRC-03-nhCoV) virus in Vero-E6 cells were evaluated as previously
described [34-37]. Results from Table 1 showing that most of the
compounds tested significantly inhibited the replication of the NRC-03-
nhCoV virus in a dose-dependent profile. Triester macrocycle 13 and
triacid 14 demonstrated superior inhibitory activity compared to car-
boxamides 15a-c (Table 2, Fig. 4b). The strongest anti-SARS-COV-2
compounds are 13, 14 and 15a, which showed ICs¢s of 18.3, 18.95
and 24.69 pM, respectively. The triester macrocycle compound 13 (R =
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Scheme 1. Synthesis of carboxylic acid 6. Reagents and conditions: (i) Boc,0O, NaHCO3, NaCl, DCM/H,0, reflux for 1.5 h, 92%; (ii) CH3I, CH30ONa, CH30H, stir at
50 C for 2 h, 79%; (iii) PLE, KoHPO4, KH,PO4, HoO/CH3CN, stir 5 days at rt, 91%; (iv) isopropyl alcohol, DCC, DMAP, stir at rt for 20 h, 77%; (v) LiOH, THF/H50,

stir at rt for 2 h, 94%.
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Scheme 2. Synthesis of oxazole building block 12. Reagents and conditions: (i) HOBt, EDC, DIPEA, DMF, rt, overnight, 74%; (ii) Dess-Martin, DCM, rt, 4 h; (iii)
PPhs, I, TEA, DMAP, DCM, rt, 5 h, 84%; (iv) Pd/C (10%), H,, EtOAc, rt, overnight, 87%; (v) 4 M HCl in dioxane, rt, 1.5 h, greater than 99%.
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Scheme 3. Synthesis of macrocycles 13, 14 and 15a-c. Reagents and conditions:(i) BOP, DIPEA, DMF, 24 h, rt, 60%; (ii) 5% NaOH, EtOH, 0 °C, 1 h, quantitative;
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Table 1
Anti-SARS-COV-2 activity, cytotoxicity, and selectivity indices of compounds
13, 14, and 15a-c.

(0] XR
(0]
W
= N | 0
H
O N N/
O A
NH HN
N
RX o \ e (6]
(e} XR
13, 14, and 15a-c
Compd. X R CCso’ ICso” SI ICso SARS-
(uM) (uM) CoV-2
MP*(uM)
13 (0] isopropyl 380.7 18.3 208 26+0.1
14 (@) H 741.8 18.9 39.1 38+0.1
15a NH  phenethylamine 558.5 24.7 226 7.3+0.2
15b NH  4-(piperidin-1-yl) 672.6 61.7 109 154 +0.5
phenylethylamine
15¢ NH 4-(N,N- 159.1 63.3 2.5 18.3 £ 0.5
dimethylamine)
phenylethylamine

# CCso: half maximal cytotoxic concentration of test compounds within Vero-
E6 cells

b ICs0: half maximal inhibitory concentration of test compounds on SARS-
COV-2 (NRC-03-nhCoV) virus in Vero-E6 cells

¢ SI: Safety index = CCs¢/ICs for the compound.

isopropyl) was the most effective synthesized derivatives with an ICsg
value of 18.3 uM against Vero-E6 cells. The unsubstituted triacid de-
rivative 14 (R = H) was comparable to 13 showing IC5y 18.95 uM.
Replacement of the isopropyl group in 13 by phenethylamine, 4-
(piperidin-1-yl) phenylethylamine and 4-(N,N-dimethylamine) phenyl-
ethylamine in compounds 15a, 15b and 15c respectively resulted in a
decrease of at least 1.4-fold in the ICs( value, suggesting the significance
of the isopropyl group (less hindered group) for SARS-COV-2 replication
inhibitory activity in Vero-E6 cells.

2.2.3. Mechanism of Anti-SARS-CoV-2 activity

The percent inhibition of different mechanisms of action (viral
adsorption, replication, and virucidal) for the most active compounds
13, 14 and 15a is shown in Table 2 [36]. Compound 15a has a virucidal
effect of up to 90%, meaning that it acts directly on the virion and in-
activates it. Furthermore, it inhibited viral replication by up to 50% at a
concentration of 20 pM with a marginal effect on viral adsorption.
Compound 14 had a mild viral replication effect with a 60% inhibitory
effect and a 65% inhibitory effect on virus adsorption. Finally, Com-
pound 13 displayed several inhibitory effects at three levels, but the
potency of its action is primarily a virucidal influence.

2.2.4. Inhibitory activity against SARS-CoV-2 MP™

Several potential target proteins in coronavirus (COVID-19) have
been isolated and are now available through protein data bank. Protease
is one of these important proteins that has been targeted by a panel of
inhibitors with different chemical scaffolds and were suggested as po-
tential drugs to be developed against this challenging virus [38,39].
Interestingly, there is no similarity in cleavage specificity of this enzyme
and the corresponding human proteases which in turn makes it an ideal
antiviral target with high margins of safety and selectivity [4]. Inspired
by these findings, it was of interest to investigate the potential protease
inhibitory activities of compounds 13, 14, and 15a-c against COVID-19.

The inhibitory activity of compounds 13, 14, and 15a-c against
SARS-CoV-2 MP™ were evaluated following the previously published
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procedure [40]. Results recorded in Table 1 demonstrated that the iso-
propyl triester 13 (R = isopropyl) had a promising inhibition activity
against SARS-CoV-2 MP™ with an ICsg of 2.58 uM. Replacement of the
isopropyl group in compound 13 by (H) in triacid 14 (R = H) decreases
the activity of 14 (ICso = 3.82 pM) which indicated the importance of
the hydrophobic isopropyl group for activity. Large substituents at the R
position such as phenethylamine (15a), 4-(piperidin-1-yl)phenethyl-
amine (15b), and 4-(N,N-dimethylamine)phenethylamine (15¢) groups
decrease the activity of the compounds with ICsgs of 7.35 uM,15.34 uM,
and 18.32 pM, respectively.

2.3. Molecular docking study

Given the promising activity of new macrocyclic compounds 13, 14,
and 15a-c against COVID-19, we conducted a molecular docking study
to investigate possible binding patterns and interactions of the com-
pounds in the active site of COVID-19 main protease (SARS-CoV-2 MP™),
The 3-dimentional crystal structure of SARS-CoV-2 MP™ (PDB ID: 6LU7)
in complex with covalent inhibitor N3, was downloaded from the pro-
tein data bank (https://www.rcsb.org/structure/6LU7) and the docking
simulation process was accomplished using AutoDock Vina [41] as
docking module embedded in AutoDockTools (ADT) [42,43]. Ligands
and protein files were prepared using Discovery Studio Visualizer [44],
AutoDockTools, and docked to SARS-CoV-2 MP™ (PDB ID: 6LU7) with
AutoDock Vina.

Validation of the docking was performed using the recently reported
X-ray structure of SARS-CoV-2 MP™ in complex with non-covalent in-
hibitor Mcule-5948770040 (PDB ID: 7LTJ) [45]. Examination of the
crystal structure indicated that Mcule-5948770040 binding position is
probably not significantly influenced by bridging water molecules,
contrary to some other non-covalent inhibitors. The shapes of the
binding sites in 6LU7 and 7LTJ are highly identical and structure 7LTJ
was deemed appropriate for performing the docking validation as
Mcule-5948770040 is non-covalent inhibitor. Remarkably in this case,
the highest scoring pose (—9.4 kcal/mol) for the re-docking of Mcule-
5948770040 was found to have an almost identical binding position
and conformation to that of the ligand in the crystal structure (RMDS of
0.1325 10\) [Fig. 5]. This validated the use of Autodock Vina in the pre-
sent docking study assuming that there are no major water-mediated
interactions between the enzyme and the macrocyclic compounds.

Rebek triacid platform as well as ester and amide derivatives are
known to adopt a quasiplanar structure stabilized by six bifurcated
hydrogen bonds provided by the alternating oxazole (hydrogen-bond
acceptor) and trans amide (hydrogen-bond donor) groups of the mac-
rocycle [46,47]. The structures of compounds 13, 14 and 15a-c were
prepared in Discovery Studio Visualizer using the MMFF94 force field
[48] and submitted to docking via ADT on SARS-CoV-2 MP™ (PDB ID:
6LU7) with the ligand N3 and water molecules being removed.

Docking was initially performed using triester 13, which was found
to dock in cavities of SARS-CoV-2 MP™, in particular the enzyme active
site, site 2 and site 3 [Fig. 6]. However, the docking scores for the poses
docked in the active site were significantly better. This also proved true
for triacid and triamides 15a-c. We therefore focused on the binding
mode of these compounds in the enzyme active site.

Fig. 7A shows a close-up view of the bound conformation of ligand
N3 in PDB 6LU7 in comparison to the docked structure of triester 13 in
the same enzyme active site (Fig. 7B). The large surface area of com-
pound 13 complements well the relatively flat surface area of this part of
the active site defined by Phe-140, His-163, Met-165, Glu-166, and Pro-
168, with one of the hydrophobic isopropyl groups of the compound
protruding into the recognition site of the benzyl group of N3. The
methyl substituents of the oxazole rings and two methyl groups of the
macrocyclic scaffold appear to complement small pockets (Fig. 7C and
D). Discovery studio visualizer suggests the presence of a significant
anion-x interaction between glutamate-166 and one of the oxazole rings
of the ligand (Fig. 7E). The docking score for this pose was —7.5 kcal/
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Fig. 4. CCsp (50% cytotoxic concentration) of the tested macrocycles in Vero-E6 cells (Fig. 4a) and ICso (50% inhibitory concentration) against NRC-03-nhCoV virus
in Vero-E6 cells (4b). The CCsq and ICs, were plotted for each tested compound using Graph Pad Prism and were calculated from the non-linear regression curve-fit

analysis, relative to the virus and cell controls.

mol. Glu-189 and Asp-144 side chains also appear to lock the molecule
in place. In fact, re-docking of the molecule with the enzyme where these
side chains were rotated to offer additional hydrogen-bonding in-
teractions with the ligand yielded a higher docking score of —7.8 kcal/
mol (Fig. 7F). Additional hydrophobic interactions are also seen in this
case with Pro-168.

Following the docking of triester 13, which has the best anti-COVID
activity among the macrocycles tested, we studied the possible in-
teractions that the enzyme could make with the other bioactive com-
pounds triacid 14 and amide 15a (Fig. 8). AutoDock Vina docking
results suggest that the triacid 14 and triester 13 can bind to the active
site in an almost identical way. We can visualize the same shape
complementarity of the platform with the binding site including almost
identical hydrophobic interactions, the presence of the uncommon
anion-t interaction, and the apparition of a weak hydrogen bond

between one of the carboxylic acid groups and Asn-142. However, there
are no protruding groups in this case to fill the N3 benzyl group binding
site. Nevertheless, the binding energy obtained by AutoDock Vina for
the triacid 14 (-7.9 kcal/mol) was found to be comparable to that ob-
tained for the triester 13 (-7.5 kecal/mol).

Triamide 15a was also found to adopt a similar position as triester 13
and triacid 14 in the binding site, with essentially similar interactions
with the platform. Additional interactions can also be seen, including an
excellent size and shape complementarity of the V3 benzyl group
binding site with one of the phenethyl groups of 15a, interacting with
His-41, Leu-27 and Cys-145. The other phenethyl groups, however,
cannot adopt low-energy extended conformations and this would cause
a significant decrease in binding affinity. One of these groups would also
make extensive contact with the bulk water affecting the overall bind-
ing. Despite this, AutoDock Vina estimated a binding energy of —8.3
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Table 2
Mechanisms of action of compounds 13, 14, and 15a.

Compound  Conc. (uM)  Mode of action*
Viral adsorption  Viral replication  virucidal
13 20 52% 53% 57%
10 12% 23% 18%
5 00 6% 12%
2.5 00 00 13%
14 20 66% 38% 60%
10 24% 36% 28%
5 16% 30% 12%
2.5 00 11% 6%
15a 20 11% 51% 89%
10 9% 19% 58%
5 00 5% 00
2.5 00 00 00

* The mechanism of action of the three compounds were done at concentra-
tions higher than the half-maximal inhibitory effect “ICso” to better resolve the
mechanism of action.

kcal/mol.

Collectively, the docking study, along with in vitro SARS-CoV-2 MP™
results, seem to indicate that the active site of the protease can accom-
modate large molecules. The docking study suggests that derivatives of
triester 13, which feature elements of triacid 14 and triamide 15a, as
well as modifications of the tris(oxazole) platform using appropriate
substituents could lead to highly active SARS-CoV-2 MP™ inhibitors.

3. Conclusion

A small set of new oxazole-based macrocycles 13, 14, and 15a-c
synthesized, and tested for their anti-SARS-COV-2 activity. Compounds
13, 14 and 15a showed promising inhibitory properties for the SARS-
COV-2 (NRC-03-nhCoV) virus in Vero-E6 cells, and the SARS-CoV-2
main protease assay revealed significant inhibitory effects of these
compounds. This mechanism of action is further supported by docking
experiments which have shown that most of the tested compounds fit
well within the SARS CoV-2-MP™ active pocket. The results of the
docking study are consistent with the in vitro SARS CoV-2-MP™ inhibi-
tory activities of the compounds. Taken together, these oxazole-based
macrocyclic compounds could constitute promising leads for further
optimization and development against SARS-CoV main proteases, and
open new avenues to help defeat future infections by coronavirus
variants.
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4. Experimental
4.1. Chemistry
General details: See Appendix A

4.1.1. Dimethyl 2-(tert-butoxycarbonylamino)malonate (2)

To a stirred suspension of dimethyl amino malonate hydrochloride
(11.9 g, 64.26 mmol, 1 eq) in CHCl3 (50 mL), NaHCOs (6.4 g, 1.2 eq)
dissolved in HyO (10 mL), NaCl (4.54 g, 1.2 eq), and Boc2O (17 g, 1.2 eq)
were added to reaction mixture with refluxing for 1.5 h. After cooling,
the organic layer was separated, dried over anhydrous Na,SO4, and
evaporated under reduced pressure to give 18.5 g (92%) of 2 as yellow
oil after purification by flash chromatography using EtOAc/ hexane
(1:2) as an eluent.

'H NMR (250 MHz, CDCl3) 6 5.54 (s br, 1H, NH), 4.95 (d, J = 8.0 Hz,
1H, NHCH), 3.75 (s, 6H, 2 x OCHz), 1.38 (s, 9H, C(CHz)3). 1*C NMR
(62.5 MHz, CDCl3) § 167.0 (C=0), 154.74 (NHC = 0), 85.1, 57.2, 53.3,
28.2.

4.1.2. Dimethyl 2-(tert-butoxycarbonylamino)-2-methylmalonate (3)

A mixture of 2 (18 g, 72.8 mmol, 1 eq) and CH3ONa (15.64 mL) in
CH30OH (20 mL) were charged to double necked flask equipped with
condenser. Methyl iodide (5.45 mL, 1.2 eq) was added dropwise to the
reaction mixture over period of 30 mins with stirring at 50 °C and the
stirring was continued for another 1.5 h at the same temperature. After
removal of solvent under reduced pressure, saturated solution NH,4Cl
(10 mL) were added and reaction mixture was extracted with EtOAc,
washed with brine, dried over MgSO4, and evaporated under reduced
pressure to give 14 g (79 %) of 3 as a colorless oil. v a5 (neat, film)/
em ™! 3434 ((NH), 2981, 2850, 1750 (C=0), 1716 (C=0), 1488, 1369,
1290, 1171, 1104, 1062. H NMR (250 MHz, CDCl3) 6 5.95 (s br, 1H,
NH), 3.76 (s, 6H, 2 x OCHs), 1.71 (s, 3H, CHs), 1.40 (s, 9H, C(CHzs)3).
3¢ NMR (62.5 MHz, CDCl3) 5 169.4, 153.6, 80.1, 62.9, 53.5, 28.2, 21.7.
HRESI-MS m/z caled for [M + H]T C;;HyoNOg: 262.1285, found:
262.1287.

4.1.3. (R)-2-(tert-butoxycarbonylamino)-3-methoxy-2-methyl-3-
oxopropanoic acid (4)

In three-liter beaker with magnetic stirrer, K;HPO4 (31.23 g, 3.5 eq)
and KHyPO4 (17.42 g, 2.5 eq) were dissolved in water (1800 mL). Then
PLE (0.495 g, 5000 units Sigma) was added with vigorous stirring for 15
min at rt. A solution of 3 (13.3 g, 51.67 mmol, 1 eq) dissolved in CH3CN

i~

Fig. 5. Comparison of crystal structure of Mcule-5948770040 bound to SARS-CoV-2 MP™ [PDB ID: 7LTJ] (grey carbon, blue nitrogen, and green chlorine atoms) and
highest scoring pose (yellow atoms) found with AutoDock Vina. The root-mean-square deviation of atomic positions (RMSD) is 0.1325 A. The hydrogen atoms have
been omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Electrostatic surface representation of COVID-19 main protease showing possible binding sites for: (A) Ligand N3 in active site as published by Jin et al (PDB
code: 6LU7) [49]. (B) Compound 13 docked in active site (yellow), site 2 (green, brown, and purple poses) and site 3 (blue). The ligands were rendered using the stick
representation. Non-polar hydrogen atoms were omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

(450 mL) was added to reaction mixture with the vigorous stirring for 5
days. pH of the reaction mixture was maintained during reaction time
between 7.5 and 8.5. After adjusted of pH = 3 by 1 N HCI, EtOAc and
NaCl were successively added with stirring at rt for 5 mins. The sepa-
rated organic layer was dried over anhydrous MgSO4 and evaporated
under reduced pressure to give 11.2 g (91%) of 4 as a white solid, mp
112-114 °C. vmax (KBr disc)/ecm™! 3350 (OH and NH), 2950, 1732
(C=0), 1694 (C=0), 1651 (C=0), 1118, 1059, 968, 902, 774, 640. 'H
NMR (400 MHz, CDCl3) 6 8.09 (s, 1H, NH), 3.78 (s, 3H, OCH3), 1.78 (s,
3H, CH3), 1.41 (s, 9H, C(CHz)3). '3C NMR (101 MHz, CDCl3) § 171.6
(COOH), 169.1, 156.2, 82.8, 63.3, 52.8, 28.1, 21.9.HRESI-MSm/z calcd
for [M—H]" C19H16NOg: 246.0983, found: 246.0976.

4.1.4. (S)-1-isopropyl 3-methyl 2-(tert-butoxycarbonylamino)-2-
methylmalonate (5)

To a stirred solution of 4 (6 g, 24.27 mmol, 1 eq) in DCM (100 mL),
isopropyl alcohol (3 mL, 1.5 eq), DCC (5.55 g, 1.1 eq), and DMAP (0.3 g,
0.1 eq) were added at 0 C then the temperature was warmed to rt with
stirring for 20 h. The urea precipitate was filtered, and the DCM was
removed under reduced pressure to give 5.4 g (77%) of 5 as a colourless
oil after chromatographed on silica gel using EtOAc/hexane (1:8) as an
eluent. vpmay (neat, film)/cm™' 3434 (NH), 2981, 2850, 1760 (C=0),
1752 (C=0), 1720 (C=0), 1488, 1444, 1287, 1170, 1063. 'H NMR
(400 MHz, CDCl3) 6 5.89 (s, 1H, NH), 5.03 (h, J = 6.3 Hz, 1H, CH
(CHs)2), 3.73 (s, 3H, OCHs), 1.68 (s, 3H, CCHz), 1.39 (s, 9H, C(CHs)3),
1.19(d, J = 6.4 Hz, 6H, CH(C&)Z).BC NMR (101 MHz, CDCl3) § 169.4,
168.2, 153.8, 80.1, 70.2, 62.9, 53.1, 28.2, 21.4, 21.3.HRESI-MS m/z
caled for [M + H]™ C13H24NOg: 290.1598, found: 290.1602.

4.1.5. (S)-2-(tert-butoxycarbonylamino)-3-isopropoxy-2-methyl-3-
oxopropanoic acid (6)

To a solution of 5 (3.91 g, 13.52 mmol, 1 eq) in a mixture of THF and
H,0 (2:1, 12 mL), LiOH (0.422 g, 1.3 eq) was added with stirring for 2 h
at rt. The residue after removal of solvent under reduced pressure was
then taken into water, precipitated out at pH = 1 using 5% HCI,
extracted twice with EtOAc, dried over MgSO4, and evaporated under
reduced pressure to give 3.5 g (94%) of 6 as a colourless oil. v« (neat,
ﬁlm)/cm71 3427 (br, OH, NH), 2980, 1760 (C=0), 1732 (C=0), 1670
(C=0), 1489, 1286, 1064. 'H NMR (250 MHz, CDCl3) § 7.9 (s, 1H, NH),
5.06 (m, 1H, CH(CH3)>), 1.73 (s, 3H, CCH3), 1.39 (s, 9H, C(CH3)3), 1.23

(d, J = 5.25 Hz, 6H, CH(CHz),). '3C NMR (62.5 MHz, CDCl3) 6 172.2,
168.0, 156.1, 82.7, 70.0, 63.3, 28.2, 21.9, 21.4. HRESI-MS m/z calcd for
[M + H]" C12H2oNOg: 276.1442, found: 276.1442.

4.1.6. Bengzyl 2-((S)-2-(tert-butoxycarbonylamino)-3-isopropoxy-2-
methyl-3-oxo-propan amido)-3-hydroxybutanoate (8)

To a stirred solution of 6 (5 g, 18.16 mmol, 1 eq) in DMF (70 mL),
HOBt (1.93 g, 1 eq), EDC (1.93 g, 1 eq), L-threonine benzyl ester 7 (6.44
g, 1.2 eq) were added and reaction mixture was cooled to 0 °C before
dropwise addition of DIPEA (1.05 mL, 1.2 eq) then the reaction mixture
was stirred overnight at rt. The reaction mixture was diluted with EtOAc
and successively washed twice with H>O. The organic layer was washed
with 5% aqueous HCI, saturated NaHCOs, and finally with brine. The
organic phase was dried over MgSO4, and the solvent was removed
under reduced pressure to yield 6.10 g (74%) of 8 as a colourless oil
which solidify to a white solid after chromatographed on silica gel using
EtOAc/ hexane (1:1) as an eluent. vyax (neat, ﬁlm)/cm’1 3407 (br, OH,
NH), 2980, 2936, 1760 (C=0), 1750 (C=0), 1720 (C=0), 1685
(C=0), 1491, 1450, 1376, 1282, 1102, 1061, 753, 699. 'H NMR (400
MHz, CDCl3) § 7.48-7.00 (m, 6H, Ar-H, NHC = 0), 6.02 (s, 1H, NHCOO),
5.16 (d, J = 5.0 Hz, 2H, PhCHy), 5.05 (h, J = 6.3 Hz, 1H, CH(CH3)>),
4.57 (dd, J =8.9, 2.7 Hz, 1H, NHCH), 4.34-4.30 (m, 1H, CHOH), 2.69 (s,
1H, OH), 1.71 (s, 3H, CCH3), 1.41 (s, 9H, C(CHz)3), 1.21 (d, J = 6.3 Hz,
6H, CH(CHs)), 1.14 (d, J = 6.4 Hz, 3H, CHCHj). 13C NMR (101 MHz,
CDCls) 6 170.5, 170.2, 168.6, 154.3, 135.2, 128.6, 128.4, 128.2, 70.5,
67.9, 67.3, 62.9, 57.9, 28.2, 21.5, 21.4, 19.9. HRESI-MS m/z calcd for
[M + H]" Co3H3sN2Og: 467.2388, found: 467.2394.

4.1.7. Bengzyl 2-((S)-2-((tert-butoxycarbonyl)amino)-3-isopropoxy-2-
methyl-3-oxo- propanamido)-3-oxobutanoate (9)

To a solution of 8 (3.6 g, 7.74 mmol, 1 eq) in DCM (70 mL), Dess-
Martin periodinane (4.26 g, 1.3 eq) was added with stirring at 0 °C for
30 mins then the temperature was warmed to rt for 4 h. Saturated so-
lution of NasS»03 (20 mL) and saturated solution of NaHCO3 (20 mL)
were added to reaction mixture with stirring at rt for 15 mins. The
organic layer was separated, dried over Na;SO4 and evaporated under
reduced pressure to yield a crude product which was used for next step
without further purification.
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Fig. 7. (A) and (B): Electrostatic surface representation of COVID-19 main protease showing the position of ligand N3 and docked triester 13, respectively, within the
enzyme active site. (C) and (D): Solvent access surface (yellow, probe radius of 1.4 A) representation of COVID-19 main protease binding site, side view and top view
(respectively) for the best binding pose of triester 13. (E) 2D interaction diagram for the best docking pose of triester 13. Docking score of —7.5 kcal/mol (F) 2D
interaction diagram for the best docking pose of triester 13 after rotation of GIn189 and Asn142 side chains and re-docking showing additional interactions between
the ligand and protein (docking score of —7.8 kcal/mol). The ligands were rendered using the stick representation. Non-polar hydrogen atoms were omitted for
clarity. CH-t and hydrophobic interactions are shown in pink, conventional hydrogen bonds are shown in green, anion-n interactions are shown in orange. The
strength of the interactions is approximately proportional to the size of the blue circles. Filled blurry purple circles indicate groups in contact with the solvent. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.1.8. (S)-benzyl 2-(2-(tert-butoxycarbonylamino)-1-isopropoxy-1-
oxopropan-2-yl)-5-methyloxazole-4-carboxylate (10)

To a solution of 9 (2.48 g, 5.34 mmol, 1 eq) in DCM (100 mL),
triethylamine (TEA, 2.96 mL, 4 eq), and DMAP (0.064 g, 0.1 eq) were
added with stirring for 1 h at rt. Triphenylphosphine (PPhs, 1.68 g, 1.2
eq) was added to reaction mixture followed by portion wise addition of
iodine (1.63 g, 1.2 eq) at 0 °C. The cooling bath was removed after 30

10

mins and stirring was continued at rt for 5 h. The solvent was removed
under reduced pressure. The residue was diluted with Et,O to enhance
the precipitation of triphenylphosphine oxide (OPPhs) which was
filtered out. Pure oxazole was obtained after flash chromatography of
crude product using a mixture of ethyl acetate, hexanes (1:4) as an
eluent to give 2 g (84%) of 10 as a colourless oil. v, (neat, film)/cm !
3424 (NH), 2980, 1755 (C=0), 1740 (C=0), 1719 (C=0), 1618, 1491,
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Fig. 8. Electrostatic surface representation of COVID-19 main protease showing the active site binding modes of: (A) triacid 14 and (B) triamide 15a. The ligands
were rendered using the stick representation. Non-polar hydrogen atoms were omitted for clarity. Ligand-protein interactions are shown as dashed lines. CH-t and
hydrophobic interactions are shown in pink, conventional hydrogen bonds are shown in green, CH-O hydrogen bonds are shown in light green, anion-z interactions
are shown in orange, and sigma-n interactions are shown in red violet. The strength of the interactions is approximately proportional to the size of the filled blue
circles. Blurry light purple circles indicate chemical groups making contact with the bulk solvent. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

1458, 1368, 1280, 1170, 753, 699. 'H NMR (400 MHz, CDCls) &
7.45-7.28 (m, 5H, Ar-H), 6.14 (s, 1H, NH), 5.34 (s, 2H, PhCHy), 5.02 (h,
J = 6.3 Hz, 1H, CH(CH3)2), 2.56 (s, 3H, oxazole-CHs), 1.94 (s, 3H,
CCHjs), 1.38 (s, 9H, C(CH3)3), 1.16 (dd, J = 13.1, 6.3 Hz, 6H, CH(CH3)5).
13¢ NMR (101 MHz, CDCl3) § 168.7, 161.9, 160.1, 157.0, 153.8, 135.7,
128.5,128.4,128.3,127.6, 80.2, 70.6, 66.5, 58.9, 28.2, 21.4, 21.4,12.2.
HRESI-MS m/z caled for [M + H]T Ca3H31NoO: 447.2126, found:
447.2129.

4.1.9. (S)-2-(2-(tert-butoxycarbonylamino)-1-isopropoxy-1-oxopropan-2-
yD)-5-methyl- oxazole-4-carboxylic acid (11)

To a vigorous stirred solution of oxazole 10 (1.2 g, 2.88 mmol) in
EtOAc (15 mL) in two-necked flask purge with Ny, Pd/C (10%, 0.26 g)
was added. The reaction mixture was stirred overnight under balloon of
hydrogen at rt. Pd/C was filtered through double filter paper and EtOAc
was removed under reduced pressure to give 0.83 g (87%) of pure
corresponding acid 11 as a colourless oil. vyax (neat, film)/cm™! 3419
(br, OH, NH), 2984, 1750 (C=0), 1655 (C=0), 1627 (C=0), 1491,
1369, 1285, 1110, 752. 'H NMR (400 MHz, CDCl3) § 6.52 (s, 1H, NH),
5.03 (h, J = 6.3 Hz, 1H, CH(CH3s)>), 2.60 (s, 3H, oxazole-CHs), 1.94 (s,
3H, CCHs), 1.36 (s, 9H, C(CH3)3), 1.16 (dd, J = 17.7, 6.2 Hz, 6H, CH

11

(CHs)2). 3C NMR (101 MHz, CDCl3) § 168.7, 165.5, 160.2, 157.8,
154.0, 127.4, 70.8, 60.4, 58.8, 28.2, 21.4, 21.3 for (CHs),, 21.0, 12.2.
HRESI-MS m/z caled for [M + H]" CigHasN2O7: 357.1656, found:
357.1653.

4.1.10. (S)-2-(4-carboxy-5-methyloxazol-2-yl)-1-isopropoxy-1-
oxopropan-2-aminium chloride (12)

4 M HCl in dioxane (50 mL) was added to carboxylic acid building
bock 11 (0.7 g, 0.62 mmol) at 0 °C under N, atmosphere with stirring for
10 mins then the temperature was warmed to rt for 1.5 h. The reaction
mixture was concentrated by rotary evaporation under high vacuum
then the residue was washed with Et;0 three times to give 0.63 g (95%)
of HCI salt of 12 as white solid. vmax (neat, film)/cm~! 3425 (br, OH,
NH3), 2932, 1751 (C=0), 1719 (C=0), 1618, 1450, 1297, 1232, 1185,
1100. 'H NMR (400 MHz, DMSO-dg) 6 9.63 (s, 1H, COOH), 5.01 (h, J =
6.3 Hz, 1H, CH(CH3)»), 2.59 (s, 3H, oxazole-CH3), 1.89 (s, 3H, CCHj),
1.19 (dd, J = 21.4, 6.3 Hz, 6H, CH(CHz3)y). *C NMR (101 MHz,
DMSO-dg) 6 166.5, 162.8,157.9, 156.2, 128.6, 72.2, 57.5, 21.5, 21.5 for
(CH3), 20.6, 12.3. HRESI-MS m/z calced for [M—Cl]" C;33H;7N20s:
257.1137, found: 257.1132.
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4.1.11. Synthesis of triester macrocycle (13)

To a stirred solution of 12 (0. 6 g, 2.054 mmol, 1 eq) in DMF (80 mL),
BOP (2.73 g, 2 eq) and DIPEA (2.5 mL, 7 eq) was added at 0 °C with
stirring for 1 h, then the temperature was warmed to rt for 24 h. The
reaction mixture was diluted with EtOAc and successively washed with
H>0 to separate EtOAc layer. The EtOAc layer was washed with 5% HCI,
saturated NaHCOs3, and brine. The organic phase was dried over MgSOy,
and the solvent was removed under reduced pressure to yield 0.29 g
(60%) of pure triester macrocycle 13 as a white solid after chromato-
graphed on silica gel using EtOAc/ hexane (2:3) as an eluent, mp
250-252 °C. Umax (KBr disc)/cm™ 13390 (NH), 2965, 2850, 1754 (C=0),
1686 (C=0), 1515, 1443, 1262, 1187, 1102, 917. 'H NMR (400 MHz,
CDCl3) 6 8.98 (s, 3H, 3 x NH), 5.13 (h, J = 6.3 Hz, 3H, 3 x CH(CH3)2),
2.64 (s, 9H, 3 xoxazole-CH3), 2.00 (s, 9H, 3 x CCH3), 1.24 (dd, J = 6.3,
4.2 Hz, 18H, 3 x CH(CHz3)2). 13C NMR (101 MHz, CDCl3) § 167.0, 159.8,
159.1, 155.2, 128.4, 70.7, 59.1, 22.5, 21.5, 21.5 for (CHs3)y, 11.7.
HRESI-MS m/z caled for [M + H]" Cs3H43NgO12: 715.2933, found:
715.2930.

4.1.12. Synthesis of triacid platform (14)

A mixture of triester macrocycle 13 (0.2 g, 0.32 mmol) and 5% NaOH
(8 mL) in ethanol (20 mL) was stirred at 0 °C for 1 h. The residue after
removal of ethanol under reduced pressure was then taken into water,
precipitated out at pH = 1 using 5% HCI, extracted twice with EtOAc,
dried over MgSO4, and evaporated under vacuo to give 0.18 g (95%) of
pure triacid platform 14 as a white solid, mp 268-270 °C. vpax (KBr
disc)/ecm™! 3378 (br, OH and NH), 3012, 2956, 1749 (C=0), 1683
(C=0), 1581, 1520, 1441, 1304, 1239, 1188, 1133, 915, 780, 738, 656.
'H NMR (250 MHz, CD30D): 6 9.06 (br, 3H, 3 x NH), 2.66 (s, 9H, 3 x
oxazole-CHz), 2.03 (s, 9H, 3 x CCHz). '3C NMR (62.5 MHz, CD30D):5
170.4,161.9,160.1, 157.3,129.6, 60.4, 22.7, 11.7. HRESI-MS m/z calcd
for [M + NH4]" Co4HagN7O12: 606.1790, found: 606.1786.

4.1.13. General procedure for synthesis of macrocyclic carboxamides (15a-
(9]

A mixture of the triacid platform 14 (0. 05 g, 0.085 mmol, 1 eq), BOP
(0.14 g, 3.6 eq.), and DIPEA (0.1 mL, 6 eq.) in DCM (10 mL) was stirred
for 10 mins at rt before addition of an appropriate amine (3.4 eq) e.g.,
phenethylamine, 4-(piperidin-1-yl)phenylethylamine, 4-(N,N-dime-
thylamine)phenylethylamine and the resulting reaction mixture was
stirred overnight at rt. After removing of the solvent in vacuo, the res-
idue was extracted with EtOAc, washed with 5% HCI, saturated NaHCOs3
solution, brine, dried over MgSO4, and evaporated under reduced
pressure to give a crude product which was purified by flash chroma-
tography on silica gel using EtOAc/ hexane (1:2) as an eluent to afford
the corresponding carboxamides.

4.1.13.1. Macrocycle carboxamide (15a).. mp 168-170 °C as a white
solid. vmax (KBr disc)/cm71 3340 (NH), 2960, 1683 (C=O0), 1634
(C=0), 1506, 1453,1187, 841,749, 701. TH NMR (400 MHz, DMSO-dg)
5 8.74 (s, 3H, 3 xNHC = 0), 8.27 (t, J = 5.7 Hz, 3H, 3 x NECHZ),
7.23-7.06 (m, 15H, 3 xAr-H), 3.27 (q, J = 7.2 Hz, 6H, 3 xNHCH,CH>),
2.68 (t, J = 7.1 Hz, 6H, 3 xXNHCH,CHy), 2.57 (s, 9H, 3 xoxazole-CH3),
1.95 (s, 9H, 3 x CCH3). 3¢ NMR (101 MHz, DMSO-dg) 6 166.6, 160.4,
159.5, 155.0, 139.8, 129.0, 128.6, 128.3, 126.4, 59.7, 41.7, 35.1, 21.8,
11.9. HRESI-MS m/z caled for [M + H] " C4gHs52NoOo: 898.3883, found:
898.3884.

4.1.13.2. Macrocycle carboxamide (15b). mp 180-182 °C as a white
solid. 'H NMR (400 MHz, DMSO-de) 611.70 (s, 3H, 3 x NHC = 0O), 8.84
(t,J=5.5Hz, 3H, 3 x NECHz), 7.10 (d, J = 8.0 Hz, 6H, Ar-H), 6.84 (d, J
= 8.0 Hz, 6H, Ar-H), 3.51 (q, J = 7.2 Hz, 6H, 3 x NHCH,CH3), 3.30 (s,
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9H, 3 x oxazole-CHz), 3.05 (t, J = 5.2 Hz, 12H, piperidin-H), 2.75 (t, J =
7.2 Hz, 6H, 3 x NHCH,CH), 1.97 (s, 9H, 3 x CCH3) 1.62-1.47 (m, 18H,
piperidin-H).lBC NMR (101 MHz, DMSO-dg) 6 167.5, 161.4, 159.0,
154.8, 148.2, 129.5, 129.2, 127.9, 111.9, 55.8, 40.1, 36.5, 25.6, 25.4,
24.2, 11.5. HRESI-MS m/z calcd for [M 4+ H]" Cg3H79N1209: 1147.6087,
found: 1147.6089.

4.1.13.3. Macrocycle carboxamide (15c). mp 178-180 °C as a white
solid. 'H NMR (400 MHz, DMSO-de) 6 8.76 (s, 3H, 3 x NHC = 0), 8.22
(t,J = 5.8 Hz, 3H, 3 x NHCH)), 6.91 (d, J = 8.5 Hz, 6H, Ar-H), 6.56 (d, J
= 8.5 Hz, 6H, Ar-H), 3.20 (q, J = 6.6 Hz, 6H, 3 x NHCH,CH>), 2.78 (s,
18H, 3 x N(CHs)»), 2.66 — 2.50 (m, 15H, 3 x NHCH,CHj, 3 x oxazole-
CHjs), 1.94 (s, 9H, 3 x CCHz). 13¢ NMR (101 MHz, DMSO-dg) 6 166.5,
160.4, 159.6, 155.0, 149.3, 129.5, 129.4, 128.3,113.0, 59.7, 42.1, 40.8,
34.1, 21.8, 11.8. HRESI-MS m/z caled for [M + H]"Cs4Hg7N12009:
1027.5148, found: 1027.5143.

4.2. Biology

In vitro bioassay of cytotoxicity [33], antiviral activity [34-37],
mode of action(s) [36], and inhibitory bioassay against SARS-CoV-2
MP™ [40] were performed according to previously reported proced-
ures. See Appendix A

4.3. Molecular docking

4.3.1. Preparation of receptor molecular coordinate files

The crystallography coordinates of the complexes were downloaded
as pdb files. The files were loaded in AutoDockTools, the ligand(s) and
water molecules were removed, hydrogens and charges were added, and
the structures were saved as pdbqt files.

4.3.2. Preparation of the ligands’ molecular coordinate files

The ligands were drawn in Discovery Studio Visualizer, energy
minimized by molecular mechanics (MMFF force field) and saved as
mol2 files. These ligand files were loaded in AutoDockTools, hydrogen
atoms and charges were added, all the relevant bonds were made
rotatable, and the files were saved as pdbaqt files.

4.3.3. Docking

A Grid Box was manually defined in AutoDockTools to perform
docking in the enzyme active site. A config.txt files was prepared indi-
cating the receptor and ligand file names, the Grid Box coordinates and
size, the energy range (4 kcal/mol) and exhaustiveness of the docking
(set to 8). AutoDock Vina docking was started from the AutoDockTools
built-in GUI interface. Each docking was run five times. The docking
poses (in pdbqt format) and scores were visualized in AutoDockTools,
and were exported for further analyses in Discovery Studio Visualizer.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
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