. HOKKAIDO UNIVERSITY

Study on Malabaricone C Isolated From the Mace of Myristica fragrans as Natural Antiviral

Hitle Against SARS-CoV-2 and Discovery of Its Mechanism of Actions
Author (s) Mutmainah
Degree Grantor biEEKE
Degree Name B (EHaiRE)

Dissertation Number ZET21S

Issue Date 2025-03-25
DOI https://doi.org/10.14943/doctoral. r7221
Doc URL https://hdl. handle.net/2115/95459
Type doctoral thesis
File Information MUTMAINAH, pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Doctoral Dissertation

Study on Malabaricone C Isolated From the Mace of Myristica fragrans
as Natural Antiviral Against SARS-CoV-2 and Discovery of Its
Mechanism of Actions
(F¥RHK~ T NY a—2 CIlZL D SARS-CoV-2 JEYEAE & =
DEEREIA)

MUTMAINAH

Graduate School of Life Science, Hokkaido University

2025 March



Table of Contents

Abbreviation

Thesis Abstract

Chapter 1 Introduction

1.1
1.2
1.3
1.4
1.5

Chapter 2 Discovery of Malabaricone C as SARS-CoV-2 Inhibitor from Spices

2.1
2.2
2.3
2.4
2.5
2.6

Chapter 3 The Discovery of the Mechanism of Malabaricone C as an Antiviral for SARS-CoV-2

SARS-CoV-2

Lipid Raft

Sphingomyelin Synthase (SMS)
Natural Products as Antiviral Agents

References

Abstract

Introduction

Results and Discussion
Conclusion
Experimental Section

References

3.1. Abstract
3.2. Introduction
3.3. Results and Discussion
3.4. Conclusion
3.5. Experimental Section
3.6. References
Acknowledgement
Publications

10
14
15

20
21
21
24
31
31
78

82
83
83
85
90
91
93

97

98



Abbreviation
ACE2: angiotensin-converting enzyme 2
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ECso: half maximal effective concentration
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HEK293T: human embryonic kidney cell line
HMPA: hexamethylphosphoramide
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Thesis Abstract

SARS-CoV-2, or Severe Acute Respiratory Syndrome-Coronavirus-2, is an
enveloped beta coronavirus responsible for a global health crisis. The disease it causes,
COVID-19, manifests respiratory symptoms such as cough, fever, and severe
pneumonia, which can result in death. Similar to its predecessor, SARS-CoV-1, which
occurred two decades earlier, this novel coronavirus invades human cells by attaching
its spike protein to Angiotensin-Converting Enzyme-2 (ACE2) receptors. However,
while SARS-CoV-1 uses endocytosis to enter host cells, SARS-CoV-2 favors a route
through transmembrane serine protease 2 (TMPRSS2)-mediated membrane fusion.
Although new vaccines and antiviral drugs have been created to combat SARS-CoV-
2, the need for additional COVID-19 treatments remains due to limited options. From
a safety perspective, bioactive compounds from foods and edible plants present
potential and challenges as new therapeutic agents against SARS-CoV-2. This study
highlights the efficacy of malabaricone C, a naturally occurring compound, along with
its synthetic derivatives, in inhibiting SARS-CoV-2 infection. The first chapter
introduces SARS-CoV-2 and recent treatment advancements, including a review of
natural antiviral agents and their mechanisms for inhibiting infections.

The second chapter centers on malabaricone C, a compound derived from
nutmeg, identifying it as a novel natural inhibitor of SARS-CoV-2. Malabaricone C
and its derivatives demonstrated an ECsorange of 1-1.5 uM against SARS-CoV-2 and
its variants in mammalian cells, indicating its potential as a safe therapeutic candidate
for treating and preventing COVID-19. Additionally, the chapter will present a novel
method for visualizing virus-assisted cell fusion.

The third chapter explores various possible mechanisms for malabaricone C
inhibiting SARS-CoV-2 infection in vitro. Potential targets include disrupting the
interaction between Spike RBD and ACE2, inhibiting TMPRSS2, and interfering with
lipid raft assembly on the cell membrane. This study suggests that malabaricone C
inhibits SARS-CoV-2 entry primarily by affecting lipid raft assembly in the host cell

membrane.



Chapter 1

Introduction



1.1 SARS-CoV-2
Structure and Characteristics of SARS-CoV-2

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the virus
responsible for the COVID-19 outbreak, is a member of the Coronaviridae family and
is classified as a beta-coronavirus. The virus is characterized by a single-stranded RNA
genome that ranges from approximately 29.9 kb in length, which encodes several
structural and non-structural proteins essential for its replication and pathogenicity'.
The primary structural proteins include the spike (S) protein, envelope (E) protein,
membrane (M) protein, and nucleocapsid (N) protein (Figure 1)?. The spike protein,
in particular, serves a critical function in the virus's entry into host cells by binding to
the Angiotensin-Converting Enzyme 2 (ACE2) receptor, a mechanism that is

enhanced by host proteases such as TMPRSS2?.

Genomic

Figure 1. Coronavirus structure: S, E, M, N proteins and genomic RNA are indicated

The spike protein is a trimeric glycoprotein that protrudes from the viral
envelope, giving the virus its crown-like appearance when viewed under electron
microscopy*. The S protein consists of two functional subunits: S1, which contains the
receptor-binding domain (RBD), and S2, responsible for membrane fusion. Various
strains of SARS-CoV-2 have emerged, displaying modifications in the RBD that could
enhance their ability to bind to ACE2. This may result in increased transmission rates
and could impact the effectiveness of vaccines®. Grasping these structural changes is

essential for the development of vaccines and treatment strategies.



The viral envelope and its structural proteins are crucial to the virus's stability
and infection capability. The E and M proteins are essential for assembling and
releasing new virions. In contrast, the N protein is critical for encapsulating the viral
RNA, forming a nucleocapsid that protects the genetic material®. The encapsidation
preserves the stability of the viral RNA and is essential to the virus's life cycle. In
addition, the lipid bilayer, which comes from the host cell membrane, creates a

protective shield in the budding process during viral replication.

Virus-Host Cell Interaction

The interaction between SARS-CoV-2 and host cells is fundamental to the
virus's ability to establish infection and propagate. The process begins with the S
protein of SARS-CoV-2, which binds to the ACE2 receptor in human cells,
particularly those in the respiratory tract’. This initial attachment is facilitated by the
protease TMPRSS2, which cleaves the S protein, enabling the virus to enter the host
cell through membrane fusion or endocytosis!. Figure 2 shows the fusion pathways of

SARS-CoV-2 through the host cell.
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Figure 2. Fusion of SARS-CoV-2 occurs through endocytic and fusion pathways

Once inside the host cell, the viral RNA is released into the cytoplasm,
synthesizing viral proteins and genome replication. The virus utilizes the host's
ribosomes, endoplasmic reticulum, and Golgi apparatus to produce its components,

highlighting its dependence on the host cellular machinery for proliferation’. The viral



proteins can also disrupt normal cellular functions, including immune signaling
pathways, thereby hindering the host's antiviral defenses®. As a result, this interaction
supports viral replication and contributes to the pathogenesis of COVID-19, causing

severe inflammatory responses in infected individuals.

1.2 Lipid Raft

Lipid rafts are specialized microdomains within cellular membranes that play a
critical role in various biological processes. Composed of a unique composition of
cholesterol, sphingolipids, and proteins, these rafts are thought to facilitate the
organization of signaling molecules, thereby enhancing cellular communication and
signaling pathways. Lipid rafts are typically enriched in saturated fatty acids and
exhibit a more ordered structure than the surrounding membrane. This distinct
composition allows lipid rafts to serve as platforms for the clustering of signaling
receptors, guanine nucleotide-binding (G) proteins, and other membrane-associated
proteins, which can lead to the activation of intracellular signaling cascades’.
Additionally, lipid rafts are implicated in processes such as endocytosis, exocytosis,
and pathogen entry into cells, making them essential for maintaining cellular
homeostasis and responding to external stimuli.

Recent studies have highlighted the significance of lipid rafts in the context of
various diseases, including cancer and infectious diseases. For instance, lipid rafts
have been linked to cancer cell proliferation and metastasis, as many growth factor
receptors and signaling molecules reside within these microdomains!’. Furthermore,
lipid rafts are critical for the entry of specific pathogens, such as viruses and bacteria,
into host cells. For example, studies have shown that HIV and SARS-CoV?2 utilize
lipid raft domains to facilitate their infection process'!!2,

Both SARS-CoV and SARS-CoV-2 have the capability for cell-to-cell
transmission, which allows the virus to avoid contact with antibodies'>!'4. This
transmission occurs through the formation of channels or syncytia and relies on intact
lipid rafts'>. Consequently, at least four stages of the SARS-CoV-2 lifecycle—initial
binding, activation, internalization, and cell-to-cell transmission—depend on

functional host lipid rafts (Figure 3)'6. This indicates that targeting host lipid rafts may



be a promising approach to reduce the infectivity of SARS-CoV-2, a strategy that has

been experimentally confirmed in vitro for SARS-CoV'’.
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Figure 3. Lipid rafts and pathogenesis of SARS-CoV-2

The molecular pathogenesis of SARS-CoV-2 is schematically presented in
Figure 3. SARS-CoV-2 attaches to ACE2, a protein associated with lipid rafts.
Following this binding, the S protein within the viral envelope undergoes enzymatic
activation by TMPRSS2 or furin, likely located in lipid rafts. The endocytosis of
SARS-CoV-2 follows this via a raft-dependent endocytic pathway. Once inside the
cell, SARS-CoV-2 experiences intracellular trafficking within endosomes, fuses with
mature lysosomes, and releases its viral RNA genome into the host cytoplasm. One
route of virus transmission, known as cell-to-cell transmission, occurs through the
formation of intercellular channels or syncytia and necessitates intact lipid rafts.
Therefore, at least four stages of the SARS-CoV-2 lifecycle—initial binding,
activation, internalization, and cell-to-cell transmission—require intact host rafts to
proceed. If other viruses are any indication, disrupting lipid rafts through lipid raft
therapy may help mitigate the infection!¢.

Lipid rafts affecting drugs, alone or in combination with other compounds, may
play a role in antiviral activity. Barman and Nayak'® demonstrated that lipid raft
disruption by MBCD-mediated cholesterol depletion is able to reduce influenza virus
infectivity. In addition, cholesterol depletion on the host plasma membrane makes it

less vulnerable to influenza virus infection!'®. Overall, the study of lipid rafts continues



to evolve, revealing their multifaceted roles in cellular function and disease
progression.
1.3 Sphingomyelin Synthase (SMS)

Sphingomyelin synthases (SMS) are crucial enzymes responsible for the
biosynthesis of sphingomyelin, a significant component of cell membranes that play
key roles in cell signaling, membrane structure, and lipid metabolism. These enzymes
catalyze the transfer of a phosphocholine head group to ceramide, forming
sphingomyelin®’. Sphingomyelin synthases, specifically the isoforms SMS1, SMS2,
and SMS-related protein (SMSr), are essential enzymes responsible for the
biosynthesis of sphingomyelin and ceramide phosphoethanolamine, components
crucial for cell membrane integrity and lipid metabolism. SMS1 is mainly expressed
in the liver, where it synthesizes sphingomyelin from long-chain ceramides. In
contrast, SMS2 is distributed across a wider range of tissues and helps maintain
membrane dynamics. Although SMSr does not have sphingomyelin synthase activity,
it plays a role in regulating ceramide levels. Disruptions in SMS1, SMS2, or SMSr
functions may contribute to various metabolic and neurodegenerative diseases?!.
Moreover, the differential regulation of sphingomyelin synthase isoforms highlights

their potential as therapeutic targets in diseases characterized by lipid dysregulation.

SMS Related Disorders

Dysregulation of SMS activity, particularly of its isoforms (SMS1 and SMS2),
has been linked to various diseases, underscoring this enzyme's importance in human
health. Studies have increasingly highlighted how alterations in SMS levels and
function can contribute to the pathogenesis of neurodegenerative diseases, metabolic
disorders, and certain types of cancer. SMS has been involved in many disorders,
especially in metabolic disorders such as obesity, insulin resistance, fatty liver
formation, and type 2 diabetes??.

SMS2 is a proposed potential therapeutic target for obesity and insulin
resistance?’. Downregulation of SMS2 activity results in protective effects against
obesity, atherosclerosis and diabetes and makes SMS?2 inhibitors potential
medicines?*. Mitsutake et al. found that a lack of SMS2 leads to a reduction in the

formation of fatty liver. Experiments involving SMS2 knockout (KO) mice on a high-
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fat diet reveal a significant decrease in fat accumulation around the liver compared to
their wild-type counterparts. Additionally, SMS2 KO mice show a marked reduction
in liver triglyceride levels in comparison to wild-type mice, and their triglyceride
levels are similar to those of SMS2 KO mice on a normal diet??. The relationship
between sphingolipid metabolism and metabolic health highlights the potential
advantages of targeting SMS for treating metabolic diseases. Recently, malabaricone
C has been identified as a natural inhibitor of sphingomyelin. Similar to previous
findings involving SMS KO studies??, malabaricone C has also been shown to help
reduce body weight gain, improve glucose tolerance, and lower lipid accumulation in
the liver in vivo?.

Dysregulation of sphingomyelin and ceramide metabolism has emerged as a key
factor in the pathophysiology of Alzheimer's disease (AD)?°. A central element in this
process is the accumulation of the amyloid-f (APB) peptide, a 42-residue protein that is
believed to play a critical role in triggering the development of AD. Within the brain,
the concentration of AP is meticulously regulated through various production and
clearance mechanisms?’.

Research conducted by K. Yuyama and colleagues?® has shown that the activity
of sphingolipid-metabolizing enzymes, particularly neutral sphingomyelinase 2
(nSMase2) and SMS2, significantly influences the secretion of neuronal exosomes. In
their studies, enhancing exosome secretion from neuronal cells through treatment with
SMS2 siRNA resulted in increased uptake of AP by microglial cells, leading to a
marked reduction in extracellular A levels.

Furthermore, recent investigations have indicated that sphingomyelins could
serve as potential biomarkers for neurodegeneration and neuroinflammation,
suggesting their relevance beyond just Alzheimer's disease. This highlights the
intricate interplay between sphingolipid metabolism and neurodegenerative processes,
warranting further exploration in the context of AD and related conditions’.

SMS2 plays a significant role in various processes related to sphingomyelin
metabolism and is involved in inflammation, atherosclerosis, cell proliferation,
apoptosis, and other biological functions. A study by Zheng et al. suggested that SMS2
promotes the proliferation and migration of breast cancer cells*®. Additionally, SMS2

upregulates the expression of flotillin-2 and enhances the stemness of breast cancer
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cells through the nuclear factor-kappa B (NF-xB) signaling pathway, resulting in
increased resistance to the chemotherapeutic drug adriamycin3!.

Another study conducted by He and colleagues found that the mRNA expression
of SMS 2 positively correlates with tumor-associated macrophages, the
immunosuppressive microenvironment, and poor prognosis in patients with pancreatic
ductal adenocarcinoma. Moreover, it was confirmed that the deficiency of SMS 2 has

an inhibitory effect on the growth of orthotopic PANC-02 tumors in vivo™.

SMS Activity and Viral Entry

The lipid composition of the host cell membrane is one of the key determinants
of the entry of enveloped viruses into cells. An entry assay using pseudotyped
vesicular stomatitis virus possessing rubella virus (RuV) envelope proteins revealed
that sphingomyelin generated by SMSs is crucial for at least RuV entry. This indicates
that sphingomyelin produced by SMSs is essential for the formation of membrane
pores after hemifusion occurs during RuV entry®’. Sphingomyelin formed by
sphingomyelin synthases contributes towards the formation of pores in the host cell
membrane following viral binding, aiding in the entry process™.

Sphingomyelinase activation plays a crucial role in facilitating the pH and
clathrin-dependent entry and replication of the Japanese encephalitis virus (JEV) in
tissue cultures®*. Notably, sphingomyelin synthesized by SMSI is essential for JEV
attachment and subsequent infection. Research by Taniguchi et al. (2016) revealed that
a deficiency in SMS1 in mice resulted in a significant reduction of JEV infection in
vivo, underscoring the importance of sphingomyelin in viral pathogenesis.
Furthermore, optimal membrane fusion mediated by HIV-1 gp41 has been shown to
depend on the activity of SMS2. This finding suggests that the presence of
sphingomyelin, rather than the accumulation of ceramide, is critical for this fusion

process®¢.
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Figure 4. Three examples of viral replication cycle and involvement of sphingolipids,
Human immunodeficiency virus (HIV), Adenovirus (AdV), and SARS Coronavirus 2
(SARS-CoV-2)

Three examples of viral replication cycles and the role of sphingolipids are
presented in Figure 4°7. (1) The human immunodeficiency virus (HIV) binds to
glycosphingolipids, CD4, and the co-receptors CCRS or CXCR4 before fusion occurs
at the plasma membrane. After reverse transcription of its positive-strand RNA
genome and integration into the host cell’s DNA, the virus utilizes the cellular
machinery for transcription and translation. Assembly and budding occur at the plasma
membrane, involving sphingomyelin-enriched membrane domains known as lipid
rafts. (2) Adenovirus (AdV) attaches to CAR and integrins, causing membrane lesions
that induce Ca™" influx and initiate membrane repair. This process requires the
involvement of lysosomes and ASM activity, which assists with viral uptake through
endocytosis. Once the viral capsid disintegrates, the viral DNA is transported to the
nucleus, where transcription and translation occur. Viral particles are assembled in the
nucleus and eventually released. (3) SARS coronavirus-2 (CoV-2) requires protease
activity and binds to ACE2, aided by sialic acid in ganglioside-rich membrane domains

before cell entry through membrane fusion or endocytosis. Transcription and
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translation occur on the endoplasmic reticulum's cytoplasmic face (ER).
Galactosylceramide supports viral replication. After assembly, virus particles are

transported to lysosomes for release via lysosomal exocytosis®’.

1.4 Natural Products as Antiviral Agents

Since ancient times, natural products have been a significant source of drugs.
Newman et al. reported that, over the past 28 years, 63.1% of all small-molecule drugs
developed were based on natural products®®. These natural products hold great
potential for the development of new antiviral medications due to their unique
structures and wide-ranging antiviral activities. Numerous active components derived
from natural products—such as alkaloids, quinones, flavonoids, terpenoids, glycans,
organic acids, and others—exhibit antiviral properties®.

In recent decades, advanced scientific research has led to the discovery of many
synthetic antiviral agents effective against various viral infectious diseases.
Unfortunately, these synthetic drugs often come with numerous adverse effects and
can become ineffective against emerging viral-resistant strains*’. Consequently, there
has been increased interest in medicinal plants and their bioactive metabolites as
potential sources of effective and affordable treatments*. The search for novel
antiviral agents now emphasizes both synthetic combinations and plant-derived
metabolites. Various plant metabolites can impede viral replication without negatively
impacting host physiology or with minimal side effects***

Quercetin, a flavonoid found abundantly in fruits and vegetables, is known for
its antioxidant, antiviral, antimicrobial, and anti-inflammatory properties**. Quercetin
has demonstrated efficacy against SARS and MERS due to its various beneficial
effects. It may also hold therapeutic potential against SARS-CoV-2, as it inhibits
several stages of the viral life cycle®.

During the COVID-19 pandemic, numerous natural products have been reported
to possess anti-SARS-CoV-2 activities. Huang et al. found that an alkaloid compound
significantly inhibited SARS-CoV-2 replication in Vero E6 cells at nanomolar
concentrations, with relatively low toxicity*®. Hesperidin, a glycoside formed from
hesperetin and rhamnoglucoside, is a dihydroflavonoid derivative. Meneguzzo and

colleagues suggested that Hesperidin could disrupt various stages of coronavirus
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invasion and replication, demonstrating strong binding capacity to SARS-CoV-2

receptors*’. Additionally, oral or nasal sprays containing kappa gum have been shown

to inactivate SARS-CoV-2 in cultures of human airway epithelial cells*.
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Chapter 2

Discovery of Malabaricone C as SARS-CoV-2 Inhibitor
from Spices
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2.1 Abstract

SARS-CoV-2 is one of the coronaviruses responsible for the worldwide outbreak of a
respiratory illness termed COVID-19, which caused a pandemic infectious disease
situation at the end of 2019. Although the SARS-CoV-2 epidemic worldwide has
gradually decreased, the situation has not yet been stamped in some areas and has
become a global health emergency. It is possible that we could again be threatened by
a new coronavirus. Therefore, new nucleotide analog drugs and vaccines or drug
repositioning for SARS-CoV-2 are still being developed, yet their safety and efficacy
against COVID-19 remain underexplored. Readily available compounds from edible
plants, which can provide a safe alternative for drugs with lesser side effects, may
become one promising source of anti-viral reagents. In this study, we identified
malabaricone C, found in edible plants such as the mace spice of nutmeg, as the first
natural inhibitor of SARS-CoV-2. Malabaricone C and its chemical derivatives
showed ECso values of 1-1.5 uM against SARS-CoV-2 and its variants in mammalian
cells. Thus, the nontoxic malabaricone C is a suitable candidate as a drug that can be

employed in the treatment and prevention of COVID-19.

2.2 Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is an
enveloped beta coronavirus with positive-sense, single-stranded RNA. Identified as
the third most pathogenic coronavirus after SARS-CoV and Middle East respiratory
syndrome coronavirus (MERS-CoV) in the 21% century, it emerged in Wuhan, China,
in late 2019 and rapidly became a global health emergency!. The disease it causes,
Coronavirus Disease 2019 (COVID-19), presents with respiratory symptoms such as
cough, fever, and severe pneumonia, which can lead to death??*. While the incidence
of COVID-19 has declined globally, some areas continue to experience outbreaks of
new variants.

During the SARS-CoV-2 pandemic, the molecular mechanisms of infection of
SARS-CoV-2 in host cells were gradually elucidated. In the initial step, the surface
unit S1 of the virus spike (S) glycoprotein is cleaved and binds to angiotensin-
converting enzyme 2 (ACE2). In the second step, to provide unit S2 for fusion to host

cell membranes, S1/S2 and S2’ sites of S glycoproteins need to be proteolytically
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cleaved by the host cell protease transmembrane serine protease 2 (TMPRSS2-
pathway) #. In addition, other candidates, such as neuropilin 1 as a co-receptor, and
cathepsin L, TMPRSS11D, and TMPRSS13, have been proposed to be related to
SARS-CoV-2 infection as well>8. However, the details regarding the pathogenesis of
SARS-CoV-2 remain unclear. Therefore, the accurate inhibition of SARS-CoV-2
infection remains a challenge.

The development of new mRNA vaccines has provided considerable advantages
in combating SARS-CoV-2, although these vaccines are associated with side effects,
including headache, skin discoloration, fatigue, and allergic reactions’. In addition,
antiviral drugs against SARS-CoV-2 are still in developmental stages. However,
several approved repositioned materials and investigational drugs have been used for
their antiviral activities against SARS-CoV-2. For example, remdesivir (GS5734), a
monophosphoramidate prodrug with an adenosine analog for Ebola'® and Marburg
viruses, has been recognized as effective against enveloped viruses like SARS-CoV
and MERS-CoV!! in vivo. Xiao et al. reported that remdesivir exhibits potent antiviral
activity against SARS-CoV-2 at low micromolar concentrations (ECso = 0.77 uM) in
Vero E6 cells'?. Before long, the use of remdesivir in COVID-19 had received
emergency use authorization from the FDA. However, owing to limited alternatives
and high-risk side effects, the development of improved therapeutic agents is urgently
required.

Apart from FDA-approved drugs, natural products have gained considerable
attention for their medicinal properties. Bioactive compounds found in food and edible
sources are promising candidates for new SARS-CoV-2 therapies. Research is
underway to investigate various naturally occurring compounds for their potential in
inhibiting SARS-CoV-2 infection. For example, Rao et al. reported that the
phytochemical shikonin could be a promising drug target against the main protease of
SARS-CoV-2, which regulates viral replication and transcription'3. In another study,
flavonoids, including myricitrin and licoleafol, were introduced as inhibitors of the
chymotrypsin-like protease of SARS-CoV-2 based on the predicted 3D structure!®.

Panduratin A extracted from Boesenbergia rotunda, a promising anti-SARS-
CoV-2 agent, was also reported by using a high-content imaging system coupled with

a plaque reduction assay, has also been reported by Borwornpinyo and
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Thitithanyanont!®. In addition, there have been reports on the search for inhibitors from
natural products to create more effective inhibitors for new coronavirus variants that

must emerge in the future!6-1°

. However, although these results are encouraging, there
is insufficient safety data to confirm the benefits and potential of these materials. In
addition, naturally occurring compounds in foods are recognized as SARS-CoV-2
drug targets!S.

Recently, gingkolic acid, a natural compound isolated from Ginkgo biloba, has
been shown to inhibit the cell fusion of enveloped viruses and viral DNA and protein
synthesis!”. We have also demonstrated that ginkgolic acid has highly potent inhibitory
activity towards sphingomyelin synthase (SMS), modulating sphingomyelin levels in
lipid membrane fluidity and signal transduction®’, by our group?!. In addition, SMS is
related to the generation and release of influenza virus particles in the human haploid
cell line?? and is involved in HIV-1 Env-mediated membrane fusion?’. Therefore,
modulation of SMS activity could be a novel therapeutic approach for enveloped viral
infections.

To date, we have reported naturally occurring SMS modulatory compounds,
daurichromenic acid from the Chinese traditional medicinal plant Rhododendron
dauricum®*, and malabaricone C from the fruits of Myristica cinnamomea®. The latter
inhibitors may be especially safe, with fewer side effects than other SMS inhibitors
because they were isolated from an edible fruit. In the present study, we demonstrated
the ability of malabaricone C and its organic synthesis derivatives to inhibit SARS-
CoV-2 infection and fusion with Vero E6/TMPRSS2 cells, as determined by MTT and
fusion assays. Our new findings demonstrate the potential ability of malabaricones to
inhibit SARS-CoV-2 infection, which could attract much interest in the development

of prospective drugs for SARS-CoV-2.
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2.3 Results and Discussion
SAR Study of Malabaricone C and Its Derivatives as Potential Anti SARS-CoV-
2

Vero E6T SARS-CoV-2
Compounds (4.0 x 103 cells/well) (5TCID5o/well)

|

Viable cell
Reduction reactions 72hrs

[
\’ . H= v F@[ﬁﬁ@@éag\ i

Detection / /
(1570 nm) ( 2hrs

Figure 1. Flowchart for SARS-CoV-2 entry inhibition MTT assay

In order to find a novel antivirus for SARS-CoV-2, several natural products that
are already reported to have inhibition activities were subjected to an MTT asay. To
measure the inhibitory activities of ginkgolic acid, malabaricone C, and
daurichromenic acid towards SARS-CoV-2 (WK-521), an MTT assay was conducted
by using VeroEG6 cells that stably express TMPRSS2 (VeroE6/TMPRSS2) are highly
susceptible to SARS-CoV-2 infection®® (Figure 1). Ginkgolic acid showed moderate
inhibition of SARS-CoV-2 infection in VeroE6/TMPRSS?2 cells, with an ECso of 7.9
puM. Malabaricone C showed potential inhibitory activity against SARS-CoV-2 (WK-
521) entry into VeroE6/TMPRSS2 cells (ECso = 1.5 uM, Figure 2).
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Ginkgolic acid Malabaricone C Daurichromenic acid
Compound ECso (nM) CCso (nM) Selectivity Index
ginkgolic acid 7852 39951 5.1
malabaricone C 1498 14592 9.7
daurichromenic acid >CCso 36923 N.D.
remdesivir 503 >10000 >19.9

Figure 2. Preliminary MTT assay for inhibitory activities towards SARS-CoV-2 with
phytochemical compounds: ginkgolic acid and daurichromenic acid.

Next, to investigate the possibility of a highly potent inhibitory activity against
SARS-CoV-2, structure-activity relationship (SAR) studies of the malabaricone C
scaffold were performed. The reduction of the carbonyl group (2) and various
modifications, such as esterification (acetyl (3, 4) and benzoyl (5, 6)) and etherification
(methyl and benzyl) of the hydroxy groups on the aromatics, was achieved (Figure 3).
The details of the derivatization scheme are presented in the experimental section,
Scheme 1. Furthermore, the SAR of the chain length between the two aromatic rings
could be another point of interest for the altered activity. Malabaricone C with shorter
and longer alkyl chains of malabaricone C was synthesized as reported by Tsuda et

al.?” with slight modifications (Experimental Section Scheme 2).
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8 Me Me Me (H) H (Me)
9 H Bn Bn Bn
10 Bn Bn  Bn(H) H(Bn)
OH O OH O
OH OH
OH OH OH OH
11 12

Figure 3. Derivatization of malabaricone C for SAR study

The antiviral activity of the derivatized malabaricone C compounds was
evaluated using the same MTT assay. The reduced carbonyl group compound 2
exhibited slightly decreased activity compared with malabaricone C. Esterification and
etherification of the hydroxy group compounds (3, 4, 6, and 8) retained SARS-CoV-2
inhibitory activity. Interestingly, the modification of both hydroxyl groups on the
catechol ring (5 and 7) reduced their inhibitory activities, suggesting that the hydroxyl
groups of the catechol ring have a significant effect on its activity. In contrast, the
tetrabenzylated compound (9) showed a dramatic loss of activity. Partial benzyl
modification (10) also reduced the antiviral activity (Table 1, Figure 4). However, this
mechanism remains unclear, suggesting the need for further detailed investigation.

Additionally, the chain length between the two aromatic rings significantly
affected the activity; the two-carbon longer chain 11 dramatically showed less potent
antiviral activity than the two-carbon shorter chain 12. Therefore, the carbonyl group
and the appropriate chain length between the two aromatic rings are essential for the
inhibition of SARS-CoV-2 entry. Moreover, the esterification and etherification of

malabaricone C had little effect on its inhibitory activity.
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SARS-CoV-2 (WK-521)

Compound ECso (UM) CCso (uM)  Selectivity
Index
1 1.5 14 9.7
2 5.4 >40 >7.4
3 1.3 16 12
4 1.5 15 10
5 14 >40 >2.8
6 1.0 6.8 6.8
7 6.0 27 4.6
8 1.5 5.5 3.7
9 n.d. n.d. -
10 21 >40 >1.8
11 14 32 2.3
12 2.9 41 14.2
remdesivir 0.5 >10 >19.9
molnupiravir 0.15 53 33.8

Table 1: The Structure-activity relationship of malabaricone C derivatives in the

inhibition of SARS-CoV-2 (WK-521

) infection. The concentration numbers indicate

the ECso, CCso, and selectivity index values, respectively. These values were
calculated using an MTT assay system. (n.d. = not determined)
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Figure 4. Curve of CCso value of malabaricone C and its potent anti-SARS-CoV-2
derivatives. Results are presented as means, and experiments were repeated at least 3

times.
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Anti-SARS-CoV-2 Variants Effect of Malabaricone C in Human Embryonic
Kidney Cells 293

To explore the inhibition of SARS-CoV-2 entry by malabaricone C and its
derivatives during human infection, we examined their antiviral activity against the
UK SARS-CoV-2 a (B.1.1.7), Brazilian SARS-CoV-2 y (P.1), and Indian SARS-
CoV-2 § variants (B.1.617.2) using human embryonic kidney cells 293 (HEK293TA)
through the MTT assay. As with WK-521, malabaricone C and some of its derivatives
also exhibited potent anti-SARS-CoV-2 activity with an ECso of 1.5 — 2.0 uM (Table
2).

UK SARS-CoV-2 Brazilian SARS-CoV-2 Indian SARS-CoV-2
o variant vy variant 6 variant
Compound
ECso CCso Selectivity ECso CCso Selectivity ECso CCso Selectivity
(M) (uM)  Index (M) (M)  Index (M) (uM)  Index
1 1.9 52 2.6 1.7 6.2 3.6 1.9 6.5 34
2 73 12 1.7 6.8 16 2.4 83 23 2.7
3 1.4 6.2 43 1.5 6.4 43 1.4 6.4 4.5
4 1.4 6.1 4.1 1.3 6.6 4.8 1.6 6.7 4.1
6 1.5 32 2.1 1.6 2.9 1.7 071 29 4
11 52 24 4.7 16 22 1.4 7.3 19 2.6
12 2.9 6.5 22 7.2 10 1.5 43 10 23

remdesivir  <0.078 0.5 >6.7 <0.078 0.7 >9.3 <0.078 0.7 >9.3

molnupiravir 0.4 6.1 14.7 0.5 6.7 13 045 5.9 13

Table 2: Malabaricone C and its derivatives in the inhibition of infection by SARS-
CoV-2 variants. The concentration numbers indicate the ECso, CCso and selectivity
index values, respectively. These values were calculated using an MTT assay system.
Results are presented as means, and experiments were repeated at least 2-3 times.

Novel Visualization of Fusion Assay for SARS-CoV-2

Furthermore, we established a novel cell-to-cell fusion assay to establish a visual
evaluation system for the inhibitory effect of inhibitors against SARS-CoV-2 entry
into uninfected cells. For this purpose, a persistent SARS-CoV-2 infected cell line and
a HEK293TA cell line expressing green fluorescent protein (GFP) or mCherry protein
were prepared. Figure S5A illustrates the underlying concept wherein yellow

hypertrophy cells appear when cell-to-cell fusion occurs, whereas green and red-
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colored HEK293 cells are observed when inhibition by antiviral agents occurs. Thus,
the inhibitory effect can be evaluated using the number and total area of cells emitting
yellow fluorescence as indices, compared to the virus control in the presence of SARS-
CoV-2 without inhibitors (VC).

Next, to investigate the inhibitory effect of malabaricones on the fusion assay,
cells were treated with malabaricone C and its derivatives (3 and 6) at concentrations
ranging from 0.8 to 25 uM. The inhibition of cell fusion increased in a dose-dependent
manner, as determined by calculating the intensity of yellow hypertrophic cells (Figure
5B, C). The ECso values of all inhibitors were similar to those in the MTT assay. In
addition, these compounds prevented the Indian SARS-CoV-28 variant as well.
Therefore, this cell-cell fusion assay is a simple and versatile tool for studying SARS-

CoV-2 mediated fusion.
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Figure 5. Illustration of the fusion assay for SARS-CoV-2. (A) Concept of the
visualized fusion assay for SARS-CoV-2. The persistent cells were turned yellow and
hypertrophied by cell fusion with two types of cells that introduced GFP and mCherry.
(B) Scanning micrographs (x 40) of the fusion assay in the presence of each inhibitor
at 12.5 uM after 24 h. (C) The fusion inhibition of Malabaricone C and its derivatives
was measured by counting the number of yellow hypertrophy cells (> 500 um?) (n =2
biological replicates).
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2.4 Conclusion

We have identified malabaricone C and its derivatives as natural inhibitors of
anti-SARS-CoV-2 (WK-521) agents, similar to remdesivir, in VeroE6/TMPRSS2
cells. In particular, malabaricone C and compounds (3), (4), and (6) had a large
selective index of over five values between ECso and CCso. Interestingly, those
compounds exhibited potent antiviral effect against SARS-CoV-2 variants with an
ECso of 1.5-2.0 uM, and their antiviral activities were equal to or even more potent
than those of chloroquine and hydroxychloroquine, the anti-SARS-CoV-2 drugs that
have been FDA-approved for COVID-19 treatment?®3°. The anti-SARS-CoV-2
variants activity of malabaricone C and its derivatives were investigated in human
embryonic kidney cells HEK293TA cell lines. These results emphasize the potential
implications of malabaricone C and its derivatives as novel anti-SARS-CoV-2
candidates for the treatment of COVID-19. In addition, we established a novel
visualized cell fusion assay for SARS-CoV-2 with SARS-CoV-2 persistently infected
HEK293TA-G cells (green fluorescence) and HEK293TA-M cells (red fluorescence).
This simple cell-cell fusion assay provides a versatile tool for study SARS-CoV-2
mediated fusion. Finally, because malabaricone C is present in various edible plants
to prevent COVID-19, it can be safely and easily administered to the elderly and small
children. This finding could be a valuable approach for new drug development based

on the malabaricone C structure, which has developed rapidly in recent years.

2.5 Experimental Section

Malabaricone C (1) isolation from mace (net-like skin that covers the seed of
Mpyristica fragrans)

Mace (50 g) was roughly ground and macerated in methanol (200 ml x 3) for 24. After
concentration of the combined methanol extract, 90% of methanol was added and then
extracted several times with hexane. The methanol phase was then evaporated and the
residue was distributed between ethyl acetate and water. The organic layer was dried,
evaporated, and passed through silica gel column with gradient solvent CHCl; : MeOH
(100:1 to 50:1) to give compound 1 (187 mg, 0.374%, Rf = 0.2 (CHCI3 : MeOH 9:1)).
'"H NMR (500 MHz, CD30D) d 7.19 (t, J = 8.18 Hz, 1H), 6.65 (d, J = 8.06 Hz, 1H),
6.60 (d,/=1.71 Hz, 1H), 6.47 (dd, /= 1.71, 8.06 Hz, 1H), 6.34 (d, /= 8.31 Hz, 2H),
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3.11 (t, J = 7.45 Hz, 2H), 2.44 (t, J = 7.57 Hz, 2H), 1.67 (t, J = 7.09 Hz, 2H), 1.49 -
1.60 (m, 2H), 1.24 - 1.43 (m, 8H). ESI-MS(m/z): 381.22700 [M+Na]".

Synthesis of Malabaricone C Derivatives

OH OH

OAc O OH OH O
MI l OAc o , oH ‘M ‘ OH
OAc OAc OH OH
3 11
OAc O Total longer chain type
NaBH, synthesis ., o

OR4
G SUANS
OAc OR; OH
4aR; Ac,R, H OH O O O
4b R| H, R; Ac OH o 12 o
mixture O O shorter chain type
OH OH

0Bz O malabaricone C (1) oH o
OBz OBn
0Bz OBz Mel 0Bn N OBn

5

OH O OBn O
MOR1 OMe Q OR4
@ @ w0 @

OBz OR, O O OBn OR,
6aR;Bz,R, H OMe 7 OMe 10aR; Bn,R, H
6bR, H,R, Bz 10b R, H, R, Bn
mixture OMe O mixture
ORw
OMe OR,
8aR, Me, R, H
8b R; H, R, Me

mixture

Scheme 1. Synthesis of malabaricone C derivates for SAR study

4-(9-(2,6-dihydroxyphenyl)-9-hydroxynonyl)benzene-1,2-diol 2

To a solution of malabaricone C (34 mg, 0.095 mmol) in MeOH (1 mL) was added
sodium borohydride (7 mg, 0.19 mmol) at 0 °C. The reaction mixture was stirred for
4 h at 0 °C. The reaction was monitored by TLC (CHCl3/MeOH = 10:1). Distilled
water (3 mL) was added to the reaction, and the reaction mixture was extracted with
EtOAc. The combined organic layer was washed with brine and dried with MgSOa.
The solvent was removed under reduced pressure to give compound 2 (26 mg, 76%).
'"H NMR (500 MHz,CD30D) 86.85 (t, J = 8.06 Hz, 1H), 6.64 (d, J = 8.06 Hz, 1H),
6.59 (s, 1H), 6.47 (d, J = 8.06 Hz, 1H), 6.22 - 6.30 (m, 2H), 5.17 - 5.24 (m, 1H), 2.43
(t, J=7.57 Hz, 2H), 1.75 - 1.86 (m, 21H), 1.63 - 1.75 (m, 1H), 1.49 - 1.58 (m, 2H),
1.30 (br. s., 10H). 3C NMR (126 MHz, CD3;0D) 8§160.5, 158.8, 157.1, 155.7, 155.5,
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144.5, 139.8, 1344, 127.5, 119.2, 115.5, 115.1, 114.8, 106.7, 68.9, 36.4, 34.8, 31.5,
29.3,29.2,29.1, 28.9, 25.2. ESI-MS(m/z): 383.187 [M+Na]".

4-(9-(2,6-diacetoxyphenyl)-9-oxononyl)-1,2-phenylene diacetate 3

To a solution of malabaricone C (35 mg, 0.098 mmol) in pyridine (1 mL) was added
Ac0O (1.5 mL) at 70 °C and stirred overnight at 70 °C. The reaction mixture was
extracted with EtOAc and washed with brine. The organic phase was dried by MgSQO4
and evaporated with reduced pressure. The crude product was purified by silica gel
column chromatography (n-hexane/EtOAc = 4:1) to obtain compound 3 (45 mg, 87%).
'"H NMR (500 MHz, CDCl3) § 7.41 (t, J = 8.31 Hz, 1H), 7.02 - 7.09 (m, 4H), 6.98 (d,
J=1.71 Hz, 1H), 2.72 (t, ] = 7.33 Hz, 2H), 2.58 (t, ] = 7.50 Hz, 2H), 2.27 (d, J = 1.71
Hz, 6H), 2.25 (s, 6H), 1.62 - 1.67 (m, 2H), 1.57 - 1.61 (m, 2H), 1.31 (s, 8H). 3*C NMR
(126 MHz, CDCls) 6201.3, 168.6, 168.5, 168.4, 162.8, 161.1, 147.6, 141.7, 139.8,
130.3, 128.0, 126.4, 123.1, 122.9, 120.4, 44.0, 35.3, 31.0, 29.3, 29.2, 23.6, 20.9, 20.6.
ESI-MS(m/z): 549.317 [M+Na]".

2-(9-(4-acetoxy-3-hydroxyphenyl)nonanoyl)- 1,3-phenylene diacetate 4a and 2-(9-(3-
acetoxy-4-hydroxyphenyl)nonanoyl)-1,3-phenylene diacetate 4b

To a stirred solution of malabaricone C (52 mg, 0.15 mmol) in CH3CN (2 mL) was
added K>CO3 (60 mg, 0.43 mmol) at room temperature. The reaction mixture was
stirred for 15 min. The temperature was reduced to 0 °C, and Ac>O (41 pL, 0.44 mmol)
was added. The mixture was stirred for 1 h. The mixture was extracted with EtOAc
and washed with brine. The organic phase was dried by MgSO4 and evaporated with
reduced pressure. The crude product was purified by silica gel column
chromatography (n-hexane/EtOAc = 4:1) to obtain a mixture of Compound 4 (18 mg,
26%).
'"H NMR (500 MHz, CDCl3) & 7.42 (t, J = 8.18 Hz, 1H), 7.06 (d, J = 8.31 Hz, 2H),
6.98 (d, J=8.31 Hz, 1H), 6.88 - 6.94 (m, 1H), 6.82 (d, J = 1.95 Hz, 1H), 6.72 (dd, J =
2.08, 8.18 Hz, 1H), 2.69 - 2.75 (m, 2H), 2.50 - 2.56 (m, 2H), 2.33 - 2.35 (m, 3H), 2.25
-2.27 (m, 6H), 1.62 — 1.67 (m, 2H), 1.55 — 1.60 (m, 2H), 1.31 (m, 8H). 1*C NMR (126
MHz, CDCl3) 6 201.5, 177.7, 168.7, 168.6, 162.8, 161.1, 159.4, 147.6, 146.5, 144.6,
142.0, 136.5, 135.9, 130.4, 127.9, 126.8, 122.0, 121.9, 120.9, 120.4, 117.6, 117.5,
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44.0, 35.3, 34.9, 31.3, 31.0, 29.3, 29.2, 29.1, 29.0, 23.6, 21.0, 20.9. ESI-MS(m/z):
507.231 [M+Na]*.

4-(9-(2,6-bis(benzoyloxy)phenyl)-9-oxononyl)- 1,2-phenylene dibenzoate 5

To a solution of malabaricone C (50 mg, 0.14 mmol) in pyridine (1 mL) was added
BzCl (65 pL, 0.56 mmol) at room temperature. The reaction mixture was stirred
overnight at room temperature. The reaction mixture was extracted with EtOAc and
washed with brine. The organic phase was dried by MgSO4 and evaporated with
reduced pressure. The crude product was purified by silica gel column
chromatography (n-hexane/EtOAc = 4:1) to obtain compound 5 (66 mg, 61%)).
'"H NMR (500 MHz, CDCls) & 8.14 (dd, J = 1.10, 8.18 Hz, 4H), 8.03 - 8.08 (m, 4H),
7.61 - 7.67 (m, 2H), 7.48 - 7.55 (m, 7H), 7.37 (dt, J = 2.44, 7.82 Hz, 4H), 7.28 (d, J =
8.06 Hz, 1H), 7.24 (d, J = 8.31 Hz, 2H), 7.17 (d, J = 1.95 Hz, 1H), 7.12 (dd, J = 1.83,
8.18 Hz, 1H), 2.76 (t, J = 7.33 Hz, 2H), 2.59 (t, J = 7.57 Hz, 2H), 1.50 - 1.58 (m, 4H),
1.16 - 1.23 (m, 2H), 1.06 - 1.14 (m, 6H). 3C NMR (126 MHz, CDCIl3) § 201.3, 164.5,
164.3, 162.8, 161.1, 147.9, 142.2, 141.8, 140.3, 134.0, 133.6, 133.5, 130.4, 130.3,
130.1, 128.9, 128.7, 128.4, 126.5, 123.2, 123.1, 120.6, 44.1, 35.4, 31.1, 29.2, 29.1,
29.0, 23.5. ESI-MS (m/z): 797.378 [M+Na]".

2-(9-(4-(benzoyloxy)-3-hydroxyphenyl)nonanoyl)-3-hydroxyphenyl benzoate 6a and
2-(9-(3-(benzoyloxy)-4-hydroxyphenyl)nonanoyl)-3-hydroxyphenyl benzoate 6b

To a solution of malabaricone C (50 mg, 0.14 mmol) in pyridine (2 mL) was added
BzCl (33 pL, 0.28 mmol) at 0 °C. The reaction was stirred for 30 min at 0 °C and
monitored by TLC (n-hexane/EtOAc = 3:2). The reaction mixture was extracted with
EtOAc and washed with brine. The organic phase was dried by MgSO4 and evaporated
with reduced pressure. The crude product was purified by silica gel column
chromatography (n-hexane/EtOAc = 4:1) to obtain a mixture of compound 6 (22 mg,
28%).
'"H NMR (500 MHz, CDCl3) & 12.73 (br. s., 1H), 8.18 - 8.25 (m, 4H), 7.63 - 7.70 (m,
2H), 7.49 - 7.57 (m, 4H), 7.41 - 7.48 (m, 1H), 7.09 (d, J = 8.31 Hz, 1H), 6.92 - 7.01
(m, 2H), 6.87 (d, J=1.71 Hz, 1H), 6.76 (dd, J = 1.83, 8.18 Hz, 1H), 6.67 (dd, ] =2.81,
7.94 Hz, 1H), 2.89 (dt, J = 4.89, 7.45 Hz, 2H), 2.49 - 2.56 (m, 2H), 1.56 - 1.64 (m,
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2H), 1.48 - 1.56 (m, 2H), 1.03 - 1.23 (m, 8H). 13C NMR (126 MHz, CDCl) § 206.0,
165.1, 163.8, 162.8, 161.1, 151.3, 146.8, 145.0, 142.2, 135.1, 134.3, 134.0, 130.4,
130.3, 128.9, 128.7, 127.0, 122.1, 122.0, 121.1, 117.9,116.5, 114.7, 114.2, 44.0, 35.3,
34.9,31.3,31.1,29.2,29.0, 28.9, 23.9. ESI-MS (m/z): 589.264 [M+Na]".

1-(2,6-dimethoxyphenyl)-9-(3,4-dimethoxyphenyl)nonan-1-one 7, 1-(2,6-
dimethoxyphenyl)-9-(3-hydroxy-4-methoxyphenyl)nonan-1-one  8a and 1-(2,6-
dimethoxyphenyl)-9-(4-hydroxy-3-methoxyphenyl)nonan-1-one 8b

To a stirred solution of malabaricone C (50 mg, 0.14 mmol) in 5 mL of DMF was
added K»>COs3 (97 mg, 0.70 mmol) and Mel (34.86 pL, 0.56 mmol). The reaction was
stirred at room temperature for 24 h, and the resulting mixture was extracted with
EtOAc. The organic layer was dried with MgSO4 and evaporated. The purification
using silica gel column chromatography (EtOAc/CHCls/n-hexane = 1:1:2) obtained
compound 7 (17.8 mg) and a mixture of compound 8 (10 mg)

Compound 7: '"H NMR (500 MHz, CDCl3) 8 7.22 - 7.26 (1H, m), 6.77 — 6.79 (1H,
m), 6.70 — 6.71 (2H, m), 6.54 (d, J = 8.6 Hz, 2H), 3.87 (s, 3H), 3.85 (s, 3H), 3.77 (s,
6H), 2.73 (t, J = 7.5 Hz, 2H), 2.54 (t, ] = 10 Hz, 2H), 1.66 (t, J = 7.2, 2H), 1.59 (m,
2H), 1.32 (br. s. 8H). 3C NMR (125 MHz, CDCl3) § 205.5, 162.8, 161.1, 156.6, 148.7,
147.0, 135.6, 130.3, 120.7, 120.1, 111.7, 111.1, 104.0, 55.9, 55.8, 55.8, 55.8, 44.8,
35.6,31.7,29.4,29.4,29.3, 29.1, 23.5. ESI MS(m/z): 437.245 [M+Na]".

Compound 8: '"HNMR (500 MHz, CDCl3) § 7.23 - 7.26 (m, 1H), 6.75 - 6.82 (m, 1H),
6.65 - 6.68 (m, 2H), 6.54 (d, J = 8.6 Hz, 2H), 3.87 (d, J =9 Hz, 3H), 3.77 (s, 6H), 2.73
(t,J=7.5Hz, 2H), 2.51 (dt, ] = 12.2, 7.8 Hz, 2H), 1.66 (td, ] = 7.1, 3.2 Hz, 2H), 1.56
- 1.58 (m, 2H), 1.31 (d, J = 6.6 Hz, 8H). 3*C NMR (125 MHz, CDCls)  205.5, 162.8,
161.1,156.7, 146.3, 134.9, 130.3, 120.8, 119.6, 114.6, 114.0, 110.9, 104.0, 55.8, 55.8,
55.8,44.8,35.6,31.8,29.4,29.4,29.2,29.1, 23.5. ESI MS(m/z): 423.245 [M+Na]".

1-(2-(benzyloxy)-6-hydroxyphenyl)-9-(3,4-bis(benzyloxy)phenyl)nonan-1-one 9, 9-
(4-(benzyloxy)-3-hydroxyphenyl)-1-(2,6-bis(benzyloxy)phenyl)nonan-1-one 10a and
9-(3-(benzyloxy)-4-hydroxyphenyl)-1-(2,6-bis(benzyloxy)phenyl)nonan-1-one 10b

Sodium hydride 60% in oil (11.2 mg, 0.28 mmol) was added to a stirred solution of
malabaricone C (50 mg, 0.14 mmol) in 5 mL DMF at 0 °C. After stirring for 1 h,
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benzyl bromide (66 pL, 0.28 mmol) was added dropwise, and the solution was stirred
at room temperature for 24 h. The reaction was quenched with MeOH, evaporated, and
extracted with EtOAc. The organic layer was dried with magnesium sulfate and
evaporated. The purification using silica gel column chromatography (n-
hexane/EtOAc = 4:1) gave compound 9 (8.9 mg) and a mixture of 10 (4.5 mg).

Compound 9: 'H NMR (500 MHz, CDCl3) & 13.28 (s, 1H), 7.25 - 7.45 (m, 16H),
6.85 (d, J = 8.1 Hz, 1H), 6.78 (m, 1H), 6.67 - 6.69 (m, 1H), 6.59 (d, J = 8.6 Hz, 1H),
6.46 (d, J = 8.3 Hz, 1H), 5.14 (s, 2H), 5.12 (s, 2H), 5.09 (s, 2H), 2.96 (t, ] = 7.5 Hz,
2H), 2.48 (t, J = 7.7 Hz, 2H), 1.50 - 1.57 (m, 4H), 1.09 - 1.21 (m, 8H). *C NMR (125
MHz, CDCl3) 6 208.0, 164.7, 160.4, 148.8, 147.1, 137.6, 137.5, 138.5, 135.7, 135.7,
128.7, 128.7, 128.5, 128.4, 128.4, 128.4, 128.2, 128.2, 127.7, 127.7, 127.4, 127 .4,
127.3,127.3, 127.3, 121.2, 115.7, 115.3, 111.1, 105.0, 102.2, 71.6, 71.4, 71.2, 45.3,
35.4,31.5,29.3,29.3,29.2,29.1, 24.5. ESI MS(m/z): 651.406 [M+Na]".

Compound 10: 'H NMR (500 MHz, CDCls) & 7.17 - 7.42 (m, 16H), 6.82 - 6.85 (m,
1H), 6.75 - 6.78 (m, 1H), 6.67 - 6.69 (m, 1H), 6.59 (d, J = 8.3 Hz, 1H) 5.08 (s, 2H),
5.07 (s, 4H), 2.76 (t, J = 7.5 Hz, 2H), 2.48 (t, 7.5 Hz, 2H), 1.61 - 1.64 (m, 2H), 1.51 -
1.54 (m, 2H), 1.21 - 1.25 (m, 8H). *C NMR (125 MHz, CDCl3) § 206.4, 161.1, 159.4,
157.7, 155.8, 136.6, 136.6, 136.5, 130.3, 130.3, 128.7, 128.7, 128.5, 128.5, 128.5,
128.3, 127.8, 127.8, 127.8, 127.8, 127.0, 127.0, 127.0, 127.0, 127.0, 121.3, 119.6,
114.8, 114.3, 112.4, 105.8, 71.3, 71.1, 70.4, 44.8, 35.6, 29.4, 29.3, 29.2, 27.9, 27.8,
23.5. ESI MS(m/z): 651.406 [M+Na]".
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Scheme 2: Synthetic route for the longer and shorter alkyl-chain type malabaricone C

8-(benzyloxy)octan-1-ol 13a

Octane-1,8-diol (12.2 g, 84 mmol) was diluted in DMF (100 mL) and cooled to 0 °C

and NaH (3.36 g, 84 mmol; 60% dispersion in mineral oil) was added to the mixture.

The mixture was then brought to room temperature and stirred for 30 min. Benzyl

bromide (10 mL, 84 mmol) was added dropwise to the re-cooled mixture, and the

resulting mixture was then continuously stirred at room temperature for 24 h. After

completion, the mixture was then quenched with citric acid, evaporated, and extracted

with diethyl ether. The organic layer was washed with NaHCOj3, dried over MgSOs,

and evaporated. The crude products were purified with silica gel column
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chromatography (n-hexane/EtOAc = 4:1) to give compound 13a (10.3 g, 52%) as a
yellow oil.

'"H NMR (500 MHz, CDCl3) & 7.23 - 7.38 (m, 5H), 4.50 (s, 2H), 3.63 (t, J = 6.6 Hz,
2H), 3.47 (t, J = 6.6 Hz, 2H), 1.52 - 1.68 (m, 4H), 1.33 - 1.46 (m, 8H). '*C NMR (126
MHz, CDCl3) 0 138.7, 128.3, 127.6, 127.5, 72.8, 70.5, 62.9, 32.7, 29.7, 29.4, 29.3,
26.1, 25.7. ESI MS(m/z): undetected, Calcd for C15sH240,: 236.1776

Compound 13b: yellow oil, 84% yield.

'"H NMR (500 MHz, CDCl3) & 7.23 - 7.37 (m, 5H), 4.50 (s, 2H), 3.59 (t, J= 6.11 Hz,
2H), 3.49 (t, ] = 6.11 Hz, 2H), 1.58 - 1.74 (m, 4H). '*C NMR (126 MHz, CDCl;) ¢
138.2, 128.4,127.8, 127.7, 127.7, 127.7, 73.0, 70.4, 70.3, 70.3, 62.6, 62.5, 62.4, 30.0,
26.6. ESI MS(m/z): undetected, Calcd for C11H1602: 180.1150

(((8-bromooctyl)oxy)methyl)benzene 14a

To a stirred solution of 13a (7.9 g, 33.5 mmol) in THF at 0 °C was added
N-bromosuccinimide (12 g, 67 mmol) and triphenylphosphine (17.5 g, 67 mmol)
portionwise. The reaction mixture was then brought to room temperature and stirred
for 2 h. After completion, 10 mL MeOH was added to the reaction mixture and the
reaction mixture was concentrated to half the initial volume and diluted with n-hexane.
The precipitate was removed by filtration and the filtrate was concentrated to leave a
residue, which was chromatographed (n-hexane/EtOAc = 9:1) to give corresponding
compound 14a (9.5 g, 95%) as a colorless oil.

'"H NMR (500 MHz, CDCl3) & 7.24 - 7.36 (m, 5H), 4.50 (s, 2H), 3.46 (t, ] = 6.60 Hz,
2H), 3.40 (t, ] = 6.84 Hz, 2H), 1.84 (quin, J = 6.96 Hz, 2H), 1.61 (quin, J = 6.84 Hz,
2H), 1.27 - 1.46 (m, 8H). 1*C NMR (126 MHz, CDCl3) ¢ 128.3, 127.6, 127.5, 77.3,
77.0, 76.8, 72.9, 70.4, 49.5, 34.0, 32.8, 29.7, 29.2, 28.7, 28.1, 26.1. ESI MS(m/z):
undetected, Calcd for CisH23BrO: 298.0932

Compound 14b: colorless oil, 75% yield.

'"H NMR (500 MHz, CDCl3) & 7.23 - 7.37 (m, 5H), 4.50 (s, 2H), 3.50 (t, J = 6.23 Hz,
2H), 3.43 (t,J = 6.72 Hz, 2H), 1.93 - 2.01 (m, 2H), 1.71 - 1.80 (m, 2H). 3C NMR (126
MHz, CDCls) 0 138.5, 128.4, 127.6, 127.6, 72.9, 69.3, 33.8, 29.7, 28.4. ESI MS(m/z):
undetected, Calcd for Ci1Hi5sBrO: 242.0306
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(8-(benzyloxy)octyl)triphenylphosphonium 15a

Triphenylphosphine (14.4 g, 55 mmol) and 13a (5.4 g, 18 mmol) were diluted in
CH:Cl and heated at 80 °C for 24 h. After completion, the solvent was evaporated
and the reaction mixture was passed through a short silica gel column eluted first with
CHCI; to remove triphenylphosphine and then with CHCl;/MeOH = 9:1 to give
compound 15a (8.2 g, 81%) as a colorless gel.

'"H NMR (500 MHz, CDCl3) 4 7.67 - 7.90 (m, 15H), 7.22 - 7.36 (m, 5H), 4.47 (s, 2H),
3.76 - 3.85 (m, 2H), 3.42 (t,J = 6.60 Hz, 2H), 1.48 - 1.69 (m, 6H), 1.18 - 1.34 (m, 6H).
BCNMR (126 MHz, CDCl3) d 135.0, 135.0, 133.6, 133.5, 130.5, 130.4, 128.3, 127.6,
127.4,118.6,117.9,72.8,70.4,49.5,47.8,30.3, 30.2,29.6, 29.0, 28.9, 26.0, 23.0, 22.6.
ESI MS(m/z): 481.14 [M-Br]".

Compound 15b: white solid, 65% yield.

'"H NMR (500 MHz, CDCl3)  7.62 - 7.86 (m, 15H), 7.19 - 7.33 (m, 5H), 4.46 (s, 2H),
3.70 - 3.82 (m, 2H), 3.60 (t, J = 5.62 Hz, 2H), 1.94 - 2.07 (m, 2H), 1.73 - 1.89 (m, 2H).
BC NMR (126 MHz, CDCls) d 138.4, 135.0, 135.0, 134.3, 134.2, 133.6, 133.5, 130.5,
130.4,130.2, 130.1, 128.3, 127.6, 127.5, 118.5, 117.8, 72.7, 68.8, 29.5, 22.3, 19.6. ESI
MS(m/z): 425.08 [M-Br]".

(Z)-4-(9-(benzyloxy)non-1-en-1-yl)-1,2-dimethoxybenzene 16a

In a round bottom flask under nitrogen gas, phosphonium salt 15a (4 g, 7.12 mmol)
and sodium hydride (1.42g, 35.6 mmol; 60% dispersion in mineral oil) were diluted in
dry THF (100 mL). The mixture was stirred at 0 °C for 2 h to form a ylide. A solution
of 3,4-dimethoxy benzaldehyde (1.54 g, 9.3 mmol) in THF (5 mL) was added to the
reaction mixture dropwise. The mixture was then brought to room temperature and
stirred for 3 h. The reaction mixture was poured into ice water, acidified with aqueous
HCI, and extracted with CHCls. The organic layer was washed with NaHCOs3 and dried
to obtain a yellow crude oil. The crude product was purified by silica gel column
chromatography (n-hexane/EtOAc = 4:1), giving 16a (1.54 g, 59%) as a yellow oil.
'"H NMR (500 MHz, CDCl3) 8 7.20 - 7.37 (m, 5H), 6.78 - 6.92 (m, 3H), 6.33 (d, J =
11.48 Hz, 1H), 5.58 (d, J = 11.73 Hz, 1H), 4.49 (s, 2H), 3.85 - 3.92 (m, 6H), 3.45 (t,J
=6.60 Hz, 2H), 2.33 (dd, J = 1.59, 7.45 Hz, 2H), 1.55 - 1.66 (m, 2H), 1.41 - 1.50 (m,
2H), 1.21 - 1.40 (m, 8H). '*C NMR (126 MHz, CDCls) ¢ 148.5, 147.7, 138.7, 131.9,
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130.8, 128.5, 128.4, 128.3, 127.6, 127.5, 121.3, 112.1, 112.1, 72.9, 70.5, 55.9, 55.8,
30.0,29.8,29.8,29.4, 28.7, 26.2, 26.2. ESI MS(m/z): 390.79 [M+Na]".

Compound 16b: yellow oil, 62% yield.

'"H NMR (500 MHz, CDCls) & 7.23 - 7.38 (m, 5H), 6.78 - 6.90 (m, 3H), 6.30 - 6.39
(m, 1H), 6.08 (td, J = 6.96, 15.63 Hz, 1H), 4.52 (s, 2H), 3.83 - 3.92 (m, 6H), 3.52 (td,
J=6.35,10.26 Hz, 2H), 2.27 - 2.34 (m, 2H), 1.75 - 1.84 (m, 2H). *C NMR (126 MHz,
CDClz) 0 148.5, 147.8, 138.6, 130.9, 129.0, 128.7, 127.6, 127.6, 127.3, 126.8, 126.3,
121.3,112.1, 110.9, 72.9, 69.8, 55.9, 55.9, 30.1, 25.4. ESI MS(m/z): 334.97 [M+Na]".

9-(3,4-dimethoxyphenyl)nonan-1-ol 17a

A solution of 16a (737 mg, 2 mmol) in methanol (25 ml) was hydrogenated over 5%
Pd/C (0.3 g) at room temperature under hydrogen gas for 24 h. After completion of
the reaction, the catalyst and solvent were removed. The crude product was purified
by silica gel column chromatography (n-hexane/EtOAc = 3:1) to obtain compound
17a (488 mg, 87%) as a colorless oil.

'"H NMR (500 MHz, CDCl3) § 6.77 - 6.84 (m, 1H), 6.70 - 6.77 (m, 2H), 3.88 (s, 3H),
3.89 (s, 3H), 3.66 (t, ] = 6.60 Hz, 2H), 2.53 - 2.59 (m, 2H), 1.54 - 1.64 (m, 4H), 1.26 -
1.41 (m, 10H). 3C NMR (126 MHz, CDCls) ¢ 148.7, 146.9, 135.5, 120.1, 111.8,
111.2, 62.5, 55.8, 55.7, 35.5, 32.6, 31.7, 29.5, 29.4, 29.3, 25.8. ESI MS(m/z): 302.93
[M+Na]*.

Compound 17b: colorless oil, 85% yield.

'"H NMR (500 MHz, CDCl3) § 6.78 - 6.83 (m, 1H), 6.71 - 6.76 (m, 2H), 3.87 (s, 3H),
3.89 (s, 3H), 3.65 (t, ] = 6.60 Hz, 2H), 2.56 - 2.61 (m, 2H), 1.58 - 1.70 (m, 4H), 1.37 -
1.46 (m, 2H). *C NMR (126 MHz, CDCl3) 6 148.7, 147.0, 135.2,120.2, 111.8, 111.7,
62.9,55.9,55.8,49.5, 35.5, 32.6, 25.4. ESI MS(m/z): 246.82 [M+Na]".

9-(3,4-dimethoxyphenyl)nonanal 18a

To a stirred solution of 17a (420 mg, 1.5 mmol) in 25 ml THF/DMSO (4:1, v/v) was
added IBX (840 mg, 3 mmol). The reaction mixture was stirred at 40 °C for 2h. The
residue was filtered off, and the filtrate was extracted with EtOAc. The organic layer

was dried and evaporated to get the crude product. The purification of the crude
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product by silica gel column chromatography (n-hexane/EtOAc = 3:1) gave 18a (342
mg, 82%) as a colorless oil.

'"H NMR (500 MHz, CDCI3) & 9.78 (t, J = 1.95 Hz, 1H), 6.77 - 6.84 (m, 1H), 6.69 -
6.76 (m, 2H), 3.88 (s, 3H), 3.90 (s, 3H), 2.51 - 2.60 (m, 2H), 2.44 (dt, J = 1.95, 7.33
Hz, 2H), 1.63 (td, J = 7.33, 19.06 Hz, 4H), 1.34 (br. s., 8H). 1*C NMR (126 MHz,
CDCl) 0 202.8, 148.7, 147.0, 135.5, 120.1, 111.7, 111.2, 55.9, 55.8, 43.9, 35.5, 31.6,
29.3,29.2,29.1, 22.0. ESI MS(m/z): 300.81 [M+Na]".

Compound 18b: colorless oil, 89% yield.

'"H NMR (500 MHz, CDCl3) 6 9.74 - 9.80 (m, 1H), 6.80 (d, J = 7.82 Hz, 1H), 6.67 -
6.75 (m, 2H), 3.87 (s, 3H), 3.89 (s, 3H), 2.60 (t, J = 7.08 Hz, 2H), 2.42 - 2.50 (m, 2H),
1.62 - 1.75 (m, 4H). 3C NMR (126 MHz, CDCl3) 6 202.5, 148.8, 147.2, 134.6, 120.1,
111.7,111.2, 55.9, 55.8, 43.7, 35.2, 31.0, 21.6. ESI MS(m/z): 244.72 [M+Na]".

1-(2-(benzyloxy)-6-hydroxyphenyl)ethan-1-one 19

To a stirred solution of 2,6 dihydroxyacetophenone (2.0 g, 13.1 mmol) in DMSO (40
mL) was added sodium hydride (529 mg, 13.1 mmol) portion wise at 0 °C. After 30
min stirring, benzyl bromide (1.6 mL, 13.1 mmol) was added dropwise. The reaction
mixture was then brought to room temperature, and stirring was continued for 1 h. The
reaction mixture was acidified by cold 1 M HCI and extracted with CH2Clo. The
residue was then purified by silica column chromatography (n-hexane/EtOAc = 5:1)
to obtain compound 19 (2.58 g, 81%) as a yellow solid.

'"H NMR (500 MHz, CDCl3) 813.26 (s, 1H), 7.33 - 7.50 (m, 5H), 6.58 - 6.64 (m, 1H),
6.49 (d, J = 7.82 Hz, 1H), 5.16 (s, 2H), 2.64 (s, 3H). 3C NMR (126 MHz, CDCls) ¢
205.1,164.7,160.6, 136.1, 135.8, 128.8, 128.5, 127.9, 111.5, 111.0, 102.2, 71.1, 34.0.
ESI MS(m/z): 265.09 [M+Na]".

1-(2-(benzyloxy)-6-hydroxyphenyl)-11-(3,4-dimethoxyphenyl)-3-hydroxyundecan-1-
one 20a

A solution of 19 (1.1 g, 4.5 mmol) in dry THF was added dropwise to a solution of
LDA (18 mL in 1 M THF solution, 18 mmol) over 10 min at -78 °C under nitrogen
atmosphere and the mixture was stirred for 2 h to prepare the enolate. A solution of

18a (1.25 g, 4.5 mmol) and HMPA (0.5 mL) in THF (10 mL) was added to the enolate
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and the mixture was stirred for 1 h. The reaction mixture was brought to 0 °C slowly
and quenched with 6 M HCI and ice. The mixture was extracted with CHCI3, washed
with brine and evaporated under reduced pressure. The crude products were purified
by silica column chromatography (n-hexane/EtOAc = 5:1) gave compound 20a (842
mg, 36%) as a light-yellow solid.

'"H NMR (500 MHz, CDCl3) 8 13.07 (s, 1H), 7.36 - 7.47 (m, 5H), 6.79 - 6.83 (m, 1H),
6.71 - 6.77 (m, 2H), 6.63 (dd, J = 0.98, 8.31 Hz, 1H), 6.49 - 6.53 (m, 1H), 5.09 - 5.15
(m, 2H), 4.06 - 4.12 (m, 1H), 3.88 (s, 3H), 3.90 (s, 3H), 3.21 (dd, J =2.20, 18.32 Hz,
1H), 3.03 (dd, J =9.53, 18.32 Hz, 1H), 2.90 (d, J = 3.42 Hz, 1H), 2.53 - 2.61 (m, 2H),
1.58 - 1.66 (m, 2H), 1.15 - 1.39 (m, 12H). *CNMR (126 MHz, CDCl;3) 6 207.5, 164.9,
160.7, 148.7, 147.0, 136.4, 135.6, 135.4, 128.8, 128.7, 128.3, 120.1, 111.8, 111.4,
111.3,111.2,102.2,71.4,67.6,55.9,55.8,52.1,36.3,35.6,31.7,29.6,29.5,29.3,25.3.
ESI MS(m/z): 543.07 [M+Na]".

Compound 20b: light yellow solid, 54% yield.

'"H NMR (500 MHz, CDCl3) 813.06 (s, 1H), 7.35 - 7.49 (m, 5H), 6.76 - 6.85 (m, 1H),
6.67 - 6.76 (m, 2H), 6.62 (d, J = 8.31 Hz, 1H), 6.50 (d, J = 8.31 Hz, 1H), 5.04 - 5.17
(m, 2H), 4.04 - 4.14 (m, 1H), 3.85 - 3.92 (m, 6H), 3.20 (dd, J = 2.20, 18.32 Hz, 1H),
3.03 (dd, J=9.53, 18.32 Hz, 1H), 2.86 - 2.95 (m, 1H), 2.47 - 2.56 (m, 2H), 1.47 - 1.59
(m, 2H), 1.21 - 1.43 (m, 4H). *CNMR (126 MHz, CDCl3) § 207.3, 164.9, 160.6, 148.8,
147.1, 136.5, 135.5, 135.4, 128.8, 128.7, 128.3, 120.1, 111.7, 111.4, 111.3, 111.2,
102.3,71.4, 67.5, 55.9, 55.8, 52.1, 49.5, 36.1, 35.5, 31.7, 25.0. ESI MS(m/z): 486.92
[M+Na]*.

(E)-1-(2-(benzyloxy)-6-hydroxyphenyl)-11-(3,4-dimethoxyphenyl)undec-2-en-1-one
2la

A catalytic amount of p-TsOH was added to a solution of 20a (853 mg, 1.64 mmol) in
toluene (20 mL). The mixture was heated at 80 °C for 2 h with occasional monitoring
by TLC. After completion, the mixture was poured into cold water and extracted with
ether. The organic layer was then washed with a saturated NaHCO3 and concentrated
to obtain a yellow crude. The crude product was purified by silica gel column
chromatography (n-hexane/EtOAc = 4:1) gave compound 21a (420 mg, 51%) as a

yellow solid.
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'"H NMR (500 MHz, CDCl3) 813.12 (s, 1H), 7.32 - 7.48 (m, 5H), 7.17 - 7.23 (m, 1H),
7.00 - 7.08 (m, 1H), 6.79 - 6.83 (m, 1H), 6.71 - 6.77 (m, 2H), 6.63 (dd, J = 0.98, 8.31
Hz, 1H), 6.50 (d, J =8.31 Hz, 1H), 5.12 (s, 2H), 3.87 (s, 3H), 3.89 (s, 3H), 2.55 - 2.61
(m, 2H), 2.09 (d, J = 6.35 Hz, 2H), 1.62 (t, J = 7.33 Hz, 2H), 1.22 - 1.39 (m, 10H). 13C
NMR (126 MHz, CDCl3) ¢ 195.0, 164.9, 160.1, 148.8, 147.9, 147.0, 135.9, 135.7,
135.6, 131.1, 128.6, 128.3,127.9, 120.1, 111.8, 111.8, 111.2, 111.1, 102.6, 71.2, 55.9,
55.8,35.6,32.6,31.7,29.5, 29.4,29.3, 29.3, 28.1. ESI MS(m/z): 525.13 [M+Na]".
Compound 21b: yellow solid, 60% yield.

'"H NMR (500 MHz, CDCl3)  13.06 (s, 1H), 7.33 - 7.49 (m, 5H), 7.17 (s, 1H), 6.95 -
7.08 (m, 1H), 6.80 (d, J=8.31 Hz, 1H), 6.66 - 6.75 (m, 2H), 6.63 (d, ] =8.31 Hz, 1H),
6.49 (d, J =8.31 Hz, 1H), 5.12 (s, 2H), 3.87 (s, 3H), 3.88 (s, 3H), 2.51 (t, J = 7.82 Hz,
2H), 2.12 (q, J = 7.17 Hz, 2H), 1.50 - 1.61 (m, 2H), 1.37 (quin, J = 7.45 Hz, 2H). 13C
NMR (126 MHz, CDCl3) ¢ 195.0, 164.9, 160.1, 148.8, 147.5, 147.1, 135.9, 135.8,
135.0, 131.3, 128.6, 128.3, 127.8, 120.1, 111.7, 111.2, 111.1, 102.6, 71.1, 55.9, 55.8,
35.3,32.5,31.2,27.6. ESI MS(m/z): 469.02 [M+Na]".

1-(2,6-dihydroxyphenyl)-11-(3,4-dimethoxyphenyl)undecan-1-one 22a

Compound 21a (400 mg, 0.79 mmol) in acetone (20 mL) was hydrogenated over 5%
Pd/C for 3 h under hydrogen gas. After completion, the catalyst and solvent were
removed. The crude product was purified by silica gel column chromatography (n-
hexane/EtOAc = 3:1) to obtain 22a (235 mg, 71%) as a light yellow solid.

'"H NMR (500 MHz, CDCl3) 6 9.97 (br. s., IH), 7.21 (t, J = 8.06 Hz, 1H), 6.79 - 6.84
(m, 1H), 6.71 - 6.76 (m, 2H), 6.40 (d, J = 8.31 Hz, 2H), 3.86 (s, 3H), 3.88 (s, 3H), 3.15
(t,J=7.57 Hz, 2H), 2.53 - 2.59 (m, 2H), 1.67 - 1.76 (m, 2H), 1.56 - 1.64 (m, 2H), 1.24
- 1.41 (m, 12H). 3C NMR (126 MHz, CDCls) § 208.2, 161.3, 148.6, 146.8, 135.8,
135.7,120.3, 111.9, 111.3, 110.1, 108.3, 55.9, 55.8, 44.8, 35.6, 31.7, 29.5, 29.5, 29.5,
29.5,29.4,29.2,24.5. ESI MS(m/z): 437.02 [M+Na]".

Compound 22b: yellow solid, 88% yield.

'"H NMR (500 MHz, CDCl3) 6 9.34 (br. s., IH), 7.23 (t, J = 8.31 Hz, 1H), 6.77 - 6.84
(m, 1H), 6.70 - 6.76 (m, 2H), 6.39 (d, J = 7.82 Hz, 2H), 3.87 (s, 3H), 3.89 (s, 3H), 3.12
(t,J=7.33 Hz, 2H), 2.57 (t, ] = 7.82 Hz, 2H), 1.68 - 1.78 (m, 2H), 1.63 (quin, J = 7.45
Hz, 2H), 1.36 - 1.46 (m, 4H). 3*C NMR (126 MHz, CDCl3) J 208.1, 161.4, 148.6,
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146.9, 135.8, 135.7, 120.3, 111.9, 111.3, 110.1, 108.3, 55.9, 55.8, 44.7, 35.5, 31.5,
29.2,29.1, 24.4. ESI MS(m/z): 380.93 [M+Na]".

1-(2,6-dihydroxyphenyl)-11-(3,4-dihydroxyphenyl)undecan-1-one 11

Boron tribromide (340 mL, 3.57 mmol) was added to a stirred solution of 22a (298
mg, 0.72 mmol) in CH2ClL, (10 mL) at 0 °C, and the mixture was allowed to warm to
room temperature and then stirred for 30 min. After completion of the reaction, the
mixture was poured into ice water and extracted with EtOAc. The organic layer was
then washed with a saturated NaHCO3 and concentrated to obtain a yellow crude. The
products were purified by silica gel column chromatography (n-hexane/EtOAc = 4:1)
giving 11 (125 mg, 45%) as a light-yellow solid.

'"H NMR (500 MHz, CD30D) & 7.17 (t, J = 8.06 Hz, 1H), 6.66 (d, J = 7.82 Hz, 1H),
6.61 (d, J =1.95 Hz, 1H), 6.47 (dd, J = 1.95, 7.82 Hz, 1H), 6.34 (d, ] = 8.31 Hz, 2H),
3.02-3.16 (m, 2H), 2.38 - 2.46 (m, 2H), 1.66 (t, J = 7.08 Hz, 2H), 1.53 (t,J = 7.08 Hz,
2H), 1.30 - 1.39 (m, 4H), 1.28 (br. s., 8H). 3C NMR (125 MHz, CD3;0D) & 208.3,
162.0, 144.5, 142.6, 135.4, 134.4, 119.3, 115.1, 114.8, 110.0, 107.0, 44.4, 34.9, 31.5,
29.4,29.3,29.3, 29.2, 29.0, 24.4. ESI MS(m/z): 409.06 [M+Na]".

Compound 12: light yellow solid, 56% yield.

'"H NMR (500 MHz, CD30D) § 7.13 - 7.21 (m, 1H), 6.66 (d, J = 7.82 Hz, 1H), 6.62
(d, J=1.95Hz, 1H), 6.48 (dd, J = 1.95, 7.82 Hz, 1H), 6.34 (d, J = 8.31 Hz, 2H), 3.09
(t, J =7.57 Hz, 2H), 2.43 (t, ] = 7.57 Hz, 2H), 1.65 (t, J = 7.33 Hz, 2H), 1.48 - 1.59
(m, 2H), 1.26 - 1.42 (m, 4H). 3C NMR (125 MHz, CD;0D) & 208.3, 162.0, 144.5,
142.6, 135.5, 134.4, 119.3, 115.1, 114.8, 110.0, 107.0, 44.4, 34.8, 31.4, 29.0, 28.8,
24.3. ESI MS(m/z): 353.21 [M+Na]*

Compounds

Malabaricone C and its derivatives were prepared using the described method.
Molnupravir was purchased from Angene Chemical, and remdesivir was purchased
from MedChemExpress. All compounds were diluted in dimethyl sulfoxide (DMSO)

for in vitro experiments.
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Generation of TMPRSS?2- and ACE2- expressing cells

Vero E6 cells stably expressing human TMPRSS2 (VeroE6/TMPRSS2) and
HEK293TA cells stably expressing human ACE2 were described previously (Sasaki
et al. PLoS Pathogens 2021) (Uemura et al. Scientific Reports 2021). MA104T cells
stably expressing human TMPRSS2 were established from an African green monkey
kidney-derived cell line MA104 (RCB0994, RIKEN BRC, Japan) by lentiviral vector
transduction with CSII-CMV-TMPRSS2-IRES2-Bsd. For the preparation of the
lentiviral particles, the aforementioned lentiviral vector plasmid and Lentiviral High
Titer Packaging Mix (Takara Bio, Shiga, Japan) were transfected into Lenti-X 293T
cells with TransIt-293 transfection reagent (Mirus Bio, Madison, WI).

Generation of HEK293TA-G and HEK293TA-M cells
The AcGFP1 and mCherry coding sequences were subcloned to pLVSIN-CMV Pur
and pLVSIN-CMV Neo (Takara Bio). The resultant plasmids were used for the

lentiviral vector preparation as described above.

Virus

SARS-CoV-2 strain WK-521 (Ancestral, Pango Lineage: A, GISAID:
EPI ISL 408667), QKO002 (Alpha, Pango Lineage: B.1.1.7, GISAID:
EPI ISL 768526), TY7-501 (Gamma, Pango Lineage: P.1, GISAID:
EPI ISL 833366), TY11-927 (Delta, Pango Lineage: B.1.617.2, GISAID:
EPI ISL 2158617), were provided by the National Institute of Infectious Diseases,
Tokyo, Japan. The virus stock was propagated in Vero E6/TMPRSS2 cells and titrated
by inoculating Vero E6/TMPRSS2 cells in a 96-well plate with five-fold serial

dilutions of the virus, and CPE was scored to calculate the TCIDso/ml.

Persistent SARS-CoV-2 infection in cells

MA104T cells were infected with SARS-CoV-2 (WK-521) and cultured with an
exchanging medium on a regular basis. After apparent CPE (cytopathic effect), the
survived cells were maintained with a regular medium exchange for about four weeks.
The MAI104T cells persistently infected with SARS-CoV-2 were able to proliferate

and continuously released infectious SARS-CoV-2.
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SARS-CoV-2 Entry Inhibition MTT Assay

The MTT (3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, yellow
tetrazol)(5 mg/mL; Nacalai tesque) assay was performed to evaluate cell viability
following viral infection. VeroE6/TMPRSS2 or HEK293TA cells (2.0 — 2.5 x 10*
cells/mL) were plated on 96-well microplates in MEM containing 2% FBS and the test
compounds. Either WT or variants of SARS-CoV-2 (50 uL/well) were added to the
plates and then the cells were cultured for 2 — 3 days. Subsequently, MTT test solution
was added to each well and then the cells were incubated for 4 — 6 hours. After
removing the solution and adding cytolysis solution to each well, the plate was
incubated at room temperature for overnight. Absorbance at a wavelength of 570 nm
and reference wavelength of 630 nm was measured using Multiskan microplate reader,
(Thermo Fisher Scientific), and then the 50% effective concentration (ECso) was
calculated. Cell toxicity was assessed under the same method of viral inhibitory assay,

and the 50% cytotoxicity concentration (CCso) was calculated.

SARS-CoV-2 Fusion Inhibition Assay

SARS-CoV-2 persistently infected cells were seeded at 100 pL (1x10%cells)/well into
a 96-well plate containing the inhibitors, then reacted at room temperature for 1 hour.
Subsequently, HEK293TA-G cells at 50 pL (5x10* cells)/well and HEK293TA-M
cells at 50 pL (5x10* cells) /well were added to each well, mixed with a plate mixer,
and then cultured in a CO: incubator for 24 hours. By cell fusion of SARS-CoV-2
persistently infected cells, HEK293TA-G cells (green fluorescence), and HEK293TA-
M cells (red fluorescence), hypertrophy cells were formed and emit yellow
fluorescence. The cell fusion inhibitory effect was evaluated using the number and the
total area of cells emitting yellow fluorescence as indexes. The measurement of
fluorescent cells was carried out using an all-in-one fluorescence microscope BZ-

X800 (manufactured by KEYENCE).
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'H NMR of Malabaricone C
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'H and '3C NMR of 2
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'H and '3C NMR of 3

(a2}
11— o=
09"k~ 3.
v9'L ./m
S9'L e
52z —J 3
! S
522/ oz |5
0L'Z S
zLes 84
€T N
N
a0
N
Q o
< <
o O
N
a 86'9 O
o G0/~ 869 2
w N~
a 2 00— == ©1
T o o 9 I~—ro
® 2 6c'f E
& . o
s ST
2 oL
X
(2]
S S SRS SSSSSSMSS S
o [} [o0) N~ © wn < o N —
<~ & © 6o &6 & o © o o ©°

Ayisusju| pazijewloN

0.5

1.5 1.0

2.0

7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5
Chemical Shift (ppm)

7.5

16'02— LAV

09°€c~
§l'6¢
gleef -

1LT'6T
@N.mm.\.

00'vv-"

CDCL3_01

0.8

or'0cl—

€6'¢Cl—

Sy'ozL-
veoeL

¥8'6EL—
691yl

6S°Lyl—

019l

Ge'891
818911

65891~

€e’10c—

0 < « N
o o o o
Aysusju| pazijewloN

0.7
0.6

0.1

-0.1

-0.2

20

40

60

o
[=e]

o
o
N

Chemical Shift (ppm)

49



'H and '3C NMR of 4
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'H and '3C NMR of 5
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'H and '3C NMR of 6
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'H and '3C NMR of 7
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'H and '3*C NMR of 8
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'H and '3C NMR of 9
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'H and '3*C NMR of 10
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'H and 3C NMR of 12
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'H and '3*C NMR of 13a
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'H and '3C NMR of 13b
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'H and '3C NMR of 14a
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'H and '3C NMR of 14b
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'H and '3C NMR of 15a
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'H and '3C NMR of 15b
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'H and '3C NMR of 16a
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'H and '3C NMR of 16b
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'H and '3*C NMR of 17a
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'H and '3*C NMR of 17b
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'H and '3C NMR of 18a
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'H and '3C NMR of 18b
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'H and '3C NMR of 20a
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'H and '3C NMR of 20b

u uJ

~
<
©
~
>
R
o
~o
y0'Z— S
o 8rZ !
057— 325
152 mu
062 ©
_\o.wm‘. 8-
: oL'e \3
o
19e28E 8-
7
ELy |un.rg.u
60°G 33
Cog= ]
o
179 __.u
6v'9 (s~
s >
P
(33 |
o
83
<
I
5 )
o o
=
I o 4
o
[0
=
.  ()F
7]
8
S o
| [0}
z =
= — R
S YoEL g
o
S
o [} © N~ © [te} < [32) o -~
- 8 6 6 © © o o© & & ©

Aysusju| pazijewsoN

6

7
Chemical Shift (ppm)

©

10

1"

12

13

ye8cl—

p

CARBON_01.es

3

€6'65—

¢0'Gc—
LLe—

109e" =

LGBV~

w.mm.@.mml

0S9'L9—

S€LL—

92'¢0L—
0zc'LLL
€Ll _‘W/.

80°0Cl—

1.0

0.9

@
=}

§g.'8¢cl

™~
S

9€'GEL\

or'9EL—

90 Lk—
JyR: I

€9'091—
98'v9l—

© 0 <
o o o
Aysusyu| pazijewioN

0.2

100 80 60 40 20

120
Chemical Shift (ppm)

o
<
-

73



'H and '3C NMR of 21a
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'H and '3C NMR of 21b
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'H and '3C NMR of 22a
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'H and '3C NMR of 22b
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3.1. Abstract

The life cycle of SARS-CoV-2 can be generally divided into five stages: cell entry,
viral genome translation, subgenomic transcription, genome replication, and the
formation of progeny virions. Cell entry is a critical initial step in the viral life cycle
and represents an ideal target for antiviral interventions. Understanding how a small
molecule inhibits SARS-CoV-2 infection will facilitate the development of effective
inhibitors for the virus in the future. This study aims to explore the potential
mechanisms by which malabaricone C acts against SARS-CoV-2. Although the
specific molecular and cellular mechanisms underlying the antiviral activity of
malabaricone C have not yet been fully elucidated, we present evidence for a partial
mechanism of its anti-SARS-CoV-2 activity, which involves interference with lipid

raft formation on the plasma membrane of Vero E6 cells.

3.2. Introduction

SARS-CoV-2 is a single-stranded, positive-sense RNA virus that belongs to
lineage B of the genus Beta-coronavirus in the Coronaviridae family'. The recently
sequenced genome of SARS-CoV-2 is approximately 29.9 kb in size, sharing about
78% sequence homology with SARS-CoV'!2. The virus enters host cells by directly
fusing its viral envelope with the host cell membrane or through membrane fusion
within an endosome after endocytosis. Viral entry begins when the receptor-binding
domain (RBD) of the spike (S) protein attaches to the human host cell receptors on the
cell surface’*>. One primary receptor for SARS-CoV-2 is angiotensin-converting
enzyme 2 (ACE2), which is widely expressed in the lungs, intestine, liver, heart,
vascular endothelium, testis, and kidney cells®.

Recently, additional host receptors and co-receptors that facilitate the entry of
SARS-CoV-2 into respiratory system cells have been identified. Following the RBD-
receptor interaction, the S protein undergoes proteolytic cleavage, catalyzed by various
host proteases such as furin, TMPRSS2, and cathepsin B. This proteolytic processing
activates the S protein, allowing for viral-host membrane fusion and the subsequent
release of viral RNA into the host cytoplasm. Once in the cytoplasm, the viral RNA
employs the host's machinery to replicate its genetic material and assemble new viral

particles”®,
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The entry of pathogenic viruses into susceptible cells is a critical first step in the
infection process, making it an important target for intervention. Like other well-
known viruses, such as HIV-1 and Ebola, the viral entry of coronaviruses involves a
complex multi-step process with numerous interactions and points of vulnerability that
could be targeted for therapeutic purposes’.

In the case of SARS-CoV-2, the binding of the S protein to the cellular ACE2
receptor marks the initial encounter in both the endosomal and non-endosomal
pathways during the viral replication cycle. This interaction presents opportunities for
preventive interventions!'’. The RBD of the SARS-CoV-2 spike protein binds to the
ACE2 receptor with high affinity (Kd = 14.7 nM)'", as determined by surface plasmon
resonance (SPR) interaction analysis. Targeting the RBD-ACE2 interface could
disrupt the efficiency of viral infection®.

Endosomal cysteine proteases, such as cathepsin L, or cell membrane-associated
serine proteases, such as TMPRSS2, facilitate the entry of the SARS-CoV virus into
host cells. This protease cleaves the viral S protein’, exposing fusion-competent motifs
known as fusion peptides. Importantly, for SARS-CoV, effective inhibition of virus
replication requires interference with both proteases’. Matsuyama et al. identified
Camostat, a commercially available serine protease inhibitor, which can efficiently
prevent SARS-CoV infections at a concentration of 10 pM by inhibiting TMPRSS2
activity!2.

Blocking the priming or proteolytic cleavage of the viral S protein is also a viable
target for early drug interventions’. Recent studies focusing on the interactions
between the host cell membrane and the virus have provided new insights into the role
of cellular lipids in viral entry!*>!4, Cholesterol-binding agents, such as statins and
methyl-B-cyclodextrin (MBCD), can impact cholesterol levels and disrupt lipid rafts.
This disruption impairs the adhesion and binding of coronaviruses. Additionally, these
compounds may block crucial downstream molecules involved in viral infectivity,
reducing pro-inflammatory markers like tumor necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6). They may also influence the autophagic process essential for both
viral replication and clearance'®.

The main aim of this study is to explore the mechanism of action of malabaricone

C inhibiting SARS-CoV-2 infection. The mechanisms studied in this research include

84



targeting the binding of the viral spike RBD to ACE2, inhibiting TMPRSS2, and
interfering with lipid raft formation in the cellular membrane. These pathways are
critical points in the viral life cycle, and modifying them could provide valuable
insights into innovative therapeutic strategies against SARS-CoV-2. By exploring how
malabaricone C interacts at the molecular level, this study seeks to fill significant gaps
in our knowledge of natural compounds as SARS-CoV-2 inhibitors and contribute to

the development of novel antiviral treatments.

3.3. Results and Discussion
ACE2-Spike RBD Interaction Inhibition Activity

SARS-CoV-2 uses the spike protein, a trimeric glycoprotein located on its
surface, to enter host cells. The viral infection begins when the RBD of the S1 subunit
of the spike protein interacts with the host receptor ACE2, followed by the cleavage
of the spike protein at the S2’ site by host proteases, such as TMPRSS2’. This cleavage
step primes the fusion between the virus and the host cell membrane via the S2 subunit
of the spike protein. Consequently, therapeutics aimed at disrupting interactions or
functions of proteins, such as the spike and ACE2, could be promising for treating
COVID-19. A strategy that targets the ACE2 receptor, instead of the RBD, to inhibit
their interaction would help bypass issues related to spike protein mutations!®.

Several small molecules have been reported to inhibit the SARS-CoV-2 Spike—
ACE2 protein-protein interaction, including methylene blue!’, 9-methoxycanthin-6-
one'®, and Kobophenol A, which is isolated from Caragana chamlagu'®. Additionally,
active components from traditional Chinese medicine, such as Oleanolic acid,
Tryptanthrin, Chrysophanol, and Rhein, have been identified through molecular
docking as having inhibitory activity against the spike protein and ACE2 interaction?’.
Malabaricone C is another small molecule suspected of functioning similarly by

inhibiting the interaction between ACE2 and Spike RBD.
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Figure 1. Binding assay result to evaluate ACE2-Spike RBD interaction in the
presence of malabaricone C derivatives

To determine whether malabaricone C can inhibit the Spike RBD-ACE2
interaction, we conducted a Spike RBD—-ACE?2 binding assay using a commercially
available kit. In this assay, we measured the total amount of human ACE2-bound RBD
protein in the presence of different derivatives of malabaricone C. The results, shown
in Figure 1, indicate that the percentage binding between ACE2 and Spike RBD is
100% across almost all compounds tested at various concentrations. This suggests that
even in the presence of malabaricone C, the binding between ACE2 and Spike RBD
remains unaffected. Therefore, our findings imply that the mechanism of action for
malabaricone C in preventing SARS-CoV-2 infection does not involve the inhibition

of Spike RBD—-ACE?2 interactions.

TMPRSS2 Inhibition Activity

TMPRSS?2 is recognized as a crucial factor for viral entry and the pathogenesis
of SARS-CoV-22!, The Spike protein of the virus requires proteolytic processing, or
priming, by TMPRSS?2 to facilitate entry into lung cells. Therefore, small-molecule
inhibitors targeting TMPRSS2 hold significant promise as new therapeutics for

COVID-19 and other coronavirus-related diseases’-?.
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Camostat, a serine protease inhibitor, has shown potential against COVID-19 by
inhibiting TMPRSS2, which is necessary for viral entry?. In this study, camostat was
used as a positive control in tests measuring TMPRSS2 inhibition activity. The
TMPRSS?2 inhibition activity of malabaricone C derivatives was assessed using a
TMPRSS2 fluorogenic assay kit from BPS Bioscience. As indicated in Table 1,
compounds 3, 6, and 9 exhibited no TMPRSS2 inhibitory activity. However,
compounds 1, 4, 12, and 13 demonstrated TMPRSS2 inhibition on a micromolar scale.
This finding does not align well with the observed antiviral activity against SARS-
CoV-2. The results suggest that the mechanism of action of malabaricone C in

inhibiting SARS-CoV-2 viral infection does not occur through TMPRSS2 inhibition.

TMPRSS? Inhibition Activity h(/[;TK‘észsf‘)y
Compound ICso (uM) W]i((i5502(1“ X[I?us
1 14.1 1.5
3 n.d 1.4
4 3.6 1.5
6 n.d 1.0
9 n.d n.d
12 1.58 2.9
13 1.0 6.4
Camostat 1.59 nM

Table 1. The TMPRSS?2 inhibitory activities of malabaricone C derivatives, camostat
mesylate acts as a positive control

Visualization of the Distribution of Sphingomyelin on the Plasma Membrane
Cellular sphingolipids play crucial roles in the replication and transmission of
viruses in humans. Viruses utilize them for processes such as cell entry, membrane
fusion, genome replication, assembly, budding, and propagation®*. These
sphingolipids are tightly regulated by sphingolipid metabolic enzymes, which help

maintain cellular sphingolipid homeostasis?. Targeting and manipulating these
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enzymes, including sphingomyelin synthase (SMS) enzymes in host cells, presents a
promising strategy against viral infections?®.

Recent studies have reported that SMS1 is a susceptibility factor for Rubella
Virus?”-?® and Japanese Encephalitis®® infection. Another isomorph, SMS2, has also
been reported to be involved in regulating HIV-1 Envelope-mediated membrane
fusion through actin rearrangement®®. Since these viruses are enveloped, similar to
SARS-CoV-2, evaluating the roles of SMS1 and SMS2 in SARS-CoV-2 infection is

particularly interesting.

ICso (uLM) ECso (uM)
Compound -
SMS1 SMS2 WK-521 virus
1 2.5 1.5 1.5
2 8 4 5.4
3 3 1.5 1.4
4 3 1 1.5
5 >100 >100 14.3
6 30 >100 1.0
7 15 9 6.0
8 4 3 1.5
9 >100 >100 n.d.
10 4 30 21.6
(i)cg?g(t)r)"l 5 0.09

Table 1. Malabaricone C derivatives inhibition activites towards SMS1 and SMS2
enzymes

Additionally, SMS1 and SMS2 are suspected to be the underlying mechanisms
by which malabaricone C may prevent SARS-CoV-2 infection. Therefore, we
examined the inhibitory activity of malabaricone C on SMS1 and SMS2 enzymes. As
shown in Table 1, malabaricone C demonstrated significant inhibitory activity against
both SMS1 and SMS2 enzymes. This result aligns with the ECso values of nearly all
tested compounds against the wild-type SARS-CoV-2 (WK-521). However, the SMS

inhibition activity for compound 6 does not correspond with its antiviral activity
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against the WK-521 virus line. This finding suggests that there may be another target
for malabaricone C in inhibiting SARS-CoV-2 infection.
The regulation of SMS activity is crucial to the cell membrane fusion of

3032 Lipid rafts, enriched in sphingomyelin (SM) clusters on the

envelope viruses
plasma membrane, have essential biological functions related to membrane signaling
and protein trafficking®3-3*. In addition, recent studies have reported that lipid rafts are
an important location for enveloped viral infection®®. Thus, the distribution of SM in
the plasma membrane and its involvement in viral infections has attracted academic
interest.

To understand the biological mechanism underlying the inhibition of SARS-
CoV-2 infection by malabaricone C, we examined the distribution of SM on the
plasma membrane in Vero E6 cells with EGFP-conjugated specific SM-binding
proteins, NT-lysenin (NT-Lys) and equinatoxin II (EqtII) that can recognize different
membrane distributions of SM. NT-Lys binds clustered SM, whereas Eqtll
preferentially binds dispersed SM36-37. As shown in Figure 4, the fluorescence intensity
of EGFP-NT-Lys on the plasma membrane after treatment with malabaricone C was
lower than that of the control. However, there was almost no difference in the
fluorescence intensity of EqtII-EGFP between the malabaricone C treatment and the
control. It was inferred that malabaricone C affected the composition of lipid rafts in
the plasma membrane. Therefore, the inhibition of SARS-CoV-2 entry by
malabaricone C was suggested to occur by interfering with the assembly of lipid rafts

on the cell membrane.
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(A) Control Malabaricone C

EGFP-NT-Lys

(B) Control Malabaricone C

EqtII-EGFP

Figure 4: Sphingomyelin (SM) cluster on the plasma membrane stained by EGFP
conjugated lysenin (EGFP-NT-Lys) and equinatoxin II (EqtII-EGFP). Vero E6 cells
were treated with malabaricone C or DMSO (control). (A-B) Cells were fixed and
incubated with EGFP-NT-Lys (A) or EqtII-EGFP (B) at 4 °C overnight and examined
by confocal microscopy.

3.4. Conclusion

The molecular and cellular mechanisms of malabaricone C antiviral activity
have not been completely elucidated. This study demonstrated the partial mechanism
of the anti-SARS-CoV-2 activity of malabaricone via interference with lipid raft
formation on the plasma membrane in Vero E6 cells. Further detailed elucidation of

the mechanism is required.

90



3.5. Experimental Section

SMS Assay

Cell lysates were prepared: ZS/SMS1 and ZS/SMS2 cells (protein concentration 0.1
pg/uL) were diluted by Tris-buffer (pH 7.5) 20 mM and sonicated. Aliquots of the cell
lysates 100 pL were added 1 pL of inhibitor of the desired concentration and incubated
at 37°C. After 30 min, the solutions were added 1 pL of C6-NBD-ceramide and
incubated for 3 h at 37°C. The reaction was stopped by the addition of 350 puL of
MeOH/CHCI; [1/2 (v/v)]; the mixture was shaken and centrifuged (1500 rpm x 5 min).
The formation of C6-NBD-sphingomyelin was quantified by determining the peak
area of C6-NBD-sphingomyelin using HPLC. A reverse-phase HPLC assay using a
JACSO HPLC system was developed for the quantitative analysis of the inhibitory
activity. The system was equipped with a PU-2089 Plus and FP-2020 Plus set at Aex
= 470 nm and Aem = 530 nm. A 50 x 4.6 YMC-Pack Diol-120-NP column (5-um
particle size) was used with mobile phase (IPA/hexane/water) at a flow rate of 1.0

mL/min.

ACE-2-Spike protein Interaction Inhibition Assay

Commercially-available “COVID-19 Spike-ACE2 binding assay kit II”’ (RayBiotech,
United States, cat. no.: CoV-ACE2-2) in a 96-well plate version, the wells of which
were coated with the human ACE2 protein, was used for the assay. In this assay, the
total amount of human ACE2-bound RBD protein (with Fc-tag) is measured in the
presence of the assayed compounds. To assess the amount of the RBD protein bound
to human ACE2, a color reaction was performed using horseradish peroxidase enzyme
conjugated with anti-Fc antibodies in the presence of 3,3',5,5'-tetramethylbenzidine
(TMB) substrate. The intensity of the color reaction obtained was inversely
proportional to the RBD protein concentration in the wells. The experiments were
carried out according to the manufacturer’s instructions with slight modification.
Malabaricone C derivatives were dissolved in reagent provided with the kit, namely
Ix concentrated Assay Diluent. 100 pl of test compound at various concentrations (10,
1, 0.1, and 0.01 uM) mixed with the RBD protein was added to each well. The plate
was then incubated overnight at 4°C with gentle shaking. After a series of washes, 100

ul of horseradish peroxidase-conjugated anti-Fc antibody solution was added and
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incubated again for 1 h at room temperature with gentle shaking. After another series
of washes, 100 pl of TMB One-Step Substrate Reagent was added and incubated
(protected from light) for another 30 min at room temperature in the dark with gentle
shaking. The reaction was stopped by adding 50 ul of Stop Solution. Immediately after
stopping the reaction, the absorbance was measured (at 450 nm) using a microplate

reader.

TMPRSS? Inhibition Assay

TMPRSS2 fluorogenic assay kit (CAT # 78083, BPS Bioscience, San Diego, CA,
USA) was used to evaluate the inhibition activity of the compounds on the TMPRSS2
enzyme following the supplier protocol. Briefly, 30 uL TMPRSS2 (5 ng/uL) was
added to 10 puL of compound at different concentrations (100, 10, 1, 0.1, and 0.01 pM)
in a black flat bottom 96-well plate. Following incubation for 30 min at room
temperature, 10 uL. of TMPRSS2 fluorogenic substrate (50 uM) was added, and the
fluorescence intensity was measured in the dark by a microtiter plate reader at an
emission and excitation wavelengths 383 and 455 nm, respectively. Camostat mesylate
(10 uM, included in the assay kit) was used as a positive control, according to
Hoffmann et al. (2020)?* while a reaction without inhibitor and enzyme was used as a

negative control.

Visualization of the Distribution of Sphingomyelin

EGFP-NH-Lys and EqtlI-EGFP were prepared according to the published method by
Bhat, H.B, et al. 3. Vero E6 cells were seeded at 1.0 x 10 cells density in a microplate
suitable for confocal microscopy, culture at 37 °C for 24 h. The cells were washed
with PBS and treated with 5 uM malabaricone C in DMEM medium supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C for 30 min. The medium was
removed, and the cells were fixed in 4% paraformaldehyde in PBS at 37 °C for 2 min
and continued at room temperature for 30 min in a light-shielded condition. Cells were
washed with TBS three times, treated with blocking buffer (3% BSA in PBS) at room
temperature for 1 h, and washed with PBS three times. Cells were then incubated with

EGFP-NH-Lys (25 pg/ml) or EqtII-EGFP (25 pg/ml) at 4 °C overnight and washed
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with PBS three times. After washing, the cells were observed under a confocal

microscope.
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