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Abstract: The pandemic, due to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), has stimulated the search for antivirals to tackle COVID-19 infection. Molecules with known
pharmacokinetics and already approved for human use have been demonstrated or predicted
to be suitable to be used either directly or as a base for a scaffold-based drug design. Among
these substances, quercetin is known to be a potent in vitro inhibitor of 3CLpro, the SARS-CoV-2
main protease. However, its low in vivo bioavailability calls for modifications to its molecular
structure. In this work, this issue is addressed by using rutin, a natural flavonoid that is the most
common glycosylated conjugate of quercetin, as a model. Combining experimental (spectroscopy
and calorimetry) and simulation techniques (docking and molecular dynamics simulations), we
demonstrate that the sugar adduct does not hamper rutin binding to 3CLpro, and the conjugated
compound preserves a high potency (inhibition constant in the low micromolar range, Ki = 11 µM).
Although showing a disruption of the pseudo-symmetry in the chemical structure, a larger steric
volume and molecular weight, and a higher solubility compared to quercetin, rutin is able to associate
in the active site of 3CLpro, interacting with the catalytic dyad (His41/Cys145). The overall results
have implications in the drug-design of quercetin analogs, and possibly other antivirals, to target the
catalytic site of the SARS-CoV-2 3CLpro.

Keywords: rutin; quercetin; SARS-CoV-2; drug selection; enzyme inhibitors; antivirals; spectroscopy;
molecular modeling

1. Introduction

On January 2020, the World Health Organization (WHO) announced COVID-19 as
a public health emergency of international concern and, on March 2020, declared severe
acute respiratory syndrome coronavirus (SARS-CoV-2) a pandemic [1]. Since then, and to
date, the new coronavirus has become a major global threat, with more than 100 million
reported cases and over 2 million deaths worldwide. Scientists from all over the world are
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working hard in an extraordinary research mission to speed up the investigation for rapid
diagnosis methods and for the development of vaccines and therapeutics to contain the
spread of the infection. In less than one year, these efforts have led to the development
and availability of safe and effective vaccines for COVID-19, which stimulate the immune
system to produce specific antibodies able to block the spike viral protein and prevent
the virus entry into the cells [2]. However, the need to cure patients already infected (or
escaping from vaccination for various reasons) is a stringent necessity.

Although with little specific therapeutic indication for COVID-19, several drugs in
clinical use for other disorders have been administered to patients infected with SARS-
CoV-2 (for extensive reviews, see [3,4]). Many of these therapeutics belong to the class
of antiviral agents, such as Remdesivir (a broad-spectrum pro-drug agent acting as a
viral RNA-polymerase inhibitor), the combination Lopinavir/Ritonavir (HIV-1 protease
inhibitors, which are together more efficient compared to the monotherapy of each drug),
and Sofosbuvir (a nucleotide analogue targeting the hepatitis C virus (HCV) polymerase
NS5B) in combination with Daclatasvir or Velpatasvir (both are potent HCV NS5A complex
antagonists). However, and despite the huge number of research studies reported so far,
the development of safe and effective drugs able to block the viral infection is still lacking
and represents a major goal for the scientific world. Among all the possible chemical
compounds, particular attention has been dedicated to molecules of natural origin [5–8],
including extracts, single bioactive molecules, or entire classes of phytochemicals targeting
SARS-CoV-2, and several of them are currently under investigation.

Rutin (quercetin-3-O-rutinose), shown in Figure 1, is a natural substance belonging
to the flavonol class of flavonoids, widely distributed as secondary metabolites in several
plants. Flavonoid compounds are made up by a phenylpropane-derivative and three acetyl-
CoA (from malonyl-CoA) via the acetate-malonate biosynthesis pathway and cyclization
via chalcones. For this reason, flavonoids possess (with only a few exceptions) an –OH
group at positions C-5 and C-7. Relationships between the structure of flavonoids and
their pharmacological activities have been proven so far; in particular, C-glycosidation
enhances the effectiveness of antiviral and antibacterial activity [9]. Rutin is composed of
one molecule of quercetin and the disaccharide rutinose. Quercetin 3-O-glycosides has a
higher bioavailability (235%) compared to quercetin [10], and rutin is at least two times
more soluble (130 mg/L) than its parent compound [11–13]. Quercetin and several of
its conjugates have been approved by the U.S. Food and Drug Administration (FDA) for
human use. Both quercetin and rutin are used as ingredients in numerous herbal remedies
and have been extensively studied for their multiple pharmacological activities, including
antiviral, antibacterial, and anti-inflammatory properties [9].

In a previous work [14], by using a combination of biophysical in vitro techniques, we
had found that quercetin has the ability to inhibit the main protease of SARS-CoV-2, known
as Mpro or 3CLpro (3C-like protease). 3CLpro is an excellent pharmacological target
because it is highly conserved among the different members of the coronavirus family and
no human host–cell proteases have been reported to show similar specificity. This protein
is a crucial component of the viral replication machinery of SARS-CoV-2, as it is used to
process the large polyproteins obtained by hijacking the host cell, to produce a number of
key viral proteins that include 3CLpro itself. Quercetin was identified as the best hit in an
experimental pipeline for drug screening that allowed us to identify many lead compounds
against different protein targets in the recent years [15–20]. The screening library contains
many drugs already approved for human administration, including natural compounds.
Natural molecules bear remarkable biological qualities, and they are often found to be
active against viruses [21,22].
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Figure 1. Chemical structure of rutin, with the quercetin scaffold (3,3′,4′,5,7-pentahydroxyflavone)
and the rutinoside moiety (α-l-rhamnopyranosyl-(1→6)-β-d-glucopyranose). Rings (A–E) are la-
belled according to standard convention.

The molecular scaffold of quercetin has a number of interesting physico-chemical
properties that are attractive for a drug design endeavor. These features include low molec-
ular mass, the presence of chemical groups that can be easily functionalized and, in the case
of the use to target 3CLpro, considerable inhibitory activity (especially when scaled with re-
spect to its molecular weight as an inhibitory efficiency index). Major shortcomings consist
of a poor solubility and a very low bioavailability due to metabolic transformations after
oral administration, which convert a high percentage of quercetin to glucuronide, methyl,
and sulfate conjugates [23]. In general, these issues may be tackled by resorting to different
strategies, such as employing controlled drug delivery system as nanocarriers circum-
venting solubility/trafficking/metabolic drawbacks or designing chemical modifications
such as the introduction of chemical functional groups that can increase the solubility and
thus the pharmacokinetic profile of the reference compound [24–26]. Furthermore, several
chemical modifications have been proposed to improve the pharmacokinetics of quercetin
in other cases [27,28]. Such modifications, however, open a number of key questions in the
context of the use quercetin as antiviral against SARS-CoV-2. The two most important ones
are perhaps the following: does the presence of a large adduct still guarantee a quercetin
analog the ability to bind into the restricted pocket that constitutes the catalytic site of
3CLpro, and will the inhibitory effect of the parent compound still be retained?

To address these questions, we have used rutin as a test case to verify that the presence
of the most commonly occurring sugar adduct, naturally attached to quercetin, allows
the glycoside form to retain the key bioactive features of the aglycone lead compound.
Although not constituting per se an optimization of quercetin towards a prescription drug,
such validation constitutes an important proof-of-concept that could be considered a
preliminary step to embark towards a more rational and challenging campaign of drug
design. Our results, obtained by combining simulation and experimental techniques,



Biomedicines 2021, 9, 375 4 of 20

show that rutin binds to the catalytic pocket of 3CLpro and, just like its parent compound
quercetin, interacts with the dyad of protein residues responsible for the catalytic activity
of the protease. More importantly, and although not being designed or optimized to this
scope, rutin exerts a clear inhibitory activity with a relatively high potency against 3CLpro.
These results are expected to encourage further investigations towards the development of
quercetin-like antiviral compounds as a defense against coronavirus infections.

2. Materials and Methods

2.1. Protein Expression and Purification

SARS-CoV-2 3CLpro was expressed using a His-tagged construct in a pET22b plas-
mid transformed into BL21 (DE3) Gold E. coli strain. After initial cultures grown in
LB/ampicillin (100 µg/mL) media at 37 ◦C overnight, 4 L of LB/ampicillin (100 µg/mL)
were inoculated and incubated at 37 ◦C until reaching OD = 0.6 at a wavelength of 600 nm.
Then, protein expression was induced with 1 mM isopropyl 1-thio-β-D-galactopyranoside
(IPTG) at 18 ◦C for 5 h. Cells were harvested by centrifugation at 4 ◦C for 10 min at
10,000 rpm (Beckman Coulter Avanti J-26 XP Centrifuge, Barcelona, Spain) and then resus-
pended in lysis buffer (sodium phosphate 50 mM, pH 7, sodium chloride 500 mM). Cells
were ruptured by sonication (Sonics Vibra-Cell Ultrasonic Liquid Processor, Newtown,
CT) in ice, adding benzonase 20 U/mL (Merck-Millipore, Madrid, Spain) and lysozyme
0.5 mg/mL (Carbosynth, Compton, UK). Centrifugation at 4 ◦C for 30 min at 20,000 rpm,
and filtration (0.45 µm-pore membrane) allowed removing cell debris from the extract. The
protein was purified using affinity chromatography (ÄKTA FPLC System, GE Healthcare
Life Sciences, Barcelona, Spain) using a cobalt HiTrap TALON column (GE-Healthcare
Life Sciences), eluting by applying an imidazole 10–250 mM gradient. Purity was checked
by SDS-PAGE (Figure S1), and pure protein fractions were dialyzed to remove imidazole
and reach the protein storage condition (sodium phosphate 50 mM, pH 7, sodium chlo-
ride 150 mM). An extinction coefficient of 32890 M−1 cm−1 at 280 nm was employed for
protein concentration quantification. Protein identity was assessed by mass spectrometry
(LC-ESI-MS/MS).

2.2. Rutin Preparation

Rutin hydrate (purity ≥ 94%) in powder was purchased from Sigma-Aldrich (Milan,
Italy). Solutions were prepared by dissolving the powder in pure DMSO at high rutin
concentration (20 mM).

2.3. Circular Dichroism and Fluorescence Spectroscopy

Circular dichroism (CD) spectra were recorded in a Chirascan spectropolarimeter
(Applied Photophysics, Leatherhead, UK) at 25 ◦C. Far-UV and near-UV spectrum were
recorded at wavelengths between 190 and 250 nm in a 0.1-cm path-length cuvette, and
between 250 and 310 nm in a 1 cm path-length cuvette, respectively, employing a protein
concentration of 10 µM and a rutin concentration of 100 µM. Fluorescence measurements
were performed in a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies,
Madrid, Spain), monitoring the intrinsic tryptophan fluorescence of the protein at 2 µM
concentration. An excitation wavelength of 290 nm was used, with excitation and emission
bandwidths of 5 nm, and recording fluorescence emission between 300 and 400 nm. All
spectroscopic measurements were made in sodium phosphate 50 mM, pH 7, dimethyl
sulfoxide (DMSO) 0.5%.

2.4. Proteolytic Activity Assay

In vitro catalytic activity of 3CLpro was monitored using a Förster resonance energy
transfer (FRET) continuous assay with the substrate (Dabcyl)KTSAVLQSGFRKME(Edans)-
NH2 (Biosyntan GmbH, Berlin, Germany) [29,30]. Briefly, the enzymatic reaction was
initiated by adding substrate at 20 µM final concentration to the enzyme at 0.2 µM final
concentration in a final volume of 100 µL. The reaction buffer was sodium phosphate
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50 mM, pH 7, NaCl 150 mM, DMSO 2.5%. Fluorescence was measured in a FluoDia T70
microplate reader (Photon Technology International, Birmingham, NJ, USA) for 20 min
(excitation wavelength, 380 nm; emission wavelength, 500 nm). Enzyme activity was
quantified as the initial slope of the time evolution curve of the fluorescence signal. The
Michaelis–Menten constant, Km, and the catalytic rate constant or turnover number, kcat,
were estimated previously (Km = 11 µM and kcat = 0.040 s−1) [14].

2.5. Inhibition Assay

To assess the in vitro inhibition potency of rutin, the inhibition constant was estimated
from the experimental inhibition curve. The inhibition curve was obtained by measuring
the enzyme activity as a function of compound concentration: enzyme at 0.2 µM final
concentration was incubated with rutin concentration from 0 to 120 µM, while maintaining
constant the percentage of DMSO (2.5%), and the reaction was initiated by adding substrate
at 20 µM final concentration [14]. The enzymatic activity was quantitated as the initial
slope of the substrate fluorescence emission time curve and was plotted as a function of
compound concentration. The slope ratio between the activity in the presence and absence
of rutin provides the percentage of inhibition at a certain rutin concentration. Nonlinear
regression analysis employing a simple inhibition model (considering inhibitor depletion
due to enzyme binding) allowed us to estimate the apparent inhibition constant for rutin,
according to Equation (1), by monitoring the substrate fluorescence emission as a function
of time [14]:
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where [EI] is the concentration of the enzyme-inhibitor complex, [E]T and [I]T are the
total concentrations of enzyme and inhibitor, K

app
i is the apparent inhibition constant for

the inhibitor (rutin), [I] is the concentration of free inhibitor, and v is the initial slope of
the enzymatic activity trace at a certain (free) inhibitor concentration [I] (corresponding
to a total inhibitor concentration [I]T). No approximation consisting of the free inhibitor
concentration assumed equal to the total inhibitor concentration was made, thus having
general validity for any total enzyme and inhibitor concentration and any value of the
inhibition constant (even for tight binding inhibitors). If the inhibitor acts through a purely
competitive mechanism, the previous equation can be substituted by Equation (2) [14]:

v([I])

v([I] = 0)
=

1

1 + [I]

Ki

(

1+ [S]
Km

)

, (2)

where Ki is the intrinsic (i.e., substrate concentration-independent) inhibition constant,
Km is the Michaelis–Menten constant for the enzyme–substrate interaction, and [S] is the
substrate concentration. Because Km and [S] are known, the intrinsic inhibition constant
can be determined.

2.6. Isothermal Titration Calorimetry

Target engagement for rutin against 3CLpro was further assessed by isothermal
titration calorimetry (ITC). Calorimetric titrations were performed using an Auto-iTC200
calorimeter (MicroCal, Malvern-Panalytical, Malvern, UK). Protein at 10 µM, located in the
calorimetric cell, was titrated with rutin at 100 µM, performing experiments in two different
buffers: Tris 50 mM, pH 7, and phosphate 50 mM, pH 7, with DMSO 1%. The experimental
protocol consisted of a series of 19 injections of 2 µL each, using a stirring speed of
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750 rpm, maintaining a spacing between injections of 150 s, and applying a reference power
of 10 µcal/s. The association constant, Ka, the binding enthalpy, ∆H, and the binding
stoichiometry, n, (or percentage of active protein in the cell) were estimated through
nonlinear least-squares regression analysis of the data, by using a model considering a
single ligand binding site, implemented in Origin 7.0 (OriginLab, Northampton, MA, USA).
The dissociation constant, Kd, the binding Gibbs energy, ∆G, and the binding entropy,
−T∆S, were obtained from basic thermodynamic relationships. By performing titrations in
buffers with different ionization enthalpies, the buffer-independent enthalpic, ∆H0, and
entropic contributions, –T∆S0, as well are the number of protons exchanged upon complex
formation, nH, was estimated through linear regression of the observed enthalpy as a
function of the ionization enthalpy of the buffer ∆Hbuf (∆H = ∆H0 + nH ∆Hbuf).

2.7. Molecular Docking

The simulation engine AutoDock Vina [31] and the modeling package AutoDock
Tools [32] were used for docking experiments. The two reference crystallographic structures
6Y2E and 6Y2F [30] retrieved from the Protein Data Bank (PDB) were used, which contain
3CLpro in unliganded form and complexed with an α-ketoamide inhibitor bound in the
catalytic protein site, respectively. Three missing residues in the latter were reconstructed
in silico, and the ligand and water molecules were not considered in the docking. The
structure of rutin was taken from PDB entry 1RY8 [33], and it was improved by performing
an energy minimization using UCSF Chimera [34] and with the addition of the hydrogens.
A blind docking search with very high exhaustiveness [35] was performed on a volume
including the whole protein. The number of poses obtained for the two protein targets
were reduced by performing a selection based on the binding energy (affinity within
1.5 kcal/mol from the best docking pose) and structure similarity (atomic root mean square
deviations RMSD < 2 Å).

2.8. Molecular Dynamics

The 3CLpro-rutin complexes obtained after molecular docking were refined in molecu-
lar dynamics (MD) simulations performed using the GROMACS suite [36]. The complexes
were solvated in a rhombic dodecahedral box with a distance of 10 Å from the closest
edge, resulting in more than 20,000 water molecules added, and four Na+ counterions were
included to neutralize the system. The force field Amber ff99SB-ILDN [37] was used for
the protein, GAFF [38] for the ligand, and the TIP3P model for water [39]. Production runs
were performed for 10 ns in the isobaric-isothermal ensemble, after a standard preparation
routine including energy minimization, annealing, and equilibration [40]. Other simulation
conditions, which include the parameters for the thermostat/barostat, the modeling of elec-
trostatic and non-electrostatic interactions, and the use of constraints, were as previously
described [41,42]. In the subsequent analysis, distances and root mean square fluctuations
(RMSFs) were calculated after eliminating the protein rototranslation by a least-squares fit
with respect to the Cα atoms. Distances from His41 and Cys145 were calculated by consid-
ering the geometric center of, respectively, the five non-hydrogen atoms in the imidazole
ring and the three Cα-Cβ-Sγ atoms in the side chain of these two residues.

3. Results

3.1. Rutin Binds and Inhibits the Main Protease 3CLpro

The far-UV CD spectrum is informative about the conformational state of a pro-
tein, providing quantitative information on its secondary structural motifs. However, in
cases where protein–ligand interaction does not result in sufficiently large conformational
changes, the spectrum may not reflect that interaction, as observed in 3CLpro interacting
with rutin (Figure S2). On the other hand, near-UV CD is more difficult to interpret on a
structural basis, but it is more sensitive to subtle changes in the tertiary structure and the
environment of aromatic residues. Therefore, near-UV spectra were determined in order to
provide direct evidence of 3CLpro-rutin interaction, as shown in Figure 2A. In addition,
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the presence of rutin strongly affected the intrinsic tryptophan fluorescence emission, as
shown in Figure 2B. Because the fluorescence of rutin is negligible, the addition of both
individual fluorescence spectra was almost identical to that of the free protein. The strong
quenching effect of rutin was indicative of the interaction with the protein. Rutin modified
the spectroscopic properties of 3CLpro, which in turn demonstrates that the ligand (i) binds
to its pharmacological target, and (ii) has the ability to alter the tertiary structure of the
protein and/or the environment of aromatic protein side chains to a significant extent. The
spectral distortions caused by rutin on 3CLpro are similar to those previously observed for
quercetin [14], and may be ascribed in both cases to a destabilization effect of the ligand
on 3CLpro.

Figure 2. (A) Near-UV CD spectrum of the 3CLpro-rutin complex (continuous line) and addition
of individual spectra of 3CLpro and rutin (dashed line), recorded at 10 µM protein concentration
and 100 µM rutin concentration. Inset: Near-UV spectrum of 3CLpro. The non-equivalence of the
spectrum of the complex and the addition of the spectra of free species is the result of the interaction.
(B) Fluorescence emission spectrum (in arbitrary units, a.u.) of 3CLpro-rutin complex (continuous
line) and addition of individual spectra of 3CLpro and rutin (dashed line), recorded at 2 µM protein
concentration and 100 µM rutin concentration. Rutin showed negligible fluorescence emission;
therefore, the dashed line also corresponds to the emission spectrum of 3CLpro.

The ability of rutin to hamper the enzymatic activity of 3CLpro was assessed by
observing the inhibitory action as a function of the ligand concentration, as shown in
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Figure 3. The intensity of the fluorescence signal could be monitored as a function of time
(Figure 3A), by fixing the concentration of both the substrate and the protein. The curves
show a more rapid and almost linear increase in the first few minutes, and afterwards the
emission continues to grow more gradually up to about 1.5 h. The increase in fluorescence
emission reflects the proteolytic activity of 3CLpro as a reduction in the FRET effect due to
the cleavage of the substrate and the concomitant spatial separation of FRET donor and
acceptor. The initial slope provides a direct quantification of the proteolytic activity of
3CLpro. Increasing the concentration of rutin (tested up to 120 µM) resulted in a reduction
of the initial slope of the fluorescence trace. These observations indicate a decrease in the
enzymatic activity of the main protease 3CLpro as a consequence of the presence of rutin,
showing a concentration-dependent action. The effect is qualitatively very similar to the
one previously observed for quercetin [14], indicating that conjugation with the glycoside
moiety does not substantially hamper the inhibitory effect of the flavonoid molecular
scaffold. This experimental finding is a first but already strong indication that the sugar
region of rutin has only an auxiliary role in the binding to 3CLpro, encouraging further
exploration of the potential of quercetin analogs to target this protein.

Figure 3. (A) Fluorescence emission (in arbitrary units, a.u.) of the substrate as a function of time at
varying concentration of rutin. The concentration of the substrate and 3CLpro were fixed at 20 and
2 µM, respectively, while the concentration of rutin was varied from 0 to 120 µM following a two-fold
serial dilution. The arrow indicates the increase in rutin concentration; (B) Experimental inhibition
curve for rutin (initial slope as a function of total rutin concentration). Nonlinear least-squares
regression data analysis (continuous line) according to Equations (1) and (2) provided an apparent
inhibition constant Ki

app of 31 µM, and an intrinsic inhibition constant Ki of 11 µM.
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A more direct indication of the actual potency of rutin for inhibiting the enzymatic
activity of 3CLpro could be obtained by determining the initial slope of each of the fluores-
cence curves, to evaluate the activity as a function of the ligand concentration (Figure 3B).
The inhibition curve obtained showed in a straightforward way the dose-dependent effect
of the presence of this compound on the functionality of 3CLpro. More importantly, the
data could be fit by using a nonlinear regression model based on a simple inhibition process
(see the section Materials and Methods). The analysis yielded an apparent inhibition con-
stant Ki

app = 31 µM, which can be compared with the value of 21 µM previously obtained
for the parent compound quercetin [14]. Under the hypothesis that the binding of rutin
takes place into a single protein site (which is later validated in the following sections),
the apparent inhibition constant can be used to evaluate the so-called intrinsic inhibition
constant (see again the section Materials and Methods). By using this model, which also
accounts explicitly for the substrate concentration and the occurrence of a competitive
inhibition, we obtained for rutin an intrinsic inhibition constant Ki = 11 µM. This value can
be again directly compared with the one obtained for quercetin, Ki = 7.4 µM [14], and is
comparable with those reported for known inhibitors described in the literature for the
previous coronavirus species SARS-CoV [43].

Another direct piece of evidence for the interaction of rutin with 3CLpro, as well
as a quantitative determination of the dissociation constant (equivalent to the intrinsic
inhibition constant), was obtained by ITC, as shown in Figure 4. ITC is the gold standard
for binding affinity determination, and it also allows the determination of the binding
enthalpy and stoichiometry. According to the results, the interaction of rutin with 3CLpro
in Tr. is buffer is characterized by a dissociation constant Kd = 6.9 µM and an interaction
enthalpy ∆H = 3.4 kcal/mol, whereas the interaction in phosphate is characterized by a
dissociation constant Kd = 6.7 µM and an interaction enthalpy ∆H = −5.1 kcal/mol. From
these data, an average dissociation constant Kd = 6.8 µM, a buffer-independent interaction
enthalpy ∆H0 = −5.8 kcal/mol, and a net number of exchanged protons nH = 0.8 (proto-
nation of complex upon binding) could be estimated. From that, a favorable albeit small
buffer-independent entropic contribution (−T∆S0 = −1.3 kcal/mol), could be calculated.
Therefore, the interaction is entropically and enthalpically favorable, but dominated by
enthalpic interactions, with a Gibbs energy of binding ∆G = −7.0 kcal/mol. The dissoci-
ation constant compares fairly well with the intrinsic inhibition constant, Ki, previously
measured. Compared to quercetin, there is a similar character for the binding of rutin, but
the binding is driven by enthalpic effects, which may reflect a stabilization of the quercetin
scaffold in the binding site due to (or in combination with) additional interactions of the
glycoside moiety.

To summarize our findings on the effect of rutin towards the main protease 3CLpro
from SARS-CoV2, the experimental evidence demonstrates rutin target engagement and
point out a clear inhibitory action on the protein catalytic activity. The inhibition constant
of rutin, although lower than that observed for its sugar-depleted parent compound, is still
in the low micromolar range, indicating a sufficiently strong inhibition potency also for
this ligand.
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Figure 4. Interaction of rutin with 3CLpro assessed by isothermal titration calorimetry at 25 ◦C in
Tris buffer, pH 7. The upper plot shows the thermogram (thermal power required to maintain a
null temperature difference between sample and reference cells as a function of time) and the lower
plot shows the binding isotherm (ligand-normalized heat effect per injection as a function of the
molar ratio, the quotient between the ligand and protein concentrations in the cell). The fitting
curve corresponds to the single ligand binding site model (continuous line). According to the data
analysis, rutin interacts with 3CLpro with unfavorable enthalpic contribution (∆H = 3.4 kcal/mol)
and favorable entropic contribution (−T∆S = −10.4 kcal/mol) to the Gibbs energy of binding
(∆G = −7.0 kcal/mol), corresponding to a dissociation constant Kd of 6.9 µM. The fraction of active
(or binding-competent) protein is 85% (n = 0.85).

3.2. 3CLpro-Rsutin Interaction Takes Place in the Catalytic Site

To investigate the binding of rutin at the catalytic site of 3CLpro, molecular docking
was initially employed. Two reference crystallographic structures [30] were used, which
contain 3CLpro either in unliganded form or complexed with an inhibitor in the catalytic
protein site. After a blind search performed with a very high exhaustiveness on the whole
surface of both (ligand-free) protein structures, the most favorable binding modes obtained
with these two docking hosts were analyzed and compared. The simulation results are
shown in Figure 5. The docking poses accumulated in the 3CLpro catalytic site (Figure 5A)
in terms of both the number of different binding modes and the most favorable affinity
scores. After clustering the poses to account for similarity in their structures, the most
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favorable ones were found to belong to two sole groups (see Figure 5B,C). These two groups
had in common the fact that the quercetin moiety was clearly anchored to the 3CLpro
binding site, whereas rutinose interacted only through a fraction of its chemical groups
with the protein pocket. Furthermore, in each group, the different binding modes had
their quercetin scaffold virtually superimposed, whereas the glycoside regions were more
disordered. These results suggest that the flavonoid moiety of rutin is fundamental to bind
3CLpro, whereas the rest of the molecule forms less specific interactions with the protein.

Figure 5. Docking poses of rutin in the active site of the main protease 3CLpro, shown at different
rotation angles in the three panels. (A) Ribbon representation of the protein, with the most favorable
docking poses superimposed; (B) Cluster of three docking poses (cyan, magenta, and yellow), with
the quercetin moieties (circled) almost coincident, and the rutinose regions pointing outwards;
(C) Cluster of two docking poses (blue and orange); the quercetin moieties are still almost coincident,
and the rutinose regions extend on the other side with respect to the other cluster (panel B).

The binding energies calculated in our docking experiments ranged from −7.5 to
−9.0 kcal/mol. These values could be considered upper bounds or even overestima-
tions of the actual affinity, which, according to the intrinsic inhibition constant would
be −6.8 kcal/mol (and could be compared to −7.0 kcal/mol for quercetin, as calculated
according to its intrinsic inhibition constant). In fact, docking simulations account only
implicitly for the presence of solvent, whereas, in reality, rutinose (and especially its hy-
droxyl groups) could be expected to interact preferentially with water molecules at the
protein surface. We verified that redocking of the sole quercetin moiety of rutin (with the
whole disaccharide moiety substituted in position C-3 with a single methyl group), in the
same location previously found in the docking experiments and without performing any
search, yielded a binding score of −6.8 kcal/mol. This result confirms that the quercetin
region of rutin is essentially responsible for the binding of the whole molecule, whereas the
glycoside region plays only a margin role. All these findings agree with the observation
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that the parent compound quercetin has a binding free energy of about −7 kcal/mol, as
we had previously measured by both isothermal titration calorimetry (ITC) experiments
and docking simulations performed with the same protocol here used for rutin [14]. It is
unlikely that the affinity of quercetin could be drastically improved through the addition of
a bulky and largely polar chemical adduct with little specificity towards the protein surface.

An important point is the description of the molecular interactions that guarantee
the binding of rutin to 3CLpro, and especially of its quercetin scaffold. In particular, it is
worth clarifying whether the interaction is mediated by the two protein residues forming
the catalytic dyad, His41, and Cys145. In principle, a direct involvement of these two
residues in the binding is not entirely obvious because the overall active site of 3CLpro has
a relatively extended shape that includes 24 amino acids and a surface area of 235 Å2 (as
calculated by using a solvent probe with radius 1.4 Å through the CASTp algorithm [44]).
Nevertheless, as illustrated in Figure 6, the double ring A/C of the quercetin moiety forms
direct interactions with the two residues His41/Cys145. The rest of the scaffold (i.e.,
quercetin ring B) has a higher conformational freedom, and can form hydrogen bonds as
a donor with either the backbone oxygen of Leu141 or the carboxylate group in the side
chain of Glu166. The disaccharide region of rutin, in sharp contrast with the flavonoid
scaffold, appears to be much more exposed to the solvent.

Figure 6. Schematic representation of the interactions of rutin within the active site of 3CLpro.
Circular halos around rutin atoms are proportional to solvent exposure.

3.3. Binding of Quercetin Scaffold Is Not Hampered by a Bulky Adduct

Molecular docking simulations are useful to perform a blind exploration of a protein,
for predicting the binding of a ligand to its host in a reasonable amount of elapsed real
time. However, the docking technique has several limitations [45], which notably include
the following ones: (i) the protein receptor is considered rigid to simplify the search; (ii) the
solvent is accounted for in an implicit way only; and, more generally, (iii) no information
can be determined on the behavior of the solvated complex as a function of time. The
first point is important because it may preclude a fine accommodation of the ligand in the
binding site. The second point is also particularly relevant in our specific case because of
the more hydrophilic nature of the sugar region of rutin compared to the quercetin scaffold.
To overcome these issues, all-atoms MD simulations in explicit solvent were performed
starting from the complex structures predicted by the docking technique. The simulations
were carried out for 10 ns, which is a time scale sufficient to explore the local dynamics of
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the ligand in the binding pocket. Large scale modifications of 3CLpro as a consequence
of the binding of rutin would require a much longer time scale and lie in the realm of
state-of-the-art computations [46,47].

A direct way to confirm the interaction of rutin with the 3CLpro catalytic dyad
His41/Cys145 is to estimate the distance between these two protein residues and the non-
glycoside moiety of the ligand, as reported in Figure 7. In the case of the most favorable
docking poses (Figure 7A), interaction with the side chain of His41 was already stable at
the start of the simulation and remained so during the whole MD run, with an equilibrium
distance of 4.5 ± 0.3 Å. This value can be compared with the typical ring-ring distance for
π–π interactions, which is <4 Å in the most favorable cases but may increase up to 4.5 Å
in many practical situations [48,49]. In our case, deviations from the ideal case could be
easily ascribed to the dynamics of the protein–ligand complex. We also verified that, in a
simulation run starting from a less favorable docking pose (affinity score -7.5 kcal/mol)
within the catalytic pocket, the ligand took about 3.5 ns for the heterocyclic ring C to
reach the equilibrium distance (again at 4.5 ± 0.3 Å, see Figure 7B) with respect to the
ring of His41. In the same simulation, 2 ns were necessary for rutin to accommodate its
aromatic ring A with respect to the side chain of Cys145 (equilibrium distance thereafter
was 4.7 ± 0.3 Å, as visible in Figure 7C).

Figure 7. Distance between the double ring in the quercetin moiety of rutin and the catalytic residues
His41/Cys145 of 3CLpro in MD simulation. (A) Distance with respect to the imidazole ring of His41,
for the most favorable docking pose; (B) Separation from the side chain ring of His41, starting from a
docking pose sub-optimally accommodated in the binding pocket; (C) Separation from the side chain
of Cys145 (same simulation run as in B).
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The inner dynamics of rutin were also assessed by calculating the atomic fluctuations
for each of the rings in its molecular structure, after removing non-internal motions of
the ligand anchored to 3CLpro due to the diffusive motion of the protein in the solvent.
The results reported in Figure 8 show that fluctuations were smaller (RMSF < 1 Å) for the
quercetin region of rutin, and relatively larger (RMSF > 1.5 Å) for the outmost ring in the
sugar region (i.e., ring E). Movements in the latter regions led to fluctuations >2 Å for the
hydroxyl O atoms, preventing the formation of stable hydrogen bonds with the protein.
These findings further support the notion that the quercetin scaffold plays a prevalent
role in anchoring the whole ligand to the protein, whereas the sugar region is mostly
disordered. It is also interesting to note that, although the dynamics of the ligand tends
to improve its accommodation within the protein site compared to the starting position,
the binding affinity of rutin at the end of the MD simulations did not increase compared
to the value originally estimated by applying the sole molecular docking techniques. In
fact, re-docking experiments on the rutin-3CLpro complexes obtained at the end of the
MD runs, performed by using the same scoring function without any search for the ligand
position, showed a binding energy of −7.5 kcal/mol. As already verified in the case of
molecular docking, the quercetin moiety of rutin gave the major contribution to this value,
whereas the contribution of the sugar region was marginal.

Figure 8. Root mean square fluctuations (RMSF) of the inner motion for the five rings of rutin. Rings
A and C together form the connected double ring of the quercetin moiety, and rings D and E belong
to the disaccharide rutinose (see also Figure 1). Values are calculated for the six non-hydrogen atoms
forming each ring. Error bars indicate the uncertainties in terms of standard deviations.

4. Discussion

Pharmacological research to fight against SARS-CoV-2 is hectic at present, and large
efforts are devoted to the search for antiviral agents [7]. A number of potential candidates
have already been proposed [50], based on experiments and computational predictions, and
many collaborations are active to find new ones [51]. However, emergence of an increasing
number of mutations in SARS-CoV-2 and the necessity to prevent drug resistance calls for
further attempts along this direction. Among the strategies to block SARS-CoV-2 infection,
inhibiting the main protease 3CLpro is perhaps the most appealing. In fact, this protein
is vital in the replication process of all coronaviruses. 3CLpro shows a high degree of
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homology among different members of this family, as well as among different strains of
SARS-CoV-2. Furthermore, amino acid residues in the active site are highly conserved. In
addition, 3CLpro shows little homology with host–cell proteases, thus minimizing potential
side-effects. Although indirect ways of inhibiting this protein could be envisioned (e.g.,
shifting the monomer–homodimer equilibrium toward the inactive monomeric state, or
exploiting the existence of binding sites with allosteric effects), the most direct way is to
tackle the catalytic binding site, and in particular the dyad of residues His41/Cys145. A
number of inhibitors were found to have the ability to inhibit 3CLpro, including covalent
ones. However, most of these molecules are expected to have severe side effects or other
limitations that will preclude their direct use as an antiviral drug.

Among the compounds showing antiviral effects against 3CLpro, we previously
demonstrated that a very active one is quercetin [14], which appears to be very interesting
also because of its known pharmacokinetic properties and high tolerability. Large avail-
ability, low cost, and the absence of encumbering patents are also quite attractive features
to use quercetin as a scaffold for drug design [27]. In order to prove the potential benefit
in using quercetin as a starting point for such an endeavor, and before moving to more
complex attempts (e.g., a modification of the central core of the structure to obtain active
analogs through a scaffold hopping process), some modifications should be tested. First,
quercetin has a low solubility [13]; therefore, it should be assessed whether the presence of
a more hydrophilic chemical adduct still allows this compound to bind and inhibit 3CLpro.
Second, quercetin has a low molecular mass (302 Da), which is very close to the threshold
conventionally used to classify a compound as a chemical fragment (<300 Da), thus mod-
ifications that increase its mass and steric hindrance need to be considered. Finally, we
previously noted that the pseudo-symmetry in the structure of quercetin could play a role in
binding to 3CLpro [14]; therefore, the effects of the presence of a large symmetry-breaking
adduct that may modify this feature should be probed.

To address all these points, we have investigated both in vitro and in silico rutin, a
quercetin analog that includes a two-ring sugar moiety conjugated with the core scaffold,
and with a larger solubility. Rutin is also a well-known natural product, extensively used
for various pharmaceutical properties in hundreds of registered preparations [52]. It has
also been proved to have no cytotoxic effects towards different healthy human cell lines,
including cultured normal cells (at concentrations up to 300 µM for 24 h), and in a variety
of other cases such as for human umbilical vein endothelial (HUVE) cells, lung embryonic
fibroblasts (TIG-1), and mammary fibroblasts [53,54].

The combination of our experimental and computational results points out that rutin
binds to 3CLpro. This finding is demonstrated by alterations in the near-UV CD and
fluorescence emission spectra, which demonstrate an engagement of the pharmacological
target that produces modification in the structure of the protein. The simulation has
difficulties to model these modifications due to the size of the (solvated) protein and,
more importantly, due to the large timescale that needs to be probed to observe them.
Therefore, a twofold computational approach was pursued. In a first step, molecular
docking was employed to prove the binding of rutin in the catalytic site of 3CLpro, in blind
experiments carried out considering the whole protein structure. The results showed that
the protein active site, and more specifically the catalytic dyad His41/Cys145, provides an
anchoring for the binding of rutin. Subsequently, MD simulation was used to refine the
accommodation of the rutin, and to investigate the dynamics of the ligand. Our findings
confirmed that the quercetin scaffold gives the main contribution, both from a structural
and energetic point of view, whereas the rutinose moiety remains in contact with the solvent
and plays a secondary role in the association. In particular, our simulation techniques
provided details on how the double-ring structure of quercetin is the key binding interface
with the His41/Cys145 dyad.

The resulting effect of the association of rutin on the active site of 3CLpro is an
inhibitory action on 3CLpro catalytic activity that was clearly visible in our fluorescence
results based on the Förster resonance energy transfer (FRET). This technique provides a
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measure of the hydrolytic activity of 3CLpro on a substrate, and it is therefore useful to
estimate the degree of activity for small molecules capable to block the enzymatic activity
of the protein. The inhibition constants obtained for rutin were, respectively, Ki

app = 31 µM
(apparent) and Ki = 11 µM (intrinsic). These values are slightly less favorable compared to
those previously obtained for quercetin [14], 21 and 7.4 µM, respectively, a result that is
particularly encouraging for the fact that rutin was not selected with the aim to improve the
molecular properties of quercetin. The corresponding concentration of rutin necessary for
a 50% inhibitory effect (IC50) can be readily estimated, and it has a value of IC50 = 32 µM,
although it is important to note that this parameter may not be an appropriate inhibition
potency index to measure in vitro inhibition because it is an assay-dependent value that
would be different if another substrate or enzyme concentration were employed.

The inhibition constant found for rutin still compares well with the values obtained for
other inhibitors specifically designed to bind 3CLpro. This constitutes an encouraging step
to further explore the possibility of using other quercetin analogs to block the enzymatic
activity of 3CLpro, including perhaps more radical alterations of the starting molecular
scaffold. According to the inhibition constant and its molecular mass (610 Da), rutin shows
a binding efficiency index (BEI = pKi/MW) of 8.1, compared to 16.9 for quercetin. This
reduction in binding efficiency reflects the fact that the larger molecular mass does not
result in more or significantly stronger interactions, since the glycoside moiety of rutin
hardly interacts with 3CLpro. However, we must consider that the overall effect of a given
inhibitor will be a combination of pharmacodynamic and pharmacokinetic properties; thus,
a slightly lower inhibition potency for rutin might be favorably counterbalanced by its
much better solubility and bioavailability.

The use rutin and other quercetin analogs to inhibit 3CLpro had already been pro-
posed by several studies in the vast literature on SARS-CoV-2, together with a large number
of other natural compounds. To the best of our knowledge, and with the notable exception
of our previous work on quercetin [14], former predictions were based solely on com-
putational analyses. They included molecular docking [55–57], with additional insights
from both classical [58,59] and more advanced MD methods [60], or machine learning
approaches [57]. In some cases, the compounds identified were further examined [56,61]
in terms of their quantitative structure-activity relationship (QSAR) and expected phar-
macokinetics properties including absorption, distribution, metabolism, excretion, and
toxicity (ADMET). Our study differs from the others in a number of key aspects. Most
significantly, we obtained the first experimental evidence of the inhibitory action of rutin
towards 3CLpro. We also provided an estimation of the intrinsic inhibition constant, Ki,
suggesting that previous predictions were often quite inaccurate (in some cases by several
order of magnitude [61]). We further demonstrated that rutin acts directly on the dyad
of protein residues exerting the catalytic activity of 3CLpro, in agreement with most pre-
dictions and at variance with the hypothesis of an indirect, allosteric action [62]. More
generally, we proved the importance to couple MD simulations to overcome limitations of
the docking technique.

Comparison with some of the previous computational works, on the other hand,
provides a number of interesting suggestions on how to further explore the potential
of the quercetin scaffold to develop antiviral compounds against SARS-CoV2 main pro-
tease. Of special interest is the agreement on the potential use of glycosylated flavonoids,
such as quercetin-3-O-rhamnoside [58], quercetin-3,5-digalactoside and quercetin-3,5-
diglucoside [56]. In a more general context, this suggests that the use of quercetin and
its analogs to target SARS-CoV-2 can benefits of the results already obtained for SARS-
CoV and MERS-CoV, the viruses responsible for the previous coronavirus outbreak in
2002 and 2012, respectively, and which share a high sequence identity (>95%) for the
main protease 3CLpro. Experiments had shown that quercetin had the ability to inhibit
3CLpro of both SARS-CoV [63] and MERS-CoV [22], and quercetin-3-β-galactoside and
other synthetic derivatives were also active [64]. Thus, our findings add rutin to the list of
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quercetin-derived compounds whose antiviral properties are demonstrated in vitro against
the coronavirus family.

5. Conclusions

The identification and design of antivirals compounds against SARS-CoV-2 is of
utmost importance as one of the main ways to reduce the impact of COVID-19 infection on
public health. In particular, inhibition of the catalytic activity of the main protease 3CLpro
(or Mpro) is one of the best pharmacological strategies to block the viral replication in
affected patients. High similarity of the active site among different variants of SARS-CoV-2,
as well as other coronaviruses, makes this approach particularly intriguing also to reduce
the incidence of present and possibly future infections due to other related viral strains.
After the previously reported identification of quercetin as an excellent in vitro inhibitor
of 3CLpro, herein we have shown that its glycosylated conjugate rutin is also effective
to this scope, and with a comparable potency. Determining the antiviral effect in vivo
on human cells of this compound, and possibly of its derivatives, will give a concrete
answer to the possibility of the direct use as a pharmaceutical. In the meanwhile, this
adds one more natural product to the list of molecules that are potentially active against
SARS-CoV-2, which is of further interest due to the high tolerability of many of these
compounds for human use. More importantly, our findings suggest that there is a large
amount of room for the possibility of improving the flavonoid scaffold of quercetin to
design more effective analogues. The molecular features of rutin/quercetin, including the
presence of many hydroxyl groups that can be readily functionalized, offer a variety of
possibility for future improvements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9040375/s1, Figure S1. SDS-PAGE showing the result of the final purification
step for SARS-CoV-2 3CLpro; Figure S2. Far-UV circular dichroism spectrum of the 3CLpro-rutin
complex.
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