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Abstract: SARS-CoV-2 presents an opportunity to understand better the role of viral mutations. The Alpha and Delta
variants of SARS-CoV-2 provide particular insight. We argue that looking at the mutations through a physical chemistry
lens provides a deeper understanding of viral evolutionary trends. We advocate here the use of quantitative (mathematical)
methods, based on physical chemistry foundations, to analyze viruses. The behavior of viral proteins depends both on
structural properties (how the protein sidechains are configured in three dimensional space) and epistructural properties
(how the protein interacts with the enveloping solvent, e.g., water). In both cases, physical chemistry (and ultimately
quantum mechanics) plays a dominant role. There are many barriers to entry for quantitative scientists (e.g.,
mathematicians) to study viruses. At the simplest level, there are multiple ways to describe a virus, by its genomic sequence
(RNA or DNA) or its protein sequence. Many papers assume that the context is clear when the word ‘sequence’ is used,
but the novice would be forgiven for confusion. But there are much more complicated issues of terminology and
interpretation that can make it very hard to understand what is going on. The book [1] was written in part to clarify this.
We use the SARS-CoV-2 virus mutations here as the basis for a primer on the tools in [1] and to exhibit the kinds of
observations they can yield. We attempt here both to lower the barrier of entry to the subject and to raise the level of rigor
in the discussion by showing how a much more quantitative view can be beneficial. We do this by explaining concepts in
simple, quantitative terms. In many cases, this involves measuring distances between atoms in PDB files. Thus we quantify
what it means to be a hydrogen bond, a salt bridge, to be underwrapped, all of which have rigorous definitions [1]. Our
goal here is to look at virus mutation from a mathematical perspective, with a particular focus on the SARS-CoV-2 virus
[2]. This is for two reasons. First of all, it has become one of the greatest threats to humanity of all time. But the second is
more positive: SARS-CoV-2 is very widely studied, and this allows new opportunities for understanding viruses in general.
Any advances could have a very wide impact. We can compare and contrast two closely related viruses by considering
mutations of a single virus. This allows us to focus on particular features and their impact on disease. Certain mutations of
the SARS-CoV-2 virus have been the focus of attention, especially those in the spike protein [3]. We will limit our attention
here to this protein for simplicity. While pure genomic sequence analysis [4] is extremely valuable, and certainly
mathematically rigorous, we will stress here a different approach. Instead we focus on the amino acid sequence with a
physical chemistry perspective. This brings in new mathematical tools that have yet to be fully utilized [1]. Typical
sequence analysis sees all sidechains as the same, whereas physical chemistry allows us to differentiate them, to study their
interactions, and to quantify epistructural behavior as well. Using standard sequence analysis helps us understanding what
mutations are important, but adding a physical chemistry perspective informs us why they are important. Thus we can see
that all mutations are not created equal, but some can be viewed as a “smoking gun” in certain contexts. We examine three
mutations in detail, explaining why they play a significant role in enhancing the effectiveness of SARS-CoV-2 mutants.
Each one has a different physical chemistry signature, and taken together they provide a blueprint for analysing viruses,
and proteins, in general.
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1 Infectivity and Transmissibi"ty cells through the interaction of spike glycoprotein (S

protein) and host angiotensin-converting enzyme 2
Infectivity and transmissibility are two key factors that (ACE2) receptor” [5]. Similarly, the furin cleavage site
determine the impact of a virus. Infectivity means the is thought to be “responsible for its high infectivity and
ability of a virus to penetrate the human cell and hijack transmissibility” [6]. Thus there is not just one critical
cellular machinery to replicate itself. Transmissibility area of the protein responsible for its virulence. This is
means the ability of a virus to move from one individual further exemplified by the mutation D614G [7] which is
to another. There are many views on the infectivity and in neither the protein binding cite of S for the ACE2
transmissibility of SARS-CoV-2. The infectivity receptor nor the furin cleavage cite. Indeed, there may be
mechanism of SARS-CoV-2 is generally accepted to many mutations of interest not yet fully explicated. And
involve the S protein binding to the ACE2 receptor. One there may yet be more to come in future variants yet to
papers says “like SARS-CoV, SARSCoV- 2 enters host evolve. Thus all we can do is to comprehend better the

ones that have been identified.
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2 Amino acid mutations

Mutations in proteins do not occur directly. Rather, they
are the result of mutations in RNA or DNA that then
get translated into protein. Thus not all protein-level
mutations are equally likely. Single-point mutations at
the genomic level in viruses are common. But you have
to read the genetic code [1, Figure 8.6] to know what are
the resulting residues in the protein.

For example, the mutation D (Asp) to G (Gly) requires
only a single-point mutation. Similarly, P (Pro) to H
(His) requires only a single-point mutation. However, the
mutation P (Pro) to R (Arg) requires an intermediary
genomic mutation. For example, H (His) to R (Arg)
requires only a single-point mutation. This may explain
why the Delta variant of SARS-CoV-2 was slow to
emerge. The mutation P681R occurs in the Delta variant
[8] of SARS-CoV-2, also known as lineage B.1.617.2.

In Table 1, we present data on mutations of SARS-
CoV-2 leading to the five current Variants of Concern
(VOCQ), as defined by the World Health Organization.
This overview shows that most mutations only occur in a
single variant. One mutation occurs in all current VOCs,
as well as all current and former variants of interest
(VOI), as defined by the World Health Organization.
In addition, one mutation occurs in four VOCs, three
mutations occur in three VOCs, and three mutations
occur in two VOCs. We explain the impact of most of
the mutations that occur in multiple variants.

See Table 2 regarding the naming of the variants.

3 DtoG

The mutation D614G on the spike (S) protein has been
the focus of many studies [11, 12, 13, 14, 15, 16, 17, 18,
19, 20]. It is widely recognized that the mutation D614G
on the spike (S) protein strengthens “viral survivability”
[5]. It appears in all four VOCs listed in Table 1.

In Table 1, the column n indicates the number of
VOCs that have a mutation at that residue. Horizontal
lines delineate different regions of the protein. The
lowest-numbered residues are in the N-terminal domain,
followed by the RBD, residues 333 to 526. The
subsequent mutations are in S1 but not in the RBD.
The mutation at D614 is in a region where contacts are
made with another copy of the S protein in a trimeric
structure. The furin cleavage site has only two mutations
in it. The remaining mutations are in S2. There is an
insertion (replacement of) R214 by three residues EPE
in the Omicron variant.
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The paper [12] provides an example of the type of
analysis we are advocating. It uses the concept of
wrapping, which has been extensively explained [1], to
explore epistructural effects. It also examines the role of
salt bridges and hydrogen bonds, and thus it provides
a starting point that introduces several quantitative
measures of protein iteractions.

3.1 Wrapping analysis

Briefly, the change from D to G reduces the number
of wrappers (hydrophobic carbonaceous groups) from
the wvicinity of a particular mainchain-mainchain,
intramolecular, hydrogen bond, the principle type of
bond that supports protein structure. But in addition,
it removes a salt bridge between D and a nearby R that
frees the arginine to rotate, potentially further reducing
wrapping. This double whammy makes the implicated
hydrogen bond vulnerable to water attack.

Underwrapped hydrogen bonds may be viewed as
magnets for agents (nonpolar groups) that can protect
them from water. Thus they become binding sites. Why
this is important for SARS-CoV-2 is explained in [12].
Thus we do not repeat the argumnts here. Instead, we
focus on the quantitative details of wrapping in this case,
as this has not been presented before for the D614G
mutation.

3.2 Wrapping defined

The concept of wrapping of a hydrogen bond is quite
simple. We count the number of nonpolar carbonaceous
groups within a cutoff distance of the donor and
acceptor. More precisely, we measure the distance to
the C-alpha carbon (CA) for each donor and acceptor
sidechain. By considering large groups of hydrogen
bonds, it has been established that having less than
19 wrappers for a cutoff distance of 6.5 Angtroms is
problemmatic.

In Table 3 we list all of the atoms proximal to
the donor and acceptor atoms for the underwrapped
hydrogen bond featured in [12]. There are three copies of
the S protein in the PDB file 6vxx, reflecting the fact that
the protein forms a trimeric structure. We are focusing
on the hydrogen bond in copy A, but it has 3 wrappers
from copy B, indicating the close proximity of the two
copies.
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We see that one atom (number 3960) appears in both
spheres of influence. Thus there are only 18 wrappers for
this hydrogen bond. Therefore this is already a marginal
hydrogen bond in the native virus, and the mutation
takes it beyond the pale.

3.3 No hydrogen bond

It is also observed in [12] that D614 does not form a
sidechain hydrogen bond with the hydroxyl group in
T859, contrary to a previous suggestion referenced in
[12]. Again, this can be understood by simply computing
distances between atoms in the 6vxx PDB structure.
The two oxygens in ASP A 614 are greater than 6
Angstroms from the oxygen OG1 in THR B 859. This
distance is not nearly small enough to be considered
an O-H-O hydrogen bond [1, Chapter 6], as the O-
H distance would be at best 5 Angstroms. Moreover,
sidechain—sidechain hydrogen bonds, even when the
distance is favorable, must be viewed cautiously since
the sidechains are free to move, potentially disrupting
the hydrogen bond.

3.4 Salt-bridge network

As noted previously, the D614G mutation eliminates a
putative salt bridge. This could potentially lead to a
substantial charge imbalance. But salt bridges often
occur as a network, with charge matching occuring with
multiple sidechains. We list in Table 4 the distances from
the CZ atom in ARG A 646, a reasonable candidate for
the center of positive charge, to negatively charged side
chains within a distance of 15 Angstroms. We see that
the mutation D614G eliminates only one of the charge
partners for ARG A 646 within the trimer. Thus the
effect of the mutation D614G on charge imbalance is less
critical than might occur in other cases.

3.5 All variants

As indicated in Table 1, the mutation D614G occurs in
all of the mutants listed there. But in addition it is found
as well in the current and former variants of interest
Epsilon, Eta, Iota, Kappa, Lambda, Mu, Theta, and
Zeta.

3.6 Conclusions about D614G

We have seen that a quantitative analysis of the mutation
D614G allows clarification of its physical chemistry role.
We were able to rule out a putative hydrogen bond
that had been asserted in the literature, explain in more
detail the dehydron effect, and make an assessment of
the charge imbalance caused by the mutation. Analysis
at this level of detail is not found in typical papers
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on SARS-CoV-2, and this can lead to unnecessary
confusion.

4 Furin cleavage site

The furin cleavage site has a signature protein sequence
RRAR in positions 682-685. These arginines are in a
part of the S protein which has the amino acid sequence
PRRA at positions 681-684. This sequence is present in
SARS-CoV-2 [21] but is not present in the purported [22]
precursor bat virus CoV RaTG13 [23], or other known
viruses (see e.g. 24, Table 1] and [25, Figure 3B]), in the
region of focus regarding possible gain of function [6].

Furin cleavage occurs after the RRAR signature
sequence, and before the subsequent S (serine). Thus
this part of SARS-CoV-2 is often written

....NSPRRARS....,

where the vertical bar indicates the cleavage point.

The role of the cleavage is well understood. The
spike protein has two subunits: S1 and S2. S1 contains
the receptor binding domain discussed subsequently in
section 5. S2 contains the peptide responsible for fusing
the membranes of virion and human cells. The spike
protein has to be cleaved by furin at the S1/S2 junction
to function properly [26].

4.1 The role of charge

The role of the arginines in the furin cleavage site is
well recognized. Arginine is a proton acceptor, and this
makes it basic. The term ‘polybasic’ is used to indicate
the multiple R’s [27] in the furin cleavage site of SARS-
CoV-2. The Delta variant of SARS-CoV-2 adds one
additional R near the cleavage point, making it even
more basic.

The Alpha variant (B.1.1.7) [28] has the mutation
P681H [29]. Like R, histidine (H) can be positively
charged, indicating that the mutated site is more basic
than in the native virus, although less basic than in Delta
(see [1, Table 4.2] and the discussion in [1, Section 4.5]).

In the context of the furin cleavage site, the concepts
of basic and acidic can be understood simply in terms of
charge. The definition of the basic-acidic pH scale is in
terms of proton affinity. Charge in sidechains is a result
of this affinity and thus can be used as a quantitative
marker. Proline (P) is not charged and Arginine (R) is
typically positively charged at normal pH. Histidine is
not always positively charged at normal pH, but it can
be positive under suitable conditions.

There is a quantitative measure of the charge of a
sidechain called pK,. This is the pH at which half of
the residues would be in each of the two protonation
states, charged or uncharged. The pK, of His is 6.5, so
at normal pH 7, or anywhere near there, one would have
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a substantial probability of H being positive charged. We
can thus think of H having a partial positive charge at
normal pH. So it is certainly more basic than proline,
although not as basic as arginine. As observed in
[30], there is a natural positivity (basicity) scale for the
residues

P— H—- R
that correlates with the infectivity scale

SARS-CoV-2— Alpha — Delta.

4.2 The end of the road?

Several other mutations of the furin cleavage site have
been extensively studied [27]. It is said that the furin
cleavage site for SARS-CoV-2 is suboptimal, since there
are other such sites, e.g., in “a highly pathogenic H5N1
avian influenza haemagglutinin containing seven basic
amino acids” [27]. So it is conceivable that yet another
mutation near the furin cleavage site could lead to
greater basicity and greater harm. Indeed, this obtains
in the Omicron variant, which has the mutations P681H
and N679K. But the mutation P681R is at the end of
the road: there is not another more basic sidechain for
R to mutate to.

5 RBD

The receptor binding domain (RBD) is on the S1 subunit
of the S protein, residues 333 to 526. It is postulated
that “infectivity is proportional to the binding affinity
between SARS-CoV-2 spike glycoprotein (S protein) and
host ACE2 receptor” [5]. The binding free energy is
estimated computationally in [5, 34, 35, 36, 37] for
various mutations in the RBD. Experimental studies on
many mutations in the RBD have been done in [11].
A systematic study of all possible mutations has been
done experimentally in [33]; both expression and binding
affinities were measured.

5.1 Charge imbalance

Not all mutations are subtle to analyze. The mutation
E484K in the RBD appears [9] simply to make the charge
interaction with the ACE2 receptor more favorable.
Going from negatively charged to positively charged is
a substantial change, and it likely makes a substantial
improvement. Experimental confirmation of the change
in binding energy is found in [33, Figure 3B].

Such major modifications to charge interactions can
also lead to conformational changes which support
“formation of new hydrogen bonds due to E484K
mutations [and] provides additional stability to the
RBD-hACE2 binding” [9]. We leave as exercises to
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examine the putative new hydrogen bonds using the
approach explained in section 3.3. The E484K mutation
occurs in both the B.1.351 (Beta) and P.1 (Gamma)
variants of SARS-CoV-2, but not in the more virulent
strains Alpha and Delta. Perhaps further analysis is
needed to explain this.

5.2 Charge matching

Similarly, improved intermolecular salt bridges and a
sidechain hydrogen bond are listed as major contributors
to the binding energy as the result of the mutation
N501Y [36]. Experimental confirmation of the change in
binding energy is found in [33, Figure 3B], although this
figure also predicts that mutation to F and V, instead
of Y, would also be favorable. The sidechains F, V, and
Y are among the best wrappers, so it is possible that
wrapping also plays a role in this mutation. We also leave
this as an exercise for further study. Intriguingly, the
N501Y mutation does not appear in the Delta variant,
although it is in Alpha, Beta, and Gamma. Again,
maybe this omission is significant in some way.

5.3 Something else

Even with powerful new tools, we cannot expect to
explain everything. The effect of the K417N mutation,
which occurs in the Beta and Gamma variants, has been
independently studied in [37, Table 1] and in [38, Figure
1]. Interestingly, this mutation has little beneficial effect
on binding affinity according to the data in [33, Figure
3B].

5.4 Computational limitations

Computational simulations have certain limitations,
as they require estimating pair potentials for atoms
that in reality interact quantum mechanically. One
particular difficulty is in estimating the non-bonded
(van der Waals) interaction energies [39]. It would
be an interesting exercise to compare the various
computational simulations with the experimental results
in [33].

6 Enter Omicron

We have already observed in section 4.2 that the
Omicron variant may optimize the furin cleavage site
with increased positive charge. But there are other
unique mutations (among VOCs) harbored by Omicron
that have been previously been identified as being of
significant interest. We consider two of them in the RBD.

The Omicron variant exhibits a mutation N440K
which “produced ten times higher infectious viral titers
than a prevalent A2a strain, and over 1000 folds higher
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titers than a much less prevalent A3i strain prototype
in Caco2 cells” [31]. It is known that this mutation
increases binding to ACE2 [33, Figure 3].

Omicron is the first variant of concern to harbor the
S477N mutation. This occurs in a loop region [32]. It
is known that this mutation increases binding to ACE2
[33, Figure 3].

It is also known that the mutation G339D increases
binding to ACE2 [33, Figure 3]. On the other hand, the
mutations Q493R, G496S, Q498R, and Y505H are not
more beneficial to binding, suggesting another role for
the changes of charge.

7 Additional topics of interest

There are many additional topics that could be covered.
Here we mention briefly a few of them.

7.1 Mink mutations

Additional spike protein mutations have been found
in other species. For example, Y453F, F486L, and
N501T have been found in mink. These are of
concern because the “recurrent emergence of these
mutations in phylogenetically distant lineages, and their
relative scarcity in SARS-CoV-2 samples circulating in
humans, further supports these as strong candidates for
ongoing host-adaptation of the virus to transmission in
minks. Indeed, many of the cases identified in humans
seem putatively linked to mink farm outbreaks in the
Netherlands and Denmark” [40]. It is known that the
mutation Y453F increases binding to ACE2 [33, Figure
3].

7.2 Evolutionary confusion

The use of the evolution model is sometimes a cause for
misunderstanding. The fact that it is a model and not
gospel is often lost in educational debates. But it is a
very useful model provided we use it properly.

In one paper, it is said that “SARS-CoV-2 virus
is expected to continue evolving over time in human
populations” [11]. This might be interpreted to mean
that the mutations could go on forever, wandering
aimlessly in sequence space. But we can think of the
virus as trying to solve an optimization problem, seeking
the best interaction with the host to insure the viability
of the virus. Once it gets to a local minimum, it may stay
resident for a very long time. And if it gets to a global
minimum, it will not stray very much. Mutations will
continue, but since they will not be beneficial, they will
not survive. So the dynamic picture is more complicated.
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7.3 Antibody evasion

The optimization problem that a virus faces as it evolves
is multifaceted. =~ We have discussed optimizing for
binding affinity and infectivity. But another concern is
the attempt by a virus to evade antibody detection and
immunosurveillance in general, as observed in the Delta
Plus variant [8]. The effect of mutations on antibody
interactions with SARS-Cov-2 are studied in [38].

A far more subtle strategy for immune evasion is
glycosylation, a post-translational modification that
greatly modulates interaction with the natural and
vaccine-induced immune repertoire [41]. Glycosylation is
also exploited by the influenza and other viruses to evade
immune surveillance [42]. This is precisely the reason
why vaccines against flu virus or SARS-CoV-2 are far less
efficient than those against viruses that do not adopt this
evasion strategy [43]. The camouflaging patterns for this
“sugar coating” are not predictable with current physico-
chemical approaches, and their effect on protein folding
are very complicated and cannot currently be assessed.

7.4 Therapeutics

Improved understanding of virus structure and function
can be used to design new antiviral drugs and vaccines
[19, 41, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55]. The
type of analysis described here can improve the precision
of the process of therapeutic agent development. Most of
the current epitopes currently adopted are not efficient
because of their susceptibility to get glycosylated [41].
Alternative stages in the maturation of the virion need
to be considered to identify epitopes that are not subject
to glycosylation [54].

8 Conclusions

Using quantitative tools based on physical chemistry can
yield more precise understanding of viral behavior. It
facilitates comparing and contrasting viral mutations.
Using such tools earlier in the pipeline in the future could
make predictions of mutation impact more reliable.
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: o I3 vy ) 0
reilfsue o | B 1’; 410 rll Alpha Beta Gamma Delta Omicron
T19 R 1 B.1.1.7 | B.1.351 P.1 B.1.617.2 | B.1.1.529
T20 N 1 Table 2: Mutation nomenclature for Variants of
P26 S 1 Concern.
A67 \Y 1
D80 A 1
T95 1 1
D138 Y 1
G142 D| D 2
R190 S 1
L212 I 1 distance to CA | atom # | atom type sidechain
R214" E 1 4.52 3960 CB GLN A 613
D215 G 1 5.88 3961 CG GLN A 613
G339 D |1 1.53 3969 CB ASP A 614
S371 Lt 475 3977 CB VAL A 615
s - 1 s 4.65 3978 CG1 | VAL A 615
N440 K 1 5.16 3979 CG2 VAL A 615
G446 s |1 5.69 3941 CG LEU A 611
L452 R 1 5.05 3942 CD1 LEU A 611
S477 N | 1 5.40 3943 CD2 LEU A 611
T478 K| K| 2 6.41 3960 CB GLN A 613
E484 K| K A 3 5.99 4058 CG2 THR A 645
Q493 R |1 4.72 4063 CB ARG A 646
G496 S |1 6.14 4064 CG ARG A 646
Q498 Rl 1.52 4074 CB ALA A 647
\N(ggé Y Y|y ‘é ‘11 5.29 4214 CG2 ILE A 666
TELT i T 5.07 4224 CB ALA A 668
A570 | D 1 5.07 13023 CB PRO B 862
D64 |lclalalaelals 3.94 13024 CG PRO B 862
H655 Y v | 2 4.56 13025 CD PRO B 862
N679 K |1 Table 3: Wrappers of the Asp A 614 to ALA A 647
P68l | H R|H)|S3 backbone hydrogen bond. Top are the wrappers near
?;gé I v 1 the CA atom of Asp A 614. Bottom are the wrappers
N764 K |1 near the CA atom of Ala A 647. Data taken from the
D796 v |1 PDB file 6vxx.
N8&856 K 1
D950 N 1
Q954 H 1
N969 K 1
L98&1 F 1
5982 | A 1 distance to CZ | atom # | atom type | sidechain
i I | 10.82 3971 ODl | ASP A 614
V1176 1 12.69 3972 OD2 ASP A 614
T T T T30 63 10.43 13062 OD1 | ASP B 867
9.45 13063 0OD2 ASP B 867
Table 1: Mutations of concern. Deletions have been 9.09 13071 OF1 GLU B 868
omitted. Based on data on SARS-CoV-2 Variants of 11.13 13072 OE2 GLU B 868
Concern (VOC) from [9, Table 1], [10], and Tulio de
Oliveira’s Tweet regarding Omicron (B.1.1.529). Table 4: Salt-bridge network formed with Arg A 646.

Data taken from the PDB file 6vxx.
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