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Abstract: 
As new medications are used to treat COVID-19, many studies have reported that proteins such as spike,
polymerase and proteases are prone to high levels of mutation that can create resistance to therapy over
time. Thus, it becomes necessary to, not only target other viral proteins such as the non-structural proteins
(nsp’s), but to also target the most conserved residues of these proteins. A synergistic combination of
bioinformatics, computer-aided drug-design and in vitro studies can feed into better understanding of
SARS-CoV-2 (SC-2) and therefore help in the development of small molecule inhibitors against the nsp’s.

We have performed multiple sequence alignment studies on up to 11 million sequences of SC-2 Orf1ab to
identify the most conserved residues. These residues were then visualized on 3D protein X-ray structures
using MOE software. We found that there were known and novel binding pocket residues that were 100%
conserved in our datasets. Our results indicate that these highly conserved pockets can be targeted for
developing promising SC-2 inhibitors. Our group has recently been selected to enter two international
challenges organized by the CACHE consortium to discover inhibitors of the RNA binding tunnel of SC-2
nsp13 and the Mac1 domain of SC-2 nsp3. We used a tiered screening workflow [volume/shape
information of the binding pockets (fastROCS), in-house pharmacophore generation software
(MoPBS/MOE) and docking in the binding pocket (FRED)] to rank hits for subsequent clustering and to
identify compounds that bind to these conserved pockets. Our results on nsp3 will be presented here.

Keywords: CADD; drug design; SARS-CoV-2; Virtual Screening



Introduction
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• The majority of SARS-CoV-2 (SC-2) therapeutic
development work has focussed on targeting the spike
protein, viral polymerase and proteases.

• As the pandemic progressed, many studies reported
that these proteins are prone to high levels of
mutation and can become drug resistant (Pacheti et al.,
2020).

• Zhou et al., 2022 found that L50F and E166V mutations
among others, showed up to 80-fold resistance to
nirmatrelvir (Paxlovid- 3CLpro inhibitor) along with
high reproductive fitness as compared to wild-type.

• Therefore, targeting other proteins involved in viral
replication, in particular, targeting the most conserved
residues present in the non-structural proteins (nsp’s)
becomes necessary.

GISAID, 2022



Approach
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Bioinformatics

• Our group has recently been selected to enter two international challenges (ranked in the top 4 globally) organized 
by CACHE to computationally design inhibitors for the RNA binding tunnel of SC-2 nsp13 (Challenge #2) and the 
Mac1 domain of SC-2 nsp3 (Challenge #3).

Phase 1

NSP sequence conservation within SARS-CoV-2 (Multiple
sequence alignments using Kalign). We have identified
conserved hotspots across nsp’s in our datasets ~93,000,
~200,000, ~1 million (NCBI-database) and ~11 million (GISAID-
database) sequences.

Phase 2

CACHE 
Experimental 

Validation 
Cheminformatics 

Tiered virtual screening (VS) 
workflow to screen molecules from 
the Enamine database

Phase 3



• CACHE #3 challenge : Finding ligands targeting the macrodomain of SC-2 nsp3 
that compete with the substrate, ADP-ribose (ADPr).
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Nsp3 – Challenge #3

• Viral macrodomains are believed to counter or hijack host immunity by reversing 
the mono(ADP-ribosyl) modifications generated by host PARP enzymes, thereby 
interfering with interferon production (Grunewald et al., 2019).

• Mac1 domain is highly conserved across the SC-2 sequences.

• The mac1 conserved domains are also present in several positive-sense ssRNA
(+ssRNA) viruses of the families Hepeviridae, Togaviridae, and Coronaviridae, such 
as hepatitis E virus (HEV), alphavirus, rubella virus, and all coronaviruses (Koonin
et al., 1992, Snijder et al., 2003).

Alhammad et al., 2021 Russo et al., 2021Fig: Nsp3 of SC-2 with all the domains Fig: Mac1 domain of Nsp3 hijacking host immunity 

Fig: Crystal structure of 
Mac1 domain of Nsp3 
(SC-2) co-cystalized with 
ADPr in the binding 
pocket
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Phase 1 (Bioinformatics)

• The Mac1 domain of nsp3 is ~170 amino acid (AA) in
length.

• The entire Mac1 domain of nsp3 is highly conserved across
~1.4 million SC-2 sequences (Conservation score: 98.99% -
99.99%).

• The key residues responsible for binding of ADP-ribose and
other related adenosine-derivatives with nsp3-
macrodomain X are conserved across beta-CoVs (Kandwal
& Fayne, 2023).

Fig: MSA of nsp3 sequences of
MERS-CoV, SC-1 and SC-2.
Highlighted (yellow) residues are
a part of the ATPr binding pocket
that are conserved across these
sequences.

Fig: MSA of nsp3 (Mac1 domain) sequences of SC-2 (~1.4 million sequences - NCBI). Highlighted (indigo) residues are conserved across these sequences.

Kandwal, S.; Fayne, D. Genetic Conservation across SARS-CoV-2 Non-Structural Proteins – Insights 
into Possible Targets for Treatment of Future Viral Outbreaks. Virology 2023, 581, 97–115
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Phase 2 (Cheminformatics)

1. X-ray crystal structures of hit compounds in the binding pocket of Mac1 domain (Gahbauer et 
al.,  2022).

2. These structures were overlaid with MOE with overall RMSD value of 0.23 Å. 

3. The graph below indicate that there was minimal amino acid (AA) movement within the X-ray 
structures. 

4.  Site finder in MOE: Predicts putative binding pockets

Red spheres: hydrophilic cavity points 
Grey spheres: hydrophobic cavity points

RMSD plot of overlaid protein structures

Overlaid protein structures (co-crystalised with lead-like molecules)



5. Site finder on MOE: Pocket selection 

Electrostatic surface
White: hydrophobic AA
Red: Negative charge AA 
Blue: Positive  charge  AA

6. Database: Enamine 

Enamine 
database

24 
heavy 
atoms 

22-23 
heavy 
atoms 

6-21 
heavy 
atoms 
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A. fastROCS volume query search using dummy atoms (1st round of VS) 
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7. Workflow 
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Pocket selection using Dummy 
atoms (yellow)

Dummy atoms volume query
(carbon-hydrophobic and oxygen-
hydrophilic) Pocket dummy atoms with a predicted 

fastROCS hit
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B. MOE pharmacophore search on fastROCS hits (2nd round)

Note: Pharmacophore features were predicted using Consensus Ph4 on MOE for pocket 1.
Whereas, for rest of the pocket an in-house software called MoPBS (Braun & Fayne, 2022) was used to predict the Ph4 features. 
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Pocket 1 with Pharmacophore features Pharmacophore features generated using Consensus Ph4 
(overlay of 22 PDB structures) on MOE

Pharmacophore features 
mapping with a hit 

Braun, J.; Fayne, D. Mapping of Protein Binding Sites Using Clustering Algorithms - Development of a 
Pharmacophore Based Drug Discovery Tool. Journal of Molecular Graphics and Modelling 2022, 115,108228
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Filtering

• MOE database viewer was used to filter the hit lists (prior to docking).
• Molecules having MW > 400 Da, logP > 3.5, Pan-assay interference compounds (PAINS) and carboxylic acids. 

Diagram depicting a representative pan-assay interference compound. The 
drug-like molecule specifically interacts with target B, but the PAINS-like 
compound non-specifically interacts with multiple targets. Figure taken 
from Wikipedia.
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8. Positive control docking to check the efficiency of the docking software 

• The efficiency of the docking software was checked using DataPype (in-
house software)

• Decoys (inactives) were generated using the DUD-E protocol

• Haystack (1122): Actives (22) + Decoys (1100)

• FRED docking software was able to rank the actives (needle) at the top

• ROC-AUC was 0.88
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DataPype overview
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Khan, M. F.; Kandwal, S.; Fayne, D. DataPype: A Fully Automated Unified Software Platform for Computer-
Aided Drug Design. ACS Omega 2023, acsomega.3c05207. https://doi.org/10.1021/acsomega.3c05207.



• The residues resulting in the interaction i.e., Asp22, Ala129 and Gly130 are conserved across Beta-CoVs.

• Asp22 (99.97%), Ala129 (99.94%) and Gly130 (99.96%) residues are also highly conserved across SC-2 sequences (~1.4 million sequences).

C. FRED docking (3rd round of VS)
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Clustering
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 Clustering was performed using BIOVIA Pipeline Pilot (after docking) with ECFP4 fingerprint. 

 Similar groups of compounds can be identified using clustering and from these clusters diverse set of 
representative compounds can be picked. 

Examples of clustering
Figure taken from Data Mining - Clustering 
(Function|Model) | Data Mining | Datacadamia - Data 
and Co 
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Top 150 Hits

3. Filtering 

2. Pharmacophore 
feature screening 

1. fastROCS volume 
screening

6. Visual 
Inspection

~1.4 billion molecules

5. Clustering

450,000 molecules 

8,050 molecules

7,476 molecules

7,296 molecules

150 molecules

4. FRED 
Docking

MDG tiered virtual 
screening  protocol  
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Conclusions
1. The bioinformatics analysis on SC-2 sequences suggested high level of conservation in the binding pocket of nsp3

(ADPr binding pocket).

2. Our tiered VS workflow has predicted hits for the binding pockets of nsp3 making interactions with conserved AA
residues.

3. The experimental validation results of the predicted hits are expected in mid-November for nsp3.

4. If any of our hits show activity against nsp3, we will then work on model refinement i.e., create analogues
followed by relative FEP calculations.

MD simulation of one of the 
actives (nsp3) using GROMACS
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Future Directions 

My group also aims to target the conserved binding pockets of other SC-2 nsp’s.

A synergistic combination of bioinformatics, computer-aided drug-design and in vitro studies can feed into better
understanding of SARS-CoV-2 (SC-2) and therefore help in the development of small molecule inhibitors against the
nsp’s.

As the inhibitors target the conserved AA residues, this can lead to the development of pan-coronavirus inhibitors.

Fig: Conserved residues in nsp1, nsp15 and nsp16 respectively (Kandwal & Fayne, 2023*)

* Kandwal, S.; Fayne, D. Genetic Conservation across SARS-CoV-2 Non-Structural Proteins – Insights into Possible Targets 
for Treatment of Future Viral Outbreaks. Virology 2023, 581, 97–115. https://doi.org/10.1016/j.virol.2023.02.011.
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