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The papain-like protease (PLpro) of SARS-CoV-2 is an important drug target against COVID-
19 due to its essential role in viral replication and modulation of host immune responses.
With the virus undergoing mutations across its genome, there's a pressing need for effective
antivirals to combat the disease and its potential future outbreaks. In this study, we
conducted screening of small molecule libraries to identify potential PLpro inhibitors. We
found that aurintricarboxylic acid (ATA) inhibits PLpro, with K; and IC,, values of 16 uM
and 30 uM, respectively. The thermodynamics of ATA binding to PLpro were further
characterized using isothermal titration calorimetry. In vitro assays demonstrated the
antiviral efficacy of ATA with IC,, of 50 pM. Subsequently, its in vivo antiviral potential was
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Introduction

Developing effective antivirals against SARS-CoV-2 is crucial
for managing the COVID-19 disease and preparing for potential
future coronavirus outbreaks. Targeting essential steps in the
virus's life cycle, such as blocking the interaction between the
viral spike protein and the host ACE2 receptor, inhibiting viral
genome replication by targeting viral RNA-dependent RNA
polymerase (RdRp), and inhibiting viral proteases like the main
protease and the papain-like protease (PLpro), are key
strategies for drug development [1-3].

Papain like protease (PLpro) of SARS-CoV-2 cleaves viral
polyproteins (ppla/lab) at three sites to yield mature non-
structural proteins, Nspi1, Nsp2, and Nsp3, essential for virus
replication. Besides, PLpro is also implicated in the evasion of
host antiviral immune responses through deubiquitination and
delSG15lation of several host/viral proteins hampering the
signalling cascades of the innate immune system [4-7].
Therefore, inhibition of PLpro will not only suppress the viral
multiplication but also help in overcoming the dysregulation of
host innate immune response caused by viral infection. While
several potential PLpro inhibitors have been identified
previously, their clinical efficacy remains limited. Therefore,
thereis a needtofind novel PLpro inhibitors.

In this study, employing our previously established
optimized assay conditions [8], we undertook a high-
throughput biochemical screening with small molecule
libraries to identify novel inhibitors of SARS-CoV-2 PLpro.
Among the compounds screened, aurintricarboxylic acid (ATA)
emerged as a potent inhibitor of the PLpro enzyme with
inhibition constantin the low micromolar range.

Subsequently, we explored the potential of ATA in
inhibiting PLpro both in vitro and in vivo.
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also studied in Syrian hamsters.
KEYWORDS: SARS-CoV-2, COVID, Aurintricarboxylic acid, PLpro, Papain-like protease,

Materials and Methods

Expression and purification of PLpro: The recombinant
protein of SARS-CoV-2 PLpro was expressed and purified as
previously described [8]. Briefly, the protein was expressed in
BL21(DE3) strain of E. coli and purified from the soluble
fraction of the cell lysate using Nickel-affinity chromatography
followed by size exclusion chromatography. The purified
protein, concentrated to 10 mg/ml, was stored at 4°C in a
storage buffer (50 mM HEPES pH 7.5, 100 mM NaCl, and 5 mM
DTT) for further studies.

High throughput screening: The experiments were
conducted using 96-well black non-treated plates (Thermo
Scientific, Denmark) in a CLARIOstar Plus multi-mode
microplate reader (BMG Labtech, Germany), with excitation
and emission filters set at 355 nm and 430 nm, respectively.
The assay buffer consisted of 50 mM MES (pH 6.5), 100 mM
NaCl, 0.5 mM EDTA, 5 mM DTT, and 0.1 mg/ml BSA. Initial
screening assays were performed in a reaction volume of 50 pl,
comprising 200 nM enzyme, 300 uM test compound, and
20 uM fluorogenic tetrapeptide substrate (Z-Leu-Arg-Gly-Gly-
AMC). IC,, values were determined through three/four
parameters non-linear regression fitting of velocity data for
different compound concentrations (0-300 uM) at a fixed
concentration of the substrate (20 uM) using GraphPad Prism
software (www.graphpad.com). The plotted data in Fig.1 (a,b)
represent mean values derived from three independent
experiments.

Isothermal Titration calorimetry: Isothermal titration
calorimetry (ITC) experiments were performed to study
thermodynamics of PLpro-ATA interaction using MicroCal
iTC200 instrument (Malvern Panalytical Ltd., UK). Protein and
ATA were used at concentrations of 25 yM and 0.7 mM,
respectively in Tris (pH 7.5), 100 mM NaCl, and 5 mM DTT.
Sample cell contained the protein with temperature and
reference power set at 25°C and 5 pcal/sec, respectively. Each
titration with ATA comprised an initial injection of 0.4 ul
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Fig.1: Biochemical characterization of PLpro inhibition by ATA (a) Concentration-dependent inhibition of PLpro enzymatic activity by ATA;
[PLpro]=200nM, [Substrate]=70uM; (b) Enzymatic activity of PLpro at different concentrations of Z-LRGG-AMC substrate (50, 250, 500, 750 uM)

and ATA (0-500 uM) to estimate K. FU: Fluorescence units.

followed by 18 identical injections of 2 ul, lasting 4 seconds per
injection, and spaced 120 seconds apart. An initial delay of
120 seconds was applied, with stirring at 800 rpm. The heat of
dilution derived from ATA titration in buffer was averaged and
subtracted from each injection. Interaction parameters were
computed using MicroCal iTC200 analysis software.

In vitro toxicity and antiviral assay of ATA: Before
proceeding for in vitro antiviral assay, cytotoxicity assessment
of ATA against Vero E6 cells was carried out. After seeding cells
in a 96-well plate at 80% confluency, various concentrations of
ATA (up to 1 mM) were added. MTT assay was performed after
48 hours to gauge cell viability. For the antiviral assay, Vero E6
cells, similarly seeded in a 96-well plate at 80% confluency,
were infected with SARS-CoV-2 at 0.1 m.o.i. for two hours. Post-
infection, different concentrations of ATA (ranging from 25 to
400 pM) in fresh media were added to the cells. Supernatants
were collected at 24 hours post-infection, and RNA isolation
followed by RT-gPCR analysis using specific primers for viral
spike, nucleocapsid, and ORFla was conducted. Mean Ct
values from the RT-gPCR were utilized to estimate viral RNA
copy numbers, and IC,, for ATA was determined using
GraphPad Prism with four parameters variable slope non-linear
regression fitting.

Evaluation of antiviral potential of ATA in Syrian
hamsters: The antiviral efficacy of ATA was evaluated in vivo in
24 Syrian hamsters, divided into four groups of six animals
each: one control and three treatment. All animals were intra-
nasally infected with SARS-CoV-2 (TCID,, = 10°) on day zero.
While the control group received no treatment, the treatment
groups (A, B, and C) were administered ATA at doses of 15, 30,
and 45 mg/kg body weight, respectively, starting four hours
post-infection via oral route in a 100 ul solution. Dosages were
repeated daily for four days (day 1-4), and animals were
euthanized on day 5. Daily monitoring and recording of body
weights were conducted throughout the study. Throat swabs
and lung tissues were collected from all the animals for further
analysis. RT-gPCR was employed to estimate the viral loads in
throat swabs and left lung tissues, while histopathological
evaluations were performed on the right lung tissues.
Statistical analysis to determine differences among groups
was conducted using Welch’s t-test (one-tailed).

Results
High throughput screening

A screening of 350 drug-like compounds, including
natural product compounds, was carried out against PLpro
under optimized assay conditions as previously reported [8].
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Significant inhibition of the enzyme was observed only with
ATA. Concentration-dependent inhibition of PLpro enzymatic
activity revealed an IC,, value of 30 uM for ATA (Fig.1(a)). To
ascertain the type of inhibition and the inhibitory constant (Ki),
enzymatic assays were performed at four substrate
concentrations (50, 250, 500, 750 pM) with varying ATA
concentrations (O uM - 500 uM) (Fig.1(b)). The kinetic data
were analysed using SigmaPlot software, fitting them into four
models of enzyme inhibition (competitive, non-competitive,
uncompetitive, and mixed). The Akaike Information Criterion
corrected (AICc) values were employed to determine the most
plausible mode of inhibition. The kinetic data demonstrated
the best fit with the non-competitive model of enzyme
inhibition, yielding a Kivalue of 16 uM.

Isothermal titration calorimetry

The binding energetics of ATA to PLpro were investigated
using isothermal titration calorimetry (ITC) (Fig.2). Analysis of
thermodynamic data, fitted into a one-site binding model,
revealed a dissociation constant (K,) of 11.3 uM with enthalpy
(AH) and entropy (AS) changes of -2.47 kcal/mol and
14.3 cal/mol/deg, respectively. These thermodynamic
findings indicate favourable contributions from both enthalpy
and entropy to the overall binding energy (AG), suggesting that
the interaction between ATA and PLpro involves a combination
of hydrophobic and hydrogen bonding interactions.
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Fig.2: Thermodynamic and kinetic parameters of ATA binding to PLpro.
Top panel: Raw data of calorimetric titration showing exothermic heat
changes with successive injections; Bottom panel: Integrated binding

isotherm plotted against molar ratio (ATA: Plpro).
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Fig.3: In vitro IC,, determination of ATA.

Invitro toxicity and antiviral potential of ATA

The in vitro antiviral potential of ATA was explored by first
assessing its cytotoxicity in Vero E6 cells. Treatment with
1.0 mM ATA showed 95% cell viability after 48 hours, indicating
its non-toxic nature at this concentration. Subsequently,
antiviral efficacy of ATA was evaluated at concentrations below
1.0 mM. Vero EG6 cells infected with SARS-CoV-2 were treated
with different ATA concentrations (ranging from O to 400 uM).
The viral load, estimated in terms of viral RNA copy numbers via
RT-gPCR, exhibited a notable reduction as ATA concentration
increased from 25 pM to 75 pM, indicating an IC,, value
between these concentrations. Using four-parameter variable
slope non-linear regression fitting, the IC,, was determined as
50 uM (Fig.3).
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Evaluation of in vivo antiviral potential of ATA in Syrian
hamsters

The in vivo antiviral efficacy of ATA was assessed in Syrian
hamsters using a previously established protocol [9]. ATA was
orally administered to SARS-CoV-2-infected animals in three
treatment groups, designated as (a), (b), and (c), at doses of
15, 30, and 45 mg/kg body weight, respectively. The treatment
schedule for ATAis illustrated in Fig.4(a).

Throughout the five-day observation period, no notable
weight loss, complications, or mortality occurred in any groups
(treatment or untreated controls). RT-gPCR analysis revealed a
decrease in virus RNA copy numbers in throat swab samples
from ATA-treated groups compared to the untreated control
(Fig.4(b)). Significance of this reduction was determined using
one-tailed Welch’s t-test, showing a 0.4-log reduction in groups
A and B (p-values: 0.0592 and 0.0580, respectively) and a
1-log reduction in group C (p-value: 0.0439) compared to the
untreated control.

However, in lung tissues, no significant reduction in virus
RNA levels was observed in the treatment groups compared to
the untreated control (Fig.4(c)). Additionally, there were no
noticeable differences in lung pathology between the
untreated and ATA-treated groups.

Conclusion

In this study, we have screened a library of compounds
using high-throughput biochemical assay to find potential
inhibitors of SARS-CoV-2 PLpro. ATA emerged as a promising
inhibitor of PLpro. Further, its binding parameters were
assessed through biochemical and biophysical methods. We
also evaluated its in vitro antiviral efficacy against SARS-CoV-2
using viral culture in VeroE6 cells. Subsequent in vivo
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Fig.4: In vivo antiviral assay of ATA. (a) Treatment design in Syrian hamsters. (b) Throat swabs and (c) Lung tissues of SARS-CoV-2-infected
animals from the untreated control (six animals) and three treatment groups (six animals each). Horizontal bars represent mean values.
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investigations in SARS-CoV-2-infected Syrian hamsters
demonstrated that oral administration of ATA led to a reduction
inviral load in the throat. However, no discernible improvement
in lung pathology was observed, possibly due to limited cell
permeability of ATA. However, ATA’s low toxicity suggests its
potential as an oral gargle or nasal cleaning solution to reduce
viral transmission. Alternative administration routes, like
nebulization or nasal inhalation, may enhance bioavailability of
ATAiin lungtissues.
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