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ABSTRACT: The emergence of variants of SARS-CoV-2 with mutations in their spike protein are a major cause for concern
for the efficacy of vaccines, and control of the pandemic. We show that mutations in the spike protein of SARS-CoV-2 are
selecting for amino acid changes that result in a more thermodynamically stable protein than expected from background. We
suggest that computationally efficient analysis of mutational stability may aid in early screening of variants for potential

danger

Since the emergence of SARS-CoV-2 in late 2019, over 2
million people have died as a result of infection®. As the
global pandemic continues, the emergence of viral variants
with RNA mutations is an expected phenomena, caused by
random errors in RNA copying, and selected for by
evolutionary pressure?. Variants contain mutations in the
spike protein that confer an advantage to the virus, such as
increased ACE2 receptor binding3, glycosylation/cleavage
site alterations%, and immune evasion®, as well as protein
stability®. Understanding these properties helps infer how a
variant may differ from another mutational profile, and
provides insights into the mechanisms by which variants
differ, such as increased infectivity or vaccine resistance’.
The WHO classifies variants in SARS-CoV-2 into major
categories, the two most important: “Variants of Concern”
and “Variants of Interest” are assigned to emerging variants
likely to have a different phenotype and mutational profile
to the original SARS-CoV-28.

Changes in Gibbs Free Energy (called AAG) is a measure
of the thermodynamic energy change between two states,
and we apply this concept to the comparison of energy
change between wild type (WT) and mutant proteins.
Prediction of the changes in AAG are routinely used in
protein engineering for optimization of enzymes or
stabilisation of protein complexes? and we have recently
shown that they can be predictive of mutations that
destabilise or damage a protein in a cancer context0-12,
Whilst stability of mutations has been assessed in the SARS-
CoV-2 spike protein!314, variant analysis has not yet been
performed. Mutations that stabilise the SARS-CoV-2 spike
protein are likely to lead to a greater lifespan of a protein
before thermal unfolding. The requirement for calculation
of predicted AAG values is protein structural information,
which was recently published for the SARS-CoV-2 spike
protein’s.

We calculate the AAG of mutation for every possible
missense mutation in the SARS-CoV-2 spike protein. With
this “background” mutation rate we show that mutations to
the spike protein observed in emerging SARS-CoV-2

variants have a lower AAG, and a higher proportion of
stabilising mutations than expected. This suggests an
important role for protein stability when considering the
evolution of SARS-CoV-2.

The SARS-CoV-2 spike protein is composed of a trimer of
3 identical subunits (Figure 1a) that sits in the membrane of
the virion and interacts with the human ACE2 receptor to
facilitate infection of a host cell. The structure of the spike
protein was recently elucidated, enabling the calculation of
predictive AAG values for mutations. The Alpha variant
(WHO designation), first identified in December 2020 in the
United Kingdom?® has been found to be more transmissible
than the original virus, with an increased affinity for binding
the human ACE2 receptor?’, and by April 2020 had become
the most dominant variant in the UK. The Alpha variant
carries 23 common mutations across its genome, 7 of which
are amino acid substitution mutations in the spike protein,
6 of which are at locations for which crystallographic data
is available (Figure 1b).
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Figure 1. Structure of SARS-CoV-2 spike protein. A) Full
structure of COVID spike protein structure (PDBID 6VXX),
subunits are coloured blue, orange, and grey. B) Single
subunit of spike protein with residues from the “Alpha”
variant coloured red and labelled.



We first calculated the AAG for each of the possible 19440
missense mutations in the 6VXX cryo-em structure using
FoldX!® (Table S1). As is consistent with a previous study??,
we find mutations that stabilise the protein are rare (Figure
2a). We define mutations with an induced AAG of < -1
kcal/mol as strongly stabilising, and mutations with a AAG
> 2.5 kcal/mol as strongly destabilising, with those between
zero and each threshold described as mildy stabilising and
destabilising respectively. Only 767 (3.9%) of possible
mutations are predicted to strongly stabilise the protein,
and only 3699 (19%) have a AAG < 0. With this
“background” distribution, we compared to mutations
found only in WHO “Variants of Concern” and “Variants of
Interest” as of June 2021 (Figure 2b). Mutations found in
both categories have a significantly lower AAG (t-test pvalue
< 0.05) than bulk population, indicating that variants may
be evolutionarily selecting for stabilising or non-
destabilising mutations. Considering individual mutations
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found in “Variants of Concern” (Figure 2c), none of the
mutations observed induce a AAG > 2.5 kcal/mol (defined
as strongly destabilising), significantly different to the
expected 34% (chi squared pvalue <0.05). Additionally 4 of
17 mutations have AAG of <= ~-1 kcal/mol (N501Y, H655Y,
T716l, and T10271), showing a significant enrichment for
stabilising mutations in the “Variants of Concern” (chi
squared pvalue <0.05). Grouping mutants by spatial
location, we find mutations in the regions involved in
interaction with host proteins (n-terminus domain - NTD,
and receptor binding domain- RBD) are generally
destabilising (Figure S1). This is in line with these
mutations generally altering binding affinity of the spike
protein to the human ACE2 receptor, thus being more
accommodating to changes that decrease spike protein
stability?®. There is a statistical enrichment for mutations
that stabilise the spike protein compared to the mutational
background in SARS-CoV-2 variants.
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Figure 2. Saturation screen of SARS-CoV-2 spike protein.
A) Proportion of mutations that are strongly stabilising
(AAG < -1 kcal/mol), strongly destabilising (AAG > 2.5
kcal/mol), mildly stabilising (0 > AAG < -1 kcal/mol, or
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mildly destabilising (0 < AAG < 2.5 kcal/mol). B) AAG for all
19440 mutations compared to those in WHO “Variants of
Concern” and “Variants of Interest”. * represents ttest



pvalue <= 0.05. C) AAG (kcal/mol) for all mutations
observed in WHO “Variants of Concern”.

We next calculated the AAG distribution for mutations in
each variant (Figure 3, variants and mutations included in
Table S2). Of the 10 variants studied, 7 have a statistically
significantly lower AAG than the bulk mutational
background (ttest pvalue <=0.05), and 5 variants (Alpha,
Gamma, Eta, Theta, and Iota) have a mean AAG less than 0,
indicating that the protein will be stabilised with respect to
the original variant. We next calculated the expected AAG
for each variant given the number of mutations occurring in
it (Figure S2), and find that all variants aside from Beta and
Eta have a lower AAG than expected.
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Figure 3. AAG (kcal/mol) for all mutations observed in
WHO “Variants of Concern” and “Variants of Interest”
compared to all 19440 possible mutations in the SARS-CoV-
2 spike protein. * represents ttest pvalue <=0.05.

Finally, to study the potential evolutionary order and gain
insights into mechanisms of mutational selection, we
calculated the AAG for every combination of mutations in
each variant, (Figures S3-S12). For the Alpha variant there
is a consistent trend towards stabilisation, with all
combinations of 5 or more mutations resulting in a
predicted stabilisation of the protein with respect to the
original. We observe combinations that result in a positive
AAG, which are likely to be evolutionarily less favourable
(when considering stability alone), and expect that these
combinations would be less likely to occur in the
evolutionary history than stabilising combinations.
Furthermore, some variants, such as the Beta variant first
identified in South Africa in May 2020, contain
combinations of mutations with a AAG expected to be highly
destabilising, and whilst the final AAG of all mutations is still
predicted to be strongly destabilising, it is lower than the
most extreme combinations. A potential driver of selection
of some mutants may be that they stabilise the protein
complex enough for it to function, whilst retaining the
advantageous properties unrelated to stability, such as
ACE2 receptor binding, that are otherwise destabilising for
the protein structure.

This work highlights that mutations with a stabilising
effect on the SARS-CoV-2 spike protein are one of the key
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drivers of evolution of the virus. That variants are more
stable than expected by chance shows that evolution
favours mutations with a stabilising effect, and it may be
that mutations that destabilise a protein but have other
influences, such as K417N'7, which alters ACE2 binding
affinity, are offset or preceded by mutations that stabilise
the structure. We note however, that not all mutations in all
variants can be considered, due to missing regions of the
cryo-em structure, and as such this study does not
necessarily represent the true AAG for each variant.

We further note that a large number of mutations are
found within flexible unresolved loops within the protein,
and what these mutations may be impacting is not
necessarily known. Furthermore, we study only the
structure in its “closed” conformation as we feel this is the
most physiologically relevant of the existing structures, but
further work will need to address the impact of the
dynamics of the structure on mutational stability. A final
potential confounder to this study is that we do not know
the role of glycosylation site mutation on protein stability.
Despite these confounders, we highlight that stability of the
SARS-CoV-2 spike protein is an important consideration for
future study of variants, and is likely one of a number of
driving forces in the evolution of the virus. Finally, we
suggest that efficient folding calculations of newly
sequenced variants such as those within this study (taking
only ~150 CPU hours to screen every possible mutation in
the spike protein), offer a computationally inexpensive
method to highlight advantageous mutations to surveil for.
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