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Viral spike proteins play important roles in the viral entry process, facilitating attachment to cellular
receptors and fusion of the viral envelope with the cell membrane. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike protein binds to the cellular receptor angiotensin converting enzyme-2
(ACE2) via its receptor-binding domain (RBD). The cysteine residue at position 488, consisting of a di-
sulfide bridge with cysteine 480 is located in an important structural loop at ACE2-binding surface of

Igfd’{";"’édi; , RBD, and is highly conserved among SARS-related coronaviruses. We showed that the substitution of
S ike- ov= Cys-488 with alanine impaired pseudotyped SARS-CoV-2 infection, syncytium formation, and cell-cell
Cl;/steine fusion triggered by SARS-CoV-2 spike expression. Consistently, in vitro binding of RBD and ACE2,

spike-mediated cell-cell fusion, and pseudotyped viral infection of VeroE6/TMPRSS2 cells were inhibited
by the thiol-reactive compounds N-acetylcysteine (NAC) and a reduced form of glutathione (GSH).
Furthermore, we demonstrated that the activity of variant spikes from the SARS-CoV-2 alpha and delta
strains were also suppressed by NAC and GSH. Taken together, these data indicate that Cys-488 in spike
RBD is required for SARS-CoV-2 spike functions and infectivity, and could be a target of anti-SARS-CoV-2
therapeutics.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

One of the four genera of the Coronaviridae family of viruses,
beta-coronaviruses, is a positive-sense, single-stranded, enveloped
RNA virus [1]. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the seventh identified member of the coronavirus

* Corresponding author. Laboratory of Molecular Target Therapy, Faculty of
Pharmaceutical Sciences, Tokyo University of Science, Yamasaki 2641, Noda, Chiba,
278-8510, Japan.

=+ Corresponding author. Department of Biochemistry and Cell Biology, National

Institute of Infectious Diseases, 1-23-1, Toyama, Shinjuku-ku, Tokyo, 162-8640,
Japan.
E-mail addresses: fuka@nih.go.jp (M. Fukasawa), noguchi-kj@rs.tus.ac.jp
(K. Noguchi).
1 These authors share equal first authorship.

https://doi.org/10.1016/j.bbrc.2022.01.106
0006-291X/© 2022 Elsevier Inc. All rights reserved.

family that is the causative agent of coronavirus disease 2019
(COVID-19) [2,3]. SARS-CoV-2 probably originates from Bats [4],
and the SARS-CoV-2 cellular receptor in humans is angiotensin-
converting enzyme 2 (ACE2) protein [5,6]. SARS-CoV-2 has been
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shown to infect various species whose ACE2s can bind to SARS-
CoV-2 [7].

The D614G mutation was identified during the initial global
pandemic period of COVID-19 as the dominant SARS-CoV-2 variant
[8,9], and multiple variants have been reported since then. Based on
recent updates by the WHO, four major types of variants of concern
(VOCs) have been identified: alpha (first described in the United
Kingdom), beta (first reported in South Africa), gamma (first re-
ported in Brazil), and delta (first reported in India) [ 10]. These VOCs
have distinctive mutations in the receptor binding domain (RBD)
[11]. The delta variant is rapidly spreading worldwide [12], and
elucidation of effective therapeutic targets for all mutants is
desired.

The spike protein of SARS-CoV-2 is a key molecule for viral entry
into host cells [13]. The conformational dynamics of the spike
protein, especially at the RBD are required for its binding to the
cellular receptor ACE2 [14]. The conformational flexibility and
stability of viral proteins are affected by intramolecular and inter-
molecular disulfide bridges [15], and viral envelope protein-
mediated virus attachment/cell membrane fusion is thought to
depend on a thiol/disulfide balance within the viral surface com-
plex [16,17]. Although the redox insensitivity of the SARS-CoV spike
protein has been previously reported [18], the functional impor-
tance of the disulfide bridge in SARS-CoV and SARS-CoV-2 RBDs has
been suggested using both computational and experimental ap-
proaches [19—22]. The disulfide bridge Cys-480-Cys-488 in RBD
appears to contribute to the structural stability of the -sheet loop
motif [23,24], and discussed the possible therapeutic effects of
thiol-based drugs on COVID-19 [19,25,26].

We demonstrated functional importance of Cys-488 in the
SARS-CoV-2 spike protein in this study. We also showed the
inhibitory effect of disulfide bridge-disrupting N-acetylcysteine
(NAC) and a reduced form of glutathione (GSH) on the functional
activity of RBDs from variant SARS-CoV-2. Our data suggest that the
functional role of Cys-488 in the SARS-CoV-2 spike protein could be
a good target for antiviral therapy.

2. Materials and methods
2.1. Cell and reagents

HEK293T, Vero (ATCC, CCL-81), and VeroE6/TMPRSS2 (JCRB,
JCRB1819) cells were cultured in Dulbecco's modified Eagle's me-
dium (DMEM) supplemented with 7.5% (v/v) fetal bovine serum
(FBS) and kanamycin (50 pg/ml). Suspension-adapted FreeStyle
293-F (Thermo Fisher Scientific, R79007) cells were cultured in
FreeStyle 293 Expression Medium (Thermo Fisher Scientific, Life
Technologies Corp., Carlsbad, CA). FreeStyle 293-F cells were
maintained in a spinner flask at 130 rpm using an orbital shaker at
37 °C in a humidified atmosphere of 8% CO,. NAC and GSH were
purchased from Sigma-Aldrich® (Merck KGaA, Darmstadt,
Germany).

2.2. Pseudotyped SARS-CoV-2 preparation

The plasmid pUC57-2019-nCoV-S (Human), containing syn-
thetic cDNA to express SARS-CoV-2 spike protein with human
codon optimization was purchased from Genscript Japan Inc.
(Tokyo, Japan), and cloned into the expression plasmid pcDNA3.1.
Mutant spike cDNAs were further synthesized by GenScript. The
plasmids used in this study are listed in Supplementary Table 1. For
retrovirus-based pseudotyped virus production, 293T cells were co-
transfected with spike-expressing plasmids containing the phCMV-
Gag-Pol 5349 and reporter pTG-Luc126 plasmids [27] using the
PEIpro® transfection reagent (Polyplus Transfection, New York,
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NY). Briefly, 2 x 10% 293T cells were seeded in a T-25 flask one day
before transfection, and the next day, the cells were co-transfected
following the manufacturer's instructions. The next day, the growth
medium was added to the flask for an additional 2 days of culture.
The cell supernatant containing pseudotyped virus was collected,
filtered through a 0.45 pm filter, and aliquoted to be stored
at —80 °C.

2.3. Luciferase assay for pseudotyped virus infection

VeroE6/TMPRSS2 cells were seeded at 1—2 x 10%/100 pL/well in
a 96-well white plate. The next day, pseudotyped viruses were
added to each well and cultured for three days. For thiol-reagent
pretreatment, the virus was preincubated with glutathione or N-
acetylcysteine-containing medium at the indicated concentrations
for 30 min at 37 °C, and then added to the wells. After 3 days, the
medium was removed. Cells were washed once with PBS and
subsequently lysed using a luciferase assay reagent (PicaGene
Meliora Star-LT Luminescence Reagent, TOYO B-NET Co., Ltd.,
Tokyo, Japan). Triplicate transduction was performed for each
experiment. The average and SD were calculated, and the repro-
ducibility was confirmed.

2.4. Immunofluorescence microscopic analysis

Cells were seeded at 10* cells/0.8 ml/well in poly D-lysin-coated
4-well slide chambers (Corning Inc., Corning, NY), and transfected
the next day. After the indicated time, cells were fixed in 4% para-
formaldehyde for 15 min, then permeabilized for 15 min with 0.2%
Triton-X100 or Tween-20/PBS or not, and blocked with 1% BSA/PBS
for 30 min. Cells were incubated with the primary antibody (0.5 pg/
ml in 1% BSA/PBS) overnight at 4 °C, washed with PBS three times,
and then subjected to secondary antibody treatment
( x 1000—-5000 dilution in 1% BSA/PBS). Fluorescence-conjugated
secondary antibodies (goat anti-mouse IgG (H + L) cross-
adsorbed Alexa Fluor® 488 and donkey anti-rabbit IgG (H + L)
highly cross-adsorbed -Alexa Fluor® Plus 594) were purchased
from Thermo Fisher Scientific (Life Technologies Corp., Carlsbad,
CA). Antifade (Vectashield Vibrance Antifade Mounting Medium)
for microscopic analysis was purchased from Vector Laboratories
Inc. (Burlingame, CA, USA). Images were captured using a BZ-9000
microscope (KEYENCE, Osaka, Japan). For confocal analysis, a TCS
SP8 confocal laser scanning microscope (Leica Microsystems
GmbH, Wetzlar, Germany) and Leica Application Suite X Software
(Leica) were used. Two-dimensional TIFF images were merged us-
ing Adobe® Photoshop CS4 Extended software (Adobe Systems Inc.,
San Jose, CA, USA).

2.5. Immunoblotting

Cells were lysed using an UltraRIPA buffer (BioDynamics Labo-
ratory Inc., Tokyo, Japan). Proteins were resolved by SDS-PAGE and
electrotransferred to an Immobilon-P membrane (EMD Millipore,
Billerica, MA, USA). Western blotting was performed using the
standard method, and the following primary antibodies were used.
Anti-spike antibody (1A9) was purchased from GeneTex Inc.
(Irvine, CA, USA). Secondary antibodies (anti-mouse IgG-HRP and
anti-rabbit IgG-HRP) were purchased from Cytiva™ (Tokyo, Japan).
Anti-glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH
3H12) was purchased from Medical & Biological Laboratories Co.,
Ltd. (Aichi, Japan). Horseradish peroxidase-conjugated donkey
anti-rabbit IgG and horseradish peroxidase-conjugated sheep anti-
mouse IgG (Amersham Biosciences Corp., Piscataway, NJ, USA) were
used as secondary antibodies. Immunoblot signals were developed
using the EzWestLumi plus® (ATTO Corp., Tokyo, Japan), and
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Fig. 1. The fusogenic and infective functions of the spike protein are disrupted by mutation of Cys-488.

(A) Amino acid sequence similarity around Cys-488 in SARS-CoV-2 RBD among ACE2-interactive spikes of SARS-related coronaviruses. The number at right position of each
alignment is the amino acid position of the final Tyr (Y). (B) The structure model of ACE2 and RBD interaction from PDB. Disulfide bridges between Cys-480 and -488 are indi-
cated.(C) C488A mutant spike expression did not induce syncytium formation. Expression of Wuhan type and C488A mutant spike proteins (Green signal) in Vero cells were probed
in non-permeabilized cells. (D) Expression of mutant spike proteins detected by Western blot analysis Wuhan type (WT) and mutant spike proteins were expressed in 293T cells.
GAPDH is shown as a loading control. (E) The infectivities of the pseudotyped viruses expressing each mutant spike protein were assessed by a reporter luciferase activities in
VeroE6/TMPRSS2 cells. Luciferase activity is shown in arbitrary units (AU). Data from triplicated samples were expressed as the means + standard deviation (SD). One-way ANOVA
was performed to assess statistical significance. * indicates p < 0.05, and ** indicates p < 0.01. (F) The assays for spike-induced syncytium formation and cell-cell fusion were
illustrated. (G) Syncytium formation by spike expression. Each mutant spike protein was co-expressed with GFP in VeroE6/TMPRSS2 cells. At 12 h after transfection, syncytium
formation was visualized by green signal from GFP. Giant green cells indicate syncytium formation. (H) Spike-mediated cell-cell fusion. 293T cells transiently co-expressing each
spike and GFP were overlaid on VeroE6/TMPRSS2 cells, and images of cell-cell fused giant adherent cells were captured after 3 h incubation. The lack of giant green adherent cells
after treatment with the C488A mutant spike indicate a lack of cell-cell fusion between C488A mutant spike-expressing 293T cells and VeroE6/TMPRSS2 cells. Experiments were
repeated independently twice and representative images are shown.
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recorded with an ImageQuant LAS4000 mini image analyzer (GE
Healthcare Japan Corp., Tokyo, Japan).

2.6. Recombinant RBD and soluble ACE2 preparation

The expression vector encoding the RBD of the Wuhan type
SARS-CoV2 spike protein was constructed, as previously described
[28]. The plasmids of the SARS-CoV-2 spike protein RBD mutants
were prepared by site-directed mutagenesis using the KOD-Plus-
Mutagenesis kit (Toyobo, Osaka, Japan). A gene encoding human
soluble ACE2 (sACE2, GenBank accession number NM_001371415.1,
residues 18—614 aa) fused to a C-terminal Fc tag was cloned into the
pSecTag?2 vector (Thermo Fisher Scientific) between Ig kappa signal
peptide and stop codon. Recombinant proteins were produced
using FreeStyle 293-F cells according to the manufacturer's in-
structions (Thermo Fisher Scientific). In brief, the supernatant from
transfected cells was harvested on day 5 post-transfection, and
supernatant fractions were separated by centrifugation at 9000xg
for 10 min at room temperature. The supernatants were filtered
through a 0.45 pm filter. The RBD peptides were purified with a
HisTrap HP column (Cytiva), and the buffer was exchanged into PBS
with Bio-Gel P6 Desalting Column (Bio-Rad Laboratories, Inc. CA,
USA) using the Profinia protein purification system (Bio-Rad) ac-
cording to the manufacturer's instructions. The human sACE2-Fc
protein was purified using Ab-Capture Extra (ProteNova, Kagawa,
Tokyo), and the buffer was replaced with PBS by gel filtration using
a Sephadex G-25 column (PD-10, Cytiva). The concentrations of
recombinant proteins were calculated by measuring the absor-
bance at 280 nm, with extinction coefficients of 1.55 L- g~ '+ cm™!
and 1.98 L- g~ !+ cm~! for RBD and human sACE2-Fc, respectively.

Biochemical and Biophysical Research Communications 597 (2022) 30—36
2.7. ELISA for in vitro binding assay

EIA/RIA 96-well plates (Corning-Coaster, Tokyo, Japan) were
coated with 200 pL of 250 ng/ml human sACE2-Fc protein over-
night at 4 °C. Plates were washed with PBS containing 0.1% Tween
20 (PBS/Tween) and blocked with 200 pL of 5% BSA in PBS for
30 min at room temperature. SARS-CoV-2 RBD peptides (20 ng/
well) were preincubated with 200 pL of 1% BSA in PBS (PBS/BSA) in
the presence or absence of 10 mM GSH or NAC for 30 min at 37 °C,
and then added to the wells. After incubation for 2h at room
temperature, plates were washed with PBS/Tween and treated with
200 pL of PBS/BSA containing mouse Avi-tag monoclonal antibody
(GenScript, Tokyo, Japan, A01738, 1:10,000 dilution) for 1.5 h at
room temperature. After washing with PBS/Tween, the plates were
further incubated with 200 pL of PBS/BSA containing HRP-
conjugated anti-mouse IgG (1:5000 dilution, Jackson ImmunoR-
esearch laboratory Inc., West Grove, PA, USA) for 1.5 h at room
temperature. Bound RBD proteins were detected by the addition of
100 pL of 3,3,5,5'-tetramethylbenzidine (TMB) substrate, 1-Step™
Ultra TMB-ELISA Substrate Solution (Thermo Fisher Scientific). The
plates were then incubated for 5—10 min and the color change was
monitored visually. The reaction was stopped by the addition of
50 pL of 2 M H,S04. The optical density was measured at 450 nm
using an iMark microplate reader (Bio-Rad).

2.8. Statistical analysis

Invitro experiments were repeated independently at least twice,
and similar results were obtained. Quantitative results are pre-
sented as mean + SD (n = 3) from triplicate samples. Student's t-
test or one-way ANOVA was used to evaluate the significance of
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Fig. 2. NAC and GSH impaired spike-mediated cell-cell fusion and syncytium formation.
(A) Spike-expressing 293T cells were overlaid on VeroE6/TMPRSS2 cells in the presence of GSH for 3 h at the indicated doses. Cell-cell fusion, recognized as the generation of
adherent green cells, was suppressed by 20 mM GSH treatment.(B) Spike-induced syncytium formation was inhibited by thiol-reactive GSH and NAC. The inhibition protocol is
shown at bottom. Three independent field images are shown (#1—3). White arrowheads indicate giant syncytium cells. Experiments were repeated independently twice and
representative images are shown. GFP-positive area/image (A) or syncytium multinuclear cells (B) were quantified with Image] software, and results from three images were
expressed as the means + standard SD (Right graphs). One-way ANOVA was performed to assess statistical significance. * indicates p < 0.05, and ** indicates p < 0.01.

33



M. Murae, Y. Shimizu, Y. Yamamoto et al.

differences between the experimental groups and the control
group with similar variances. Differences were considered statis-
tically significant at p < 0.05.

3. Results

3.1. Cys-488 is essential for the fusogenic activity by the spike
protein

The spike protein of SARS-CoV-2 exerts cellular membrane
fusogenic activity to facilitate viral entry via RBD binding to ACE2
[29,30]. Cys-488, which forms a disulfide bridge in the SARS-CoV-2
spike protein, is a conserved residue in SARS-related viruses located
at the surface of the RBD-ACE2 interaction (Fig. 1A and B), and
C488A spike mutant, in which the Cys-488 was substituted with
alanine, did not induce syncytium formation (Fig. 1C). Other spike
expressions of the Wuhan-type, D614G, F486A, and C488A mutant
were confirmed (Fig. 1D), and the pseudotyped virus infection
assay showed that the C488A mutant pseudotyped virus lost
apparent infectious activity (Fig. 1E).

Fusogenic activities of these mutant spike proteins were also
assessed by syncytium formation and cell-cell fusion assays
(Fig. 1F). Microscopic analysis showed that C488A mutant spike lost
syncytium formation and cell-cell fusion activities (Fig. 1G and H,
respectively). Since the disulfide bridge between Cys-488 and Cys-
480 is critical for ACE2-interacting loop structure [22], mutation at
Cys-488 might disrupt structural stability around ACE2-interacting
loop essential for spike function.

3.2. Thiol-reactive NAC and GSH suppressed spike-mediated
syncytium formation and cell-cell fusion

To examine the sensitivity of the disulfide bridge for ACE2-
binding activity of spike protein against thiol-reactive agents, the
cell-cell fusion between spike-expressing 293T cells and ACE2-
expressing VeroE6/TMPRSS2 cells was tested after pretreatment
with the thiol-reactive reducing agent GSH. The spike-mediated
cell-cell fusion was suppressed by GSH in a dose-dependent
manner (Fig. 2A), and spike-induced syncytium formation,
another hallmark of the fusogenic activity of the spike protein, was
also reduced by GSH and related NAC treatment in VeroE6/
TMPRSS2 cells (Fig. 2B). Therefore, the spike functions were sen-
sitive to the thiol-reactive agents.

3.3. Thiol-reactive NAC and GSH inhibited pseudotyped SARS-CoV-2
infectivity

Wuhan-type spike-expressing pseudotyped virus infection in
VeroE6/TMPRSS2 cells was decreased by NAC and GSH treatment in
a dose-dependent manner (Fig. 3A). Both thiol-reactive agents also
showed inhibitory activity against other variant spike-mediated
pseudotyped virus infection (Fig. 3B). In our cell culture condi-
tion, NAC and GSH at indicated concentration did not show any
cytotoxicity. These observations suggested that the disulfide
bridge(s) in the spike protein of the widely spreading variant SARS-
CoV-2 alpha and delta would be sensitive to thiol-reactive agents
such as the early Wuhan-type spike protein.

3.4. Thiol-reactive NAC and GSH suppressed in vitro binding of
variants spike RBD to ACE2

The effects of NAC and GSH on the in vitro binding between RBD
of SARS-CoV-2 spike protein and ACE2 were tested. We observed
that NAC and GSH inhibited the binding between RBD and ACE2 in a
dose-dependent manner (Fig. 4A). Next, in vitro binding assay
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Fig. 3. NAC and GSH impaired pseudotyped SARS-CoV-2 infection

(A) Dose-dependent inhibition of Wuhan-type (WT) spike-expressing pseudotyped
SARS-CoV-2 infection by NAC and GSH in VeroE6/TMPRSS2 cells.(B) Inhibition of
variant spike-expressing pseudotyped SARS-CoV-2 infectivity by NAC and GSH in
VeroE6/TMPRSS2 cells. Experiments were repeated independently twice and similar
results were observed. Data from triplicated samples were expressed as the
means + standard SD. One-way ANOVA was performed to assess statistical signifi-
cance. * indicates p < 0.05, and ** indicates p < 0.01.

showed that both NAC and GSH inhibited the ACE2-binding activity
of all the tested variant RBDs; the alpha, beta, gamma, and delta
types (Fig. 4B and C). These data indicate that the RBDs of the
variant SARS-CoV-2 spike protein are sensitivities to thiol-reactive
agents. Collectively, these data are consistent with the weakness of
the spike protein against thiol-reactive agents.

4. Discussion

The binding of the SARS-CoV-2 spike protein to its cellular re-
ceptor ACE2 is the first step in viral cell entry and infection [31]. An
intramolecular disulfide bridge of the spike protein between Cys-
488 and Cys-480 in its RBD is located at the ACE2-binding surface
and thought to be important for the molecular structure to bind
ACE2 [6,14,23,24,32]. Here, we showed that the C488A spike
mutant lost its fusogenic and infectious activities. The thiol-reactive
agents NAC and GSH suppressed both spike-induced cellular
fusogenic activity and pseudotyped viruses infection. These two
thiol-reactive agents also suppressed the in vitro ACE2-binding
ability of several RBDs with current epidemic variant strains,
alpha-, beta-, gamma-, and delta-type. Collectively, the binding
between spike and ACE2 is sensitive to the thiol-reactive reducing
agent, and the disulfide bridge at Cys-488 would have a significant
role in the binding of RBD to ACE2.

The impact of the disulfide bridge in the SARS-CoV-2 spike
protein on the ACE2-binding activity of the RBD has been suggested
in prior computational studies [20,33]. However, the functional
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Fig. 4. NAC and GSH impaired variant RBD binding to ACE2 in vitro.

(A) Dose-dependent inhibition of Wuhan-type recombinant RBD proteins binding to ACE2 by NAC and GSH.(B) ACE2-binding activity of variants RBD protein was inhibited by NAC.
(C) ACE2-binding activity of variants RBD protein was inhibited by GSH.Above experiments were repeated independently twice and similar results were observed. Data from
triplicated samples were expressed as the means + SD. Student's t-test was performed to assess statistical significance. ** indicates p < 0.01.

impact of only one disulfide bridge in SARS-CoV-2 spike protein
remains to be determined [20]. Star et al. performed deep muta-
tional analysis of RBD using a yeast display system, suggesting
possible impact of Cys-488 mutations on the ACE2-binding ability
[34]. The possible therapeutic efficacy of NAC on COVID-19 has been
suggested [26], and the most recent papers by Mancek-Keber et al.
and Grishin et al. consistently reported that thiol-reactive com-
pounds would target spike protein, and disruptions of Cys-480 and
Cys-488 diminish the fusogenic activity of the SARS-CoV-2 spike
[21,22]. Additionally, our independent study here showed that
RBD-ACE2 binding-mediated functions of variant spike proteins
were directly suppressed by thiol-reactive agents. Therefore, the
results of this and other studies support the idea that thiol-reactive,
disulfide bridge-targeting compounds would be effective against
various SARS-CoV-2 variants. However, it should be careful that
Cys-488 is not a selective target for NAC and GSH, and other di-
sulfide bridges might be also affected by these agents. As Cys-488
selective compound is not discovered, and much effort and com-
pound screening would be required for looking for unique com-
pound targeting the Cys488-Cys-480 loop structure in the future.
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