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Amino acids have been implicated with virus infection and replication. Here, we demonstrate the effects of two basic

amino acids, arginine and lysine, and their ester derivatives on infection of two enveloped viruses, SARS-CoV-2, and

influenza A virus. We found that lysine and its ester derivative can efficiently block infection of both viruses in vitro.

Furthermore, the arginine ester derivative caused a significant boost in virus infection. Studies on their mechanism of

action revealed that the compounds potentially disturb virus uncoating rather than virus attachment and endosomal

acidification. Our findings suggest that lysine supplementation and the reduction of arginine-rich food intake can be

considered as prophylactic and therapeutic regimens against these viruses while also providing a paradigm for the

development of broad-spectrum antivirals.
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1. Introduction

Coronavirus disease 2019 (COVID-19) is a global pandemic and has burdened the world since late 2019. With a

reproductive number of around 3.28 , severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiologic

agent of COVID-19, has infected approximately 158 million people worldwide; while 3.29 million individuals have

succumbed to the virus by April 2021 (Source: World Health Organization). Thus far, there are seven coronaviruses

(CoVs) that can infect humans, and only three CoVs, including SARS-CoV, Middle East respiratory syndrome coronavirus

(MERS-CoV), and SARS-CoV-2, cause severe symptoms and even death . Recovered patients from SARS-CoV, which

shares 82.45% homology with SARS-CoV-2 , were incapable of fully gaining back their lung function even after two

years post-infection . COVID-19, however, has a lower mortality rate yet shows similar clinical manifestations as SARS-

CoV infection. Moreover, it has reports show that even after months of being cleared of SARS-CoV-2 viral antigen, people

(called “long haulers”) were still experiencing the severe effects of COVID-19, such as extreme fatigue and brain fog .

Currently, no effective treatment against SARS-CoV-2 is available.

The influenza A virus (IAV), a causative agent of the common flu, is another respiratory virus that causes annual

epidemics and recurring pandemics that threaten public health and the global economy. Though vaccines and antivirals

against IAV are in development and production, its rapid evolution still poses a cause for concern . Furthermore, it has a

high rate of co-infection with SARS-CoV-2 . Pre-infection of IAV augments SARS-CoV-2 infectivity, increases SARS-

CoV-2 viral load, and induces more severe lung pathogenic changes .

Both of these enveloped viruses enter the cells via receptor-mediated endocytosis. Their virus surface proteins, SARS-

CoV-2 Spike protein and IAV Hemagglutinin (HA), recognize and bind to the cell surface receptors ACE2 and sialic acid-

containing receptors, respectively. The host cell then engulfs the virus by endocytosis. During endocytosis, the

endosomes have low pH (pH 6.5-4.8) that triggers the viral attachment proteins to induce conformational changes of

fusing with the endosomal membrane and proceed to uncoat and release its viral genome into the cytoplasm 

. Another cell entry mechanism of SARS-CoV-2 is by plasma membrane fusion, wherein TMPRSS2, a cell surface

protease, cleaves SARS-CoV-2 Spike to promote viral and cell membrane fusion; now permitting SARS-CoV-2 to release

its viral genome into the cytoplasm .

A high mutation rate is a significant challenge in developing antivirals against RNA viruses. These mutations may benefit

virus life cycles, such as evading immune response, increasing virus transmissibility, or enhancing pathogenesis. Hence,

the need to discover broad-spectrum antiviral agents for current and future virus diseases is undisputed . Previous

research has shown that the amino acids arginine and lysine play roles in virus infection and replication 

. Lysine, an essential amino acid, has long been prescribed against herpes simplex virus (HSV) infection . A

high lysine/arginine ratio has decreased HSV plaque formation in vitro . Clinical trials have exhibited a reduction

of recurrent HSV attacks, fewer healing days, and milder symptoms during a six-month period of L-lysine monochloride

therapy . Therefore, we investigated whether these basic amino acids could also affect SARS-CoV-2 and IAV
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infection. In this study, we used an in vitro system to evaluate the effects of lysine, arginine, and their derivatives, L-

Arginine methyl ester dihydrochloride (Arg-ester), and L-Lysine ethyl ester dihydrochloride (Lys-ester) (Figure 1), on

SARS-CoV-2 and IAV infection.

Figure 1. Chemical structure of the compounds.

2. Effects of Basic Amino Acids and Their Derivatives on SARS-CoV-2 and
Influenza-A Virus Infection

2.1. Lysine and Its Derivative Attenuate SARS-CoV-2 Vpp Infection

Weak bases, like chloroquine analogs, have been investigated to impede viral entry by interfering with endosome

acidification . Given that arginine and lysine are basic amino acids, we hypothesized that these compounds may affect

SARS-CoV-2 entering into cells. To prove this hypothesis, we utilized an established luciferase-based pseudotyped viral

particle (Vpp) system for rapid quantitation of infected cells. These Vpps carry SARS-CoV-2 spike (S) protein and can

mimic natural SARS-CoV-2 virus entry. Upon entering target cells, the luciferase reporter is expressed, and its intensity

corresponds to the number of infected cells . Human embryonic kidney 293 (HEK293T) cells were infected with SARS-

CoV-2 Vpp in the presence of the compounds, and the cell infection rate was measured by the detection of luciferase

activity (Figure 2A). As expected, treatment with NH4Cl, a lysosomotropic weak base that blocks virus entry ,

diminished SARS-CoV-2 Vpp infection. Among the four compounds tested, lysine and Lys-ester remarkably reduced Vpp

entry in a dose-dependent manner. 10 mM of lysine and Lys-ester could inhibit 40% and 75% of viral entry, respectively. In

contrast, 10 mM Arg-ester significantly increased Vpp infectivity (1.35-fold). Treatment and infection in Huh7 cells also

resulted in a significant decrease in Vpp infection in lysine and Lys-ester-treated cells (Supplementary Figure S1).
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Figure 2. Compound effects on SARS-CoV-2 Spike Vpp infection in HEK293T cells. HEK293T cells were pre-treated with

different concentrations of the compounds for 1 h and transduced with SARS-CoV-2 Spike Vpp for 1 h in the presence of

the compounds in the media. (A) Infectivity and (B) cell viability were measured at 3 days post-infection using luciferase

assay and MTS assay, respectively. The values represent the means ± standard deviation (SD) of data from three

independent experiments. Ctrl: medium only. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 compared with controls (n = 3).

Furthermore, to understand the cytotoxicity of these compounds, a cell viability assay was conducted. As shown in Figure
2B, only treatment with 10 mM Arg-ester showed significant cytotoxicity in HEK293T cells. These altogether suggest that

lysine and Lys-ester control SARS-CoV-2-S-mediated infection at non-cytotoxic doses.

2.2. The Compounds Do Not Interfere the Interaction between Spike and ACE2

SARS-CoV-2 enters cells by binding its S protein to the ACE2 receptor protein of the host cell . To evaluate whether the

compounds affect the interaction between the S and ACE2, HA-tagged-S and ACE2 protein were separately expressed in

HEK293T cells and their lysates were then used for immunoprecipitation assay in the presence of the compounds. The

results indicated that no compound interfered with the interaction of Spike and ACE2 (Figure 3A).

Figure 3. Effects of compounds on the interaction between SARS-CoV-2 Spike and ACE2. (A) HEK293T cells were

transfected with either HA-tagged SARS-CoV-2 Spike or ACE2. Equal amounts of Spike-expressing and ACE2-expressing

cell lysates were mixed, incubated with or without the compounds, and were used for immunoprecipitation assay using

anti-HA agarose. The immunoprecipitates were resolved on SDS-PAGE and immunoblotted with anti-ACE2 or anti-HA

antibodies. (B) Effects of compounds on SARS-CoV-2 Spike-mediated cell-cell fusion. Mock- or ACE2-transfected H1650

cells were co-cultured with spike and GFP-coexpressing H1650 cells for 4 h in the presence of the indicated compounds

(10 mM) or NH4Cl (20 nM). Scale bar = 25 μM.

After binding to ACE2, SARS-CoV-2 enters cells via fusion with cell membrane or endocytosis. We further investigated

whether the compounds inhibited entry by interfering with the fusion of the viral membrane and the host membrane using

a cell–cell fusion assay. In brief, we overlaid S protein and green fluorescent protein (GFP)-expressing human lung cancer

H1650 cells on ACE2-transfected cells in the presence of the compounds. As shown in Figure 3B, large syncytia were

formed despite compound treatment, implying that all tested compounds do not influence cell–cell fusion. These data

collectively suggest that the compounds affect SARS-CoV-2-S Vpp infection by targeting a post-binding step.

2.3. Lysine and Lys-Ester Inhibit IAV Replication

Next, we evaluated the effect of compounds on IAV infection due to it being the cause of outbreaks for decades worldwide

and having a high prevalence of co-infection with SARS-CoV-2 . As shown in Figure 4A, treatment of A549 cells with

lysine and Lys-ester inhibited virus replication at 6 h post-infection (hpi), as evidenced by the reduction of nucleoprotein

(NP) expression. This result was further verified in Figure 4B, wherein viral RNA was reduced to 4% and 25% by lysine

and Lys-ester, respectively. Similar to the effect on SARS-CoV-2 Vpp infection, IAV viral RNA also increased in the

presence of Arg-ester. These indicate that lysine and Lys-ester also have inhibitory effects on IAV infection, while Arg-

ester has the opposite effect.
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Figure 4. Compound effects on IAV infection in A549 cells. A549 cells were pre-treated with different concentrations of the

compounds for 1 h and infected with IAV for 6 h in the presence of the compounds in the media. Cells treated with the

medium were used as Mock control. (A) Cell lysates were harvested for Western blotting using anti-IAV NP antibody.

GAPDH was used as a loading control. (B) Total RNA was extracted and used for RT-qPCR analysis. The levels of viral

RNA were normalized with GAPDH RNA. The concentrations of the compounds were 10 nM, except for NH4Cl, 20 mM.

The values represent the means ± standard deviation (SD) of data from three independent experiments. *, p < 0.05; and

***, p < 0.001 compared with controls (n = 3).

2.4. The Compounds Do Not Affect IAV Binding and Internalization

The inhibition of SARS-CoV-2 Vpp infection by lysine and Lys-ester suggests that these compounds may affect virus entry

(Figure 2A). For most enveloped viruses, virus entry steps include binding, internalization, endocytosis, and uncoating. To

reveal the stage of the IAV replication cycle interfered with via the compounds, we first examined the effects of

compounds on the binding and internalization of a virus. At 4 °C, the virus binds to the cell surface without internalization.

At 37 °C, the virus can bind and be internalized into the cells . Here, we detected virus particles by immunoblotting viral

M1 protein, the most abundant structural protein of IAV particles. Compared to mock treatment, no significant change in

the amount of bound (Figure 5A) or internalized (Figure 5B) M1 could be observed in the compound-treated cells,

suggesting that the compounds most likely function at a step after internalization of virus particles.

Figure 5. Compound effects on IAV binding and internalization. A549 cells were treated with the compounds for 1 h, then

infected with IAV (MOI 5) at 4 °C for 1 h in the presence of the compounds. (A) After virus infection, the cells were washed

with cold PBS to remove the unbound virus and then harvested. (B) Following virus infection, the cells were refreshed

with a warm medium and incubated at 37 °C for an additional 1 h with the compounds. Cell lysates were harvested and

analyzed by Western blotting with anti–M1 antibody. The concentrations of the compounds were 10 nM, except for NH4Cl,

20 mM. Mock: medium only.

2.5. The Compounds Do Not Reduce Endosomal Acidification

Soon after receptor recognition and attachment, the virus is endocytosed into the cell to proceed infection. SARS-CoV-2

and IAV require the acidic pH of the endosomes for a fusion of the viral membrane with the endosomal membrane to

release its genome into the cytoplasm . To examine whether the compounds reduce endosomal acidification, we

performed acridine orange staining, which accumulates in acidic compartments where it fluoresces bright red . Figure
6 illustrates that pre-treatment of cells with the compounds did not lessen the formation of acidic vacuoles. A marked

increase in red fluorescence was observed after compound treatment (Figure 6B). However, cells treated with NH4Cl and

bafilomycin A1, which are known to block endosomal acidification and are commonly used to demonstrate the

requirement of acidic vacuoles in viral infectivity , exhibited lower fluorescence. In addition, we also performed

LysoTracker Red staining to confirm our findings. LysoTracker Red staining demonstrated similar results with acridine

orange staining (Supplementary Figure S2). These data altogether imply that the compounds did not inhibit virus infection

by reducing endosomal acidification.
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Figure 6. Acridine orange staining of A549 cells following compound treatment for 1 h. Cells were treated with the

compounds (10 mM), NH4Cl (20 mM), or bafilomycin A1 (40 nM) for 1 h and stained with 1 μg/mL AO for 15 min. (A)

Acidic vacuoles (orange-red) were observed using fluorescence microscopy. Scale bar = 100 μM. (B) Red fluorescence

from 50 cells were calculated and plotted using ImageJ and PlotsOfData, respectively. Black horizontal lines represent the

medians ±95% confidence intervals. *, p < 0.05; and ***, p < 0.001 compared with controls.

2.6. Lysine and Lys-Ester Reduce Nuclear Distribution of IAV

Having demonstrated that the compounds might affect a step following endocytosis, we next examined if the inhibitory

effects of lysine and Lys-ester were associated with virus release from the endosomes. Regarding the influenza virus,

once the viral RNA is released into the cytoplasm, it is subsequently translocated to the nucleus. Thus, we evaluated the

trafficking of the internalized virus by observing the nuclear localization of viral ribonucleoprotein (vRNP), which is

composed of viral RNA, NP, and viral RNA-dependent RNA polymerase (RdRp). We found that lysine and Lys-ester

treatment, similar to NH4Cl treatment, showed almost no NP signal in the nucleus (Figure 7). Combining all of the results,

lysine and Lys-ester may most likely affect the stage after endocytosis, such as viral uncoating and nuclear import.

Figure 7. Compound effects on nuclear transport of IAV NP protein. A549 cells were treated with the compounds for 1 h

and then infected with IAV (MOI 5) for 1 h at 37 °C in the presence of the compounds. After 3 hpi, cells were fixed and

subjected to immunofluorescence staining with anti-NP antibody and Alexa Fluor 488 goat anti-mouse antibodies. Nuclei

were counterstained with DAPI and cells were visualized with a fluorescence microscope. Scale bar = 20 μM.

3. Conclusions

Lysine and Lys-ester can prevent SARS-CoV-2 and IAV infection, particularly in the entry stage. In contrast to that, Arg-

ester can potently boost infection of both viruses. It would therefore be beneficial to consider the nutrient intake of COVID-

19 and flu patients. We recommend the inclusion of lysine supplementation in addition to a reduced arginine intake for the

prevention and treatment of SARS-CoV-2 and IAV infections.
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