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ABSTRACT: Transmissible and infectious viruses can cause large-scale epidemics around the world. This is because the virus can
constantly mutate and produce different variants and subvariants to counter existing treatments. Therefore, a variety of treatments
are urgently needed to keep up with the mutation of the viruses. To facilitate the research of such treatment, we updated our Virus-
CKB 1.0 to Virus-CKB 2.0, which contains 10 kinds of viruses, including enterovirus, dengue virus, hepatitis C virus, Zika virus,
herpes simplex virus, Andes orthohantavirus, human immunodeficiency virus, Ebola virus, Lassa virus, influenza virus, coronavirus,
and norovirus. To date, Virus-CKB 2.0 archived at least 65 antiviral drugs (such as remdesivir, telaprevir, acyclovir, boceprevir, and
nelfinavir) in the market, 178 viral-related targets with 292 available 3D crystal or cryo-EM structures, and 3766 chemical agents
reported for these target proteins. Virus-CKB 2.0 is integrated with established tools for target prediction and result visualization;
these include HTDocking, TargetHunter, blood—brain barrier (BBB) predictor, Spider Plot, etc. The Virus-CKB 2.0 server is
accessible at https://www.cbligand.org/g/virus-ckb. By using the established chemogenomic tools and algorithms and newly
developed tools, we can screen FDA-approved drugs and chemical compounds that may bind to these proteins involved in viral-
associated disease regulation. If the virus strain mutates and the vaccine loses its effect, we can still screen drugs that can be used to
treat the mutated virus in a fleeting time. In some cases, we can even repurpose FDA-approved drugs through Virus-CKB 2.0.

B INTRODUCTION

The goal of antiviral treatment is the eradication of the virus.
Direct-acting antiviral agents play a significant role in antiviral
therapy such as anti-HIV and anti-HCV therapy." However,

significant role in the attachment of viruses during the process
of virus infection.” The SARS-CoV-2 genome encodes several
polyproteins that can be processed by viral proteases and form
nonstructural proteins. These nonstructural proteins can form

viral resistance proves to be a major obstacle preventing direct-
acting antiviral drugs from eliminating the virus, because once
disease strains mutate and acquire viral resistance, direct-acting
antiviral drugs may render ineffective.” Thus, it is very
necessary to investigate the life cycle of viruses and track the
structure of different viruses continuously to meet the research
purpose.

Viruses have different protein domains related to the
invasion or replication of the viruses, so drugs targeting these
different protein domains may provide therapeutic potential
for the treatment of diseases caused by these viruses. SARS-
CoV-2, the causative agent of COVID-19, has four structural
proteins: the spike protein, envelope protein, membrane
protein, and nucleocapsid protein. The spike protein plays a
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a replicase complex that plays a significant role during the
transcription and replication of the viral genome.' For
example, remdesivir has been shown to inhibit RNA-depend-
ent RNA polymerase (RdRp) composed of nonstructural
protein 12 (NS12) with high potency.”® Galidesivir, a direct-
acting antiviral drug, has been confirmed to treat the Zika virus
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infection by inhibiting the nonstructural protein 5 RNA-
dependent RNA polymerase (RdRp).” Therefore, computa-
tional tools can greatly boost the search for new drug
molecules and aid the repurposing of the drugs and
modification of existing medicines.

To facilitate the COVID-19 research and discovery of new
antiviral treatments in general, we have established an
integrated viral-associated disease-specific chemogenomics
knowledgebase published in July 2020.° The former Virus-
CKB 1.0 has archived a total of 65 antiviral drugs (such as
remdesivir, telaprevir, acyclovir, boceprevir, and nelfinavir) in
the market and 107 viral-related targets, including 6 HIV-
related targets, 7 BCV/HCV-related targets, 49 influenza-
related targets, 39 coronavirus-related targets, and another 6
unclassified viral-related targets with 189 available 3D crystal
or cryo-EM structures. Moreover, 2698 chemical agents
reported for these target proteins are also included in Virus-
CKB 1.0. As for writing, Virus-CKB 1.0 has been published for
more than a year. Many target proteins collected for Virus-
CKB 1.0 did not make their way into Virus-CKB 1.0, because
when constructing Virus-CKB 1.0, the resolution of the targets
available was generally lower than it is now, and the number of
targets was much lower than the current targets. In addition,
many target information, 3D structures, and related active
compounds of SARS-CoV-2 have been released during the past
1 year. For example, by far, there are more than 240 3CL
protease crystal structures of SARS-CoV-2 and more than 8000
regorted compounds that can bind with or inhibit SARS-CoV-
2. There are more than 250 nonstructural protein crystal
structures of SARS-CoV-2 and more than 800 reported
compounds that can bind with or inhibit nonstructural protein
of SARS-CoV-2."" There are more than 170 crystal structures
of the spike protein of SARS-CoV-2 and more than 800
reported compounds that can bind with or inhibit the spike
protein of SARS-CoV-2."

Virus-CKB can also be applied to the research of other
viruses that can cause viral infectious diseases. As the years go
by, information and related structures of many other viruses
have also been published, such as dengue virus,' " Zika
virus,"*'> Ebola virus,'®'” enterovirus,'®'® Lassa virus,>**!
norovirus,”>** herpes simplex virus,”*™*” and Andes orthohan-
tavirus.”® Therefore, we incorporated these viruses into Virus-
CKB 2.0. Table 1 shows a detailed comparison between Virus-
CKB 1.0 and Virus-CKB 2.0.

Table 1. Comparison between Virus-CKB 1.0 and Virus-
CKB 2.0

features Virus-CKB 1.0 Virus-CKB 2.0
protein targets 104 178
3D crystal or cryo-EM structures 189 292
chemical agents 2698 3766
docking method idock jdock

Currently, there are several viral-related chemogenomic
tools or computational algorithms available. For example,
ExCAPE-DB is a large-scale chemical structure dataset that can
facilitate big data analysis in chemogenomic, and the COVID-
19 Docking Server is an interactive server for docking small
molecules and peptides against potential targets of COVID-
19.°”°° However, ExCAPE-DB cannot enable computational
prediction of the binding affinity between the small molecules
and the viral protein targets; COVID-19 Docking Server only

focuses on the viral targets of COVID-19. Therefore, we
constructed Virus-CKB 2.0 to facilitate viral-related research.

B MATERIALS AND METHODS

Genes and Domain Structures. The viral genome bears
the information about the functional and structural proteins of
the virus. Virus proteins undergo post-translational modifica-
tions to form different protein domains of the virus with
contrasting functions. Direct-acting antiviral agents are drugs
that act directly on viral proteins, which are considered the
most promising and effective antiviral treatment.”' Screening
small molecules that can directly act on viral proteins with
distinct functions is a common method for antiviral drug
discovery. Therefore, we focus on the interaction between
small molecules and viral proteins and collect protein
structures based on the different domain information of
viruses. For example, dengue virus genome encodes three
structural proteins (pre-membrane (prM), envelope (E), and
the capsid (C)), which constitute the components of the
virion, and seven nonstructural proteins (NS1, NS2A/B, NS3,
NS4A/B, and NSS), which are involved in viral RNA
replication.'”” When we collect domain structures of dengue
virus from Protein Data Bank>” (https:/ /www.rcsb.org/ ), there
are more than 24,000 PDB files. First, we divided the PDB files
according to the domain information of dengue virus such as
pre-membrane (prM), envelope (E), capsid (C), and seven
nonstructural proteins: NS1, NS2A/B, NS3, NS4A/B, and
NSS. We will select the PDB files with the most protein
residues and the highest resolution to display the structure of
the protein domain as completely as possible and incorporate
them into Virus-CKB 2.0.

We collect data such as chemical molecules, antibodies,
genes, and proteins involved in viral-associated disease
regulation from several public databases such as Protein Data
Bank>? (https;//www.rcsb.org/), UniProt™* (https://www.
uniprot.org/), ChEMBL?** (https://www.ebi.ac.uk/chembl/),
Therapeutic Target Database® ™" (http://db.idrblab.net/ttd/
), and recent literature.

Drugs and Chemicals. Using “dengue”, “Zika”, or other
virus name as keywords, we searched the DrugBank"’ database
and ChEMBL* database and retrieved 3766 antiviral drugs or
viral-related chemical agents and incorporated them into Virus-
CKB 2.0. Antiviral drugs or chemical agents with an ICs, lower
than 1 uM toward a viral-related target are defined as active
chemical molecules, while those chemical agents with an ICs,
larger than 10 yM are defined as inactive chemical compounds.
Therefore, we only retrieved chemical substances with an ICs
lower than 10 M into Virus-CKB 2.0. Figure S1 shows the
distribution of these 3766 chemical agents among the viruses.

HTDocking. High-throughput docking (HTDocking)*' ="
is a web-based high-throughput computing method that can
predict the potential interactions between the user-input
compounds and target proteins. jdock is the docking engine
of HTDocking at the backend. The definition of HTDockin§
was first proposed by Liu et al. in 2014.*' AutoDock Vina®*
was used as the docking engine at the backend of HTDocking
at that time. When the Virus-CKB 1.0 was published in 2020,
idock was used as the docking engine at the backend of
HTDocking.* Compared with AutoDock Vina, idock has faster
scoring function and more efficient optimization algorithm.
idock achieves a 3.3 speedup in CPU time and an average
speedup of 7.5 in elapsed time.* We have u%odated the docking
engine of HTDocking from idock to jdock™ in Virus-CKB 2.0.
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Figure 1. Spider Plot of viruses archived in the Virus-CKB 2.0.

jdock saves the fixed time overhead of calculating the Random
Forest score. The improvement ratio is related to the structural
complexity of the docking and the machine's performance. The
time saved for each docking run on mainstream computers is
about 2 to 20 s.*

Workflow of the Virus-CKB 2.0. The Virus-CKB 2.0
server is implemented with several web applications and
existing algorithms includin7g high-throughput docking
(HTDocking), TargetHunter,"” blood—brain barrier (BBB)
predictor,*"***” Spider Plot,”” and other third-party software
including Open Babel,”"** JSME Molecular Editor,™ jdock,
and NGL Viewer,”* which enables the prediction of the
protein—ligand interaction and the visualization of the results.

Our platform mainly focuses on the 3D crystal or cryo-EM
structures of viral proteins and their related compounds. The
workflow of the Virus-CKB 2.0 server consists of three major
steps. The first step is to input compounds or chemical agents
that may have the potential to bind with the protein structures
of the viruses. The job creation page of Virus-CKB 2.0 (Figure
S2) can be found in the Supporting Information. The user can
submit up to five compounds or chemical agents through the
job creation page. The user can define the name of the job and
the name of the molecule. The user can define the molecule
structure by drawing it with JSME Molecular Editor>® or paste
any pre-existing molecule structure in MOL, SDF, or SMILES
format via the drop-down menu of the blue double-triangle
icon on the toolbar. In this way, the user needs to be aware
that the pasted code should not contain any leading or trailing
spaces. If the user does not want to reveal the job to the public
on Virus-CKB 2.0, they can choose to click Private job so as to
hide the input compounds and the test results. After
submitting the structures of query compounds, our platform
will automatically convert the input format from MOL, SDF,
or SMILES into PDB and PDBQT formats with the help of
Open Babel and conduct further computational prediction.

The second step is to conduct in silico BBB prediction, high-
throughput docking (HTDocking), and fingerprint-based
similarity search simultaneously by our established algorithms
implemented in Virus-CKB 2.0. The in silico BBB prediction
can be used to predict whether the query compounds can pass

through the BBB and therefore cause side effects in the central
nervous system (CNS).*"*** In Virus-CKB 2.0, each virus
domain includes up to three conformations with the highest
resolution and the most diverse structures. The protein
structures of different viruses were collected the from Protein
Data Bank, most of which bind to ligands to form specialized
complexes. Only a small fraction of viral protein structures
don't have bound ligands. Then, we removed water molecules,
small solvent molecules, and ligands bound to the viral protein
structure to extract the viral protein structure. We archived
these viral protein structures and the binding pockets of these
viral protein structures in Virus-CKB 2.0 and used these
structures as protein targets to conduct docking. HTDocking
will dock up to five user compounds into binding pockets of up
to three different conformations and generate docking scores,
respectively. HTDocking can provide up to nine potential
docking scores with different binding poses of the same protein
pocket and generate the average docking score. By the
definition of free energy, the docking score is negative, and
the smaller value (greater absolute value) represents the better
binding pose.”’ The user can compare the docking score of the
query ligand with a known ligand that can bind with the
particular target and produce a therapeutic effect to assess
whether the query ligand is a good ligand for a specific target.
TargetHunter is a web-based target prediction tool that can
predict the potential biotargets of submitted compounds based
on targets associated with its most similar counterpart
(Tanimoto Coefficients) algorithm.*” The prediction is based
on an important principle of medicinal chemistry: structurally
similar compounds have similar physicochemical properties
and may cause similar biological effects. When the query
compound is uploaded, TargetHunter will first generate
molecular fingerprints using Tanimoto coefficients for the
query compound and compounds in the public database such
as the ChEMBL, then calculate the similarity scores based on
Tanimoto coefficients, and finally list the most similar ones as
the potential biotargets.

The third step is to conduct systems pharmacology target
mapping for potential drug repurposing and drug combination.
Upon completion of all the in silico computation processes, the
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Figure 2. Spider Plot for the analysis of four antiviral drugs, including telaprevir, boceprevir, narlaprevir, and remdesivir. Potentially active binding
sites (viral protein targets) for the query compounds are shown as purple discs, and the binding sites that have been validated by a bioassay are
shown as green discs. The average docking scores are marked on the line connecting the query compounds to the viral protein targets.

docking scores and similarity scores are automatically analyzed
and classified, and the results are thereafter fed to Spider Plot
for the visualization of the compound—target interaction
network. Spider Plot is an online tool that can visualize the
molecule—protein interaction network based on the target
classification,” with which users can intuitively see the in silico
computational prediction results generated by Virus-CKB 2.0.

B RESULTS AND DISCUSSION

Data and Software Availability. The Virus-CKB 2.0
server is accessible at https://www.cbligand.org/g/virus-ckb.
The Virus-CKB 2.0 targets data is accessible at https://www.
cbligand.org/g/virus-ckb/targets.

The Virus-CKB 2.0 website is compatible with modern web
browsers such as Microsoft Edge, Firefox, Chrome, and Safari,
provided that JavaScript and cookies are enabled. The latest
release version of these web browsers is recommended for
better rendering.

Virus-CKB 2.0 Overview. Currently, we have collected
178 viral-related targets with 292 available 3D crystal or cryo-
EM structures, which include 6 HIV-related targets; S herpes
simplex virus-related targets; 3Andes orthohantavirus-related
targets; 4 Lassa virus-related targets; 15 dengue virus-related
targets; 4 norovirus-related targets; 11 Ebolavirus-related
targets; 9 Zika virus-related targets; 13 hepatitis C virus-
related targets; 12 enterovirus-related targets; 37 coronavirus-
related targets that include 6 targets from SARS, 8 targets from
SARS-CoV-2, and 23 targets from other coronaviruses; and 49
influenza virus-related targets, and another 10 unclassified
viral-related targets, as shown in Figure S3. Figure 1 shows all
the viruses archived in Virus-CKB 2.0.

Job Output. Once the job is created, the platform will
display it on the job listing page. To view the job details, one
can click on the listing item. Then, four buttons (JOB, BBB,
OUTPUT, and SPIDER PLOT) will be added in the menu bar
between the ALL JOBS button and the TARGETS button.
Clicking on the BBB button will bring the user to the Blood—
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Figure 3. Spider Plot for the analysis of the drug modification, including remdesivir and remdesivir triphosphate. The prediction results showed
that remdesivir and remdesivir triphosphate can bind with the RNA-dependent RNA polymerases of SARS-CoV-2.

Brain Barrier Predictor page (Figure S4) where the BBB
predictions are computed with two algorithms (AdaBoost and
SVM) and a total of eight algorithm—fingerprint combinations
for each query compound will be displayed.*" Clicking on the
OUTPUT button will bring the user to the output page
(Figure SS), which displays the structure of viral protein
targets and their binding pockets, the submitted ligand name,
the viral protein target name, the docking scores calculated by
HTDocking between the input compounds and the protein
target conformations, the similarity scores calculated by
TargetHunter between the input compounds and the most
similar active or inactive ChEMBL compound, and finally the

best match compound’s ChEMBL ID. Clicking on the
ChEMBL ID will bring the user to the comparison page
(Figure S6) which provides a detailed comparison between the
structural information of the input compound and the most
similar compound. The two blocks of numbers at the bottom
of the comparison page are the hexadecimal representation of
the molecular fingerprints (FP2) computed in our platform to
be used in the search of the most similar compound in the
ChEMBL database with the user inputted compound. The
numbers marked in red indicate the fingerprint differences
between the two compounds, so the more numbers marked in
red, the lower the structural similarity between the two
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compounds. The final similarity score is computed with
Tanimoto, which is simply the quotation of the number of
identical numbers (in binary) shared in two fingerprints and
the number of nonzero numbers (in binary) appeared in either
fingerprint. The output page has two display modes: graphic-
based mode and text-based mode. The user can switch the
display mode by clicking on the =
right corner. For a specific job, clicking on the SPIDER PLOT
will bring the user to the Spider Plot page (Figure 2), which
displays the predicted interactions network between the input
compounds and the protein targets in Virus-CKB 2.0. Both the
text-based output page and the Spider Plot page have a “Gene/
Protein” switch button in the upper right corner. Clicking on
this button will switch between gene name and protein name
displayed on the output page and Spider Plot page.

As we can see from the Spider Plot generated by our
platform (Figure 2), we submitted four antiviral drugs in one
job, including telaprevir, boceprevir, narlaprevir, and remdesi-
vir. The structure and name of the query compounds defined
by the user are placed in a rectangular box. The discs around
the query compound represent the predicted viral protein
targets with which the query compound has the potential to
bind. The number on the dotted line connecting the predicted
viral protein targets and the query compound represents its
average docking score. The user can also toggle the display of
any docking score on a connecting line. If the query compound
has been verified by a bioassay to bind with the predicted viral
protein target and produce corresponding therapeutic effects,
or the query compound has a highly similar compound
(similarity score > 0.95) that has been verified by a bioassay to
do so, the predicted viral protein target will be marked as green
discs. Otherwise, the predicted targets will be shown as purple
discs. For example, our results indicated that the antiviral drug
telaprevir can bind to nonstructural protein 3 protease (discs:
NS3 HCVIB) of the hepatitis C virus, which is consistent
with a bioassay that verifies that telaprevir can be used to treat
HCV infection.>

In Silico Drug Modification. When creating a job, the
user can modify the submitted compound according to the
structure—activity relationship. For example, the user can add
functional groups such as benzene ring, hydroxyl, or carbonyl.
Our platform will perform in silico prediction on the modified
structures, and users can compare the modified structures and
modify the compound according to the prediction. For
example, remdesivir is a prodrug that has broad-spectrum
action against several RNA viruses. Remdesivir can change to
the active triphosphate form, which inhibits the RNA-
dependent RNA polymerases of SARS-CoV-2.°® The platform
allows the comparison of the binding affinities of the modified
compound derivatives entered by the user. As shown in Figure
3, our results showed that both remdesivir and remdesivir
triphosphate can bind with the RNA-dependent RNA
polymerases of SARS-CoV-2, which is consistent with a
biochemical analysis that confirmed that remdesivir triphos-
phate can target RNA-dependent RNA polymerases of SARS-
CoV-2 and cause the termination of RNA synthesis.”

Drug Repurposing for Dengue Virus Infection. To
further validate our platform, we predicted several FDA-
approved nonviral drugs that can bind with the dengue virus
and may have the potential to produce therapeutic effects
toward dengue virus infections.

button in the upper

According to statistics, antiviral research on the dengue virus
mainly focused on targeting structural and nonstructural
proteins. Among them, research on structural proteins has
mainly focused on the envelope protein because it plays a
significant role in the process of virus entry into cells.”’
Research on nonstructural proteins has mainly focused on NS3
and NS5, because NSS is the largest and most conserved
nonstructural protein and has viral RNA-dependent RNA
polymerase and methyltransferase activity””>” and NS3 has
serine protease activity.57 We conducted a retrospective
analysis (positive control) for the FDA-approved nonviral
drug ivermectin, as shown in Figure S7; our results showed
that ivermectin was predicted to bind with NS3 of dengue
virus (discs: NS3_DEN4T) and NS3 of Zika virus (discs:
NS3_ZIKV), which are consistent with a study that conformed
that ivermectin is a potent inhibitor of flavivirus replication
specifically targeting NS3 helicase activity.”” As shown in
Figure S8, we also conducted a retrospective analysis (positive
control) for policresulen, which is commonly used for the
treatment of gynecological infections;’" our prediction results
showed that policresulen was predicted to bind with viral NS3
of dengue virus (discs: NS3_DENA4T), which is consistent
with a cell assay that confirmed that policresulen is a NS2B/
NS3 protease inhibitor and can inhibit the replication of
dengue virus.”> All these findings could provide computational
prediction-based guidance for repurposing FDA-approved
drugs to deal with sudden outbreaks of viral infections. We
also recommend that the results based on computational
predictions need to be validated by biological experiments.

Drug Combination for the Treatment of Viral-Related
Disease. Combination therapies are becoming increasingly
popular in treating viral-related diseases because combination
therapies have the advantages of high efficacy and low toxicity
and can prevent the development of drug resistance among
viruses. In addition to guiding drug repurposing, our platform
can also provide computational prediction-based recommen-
dations for drug combinations to treat viral-related diseases.
For example, as shown in Figure S9, our retrospective analysis
(positive control) results showed that brequinar (anticancer)
and sofosbuvir (anti-HCV) can bind with HIV (discs:
RT_HIV1) and HCV (discs: NSSB_HCVIA,
NSSB_HCV2A), which are consistent with a cell assay that
confirmed that the combination of sofosbuvir and brequinar
can produce a significant therapeutic effect toward HCV
infection with low toxicity.”> The findings could provide
computational prediction-based guidance for combination
therapies to improve efficacy, lower toxicity, and deal with
drug resistance issues of viral-related diseases. We also
recommend that the results based on computational
predictions need to be validated by biological experiments.

Antiviral Activity of Aspirin. Aspirin, also known as
acetylsalicylic acid (ASA), is well known for its anti-
inflammatory, pain-relieving, and fever-reducing activities.”*
The antiviral activities of aspirin have been confirmed by
several reports. The main antiviral mechanism of aspirin
involves blocking nuclear factor kappa B activation and
inhibiting hepatitis C virus entry by downregulating claudin-
1 rather than acting directly on viral proteins.”>® Our
computational prediction result shown in Figure S10 indicates
that aspirin cannot bind directly to any viral protein target in
Virus-CKB 2.0, which is consistent with these reports.
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B CONCLUSIONS

In this work, we developed a viral-associated disease-specific
chemogenomics knowledgebase, Virus-CKB 2.0, which ar-
chived 65 antiviral drugs in the market, 178 viral-related targets
with 292 available 3D crystal or cryo-EM structures, and 3766
chemical agents reported for these target proteins. Virus-CKB
2.0 provides the user with a multifunctional platform, which
can conduct computational prediction of direct-acting antiviral
effects of submitted compounds. Specifically, our platform will
first conduct in silico BBB prediction, high-throughput docking
(HTDocking), and fingerprint-based similarity search simulta-
neously for the submitted compounds with our established
algorithms integrated in Virus-CKB 2.0. Then, the docking
scores, similarity scores, and all the other computation results
will be analyzed and used to generate the visualization of the
compound—target interaction network in Spider Plot. Finally,
the results can be used to guide drug repurposing and drug
combination.

To validate our platform, we applied Virus-CKB 2.0 to
predict the direct-acting antiviral effects of the FDA-approved
nonviral drugs ivermectin and policresulen. The retrospective
analysis (positive control) results showed that ivermectin and
policresulen can bind with dengue virus proteins and exhibit
significant anti-dengue virus effects, which have been
confirmed by relevant bioassays. We also predicted that the
drug combination brequinar and sofosbuvir can bind with HIV
and HCV and exhibit anti-HIV and anti-HCV effects, which
have also been confirmed by relevant experimental data. We
also conduct computational prediction for remdesivir and
remdesivir triphosphate; the results showed that both
remdesivir and remdesivir triphosphate can bind with the
RNA-dependent RNA polymerases of SARS-CoV-2, which is
consistent with a biochemical analysis that confirmed that
remdesivir triphosphate can target RNA-dependent RNA
polymerases of SARS-CoV-2. Therefore, our platform can
provide meaningful computationally based recommendations
for drug modification, drug repurposing, and drug combination
therapy.

In the future, we plan to develop more techniques such as
protein—protein docking, which can enable the docking of
proteins against virus protein targets. We also plan to continue
the collection of viral targets and screen in new protein
structures, as well as add new navigation and computation
options for the domains of protein structures. We have a vision
that these will make Virus-CKB 2.0 a particularly useful
knowledgebase for the research of viral disease and drug

repurposing.
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