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The surveillance of COVID-19 pandemic has led to the determination of millions of genome sequences of the
SARS-CoV-2 virus, with the accumulation of a wealth of information never collected before for an infectious
disease. Exploring the information retrieved from the GISAID database reporting at that time >13 million
genome sequences, we classified the 141,639 unique missense mutations detected in the first two-and-a-half
years (up to October 2022) of the pandemic. Notably, our analysis indicates that 98.2 % of all possible con-
servative amino acid replacements occurred. Even non-conservative mutations were highly represented (73.9 %).
For a significant number of residues (3 %), all possible replacements with the other nineteen amino acids have
been observed. These observations strongly indicate that, in this time interval, the virus explored all possible
alternatives in terms of missense mutations for all sites of its polypeptide chain and that those that are not
observed severely affect SARS-CoV-2 integrity. The implications of the present findings go well beyond the
structural biology of SARS-CoV-2 as the huge amount of information here collected and classified may be
valuable for the elucidation of the sequence-structure-function relationships in proteins.

1. Introduction

A deep understanding of the mechanisms that viruses employ to
optimally adapt to the host organism represents a formidable challenge
[1]. Indeed, in contrast to cellular organisms that share a common
mechanism to express genomic information and an ensemble of genes
that are present in all domains of life [2,3], viruses lack common genes
and exploit a vast number of pathways for information transmission [4].
As recently outlined by Rochman et al. [1], the analysis of virus phy-
lodynamics during the epidemics, when the size of the viral population
dramatically increases, provides the opportunity to gain important in-
sights into the molecular mechanisms that underlie the adaptive
evolution.

* Corresponding authors.

In this general scenario, the still-ongoing COVID-19 pandemic,
which has been followed by an unprecedented level of attention, has
provided a wealth of information that, effectively exploited, is largely
increasing our understanding of this intricate biological process.
Although the SARS-CoV-2 virus as the pathogen responsible for the
disease was rapidly identified (December 2019) and genomically char-
acterized (mid-January 2020, GISAID accession ID: EPI_ISL,_402124), all
attempts to avoid its transmission failed and, starting approximately
from March 2020 [5-8], a worldwide pandemic occurred with several
hundred millions of registered infections (https://www.worldometers.
info/coronavirus/) which represent a gross underestimation of the
actually infected people.

Not surprisingly, the deep medical surveillance of the pandemic has
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been accompanied by extensive characterizations at the genomic and
molecular level of the SARS-CoV-2 virus and its progressively emerging
variants [9-23]. SARS-CoV-2 belongs to the Baltimore class positive-
sense single-stranded RNA virus and is a member of the subgenus Sar-
becovirus. Its RNA sequence contains approximately 30,000 bases and
encodes for 24 main distinct proteins. Since the publication of the first
SARS-CoV-2 genome, the genetic evolution of the virus has been deeply
monitored worldwide. This has led to the determination of millions of
genome sequences of the virus with an accumulation of a wealth of in-
formation never collected before for infectious diseases, thus providing
the unique opportunity to monitor the evolution of the mutations during
the virus adaptation to humans. As typically observed for RNA viruses
[24], SARS-CoV-2 presents a remarkable propensity to mutate with an
estimated mutation rate of about 9.8 x 10~ substitutions per site per
year [13]. Over the years, many studies have been focused on the ana-
lyses of SARS-CoV-2 amino acid mutations, with particular attention to
specific proteins directly involved in the disease transmission that are
potential targets for preventive or therapeutic interventions [9-23]. In
this scenario, we have performed a comprehensive analysis of all single
point mutations detected in the first year of the pandemic (up to
February 2021) [25]. The analysis of the observed/non-observed mu-
tations in the early stages of the pandemic provided insights into the
progressive adaptation of the virus to the host that was characterized by
an accumulation of hydrophobic residues. Here this approach has been
extended to the mutations detected in the first two-and-a-half years (up
to October 2022). This novel investigation highlights the emergence of a
completely different scenario compared to the previous one. Indeed, the
data here presented strongly indicate that, in this novel time interval,
the virus explored all possible alternatives in terms of missense muta-
tions for all sites of its polypeptide chains and that those that are not
observed likely affect SARS-CoV-2 integrity. The implications of the
present findings go well beyond the structural biology of SARS-CoV-2 as
the huge amount of information here collected and classified may be
valuable for the elucidation of the sequence-structure-function re-
lationships in proteins.

2. Materials and methods

The lists of the amino acid (AA) mutations present in the proteins of
the SARS-CoV-2 variants, compared to the sequence of the Wuhan
genome (GISAID accession ID: EPI ISL_402124) used as a reference,
were downloaded from the Global Initiative for Sharing All Influenza
Data (GISAID) database (https://www.gisaid.org/) [26,27] at four-time
points: July 2021 (DataJul21), February 2022 (DataFeb22), May 2022
(DataMay22), and October 2022 (DataOct22). Accordingly, the term WT
(wild-type) proteins used in the text refers to the AA sequences derived
from the Wuhan genome. Mutations have been collected for the 24 main
proteins of the virus: 15 non-structural proteins (NSP1, NSP2, NSP3,
NSP4, NSP5, NSP6, NSP7, NSP8, NSP9, NSP10, NSP12, NSP13, NSP14,
NSP15, and NSP16), 4 structural proteins (E, M, N, and Spike), and 5
accessory factors (NS3, NS6, NS7a, NS7b, and NS8) [11]. In particular,
since the aim of this study is the identification of missense mutations
that can be tolerated by the virus and do not compromise its vitality, the
frequencies of these amino acid substitutions were not considered. These
mutations were manually curated to eliminate insertions/deletions and
non-missense mutations. They were then classified following the criteria
recently adopted by Balasco et al. [25]. Indeed, AA substitutions were
classified as conservative (C) and non-conservative (NC) based on the
probability of being accepted during the evolution according to the
Point Accepted Mutation substitution score (PAM1 matrix) [28] and on
the similarity of the encoding codons [29], i.e. considering if the AA
substitution required one or more than one base change in the genetic
code to occur. Non-conservative and conservative mutations have PAM
values falling in the range 0-12 and >12, respectively [25]. The global
list of the mutations detected in the last step of this study (DataOct2022)
is reported in Table S1, which also includes the frequency of each
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mutation considering all genomes.

The secondary structure of proteins has been assigned using the DSSP
program [30], which is based on the analysis of backbone dihedral an-
gles and hydrogen bonds. DSSP assigns seven elements, i.e., H: o-helix,
G: 3(10) helix, I: p-helix, E: extended strand, B: residue in isolated
B-bridge, S: bend, and T: H-bonded turn. Based on these definitions, we
assigned residues with either S (structured - H, E, G, and I definition by
DSSP) or L (non-repetitive local structure - B, S, T, and blank). Finally,
missing residues in the experimental structures were assigned as disor-
dered (D). According to this classification, the number of D, L, and S
residues is 939, 4040, and 4727, respectively.

Statistical analyses were performed using R (R Core Team (2020). R:
A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL https://www.R-project.
org/). Figures of structural models were generated using the PyMOL
molecular visualization program. Plots were generated using Xmgrace
(https://plasma-gate.weizmann.ac.il/Grace/).

3. Results

3.1. Global trends: evolution of the number of conservative and non-
conservative mutations

The inspection of the AA point mutations detected in the SARS-CoV-2
proteins clearly indicates that, although a rapid increase is evident in the
first stage of the pandemic, a sort of plateau is reached after two-and-a-
half years (October 2022) (Table 1). Indeed, from a total of approxi-
mately 39,000 mutations identified after one year (February 2021) [25],
a threefold increase (124,680) has been observed after another year
(February 2022). On the other hand, the pace of this increase has
strongly reduced in the following months (141,639 mutations detected
up to October 2022) (Fig. 1a). Indeed, an increase of only 3219 muta-
tions, which represent 2 % of the total, has been observed in the 2022
July-Oct period. Although these trends are expected as the virus explores
the effect of new mutations over time, the observation that a sort of
plateau has been reached in the time interval here considered may
indicate that the mutations not yet observed may be highly deleterious
for the structure and/or the function of SARS-CoV-2 proteins. This
consideration is corroborated by the observations that emerged from the
splitting of the mutations in conservative and non-conservative ones
(See Methods and [25]). In this scheme, of the total 380 (19 alternatives
for each of the 20 amino acids) possible mutations, 43 are conservative
(C, PAM value > 12) while 337 are non-conservative (NC, PAM values
0-12) (Table S2). By assuming that all possible AA replacements occur in
SARS-CoV-2 proteins, a total of 184,414 mutations (19 replacements for
each of the 9706 residues present in the virus proteins) are expected. Of
these, 22,246 and 162,168 are C and NC substitutions, respectively
(Table S2). As shown in Fig. 1a, the time evolution of the mutations
indicates that a plateau is reached for both C and NC ones. Interestingly,
in the database of the mutations found up to October 2022 (Tables S1
and S3), we detect 21,843 conservative mutations which correspond to
98.2 % of the expected ones (Table 1 and Fig. 1b). On the other hand, we
detected 119,796 non-conservative mutations (73.9 % of the theoretical
ones). In both cases, marginal increases are observed in the last months
of our survey. Collectively, these observations suggest that in the two-
and-a-half years of the pandemic, the virus has likely explored all
possible alternatives for each residue present in its proteins. The data
also suggest that the mutations that have not been observed probably
negatively affect SARS-CoV-2 integrity. This consideration is corrobo-
rated by the observation that there is a significant correlation between
the frequencies of the observed NC substitutions with the PAM [28] and
BLOSUMS62 [31,32] values associated with those changes (Fig. S1).
Indeed, on average, remarkably lower detections are observed for mu-
tations with very low PAM (range from 0 to 3) or BLOSUM62 (range
from —4 to —2) values.
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3.2. Global trends: number of residue substitutions per site

The analysis of the number of observed substitutions for each of the
9706 residues of the virus proteins (Fig. 2a) highlights that most of the
sites present a remarkable tendency to mutate. Indeed, the average value
of the number of substitutions per site is as high as 14.6 with a median
value of 15. Moreover, the vast majority of residues (7966; 82.1 %)
present >12 substitutions out of the 19 possible ones (variable sites). A
low but significant fraction (267; 2.8 %) of residues present all possible
19 changes. Somehow surprisingly, when all these mutation sites are
evaluated as a function of the local structure (see Methods for the
definition), no clear differences are detected (Fig. 2b). Indeed, the
fraction of disordered (D) residues (2.8 %) that exhibit all possible
substitutions is similar to those observed for residues located in sec-
ondary structure (S) elements (2.6 %) or loop (L) regions (2.9 %). This
analogy is also observed when data are globally analyzed since the
average number of substitutions for D, L, and S residues is 14.62, 14.63,
and 14.56, respectively. This finding suggests that SARS-CoV-2 proteins
present a remarkable tolerance to mutations even for well-structured
regions.

The inspection of Fig. 2a also indicates that a rather low number of
sites (302; 3.1 %) present <10 replacements (conservative sites).
Moreover, no site of the entire ensemble of the virus proteins is fully
conserved across genomes collected up to October 2022. Notably, all 36
sites that present less than five replacements (hyper-conservative sites)
are located at the very termini of the polypeptide chains of the different
proteins. In general, as a consequence of the selectivity of the proteases
that cleave the virus polypeptide chains, residues located at both the N-
and the C-terminus present a limited variability (Fig. 2c and
Tables S3-S4). The low variability of these regions has a small but sig-
nificant impact on the residue mutation rate as a function of the struc-
ture/disorder. Indeed, as terminal residues are generally disordered,
they tend to lower the substitution level of this class of residues. As a
consequence, if the first and last 10 residues of all proteins are omitted
from the analysis, a difference in the average number of substitutions for
D (15.5), S (14.7), and L (14.9) is observed. This observation indicates
that when terminal residues are not considered, in the general frame-
work of a high variability of all amino acids, those belonging to disor-
dered regions present a higher substitution degree.

The analysis of the conserved sites (number of replacements between
5 and 9) still reveals the presence of a remarkable number of amino acid
residues that are close to the protein termini. Indeed, out of 266 sites of
this class, 153 are located within ten residues from either the N- or the C-
terminus. Interestingly, the remaining 113 conservative sites show a
prevalence of residues located in structured regions. Indeed, no residues
belong to disordered regions, while 73 and 40 are located in secondary
structure elements and loop regions, respectively. Significant amounts of
them (52) are embodied in helical structures. The analysis of the
chemico-physical properties of conserved sites located in helices clearly
indicates a prevalence of hydrophobic residues being Leu (18 cases), Phe
(11), Val (5), and Pro (5) the most represented ones. This observation
suggests that residues embedded in the hydrophobic patches of helices

Table 1
Data about the sequences and AA mutations per dataset.
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are the most structurally conserved sites. Illustrative examples of this
situation are reported in Fig. S2 that shows the clustering of conservative
residues in the N-terminal portion of the pentameric membrane channel
formed by protein E [33] and at the dimerization interface of the non-
structural protein NSP7 [34].

3.3. Global trends: observed and non-observed mutations

A global-scale analysis of the AA substitutions detected in SARS-CoV-
2 variants highlights some general trends, despite the heterogeneity of
the local environment of the mutation sites. Indeed, the inspection of the
replacement matrix reported in Fig. 3 and Table S5, which reports the
frequencies of all 380 possible AA substitutions, clearly evidences sub-
stitutions endowed with diversified frequencies. This can be rationalized
based on the steric and chemico-physical properties of the involved
amino acid residues. Most rare replacements are those that involve pairs
of residues that are characterized by side chains with different sizes and
polarity. In line with this observation, the replacement of aspartic acid
and asparagine with tryptophan presents the lowest frequencies. Indeed,
D > W and N > W substitutions are observed only in 27.1 and 26.0 %,
respectively, of the possible cases (Fig. 3 and Table S5). Most of the other
replacements with frequencies lower than 0.4 also involve tryptophan
residues (A>W,E>W,H>W,I>W,K>W,P>W,S>W, T>W,V>
W, and W > D). Among the other possible replacements, only the sub-
stitutions C > E and L > D fall below this threshold.

It is important to note that the replacement matrix is highly asym-
metric since the frequency of a generic AA1 > AA2 substitution can be
very different from the reverse one (AA2 > AA1). This is particularly
evident for the Trp residue that is frequently replaced with several other
AAs (horizontal line corresponding to W in Fig. 3) but cannot efficiently
replace other residues (vertical column corresponding to W). The
reverse is observed for some residues, such as serine, threonine, and
valine, which are endowed with small side chains whose replacement is
rather difficult although they can easily substitute other AAs. Collec-
tively, these observations indicate that the size of the residues plays a
major role in dictating the perturbation of these proteins caused by the
mutations. Indeed, small residues may efficiently replace larger ones
while the reverse has more negative effects. The role of the size and the
polarity in the mutation process is also evident when the frequencies of
replacing or including an AA are collectively analyzed. As shown in
Fig. S3, some hydrophobic residues (F, I, L, M, and V) and proline are
those replaced with the lowest frequencies. This observation indicates
the importance of their role in preserving the hydrophobic core of some
of the viral proteins. On the other hand, in addition to proline, nega-
tively charged residues (D and E) are those that present the lowest
propensity to replace other AAs.

3.4. Mutations in individual SARS-CoV-2 proteins

The 24 SARS-CoV-2 proteins here investigated present a wide range
of structures and functions. To evaluate the frequencies and the impact
of the mutations detected in the natural variants of the virus, the global

Dataset Sequences Number of AA mutations Percentage of observed AA mutations (%)
Total NC C Total NC C
Mar20" 581 404 231 173 0.22 0.14 0.78
Oct20" 135,404 25,634 16,830 8804 139 10.4 39.6
Feb21" 415,516 38,986 25,919 13,067 21.1 16.0 58.7
Jul21 2,216,094 67,381 48,779 18,602 36.5 30.1 83.6
Feb22 8,179,987 124,680 103,148 21,532 67.6 63.6 96.8
Jul22 11,449,212 138,420 116,625 21,795 75.1 71.9 98.0
Oct22 13,141,952 141,639 119,796 21,843 76.8 73.9 98.2

2 Data from reference [25].
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Fig. 1. (a) Number of AA mutations per database and (b) percentage of observed mutations compared to all possible ones (19 replacements for each of the 9706
residues present in the virus proteins). Data are shown for all (black), NC (orange), and C (cyan) substitutions. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Distribution of the number of AA substitutions per site for (a) all residues of SARS-CoV-2 proteins, (b) residues in secondary structure (S), loop (L) and

disordered (D) regions, and (c) the first and last residue of all virus proteins.

ensemble of the substitutions was dissected and analyzed for each in-
dividual SARS-CoV-2 protein. As shown in Table 2, a remarkable vari-
ability of the percentage of the detected substitutions compared to the
possible theoretical ones is observed. Indeed, this value ranges from 54.6
(NSP9) to 84.6 % (Spike). Although differences emerge also for con-
servative mutations, which are larger than 92 % for all proteins, more
striking variations are observed for NC substitutions.

A global view of the number of mutations per residue for each SARS-
CoV-2 protein is reported in Fig. 4. This picture clearly illustrates the
different substitution frequencies of these proteins and their specific
regions. The prevalence of the red colour is indicative of a high local
variability. SARS-CoV-2 proteins are generally distinct according to
their functional role(s) in three different classes: structural, non-
structural, and accessory proteins. As highlighted in Table 2, except
for the small structural envelope protein E, proteins presenting the
lowest degree of substitution are non-structural ones (NSP9, NSP7, and
NSP10). Low substitution levels are generally displayed by other non-

structural proteins. Among structural proteins, the most conservative
ones are proteins E and M, which present significant transmembrane
regions. The nucleocapsid protein N and, especially, Spike present
remarkable sequence variabilities. Except for NS6 and NS7b, accessory
proteins typically present large substitution levels.

These general trends are corroborated by the analysis of protein
stretches endowed with the lowest substitution levels. If terminal re-
gions, which are well conserved (see above), are not considered, the
occurrence of conservative residues (number of substitutions < 10) that
are consecutive in the sequence is a quite rare event. In particular, the
occurrence of three consecutive conservative residues is detected only
for NSP9 (residues 87-90) and E (residues 11-14 and 18-20), the lowest
mutated proteins, and for NSP5 (residues 286-288).

3.5. Proteins of specific interest

As delineated above, the SARS-CoV-2 protein that exhibits the lowest
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Fig. 3. Global heat map showing the substitution frequency of all pairs of residues. The white colour indicates that the replacement is never observed (frequency = 0)
while the red colour indicates substitutions that are always observed (frequency = 1). The numerical values for the frequencies are reported in Table S5. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Data about the AA mutations for each individual SARS-CoV-2 protein.

Protein Length (AA) Number of AA mutations Percentage of observed mutations (%) Average number of AA substitutions per site

Total NC C Total NC C

NSP9 113 1173 936 237 54.6 49.3 95.2 10.38

E 75 860 702 158 60.4 55.8 94.0 11.47

NSP7 83 963 786 177 61.1 56.6 94.1 11.60

NSP10 139 1663 1360 303 63.0 58.5 95.9 11.96

NS6 61 744 613 131 64.2 59.9 97.0 12.15

NSP8 198 2529 2031 498 67.2 62.7 95.2 12.77

NS7b 43 558 488 70 68.3 65.9 92.1 12.98

NSP12 932 12,848 10,788 2060 72.6 69.2 97.3 13.79

NSP13 601 8330 6992 1338 72.9 69.6 97.5 13.86

NSP16 298 4170 3497 673 73.6 70.4 96.8 13.99

NSP1 180 2530 2137 393 74.0 70.8 98.3 14.06

NSP14 527 7424 6267 1157 74.1 70.9 98.1 14.09

NSP15 346 4908 4121 787 74.7 71.4 98.0 14.18

NSP6 290 4122 3518 604 74.8 71.8 98.7 14.21

NSP5 306 4383 3700 683 75.4 72.3 98.4 14.32

M 222 3196 2732 464 75.8 72.9 98.3 14.40

NSP2 638 9309 7865 1444 76.8 73.7 99.1 14.59

NS3 275 4042 3461 581 77.4 74.6 98.8 14.70

N 419 6222 5226 996 78.2 75.2 98.4 14.85

NSP4 500 7475 6365 1110 78.7 76.0 98.8 14.95

NSP3 1945 30,172 25,657 4515 81.6 79.2 98.8 15.51

NS8 121 1892 1642 250 82.3 80.3 98.8 15.64

NS7a 121 1914 1662 252 83.3 81.3 99.2 15.82

Spike 1273 20,212 17,250 2962 83.6 81.4 99.1 15.88
substitution degree per site is NSP9. This is a dimeric protein that plays analysis of the number of substitutions per residue for NSP9 indicates
an important role in the overall virulence of the pathogen being impli- that regions displaying the lowest values are involved in important
cated in viral replication, and genomic RNA reproduction [35]. The structural/functional roles. Indeed, in addition to the N- and C-terminal
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Fig. 4. Cartoon representation of SARS-CoV-2 proteins (from the least to the most mutated ones). Structures are colored (from blue to red) as a function of the
number of substitutions per residue (from 1 to 19) detected in the DataOct22 dataset (Table S3). NSP9, E, NSP7, M, NS3, NS8 and Spike are reported in their
functional oligomeric state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

residues that, as in most SARS-CoV-2 proteins, are generally well-
preserved, low substitution degrees are presented by residues
belonging to the central p-structure of the protein core and the helix that
is involved in the protein dimerization, which is known to be required
for NSP9 functionality (Fig. 5). To achieve a better understanding of the

NSP9 dimer

specific observed/non-observed replacements we developed a substitu-
tion matrix by using the data reported in Table S3. In this type of
matrices, we indicated with black and white boxes the substitutions that
were observed or non-observed, respectively, in our dataset of mutations
(DataOct22). The inspection of Fig. 5 clearly indicates that, for example,
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Fig. 5. Cartoon representation of the dimeric non-structural protein NSP9 (PDB ID: 6W9Q). Regions endowed with the lowest number of substitutions are pointed
out on the structure (blue regions) and the substitution matrix (red boxes). Boxes in the substitution matrix are colored in white (no substitution observed) or black
(substitution observed). The grey box would represent the amino acid replacement with itself. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Trp residue is rarely present in the conserved regions of the f-structure
core and of the interface helices while it frequently replaces amino acids
in other regions of the protein (Table S3). Similarly, Pro residues are
remarkably under-represented in the f-structure, in line with the
destabilizing role of Pro for this structural motif. The substitution matrix
highlights similar, structurally related, impacts for other residues.

The second least mutated protein of the virus is the envelope protein
E. This is an integral membrane protein, the smallest among structural
ones, that plays an important role in the virus particle production and
maturation. From the structural point of view, individual chains of the E
protein self-associate to form a pentameric ion-selective channel
(Fig. 6). The inspection of the substitution degree of this protein high-
lights the occurrence of conservative and variable regions corresponding
to the N- (residues 8-20) and the C-terminal (residues 24-39) portions of
the channel, respectively (Fig. 6). In particular, there are some residues,
especially those with peculiar properties such as Trp, Pro, and Cys, that
are specifically rare in the N-terminal region.

In addition to the protein E, the SARS-CoV-2 genome encodes for
another predominantly membrane protein i.e. M. This dimeric protein is
involved in the virus assembly by interacting with the other structural
proteins E, N, and Spike [36]. Despite its specific localization and
important structural role, the M protein presents a remarkable vari-
ability (Fig. 7). Indeed, on average the residue of this protein presents
14.4 replacements per site. Its behavior, in terms of the observed mu-
tations, is much closer to the C- rather than the N-terminal region of the
channel formed by the E protein. Indeed, if the terminal residues are not
considered, the most conserved sites are Gly192 and Phe193 that pre-
sent 10 replacements. A relatively conserved region corresponds to the
central portion of the N-terminal transmembrane helix (Fig. 7).

The most variable protein of the entire SARS-CoV-2 proteome is the
surface Spike glycoprotein. This homotrimeric membrane-anchored

E pentamer
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protein is responsible for the virus entry [37]. The attachment of the
virus to the angiotensin-converting enzyme 2 (ACE2) receptor of the
host is mediated by the Spike receptor-binding domain (RBD - residues
319-541) (Fig. 8a). The inspection of the database of mutations here
analyzed reveals that, on average, its 1273 residues present nearly 16
out of the 19 possible substitutions (Table S3 and Fig. 8b). Notably,
about 10 % (121) of the total residues of the protein exhibit all possible
19 substitutions. Excluding the terminal residues, a single out of nearly
1250 residues presents only 9 replacements (Phel256) whereas eight
additional ones (Phe338, Ala609, Pro1053, Phe1089, Ile1114, Trp1217,
Phe1220, and Gly1251) presents 10 replacements. The high variability
of the Spike protein is detected also for functionally important regions of
the protein. Indeed, the Asn residues of the 23 N-glycosylation sites [38]
present a high degree of replacement (Table S6) with an average
replacement rate of 15.8 in line with the value observed for the entire
protein. Similarly, the transmembrane region (residues 1214-1234)
presents an average replacement degree of 15. The RBD region that is
deputed to the host receptor binding presents an even higher level of
substitutions (average value 16.2).

The Spike protein has been intensively investigated as its mutations
have been frequently linked to the insurgence and the diffusion of ge-
netic variant(s) of concern (VoC). Considering the global entropic score,
emergence, spread, transmission, and their location in the RBD, Kumar
et al. identified several residues of particular interest (Ala222, Asn439,
Asn501, Leu452, Tyr453F, Glu484, Lys417, Thr478, Leu981F, Leu212,
Asn856, Thr547, Gly496, Asp614 and Tyr369) [23]. As shown in
Table S7 and Fig. 8c, these sites also present a remarkable degree of
substitutions (range 15-19). This finding indicates that the mutations
that emerged in the VoC were the result of a huge number of attempts
made by the virus. Notably, of the residues of this subset located in the
RBD, mutations that were never observed frequently involve the

Sequence

ACDEFGHIKLMNPQRSTVWY
Substituted AA

Fig. 6. Cartoon representation of the pentameric structural protein E (PDB ID: 8SUZ). The substitution matrix of the N-terminal transmembrane helix (residues 8-48)
shows residues endowed with different degrees of substitution (from the least in blue to the most mutated in red in the structure). Boxes in the substitution matrix are
colored in white (no substitution observed) or black (substitution observed). The grey box would represent the amino acid replacement with itself. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Sequence

ACDEFGHIKLMNPQRSTVWY

Substituted AA

Fig. 7. Cartoon representation of the dimeric structural protein M (PDB ID: 7VGR). The substitution matrix of the N-terminal transmembrane helix (residues 9-38)
showing a relatively conserved region in its central portion is shown. Boxes in the substitution matrix are colored in white (no substitution observed) or black
(substitution observed). The grey box would represent the amino acid replacement with itself.

replacement of these residues with bulky and hydrophobic side chains
such as Trp, Tyr, and Met.

4. Discussion

Since the outbreak of the COVID-19 pandemic, a huge amount of
genomic data has been collected on the SARS-CoV-2 virus. This wealth
of information constitutes a treasure for improving our knowledge of
viral proteins' evolution. Here, we performed a systematic analysis of all
single-point mutations, independently of their frequencies, detected in
the worldwide campaign of SARS-CoV-2 genome sequencings that are
compatible with the virus survival. Notably, the analysis of the ensemble
of these amino acid replacements indicates that, after two-and-a-half
years of the pandemic, a plateau in the total number of mutations was
reached. Indeed, in the period July-October 2022, a minimal increase in
new single-point mutations was observed. Furthermore, in October 2022
as many as 98.2 % of all possible conservative mutations were detected
(Table 1). Even non-conservative mutations were highly represented in
our database (73.9 %). These observations strongly indicate that, in this
time interval, the virus explored all possible alternatives in terms of
missense mutations for all sites of its polypeptide chain. As a conse-
quence, it can be assumed that those that are not observed severely
affect the structural integrity and/or the functionality of SARS-CoV-2
proteins. This consideration is corroborated by the observation that
the likelihood of specific amino acid replacement here detected well
correlates with validated substitution scales [28,31,32]. The detection
of such a huge amount of single-point mutations demonstrates that
variants currently present worldwide are the results of a very stringent
selection process that has taken place during the pandemic. Indeed,
randomly selected sequences of the currently most diffuse (December
2023) SARS-CoV-2 variants (GRA lineages JN.1 and HV.1) contains only
84 (GISAID accession ID: EPI_ISL,_18717117) and 75 (GISAID accession
ID: EPI_ISL_18717601) single point amino acid mutations compared to
the first sequenced genome of the virus (Wuhan genome, GISAID
accession ID: EPI_ISL._402124) [26,27].

Assuming that genomic data have been retrieved from vital variants

of the virus, the analysis of the 141,639 unique single-point mutations
detected up to October 2022 demonstrates that the SARS-CoV-2 proteins
are extremely tolerant to single-point mutations. Indeed, a significant
percentage of residues of the virus proteins (nearly 3 %) are substituted
with all other 19 amino acid alternatives. Furthermore, the vast majority
of the sites (>80 %) present >12 substitutions out of the 19 possible
ones. On the other hand, a rather limited ensemble of sites presents less
than ten substitutions. In general, we observe that the least frequent
replacements involve the substitution of residues with small side chains
with bulkier ones. In general, hydrophobic residues and those endowed
with small side chains are the most tolerated in the replacements
(Fig. S3). Notably, the most conservative sites do not correspond to
residues playing key structural roles but they are concentrated in the
terminal regions of the proteins where the cleavage of newly synthesized
polypeptide chains occurs. Among sites playing structural roles, residues
involved in interchain interactions display a relative conservation.
Rather low substitution levels are indeed exhibited by residues located
at the helix-helix interfaces. The relative conservation of these motifs
suggests that they represent a delicate aspect of the functionality of the
virus variants.

The implications of the present findings go well beyond the struc-
tural biology of SARS-CoV-2. Indeed, the elucidation of the sequence-
structure-function relationships represents a main issue in protein
studies. Although impressive results have been recently achieved in
protein structure prediction and design [39-42], the impact that single-
point mutations have on protein structure and functionality is difficult to
be a priori fore-seen. This is due to the paucity of available data on
systematic analyses of the effect that single-point mutations produce on
protein stability. Traditional experimental approaches used to collect
stability data have rather low throughput. Only recently [43], a domain-
wide comprehensive mutagenesis analysis has been conducted on the
small protein G (GB1), which contains 56 residues. In line with present
data, a remarkable tolerance for hydrophobic residues was observed.

Although present data only provide substitution matrices reporting
whether the substitution is observed or not, without providing any
thermodynamic information, the amount of data collected, which is
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AA substitutions per site

Sequence

ACDEFGHIKLMNPQRSTVWY

ACDEFGHIKLMNPQRSTVWY

Substituted AA

Sequence

ACDEFGHIKLMNPQRSTVWY

Substituted AA

(C) Substituted AA

Fig. 8. (a) Cartoon representation of the trimeric structural protein Spike (PDB ID: 6XR8). (b) Distribution of the number of AA substitutions per site in Spike. (c)
Substitution matrix of the protein regions containing residues of particular interest (pointed out with red boxes) as their mutation (L2121, A222V, Y369C, K417N,
N439K, L452R, Y453F, T478K, E484K, G496S, N501Y, T547K, D614G, N856K, and L981F, highlighted with green circle) has been frequently linked to the insurgence
and the diffusion of genetic VoC. Boxes in the substitution matrix are colored in white (no substitution observed) or black (substitution observed). The grey box would
represent the amino acid replacement with itself. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

related to nearly 10,000 mutation sites detected in 24 proteins charac-
terized by completely different structural features in terms of folds and
localizations, may represent a valuable benchmark for algorithms aimed
at predicting the effect of specific amino acid substitutions [44].
Although the presence of multiple mutations in the virus may progres-
sively affect the local environment of each mutation site and therefore
undermine the use of the structures derived from the Wuhan genome as
a reference, it should be noted that virus variants generally present a
limited number of mutations (<100, i.e. <1 % of the total residues).
In this context, there is a remarkable interest in predicting the effect

(pathological/benign) of missense mutations in human proteins [45].
Although some success has been achieved [46,47], a significant
improvement in the predicting algorithms is needed. By assuming that
mutations that are not observed in the present dataset undermine the
vitality of the virus and therefore resemble pathological human muta-
tions, the data here reported may be fruitfully exploited to test and
improve these algorithms.

In conclusion, the analysis of the time evolution of the single-point
mutations of SARS-CoV-2 throughout strongly suggests that the virus
has virtually explored all possible amino acid substitutions at a single
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residue level in the first two-and-a-half years of the pandemic. This
consideration is corroborated by the observation that a plateau in the
number of detected mutations is observed in the 2022 July-Oct trimester
and by the finding that more the 98 % of the conservative mutations
have been found in the genome sequencing in this period. Under this
assumption, the single-point mutations that are not observed (42,775
out of 184,414 possible ones) likely impair the survival of the virus. In
addition to the information strictly related to the SARS-CoV-2 virus, this
study provides a remarkable collection of single-point replacements that
are either tolerated or undermine protein structures that could be used
to test the efficacy of algorithms devoted to the prediction of the effect of
missense mutations. The present work also represents a solid ground for
the analysis of the coevolution of mutation sites in individual SARS-CoV-
2 genomes [48]. This topic, whose in-depth analysis is of paramount
importance for predicting and understanding protein structures [39,49],
can be efficiently investigated using this virus as a model system, also
considering that almost all of its proteins have been extensively inves-
tigated from the structural point of view.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2024.131054.
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