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Abstract

Motivation: The SARS-CoV-2 virus has shown a remarkable ability to evolve and spread across the globe through
successive waves of variants since the original Wuhan lineage. Despite all the efforts of the last 2 years, the early
and accurate prediction of variant severity is still a challenging issue which needs to be addressed to help, for ex-
ample, the decision of activating COVID-19 plans long before the peak of new waves. Upstream preparation would
indeed make it possible to avoid the overflow of health systems and limit the most severe cases.

Results: We recently developed SpikePro, a structure-based computational model capable of quickly and accurately
predicting the viral fitness of a variant from its spike protein sequence. It is based on the impact of mutations on the
stability of the spike protein as well as on its binding affinity for the angiotensin-converting enzyme 2 (ACE2) and for
a set of neutralizing antibodies. It yields a precise indication of the virus transmissibility, infectivity, immune escape
and basic reproduction rate. We present here an updated version of the model that is now available on an easy-to-
use webserver, and illustrate its power in a retrospective study of fitness evolution and reproduction rate of the
main viral lineages. SpikePro is thus expected to be great help to assess the fitness of newly emerging SARS-CoV-2
variants in genomic surveillance and viral evolution programs.

Availability and implementation: SpikePro webserver http://babylone.ulb.ac.be/SpikePro/.

Contact: marianne.rooman@ulb.be

Supplementary information: Supplementary data are available at Bioinformatics online.

Genomic surveillance has played a major role in combating the dif-
ferent waves of SARS-CoV-2 variants as it has enabled their early
identification, characterization and mitigation (Oude Munnink
et al., 2021). Despite the weakening of the pandemic currently
observed due to milder infections of the Omicron lineage, the ap-
pearance of antigenically highly divergent variants, which would
lead to host immune escape and to new lineages of increased severity,
is still possible (Markov et al., 2022). It is therefore still extremely im-
portant to maintain and develop all genomic surveillance efforts.
Much computational and experimental research has been
devoted to studying the impact of SARS-CoV-2 variants on trans-
missibility, the ability to escape from the host immune system and to
become dominant at the level of viral population (Greaney et al.,
2021b; Starr et al., 2020). However, it is still a challenge to make
such predictions in an accurate and fast manner (Oude Munnink
et al., 2021). Our recently published computational model called
SpikePro (Pucci and Rooman, 2021) meets this objective. It predicts

the fitness of SARS-CoV-2 variants on the basis of the spike protein
sequence and structure. Here, we present an updated version of the
model along with a userfriendly webserver which makes SpikePro
accessible to non-specialists. We describe below the main functional-
ities of the SpikePro webserver (Fig. 1) and refer the reader to
Supplementary Material and our original publication (Cia et al.,
2022) for details.

® Molecular-level insights of SARS-CoV-2 fitness and evolution.
SpikePro predicts the overall fitness ®; of a SARS-CoV-2 variant i
with respect to the Wuhan lineage in terms of three fitness
components ¢15, ¢?CE2 and ¢?Ab as:

ACE2 A
0; = §f x 1 x g1t
where:

1. ¢} is defined as a function of the change in folding free energy
(AAGs) between the spike protein variant i and the Wuhan
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Fig. 1. Schematic overview of the main functionalities of the SpikePro webserver 2019 2020 2021 2022

lineage. This component captures the impact of mutations on
the spike protein stability which is related to viral
transmissibility;

2. ¢ACE2 is a function of the change in binding free energy (AAGp)
between the complexes formed by the variant and Wuhan spike
protein with ACE2. As this receptor is known to be the SARS-
CoV-2 entry point into the host cells, this component predicts
viral infectivity; and

3. (/)f’Ab is a function of the average change in binding affinity
(AAGE) between the variant and Wuhan spike protein for a set
of neutralizing antibodies (nAbs). This component captures the
impact of mutations on the escape of the virus from the host’s
humoral immune response.

The AAGs and AAGg values were estimated using our structure-
based in-house predictors PoPMuSiC (Dehouck et al., 2009) and
BeAtMuSiC (Dehouck et al., 2013), respectively.

The decomposition of the viral fitness into three components
representing transmissibility, infectivity and viral immune escape
helps users understand which molecular mechanism drives the over-
all fitness evolution of the SARS-CoV-2 variants with respect to the
original Wuhan lineage.

® SARS-CoV-2 basic reproduction rate prediction. Based on the
predicted overall fitness @, SpikePro estimates the basic reproduc-
tion rate of spike protein variants, Ry, which is a commonly moni-
tored indicator for new emerging variants, describing the average
number of secondary infections that each infected person causes in a
naive population (Arora et al., 2022).

¢ Experimental and epidemiological data integration. The web-
server integrates experimental information about the effect of all
single-site mutations in the spike protein on the viral escape and on
the change in binding affinity for ACE2 taken from high-throughput
mutagenesis experiments (Greaney et al., 2021a,b; Starr et al.,
2020). In addition, it provides the frequency of occurrence of each
mutation in global initiative on sharing all influenza data (GISAID)
(Shu and McCauley, 2017), a weekly updated dataset of SARS-
CoV-2 variant sequences observed worldwide.

o Structure visualization. The webserver includes a tool to visual-
ize the three-dimensional structure of the spike protein trimer in dif-
ferent closed and open conformations, allowing straightforward
analysis of the localization and spatial environment of the
mutations.

In summary, the SpikePro webserver provides a series of efficient
predictions of SARS-CoV-2 variant fitness as well as additional data
and analysis tools aimed at providing molecular-level understanding
of viral evolution. It therefore has a role to play as an additional sur-
veillance tool for emerging variants.

To illustrate the power of the SpikePro method, we predicted and
analyzed the basic reproduction rate Ry of the main SARS-CoV-2 lin-
eages and the evolution of their fitness components in a retrospective
study from the start of the pandemic until now; the results are given

Fig. 2. SARS-CoV-2 R predicted by SpikePro, averaged over all viral sequences col-
lected from the GISAID database (Shu and McCauley, 2017), as a function of time.
Details are given in Supplementary Material

in Supplementary Material. As an example, we show in Figure 2, the
predicted evolution of SARS-CoV-2’s Ry as a function of time, aver-
aged over all spike protein sequences of the GISAID database (Shu
and McCauley, 2017). We observe its constant increase due to nat-
ural selection acting on the viral spike protein sequence.
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