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Abstract

Background Human norovirus (HNV) is the predominant pathogen causing outbreaks of acute gastroenteritis glob-
ally. Despite significant efforts to combat norovirus infections, there is currently no FDA approved vaccine or antiviral
drug available. Consequently, the development of effective antiviral agents is of critical importance.

Methods and results In this study, a series of 41 5-cyano-2-thiacetyl aromatic pyrimidinone compounds were
designed and synthesized. A cell viability-based screening for anti-murine norovirus (MNV) compounds was con-
ducted, revealing that compound 29 (hereafter used as Co-29) exhibited antiviral activity against MNV. Co-29 dem-
onstrated effective inhibition of MNV-"3 RNA replication, exhibiting an EC., of 58.22 uM. An RdRp enzyme activity
assay indicated that Co-29 directly inhibits RdRp activity to both MNV and HNV. Molecular docking studies suggested
that Co-29 interacts with the palm region of RdRp via hydrogen bonding with specific residues, which are conserved
in RdRps across MNV and HNV norovirus variants.

Conclusions In conclusion, our study suggests that the newly synthesized Co-29 may serve as a potential antiviral
candidate or lead compound for future studies.
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Background

Norovirus, often referred to as the "winter vomiting bug",
is a highly contagious virus that causes gastroenteritis,
an inflammation of the stomach and intestines. Infection
is accompanied with representative symptoms includ-
ing the sudden onset of severe vomiting, diarrhoea, and
abdominal pain, often accompanied by fever and head-
ache. It accounts for approximately 20% of the global
burden of acute gastroenteritis worldwide, and is respon-
sible for outbreaks in crowded environments, including
schools, cruise lines, and healthcare facilities, which leads
to an estimated $60 billion loss annually [1-4]. In the
United States, during the first week of December 2024,
91 separate outbreaks of norovirus occurred [4]. Human
norovirus (HNV) spreads through contaminated food,
water, surfaces, and direct contact with infected individu-
als, causing roughly 685 million infections and 200,000
deaths annually, with 70,000 or more among children in
developing countries [5, 6]. Due to its ability to spread
rapidly and its resilience in various environments, there
is a pressing need for effective antiviral treatments. How-
ever, there have been no approved vaccines or treatments
to date, due to the characteristics of the virus, as it pos-
sesses a high genetic variability and rapid evolution [3, 7,
8].

Norovirus, belonging to the Caliciviridae family, is a
nonenveloped positive-sense, single-stranded (+ssRNA)
virus, with a 7.4-7.7-kb genome encoding three open
reading frames (ORFs) [9, 10]. ORF2 and ORF3 encode
the major (VP1) and minor (VP2) capsid proteins to
form the viral particle [11, 12]. Based on the amino acid
sequences of VP1, norovirus can be classified into 10
genogroups, GI to GX. Among them, GI, GII, GIV, GVIII,
and GIX are known to be able to infect humans [10].
ORF1 encodes a polyprotein precursor that generates
nonstructural proteins following proteolytic cleavage,
including an RNA-dependent RNA polymerase (RdRp)
and other factors which are essential for viral gene
expression and replication [9, 13].

As the critical enzyme for viral genome synthesis, RdRp
is highly conserved among RNA viruses which makes
it a highly attractive target for antiviral research [14].
The structure of HNV RdRp resembles a closed right
hand, with thumb, fingers, and palm domains, as well
as an N-terminal domain linking the fingers and thumb
[15-17]. There are two major classes of RdRp-targeting
antiviral agents: the nucleoside analogs (NAs) and the
non-nucleoside inhibitors (NNIs). NAs bind in the RdRp
active site, which is situated within the palm domain,
through mimicry of incoming nucleoside triphosphates
(NTPs) to inhibit RNA synthesis [18]. 2"-C-methyl-cyt-
idine (2CMC), a popular cytidine analogue which has
been widely reported as a potential anti-norovirus NA, is
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limited by its safety and efficacy [19-22]. NNIs provide
an alternative strategy for the development of anti-nor-
ovirus drugs. They exhibit their antiviral activity through
binding to allosteric sites in the RdRp and blocking its
conformational rearrangement, which is required to form
the active replication complex [23, 24]. Two binding sites
for NNIs in HNV RdRp have been identified, site A and
site B. Site A is located between the fingers and thumb
domains, functioning as a positively charged NTP tra-
versal channel with flexible amino acid side chains. Site
B is a highly conserved allosteric binding pocket within
the thumb region which forms a cleft along the newly
synthesized RNA exit path, which is a highly conserved
allosteric binding pocket within the thumb region [25-
27]. Suramin and its derivative NF023 are effective to
inhibit HNV and murine norovirus (MNYV) by binding to
Site A [25]. PPNDS and NAF2, two Suramin derivatives,
bind into both Site A and Site B to inhibit the enzyme
activity [26, 28, 29]. A high-throughput virtual screen-
ing was performed to identify ligands binding to Site B of
HNV and MNV RdRps, and two candidates, compound
11 and 54 were selected with low ICy, values, however
they were ineffective against MNV in cell culture [30].
A recent study also applied a structure-based virtual
screening specifically targeting Site B of HNV RdRp and
found a hydrochloride hydrate, CX-6258, as a general
inhibitor of norovirus RdRp [31]. Furthermore, based on
the sequence conservation of RARp among RNA viruses,
a group evaluated the antiviral activity of hepatitis C
virus (HCV) NNIs against HNV RdRp. From this study,
JKT-109 was identified with broad-spectrum antiviral
activity across several genera of Caliciviridae [28]. While
a growing number of researchers have been working on
anti-norovirus drug identification, currently all drug can-
didates are still limited by the challenges of low bioavail-
ability and the presence of nonspecific off-target effects
[32-34]. Therefore, the discovery of new anti-norovirus
compounds is still urgently needed.

A synthesized compound, 7a’k, has been shown inhibit
dengue virus (DENV) RdRp enzyme activity [35]. In this
study, using a similar design strategy, we first synthesized
41 new compounds using the molecular hybridization
method with 3jc, a HCV RdRp inhibitor [36], and 4w, a
Zika virus (ZIKV) RdRp inhibitor [37] as the lead com-
pounds. 4w and 3jc are both 2,5,6-trisubstituted pyrimi-
dinone derivatives, which exhibit certain structural
similarities and act on the conserved NS5 RdRp enzyme
in flaviviruses. We constructed the target compound’s
structure by retaining the pyrimidinone core and com-
bining the C—2 thioacetyl phenyl amine side chain from
4w, along with the C—6 substituted phenyl ring and a C-5
cyano group from 3jc. Various substituents were intro-
duced at the R;, and R, position to increase structural



Liu et al. Virology Journal (2025) 22:93

diversity. As a result, a series of 41 novel 5-cyano-2-thio-
acetyl phenylamine pyrimidinone target compounds has
been designed and synthesized (Fig. 1). We then screened
for a high ratio of live cells after MNV infection with anti-
MNYV compounds. One of them, Co-29, exhibited in vitro
antiviral activity to MNV. Co-29 efficiently inhibited the
MNVW3 RNA replication with an ECy, of 58.22 uM. An
RdRp enzyme activity assay showed that Co-29 directly
inhibited the activity of RdRp for both MNV (IC* =
32.04 uM) and HNV (IC*° = 36.62 uM). Molecular dock-
ing predicted that Co-29 binds to the palm region of
RdRp through hydrogen bonding with residues which are
conserved in RdRps across norovirus variants including
MNYV and HNV.

Methods

Chemical compounds and synthesis

According to the procedure described previously [35],
the synthesis route of the target compounds is depicted
in Scheme 1. The specific synthesis procedure is
described as below. (I) Synthesis of 2-bromoacetanilide
derivatives (3a-g): Aniline derivatives la-g (10 mmol,
1 equiv) and anhydrous TEA (15 mmol, 1.5 equiv) were
put into a round bottom flask and the solvent anhydrous
CH,CI, (150 mL) was added. Bromoacetyl bromide (2)
diluted with CH,Cl, was then added dropwise to the cor-
responding aniline mixture using a constant pressure
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dropping funnel under ice bath conditions. After 2 h, the
reaction was completed and quenched with water under
TLC monitoring. The mixture was extracted with CH,Cl,
(100 mL * 3) and the organic phases were combined.
The combined organic phase was washed with saturated
aqueous NaCl solution (100 mL) and dried over anhy-
drous Na,SO,. The organic layer was removed under vac-
uum to obtain the crude product. The crude product was
recrystallized to gain the compounds (3a-g) with 88—92%
yields. (II) Preparation of compounds (6a-v): To a 500 mL
round-bottomed flask equipped with a magnetic stir-
rer, a solution of various substituted benzaldehydes 4a-
v (10 mmol, 1.0 equiv) in ethanol (150 mL) was added.
Under stirring, ethyl cyanoacetate 5 (10 mmol, 1.0 equiv),
thiourea (10 mmol, 1.0 equiv), and potassium carbonate
(10 mmol, 1.0 equiv) were sequentially introduced. The
reaction mixture was refluxed for approximately 10-14
h. TLC was used to monitor the progress of the reac-
tion and it showed the starting material was completely
consumed. The reaction was cooled to room tempera-
ture, then the solids were filtered and washed with EtOH.
The solids were dissolved in 200 mL of water at 80 °C
and the pH of the solution was adjusted to 5-6 to give
the desired white or yellow crude product. The desired
crude product was filtered, and recrystallized or purified
by silica gel chromatography to gain the 5-cyano-6-aryl-
pyrimidinone derivatives (6a-v) with 38—75% yields. (III)

o o
Anti-ZIKV O or ﬂ | Anti-HCV
IC4,= 7.65uM SN Ny o3 g
CCyq,>200uM |O Coe souM
4w 3jc
|
l molecular hybridization
Ry R,
2-F ' 1 2“Me  4-OMe 4'-CF3
yF | 3-Me  2-OH 3'4-diMe
iF | ' 4-Me 2-F  34-diF
4-CF3 5 4Bt 3-F 3',5'-diF
3'-5' diF : E 4-iPr  4-F 3'-OH-4-OMe
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Fig. 1 Target compounds design
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Target compound (7-47)
R{=4-F Ry=4'-iPr 28 R =3'5"-diF Ry=3"4'-diMe

8 Ry =4'-F Ry=3-F3'-OH-4-OMe 29 R;=3'5-diF R,=2'-OH
9 R;=4-F Ry=3"Me 30 R;=3'5"-diF Ry=4"-Et
10 R =4"-F Ry=3'4"diMe 31 Ry=3'5"-diF Ry=4"-Br

/ 11 R{=4'F R,=2"-OH 32 Ry=3'.5-diF Ry=CF3
12 Ry=4"-F Ry=4"Et 33 Ry=3.5-diF R,=4'-CF3
13 Ry=4'-F Ry=4"-Br 34 R=35"-diF R)=3-OMe
14 Ry=4'F Ry=3"-CF3 35 Ry=3'5"-diF R,=35"-diCl
15 Ry=4"F Ry=4"-CF3 36 Ry=3'.5-diF Ry=4'-Me
16 R;=4'F Ry=3-OMe 37 Ry=3'5-diF Ry=4"F
17 Ry=4'-F R,=3'5'-diCl 38 R =3'5"-diF Ry=4'-OMe
18 R;=4"F Ry=4'-Me 39 Ry=3'5-diF R,=3'4"-diF
19 R;=4'F Ry=4'F 40 Ry=3'5-diF Ry=2"-Me
20 R;=4'F Ry=4'-OMe 41 Ry=3'5"-diF R,=35"-diF
21 Ry=4"F Ry=3'4"-diF 42 Ry=3.5-diF R,=2"-OMe
22 Ry=4-F Ry=2"-Me 43 Ry=2-F R,=3'5"-diCl
23 R=4'F R,y=3'5"-diF 44 R=3'F R,=3'5"-diCl
24 R{=4'F Ry=2"-OMe 45 Ry=2'5"-diF R,=3'5"-diCl
25 R =3'5"-diF Ry=4"-iPr 46 R{=3-OCF3 R,=3',5"-diCl
26 Ry=3'5"-diF Ry=3"F 47 R=4'-CF; R,y=3'5'-diCl

27 Ry=3'5"diF Ry=3-Me

Scheme 1 Synthesis of target compounds. Reagents and reaction conditions: (1) TEA, 0 °C, CH,Cl,, 2 h; (1) K,COs, thiourea, EtOH. reflux, 10-14 h; (Il)

K,CO,, DMF, RT

Preparation of target molecules (7—47): The compound
6a-v (1 mmol, 1 equiv) obtained in the previous step and
K,COj; (1.2 mmol, 1.2 equiv) were placed in a round-bot-
tomed flask and dissolved completely in dimethylforma-
mide (20 mL). After stirring the mixture for 30 min, the
corresponding compound 3a-g (1 mmol, 1 equivalent)
was added. The reaction was monitored by TLC after 30
min to ensure completion. The reaction was stopped, and
the reaction mixture was extracted with ethyl acetate (80
mL X 3). The combined organic phase was washed with
saturated NaCl solution (100 mL) and dried over anhy-
drous Na,SO,. The organic layer was removed under vac-
uum to obtain the crude product. The crude product was
recrystallized or purified by silica gel chromatography to
gain the target compounds (7-47) with 21-92% yields.
41 target compounds were synthesized, and their melt-
ing points were determined on a WRS-1 digital melting

point apparatus and were calibrated. HNMR and '*C
NMR spectra were obtained on a Brucker AM 400 MHz
spectrometer in the indicated solvents. Chemical shifts
are expressed in & units using Tetramethylsilane (TMS)
as an internal reference. Mass spectra were taken on
an Agilent LC/MSD TOF mass spectrometer. Solvents
were reagent quality and, when necessary, were puri-
fied and dried by typical methods. Concentration of the
reaction solutions involved the use of rotary evaporator
(Heidolph) at reduced pressure. The physical and spec-
tral data of the compounds are listed in Supplementary
Tables 1 and Table 2.

The compounds were dissolved in 100% Dimethyl sul-
foxide (DMSO) at a concentration of 40 pg/mL, stored at
—20 °C, and thawed immediately before use. 2CMC was
purchased from MedChemExpress (HY-10468, MCE).
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The purity was more than 95% for all compounds that
were evaluated in the following experiments.

Cell lines and viruses

293T cells (human embryonic kidney cells, ATCC
#CRL-3216), RAW?264.7 cells (mouse mononuclear mac-
rophages cells, ATCC #TIB-71), and BV2 cells (mouse
microglia cells, RRID #CVCL_0182) were acquired from
the Dr. Herbert W. Virgin Laboratory (Washington Uni-
versity School of Medicine in St. Louis). RAW264.7 cells
were cultured in MEM media (E2105, EvaCell) with 10%
FBS (E01010, EvaCell; BS-1105, OPCEL). BV2 cells and
293 T cells were cultured in DMEM (E2102, EvaCell)
with 10% FBS.

Stocks of MNV strains CW3 (MNV“¥3, GenBank
accession No. EF014462.1) and CR6 (MNV“®, GenBank
accession No. JQ237823) were generated from molecu-
lar clones as previously described [38]. Briefly, plasmids
encoding viral genomes were transfected into 293 T cells
to generate PO infectious virus following with two pas-
sages on BV2 cells to liberate P2 virions. P2 stocks were
aliquoted and stored at —80 °C. Titers of virus stocks
were determined by three independent plaque assays on
RAW?264.7 cells prior to use.

Cell viability-based anti-MNV screening

BV2 cells were plated at a density of 10,000 cells/well in
black 96-well microplates 16—18 h before infection. Cells
were then infected with MNVEY3 or MNV<Ré at a MOI
(multiplicity of infection) of 0.25 followed by cell cul-
ture media replacement with 40 pg/mL of the indicated
compounds or only DMSO as the vehicle control for 24
h (MNVE¥3) or 36 h (MNVER®), Cell viability was then
determined by measuring ATP levels using the CellTiter-
Lumi™ luminescence cell viability assay kit according to
the manufacturer’s instruction (C0065, Beyotime Bio).

MNV plaque assays

MNV infected cells were harvested at 24 h post infection
(hpi) and frozen at —80 °C. RAW264.7 cells were seeded
at 1.8x10° cells/well in 6-well plates. 16 h later, media
was removed and tenfold serial dilutions of cell lysate was
applied to each well for 1 h with gentle rocking on a dig-
ital rocker at 8 rpm. Viral inoculum was then aspirated
and 2 mL of overlay media was added (MEM, 10% FBS,
2 mM L-Glutamine, 10 mM HEPES, and 1% methylcel-
lulose). Plates were incubated for 2 days prior to visuali-
zation with crystal violet solution (0.2% crystal violet and
20% ethanol).
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MNV RNA extraction and viral genome copies
quantification

Reverse transcription quantitative PCR (RT-qPCR) was
performed to measure the number of MNV genome cop-
ies. RNA was extracted from infected cells using a Viral
RNA Kit (R1074-02, OMEGA) according to the manufac-
turer’s protocol. 1 pg total RNA was used as a template
for cDNA synthesis with the NVoScript®Plus All-in-one
1st Strand ¢cDNA Synthesis system (E047, Novoprotein).
MNV TaqMan assays were performed with TagMan'"
Fast Advanced Master Mix (4,444,557, Applied Bio-
systems), using a standard curve for determination of
absolute viral genome copies as previously described
[39]. Primers used were: Forward primer CACGCCACC
GATCTGTTCTG, Reverse primer GCGCTGCGCCAT
CACTC, MGB probe 6FAM-CGCTTTGGAACAATG-
MGBNEFQ. Copy number was determined by comparing
Ct values to a standard curve generated by dilution of a
gBlock (IDT) encoding the target sequence.

Expression and purification of MNV and HNV RdRp

The gene of MNVSW? RdRp was inserted into the pET-
42a (+) vector and transformed into BL21 (DE3) E. coli.
Protein was induced at an O.D. 600 of 0.6 with 1 mM
IPTG and incubated at 37 °C for 5 h. Afterwards, bacte-
rial pellets were harvested, and lysed with lysozyme and
TieChui™ E. coli Lysis Buffer (BR00005-01, ACE Bio),
followed by centrifugation at 9,000g for 15 min at 4 °C
to separate the lysate. MNVSY3 RdRp protein was then
purified using the BeyoGold™ GST-tag Purification kit
(P2251, Beyotime Bio) according to the manufacturer’s
instructions. Finally, the concentration of protein was
quantified using the BCA Protein Assay kit (20201ES86,
Yeasen), and the purity of the RdRp was assessed through
SDS-PAGE analysis.

The HNV RdRp sequence (G II 0.4/Sydney/2006, Gen-
Bank accession No. DQO078829) [40] was synthesized
and inserted into the pET-21a (+) vector (General Biol).
The protein expression procedure was the same as for
MNVW3 RdRp. HNV RdRp protein was purified using
the BeyoGold™ His-tag Purification kit (P2226, Beyotime
Bio) according to the manufacturer’s instructions.

RdRp inhibition assay

Polymerase activity was measured by the detection of
the formation of double-stranded RNA (dsRNA) synthe-
sis from poly(C), utilizing the fluorescent dye PicoGreen
[41]. RdRp assays were performed as previously described
[42]. Black 96-well plates were used to protect the reac-
tion mixture from light. Specifically, in vitro RNA syn-
thesis assays utilized single-stranded RNA poly(C) as a
template and GTP as a substrate in a 100 pL reaction vol-
ume. 8 pL aliquot of MNV RdRp (35 uM), or HNV RdRp
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(35 uM) prepared in reaction buffer (10 mM PBS, pH7.5,
2.5 mM MnCl,, 5 mM DTT), was first incubated with
either 4 uL of 100 pM compound or a serial concentra-
tion of compound (0-500 pM, when IC;, was performed)
at 30 °C for 10 min. This was followed by the addition of
4 uL of 1 mg/mL poly(C) (P4903, Sigma-Aldrich) and 4
pL of 625 uM GTP (G452636, Aladdin) to the mixture,
and further incubation for 30 min at 30 °C. The final reac-
tion system contains 2.8 uM MNV RdRp, or HNV RdRp,
40 pg/mL poly(C) and 25 pM GTP, along with 4 uM
Co-29. The reaction was halted by adding 10 mM EDTA.
For detection, 100 pL of PicoGreen dye (P7581, Invitro-
gen) pre-diluted 200-fold in TE buffer (10mM Tris—HCl,
1mM EDTA, pH7.5) was introduced into each well and
incubated for 5 min at room temperature. Quantitative
assessment of double-stranded RNA was then performed
using a microplate reader at standard wavelengths (exci-
tation 480 nm, emission 520 nm).

Size-exclusion chromatography (SEC) was used to
detect the effect of Co-29 on RdRp protein dimer for-
mation. The experiment was carried out with RdRp pro-
tein with or without Co-29 as mixtures on a Superose
6 10/300 GL column (GE Healthcare) pre-equilibrated
with a buffer containing 20 mM Tris—HCI (pH 8.0), and
150 mM NaCl. The compound concentration was 60 uM.
Liquid flow rate used was 0.4 mL/min.

Molecular docking

ChemDraw 20.0 was used to draw the structural formula
of the compound, which was then saved in sdf format.
Next, Chem3D 20.0 was used to open the structural for-
mula drawn in the previous step to optimize the mechan-
ical structure (click Calculations to select MM2, then
continue to select Minimize Energy and the parameters
are default, click Run, finally save the result as a mol2 for-
mat). The crystal structures of MNV<W3 RdRp (PDB ID:
4NRU) and HNV RdRp (PDB ID: 4L.Q3) were acquired
from the RCSB Protein Data Bank. Molecular docking of
Co-29 and RdRp was performed using AutoDock4. Co-29
and RdRp were converted from their native formats into
pdbqt formats with AutoDockTools 1.5.7. The structures
were optimized by deleting water molecules, removing
organic, and adding hydrogen atoms. Then the molecu-
lar docking was performed using AutoDockTools 1.5.7.
The Lamarckian genetic algorithm was selected as the
docking algorithm and select 10 docking times. All dock-
ing run options were default values. Finally, the docking
results with the highest scores were visualized by PyMoL
[43]. The diagram for proteins and Co-29 interaction was
generated by the LIGPLOT program [44].
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Statistical analysis

All experiments were performed with>3 biological
repeats. Data were analyzed with GraphPad Prism 8
software, expressed as Mean+SD. In all graphs, four
asterisks indicate a P value of<0.0001, three asterisks
indicate a P value of<0.001, two asterisks indicate a P
value of<0.01, one asterisk indicates a P value of<0.05,
and ns indicates not significant (P>0.05) as determined
by Mann Whitney test when comparing two groups, or
one-way ANOVA with Tukey’s multiple comparisons test
when comparing three or more groups.

Results

Cell viability-based anti-MNV compounds screening
Following the procedure described previously [35, 45], 41
5-cyano-2-thiacetoaryl pyrimidinone compounds were
synthesized by the molecular hybridization method as
illustrated in Scheme 1. These compounds were char-
acterized by 'H NMR and HRMS for their structural
accuracy.

MNYV replicates and induces cell death in murine mac-
rophage-like cells, including the microglial BV2 cell line.
BV2 cells were infected with MNVEY3 for 1 h, and then
treated with 40 pug/mL of the synthesized compounds
individually. The ratio of live cells (i.e. cell viability) was
measured after 24 h incubation. Addition of 40/41 of
the compounds tested did not result in increased live
cell number. Only one of them, Co-29, exhibited a sig-
nificantly increased cell viability of 36.9%, compared to
the negative control (DMSO only) of about 2.7% (Sup-
plementary Fig. 1A), indicating a preliminary anti-MNV
activity of Co-29.

Co-29 inhibits MNV"3 replication in cell culture

We further validated the anti- MNV<Y3 activity of Co-29
in cell culture. During the screening, only 40 pg/mL
of each compound was used for convenience. We then
examined the concentration effect of the antiviral activity
of Co-29. We found that Co-29 showed significant antivi-
ral activity in BV2 cells after MNV<Y? infection at a con-
centration from 30 to 60 ug/mL (Fig. 2A). The lower cell
viability at 60 and 70 pg/mL might be resultant from the
cytotoxicity of this compound, since the CCs, of Co-29
in BV2 cells was about 52.20 pug/mL (126 pM) (Supple-
mentary Fig. 1B). We next treated MNVSY3 infected
BV2 cells with 40 pg/mL (97 uM) of Co-29 to examine
the inhibition of viral replication. By quantification of the
viral genome copies after 24 h treatment, the RNA level
of MNV®W3 was more than 2 Log,,-fold decreased in the
Co-29 treated group than in the DMSO vehicle control
group (Fig. 2B), with an EC, value of 58.22 uM (Fig. 2D),
which was well below the CCs, value (126 uM). Plaque
assays were also used to detect the antiviral activity of
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Co-29. As shown in Fig. 2C, Co-29 dramatically inhibited
the formation of MNVS¥? plaques, reflecting the viral
titer.

To re-verify the inhibitory effect of Co-29 on MNV at
the molecular level, we used another commonly used
cell line for in vitro MNV infection, the macrophage-like
cell line RAW?264.7 [46]. Similar as seen in the BV2 cells,
Co-29 showed significant antiviral activity at a concentra-
tion from 30 to 60 pug/mL, with a maximum effectiveness
at 40 pug/mL (Fig. 2E). We used a NA, 2CMC, which has
been shown to inhibit HNV [47] and MNYV [19] infec-
tion, as a positive control to compare its antiviral activ-
ity with Co-29’s. At the same concentration (40 pg/mL),
both 2CMC and Co-29 treatment resulted in decreased
MNVS¥3 genome copy number (Fig. 2F) and viral titers
(Fig. 2G), with a trend toward a more inhibitory effect
by Co-29 (Fig. 2F, G). Further assessment of the CCg,, of
Co-29 in RAW264.7 cells was 104.9 pM (Supplementary
Fig. 1C). Thus, the inhibitory effect of Co-29 on MNV<¥3
is not dependent on cell type, but rather appears to be
viral-specific, indicating the potential of Co-29 as an anti-
MNYV candidate.

Co-29 inhibits MNV®® replication in cell culture

MNV<RE is another wildly used strain which causes per-
sistent enteric infection in mice [48]. We then examined
if Co-29 also shows antiviral activity in BV2 cells infected
by MNVR®, Similar to the MNVS¥? results, Co-29
exhibited inhibition of MNVR® replication in BV2 and
RAW?264.7 cells, accompanied with increased cell viabil-
ity (Fig. 3A, D), low levels of viral genome copies (Fig. 3B,
E), and decreased plaque numbers (Fig. 3C, F). These
results indicate the potential for a broad anti-MNV activ-
ity of Co-29.

Co-29 inhibits norovirus RdRp activity

Based on the strategy to synthesize the serial com-
pounds in this study, we hypothesized that Co-29 may
have a direct inhibitory effect on the activity of MNV
RdRp. To explore this hypothesis, we expressed and
purified RARp of MNV<¥3 in E. coli. The purity of the
protein was assessed by Commassie brilliant blue stain-
ing of SDS-PAGE gels (Supplementary Fig. 2A, B) and
size-exclusion chromatography (SEC) (Supplementary
Fig. 2C, D). We then evaluated the inhibitory activity of
Co-29 against MNV RdRp by an in vitro fluorescent de
novo RdRp assay [42]. Co-29 was tested and compared
to mock treated samples containing vehicle only (0.5%
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The predicted interaction of Co-29 with norovirus RdRp

Norovirus RdRp possesses three major domains termed
the thumb, fingers, and palm [15, 16]. To better under-
stand the interaction of Co-29 with norovirus RdRp,
we conducted a molecular docking assessment to pre-
dict the binding mode of MNV RdRp and HNV RdRp
in complex with Co-29. The structure of Co-29 is
depicted in Fig. 5A. Using the AutoDock program, we
first docked Co-29 into the crystal structure of MNV
RdRp in complex with the inhibitor Compound 6 (a
Suramin derivative) (PDB ID: 4NRU) [49]. As shown
in Fig. 5B, the binding pocket of Co-29 locates in the
palm subdomain of MNV RdRp (Fig. 5B), and prefer-
entially binds to amino acids Asp240, Asp242, Asp343,
Asp344, Glu345, and Arg392 at the active site (Fig. 5C),
with a binding energy of —7.29 kcal/mol. A schematic
diagram of these interactions was generated by using

LIGPLOT [44]. Four hydrogen bonding interactions
occur between Co-29 and MNV RdRp (Fig. 5D). The
first is the one between Arg392 of MNV RdRp and the
carbonyl group on the C-2 thioacetyl phenyl amine
side chain. In addition, Asp240, Asp344, and Glu345
forms three hydrogen bonds with the pyrimidine ring
of Co-29. Further, we put Co-29 with Compound 6 or
PPNDS (PDB ID: 404R) [29] separately into the MNV
RdRp structure to compare their interaction locations
and found no overlap between each group (Supplemen-
tary Fig. 3A, B), indicating a novel interaction between
Co-29 and MNV RdRp other than occupying either the
NNI binding A site and B site in norovirus RdRp.

In addition to exploring the interaction between the
compound and MNV RdRp, we also predicted whether
Co-29 binds to HNV RdRp. Using the same method, we
docked Co-29 to the crystal structure of HNV RdRp in
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complex with inhibitor PPNDS (PDB ID: 4LQ3) [26].
The binding pocket of Co-29 locates into the palm sub-
domain of HNV RdRp (Fig. 5E). The main amino acids
contributing to the interaction in the binding cavity are
Thr370 and Val380 (Fig. 5F). Val380 forms two hydrogen
bonds with the pyrimidine ring of Co-29 at different sites
(Fig. 5G). The binding energy of Co-29 with HNV RdRp
is —5.99 kcal/mol, slightly higher than the binding energy
with MNV RdRp (—7.29 kcal/mol). This energy differ-
ence was mainly due to less hydrogen bonds between
Co-29 and HNV RdRp, preventing their effective inter-
action. Additionally, there exists no overlap between the
interaction locations of Co-29 and PPNDS with HNV
RdRp (Supplementary Fig. 3C).

To evaluate the effectivity of Co-29 as a potential
broad-spectrum compound against norovirus viral infec-
tion and RdRp activity, we aligned multiple sequences
of RdRp from different viral genotypes from mouse and
human (Supplementary Table 3). We then analysed the
conservation of binding sites of Co-29 with RdRp across
these norovirus variants, and found the Co-29-interact-
ing residues in MNV RdRp were highly conserved in all
analysed sequences (Fig. 6). The HNV GIL4 genotype has
long been the predominant cause of gastroenteritis out-
breaks globally, being renowned for its high infectivity
and capacity to cause large-scale outbreaks [50]. The Co-
29-interacting residue Val380 of HNV RdRp in the GII
variants GII.4/Sydney/2006 and GII.4/Sydney/2012 [40,
51] were conserved (Fig. 6). These results suggest that
Co-29 may be a general inhibitor of norovirus RdRp.

Discussion

Norovirus has been circulating in the human popula-
tion for more than 50 years [52]. Ever since its discovery,
norovirus has been recognised as a significant etiological
agent of acute gastroenteritis. In recent years, the inci-
dence of acute gastroenteritis associated with norovirus
has been steadily increasing, causing both a clinical and
economic burden [4, 8]. GIL4 is the predominant geno-
type of HNV. With successive accumulation of mutations
on VP1, which causes a shift in antigenic properties,
facilitating variants escape from the immune system [53].
In the past few years, the GI1.17 variant has led to numer-
ous outbreaks, including in developed countries [4, 54].
As well as VP1, RdRp contains a variable motif, con-
tributing to the genetic and antigenic diversity of HNV
[55]. Due to the extreme infectivity, genetic diversity, and
rapid evolution, norovirus possesses the ability to pose a
serious threat to human health while hindering the devel-
opment of effective vaccines or antiviral drugs.
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While there is a growing interest in developing antivi-
ral drugs for norovirus, treatments remain limited, and
prevention through hygiene is still the primary strategy
for managing norovirus outbreaks. RdRp is the critical
and highly conserved enzyme for viral genome synthe-
sis among different norovirus strains and even across
RNA viruses, which endows it as an ideal antiviral drug
target. Also because of this reason, antiviral compounds
developed against other RNA viruses have been com-
monly examined for repurposing as norovirus therapeu-
tics [34]. For example, the wildly studied anti-norovirus
agent 2CMC was originally developed against HCV, but
it also exhibited in vitro activity against other flaviviruses,
including DENV[56]. A study evaluating the antiviral
activity of six HCV NNIs against the HNV RdRp found
that JTK-109 had antiviral activity across several genera
of Caliciviridae with a low ICy, value for HNV RdRp
and ECy, for MNV replication [28]. Recently, a group
performed a structure-based virtual screening taking
advantage of the structurally equivalent site in DENV
and HNV RdRp, identifying RAI-13 as a potent inhibi-
tor to both HNV and DENYV infection [27]. In recent
years, our group have launched the strategy of design and
synthesis of a new series of scaffolds based on the core
structure of compounds with good anti-HCV or -HIV
activity to acquire novel compounds against other RNA
viruses such as ZIKV and DENV [37, 57]. The series of
novel 5-cyano-2-thiacetyl aromatic pyrimidinone target
compounds used in this study were synthesized with a
skeleton bearing common structure of anti-HCV and
anti-ZIKV drugs [37]. With a similar design strategy, one
newly synthesized compound has been shown to inhibit
DENYV RdRp enzyme activity [35], indicating the feasibil-
ity and effectiveness of this repurposing antiviral strategy
to develop new drug candidates for norovirus infection.

In this study, we synthesized a compound library with
41 5-cyano-2-thiacetyl aromatic pyrimidinones using
molecular hybridization method with 3jc, a HCV RdRp
inhibitor [36], and 4w, a ZIKV RdRp inhibitor [37] as the
lead compounds. We then performed a screening with
MNYV in vitro infection in cell culture system to find
hit targets showing antiviral activity. Since the discov-
ery of MNV, it has been used as a powerful in vitro and
in vivo model for norovirus studies [58]. MNV replicates
and induces cell death in murine macrophage-like cells,
including the microglial BV2 cell line and RAW264.7
cells. This fact allows for the in vitro cell viability-based
screening of compounds which exhibit anti-MNV activ-
ity, resulting in an increased ratio of live cells. One of
the compounds, Co-29, was identified as a potential
target. Co-29 treatment effectively inhibits MNV RNA
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replication (EC5,=58.22 pM) and viral proliferation, lead-
ing to significantly increased live-cell number using two
MNV strains in two different cell lines. An RdRp enzyme
activity assay indicated that Co-29 directly inhibits the
enzyme activity of both MNV RdRp (IC;,=32.04 pM)
and HNV RdRp (IC4;=36.62 pM). Molecular docking
prediction suggested that Co-29 interaction with the
active sites of RdRp via specific residues, which are dif-
ferent from the known compound-binding sites previ-
ously reported. Furthermore, the predicted binding sites
of Co-29 are highly conserved across the various MNV
and HNV strains, indicating the broad-spectrum antivi-
ral activity of Co-29 against norovirus.

Great efforts have been put on anti-norovirus drug
identification through different screening strategies.
Structure-based virtual screening or cell-free inhibition
of RdRp enzyme activity are frequently used approaches
in previous studies [34]. A big limitation to these meth-
ods is the effectivity of the identified potential drugs in
living cells or animals. We performed the screening in cell
culture by detecting the live cell ratio after MNV in vitro
infection. Therefore, we could monitor the cell viability to
estimate the antiviral effect of the screened compounds,
since almost 100% infected cells would die by infection
with a certain amount of virus at the indicated time. By
utilizing this cell-based assay we were able to identify
authentic antivirals, excluding possible artificial results,
resulting in compound discovery with a higher potential
for in vivo therapeutics.

It should also be noted that although Co-29 treatment
resulted in significant decreased MNV RNA copy num-
ber and low viral titer compared to vehicle control or
even 2CMC treatment, the EC,, or ICy, values of Co-29
are still high to a certain extent, compared to the other
antiviral compounds identified from previous studies [34,
59]. Therefore, further structure-based optimization of
Co-29 is needed to improve the efficiency against noro-
virus RdRp and reduce the cytotoxicity to develop more
potent inhibitors. Also, an in vivo mouse infection model
is needed to be developed to prove a platform to assess
the potential of anti-norovirus compounds, including
Co-29, or structure-optimized compounds based on
Co-29.

Conclusions

In conclusion, our study suggests that the newly synthe-
sized Co-29 may serve as a potential antiviral agent in the
management of norovirus infections.

Abbreviations

CCsp Concentration of 50% cytotoxicity

DENV  Dengue virus

ECso Concentration for 50% of maximal effect
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FBS Fetal bovine serum
FDA Food and drug administration
HCV Hepatitis C virus

HIV Human immunodeficiency virus

HNV Human norovirus

hpi Hours post-infection

1Cso Half maximal inhibitory concentration
MNV Murine norovirus

MOI Multiplicity of infection

ORFs Open reading frames

PFU Plague forming unit

RdRp  RNA-dependent RNA polymerase
SEC Size-exclusion chromatography
ZIKV Zika virus

2CMC  2’-C-methylcytidine
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