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a b s t r a c t

The spike protein of SARS-CoV-2 plays a crucial role in binding with the human cell surface, which causes
its pathogenicity. This study aimed to predict molecular dynamics change of emerging variants in the
spike protein. In this study, several structural biology tools, such as SuperPose, were utilized to study
spike protein structures' thermodynamics, superimposition, and the spike protein disulphide bonds. This
questions the current vaccines efficacies that were based on the Nextstrain clade 19A that first docu-
mented in Wuhan and lacks any variants. The prediction results of this study have exhibited the sta-
bilizing role of the globally dominant variant, the D614G; clade 20A, and other variants in addition to
their role in increasing the flexibility of the spike protein of the virus. The SuperPose findings have
revealed a conformational change impact of D614G in allowing the polybasic Furin cleavage site
(682RRARYS686) to be closer to the receptor-binding domain (RBD) and hence more exposed to cleavage.
The presence of D614G in any clade or subclade, such as 20A, B.1.1.7 (20I/501Y.V1) or Alpha, B.1.351 (20H/
501Y.V2) or Beta, P.1 (20J/501Y.V3) or Gamma, B.1.617.2 (21A/478K.V1) or Delta, has increased its stability
and flexibility and unified the superimposition among all clades which might impact the virus ability to
escape the antibodies neutralization by changing the antigenicity drift of the protein three-dimensional
(3D) structure from the wild type clade 19A; this is in agreement with previous study. In conclusion, a
new design for the current vaccines to include at least the mutation D614G is immediately needed.

© 2021 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

The current pandemic of COVID-19 has allowed access to high
throughput genomic sequencing data for SARS-CoV-2. Genetic
variation is a difference in the DNA or RNA sequence among the
same species' organism members [1]. There are many globally
emerging and circulating genetic variants of SARS-CoV-2 from the
beginning of the pandemic [2]. The Centers for Disease Control and
Prevention (CDC) have classified such viral genetic variants in the
USA into variants of interest, variants of concern, and variants of
high consequences. The variants of interest are changes in the viral
genetic sequence that might affect the virus's ability to escape the
immune system. The variants of concern are expected to be more
associated with increased hospitalization or deaths. A piece of solid
(W. Al-Zyoud), hazem_
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evidence associates the variants of high consequences with an
impact on Medical Countermeasures (MCM), such as failure of di-
agnostics [3]. In July 2020, Rambaut et al. presented a sound and
dynamic nomenclature system to trace the expanding phylogenetic
diversity in clusters of variants along the genome sequence of the
SARS-CoV-2 virus; called PANGO lineages [4]. Linage spread is
associated with an epidemiological event in designated
geographical zones. PANGO linages are now in a global report that
resulted from investigating haplotypes of novel coronavirus
spreading mutations. PANGO reports, which are available online,
currently include five linages; B.1.1.7 or known as UK linage (N501Y,
P681H and other mutations) [5], B.1.351 or known as South Africa
linage (501Y.v2) [6], P.1 or known as Brazil linage (E484K, N501Y
and K417T) [6], A.23.1 linage (F157L, V367F, Q613H and P681R) [6]
and B.1.525 linage (E484K, Q677H, F888L) [7]. One of the most well-
studied emerging and globally distributed mutations in the spike
protein of the SARS-CoV-2 virus is D614G which now occupies the
first rank in terms of the total mutation frequency
(frequency ¼ 1349735 counts, the last update on 08.08.2021).
aire (SFBBM). All rights reserved.
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Previous reports have hypothesized that the mutation D614G
impacts the viral fitness and infectivity [8e10]. In addition, it has
been reported that D614G had increased viral titers and viral
replication in the upper respiratory airway in the human epithelial
cells [11]. It is worth mentioning that the pandemic has triggered
international efforts to build up vast and significant genome evo-
lution within real-time tracking databases such as Nextstrain.
Nextstrain has its unique naming and grouping system for SARS-
CoV-2 variants into what is called clades; Nextstrain relies on Py-
thon scripts to maintain pathogen genomic sequences reposited
initially in open source databases with an ability to perform robust
phylodynamic data curation, analysis and visualization with a
continuous update to bind the scientific and public health poten-
tials [12]. Nextrain, the database gets updated every two months.
Recently theWorld Health Organization (WHO) started an initiative
to name the variants of concern and variants of interest by using the
simple Greek alphabet e.g., Alpha, Beta, Gamma, etc. to ease its
understanding by non-scientists.

Since its discovery inWuhan in December 2019 (namedWuhan-
Hu-1 or WA1), SARS-CoV-2, the wild type clade, has been called
19A, without any amino acid changes in the spike protein and 19B;
without D614G but other changes in the spike protein. The clade
19A has evolved into several co-circulating variants presently the
major clades from 2020 until now are: 20A: basal pandemic lineage
bearing spike protein mutation D614G that is globally distributed,
20B: derived from 20A, 20C: derived from 20A, 20D: derived from
20B, 20E: derived from 20A, 20F: derived from 20B, 20G: derived
from 20C, 20H/501Y.V2: derived from 20C, 20I/501Y.V1: derived
from 20B. The standard and WHO names of all SARS-CoV-2 clades
are summarized in Table 1. In this study, we studied variants of
interest or concern in terms of mutational sensitivity utilizing
Phyre2 [13] and prediction of stability changes in the spike protein
of SARS-CoV-2 upon mutations using DynaMut by Normal Mode
Analysis (NMA) [14] considering the clade 20A, which bears the
D614G the new global dominant variant, as a new reference
sequence instead of the clade 19A due to the fact that all other
clades and subclades have been derived from the clade 20A.

2. Methods

2.1. Data retrieval

We have made a subset of 28 complete 1273 spike amino acid
sequences; most of them represent the variants of interest or var-
iants of concerns with total frequency >1000 and found as single
genomicmutations on the SARS-CoV-2mutation tracker of genome
wide analysis from the EpiCoV database of GISAID (https://www.
gisaid.org/) and (https://users.math.msu.edu/users/weig/SARS-
CoV-2_Mutation_Tracker.html). The chosen sequences of single
mutations included the following amino acid substitutions: L5F,
Table 1
Standard Naming System of SARS-CoV-2 variants.

WHO label Additional amino acid changes monitored*

Alpha þS.484K
þS.452R

Beta þS.L18F
Gamma þS.681H
Delta þS.417 N
Epsilon þS.W152C
Eta
Theta
Iota
Kappa
Lambda
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L18F, D80A, S98F, A222V, A262S, P272L, K417 N, N439K, L452R,
Y453F, S477 N, E484K, E484Q, N501T, N501Y, E583D, D614G,
Q675H, Q675P, Q677H, Q677P, P681H, P681R, A701V, D1163Y,
G1167V, V1176F in addition to the wild type spike protein (NCBI
Reference Sequence: YP_009724390.1) [15]. The genetic variants’
sequences were identified and aligned against the sequence of the
wild type clade (19A or WA1). We used the sequence of the single
amino acid variants mentioned above for Normal Mode Analysis
(NMA) and Multi AgEnt STability pRedictiOn (MAESTRO) because
these two tools can work on only single mutations at a time. We
used Nextstrain clades for Similarity Matrix and Superimposition
because these tools work on the overall two dimensional (2D) and
three dimensional structures (3D) with multiple mutations usually
found in one clade.

2.2. Normal mode analysis (NMA)

The stability of the above-mentioned single amino acid variants
was analyzed by Normal Mode Analysis (NMA) using DynaMut.
This user-friendly web server introduces the dynamics components
to the mutation analysis that significantly eased the study of the
predicted and approximate dynamics of the conformation around
targeted amino acid substitutions through harmonic motion [14].
For NMA analysis, the spike protein QHD43416.pdb, which I-Tasser
from the wild type already predicted, was used (https://zhanglab.
ccmb.med.umich.edu/COVID-19/) [16]. The stability analysis
included the Site-Directed Mutator (SDM) and DUET servers. The
impact of amino acid changes in any given protein is predicted
based on the positive or negative changes in Gibbs free energy
(DDG�) between unfolded versus folded states in that protein [14].
It is well known that a protein DDG�can represent its stability as a
value. As its name implies, DUET integrates two prediction ap-
proaches; the first is the SDM approach which relies on the 3D
structure of the target protein in predicting its stability and the
second is the mCSM approach with prediction that has to yield a
consensus prediction with SDM [12].

2.3. Multi AgEnt STability pRedictiOn (MAESTRO)

The wild type spike protein, QHD43416.pdb, was exposed to
potential disulphide bonds scan and evaluation by implementing a
Multi AgEnt STability pRedictiOn (MAESTRO), a web tool to predict
changes in unfolding free energy upon point mutation based on a
multi-agent machine learning system [17]. Applying MAESTRO, all
amino acid pairs with a beta-carbon to beta-carbon (Cb-Cb) distance
within 5 Å are considered potential binding partners. All possible
amino acid pairs are subsequently mutated to cysteine if they were
not originally cysteine, and then the cysteines get rated by a final
disulphide score called Sss. The score values of the Sss sort the
higher negative score as the best.
Earliest documented samples Variants Standard Naming System

United Kingdom, Sep-2020 B.1.1.7 (20I/501Y.V1) or Alpha

South Africa,May-2020 B.1.351 (20H/501Y.V2) or Beta
Brazil, Nov-2020 P.1 (20J/501Y.V3) or Gamma
India, Oct-2020 B.1.617.2 (21A/478K.V1) or Delta
California, USA, 20-May-2020 B.1.429 (21C/452R) or Epsilon
Multiple countries, Dec-2020 B.1.525 (21D/484K.V3) or Eta
Japan on March 12, 2021 P.3 (21E) or Theta
USA, Nov-2020 B.1.526 (21F/253G.V1) or Iota
India, Oct-2020 B.1.617.1 (21B/452R.V3) or Kappa
Peru, Dec-2020 C.37 (21G/452Q.V1) or Lambda
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Table 2
Normal Mode Analysis (NMA) by DynaMut.

# SARS-CoV-2
Spike
Variants of
interest

Spike Protein
Region

DDG DynaMut
kcal/mol

DDSVib ENCoM
kcal.mol�1.K�1

Global Percentage
from GSAID
August 8, 2021

Interatomic interaction with surrounding Amino Acids for increasing
flexibility only (�) Lost interatomic interaction
(þ) Gained interatomic interaction

1 L5F SP �0.105
(Destabilizing)

�0.258 (Decrease of
molecule flexibility)

3.49

2 L18F NTD 0.985
(Stabilizing)

�0.641 (Decrease of
molecule flexibility)

5.94

3 D80A NTD 0.692
(Stabilizing)

0.199 (Increase of
molecule flexibility)

1.19 -W64,-F69,-Y26,-P82,-H66,þL242

4 S98F NTD 0.788
(Stabilizing)

�0.348 (Decrease of
molecule flexibility)

1.40

5 A222V NTD 2.134
(Stabilizing)

�0.547 (Decrease of
molecule flexibility)

8.13

6 A262S NTD 0.828
(Stabilizing)

�0.408 Decrease of
molecule flexibility)

0.54

7 P272L NTD 1.297
(Stabilizing)

�0.467 (Decrease of
molecule flexibility)

0.38

8 K417 N RBD �0.287
(Destabilizing)

0.588 (Increase of
molecule flexibility)

1.29

9 N439K RBD 2.132
(Stabilizing)

�0.703 (Decrease of
molecule flexibility)

1.25

10 L452R RBD 0.227
(Stabilizing)

�0.014 (Decrease of
molecule flexibility)

17.73

11 Y453F RBD �0.087
(Destabilizing)

�0.131 (Decrease of
molecule flexibility)

0.07

12 S477 N RBD 0.038
(Stabilizing)

�0.002 (Decrease of
molecule flexibility)

2.51

13 E484K RBD �0.187
(Destabilizing)

0.490 (Increase of
molecule flexibility)

6.14 -Y489,-F490 þF486

14 E484Q RBD �0.488
(Destabilizing)

0.389 (Increase of
molecule flexibility)

0.28 -Y489,-F490

15 N501T RBD 0.701
(Stabilizing)

�0.131 (Decrease of
molecule flexibility)

0.15

16 N501Y RBD 0.502
(Stabilizing)

�0.211 (Decrease of
molecule flexibility)

43.91

17 E583D S1 �0.365
(Destabilizing)

0.215 (Increase of
molecule flexibility)

0.32 -L533,K535

18 D614G PRE-FURIN 0.292
(Stabilizing)

0.103 (Increase of
molecule flexibility)

98.05 -R646

19 Q675H PRE-FURIN �0.621
(Destabilizing)

0.332 (Increase of
molecule flexibility)

0.79 þS691,-Y660

20 Q675P PRE-FURIN �0.125
(Destabilizing)

0.254 (Increase of
molecule flexibility)

0.00 þS691,þS673,þQ677,þQ690,-Y660

21 Q677H PRE-FURIN 2.661
(Stabilizing)

�0.760 (Decrease of
molecule flexibility)

1.37

22 Q677P PRE-FURIN 1.053
(Stabilizing)

�0.176 (Decrease of
molecule flexibility)

0.18

23 P681H PRE-FURIN 0.297
(Stabilizing)

�0.035(Decrease of
molecule flexibility)

42.47

24 P681R PRE-FURIN 0.788
(Stabilizing)

�0.066 (Decrease of
molecule flexibility)

15.37

25 A701V POST- FURIN 0.192
(Stabilizing)

0.033 (Increase of
molecule flexibility)

2.50 -N703

26 D1163Y HR2 0.365
(Stabilizing)

�0.168 (Decrease of
molecule flexibility)

0.18

27 G1167V HR2 �0.127
(Destabilizing)

0.076 (Increase of
molecule flexibility)

0.13 -I1169,þD1163, -D1165

28 V1176F HR2 �0.252
(Destabilizing)

�0.178 (Decrease of
molecule flexibility)

2.88
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2.4. Similarity matrix

We have applied DALI server, which performs an all-against-all
structure comparison approach at (http://ekhidna2.biocenter.
helsinki.fi/dali/) [18]. A set of 39 PDB structures of the wild type
and the mutant clades of Nextstrain, listed in Figs. 2 and 3, were
built by phyre2 at (http://www.sbg.bio.ic.ac.uk/phyre2) [13], the
GISAID accessions of the chosen clades in this study; Alpha, Beta,
Gamma, Delta, Epsilon, Eta Theta, Iota, Kappa, and Lambda are
listed in Table S in the appendix. The DALI's program outputs a root-
mean-square deviation (RMSD) and superimposed coordinates
because this is customary and, in many cases, provides an
93
informative visualization of superimposed chain traces. The all-
against-all structural comparison usually performs a few rounds
of transitive alignment (involving triplets to improve the score of
the weakest link) followed by refinement as long as the sum of Z-
scores over the matrix increases. From the similarity matrix, a
dendrogram was derived using average linkage clustering. DALI is
closest to the consensus observation of average over independent
agents giving the best approximation of structural truth equiva-
lences based on explicit 3D superimposition; the score depends on
the radial distance from one focal point; this gives 2D alignment
extra robustness compared to 3D alignment.

http://ekhidna2.biocenter.helsinki.fi/dali/
http://ekhidna2.biocenter.helsinki.fi/dali/
http://www.sbg.bio.ic.ac.uk/phyre2


Fig. 1. DynaMut prediction of interactomic interactions for only increasing the molecule flexibility, wild-type and mutant residues are coloured in light-green and represented as
sticks alongside the surrounding residues involved in any interactions.
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2.5. Superimposition

SuperPose, the webserver version 1.0, was operated to calculate
the spike protein superposition by comparing the protein data bank
(PDB) files of the wild type version of the protein versus the mu-
tants which phyre2 has built, listed in Fig. 4 and Tables 4 and 5 (we
acknowledge SuperPose v1.0 (2004) Rajarshi Maiti, Gary Van
Domselaar, Haiyan Zhang, and David Wishart). The Template
Modeling score (TM-score) by Zhang lab was employed to compare
the structural similarity between any two spike proteins [19,20].

3. Results

The results of normal mode analysis (NMA) by DynaMut shown
in Table 2 for the predicted thermodynamic effect of studied vari-
ants on the stability and flexibility of the spike protein of SARS-
94
CoV-2 has revealed that out of 28 studied variants, 10 variants
increased the protein flexibility (e.g., E484K, D080A, K417 N, A701V,
E484Q, D614G, Q675P, E583D, G1167V and Q675H) meanwhile 18
variants decreased the protein flexibility (e.g., A262S, Q677P,
N501T, Q677H, L452R, V1176F, N501Y, P681R, L5F, L18F, S98F,
A222V, P272L, N439K, Y483F, S477 N, D1163Y and P681H). On the
other hand, only 10 variants have destabilized the spike protein
(e.g., E484K, K417 N, V1176F, E484Q, Q675P, G1167V, E553D, L5F,
Y453F and Q675H) meanwhile, 18 variants (e.g., A262S, D080A,
Q677P, N501T, A701V, Q677H, L452R, N501Y, D614G, P681R, L18F,
S98F, A222V, P272L, N439K, S477 N, D1163Y and P681H) showed
stabilizing tendency. Interestingly, the results of the NMA analysis
revealed that some variants are stabilizing but with increased
protein flexibility (e.g., D080A, A701V and D614G). However, some
other variants have destabilized the protein with increased flexi-
bility (e.g., E484K, K417 N, E484Q, Q675P, G1167V, E583D and



Fig. 1. (continued).
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Q675H). In more detail, the variants that increased protein flexi-
bility showed a notable change in the interatomic molecular in-
teractions with surrounding amino acids, as shown in Fig. 1, which
offers a comparison of the Ensemble NMA of wild type versus single
variants. The wild type and variant sequences were extracted and
aligned from their respective 3D structures. For example, E484K has
lost interatomic interactions with Y489 and F490 but gained
interatomic interactions with F486, as shown in Table 2. Discussing
E484K has led us to compare it with E484Q, which has lost inter-
atomic interactions with Y489 and F490 without gaining inter-
atomic interactions with F486, which might explain the higher
negative (destabilizing) value of DynaMut DDG equal to �0.187
kcal/mol and -0.488 kcal/mol respectively. It is important that
Q675H had the highest negative (destabilizing) value of DynaMut
DDG with -0.621 kcal/mol, and Q677H had the highest (stabilizing)
value of DynaMut DDG with 2.661 kcal/mol.

Table 3 shows the disulphide score (Sss) prediction by another
tool, MAESTRO, along the reference sequence of the wild type. The
prediction shows that cysteine 743 (C743) with cysteine 749 (C749)
appeared as the best two partners to form a disulphide bond, giving
the highest negative Sss value of -4.610, at pH ¼ 7. Any amino acid
substitution in these two cysteines would significantly affect the
protein folding verified by the prediction tool; Phyre2 gives high
mutational sensitivity (Appendix, Figure S). We have noticed that
some variants of interest are located within the locations of the two
disulphide bond partners. For example, E484K or E484Q is situated
95
in the amino sequence C480-NGVEGFN-C488. The disulphide part-
ners with an Sss score of -4.352 where the amino acids acid sub-
stitution in that location is expected to increase the spike protein
thermodynamic flexibility as shown in the DynaMut results in
Table 2. Other examples include the sites of N439K, Y453F, S477 N,
N501Y or N501T, and L452R; the variants located in the amino
sequence between C391with C525 the disulphide partners with Sss
score of �2.653 where the amino acid substitution in these two
locations are expected to decrease the spike protein thermody-
namic flexibility as shown in the DynaMut results in Table 2.

Fig. 2 shows the structural similarity matrix (Dali Z-scores)
where the colour dimension shows red for positive; lighter hues are
near zero and white for negative values. The sharp drop of de-
viations at short distances and damping contributions from dis-
tancesmight reach a space larger than 20 Å. The comparison among
the clade 20A and its derived subclades variants and the following
10 clades variants; B.1.1.7 (20I/501Y.V1) or Alpha, B.1.351 (20H/
501Y.V2) or Beta, P.1 (20J/501Y.V3) or Gamma, B.1.617.2 (21A/
478K.V1) or Delta, B.1.429 (21C/452R) or Epsilon, B.1.526 (21F/
253G.V1) or Iota, in the presence of D614G in all of them, in addi-
tion to clade 19A, showed high structural similarity neighbour-
hood's near each other except for clade 19A and 20A/S.Q675H . This
has been confirmed by the dendrogram results derived by average
linkage clustering of the structural similarity matrix (Dali Z-scores)
shown in Fig. 3a. The Z-score of 43.7 was the threshold to judge the
structural similarity; any scores above the threshold were
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considered similar, and any score below the threshold was deemed
dissimilar. Correspondence analysis represents a multidimensional
scaling method; this analysis positions the data points with the
most similar structural neighbourhoods in clusters. In Fig. 3b, the
clades 19A and 20A/S.Q675H were clustering (cluster A) far in
terms of linkage from clades 20A and its subclades clusters (cluster
96
B, C and D). This had led us to consider the clade 20Awith D614G to
be as a new reference structure instead of the clade 19A when we
carried out superimposition structure analysis with Template
Modeling score (TM-score) since the global percentage of the
D614G is 98% as shown in Table 2 (data on 08-08-2021).

In the Template Modeling (TM), the reference structure appears



Fig. 2. Heat map or structural similarity matrix (Dali Z-scores): The colour dimension shows the DALI-score, red for positive, lighter hues are near zero and white for negative
values. Sharp drop for deviations at short distances and damping of contributions from distances longer than 20 Å.
* The codes on the x and y axes of the matrix include: s001A: 20A, s002A: 19A, s003A: 20A/S.A262S, s004A: 20A/S.A701V, s005A: 20A/S.D80A, s006A: 20A/S.E484K, s007A: 20A/
S.E484Q, s008A: 20A/S.K417 N, s009A: 20A/S.L452R, s010A: 20A/S.N501T, s011A: 20A/S.N501Y, s012A: 20A/S.P681H, s013A: 20A/S.P681R, s014A: 20A/S.Q675H, s015A: 20A/S.Q675P,
s016A: 20A/S.Q677H, s017A: 20A/S.Q677P, s018A: 20A/S.V1176F, s019A: 20A/S.A222V, s020A: 20A/S.L18F, s021A: 20A/S.S477 N, s022A: 20A/S.N439K, s023A: 20A/S.S98F, s024A:
20A/S.L5F, s025A: 20A/S.P272L, s026A: 20A/S.D1163Y, s027A: 20A/S.E583D, s028A: 20A/S.G1167V, s029A: 20A/S.Y453F, s030A: Beta, s031A: Iota, s032A: Delta, s033A: Gamma,
s034A: Alpha, s035A: Epsilon, s036A: Lambda, s037A: Kappa, s038A: Eta, s039A: Theta.
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in blue, and the other structures to be compared with appearing in
red, so when two colours appeared, this indicates a structural
change in the angstrom (Å) unit. The outcome of SuperPose v 1.0
with 3D visualization for the spike protein D614G variant of the
clade 20A versus the clade 19A is shown in Fig. 4 and Tables 4 and 5
The summary of our superimposition results includes that the
following we-named first group of variants; 20A/S.A262S, 20A/
S.L452R, 20A/S.N501T, 20A/S.N501Y, 20A/S.P681H, 20A/S.P681R,
20A/S.V1176F, 20A/S.N439K, 20A/S.S98F, 20A/S.L5F, 20A/S.P272L,
20A/S.D1163Y, 20A/S.N439K, 20A/S.S98F, 20A/S.L5F, 20A/S.P272L,
20A/S.D1163Y and 20A/S.G1167V have no structural superimposi-
tion changes at all, whichmeans red structures were only apparent;
this is in agreement with DynaMut results for variants stabilizing
the spike protein structure. The second group of variants with
enormous superimposition changes with more than 12 Å for amino
acids along the spike protein sequence included 20A versus 19A on
the one hand and the 20A/S.Q675H versus 20A on the other hand.
The DynaMut results showed that D614G and the Q675P had
decreased the spike protein stability. The third group of variants
with located superimposition change up to 12 Å for many structural
regions included the following variants; 20A/S.L18F and B.1.429
97
(21C/452R at the Furin cleavage, which both hidden a Furin region.
The 20A/S.701 and B.1.526 (21F/253G.V1) or Iota have changed a
Furin region to Alpha helix structure. The B.1.525 (21D/484K.V3) or
Eta changed an RBD region from a linker structure to Alpha helix.
The C.37 (21G/452Q.V1) or Lambda has changed an RBD region to
Beta sheet. The B.1.351 (20H/501Y.V2) or Beta has changed an RBD
region to Beta sheet. The fourth group included the superimposi-
tionwith up to 9 Å; in this group where the B.1.617.1 (21B/452R.V3)
or Kappa and the B.1.617.2 (21A/478K.V1) or Delta both have
changed an RBD region and a Furin region to Alpha helix. B.1.1.7
(20I/501Y.V1) or Alpha has changed an RBD region to an Alpha helix
and Beta sheet. The 20A/S.677H has changed the orientation of the
Beta sheet of the Furin region as shown in Table 5.

The fifth group of variants with located superimposition change,
up to 5 Å in the RBD, included the following variants: the 20A/
S.D80A, 20A/S.A222V, 20A/S.K417 N, 20A/S.477 N, A20/S E484K,
A20/S E484Q, 20A/S.Y453F and 20A/S.E583D have changed a Furin
region to an Alpha helix structure. The A20/S.Q677P has changed a
Furin region to a small Beta sheet. The P.1 (20J/501Y.V3) or Gamma
and the P.3 (21E) or Theta have changed an RBD region from a linker
structure to an Alpha helix.



Fig. 3. a: Structural Similarity Dendrogram of 39 studied structures. The dendrogram is derived by average linkage clustering of the structural similarity matrix (Dali Z-
score ¼ 43.7).
b: Correspondence Analysis is a multidimensional scaling method. It positions data points with the most similar structural neighbourhoods as clusters.

W. Al-Zyoud and H. Haddad Biochimie 191 (2021) 91e103
4. Discussion

A new coronavirus, SARS-CoV-2, associated with human respi-
ratory disease, COVID-19, was first reported in Wuhan, China
[15,21]. It is well known that the spike protein of SARS-CoV-2 plays
a crucial role in its binding ability with human Angiotensin Con-
verting Enzyme-2 (ACE2) receptor on the cell surface, which ulti-
mately cause its pathogenicity when to get inside the human cells.
It has been reported that many mutations played a critical role in
changing the virus molecular stability and flexibility and hence
increasing or decreasing its transmissibility. For example, one of the
most well-studied and dominant emerging mutations in the spike
protein of the SARS-CoV-2 virus is D614G. Previous reports hy-
pothesized that the mutation D614G impacts viral fitness and
infectivity [8e10]. This study aimed to predict the effect of mo-
lecular dynamics changes of notable variants on the wild type spike
protein. The results from DynaMut thermodynamics prediction
indicated that 18 variants mentioned in the results section showed
stabilizing tendency compared with the wild type spike protein.
Themajority of these variants have been found in the variants listed
in Table 1. For example, South African; B.1.351 (20H/501Y.V2) or
Beta, the UK; B.1.1.7 (20I/501Y.V1) or Alpha, multiple countries, e.g.
98
the UK \ Nigeria; B.1.525 )21 D/484K.V3) or Eta, India; B.1.617.2 (21A/
478K.V1) or Delta and the US-Californian; B.1.429 (21C/452R) or
Epsilon, agreed with previous reports in terms of increased trans-
mission and infectivity, and reduced antibody neutralization
[22e26]. The variant N501Y showed the highest frequency in the
RBD with around 711234 counts as displayed on the SARS-CoV-2
mutation tracker of genome-wide analysis. The variant Q677H
found among Eta variants has the highest stabilizing ability with
decreased flexibility which might play a crucial biological function
as it is located in the Pre-Furin cleavage site.

Interestingly, the NMA analysis results show that some variants
are stabilizing but with an increased flexibility effect, for example,
D080A, A701V, and D614G that might have an impact on improving
the viral fitness and transmissibility by increasing its ability to bind
with its receptor. Moreover, the results from DynaMut thermody-
namic predictions indicated 10 variants had destabilized the spike
protein (e.g., E484K, K417 N, V1176F, E484Q, Q675P, and Q675H),
two of them, the E484K and the V1176F, have been found among
Gamma and Theta variants. As these mutations are expected to
destabilize the spike protein, they are expected to reduce antibody
neutralization, which agrees with previous reports [24,27]. The
mutation Q675H located in the Pre-Furin cleavage site in the spike



Fig. 4. 2D-difference distance matrix by SuperPose v.1.0 (on the left hand side) with the 3D visualization by the TM-align, v.20190822,for the spike protein with variant D614G
(clade 20A; in blue) versus the wild type (clade 19A; in red). The small box represents the superimposition marker in the angstrom unit (Å).

Table 3
Disulfide score (Sss) prediction by MAESTRO.

Disulfide bond interaction by MAESTRO Sss Critical Amino Acid Sequence High mutation by Phyre2

C743 with C749 �4.610 CGDSTEC C743, C749
C738 with C760 �4.536 CTMYICGDSTECSNLLLQYGSFC C738, C743, C749, C760
C538.with C590 �4.528 CVNFNFNGLTGTGVLTESNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPC C538, G550, C590
C480 with C488 �4.352 CNGVEGFNC C480, C488
C1082 with C1126 �4.320 CHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIITTDNTFVSGNC C1082, P1090, C1126
C291.with C301 �3.996 CALDPLSETKC C291, C301
C617.with C649 �3.934 CTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGC C617, C649
C662.with C671 �3.252 CDIPIGAGIC C662, C671
C131 with C166 �3.193 CEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNC C131, C136, P139, C166
C391with C525 �2.653 CFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGC … C391, F400, C432, C525
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protein, with the highest destabilizing ability, has appeared in
Bangladesh in late 2020 [28]. However, some variants that have
destabilized the protein with increased flexibility (e.g., E484K,
K417 N, E484Q, Q675P, and Q675H) might impact the virus's ability
to escape the antibodies neutralization by changing the antige-
nicity drift of the protein 3D structure; this is in agreement with a
previous study [23e28].

The results of MAESTRO in this study revealed the cysteine
disulphide partners in the receptor binding domain (RBD); C391
with C525 where the mutations K417 N, N439K, L452R, Y453F,
S477F, N501Y, and N501T among the top ten global frequency
ranking are located, all collectively are expected to decrease the
flexibility of the 3D structure of the RBD of the spike protein due to
a notable change in the interatomic interaction. On the other hand,
the partners C480 with C488, where the mutations E484K and
E484Q are located, are both collectively expected to increase the
flexibility of the 3D structure of the RBD.

It is well-noticed that the mutation D614G is found in all clades
reported in the Nextstrain database as mentioned in the intro-
duction; this has led us to question if the current emergency use
authorization (EUA)-vaccines have taken into consideration the
vaccine design to be effective against the D614G as a basal and
dominant mutation or even other mutations of interest. Even after
mass vaccination, some countries have shown a significant resur-
gence in Manaus, Brazil [29]. The results of our analysis on DALI,
99
SuperPose v 1.0 and TM-score servers have revealed that the single
dominant mutation the D614G has changed the whole structural
similarity matrix (Dali Z-scores) (Figs. 2 and 3a&b) of the spike
protein when compared with the wild type (clade 19A) giving a
change of more than 20 Å on the SuperPose v1.0 as shown in Fig. 4.
The DALI, SuperPose and TM-scores showed that the subclades
with D614G have the same structural similarity compared with the
single mutation of D614G (clade 20A). From all of these results the
main superimposition change that happened at the overall 3D
structure of the spike protein was due to the presence and effect of
D614G only. The DynaMut analysis of single mutations against the
wild type shown that the increasing flexibility mutations have
structural superimposition change up to 12 Å when compared with
the reference sequence of clade 20A; meanwhile, the decreasing
flexibility of single mutations have shown trivial to no structural
superimposition change when compared with the reference
sequence of clade 20A.

Interestingly, the mutation 20A/S.Q675H showed a profound
superimposition change with up to 20 Å evenwhen compared with
a reference sequence of clade 20A, as shown in Table 4. At last, the
subclades Alpha, Beta, Gamma, Delta, Epsilon, Iota, Lambda, Kappa,
Eta, and Theta showed profound superimposition change at 20 Å
when compared with clade 19A. These subclades are derived from
the clade 20A; this has been confirmed by the heat map or struc-
tural similarity matrix by DALI Z-score, as shown in Fig. 2 and



Table 4
2D-difference distance matrix by SuperPose v.1.0 with 3D visualization by the TM-align for the spike protein variants.
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Table 5
2D-difference distance matrix by SuperPose v.1.0 with 3D visualization by the TM-align for the spike protein variants, including the WHO-named variants.

W. Al-Zyoud and H. Haddad Biochimie 191 (2021) 91e103

101



W. Al-Zyoud and H. Haddad Biochimie 191 (2021) 91e103
Table 5. It is noteworthy that the clade Lambda has a novel deletion,
S.D247-253, located at the N-terminal domain in addition to L452Q
and F490S mutations in the RBD of the spike protein; this might
explain why the conformational change in Lambda has included a
formation of new a Beta sheet at the RBD. Hence a role in affinity of
the spike protein to ACE2 or the susceptibility to antibodies
neutralization is expected (Cluster B in Fig. 3a). In addition to
Cluster B, Cluster D (20A) included Alpha, Beta, Delta, Kappa; the
Cluster C 20A/S.L18F or 20A/S.D583E included Gamma, Epsilon,
Iota, Eta; and Cluster A included only the 20A/S.Q675H as shown in
Figs. 2 and 3a&b. All these set of evidences imply the crucial role of
the mutational conformational change in the Furin cleavage site,
the RBD, as well as the overall 3D structure of the spike protein of
SARS-CoV-2 in any future vaccine updates.
5. Conclusion

Previous studies have reported that D614G impacts the SARS-
CoV-2 viral fitness and transmissibility by increasing the 'up’
conformation in the RBD region of the spike protein. The thermo-
dynamics prediction results in this study have exhibited the sta-
bilizing role of D614G and other variants and their role in increasing
the spike protein. The stabilizing and increasing flexibility phe-
nomena have triggered us to link them with the current vaccine
efficacy and antibody neutralization, as the current vaccines are
based on the wild type D614, clade 19A. The results of this study
have also revealed the impact of another critical associated muta-
tion with D614G, which is Q675H; that has a considerable super-
imposition change at the 3D structure before the Furin cleavage site
of the spike protein of SARS-CoV-2, where it has a thermodynamic
effect in destabilizing the spike protein with increasing its flexi-
bility. Overall, and based on the findings of this study, two aspects
should attract the attention of vaccine developers all over the
world, which we here call the components of Haddad-Zyoud new
hypothesis of COVID-19 vaccine update. First, the role of the
Fig. S. The mutational sensitivity by Phyre2 of selected Cys

Table S
Variants standard naming with chosen Accession of GSAID.

Variants Standard Naming GSAID Acces

B.1.1.7 (20I/501Y.V1) or Alpha hCoV-19/Po
B.1.351 (20H/501Y.V2) or Beta hCoV-19/So
P.1 (20J/501Y.V3) or Gamma hCoV-19/Bra
B.1.617.2 (21A/478K.V1) or Delta hCoV-19/Sp
B.1.429 (21C/452R) or Epsilon hCoV-19/Me
B.1.525 (21D/484K.V3) or Eta hCoV-19/Ca
P.3 (21E) or Theta hCoV-19/Ho
B.1.526 (21F/253G.V1) or Iota hCoV-19/US
B.1.617.1 (21B/452R.V3) or Kappa hCoV-19/Ind
C.37 (21G/452Q.V1) or Lambda hCoV-19/US
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emerging variants, especially the D614G, on the overall 3D struc-
ture of the spike protein should lead to change theway how vaccine
developers evaluate the neutralization activities of the antibodies
that have been previously produced by the immune system of the
vaccinated people by the current vaccine. Second, the role of the
emerging variants on the 3D structure of the Furin cleavage site and
the RBD of the spike protein should change the way how can vac-
cine developers understand the conformational change by SARS-
CoV-2 to enhance its free binding energy with ACE2 receptor and
hence its ability to take off the S1 domain to enter the human cells.
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