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Abstract

This study focuses on the rational design and synthesis of new pyrrolidinone derivatives
aimed at inhibiting the ACE2 receptor, a key entry point for SARS-CoV-2. Building on
structural insights from known inhibitors like MLN-4760, five compounds featuring a
pyrrolidinone core, with some incorporating indole rings, were synthesized and charac-
terized. Their inhibitory activity against ACE2 was evaluated in vitro, with compound 4
showing the most promising results, further confirmed through cytotoxicity assays and
molecular docking studies. Docking analysis revealed favorable binding interactions
within the ACE2 active site, supporting the potential of compound 4 as a therapeutic
agent. These findings provide a foundation for future in vivo studies and highlight the
potential development of novel therapeutics targeting ACE2-related diseases, including
COVID-19.

Keywords: SARS-CoV-2; ACE2; TMPyP4; ACE2 inhibitors; MLN-4760; pyrrolidinone
derivatives

1. Introduction

SARS-CoV-2, responsible for coronavirus disease 19 (COVID-19), is an RNA virus
belonging to the coronavirus (CoV) family [1,2]. Under the electron microscope, it appears
like a crown (hence the name corona virus), a property given by the presence on the ex-
ternal envelope of spike (S) glycoproteins, which are responsible for entry into the human
host cells. The S-protein consists of two subunits, S1 and S2; S1 has the receptor-binding
domain (RBD), while the 52 subunit is responsible for viral membrane fusion. Entry into
host cells depends on the binding between the S1 subunit and a cellular receptor which
facilitates the attachment of the virus to the surface of the target cells. In particular, it has
been demonstrated that the virus uses angiotensin-converting enzyme 2 (ACE2) as an en-
try receptor and transmembrane serine protease 2 (TMPRSS2) for the activation of the S
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protein [3]. ACE2 is a Zn?* and chloride-dependent metallopeptidase, which is expressed
in blood vessel endothelial cells of various organs, but especially in the lung, and is in-
volved in the metabolism of important biologically active peptides, such as angiotensin I
and bradykinin [4]. In particular, it catalyzes the transformation of angiotensin I into an-
giotensin II, thus intervening in the regulation of the renin-angiotensin—aldosterone sys-
tem (RAAS). Angiotensin II is a powerful vasoconstrictor that stimulates peripheral vas-
cular resistance and an increase in blood pressure, but it is also involved in the secretion
of aldosterone with a consequent increase in cardiac output. It is worth noting, that there
is also another isoform of ACE, ACEL1 [5], but only ACE2 represents an entry gate for
viruses of the coronavirus family, such as SARS-CoV-2. It has been hypothesized that a
greater expression of ACE2 in the lung leads to an exacerbation of the respiratory symp-
toms of SARS-CoV-2 infection [6]. Angiotensin-converting enzyme 2 (ACE2) plays a piv-
otal regulatory role in both cardiovascular physiology and pathological angiogenesis. By
counterbalancing angiotensin II signaling, ACE2 modulates endothelial cell migration
and vascular tube formation, thereby influencing angiogenic processes. Accumulating ev-
idence demonstrates that ACE2 exerts antitumor effects by suppressing VEGF-mediated
angiogenesis and inhibiting tumor cell invasion, particularly through regulation of the
VEGFA/VEGFR2/ERK signaling pathway. Overall, these findings highlight ACE2 as a
critical modulator of vascular homeostasis and tumor-associated angiogenesis [7-10].

In the most serious cases, SARS-CoV-2 infection can cause acute inflammation and
interstitial pneumonia, where there is a reduction in gas exchange in the alveoli. In condi-
tions of acute hypoxia, free radicals (ROS) are formed that generate an inflammatory state
due to a reduction in oxygen supply through alteration of the vessel wall starting from
endothelium/cardiac alteration [11,12]. Furthermore, after entry into the cell through
ACE2 receptor binding and internalization, SARS-CoV-2 forces the host cells to produce
proteins useful for its replication and viral particle assembly. These intracellular processes
are the underlying basis for strong inflammation, ROS production, and alterations in the
functionality of the pulmonary alveoli and the structure of the vessels, which leads to
edema. This is the reason why forced oxygen ventilation becomes necessary to remove
the hypoxic state. Therefore, by reducing the inflammatory state it is possible to avoid
acute respiratory crises [13].

Among the various studies on drugs to be used in SARS-CoV-2 infection, we recall
that G-quadruplex specific ligands, namely porphyrin-tetra-tosylsulfonates 4,4',4",4"-
(porphyrin-5,10,15,20-tetrayl)tetrakis(1-methylpyridin-1-ium) tetratosylate (TMPyP4) (I)
(Figure 1), showed better antiviral effects than remdesivir on Vero E6 cells, Syrian hamster
and the human ACE2 transgenic mouse model of SARS-CoV-2 infection, with no signifi-
cant toxicity [14]. Most importantly, this study provided an alternative strategy for
COVID-19 treatment by targeting the secondary genomic structures of SARS-CoV-2, pav-
ing the way to the rational design and synthesis of new and safer agents.
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Figure 1. Structure of 4,4',4",4"-(porphyrin-5,10,15,20-tetrayl)tetrakis(1-methylpyridin-1-ium) tetra-
tosylate (TMPyP4) (I).

Our current study was directed towards a different approach: the design of novel
selective ACE2 inhibitors with potential therapeutic applications for ACE2-associated dis-
eases including COVID-19. To optimize interactions with the ACE2 catalytic site, we pur-
sued the synthesis of some molecules characterized by reduced size and increased flexi-
bility compared with TMPyP4 (I). These compounds were specifically tailored to engage
with the ACE2 binding pocket in the conformation inhibited by MLN-4760 (II) (Figure 2),
a selective ACE2 inhibitor [15].

Cl
Cl
N\
N OH
H

Figure 2. Structure of MLN-4760 (II).

Our design efforts focused on five pyrrolidinones (Figure 3), which we synthesized,
tested, and correlated to the structure of MLN-4760 (II). A key consideration was the in-
clusion of at least one nitrogen heterocyclic ring, a feature shared with both MLN-4760
(IT) and a related compound (I). The structure of all five compounds (1-5, Figure 3) contain
a pyrrolidinone core. Additionally, compounds 4 and 5 incorporate an indole ring, a scaf-
fold known for its diverse other therapeutic activities, including anti-inflammatory, anti-
microbial, antioxidant, antitumor, and antiviral properties [16-22]. Moreover, recent re-
search further emphasizes the significance of the indole core in potential drug candidates
for SARS-CoV-2 [23,24]. Consistent with MLN-4760 (II), our molecules also feature polar
functional groups, such as the amide in compounds 2-5, which are crucial for interactions
within the ACE2 pocket.
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Figure 3. Structure of pyrrolidinones (1-5).

2. Materials and Methods
2.1. Chemistry

Commercial reagents were purchased from Aldrich (Milano, Italy), Acros Organics
(Geel, Belgium) and Alfa Aesar (London, UK) and used without additional purification.
Melting points were determined on a Kofler melting point apparatus. Mass spectra were
taken on a JEOL JMS GCMate spectrometer (JEOL, Tokyo, Japan) at an ionizing potential
of 70 eV (EI). 'TH-NMR (300 MHz) and C-NMR (75 MHz) were recorded on a Bruker
Avance 300 MHz spectrometer (Bruker, Billerica, MA, USA). Chemical shifts were ex-
pressed in parts per million downfield from tetramethylsilane as an internal standard. The
progress of the reactions and the purity of the synthesized products were monitored by
thin layer chromatography (TLC), using aluminum plates covered with Whatman K6F
silica gel (or Merck-25 DC-Alufolien Kiesegel 60 F254) and alumina (Merck, Milano, Italy)
with fluorescence indicators, using the appropriate eluents and observed under ultravio-
let light (254 nm). As solid supports for liquid chromatography adsorption, Silica Gel 60
(Merck), Alumina 90 (Merck) and celite 545 were employed.

2.2. General Procedure for the Synthesis of Compounds 7, 9a, 9b, 11a, 11b

A mixture of amine 6 or N-(3-aminopropyl)alkylamides 8a, 8b, 10a, 10b (1.0 mmol),
4-chlorobutyryl chloride (1.5 mmol), Na2COs (3.0 mmol) in toluene (20 mL) was heated at
110 °C under stirring for 5 h. The reaction mixture was then allowed to cool to room tem-
perature and diluted with ice-cold water (30 mL). The resulting mixture was extracted
with dichloromethane (3 x 30 mL). The combined organic layer was washed with brine,
dried over anhydrous Na:50s and concentrated under vacuum. The residue obtained was
chromatographed on silica gel column using n-hexane/diethyl ether (1:2) as an eluent to
give the desired derivatives 7, 9a, 9b, 11a, 11b (yield 65-80%).

2.2.1. N-Benzhydryl-4-Chlorobutanamide (7)

White solid. "H-NMR (300 MHz, CDCls): d = 8.14 (br, 1H, NH), 7.42-7.34 (m, 8H, Ar),
7.24-7.10 (m, 2H, Ar), 6.20 (s, 1H, CH), 3.70-3.60 (m, 2H, CH:Cl), 2.36-2.31 (m, 2H, COCHz),
1.92-1.85 (m, 2H, CH2); MS (EI) m/z (%): 289 [M, 2].

2.2.2. 4-Chloro-N-(3-(2,2-Diphenylacetamido)propyl)butanamide (9a)

White solid. TH-NMR (300 MHz, CDCls): d = 8.01 (br, 1H, NH), 7.73 (br, 1H, NH),
7.41-7.29 (m, 6H, Ar), 7.23-7.20 (m, 4H, Ar), 5.10 (s, 1H, CH), 3.70-3.65 (m, 2H, CH:Cl),
3.44-3.40 (m, 4H, HNCH: CH.CH:NH), 2.37-2.33 (m, 2H, COCH.), 1.90-1.83 (m, 4H,
CH:CH:CH>, CH>CH:Cl); MS (EI) m/z (%): 374 [M*, 2].
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2.2.3. 4-Chloro-N-(3-(2-Cyclohexyl-2-Phenylacetamido)propyl)butanamide (9b)

White solid. TH-NMR (300 MHz, CDCls): & = 8.01 (br, 1H, NH), 7.72 (br, 1H, NH),
7.37-7.29 (m, 5H, Ar), 350 (d, 1H, CH), 3.70-3.65 (m, 2H, CH:Cl), 3.43-3.19 (m, 4H,
HNCH:CH-CH:NH), 2.36-2.32 (m, 2H, COCH?), 2.13-2.10 (m, 1H, CH), 1.91-1.83 (m, 4H,
CH:CH:CHz, CH:CH:Cl), 1.64-1.36 (m, 10H, 5CHz); MS (EI) m/z (%): 380 [M, 2].

2.2.4. N-(3-(4-Chlorobutanamido)propyl)-1H-Indole-2-Carboxamide (11a)

White solid. TH-NMR (300 MHz, CDCls): & = 11.55 (br, 1H, NH), 9.00 (br, 1H, NH),
7.70 (br, 1H, NH), 7.59-7.55 (m, 1H, Ar), 7.52-7.50 (m, 1H, Ar), 7.40 (s, 1H, Ar), 7.30-7.29
(m, 2H, Ar), 3.70-3.66 (m, 2H, CH:Cl), 3.41-3.21 (m, 4H, HNCH:CH.CH:NH), 2.36-2.33
(m, 2H, COCHz), 1.88-1.82 (m, 4H, CH2CH>CH>, CH-CH:Cl); MS (EI) m/z (%): 323 [M?, 2].

2.2.5. N-(3-(4-Chlorobutanamido)propyl)-5-Methoxy-1H-Indole-2-Carboxamide (11b)

White solid. TH-NMR (300 MHz, CDCLs): d = 11.55 (br, 1H, NH), 9.01 (br, 1H, NH),
7.72 (br, 1H, NH), 7.60-7.55 (d, 1H, Ar), 7.48-7.45 (d, 1H, Ar), 7.39-7.37 (d, 1H, Ar), 6.81—
6.78 (d, 1H, Ar), 3.80 (s, 3H, OCHs), 3.71-3.66 (m, 2H, CH:Cl), 3.42-320 (m, 4H,
HNCH:CH:CH:NH), 2.37-2.33 (m, 2H, COCH:), 1.90-1.84 (m, 4H, CH:CH:CH,
CH:CH:Cl); MS (EI) m/z (%): 353 [M, 2].

2.3. General Procedure for the Synthesis of Compounds 1-5

A mixture of the amido derivative (7, 9a, 9b, 11a or 11b) (1.0 mmol) and Na2COs (1.5
mmol) in DMF (20 mL) was heated at 150 °C under stirring for 12 h. Water (50 mL) was
then added, and the resulting mixture was extracted with ethyl acetate (3 x 20 mL). The
combined organic layer was washed with brine, dried over anhydrous Na:50s, and con-
centrated under vacuum. The residue obtained was chromatographed on silica gel col-
umn using petroleum ether/EtOAc (1:1) as an eluent to give the desired pyrrolidinones 1-
5 (yield 60-72%).

2.3.1. 1-Benzhydrylpyrrolidin-2-one (1)

White solid, mp: 131-133 °C. 'H-NMR (300 MHz, CDCls): & = 7.48-7.27 (m, 4H, Ar),
7.24-7.09 (m, 6H, Ar), 6.20 (s, 1H, CH), 3.40-3.31 (m, 2H, NCH?), 2.41-2.30 (m, 2H, COCH2),
2.10-1.95 (m, 2H, CH:); BC-NMR (75 MHz, CDCls): 5 =174.19, 138.26, 130.14, 128.91, 126.15,
72.46, 46.61, 31.17, 19.26; MS (EI) m/z (%): 252 [M*, 1]; Anal. calcd for Ci7HZNO: C 81.24, H
6.82, N 5.57, found: C 81.26, H 6.81, N 5.55.

2.3.2. N-(3-(2-Oxopyrrolidin-1-yl)propyl)-2,2-Diphenylacetamide (2)

White solid, mp: 116-118 °C. "H-NMR (300 MHz, CDCls): 6 =8.03 (br, 1H, NH), 7.40-
7.30 (m, 6H, Ar), 7.22-7.19 (m, 4H, Ar), 5.20 (s, 1H, CH), 3.43-3.39 (m, 2H, HNCH2), 3.33~
3.28 (m, 2H, NCH: pyrrolidinone), 3.20-3.16 (m, 2H, NCHz), 2.35-2.30 (m, 2H, COCHz),
2.11-1.98 (m, 2H, CH:CH:2CO), 1.90-1.87 (m, 2H, CH:); BC-NMR (75 MHz, CDCL):
=174.99, 170.96, 138.54, 129.21, 128.25, 126.22, 58.36, 50.71, 47.97, 38.06, 31.05, 26.56, 17.76;
MS (EI) m/z (%): 337 [M*, 1]; Anal. calcd for CaiH24N202: C 74.97, H 7.19, N 8.33, found: C
74.99, H 7.20, N 8.31.

2.3.3. 2-Cyclohexyl-N-(3-(2-Oxopyrrolidin-1-yl)propyl)-2-Phenylacetamide (3)

White solid, mp: 101-103 °C. *H-NMR (300 MHz, CDCls): & = 8.02 (br, 1H, NH), 7.36—
7.28 (m, 5H, Ar), 3.60 (d, 1H, CH), 3.33-3.30 (m, 2H, NCH: pyrrolidinone), 3.28-3.18 (m,
4H, HNCH:, CH:N), 2.34-2.31 (m, 2H, COCH>), 2.14-2.11 (m, 1H, CH), 2.10-1.97 (m, 2H,
CH>CH2CO), 1.64-1.37 (m, 10H, 5CH>) 1.90-1.87 (m, 2H, HNCH2CH>CH:N); 3C-NMR (75
MHz, CDCls): d =174.92, 170.46, 139.84, 128.11, 125.95, 50.76, 48.51, 47.96, 38.02, 32.55,
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31.09, 30.08, 26.51, 26.09, 25.43, 17.72; MS (EI) m/z (%): 343 [M*, 1]; Anal. calcd for
C21H30N202: C 73.65, H 8.83, N 8.18, found: C 73.67, H 8.81, N 8.20.

2.3.4. N-(3-(2-Oxopyrrolidin-1-yl)propyl)-1H-Indole-2-Carboxamide (4)

Yellow solid, mp: 224-226 °C. 'TH-NMR (300 MHz, CDCls): =11.55 (br, 1H, NH), 8.99
(br, 1H, CONH), 7.63-7.60 (m, 1H, Ar), 7.55-7.52 (m, 1H, Ar), 7.40 (d, 1H, Ar), 7.01-6.98
(m, 2H, Ar), 3.32-3.30 (m, 2H, NCH: pyrrolidinone), 3.26-3.19 (m, 4H, HNCH:, CH:N),
2.33-2.30 (m, 2H, COCH>), 2.00-1.98 (m, 2H, CH>) 1.90-1.87 (m, 2H, HNCH:CH-CH:N);
BC-NMR (75 MHz, CDCls): 6 =174.93, 160.34, 139.00, 138.54, 131.31, 122.07, 120.95, 119.32,
114.98, 111.10, 50.79, 47.91, 39.86, 31.08, 26.55, 17.79; MS (EI) m/z (%): 286 [M*, 1]; Anal.
caled for CisH19N3O2: C 67.35, H 6.71, N 14.73, found: C 67.33, H 6.70, N 14.74.

2.3.5. 5-Methoxy-N-(3-(2-Oxopyrrolidin-1-yl)propyl)-1H-Indole-2-Carboxamide (5)
Yellow solid, mp: 199-201 °C. 'H-NMR (300 MHz, CDCls): =11.52 (br, 1H, NH), 9.02
(br, 1H, CONH), 7.60 (d, 1H, Ar), 7.45 (d, 1H, Ar), 7.40 (d, 1H, Ar), 6.98 (d, 1H, Ar), 3.80 (s,
3H, OCHs), 3.33-3.30 (m, 2H, NCH: pyrrolidinone), 3.27-3.18 (m, 4H, HNCH:, CH:N),
2.34-2.31 (m, 2H, COCH?z), 2.00-1.97 (m, 2H, CHz) 1.90-1.87 (m, 2H, HNCH:CH:CH:N);
13C-NMR (75 MHz, CDCls): 6 =174.90, 160.54, 154.41, 138.24, 132.11, 132.07, 114.95, 112.32,
112.12, 111.32, 56.03, 50.72, 47.91, 39.96, 31.02, 26.55, 17.70; MS (EI) m/z (%): 316 [M*, 1];
Anal. caled for C7H21N30s: C 64.74, H 6.71, N 13.32, found: C 64.72, H 6.69, N 13.34.

2.4. Biology

Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (1:1) (DMEM/F12-
HEPES) medium and Dulbecco’s modification of Eagle’s medium (DMEM) were pur-
chased from Corning (Corning, NY, USA). Dulbecco’s phosphate-buffered saline solution
(DPBS), L-glutamine, penicillin-streptomycin solution and fetal bovine serum (FBS) were
obtained from EuroClone (Milan, Italy). Dimethyl sulfoxide (DMSO), trypsin-EDTA so-
lution, fibronectin, gelatin from bovine skin, Claycomb medium, norepinephrine and thi-
azolyl blue tetrazolium bromide (MTT), were purchased from Sigma Aldrich-Merck
(Saint Louis, MO, USA).

2.5. Angiotensin II Converting Enzyme (ACE2) Inhibition Screening Studies

Stock solutions (10 mM) of compounds 1-5 in DMSO were prepared. ACE2 activity
was measured using angiotensin I converting enzyme (ACE2) inhibitor screening kit (cat.
No. MAKB378, Sigma Aldrich, St. Louis, MO, USA). The assay was performed in triplicate,
using an aliquot of 10 pL from each sample and following the manufacturer’s protocol.
The inhibitory activity of all the five compounds was evaluated at a final concentration of
1 uM. Fluorescence was read using a VICTOR Nivo multimode microplate reader (Perki-
nElmer). Two time points were chosen (T1=105s and T2 =370 s, in the linear range of the
graph) and the corresponding fluorescence values were obtained (RFU1 and RFU2, RFU
= relative fluorescence unit). The slopes were therefore calculated for all the samples, and
it was possible to calculate the % relative inhibition of each molecule using the formula:

%Relativelnhibition = (SlopeEC - SlopeS/SlopeEC) x 100
(EC = enzyme control (ACE2, no inhibition), S = sample (ACE2 + molecule)

2.6. Cell Lines and Culture Conditions

The immortalized neuroblastoma cell line SH-SY5Y was maintained in DMEM/F-12-
HEPES medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin. Human embryonic kidney (HEK293) cells were cultured in
DMEM supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100
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ug/mL streptomycin. HL-1 cardiomyocytes were grown in gelatin/fibronectin-coated
flasks using Claycomb medium supplemented with 10% FBS, 100 U/mL penicillin, 100
ug/mL streptomycin, 2 mM L-glutamine, and 0.1 mM norepinephrine [(+)-Arterenol].
Caco2 colorectal adenocarcinoma cells were cultured in high-glucose (4.5 g/L) DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and 100 ug/mL
streptomycin. All cell cultures were maintained at 37 °C in a humidified atmosphere with
5% CO: and passaged every 48 h.

Compound 4 was dissolved in dimethyl sulfoxide (DMSO) as 50 mM stock solutions
and stored at 4 °C until use. The working solutions were freshly prepared, diluting in cell
culture medium. The final concentration of DMSO was always within the limit of 0.8%
(v/v), which did not affect cell growth when compared with the vehicle-free controls.

2.7. Measurement of Cell Viability

Cytotoxicity of the synthetic molecules was assessed by MTT [3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide] colorimetric assay. Experimentally, SH-SY5Y,
HEK239, HL-1, and Caco-2 cells were seeded in 96-well plates (2 x 104 cells per well) and
incubated for 24 h. The cells were treated with different concentrations of the compound
(40pM, 20pM, 10pM, 5pM, 1pM, 0.5uM and 0.1 uM) for 24 h. As a negative control, cells
were treated with DMSO at the highest concentration used in the treatments. Thereafter,
the media were discarded and the cells were incubated with 100 pL of 0.75 mg/mL MTT
solution for 4 h in the dark at 37 °C. Subsequently, formazan crystals were dissolved by
the addition of 100 uL/well 1:1 DMSO:isopropanol. Absorbance was measured using a
Multiskan Go spectrophotometer (Thermo Scientific, Waltham, MA, USA) at a wave-
length of 570 nm with background subtraction at 630 nm. The 50% inhibitory concentra-
tion (ICs0) was calculated using GraphPad Prism software V. 8.4.2 (GraphPad, La Jolla,
CA, USA).

2.8. Molecular Docking

The docking studies used the X-ray structure of human ACE2 inhibited by MLN-4760
(PDB ID 1R4L) with 3.0 A resolution [25]. The protein structure (with MLN-4760 removed)
and the ligands were prepared with AutoDockTools 1.5.7 of the MGLTool package 1.5.7.
The ligands were prepared with Gasteiger charges, merged non-polar hydrogens, aro-
matic carbons and rotatable bonds. In silico molecular docking of conformationally flexi-
ble compounds into the semi-rigid structure of acetylcholinesterase was performed with
the Lamarckian genetic algorithm in AutoDock Vina 1.1.2 [26]. Selected flexible residues
were E145, W271, R273, V243, H345, P346, T347, K363, D367, D368, E375, E406, F504, H505,
Y510, R514 and Y515. Grid box size was 24 A x 24 A x 28 A centered at the coordinates
(41,4,29) and the exhaustiveness 20. The docking solutions were ranked by the binding
site scoring function of AutoDock Vina, which estimates the binding energy (affinity),
without any rescoring/re-ranking.

3. Results and Discussion

SARS-CoV-2 is a member of the coronavirus (CoV) family and it is the causative
agent of COVID-19 [27]. This infection often leads to severe inflammation of the respira-
tory tract epithelium and can result in patient mortality. Currently, there are no definitive
drug therapies. The presence of spike (S) glycoproteins on its outer envelope facilitates its
entry into target cells [28]. The S1 subunit of protein S engages ACE2 on the surface of the
target cells as an entry receptor and the serine protease TMPRSS2 for the activation of
protein S [29]. The ACE2 receptor is an important protein that regulates the vasocon-
striction processes of the arteries of the lungs, protecting them from damage that can be
caused by infections and inflammation. In severe cases, SARS-CoV-2 infection may trigger
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acute inflammation in lung tissues giving rise to interstitial pneumonia and significantly
impairing gas exchange in the alveoli [30].

Several reports [31-34] have shown that the binding affinity of SARS-CoV-2 for the
ACE2 receptor via the spike receptor-binding domain (S-RBD) is nearly tenfold higher
than that observed for the SARS-CoV RBD. This suggests that ACE2 represents the pri-
mary, and maybe the only, receptor responsible for viral attachment to the host cell mem-
brane. Therefore, the possible therapeutic targets for treating COVID-19 are the SARS-
CoV-2/ACE2 interactions, either directly by interfering with the surfaces involved in the
interaction or indirectly by modifying the conformations of RBD or ACE2, which in the
latter case might affect binding, internalization or the regulation of its expression. To date,
some compounds have been reported as inhibitors of ACE2, such as MLN-4760 (1I, Figure
2) [35], whereas others, for example the well-established anti-influenza drug Arbidol
(Umifenovir III, Figure 4), interfere with the SARS-CoV-2 RBD-ACE2 interaction [36].

|
NGO
HO

-0
Br \
HCI

Figure 4. Structure of Arbidol (III).

In this preliminary study, we have investigated the ACE2 inhibitory effects of com-
pounds 1-5, of which some are structurally related to both MLN-4760 and Arbidol. The
most active derivative, indole 4, was selected for further cytotoxicity studies on uninfected
human cells and a molecular docking analysis.

3.1. Chemistry

Pyrrolidinone derivatives 1-5 were synthesized as described in Schemes 1-3. Specif-
ically, diphenylmethanamine (6) or N-(3-aminopropyl)acrylamide (8a, 8b, 10a, 10b) (mol-
ecules present in our chemistry library) were reacted with 4-chlorobutyryl chloride in tol-
uene under reflux in the presence of sodium carbonate. The amido derivatives (7, 9a, 9b,
11a, 11b) obtained were cyclized in a basic medium, by heating under reflux in the higher
boiling point, N,N-dimethylformamide (DMF) in the presence of sodium carbonate.

~1CO(C] H
CIGQ(CH,);Cl N
‘ NHp  CIREED ‘ N @ o, O N
> cl ___
Toluene, reflux DMF, reflux
l l ‘ |
6 7 1

Scheme 1. Synthetic route for 1-benzhydrylpyrrolidin-2-one (1).
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Scheme 2. Synthetic route for compounds 2 and 3.
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Scheme 3. Synthetic route for compounds 4 and 5.

3.2. Angiotensin II Converting Enzyme (ACE2) Inhibition Studies

Compounds 1-5 were studied for their ACE2 inhibitory activity. The stock solutions
of all the molecules (1-5) were prepared by dissolving these compounds in DMSO, thus
obtaining a starting concentration of 10 mM for each compound. ACE2 activity was meas-
ured using the angiotensin II converting enzyme (ACE2) inhibitor screening kit (cat. No.
MAK378, Sigma Aldrich, St. Louis, MO, USA). The assay was performed in triplicate, us-
ing an aliquot of 10 pL from each sample and following the manufacturer’s protocol. The
inhibitory activity of all five molecules was evaluated at a final concentration of 1 uM.
Fluorescence was read using a VICTOR Nivo multimode microplate reader (Perki-
nElmer). The % relative inhibition of each molecule determined at the concentration of 1
UM are reported in the tables below (Table 1). The compound with the greatest inhibitory
action on the ACE2 receptor is 4.

Table 1. Inhibitory activity of compounds 1-5 against ACE2 at a concentration of 1 uM, negative
control (CTRL) .

SAMPLE (1 uM) % Inhibition
ACE2 (CTRL) 0
ACE2 + Commercial Inhibitor 98.66 +2.02
ACE2+1 0
ACE2+2 20.62 +0.09
ACE2+3 0

https://doi.org/10.3390/app16041718
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ACE2+4 25.14 £0.11
ACE2 +5 1.07+0.12

2 Each analysis was performed in triplicate. Values are means + SD.

3.3. Cytotoxicity Studies

To exclude a potential cytotoxic effect of compound 4, it was tested on different cell
lines using a concentration range of 0.1, 0.5, 1, 5, 10, 20, and 40 uM. This range was selected
based on previous in vitro data showing that compound 4 is able to inhibit the ACE2 en-
zyme at a concentration of 10 pM. The cell lines used were SH-SY5Y (human neuroblas-
toma cells), HEK293 (human embryonic kidney cell line), HL-1 (cardiac myocyte cell line),
and Caco-2 (human intestinal epithelial cell line), which exhibit different levels of ACE2
enzyme expression. An MTT assay was performed on all cell lines after 24 h of treatment.
The results showed that ICso values in all tested cell lines were above 40 uM, indicating
that compound 4 does not affect cell viability at the tested concentrations (Figure 5 and
Table 2).

= 150 ~ 1507
g 2
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s 3
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8 3
> )
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2 &
S I
CTRL 0.1 0.5 1.0 5.0 10.0 20.0 40.0 CTRL 0.1 0.5 1.0 5.0 10.0 20.0 40.0
uM uM
Compound 4 Compound 4
(a) (b)
150 150+
—_ R
= -
g £
= S
o ©
8 B
> =
= @
] 5]
© o
- S
= g
(]
CTRL 0.1 0.5 1.0 5.0 10.0 20.0 40.0 CTRL 0.1 0.5 1.0 5.0 10.0 20.0 40.0
um HM
Compound 4 Compound 4
(c) (d)

Figure 5. Cell viability assay. SH-SY5Y (a), HEK293 (b), HL-1 (c), and Caco-2 (d) cells were exposed
to the indicated concentrations of 4 for 24 h, and cell survival was measured using the MTT assay,
as described in the Materials and Methods section. The percentage of viable cells was calculated as
the ratio between treated and control cells. Vehicle-treated cells were used as the negative control
(CTRL). Data are expressed as mean * standard error (SE) of three replicates from three independent
experiments. Statistical significance was evaluated (GraphPad Prism 8.4.2 software) using one-way
ANOVA followed by Dunnett’s post hoc test. Significance: (* p < 0.05, ** p <0.01, *** p <0.001).

Table 2. Summary table of ICso values in SH-SY5Y, HEK293, HL-1, and Caco-2 cell lines.

Cell Line ICs0 (um) Compound 4
SH-SY5Y
Hek293 >0 M
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3.4. Molecular Docking of 1-5 in the Active Site of ACE2

Docking studies were performed with a crystal structure of ACE2 in the confor-
mation inhibited by MLN-4760. The docking procedure involved a search in conforma-
tional space with flexibility in the rotamers of the ligand and binding pocket side chains.
The highest ranking docking solution displayed a binding of 4 in the ACE2 binding
pocket, with an estimated binding energy of —8.4 kcal/mol (Figure 6a). In this docking
solution, 4 makes a hydrogen bond with E375 and other interactions with F274, H345,
T347, D367, F504, Y510, Y515 and Zn?*. The residues H345, Y515 and Zn2* have been shown
to be part of the active site of ACE2 [24]. In the top docking solution, a large part of 4
occupies the same space as MLN-4760 deep into the binding pocket between the two mov-
able domains of ACE2 (Figure 6a and b). In addition, compounds 1, 2, 3 and 5 were also
docked into the ACE2 structure using the same parameters for compound 4. Compared
with compound 4, none of the top ranking docking solutions of these other compounds
occupied the same space as MLN-4760 close to the active site residues and all of them had
lower estimated binding energy (-7.9, 8.3, -8.0 and -7.9 kcal/mol for compound 1, 2, 3
and 5, respectively) (Figure 6¢). In conclusion, the docking results suggest that compound
4 is compatible with ACE2 binding and inhibition; furthermore, they provide insight into
the potential interactions formed between the inhibitor and the active site residues.

o e

T347 0

Figure 6. Docking result of compound 4 in the X-ray structure of human ACE2 (a). In the active site
of ACE2, flexible residues are displayed with sticks and carbons in cyan, and those interacting with
4 are labeled. MLN4760 (b) and compounds 1, 2, 3 and 5 (c) in the active site of ACE2 for comparison.
The carbons of compounds 1, 2, 3, 4, 5 and MLN-4760 are shown in green, salmon, violet, magenta,
gray and yellow, respectively.
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4. Conclusions

The novel COVID-19 continues to endanger human health, and the therapeutic drugs
for its treatment are under intensive research and development. Identifying the efficacy
and toxicity of new molecules in vitro and in vivo models is essential for finding new med-
ications, and a prerequisite for drugs to enter clinical trials. The combination of in vitro
research techniques with computer simulation methods may lead to the discovery of a
new lead compound. The in vitro results obtained from our designed and synthesized com-
pounds have identified several potential ACE2 receptor inhibitors. These molecules will
now proceed to in vivo testing to evaluate their efficacy and safety profiles. These com-
pounds may be used for treating conditions such as pulmonary hypertension, asthma and
arterial hypertension. In addition, considering the pivotal role of ACE2 in endothelial
function and pathological angiogenesis, the modulation of ACE2 activity may also have
broader implications in vascular homeostasis and diseases associated with aberrant angi-
ogenic processes. Although there is no strong evidence that ACE2 receptor inhibitors,
such as MLN-4760, can influence the binding with the SARS-CoV-2 spike protein directly
[37], it cannot be excluded that they may affect cellular internalization of the virus receptor
complex or ACE2 availability on the cell membrane through effects on its expression and
turn-over. Therefore, we believe that compound 4, which inhibits ACE2 (as shown here)
and is structurally related to Arbidol (inhibitor of the binding between SARS-CoV-2 spike
protein and ACE2), could serve as a lead compound for the future development of thera-
peutic options for both viral infections and respiratory diseases.
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