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Abstract

SARS-CoV-2, the causative agent of COVID-19, continues to cause global morbidity and
mortality despite the increasing availability of vaccines. Alongside vaccines, antivirals are
urgently needed to combat SARS-CoV-2 infection and spread, particularly in resource-
limited regions which lack access to existing therapeutics. Small molecules isolated from
medicinal plants may be able to block cellular entry by SARS-CoV-2 by antagonising the
interaction of the viral spike glycoprotein receptor-binding domain (RBD) with the host
angiotensin-converting enzyme Il (ACE2) receptor. As the medicinal plant Gunnera perpensa
L. is being used by some South African traditional healers for SARS-CoV-2/COVID-19
management, we hypothesised that it may contain chemical constituents that inhibit the
RBD-ACE?2 interaction. Using a previously described AlphaScreen-based protein interaction
assay, we show here that the DCM:MeOH extract of G. perpensa readily disrupts RBD (USA-
WA1/2020)-ACE2 interactions with a half-maximal inhibition concentration (I1Cso)

of < 0.001 pg/mL, compared to an ICso of 0.025 pg/mL for the control neutralising antibody
REGN10987. Employing hyphenated analytical techniques like UPLC-IMS-HRMS (method
developed and validated as per the International Conference on Harmonization guidelines),
we identified two ellagitannins, punicalin (2.12% w/w) and punicalagin (1.51% w/w), as
plant constituents in the DCM:MeOH extract of G. perpensa which antagonised RBD-ACE2
binding with respective ICsos of 9 and 29 nM. This good potency makes both compounds
promising leads for development of future entry-based SARS-CoV-2 antivirals. The results
also highlight the advantages of combining reverse pharmacology (based on medicinal plant
use) with hyphenated analytical techniques to expedite identification of urgently needed
antivirals.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of the
coronavirus disease 2019 (COVID-19), was first reported in late 2019, in Wuhan, China, and
has since become an unprecedented and persistent threat to global health and economies
[1,2,3]. While multiple anti-SARS-CoV-2 vaccines are currently available, emergence of new
SARS-CoV-2 variants is already undermining their efficacy [4]. Additionally, while newly
developed therapeutic antibodies and antivirals may offer new options for COVID-19
treatment following SARS-CoV-2 infection, their global use is likely to be hampered, at least
in the near term, due to limited access and/or insufficient in-patient resources in many low-
and middle-income countries. As a result, discovery and development of additional SARS-
CoV-2 antivirals remain an urgent priority.

The genome of SARS-CoV-2, a positive-sense single-stranded RNA virus, encodes for
structural proteins including the spike glycoprotein, membrane, nucleocapsid, envelope and
other accessory proteins which are required for the viral replication cycle and represent
attractive antiviral targets [5]. For example, remdesivir, currently one of the only drugs to
gain FDA approval for COVID-19 despite limited efficacy, is a broad-spectrum antiviral agent
which targets the RNA-dependent RNA polymerase enzyme [6]. More recently, molnupiravir
and Paxlovid (PF-07321332 + ritonavir) have been developed to inhibit SARS-CoV-2
replication by inhibiting the RNA-dependent RNA polymerase or SARS-CoV-2 main protease
(3CL protease), respectively [7, 8]. Another promising therapeutic target is the binding and
entry of SARS-CoV-2 which is regulated by the viral spike glycoprotein [9]. In particular, the
receptor-binding domain (RBD) of the spike S1 subunit interacts with the host angiotensin-
converting enzyme 2 (ACE2) receptor to promote SARS-CoV-2 binding [10]. With additional
segments of the spike protein assisting in membrane fusion, the SARS-CoV-2 virus gains
entry into the host cell upon cleavage by furin, TMPRSS2, and other host proteases [11]. As
a result, compounds that can disrupt the spike RBD-ACE2 interaction would also be
expected to inhibit SARS-CoV-2 entry and replication. However, no small molecule antivirals
are currently approved to block SARS-CoV-2 entry, while current therapeutic antibody
treatments are limited in much of the world due to cost, stability, and the need for in-
patient infusion resources.

Pure compounds isolated from natural products routinely serve as leads for the
development of new pharmaceuticals [12,13,14] including as potential agents against SARS-
CoV-2 [15,16,17,18]. The medicinal plant Gunnera perpensa L., a member of the
Gunneraceae family, is widely distributed throughout tropical Africa and frequently used by
traditional healers for its extensive medicinal properties [19]. For example, decoctions of the
leaves, stems, rhizomes, and roots are used to treat numerous diseases and health
problems including infertility, colic, stomach ailments, and colds [20]. Most recently, the
dried plant powder has been used by traditional healers of the Eastern Cape, South Africa,
to treat suspected COVID-19 exposure or suspected COVID-19 cases (F.J. Isaacs, personal
communication).

Based on this information, we hypothesised that components of G. perpensa L. may exhibit
potent in vitro bioactivities consistent with targeting SARS-CoV-2. However, the isolation of
bioactive compounds from complex natural product mixtures constitutes a major limitation



of this strategy, particularly given the urgency to develop a treatment during an ongoing
pandemic such as COVID-19. Toward addressing this limitation, advanced hyphenated
analytical techniques including ultra-performance liquid chromatography, ion mobility
separation, and high-resolution mass spectrometry (UPLC-IMS-HRMS) were used to
expedite the identification of two active compounds from G. perpensa, punicalin and
punicalagin (Fig. 1), and characterise their ability to inhibit the interaction of the spike
glycoprotein of the SARS-CoV-2 with the ACE2 using an established AlphaScreen-based
protein interaction assay [18]. Results highlight the importance of combining several
optimised analytical techniques with leads obtained from reverse pharmacology approaches
to ensure the rapid isolation and identification of bioactive compounds and potential SARS-
CoV-2 antiviral leads from complex natural product mixtures.

[ DCM : MeOH crude extract of G. perpensa ]

[Fractions1,9-13] [ Fractions 2-8 ]

[ Punicalin ] [ Punicalagin

Fig. 1. Graphical representation of the bioassay-guided fractionation and eventual identification of punicalin
and punicalagin from the G. perpensa crude extraction

Materials and methods
Spike protein and reagents

The pure standards, punicalagin and punicalin, were purchased from Merck, South Africa
(Merck, Darmstadt, Germany). Analytical grade (AR) extraction solvents, i.e.
dichloromethane (DCM), methanol (MeOH) and formic acid (FA), were purchased from
Merck, South Africa. The HPLC grade (super purity) solvents acetonitrile (ACN) and methanol
used in the fractionation and purification stages were purchased from Romil-SpS™,
Microsep, South Africa (Waterbeach, Cambridge, UK), and the ethyl acetate (EtOAc) from
Sigma-Aldrich (Merck, Darmstadt, Germany). ACE2-Fc and HIS-tagged SARS-CoV-2 Spike-RBD
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(USA-WA1/2020 variant) proteins were purchased from Sino Biological (Chesterbrook, PA,
USA). REGN10987 was obtained from excess aliquot volumes at the Perelman School of
Medicine at the University of Pennsylvania which could not be used for patients (a gift from
Dr. Pablo Tebas).

Preparation of the G. perpensa DCM:MeOH extract

Arial parts of G. perpensa were collected from a cultivation site in Uitenhage, Eastern Cape,
South Africa. A voucher specimen (PRU 128787) was prepared and deposited at the
University of Pretoria’s H.G.W.J. Schweickerdt Herbarium. The leaves were air-dried and
ground into a fine powder using a hammer mill. Powdered leaves (12 g) were loaded into an
in-house custom-made glass extraction vessel, fitted with a teflon stopcock and a sintered
glass filter (porosity 3). A 50-mL 1:1 mixture of DCM:MeOH was added to the vessel
containing the plant material and placed in an ultrasonic bath (power—005, frequency—
high, time—1 h). Thereafter, the DCM:MeOH solution was drained before a subsequent
extraction cycle with 50 mL MeOH. The two separate extract solutions were combined and
dried to completion using an SP Genevac HT6 (Genevac Ltd., Ipswich, UK).

Primary fractionation of the DCM:MeOH extract

The resulting dry extract was fractionated as previously described by Thornburg et al. [21]. A
HypeSep C8 SPE (solid phase extraction) cartridge (2 g/6 mL) was used to fractionate the
extract into 7 fractions using a Gilson GX-241 ASPEC® liquid handler fitted with a Gilson
Verity® 4060 pump controlled with TRILUTION® software. The DCM:MeOH extract (250 mg)
was dissolved in 5 mL of a MeOH:EtOAc (3:2) solution and adsorbed onto a cottonwool roll.
The cottonwool with the extract was dried in a SP Genevac HT6 before being transferred to
an empty 10-mL SPE cartridge. Prior to fractionation, the C8 SPE cartridge was prepared by
washing it with 3 column volumes of 100% MeOH before conditioning it with 3 column
volumes of the first eluent, viz. 19:1 (H,0:MeOH). Fractionation followed by connecting the
loaded SPE cartridge containing the cottonwool with the adsorbed extract in series above
the conditioned C8 cartridge and injecting 1 column volume of each of the following eluent
systems via positive pressure into the cottonwool loaded SPE cartridge: 19:1 (H,0:MeOH);
4:1 (H,0:MeOQH); 3:2 (H,0:MeOQH); 1:1 (H,0:MeOQOH); 2:3 (H,0:MeOH); 1:4 (H,0:MeOH); and
1:1 (ACN:MeOH). The fractions were collected separately and dried in a SP Genevac HT6
prior to submission for bioscreening analysis.

AlphaScreen binding assays

AlphaScreen assays were performed as described previously [18]. Briefly, 2 nM of ACE2-Fc
was incubated with 5 nM HIS-tagged SARS-CoV-2 spike RBD in the presence of 5 pg/mL
nickel chelate donor beads in a total of 10 puL of 20 mM Tris (pH 7.4), 150 mM KCl, and
0.05% CHAPS. Test samples were diluted to 100 x final concentration in dimethyl sulfoxide
(DMSO). 5 pL of ACE2-Fc/protein A acceptor bead was then added to the reaction, followed
by 100 nL test compound and 5 pL of RBD-HIS/nickel chelate donor beads. All conditions
were performed in duplicate. Following incubation at room temperature for 2 h,
luminescence signals were measured using a ClarioStar plate reader (BMC Labtech, Cary,
NC, USA). Data were normalised to percent inhibition, where 100% equalled the



AlphaScreen signal in the absence of RBD-HIS, and 0% denoted signal in the presence of
both protein and DMSO vehicle control.

Half-maximal inhibitory concentrations (ICsp) were determined using GraphPad Prism v.
9.1.2 (GraphPad Software, San Diego, CA, USA). Data from extracts and REGN109987 are
presented as the mean £ S.D. from at least 2 independent experiments. Data from pure
compounds and antibodies are presented as the mean + S.D. from 3 independent
experiments.

UPLC-IMS-HRMS chromatographic conditions

Due to the complex nature of the fractions following SPE, UPLC-IMS-HRMS was employed to
analyse the primary and tertiary fractions together with the crude extract in order to
accurately acquire the monoisotopic mass, retention time, and ion mobility data. UPLC
analysis was performed using a Waters Acquity UPLC system (Waters Corp., MA, USA),
which is equipped with both an auto sampler and a binary solvent delivery system. The
DCM:MeOH extract and fractions were prepared by dissolving them in a H,O:ACN (4:1)
solution before filtering them through a 0.22-um syringe filter. The samples were analysed
on a ACQUITY UPLC® HSS T3 (2.1 x 150 mm, 1.8 um) column (Waters Inc., Milford, MA,
USA), which showed the best selectivity for the compounds. A gradient method separation
was employed using H20 (0.1% FA, 0.01% ammonium formate) and ACN (0.1% FA) as the
two solvents. The method conditions were as follows: 97% H,0 (0.1% FA), held for 0.1 min,
followed by a linear gradient increase to 100% ACN at 14 min. A 2-min washing hold was
used (14-16 min) before reconditioning the column with the starting conditions (16.5—

20 min). To ensure repeatable results, the column temperature was held constant at 40 °C
with a set flow rate of 0.4 mL/min and an injection volume of 5 pL.

UPLC-IMS-HRMS instrumentation and MS conditions

A Waters® Synap G2 high-definition mass spectrometer (HDMS) system (Waters Inc.,
Milford, MA, USA) was used for compound separation and detection. The system is setup
with a Waters ACQUITY UPLC® hyphenated to a quadrupole mass filter. Additionally, the
system comprises of a Triwave™ ion mobility (IM) cell and a high-resolution time-of-flight
(TOF) mass analyser. MassLynx™ v. 4.1 (Waters Inc., Milford, MA, USA) software was used to
operate the instrument and for data acquisition. Sodium formate clusters were used to
calibrate the MS using the Intellistart software function over a mass range of 50-1200 Da.
The MS source parameters were optimised for ESI negative mode and were set as follows:
source temperature of 120 °C, extraction cone voltage of 4.0 V, sampling cone of 25.0 V,
cone gas flow of 10 L/h, desolvation temperature of 350 °C, desolvation gas flow of 600.0
L/h, and a capillary voltage of 2.4 kV for the negative mode. An internal lockmass control
standard is used, a 2 ng/pL solution of leucine enkephalin (m/z 555.2693). The lockmass
standard is infused directly into the source, added at a rate of 3 uL/min to account for
experimental drift in mass by a secondary orthogonal electrospray ionisation probe. Infusion
is done intermittently every 10 s.



UPLC-IMS-HRMS IMS conditions

For the ion mobility spectrometry (IMS), nitrogen gas was used at a flow rate of 90 mL/min
and a helium gas flow of 180 mL/min was set for the helium cell. The IMS wave velocity was
set at 650 m/s with the wave height set to 40.0 V and wave velocity ramp of 300 to 600 m/s.
A transfer wave velocity of 191 m/s was used with a transfer wave height of 0.1 V. The trap
DC bias was set at 45.0 V with the helium cell DC voltage set at 35.0 V. Additionally, a
mobility separation delay of 450 us was used. The IMS was calibrated prior to sample
analysis using the Waters Major Mix Calibration Sample with Driftscope (v. 2.8). This
enabled the determination of the experimental collisional cross section (CCS) values (Q). The
CCS error was determined as < 3.7% (0.66 + 0.8%).

Data acquisition in UPLC-IMS-HRMS analysis

Mass spectral scans were collected every 0.3 s. Raw data was collected in a continuous
form, with mass to charge ratios (m/z) of 50 to 1200 Da recorded. Data was collected in
data-independent acquisition (DIA) mode using two functions with a low and high collision
energy (MSE). The collision energies were maintained at 10 V for the low MS transfer
collision energy and 30 V for high MS transfer collision energy.

UPLC-IMS-HRMS data processing

All data processing was performed using UNIFI® Scientific Information System (Waters Inc.,
Milford, MA, USA). To ensure optimum processing, the following settings were used:
automatic chromatographic peak width settings for the run entirety and automatic intensity
threshold. Additionally, the high and low energy functions had an intensity threshold set to
5.0 and 5.0 detector counts respectively. A tolerance window for the retention time was set
to £ 0.1 min preventing artefact peaks and those that were too wide. A target mass
tolerance of 15.0 ppm was set with a fragmentation match tolerance of £ 10.0 mDa with a
maximum relative intensity threshold of 0.01 for targets with the same m/z ratio. A 5.0%
CCS tolerance was set. Lock mass correction of all data was done with UNIFI® automatically
prior to data processing.

G. perpensa secondary and tertiary fractionation

Based on the data generated from the biological screens, targeting the RBD/ACE2
interaction was prioritised for further work. Two compounds, punicalin and punicalagin,
were tentatively identified in primary fraction 3 using UPLC-IMS-HRMS, and hypothesised to
be the active constituents contributing to the RBD/ACE?2 activity based on prior published
literature of the phenolic class of compounds [15]. To target these compounds contributing
to the selective inhibition of RBD/ACE2 binding, the most potent primary fraction in the
RBD/ACE?2 screens, primary fraction 3, was further purified on a Buchi Pure C-815 Flash
system (Buchi, Flawil, Switzerland) fitted with a UV detector and an ELSD. A Buchi EcoFlex
C18 (50 um, 20 g) cartridge was used, and a gradient elution method employed. The solvent
system used consisted of solvent A and solvent B, namely H,0 (0.1% FA) and MeOH (0.1%
FA), respectively. The column was equilibrated for 6 min with the starting conditions before
the following elution method was used at a flow rate of 40 mL/min: an initial hold at 5%



MeOH for 0.5 min before a linear increase to 8% MeOH over 1.3 min, a second linear
increase of solvent B to 21% MeOH over 8.2 min, and a final linear increase to 100% MeOH
over 4.4 min. A 25-min hold followed to ensure adequate washing of the column.
Wavelengths (1) 254 nm, 265 nm, 230 nm, and 320 nm were monitored, and collection
automatically triggered where an excess absorbance of 0.05 AU was detected.

Following HPLC-UV/MS of the 3 secondary fractions produced from the Buchi flash system,
punicalin and punicalagin were tentatively identified in secondary fraction 1 and secondary
fraction 2 based on their m/z and observed maximum absorbances (Amax) at 217 nm,

258 nm, and 378 nm, comparable to published data [22]. Secondary fractions 1 (230 mg)
and 2 (150 mg) were combined and underwent a final purification step, with the use of
preparative high-performance liquid chromatography (prep HPLC). A Waters
chromatographic system was used, equipped with a Waters photodiode array (PDA)
detector (Model 2998) and ACQUITY QDa detector (Waters, Milford, MA, USA). The
combination of secondary fractions 1 and 2 was prepared by dissolving it in a H,O0:MeOH
(4:1) solution before filtering the sample with a 0.22-um syringe filter. The sample was
further purified on the HPLC by performing a single injection, under ES negative MS
conditions, on an Xbridge® Prep C18 OBD™ (19 x 250 mm, 5 um) column. The analytical
gradient method used to screen the secondary fractions was modified for a preparatory
column. The method used consisted of H,0 (0.1% FA) as solvent A and MeOH (0.1% FA) as
solvent B at a flow rate of 19.0 mL/min. The chromatographic method used was as follows:
5% MeOH for 5 min, a linear gradient increase to 100% MeOH (5-30 min), a 4-min washing
hold (30—34 min) followed by linear return to starting conditions (34—-43 min). A timed
collection approach was followed in which collection was triggered every 1.5 min. Qda
settings were optimised as follows: ES negative mode with a mass range of 150 to 1100 Da.
The probe temperature was set to 500 °C with the capillary voltage set to 0.81 kV, cone
voltage of 13.75V, and a source temperature of 120 °C.

Tertiary fractions generated using mass-directed fractionation on the prep HPLC were
rescreened in RBD/ACE2 interaction assays as described in the ‘AlphaScreen binding assays’
section. Tertiary fraction 8 (22.5 mg), amongst others, possessed potent antagonistic activity
against RBD/ACE?2 interaction and was further analysed on UPLC-IMS-HRMS.

Conclusive identification of compounds in the bioactive tertiary fractions generated from
preparative HPLC

Tertiary fractions presenting RBD/ACE2 antagonistic behaviour were analysed, together with
the crude and bioactive primary fractions on a UPLC-IMS-HRMS. Monoisotopic mass,
MS/MS fragmentation patterns, molecular formulae, and % error values corresponded to
those of punicalagin and punicalin. To conclusively confirm this, punicalin and punicalagin
standards were purchased and analysed on UPLC-IMS-HRMS together with the bioactive
extract and fractions. Stock standard solutions of the 2 ellagitannins, punicalin and
punicalagin, were prepared by dissolving the compounds in a 4:1 (H,0:ACN) before further
dilution to yield working stock solutions of 200 ppm. The MS/MS fragmentation pattern,
accurate monoisotopic mass, retention time, CCS (collisional cross section) data, and drift
time were used to confirm the presence of the compounds in the bioactive extract and
fractions. The compounds punicalagin and punicalin were reported as ‘found’ if their



retention time (RT) values were within 0.1 min of the peaks in the purchased standards, and
their CCS values were within 5% of that of the purchased standards. Additionally, the
purchased standards were rescreened in RBD/ACE2 inhibition assays to further confirm that
the compounds were responsible for the bioactivity in the plant.

Isolation and characterisation of punicalagin

Tertiary fraction 8, produced by HPLC-UV/MS, was further purified on an Agilent 1260
Infinity Series HPLC (Agilent Technologies, Santa Clara, CA, USA) with an online SPE solution
in combination with a Bruker amazon SL lonTrap mass spectrometer (Bruker Daltonics,
Bremen, Germany). A 13 mg/mL solution was prepared and a Luna® C18(2) (250 x 4.6 mm,
5 um) column was used for separation together with Oasis® On-Line SPE trapping cartridges
for collection. The following gradient method was used with H,O (0.1% FA) and MeOH (0.1%
FA) as the mobile phases with a 12-pL injection volume and a flow rate of 0.5 mL/min: 20%
MeOH isocratic hold for 15 min, linear increase to 100% MeOH at 15.5 min, an isocratic hold
at 100% MeOH until 20 min, before returning to starting conditions at 23 min. A 5-min
column equilibration phase with the starting conditions was incorporated before the
subsequent injection.

Mass-directed fractionation was used in ESI negative mode and peaks corresponding to
541 g/mol (Amax = 217 nm, 258 nm, and 378 nm) were trapped.

Punicalagin was isolated and analysed on a 400 MHz Bruker Advance Ill NMR spectrometer
at 25 °C. The compound was dissolved and analysed in deuterated acetone-d6 (Sigma-
Aldrich, Milwaukee, WI, USA). The resulting spectrum was compared to that published in
literature [23].

UPLC-IMS-HRMS method validation

The UPLC-IMS-HRMS method used for G. perpensa was partially validated according to the
International Conference on Harmonization (ICH) guidelines [24] for specificity, linearity,
precision, and quantification parameters, namely limit of detection (LOD) and limit of
quantification (LOQ).

Specificity

To ascertain the specificity of the UPLC-IMS-HRMS method used, punicalin and punicalagin
standards together with the blanks and DCM:MeOH extract were analysed on the same
UPLC-IMS-HRMS instrument, employing the same chromatographic conditions and injection
volumes, on the same day. Comparison of the spectral peaks and retention times was used
to ascertain the selectivity of the analytical method used.

Linearity
To validate the linearity of the UPLC-IMS-HRMS method employed, standard solutions of the

ellagitannins were prepared in the range of 1-50 pg/mL and 5-80 pg/mL for punicalin and
punicalagin, respectively. Each sample was analysed in triplicate. A 5-point calibration curve



was constructed by plotting the peak areas versus the respective analyte concentrations
using linear regression analysis.

Precision

The method precision was evaluated on a repeatability (precision under the same
conditions within a short period of time, i.e. intra-day) level. The intra-day variations of the
analytical method were determined by analysing the independently prepared samples on
the same day.

Limit of detection (LOD) and limit of quantification (LOQ)

The LOD and LOQ were calculated with the use of the following Egs. (1) and (2),
respectively:

3.30
LOD = —
S (1)
and
100
LOQ = —& (2)

where o and S denote the standard deviations of the response and the gradient of the
calibration curve, respectively.

Quantification of the ellagitannins

Quantification of the compounds of interest, viz. punicalin and punicalagin, was carried out
with the use of a 5-point calibration curve, prepared for punicalin and punicalagin
respectively. These standard solutions were prepared by serial dilution of the original
working solutions and used for subsequent quantification of the compounds in the
DCM:MeOH extract. The concentrations of the 2 compounds were determined on a dry
weight basis (%w/w) of the DCM:MeOH extract. The total punicalin and punicalagin
concentrations were reported.

Results

Extraction, fractionation using SPE, UPLC-MS analysis, and inhibition of RBD-ACE2
interaction

To isolate the bioactive compounds, a bioassay guided fractionation approach was adopted
in this study (Fig. 1). From 12 g of air-dried G. perpensa leaves, 1.1 g of dried crude extract
was obtained (9.2% yield) after a 2-step extraction procedure with dichloromethane and
methanol (DCM:MeOH). A 250-mg portion of the crude DCM:MeOH extract was subjected
to fractionation using a C8 SPE cartridge, yielding 7 primary fractions of varying mass,
ranging between 10.5 and 24 mg (Table 1). The fractions ranged from highly polar 19:1
(H20:MeOH) to moderately polar 1:1 (ACN:MeOH) in nature.



Table 1. Mass of the primary fractions produced from G. perpensa crude extract fractionation using a C8 SPE
cartridge and an automated liquid handler

Fraction Mass (mg)
Fraction 1 10.5
Fraction 2 303
Fraction 3 27
Fraction 4 20.7
Fraction 5 135
Fraction 6 15.2
Fraction 7 24.0

To determine whether the G. perpensa DCM:MeOH extract and/or the primary fractions
may contain components that disrupt SARS-CoV-2 cellular entry, we made use of a
previously described AlphaScreen technology-based assay [18] which uses a SARS-CoV-2
RBD protein (USA-WA1/2020 sequence) containing a C-terminal HIS tag, bound to a nickel
chelate acceptor bead, in addition to a full-length ACE2 peptide with a C-terminal Fc tag

bound to a donor protein A bead. When an RBD-ACE2 binding event occurs, the two beads
are brought into proximity of each other such that excitation at 680 nm results in a singlet
oxygen transfer and luminescence at 615 nm. Using this assay, we showed that the clinically
approved neutralising antibody REGN10987 (imdevimab), which targets the RBD-ACE2
interaction [25], could inhibit luminescence due to RBD-ACE2 binding with dose dependence
and with an ICso of 0.025 pg/mL (Fig. 2; Table S1). Of the samples screened, the DCM:MeOH
extract and primary fractions 2—7 also demonstrated potent activity in the AlphaScreen
assay, with IC50s in the low ng/mL range (Fig. 2; Table S1). Primary fraction 3 was of
particular interest, based on the relatively high yield (Table 1) and activity observed in the
AlphaScreen assay (ICso < 0.001 pg/mL).

100
1 -~ DCM : MeOH extract
- 80-: & Fraction 1
g g ] -4 Fraction 2
% E 60: - Fraction 3
'_E o ] —~- Fraction 4
'.E f&? 40 -8~ Fraction 5
§ g ) & Fraction 6
o X 20 -4 Fraction 7
] -~ REGN10987
0- T T T T T T,
w@" KON " S

Concentration (pg/mL)

Fig. 2. Dose—response curves denoting ability of G. perpensa DCM:MeOH extract, primary fractions, and

control neutralising antibody REGN10987 to disrupt luminescence due to SARS-CoV-2 spike RBD-ACE2 protein
binding in AlphaScreen assay
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Based on the potent activity of primary fraction 3 in the RBD-ACE2 interaction assay (Fig. 2),
the crude extract and primary fraction were analysed by UPLC-IMS-HRMS. Fifteen
prominent peaks were observed in the primary fraction, of which only 2 were identified.
These two were also present in the extract, providing confirmation that they were not
artefacts introduced during the purification process. The accurate mass, formulae, and
fragments of 2 minor peaks common to primary fraction 3 and the extract matched those of
2 known ellagitannins, punicalin and punicalagin (Fig. 3), of which punicalagin was
previously reported to occur within G. perpensa [19]. Based on previous literature claiming
potent antiviral activity of punicalagin, it was hypothesised to be the active constituent [15].
Due to the complexity of the primary fraction, further purification steps were undertaken to
isolate the ellagitannins.

a

OH

OH

OH

OH

Fig. 3. The chemical structures of punicalin (a) and punicalagin (b)
G. perpensa secondary and tertiary fractionations and evaluation of RBD-ACE2 interaction

To further assist in active compound/s identification from primary fraction 3, 520 mg of the
fraction was fractionated on a Buchi Pure C-815 Flash system, yielding 3 secondary fractions.
Secondary fraction 1 (230 mg) and secondary fraction 2 (150 mg) were combined based on
their HPLC-UV/MS profile which showed the presence of punicalagin based on the observed
m/z 541 [M-2H]?~ and observed maximum absorbances (Amax) at 217 nm, 258 nm, and

378 nm, which compared well to published data [22]. The combined secondary fractions
were further purified on a preparatory HPLC-UV/MS instrument, yielding 13 tertiary
fractions, named tertiary fractions 1-13. These tertiary fractions were evaluated in RBD-
ACE2 bioassays to identify the active fractions to assist in identifying the active compounds
contained in them. All fractions were bioassayed to ensure that no artefacts were formed
during the chromatography steps that could contribute to the bioactivity. Of the samples
screened in the AlphaScreen assays, most secondary fractions displayed good activity, with
ICsgs in the low pg/ml range (Fig. 4). In particular, several fractions demonstrated
exceptional activity in the AlphaScreens, with ICsos in the low ng/mL range (Fig. 4).
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Fig. 4. Dose—response curves denoting ability of tertiary subfractions to disrupt luminescence due to SARS-
CoV-2 spike RBD—host ACE2 protein binding in AlphaScreen assay

Chemical profiling and identification of the active constituents

Based on the antagonistic activity of tertiary fractions 2—8 in RBD-ACE2 interaction assays
(Fig. 4), the crude DCM:MeOH extract (Fig. 5) and fractions (Fig. 6) were analysed on a UPLC-
IMS-HRMS to identify the active compounds. UPLC-IMS-HRMS analysis, in ESI negative
mode, showed the presence of 3 main peaks with m/z ratios of 781.0586 and 541.0251
(Figs. 5 and 6). Their monoisotopic mass and molecular formulae corresponded to the [M-
H]~ quasi-molecular ion of punicalin (C34H220,2) and the [M-2H]?>" double charged quasi-
molecular ion of punicalagin (CagH28030) with a mass error of 2.0 ppm and - 4.8 ppm
observed, respectively.

Fig. 5. BPI chromatogram of the bioactive G. perpensa DCM:MeOQOH crude extract in ESI negative mode
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Fig. 6. Partial BPI chromatogram of the bioactive tertiary fraction 3 in ESI negative mode. Three major peaks
(annotation highlighted) are hypothesised to be that of punicalin (m/z 781.0546) (peak 1) and a/B-punicalagin
(m/z 541.0251) (peak 2/3) as a double charged quasi-molecular ion

To unequivocally confirm the identity of the 2 compounds observed in the bioactive tertiary
fractions, subsequent confirmation was also carried out with the use of commercially
available standards purchased from Merck. The standards were prepared and analysed
concurrently with the bioactive fractions and crude extracts in both ESI negative mode and
ESI positive mode on a UPLC-IMS-HRMS. However, due to the chemical nature of the
compounds, the ellagitannins were found to exclusively ionise in ESI negative mode. The
monoisotopic mass, MS/MS fragmentation pattern, molecular formula, drift time, and CCS
values of those observed in the sample were compared to those found for the standards.
Punicalin (peak 1, Fig. 6) appeared at a m/z 781.0586 [M-H]~ with a molecular formula of
C34H22022 and a mass error of 2.0 ppm. The observed fragments (Table 2) matched those of
the standard and other published data [26]. The two separate peaks observed in the tertiary
fraction (peak 2/3, Fig. 6) corresponded to the anomers of punicalagin. Punicalagin exists as
a reversable mixture of a/B anomers [27]. The a/B-punicalagin appeared as doubly charged
quasi-molecular ion at a m/z 541.0251 with a molecular formula of C4gH25030 and an
observed mass error of — 4.8 ppm. The observed fragments of punicalin and punicalagin in
the DCM:MeOH extract also matched those in literature and those of the purchased
standard. The m/z 301 observed corresponds to ellagic acid, a moiety of punicalagin (Fig. 7)
[26]. Additionally, drift time and CCS values observed corresponded to those observed for
the purchased standard (Table 2). Although no significant differences in CCS nor drift time
were observed for the same quasi-molecular ions of the separate anomers, expectedly,
clear differences in CCS and drift time are observed for the different quasi-molecular ions of
the same anomer (Table 3), providing an interesting 3™ dimension of separation (Fig. 8).
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Table 2. Identification of the small molecules with a mass less than 1100 Da from the active DCM:MeOH
(1:1) extract and secondary fractions of the aerial parts of G. perpensa L. generated with a UPLC-IMS-HRMS
and processed with UNIFI® and additionally confirmed with the use of standards

Compound Observed m/z* (Da)  Observed quasi-  RT™* (min)  Observed drift Observed CCS° (A%) Observed Fragments
(mass crror (ppm)) molecular ion (ms) (% error)*  (CCS % error)* (m/z) (mass error
(mDa))**

Punicalin 781.0546 (2.0) [M-H] 245 3.79 (1.81) 25032 (1.00) 721.0336 (1.7)
600.9910 (1.4)
448.9756 (-0.1)

o/p-Punicalagin  541.0234 (—4.8) [M-2HJ? 3.09 1.91 (0.00) 345.60 (0.03) 600.9900 (0.4)
5410256 (= 0.4)
300.9963 (—2.7)
275.0171 (=2.7)

ofp-Punicalagin ~ 541.0251 (— 1.7) [M-2H]* 330 1.87 (2.60) 341.33 (1.48) 600.9895 (—0.2)
541.0239 (—2.1)
300.9969 (—2.0)
275.0180 (= 1.7)

“m/z, mass to charge ratio

YRT, retention time

“CCS, collisional cross seclion
*Error relative to standard
*#%Common in purchased standards

#RT was found (o be within the 0.1 min margin

a (SRt
%000
g
=L 20000 EEL T
10000 [saz02832
n
] % % . ¥ am i + ] 5 [ ] o %
AL
b l"l‘i’_:,L T 1 [:"_,r'
. s
-k
000
e
< S
300 | b
El - ﬂ_ \..."
o 300 =~
§
£ 00 ZFRaTT L wmeseI” 1
e e e ] T ol ez e -1 Tl W perer G mDm
T | o C18-308 Parca: 4TI
1000
R i
o
oo n a0 0 P 1] 1 w0 bLh [ wa o0 e

Fig. 7. Punicalagin [M-2H]?>" with its (a) low and (b) high energy mass spectra with the accompanying fragments
detected and identified in the G. perpensa L. crude extract
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Table 3. Quasi-molecular ions of the a/B-punicalagin peaks observed from the purchased standard, generated
with a UPLC-IMS-HRMS and processed with UNIFI®. Differences in ion mobility data are highlighted for the [M-
H]~ and [M-2H]?" quasi-molecular ions with the same retention times

Compound Observed m/z®* (Da) (mass Observed quasi-molec- RT" (min) Observed drifl (ms)* Observed
error (ppm)) ular ion LTII(\?S"
(A%
o/ p-Punicalagin 1083.0714 (9.9) [M-H]~ 3.30 5.53 303.92
541.0289 (5.4) [M-2H]? 1.92 346.46

*my/z, mass-to-charge ratio

bRT, retention time

“CCS, collisional cross section

*Within confidence interval of instrument

Drift time {ms|

Dirift tene (mis)

Betention time [min] 2 | Dar)

Fig. 8. An ion mobility contour plot of the punicalagin standard, generated by UNIFI® with retention time (min)
versus drift time (ms) providing a 3" dimension of separation, clearly separating the different quasi-molecular
ions in the same peak (left). An ion mobility contour plot of the punicalagin standard, with drift time (ms)
versus m/z (Da) showing different drift times for the 2 separate quasi-molecular ions of the respective a/B
peaks (right)

Punicalagin (1.0 mg) was isolated in the form of a yellow amorphous powder from tertiary
fraction 8 (22.50 mg) on an Agilent LC-SPE and characterised on a 400 MHz Bruker Advance
Il NMR spectrometer (Fig. S1). The chemical shifts were compared to those described in
literature for the two anomers [23] and compared favourably to punicalagin. Additionally,
the a-punicalagin anomeric hydrogen was detected on the *H-NMR as a doublet at

5.09 ppm (1H, d, J = 3.67 Hz) and a doublet at 4.76 ppm (1H, d, J = 8.56 Hz) for the B-
punicalagin anomer (Fig. S1).

Method validation and quantification of analytes

The UPLC-IMS-HRMS method employed was partially validated in accordance with ICH
guidelines [24] by using multiple analytical parameters, namely, method specificity,
linearity, precision, and quantification parameters, viz. LOD and LOQ.

Specificity

Analytical standards of punicalin and punicalagin together with the DCM:MeOH extract of G.
perpensa and respective blanks was analysed to determine the specificity of the method.
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Spectral peaks and retention times were used to confirm the identity of the respective
peaks. Peak purity was assessed by extracting and comparing the relevant spectra at peak
start, peak apex, and peak end. A strong positive correlation was obtained between the
DCM:MeOH extract of G. perpensa and the respective ellagitannin standards (Fig. S1-S3).

Linearity, LOD, and LOQ

Linearity of the method was validated by analysing 5 concentrations of each analyte,
punicalin and punicalagin. The concentration range used was 1-50 pg/mL for punicalin and
5-80 pg/mL for punicalagin, prepared by serial dilution from a standard stock solution.
Triplicate analysis for each analyte was carried out. Strong positive correlation coefficients
of 0.9998 and 0.9997 were obtained for the punicalin and punicalagin calibration curves
respectively (Table 4; Fig. S4/S5). The calibration curves obtained were of a linear
relationship for the tested ranges. The LOD and LOQ for punicalin were found to be

0.27 pg/mL and 0.81 pg/mL. Similarly, the LOD and LOQ for punicalagin were 1.4 pg/mL and
4.1 pg/mL respectively (Table 4), indicating that the method exhibited good sensitivity.

Table 4. Parameters of quantification for the ellagitannins punicalin and punicalagin from G. perpensa L

Compound Linear range  Regression equation r LOD® (pg/ml)  LOQY (pgfml.)
(pg/mL)

Punicalin 1-50 y=1799x+98.792 09998  0.27 0.81

a/f-Punicalagin*  5-80 y=2365Tx+2059.1 09997 14 4.1

*Punicalagin is reported as the total quantity of both isomers, viz. addition of o-punicalagin and
f-punicalagin
*L.OD refers to limit of detection

PLOQ refers Lo limil of quantification

Precision

The precision of the method was evaluated by intra-day tests. The standard solutions at 5
different concentrations were analysed in 3 replicates during the day. To examine the
repeatability, 3 different working solutions of the DCM:MeOH extract were analysed (Table
5). Precision and repeatability were expressed as relative standard deviation (%RSD). Values
within 5% RSD were deemed acceptable. Intra-day precisions (%RSD) were determined by
the measurement of peak area of the reference standard.

16



Table 5. Intra-day precision of the UPLC-IMS-HRMS method of the markers

Amount (pg/ml.) Intra-day precision (n=3)
Mean area %RSD
Punicalin
1 257.67 4.50
5 1004.33 1.46
10 1886.67 3.66
15 2829.33 4.57
30 9084.33 4.02
w/p-Punicalagin
5 320033 4.67
10 4301.67 412
20 T001.67 255
40 11,501.67 3.39
80 20,960.33 4.76

Percentage of punicalin and punicalagin in the G. perpensa DCM:MeOH extract and dry
plant material

The concentration of punicalin and punicalagin in the DCM:MeOH extract was calculated as
2.12+0.15% and 1.51 + 0.15% (%w/w), respectively. Additionally, the concentration of
punicalin and punicalagin in the dry plant material was calculated as 0.19 + 0.01% and

0.14 £ 0.01% (%w/w), respectively. The quantity in the dry plant material was determined
based on a DCM:MeOH extract, with a 9.2% extraction yield.

80

60

-& Punicalin

-~ Punicalagin
-+ REGN10987

40-

Percent inhibition of
RBD-ACE2 binding

0- T rromm T T rrmm

N N N Q O ]
Q . N ) S
. o N N

Concentration (nM)

Fig. 9. Dose—response curves denoting ability of pure compounds punicalin and punicalagin to disrupt
luminescence due to SARS-CoV-2 spike RBD—host ACE2 protein binding in AlphaScreen assay. REGN10987
from Fig. 2 was used as the positive control and graphed for comparison
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Punicalin and punicalagin disrupt RBD/ACE2 interactions in vitro

To demonstrate that punicalin and punicalagin are active constituents in G. perpensa,
standards of the 2 compounds were purchased and rescreened for effects on RBD-ACE2
interactions in full-dose response AlphaScreen assays. Both compounds disrupted
interactions of the spike glycoprotein RBD with the ACE2 receptor with measured ICso values
of 9 nM and 29 nM observed respectively for punicalin and punicalagin (Fig. 9).

Discussion

As SARS-CoV-2 cases and COVID-19-related deaths continue to rise globally, development of
new therapies and treatments remains crucial. While many antiviral drugs have been
developed directly from or based on natural product chemical scaffolds [13], discovery and
development of new natural product-based antiviral leads remain limited by the ability to
isolate these pure compounds from complex plant extract chemical mixtures. Shifting away
from computational and in silico-based screening methods, here we relied on advanced
hyphenated analytical techniques to probe G. perpensa L., a medicinal plant reported to be
traditionally used for COVID-19 treatment and management in the Eastern Cape, South
Africa. The extract, together with its subfractions, was tested for their ability to disrupt the
interaction of SARS-CoV-2 spike RBD with the host ACE2 receptor, a key step in SARS-CoV-2
entry and infection. We note that this hypothesis-driven study was based on the traditional
claims of its use for treatment of COVID-19, thereby highlighting the importance of reverse
pharmacology-based methods which may lead to identification and validation of additional
antivirals against SARS-CoV-2 [28]. These leads are particularly relevant as, following further
validation and safety assessments, they may provide more accessible options to those in
resource-constrained regions where existing therapeutics and vaccines are not readily
available or locally accepted.

UPLC-IMS-HRMS was successfully used to confirm the presence of punicalagin and punicalin,
2 ellagitannins, in the DCM:MeOH extract of G. perpensa, with punicalin being previously
unreported to occur within the plant. The UPLC-IMS-HRMS method employed was partially
validated according to ICH guidelines and the quantity of the two compounds in the
DCM:MeOH extract determined with the use of standard calibration curves. The two
compounds, punicalin and punicalagin, were found to be present in low concentrations in
the bioactive DCM:MeOH extract, specifically 2.12 + 0.15% and 1.51 + 0.15% (%w/w)
respectively. Based on a DCM:MeOH extraction method with a 9.2% yield, the quantity of
punicalin and punicalagin in dry G. perpensa plant material was found to be 0.19 £ 0.01%
and 0.14 £ 0.01% (%w/w) respectively. The two compounds, nonetheless, were found to
possess potent antagonism against RBD-ACE2 interactions with 1Csos in the low nM
concentration range. In support of these observations, punicalagin was previously reported
to possess antiviral activity against SARS-CoV-2 in plaque reduction assays

(ECs0=7.20 + 1.08 uM), although the mode of action was proposed to be via inhibition of
the viral 3CL protease (MPro) [15]. In contrast, our data clearly show that both punicalagin
and punicalin additionally possess RBD-ACE2 antagonistic activity; further mechanistic
studies are needed to reconcile these disparate results. As common for natural products, it
is possible that punicalin and punicalagin may act on multiple viral proteins to antagonise
SARS-CoV-2, which in turn may enhance their antiviral activity and/or set higher genetic
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barriers to viral resistance. Studies using replication-competent viruses are warranted to
elucidate these mechanisms and their contributions to antiviral activity in greater detail.

lon mobility coupled mass spectrometry is a powerful technique used for the analysis and
separation of complex mixtures [29]. Many CCS libraries are becoming available which
provide theoretical and/or experimental ion mobility data [30, 31]. These libraries, however,
rely on studies such as the one described here to provide reliable experimental data from
certified standards. Although no significant differences in CCS nor drift times were observed
for the same qualifier quasi-molecular ions of a-punicalagin and B-punicalagin, expectedly,
differences in drift time and CCS were observed for the [M-H]~ and [M-2H]?>~ quasi-
molecular ions of peaks with the same retention time, i.e. peaks belonging to a-punicalagin
or B-punicalagin. With recent advances in IM-MS, like cyclic ion mobility (cIM) [32],
differences between anomers would be more significant [33] and would provide added
assurance in sample analysis, where anomers might be difficult or impossible to separate
with column chromatography. Nonetheless, this finding reinforces the idea that IMS can be
used for complex mixtures where a 3™ dimension of separation would be helpful. The study
highlights the advantages in combining powerful analytical methods to identify new antiviral
chemical leads from complex plant mixtures.

Conclusion

Natural products remain a rich and yet underdeveloped source of drug discovery. As many
reported studies rely exclusively on in silico and computational screening of natural
products against SARS-CoV-2, this study instead followed an in vitro protein interaction-
based approach where potential antiviral properties of G. perpensa were observed. The
fractions and pure compounds were identified and isolated through bioassay-guided
fractionation, and their exceptional RBD-ACE2 disrupting potential was demonstrated
though in vitro bioassays. Additionally, punicalin and punicalagin were quantified in the
DCM:MeOH extract. lon mobility mass spectrometry provides an interesting 3™ dimension
of the separation for complex mixtures. Due to the very low concentrations of the
ellagitannins in the plant, the hyphenated analytical technologies used provided a means to
overcome this difficulty. The results provide new opportunities to probe and investigate
medicinal plants and their pure minor chemical components for their activities against SARS-
CoV-2. G. perpensa and the 2 ellagitannins identified may also serve as new candidates for
eventual SARS-CoV-2 treatments or complementary medicines.
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