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ARTICLE INFO ABSTRACT

Article history: The 3C-like protease (3CLpro) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is essential
Received 9 November 2021 to the virus life cycle and is supposed to be a potential target for the treatment of coronaviral infection.
Received in revised form 10 December 2021 Traditional Chinese medicines (TCMs) have played an impressive role in the treatment of COVID-19 in
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Available online 14 December 2021 China. The effectiveness of TCM formulations prompts scientists to take continuous effort on searching for

bioactive small molecules from the ancient resources. Herein, we developed a native mass spectrometry-
based affinity-selection method for rapid screening of active small molecules from crude herbal extracts

I;;}l;‘g?crgi}_z applied for COVID-19 therapy. Six common herbs named Lonicera japonica, Scutellaria baicalensis, Forsythia
3CL protease suspensa, Glycyrrhiza uralensis, Cirsium japonicum, and Andrographis paniculata were investigated. After
Native MS preliminary separation of the crude extracts, the fractions were incubated with 3CLpro. A native MS-based
Traditional Chinese medicine affinity screening assay was then conducted to search for the protein-ligand complexes. A UHPLC-Q/TOF-MS
Natural product with UNIFI data acquisition and data processing software was applied to identify the hit compounds.
Standard compounds were used to verify the outcomes. Among the 16 hits, three flavonoids, baicalein,
scutellarein and ganhuangenin, were identified as potential noncovalent inhibitors against 3CLpro with ICsq
values of 0.94, 3.02, and 0.84 uM, respectively. Their binding affinities were further characterized by native
MS, with Ky values being 1.43, 3.85, and 1.09 puM, respectively. Overall, we established an efficient native
MS-based strategy for discovering 3CLpro ligands from crude mixtures, which supplies a potential strategy

of small molecule lead discovery from TCMs.
© 2021 Elsevier B.V. All rights reserved.
1. Introduction 2019. To date, more than 260 million cases of this new coronavirus

disease have been diagnosed [1]. With the emergence of the mutant

COVID-19, which is caused by severe acute respiratory syndrome coronavirus which exhibits more efficient infection, replication, and
coronavirus 2 (SARS-CoV-2), has led to a severe pandemic since competitive fitness, COVID-19 will continuously have a significant
global impact [2]. The SARS-CoV-2 3C-like protease (3CLpro) cata-

lyzes the proteolytic processing of polyproteins for viral replication
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100049, China. Since the autocleavage process is essential for viral propagation,
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Traditional Chinese medicines (TCMs) have played an impressive
role since the outbreak of COVID-19 [5]. Many clinically approved
effective TCM formulations contain common herbal medicines such
as Scutellaria baicalensis Georgi and Forsythia suspense (Thunb.) Vahl.
In our previous study, baicalin and baicalein, two major compounds
in S. baicalensis Georgi, showed in vitro 3CLpro inhibition activity [6].
Given the existence of various chemotypes of natural products, ef-
fective herbal medicines provide a rich source for drug discovery.

The conventional phytochemistry-pharmacology evaluation ap-
proach includes extraction, isolation, purification, identification, and
activity screening. Each step is time-consuming, laborious, and more
considerably, compound-untargeted. Thus, the development of an
effective and selective screening method for active compounds is
valuable.

Bio-affinity-based ligand screening has been applied extensively
for drug discovery. Due to high sensitivity, low sample consumption
and being label-free, bio-affinity-MS (BA-MS) has become an
emerging biophysical technique commonly used in screening ap-
proaches in recent years [7]. Typical BA-MS methods are classified
into the indirect and the direct methods. Indirect methods usually
need to isolate the protein-ligand complex first from unbound
components using a separation technique such as ultrafiltration [8],
solid-phase micro-extraction [9], or size-exclusion chromatography
[10], and then analyze the ligands released from the complexes. In
contrast, the direct BA-MS method, also called native MS, can pro-
vide direct evidence of the existence of the protein-ligand complex
as well as the stoichiometric information. Moreover, soft electro-
spray ionization (ESI) techniques allow solution-phase interactions
to be intactly transferred into the gas-phase so that noncovalent
binding even with weak affinity can be measured [11-13]. Recently,
an increasing number of studies have shown the feasibility of native
MS in natural product-based fragment screenings [14-16] and pro-
tein-compound interaction studies [17]. Therefore, native MS is ex-
pected to become a promising screening approach for hit discovery
from TCMs.

This work aimed to explore the potential of native MS to capture
compounds from complex matrixes, and provide a promising ap-
proach for drug discovery. We applied the optimized approach to
screen the crude extracts of six TCMs. Guided by the native MS
screening data, the compounds bound to the SARS-CoV-2 3CLpro
were identified rapidly from the mixtures without time-consuming
purification procedures. Then, enzymatic assays and equilibrium
dissociation constant (K4) determinations were performed to vali-
date the screening outcomes. A native MS-based affinity-selection
method was finally established to efficiently discover potential
noncovalent inhibitors against SARS-CoV-2 3CLpro from herbal
extracts.

2. Materials and methods
2.1. Materials

Six common herbs including Lonicera japonica, Scutellaria baica-
lensis, Forsythia suspensa, Glycyrrhiza uralensis, Cirsium japonicum,
and Andrographis paniculata were selected according to the TCM
prescriptions [18-20], and purchased from the Tong-Ren-Tang
Company (Beijing, China). All the standard compounds were ob-
tained from Shanghai Standard Technology Co., Ltd. (Shanghai,
China). Glutathione (GSH) was obtained from Sigma (Shanghai,
China). ODS gel AAG12S50 (12 nm, S-50 pm, YMC Co., Ltd., Japan)
was used for column chromatography (CC). All solvents used for CC
were of at least analytical grade (Shanghai Chemical Reagents Co.,
Ltd., Shanghai, China). High-performance liquid chromatography
(HPLC)-grade acetonitrile (ACN), methanol (MeOH), acetic acid and
formic acid were purchased from Merck (N]J, USA). Dimethyl
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sulfoxide (DMSO) and ammonium acetate (NH4Ac) were purchased
from Sigma Chemical Co. (MO, USA). HPLC-grade water was pro-
duced by a Millipore Milli-Q® Advantage A10 Purification System
(Millipore, Molsheim, France).

2.2. Expression and purification of 3CLpro

SARS-CoV-2 3CLpro was obtained as previously reported [6].
Briefly, the tagged SARS-CoV-2 3CLpro was expressed in BL21 (DE3)
cells. The expressed protein was purified by a Ni-NTA column (GE
Healthcare) and then transformed into the cleavage buffer (150 mM
NaCl, 25 mM Tris, pH 7.5) containing human rhinovirus 3C protease
to remove the additional residues. The resulting 3CLpro was then
passed through a size exclusion chromatography (Superdex200, GE
Healthcare). The eluted protein samples were stored in a solution (10
mM Tris pH 7.5) for the enzymatic inhibition assay.

2.3. Fraction preparation

The TCM materials were powdered using an electric blender and
then extracted with a 10-fold volume of MeOH using ultrasonication
(three times, 1 h each). After filtration, the percolates were com-
bined, and the organic solvent was removed by vacuum evaporation
at 45 °C. The residue was suspended in water, and separated by ODS
column chromatography, eluting with water, MeOH, and acetone,
successively. The methanolic fraction (200 mg) was further fractio-
nized using preparative HPLC, running at a flow rate of 30 mL/min
with the mobile phases of water/0.1% formic acid (A) and ACN (B).
The LC gradient was 0-3 min, B at 10%; 3-50 min, B at 10-80%;
51-60 min, B at 95%. Preparative HPLC was performed on a Waters
2545 Binary Gradient Module instrument with a Waters 2489 UV/
Visible Detector using a Waters Sunfire Prep C18 column (5 pm,
30 x 150 mm). The subfractions were collected according to the UV
and ELSD responses. Finally, they were powdered with freeze-drying
and stored at - 40 °C for use.

2.4. Optimization of mass spectrometry conditions

Native MS screening was performed on a scimaX MRMS system
(Bruker Daltonics, Bremen, Germany). The sample solutions were
infused into the system with a syringe (250 pL) at a flow rate of 2 puL/
min using electrospray ionization in positive ion mode. The source
and ion transfer parameters were optimized for protein-ligand
complex measurements: Skimmer 1100 V, Funnel 115 V, Funnel RF
Amplitude 180 V, collision cell frequency 2.0 MHz, ion transfer fre-
quency 2.0 MHz, time of flight to analyzer cell 2.0 ms with RF am-
plitude of 350.0 Vpp, source temperature 200 °C. The ion
accumulation time was set to 100 ms for optimal S/N of the mass
spectrum. Mass spectra were deconvoluted with SNAP2 in Data
Analysis 5.2 (Bruker Daltonics, Bremen, Germany).

The stock solution of 1 M NH4Ac was diluted for buffer exchange,
and the pH was adjusted using acetic acid. Protein denaturing was
obtained using 1% formic acid. Since the compounds were dissolved
in organic solvents, different proportions of DMSO, MeOH and ACN
were added to 3CLpro solution to evaluate their influence on the
spray system.

2.5. Incubation of 3CLpro with crude extracts

The fractions of the crude herbal extracts were dissolved in
MeOH to produce a stock solution of 10 mM, assuming an average
molecular weight of 500 Da for the constituents. Then the stock
solutions were further diluted to afford the working solution before
the affinity MS screen. 3CLpro was buffer exchanged with 10 mM
NH4Ac 5 times with a Millipore 10k cellulose membrane filter
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Fig. 1. Spray condition optimization for 3CLpro. Raw MS spectra (A) and deconvoluted spectra (B) of 3CLpro mainly in dimer (dark blue) or monomer (light blue) states. (C) The
intensity of 3CLpro in NH4Ac at different concentrations. (D) The intensity of 3CLpro in 10 mM NH4Ac at different pH values. The influence of different proportions of DMSO (E),
MeOH (F), or ACN (G) on the spray system. Experiments were repeated at least three times. Bars represent mean * SD.

(Merck). The final system was as follows: 3CLpro at 1 pM, mixture of
natural products at 10 pM, MeOH at 1%, in 10 mM NH4Ac (pH 6.9).
The mixed solution was then incubated for 15 min at room tem-
perature to form the protein-ligand complex before mass spectro-
metric analysis.

2.6. Hit identification

The fractions of interest were analyzed by ultra high-perfor-
mance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UHPLC-Q/TOF-MS) with UNIFI data acquisition and
data processing software. High-resolution ESI-MS spectra were re-
corded on a Waters Synapt G2-Si Q/TOF mass detector.
Chromatographic separation was performed on an ACQUITY UPLC
HSS T3 column (2.1 x 100 mm, 1.8 pm; Waters) at a temperature of
45 °C using 0.1% formic acid in H,0 and 0.1% formic acid in ACN as
mobile phases A and B, respectively. The flow rate was 0.4 mL/min
and a 1-pL injection volume was used.

The matching and identification of the compounds were per-
formed on the UNIFI informatic platform from Waters Corporation.
According to the natural product analytical workflow within UNIFI
[21], we established our library by importing the data excerpted
from Reaxys® (https://www.reaxys.com/) including compound
name, CAS number, and structure. For matching, the m/z accuracy
tolerance was set to 10 ppm and spectral matching was performed
using the established database. The matching results of high con-
fidence were kept, and the hit compounds were finally identified by

comparing the molecular information (molecular weight, retention
time, fragment ions) with the standard compounds.

2.7. The inhibition assay of 3CLpro

A fluorescence resonance energy transfer (FRET) protease assay
was applied to measure the inhibition of the hit compounds against
SARS-CoV-2 3CLpro. The FRET-based protease assay was performed
as previously reported [6]. The fluorogenic substrate MCA-
AVLQSGFR-Lys(Dnp)-Lys-NH; was obtained from GenScript (Nanjing,
China). SARS-CoV-2 3CLpro (30 nM final concentration) was mixed
with different compounds in 80 pL assay buffer (50 mM Tris-HCI, pH
7.3, 1 mM EDTA) and incubated for 10 min. The reaction was trig-
gered by adding fluorogenic substrate (40 pL) at a final concentration
of 20 uM. Then, the fluorescence signal at 320 nm (excitation)/
405 nm (emission) was measured every 35 s for 3.5 min using a
Bio-Tek Synergy4 plate reader.

2.8. Affinity evaluation

Affinity studies between 3CLpro and the hit compounds were
conducted under the above-described optimized conditions in
Sections 2.4 and 2.5. Different concentrations of the hit compounds
and 3CLpro (1 pM) were prepared in 10 mM NH4Ac as spray solu-
tions to form differential protein-ligand ratios. The charge states 18"
and 19" were used to calculate the free protein and protein-ligand
complex intensities. Five hundred single scans were added for the
final mass spectrum.
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Fig. 2. Representative MS spectra of native MS-based affinity screening. (A) MS
spectrum of apo-3CLpro during the screening process: 3CLpro mainly presents in
charge states P'°* and P'8*. (B) Representative MS spectrum of a negative result from
fraction 1 of Andrographis paniculata. Representative MS spectra of two positive re-
sults from fraction 3 (C) and fraction 6 (D) of Andrographis paniculata. The protein-
ligand binary complexes (P +L) were found distinctly and the Am/z was used to cal-
culate the molecular weight of the ligands. Later, andrographoside and andro-
grapholide were identified in fraction 3 and fraction 6 as compounds 12 and 13,
respectively.

The concentration ratios of 3CLpro-natural product complexes
(PL) to total 3CLpro (P) were estimated by quantification of their
relative MS peak intensity, which was based on the following hy-
potheses: the noncovalent complexes could be integrally trans-
formed from the solution phase to the gas phase without in-source
dissociation; the ionization efficacies of 3CLpro and 3CLpro-natural
product complexes were similar. Therefore, the ratio R can be
calculated as follows [22]:

_ [PL] _ YI(PL)"*/n
[Pl XI(P)™/n + YI(PL)™/n

The Ky was obtained by plotting the experimentally observed R
against the total compound concentration using nonlinear regres-
sion in GraphPad Prism 8.2.1. For each compound, at least three
independent experiments were performed for the determination.

3. Results and discussion
3.1. Fractionation of the crude extracts
Although native state mass spectrometry allows the direct de-

tection of protein-ligand complexes with weak affinity, the highly
abundant components can cover up others in a mixture. As a result,
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Table 1
The hit compounds identified from the TCMs.
ID Name Chemotype Source
1 Baicalin Flavonoid S. baicalensis
2 Baicalein Flavonoid
3 Scutellarein Flavonoid
4 Ganhuangenin Flavonoid
5 Wogonoside Flavonoid
6 Oroxylin A-7-0-B-p-glucuronide Flavonoid
7 Luteoloside Flavonoid
8 Forsythoside B Phenylpropanoid F. suspensa
9-1 Forsythoside A Phenylpropanoid
9-2 Forsythoside H Phenylpropanoid
9-3 Forsythoside I Phenylpropanoid
9-4 Isoforsythiaside Phenylpropanoid
9-5 Acteoside Phenylpropanoid
10-1 Chlorogenic acid Phenylpropanoid L. japonica
10-2 Neochlorogenic acid Phenylpropanoid
10-3 Cryptochlorogenic acid Phenylpropanoid
11-1 Isochlorogenic acid A Phenylpropanoid
11-2 Isochlorogenic acid B Phenylpropanoid
11-3 Isochlorogenic acid C Phenylpropanoid
12 Andrographoside Terpenoid A. paniculata
13 Andrographolide Terpenoid
14 Liquiritin Flavonoid G. uralensis
15 Glycyrrhizic acid Terpenoid
16 Pectolinarin Flavonoid C. japonicum

low-affinity ligands in high abundance can be overestimated, while
potential active compounds but in low abundance can be over-
looked. In addition, for complex samples, ion suppression and signal
superposition cannot be completely avoided. Therefore, upfront
separation for a mixture is necessary.

In the current study, after preliminary extraction, the six TCM
herbs were partitioned through ODS column chromatography with
water, MeOH and acetone. To obtain better screening results, the
aqueous fractions were discarded to exclude carbohydrates and
other highly polar components. Then, the methanolic fractions were
further fractionized according to the UV and ELSD responses using
preparative HPLC (Figs. S1-S6). A total of 96 fractions were obtained
and their weights are shown in Table S1.

3.2. Optimization of the protein solution and spray condition

Characterization of 3CLpro was performed on a Magnetic
Resonance Mass Spectrometry (MRMS) equipped with an ESI source.
We found that 3CLpro remained a homodimer, which is the most
common form for the crystal structures of catalytically active 3CLpro
[23], and displayed a major 19" (m/z 3558) charge state together
with an 18" (m/z 3756) charge state species (Fig. 1A, upper), giving a
molecular weight of 67.6 kDa under native condition (Fig. 1B, upper).
After adding acid, 3CLpro partially changed into its monomer from a
dimer, giving a molecular weight of 33.8 kDa (Fig. 1A, bottom and B,
bottom); meanwhile, signals shifted into the lower m/z region im-
plying partial denaturation.

Because the stabilization and aggregation of protein and protein-
ligand complexes require appropriate ionic strength and pH, the
conditions were then optimized in terms of different NH4Ac con-
centrations and pH values. The results showed that 3CLpro showed
the highest intensity in 10 mM NH4Ac and maintained its native
state at pH 6.7-7.2 (Fig. 1C-D). Furthermore, the influence of organic
solvents in the spray system was also studied including DMSO,
MeOH and ACN (Fig. 1E-G). The results indicated that DMSO had a
significant influence on the spray system, which was possibly due to
its nonvolatility. Moreover, the spray system had a better tolerance
of MeOH than ACN when the proportion was below 20%. Therefore,
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Fig. 3. The structure of the hit compounds.

MeOH was chosen as the solvent for herbal mixture or compound
dilution in the following 3CLpro and small molecule interaction
studies.

3.3. Native MS-based affinity screening of herbal extracts

To form the protein-ligand complexes, 3CLpro (1uM) was in-
cubated with each fraction at the same concentration (10 uM), as-
suming an average molecular weight of 500 Da for the constituents.
Then, a native MS-based affinity screening was conducted. Rapidly,
we found the peaks of 3CLpro-natural product complexes. The re-
presentative MS spectra are shown in Figs. 2 and S7-S11. The mo-
lecular weight of the bound compound was then calculated

according to the Am/z between the protein and protein-ligand
complex.

However, due to the chromatographic peak tail dragging or re-
sidue in the fractionation procedures, false positive results could
be possible for some fractions. Consequently, more attention should
be given to data analysis.

3.4. Identification of the hit compounds

To identify the hit compounds in the fractions, UHPLC-Q/TOF-MS
was applied. First, an in-house compound library was set up ac-
cording to the Reaxys® database for each herb. The exact molecular
weight and fragment ions of potential hit compounds were collected
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Fig. 4. Differences in binding selectivity observed by native MS. (A) MS spectrum of
apo-3CLpro during the titration assay. 3CLpro mainly presents in charge states P'%*
and P'*. (B) MS spectrum of 3CLpro incubated with compound 2. The peaks of
protein-ligand complexes were represented by P+L. (C) MS spectrum of 3CLpro in-
cubated with compound 9-1. Nonspecific binding occurred.

and matched to the compound library, and then their structures
were proposed. Next, the hit compounds were further confirmed
using authentic standards in terms of retention times, MS1 and MS2
mass spectra (Fig. S12). Finally, from 6 herbs, 16 hit compounds were
rapidly screened out and identified, including 9 flavonoids, 3 ter-
penoids and 4 phenylpropanoids (Table 1, Fig. 3).

Remarkably, in our previous studies, compound 2, baicalein, was
proven to be the first noncovalent, nonpeptidomimetic inhibitor of
SARS-CoV-2 3CLpro that could effectively prevent substrate access to
the catalytic dyad within the active site. Moreover, the crystal
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structure of SARS-CoV-2 3CLpro in complex with baicalein has al-
ready been investigated using X-ray protein crystallography [6].
Consistent with the previous results, our current findings indicated
that native MS can successfully be applied for the screening of
potentially active compounds from the complex mixtures.

3.5. Distinguishment of nonspecific and specific binding

Compared with other methods such as isothermal titration calori-
metry (ITC)[24| or surface plasmon resonance spectroscopy (SPR) [25],
one great advantage of native MS is that it can provide stoichiometric
information. Interestingly, when incubated with the pure compounds,
we found that the flavonoids formed fewer binding peaks than other
compounds at the same concentration (Fig. S13). A typical example is
shown in Fig. 4: compound 2 formed fewer protein-ligand complexes
than compound 9-1. It was intriguing to find more than one binding
peak because previous study demonstrated that 3CLpro has only one
substrate-binding site, i.e. the active site [23]. Moreover, our previous
study demonstrated that compound 2 is bound in the core region of
the substrate-binding site [6]. However, more binding peaks of com-
pound 9-1 indicated the presence of nonspecific binding, which meant
the binding to other sites. This is probably because the a,s-unsaturated
ketone in compound 9-1 acted as a Michael acceptor that could
covalently conjugate cysteines in target proteins.

To further verify the covalent binding, compounds were incubated
with GSH and determined by LC-MS. No adduct with compound 2 was
detected after incubation for 24 h, while the adduct with compound 9-
1 was obvious. Consistent with previous study [26], these results
suggested the covalently nonspecific binding with cysteine. Therefore,
the binding selectivity distinguished by native MS indicated the dif-
ference between different chemotypes. In addition, stoichiometric in-
formation could be used as supplementary evidence to give alerts
before putting considerable effort into problematic compounds. To-
gether, native MS analysis allows, in addition to the screening of ligands
from the mixture, the distinguishment of different binding modes
between protein-ligand complexes.
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Table 2
Binding affinity of compound 2, 3 and 4 with SARS-CoV-2 3CLpro determined by
MRMS and the inhibition of 3CLpro by the three compounds.

ID Name ICso (1M) Kq (uM) Brnax

2 Baicalein 0.94 + 0.20 143 + 0.15 1.02 + 0.02
3 Scutellarein 3.02 £ 0.11 3.85 £ 0.47 0.88 + 0.02
4 Ganhuangenin 0.84 + 0.06 1.09 £ 0.14 1.11 £ 0.01

3.6. Determination of the activity of the hit compounds

Considering that catechols and Michael acceptors were frequent-
hitters in Pan-Assay INterference compoundS (PAINS) [27], the
protease assays were conducted only for compounds 2, 3 and 4. The
determined ICsq values of the three compounds were 0.94, 3.02 and
0.84 pM, respectively (Fig. 5A-C and Table 2). Then, based on the
optimum tuning condition and the evaluation method mentioned
above, a titration experiment using Native MS was applied to mea-
sure the binding affinity of 3CLpro-natural product complexes. The
titration curves of 3CLpro and the active natural products are shown
in Fig. 5D-E and their Kyq values were 143, 3.85 and 1.09 uM
(Table 2). For this chemotype of compound, the results demon-
strated that the binding affinities were in keeping with the ICsg
values: the stronger the binding, the smaller the ICsq value.

Although we conjectured that the Michael acceptors were
probably promiscuous in the screening and were not considered
here, the class of peptidomimetic inhibitors carrying a Michael ac-
ceptor has been considered as a potential drug design strategy [28].
More researches thus need to be done in future studies.

4. Conclusions

In this study, we developed a native MS-based affinity-selection
method to screen compounds that target SARS-CoV-2 3CLpro from the
TCM crude extracts, which resulted in the identification of 16 hit
compounds. Directly, protein-ligand complexes and the stoichiometric
numbers of the ligands could be visualized using native MS. Although
the nonspecific binding interfered with the results of screening to
some extent, the binding selectivity of the compounds could be ob-
served directly through mass spectrometry. In addition, potentially
problematic compounds could be implied and alerted before investing
significant time and effort. Moreover, a FRET protease assay was ap-
plied to verify the inhibition of SARS-CoV-2 3CLpro by the three
noncovalent-binding compounds and the binding affinities were fur-
ther measured. Taken together, a native MS-based affinity mass
spectrometry method that could rapidly find hits from the complex
matrixes was developed in this study. Using this method, the active
ingredients from crude herbal extracts could be rapidly screened and
identified. The findings support the further use of native MS as a po-
tential tool for ligand screening and evaluation in drug discovery.
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