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ABSTRACT
Non-structural protein 5 (Nsp5) is a cysteine protease that plays a key role in SARS-CoV-2 replication, sup-
pressing host protein synthesis and promoting immune evasion. The investigation of natural products as
a potential strategy for Nsp5 inhibition is gaining attention as a means of developing antiviral agents. In
this work, we have investigated the physicochemical properties and structure-activity relationships of
ellagic acid and its gut metabolites, urolithins A–D, as ligands of Nsp5. Results allow us to identify uroli-
thin D as promising ligand of Nsp5, with a dissociation constant in the nanomolar range of potency.
Although urolithin D is able to bind to the catalytic cleft of Nsp5, the appraisal of its viral replication
inhibition against SARS-CoV-2 in Vero E6 assay highlights a lack of activity. While these results are dis-
cussed in the framework of the available literature reporting conflicting data on polyphenol antiviral activ-
ity, they provide new clues for natural products as potential viral protease inhibitors.
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Introduction

Coronaviruses are members of the coronaviridae family which
includes enveloped, positive single-stranded RNA viruses that
infect a wide range of hosts, such as avian, swine, and humans.
Until the 21st century, most members of the family caused only
mild respiratory effects on humans, but the appearance of Severe
Acute Respiratory Syndrome Coronavirus (SARS-CoV) in 2003 and
Middle East Respiratory Syndrome Coronavirus (MERS-CoV) in
2012, has increased interest towards these pathogens. In 2019, a
novel coronavirus, namely the Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2), spread causing a world pandemic
with a significant impact on global healthcare and economy1,2.
These events have posed a medical need for novel therapeutic
antiviral agents, fostering the development of drug discovery
strategies to identify novel magic bullets3 targeting the essential
components of the viral life cycle.

SARS-CoV-2 single-stranded RNA (ssRNA) genome is translated
by host ribosomes into two large polyproteins: pp1a and pp1ab.
These polyproteins are cleaved by two cysteine proteases, namely
papain-like protease (PLpro or Nsp3) and chymotrypsin-like prote-
ase (3CLpro or Nsp5), producing mature structural and non-
structural proteins, such as the RNA-dependent RNA polymerase,
helicase, and exonuclease that are fundamental components for
the viral replication4. Since there are eleven Nsp5 cleavage sites in
the polyproteins, this enzyme is considered the viral main

protease5, and its substrate specificity is characterised by the rec-
ognition and cleavage of an aminoacidic motif substrate (LQ/SAG
motif) that is not recognised by human proteases6. SARS-CoV-2
Nsp5 shares 96.1 and 50.3% sequence identity with the proteases
of SARS-CoV and MERS-CoV, respectively7.

From a structural point of view, Nsp5 is a functional homo-
dimer and each monomer (33.8 kDa) is composed of three distinct
domains (Figure 1). Domains I (8–101 residues) and II (102–184
residues) are formed by six-stranded antiparallel b-barrels, whereas
domain III (201–303 residues) is composed of five a-helices which
are linked to domain II by a long loop (185–200 residues)8. The
active site is located between domains I and II, consisting of a
catalytic dyad (Cys145 and His41) and a water molecule that forms
a hydrogen bond with His41 thereby acting as a third component
of the catalytic machinery8,9. Domain III is involved in the dimer-
isation process which is required for the catalytic activity of the
enzyme10 and affected by the presence of ligands11.

Due to its pivotal role in regulating the viral life cycle and lack
of protein homologues in humans, Nsp5 has been thrust into the
spotlight as promising druggable target for the development of
antiviral SARS-CoV-2 agents9. Accordingly, both the design of irre-
versible peptidomimetic inhibitors and nonpeptidic inhibitors has
been pursued as key strategies to block the catalytic activity of
the viral main protease Nsp512,13. The first strategy relies on com-
bining the design of substrate analogues with the insertion of
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reactive groups (warheads) that are able to form a covalent
adduct with the catalytic cysteine residue (Cys145) by undergoing
a nucleophilic attack. While Michael acceptor groups are com-
monly used as warheads, other moieties, such as cyano or trifluor-
omethyl groups have also been exploited to obtain a reversible
covalent bond formation with Cys145 for reducing potential toxic
effects that can be associated with the likelihood of off-target
activities of the irreversible covalent binders. Nirmatrelvir (1,
Figure 2) is a successful example of a reversible covalent binder
that has been recently approved for the treatment of SARS-CoV-2

disease14,15. The design of nonpeptidic inhibitors is based on the
identification of small molecules that act as irreversible or revers-
ible inhibitors of the main protease.

In this regard, screening campaigns of large chemical libraries
represent a valuable strategy to identify high-quality hit com-
pounds, including natural products and repurposed drugs with
either irreversible, reversible and allosteric inhibitor profiles (e.g.
myricetin 2, calpeptin 3, MUT056399 4, AT7519 5, pelitinib 6) that
may feed further optimisation efforts on the way to clinical candi-
dates16,17. In this framework, over the SARS-CoV-2 pandemic years,
natural products have attracted considerable attention in the sci-
entific community as a source of promising hit compounds for the
development of anti-viral SARS-CoV-2 agents. Several studies have
indeed disclosed flavonoids, chalcones, isatin, and terpenoid deriv-
atives as Nsp5 inhibitors18–26. Part of these studies has also
reported dietary hydrolysable tannins as promising inhibitors of
the viral main protease Nsp5, including ellagic acid (7) and some
of its gut microbiota metabolites27–29. In some of these works,
molecular docking protocols have been applied without experi-
mental validation to support the relative findings30,31. In some
others, discrepancies have been noticed among biochemical find-
ings, biological outcomes, and computational results about natural
products as ligands and/or inhibitors of Nps5. For instance, in a
recent study, researchers have reported low and high micromolar
dissociation constants of ellagic acid (7, Figure 3) and its metabol-
ite urolithin B (9) to Nsp5 from surface plasmon resonance (SPR)
experiments, whereas an undetectable binding activity was
observed for the other metabolite urolithin A (8)28.

These findings agreed only in part with data from computa-
tional studies, showing similar favourable free binding energy for
such compounds to the catalytic site, and with biological results
indicating mild or poor Nsp5 inhibition activity.

In the present work, we deemed of interest to devote further
research efforts to determine the structure-activity relationship
(SAR) and inhibition activity of ellagic acid (7) and urolithin

Figure 1. Structure, domains, and catalytic dyad of the viral main protease Nsp5.
Domain I (8–101 residues) is shown with blue ribbon; domain II (102–184 resi-
dues) is shown with purple ribbon; domain III (201–303 residues) is shown with
magenta ribbon; the loop (185–200 residues) connecting domains II and III is
shown with pink ribbon. The catalytic machinery is highlighted in the box.

Figure 2. Chemical structures and mechanistic profile of Nirmatrelvir (1) and selected inhibitors (2–6) of the viral main protease Nsp5.
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metabolites (urolithin A, B, C, and D; 8–11) against SARS-CoV-2
main protease Nsp5, using physicochemical characterisations,
microscale thermophoresis (MST) assays, computational studies,
and cellular appraisals in African green monkey kidney cells (Vero-
6 cell line). While MST represents a complementary technique to
complement previous SPR experiments providing consensus data,
the use of Vero-6 cell line represents a disease-relevant assay for
the appraisal of the inhibition activity of these dietary polyphenol
derivatives against the viral life cycle of SARS-CoV-2.

Results and discussion

Ellagic acid (7) is a natural compound that is contained in various
plants and vegetable species in free form or embedded in poly-
meric forms termed ellagitannins32,33. Specifically, ellagitannins
release ellagic acid upon hydrolysis, which is further metabolised
to urolithins by gut microbiota. Both ellagic acid and urolithins
contain the benzo[c]coumarin nucleus as a core scaffold. Although
ellagic acid is mainly known for its antioxidant functions, other
biological functions have been reported, such as anti-inflamma-
tory, anticancer, and neuroprotective functions34. It is worth not-
ing that ellagic acid has been indicated as the main
phytochemical compound accounting for the antiviral and anti-
bacterial activities of pomegranate35. Urolithins A and B (8, 9) are
the most abundant metabolites produced by human gut micro-
biota from dietary ellagic acid and ellagitannins, with urolithin A
(8) being the most studied and common species found in
nature36–38. Although urolithin C (10) and D (11) are found to a
lesser extent, specific pharmacological activities have also been
reported for these gut microbiota metabolites. For instance, uroli-
thin C (10) is able to elicit glucose-dependent activation of insulin
secretion in pancreatic models39. In another study, urolithin D (11)
is identified as an inhibitor of EphA2/ephrin-A interaction with a
competitive and reversible binding profile, supporting a putative
mechanism for its colon cancer preventive properties40. The scien-
tific interest in the biological and pharmacological activities of
urolithins (8–11) is further motivated by their bioavailability profile
which is higher than ellagic acid (7), making such compounds
good preclinical and clinical candidates for nutraceutical and drug

discovery applications37,41,42. To develop a structure-activity rela-
tionship (SAR) scheme for ellagic acid (7) and urolithins A–C (8–
11) as ligands of Nsp5 and inhibitors of the SARS-CoV-2 viral cycle,
we first investigated the physicochemical properties of these com-
pounds. These properties could potentially affect the binding and
inhibitory activities of these compounds towards the SARS-CoV-2
main protease Nsp5.

Physicochemical properties

The calculated octanol/water partition coefficient (cLogP) and the
total polar surface area (TPSA) of compounds 7–11 were assessed
using atom-based and fragment-based approaches, respect-
ively43,44. The acidic dissociation constants (pKa) were both pre-
dicted and experimentally determined using a potentiometric
titration method. In particular, the experimental pKa values of the
phenolic groups of 7–11 were successfully determined when fall-
ing in a range between 2 and 12. The potentiometric method can-
not provide reliable measurements outside this range of values
due to the buffering reaction of water45. Hence, the very high pre-
dicted pKa values of two phenolic groups in ellagic acid (7) and
urolithin D (11) as well as one phenolic group in urolithin C (10)
were not determined with the potentiometric titration method
(Figure 4). Table 1 reports the cLogP, TPSA, and experimental pKa
values of compounds 7–11. Overall, a poor agreement is found
between the predicted and the experimental pKa values of the
compounds (Figure 4 and Table 1). Although ellagic acid (7) and
urolithin D (11) are the most polar compounds for their highest
number of phenolic groups, they differ in the relative pKa values.
Ellagic acid has two experimentally determined pKa values, with
the lowest value (pKa1¼ 3.63) being likely ascribed to the hydroly-
sis of its lactone moieties (7-bis) occurring when the potentiomet-
ric titration reaches low pH values (pH < 6). The second pKa
value (pKa2¼ 7.04) can be assigned to either phenolic groups in
position 3 and 30 of 7, which thereby show identical or very simi-
lar pKa values that are not distinguished by the potentiometric
method. Urolithin C (10) has three phenolic groups, yet only
two of them have been experimentally determined with
potentiometric titration (pKa1¼ 6.58; pKa2¼ 9.10). Urolithins A

Figure 3. Chemical structures of ellagic acid (7) and urolithins A–C (8–11).
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and B are di- and mono-hydroxylated metabolites of ellagic acid
(7), respectively. The determination of their experimental pKa
values shows that they are less acidic compounds than uroli-
thins C and D.

A putative bioavailability profile was next evaluated for each
compound using the boiled-egg method that predicts gastro-intes-
tinal (GI) absorption and the blood–brain barrier (BBB) permeability
based on cLogP and TPSA values46. Moreover, the likelihood of
being P-gp substrate for ellagic acid (7) and urolithins (8–11) was
also calculated using the SwissADME server47.

In agreement with the literature data37,41,42, results show that
urolithins have better GI absorption than ellagic acid (Figure 5).
Moreover, urolithins B (9) and A (8) are also predicted as BBB per-
meant in view of their higher cLogP and lower TPSA values. It is
worth noting that both ellagic acid (7) and urolithins A–D (8–11)
are not predicted as P-gp substrates.

Ligand binding activity

In this part of the study, we aimed to assess the interactions of
ellagic acid (7) and urolithins A–D (8–11) to the recombinant
SARS-CoV-2 main protease Nsp5. Ligand binding assays were per-
formed using the MST methodology48. Hence, the recombinant
SARS-CoV-2 main protease Nsp5 was labelled with a fluorescent
dye (NT650-Nps5), and its stability and integrity were checked
using nano-DSF assays, confirming that protein stability was not
compromised after the time of incubation as well as structural
integrity was preserved upon the labelling reaction (see Methods

and Supplementary Materials, Figures S1, S2, Table S1). Buffer con-
ditions were evaluated to identify the optimal set for MST signal
reproducibility, using nirmatrelvir (1) as a positive control. Results
show that all compounds are able to induce a variation of the
thermophoretic movement of the ligand-bound NT650-Nps5 com-
plex, generating binding curves (Supplementary Materials, Figures
S3–S8) that are instrumental to calculate the relative dissociation
constants (Kd) of the compounds (Table 2).

Overall, MST results are in agreement with the low micromolar
dissociation constant reported for ellagic acid (7) in a recent SPR
study28, yet they reveal distinct binding activities for urolithins A–
D (8–11). Specifically, the inspection of Table 2 reveals that ellagic
acid (7) and urolithin D (11) are the most potent binders of the
enzyme, with the Kd in the nanomolar range of potency. They are
followed by urolithins C (10) and A (8) showing micromolar bind-
ing activities. Conversely, urolithin B (9) proves to be a much
weaker binder of NT650-Nps5, yielding an incomplete binding
curve at its maximum tested concentration (250 mM). These find-
ings support a SAR scheme wherein a higher number of hydroxyl
groups on the aromatic rings favours the inhibitory effect of these
compounds against SARS-CoV-2 main protease Nsp528. Moreover,
they also highlight the relevance of the pKa values. Indeed, the
binding activity of the compounds seems to be influenced by the
acidity of the molecule, with urolithin D (11) and ellagic acid (7)
bearing a more acidic hydroxyl group that may account for their
nanomolar potency.

Since ellagic acid (7) and urolithins (8–11) have a lower
molecular weight than nirmatrelvir (1), the Binding Efficiency
Index (BEI) was determined as a metric of the compound potency
corrected for its size49,50. The BEI values reported in Table 2 high-
light the compounds that use their atoms most efficiently to
engage SARS-CoV-2 main protease Nsp5 with molecular interac-
tions, pinpointing those chemical structures that are more suitable
to further medicinal chemistry optimisation efforts for improving
their potency while maintaining good physicochemical properties.
In this regard, it is worth noting that ellagic acid (7) and urolithins
A (8), C (10), and D (11) show higher BEI values than nirmatrelvir
(BEI ¼ 16.8), with urolithin D being endowed with the most sig-
nificant BEI value of 27.6.

With the exception of urolithin A (8), the other active com-
pounds (7, 10, and 11) bear a catechol group that has been listed

Figure 4. Predicted pKa values of ellagic acid (7), its possible acid-hydrolysed product (7-bis), and urolithins A–D (8–11); predicted pKa values of phenolic groups are
blue-labelled if they were not experimentally determinable; predicted pKa values are red-labelled if they were successfully determined by the potentiometric method
(Table 1).

Table 1. Physicochemical properties of ellagic acid (7) and urolithins (8–11).

Compound cLogP TPSA (Å2) pKa1 pKa2 R2

Ellagic acid (7) 1.31 141 3.63� 7.04 0.9932 (pKa1)
0.9999 (pKa2)

Urolithin A (8) 2.36 70.7 8.34 9.05 0.9996 (pKa1)
1.0000 (pKa2)

Urolithin B (9) 2.65 50.4 8.53 – 0.9998 (pKa1)
Urolithin C (10) 2.06 90.9 6.58 9.10 0.9999 (pKa1)

0.9992 (pKa2)
Urolithin D (11) 1.77 111 6.12 8.43 0.9971 (pKa1)

0.9993 (pKa2)
�This pKa value is likely due to the hydrolysation of the lactone moieties during
titration of the compound at low pH values.
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as PAINS (Pan Assay INterference compoundS) motif51. Catechol
exhibits indeed different types of interference with assay readouts,
including metal chelation, redox cycling, and unspecific reactivity
with nucleophilic side chains of proteins. As a consequence, com-
pounds bearing a catechol moiety are usually regarded as bad
hits with poor evidence of structure–activity relationships and
devoid of optimisation chances to high potent derivatives.
Notwithstanding, the application of the PAINS concept to natural
compounds is still a matter of debate, with the pivotal observa-
tion that many natural compounds contain such moieties account-
ing for their functional effects52. In this framework, a consensus
view is that the PAINS concept may apply to natural products
whenever they are found as low-micromolar potency hits and/or
with unspecific reactivity in screening assays. Herein, urolithin D
(11) was found as nanomolar potency hit in the MST assay.
Hence, we next investigated the presence of a specific mechanism
of reactivity to the catalytic site of SARS-CoV-2 main protease
Nsp5, using a ligand binding displacement assay with nirmatrelvir
(1). Specifically, the idea was to assess whether compound 11
could displace inhibitor 1 from the catalytic site of SARS-CoV-2
main protease Nsp5, leveraging its higher BEI and thereby sug-
gesting a common binding site in the enzyme as well as a specific
reactivity to the catalytic cysteine residue. In this regard, it is
worth mentioning that nirmatrelvir (1) binds to the catalytic site
of the enzyme, engaging Cys145 in the formation of a reversible
covalent bond with its nitrile group (pdb codes: 7VH8, 7RFW, 7SI9,
7TE0)14,53–55. Ligand binding experiments of nirmatrelvir (1) to

NT650-Nps5 were carried out in the presence of two increasing
concentrations of urolithin D (100 nM and 1000 nM) to monitor
the presence of a competitive binding behaviour with the right-
ward shift of the dissociation constant (Kd) of the inhibitor 1. It is
found that urolithin D (11) abolishes the interaction of nirmatrelvir
(1) to the enzyme, with the Kd value of the inhibitor 1 being not
determinable in the presence of compound 11 at either of the
tested concentrations (Figure 6).

Molecular docking

Having identified the binding site of urolithin D (11) within the
catalytic cleft of SARS-CoV-2 main protease Nsp5, we next investi-
gated the binding modes of ellagic acid (7) and urolithins (8–11)
using molecular docking studies. In this regard, it is worth noting
that these molecules belong to the chemical class of polyphenols
as myricetin (2). Specifically, myricetin (2) has been reported as a
potent irreversible inhibitor of Nsp5 (IC50¼ 0.63 ± 0.01 lM), being
able to engage Cys145 in a covalent bond with the aromatic car-
bon atom in 20 position of its pyrogallol moiety (pdb code: 7B3E,
7DPP; Figure 7)16,56.

The reaction starts with an auto-oxidation process, which is
common in polyphenols upon air exposure57. In this process, the
catechol moiety of 2 spontaneously oxidises with one hydroxyl
group being firstly deprotonated to accelerate a transient forma-
tion of a o-semiquinone radical which secondly decays yielding a
o-quinone moiety58. This latter is a Michael acceptor group and
reacts with the thiol group of Cys145, making a covalent adduct
with the enzyme56.

Docking studies of compounds 7–11 were thus carried out
into the crystal structure of Nsp5 bound to myricetin (2) as
detailed in the method section. The adopted docking algorithm
(Glide) and the relative scoring function (Gscore) correctly identi-
fied the binding mode of myricetin (2) into the catalytic cleft with
its carbon atom in 20 position of the pyrogallol moiety laying in
close proximity to Cys145 (Figure 7; RMSD ¼ 1.57Å). Then, the
top-scored binding mode for each compound was selected to

Figure 5. Boiled-egg representation of ellagic acid and urolithins A-C according to their TPSA and cLogP values, suggesting BBB permeability (BBBþ, orange region),
GI absorption (GIþ, white region). Compounds predicted as P-gp substrate (P-gpþ) are indicated with a blue circle; compounds predicted as negative P-gp substrate
(P-gp�) are indicated with a red circle. The plot was generated using SwissADME.

Table 2. Dissociation constants and Binding Efficiency Index (BEI) of nirmatrelvir
(1), ellagic acid (7), and urolithins (8–11) to NT650-Nps5.

Compound MW Kd (mM) BEI

Nirmatrelvir (1) 499.5 0.004 ± 0.001 16.8
Ellagic Acid (7) 302.2 0.97 ± 0.14 19.9
Urolithin A (8) 228.2 44.5 ± 7.1 19.1
Urolithin B (9) 212.2 >250 –
Urolithin C (10) 244.2 6.70 ± 0.70 21.2
Urolithin D (11) 260.2 0.065 ± 0.006 27.6
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assess the estimated binding energy (Gscore) and identify inter-
molecular interactions (Table 3).

As a first result, the inspection of the binding energies (Gscore)
reveals limitations of the scoring function to yield a correct esti-
mation of these values since they are in poor agreement with the

dissociation constants (Kd) of the docked compounds. Although
this is generally known in literature59–61, the docking algorithm
however succeeds in providing binding modes of myricetin (2)
and compounds 7–11 that are compliant to react with the thiol
group of Cys145.

Figure 6. Binding curves of nirmatrelvir (1) to NT650-Nps5 in the absence (red points and line) and presence of 100 nM (light blue points and line) and 1000 nM (blue
points and line) of urolithin D (11). Results are obtained from n0.3 independent measurements; bars represent the standard deviation of the points.

Figure 7. Overlap of the experimental binding mode (green carbon sticks; pdb code 7B3E) and predicted binding mode (orange carbon sticks; top scored solution) of
myricetin (2) as resulting from the docking study (RMSD ¼ 1.57 Å). The RMSD is calculated between the corresponding heavy atoms of the flavonoid moiety of 2. The
covalent bond between the aromatic carbon atom in 20 position of 2 and Cys145 is shown as blue dashed line.

Table 3. Docking scores (GScore, kcal/mol) of myricetin (2), ellagic acid (7), and urolithins (8–11) into the catalytic site of
Nps5.

Compound GScore (kcal/mol) Hydrogen bonds P-stacking interactions

Myricetin (2) �7.07 Thr26(b); Asp187(b) His41
Ellagic Acid (7) �6.08 His41(s); Asn142(s); Glu166(b) His41
Urolithin A (8) �6.34 Thr26(b); Asn142(s) His41
Urolithin B (9) �5.74 – His41
Urolithin C (10) �6.08 Gly143(b) His41
Urolithin D (11) �6.52 Asn142(s); Gly143(b); Glu166(b) His41
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To gain insights into structure-activity relationships, we then
visually inspected the binding modes of compounds 7–11 into
the catalytic site of Nsp5 (Figures 8 and 9). All compounds show a
conserved p-stacking interaction with the catalytic residue His41,
whereas different number of hydrogen bonds are formed between
the hydroxyl groups and the backbone or side chain polar atoms
of residues shaping the catalytic cleft.

In agreement with the previous SAR scheme28, compounds
with the highest number of hydroxyl groups on the aromatic
rings, namely ellagic acid (7) and urolithin D (11), show more
hydrogen bond interactions with Nsp5 than other compounds (8–
10; Figure 9), thereby accounting for their nanomolar binding

potency. Moreover, the high number of hydroxyl groups favours
an enhanced water solubility of compounds 7 and 11 that would
be more available to bind to the enzyme.

However, this is not sufficient to explain the higher BEI of uroli-
thins D (11; BEI ¼ 27.6) and C (10; BEI ¼ 21.2) than ellagic acid (7;
BEI ¼ 19.9) and urolithin A (8; BEI ¼ 19.1). An explanation to such
observation may rely on the different reactivity of these compounds
for the formation of the Michael acceptor group. Indeed, the first
step leading to the warhead is the deprotonation of one hydroxyl
group of the catechol moiety for the generation of o-semiquinone
radical. In this framework, it is worth noting that urolithins D and C
show a lower pKa1 value than the pKa1 of urolithin A and pKa2 of

Figure 8. Binding mode (orange carbon sticks; top-scored solution) of ellagic acid (7) as resulting from the docking study. Catalytic site residues involved in hydrogen
bond and p-stacking interactions (Table 3) with 7 are bold labelled. Hydrogen bonds are shown as yellow dashed lines.

Figure 9. Binding modes (orange carbon sticks; top-scored solutions) of urolithins A–D (8, A; 9, B; 10, C; 11, D) as resulting from the docking study. Catalytic site resi-
dues involved in hydrogen bonds and p-stacking interactions with compounds 8–11 (Table 3) are bold labelled. Hydrogen bonds are shown as yellow dashed lines.
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ellagic acid, corresponding to the acidic hydrogen of the hydroxyl
group of the catechol moiety. Hence, the lower pKa value of uroli-
thins D and C may increase compound’s reactivity, favouring the
warhead formation.

Cell-based antiviral activity

The most potent and promising compound, namely urolithin D,
was submitted to cellular experiments using Vero E6 cells with the
aim of assessing its cytotoxicity as well as its antiviral activity.
Accordingly, urolithin D (11) and nirmatrelvir (1) were used in pre-
liminary experiments to assess the effect on Vero E6 cell viability.
To this end, the cells were incubated with different concentrations
of each compound for 24 h, and cell viability was assessed by MTT
reduction assay. As shown in Figure 10, neither urolithin D (11) or
nirmatrelvir (1) were able to significantly affect cell metabolic

activity, assumed to be well-tolerated by Vero E6 cells at all the
concentrations tested.

Of note, the apparent slight reduction of cell viability by the
highest concentrations of compounds could be ascribed to the
corresponding amount of DMSO used to dissolve urolithin D (11)
and nirmatrelvir (1). Consequently, the subsequent experiments
were performed using 50 mM of urolithin D (11) and nirmatrelvir
(1) as the highest concentration.

The antiviral activity of urolithin D (11) was assessed by a Vero
E6 cell-based assay. The cells were infected with the SARS-CoV-2
BA.5 strain and treated with different concentrations of compound
11 and nirmatrelvir (1) as the positive control. After incubations, the
supernatant viral titre was determined through the plaque assay. As
shown in Figure 11(A), the viral replication was not affected by the
treatment with urolithin D (11) at all the tested concentrations.
Indeed, the viral titres of the supernatants were completely compar-
able to the untreated control. Conversely, the protease inhibitor

Figure 10. Cytotoxic effect of urolithin D (11) and nirmatrelvir (1) on Vero E6 cells. Cells were incubated with different concentrations of urolithin D (A) or nirmatrelvir
(B) for 24 h and cellular viability was assessed through the MTT reduction assay. Data are expressed as mean± SD of cell viability percentage with respect to control
from two independent experiments performed in triplicate.

Figure 11. Antiviral activity of urolithin D (11) and nirmatrelvir (1). Cells were infected with 0.01 multiplicity of infection of SARS-CoV-2 BA.5 variant and treated with
different concentrations of (A) urolithin D or (B) nirmatrelvir for 48 h. After incubation, the supernatant viral load was assessed through plaque assay. Viral titres are
expressed as mean± SD of plaque-forming units (PFU)/mL from two experiments performed in triplicate. �p< 0.05, antiviral-treated sample vs. vehicle-treated sample.
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nirmatrelvir (1) was able to significantly reduce the number of
infective particles recovered from the treated samples (Figure 11(B)).

These results are in contrast to a previous work which supports
the antiviral activity of polyphenolic compounds in Vero E6 cells,
reporting the good inhibition activity of myricetin (2, EC50¼ 8.0mM)
against the replication of SARS-CoV-256. In another study, however,
myricetin was found devoid of antiviral SARS-CoV-2 activity using a
cytopathic effect (CPE) inhibition assay in Vero E6 cells16. In the lat-
ter case, the authors proposed that the longer cellular readout
(72h) of the experiment favoured metabolic and/or efflux processes
of myricetin (2) that could lead to diminishing the intracellular con-
centration of the polyphenol below an efficiency threshold to
achieve inhibition of viral replication. This observation may also ten-
tatively explain the lack of antiviral activity for urolithin D (11) in
our cellular study, wherein a similarly long time of readout was
used for the appraisal of the inhibition of SARS-CoV-2 replication.

Other studies have also pointed out the hypothesis that treat-
ing Vero E6 cells with flavonoids first and then virus infection, as
in the experiments of Su et al.56, may highlight a preventive role
of this class of compounds through their interference with other
mechanisms of viral infection, such as the interaction of the spike
protein with the ACE2 receptor. 62,63

Conclusions

Ellagic acid (7) and its gut microbiota metabolites, urolithins A–D
(8–11), are natural polyphenols endowed with distinct biological
activities32,33. In this study, we first investigated the physicochemi-
cal properties and binding activities of these compounds against
the main protease Nsp5 of SARS-CoV-2. In agreement with the lit-
erature data, urolithins A–D (8–11) are predicted with a better
bioavailability profile than ellagic acid (7). MST binding experi-
ments show that ellagic acid (7) and urolithins A–D (8–11) are
able to bind Nsp5 with dissociation constants (Kd) ranging from
high micromolar (urolithin B, 9) to nanomolar potencies (urolithin
D, 11). The inspection of the Binding Efficiency Index highlights
urolithin D (11, BEI ¼ 27.6) as the compound that exploits its
atoms most efficiently to engage the main protease Nsp5 with
molecular interactions. Noteworthy, the BEI of compound 11 is
also significantly higher than nirmatrelvir (1, BEI ¼ 16.8). Ligand
binding displacement assays amid urolithin D (11) and nirmatrelvir
(1) reveal a competitive binding mode to Nsp5 of SARS-CoV-2,
pinpointing the catalytic cleft as the binding site of 11 as well as
its specific reactivity to Cys145. This observation is consistent with
crystallisation studies of its polyphenol analogue, myricetin (2),
which has been reported as an irreversible inhibitor of Nsp5 that
engages the catalytic Cys145 in a covalent bond. Hence, ellagic
acid (7) and urolithins A–D (8–11) may work as irreversible inhibi-
tors of Nsp5, sharing key conserved interactions with Cys145 and
His41 in the catalytic cleft as resulting from docking studies. Of
note, the lower pKa1 value of the catechol hydroxylic group of
urolithin D (11) is a pivotal physicochemical property that may
account for the nanomolar potency and high BEI of this com-
pound. Indeed, the more acidic proton favours a higher reactivity
of compound 11 for the formation of the Michael acceptor group
to readily engage Cys145 in a covalent bond.

Unfortunately, these promising results have not successfully
translated into cellular data. At odds with nirmatrelvir (1), indeed,
it is found that urolithin D (11) is devoid of antiviral activity
against SARS-CoV-2 BA.5 strain in a Vero E6 cell-based assay. In
this regard, however, it should be mentioned that contradictory
results were also reported for the antiviral SARS-CoV-2 activity of
its polyphenol analogue, myricetin (2) when using different

experimental protocols of inhibition of viral replication in Vero E6
cells16,56. Since this class of compounds has been reported as
accounting for the antiviral activity of some functional foods32,33,
it is our opinion that further work is required to investigate the
effects of different experimental protocols of cellular assays,
including time of readout, on the antiviral activity of polyphenols.
These studies will provide insight into how customising experi-
mental protocols can affect the clinical translatability of preclinical
studies, enabling a more comprehensive evaluation of the poten-
tial of polyphenols, such as ellagic acid and urolithins, for nutra-
ceutical and/or drug discovery applications. Last but not least, the
high binding potency observed for these natural products, as well
as the presence of structure-activity relationships and a specific
reactivity to Cys145 suggest that they can be considered more
than merely PAINS in the context of viral protease inhibitors,
thereby deserving further investigations.

Methods

Physicochemical property profiling

Predictions of the acidic constants were obtained with the calcula-
tor plugin Marvin (v23.5, 2023; ChemAxon; www.chemaxon.com).
Experimental values of the acidic constants (pKa) were determined
at 25 �C using Sirius T3 potentiometric method (Pion Inc, E.
Sussex, UK)45. To prevent solubility issues during the dissolution
stage in Ionic Strength Adjusted (ISA) water (KCl 0.15M), com-
pounds 7–11 were dissolved in 100% DMSO at the concentration
of 50mM. All the experiments were performed specifying the sam-
ple volume, number of expected pKa values, and their predicted
values according to the calculator plugin Marvin. Three titrations
were performed for each experiment to measure the pKa of the
relative compound. The titration mode was set starting from high
pH (pH ¼ 12) to reach low pH (pH ¼ 2). The Sirius T3 control soft-
ware v1.1.3.0 was instrumental to control the titration experiment.
Titrations were performed at different methanol/water ratios (50%
methanol, 40% methanol, and 30% methanol), using the Yasuda-
Shedlovsky method to extrapolate the relative aqueous pKa values
of the compounds64. Results were analysed using the Sirius T3
refine software v1.1.3.0. The reliability of the titration assays was
assessed by inspecting the R2 resulting from the Yasuda-
Shedlovsky method. Results were deemed acceptable if R2 > 0.9.
The accuracy of the titration assays was evaluated by inspecting
the buffering capacity signal of the analyte which should be
above the intrinsic buffering capacity of water for an accurate
potentiometric measurement. The experimental pKa values of
phenolic groups of compounds 7–11 were successfully deter-
mined when falling in a range between 2 and 12.

The octanol/water partition coefficient (cLogP), the total polar
surface area (TPSA), and the likelihood of being P-gp substrates of
compounds 7–11 were calculated using the SwissADME server47.
These molecular descriptors were instrumental to assess the gas-
tro-intestinal (GI) absorption and the blood–brain barrier (BBB)
permeability of the compounds using the boiled-egg method46.

Protein production

The expression of the full-length SARS-CoV-2 NSP5 was performed
by transforming E. Coli BL21 DE3 cells with a PGEX-6P-1 plasmid
containing the gene sequence of the ORF1ab polyprotein residues
3264–3569 with an additional N-terminal AVLQ and C-terminal
GPHHHHHH. This gene sequence has been optimised for E. Coli
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expression and cloned between the BamHI and NotI restriction
sites of plasmid pGEX-6P-1, as previously reported65.

The construct is designed as the NSP5 protein fused at the N-
terminal with the GST protein, followed by the NSP5 recognition
site such that auto-cleavage of NSP5 itself occurs in the cell dur-
ing gene expression. The C terminus is fused to the 3C pre-scis-
sion protease sequence site followed by His tag suitable for
affinity purification. Cells were resuspended in 80ml of buffer 1
(20mM Tris, 150mM NaCl, pH 7.8) sonicated for 30min (2 s on
and 10 off) and ultra centrifugated at 40 000 rpm for 40min. The
supernatant was loaded on a His-trap FF HP column. The column
was washed with 150ml of buffer 1 to remove unbound proteins
before NSP5 was eluted against a linear gradient of 20 column
volumes (CV) from 0 to 500mM imidazole concentration.

The fractions containing the protein were collected, then 1mg
of 3 C precision protease was added and the solution was dialysed
against 2 L of buffer 2 (20mM Tris, 150mM NaCl, 1mM DTT, pH
7.8). To separate the non-cleaved NSP5-His tagged and the GST-
tagged 3 C pre-scission the solution was passed through a His-
Trap HP FF and a GST-Trap HP FF columns. A final purification
step was carried out by injecting the protein into a gel filtration
column (Superdex 200 Increase 16/60 75 pg) previously equili-
brated with buffer 3 (20mM Tris, 150mM NaCl, 1mM EDTA, 1mM
DTT, pH 7.8).

Stability and integrity checks of the protein

The stability and integrity of the recombinant Nsp5 protein were
evaluated using nano-Differential Scanning Fluorimetry (nano-DSF)
assays. In particular, the stability of the protein was checked after
48 h, with the protein kept at þ4 �C in the dark, in a buffer pH 8.
The integrity of the protein was checked upon the labelling reac-
tion with RED dye NT650 (Monolith Protein Labelling Kit RED-NHS
2nd generation; NanoTemper Technologies, Munich, Germany)
using a 1:3 ratio (protein:dye). The labelling reaction was per-
formed mixing a volume of 100lL of 28lM solution of recombin-
ant Nsp5 with 100 lL of 84lM RED dye NT650 in the labelling
buffer (130mM NaHCO3, 50mM NaCl, pH 8.2) supplied by
NanoTemper. The labelling solution was incubated for 30min and
the unreached fluorophore was removed using a size-exclusion
chromatography column, equilibrated with 20mM TRIS, 140mM
NaCl, pH 8.0 (TRIS buffer). Nano-DSF experiments were run with
Tycho NT.6 instrument (NanoTemper Technologies, Munich,
Germany) monitoring protein thermal denaturation by variations
of the intrinsic fluorescence emission of tryptophane and tyrosine
residues at 330 and 350 nm during the heating phase65. A solution
of 3 mM Nsp5 was prepared in TRIS buffer for such experiments.
The assays were executed in triplicate and the inflection
Temperature (Ti) was calculated by the Tycho NT.6 software
(v1.3.2.880). Results are reported in the Supplementary Materials
(Figures S1, S2 and Table S1). As a result, no variation was found
amid the different Nsp5 samples (DTi< 1.0), confirming protein
stability after 48 h at þ4 �C buffer pH 8 in the dark as well as pro-
tein integrity upon the labelling process.

Ligand binding assays

Thermophoresis is the directional movement of a biomolecular
complex along a temperature gradient. The movement is depend-
ent on the size, charge, and hydration shell of the complex that
changes upon a binding event between a target protein and its
cognate ligand66. In a typical MST assay, a fluorescently labelled
target protein is kept at constant concentration while it is titrated

with serial dilutions of the unlabelled cognate ligand. An IR-laser
induces a temperature gradient and the protein-bound fluoro-
phores in the solution are excited. The migration of the biomolec-
ular complex occurs typically from the hot to the cold region,
inducing a change in the fluorescence signal. This variation is
expressed as the normalised fluorescence (Fnorm) and used to pro-
duce a binding curve for deriving the dissociation constant (Kd)
between the target protein and the cognate ligand48.

The recombinant Nsp5 protein was fluorescently labelled with
RED dye NT650, using a 1:3 ratio (protein:dye). Protein and dye
concentrations were determined by absorption spectroscopy using
a Thermo ScientificTM NanoDropTM One spectrophotometer
(Thermo Fisher Scientific Inc., Waltham Massachusetts, USA) and
applying Equations (1) and (2), respectively. In the equations, the
extinction coefficients are Eprotein¼ 32 890M�1 cm�1 at 280 nm for
recombinant Nps5, eRED dye¼ 195 000M�1 cm�1 at 650 nm for
NT650 fluorophore, with a correction factor of 0.04. The degree of
labelling (DOL) was calculated using Equation (3), yielding a value
of 0.5 for NT650-Nsp5

protein½ � ¼ A280� A650 � cfð Þ
eprotein � l

(1)

dye½ � ¼ A650

ERED dye � l
(2)

DOL ¼ dye½ �
protein½ � (3)

Ligand binding experiments of compounds 1
(MedChemExpress, Cat. No. HY-138687), 7–11 (Sigma-Aldrich, Cat.
No. E2250, SML1791, SML1649, SML3047, and SMB01339, respect-
ively) were performed in TRIS buffer, adding 0.01% Tween20,
1mM EDTA and 2% DMSO. Each compound was tested against
NT650-Nps5 (protein concentration 50 nM) at buffer pH 8 with six-
teen serial dilutions starting from a concentration of 1 mM for nir-
matrelvir (1); 250 mM for ellagic acid (7), urolithins A (8) and B (9);
1mM for urolithin C (10); 30 mM for urolithin D (11). After over-
night incubation at þ4 �C in the dark, samples were loaded into
16 premium coated capillary tubes (MO�K025; NanoTemper
Technologies, Munich, Germany) for the MST analysis. MST signals
were recorded for each capillary at medium laser power, and 40%
LED power, and analysed in initial fluorescence mode. The Binding
Efficiency Index (BEI)67 was calculated using the following
Equation (4):

BEI ¼ pKd
MW ðkDaÞ (4)

The location of the binding site for the most potent com-
pound, namely urolithin D (11), was investigated using a ligand
displacement assay with MST and nirmatrelvir (1) as reference
compounds. In this experiment, NT650-Nps5 (protein concentra-
tion 20 nM) was incubated with two concentrations of compound
11 (100 and 1000 nM) overnight at þ4 �C and buffer pH 8 in the
dark, before adding nirmatrelvir (1) with sixteen serial dilutions
starting from a concentration of 1 mM. MST signals were recovered
using 50% LED power, medium MST power, and setting the hot
region in the Manual mode between 19/20s.

All MST experiments were run in triplicate and resulting data
were processed using MO.Affinity Analysis v2.3 (NanoTemper
Technologies, Munich, Germany). Dissociation constants (Kd) were
obtained as mean values with a confidence interval (±) that
defines the range where the Kd falls with a 68% of certainty, as
declared by NanoTemper. The signal to noise ratio (S/N) was >12
in all MST experiments, indicating excellent assay conditions. MST
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experiments were carried out using Monolith NT.115 instrument
(NanoTemper Technologies, Munich, Germany).

Molecular docking calculations

The crystal structure of Nsp5 bound to myricetin (2) with the
highest resolution factor (pdb code: 7B3E; resolution 1.77 Å)16 was
used for the docking studies of myricetin (2), ellagic acid (7), and
urolithins A–D (8–11). The chemical structures of these com-
pounds were taken from the PubChem database68 and refined
using LigPrep (Schr€odinger Release 2021–3; LigPrep, Schr€odinger,
LLC, New York, NY, USA, 2021) to add hydrogens, to generate all
ionisation and tautomeric states at pH ¼ 7± 2, and to optimise
their internal geometry with the OPLS4 force field until reaching
an energy gradient convergence criterion of 0.05 kJ/Å-mol. The
atomic coordinates of 7B3E chain A were kept, removing the co-
crystallized ligand (2) bound to Cys145 of the catalytic cavity. The
Protein Preparation Wizard (PPW) tool implemented in Maestro
(Schr€odinger Release 2021–3; Maestro, Schr€odinger, LLC, New
York, NY, 2021) was used to process and energetically refine 7B3E
chain A, removing water and any detergent molecule, adding
hydrogen atoms and optimising internal geometries. The OPLS4
force field was used with an atomic coordinate displacement
restrain on heavy atoms set to 0.30 Å. Docking studies of myricetin
(2), ellagic acid (7), and urolithins A–D (8–11) into the catalytic
site of 7B3E chain A were performed with Glide (Schr€odinger
Release 2021–3: Glide, Schr€odinger, LLC, New York, NY, USA,
2021)69. The grid box was defined with its centre located close to
Cys145 (x¼ 20.83, y¼�0.08, z¼�23.36). The inner grid box was
sized 10� 10� 10Å. Docking studies were carried out using the
standard precision (SP) method and the GScore scoring function
(kcal/mol). Criteria for selection of the initial pose were set to
keep n 50 000 poses per ligand for the initial phase of docking, to
use a scoring window of 500 kcal/mol, to keep the best n 1000
poses per ligand for energy minimisation, to use the expanded
sampling mode60. Six independent docking calculations were run
for each compound. It was found that all of them show an identi-
cal conserved binding mode in the top-scored pose with a very
low standard deviation of the relative GScore among docking rep-
licas (Table S2 of Supplementary Materials).

The good performance of this docking protocol was also vali-
dated in reproducing the experimental binding mode of myricetin
(2) into the catalytic cleft of 7B3E chain A, as evidenced by the
low root mean square deviation (RMSD) among heavy atoms of
the top-scored pose and the corresponding atoms of the experi-
mental pose of compound 2 (Figure 7, RMSD ¼ 1.57Å). Hence,
the top-scored pose of each compound was stored for visual
inspection and generation of Figures 7–9.

Cell-based antiviral activity assay

SARS-CoV-2 BA.5 (also known as the Omicron 5 variant) strain was
obtained from a nasopharyngeal swab of a symptomatic patient
of “Santa Maria della Misericordia” Hospital of Perugia, Perugia,
Italy, as previously described70. Frozen viral stocks titered by Half-
maximal Tissue Culture Infectious Dose (TCID50) endpoint dilution
assay71 were kept at �80 �C and thawed immediately before each
experiment. Whole genome sequencing for variant assignation
was performed as previously described72,73. Vero E6 ATCC CRL-
1586 cells were maintained in Eagle’s minimum essential medium
(MEM) containing 10% foetal bovine serum (FBS) and 1% (v/v)
penicillin–streptomycin at 37 �C with 5% CO2. The Vero E6 cell line

was kindly provided by Istituto Zooprofilattico Sperimentale di
Brescia, Brescia, Italy.

Nirmatrelvir (PF-07321332, 1) was purchased from
MedChemExpress (Monmouth Junction, NJ, USA) and dissolved in
DMSO according to the manufacturer’s instructions. Small aliquots
were then kept at �80 �C, thawed before each experiment, and
discarded after use. The cytotoxic effect of selected compounds
was assessed by the MTT [3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide] reduction assay. MTT was purchased
from Merck (Merck, Darmstadt, Germany), dissolved in sterile PBS
at the concentration of 5mg/mL, and filter-sterilized immediately
before use. Vero E6 cells (100 mL, 1� 105/mL) were dispensed into
each well of a 96-well plate and incubated at 37 �C with 5% CO2

for 24 h. After incubation, the medium was discarded, and the
monolayers were incubated with 100 mL of urolithin D (11) or nir-
matrelvir (1) (200–0.1mM) for another 24 h in the same conditions.
Simple medium and medium with different concentrations of
DMSO (4, 2, 1, 0.5, and 0.1%) were used as control. After treat-
ments, MTT stock solution was diluted 1:10 with complete
medium and 100mL was added to each well of the plate and sub-
sequently incubated for 3 h in the same conditions. Finally, 100mL
of DMSO was used to dissolve formazan crystals precipitated on
the bottom of the wells after incubation for 1 h. Absorbance val-
ues at 570 nm (reference filter at 630 nm) were obtained using a
microplate reader (Tecan Infinite M200, Tecan Trading AG, City,
Switzerland). The percentages of cytotoxicity of each antiviral
were calculated based on cells treated with the respective vehicle
concentrations (medium with DMSO).

Anti-SARS-CoV-2 activity of compounds was tested as previ-
ously described74,75. Vero E6 cells (3� 104 cells/well) were cultured
in 96-well plates at 37 �C with 5% CO2 for 24 h. After incubation,
cells were infected with a multiplicity of infection (MOI) of 0.01.
SARS-CoV-2 BA.5 strain was allowed to adsorb to the surface of
cells for 1 h at 37 �C. Then, the virus inoculum was removed, and
cells were treated with 3-fold serial dilutions (50–0.62 mM) of uroli-
thin D (11) and nirmatrelvir (1). In each plate, negative controls
(complete medium and medium with 0.5, 0.25, and 0.1% of
DMSO) and infected positive controls (SARS-CoV-2 alone) were
included. Plates were incubated at 37 �C with 5% CO2 for 48 h.
After incubation, cell supernatants were stored at �80 �C for sub-
sequent analysis.

The cell supernatants obtained in previous experiments were
used for virus titre determination with plaque reduction assay, as
previously described75. Vero E6 cells (3� 105 cells/well) were cul-
tured in 12-well plates for 24 h at 37 �C with 5% CO2. The medium
of each well was replaced with 250 mL of 10-fold serial dilution of
supernatants and incubated for 1 h, rocking the plate by hand
every 15min. The supernatant dilutions were removed and 1ml of
overlay medium (complete medium with agar 0.1%) was added to
each well for 72 h. After that, the cells were fixed and stained with
a solution containing 4% formalin and 0.5% crystal violet. Viral
titre was expressed as plaque-forming units (PFU)/mL, considering
wells with 2–50 plaques.

Statistical analysis was performed using Prism Graphpad v.8.3
(GraphPad Software, San Diego, CA, USA). Data were tested for
normality using the Kolmogorov–Smirnov test and were presented
as mean with the respective standard deviation (SD) or median
with interquartile range (IQR), as appropriate. A p-values <0.05
was considered as significant.
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