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A B S T R A C T   

The ongoing challenge of managing coronaviruses, particularly SARS-CoV-2, necessitates the 
development of effective antiviral agents. This study introduces Lactulose octasulfate (LOS), a 
sulfated disaccharide, demonstrating significant antiviral activity against key coronaviruses 
including SARS-CoV-2, SARS-CoV, and MERS-CoV. We hypothesize LOS operates extracellularly, 
targeting the ACE2-S-protein axis, due to its low cellular permeability. Our investigation com-
bines biolayer interferometry (BLI), isothermal titration calorimetry (ITC)-based experiments 
with in silico studies, revealing LOS’s ability to reduce SARS-CoV-2’s RBD’s affinity for ACE2 in a 
dose-dependent manner, and bind tightly to ACE2 without inhibiting its enzymatic activity. 
Gaussian accelerated molecular dynamics simulations (GaMD) further supported these findings, 
illustrating LOS’s potential as a broad-spectrum antiviral agent against current and future coro-
navirus strains, meriting in vivo and clinical exploration.   

1. Introduction 

The battle against the highly infectious COVID-19 has reached a pivotal point since its initial detection in December 2019. As of 
June 2023, the pandemic has led to over 690 million cases and an estimated 6.8 million fatalities [1,2]. The World Health Organization 
has recently declared that COVID-19 is no longer considered an emergency situation. However, it remains crucial to maintain vigilance 
in curbing the spread of new, highly transmissible variants of the SARS-CoV-2 virus. In addition, it’s imperative for pharmaceutical 
companies and research institutions globally to focus on the development of versatile antiviral drugs to better equip us for future 
pandemics [3]. 

Structurally, SARS-CoV-2 virus is a sphere with spike-like projections. The spike glycoprotein (S-protein) of corona viruses controls 
their entrance into human host cells [4]. Extensive alveolar damage reported in corona viruses (e.g., SARS-CoV, SARS-CoV-2, and 
MERS-CoV) infections may be explained by the fact that these viruses target alveolar cells in the lungs by binding with their angio-
tensin converting enzyme type 2 (ACE2) [5]. 

Remdesivir, an antiviral medication, along with dexamethasone, a wide-ranging anti-inflammatory drug, have demonstrated 
effectiveness in lowering hospital admissions and duration of hospital stays for patients with respiratory failure needing support due to 
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cytokine storms [6–9]. Additionally, nirmatrelvir, an orally administered 3C-like protease inhibitor commonly known as Paxlovid, 
when used in combination with ritonavir, has also proven to be an effective oral treatment for COVID-19 [10]. 

Patients with COVID-19 may benefit from blocking the action of ACE2, a dipeptidylcarboxypeptidase that is an integral membrane 
protein [11]. Recent reports have shown that the ACE2 receptor is essential for the spread of coronaviruses [12]. The spike protein of 
SARS-CoV binds to the host ACE2 receptor, allowing the virus to reach its intended cells. The genome of SARS-CoV-2 is 82 % similar to 
that of SARS-CoV. The similarity between their receptor binding domains (RBD) indicates that they share a common entry mechanism 
via the ACE2 receptor [13]. 

The corona viruses spike protein has been shown to directly bind to ACE2 with high affinity by several cryo-electron microscopy 
experiments [14]. Targeting ACE2 may be an efficient technique for the development of antiviral medications, as soluble human ACE2 
was recently reported to inhibit early stages of SARSCoV-2 infection in engineered human tissues [15]. 

However, the effectiveness of ACE2 inhibitors/angiotensin receptor blockers in the treatment of patients with COVID-19 has not 
been established by conclusive data from large-scale clinical research [16]. 

Hence, finding a suitable ACE2 blocker is considered a very interesting starting point for the development of broad-spectrum anti 
corona virus agents that can help in the current situation and will be of great importance in the next coronavirus pandemic. 

Accordingly, we initiated a screening campaign to develop coast-effective S-protein and/or ACE2 blockers based on the accu-
mulating reports of the efficacy of sulfated polysaccharides and sulfated oligosaccharides in this regard [17–19]. 

Both in vitro and in vivo studies have shown that sulfated polysaccharides and their derivatives effectively suppress SARS CoV-2, 
with only a small percentage of resistant virus strains emerging over time [20,21]. These drugs primarily impede viral entry by binding 
to the viral receptor-binding domain (RBD) or host ACE2, or both [22–26]. It has been observed that heparin, a naturally occurring 
sulfated polysaccharide anticoagulant, can efficiently inhibit SARS CoV-2 through the same mechanism [20]. 

Recent molecular dynamics simulation studies have identified a distinct binding site at the juncture of the SARS-CoV-2 Receptor 
Binding Domain (RBD) and the human ACE2 receptor (referred to as Site A). Introducing a suitable ligand, such as Aloin A, into this site 
resulted in the destabilization and subsequent complete dissociation of the RBD-ACE2 complex [27]. 

The primary objective of this study is to investigate the antiviral efficacy of Lactulose octasulfate (LOS) against key coronaviruses, 
including SARS-CoV-2, with a focus on its mechanism of action and potential as a broad-spectrum antiviral agent. This involves 
evaluating LOS’s ability to interfere with the ACE2-S-protein interaction, a critical step in coronavirus infection, using a combination of 
biolayer interferometry, isothermal titration calorimetry, and advanced molecular dynamics simulations. The schematic overview 
provided encapsulates the key findings of this study. 

2. Methods 

2.1. Chemical substances 

In this research, all the sulfated oligosaccharides (SOS), were semi-synthesized by applying a sulfation process to their unsulfated 
precursors, acquired from Sigma Aldrich™, using a previously documented method [28]. We utilized 1H NMR, 13C NMR, and 
elemental analysis techniques to characterize the synthesized derivatives. Notably, SOS and other compounds maintained their sol-
ubility even when diluted in cell culture medium. 

2.2. In vitro-based assays 

2.2.1. Antiviral assay 

2.2.1.1. Virus and cells. The Vero-E6 cells were meticulously maintained in a controlled environment at 37 ◦Cand an atmosphere 
containing 5 % carbon dioxide (CO2), utilizing Invitrogen technology. For their sustenance and growth, these cells were cultured in 
Dulbecco’s Modified Eagle’s Medium (DMEM), which was further enriched with a combination of 2 % penicillin/streptomycin and 10 
% bovine serum, ensuring optimal conditions for cellular health and viability. Following a 24-h incubation in tissue culture flasks using 
an infection medium containing 4 % BS and 1 % trypsin treated with L-1-tosylamido2-phenylethyl chloromethyl ketone (TPCK), the 
cells were exposed to various coronavirus strains. These included SARS CoV-2, SARS-CoV, or MERS-CoV isolates, specifically hCoV-19/ 
Egypt/NRC-3/2020 (with the GSAID Accession Number EPI_ISL_430820) and NRCE-HKU270 (Accession Number: KJ477103.2), to 
produce virus stocks. The infected media were changed out for new medium containing the viral inoculum after 2 h, and the incubation 
period was extended for another three days. To get rid of any remaining debris, we centrifuged the cells for 5 min at 2500 rpm before 
collecting the supernatant. The supernatant, once aliquoted and transferred into a new 50 mL Falcon tube, was subjected to titration 
through a plaque infectivity assay. 

2.2.1.2. MTT cytotoxicity assay. To find the IC50 for preliminary antiviral screening, DMEM was used to dilute stock solutions of the 
test compounds in 10 % DMSO with double distilled water. Vero-E6 cells were employed in the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay [29] to ascertain the cytotoxic effect of the test substances. The cells were cultured for 24 h 
at 37 ◦C with 5 % CO2 after being seeded at 3105 cells/mL into 100 μL/well in 96-well plates. The cells were tested at three different 
concentrations for 24 h. After 24 h, the supernatant was discarded and the cell monolayers were washed three times with sterile PBS. 
20 μL of the 5 mg/mL stock MTT solution was added to each well, and the plates were incubated at 37 ◦C for 4 h. The produced 
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formazan crystals were dissolved in 200 μL of acidified isopropanol (0.04 μM HCl in 100 % isopropanol = 0.073 mL HCL in 50 mL 
isopropanol). The absorbance of the formazan solutions was measured after optimizing the wavelength of the microplate reader to 540 
nm. The relative cytotoxicity of treated cells compared to untreated cells was determined using the following formula: 

% Cytotoxicity=
(absorbance of cells without treatment − absorbance of cells with treatment) x 100

absorbance of cells without treatment 

We plotted the cytotoxicity percentage versus the sample concentrations to derive the IC50 values. The positive control drug was 
doxorubicin (IC50 = 22.43 0.24 μM). 

2.2.1.3. Assessment of viral replication. 2.4 x 104 Vero-E6 cells were seeded into each well of a 96-well plate, and the plates were 
incubated at 37 ◦C with 5 % CO2 for 24 h. After one wash with PBS, we let viruses adhere to cell monolayers at room temperature for an 
hour. Then, 50 μL of DMEM containing the test compounds at varying doses was applied to the cell monolayers. After being fixed in 
100 mL of 4 % paraformaldehyde for 20 min, cells were stained for 15 min with 0.1 % crystal violet. By utilizing an Anthos Zenyth 200 
rt plate reader (Anthos Labtec Instruments, Heerhugowaard, The Netherlands), we were able to determine the produced color at 570 
nm. Each well had 100 μL of crystal violet dissolved in methanol put to it. The "IC50" of the drug is the concentration at which the virus- 
induced cytopathic effect (CPE) is reduced by 50 %. Remdesivir was used as a positive control. 

2.2.2. Bio-layer interferometry (BLI) assay 
The biosensors and ForteBio Octet RED96 device were used to determine BLI. The retrieved data was analyzed using ForteBio Data 

Analysis 9.0. Kinetics experiments were performed using a sample plate shake speed of 1000 rpm and a temperature of 25 ◦C degrees 
Celsius. 

Acrobiosystems provided the human ACE2 in its purified form and the SARS-CoV-2 RBD with a His-tag. For the experiments, 200 
nM of the His-tagged RBD protein was utilized to load onto Ni-NTA sensors. This study aimed to explore the interaction between RBD 
and ACE2 by introducing varying concentrations of ACE2 to the sensors, both in the absence and presence of different levels of the 
tested sulfated oligosaccharide, such as LOS. During the dissociation phase, the sensors, once bound, were re-immersed in the wells to 
monitor baseline time progression. The resulting binding curves were then analyzed to determine kinetic and thermodynamic pa-
rameters, including the rate constants of association (ka), dissociation (kd), and the equilibrium dissociation constant (KD). 

2.2.3. Isothermal titration calorimetry 
We used isothermal titration calorimetry (ITC) to determine how strongly LOS binds to ACE2 and RBD. A MicroCal Automated- 

iTC200 calorimeter (Malvern, UK) was used to carry out the calorimetric titrations. Each protein (10 μM) was titrated by adding 
100 μM of LOS. Both phosphate (i) 50 μM, pH 7, with 1 % DMSO, and Tris (ii) 50 μM, pH 7, with 1 % DMSO, were used as buffer 
solutions for the experiments. The treatments included 27 injections of 2 μL each, with 150 s between injections and a stirring speed of 
750 rpm. In this case, 10 μcal/s of reference power was used. Non-linear least-squares regression analyses were performed on the 
collected data in Origin 7.0 (OriginLab, Northampton, MA, USA) to calculate the binding enthalpy (ΔH), the binding stoichiometry (n), 
the association constant (Ka), and Gibbs’s free energy, or the binding free energy (ΔG). Using the measured thermodynamic properties, 
we determined the dissociation constant, Kd, and the binding entropy, -TS. A linear regression of the detected enthalpy as a function of 
the ionisation enthalpy for the buffer solution Hbuf (H––H0 + nH Hbuf) was used to determine the buffer-independent enthalpic, H0, 
and entropic contribution, -TS0, and the number of exchanged protons upon formation of the ligand-enzyme complex (nH). 

2.2.4. Assay for ACE2 enzymatic activity 
Experiments to test enzyme inhibition were conducted using a human ACE2 assay kit (Catalogue #: ab273373, Abcam, USA), 

adhering strictly to the guidelines provided by the manufacturer. In these experiments, MLN-4760 was used as a positive control. The 
assay involves measuring the fluorescence emitted by the enzyme upon substrate cleavage, which can be quantified using a microplate 
reader at wavelengths of 460 nm for emission and 360 nm for excitation. After adding 10 μL of test compounds of varied concentrations 
to a 96-well plate, the enzyme was diluted to a final concentration of 15 μg/mL in 30 μL. The results of the room-temperature in-
cubations were examined after 30 min. A total of 50 μL of substrate and 10 μL of reaction buffer were mixed and applied to each well to 
achieve a final concentration of 40 μM. The resulting mixture was heated in a n incubator at 20 ◦C for 4 h. A microplate-reading 
fluorimeter was used to measure the amount of fluorescence produced. 

2.3. Cellular uptake of LOS 

We used the same approach as in Ref. [22] to estimate the amount of LOS taken in by cells. For 4 h, Vero-E6 cells were cultured in 
full media containing 5 μM desalted LOS. The concentrations of LOS within and outside the cells were then measured. To get rid of any 
remaining media, we gave the cells two PBS washes. Then, (i) 200 μl of lysis buffer and 200 μl of PBS were used to lyse the cells and 
wash the wells, and (ii) 500 μL of 1 M NaCl was added to the cells after they had been spun down at 1500 rpm for 5 min to extract the 
LOS. As a control, we used 500 μL of 10 μM emodin in 80 % methanol (a compound that can be quickly accumulated inside the cell) 
[23]. 

After 15 min in the refrigerator, the samples were broken up and centrifuged at 10,000 revolutions per minute for 10 min to remove 
excess liquid. The proteins that precipitated out were discarded while the supernatants were saved for HPLC analysis. HPLC equipment 
(Agilent Corporation, Germany) equipped with a Photodiode Array Detector was used for the chromatographic separation. We used an 
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RP C18 column (250 mm 4.6 mm 4.5 μm, Waters Corporation, Milan, Italy) to separate the compounds. We used a linear methanolic 
gradient with a flow rate of 1 mL/min and a concentration range of 20 % v/v to 80 % v/v over the course of 15 min (A: water for HPLC 
with HCl to achieve pH of 3.5, and B: 1 M NaCl solution with HCL to reach a pH of 3.5). Compounds having peaks between 210 and 400 
nm were identified by comparing retention time and spectra to those of LOS and emodin standards [22]. 

To determine the quantities of individual compounds in the medium and the cell lysate, standard stock solutions were produced in 
1 M NaCl (80 % methanol for emodin), filtered, and diluted to the desired concentrations (1.0, 5.0, 10.0, and 20.0 μM). By comparing 
the experimental data to reference calibration curves, the compound concentrations in the extracellular and intracellular fluids were 
determined. Results from a protein assay were obtained and expressed as nmol of LOS or emodin per mg of protein, as previously 
published [22,23]. 

2.4. In silico and molecular dynamics investigations 

The details of docking, MD simulation, binding free energy calculations, and GaMD experiments are described in the supple-
mentary file, Pages: 9 and 10. 

3. Results 

3.1. In vitro results 

To expand upon our previous SARS-CoV-2-related research, we have initiated extensive in vitro and in silico investigations to 
identify potential candidates among sulfated mono- and disaccharides that are effective against SARS-CoV-2. The RBD-ACE2 complex 
of SARS CoV-2 is a promising target, particularly for low-permeability compounds such as aloin A and sulfated polysaccharides [27, 
24]. The discovery of a conserved binding site (Site A) between the two proteins is also depicted in Fig. 4A. Extensive MD simulation 
studies indicated that ligand interaction with this site can induce dissociation of the complex [27]. 

The primary objective of the present study is to identify potential sulfated oligosaccharides capable of binding with human ACE2 at 
the binding location where SARS CoV spike protein attaches. 

Due to the rapid and continuous mutation of RNA viruses, including SARS CoV, targeting ACE2 without interfering with its bio-
logical function is more advantageous than targeting the viral spike protein or any other targets. 

ACE2 is the primary entry point for SARS CoV [25] into the host cell; consequently, blocking this essential host-specific receptor 
with antibodies or other binders has been shown to provide substantial protection against viral infection and spread [26,30,31]. 

Therefore, this ACE2-blocking strategy by sulfated oligosaccharides will provide cost-effective, broad-spectrum preventive agents 
to protect against or even treat SARS CoV-related infections, especially during the next pandemic. 

Several products containing sulfated polysaccharides have been utilized as broad-spectrum antiviral agents [32,33]. 
Heparan sulfate and its oligosaccharide derivatives, such as pixatimod, inhibit several SARS CoV-2 variants by preventing their 

cellular entry via the S-protein-ACE2 axis [34]. In addition, sulfated abalone polysaccharide destabilizes the S-protein-ACE2 complex, 

Fig. 1. Summary diagram of the findings of the current investigation.  
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resulting in a weak association and, consequently, significant antiviral activity against multiple variants of SARS CoV-2 [35]. 

3.1.1. LOS have a broad-spectrum antiviral activity against coronaviruses 
In contrast to Sulfated polysaccharides, Sulfated disaccharides, particularly sulfated oligosaccharides, have much better stability 

and less side effects (i.e., anticoagulant effect). In addition, it much easier in their preparation (i.e., cost-effective). 
Therefore, we prepared a small library of Sulfated disaccharides by sulfonating their corresponding parent disaccharides [36]. 

Then, we tested them against the coronavirus (see Fig. 1). 
From this small library, lactulose octasulfate (LOS) showed interesting antiviral activity against SARS CoV-2 strain with an IC50 

value of 4.62 ± 0.32 μM. Additionally, it was also active against SARS CoV and MERS CoV with IC50 values of 5.35 ± 0.21 and 3.93 ±
0.27 μM (Fig. 2A). All of these antiviral assays measured how LOS protected Vero E6 cells against the cytopathic effect of each 
coronavirus (i.e., plaque reduction assay). 

Regarding the cytotoxicity of LOS, it showed minimal toxicity towards Vero E6 cells with CC50 of 139.46 ± 2.56 μM. 

3.1.2. The transport of LOS across the cell membrane is quite poor 
Cellular permeability of LOS was evaluated to determine its subcellular localization. Vero-E6 cells were incubated with 5 μM LOS 

for 4 h, after which the extracellular and intracellular concentrations of LOS were measured. The intracellular concentration of LOS 
was determined to be undetectable, while the extracellular concentration was 4.31 ± 0.18 μM. 

These results provide further evidence that LOS antiviral action against SARS CoV-2 occurs via an extracellular mechanism, (i.e., 
via the S-protein/ACE2 axis). 

LOS’s S-protein/ACE2 interaction is possibly the primary mechanism for its antiviral activity because its high hydrophilicity and 
negatively charged nature prevent its transport across the cellular membrane. 

3.1.3. The binding of S-protein to ACE2 is directly inhibited by LOS 
The interaction strength, quantified as the equilibrium dissociation constant (KD), between the S-protein Receptor Binding Domain 

(RBD) and ACE2 was evaluated using a biolayer interferometry-based assay. This assessment was conducted both in the absence and 
presence of LOS to determine whether LOS influences this specific interaction. Fig. 2B and C demonstrate that the affinity for ACE2 
considerably reduced upon the addition of LOS at varying doses. There was no detectable binding signal at 800 nM. These results 
provided substantial support for the suggested anti-SARS CoV-2 mechanism of LOS. 

Fig. 2. A: shows the IC50 and CC50 values for LOS’s inhibitory activity and cellular cytotoxicity against SARS CoV-2, SARS CoV, and MERS CoV 
replications, respectively. As a positive control, we used remdesivir. Bio-layer interferometry (BLI) was used to assess the dissociation constants (KD) 
of RBD-ACE2 in the absence and presence of LOS at various concentrations (B and C, respectively). The KD values of RBD-ACE2 at LOS concen-
trations of 200 nM, 400 nM, and 600 nM are denoted as KD1, KD2, and KD3, respectively. Not Known; ND. Octet Data Analysis was used to calculate 
KD values. 
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3.1.4. LOS binds with ACE2 but not with RBD 
To check if LOS binds with SARS CoV-2’s RBD or with ACE2 or both, two independent isothermal titration calorimetry (ITC) 

experiments were carried out. The resulting thermodynamic data (Fig. 3) from both experiments indicated clearly that LOS can bind 
with ACE2 only. 

Hydrogen bonding is likely the key interaction involved in the binding of LOS and ACE2, as shown by the thermodynamic data, 
which indicate favorable enthalpy (ΔH = − 13.67 kcal/mol). The compensatory unfavorable entropy (-TΔS) on the other hand was 
2.13 kcal/mol. Hence the overall binding affinity (ΔG) of LOS with ACE2 was − 11.54 kcal/mol, and the dissociation constant (KD) was 
5.28 nM. 

The KD of SARS CoV-2 RBD-ACE2 binding was determined to be 8.73 nM (Fig. 2B) and this value was comparable to the previously 
reported one by Wang et al., 2020 [37] (KD = 8.02 nM), indicating that LOS has a higher affinity for ACE2 than the RBD. 

3.1.5. LOS does not inhibit ACE2 activity 
The in vitro LOS inhibitory action against human ACE2 was investigated to see if LOS binding impacts the catalytic activity of 

ACE2. The enzyme’s activity was found to be unaffected by LOS up to 100 μM. As a result, it is possible to conclude that LOS interacts 
with ACE2 via an allosteric binding site (rather than the active site), and that this binding has no influence on the enzyme’s physi-
ological activity. 

3.2. Modeling study 

According to the previous in vitro study, LOS can bind with human ACE2 in a way that prevents SARS CoV-2 RBD from establishing 
a tight interaction with the enzyme, which explains LOS’s broad-spectrum antiviral activity against the common coronavirus members, 
making this sulfated disaccharide a very interesting viral independent anti-corona virus candidate. 

To get insight into the possible mode of interaction of LOS with ACE2, we carried out a number of modeling-based and biophysics 
simulation-based experiments. In addition, we simulated the binding event of LOS with ACE2 using Gaussian accelerated molecular 
dynamics (GaMD). 

3.2.1. LOS does not destabilize RBD-ACE2 complex 
In our previous study, we reported that binding of aloin A (i.e., a plant natural product) into a binding site (Site A) located at the 

Fig. 3. ITC analysis of the LOS’s interaction with ACE2 and RBD. Thermograms (upper row) and binding isotherms (lower row) determined from 
LOS titrations into ACE2 (A) and RBD (B). LOS in each titration was used in a concentration of 2000 nM, and the protein (either ACE2 or RBD) was 
50 nM. 
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interface of the RBD-ACE2 complex was able to induce the dissociation of RBD from ACE2 [27]. 
Similarly, we docked LOS into this binding site (Fig. 4A), and then the resulting poses were subjected to long MD simulations (500 

ns) to investigate if the modeled binding of LOS is also capable of destabilizing the RBD-ACE2 complex. The results indicated that such 
binding (i.e., inside Site A) did not influence the stability of the RBD-ACE2 complex, and hence, this proposed mechanism of inter-
action failed to explain the LOS-ACE2 binding. Consequently, we directed our investigation to find out the possible binding site of LOS 
on ACE2 itself. 

3.2.2. Mapping LOS’s binding sites on ACE2 
Since ACE2’s protein surface contains numerous putative binding cavities, we set out to find LOS’s probable binding sites in a blind 

fashion, without using any prior knowledge to guide our efforts. Hence, LOS modeled structure was docked into each possible binding 
site on the ACE2 surface using a docking protocol called “blind docking” [38]. All the resulting binding poses (Fig. S1) were subse-
quently subjected to quick MD simulations (20 ns-long) to verify the docking poses’ stability. By comparing the RMSD values to the 
corresponding docked postures, we determined the stability of these docking positions during MD simulations. Binding poses with 
smaller mean RMSD and standard deviation values are more stable. After excluding all bindings that were either not stable and/or 
located away from the RBD-binding site (Fig. S1), a single binding site was retrieved as a probable binding site for LOS on ACE2. As 
shown in Fig. 4B and C, the binding of LOS at this proposed binding site overlaps with the RBD-binding site indicating that if LOS can 
achieve stable binding inside this site, it will make the RBD-binding site inaccessible to RBD, and hence, block one of the major entry 
points of coronaviruses (i.e., ACE2). 

Long MD simulations (300 ns-long; n = 3) were then carried out using the proposed binding pose of LOS. As depicted in Fig. 5A and 

Fig. 4. A: Binding of LOS within the previously characterized binding site (Site A) at the interface of RBD and ACE2. The binding of aloin A [27] 
inside this binding site has been shown to induce RBD-ACE2 complex dissociation, however binding of LOS did not influence the complex stability. B 
and C: Two different representations of ACE2 (green structure) showing the best binding site of LOS (cyan structure). The violet-colored region 
represents the RBD-binding site. The binding of LOS clearly overlaps with the RBD-binding site. 
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B, LOS established a stable binding inside this proposed binding site over the course of the simulation with low fluctuations and RMSDs 
(average RMSD ~ 1.8 Å). The calculated absolute binding free energy (ΔGBinding) was found to be comparable with the experimental 
one (ΔGBinding = − 9.49 ± 0.47 kcal/mol) indicating very good binding affinity. 

The most populated binding pose was then extracted from the MD trajectories to examine the interactions of LOS inside the 
proposed binding site. As shown in Fig. 5A and B, electrostatic interactions between the LOS’s sulfate groups and the cationic amino 
acid residues (LYS-353, ARG-393, and HIS-34) were the key interactions. In addition, there were other hydrophilic interactions in 
terms of H-bonding with ASP-30, ASN-33, GLU-37, and ALA-387. 

Accordingly, it can be concluded that the binding of LOS with ACE2 is likely via this proposed binding site. 

3.2.3. Gaussian accelerated molecular dynamics (GaMD) simulations 
The binding pathway of LOS to the predicted binding site of ACE2 was investigated using four separate GaMD simulations. Five 

copies of the LOS structure were simulated in the solvent box at a distance of at least 20 Å from the modeled ACE2 structure in each 
simulation lasting 400 ns. After 115.92 ns in one of the simulations, ligand binding was seen, and the ligand remained bound to ACE2 
throughout the simulation (Fig. 6A). The top-scoring docking pose was almost identical to the final binding state (RMSD = 1.63 Å; 
Fig. 6B), suggesting that this is the most likely binding mode of LOS with ACE2. 

4. Discussion 

Over the past three years, various antiviral screening initiatives have been established in the hope of finding a cure for COVID-19, 
and currently, the preparation of preventive therapeutics is very important to face the probable next coronavirus pandemic. 

The extensive virtual screening method, covering both synthetic and natural compounds, was enabled by the detailed analysis of 
SARS CoV-2 proteins. Targeting the main viral proteases, like MPro and PLPro, has been a primary focus for developing potential anti- 
SARS CoV-2 drugs. Paxlovid, a recently authorized oral medication for COVID-19, acts as an inhibitor of the SARS CoV-2 MPro [39]. 

To counteract the virus’s constant mutation, however, we need new therapeutic that work in other unusual modes of action. 
Many viruses, including coronaviruses, utilize sulfated polysaccharides, such as heparan sulfate, as a coreceptor for attaching to 

cells. The process of viral entry and subsequent infection begins with a sequence of interactions, the initial step being the attachment of 
a viral protein to these heparan sulfate-like polysaccharides present on the cell surface. In addition to its anticoagulant qualities, it is 
gaining popularity as a coronavirus therapy [40,41]. 

Immunogenicity [42,43] and poor pharmacokinetic properties are the main drawbacks of employing sulfated polysaccharides as 
therapeutic antiviral drugs [44]. For instance, in vivo injection of many antiviral carrageenan derivatives has been linked to the 

Fig. 5. A and B: show the hypothesized binding mechanism of LOS within ACE2. The blue arrows point to the specific amino acids that interact 
with the SARS CoV-2 RBD during the binding process. Figure C shows the root-mean-square deviation (RMSD) profile of LOS inside the putative 
binding site for ACE2 throughout the course of 300 ns of MD simulations (3 separate trials). 
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induction of an acute inflammatory response. It was hypothesized that carrageenan’s intrinsic immunogenic structure was linked to 
this systemic inflammatory response [44,45]. 

It has been demonstrated that short-chain sulfated polysaccharides including sulfated disaccharides are able to achieve this 
equilibrium (i.e., high antiviral activity with low toxicity) by decreasing their molecular weight. For instance, studies have demon-
strated that chain reduction preserves the antiviral action and minimizes the negative effects of heparin, a naturally occurring sulfated 
polysaccharide that acts as an anticoagulant [46]. Several follow-up investigations using short-chain sulfated polysaccharides have 
reached similar conclusions [47,48]. When compared to long chain sulfated polysaccharides, short chain sulfated polysaccharides 
exhibit improved pharmacokinetic characteristics and reduced immunogenicity. 

Herein, we found out that the sulfated disaccharide LOS have broad-spectrum antiviral activity against three coronaviruses (i.e., 
SARS-CoV-2, SARS-CoV, and MERS-CoV), and its cytotoxicity was significantly low. Taking into consideration the very high polarity of 
LOS, we postulated that its mode of action might be outside the host cell because such a hydrophilic compound was not able to cross the 
cellular membrane. Accordingly, the ACE2-S-protein axis was suggested as the main target for LOS. Upon testing the effect of LOS on 
the affinity of SARS-CoV-2’s RBD towards ACE2 by BLI-based experiments, it was found that the binding affinity between the two 
proteins was significantly reduced in the presence of LOS and this affinity reduction was a dose-dependent. 

Furthermore, ITC-based experiments revealed that LOS can bind tightly to ACE2, but not to RBD, showing that LOS can prevent 
coronavirus entry regardless of strain type, making it an excellent candidate for current and future SARS-CoV emergency scenarios. 

As a safety measure, we determined if LOS has an inhibitory activity against ACE2, and we found that LOS did not inhibit the ACE2 
catalytic activity up to 100 μM. This finding also indicated that LOS bind with ACE2 via an allosteric binding site far away its active 
site. 

The in silico investigations revealed that the probable binding site of LOS on the ACE2 structure overlaps with the RBD-binding site, 
explaining all of the previously discussed in vitro observations. Further GaMD trials were able to establish a simulated binding event 
between LOS and ACE2, with the final binding state of LOS being nearly identical to that obtained from docking experiments. 

Recent research [49–54] has shown that various agents, including small molecules, proteins, and antibodies, are capable of 
obstructing the RBD-ACE2 binding. Many of these investigations have yielded similar results, with a majority employing compre-
hensive molecular dynamics (MD) simulations to examine the stabilizing and destabilizing impacts of these agents. 

The primary limitation of the current study is the absence of in vivo evaluation of LOS. Consequently, future research is planned to 
assess this molecule in vivo, potentially using a nano-formulation (such as an inhaled powder or spray) to enhance its bioavailability 
and localize its antiviral effects. 

5. Conclusion and future scope 

This study has successfully demonstrated the antiviral efficacy of Lactulose octasulfate (LOS) against prominent coronaviruses, 
including SARS-CoV-2. Our findings show that LOS significantly reduces the binding affinity of the SARS-CoV-2 receptor-binding 
domain (RBD) to ACE2. This suggests a potential mechanism of action through which LOS interferes with the virus-host cell inter-
action. The findings are supported by comprehensive biolayer interferometry, isothermal titration calorimetry, and Gaussian accel-
erated molecular dynamics simulations. The ability of LOS to bind ACE2 without inhibiting its enzymatic activity positions it as a 
promising candidate for the development of effective treatments against SARS-CoV-2 and potentially other coronavirus strains. 

The promising results from this study pave the way for several future research directions. Validating the efficacy and safety of LOS 
in in vivo models is the immediate next step, which will provide insights into its pharmacodynamics, pharmacokinetics, and thera-
peutic index. Subject to successful in vivo outcomes, clinical trials would be the next phase to assess LOS’s effectiveness in human 
subjects, especially focusing on dosage, administration routes, and potential side effects. It is also crucial to investigate the effec-
tiveness of LOS against a wider range of coronavirus strains, including emerging variants, to establish its potential as a broad-spectrum 

Fig. 6. A: After 106 ns in a GaMD simulation, the binding event of LOS with the ACE2 binding site was seen (the red arrow denotes the start of the 
binding event). B: The docking pose of LOS (orange structure) aligned with its most populated structure after binding to the active site of ACE2 (blue 
structure) using GaMD. The root mean square deviation (RMSD) is 1.63 Å. On Zenodo platform, at https://zenodo.org/record/8097049, you can 
watch a video depicting the binding event of LOS inside the proposed binding site of ACE2. 
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antiviral agent. A deeper understanding of LOS’s mechanism of action, particularly its interaction with the ACE2 receptor and its 
potential effects on viral mutation, is necessary for the development of more effective antiviral strategies. Additionally, exploring the 
use of LOS in combination with other antiviral agents could offer a more comprehensive approach to treating coronavirus infections. 
Finally, assessing the long-term impact of LOS treatment on patients, particularly those with varying infection severities and 
comorbidities, is vital for its application in diverse clinical scenarios. 

In conclusion, our study opens new avenues for antiviral research against coronaviruses and lays the groundwork for future in-
vestigations into LOS and similar compounds. The results of this study advocate for a continued and expanded exploration into LOS’s 
potential as a novel and effective treatment strategy in the ongoing global battle against coronavirus-related diseases. 
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