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Abstract 

Recently, the pandemic caused by Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2) has severely threatened global public health. Given that SARS-CoV-2 is 
more contagious than the 2002 epidemic SARS-CoV, protection for people in risk of 
exposure to SARS-CoV-2 by inhibiting the interaction between its spike protein and 
human angiotensin-converting enzyme 2 (ACE2) is a potent prophylactic approach to 
control the infection rate. Emodin, an effective constituent found in many Chinese herbs, 
has been reported to disrupt the attachment of S proteins in SARS-CoV and ACE2. 
Therefore, the inhibitory function of emodin and its potential target(s) will be measured 
by biotinylated competition ELISA and ITC measurement. And luciferase assay of 
pseudo-typed virus will be conducted in order of assessing in vitro prophylactic activity 
of emodin. Our study aims to evaluate whether emodin possesses the possibility as a 
prophylactic measure against SARS-CoV-2. Furthermore, we will provide some 
fundamental shreds of evidence for future research into the exact targeted site and 
inhibitory mechanism of emodin. 
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1. INTRODUCTION 

In December 2019, an outbreak of pneumonia of unknown cause was reported in Wuhan, 
China followed by a worldwide epidemic that has threatened global public health. The virus 
responsible for this pandemic Corona Virus Disease of 2019 (COVID-19) is a novel β-
coronavirus called SARS-CoV-2 with a positive-sense single-strand RNA genome(1). The 
genome of SASR-CoV-2 shares 79% similarity with SARS-CoV(2), which is another β-
coronavirus causing the severe acute respiratory syndromes (SARS) pandemic in Guangzhou, 
China in 2002. Despite the considerable difference in entire genomes, SARS-CoV-2 highly 
resembles SARS-CoV in its receptor-binding domain (RBD) in S1 subunit of the spike protein (S 
protein)(2), indicating the conserved infective processes between these coronaviruses. SARS-
CoV-2 intrudes human cells through attaching S proteins to human angiotensin-converting 
enzyme 2 (ACE2), a receptor identical with SARS-CoV. It follows the S protein cleavage at S1/S2 
and S2’ sites and fusion of viral envelope and cytoplasmic membrane by S2 subunits and cellular 
protease TMPRSS2(3). Worth to be mentioned, SASR-CoV-2 is much more contagious than 
SARS-CoV, which is attributed to the 10- or 20- folds higher binding affinity of S proteins in 
SARS-CoV-2 than that of SARS-CoV(4). Therefore, the sequence identity particularly in the RBD 
in S protein between SARS-CoV-2 and SARS-CoV highlights the possibility for 
chemoprophylactic and treatment with medicines previously used during the SARS pandemic, 
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whereas the astounding contagiousness of SARS-CoV-2 emphasizes the importance of 
prophylactic methods capable of interfering the initial steps during the infection.  

Among all the drug candidates for COVID-19, traditional Chinese medicines stand out with 
beneficial effects from clinical evidence. Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is 
an active constituent found in multiple widely used traditional Chinese medicines including 
Rheum palmatum, Polygonum cuspidatum, Polygonum multiflorum, Aloe vera and Cassia 
obtusifolia(5). Remarkably, emodin had been identified as an anti-SARS-CoV compound in a 
time-dependent and dose-dependent manner(5). Emodin blocks the formation of SARS-CoV 3a 
ion channel in a Xenopus oocytes model counteracting the virus release(6) and the 3C-like 
protease which proteolytically processes the replicase polypeptides of SARS-CoV to create the 
functional protein(7). In addition, emodin has been proven to disrupt the SARS-CoV S protein 
and ACE2 interaction in a cell-free experiment and abolishes the pseudo-typed infection in 
vitro(8).  

Among all the mechanisms reported, emodin has a reputation for its extremely potential 
prophylactic function as an inhibitor for the attachment of S protein to ACE2, which is incredibly 
promising for the drug development in this COVID-19 epidemic. Nevertheless, there has been 
no published research so far that confirms emodin’s anti-infection activity against SARS-CoV-2 
and its exact mechanisms.  

Therefore, with an attempt to determine whether emodin can inhibit the interaction between 
S proteins derived from SARS-CoV-2 and ACE2, to verify whether emodin disrupts the 
interactions via binding to S proteins, ACE2 or both, and to testify whether emodin can abolish 
the potential infection of SARS-CoV-2 in vitro by blocking the entry of pseudo-typed virus, cell-
free biotinylated ELISA, ITC measurements and pseudo-typed infection in vitro assays will be 
performed and probable results will be presumed deductively. To be exact, predict that 
increasing amounts of emodin block the interaction between recombinant biotinylated-S 
proteins and ACE2 measured in a competition ELISA through targeting S proteins or ACE2 or 
both and we will also do emodin ITC calorimetry to test for direct interaction between emodin 
and s protein or ACE2. We will also measure infection using a luciferase assay. Based on the 
principle of quantitative analysis, all the chemical materials used in our studies are pure emodin 
rather than herbs rich in emodin. The negative control is DMSO/PBS with no drug, positive 
control is promazine in the paper(8). We will do at least three replicates and check for 
significant with student test.  

The study will be the first evaluation of emodin’s prophylactic capacity against SARS-CoV-2 
in vitro and give insight into what exact protein(s) emodin targets to during the attachment, 
which may lead to farther exploration regarding the emodin targeting sites and the 
conformation changes behind the inhibition. 

2. MATERIALS AND METHODS 

2.1. Chemical 

Emodin will be purchased and dissolved in dimethyl sulfoxide (DMSO) at 10mM for further 
dilution. The chemicals and dilutions are stored -20°C in small aliquots. 

2.2. Expression and Purification of Recombinant SARS-CoV-2 S Proteins 

We will establish recombinant plasmids to generate SARS-CoV-2 S proteins using protocols 
described before. Briefly, firstly we will acquire the coding sequence of SARS-2-S DNA based on 
the National Center for Biotechnology Information database (NCBI Reference Sequence: 
YP_009724390.1), which has already been codon-optimized(3). Secondly, the gene fragments 
will be cloned into a pET-28b(+) with six histidine residuals in N-terminal and transformed into 
Escherichia coli (E. coli) BL21 strains. Next, the expressed S proteins will be obtained by nickel-
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affinity chromatography after cell disruption(9). Finally, the purified S proteins are recognized 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and their 
concentrations are determined by a Bradford method(10).  

2.3. Biotinylation of Recombinant SARS-CoV-2 S Proteins 

Sulfo-NHS-LS-biotin will be dissolved in water in advance. Recombinant SARS-CoV-2 S 
proteins will be divided into two group, one reserved for ITC measurements, the other co-
incubated with Sulfo-NHS-LS-biotin in a ratio of 1:10. Biotinylated recombinant S proteins will 
be collected by centricon-10 filtration after 2-hours incubation in ice and then be stored at 4 °C 
for further studies(11).  

2.4. The Biotinylated ELISA Assay 

Microtiter plates will be coated with 50μl of 0.2 ng/μl human ACE2 proteins purchased from 
R&D system at 4°C overnight. The plates will be rinsed by 200μl washing buffer, followed by 
blocking with 200μl blocking buffer at 37°C for half an hour. The washing buffer contains 0.5% 
Tween 20 in phosphate-buffered saline (PBS), while blocking buffer adds 5% bovine serum 
albumin (BSA) to washing buffer. The absorbed proteins will be challenged with 50μl of 1 ng/μl 
biotinylated recombinant S proteins. After 1-hour incubation and three times rinses by washing 
buffer, 50μl diluted peroxidase-conjugated avidin will be added and incubated for another hour. 
Then each well will be washed for three times and added 50μl chromogenic substrate, 2,2-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) for 15-minute incubation at 37°C. Eventually, 
the absorbance will be read at 405 nm by an ELISA plate reader(11).  

In competition assay 1, biotinylated recombinant S proteins will be mixed with emodin at 
400μM, 200μM, 100μM, 50μM, 25μM, 0μM at 37°C for 2 hours with shaking. In competition 
assay 2, after ACE2 is coated and blocked, emodin in different concentration will be added to 
each well and incubated under the same condition as competition assay 1. In competition assay 
3, both biotinylated recombinant S proteins and ACE2 will be processed with emodin. Following 
the incubation, unbound emodin will be removed from biotinylated recombinant S proteins by 
ultrafitration, or ACE2 will be washed by wash buffer for three times. Then biotinylated 
recombinant S proteins are diluted to 1 ng/μl by PBS and added to each well as described above. 
In all the ELISA assay mentioned above (Table 1), DMSO will be used as negative control while 
promazine(8) will be used as a positive control. The inhibition level will be quantified by [1 - 
(OD value of S protein or ACE2 or both processed by emodin /OD value of S protein or ACE2 or 
both processed by DMSO)] × 100%. 

 

Table 1. The arrangement of three competition assay 

 
Competition 

assay 1 
Competition 

assay 2 
competition 

assay 3 

Add emodin to S 
proteins? 

yes no yes 

Add emodin to 
ACE2? 

no yes yes 

2.5. Isothermal Titration Calorimetry (ITC) Assays 

All measurements will be conducted by iTC200 calorimeter(12) , The emodin, recombinant S 
proteins and ACE2 will be diluted by ITC buffer (25 mM Tris, pH 7.3) and degassed at 400 mmHg 
for 30 minutes before the titration. Measurements will be taken by injecting 2.5 µl aliquots of 
emodin of 500 µM emodin to 50 µM protein (200 µl initial volume) with 800 rpm stirring rate 
at 20 °C. The binding isotherm will be fitted to a non-linear regression (ORIGIN software; 
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MicroCal Software) to analyze and calculate the equilibrium dissociation constant (KD) of 
emodin-protein interaction. The baseline correction and background heat will be subtracted by 
additional ligand-to-buffer titration.  

2.6. Inhibition of PSEUDO-TYPED Sars-Cov-2 Infection 

2.6.1 Cells 

The cell line used in this study is Calu-3 (ATCC Cat# HTB-55; RRID: CVCL_0609), a non-
tumorigenesis but immortalized human lung cell line. Calu-3 cells will be incubated in Minimum 
Essential Medium, at 37oC and 5% CO2 in an incubator. And the medium will be supplemented 
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin and 0.1 mg/mL of streptomycin, as 
well as 1X non-essential amino acid solution and 10 mM sodium pyruvate.(3). 

2.6.2 The inhibition of pseudo-typed SARS-CoV-2 infection: 

To eliminate the disruptions of other emodin targeting sites and research the prophylactic 
possibility of emodin, we use the pseudo-typed SARS-CoV-2 which only express S proteins.  

The Calu-3 will be cotransfected with two plasmids: pNL4–3.luc.RE (the luciferase reporter-
expressing HIV-1 backbone) and pcDNA3.1-SARS-CoV-2-S (encoding for SARS-CoV-2 S 
protein)(13) using VigoFect. The supernatant containing the recombined pseudo-typed 
particles (PsV) are harvested at 72 hours post-transfection, centrifuged at 3000 × g for 10 min, 
and frozen to -80 °C. To verify the inhibition function of emodin on SARS-CoV-2 PsV, Calu-3 are 
planted at a density of 104 cells per well in a 96-well plate 24 hours before infection. PsV will 
be blended with an equal volume of the emodin at the same concentration with DMSO/PBS as 
that designed above. Then the mixtures are added to the Calu-3 cells incubated for 48 hours, 
and luciferase activity will be analyzed by Luciferase Assay System(13). 

2.7. Statistical Analysis 

The statistical significance of all numerical data collected from biotinylated ELISA and 
inhibition of pseudo-typed SARS-CoV-2 infection will be analyzed by the student’s T-Test on 
GraphPad Prism® at (p<0.05).  

3. POTENTIAL RESULTS 

3.1. Result 1: Emodin Exhibits An Inhibitory Activity of Interaction Between S Proteins 
and ACE2 Through Targeting S Proteins and Abolishes the Pseudo-typed Infection in 
Vitro 

3.1.1 Emodin disrupts the interaction by targeting S proteins and increasing emodin leads to 
stronger inhibition: 

Emodin significantly blocks the recognition between S proteins and ACE2 in competition 1 
and 3 compared with the negative control DMSO group. The results of these two experiments 
show no significant differences with the positive control promazine group. With the 
concentration of emodin increasing, the inhibition level increases, which demonstrates the 
dose-dependent manner of emodin treatment. Or the inhibition level increases to its peak and 
then goes downward. On the contrast, in competition assay 1, no inhibition activity can be 
detected. ITC measurements reveal that emodin can bind to S proteins with a dissociation 
constant of Kd significantly lower than that of ACE2. Therefore, emodin only targets S proteins 
in this blocking activity in cell-free biotinylated ELISA assays. 

3.1.2 Emodin inhibits pseudo-typed infection in vitro: 

Emodin significantly inhibits the pseudo-typed infection as significantly decreased luciferase 
activity can be detected when emodin concentration increases to a certain level. The inhibition 
is more obvious while emodin increases. Overall, these are consistent with the result of positive 
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control promazine group but significantly different from the result of negative control DMSO 
group. 

3.2. Result 2: Emodin Exhibits An Inhibitory Activity of Interaction Between S Proteins 
and ACE2 Through Binding with ACE2 and Abolishes the Pseudo-typed Infection in 
Vitro 

3.2.1 Emodin disrupts the interaction by targeting ACE2 in a dose-dependent manner: 

Emodin significantly disrupts S proteins and ACE2 interaction in competition assay 2 and 3 
compared to the negative control DMSO group which are also consistent with the positive 
control promazine group. Additionally, inhibition level exhibits an upward trend or reaches its 
peak before declining as emodin concentration increases. However, emodin cannot inhibit the 
interaction via processing S protein in competition 1. ITC measurements indicate that emodin 
target to ACE2 with a dissociation constant of Kd significantly lower than that of S proteins. 
Therefore, emodin only targets ACE2 in its inhibition process in cell-free biotinylated ELISA 
assays. 

3.2.2 Emodin inhibits pseudo-typed infection in vitro: 

The result is the same as described in result 1. 

3.3. Result 3: Emodin Targets Both to Inhibit the Interactions and Abolishes the Pseudo-
typed Infection in Vitro 

3.3.1 Emodin disrupts the interaction by targeting S proteins and ACE2: 

In all three competition assays, emodin can significantly inhibit the binding of S proteins to 
ACE2, coincident with the positive control promazine group. The inhibition level also increases 
or increases to its peak as dose of emodin increases. In ITC calorimetry, emodin has similar high 
binding affinities to S proteins and ACE2 since there is no significant difference between two Kd. 
Accordingly, emodin can interact with both S proteins and ACE2 to exhibit its inhibition function. 

3.3.2 Emodin inhibits pseudo-typed infection in vitro: 

The result is the same as described in result 1. 

3.4. Result 4: Emodin Doesn’T Possess in Vitro Inhibitory Activity of Pseudo-typed 
Infection 

3.4.1 Emodin blocks the interaction between S proteins and ACE2 but doesn’t abolish the 
pseudo-typed infection in vitro: 

Although the cell-free biotinylated ELISA assays and ITC calorimetry with three competition 
assays analogous to the positive control promazine group and a significant shift during ITC 
measurements indicate that emodin can block the attachment between S proteins and ACE2, 
emodin can’t disrupt the pseudo-typed infection in vitro as significant luciferase activity can be 
tested compared to the negative control group. 

3.5. Result5: Emodin Blocks Neither S Proteins Nor ACE2 but Still Inhibits In Vitro 
Pseudo-typed Infection 

3.5.1 Emodin doesn’t disrupt the interaction between S proteins and ACE2 in biotinylated 
ELISA assays but abolishes the in vitro pseudo-typed infection: 

In all three biotinylated competition ELISA assays, no significant inhibiting phenomenon 
could be observed. What’s more, the possibility is that emodin can inhibits interaction evident 
by one of the three biotinylated competition ELISA but the disruption is irregular, which means 
the inhibition level fluctuates or that emodin even stimulates the binding of S proteins to ACE2. 
However, in vitro pseudo-typed infection assay, no luciferase activity can be detected which 
suggests that pseudo-typed infection is inhibited. 
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4. DISCUSSION 

Previous study has reported that emodin can efficiently interfere the interaction between 
SARS-CoV S protein and ACE2 at a nontoxic concentration(8). To confirm whether emodin can 
also block SARS-CoV-2 recombinant biotinylated-S proteins and ACE2 interaction, to test which 
proteins emodin target to, and to verify whether emodin can abolish the potential infection, the 
biotinylated competition ELISA assays, ITC calorimetry assays, and pseudo-typed SARS-CoV-2 
infection assays are performed to explore the answers respectively.  

These experiments leave something to be desired. On the one hand, the biotinylation may 
affect the drug binding by interacting with the lysines in active sites of interacting either with 
ACE2 or emodin, which may result in the pseudo-negative results in competition ELISA. Thus, 
the ITC calorimetry assays are designed to test the binding affinity between emodin and 
recombinant S proteins without biotinylated. However, if the competition ELISA assays are all 
negative, but the binding affinity between emodin and S protein and/or ACE2 measured in ITC 
assays are pretty high, we still can’t draw the conclusion about whether emodin can abolish the 
interaction by targeting either of these proteins. The peroxidase-conjugated antibodies against 
SARS-CoV-2 are still unavailable, further studies should take advantages of these antibodies for 
the improvement of the competition ELISA. On the other hand, in order to pay more attention 
to emodin targets in a cell-free situation in detail, in vitro pseudo-typed infection assays are 
only designed to determine whether emodin can disturb the attachment but can’t verify the 
hypothesis concerning emodin’s targets. Further competition pseudo-typed infection assays 
should be performed with emodin combining with PsV particles or Calu-3 cells or both 
separately.  

There are mainly five possible results in this study. The first three sets of results fully support 
the hypothesis and are consistent to the past study(8) as well as clinical evidence, which 
suggests that emodin can destroy the attachment in a dose-dependent manner or have optimum 
inhibitory activity at a certain concentration and possibly binds to a highly conserved region 
between SARS-CoV and SARS-CoV-2 S proteins or directly target to the shared human cell 
receptor ACE2. What’s more, these three results also ascertain the potential prophylactic role 
of emodin in a dose-dependent manner or even the optimum dose of emodin, which disrupts 
the pseudo-typed infection in vitro. The second last set of results partly supports the hypothesis, 
which indicates that emodin can only inhibit the interaction in cell-free but not in vitro 
condition. The final set of results totally contradicts to the hypothesis, in which emodin has 
potential prophylactic activity through other mechanisms. 

To be exact, the first set of results reveals that emodin prefers S protein to ACE2 with a higher 
binding affinity to S proteins and demonstrates the in vitro pseudo-typed inhibition. 
Accordingly, we predict that emodin is likely to target to SARS-CoV-2 S1 RBD domain or other 
homologous regions which highly resemble those of SARS-CoV and are indispensable for the 
interaction. Further studies should focus on confirming the binding site of emodin and the 
configurational changes. Some methods such as X-ray diffraction of crystallization of SARS-CoV-
2 S protein in complex to emodin should be followed. Although emodin can abolish the pseudo-
typed infection, more cautious researches must be done to verify emodin’s in vitro and in vivo 
prophylactic activity with quantitative and qualitative analysis.  

The second set of results shows that emodin carries out its inhibitory function consequent to 
shielding ACE2. Given that ACE2 is also responsible for decreasing blood pressure, further 
investigations should pay more attention to emodin’s toxicity and other side effects on cells and 
bodies besides the mechanical studies as described in the first result.  

The third set of results implies that emodin has a relatively wide range of binding targets 
although there is little similarity between viral S proteins and human ACE2 in primary 
sequences and structures. Regardless of its inhibition to pseudo-typed infection, this character 
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probably contributes to emodin’s latent off-target effects and circumscribe its therapeutic 
application. Further studies should concentrate on the toxicity and emodin’s target organs, 
investigating the highest concentration safe for human use. In addition, the X-ray diffraction of 
emodin with S proteins and ACE2 should be performed, which provides structural information 
for rational reconstruction of emodin using computer software to synthesize a more specific 
drug with inhibitory activity. 

The fourth set of results shows that although cell-free assays succeed in proving the blocking 
activity, the in vitro experiments prevent us from concluding. Chances are that emodin is 
captured by other proteins in cell surface or PsV which have a higher binding affinity with 
emodin. Consequently, emodin has little anti-SARS-CoV-2 potential, and the reason remains to 
be investigated. 

The final set of results provide a new thought about emodin’s potential prophylactic function 
apart from blocking the attachment. It’s possible that emodin may play a role in inhibiting the 
cleavage of S1/S2 and S2’ sites, envelop fusion or other processes. More experiments should 
design to explore these hypotheses. 

5. CONCLUSION 

Emodin is rich in a variety of traditional Chinese medicines thus is a cheap candidate drug for 
preventing COVID-19. Our studies investigate emodin’s potential inhibitory activity to the 
interaction between SARS-CoV-2 recombinant biotinylated-S proteins and ACE2 in a dose-
dependent manner under cell-free and in vitro condition though analyzing the biotinylated 
competition ELISA, the ITC measurements as well as the pseudo-typed SARS-CoV-2 infection. 
The results will answer whether emodin can block the attachment between SARS-CoV-2 
recombinant biotinylated-S proteins and ACE2 in a dose-dependent manner and to which it 
targets as well as whether emodin can interfere the interaction in a dose-dependent manner in 
vitro. Based on these experiments, further studies should be carried out to investigate the 
conformational changes during the inhibition, the structural optimization of emodin and the in 
vitro, in vivo and clinical trials of emodin’s prophylactic function.  
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