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ARTICLE INFO ABSTRACT

Keywords: The ongoing SARS-CoV-2 pandemic is a global public health emergency posing a high burden on nations’ health
SARS-CoV-2 care systems and economies. Despite the great effort put in the development of vaccines and specific treatments,
COVID-19

no prophylaxis or effective therapeutics are currently available. Nitric oxide (NO) is a broad-spectrum antimi-
crobial and a potent vasodilator that has proved to be effective in reducing SARS-CoV replication and hypoxia in
patients with severe acute respiratory syndrome. Given the potential of NO as treatment for SARS-CoV-2
infection, we have evaluated the in vitro antiviral effect of NO on SARS-CoV-2 replication. The NO-donor S-
nitroso-N-acetylpenicillamine (SNAP) had a dose dependent inhibitory effect on SARS-CoV-2 replication, while
the non S-nitrosated NAP was not active, as expected. Although the viral replication was not completely abol-
ished (at 200 pM and 400 pM), SNAP delayed or completely prevented the development of viral cytopathic effect
in treated cells, and the observed protective effect correlated with the level of inhibition of the viral replication.
The capacity of the NO released from SNAP to covalently bind and inhibit SARS-CoV-2 3CL recombinant protease
in vitro was also tested. The observed reduction in SARS-CoV-2 protease activity was consistent with S-nitrosation

Nitric oxide
3CL protease
FRET

of the enzyme active site cysteine.

1. Introduction

In late 2019 a viral pneumonia, the coronavirus disease 2019
(COVID-19), caused by the severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) rapidly spread around the world and
became classified as the second pandemic of the 21st century by the
World Health Organization on March 11, 2020 [1]. SARS-CoV-2 belongs
to the betacoronavirus genus and is, together with the severe acute res-
piratory syndrome coronavirus (SARS-CoV) and the middle-east respi-
ratory syndrome (MERS), the third coronavirus (CoV) emerging from
animals to humans within less than two decades [1]. The nucleotide
sequence similarity between SARS-CoV-2 and SARS-CoV is about 79%
and between SARS-CoV-2 and MERS-CoV about 50% [2].

Given the severity and the rapid spread of SARS-CoV-2, including a
high proportion of asymptomatic carriers [3], it is of clear importance to
find effective therapeutics against COVID-19. Despite extensive efforts
to treat the disease and given the limitation in usage and effectiveness of
remdesivir [4], the development of therapeutic interventions is hindered
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by the lack of effective antiviral drugs against SARS-CoV-2.

However, nitric oxide (NO), known to have a broad antimicrobial
effect against bacteria, fungi, helminths, protozoa and viruses, is a
promising compound [5]. Antiviral effects have been described against
both DNA and RNA viruses including Herpesvirus [6], Coxsackie virus
[7], and Hantavirus [8]. Moreover, NO has been demonstrated as an
effective antiviral against SARS-CoV in vitro [9,10] and in vivo by inha-
lation in very low concentrations in a small clinical trial [11]. Further-
more, inhaled NO improved arterial oxygenation in hypoxemic patients
by redistributing blood flow in the lung to better ventilated regions, and
counteracted blood clotting, both effects being of importance for
COVID-19 patients [12]. The role of NO-inhalation in the prevention and
treatment of COVID-19 has been proposed [13], but no clinical data has
yet been reported.

In the present study the antiviral effect of NO on SARS-CoV-2
infected cells was tested in vitro. The potential mechanism of action of
NO as cysteine protease inhibitor, previously reported for Coxsack-
ievirus 3C cysteine protease [7], was furthermore examined on
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Fig. 1. SARS-CoV-2 replication kinetics in Vero-E6 cells in the presence and absence of NAP (A) and SNAP (B) as expressed by viral RNA copy numbers/ul (mean
values from triplicates with standard deviation are indicated at each time point). In the presence of NAP no significant difference in viral replication between treated
cells and not-treated controls was observed. A dose dependent inhibitory effect of SNAP on SARS-CoV-2 replication was observed. Data was analyzed by One-Way

ANOVA of the calculated mean of the copy numbers for each replicate. Statistical significance is reported as **p < 0.001, ****p < 0.0001 (as compared with

the controls).

SARS-CoV-2 3CL cysteine protease.
2. Material and methods

2.1. Virus yield reduction assay

The inhibitory effect of nitric oxide (NO) on the replication of SARS-
CoV-2 was assessed performing a yield reduction assay combined with
RT-qPCR for the quantification of viral RNA. Confluent Vero E6 cells,
seeded in 12-wells plates, were inoculated with 0.005 multiplicity of
infection (MOI) of SARS-CoV-2 isolated in our laboratory [3] and at the
same time treated with either 200 pM or 400 pM of the nitric oxide (NO)
donor S-nitroso-N-acetylpenicillamine (SNAP) (Sigma-Aldrich, product
number N3398) or its non S-nitrosated version NAP (Sigma-Aldrich,
product number 01423). The chosen SNAP and NAP concentrations
were in the same range as used in previous SARS-CoV in vitro tests [9,
10].

The experiment was carried out in triplicates keeping the final vol-
ume in each well at 1 ml. Viral replication kinetics and development of
cytopathic effect (CPE) were followed up to 72 h post infection (hpi).
During the first 36 h, supernatants were collected, and the cells were re-
treated with SNAP or NAP every 4 h. At each time-point 500 pl of su-
pernatants were collected and subsequently 500 pl new cell media
containing 200 pM or 400 pM of SNAP or NAP, respectively, were added
to the wells, which effectively adds half of the final tested concentration
and accounts for SNAP’s short half-life of approximately 4.6 h [14]. At
48 and 72 hpi 500 pl supernatant was collected and subsequently cell
media without any added compounds was added. Infected but
non-treated cells, treated but non-infected cells, as well as cell controls
were handled as explained above by collecting 500 pl of supernatant and
adding 500 pl of cell media with or without compounds. Viral RNA was
extracted from the collected supernatants and the copy numbers of the
viral genome was quantified by RT-qPCR. All experiments involving
infection of cells with SARS-CoV-2 virus were performed in a BSL3 lab at
the Zoonosis Science Center, IMBIM, Uppsala University.

2.2. RT-qPCR assay

RNA was extracted using the Direct-zol™-96 RNA kit according to
the manufacturer’s protocol (Zymo Research, USA). The Envelope (E)

gene was quantified by the RT-qPCR assay as described previously [3,
15]. The primer pair and probe were based on sequences published by
Corman et al. [16]. Forward primer ACAGGTACGTTA ATAGTTAA-
TAGCGT; reverse primer TGTGTGCGTACTGCTGCAATAT; and the
probe 5'-FAM-ACACTAGCCATCC TTACTGCGCTTCG-TAMRA-3' were
used. The RT-qPCR was run using the Thermofisher/Invitrogen Super-
Script III OneStep RT-PCR System with Platinum® Taq DNA Polymerase
kit (Cat. No. 12574026) according to manufacturer’s instructions with
an adjusted magnesium sulfate concentration. The reaction mixture
contained 12.5 pl of reaction buffer, 0.5 pl of enzyme solution, 1.25 pl of
Probe primers solution, 2.4 pl 25 nM magnesium sulfate, 3.35 pL of
nuclease-free water, and 5 pl of RNA template. The RT-PCR was per-
formed under the following conditions: incubation at 55 °C for 30 min
and 95 °C for 3 min followed by 45 cycles of denaturation at 95 °C for 15
s, extension at 57 °C for 30 s and collecting the fluorescence signal at
68 °C for 30 s.
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Fig. 2. SNAP inhibitory effect plotted as percentage of the viral replication
reduction over time. At a concentration of 400 pM of SNAP inhibited the viral
replication after the treatment was terminated (36 hpi). For the two tested
concentrations, mean values from triplicates with standard deviation are indi-
cated at each time point. Average viral replication inhibition values (%) at 12,
24, 36, 48 and 72 hpi were compared by One-Way ANOVA. Statistical signifi-
cance is reported as *p < 0.05, **p < 0.001, ****p < 0.0001 (as compared with
the control).



D. Akaberi et al.

The corresponding viral genome copy number to each Ct value was
calculated based on a curve equation generated with known standards:
DNA gene fragments corresponding to the amplified region of the viral
genome were designed as templates and diluted to known concentra-
tions of 10° to 10° copies per pl. A standard curve plotted to the known
concentrations was then created by performing qPCR on serial dilutions
of the templates.

2.3. Expression and purification of SARS-CoV-2 3CL protease

The recombinant SARS-CoV-2 3CL protease was produced adopting a
published construct used for the expression of SARS-CoV 3CL protease
[17], containing nucleotide sequences corresponding to residues
S$1-Q306 (Chinese isolate, NCBI accession number YP_009725301). A
detailed protocol is described in the supporting information.

2.4. Invitro engymatic assay

Recombinant SARS-CoV-2 3CL protease was incubated with either
SNAP or NAP at different concentrations for 10 min at room tempera-
ture. The FRET substrate DABCYL-Lys-Thr-Ser-Ala-Val-Leu-GIn-Ser-Gly-
Phe-Arg-Lys-Met-Glu-EDANS (Bachem Holding AG, Switzerland) was
added to start the enzymatic reaction. The fluorescence emission was
monitored every 60 s for 35 min at 37 °C. The relative fluorescence units
(RFU) per second were plotted and the initial velocities were calculated,

SNAP 400uM

24 hpi

48 hpi

72 hpi

SNAP 200uM
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normalized, and used to calculate the half maximal inhibitory concen-
tration (ICsg). A detailed protocol is provided in the supplementary
material. The data analysis was conducted in GraphPad Prism (v.6.0).

2.5. Statistical analysis

Sars-CoV-2 replication kinetic curves were analyzed by calculating
the mean of all measurements for treated and untreated groups repli-
cates while SARS-CoV-2 3CL protease enzymatic assay time response
curves were analyzed by calculating the area under the curve for each
replicate. The calculated means of all measurements and areas under the
curves were compared for statistical significance by One-Way ANOVA
followed by Tukey’s test for multiple comparison. Mean inhibition
values (%) of treated and control groups from inhibition kinetic curve
and dose response column graph were analyzed by One-Way ANOVA
followed by Tukey’s test for multiple comparison. Differences in mean
areas under the curves and inhibition values were considered statisti-
cally significant when p < 0.05. Statistical analysis was performed using
GraphPad Prism (v.6.0).

3. Results and discussion
The inhibitory effect of NO on the replication of SARS-CoV-2 was

evaluated by performing a yield reduction assay by RT-qPCR for the
quantification of the viral RNA (Supplementary Table 1). Viral

Inf. not-treated controls

Fig. 3. Comparison of the CPE development between cells treated with SNAP and untreated controls at 24 h intervals. The shown wells are representative for all

replicates, the total magnification used to observe the cells was 100x.
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Fig. 4. Effect of SNAP and NAP on the activity of recombinant SARS-CoV-2 protease. The protease activity (A) is shown as the amount of relative fluorescence units
(RFU) per minute. SNAP and NAP effect was also quantified (B). SNAP clearly inhibited SARS-CoV-2 protease in a dose dependent manner. In contrast, NAP acts as a
reducing agent increasing the protease activity. Observed effects of compounds on SARS-CoV-2 protease activity was evaluated by One-Way ANOVA of the calculated
mean area under the curves, the difference in average inhibitory activity (column graph) of the compounds was evaluated by One-Way ANOVA. Statistical sig-
nificance is reported as ****p < 0.0001, **p < 0.001 (as compared with the controls).

replication kinetics and development of CPE were followed up to 72 hpi.
SNAP (NO donor), but not NAP (NO-lacking version of SNAP) showed a
dose dependent reduction of SARS-CoV-2 viral RNA copy numbers
(Fig. 1), which proves that NO has an antiviral effect against SARS-CoV-
2 and probably in the similar manner as previously described for SARS-
CoV and other viruses [6-9]. The viral replication life cycle was almost
blocked by 400 pM NO up to 24 hpi. After termination of the SNAP
treatment at 36 hpi, the level of viral genome copy numbers significantly
increased (Fig. 1). At 36 hpi (last time point for re-treatment), treatment
by 400 pM and 200 pM of SNAP resulted in 99.42% (+0.44 SD) and
95.07% (+1.58 SD) SARS-CoV-2 replication inhibition respectively
(Fig. 2) as compared to the infected not-treated controls. At 72 hpi (36 h
after the last re-treatment), the inhibition of viral replication for the 200
pM SNAP treatment decreased to 25.10% (+3.37 SD), while for the 400
pM SNAP treatment, the inhibition was still above 90% (92.64 + 1.59
SD). Given that the cell treatment slowed and not stopped viral repli-
cation, the rebound of viral replication after the interruption of treat-
ment could be explained with the gradual decrease in SNAP (due to the
release of NO) and NO concentrations.

Similarly to the reduction in viral replication induced by SNAP, we
observed an inverse dose dependent correlation between the concen-
tration of SNAP and the development of viral CPE (Fig. 3). In untreated,
but virus-infected, cell controls CPE started to appear at 24 hpi, while
cells treated with 200 pM of SNAP developed CPE at 36 hpi (Supple-
mentary Figure 1). Cells treated with 400 pM of SNAP did not develop
any visible viral CPE up to 72 hpi. However, SNAP exhibited a cytotoxic
effect, in the treated non-infected control (supplementary Figure 2). At
72 hpi, a clear protective effect of SNAP could still be observed in the
wells treated by 400 pM SNAP (Fig. 3), although the amount of viral
RNA increased in the 400 pM SNAP-treated group after 36 hpi. Several
antiviral mechanisms of NO have been reported. Peroxynitrite, formed
by the interaction between free NO in solution and superoxide anion
radical (O»-) can increase viral RNA mutation rate and reduce viral
particles infectivity [8,18]. Dinitrogen trioxide (N2Os3), formed during
the interaction of free NO and nitrogen dioxide (NO3), can donate a
nitrosonium ion (NO+) and mediate the nitrosation of viral proteins and
cellular host factors essential for the virus life cycle [19,20]. These
mechanisms may explain the observed capacity of SNAP to prevent CPE
at high concentrations without completely abolishing viral replication.

SARS-CoV-2 3CL cysteine protease could be a possible target for S-
nitrosation, resulting in inhibition of the protease activity and conse-
quent reduction in viral replication, as reported for Coxsackievirus 3C
cysteine protease [7]. In order to evaluate if SARS-CoV-2 3CL protease

can be directly inhibited by S-nitrosation, a FRET-based enzymatic assay
was performed. For the assay, recombinant SARS-CoV-2 3CL protease
was incubated for 10 min with different concentration of SNAP and NAP
at room temperature prior to the addition of the substrate DABCYL
-Lys-Thr-Ser-Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS.
The cleavage of the substrate and the relative increase in emitted fluo-
rescence was monitored over time. SNAP displayed a dose dependent
inhibition of the 3CL protease (IC59 = 440.95 pM =+ 36.15 SE), while
NAP acted as a reducing agent, increasing the protease activity as ex-
pected (Fig. 4). The reduction of the maximum fluorescence detected
together with the profile of the curves observed in the enzymatic re-
actions where SNAP was added, was consistent with the covalent inhi-
bition of the protease. The enzymatic assay results suggest that
SARS-CoV-2 protease could be covalently inhibited through SNAP
transnitration (direct transfer on a NO + ion) to the protease active site
cysteine. In fact, the more enzyme is S-nitrosated and therefore removed
from the pool of active protease, the less substrate will be cleaved.
However, the proposed S-nitrosation mechanism of action remains to be
proven. Moreover, whether inhaled NO exerts antiviral effects by a
similar mechanism, and at what concentration, remains also to be
shown, an issue recently touched by Ignarro [13].

4. Conclusions

In this study, we demonstrated that NO can inhibit the replication of
SARS-CoV-2 in Vero E6 and we identified the SARS-CoV-2 main protease
as a target for NO. There is a great need for effective antivirals against
SARS-CoV-2 to be used in the on-going COVID-19 pandemic. Based on
this study and previous studies on SARS-CoV in vitro [8,9], and in a small
clinical trial [10], we conclude that NO may be applied for clinical use in
the treatment of COVID-19 and other human coronavirus infections.
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