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ABSTRACT A major hindrance to the identification of new drug targets and the
large-scale testing of new or existing compound libraries against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) is that research on the virus is restricted
to biosafety level 3 (BSL-3) laboratories. In such cases, BSL-2 surrogate systems or
chimeric and attenuated versions of the virus are developed for safer, faster, and cheaper
examination of the stages of the virus life cycle and specific drug targets. In this study,
we describe a BSL-2 chimeric viral system utilizing a Sindbis virus background as a tool to
study one such target, the SARS-CoV-2 Envelope (E) protein channel activity. This protein
is fully conserved between SARS-CoV and SARS-CoV-2 variants of concern (VOCs), except
for a threonine to isoleucine mutation in the Omicron variant, making the E ion channel
domain an attractive antiviral target for combination therapy. Using a BSL-2-chimeric
system, we have been able to show similar inhibition profiles using channel inhibitors
as previously reported for E-channel inhibition in authentic SARS-CoV-2. This system has
the potential to allow faster initial screening of E-channel inhibitors and can be useful in
developing broad-spectrum antivirals against viral channel proteins.

IMPORTANCE Despite its importance in viral infections, no antivirals exist against the
ion channel activity of the SARS-CoV-2 Envelope (E) protein. The E protein is highly
conserved among SARS-CoV-2 variants, making it an attractive target for antiviral
therapies. Research on SARS-CoV-2 is restricted to BSL-3 laboratories, creating a
bottleneck for screening potential antiviral compounds. This study presents a BSL-2
chimeric system using a Sindbis virus background to study the ion channel activity of
the E protein. This novel BSL-2 system bypasses this limitation, offering a safer and faster
approach for the initial screening of ion channel inhibitors. By replicating the channel
inhibition profiles of authentic SARS-CoV-2 in a more accessible system, this research
paves the way for the development of broad-spectrum antivirals against viral channel
proteins, potentially expediting the discovery of life-saving treatments for COVID-19 and
other viral diseases.

KEYWORDS viroporins, sindbis virus, SARS-CoV-2, envelope protein, ion channel
inhibitors, alphavirus 6K, chimeric viruses

he emergence of the novel severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), in December 2019, started a global pandemic infecting more people
than the preceding outbreaks of related coronaviruses, SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV) (1, 2). COVID-19, the disease caused by
SARS-CoV-2 infection, has resulted in over 700 million cases of infection and over
7 million deaths reported worldwide as of September 2024 (3, 4). Apart from develop-
ing and administering vaccines in record time, a few treatment options have been
made available to patients under the Emergency Use Authorization (EUA) and Euro-
pean Medicines Agency (EMA) advice (5, 6) such as monoclonal antibodies, remdesivir,
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Paxlovid, and molnupiravir (7-13). Other repurposed drugs and intervention strategies
are being tested in over 9,000 ongoing clinical trials (14). While the COVID-19 public
health emergency expired in May 2023, COVID-19 continues to be a major global health
concern. The highly transmissible Omicron variant and its subvariants have acquired
mutations in the Spike protein receptor-binding domain (RBD) that allow immune
evasion from both monoclonal antibodies and vaccines (15, 16). While effective vaccines
remain our best option against fighting this disease long term, there is a need to
find better antiviral drugs and drug targets to generate treatment options that can be
effective against emerging variants to help prevent severe disease outcomes in infected
patients. To aid in the initial screening of compound libraries against a promising target,
the ion channel activity of the SARS-CoV-2 E protein, we have developed a BSL-2
chimeric system that uses Sindbis virus (SINV) as the background.

Viroporins are small, oligomeric hydrophobic viral proteins that permeabilize host cell
membranes by forming pores, thereby disrupting normal cellular functions and assisting
in viral infection (17). These proteins have certain common structural and functional
features and can conduct ions (mainly cations) and small molecules through them
(18). Viroporins such as influenza A virus M2 (IAV-M2) and alphavirus 6K (6 kilodalton)
have been studied extensively as potential drug targets owing to their importance
in viral entry and exit (19, 20). IAV-M2 is a class | single-pass membrane protein that
regulates viral entry and uncoating (17, 21). It also mediates glycoprotein trafficking
and virus release at the plasma membrane through its ion-channel domain (22, 23).
Although much less is known about the function of alphavirus 6K compared to 1AV-
M2, studies done in Xenopus oocytes and planar lipid bilayers have shown that 6K
has ion-channel activity and is highly toxic when produced in bacterial cells (24-26).
Unlike M2, the structure and oligomeric state of 6K are unknown. Using a glycosylation-
based translocation assay, SINV 6K was recently shown to span the host membrane
once, although past studies had predicted two transmembrane domains (27, 28). The
transmembrane helix of 6K is associated with ion channel activity while the C-termi-
nal sequence acts as a translocation signal for glycoprotein E1 that follows 6K in the
polyprotein sequence (25, 29). Interestingly, 6K has a conserved ribosomal frameshift
site downstream of the transmembrane domain that leads to the synthesis of the
TransFrame (TF) protein that has the same N-terminal sequence as 6K but a different
C-terminus sequence (30). The exact function of TF or the implications of this frameshift
event on the viral life cycle is not fully understood yet, but both 6K and TF share the
ion-channel transmembrane domain. For simplicity, 6K and TF will both be addressed as
“6K" with respect to their ion-channel property in the remainder of this report. It has long
been known that 6K is involved in viral budding, and recently this function, along with
the trafficking of glycoproteins and the biogenesis of cytopathic vacuoles CPV-Il have
been attributed to the ion-channel activity of 6 K (31, 32). Notwithstanding, 6K is not
indispensable for the growth and production of alphaviruses (30, 32).

E protein is the smallest structural protein of SARS-CoV-2 and is classified as a
viroporin due to its ability to form pores and ion channels in host cell membranes
(33). Previous studies on SARS-CoV E protein attributed its ion channel activity to the
transmembrane region of the protein (34, 35). E protein is highly conserved among
K-coronaviruses with the transmembrane (TM) domain being completely conserved
between SARS-CoV E and SARS-CoV 2 E proteins (36). In 2020, the structure of the
TM domain of the SARS-CoV-2 E protein was solved as a pentameric cation-selective
channel sensitive to hexamethylene amiloride (HMA) (37). Similar to other viroporins,
SARS-CoV E protein is permeable to cations and can disrupt Ca®>* homeostasis leading
to the activation of host inflammasomes (38). Recently, the expression of SARS-CoV-2
E protein was shown to induce robust immune responses and cell death in vitro and
in vivo (39). The effect seen was similar to the cytokine storm and acute respiratory
distress syndrome (ARDS)-like damage reported in COVID-19 patients. This points toward
a role for the protein as a virulence factor during infection, making it a promising drug
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target for antivirals. Indeed, studies have shown that blocking the E channel by channel
inhibitors leads to a decrease in viral infection levels of SARS-CoV-2 (39, 40).

To develop a BSL-2 virus system for studying inhibition of E-channel activity, we
designed a chimeric SINV, replacing the ion channel transmembrane helix of 6K protein
with that of E protein (ETM), as previously described in Elmasri et al. (32) for other
viroporins, except the frame-shift site in the 6K sequence was not disturbed. Hence,
the chimeric virus would produce both 6K and TF proteins with ETM replacing their
ion channel TM domain. This chimera was tested for functional complementation to
assess whether the resultant rescue of viral titer was a result of a functional ETM ion
channel in SINV. We used known channel inhibitors such as amantadine and amiloride
derivatives to test inhibition in the chimeric system and compare it to inhibition in the
authentic SARS-CoV-2. Amantadine is a well-known channel inhibitor that was first used
as an FDA-approved antiviral against influenza (41, 42). The exact mechanism of action
was later understood to be one of interfering with the ion channel activity of the M2
proton channel in the virus particle (19). However, due to drug resistance, the drug failed
to remain effective in treating Influenza and was discontinued as a treatment option
(43). Amantadine is also known to inhibit the channel activity of SARS-CoV ETM in lipid
bilayers (34) and of SARS-CoV-2 E in X. laevis oocyte expression system (44). Derivatives
of the FDA-approved antikaliuretic drug amiloride (“midamor”) such as HMA, EIPA (ethyl
isopropyl amiloride), and DMA (dimethyl amiloride) are also known inhibitors of ion
channel activity that show antiviral effect during SARS-CoV-2 infection (40).

Using an mCherry SINV reporter virus previously described by Jose et al. (45) for
quantification of viral infection levels, we have demonstrated comparable inhibition
profiles and trends of these compounds in this chimeric system and the authentic virus.
Our system has the potential to assist in faster screening for the discovery of new E
inhibitors. It can also be used to provide more insight into the role of the protein in the
viral life cycle and serve as a tool for developing COVID-19 intervention strategies in the
future.

MATERIALS AND METHODS
Viruses and cells

BHK-21 (baby hamster kidney) cells were maintained at 37°C and 5% CO, in Eagle’s
minimum essential medium (MEM) (Gibco) supplemented with 10% heat-inactivated
fetal bovine serum (FBS, Sigma-Aldrich). Vero cells were maintained in Dulbecco’s
modified Eagle medium (DMEM) (Gibco) supplemented with 10% FBS. A full-length
cDNA clone pToto64 (46) was used for generating wild-type and mutant SINV.

Plasmids and cloning

The codon-optimized sequence of the full-length SARS-CoV-2 E protein (NCBI refer-
ence sequence MN985325.1) was synthesized by GENEWIZ, Inc. (South Plainfield, NJ).
Full-length 6K protein sequence was isolated from pToto64 using PCR. The sequences
of 6K and E were cloned into cloning vector pET His6 MBP N10 TEV (Addgene #29706)
using In-fusion cloning and transformed into DH5alpha cells for making glycerol stocks.
Another plasmid was generated expressing EGFP (enhanced green fluorescent protein)
in the place of the MBP-TEV sequence in #29706 with In-fusion cloning. A6K SINV was
generated by making a deletion mutation in pToto64 as described in Elmasri et al.
(32). SINV-ETM and its channel-inactivating mutant chimeras (with the single mutations
N15A and V25F and the double mutation N15A, V25F) were generated using the Q5
Site-directed mutagenesis kit (New England Biolabs #E0554S) to introduce 8-38 residues
of E protein TM domain (ETGTLIVNSVLLFLAFVVFLLVTLAILTALR) (37) in pToto64. These
mutations were also made in the mCherry-tagged E2 SINV background described in Jose
et al. (45) where the fluorescent tag is added to the N-terminus of E2 after the E3-E2 furin
cleavage site. All of the altered sequences were confirmed by sequencing.
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In vitro transcription and transfection

Plasmids were linearized with Sacl and transcribed in vitro using SP6 RNA polymerase
as previously described in Tang et al. (47) to produce viral RNA. BHK-21 cells were
transfected with 10 pg of RNA using electroporation and used to produce and isolate
single plaques. Virus from single plaques was grown to produce viral stocks that were
titered in BHK-21 cells.

Plaque assays

Virus stocks were serially diluted in MEM and added to BHK-21 cell monolayers grown
on six-well plates. Cells were overlaid with 1% agarose, MEM, and 5% FBS after 1 hour
of rocking at room temperature to allow the virus to adsorb to cells. Plates were stained
with neutral red (MilliporeSigma, #N2889) diluted in phosphate-buffered saline (PBS)
after 48 hours of incubation at 37°C. The virus titers were determined by manually
counting the number of plaques. All assays were done in triplicate.

Growth curve analyses

BHK-21 cells grown in six-well plates were infected with the stock virus at a multiplicity
of infection (MOI) of 1.0 or 2.0 and 0.1 for one-step and continuous growth kinetic
studies, respectively. Plates were rocked for 1 hour at room temperature followed by
incubation at 37°C. For one-step growth curve analysis, spent media from each well
containing cells was removed, and the wells were washed extensively with PBS before
adding fresh media. This was done 1 hour prior to each harvest. Infectious virus titer was
determined by plaque assays performed on a monolayer of BHK-21 cells. Two independ-
ent experiments for one-step growth curve analyses of each virus were conducted with
three technical replicates in each experiment. For continuous growth curve analysis, 100
pL of supernatant was harvested at given time points and replaced with 100 pL of fresh
media. The harvested supernatants were used to perform plaque assays. The experiment
was carried out once with three technical replicates.

qRT-PCR and specific infectivity

A quantitative real-time PCR was performed as previously described (32). BHK-21 cells
were electroporated with in vitro transcribed viral RNA and incubated at 37°C. Media
were removed and cells were washed thrice with PBS 4 hours after electroporation.
Fresh media was added, and the cells were placed in the incubator for an additional
8 hours. 12 hours post-electroporation, RNA from the supernatant was harvested and
purified using the Qiagen RNeasy Mini kit (#74104). qRT-PCR was performed in triplicate
for each sample using SuperScript Il Platinum SYBR Green One-Step qRT-PCR kit with
ROX (ThermoFisher #11746100) and SINV nsp1-specific primers 5 TTCCCTGTGTGCACGTA
CAT 3’ and 5 TGAGCCCAACCAGAAGTTTT 3. In vitro transcribed RNA for wild-type SINV
of known concentrations was used to generate a standard curve which was then used to
determine the number of RNA copies in each sample. The viral supernatants were further
used to measure titers using plaque assays and to calculate specific infectivity for each
virus as the ratio of the number of RNA genomes to the virus titer in each sample.

Protein expression and purification

Bacterial clones of full-length SINV 6K, SARS-CoV-2 E, EGFP, and E mutant proteins
(N15A, V25F, and N15A, V25F double mutant) in pET His6é MBP N10 TEV (Addgene
#29706) were used for bacterial expression and purification. The MBP-TEV region was
deleted for EGFP, E, and E mutant constructs so that only SINV 6K has a N-terminal
MBP-tag. These plasmids were confirmed by sequencing and individually transformed
into BL21-CodonPlus (DE3)-RIL cells for overexpression. A single colony was picked for
overnight small-scale culture and then inoculated in 750 mL TB medium. The cells were
induced by adding 0.5 mM isopropyl b-D-thiogalactopyranoside (IPTG) and grown at
16°C overnight.
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The cells expressing 6K, E, and E mutants were harvested and then resuspended in
lysis buffer (25 mM Tris-HCl pH 7.6, 100 mM NaCl, 5 mM imidazole, 1% Triton X-100,
1 mM CaCly, T mM MgCly, T mM phenylmethylsulfonyl fluoride [PMSF], 5 mM 2-mer-
captoethanol [BME], 10 ug/mL DNase | and PierceTM EDTA-free protease inhibitor [1
tablet per 100 mL lysate]). After sonication and centrifugation, the supernatants were
incubated with Ni-NTA resin for 1 hour at 4°C with gentle stirring. The resin was washed
with wash buffers | and Il containing 10 mM and 30 mM imidazole, respectively, along
with 0.1% n-dodecyl-p-D-maltopyranoside (DDM) (Anatrace D310S). The protein was
eluted with elution buffer (25 mM Tris-HCl, pH 7.6, 100 mM NaCl, T mM TCEP, 300 mM
imidazole, and 0.015% DDM). TEV protease was added to His-MBP-6K fusion protein
eluate at a 1:10 (protease:protein) ratio to remove the His-MBP tag and placed in a 3 kDa
cut dialysis bag overnight to remove excess imidazole. The dialyzed protein samples
were cleaned up using a Ni-NTA affinity column, and flowthrough was collected. His-E
and His-E mutant protein eluates were also dialyzed for imidazole removal. The target
proteins were then concentrated and further purified by size exclusion (Superdex 200,
GE Healthcare) chromatography (SEC) for final elution in SEC buffer (25 mM Tris-HCI
pH 7.6, 100 mM NadCl, 0.015% DDM, 5 mM DTT, 1 mM CaCly, T mM MgCl,). Samples
corresponding to different peak fractions were pooled and concentrated using a 3 kDa
MWCO concentrator (Millipore Sigma) to 0.5-1 mg/mL. These samples were diluted in
Laemmli loading buffer, boiled for 10 minutes at 95°C, and run on 4%-20% SDS-PAGE
gels (Bio-Rad).

Bacterial cells expressing EGFP were harvested and then resuspended in lysis buffer
(25 mM Tris-HCl pH 7.6, 1 M NaCl, 5 mM imidazole, T mM PMSF, 5 mM BME, and 10 pg/mL
DNase ). The cells were then sonicated and centrifuged for 1 hour incubation of the
supernatant with Ni-NTA resin at 4°C. Wash buffers | and Il containing 10 mM and 30 mM
imidazole without any detergent were used to wash the resin. The protein was eluted
with elution buffer (25 mM Tris-HCl, pH 7.6, 500 mM NaCl, 5 mM BME, and 300 mM
imidazole). The EGFP eluate was dialyzed to remove imidazole and concentrated for
SEC (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 5 mM DTT). Fractions corresponding to the
EGFP peak were concentrated and used for SDS-PAGE analysis and inhibitor binding
experiments.

Western blot analysis

A transfer blot at 90V for 100 minutes was used to transfer the bands on an SDS-PAGE
gel onto a nitrocellulose membrane. Blocking was done using 3% bovine serum albumin
(BSA) (Fisher Scientific #8P9700100) followed by the addition of the primary antibody—
rabbit anti-E antibody (Abcam #AB272503) against SARS-CoV-2 E. Goat anti-rabbit 1gG
(Abcam #AB205718) was used as the secondary antibody. The signal was detected using
chemiluminescence (ThermoFisher #32109).

Inhibitor binding analysis

HMA, EIPA, and DMA ion channel inhibitor compounds (Millipore Sigma A9561, A3085,
A4562) were dissolved in 100% methanol to make 4 mM stock solutions. Purified SINV
6K and SARS-CoV-2 E and mutant proteins (1.5 mg/mL in SEC buffer) were incubated
with 3-4 x molar excess amounts of the compounds for 1 hour on ice. Samples were
dialyzed in a 3 kDa cut dialysis bag overnight at 4°C to remove unbound compounds.
Equivalent amounts of protein in methanol and compounds in SEC buffer were used
as controls. Samples were then loaded onto a 96-well plate in equal amounts and
screened for absorbance profiles using an iD5 spectrophotometer (Molecular Devices).
Two independent experiments were performed, and absorbance values were plotted for
each wavelength using GraphPad Prism software to generate absorbance spectra for
inhibitor-bound proteins.
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Cytotoxicity assay

100 mM stocks of HMA, EIPA, DMA, and 1 M stock of Amantadine were made in
DMSO (Millipore Sigma D2650). BHK-21 and Vero cells were seeded into 96-well plates
(Falcon Corning) and treated with the indicated concentrations of the compounds for
the specified time periods at 37°C. Cytotoxicity assays were conducted using a Calorimet-
ric Cell Proliferation kit-based assay with WST-1 (water-soluble Tetrazolium salt) as the
substrate (BioVision). After 3-4 hour incubation with WST-1, absorbances at 440 nm and
650 nm (reference) were measured on an iD5 Spectrophotometer. Two independent
experiments were performed in duplicate. All the readings were plotted using a standard
line curve to interpolate CCsq values using GraphPad Prism.

Efficacy assay

BHK-21 cells were seeded in 96-well plates. At t = 0, the cells were treated with different
concentrations of the compounds diluted in stock mCherry-tagged viruses at a final MOI
of 1. 0.1% DMSO was used as control, and cells were incubated at 37°C for 9 to 12 hours.
After 12 hours, the mCherry signal was quantified using fluorescence spectroscopy
(excitation wavelength = 590 nm, emission wavelength = 635 nm) on an iD5 plate
reader and used as a measurement of viral growth. Percentages of average absorbance
values from wells scanned relative to the DMSO controls were used to plot ICsg graphs
using GraphPad Prism software. A non-linear regression curve model for inhibitor vs.
response (variable slope, 4-parameter) was used to analyze the graphs and determine
ICs5o values. The assay was performed twice for WT SINV, A6K SINV, and SINV-ETM,
and once for the E-channel mutants (N15A, V25F, N15A, and V25F double mutant) in
duplicate for each concentration of the inhibitors. To validate iD5 readings, supernatants
of untagged viruses were collected after 12 hours to determine the reduction in viral
titer due to compound inhibition using plaque assays. Images of mCherry-tagged viruses
and DAPI-stained cells were taken after 12 hours of incubation with compounds using a
Cytation 7 plate reader. ICsq values were also determined for SINV and SINV-ETM infected
at an MOI of 0.1 in the presence of inhibitors 24 hours post-infection using the mCherry
signal.

Egress inhibition assay

BHK-21 cells were infected with wild-type SINV, SINV-ETM, and A6K SINV at an MOI
of 5 in a 96-well plate. After 8 hours of incubation at 37°C, the virus inoculum was
removed, and the cells were washed thrice with PBS. Indicated concentrations of the
compounds and DMSO control were added to the cells, and infection was allowed to
continue for an additional 4 hours. After 12 hours of infection, the cell supernatants
were harvested and plaqued on BHK-21 cells. Viral titers were determined from two
independent experiments and plotted using GraphPad Prism.

Time of inhibitor addition assay

BHK-21 cells were seeded in a 96-well plate and treated with indicated concentrations of
channel inhibitors (>1Csp) at different time points before, during, and after the addition
of the virus. At t = 0, mCherry-tagged viruses (wild-type SINV and SINV-ETM) were diluted
in low serum media (MEM containing 2% FBS) and added to cells at MOls of 0.1 (low MOI)
and 10 (high MOI). 25 puM of HMA and EIPA, 50 uM of DMA, and 500 uM of Amantadine
were added to the cellsatt=-1,0, 1, 4, 6, 8, 10, and 12 h time points. Two independent
experiments were performed for every condition with 0.1%-0.2% DMSO as the control.
Cells were fixed with 4% PFA at t = 15 h post-infection, stained with DAPI, and imaged
using a Cytation 7 image reader (Agilent BioTek) in grayscale.

For cells infected at the MOI of 10, the mCherry fluorescence signal was quanti-
fied using the Gen5 software for Cytation 7. Percent relative infection was calculated
by taking the ratio of mCherry fluorescence signal values for compound-treated vs.
DMSO-treated cells at the same time point and multiplying by 100. Data from two
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independent experiments were then plotted using GraphPad Prism with error bars
representing the standard error of the mean (SEM). A two-tailed unpaired t-test was
performed to assess statistical significance (P < 0.05) between the fluorescence signal
values of the treated and control samples at each time point for SINV and SINV-ETM
chimera-infected cells.

Plaque number reduction assay

Known titers of WT SINV and A6K SINV were preincubated with different concentrations
of HMA (6 nM, 0.39 uM, and 25 uM) and PBS control for 1 hour at 37°C. The samples were
then filtered using 100 kDa-cutoff centrifugal filters (Amicon) to remove the unbound
compounds, and plaque assays were performed right after filtration. The experiment was
performed twice.

RESULTS

SARS-CoV-2 E protein TM domain can partially replace the function of the ion
channel domain of 6K in SINV

A SINV 6K channel chimera replacing the first transmembrane helix of 6K with the TM
domain of SARS-CoV-2 E (SINV-ETM), residues 8-38 (40), was designed as shown in Fig.
1A. The signalase cleavage sites flanking 6K in the SINV genome and the frameshift site
needed for TF production were kept intact. By replacing only the first transmembrane
helix, the wild-type topology of 6K is maintained in the chimera. We used A6K SINV,
an ion-channel-deficient SINV mutant previously described in Elmasri et al. (32), as a
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FIG 1 Generation and growth kinetics of SINV 6K ion-channel chimeras. (A) The amino acid sequences of 6K and 6K mutant chimeras—WT SINV, A6K SINV,
SINV-ETM, SINV-ETM (N15A), SINV-ETM (V25F), and SINV-ETM (N15A, V25F). The ETM sequence is shown in red with channel-inactivating mutations in blue.
(B) Plaque morphologies of viruses mentioned in (A) grown in BHK-21 cells for 2 days after electroporation. (C) Differences in mean plaque diameters of 10
randomly selected plaques for every mutant virus were compared to WT SINV using GraphPad Prism software. Dunnett’s multiple comparisons test as part of
one-way ANOVA was used to determine statistical significance with a 95% confidence interval. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns-not
significant. (D) One-step growth curves of wild-type and channel mutant viruses over 12 hours of infection in BHK-21 cells. Cells were infected at an MOI of
1, and virus-containing media were harvested at given time points to indicate the rate of virus release per hour. Data are representative of two independent
experiments. (E) Comparison of viral titers and the total number of viral RNA genomes produced by wild-type and mutant viruses 12 hours after electroporation
with in vitro transcribed RNA. The experiment was performed in triplicate, and error bars represent the standard deviation (SD). (F) One-step growth curves of
wild-type and mCherry-tagged SINV and SINV-ETM chimera at an MOI of 2. Data are representative of two independent experiments.
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control to assess the ion-channel activity of the SINV-ETM chimera (Fig. 1A). That study
showed that A6K SINV had a significant reduction in plaque size and an ~4 log reduction
in viral titer compared to wild-type virus after 12 hours of infection at a multiplicity
of infection (MOI) of 2.0 in BHK-21 cells. Elmasri and colleagues further showed that
these defects were rescued to varying degrees after introducing ion-channel domains of
viroporins of enveloped viruses such as human immunodeficiency virus type-1 (HIV-1)
Vpu, hepatitis C virus (HCV) P7 and IAV-M2 (32). In the SINV-ETM chimera, we observed a
visible and statistically significant increase in plaque size compared to A6K SINV (Fig. 1B
and Q). Following the viral rescue, we examined the growth kinetics of the chimera using
one-step and continuous growth curve analyses at MOIs of 1.0 and 0.1 in BHK-21 cells
(Fig. 1D; Fig. S1). We observed a 2.5-log increase in viral titer after 12 hours compared
to A6K SINV. Next, we performed gRT-PCR to quantify the number of viral RNA genomes
in our virus samples 12 hours post-electroporation with in vitro transcribed RNA. These
values were divided by the viral titers to determine specific infectivity (SI) ratios (Fig.
1E). While A6K SINV had a ~17-fold higher SI compared to WT SINV, indicative of a large
population of non-infectious viruses in the former, SINV-ETM chimera had a similar SI
ratio compared to wild-type virus (Table 1). This further showed that the ETM channel
chimera can substantially rescue defects shown in A6K SINV, which led to the formation
of non-infectious viruses.

To further test whether the rescue in viral titer and plaque size in the ETM chimera
is due to a functional ion channel, channel-inactivating mutations were introduced in
the ETM sequence: N15A, V25F and the double mutant N15A, V25F (Fig. 1A). Previous
studies done in SARS-CoV have shown that these single substitutions completely abolish
channel activity of E protein in lipid bilayers (34, 48) while the double substitution
has reduced conductance (34). Revertants of these single viral mutants obtained from
studies in mice and Vero E6 cells had similar conductance as the wild-type protein when
tested in lipid membranes (49). Since SARS-CoV and SARS-CoV-2 E proteins have 100%
sequence identity in the TM domain, similar results can be expected for the latter (33,
37). We observed reduced plaque sizes for these mutants in our chimera similar to A6K
SINV (Fig. 1B) and a ~ 0.5-1 log lower titer than SINV-ETM in one-step growth curve
analysis (Fig. 1D). The Sl ratios of these mutants were also similar to A6K SINV in the case
of V25F and higher in the case of N15A and the double substitution mutant. Thus, the
ETM chimera can cis-complement the function of the 6K ion channel domain and rescue
defects in SINV growth, which can be hampered by introducing mutations that affect the
ETM channel activity.

Channel inhibitors such as amantadine and amiloride reduce viral infection
in SINV 6K and SINV-ETM chimera

Amantadine and amilorides such as hexamethylene amiloride (HMA) are known
inhibitors of channel activity of viroporins (19, 33, 34, 40, 44). To establish our chi-
meric system as a tool to study SARS-CoV-2 E-channel activity and its inhibition, we
tested these compounds against the ETM channel in the SINV chimeric background
and compared the results to previous studies (40). We first tested the binding of
three amiloride derivatives—HMA, EIPA, and DMA—uwith purified SINV 6K, full-length
SARS-CoV-2 E, and E protein with channel substitutions in DDM micelles expressed

TABLE 1 Specific infectivity (SI) ratios of WT SINV and mutant viruses in BHK cells (12 hours post-electro-
poration)

Virus Sl (genomes/titer)
WT SINV 324

A6K SINV 5,587

SINV-ETM 492

SINV-ETM (N15A) 13,759

SINV-ETM (V25F) 6,344

SINV-ETM (N15A, V25F) 13,995
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in bacteria (Fig. S2A through D) using UV-Vis absorption spectroscopy. To ensure the
specificity of binding interaction, purified EGFP protein was used as a negative control
(Fig. S2E and F). Amantadine does not have a characteristic absorption in the UV-Vis
spectrum and hence was left out of the experiment. HMA, EIPA, and DMA have character-
istic absorption peaks around 290 and 380 nm (Fig. 2A). The proteins were incubated
with 3-4x molar excess of the compounds for 1 hour at 4°C and dialyzed overnight in a
3 kDa cut bag. Upon dialysis, the unbound compound was removed while the fraction
of the compounds bound to the proteins was retained in the dialysis bag. Both 6K (Fig.
2B) and E (Fig. 2C) proteins bind to the compounds, although to a lesser extent in the
case of DMA, as indicated by a lower OD value around 290 and 380 nm for the same
amount of protein. The EGFP control does not show binding to any of the compounds
(Fig. 2D). Since N15A and V25F mutations in SARS-CoV E are known to affect oligomeric
states of the protein (34, 38), we also tested the single and double substitution mutants
for their ability to bind the compounds. All three mutants showed binding, although to
a slightly lesser degree than the wild-type protein (Fig. S3). This is expected considering
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FIG 2 SINV 6K and SARS-CoV-2 E proteins bind to amiloride derivatives. UV-Vis spectra of (A) HMA, EIPA, and DMA. UV-Vis spectra of compounds bound to
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each sample. The data shown represent two independent experiments.

May 2025 Volume 99 Issue 5

10.1128/jvi.02252-24 9


https://doi.org/10.1128/jvi.02252-24

Full-Length Text

the mutant proteins also show oligomeric bands near 25 and 15 kDa on SDS-PAGE (Fig.
S20).

For ease in visualization and quantification of the effect of channel inhibitors on the
chimeric viruses, an mCherry tag was inserted at the N-terminus of SINV E2 as described
in Jose et al. (45) in all constructs mentioned in Fig. 1A. One-step growth curve analysis of
mCherry-tagged WT SINV and SINV-ETM chimera was performed (Fig. 1F). As expected,
based on Fig. 1D, ~1-log reduction in titer was observed for the tagged SINV-ETM
chimera compared to tagged wild-type SINV. Using a calorimetric cell-proliferation assay,
cytotoxicity profiles of HMA, EIPA, DMA, and amantadine were determined for BHK-21
cells (Table 2). HMA had the highest cytotoxicity followed by EIPA and DMA while
amantadine had the lowest.

Based on the CCsq values, concentration ranges for the compounds were determined
and tested for inhibition of viral growth with mCherry-tagged viruses. BHK-21 cells were
infected with an MOI of 1.0 of wild-type SINV and mutant viruses in the presence of
a compound or DMSO control (Fig. 3). After 12 hours, the mCherry fluorescence signal
in each compound-treated sample was used to measure the percent relative infection
to calculate ICsq values (Fig. 3A through H). All four compounds showed concentration-
dependent inhibition against SINV (Fig. 3A through D) and SINV-ETM chimera (Fig. 3E
through H) but had little to no effect on A6K SINV (Fig. 3A through D). HMA and EIPA
showed higher levels of inhibition compared to DMA for the chimera, a result similar
to a previous study done on the authentic SARS-CoV-2 virus in Vero E6 cells (40) while
amantadine had the highest ICsq concentration. We also observe the same order of
antiviral activity (HMA >EIPA >> DMA >>>Amantadine) for SINV, further validating that
6K and SARS-CoV-2 E ion channels function in a similar fashion in SINV. The assay was
also performed for low MOI virus (MOI = 0.1) treated with inhibitors for 24 hours and the
same trend was observed (Fig. S4). The compounds show a lesser degree of inhibition
against SINV-ETM channel mutants compared to ETM as seen in Fig. 3E through H. This
result is expected since these mutants do not completely abolish channel activity and
would not behave similarly to A6K SINV.

To test the reliability of the above method of determining inhibition by measuring the
mCherry signal, plaque assays were performed with the untagged viruses—WT SINV, A6K
SINV, and SINV-ETM chimera—treated with the inhibitors in BHK-21 cells and harvested
after 12 hours. Titers were compared to DMSO-treated virus and plotted as percentages
(Fig. 3I). The results follow the same inhibitory trend as seen in Fig. 3A through H.
The inhibition of growth can also be visualized in tagged viruses when treated with
concentrations of compounds greater than the IC5q concentration (Fig. 4).

Time of inhibitor addition assay reveals a functional role for an ion channel
during the early stages of the SINV life cycle

Both alphavirus 6K and SARS-CoV-2 E proteins are known to play important roles in the
later stages of their respective virus life cycles, although the exact mechanisms for their
action are not known. 6K has long been known to be involved in the budding process
(31) and was recently shown to affect glycoprotein trafficking and CPV-Il formation
through its ion channel activity (32). SARS-CoV-2 E protein localizes to the ER-Golgi
intermediate compartment (ERGIC), the site of coronavirus assembly (50), and is known
to cause membrane curvature and disruption of calcium homeostasis via its ion channel
(51). Therefore, it is likely that the channel inhibitors affect the assembly/egress stage of

TABLE 2 CCjsg values of inhibitors in BHK cells as shown in graphs of Fig. 3A for 12 hour incubation and Fig.
S4 for 24 hour incubation

Inhibitor 12 hour incubation 24 hour incubation
HMA 66.8 UM 46.03 uM
EIPA >100 uM 93.93 uM
DMA >100 uM >100 uM
Amantadine 2.24 mM 1.94 mM
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FIG 3 Inhibition of SINV and SINV-ETM mutant virus infection by amilorides and amantadine in BHK cells at MOI of 1.0 and 12 h incubation. BHK cells were
treated with indicated concentrations of (A, E) HMA, (B, F) EIPA, (C, G) DMA, and (D, H) amantadine and infected with (A-D) mCherry E2 WT SINV (green), mCherry
E2 A6K SINV (pink) and (E-H) mCherry E2 SINV-ETM (orange), ETM (N15A) (blue), ETM (V25F) (red), ETM (N15A, V25F) (purple) viruses at an MOI of 1.0 for 12 hours.
(1) BHK-21 cells were infected with untagged WT SINV, A6K SINV, and SINV-ETM chimera at an MOI of 1.0 treated with indicated concentrations of inhibitors and

plaqued after 12 hours.

SINV and SINV-ETM infection. We performed an egress inhibition assay to test the effect
of the compounds on late-stage infection. Infected BHK-21 cells were treated with the
compounds after 8 hours of infection, and the supernatants were harvested at 12 hours
post-infection (hpi). These supernatants were used to perform a plaque assay to quantify
the amount of infectious virus produced when the compounds are added at later stages.
The viral titers of WT SINV and SINV-ETM are reduced by approximately 0.4-1.0 logs in
the presence of the compounds, while little to no change is observed in the viral titer
of A6K SINV (Fig. S5). This demonstrates the expected effect of the channel inhibitors on
viral egress.

To further investigate what stage of viral infection is affected by the compounds used
in this study, a time of addition assay was performed. Figure 5A shows a schematic of
the different time points of the addition of compounds. Compounds were used at ~2-
3 times the IC5g concentration. First, we tested mCherry-tagged SINV and SINV-ETM
infection at a low MOI of 0.1 (asynchronous infection) to capture changes in overall
infection. For both viruses, we see smaller foci of mCherry-labelled cells compared to
the control with 50 uM of DMA up to 6-8 hpi, beyond which the effect is lost (Fig. S6B
and Q). This is expected since channel activity is needed for budding and spreading
after the first round of infection. 8 hpi is also the time point when the expression of
mCherry-tagged E2 glycoprotein is highest on the cell surface (45). A similar result is
seen in the case of 500 uM amantadine treatment of WT SINV-infected cells (Fig. S6B).
For SINV-ETM, however, little to no infection is seen at early time points (-1, 0, 1, and
4 hpi) upon amantadine treatment (Fig. S6C). Amantadine, a lysosomotropic weak base,
has been shown to reduce alphaviral entry by increasing endosomal pH (52). In addition,
25 pM HMA and EIPA treatment resulted in nearly complete inhibition of infection at
earlier time points for both viruses, with HMA being more potent than EIPA (Fig. S6B and
Q.
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FIG 4 Inhibition of viral infection with channel inhibitors in BHK-21 cells infected at MOI 1.0. Cells infected with mCherry-tagged viruses were treated with

0.1% DMSO (control) and compound inhibitors at the indicated concentrations for 12 hours and stained for DAPI nuclear stain (blue). Cells were imaged at 20x

magnification on Cytation 7 using DAPI and TRITC (red) channels. Scale bar = 200 um

To test whether ion-channel activity of 6K and ETM is needed for entry in SINV
infection, we performed the assay with a high MOI of 10 (synchronous infection) (Fig. 5,
Fig. S6D and E). The results are even more striking at an MOI of 10, where the addition of
the channel inhibitors leads to lower infection levels when added at earlier time points
(Fig. S6D and E). All four compounds show a statistically significant reduction in viral
infection, with HMA, EIPA, and amantadine being more potent than DMA at the chosen
concentrations (Fig. 5B). For analyzing the results at ~4-6 hpi, it is important to note that
CPV-lIs carrying E1/E2 glycoproteins originate around 4 hpi in WT SINV and need a
functionally active ion channel for biogenesis (45). A delay in mCherry-E2 trafficking due
to channel inhibition should, however, not result in loss of fluorescence signal at 15 hpi.
This also does not explain the results seen at —1, 0, and 1 hour time points (Fig. 5B). It is
also possible that higher concentrations of DMA and amantadine might have yielded
results similar to HMA and EIPA. In a separate experiment, we also looked at the effect of
preincubation with HMA on viral entry of WT SINV and A6K SINV using a plaque number
reduction assay (Fig. S7). Preincubation with HMA for 1 hour resulted in a 0.2-0.3 log
reduction in the viral titer of WT SINV but not of A6K SINV. The time of addition assay and
the plaque number reduction assay, along with the huge differences in Sl ratios seen in
Fig. 1E and Table 1, could be indicative of a channel role in entry.

DISCUSSION

The channel activity of the coronavirus E protein has been implicated in the assembly
and release of virus particles via the formation of membrane curvature and disruption of
normal cellular functions (33, 49, 51). More recent studies with SARS-CoV-2 have shown
that the E protein is needed for overall viral fitness and pathogenesis, including trigger-
ing of robust inflammatory immune responses and induction of cell death (39). It has
also been shown that E and M (membrane) proteins of SARS-CoV and SARS-CoV-2 are the
minimum requirements for a VLP (virus-like particle) system (53, 54), strongly suggesting
that the two proteins interact during assembly (55). However, conflicting reports exist
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intensity signal (TRITC channel) was measured for each sample relative to the DMSO-control signal and plotted for graphical representation. Error bars represent

the standard error of the mean (SEM) of two independent experiments. Statistical significance was determined for each time point between inhibitor-treated and
DMSO control values by two-tailed unpaired t-test with a 95% confidence interval. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns-not significant.

suggesting that while the inclusion of E enhances the VLP production, the M and N
proteins represent the minimum VLP requirements (56, 57). Another recent study has
shown that SARS-CoV-2 uses a lysosome-based egress pathway instead of the conven-
tional biosynthetic secretory pathway (58). The ability of the E protein to alter the pH of
intracellular compartments and disrupt calcium homeostasis could be the basis for
lysosomal deacidification needed in this pathway. Thus, E protein has multiple functions
in the viral life cycle, and although it is not essential for particle production, it can greatly
affect viral growth as seen in various channel inhibition studies (37, 40, 44). Antivirals that
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target the channel activity of E have the potential to assist in combating COVID-19
infection.

In this study, we propose a fluorescently tagged SINV chimeric system for screening
channel inhibitors against the ion-channel activity of SARS-CoV-2 E protein in a BSL-2
environment. Our method has proven useful in testing known inhibitors and has the
potential to be used for testing novel inhibitors in a high-throughput manner without
the need for a BSL-3 laboratory. It is a faster, safer, and cheaper method to screen
compound libraries before testing in an authentic SARS background. We have exploited
the structural and functional similarities between viroporins of enveloped viruses to
generate a SINV-ETM chimera and show that the ion channel of E protein can, to a large
extent, rescue growth defects that occur due to deletion of the SINV 6K as shown in
Fig. 1. To ensure that the rescue is due to the presence of a functional ion channel, we
introduced channel-disrupting mutations in the ETM sequence that reverse the rescue,
although not to the extent of A6K SINV.

Next, we tested our chimera against known channel inhibitors of E to further establish
the reliability of the system as a compound screening tool. First, we tested the purified
6K and E proteins for binding with these inhibitors in vitro (Fig. 2), and then proceeded
to perform inhibition studies with these compounds in the chimeric system to calculate
ICsq values. For faster evaluation, we used the total mCherry signal produced compared
to DMSO controls as a read-out for change in overall infection. We optimized our
protocol on an iD5 spectrophotometer for quantification, which was validated using
plaque assays and qualitative analysis of imaging data shown in Fig. 3 and 4. Our results
were similar to previously reported results where HMA and EIPA performed better than
DMA and amantadine but had higher cytotoxicity in Vero E6 cells (40, 44).

Of the two residues modified in ETM to disrupt channel activity, N15A was more
resistant to the effect of the inhibitors compared to V25F (Fig. 3E through H). The
purification and gel analysis profiles of the mutants, however, are identical (Fig. S2).
Previous studies based on the NMR structure of E have shown that compounds such
as HMA and amantadine interact with the N-terminus of the protein (37, 44). The N15
residue was shown to be very close to the binding sites of these compounds, and its
substitution to alanine modified the channel conformation needed for binding. This
could explain why the N15A mutant chimera is almost unaffected by the addition of the
compounds shown in Fig. 3.

Viroporins are known to assist in the later stages of infection, and the addition
of channel inhibitors blocks viral egress in both WT SINV and SINV-ETM chimera as
expected (Fig. S5). To further narrow down the possible stage of the viral life cycle
affected by these inhibitors and gain insight into their possible modes of action, we
performed a time of addition assay in BHK-21 cells with the tagged WT SINV and
SINV-ETM chimera. Surprisingly, even at a high MOI of 10, the addition of the compounds
at earlier time points greatly reduced the level of infection, with HMA being the most
potent at the concentrations tested (Fig. 5, Fig. S6D and E). This hints toward a possible
role of the ion channels in SINV entry and/or replication. Further studies are needed to
validate whether ion-channel activity assists in the entry/uncoating of the SINV particles.
lon channels such as IAV-M2 have been known to assist in uncoating of the virus particles
while viroporins of some picornaviruses and rotaviruses are involved in replication as
well (17). Therefore, it is possible that SINV 6K/TF is also involved in entry as it is
present in sub-stoichiometric amounts in budding virions (30, 59). This would explain
the vast differences in Sl ratios of WT SINV and A6K SINV in Fig. 1E and the decrease
in SINV titer upon preincubation with HMA in Fig. S7. The E ion channel is involved in
post-entry stages of SARS-CoV-2 infection, and a role for the channel in entry has not
been established. Future studies are needed to independently investigate whether the
E channel is involved in SARS-CoV-2 entry. Studies are also needed to determine the
functional oligomeric state(s) of 6K to understand the mechanism of action of its ion
channel and how channels of other proteins can complement those roles.
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SINV and SARS-CoV-2 utilize distinct pathways for viral exit. The assembly of SARS-
CoV-2 virions occurs in the ERGIC, and the newly formed particles are released through
the secretory pathway (60, 61). In SINV, assembly and budding occur at the plasma
membrane (62). While 6K, similar to E, localizes to the ER and Golgi compartments
and is largely absent from the plasma membrane, their intracellular distribution during
their respective life cycles may not fully overlap. SINV also encodes the TF variant of 6K
which can traffic to the plasma membrane for assembly into budding particles (20). This
presents a limitation of the SINV chimeric system in evaluating the effects of E-channel
function, particularly roles that are poorly characterized or unknown in the authentic
SARS-CoV-2 system, such as a potential role in viral entry. Nevertheless, the SINV chimeric
system provides a useful and convenient tool to study the inhibition of these channels
and can be exploited for the initial screening of compound libraries in an effort to find
life-saving antivirals against high-containment coronaviruses.

ACKNOWLEDGMENTS

We thank Nicholas Noinaj (Purdue University) and Indranil Mukherjee (Purdue University)
for their assistance in optimizing protein purification protocols. We also thank Devika
Sirohi (Purdue University) for the support with experimental procedures and valuable
discussions.

This work was funded by National Institutes of Health grant RO1 Al095366, awarded to
Richard J. Kuhn.

AUTHOR AFFILIATIONS

'Department of Biological Sicences, Purdue University, West Lafayette, Indiana, USA
?Purdue Institute of Inflammation, Immunology, and Infectious Disease, Purdue
University, West Lafayette, Indiana, USA

AUTHOR ORCIDs

Vashi Negi (2 http://orcid.org/0000-0001-9646-0025
Richard J. Kuhn @ http://orcid.org/0000-0003-4148-1026

FUNDING

Funder Grant(s) Author(s)
National Institutes of Health RO1 Al095366 Richard J. Kuhn
AUTHOR CONTRIBUTIONS

Vashi Negi, Conceptualization, Data curation, Formal analysis, Investigation, Methodol-
ogy, Project administration, Validation, Visualization, Writing — original draft, Writing -
review and editing | Richard J. Kuhn, Conceptualization, Funding acquisition, Project
administration, Resources, Supervision, Writing — review and editing

DATA AVAILABILITY

Data supporting the findings of this study are available within the article and its
supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (JV102252-24-S0001.docx). Figures S1 to S7.

May 2025 Volume 99 Issue 5

Journal of Virology

10.1128/jvi.02252-24 15


http://orcid.org/0000-0001-9646-0025
http://orcid.org/0000-0003-4148-1026
http://dx.doi.org/10.13039/100000002
https://doi.org/10.1128/jvi.02252-24
https://doi.org/10.1128/jvi.02252-24

Full-Length Text

REFERENCES

1.

May 2025 Volume 99

Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W,
Lu R, Niu P, Zhan F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W, China
Novel Coronavirus Investigating and Research Team. 2020. A novel
coronavirus from patients with pneumonia in China, 2019. N Engl J Med
382:727-733. https://doi.org/10.1056/NEJM0a2001017

Wang C, Horby PW, Hayden FG, Gao GF. 2020. A novel coronavirus
outbreak of global health concern. Lancet 395:470-473. https://doi.org/
10.1016/50140-6736(20)30185-9

The weekly epidemiological record (WER). 2025. https://www.who.int/p
ublications/journals/weekly-epidemiological-record.

COVID-19 Cases, WHO COVID-19 Dashboard. 2025. Datadot. https://data.
who.int/dashboards/covid19/cases.

Research, C. for D. E. 2023. Coronavirus (COVID-19) | Drugs FDA. https://
www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-covid-
19-drugs.

European Medicines Agency. 2023. COVID-19 medicines. https://www.e
ma.europa.eu/en/human-regulatory/overview/public-health-threats/cor
onavirus-disease-covid-19/covid-19-medicines.

Gupta A, Gonzalez-Rojas Y, Juarez E, Crespo Casal M, Moya J, Falci DR,
Sarkis E, Solis J, Zheng H, Scott N, Cathcart AL, Hebner CM, Sager J,
Mogalian E, Tipple C, Peppercorn A, Alexander E, Pang PS, Free A,
Brinson C, Aldinger M, Shapiro AE, COMET-ICE Investigators. 2021. Early
treatment for Covid-19 with SARS-CoV-2 neutralizing antibody
sotrovimab. N Engl J Med 385:1941-1950. https://doi.org/10.1056/NEJM
0a2107934

Weinreich DM, Sivapalasingam S, Norton T, Ali S, Gao H, Bhore R, Xiao J,
Hooper AT, Hamilton JD, Musser BJ, et al. 2021. REGEN-COV antibody
combination and outcomes in outpatients with Covid-19. N Engl J Med
385:e81. https://doi.org/10.1056/NEJM0a2108163

Beigel JH, Tomashek KM, Dodd LE, Mehta AK, Zingman BS, Kalil AC,
Hohmann E, Chu HY, Luetkemeyer A, Kline S, et al. 2020. Remdesivir for
the treatment of Covid-19 - final report. N Engl J Med 383:1813-1826. htt
ps://doi.org/10.1056/NEJM0a2007764

Gottlieb RL, Vaca CE, Paredes R, Mera J, Webb BJ, Perez G, Oguchi G,
Ryan P, Nielsen BU, Brown M, et al. 2022. Early remdesivir to prevent
progression to severe Covid-19 in outpatients. N Engl J Med 386:305-
315. https://doi.org/10.1056/NEJMoa2116846

Hammond J, Leister-Tebbe H, Gardner A, Abreu P, Bao W, Wisemandle W,
Baniecki M, Hendrick VM, Damle B, Simén-Campos A, Pypstra R, Rusnak
JM, EPIC-HR Investigators. 2022. Oral nirmatrelvir for high-risk,
nonhospitalized adults with Covid-19. N Engl J Med 386:1397-1408. http
s://doi.org/10.1056/NEJMoa2118542

Painter WP, Holman W, Bush JA, Almazedi F, Malik H, Eraut N, Morin MJ,
Szewczyk LJ, Painter GR. 2021. Human safety, tolerability, and pharmaco-
kinetics of molnupiravir, a novel broad-spectrum oral antiviral agent
with activity against SARS-CoV-2. Antimicrob Agents Chemother
65:02428-20. https://doi.org/10.1128/AAC.02428-20

Jayk Bernal A, Gomes da Silva MM, Musungaie DB, Kovalchuk E,
Gonzalez A, Delos Reyes V, Martin-Quirds A, Caraco Y, Williams-Diaz A,
Brown ML, Du J, Pedley A, Assaid C, Strizki J, Grobler JA, Shamsuddin HH,
Tipping R, Wan H, Paschke A, Butterton JR, Johnson MG, De Anda C,
MOVe-OUT Study Group. 2022. Molnupiravir for oral treatment of
Covid-19 in nonhospitalized patients. N Engl J Med 386:509-520. https://
doi.org/10.1056/NEJMoa2116044

Search Results, Beta ClinicalTrials.Gov. 2019 https://clinicaltrials.gov/sear
ch?cond=COVID-19.

Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, Peacock SJ,
Barclay WS, de Silva T, Towers GJ, Robertson DL, COVID-19 Genomics UK
Consortium. 2023. SARS-CoV-2 variant biology: immune escape,
transmission and fitness. Nat Rev Microbiol 21:162-177. https://doi.org/
10.1038/541579-022-00841-7

Ao D, Lan T, He X, Liu J, Chen L, Baptista-Hon DT, Zhang K, Wei X. 2022.
SARS-CoV-2 omicron variant: immune escape and vaccine development.
MedComm (2020) 3:e126. https://doi.org/10.1002/mco02.126

Nieva JL, Madan V, Carrasco L. 2012. Viroporins: structure and biological
functions. Nat Rev Microbiol 10:563-574. https://doi.org/10.1038/nrmicr
02820

Hyser JM. 2015. Viroporins, p 153-181. In Electrophysiology of
unconventional channels and pores. Vol. 18.

Jing X, Ma C, Ohigashi Y, Oliveira FA, Jardetzky TS, Pinto LH, Lamb RA.
2008. Functional studies indicate amantadine binds to the pore of the

Issue 5

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

Journal of Virology

influenza a virus M2 proton-selective ion channel. Proc Natl Acad Sci
USA 105:10967-10972. https://doi.org/10.1073/pnas.0804958105
Ramsey J, Mukhopadhyay S. 2017. Disentangling the frames, the state of
research on the alphavirus 6K and TF proteins. Viruses 9:228. https://doi.
org/10.3390/v9080228

Wharton SA, Belshe RB, Skehel JJ, Hay AJ. 1994. Role of virion M2 protein
in influenza virus uncoating: specific reduction in the rate of membrane
fusion between virus and liposomes by amantadine. J Gen Virol 75 (pt
4):945-948. https://doi.org/10.1099/0022-1317-75-4-945

Sakaguchi T, Leser GP, Lamb RA. 1996. The ion channel activity of the
influenza virus M2 protein affects transport through the Golgi
apparatus. J Cell Biol 133:733-747. https://doi.org/10.1083/jcb.133.4.733
Rossman JS, Jing X, Leser GP, Lamb RA. 2010. Influenza virus M2 protein
mediates ESCRT-independent membrane scission. Cell 142:902-913. htt
ps://doi.org/10.1016/j.cell.2010.08.029

Antoine AF, Montpellier C, Cailliau K, Browaeys-Poly E, Vilain JP,
Dubuisson J. 2007. The alphavirus 6K protein activates endogenous
ionic conductances when expressed in xenopus oocytes. J Membrane
Biol 215:37-48. https://doi.org/10.1007/500232-007-9003-6

Melton JV, Ewart GD, Weir RC, Board PG, Lee E, Gage PW. 2002.
Alphavirus 6K proteins form ion channels. J Biol Chem 277:46923-46931.
https://doi.org/10.1074/jbc.M207847200

Sanz MA, Madan V, Nieva JL, Carrasco L. 2005. The Alphavirus 6K Protein,
p 233-244. In Fischer WB (ed), In viral membrane proteins: structure,
function, and drug design. Spring US, Boston,MA.

Harrington HR, Zimmer MH, Chamness LM, Nash V, Penn WD, Miller TF
3rd, Mukhopadhyay S, Schlebach JP. 2020. Cotranslational folding
stimulates programmed ribosomal frameshifting in the alphavirus
structural polyprotein. J Biol Chem 295:6798-6808. https://doi.org/10.10
74/jbc.RA120.012706

Button JM, Qazi SA, Wang JY, Mukhopadhyay S. 2020. Revisiting an old
friend: new findings in alphavirus structure and assembly. Curr Opin
Virol 45:25-33. https://doi.org/10.1016/j.coviro.2020.06.005

Liljestrom P, Garoff H. 1991. Internally located cleavable signal
sequences direct the formation of Semliki Forest virus membrane
proteins from a polyprotein precursor. J Virol 65:147-154. https://doi.org
/10.1128/JV1.65.1.147-154.1991

Firth AE, Chung BY, Fleeton MN, Atkins JF. 2008. Discovery of frameshift-
ing in Alphavirus 6K resolves a 20-year enigma. Virol J 5:108. https://doi.
org/10.1186/1743-422X-5-108

Loewy A, Smyth J, von Bonsdorff CH, Liljestrom P, Schlesinger MJ. 1995.
The 6-kilodalton membrane protein of semliki forest virus is involved in
the budding process. J Virol 69:469-475. https://doi.org/10.1128/JV1.69.1
469-475.1995

Elmasri Z, Negi V, Kuhn RJ, Jose J. 2022. Requirement of a functional ion
channel for Sindbis virus glycoprotein transport, CPV-Il formation, and
efficient virus budding. Plos Pathog 18:e1010892. https://doi.org/10.137
1/journal.ppat.1010892

CaoY, YangR, Lee |, Zhang W, Sun J, Wang W, Meng X. 2021. Characteri-
zation of the SARS-CoV-2 E protein: sequence, structure, viroporin, and
inhibitors. Protein Sci 30:1114-1130. https://doi.org/10.1002/pro.4075
Torres J, Maheswari U, Parthasarathy K, Ng L, Liu DX, Gong X. 2007.
Conductance and amantadine binding of a pore formed by a lysine-
flanked transmembrane domain of SARS coronavirus envelope protein.
Protein Sci 16:2065-2071. https://doi.org/10.1110/ps.062730007

Wilson L, McKinlay C, Gage P, Ewart G. 2004. SARS coronavirus E protein
forms cation-selective ion channels. Virology330:322-331. https://doi.or
9/10.1016/j.virol.2004.09.033

Duart G, Garcia-Murria MJ, Grau B, Acosta-Céceres JM, Martinez-Gil L,
Mingarro I. 2020. SARS-CoV-2 envelope protein topology in eukaryotic
membranes. Open Biol 10:200209. https://doi.org/10.1098/rs0b.200209
Mandala VS, McKay MJ, Shcherbakov AA, Dregni AJ, Kolocouris A, Hong
M. 2020. Structure and drug binding of the SARS-CoV-2 envelope
protein transmembrane domain in lipid bilayers. Nat Struct Mol Biol
27:1202-1208. https://doi.org/10.1038/s41594-020-00536-8

Nieto-Torres JL, Verdid-Baguena C, Jimenez-Guardefio JM, Regla-Nava
JA, Castaino-Rodriguez C, Fernandez-Delgado R, Torres J, Aguilella VM,
Enjuanes L. 2015. Severe acute respiratory syndrome coronavirus E
protein transports calcium ions and activates the NLRP3 inflammasome.
Virology485:330-339. https://doi.org/10.1016/j.virol.2015.08.010

Xia B, Shen X, He Y, Pan X, Liu FL, Wang Y, Yang F, Fang S, Wu Y, Duan Z,
et al. 2021. SARS-CoV-2 envelope protein causes acute respiratory

10.1128/jvi.02252-24 16


https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/S0140-6736(20)30185-9
https://www.who.int/publications/journals/weekly-epidemiological-record
https://data.who.int/dashboards/covid19/cases
https://www.fda.gov/drugs/emergency-preparedness-drugs/coronavirus-covid-19-drugs
https://www.ema.europa.eu/en/human-regulatory/overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://doi.org/10.1056/NEJMoa2107934
https://doi.org/10.1056/NEJMoa2108163
https://doi.org/10.1056/NEJMoa2007764
https://doi.org/10.1056/NEJMoa2116846
https://doi.org/10.1056/NEJMoa2118542
https://doi.org/10.1128/AAC.02428-20
https://doi.org/10.1056/NEJMoa2116044
https://clinicaltrials.gov/search?cond=COVID-19
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1002/mco2.126
https://doi.org/10.1038/nrmicro2820
https://doi.org/10.1073/pnas.0804958105
https://doi.org/10.3390/v9080228
https://doi.org/10.1099/0022-1317-75-4-945
https://doi.org/10.1083/jcb.133.4.733
https://doi.org/10.1016/j.cell.2010.08.029
https://doi.org/10.1007/s00232-007-9003-6
https://doi.org/10.1074/jbc.M207847200
https://doi.org/10.1074/jbc.RA120.012706
https://doi.org/10.1016/j.coviro.2020.06.005
https://doi.org/10.1128/JVI.65.1.147-154.1991
https://doi.org/10.1186/1743-422X-5-108
https://doi.org/10.1128/JVI.69.1.469-475.1995
https://doi.org/10.1371/journal.ppat.1010892
https://doi.org/10.1002/pro.4075
https://doi.org/10.1110/ps.062730007
https://doi.org/10.1016/j.virol.2004.09.033
https://doi.org/10.1098/rsob.200209
https://doi.org/10.1038/s41594-020-00536-8
https://doi.org/10.1016/j.virol.2015.08.010
https://doi.org/10.1128/jvi.02252-24

Full-Length Text

40.

41.

42.
43.

44,

45,

46.

47.

48.

49.

50.

May 2025 Volume 99

distress syndrome (ARDS)-like pathological damages and constitutes an
antiviral target. Cell Res 31:847-860. https://doi.org/10.1038/s41422-021
-00519-4

Park SH, Siddiqi H, Castro DV, De Angelis AA, Oom AL, Stoneham CA,
Lewinski MK, Clark AE, Croker BA, Carlin AF, Guatelli J, Opella SJ. 2021.
Interactions of SARS-CoV-2 envelope protein with amilorides correlate
with antiviral activity. Plos Pathog 17:21009519. https://doi.org/10.1371/
journal.ppat.1009519

Cochran KW, Maassab HF, Tsunoda A, Berlin BS. 1965. Studies on the
antiviral activity of amantadine hydrochloride. Ann N Y Acad Sci
130:432-439. https://doi.org/10.1111/j.1749-6632.1965.tb12579.x
Maugh TH. 1979. Panel urges wide use of antiviral drug. Science
206:1058-1060. https://doi.org/10.1126/science.386515

Elliott J. 1979. Consensus on amantadine use in influenza A. JAMA
242:2383-2383. https://doi.org/10.1001/jama.242.22.2383

Toft-Bertelsen TL, Jeppesen MG, Tzortzini E, Xue K, Giller K, Becker S,
Mujezinovic A, Bentzen BH, Andreas LB, Kolocouris A, Kledal TN,
Rosenkilde MM. 2021. Author correction: amantadine inhibits known
and novel ion channels encoded by SARS-CoV-2 in vitro. Commun Biol
4:1-10. https://doi.org/10.1038/542003-021-02940-2

Jose J, Tang J, Taylor AB, Baker TS, Kuhn RJ. 2015. Fluorescent protein-
tagged Sindbis virus E2 glycoprotein allows single particle analysis of
virus budding from live cells. Viruses 7:6182-6199. https://doi.org/10.33
90/v7122926

Owen KE, Kuhn RJ. 1996. Identification of a region in the Sindbis virus
nucleocapsid protein that is involved in specificity of RNA encapsidation.
JVirol 70:2757-2763. https://doi.org/10.1128/JV1.70.5.2757-2763.1996
Tang J, Jose J, Chipman P, Zhang W, Kuhn RJ, Baker TS. 2011. Molecular
links between the E2 envelope glycoprotein and nucleocapsid core in
Sindbis virus. J Mol Biol 414:442-459. https://doi.org/10.1016/jjmb.2011.
09.045

Verdid-Baguena C, Nieto-Torres JL, Alcaraz A, DeDiego ML, Torres J,
Aguilella VM, Enjuanes L. 2012. Coronavirus E protein forms ion channels
with functionally and structurally-involved membrane lipids. Virol-
0gy432:485-494. https://doi.org/10.1016/j.virol.2012.07.005

Nieto-Torres JL, DeDiego ML, Verdid-Baguena C, Jimenez-Guardefio JM,
Regla-Nava JA, Fernandez-Delgado R, Castaino-Rodriguez C, Alcaraz A,
Torres J, Aguilella VM, Enjuanes L. 2014. Severe acute respiratory
syndrome coronavirus envelope protein ion channel activity promotes
virus fitness and pathogenesis. Plos Pathog 10:e1004077. https://doi.org
/10.1371/journal.ppat.1004077

Cabrera-Garcia D, Bekdash R, Abbott GW, Yazawa M, Harrison NL. 2021.
The envelope protein of SARS-CoV-2 increases intra-Golgi pH and forms
a cation channel that is regulated by pH. J Physiol 599:2851-2868. https:
//doi.org/10.1113/JP281037

Issue 5

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Journal of Virology

Mehregan A, Pérez-Conesa S, Zhuang Y, Elbahnsi A, Pasini D, Lindahl E,
Howard RJ, Ulens C, Delemotte L. 2022. Probing effects of the SARS-
CoV-2 E protein on membrane curvature and intracellular calcium.
Biochim Biophys Acta Biomembr 1864:183994. https://doi.org/10.1016/j.
bbamem.2022.183994

Helenius A, Marsh M, White J. 1982. Inhibition of semliki forest virus
penetration by lysosomotropic weak bases. J Gen Virol 58:47-61. https://
doi.org/10.1099/0022-1317-58-1-47

Mortola E, Roy P. 2004. Efficient assembly and release of SARS
coronavirus-like particles by a heterologous expression system. FEBS
Lett 576:174-178. https://doi.org/10.1016/j.febslet.2004.09.009

Xu R, Shi M, Li J, Song P, Li N. 2020. Corrigendum: construction of SARS-
CoV-2 virus-like particles by mammalian expression system. Front
Bioeng Biotechnol 8:1026. https://doi.org/10.3389/fbioe.2020.01026
Hogue BG, Machamer CE. 2007. Coronavirus structural proteins and virus
assembly, p 179-200. In Stanley Perlman, Eric J. Snijder (ed), Nidoviruses.
John Wiley & Sons.

Plescia CB, David EA, Patra D, Sengupta R, Amiar S, Su Y, Stahelin RV.
2021. SARS-CoV-2 viral budding and entry can be modeled using BSL-2
level virus-like particles. J Biol Chem 296:100103. https://doi.org/10.1074
/jbc.RA120.016148

Breitinger U, Farag NS, Sticht H, Breitinger HG. 2022. Viroporins:
structure, function, and their role in the life cycle of SARS-CoV-2. Int J
Biochem Cell Biol 145:106185. https://doi.org/10.1016/j.biocel.2022.106
185

Ghosh S, Dellibovi-Ragheb TA, Kerviel A, Pak E, Qiu Q, Fisher M, Takvorian
PM, Bleck C, Hsu VW, Fehr AR, Perlman S, Achar SR, Straus MR, Whittaker
GR, de Haan CAM, Kehrl J, Altan-Bonnet G, Altan-Bonnet N. 2020. (-
coronaviruses use lysosomes for egress instead of the biosynthetic
secretory pathway. Cell 183:1520-1535. https://doi.org/10.1016/j.cell.20
20.10.039

Lusa S, Garoff H, Liuestrom P. 1991. Fate of the 6K membrane protein of
semliki forest virus during virus assembly. Virology185:843-846. https://
doi.org/10.1016/0042-6822(91)90556-Q

Sergio MC, Ricciardi S, Guarino AM, Giaquinto L, De Matteis MA. 2024.
Membrane remodeling and trafficking piloted by SARS-CoV-2. Trends
Cell Biol 34:785-800. https://doi.org/10.1016/j.tcb.2023.12.006

Steiner S, Kratzel A, Barut GT, Lang RM, Aguiar Moreira E, Thomann L,
Kelly JN, Thiel V. 2024. SARS-CoV-2 biology and host interactions. Nat
Rev Microbiol 22:206-225. https://doi.org/10.1038/541579-023-01003-z
Brown RS, Wan JJ, Kielian M. 2018. The alphavirus exit pathway: what we
know and what we wish we knew. Viruses 10:89. https://doi.org/10.3390
/v10020089

10.1128/jvi.02252-24 17


https://doi.org/10.1038/s41422-021-00519-4
https://doi.org/10.1371/journal.ppat.1009519
https://doi.org/10.1111/j.1749-6632.1965.tb12579.x
https://doi.org/10.1126/science.386515
https://doi.org/10.1001/jama.242.22.2383
https://doi.org/10.1038/s42003-021-02940-2
https://doi.org/10.3390/v7122926
https://doi.org/10.1128/JVI.70.5.2757-2763.1996
https://doi.org/10.1016/j.jmb.2011.09.045
https://doi.org/10.1016/j.virol.2012.07.005
https://doi.org/10.1371/journal.ppat.1004077
https://doi.org/10.1113/JP281037
https://doi.org/10.1016/j.bbamem.2022.183994
https://doi.org/10.1099/0022-1317-58-1-47
https://doi.org/10.1016/j.febslet.2004.09.009
https://doi.org/10.3389/fbioe.2020.01026
https://doi.org/10.1074/jbc.RA120.016148
https://doi.org/10.1016/j.biocel.2022.106185
https://doi.org/10.1016/j.cell.2020.10.039
https://doi.org/10.1016/0042-6822(91)90556-Q
https://doi.org/10.1016/j.tcb.2023.12.006
https://doi.org/10.1038/s41579-023-01003-z
https://doi.org/10.3390/v10020089
https://doi.org/10.1128/jvi.02252-24

	A BSL-2 chimeric system designed to screen SARS-CoV-2 E protein ion channel inhibitors
	MATERIALS AND METHODS
	Viruses and cells
	Plasmids and cloning
	In vitro transcription and transfection
	Plaque assays
	Growth curve analyses
	qRT-PCR and specific infectivity
	Protein expression and purification
	Western blot analysis
	Inhibitor binding analysis
	Cytotoxicity assay
	Efficacy assay
	Egress inhibition assay
	Time of inhibitor addition assay
	Plaque number reduction assay

	RESULTS
	SARS-CoV-2 E protein TM domain can partially replace the function of the ion channel domain of 6K in SINV
	Channel inhibitors such as amantadine and amiloride reduce viral infection in SINV 6K and SINV-ETM chimera
	Time of inhibitor addition assay reveals a functional role for an ion channel during the early stages of the SINV life cycle

	DISCUSSION


