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ABSTRACT

SCoV2-MD (www.scov2-md.org) is a new online re-
source that systematically organizes atomistic sim-
ulations of the SARS-CoV-2 proteome. The database
includes simulations produced by leading groups us-
ing molecular dynamics (MD) methods to investigate
the structure-dynamics-function relationships of vi-
ral proteins. SCoV2-MD cross-references the molec-
ular data with the pandemic evolution by tracking all
available variants sequenced during the pandemic
and deposited in the GISAID resource. SCoV2-MD en-
ables the interactive analysis of the deposited trajec-
tories through a web interface, which enables users
to search by viral protein, isolate, phylogenetic at-
tributes, or specific point mutation. Each mutation
can then be analyzed interactively combining static
(e.g. a variety of amino acid substitution penalties)
and dynamic (time-dependent data derived from the
dynamics of the local geometry) scores. Dynamic
scores can be computed on the basis of nine non-
covalent interaction types, including steric proper-
ties, solvent accessibility, hydrogen bonding, and
other types of chemical interactions. Where avail-
able, experimental data such as antibody escape and
change in binding affinities from deep mutational
scanning experiments are also made available. All
metrics can be combined to build predefined or cus-
tom scores to interrogate the impact of evolving vari-
ants on protein structure and function.
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INTRODUCTION

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative agent of the coronavirus dis-
ease 2019 (COVID-19), which already accounts for >4.2
million deaths globally, as of 10 August 2021 (WHO, Coro-
navirus (COVID-19) Dashboard, covidl9.who.int). The
diffusion of the COVID-19 pandemic has produced emerg-
ing variants (1), which have been tracked through massive
sequencing efforts at an unprecedented rate soon surpass-
ing that of any other pathogen and phylogenetic analysis
(2-4). Thus, as of July 2021, almost 2 million full genomes
are available via the Global Initiative on Sharing All In-
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fluenza Data (GISAID), one of the main pandemic genome
databases (3,9).

SARS-CoV-2is a single-stranded RNA beta-coronavirus
enveloped by an outer membrane and expressing 16 non-
structural, 9 accessory and 4 structural proteins (Figure 1).
While the spike, membrane, and envelope structural pro-
teins are embedded in the membrane and involved in cell
recognition and entry, one structural protein, the nucleo-
capsid, interacts inside the membrane with viral RNA to
form a ribonucleoprotein complex that works as a scaffold
for genome replication and virion assembly. The four struc-
tural proteins make up approximately one third of the viral
genome (6). The remaining two-thirds of the viral genome
encodes for the non-structural proteins (nsp) 1 to 16 (Fig-
ure 1). Some nsps are critical enzymes for virus replication
such as proteases (nsp3, nsp5), RNA-dependent RNA poly-
merases (consisting of nsp7, two copies of nsp8, and nsp12),
the RNA helicase (nsp13), and the proofreading exonucle-
ase (nspl4) (7).

Unveiling the structural basis of SARS-CoV-2 infection
has been a key priority since the emergence of the COVID-
19 disease. In the wake of the increased availability of
structural information of SARS-CoV-2 proteins, numer-
ous groups have tackled the study of SARS-CoV-2 pro-
teins using molecular dynamics (MD) simulations, often
after Herculean modeling and computational efforts, with
the goal of supporting pandemic response efforts (8-10).
Obtained MD data are highly relevant to understand the
functional dynamics of the viral proteome, which cannot
often be deduced from the static structure that has been
experimentally solved. In addition, it can help rationalize
the structural/functional impact of sequence variability in
the viral proteome. This is particularly useful when the rela-
tionship between mutation location and activity is not ob-
vious (e.g. the mutation is distant from the protein’s active
center).

However, while computational scientists are urgently
aware of the need to share the resulting data (11), these
are usually hosted at disparate sites, hardly discoverable,
and not amenable to systematic analysis. In practice, this
limits the ability of computational structural biologists to
reuse these trajectories in large-scale efforts, e.g. for dy-
namic docking (12,13), discovering transient pockets (14),
or associating them with phenotypes (15).

Here, we present SCoV2-MD (www.scov2-md.org), a
cross-disciplinary database developed to investigate diverse
questions on the interplay between the structural biology
of the viral 3D proteome, its dynamics, and viral variants’
phenotypes. The platform focuses on the dynamics of pro-
tein non-covalent contacts, supporting the interpretation of
allostery, the exploration of individual subunits, interfaces,
and protein-ligand contacts, and the mapping of external
information. An important asset of SCoV2-MD is that it
provides tools to interrogate the impact of variant substitu-
tions using a combination of static and time-resolved struc-
tural descriptors.

So far, numerous resources have been dedicated to
track, monitor, and classify the phylogenetic diversity
of SARS-CoV-2, such as GISAID (16), ViruSurf (17),
or PANGO lineage (18). Other efforts aimed at pre-
dicting potential functional effects of SARS-CoV-2 vari-
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ants based on evolutionary considerations (19), static
structures of proteins and complexes, or experimental
data (e.g. MutFunc (20), COV3D (21) and COVID-3D
(22)). Our database builds upon previous approaches, ex-
tending them through the integration of time-resolved
MD data with available information on variants to
improve the prediction of their potential functional
impact.

MATERIALS AND METHODS
Data source overview

The SCoV2-MD platform includes, at the time of
manuscript preparation, simulations of >250 differ-
ent systems, covering all SARS-CoV-2 proteins with
known structure. A large part of the simulations is
collated from public databases, mainly BioExcel-CV19
(https://bioexcel-cv19.bsc.es/), COVID-19  Molecular
Structure and Therapeutics Hub (https://covid.molssi.org/),
the CHARMM-GUI simulation archive (23), and the
Exscalate4Cov  project (https://www.exscalatedcov.eu/).
Additionally, we generated in-house simulations to achieve
complete coverage of all SARS-CoV-2 proteins with known
structures (Supplementary Note S1 and Supplementary
Table S1). Individual researchers can contribute their sim-
ulation data upon request. The whole dataset is accessible
for free and without registration at www.scov2-md.org.

Database schema and infrastructure

The data model of the database (Supplementary Figure
S1) is based on five main entities, namely: protein ob-
jects, identified by their sequence and their relationship
with UniprotKB entries; final protein objects, represent-
ing the viral proteins after the transcribed poly-proteins
are cleaved by its proteinases; model objects, describing the
three-dimensional structures identified by the Protein Data
Bank (PDB, rcsb.org) (24) identifier; dynamics objects rep-
resenting the MD simulations; and dynamics components
with details of the molecules in the simulated systems. The
database integrates experimental data from GISAID (16)
and Mutfunc: SARS-CoV-2 (20).

Similar to the GPCRmd platform (25), the Workbench
page of SCoV2-MD builds on a WebGL-based structure
viewer, NGL version 2.0.0, (26,27) with the MDsrv 0.3.5
(28) backend, which allows efficient streaming and shar-
ing of trajectories online. Intuitive selection capabilities en-
able the creation of various 3D representations using the
NGL selection language (27). The Workbench integrates
annotation data from UniprotKB (29) and variant data
from GISAID (16). UniprotKB data is used to extract do-
mains and annotations of the protein represented and map
them to the structure, while GISAID (16) data is referenced
to display and cross-reference known protein variants on
the structure. The SCoV2-MD database and web interface
are based upon the Django Web Framework (v.1.9), Post-
greSQL (v.9), Python (v.3.4) and JavaScript libraries jQuery
1.9, jQuery UI 1.11.2.
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Figure 1. Structure-based overview of the SARS-CoV-2 proteome and protein-based entry point to the database. (A) Three-dimensional model of the
virion, displaying the structural proteins’ assembly; (B) Three-dimensional models of the available nsp proteins. The diagrams provide a unified overview
of the available viral structures and provide one of the entry points for browsing the proteome. Selecting the proteins leads to a list of the related simulation
data. (C) Coverage of SARS-CoV-2 proteome plotting experimentally available structures (pink) and simulated proteins in SCoV2-MD (green). Nspl4
(grey) was simulated based on a theoretical model using a structure of SARS-CoV-1 nsp14 (PDB ID 5C8S) as template.

Variant impact scoring

The database’s web portal provides the Variant Impact
toolkit for interactively referencing the MD simulations
with SARS-CoV-2 sequences obtained from GISAID (16),
which can be found in the Workbench page. Each of
the variants is annotated with the corresponding static
(mutation-dependent) and time-dependent (computed on
the basis of the simulation dynamics) descriptors of their
impact on multiple aspects of the protein’s structure and dy-
namics and the viral function (Figure 4 and Supplementary
Note S2). The descriptors are further combined in an im-
pact score, defined as a weighted sum of descriptors:

Nese

impact score = Z v W;

where Ngesc 18 the number of descriptors, v; the value of de-
scriptor 7, and w; the corresponding weight. Users may as-
sign either predefined (see next section) or custom weight
combinations to the descriptors to reflect various aspects
of the structural impact of the variant. The obtained score
is presented together with a ¢ value, showing its normal-
ized rank in the distribution of impact scores of all the
variant-associated substitutions occurring in residues mod-
eled in the simulation considered (e.g. in a simulation of
the receptor-binding domain (RBD) of the spike protein,
an histogram of impact scores is built on the basis of the
amino-acid substitutions associated to known variants lo-
cated in the RBD). In other words, ¢ = 0, 0.5 and 1, respec-
tively mean that the selected amino acid variant achieves
the minimum, median and maximum effect score with re-
spect to the other variants observed in the sequence of the
simulated protein.
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Figure 2. Phylogenetic tree of SARS-CoV-2 viral evolution. Sequenced samples (isolates) are mapped onto the tree. Each interactive circle represents one
sequenced viral genome and is linked to the simulations of the proteins mutated with respect to the reference sequence. The rectangular inset (left) tags a
subset of isolates with some of the available descriptors (regions, sex, age and mutations).

Model-based predictions of variant impact for the spike pro-
tein’s receptor-binding domain (RBD)

We developed simple predictive models able to qualita-
tively estimate the impact of each variant, in terms of (a)
the change in binding affinity between SARS-CoV-2's spike
RBD and the angiotensin-converting enzyme 2 (ACE2) re-
ceptor (30); (b) the change in expression of the RBD on
yeast cells (30) and (c) the potential for antibody evasion
(31). The three models are based on regularized regres-
sion models (LASSO) (Supplementary Note S3, Supple-
mentary Table S2) trained on 23 per-variant covariates,
used as predictors, computed based on the 12 MD trajec-
tories containing the RBD available at the time of writ-
ing. Each of the models was trained to fit the correspond-
ing quantity, measured experimentally per-variant in deep
scanning mutagenesis experiments. The three pre-computed
models can be enabled via the web interface, in the Variant
Impact section of the Workbench page, with buttons that
load the corresponding sets of coefficients in the ‘weight’
sliders.

RESULTS & DISCUSSION
Tracking of structural virus evolution

A key aspect in understanding the diversity and impact
of SARS-CoV-2 is monitoring the emergence of variants.
Since the outbreak in 2019, many viral mutations have
occurred. Some of them reach high regional frequencies
with the ability to rapidly spread worldwide and potentially
evade immunization and antibody treatment (e.g. B.1.1.7
(Alpha), B.1.351 (Beta), B.1.617.2 (Delta) and P.1 (Gamma)
variants). Our database provides a visualization tool for vi-
ral phylogenetic data from the worldwide collaborative ef-
fort hosted at GISAID (16). This tool allows viral infections
to be tracked by region, gender, age, etc. as well as follow-
ing the emergence of mutations as a function of time (Fig-

ure 2). Each small circle is interactive and represents one
sequenced viral genome. When clicking on a viral genome
that includes novel variants/mutations, the user can directly
investigate the variant location on the 3D structure of im-
plicated viral proteins as well as stream time-resolved dy-
namics on the fly (see next section).

Structural dynamics of the viral 3D proteome

Visualize and stream viral proteins’  dynamics. The
database of time-resolved dynamics of SARS-CoV-2
currently consists of over 250 simulations covering the
entire viral 3D proteome (i.e. experimentally solved 3D
structures) with at least one simulation entry for each
protein (Figure 3A). Data entries have been either simu-
lated by us or collected from public resources. The user
can intuitively select a simulation of interest from an
interactive graphical representation of the SARS-CoV-2
virus (Figure 3B) or from a dedicated search tool (Figure
3C). Once a simulation has been selected, one can easily
view (Figure 3D) and modify its graphical representation
using either the quick or customized selection (Figure
3E). In addition, we implemented the option to high-
light domains relevant for protein function (e.g. binding
motif of the spike protein to the human ACE2 host cell
receptor) which have been retrieved from the Uniprot
database (Figure 3E). The most important merit of the
SCoV2-MD resource is that viral proteins are not static,
instead one can stream the time-resolved dynamics at
atomistic resolution on-the-fly using the simulation viewer
(Figure 3D).

General analysis of the wild-type (WT) simulation.
SCoV2-MD provides analysis tools that allow for an
overall understanding of the structural dynamics for a
specific protein (Supplementary Note S4). This includes
intramolecular interaction networks including hydrogen
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Figure 3. Structural dynamics of the SARS-CoV-2 proteome. (A) SCoV2-MD is a database of time-resolved dynamics for SARS-CoV-2 proteins. (B)
The user can intuitively select a simulation of interest from an interactive graphical representation of the SARS-CoV-2 virus, or (C) use our dedicated
search tool. (D) The viewer module enables interactive visualization and streaming of the MD simulations. (E) For that, we provide a selection panel
including quick and custom selection. (F) Our platform includes interactive analysis tools such as an interaction network displaying intermolecular and
intramolecular contacts. (G) The user can also check common structural stability metrics such as RMSD and RMSF.

bonds, w-stacking and T-stacking, among others, which can
be shown for the current frame or as an average over the en-
tire trajectory. In the average mode, line thickness indicates
the contact strength, which enables quick identification
of relevant contacts. For instance, one can easily identify
the non-covalent contacts (electrostatics, dispersion effects,
etc.) corresponding to m-cation interactions in the binding
interface between the RBD from the spike protein and the
ACE2 host cell receptor (Figure 3F). Moreover, a RMSD
(root mean squared deviation) plot shows the evolution of
the viral protein along the trajectory with respect to the
initial structure (Figure 3G). Furthermore, a RMSF (root
mean square fluctuation) plot provides a quick overview
of stable and highly flexible regions in the protein (Figure
3G).

Variant descriptors and phenotype analysis tool

An important goal of SCoV2-MD is the ability to pre-
dict the impact of variant substitution on the viral pro-
teome based on static and time-resolved descriptors via
an ‘impact score’ (Figure 4). The database integrates over
30 static and time-dependent descriptors (Supplementary
Note S2). Static descriptors reflect substitution (e.g. BLO-
SUM, charge differences, and so on), conservation (fre-
quency, SIFT score (32), etc.), structural impacts (post-
translational modification, surface accessibility, etc.) and, if
available, experimental observations (e.g. antibody escape,
binding affinity, expression changes). Conservation, struc-
tural and experimental descriptors are collected from the
Mutfunc database (20). Time-dependent descriptors are ex-
tracted from atomistic simulations and include RMSF and
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Figure 5. Unbinding pathway of the ML188 inhibitor from the SARS-CoV-2 main protease, Mpro (3CLpro). The inhibitor is in its crystallized binding
pose at time 7' = 0 ns (yellow). The inhibitor leaves its original binding pose towards an intermediate state which is in contact with the mutated position
T24A at T'= 200 ns (red). From here, it moves to a second intermediate state with contacts to E47 at 7= 201 ns (green) before it completely unbinds.
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a large variety of non-covalent contact types (such as Van
der Waals, hydrogen bonding, etc.) among others. They are
computed on the basis of the MDtraj (33) and GetContacts
libraries (34). The list of descriptors provides the user with a
rich repertoire to score and interrogate variant substitutions
on-the-fly.

Search for variant substitutions with impact on protein func-
tion

A basic search for critical regions impacted by variant sub-
stitutions can be as follows. Regions of high structural sta-
bility are expected to be crucial for the overall function
of the viral protein. Unfavorable variant substitutions (e.g.
Cys to Arg) in these regions can significantly disturb protein
stability. To detect a combination of such events in the pro-
tein, the user needs to ‘turn on’ RMSF in addition to any of
the provided substitution scores (e.g. BLOSUM) in the im-
pact score panel (Figure 4C). The user-defined impact score
is plotted across the entire protein in the sequence high-
lighting regions that are predicted to be affected by reported
variant substitutions (orange to red, Figure 4A). In our ex-
ample (https://submission.gpcrmd.org/covid19/29/), we ob-
serve hotspots of high stability with unfavorable substitu-
tions in C488 in the RBD of the spike protein. Interestingly,
structural visualization in the MD viewer reveals that C488
forms a disulfide bridge with C480. Without a doubt, unfa-
vorable variant substitutions such as C488R will disrupt the
disulfide bridge introducing flexibility into this region. This
in turn can alter the propensity of the SARS-CoV-2 virus to
attach to the ACE2 host cell receptor.

Finally, the user can validate the customized impact score
for a C488R substitution in the context of all reported sub-
stitutions in the viral protein of interest (the score distribu-
tion across the entire protein is shown on Figure 4D). Over-
all, high or low impact scores that are significantly shifted
from the distribution peak can be expected to significantly
alter protein function. Once such variants have been de-
tected, experimental validation is required to determine if
the function of the viral protein is enhanced or diminished
by the structural alterations.

Case study: assessing the impact of SARS-CoV-2 variability
on drug binding

An important viral threat is that newly emerging variants
can develop resistance against antiviral agents or antibod-
ies. Sites of high mutational frequency ‘in’ or ‘adjacent to’
the binding sites of antibodies/antiviral agents in the vi-
ral proteome can impact the therapeutic efficacy. In a case
study, we interrogated one of these highly variable positions
(T24) located in the SARS-CoV-2 main protease, Mpro
(3CLpro), with around 1000 detected cases to date (35). Po-
sition 24 is adjacent to the binding site of the protease in-
hibitor ML188 (Figure 5) with an antiviral SARS-CoV-2
inhibition activity at micromolar range (2.5 pM) (36,37).
T24A (T3287A in orfla) is also a characteristic mutation
of linecage B.1.524 (Malaysian strain, variant of concern,
which peaked around November 2020) (B.1.524 Lineage
Report, outbreak.info). We have simulated the WT (https:
/Isubmission.gpcrmd.org/covid19/255/) and the T24A mu-

tant (https://submission.gpcrmd.org/covid19/257/) in com-
plex with the protease inhibitor ML188 for 1 s in three
replicates (Supplementary Note S1 and Supplementary Ta-
ble S1). Interestingly, we observe that the ML188 inhibitor
unbinds in both the WT as well as the T24A mutant (Sup-
plementary Note S5, Supplementary Table S3). One im-
portant finding is that the ML188 inhibitor visits along its
unbinding pathway an intermediate state that is in con-
tact with position 24 (Figure 5). Therefore, we can expect
that structural alteration of position 24 from a threonine
to an alanine will alter (un)binding kinetics. In fact, we
observe that T24A tends to unbind at shorter time scales
compared to the WT (Supplementary Table S3). Of note,
another polar-to-hydrophobic mutation at the same site,
T241, is present in ~43% of samples in the C.1.2 strain,
which peaked around July 2021, hinting at a selective ad-
vantage (C.1.2 Lineage Report, outbreak.info). This exam-
ple highlights the relevance of variability within the viral
proteome for drug action but can also serve as a guide
for the rational design of antiviral drugs/antibodies that
are more resistant to virus evolution by avoiding these
regions.

CONCLUSION

Enormous research efforts have resulted in high-resolution
structural information on most of the SARS-CoV-2 3D-
proteome, widely accessible via the PDB (rcsb.org) (24). The
experimental techniques employed, namely X-ray crystal-
lography and cryogenic electron microscopy, provide struc-
tural data which has been an excellent starting point for fur-
ther efforts launched using M D simulations to gather time-
resolved information about the functional dynamics of vi-
ral proteins. The SCoV2-MD database has the objective to
organize, cross-reference, and share MD dynamics data for
the entire viral proteome. In particular, interactive stream-
ing and analysis tools provide a rapid and intuitive way to
explore viral protein flexibility, and enable checking of hy-
potheses on the fly (19). Importantly, such dynamics data is
not only of high value for understanding protein function
but also allows for an improved insight on the structural de-
terminants of variant impact as demonstrated in this work.
We expect to periodically update the SCoV2-MD with new
simulation data for multimeric complexes and missing re-
gions in the viral proteome when they are experimentally
solved and released.
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