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Residue G252 stands out as capable of accommodating a large number of mutations (C, D, E, H, M,
P, Q, S, T, W) that shift the occupancy in favour of the open state. The fact that variants in this position
do not seem to be prevalent in outbreaks to date, points to the possibility that this position may be under
additional functional constraints that prevent the emergence of variants. A number of other Glycine
residues also could accept mutations that we predict to increase the occupancy of the open state: G72W;
G404W; G413M; G416E,W; and G404I. In fact, three of the top four mutations are mutations on Glycine.
A number of other potential mutations are adjacent to Glycine residues above. Namely, R403S and
K417D,E,G,P. Additionally, D467P,W and 1468T are also positions that are adjacent to others that can
accommodate mutations that may lead to a conformational shift favouring the open state. The mutation
that favours the open state the most in our calculations is N501W with ASyip (openy = 6.02x10! J K ! and
ASyib (closed) = 2.30x107" J.K! and a resulting AAS.i, value of 3.72x10! J.K! leading to occupancies
compared to those of the wild type (in parenthesis) of 62.7% (25.8%) and 37.3% (74.2%) for the open
and closed states respectively.

The COG-UK consortium (https://www.cogconsortium.uk/about/) monitors the appearance and

spread of new strains of SARS-CoV-2. COG-UK recently detected a strain containing the mutation
NS501Y that has been observed to be spreading rapidly at the time of writing. We believe that shifts in
occupancy may be in part responsible for its emergence. According to our calculations, the N501Y
mutant shows ASyib (open) = -1.60x1072 J.K! and ASyip (closedy = 2.37x1071 K1, with AAS.ip = 2.53x10°!
JK!. The predicted occupancies for the N501Y mutant compared to those of the wild type (in
parenthesis) are 54.3% (25.8%) and 45.7% (74.2%) for the open and closed states, respectively.
Therefore, the N501Y mutant shows a doubling of the occupancy of the open state with the concomitant
decrease of the occupancy of the closed state. Additionally, this mutation was shown to also increase
binding affinity to the ACE2 receptor relative to the wild type with a Alogio(Kp,app) of 0.24 [53].
Therefore, we predict that N501Y has a strong potential to contribute to increased transmission. The
calculations above were performed in the context of D614. However, the double mutant representing the
N501Y mutation in the context of G614 has equally shifted occupancies with values of 35.06% and
64.04% for the open and closed state respectively. The recently observed A222V mutation on the other
hand [54], does not show in our analysis any propensity of altering the occupancy of states with a negative
AAS.ip of -1.64x102 J.K"!. Predicted occupancies for A222 and V222 are nearly identical either in the
context of D614 (WT) or the mutant containing G614.

Notice that N501Y has a AAS.i, value of 2.53x10"! J.K™! that is slightly below the 3.00x10! J.K"!
threshold. Furthermore, inspection of Table 1 and Figure 10A shows at least one mutation with negative

AASyi» (G413M) with increased predicted occupancy of the open state. These observations suggest that
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there may be many other mutations with AAS.i, values below our set threshold that turn out to have
augmented occupancies for the open state.

D614G shows that changes in the occupancy of conformational states can impact infectivity despite
no changes or even weaker binding affinities [44]. A recent study [53] on binding and expression of
Spike mutations within the RBD domain (positions 331 to 531) shows that several (but not all, see below)
of the mutations that we predicted to have increased occupancy of the open state are associated with a
decrease of binding affinity with ACE2. Incidentally, the data also shows that the mutations in Table 1
within the RBD produce stable and properly folded Spike proteins. As shown for D614G, infection does
not rely on binding affinity alone, and even a strain with higher dissociation from ACE2 can bring about
fitness advantages.

The mutation NSO1W is predicted to have the largest effect in augmenting the occupancy of the open
state. This mutation is associated with stronger binding to ACE2 (Alogio(Kp,app)=0.11) [53] relative to
the wild type Spike (but lower than N501Y). Furthermore, NSO1W appears to have increased expression
relative to the wild type with a Alog(MFI) of 0.1 compared to decrease in relative expression of -0.14 for
N501Y [53]. The authors note that changes in expression correlate with folding stability [53]. However,
even with a Alog(MFI) of -0.14, N501Y is viable and spreading. Therefore, NSO1 W might be even more
stable and infective.

We consider all mutations with increased predicted occupancy of the open state in Table 1 as good
candidates for further experimental validation to better understand the role of binding and dynamics of
Spike and their role in SARS-CoV-2 infectivity. Furthermore, we suggest that their appearance in

outbreaks should be closely monitored.
3.4. Data Availability

Raw data and structures used to build the images presented here are available in a Github repository

(https://github.com/nataliateruel/data_Spike). All vibrational entropy results are available for

visualisation and analysis through a link to the dms-view open-access tool, available on GitHub [52]
through the same URL above. On dms-view, it is possible to visualise the effects of different mutations
for each residue of the Spike protein and visualise these on the 3D structure of Spike. Each site has 20
AASyiy values, one of them being zero (corresponding to the amino acid found in the wild type). The
option max will show the top AAS.iy, score for each position. Therefore, it shows which mutation for that
specific position represents the candidate with the highest predicted infectivity as defined here in terms

of a propensity to higher occupancy of the open state. The option min will show the lowest score for each
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position and the mutation associated with the least predicted infectious candidate. The option median
returns the median score, presenting a general trend for any given position, and var shows the variance
between the results for each position, highlighting sites in which mutations to different residues lead to
a broader range of AAS,iy values. Furthermore, for the mutations for which occupancy was calculated,
the data can be accessed through the same menu. As new occupancy data is calculated, it will be added
to this resource. Readers interested on the occupancy of particular mutations not yet available are invited
to contact the authors via email or through the GitHub repository. When selecting each specific point on
the first panel, it is possible to access all AAS,i, values on the second panel and see the highlighted
position in 3D on the structural representation.

The Najmanovich Research Group Toolkit for Elastic Networks (NRGTEN) including the latest ENCoM

implementation is freely available at (https://github.com/gregorpatof/nrgten package).

4. Conclusions

SARS-CoV-2 mutations are still arising and spreading around the world - the A222V mutation,
reportedly responsible for many infections, emerged in Spain during the Summer of 2020 and since then
has spread to neighbor countries [54]; In Denmark, new strains related to SARS-CoV-2 transmission in
mink farms were confirmed in early October by the WHO and shown to be caused by specific mutations
not previously observed with the novelty of back-and-forth transmission between minks and humans
[55]. In the UK, a new strain containing N501Y is on the rise at the time of writing. Such occurrences
point to the possibility that new mutations in SARS-CoV-2 may bring about more infectious strains.

Using the methods described in this paper, it is possible to predict potential variants that might have
an advantage over the wild type virus insofar as these are the result of changes in occupancy of states
and with the limitations of the simplified coarse-grained model employed here. In our analyses, flexibility
properties and conformational state occupancy probabilities contribute to the infectivity of a SARS-CoV-
2. Our results explain the behaviour of the D614G strain, the increased infectivity of SARS-CoV-2
relative to SARS-CoV as well as offers a possible explanation for the rise of new strains such as those
harboring the N501Y mutation.

The results we present on SARS-CoV-2 Spike mutations have several limitations. First and foremost,
some of the in silico mutation discussed may not be thermodynamically stable, may affect expression,
cleavage, or binding to ACE2, and our approach does not consider that Spike is, in fact, a glycoprotein
and the sugar molecules may have an effect on dynamics. However, the remarkable agreement between

our model and experimental observations shows that the simplified model of Spike and the coarse-
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grained methods used here allow us to calculate dynamic properties of Spike that are relevant to
understand infection and epidemiological behavior. It is important to keep in mind that all of the
mutations that we discuss in Table 1 that lay within positions 331 and 531 within the RBD domain were
already experimentally validated and are viable [53]. However, we highlight the need for experimental
validation of our predictions particularly for those candidates that we believe would help elucidate the
extent of the effect of the conformational dynamics of Spike on infectivity. Beyond in vitro biophysical
studies, experimental alternatives exist such as using pseudo-type viruses or virus-like-particles that
would not require studying gain-of-function mutations using intact viruses. Alternatively, loss-of-
function mutations can be created with intact viruses and compared to the wild type SARS-CoV-2 virus
to validate the role of dynamics on infectivity.

To the best of our knowledge, this is the first time that a Normal Mode Analysis method is used to
model the effect of mutations on the occupancy of conformational states opening a new opportunity in
computational biophysics to create dynamic models of transitions between conformational states of
proteins based on physical properties and sensitive to sequence variations. We hope that our results help
public health surveillance programs decide on the risk posed by new strains, contribute to inform the
research community in understanding SARS-CoV-2 infection mechanisms and open new possibilities in

computational biophysics to study protein dynamics.
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