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A B S T R A C T

The emergence of new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants poses a challenge 
to current therapies and emphasises the need for targets that are less susceptible to mutation. The SARS-CoV-2 
envelope protein (Epro) is a highly conserved viroporin and is of central importance to the viral life cycle, yet it 
remains underexplored as a therapeutic target. In this study, we have identified and characterised a novel lead 
candidate (LC) − (S)-N-(2-((1S,3S,5S,7S)-adamantan-2-yl)ethyl)-2-(butylamino)-3-(1H-indol-3-yl)propanamide 
− for inhibition of the SARS-CoV-2 Epro ion channel using combined in silico and in vitro approaches. Molecular 
dynamics (MD) simulations showed that LC forms stable complexes at the N-terminal vestibule, with key in
teractions at GLU8, THR9, THR11, ASN15, and LEU18, and a calculated binding affinity higher than that of the 
reference compound rimantadine within the applied MD/molecular mechanics Poisson–Boltzmann surface area 
(MM-PBSA) framework. Results of in vitro experiments indicated that LC inhibits the model coronavirus murine 
hepatitis virus at late stages of the viral cycle. Activity under co-treatment conditions further suggests a direct 
virucidal effect or interference with early entry stages; an EC50 of approximately 12 μM was within the same 
micromolar range as those observed for the reference Epro inhibitors 5-(N,N-hexamethylene)amiloride and 
rimantadine. Quantitative PCR experiments showed delayed RNA replication in LC-treated infected cells, while 
light and transmission electron microscopy displayed the reduced release of virions and prevention of cell lysis. 
These results emphasise the central role of the Epro ion channel in the coronavirus life cycle and present LC as a 
promising candidate for the further development of novel coronavirus inhibitors.

Abbreviations: AMT, Amantadine; ATCC, American type culture collection; CC50, Half-maximal cytotoxic concentration; CCK-8, Cell counting Kit-8; CoV, 
Coronavirus; COVID-19, Coronavirus disease 2019; CTD, C-terminal domain; EC50, Half-maximal effective concentration; Epro, Envelope protein; ER, Endoplasmic 
reticulum; ERGIC, ER–Golgi intermediate compartment; FKKTLib, FKKT compound library; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; HIV-1, Human 
immunodeficiency virus type 1; HMA, 5-(N,N-hexamethylene)amiloride; IAV, Influenza A virus; LC, Lead candidate; MD, Molecular dynamics; MHV, Murine hepatitis 
virus; MM-PBSA, Molecular mechanics Poisson–Boltzmann surface area; MOI, Multiplicity of infection; M2, Matrix protein 2; NTD, N-terminal domain; POPC, 1- 
palmitoyl-2-oleoylphosphatidylcholine; RMSD, Root mean square deviation; RMT, Rimantadine; SARS-CoV-1, Severe acute respiratory syndrome coronavirus 1; 
SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; SD, Standard deviation; SI, Selectivity index; SPR, Surface plasmon resonance; TEM, Transmission 
electron microscopy; TMD, Transmembrane domain; ToA, Time-of-addition; VpU, Viral protein U..
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1. Introduction

The global outbreak of coronavirus disease 2019 (COVID-19), caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was 
the most recent pandemic. In response, significant progress has been 
made in understanding the pathogenesis of the virus, leading to the 
development of second- and third-generation vaccines and targeted 
small-molecule antivirals. These measures were initially effective in 
both the prevention and treatment of COVID-19. However, the emer
gence of new variants, especially Omicron, which is characterised by 
numerous mutations, compromised vaccine-induced immunity [1]. 
Several clinically approved antivirals are available for treating COVID- 
19; yet their clinical utility is restricted by safety, efficacy, and resis
tance concerns [2–5].

The genome of SARS-CoV-2 encodes four main structural proteins: 
spike (S), nucleocapsid (N), membrane (M), and envelope (E) protein 
(Fig. 1A) [6]. Despite being the smallest with only 75 amino acids, Epro 
plays a crucial role in the viral life cycle and is remarkably well 
conserved in all variants [7]. Comparative analyses show that the en
velope protein (Epro) has the lowest mutation rate among the structural 
proteins and shows a high degree of sequence conservation between 
severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) and 
SARS-CoV-2 [7–10]. Structurally, it consists of three different domains: 
a short hydrophilic N-terminal domain (NTD), a central hydrophobic 
transmembrane domain (TMD), and a longer hydrophilic C-terminal 
domain (CTD) [6]. Intracellularly, Epro is predominantly localised in the 
endoplasmic reticulum (ER), the Golgi apparatus, and the ER-Golgi in
termediate compartment (ERGIC) (Fig. 1C). These organelles are 
essential for the assembly, maturation, and release of newly formed 
virions – processes in which Epro has been shown to play a crucial role 
[11–14]. Recombinant coronaviruses (CoVs) lacking Epro have lower 
viral titres and produce incompetent progeny, indicating the functional 
importance of Epro for CoV pathogenesis, despite it not being strictly 
essential for viral replication [12,15,16].

Epro monomers oligomerise into homopentameric ion channels (so- 
called viroporins), which are cation-selective and cause ionic imbal
ances, disrupting pH gradients in host cells (Fig. 1B) [17–19]. Epro can 
act as an independent virulence factor, inducing apoptosis and trig
gering cytokine storms, thereby exacerbating disease progression 
[12,20]. The functional significance of viral ion channels as antiviral 
targets is well documented for several RNA viruses, such as influenza A 
virus (IAV) and human immunodeficiency virus-1 (HIV-1), which 

express matrix protein 2 (M2) and viral protein U (VpU) ion channels, 
respectively. Herein, M2 and VpU ion channel activities are closely 
linked to key phases of the viral life cycle, as demonstrated by muta
tional studies and channel-blocking compounds [21–24]. Similar find
ings have been obtained for CoV Epro, where inhibition of its viroporin 
activity has proven to be a promising antiviral strategy. Several small- 
molecule inhibitors – including 5-(N,N-hexamethylene)amiloride 
(HMA) [25–28], amantadine (AMT) [7,29,30], and rimantadine (RMT) 
[7,30,31] – have been characterised using techniques such as surface 
plasmon resonance (SPR), antiviral efficacy assays [32], and patch- 
clamp electrophysiology [31], demonstrating their ability to bind to 
the channel pore and block cation conduction. However, most Epro in
hibitor candidates have so far only been identified through in silico 
studies [6,33,34], and relatively few have been validated in vitro or in 
vivo, highlighting the importance of experimental exploration.

In this comprehensive study, we report the identification of a novel 
inhibitor ((S)-N-(2-((1S,3S,5S,7S)-adamantan-2-yl)ethyl)-2-(butyla
mino)-3-(1H-indol-3-yl)propanamide) of SARS-CoV-2 Epro by 
combining computational and experimental approaches. Classical mo
lecular dynamics (MD) simulations revealed that our lead candidate 
binds with high affinity to the N-terminal vestibule of the SARS-CoV-2 
Epro ion channel. Its antiviral activity was confirmed in vitro against 
murine hepatitis virus (MHV), a model betacoronavirus (β-CoV), in L929 
fibroblasts. MHV, SARS-CoV-2, and other CoVs have similar structures 
that overlap in several domains and show overall structural homology 
[35–38]. Plaque reduction assays showed a concentration-dependent 
decrease in viral infectivity at micromolar concentrations, comparable 
to known Epro inhibitors (Fig. 2). Quantitative PCR analyses indicated 
that LC does not directly inhibit viral genome replication but instead 
delays it, while light and transmission electron microscopy showed that 
LC interferes with viral egress after replication, thereby limiting the 
spread of infection to neighbouring cells. These observations suggest a 
multifaceted antiviral mechanism of LC that warrants further 
investigation.

2. Materials and methods

2.1. Candidate sourcing, molecular docking, and molecular dynamics 
simulations

The candidate was obtained from the FKKT Compound Library 
(FKKTLib; Faculty of Chemistry and Chemical Technology, University of 

Fig. 1. (A) Four structural proteins of SARS-CoV-2 include spike (S), membrane (M), nucleocapsid (N), and envelope protein (E). (B) Cross-sectional view of SARS- 
CoV-2 Epro showing the Caver 3.0-calculated volume of the ion channel (grey), which extends along the longitudinal axis of the five SARS-CoV-2 Epro subunits 
(orange), with the channel-facing amino acid residues listed on the left. (C) Intracellular localisation of Epro viroporins in the endoplasmic reticulum (ER), ER-Golgi 
intermediate compartment (ERGIC), Golgi apparatus, and lysosomes (marked with orange).
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Ljubljana), which contains 3428 unique, literature-documented syn
thetic compounds. The FKKTLib was searched for adamantane sub
structures to identify scaffold-bearing candidates.

Molecular docking, molecular dynamics simulations, and molecular 
mechanics Poisson–Boltzmann surface area (MM-PBSA) analyses were 
performed as described previously [34]; a full description of the protocol 
is provided in the Supplementary material (S1). We note that MM-PBSA 
results should be interpreted comparatively rather than absolutely, as 
the method is intended as a cost-effective approach for ranking a series 
of related organic ligands that bind to the same protein. Protonation 
states for key titratable residues with previously established assignments 
[18] (e.g. GLU8) were set accordingly, while all remaining sites were set 
to their expected states at physiological pH. Although alternative charge 
states or dynamic protonation could influence local interactions, we 
applied a single fixed protonation scheme across all simulations to 
maintain consistency and avoid introducing uncertainty into the 
comparative analysis.

2.2. Cell line and virus

L929 mouse fibroblast cells (number CCL-1) were purchased from 
the American Type Culture Collection (ATCC) and cultured in complete 
Eagle's Minimum Essential Medium (EMEM, ATCC, USA), supplemented 
with 10% horse serum (HS, ThermoFisher, Paisley, UK) and 10,000 
units/mL of penicillin and 10,000 μg/mL of streptomycin (Thermo
Fisher, Paisley, UK), in a 5% CO2 atmosphere at 37 ◦C. Murine hepatitis 
virus strain A59 (MHV-A59) was purchased from ATCC (VR-764) and 
propagated in L929 cells. Viral titre was determined by 50% tissue 
culture infective dose (TCID50) according to the cytopathic effect by use 
of the Reed–Muench method [39]. All experiments were performed in a 
biosafety level 2 (BSL-2) laboratory.

2.3. Compounds

The lead candidate (LC) was synthesised as reported by Meden et al. 
[40]. 5-(N,N-hexamethylene)amiloride (HMA) and rimantadine hydro
chloride (RMT) were purchased from Sigma-Aldrich (USA). The struc
tures are shown in Fig. 2. LC and HMA were dissolved in DMSO, and 
RMT was dissolved in water and stored at − 20 ◦C until use.

2.4. Cytotoxicity assay

The cell counting kit-8 (CCK-8, Abcam) test was performed accord
ing to the manufacturer's protocol. Cells were seeded at a density of 3 ×
105 cells/mL in 96-well plates and treated with different concentrations 
of the compounds after 24 h at 37 ◦C. In all experiments, a solvent 
control (growth medium containing 0.5% DMSO), a negative control 
(growth medium), and assay-specific positive controls were included. 

After 48 h at 37 ◦C, 10 μL of CCK-8 reagent was added to each well, and 
the cells were incubated in the dark at 37 ◦C for 1.5 h. The absorbance 
was measured at 460 nm using the Cytation 5 (Agilent BioTek). Relative 
cell viability was determined using the following formula: Cell viability 
(%) = OD of the sample / average OD of the negative control × 100%. 
Each compound was tested in three independent biological replicates (N 
= 3), with five technical replicates (n = 5) per condition in each bio
logical replicate.

2.5. Time of addition assay and plaque reduction assay

L929 cells at a density of 3 × 105 cells/mL were seeded in 12-well 
culture plates and incubated at 37 ◦C for 24 h. Dilutions of the com
pounds were added 2 h before infection (pre-treatment), simultaneously 
with the virus after 1 h co-incubation of virus and compound at room 
temperature (co-treatment), or 1 h after infection (post-treatment) 
(Fig. 3). The cell culture supernatants collected after 48 h were used to 
determine the number of plaques by plaque reduction assay experi
ments. Experiments were performed in three independent biological 
replicates (N = 3), with two technical replicates per condition in each 
experiment (n = 2). The extended protocol is available in the Supple
mentary material (S2–1 and S2–2), and raw data is available at Zenodo 
[41].

2.6. Real-time quantitative polymerase chain reaction

L929 cells were seeded in 12-well culture plates and, after 24 h, 
inoculated with MHV at a multiplicity of infection (MOI) of 0.001 for 1 h 
at 37 ◦C and 5% CO2. The inoculum was replaced with complete EMEM 
containing either the highest non-toxic concentration of the inhibitor 
(LC, HMA, or RMT) or, for infected untreated controls, the corre
sponding vehicle alone (0.5% DMSO). All experiments were performed 
under post-treatment conditions. Negative control samples were neither 
infected nor treated. Experiments were performed in two biological 
replicates (N = 2) for HMA and RMT, and three biological replicates (N 
= 3) for LC, with three technical replicates per condition (n = 3). The 
presence and the amount of MHV RNA were monitored at different time 
points (0, 24, and 48 h) post-treatment. RNA was extracted from all 
collected samples, and the levels of MHV and mouse glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) RNA were quantified by qPCR. 
Each RNA sample was analysed in triplicate, and the average copy 
number was calculated based on the mean Cq value from nine technical 
replicates (n = 9). Primers, probes, and the extended protocol are 
available in the Supplementary material (S2–3) and deposited at Zenodo 
[41].

Fig. 2. Chemical structures of the tested compounds.
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2.7. Light microscopy and transmission electron microscopy

The effects of MHV infection and LC treatment on L929 cells were 
observed using light microscopy and transmission electron microscopy. 
Four samples were prepared in parallel. The first sample (L929) served 
as the uninfected control and was cultured for 72 h. The second sample 
(L929 + MHV) was cultured under identical conditions for 24 h, then 
infected with MHV at an MOI of 0.001 for 1 h, followed by incubation for 
an additional 48 h. The third and fourth samples were treated with LC 
under post-treatment conditions: L929 + LC (LC-treated, uninfected 
cells) and L929 + MHV + LC (LC-treated cells infected with MHV at an 
MOI of 0.001 for 1 h). All samples were prepared in duplicate. At 48 h 
post-infection (hpi) cultures were harvested by scraping and immedi
ately fixed in 3% glutaraldehyde in 0.1 M phosphate-buffered saline 
(PBS), post-fixed in 1% solution of osmium tetroxide for 1 h, followed by 
dehydration with ethanol and finally embedded in Agar 100 resin. 
Semithin and ultrathin sections were prepared with an Ultracut UC7 
(Leica), using glass and diamond knives, respectively. Semithin sections 
were stained with toluidine blue and examined with a light microscope 
(Zeiss AxioSkop Opton) equipped with a digital camera (Leica 
DFC290HD; Leica Application Suite 4. 0. 0 Software). Ultrathin sections 
were stained with 1% (w/v) aqueous solution of uranyl acetate and lead 
citrate. The grids were then examined with a transmission electron 
microscope TALOS L120C (Thermo Scientific), operating at 100 kV and 
equipped with a Ceta 16 M camera.

2.8. Statistical analysis

The sigmoidal dose-response curve function (variable slope) was 
used to calculate the half-maximal effective concentration (EC50) and 
cytotoxic concentration (CC50). The ratio between CC50 and EC50 de
termines the selectivity index (SI). All data were plotted and analysed 
using GraphPad Prism software version 10.4.0 (USA). Results are pre
sented as mean ± standard deviation. To calculate the statistical sig
nificance between control (infected samples, treated with 0.5% DMSO) 
and treatment (infected samples, treated with compounds) for qPCR 
results, a two-way analysis of variance (ANOVA) with Šidák's test, a 
multiple-comparison test, was conducted using GraphPad Prism soft
ware. Significance was reported for p-values <0.05 (*), < 0.01 (**), <
0.001 (***) and ≤0.0001 (****). Additional information is available in 
the Supplementary material (S2).

3. Results

3.1. MD simulations and MM-PBSA analysis

The adamantane substructure query returned a focused set of 
FKKTLib entries containing the targeted scaffold. From these, we pri
oritised a lead candidate (LC) based on (i) unambiguous substructure 
match quality, (ii) availability of solid sample material for confirmation 
studies, and (iii) presence of coherent supporting annotations, yielding a 
well-characterised adamantane derivative as the most promising hit for 
subsequent evaluation.

LC, bound exclusively in the N-terminal vestibule (LC-N-Epro), was 
simulated in three independent 350 ns-long MD replicas. For rimanta
dine, the N-terminal vestibule complex (RMT-N-Epro) dissociated after 
~140 ns and was therefore only simulated once, whereas the C-terminal 
vestibule complex (RMT-C-Epro) was simulated in three independent 
200 ns-long replicas. The root mean square deviations (RMSD) calcu
lated on the C-α atoms of Epro reached a stable state after ~75 ns 
(Fig. S1). In the case of RMT-N-Epro, the RMSD was already stable after 
50 ns. The average plateau RMSD values ranged from 3.9 to 5.3 Å 
(Fig. S1), reflecting moderate structural flexibility characteristic of 
proteins with flexible loops and solvent-exposed regions. Importantly, 
this flexibility did not compromise channel integrity or ligand stability. 
Minor motions of the pentameric domains and ligand-induced confor
mational changes contributed to the overall RMSD, yet the protein's 
secondary-structure elements remained well conserved throughout the 
simulations. The radius of gyration was continuously stable over the 
simulated time, suggesting a stable assembly of the Epro ion channel 
(Fig. S2). The dissociation of RMT from the N-terminal is mainly 
attributed to shallow channel binding, weak hydrogen bonds, and 
limited van der Waals interactions with the amino acid residues. The 
channel is mainly a hydrophobic stretch, and only a few amino acid 
residues are responsible for the ligand-protein interactions (Fig. 4 and 
Table S2). In addition, the channel offers limited space, leading to steric 
conflicts between the residues and RMT within the N-terminal binding 
site. Therefore, the N-terminal vestibule was excluded from further 
analysis for RMT, and RMT was subsequently treated as a C-terminal 
binder only. The number of hydrogen bonds varied considerably for 
each candidate during the simulation (Fig. S3), indicating an overall 
higher number of hydrogen bonds for the lead candidate throughout the 
simulation. The highest populated clusters of the three replicas for LC 

Fig. 3. Timeline of the Time-of-addition (ToA) assay. Pre-treatment (pre): cells were treated with the compound for 2 h prior to virus infection at 0 h, followed by 
infection for 1 h. Co-treatment (co): the compound and virus were co-incubated for 1 h before infecting the cells for 1 h. Post-treatment (post): cells were treated with 
the compound after virus infection for 1 h.
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and RMT-C-Epro represent 91.8, 79.9, 75.7, 74.4, 84.3, and 94.0% of the 
equilibrated trajectory, respectively. Their protein-ligand interactions 
are described in the following text.

An MM-PBSA analysis was performed to rank the binding affinity of 
each ligand. The total binding free energies are listed in Table 1. LC 
consistently exhibits the strongest binding, followed by the RMT-C-Epro 
complexes. The ΔGbind in the case of RMT was ~1.7-fold (C-terminal) 
lower than that of our lead candidate. At the amino acid residue level, 
GLU8 and THR11 were found to be major contributors to binding for LC 
(see Fig. S4 for the per-residue contributions), while the three runs 
showed differing extents of residue involvement.

Throughout two of the three simulations, LC displayed significant 
binding with one GLU8 side chain (Table S2); notably, this interaction 
was 6.7-fold and 2.2-fold stronger in the first run compared to the sec
ond and third runs, respectively. Furthermore, the third replica reports 
significant binding to two ASN15 residues and a LEU18 residue. Analysis 
of the highest populated clusters supports these findings (Fig. 4A–C) 
with the first and third replicas (rep-1 and rep-3) displaying a hydrogen 
bond between an ASN15 amine group and the carbonyl and secondary 
amine of LC's amide group, respectively, while the second replica (rep-2) 
displays a hydrogen bond between a GLU8 carboxy group and the amine 
of LC's amide group. Despite the microscopic differences between the 
three replicas, the MM-PBSA binding free energies for LC remain overall 
similar, indicating a small ensemble of distinct but comparably stable 
binding modes in which either C=O⋅⋅⋅H2N@ASN15, NH⋅⋅⋅O=C@ASN15, 
or NH⋅⋅⋅O=C@GLU8 contacts serve as the primary anchor. Herein, the 
per-residue contributions for rep-1 and rep-3 point to a more mixed 
binding mode, with residues such as GLU8, THR9, THR11, and LEU18 
contributing to binding. In contrast, rep-2 is strongly dominated by 
GLU8 (Fig. S4), whose persistent interaction across all runs further 
suggests a retainer-like role for GLU8 in suppressing axial drift and 

preventing dissociation from the N-terminal vestibule. We further note 
that in all replicas, LC's indole group and aliphatic chain face outwards 
from the channel, restricting hydrogen bonding to LC's amide and sec
ondary amine. The adamantane moiety of LC penetrates deepest into the 
channel and exhibits a space-demanding and rigid geometry in which LC 
achieves an almost plug-like conformation in the channel. For RMT, no 
significant binding above 1.8 kcal/mol with any residue was observed at 
the C-terminal vestibule (Table S2). MM-PBSA analysis suggests relevant 
interactions with LEU28, ALA32, and THR35 residues. The structures of 
the highest populated clusters (Fig. 4D–F) do not show any hydrogen 
bonding for RMT at the C-terminal vestibule. Overall, RMT exhibits a 
space-demanding and rigid geometry, similarly to LC, effectively occu
pying space in the channel. In both cases, interactions appear to be 
dominated by their hydrophobic adamantane cores, with burial values 
indicating moderate channel penetration depths of (8 ± 2) Å and (6 ± 3) 
Å across runs for LC and RMT, respectively. While for RMT contacts via 
its amine group remain transient, LC seems to stabilise its binding via its 
amide group. In all simulations, the C-terminal ARG38 residues of the 
Epro homopentamer are consistently oriented towards the lipid–water 
interface and form salt bridges between their positively charged gua
nidinium groups and the negatively charged phosphate headgroups of 

Fig. 4. Most representative clusters depicting hydrogen-bond interactions and binding poses of the final compound selection of LC-N-Epro (replicas 1–3 corre
sponding to A, B, and C) and RMT-C-Epro (replicas 1–3 corresponding to D, E, and F), respectively. Protein moieties are depicted in blue (α-helix) and white 
(disordered). The ligand is depicted in green. Nitrogen and oxygen atoms are depicted in blue and red, respectively. Hydrogen bonds are shown as dashed black lines. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Total binding free energies, ΔGbind and MD simulation durations.

MD run ΔGbind (kcal/mol) Duration (ns)

LC N-terminal replica 1 − 35 ± 4 350
LC N-terminal replica 2 − 35 ± 7 350
LC N-terminal replica 3 − 44 ± 4 350
RMT C-terminal replica 1 − 22 ± 1 200
RMT C-terminal replica 2 − 25 ± 2 200
RMT C-terminal replica 3 − 21 ± 2 200

Table 2 
Dose-response results of the tested compounds in L929 cells infected with MHV 
(MOI = 0.001). Mean of half-maximal effective (EC50) and cytotoxic (CC50) 
values with standard deviations (SD) are presented, calculated from three bio
logical replicates (N = 3); the selectivity index (SI) was calculated as CC50/EC50. 
Cells were treated with the lead candidate (LC), 5-(N,N-hexamethylene)ami
loride (HMA) or rimantadine (RMT) under post-treatment (post), co-treatment 
(co), and pre-treatment conditions.

COMPOUND 
(treatment)

CC50 (μM) (mean ±
SD)

EC50 (μM) (mean ±
SD)

SI

LC (post) 43 ± 1 12.7 ± 0.8 3.4
LC (co) 12 ± 1 3.6
LC (pre) Not effective /
HMA (post) 41 ± 2 7.6 ± 0.4 5.4
HMA (co) 14 ± 1 3.0
HMA (pre) Not effective /
RMT (post) 96 ± 5 26 ± 2 3.7
RMT (co) Not effective /
RMT (pre) Not effective /

N. Kobe et al.                                                                                                                                                                                                                                    Bioorganic Chemistry 178 (2026) 109949 

5 



the POPC bilayer. These interactions were persistent throughout the 
simulated timeframe and were observed in all monomers. Notably, in 
the C-terminal vestibule, the positively charged ligand RMT remained 
stably bound in close proximity to ARG38 throughout the simulations 
and did not dissociate from its binding site, despite the expected elec
trostatic repulsion between the positively charged groups.

3.2. Cytotoxicity and antiviral activity of the lead candidate against MHV

LC showed cytotoxic effects at concentrations above 30 μM, with a 
half-maximal cytotoxic concentration (CC50) of 43 μM. The positive 
control HMA showed a comparable CC50 of 41 μM, while RMT was less 
cytotoxic, with a more than twofold higher CC50 of 96 μM (Table 2). 
Cytotoxic effects were evident at concentrations above 20 μM for HMA 

and 40 μM for RMT; however, the increase in cytotoxicity was more 
gradual for RMT compared to LC and HMA (Fig. 5A–F).

LC and the positive controls reduced MHV infectivity when added 
after infection of the cells with the virus (post-treatment) (Fig. 5A–C), 
with LC showing a half-maximal effective concentration (EC50) of 12.7 
μM and a selectivity index (SI) of 3.4. HMA and RMT showed EC50 values 
of 7.6 μM and 26 μM, resulting in SI values of 5.4 and 3.7, respectively 
(Table 2). When administered simultaneously with the virus (co-treat
ment), only LC and HMA showed antiviral activity (Fig. 5D–F). LC 
showed an EC50 of 12 μM and an SI of 3.6, which is very close to its 
efficacy under post-treatment conditions. HMA showed lower antiviral 
activity under co-treatment conditions (EC50 = 14 μM and SI of 3.0) and 
was about half as effective compared to post-treatment conditions. In 
contrast, RMT showed no activity at the concentrations tested under co- 

Fig. 5. Antiviral activity and effect on viral replication of LC, HMA, and RMT. (A–F) Results of plaque reduction assay and time-of-addition (ToA) assay for the lead 
candidate (LC; A, D) and the reference compounds 5-(N,N-hexamethylene)amiloride (HMA; B, E), and rimantadine (RMT; C, F), shown under post-treatment (upper 
panels) and co-treatment (lower panels) conditions. (G–I) Viral replication for the tested compounds (LC: G, HMA: H, RMT: I) at 0, 24, and 48 h post-treatment in 
log10(RNA copies/μL). ****P ≤ 0.0001 (two-way ANOVA, followed by Šidák's test). Detailed experimental conditions, normalization procedures, and statistical 
analyses are provided in the Supplementary material (S5).
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treatment conditions. Importantly, none of the compounds reduced 
MHV infectivity when administered prior to virus infection under pre- 
treatment conditions. High repeatability (low variability) was 
observed in all three biological repetitions (Table 2).

3.3. The effect of the lead candidate on the viral replication of MHV

To follow viral replication, we performed quantitative PCR (qPCR) 
analysis following post-treatment with LC, HMA, and RMT. The RNA 
was extracted from combined cell lysates and supernatants collected at 
0, 24, and 48 h post-treatment.

The absolute quantification of MHV RNA was enabled by a standard 
curve generated from a dilution series of a known viral RNA sample (6.5 
× 105 copies/μL in the undiluted sample, corresponding to 105.5 

TCID50/mL). The resulting standard curve showed a wide dynamic 
range over six orders of magnitude (slope = − 3.35; intercept = 37.2; R2 

= 0.999), which enabled the accurate quantification of viral RNA in 
experimental samples.

As expected, the viral RNA levels in the infected cells increased over 
time. At 1 h post-infection (time point 0 h post-treatment), MHV RNA 
levels were close to the limit of detection (~1 copy/μL) for all treat
ments. By 24 h post-treatment, viral RNA levels increased by more than 
four orders of magnitude, reaching values of 5 × 104 – 4 × 106 copies/μL 
in the positive controls (untreated infected samples). Importantly, 

treatment with LC resulted in a significant ~100-fold (2 log₁₀) reduction 
in viral RNA compared to the positive control. A significant difference 
compared to the positive control was also observed for HMA and RMT. 
However, at 48 h post-treatment, RNA levels in the treated samples did 
not differ significantly from the positive control and peaked at 2 × 107 

copies/μL (Fig. 5G–I). Additional information is available in the Sup
plementary material (S3–1).

3.4. Effects of the lead candidate on cell morphology and ultrastructure in 
MHV-infected cells

We analysed the effects of LC on MHV infectivity using light mi
croscopy and transmission electron microscopy (TEM) 48 h post- 
infection (72 h after seeding), comparing four conditions: untreated 
cells (L929), infected cells (L929 + MHV), LC-treated uninfected cells 
(L929 + LC), and LC-treated infected cells (L929 + MHV + LC).

Light microscopy of semi-thin sections provided a general overview 
of the cell morphology (Fig. 6). Because the cells were harvested by 
scraping, the typical spindle-shaped morphology was lost; instead, cells 
appeared round to oval in all observed samples. In the L929 sample, the 
cell boundaries were clearly defined, and cell death was minimal 
(Fig. 6A). In contrast, in the L929 + MHV sample, most cells were dead, 
appearing as light-coloured patches, although the overall cell shape was 
largely preserved (Fig. 6B). Cell viability was markedly improved in 

Fig. 6. Light microscopy of semi-thin sections. (A) Untreated cells (L929) with clearly defined cell boundaries and minimal cell death. (B) Infected cells (L929 +
MHV) are dead (lighter and semi-transparent) with some viable cells (darker). (C) Uninfected cells treated with the LC (L929 + LC) and (D) infected cells treated with 
the LC (L929 + MHV + LC) both show minimal cell death and frequent cell-cell fusions with large multinucleated cells.

N. Kobe et al.                                                                                                                                                                                                                                    Bioorganic Chemistry 178 (2026) 109949 

7 



infected cells treated with LC (L929 + MHV + LC) (Fig. 6D). Treatment 
with LC, either alone or with infection, resulted in cell morphology 
largely similar to that of the uninfected control (L929). LC-treated 
samples frequently showed cell–cell fusions, producing large multinu
cleated cells, which may result from cytopathic effects at the concen
tration tested. Notably, this dose did not appear cytotoxic in the 
standard CCK-8 viability assay, which reflects cellular metabolic activity 
(Fig. 6C, D).

Ultrastructural analysis by TEM provided further insights into viral 
replication and cellular response. Untreated, uninfected cells (sample 
L929) had an electron-dense cytoplasm, numerous microvilli protruding 
from the entire surface, well-preserved mitochondria, endoplasmic 

reticulum (ER), and Golgi complexes, while membrane vesicles with 
myelin-like structures were observed only occasionally (Fig. 7A). 
Infected cells (sample L929 + MHV) showed extensive viral replication 
with widespread cytopathic effects. Numerous round to slightly oval 
virus particles with a diameter of about 65–80 nm were visible by TEM 
and were distributed both intracellularly and in the extracellular space 
(Fig. 7B–D). The spike proteins were not always clearly recognisable on 
the surface of the virions. Dead cells and cell debris, often interspersed 
with virus particles, predominated over viable cells. Despite the cyto
pathic damage, the cytoplasm of the infected cells remained electron- 
dense, with mitochondria preserved in large numbers. The cell nuclei 
were often more amoeboid in shape compared to those of uninfected 

Fig. 7. Transmission electron microscopy (TEM). (A) Uninfected, untreated cells (L929), scale bar 1 μm. (B) Untreated infected cells (L929 + MHV), scale bar 1 μm. 
(C) Untreated infected cells (L929 + MHV), scale bar 200 nm. (D) Untreated infected cells (L929 + MHV), scale bar 1 μm. N: nucleus; V: viral particles; M: 
mitochondria; VRC: viral replication complex.
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cells. Infected cells often contained abundant vesicles with viral parti
cles, many of which appeared to originate from the ER. The size and 
morphology of these vesicles varied considerably in different sections, 
ranging from small, spherical structures to large, round or tubular 
compartments. In most of the cells, the ER appeared dilated. In addition, 
perinuclear regions resembling viral replication complexes or “viral 
factories” were frequently observed [42,43]. These structures, typically 
~1 μm in diameter, had no bounding membrane and consisted of dense 
networks of short, disorganised tubes within a highly electron-dense 
matrix (Fig. 7C).

Treatment with LC (L929 + LC) led to the appearance of myelin-like 
membrane whorls within intracellular vesicles, which occurred more 

frequently than in untreated cells (sample L929) (Fig. 8A). Further in
formation is available in the Supplementary material (S3–2). In LC- 
treated infected cells (L929 + MHV + LC), viral replication was still 
evident, as shown by the presence of replication complexes and vesicle- 
associated virus particles (Fig. 8B–D). The virus-induced changes in the 
cells were similar to those observed in untreated infected cells (L929 +
MHV). In contrast to L929 + MHV, virus particles in LC-treated infected 
cells were mainly distributed intracellularly, while extracellular virions 
were rarely detected (Fig. 7D and Fig. 8B–C). Furthermore, virus particle 
semi-quantification was performed on multiple TEM sections, revealing 
a strong reduction in the number of extracellular particles in LC-treated 
samples compared to untreated infected cells (Table S3 and Fig. S6), 

Fig. 8. Transmission electron microscopy (TEM). (A) Uninfected cells treated with the lead candidate (LC) (L929 + LC), scale bar 1 μm. (B) LC-treated infected cells 
(L929 + MHV + LC), scale bar 1 μm. (C and D) LC-treated infected cells (L929 + MHV + LC), scale bar 500 nm. N: nucleus; V: viral particles; M: mitochondria; MW: 
myelin-like whorls.
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supporting the conclusion that LC restricts viral egress. We however, 
note that these values represent a semi-quantitative estimate rather than 
absolute virus particle numbers per cell.

4. Discussion

Despite advances in antiviral development, the rapid evolution of 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) con
tinues to compromise drug efficacy [2,4,5,44], emphasising the need for 
therapeutics that are less susceptible to antiviral resistance. Among the 
structural proteins, SARS-CoV-2 envelope protein (Epro) has the lowest 
mutation frequency and the greatest resistance to mutagenic pressure 
[8–10,45]. Currently, the number of SARS-CoV-2 Epro inhibitors 
confirmed in vitro and in vivo is limited, and there are no approved 
COVID-19 drugs targeting this protein (Table S4) [46].

In this study, we identified a novel SARS-CoV-2 Epro inhibitor using 
an in silico approach and further characterised its antiviral activity 
against a model coronavirus (MHV) in vitro, showing EC50 values in the 
same general micromolar range as those of the known broad-spectrum 
coronavirus inhibitors 5-(N,N-hexamethylene)amiloride (HMA) and 
rimantadine (RMT).

HMA has been shown to be effective against several viroporin- 
forming viruses, including human immunodeficiency virus type 1 
(HIV-1), influenza A virus (IAV), hepatitis C virus, and coronaviruses 
(CoVs) [25–28,47]. RMT, an aminoadamantane, is a well-characterised 
inhibitor of the matrix protein 2 (M2)of IAV. However, widespread 
resistance due to M2 mutations has led to being no longer used for the 
treatment of IAV [48]. Nevertheless, RMT retains its in vitro activity 
against both SARS-CoV-1 and SARS-CoV-2 by inhibiting Epro [7,31]. 
Despite this promising profile, no significant clinical benefit of RMT in 
patients with early-stage SARS-CoV-2 infection was observed in a large- 
scale observational study [49].

These findings point to the need for novel inhibitors with improved 
antiviral properties. As an initial step in this search, we performed in 
silico analyses to explore the potential of our lead candidate (LC), a 
functionalised adamantane linked to an indole group and an aliphatic 
chain via an amide linker.

4.1. Lead candidate forms stable complexes with the SARS-CoV-2 Epro 
N-terminal vestibule with high binding affinity

LC and RMT were subjected to classical MD simulations and MM- 
PBSA analysis. Clustering and MM-PBSA analysis of the SARS-CoV-2 
Epro–ligand trajectories revealed relevant intermolecular interactions 
with the residues GLU8, THR9, THR11, ASN15, and LEU18 for LC, and 
with LEU28, ALA32, and THR35 for RMT. THR11 has been identified as 
a critical residue, engaging with experimentally confirmed inhibitors 
such as HMA and procyanidin [18,32]. Consistently, THR11ALA muta
tions of SARS-CoV-2 Epro result in a pronounced loss of ion channel 
currents and are associated with significantly reduced viral replication 
and virulence [20]. At the N-terminus, GLU8, an exposed residue, also 
interacts with procyanidin [32], and the flexible ring formed by its 
fivefold symmetry is thought to constitute an important regulatory 
component of the channel's cation selectivity filter [18]. In close prox
imity, THR9, a residue at the dynamic N-terminus, was found to strongly 
interact with HMA [18], supporting its importance as a residue for in
hibitor binding. ASN15, the first pore-facing and channel-constricting 
residue at the N-terminus, has been reported to interact with several 
experimentally confirmed inhibitors, including HMA, AMT [18,31], and 
procyanidin [32]. Notably, ASN15ALA substitutions in SARS-CoV-1 
Epro abolish ion conductance [18,50,51], underscoring its critical role 
in the channel's ion transport mechanism. LEU18, a hydrophobic res
idue, which forms a narrow stretch (pore radius of ~2Å) of the channel 
along with LEU21, VAL25, and LEU28 [18], was found to interact 
strongly with other adamantanes such as adapalene and RLA-3107 as 
well as moderately with artefenomel [33]. Memantine and dopamantine 

(two adamantane derivatives) were found to interact with LEU28, 
ALA32, and THR35 residues, with both compounds binding at the C- 
terminal vestibule of the ion channel [33].

We further note that the persistent interactions of ARG38 with POPC 
headgroups suggest that the C-termini act as a membrane anchor that 
helps to stabilise the position and orientation of the Epro ion channel 
within the bilayer. By forming strong salt bridges with the lipid phos
phate groups, ARG38 may effectively “lock” the C-terminal region at the 
membrane interface and pre-organise the C-terminal vestibule. Simi
larly, other viroporins are well known to anchor to the lipid bilayer by 
terminal positively charged residues such as lysine or arginine [52]. In 
this context, the stable binding of the positively charged RMT ligand in 
the immediate vicinity of ARG38, despite potential electrostatic repul
sion, indicates that the overall local environment – comprising ARG38, 
nearby residues, and the lipid headgroups – creates a net stabilising 
interaction network. Thus, ARG38–lipid contacts may not only anchor 
the protein but also indirectly support the retention of positively 
charged ligands, such as RMT, at the C-terminal binding site. A muta
tional study by Steinmann et al. on the Hepatitis C virus p7 viroporin 
highlighted a similar role for conserved basic residues at the membrane 
interface, stabilising the proper orientation of the protein in the mem
brane via electrostatic interactions with the negatively charged phos
phate groups of lipid headgroups. Upon replacement with neutral amino 
acids, production of infectious viral particles was dramatically sup
pressed, suggesting an important role for basic amino acid motifs posi
tioned near the lipid headgroups at the membrane interface [53]. We 
note that the present simulations employ a simplified membrane model 
consisting of a homogeneous POPC bilayer. Real ERGIC/Golgi mem
branes are compositionally complex and may contain other components 
such as cholesterol and anionic lipids [54] that influence membrane 
properties and protein conformational equilibria. While such effects are 
not explicitly captured here, the chosen model allows for controlled and 
reproducible comparison of ligand binding within a consistent envi
ronment. The incorporation of lipid heterogeneity thus represents an 
important direction for future studies. The MD simulations performed 
indicate that LC and RMT block the SARS-CoV-2 Epro ion channel over 
an extended period of time by forming stable complexes at the N-ter
minal and C-terminal vestibules, respectively. Binding affinities were 
calculated for these candidates, with LC outperforming the positive 
control compound RMT by a factor of 1.7. We note that the C- and N- 
terminal vestibules face the cytoplasm and ERGIC lumen, respectively; 
thus, binding-site preference could modulate both blockade efficacy and 
compartmental access. However, a detailed elucidation of its pharma
codynamic implications is outside the scope of this study.

4.2. The lead candidate inhibits MHV infectivity

MHV is used as a surrogate because it is a close phylogenetic relative 
of SARS-CoV-2; both viruses share similar structural features, exhibit 
comparable infection-related pathogenic processes, and can cause 
similar severe pathological outcomes [36,55,56]. LC reduced MHV 
infectivity in vitro in a dose-dependent manner and showed strong 
antiviral activity with an EC50 of 12 μM, as confirmed by plaque 
reduction assay experiments. LC exhibited selectivity indexes of a 
similar order to those of RMT and HMA in this assay system, high
lighting its efficacy as a competitive antiviral candidate. Time-of- 
addition (ToA) experiments indicated that all three compounds act in 
the late stages of the MHV life cycle, which is consistent with previous 
findings and the known role of Epro [57,58]. In addition, the potent 
activities of LC and HMA at co-treatment suggest that they either 
interfere with the early stages of viral entry or interact with virus par
ticles in a virucidal manner, possibly inactivating the virus before 
cellular infection [59].

Regarding the antiviral efficacy of HMA and RMT, our results are 
consistent with previous reports describing similar efficacy values 
[27,60]. Breitinger et al. [7,31] also showed that HMA, RMT, and AMT 
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inhibit both SARS-CoV-1 and SARS-CoV-2 Epro in vitro, with HMA being 
the most potent – a trend reflected in our results. The ratio of RMT's and 
HMA's EC50 values in our study (3.4) is comparable to previously re
ported ratios for SARS-CoV-2 Epro (6) and SARS-CoV-1 Epro (4) and 
underscores consistency across CoVsand experimental systems, despite 
methodological differences [7,31]. Further, RMT was found to be less 
cytotoxic than HMA, consistent with previous studies showing that 
adamantanes such as RMT and AMT generally have lower cytotoxicity 
[7,61,62].

4.3. The lead candidate transiently delays viral RNA replication

We observed that viral RNA replication was delayed in infected cells 
treated with LC. Significantly lower RNA levels were detected after 24 h 
compared to untreated infected controls. Similar results were observed 
for HMA and RMT, indicating that Epro plays a role in viral replication, 
although the tested inhibitors did not completely block viral replication. 
Kuo et al. [11] and DeDiego et al. [63] reported that MHV and SARS- 
CoV-1 E-gene deletion mutants had infectious titres three orders of 
magnitude lower, as demonstrated in vitro and in vivo, concluding that 
Epro is critical but not essential for viral replication [11,63]. Previous 
studies show that SARS-CoV-1 Epro contributes to virulence, particu
larly through the PDZ-binding motif (PBM), a C-terminal domain 
involved in protein–protein interactions and modulation of signalling 
pathways involved in pathogenesis [64]. Alvarez et al. [65] reported 
that SARS-CoV-2 PBM mutants exhibit delayed replication (at 24 and 32 
h post-infection) in vitro and cause less weight loss, lower viral load, 
significantly attenuated inflammatory responses, and milder respiratory 
damage in vivo [65]. Similarly, reduced lung inflammation was reported 
for SARS-CoV-1 Epro mutants in vivo [63]. Taken together, these results 
suggest that Epro's contribution to virulence cannot be explained by 
replication efficiency alone but is closely linked to inflammation.

4.4. The lead candidate prevents cell lysis by attenuating virus release

Light microscopy and TEM analysis showed that LC strongly reduces 
virion release and consequently prevents cell lysis. Consistent with our 
qPCR results, LC did not affect viral genome replication at 48 hpi, as we 
observed virus-induced changes comparable to the positive control. 
Similarly, Ortega et al. [66] reported that despite successful viral 
genome replication, deletion of Epro in transmissible gastroenteritis 
coronavirus led to two distinct effects: blockade of virus transport in the 
membranes of the secretory pathway and impaired virion maturation. 
As in our study, an accumulation of virions in intracellular compart
ments was observed, supporting a role of Epro in virus post-replication 
phases. Recent work also shows that β-CoVs use lysosomes for egress, 
with Epro migrating from the Golgi to the lysosomes, where its viroporin 
activity inhibits acidification and promotes efficient virus release 
[67–70]. According to Pearson et al. [68], mutations in the C-terminal 
region of SARS-CoV-2 Epro cause it to remain in the endoplasmic re
ticulum, thereby hindering its transport to the lysosomes. The conserved 
hydrophobic residues in the C-terminal region suggest that ER export is a 
universal CoV mechanism that enables viral assembly [68]. Despite 
evidence that Epro cooperates with M protein to ensure efficient as
sembly [71], studies have shown that expression of Epro alone can drive 
vesicle formation and induce membranous structures resembling those 
in infected cells, suggesting that it can act independently of other viral 
components [13,72,73], emphasising the essential role of Epro in 
morphogenesis, maturation, assembly, and release of virions.

The observed consensus between in silico and in vitro results suggests 
that LC is a potent candidate for inhibiting the SARS-CoV-2 Epro ion 
channel. Herein, our study builds directly on our previous in silico work 
on the SARS-CoV-2 Epro ion channel, applying the same MD and MM- 
PBSA protocol to enable a like-for-like comparison. Our current lead 
candidate shows the highest calculated binding affinity among all prior 
hits, surpassing our previously identified lead compounds (L2 and L3) 

and rimantadine [34]. Specifically, LC forms stable protein–drug com
plexes at the N-terminal vestibule of the SARS-CoV-2 Epro ion channel, 
interacting with the key residues GLU8, THR9, THR11, ASN15, and 
LEU18 and showing a more favourable calculated binding affinity than 
rimantadine under the present simulation conditions. Our findings 
suggest that inhibition of Epro channel function impairs viral egress and 
the subsequent spread of infectious virus particles, resulting in delayed 
RNA replication and reduced overall infectivity. Consistent with this 
mechanism, LC not only protects infected cells from virus-induced death 
but also limits transmission to surrounding uninfected cells. This com
bined effect – preserving cell integrity while restricting viral spread – 
strongly supports the potential of LC as a promising lead compound for 
the development of new coronavirus therapeutics.

Current antiviral strategies, shaped by previous outbreaks of SARS- 
CoV and Middle East respiratory syndrome coronavirus, essentially 
follow two complementary approaches: direct inhibition of the viral life 
cycle and modulation of the host's inflammatory response, which plays a 
crucial role in disease severity [74,75]. Epro inhibitors represent a 
distinct therapeutic class that acts via both mechanisms – interfering 
with the viral assembly and release while modulating host cell pro
cesses. This dual mode of action emphasises their potential as promising 
candidates for the development of next-generation antiviral agents 
against SARS-CoV-2 and other β-CoVs, as these viruses share similar 
structural features and exhibit high sequence homology across multiple 
conserved domains [35,36,76].

5. Conclusions

In this study, we identified and characterised a novel potential in
hibitor of the SARS-CoV-2 Epro ion channel, a highly conserved viro
porin crucial for viral assembly, release, and pathogenesis. We 
demonstrated the antiviral activity of our lead candidate against MHV, a 
surrogate virus for SARS-CoV-2 and other β-CoVs. By integrating three 
complementary in vitro approaches, we gained deeper insight into the 
mechanism of action and virus–cell interaction. Furthermore, in silico 
analyses using molecular dynamics simulations and MM-PBSA calcula
tions identified our compound as a promising inhibitor of SARS-CoV-2 
Epro, emphasising its potential for further preclinical development.

Although MHV is a useful surrogate betacoronavirus model, differ
ences in envelope protein structure and viral dynamics across CoVs may 
limit direct extrapolation to SARS-CoV-2. Accordingly, complementary 
studies – including live-cell imaging, electrophysiology, in vitro valida
tion in authentic SARS-CoV-2 and/or other relevant human coronavirus 
systems, and in vivo evaluation – will be important next steps to further 
assess the efficacy, pharmacokinetics, and safety profile of LC. In par
allel, structural optimisation of LC, to improve its safety profile and 
enhance antiviral activity, will be a key focus of future development. 
These studies will provide crucial insights into its therapeutic potential 
and tolerability in a physiological context. The approach employed and 
the findings presented in this study could be a valuable addition to the 
currently limited repertoire of antiviral drugs available for the treatment 
of COVID-19 and other emerging coronavirus-related diseases.

CRediT authorship contribution statement

Nina Kobe: Writing – review & editing, Writing – original draft, 
Visualization, Validation, Software, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Lennart Dreisewerd: 
Writing – review & editing, Visualization, Validation, Software, Meth
odology, Investigation, Formal analysis, Data curation. Miha Lukšič: 
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