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Abstract

In recent decades, viral outbreaks have significantly threatened global health, with herpes simplex virus type 2
(HSV-2) being one of the most prevalent infections. This study evaluated novel spiropyrimidine derivatives as
potential antiviral agents against HSV-2, building on previous research that examined spirocyclic thiopyrimidinone
derivatives against human coronavirus 229k (hCoV-229E). Among the eleven synthesized compounds,
spiropyrimidinone derivative 3 demonstrated promising antiviral activity, with a selectivity index of 11.2. The

drug mechanism of infection studies indicated that compound 3 primarily inhibits HSV-2 at the viral adsorption
stage, achieving approximately 83% inhibition and reducing viral multiplication by 34%. Its efficacy is linked to its
diketone moiety, which is known for its ability to enhance antiviral effects. Furthermore, the effect of compound 3
on viral inhibition is reflected in the level of caspase-3 protein expression, revealing that the apoptotic pathway is
modulated. Docking studies revealed multiple interactions with herpes virus entry mediator (HVEM), indicating its
potential as an entry inhibitor. These findings confirm that compound 3 could be a potential candidate for further
development in HSV-2 antiviral therapy.
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Introduction

In the past few decades, humanity has faced numerous
large-scale outbreaks of viral diseases that have posed
significant threats to human life and well-being. Exam-
ples of such outbreaks include COVID-19, avian influ-
enza, Zika virus, and Monkeypox, among other various
viral infections that affect humans. Herpes simplex virus
stands out as one of the most prevalent, with over two-
thirds of the global population being infected [1]. The
World Health Organization (WHO) reported that her-
pes simplex virus type 2 (HSV-2), which is transmitted
primarily through sexual contact, affects approximately
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500 million individuals worldwide between the ages of 15
and 49. Each year, there are approximately 20 million new
cases of HSV-2, surpassing the number of new cases of
other sexually transmitted diseases (STDs) or the num-
ber of sexual partners. Notably, the prevalence of HSV-2
is particularly high in sub-Saharan Africa, reaching 70%.
This high prevalence in the region may contribute to the
transmission and spread of HIV-1 [2].

Herpes simplex virus type 2 is a double-stranded DNA
virus enveloped with a multitude of glycoproteins on its
surface. These glycoproteins play crucial roles in viral
propagation and are subject to cleavage by proteases,
highlighting the intricate interplay between different viral
components. HSV-2 belongs to the Herpesviridae fam-
ily, specifically the Alphaherpesvirinae subfamily, which
includes eight human viruses capable of causing chronic
infections and psychological distress [3]. Following the
initial infection, herpes viruses establish latency within
the sensory neural ganglia, typically the sacral ganglion,
in the case of HSV-2 infection [4]. HSV infections are
pervasive and can manifest in various forms, ranging
from localized mucocutaneous lesions to disseminated
infections affecting individuals of all age groups. Neo-
natal herpes simplex virus disease, in particular, carries
a high risk of morbidity and mortality [5]. Widespread

HSV-2 infection can lead to painful blisters or ulcers that
commonly affect the skin, mouth, lips, eyes, and geni-
tals, leading to a range of diseases, such as encephalitis,
meningitis, cold sores, genital herpes, and herpes stromal
keratitis. Unfortunately, no vaccines are currently avail-
able for the prevention of HSV-2 infection [6].

The effectiveness of current antiviral drugs against
HSV-2 is limited by their potency and the potential for
adverse side effects. These drugs can be classified into
two categories: nucleoside inhibitors and nonnucleoside
inhibitors. Examples of nucleoside inhibitors include acy-
clovir, penciclovir, ganciclovir, famciclovir, and valacy-
clovir. Noninoside inhibitors include foscarnet, cidofovir,
and docosanol [7]. However, the emergence of drug-
resistant strains of the virus has highlighted the urgent
need for more efficient treatment options. To address this
challenge, researchers have developed a diverse range of
pyrimidine-based antiherpes drugs, some of which are
already approved and available on the market (Fig. 1).

Structurally, acyclovir, ganciclovir, valacyclovir, and
penciclovir share a common aminopurine scaffold, spe-
cifically the imidazopyrimidine moiety, but with differ-
ent substituents at the 9-position. These compounds are
nucleoside analogs and are among the most commonly
used drugs for HSV-2 treatment. On the other hand,
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Fig. 1 Antiherpes drugs containing pyrimidine moieties

cidofovir is an acyclic monophosphate nucleotide analog
with an aminopyrimidinone fragment. Idoxuridine, on
the other hand, is a nucleoside analog with an iodopyr-
imidindione moiety resulting from the modification of
deoxyuridine [8]. In continuation of the efforts dedicated
to the development of antiherpes drugs, we synthesized
new nonnucleoside siprothiopyrimidine derivatives to
investigate their antiherpes activities.

Materials and methods

Preparation of the compounds, cells and virus

All synthetic compounds were prepared according to
the methods of Ragab et al. [9] and dissolved in dimethyl
sulfoxide (DMSO) to prepare a 100 mg/ml stock, and
adherent African green monkey kidney cells (Vero)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) and a 1% antibiotic penicillin/streptomycin mix-
ture. The human herpes simplex virus type 2 was kindly
provided by Nawah-Scientific Centre, Egypt.

Statistical analysis: The data were analyzed via Graph-
Pad Prism analysis software version 5 for Windows
(developed by GraphPad Software, Inc., USA). The data
were analyzed via Student’s t-test and ANOVA (analy-
sis of variants) via the SPSS statistical software pack-
age version 20. The data are expressed as the means and
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standard deviations (SDs). p<0.05 was considered to
indicate statistical significance.

Screening for cytotoxicity via a crystal Violet assay

A volume of 100 pL of cell suspension containing 10*
cells was placed in each well of a 96-well plate. The plates
containing the cells were then placed in a 5% humidified
CO, incubator at 37 °C for 24 h to allow the cells to form
a confluent monolayer. By twofold serial dilution, each
compound was diluted in 0.01 mL of medium, starting
with a concentration of 1000 pg/ml. The diluted com-
pounds were then cultured for 72 h at 37 °C in an envi-
ronment with 5% CO,. Each concentration was tested 3
times. After the incubation period, the supernatant was
discarded, and the cells were washed with 1x phosphate-
buffered saline (PBS). The cells were then fixed with 100
uL of 10% formaldehyde and incubated at room tempera-
ture for 20 min. The cells were subsequently washed five
times with running water. Next, 50 pL of a 0.1% solu-
tion of crystal violet dye (LOBA CHEMIE. LTD; C.I.No.
42555) was added to each well and incubated for 15 min.
The cell monolayers were washed again and allowed to air
dry. Finally, the crystal violet dye was dissolved by adding
200 pL of methanol, and the mixture was incubated for
20 min. The absorbance was measured via an ELISA plate
reader (FLUOstar Omega Q) at a wavelength of 570 nm
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[10]. Cell viability was calculated as a percentage of the
average optical density of the cell controls, which was set
to 100%. The 50% cytotoxic concentration (CCs,) was
calculated via mean dose-response curves via GraphPad
Prism.

Screening the antiviral activity by MTT

In accordance with the previous section, the CCy, (50%
cytotoxic concentration) of each compound was deter-
mined as the starting point for screening its antiviral
activity. A volume of 100 pL of cell suspension containing
10* cells was added to each well of a 96-well plate. The
plates with the cells were then placed in a 5% humidi-
fied CO, incubator at 37 °C for 24 h to allow the cells to
adhere and form a monolayer. The cell monolayers were
subsequently washed once with 1x phosphate-buffered
saline (PBS) and infected with herpes simplex virus type
2 (HSV-2) (MOI=1) in triplicate for 1 h. After the infec-
tion period, 100 pL of each compound’s serial dilution
was added to the infected cells. A triplicate of untreated
infected cells was included as a positive control (VC), and
the mixture was incubated for 72 h at 37 °C in a 5% CO,
incubator. Following the 72-hour incubation, the super-
natant medium was removed, and the cell monolayers
were washed with 1x PBS. Then, 25 pL of a 0.5 mg/mL
solution of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) obtained from Sigma-Aldrich,
Saint Louis, MO, USA, was added to each well and
incubated for 2 h at 37 °C. The MTT reagent was sub-
sequently discarded, and 200 pL of acidified isopropanol
(1 N HCl in 99.9% isopropanol) was added to dissolve the
formazan crystals formed by the viable cells. Finally, the
color intensity was measured, and the absorbance was
recorded via an ELISA plate reader. The data obtained
were used to calculate the ICy, values (50% inhibitory
concentration) via nonlinear regression analysis. This was
accomplished by plotting the logarithm of the inhibitor
concentration against the normalized response. The anal-
ysis was performed via GraphPad Prism 5 analysis soft-
ware [11, 12].

Identifying the Inhibition mechanisms of action

To gain a better understanding of how each compound’s
antiviral activity inhibits specific steps in the viral cycle,
we investigated three mechanisms: virus adsorption,
virus replication, and viral fusion (virucidal). For the
adsorption mechanism, we seeded 100 pl of cell suspen-
sion into 96-well cell culture plates under the previously
mentioned conditions. After 24 h, the medium was dis-
carded, and the adherent cells were washed with 1x PBS.
Then, we added 100 pl of each promising compound at
a pretested safe cytotoxic concentration (CCy;) to the
cells in triplicate. The plates were then incubated at 4 °C
for 1 h to allow the compounds to adsorb onto the cell
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receptors. After incubation, the compound was removed,
and the cells were washed again with 1x PBS. Next, we
added 100 pl of the virus mixture (MOI=1) to each well
and incubated it for 1 h at 37 °C in a CO, incubator. The
virus was removed, and the cells were washed once more
with 1x PBS. Finally, we added 100 pl of maintenance
media containing 3% bovine serum albumin (BSA) and
incubated the plates for 72 h at 37 °C in a 5% CO, incuba-
tor. For the replication mechanism, we added 100 pl of
diluted virus (MOI =1) to a preseeded 96-well cell culture
plate and incubated it for 1 h at 37 °C in a CO, incubator.
After incubation, the virus was removed, and 100 pl of
each compound was added in triplicate. The plates were
then incubated for 1 h at 37 °C in a CO, incubator. Next,
100 pl of maintenance medium was added to each well.
For the virucidal mechanism, we mixed an equal volume
of the safe concentration of the pretested compound with
the virus dilution (MOI=1) and incubated the mixture
at room temperature for 1 h. We subsequently prepared
twofold serial dilutions of the mixture and inoculated
them into the cells, which were then incubated for 1 h
at 37 °C in a CO, incubator. After incubation, the super-
natant was removed, the cells were washed, and 100 pl
of maintenance media was added. The plates were then
incubated for 72 h at 37 °C in a 5% CO, incubator. Fol-
lowing the incubation periods, we removed the medium
and washed the cell monolayer with 1x phosphate-buft-
ered saline (PBS). Next, we added 25 pL of 0.5 mg/mL
MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide, Sigma-Aldrich, Saint Louis, MO, USA)
and incubated the plates for 2 h at 37 °C. After incuba-
tion, the MTT reagent was discarded, and 200 pL of
acidified isopropanol (1 N HCl in 99.9% isopropanol) was
added to dissolve the formazan crystals that had formed.
Finally, we measured the absorbance at A=570 nm via a
plate reader (FLUOstar Omega Q) [11, 12].

Western blotting

A 3 ml cell suspension was cultured in six-well cell cul-
ture plates supplemented with complete DMEM and
then incubated at 37 °C in a 5% CO, incubator for 24 h.
After incubation, the supernatant was discarded, and
the cell monolayer was washed with 3 ml of 1x PBS. The
cell monolayer was then treated in duplicate according
to the ICy,. Duplicates for cell and virus control were
included. The cell pellets were collected at 1, 3, 6, 12, and
24 h postinfection. The cell pellets were lysed with ice-
cold RIPA lysis buffer supplemented with fresh protease
inhibitor cocktail, incubated for 30 min on ice, and cen-
trifuged at 15,000 RPM at 4 °C for 20 min, after which
the supernatant was transferred to a fresh tube. The
total water-soluble protein concentration was quantified
via a bicinchoninic acid protein assay kit (Micro BCA™
Protein Assay Kit, REF: 23235; Thermo Scientific). Ten



Manie et al. Virology Journal (2025) 22:97

micrograms of protein were loaded in 2x Laemmli buffer
and separated via 12% sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE) along with a pro-
tein ladder (Cat. No. PM008-0500, GeneDirex, Taiwan).
The proteins were transferred to a 0.2 pm PVDF mem-
brane (REF.03010040001, Sigma Aldrich, St. Louis, MO,
USA) by a Mini-PROTEAN?® Tetra Cell and Mini Trans-
Blot (Bio-Rad) in transfer buffer (Bio-Rad Tris/Glycine
transfer buffer Cat. #1610734) for 45 min at 100 V and
350 mA. p-actin (REF. No. MA5-11869; Invitrogen) was
detected as a housekeeping protein against the Caspase-3
mAb (REE. No. 9662 S, Cell Signaling, Danvers, MA,
USA) at a 1:1000 dilution via horseradish peroxidase-
conjugated anti-mouse IgG (61-6520; Invitrogen) and
anti-rabbit IgG (31460; Invitrogen) diluted 1:3000. Bands
were detected via SuperSignal™ West Pico PLUS Che-
miluminescent Substrate enhanced chemiluminescence
(ECL, REF. 34577, Thermo Scientific, USA). Images were
captured with a Bio-Rad ChemiDoc gel documentation
imaging system and analyzed by Image Lab (Bio-Rad 6.1)
[13].

Molecular Docking
The crystal structure of the herpes simplex virus glyco-
protein bound to the HVEM receptor (PDB ID: 1JMA)
was retrieved from the RCSB Protein Data Bank [14]. To
prepare the protein, it was imported into the PDB Reader
and Manipulator module in CHARMMGUI. Initially,
only chain A, which corresponds to the HVEM receptor,
was retained for further processing. Missing hydrogen
atoms were added, and the system’s pH was adjusted to
7.4 to ensure accurate protonation states of the residues.
Additionally, residues 93 and 94 were modeled to address
any gaps. The resulting. pdb file was then imported into
Chimera, where partial charges were assigned via the
AMBER f{t14SB force field [15-18]. The modified pro-
tein structure was subsequently analyzed via fpocket and
CASTp to identify potential binding sites [19]. CASTp
identified a binding site involving residues GIn59, Cys81,
Gly94, His96, and Cys97, which was ranked second, with
a surface area of 15.855 A? and a volume of 8.815 A®.
Similarly, the pocket al.so ranked second, with a pocket
score of 24.7220, including residues Tyr45, GIn59, Thr76,
Glu77, Asn78, Ala79, Val80, Cys81, Gly94, His96, and
Cys97. Notably, the highest-ranked binding sites differed
between the two methods, leading to the selection of this
second-best site as the preferred binding site [20, 21].
The tested compounds (2, 3, and 5c) were drawn using
ChemBioDraw Ultra. They were prepared by adding
hydrogen atoms at pH 7, calculating partial charges via
AM1-BCC, and performing energy minimization to the
nearest local minimum via 1000 steps with the steep-
est descent algorithm in Chimera. The protein was then
imported into GOLD software, where a cavity file was
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created to specify the residues comprising the binding
site. The compounds were loaded into GOLD, generat-
ing 50 GA solutions for each compound, with ChemPLP
as the scoring function. The resulting poses were clus-
tered using a threshold of 1.5 A with the complete linkage
method. The best-ranked pose from the most populated
cluster was saved as a ligand-protein complex, which was
then uploaded to the Protein-Ligand Interaction Profiler
(PLIP) and visualized via PyMOL [22-23].

Results

The cytotoxicity and antiviral activity of the compounds
Recently, the synthesis of highly bioactive azo dye deriva-
tives by the diazocoupling of aryl diazonium compounds
with spirocyclic thiouracil and their antiviral activity
against RNA viruses were evaluated [9, 24]. These com-
pounds were prepared according to the authors’ previ-
ous protocol from the starting precursor 1 using three
alkylating agents: methyl iodide, a-chloroacetylacetone,
and a-chloroacetoacetanilide (Fig. 2). Two series of azo
dye derivatives, 5a-f and 6a-c were generated through the
diazotization of the two starting precursors, spirothiopy-
rimidinones 1 and 4, respectively, under basic conditions
in satisfactory yields. Spiropyrimidinone 1 contains one
active methine proton at the 5-position of the pyrimidi-
none nucleus, whereas the other derivative, 4, contains
an additional active methine proton on the diketone
fragment. The aryl diazonium salts were directed mainly
toward the methine center of compound 4, which is
in close proximity to the nitrile and carbonyl groups of
the pyrimidinone nucleus. Various aryl diazonium salts
have been developed utilizing aniline, para-substituted
(chloro and methyl) aniline, and sulfa drugs as biological
counterparts. The previous results of these compounds
against RNA coronavirus encouraged the authors to
investigate their antiviral activity against DNA viruses,
particularly herpes simplex virus type 2. In this study, the
authors evaluated the efficacy of 11 newly synthesized
pyrimidine derivatives on the viability of Vero cells. The
compounds were serially diluted and added to the cell
culture, and the cell viability was determined after 72 h
via crystal violet assay. The findings showed that most of
the new derivatives were not toxic to Vero cells at doses
up to 995 micrograms per milliliter (Table 1) Figure 3.

Inhibition mechanisms of action

The evaluation of antiviral activity revealed that com-
pounds 2, 3, and 5¢ were the most promising new inhibi-
tors of human herpes simplex virus type-2 (HSV-2)
among all the tested compounds, which serve as antivi-
ral models for DNA virus inhibition. These compounds
demonstrated varying degrees of antiviral activity against
HSV-2. The 50% inhibitory concentration (ICs,) for these
active compounds ranged from 13.9 to 130 pg/ml, as
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Fig. 2 Synthesis of spirocyclic thiopyrimidinones 2-6

Table 1 Results of the cytotoxicity and inhibitory concentrations
of the compounds in various cell lines

Compound CCyp (ng/ml) 1C5o (ug/ml) Sl

2 565.5 130.1 434
3 509.30 4542 11.21
5a 43.89 973.7 0.045
5b 1243 5363 0.231
5¢C 53.66 13.94 3.84
5d 4655 2171 2.14
Se 102.6 3458 0.296
5f 107.0 398.6 0.268
6a 6239 5379 1.15
6b 940.1 5406 0.173
6c 42.09 748.8 0.056

0-5°C

detailed in Table 1. Notably, compound 3 effectively sup-
pressed HSV-2 with a favorable selectivity index of 11.2,
indicating that it is a strong candidate for further devel-
opment as an antiviral drug. This study also explored the
mechanism of action of these three compounds to gain a
deeper understanding of their inhibitory effects on HSV-
2. These findings revealed that compound 3 had a sig-
nificant effect on a crucial stage of the HSV-2 life cycle:
viral adsorption. Specifically, 3 resulted in approximately
83% inhibition of HSV-2 adsorption, which is the pro-
cess through which the virus attaches to and enters host
cells. Furthermore, the results indicated that compound
3 also affected another important stage of the HSV-2
life cycle: viral replication, 34% inhibition, and 8% viru-
cidal, where the drug directly affects the vial structure.
Next, compound 5c had 42% inhibition of adsorption,
30% replication, and 15% virucidal mechanism. Finally,
compound 2 inhibited adsorption by 32%, replication by
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Fig. 3 The plots of the CCs, and ICg, values are presented in Table 1 for the most promising compounds (2, 3, and 5¢)

26%, and the virucidal mechanism by 8%. Importantly,
the data showed that the compounds did not influence
the virucidal process, indicating that they did not directly
inactivate viral particles. (Fig. 4). Additionally, micros-
copy images revealed the effects of compound 3-induced
HSV-2 inhibition through an adsorption mechanism on
Vero cells compared with those of the control and control
viruses. (Fig. 5)

Western blot

To further validate the impact of promising compounds
in mitigating the cellular cytopathic effect (CPE) induced
by viral infection, we examined the expression of the
caspase-3 protein, which is crucial for the regulation of
apoptosis. The objective was to determine whether the
reduction in CPE observed with the tested compounds
(2, 3, and 5c) was related to alterations in the apoptosis
pathway. The results indicated that caspase-3 expression
levels, as assessed by Western blotting, decreased at vari-
ous postinfection time points (1, 3, 6, 12, and 24 h) in the
drug-treated viral samples compared with those in the
control samples. These findings suggest that the reduc-
tion in CPE caused by compound 3 may be specifically
associated with its ability to HSV-2 viral infection, hence

downregulating the expression of the caspase-3 protein.
(Fig. 6).

Molecular Docking

Finally, docking studies were conducted to investigate
the binding mode of compound 3 to the herpes virus
entry mediator (HVEM) (PDB ID: 1JMA). The diketone
moiety is recognized for its role in enhancing the inhibi-
tory effectiveness of related compounds against various
viruses, including the NS2BNS3 proteases of the West
Nile virus and the Mayaro virus [25, 26]. In our recent
study [24], we reported that incorporating the PhNHOC-
CH-COMe group into spiropyrimidine compounds led
to a twofold increase in their antiviral activity against
human coronavirus 229E (HCoV-229E). In the best-
ranked binding mode of compound 3, several interac-
tions were observed with the (PhNHOC-CH-COMe)
group. Hydrogen bonds formed with the side chains of
Asn78 and His96, whereas hydrophobic interactions
were noted with Val80 via the terminal methyl group of
compound 3 and with Asp95 through the phenyl moiety
of the compound. Additionally, - stacking interactions
occurred between the phenyl group of compound 3 and
the pyridine ring of His96 (Fig. 7).
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Fig. 4 Mechanism of action of drug candidates 2, 3, and 5c in HSV-2 inhibition. The histograms show the different percentages of HSV-2 inhibition
resulting from three different mechanisms of the viral infection life cycle: adsorption, replication, and virucidal. The histogram data are expressed as the
mean +S.D. of three independent experiments of viral inhibition mechanisms of action against cell control. Groups were statistically analyzed by f tests
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Discussion

Herpes simplex virus (HSV) is a human epidemic that
poses a threat to public health. Globally, millions of peo-
ple are exposed to herpes simplex virus (HSV), with a
global seroprevalence of 66% [27], which includes latent
infection in neurons, lytic infection of mucosal cells, and
reactivation on a regular basis. The advanced immune
evasion techniques of HSV lead to several illnesses, such
as malignancy, newborn encephalitis, and genital lesions.
An efficient preventive or therapeutic vaccination against
HSV has not yet been developed. despite more than 70
years of continuous research, mainly because of our lim-
ited knowledge of virus-host interactions. The human
herpes simplex virus type-2 (HSV-2) is a member of the
herpes viral family, which is a group of viruses that infect
most people. It is the source of genital herpes, which is
the most widespread sexually transmitted disease (STD)
worldwide and causes mild to life-threatening infections
in humans. It is often an undetected chronic infection

that might increase the prevalence of human immuno-
deficiency virus (HIV). Antivirals are useful for limiting
viral shedding and the duration of symptoms [28-30].

Hence, in this study, we demonstrate a chemical design
that synthesizes a novel family of spirocyclic thiopyrim-
idinone derivatives by integrating several bioactive moi-
eties (pyrimidine, cyano, azo, sulfonamide, diketone, and
spirocycles) into a single hybrid. In this context, research-
ers have mentioned the antiviral effects of one or more
members of the same chimeric family on low pathogenic
corona virus (229E) [9, 31]. On the basis of these stud-
ies, we investigated the compounds’ cytotoxicity, antiviral
efficacy, and mechanism of action of these new molecules
against HSV-2.

At the cytotoxic level, the promising compounds pre-
sented various IC50 values ranging between 13.94 and
130 pg/ml. While the present data revealed that com-
pound 3 presented the best SI of 11.21, with an ICy; of
45.42 pg/ml, compound 2 presented the best IC;, of
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Fig. 5 Microscopy images of the morphological changes in HSV-2-infected Vero cells (MOI=1) treated with compound 3 via different viral infection
mechanisms. A) Herpes virus control, B) infected Vero cells treated with 3 in the replication mechanism, C) infected Vero cells treated with 3 in the adsorp-

tion mechanism, and D) normal Vero cell control

13.94 pg/ml, but its SI was only 4.3, indicating its tox-
icity to normal cells, with a CCs, of 565.5 ug/ml. Thus,
compound 3 was selected for all downstream analyses,
including an in-depth investigation of the mechanism of
action to assess the suitable viral inhibition mechanism,
whether it was replication, adsorption or virucidal.
Considering how the antiviral drugs affect HSV-2, com-
pound 3 resulted in 83% viral inhibition by adsorption,
34% by replication, and only 8% by viricidal mechanisms
when the host cells were compared with the normal
control cells, indicating that adsorption is the major
mechanism of viral inhibition for compound 3. While
compound 5c¢ showed 42% inhibition by adsorption, 30%
inhibition by replication, and 15% inhibition by the viru-
cidal mechanism, and compound 2 had 32% inhibition

by adsorption and 26% inhibition by replication but only
8% inhibition by the virucidal mechanism. Among all the
tested compounds, compound 3 is a promising candidate
for further research [32].

The antiviral activity of compound 3 could be attrib-
uted to its diketone moiety (PhNHOC-CH-COMe),
as the ketone group is well known for enhancing the
inhibitory efficacy of related compounds against various
viruses, including the NS2BNS3 protease of the West
Nile virus and the Mayaro virus [26]. Furthermore, in our
previous study [24], we reported that incorporating the
PhNHOC-CH-COMe group into spiropyrimidine com-
pounds resulted in a twofold increase in their antiviral
activity against human coronavirus 229E (HCoV-229E).
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Fig. 6 Western blot analysis for cleaved Caspase-3 protein expression in HSV-2-infected Vero cells (MOI=1) treated with compounds 2, 3, and 5c com-

pared with the HSV-2 virus control (infected Vero cells without any treatment (VC)). A) The protein expression level of B-actinat 1 h,3 h,6h, 12 h,and
24 h postinfection. B) The protein expression level of Caspase-3 in infected HSV-2 virus control and infected Vero cells treated with 2, 3, or 5¢c. The mea-
sured band intensities of all the compound-treated cells and the virus control were plotted to compare the differences in the protein expression levels
of Caspase-3. A t-test was used to compare the protein expression levels of caspase-3 in untreated and treated cells. 'p <0.05, “p<0.01, and "p < 0.005.

However, ns is not significant

In addition, the newly synthesized compounds resulted
in varied levels of cleaved active form Caspase-3 protein
expression, as determined by western blotting, compared
with the level of expression in Herpes virus control cells.
The western blot images revealed a significant decrease
in caspase-3 protein levels at 1 h, 3 h, 6 h, 12 h, and 24 h
post infection in the 3 treated groups. However, there
were slight changes in the expression levels of these genes
in the 2- and 5c-treated cells. Therefore, compound 3
inhibited HSV-2 viral infection, as reflected by the grad-
ual downregulation of Caspase-3 protein expression at
different time intervals postinfection [33].

In the docking studies of the spirothiopyrimidinone
moiety of compound 3, its ketone group-maintained
hydrogen bond interactions with the side chain of Asp93

and the backbone amide of Gly94. The nitrogen atoms
of the pyrimidine ring also form hydrogen bonds with
the side chain of GIn59 and the backbone of His96.
Furthermore, hydrophobic interactions with Leu67
were observed. Consequently, the promising inhibitory
effect of compound 3 against HSV-2 may be attributed
to the interactions of both the spirothiopyrimidinone
and (PhNHOC-CH-COMe) moieties within the bind-
ing pocket of HVEM, which differs from that of HSV-2.
These findings suggest that compound 3 functions as an
entry inhibitor by allosterically interacting with HVEM,
altering its conformation and ultimately affecting HSV-2
virus adsorption [34].

Eventually, this study successfully identified compound
3 (2-((5-cyano-4-oxo-1,3-diazaspiro[5.5]undecan-2-yl)
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Fig. 7 A) The best ranked binding mode of 3 in HVEM. B) The best ranked binding mode of 3 (magenta) in the binding pocket of HVEM (PDB ID 1JMA).
Hydrogen bonding interactions, hydrophobic interactions and n—t interactions are colored yellow, gray, and green, respectively

thio)-3-oxo-N-phenylbutanamide) as a potent inhibi-
tor of HSV-2, contributing to the ongoing search for
effective antiviral therapies against herpesvirus type 2
(HSV-2). These findings demonstrate that compound 3
interferes with critical stages of the HSV-2 life cycle, viral
adsorption and replication while also exhibiting a favor-
able selectivity index and minimal cytotoxicity to normal
cells. The association between the structure of 3, particu-
larly its diketone moiety, and its antiviral activity under-
scores the potential for developing new antiviral agents
on the basis of similar chemical frameworks. These dock-
ing studies provide insights into the binding interactions
of compound 3 with HVEM, suggesting a novel mecha-
nism of action as an entry inhibitor. Overall, these results
pave the way for further investigation and optimization
of this structural formula of compound 3 and its deriva-
tives as viable therapeutic options for HSV-2 infections.
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HSV-2 Herpes Simplex Virus type 2

HIV Human Immunodeficiency Virus

STDs Sexually transmitted diseases

CPE Cytopathic effect
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Sl Selective index
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CcC Cell Control
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HVEM Herpes Virus Entry Mediator
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