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Targeting proteases involved in the viral
replication of SARS-CoV-2 by sesquiterpene
lactones from chicory (Cichorium intybus L.)
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SARS-CoV-2 is a highly transmissible and pathogenic coronavirus causing a respiratory disease that
emerged in 2019, leading to a public health emergency situation which continues to date. The treatment
options are still very limited and vaccines available are less effective against new variants. SARS-CoV-2
enzymes, namely main protease (Mpro) and papain-like protease (PLpro), play a pivotal role in the viral life
cycle, making them a putative drug target. Here, we described for the first time the potential inhibitory
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activity of chicory extract against both proteases. Besides, we have identified that the four most abundant
sesquiterpene lactones in chicory inhibited these proteases, showing an effective binding in the active
sites of Mpro and PLpro. This paper provides new insight for further drug development or food-based

rsc.li/ffood-function strategies for the prevention of SARS-CoV-2 by targeting viral proteases.
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Introduction

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was named coronavirus disease 2019 (COVID-19)
by the World Health Organization (WHO)." This respiratory
virus has caused a severe situation worldwide and is causing
lasting negative effects in both the adult and children
populations.>® SARS-CoV-2 belongs to a family of enveloped
positive-strand RNA viruses infecting vertebrates.* Its genome
consists of 14 functional open reading frames (ORFs), which
include the regions encoding for non-structural proteins
(N'SPs), and also accessory and structural proteins.” When this
virus infects the cells of the host, ORF1a and ORF1b are trans-
lated through a ribosomal frameshift to the polyproteins ppla
and pp1lab, respectively.® Then, NSPs are formed by the action
of two viral proteases, namely main protease (Mpro), which is
also known as chymotrypsin-like protease 3CLpro, and a
papain-like protease (PLpro). Lastly, NSPs with a few host
factors are the main players for viral genome replication and
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transcription of the virus into the cells. Currently, vaccines are
available to prevent the expansion of this disease, although
they do not protect completely, and their efficacy seems to be
strain dependent. Besides, this severe situation worldwide
requires constant monitoring to prevent and control its highly
transmissible spread.” Overall, proteases involved in the viral
replication have become an attractive target to search for bio-
active compounds or drugs that limit the SARS-CoV-2
replication.®™*°

In the early 2000s, SARS-CoV caused a huge outbreak
leading to the screening of a large variety of molecules and
natural products for the inhibition of the SARS-CoV Mpro
activity."" One example was the identification of PF-00835231
as a potent inhibitor of recombinant Mpro of SARS-CoV-1,
which has been also described as specific inhibitor of the
SARS-CoV-2 Mpro activity.'” This finding has served as a basis
to find out new effective molecules (with similar structures) to
inhibit SARS-CoV Mpro."* Moreover, the additive/synergistic
activity of this Mpro inhibitor in combination with remdesivir
has been proven.”” While some protease inhibitors for
COVID-19 have been authorized by the Food and Drug
Administration (FDA) in the condition of Emergency Use
Authorization (EUA), remdesivir is the unique drug against
SARS-CoV-2 that can act as a Mpro inhibitor and has been
approved for the treatment of COVID-19 so far.'* The urgent
need to tackle the replication of SARS-CoV-2 has given rise to
numerous investigations using FDA-approved protease inhibi-
tors against other viruses. This fact led to the discovery of the
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inhibitory activity of GC376 towards SARS-CoV-2 Mpro.">'® In
addition to the identification of previous protease inhibitors,
different plant extracts were identified as the inhibitors of the
SARS-CoV Mpro.'”'® A similar research strategy was followed
related to PLpro, which has been established as the other
potentially targetable protease for antiviral drug design and
the inhibitor of SARS-CoV-2.'° The PLpro enzyme is essential
for viral replication and several inhibitors have been effective
as therapeutic options against SARS-CoV infections.*
Although PLpro is a less amenable drug target, GRL0617 and
different analogues, which are in the FDA-approved drug
library,®® have shown to be SARS-CoV-2 PLpro inhibitors
binding differently to the enzyme.**

During the last few decades, there has been growing inter-
est in biologically active compounds from natural sources to
prevent the onset of various diseases. This situation has led to
an increased demand from the population, especially for
natural dietary supplements. In this context, root chicory
(Cichorium intybus L.) is potentially a rich source of bioactive
substances for human health.>® In addition to the already
commercially used dietary fibers (i.e. inulin), chicory roots also
accumulate large quantities of sesquiterpene lactones (STLs).
This class of natural compounds is being increasingly studied
due to the large number of biological activities they
demonstrate.>*” Amongst their biological activities, STLs
have exhibited activity against viruses such as the human
immunodeficiency virus (HIV), hepatitis virus (HV), and influ-
enza Avirus (IAV).>873°

An essential feature that has been documented for STLs is
how the specific structural elements (i.e. a-methylene-y-lactone
rings) can influence their bioactivity. However, the structure of
STLs contains more than one reactive centre, which may have
the capability of interacting with a broader variety of biological
targets.”

Thus, in the present study, we aim to explore the in vitro
potential of chicory and its STLs against the SARS-CoV-2 Mpro
and PLpro, as the first step towards the development of novel
natural therapeutic options for the future control of corona-
virus infections. Moreover, a molecular docking analysis was
performed to address the binding affinity of different STLs
from chicory against both proteases.

Materials and methods
Materials

Lactucin, lactucopicrin, 11f-13-dihydrolactucin and 11p-13-
dihydrolactucopicrin were acquired from Extrasynthese (Genay
Cedex, France). The reagents used for extractions and purifi-
cation steps and chromatographic analysis were dichloro-
methane (Honeywell, Riedel-de Haén, Germany), dimethyl
sulfoxide (DMSO) (>99.9%, Sigma-Aldrich, St Louis, MO, USA),
ethanol LC-MS grade (Merck, Saint Louis, MO, USA), ethyl
acetate  (99.98%, Fisher Scientific =~ U.K. Limited,
Loughborough, UK), methanol (99.8%, Fisher Scientific U.K.
Limited, Loughborough, UK), and ultrapure water purified

8978 | Food Funct, 2022,13, 8977-8938

View Article Online

Food & Function

with a Milli-Q water purification system (Merck Millipore,
Billerica, MA, USA).

Supercritical CO, extractions and purification of fractions

Supercritical fluid extract (SFE) and the different fractions of
SFE were extracted from Cichorium intybus L. Roots as we pre-
viously reported.*" Briefly, supercritical CO, extraction (350
bar, 40 °C, 10% ethanol) was carried out to extract SL rich
extracts from freeze-dried and milled chicory roots. The extract
was further fractionated by flash column chromatography
(stationary  phase: silica gel 60; mobile phase:
dichloromethane : methanol 9.5:0.5, v:v). Five fractions (F1,
F2, F3, F4 and F5) were collected, and the solvent was evapor-
ated under reduced pressure, for further analysis.

Characterization of SFE and SFE fractions by LC-MS

SFE and different fractions of SFE were diluted in DMSO to a
concentration of 10 mg mL™". Next a 100x dilution was pre-
pared in the assay buffer. The diluted samples were mixed
with methanol containing formic acid (FA, 0.1%) in a 3:7
ratio. An UltiMate 3000 U-HPLC system (Dionex, Sunnyvale,
CA, USA) was used to create a 45 min linear gradient of 5-75%
acetonitrile (v/v) in 0.1% FA in water at a flow rate of 0.19 ml
min~", which was followed by 15 min of washing and equili-
bration. Of each extract, 5 pL was injected and compounds
were separated on a Luna C18 column (2.0 x 150 mm, 3 umy;
Phenomenex) at 40 °C. A Q Exactive plus-Orbitrap FTMS mass
spectrometer (Thermo Fisher Scientific), operating at a resolu-
tion of 35 000 with positive electrospray ionization (ESI) mode
over the m/z range 90-1350, was used to detect eluting com-
pounds. The compounds were identified based on the accurate
mass and where possible by comparison with commercial
standards (lactucin, lactucopicrin, 11p-13-dihydrolactucin and
11p-13-dihydrolactucopicrin).  8-Deoxylactucin and 11p-13-
dihydro-8-deoxylactucin were identified tentatively based on
the accurate mass, retention time and MSn analysis.

Docking analysis

To understand the ligand-target interactions with the protease
Mpro and PLpro we used mcule.com, which is an online drug
discovery platform server (mcule, Inc., Palo Alto, CA 94301,
USA).**> This platform provides a collection of online drugs
and discovery tools with well-curated databases of chemicals.
The ‘InChIKey’ of each one of the explored compounds was
retrieved from the PubChem database, and then brought to
the ‘property calculator’ of the mcule platform. Upon defining
the binding site of the proteases using the mcule platform,
this information was exported in a file (.pdb). The molecular
interactions and images of the docking were generated in
Biovia Discovery Studio 2021.

The crystal 3D structures of SARS-CoV-2 Mpro (PDB ID
6WQF) and SARS-CoV-2 PLpro (PDB ID 6W9C) were down-
loaded from the RCSB Protein DataBank.** During the screen-
ing, the predicted 3D structures of each one of the molecules
are fitted into the binding site of the modelled 3D target struc-
ture. The critical interactions of the molecules with the target

This journal is © The Royal Society of Chemistry 2022
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are predicted based on better (more negative) docking scores
and thus ranked higher. Additionally, properties that would
make the studied compounds potential drugs for humans
(Lipinski’s rule of five) were evaluated.**

In vitro inhibition assays

SFE from chicory, the different fractions from SFE and the
commercially pure STLs (lactucin, lactucopicrin, 11p-13-dihy-
drolactucin and 11p-13-dihydrolactucopicrin) were dissolved in
DMSO at 5 times higher concentration than the final concen-
tration tested, respectively. 3CL protease (Mpro) (SARS-CoV-2)
and papain-like protease (PLpro) assay kits (BPS Bioscience,
San Diego, CA, USA) were used to test the inhibitory activity
against both proteases, respectively. The steps of the in vitro
assays were followed according to the manufacturer’s protocol.
In brief, each reaction was completed with 50 pL into black
96-well plates. The final concentration in each reaction solu-
tion contained 3 ng pL' of recombinant Mpro or 0.3 ng uL~" of
recombinant PLpro, 25 pM fluorogenic substrate, and SFE, F1,
F2, F3, F4 or F5 (individually at 100 pg mL™"), or each indivi-
dual STLs at the same concentrations they were found in
100 pg mL™" of its corresponding fraction (11p,13-dihydro-
lactucopicrin at 7 uM; lactucopicrin at 85 pM; 11p,13-dihydro-
lactucin 126 pM and lactucin 174 pM).

The selective inhibitors GC376 (100 pM) and GRL0617
(100 pM) were used as positive controls inhibiting Mpro and
PLpro, respectively. The reaction mixtures were incubated
according to the manufacturers’ recommended procedures. The
fluorescence intensity of each reaction was recorded in a
Synergy HT microplate reader (BioTek Instruments, Winooski,
VT, USA). The excitation wavelength was 360 nm, and the detec-
tion emission wavelength was 460 nm. Each concentration of
the compounds and extracts was tested in duplicate and in
three different experiments. The fluorescence intensities of each
reaction were converted to percentages and normalized to the
control (CT) (fluorogenic substrate + recombinant protease).
Differences between the controls and the treatments were tested
using one-way ANOVA with Dunnett’s multiple comparison.
Statistically significant differences were considered at p < 0.05.

Results and discussion
Inhibitory effects of SFE against Mpro

The supercritical fluid extract (SFE) containing chicory sesqui-
terpene lactones (STLs) was prepared as described in Materials
and methods.*" Firstly, the impact of 100 pg mL™" of the SFE
from chicory against the SARS-CoV-2 Mpro was determined
(Fig. 1). A significant decrease in Mpro activity was found with
SFE compared to the control (p < 0.01). The compound used
as the inhibitor (GC376) reduced Mpro residual activity by
20% (p < 0.01).

A similar recent study has shown the potential in vitro inhi-
bition of different plant extracts against SARS-CoV-2 Mpro.>®
Guijarro et al. reported that among the 17 plant extracts tested,
7 showed a low inhibitory effect (residual Mpro activity

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Activity of 3CL main protease (Mpro) in the presence of the
supercritical fluid extract (SFE) at 100 pg mL™. GC376 (GC) was used at
100 pM as a chemical inhibitor of Mpro; Quench represents the quench-
ing control where SFE was added without Mpro incubation overnight.
The values are shown as the mean and standard deviation. ***p > 0.001
compared to the control (CT).

between 72.4 and 82.8%), 5 displayed intermediate inhibitory
capacity (35-55% of residual activity) and 3 extracts were found
showing the highest inhibitory capacity (14.9-0%), at the con-
centration of 500 pug mL™". Here, we reported that the residual
Mpro activity was about 34% using 100 pg mL ™" of chicory SFE.

Several studies have focused on the research of natural
extracts exhibiting antiviral activities both in silico and in vitro
against Mpro, where polyphenols are particularly
noteworthy.***® However, there is only one study that has eval-
uated the inhibitory activity of SARS-CoV-2 Mpro using a
natural extract containing STLs.*®

Dogan et al. evaluated 21 Artemisia annua L. extracts with the
artemisinin content between 0.062 and 0.066%. In this study, 2
extracts out of 21 analysed reduced the activity of Mpro over
50% at 100 pM. Nonetheless, this effect could be even higher
due to the autofluorescence observed with the extracts.*

Since the fluorescence quenching can be a common
phenomenon with natural extracts,***' we employed a quench-
ing control (Quench, Fig. 1). We ascertained that the SFE did
not decrease the fluorescence quantum yield of the fluoro-
phore by decreasing the fluorescence intensity per se.
Interestingly, the quenching control even showed an increase
of the fluorescence (Fig. 1) indicating that the inhibitory
capacity of SFE against Mpro is underestimated. In this way,
our results are in agreement with the autofluorescence obser-
vations described for Artemisia annua L. extracts.*®

Characterization of SFE fractions by LC-MS

Next, the SFE extract was fractionated by flash column chrom-
atography, leading to five fractions (F1-F5) that were analysed
by LC-MS (Fig. 2). Some of the major chicory STLs could be
identified in fractions F2, F3 and F4, while in fractions F1 and
F5 only minor compounds are present and remained unknown
(Table 1).

The fractions were initially diluted in DMSO at a concen-
tration of 10 mg mL™". The fractions were diluted in the assay
buffer and the STLs were identified by LC-MS and quantified
by comparing with the standard curves made with authentic
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Fig. 2 LC-MS total MS chromatogram of the detected STLs in the SFE
and the five different fractions isolated from SFE. Peaks 1-6 correspond
to Table 1.

Table 1 Characterization of STLs present in the fractions from the SFE
of chicory

Peak no. RT (min) Compound [M+H]" Fraction

1 14.60 11p-13-Dihydrolactucin ~ 279.1227 F4

2 15.58 Lactucin 277.1071 F4

3 22.20 8-Deoxylactucin 261.1121 F2

4 22.80 11p-13-Dihydro-8- 263.1279 F2
deoxylactucin

5 26.39 11p,13- 413.1595 F3
Dihydrolactucopicrin

6 26.78 Lactucopicrin 411.1438 F3

Peak no. corresponds to the compounds shown in Fig. 2.

standards. The amount of lactucin and 11p,13-dihydrolactucin
in F4 was found to be 4.8 mg mL™" and 3.5 mg mL™" in the
DMSO solution, respectively. F3 contained 3.5 mg mL™" of lac-
tucopicrin and 0.3 mg mL~" 11f,13-dihydrolactucopicrin. The
amount of 8-deoxylactucin and 11p-13-dihydro-8-deoxylactucin
in F2 could not be quantified since no standards are available
for these compounds.

Inhibitory effects of fractions isolated from SFE against Mpro
and PLpro

After the fractionation of SFE, we decided to explore the poten-
tial of the purified fractions from the SFE of chicory to inhibit
Mpro and PLpro. In general, the individual fractions used at
the final concentration of 100 pg mL~" showed a significant
inhibitory effect of Mpro (Fig. 3) except for F5, which did not
exert any effect (Fig. 3).

The most effective fraction was F2, exhibiting about 82%
decrease of the Mpro activity compared with the control (CT)
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Fig. 3 Activity of 3CL main protease (Mpro) in the presence of the
different purified fractions (F1, F2, F3, F4 and F5) at 100 pg mL?, isolated
from SFE. GC376 (GC) was used at 100 uM as a chemical inhibitor of
Mpro. The values are shown as the mean and standard deviation. ***p >
0.001, **p > 0.01; compared to the control (CT).

(p < 0.001). The rest of the fractions, F1, F3 and F4, showed a
significant reduction (p < 0.01) of 76%, 69% and 77% com-
pared with the CT, respectively. Remarkably, all of the fractions
with inhibitory effects were more effective against Mpro than
the SFE.

Moreover, our results showed that the inhibitory activity in
fractions F1 to F4 was even higher compared with the most
potent Mpro inhibitor (GC) known (Fig. 3). As we previously
reported, using high pressure technologies a more selective
and effective recovery of high-value compounds from chicory
can be achieved, enabling an increase of human health-pro-
moting applications of natural extracts.* While in F2, F3 and
F4, different STLs could be identified (Fig. 2), in F1, no com-
pounds were identified. Remarkably, F1 showed similar inhibi-
tory activity to F2. The effects observed with the F1 might be
related with other minor STLs not detected in the LC-MS ana-
lysis due to low concentrations, or even because of the pres-
ence of other classes of compounds present in chicory roots
(e.g., chlorogenic acids).

In order to explore the inhibitory activity towards the
papain-like protease (PLpro), we tested both SFE and its
different fractions, against PLpro. This enzyme also plays a key
role in the replication of SARS-CoV-2. Targeting this protease
has proven successful for designing inhibitors for older coro-
naviruses.”” As shown in Fig. 4A, the SFE exhibited a signifi-
cant reduction of the PLpro activity compared with the control

1500 A
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? = =
o= =
sgto 53
T £ s E
30 £
28 *k 328
e 8%
N °
gd 50 o
g 5
o o

0 ]

CT Quench GRL SFE

CT GRL F1 F2 F3 F4 F5

Fig. 4 (A) Activity of papain-like protease (PLpro) in the presence of the
supercritical fluid extract (SFE) at 100 pg mL™2. (B) Activity of PLpro in
the presence of the different purified fractions (F1, F2, F3, F4 and F5) at
100 pg mL™%, isolated from SFE. GRLO617 (GRL) was used at 100 uM as a
chemical inhibitor of PLpro. The values are shown as the mean and stan-
dard deviation. ***p > 0.001, **p > 0.01, *p > 0.05 compared to the
control (CT).
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(p > 0.01). While the specific inhibitor of PLpro (GRL) reduced
the activity of this enzyme to 17%, the reduction exerted for
the SFE was over 50% (p > 0.01). Here, we also used the
quenching control, and as shown in Fig. 4A, the inhibitory
capacity of SFE against PLpro was not due to the quenching
phenomenon.

In the case of the individual fractions (Fig. 4B), out of the 5
fractions tested, only F1 and F2 were able to inhibit more than
60% of the PLpro activity (p > 0.001). In contrast, F3 and F4
only inhibited PLpro activity by about 19% and 29%, respect-
ively (Fig. 4B). These results suggest that F3 and F4 exhibit
more specific inhibitory activity towards SARS-CoV-2 Mpro.

A recent in vitro study using a green tea (C. sinensis) extract
reported a high variability in the inhibition of the SARS-CoV-2
PLpro activity between the crude extract and its 6 different
fractions.®

In our case, F2 was the fraction with the most potent inhibi-
tory capacity, even higher than the specific PLpro inhibitor
(Fig. 4B), similarly to that observed for the inhibition of Mpro
(Fig. 3). Mpro from older coronaviruses is conserved by 96%
and shares a very similar 3D structure homology to
SARS-CoV-2.** Besides, Mpro has at least eleven inter-domain
sites on the ppla and pplab polyproteins whereas the PLpro
of coronavirus cleaves at no less than two sites on the ppla
polyprotein.”®> Due to these reasons, the main searches for
effective molecules against COVID 19 have focused on the
inhibitors of the protease Mpro. However, both Mpro and
PLpro are highly conserved in SARS-CoV-2 because mutations
in these key proteins are fatal to the virus.*®

Our study shows that the inhibitory effects of chicory
extracts were higher against Mpro compared with PLpro;
however, the SFE of chicory and its fractions may act as dual-
target inhibitors of SARS-CoV-2 Mpro/PLpro.

Studies looking for molecules with inhibitory effects
against these proteases may represent a basis for the develop-
ment of prophylactic or therapeutic plant extracts against
COVID-19.

In silico docking of STLs into the active sites of Mpro and
PLpro

Mpro is a thiol-based protease containing a cysteine145
(CYS145), that is responsible for the activity displayed by this
protease cleaving the polypeptide in functional peptides®® and
also acts as a nucleophile residue.”” The known inhibitor
(GC376) of this protease, which we used in our in vitro assays,
binds with a covalent bond to this cysteine.® It has also been
described that several antiviral drugs bind to this specific
CYS145 residue of Mpro.*® Hence, we decided to use GC376 as
a molecule to verify if the in silico system mcule tool is suitable
to test different STLs found in the fractions of SFE from
chicory.

The docking simulation of Mpro (PDB ID 6WQF) with
GC376 using the mcule tool (Fig. 5) showed a good binding
affinity for the protease (—6.5 kcal mol ™", Table 2) specifically
by binding with the CYS145 residue. Besides, two additional
important binding residues (GLU 166 and ASN142) in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Docking of GC376 into the active site of Mpro. (A) 3D pose
model showing the fitting of GC376 in the active site of SARS-CoV-2
Mpro. (B) Comparisons of the binding site of SARS-CoV-2 Mpro with
GC376 and different residues, including the cystein145 (CYS145) residue
and the sulphite group interactions present in the inhibitor. Atom
colours of molecules: C: grey; O: red; N: purple; S: yellow.

active site were identified in the docking study. In agreement
with these results, GLU166 has been identified as one of the
most important residues to form hydrogen bonds stabilizing
the binding of different Mpro inhibitors.”® The other interact-
ing residue identified was ASN142, a polar residue contribut-
ing in the active site of Mpro, forming a series of hydrogen
bonds involved in the binding of Mpro and small molecule
inhibitors.”* In view of these results, we assumed the mcule
tool as a good i silico tool to test the affinity of chicory com-
pounds with the SARS-CoV-2 Mpro.

Firstly, the docking analysis was performed in the active
site of Mpro with the STLs identified in different fractions
from chicory SFE and that are commercially available (Fig. 6;
Table 2). Among these STLs, the best binding score was found
for 11p-13-dihydrolactucopicrin (PubChem CID: 315492320
and lactucopicrin (PubChem CID: 174880) with a binding
affinity value of —7.6 kcal mol ™.

The potential interaction between the CYS145 residue and
the different STLs is with their a-methylene-y-lactone (aMyL)
ring, as shown in Fig. 6. In this sense, the aMyL acts as a
Michael acceptor, reacting with nucleophile groups such as
sulfhydryl groups (R-SH) in enzymes and other proteins.>” The
interaction between the R-SH from the CYS145 and aMyL may
be, at least in part, responsible for the activity of STLs against
SARS-CoV-2 Mpro, since this aMyL group has been described
to exhibit the major centre reactivity that influences the activity
of STLs.”*? So far, one STL, lactucopicrin 15-oxalate, has been
described from in silico data to exhibit an interaction with
CYS145 of Mpro through van der Waals forces.”® Besides the
interaction with CYS145, the ligand binding site showed other
opportunities to improve the potential linking of the STLs
between their aMyL group and the other residues, like HIS164
in the case of 11f-13-dihydrolactucopicrin and lactucopicrin
(Fig. 6A and B), and ASN142 with lactucin and 11p-13-dihydro-
lactucin (Fig. 6C and D). This is in accordance with previous
structure-activity studies which also described that the aMyL
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Fig. 6 Docking of the different STLs into the active site of Mpro. Visual representation of CYS145, HIS164 and GLU166 reactions with (A) 11-13-
dihydrolactucopicrin and (B) lactucopicrin and CYS145, GLU166 and ASN142 reactions with (C) 118-13-dihydrolactucin and (D) lactucin. The amplifi-
cation of the 3D pose shows the interaction between the specific atom of the residues and the compound.

moiety of STLs can interact with the sulfhydryl, hydroxyl or
amine groups through the epoxide ring.’ In fact, the strategy
of adding an amine group to the aMyL moiety increased the
solubility and selectivity of different STLs.>” Moreover, all STLs
displayed a potential interaction with GLU166 by the virtue of
hydrogen bonds to this residue of the active site. As discussed
above, GLU166 has the ability to form hydrogen bonds stabiliz-
ing the binding of different inhibitors of Mpro.>®

Moreover, we noticed that the STLs with the best binding
affinity have molecular weights in the range 410-482 (Table 2),
similar to the GC376 inhibitor, which has a molecular weight
equal to 507.5 g mol™'. The potential reason to explain this
fact may be because the size of the peptide substrate and the
deeply buried protease active site demand a large molecule
with many rotatable dynamics to fit into it.*°

We have also conducted molecular docking with the four
STLs towards SARS-CoV-2 PLpro (PDB ID 6W9C). PLpro is
structurally different from Mpro. PLpro has a ubiquitin-
specific protease (USP) fold, typical of the family in humans,
which is topologically organized into four domains - UBL,
thumb, palm, and fingers.'® In order to verify this docking, we
used GRL0617, which is the most potent known inhibitor for
PLpro.”® This naphthalene-based molecule interacts with the
TYR268 residue of SARS-CoV-2 PLpro.*” Therefore, the docking
simulation was conducted targeting TYR268 of SARS-CoV-2
PLpro. Fig. 7 shows this interaction with GRL0617 and the
binding affinity was —7.5 kcal mol™" (Table 2). Notably, 114-13-
dihydrolactrolactucopicrin and lactucopicrin showed better
binding affinity values than the specific PLpro and Mpro
inhibitors (Table 2).

This journal is © The Royal Society of Chemistry 2022

Fig. 7 Docking of GRLO617 into the active site of PLpro. (A) 3D pose
model showing the fitting of GRLO617 into the active site of
SARS-CoV-2 PLpro. (B) Comparisons of the binding site of SARS-CoV-2
PLpro with GRLO617 and different residues (TYR268, ASN267, TYR264),
which showed the interaction with the inhibitor. Atom colours of mole-
cules: C: grey; O: red; N: purple.

Surprisingly, the TYR264 residue, which shows hydrophobic
interactions between its ring and the 1-naphthyl group of the
inhibitor (Fig. 7),>® seems to display similar binding with the
STLs by hydrophobic interactions (Fig. 8). On the other hand,
TYR268 seems to be the residue involved in the interaction
between the aMyL group of the STLs and the amine group of the
residue (Fig. 8A-D). Lastly, the ASN267 residue may construct
carbon hydrogen bonds with the STLs, as shown in the docking
between darunavir, an antiretroviral drug for HIV, and PLpro.>®

According to our docking analysis, these STLs are very promis-
ing targets for drug development. With the aim to evaluate if

Food Funct., 2022,13, 8977-8988 | 8983
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Fig. 8 Docking of the different STLs into the active site of PLpro. Visual representation of TYR264, TYR268 and ASN267 reactions with (A) 11p-13-
dihydrolactucopicrin, (B) lactucopicrin, (C) 11p-13-dihydrolactucin and (D) lactucin. The amplification of the 3D pose shows the interaction between

the specific atom of the residues and the compound.

these STLs are safe for human oral consumption and further
drug development, the properties of Lipinski’s rule of five®* were
evaluated for the STLs. Based on the results, all STLs showed
Lipinski’s violation 0. All molecules complied with a molecular
mass less than 500 g mol™, no more than 5 hydrogen bond
donors, no more than 10 hydrogen bond acceptors, and an
octanol-water partition coefficient (log P) not greater than 5.%*

However, other measures of drug likeness as the Polar
Surface Area (PSA) and rotatable bonds (Rot B) should also be
considered, since meeting the rule of five does not guarantee
that a molecule is a drug-like.** As Table 2 shows, PSA was
<140 A% and less than 10 Rot B were found for all the STLs,
thus fulfilling Veber’s oral bioavailability rule.>

The chemical inhibitor of SARS-CoV-2 Mpro (GC376)
showed Lipinski’s violation 2 (Table 2), besides the values PSA
=179.51 A* and 14 Rot B. In the case of chemical SARS-CoV-2
PLpro, the value of log P is violated (Table 2).

Bearing in mind that 11f-13-dihydrolactucopicrin, lactuco-
picrin, 11p-13-dihydrolactucin and lactucin satisfied the drug
development principles and their values of binding affinity to
each protease were similar to those of the specific inhibitors,
respectively, further studies with these STLs should be
addressed for drug development inhibiting the activity of
SARS-CoV-2 proteases.

Inhibitory effects of the individual STLs against Mpro and
PLpro

To ascertain whether the inhibitory effects of chicory SFE and
its fractions against the SARS-Cov-2 Mpro and PLpro could be
mediated by individual compounds, we performed enzymatic

8984 | Food Funct, 2022,13, 8977-8988

inhibition assays against both proteases using each individual
SL at the same concentrations which were found in the tested
fractions.

In agreement with the binding affinity values obtained
from the docking analysis against Mpro, the compounds with
the highest effect were 11f,13-dihydrolactucopicrin and lactu-
copicrin. The residual activity of Mpro was 67 and 64% com-
pared with the control, respectively. Regarding 11p,13-dihydro-
lactucin and lactucin, the residual activities of the protease
were 72 and 73%, respectively. In all of the cases, the inhi-
bition of SARS-CoV-2 Mpro activity with each STL was statisti-
cally significant compared with the control (p > 0.05) (Fig. 9).
In contrast to the effects observed with F3 and F4, which

% % %

-

o

o
1

Mpro residual activity
(% of control)

DHLCP LCP DHLC LC

CT GC

Fig. 9 Activity of 3CL-protease (Mpro) in the presence of different
STLs. DHLCP (11p,13-dihydrolactucopicrin at 7 uM), LCP (lactucopicrin at
85 pM), DHLC, (11p,13-dihydrolactucin 126 pM), and LC (lactucin
174 pM). GC376 (GC) was used at 100 pM as a chemical inhibitor of
Mpro. The values are shown as the mean and standard deviation. ***p >
0.001, *p > 0.05 compared to the control (CT).

This journal is © The Royal Society of Chemistry 2022
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contain these STLs, the inhibitory effects by individual STLs
were 2-fold lower in the case of 11f,13-dihydrolactucopicrin
and lactucopicrin than with its respective fraction (F3).
Regarding 11p,13-dihydrolactucin and lactucin, the observed
inhibitory effects were 3-fold lower compared to the corres-
ponding fraction (F4). The lower activity against the Mpro of
individual natural compounds versus the inhibitory capacity of
the fractions from extracts where they are present has also
been reported with turmeric rhizomes, mustard seeds and wall
rocket extracts.”> Whereas the turmeric rhizomes extract
reduced the activity of Mpro to 0%, curcumin (the major com-
pound in turmeric) at the same concentration found in the
assayed turmeric, only displayed 20% of inhibition.*®> In the
case of sinigrin, the major compound in mustard seeds and
wall rocket extracts didn’t exert any inhibitory effect against
Mpro whilst mustard seeds and wall rocket extracts reduced
the Mpro activity over 80%. Tito et al., 2021 reported similar
findings, while the pomegranate peel extract significantly
reduced the SARS-CoV-2 Mpro activity, the main compounds
present in the extract (gallic and ellagic acids) exerted much
less or no effect at all.>® According to these previous studies,
our results suggest that other compounds present in chicory
must also play a key role in inhibiting Mpro activity. Besides,
the mixture of 2 STLs in each fraction (F3 and F4) may have
synergistic effects potentiating the protease inhibition.

Studies assessing the in vitro inhibitory activity of STLs
specifically against SARS-CoV-2 Mpro are lacking. However,
recent works based on molecular docking pointed to artemisi-
nin® and lactucopicrin 15-oxalate®® as natural STLs displaying
high capacity for binding to the active site of SARS-CoV-2
Mpro. The potential activity of artemisinins has been exten-
sively explored.®’ In human trials it was shown to reduce the
time of COVID-19 infection®® and in in vitro studies this SL
and its derivatives showed different mechanisms of action
towards SARS-CoV-2.%

In contrast, many natural compounds have displayed great
potential as SARS-CoV Mpro inhibitors such as quercetin, api-
genin and luteolin (ICs, of 20-200 pM).** In this context, our
work suggests that the evaluated STLs are active in this range
of concentrations. However, the current study used a targeted
approach towards the replication of SARS-CoV-2.

Finally, it should be pointed out that we detect an inhibi-
tory activity for 11f-13-dihydrolactucopicrin at a very low con-
centration (7 puM).

Next, we investigated the effect of the individual STLs
against PLpro. The results of the inhibitory capacity against
this protease (Fig. 10) revealed that all of the STLs reduced the
PLpro activity, ranging between 30% and 23% of inhibitory
capacity. In contrast to what was observed in the activity of
individual compounds against Mpro, all STLs tested showed
similar inhibitory activities towards PLpro as those in the frac-
tions where they were present (Table 1; Fig. 4 and 10). Previous
studies with natural compounds, mainly flavonoids, have been
conducted for in vitro inhibitory activity against SARS-CoV
PLpro, indicating ICs, values in a micromolar range.®®
Moreover tanshinones, terpenoid compounds, isolated from

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Activity of papain-like protease (PLpro) in the presence of
different STLs. DHLCP (11p,13-dihydrolactucopicrin at 7 uM), LCP (lactu-
copicrin at 85 uM), DHLC, (11p,13-dihydrolactucin 126 yM), and LC (lac-
tucin 174 pM). GRLO617 (GRL) was used at 100 pM as a chemical inhibi-
tor of PLpro. The values are shown as the mean and standard deviation.
***p > 0.001 compared to the control (CT).

Salvia miltiorrhiza, have demonstrated to be very potent PLpro
inhibitors (ICs, of 0.8-30 pM depending on the molecule).®®
Regarding the studies that are specifically focused on the
inhibitory activity of natural compounds against the
SARS-CoV-2 PLpro, Montone et al. reported a ICs, value equal
to 11.62 + 0.47 pg mL™" (about 25 uM) of (—)-epicatechin-3-
gallate inhibiting this protease.*> Other compounds with
inhibitory activity towards this protease were ginkgolic acid
and anacardic acid with ICs, values of 16.30 + 0.64 uM and
17.08 + 1.30, respectively.®” In our study, lactucin was the SL
with the highest inhibitory activity against SARS-CoV-2 PLpro
at the concentration of 174 pM, which is clearly a higher con-
centration than that reported for other active compounds.***°”
Nonetheless, this is the first screening study using these STLs
(11p,13-dihydrolactucopicrin, lactucopicrin, 11p,13-dihydrolac-
tucin and lactucin), so even though these compounds seem to
be suitable natural inhibitors to PLpro, further studies are
required to confirm their potential.

In general, previous studies that report the effect of com-
pounds against SARS-CoV-2 PLpro are clearly minor as
opposed to those targeting the Mpro. This obvious difference
can be noticed in the Key Protein Targets and Related Patents
in the CAS Content Collection which showed 2178 drug candi-
dates and 49 patents related to Mpro while only 189 candidates
and 4 patents to PLpro towards COVID-19.°® This fact could be
explained due to several inhibitors described for SARS-CoV
Mpro in previous works,*® since SARS-CoV-2 Mpro is conserved
in 96% of its sequence.** In contrast, the PLpro sequence of
SARS-CoV-2 and SARS-CoV is only 83% similar, although they
share similar active sites.® Mpro has been described as the
most attractive target for drug design against SARS-CoV-2,”%"*
but dual-targeted drugs have the advantage of fewer adverse
effects and better therapeutic outcomes than single-targeted
drugs for this coronavirus.*®

Conclusions

To the best of our knowledge, this is the first report showing
in vitro the inhibitory potential of chicory extract and its
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different sesquiterpene lactones against the two main pro-
teases involved in the SARS-CoV-2 replication. Based on the
binding energies obtained, this study also contains valuable
information to increase the knowledge on certain structural
families of compounds with great affinities towards
SARS-CoV-2 Mpro and PLpro proteases. Furthermore, these
results may provide molecular details that set the basis to
further propose structural modifications of some compounds
to make the interaction between them and proteins even more
effective.

Despite all the efforts dedicated to stop the pandemic disse-
mination of COVID-19, there is no conclusive treatment to
date. Our findings provide information that can help in the
search for COVID-19 prophylactic or curative treatments,
acting as a basis for future in vivo studies.
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