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A B S T R A C T   

SARS-CoV-2 virus is the cause of COVID-19 pandemic and belongs to RNA viruses, showing great tendency to 
mutate. Several dozens of mutations have been observed on the SARS-CoV-2 virus, during the last two years. 
Some of the mutated strains show a greater infectivity and are capable of suppressing the earlier strains, through 
interference. In this work, kinetic and thermodynamic properties were calculated for strains characterized by 
various numbers and locations of mutations. It was shown that mutations lead to changes in chemical compo
sition, thermodynamic properties and infectivity. Through competition, the phenomenon of interference of 
various SARS-CoV-2 strains was explained, which results in suppression of the wild type by mutant strains. 
Standard Gibbs energy of binding and binding constant for the Omicron (B.1.1.529) strain were found to be ΔBG⁰ 
= − 45.96 kJ/mol and KB = 1.13 • 10+8 M− 1, respectively.   

1. Introduction 

In 2019, a new disease was reported, named COVID-19 (Zhou et al., 
2020). Very soon, the virus was isolated and named SARS-CoV-2. The 
genetic sequence of SARS-CoV-2 was determined (Wu et al., 2020). The 
wild type virus strain has been named Hu-1. The morphology of coro
naviruses is known (Riedel et al., 2019; Neuman and Buchmeier, 2016; 
Neuman et al., 2011, 2006). It belongs to RNA viruses, showing a great 
tendency to mutate (Duffy, 2018). Hu-1 strain has been characterized 
chemically and thermodynamically (Popovic and Minceva, 2020b; 
Şimşek et al., 2021). Interactions between the Hu-1 strain with other 
respiratory viruses is described in (Popovic and Minceva, 2021a). 
However, interactions between various SARS-CoV-2 strains was not 
described at the molecular level. 

Very soon after the beginning of the pandemic, other strains 
appeared in various regions, labelled B.1.1.7 (Alpha), B.1.351 (Beta), 
B.1.36, P.1 (Gamma) and B.1.617 (Delta). With appearance of new 
strains, competitive interactions occur between the viruses and host 
(Popovic and Minceva, 2021a). Whenever two viral strains appear in the 
same time and space, they compete for soil. What soil is for plants, host 
organisms are for viruses. Various virus strains are characterized by 
different chemical and thermodynamic properties (Şimşek et al., 2021; 
Gale, 2021; Popovic and Minceva, 2020a, 2020b). Every virus strain has 
its own characteristic empirical formula. A specific empirical formula 
determines thermodynamic properties of virus strains. During 

mutations, changes occur in the genetic sequence of the virus, leading to 
changes in the order and type of amino acids determined by the genetic 
information. Thus, change in genetic information leads to change in 
chemical composition. Change in chemical composition leads to change 
in enthalpy, entropy and Gibbs energy of the virus. As a rule, lower 
Gibbs energy leads to greater spontaneity of a chemical reaction or 
process (Atkins and de Paula, 2014, 2011; Demirel, 2014). 

Gibbs energy and elemental composition of viruses are influenced by 
mutations, meaning that they differ for various strains. Barton et al., 
(2021) analyzed the change in Gibbs energy of binding of various 
mutated strains of SARS-CoV-2, compared to the wild type. It was found 
that mutations lead to various differences in Gibbs energy of binding, 
some of which are positive, while others are negative (Barton et al., 
2021). Negative changes in Gibbs energy of binding lead to greater 
spontaneity of binding. The changes in Gibbs energy of binding are 
accompanied by changes in dissociation, KD, and binding, KB, equilib
rium constants, due to mutations (Barton et al., 2021). However, while 
the changes in thermodynamic parameters KD and KB have been studied 
in great detail, the kinetic aspect of this process has not been considered. 
Thus, one of the goals of this paper is to analyze the influence of kinetics 
on infectivity of SARS-CoV-2 strains, through binding phenomenological 
coefficients, LB. Moreover, a model is made that includes both thermo
dynamic and kinetic perspectives, using nonequilibrium thermody
namics and phenomenological equations. 

Mutations lead to change in genetic sequence, which in turn lead to 

E-mail address: marko.popovic@tum.de.  

Contents lists available at ScienceDirect 

Virology 

journal homepage: www.elsevier.com/locate/virology 

https://doi.org/10.1016/j.virol.2022.03.008 
Received 19 December 2021; Received in revised form 4 March 2022; Accepted 24 March 2022   

mailto:marko.popovic@tum.de
www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2022.03.008
https://doi.org/10.1016/j.virol.2022.03.008
https://doi.org/10.1016/j.virol.2022.03.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2022.03.008&domain=pdf


Virology 570 (2022) 35–44

36

changes in viral proteins. Since viral proteins are present in many copies 
in virus particles, mutations can lead to change in empirical formulas of 
viruses. The change in empirical formulas lead to changes in thermo
dynamic properties of virus live matter and growth (Popovic and Min
ceva, 2020a, 2020b, 2021). In particular, Gibbs energy represents the 
driving force for most chemical reactions (Demirel, 2014). Gibbs energy 
of growth is the driving force of growth of organisms (Von Stockar, 
2013a, 2013b; Demirel, 2014; Hellingwerf et al., 1982; Westerhoff et al., 
1982). Gibbs energy of binding represents the driving force for virus 
attachment and entry into host cell (Popovic and Minceva, 2021; 
Popovic and Popovic, 2022; Gale, 2021, 2020, 2019). 

Viruses represent open thermodynamic systems, which exhibit 
growth through multiplication (Popovic and Minceva, 2020a). Thus, it is 
necessary to use nonequilbrium thermodynamics to analyze processes 
performed by viruses (Popovic and Minceva, 2021c; Popovic, 2018). 
Phenomenological equations are an important part of nonequilibrium 
thermodynamics and are often used to analyze nonequilibrium pro
cesses (Demirel, 2014). They relate the rate of a process to its thermo
dynamic driving force (Demirel, 2014). Phenomenological equations 
have proved themselves as a useful tool in thermodynamics and engi
neering (Müller, 2007). Thus, in this paper, phenomenological equa
tions will be used to analyze interactions between SARS-CoV-2 strains 
and their host. 

Determining elemental composition of viruses is required to find 
their biothermodynamic properties (Popovic, 2022). Bio
thermodynamics combined with nonequilibrium thermodynamics have 
been used in analysis of phenomena related to SARS-CoV-2 infection. 
Lucia et al., (2020a) analyzed the influence of change in pH on ho
meostasis of host cells during SARS-CoV-2 infections, using the quanti
tative biothermodynamic approach. Lucia et al., (2020b) developed a 
model based on thermodynamics, for predicting spreading of epidemics 
and pandemics through host populations. This kind of model is very 
important for taking measures against epidemics, as well as organization 
of health service and fundamental research. A nonequilibrium thermo
dynamic approach has been used to analyze post-COVID-19 neurolog
ical syndrome, explaining mechanistically changes in electrolyte 
concentrations induced by pH changes during infection by SARS-CoV-2 
(Lucia et al., 2021). This is a good example of the intersection of bio
thermodynamics and clinical studies of post-COVID-19 neurological 
syndrome, which has been appearing more and more often. Moreover, 
nonequilibrium thermodynamics and phenomenological coefficients 
have been used to explain life processes (Lucia and Grisolia, 2020). 
SARS-CoV-2 has shown a great tendency to mutate. Mutations lead to 
change in information content in the viral nucleic acid. Change in in
formation and entropy in biological systems has been analyzed in 
(Popovic, 2014; Hansen et al., 2018). 

The aim of this paper is to calculate binding constants, as well as 
standard enthalpies, entropies and Gibbs energies of binding of various 
SARS-CoV-2 strains. For the first time, the values were determined of 
binding phenomenological coefficients, LB, and binding rates, rB, of the 
spike protein to the ACE2 receptor. The variation in these properties 
between various SARS-CoV-2 strains are due to mutations, which lead to 
changes in amino acid sequences and chemical composition of virus 
particles. The rate of entry of various strains of SARS-CoV-2 is different 
and depends on temperature, Gibbs energy of SGP-ACE2 binding, and 
binding phenomenological coefficient, LB. 

2. Methodology 

This section begins with a discussion of the method used to find 
binding phenomenological coefficients, using nonequilibrium thermo
dynamics (Section 2.1.). Then methods are presented for finding the 
binding constant and Gibbs energy of binding, using classical thermo
dynamics (Section 2.2.). Then enthalpy and entropy determination are 
discussed, using the Van ‘t Hoff equation (Section 2.3.). Finally, the 
sources of input parameters are presented (Section 2.4.). 

2.1. Binding phenomenological coefficients 

Antigen-receptor binding can be described by the chemical reaction 

A + R⇄AR (1)  

where A is the free virus antigen, R the host cell receptor and AR the 
antigen-receptor complex. As any other chemical reaction, antigen- 
receptor binding consists of a forward and a backward part. In the for
ward part the antigen and receptor bind to form the antigen receptor 
complex, in a second order reaction. The concentrations of the free an
tigen [A] and free receptor [R] determined the rate of the forward re
action, ron, which is described by the law of mass action 

ron = kon[A][R] (2)  

where kon is the forward rate constant, also known as the on-rate con
stant. On the other hand, in the backward reaction, the antigen-receptor 
complex dissociates into the free antigen and receptor. The rate of the 
backward reaction, roff, depends only on the concentration of the 
antigen-receptor complex, [AR], and follows first order kinetics 

roff = koff [AR] (3)  

where koff is the first order rate constant for dissociation of the antigen- 
receptor complex, also known as the off-rate constant. Therefore, the 
overall binding rate, rB, is the difference of the forward and backward 
rates. 

rB = ron − roff (4) 

The reaction rate becomes zero at equilibrium, implying that the 
equilibrium forward, ron

eq, and backward, roff
eq, rates are equal. 

req
on = req

off (5) 

This represents the kinetic perspective on antigen-receptor binding. 
A similar complementary perspective is given by nonequilibrium 

thermodynamics. Binding of the spike protein to the host cell receptor 
represents a chemical reaction. The Gibbs energy of binding, ΔBG, can be 
related to the forward and backward reaction rates (Demirel, 2014) 

ΔBG= − RgT ln
ron

roff
(6) 

(at equilibrium ron
eq = roff

eq and this equation reduces to ΔBG = 0, 
which means that at equilibrium Gibbs energy cannot decrease further 
and is hence at a minimum). This equation can be rearranged into 
(Demirel, 2014) 

roff =
ron

e− ΔBG/RgT
(7a)  

roff = ron⋅ e+ΔBG/RgT (7b) 

This equation can be combined with equation (4) to find (Demirel, 
2014) 

rB = ron − ron⋅e+ΔBG/RgT (8)  

which can be rearranged into 

rB = ron
[
1 − eΔBG/RgT] (9) 

Equation (9) is a general equation of nonequilibrium thermody
namics, relating the rate of a process to its thermodynamic driving force 
– Gibbs energy change (Demirel, 2014). This equation is applicable to 
any chemical process (Demirel, 2014). In this case, it relates overall 
binding rate, rB, to Gibbs energy of binding, ΔBG. Equation (9) contains 
both thermodynamic parameters (ΔBG and T) and kinetic parameters (rB 
and ron). Thus, equation (9) bridges thermodynamic and kinetics aspects 
of a process, using nonequilibrium thermodynamics. 
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The bridge equation (9) is applicable to all chemical processes under 
all conditions (Demirel, 2014). However, it was found to take a much 
simpler form under conditions close to equilibrium. First, close to 
equilibrium the forward reaction rate, ron, becomes the forward equi
librium reaction rate, ron

eq. Second, close to equilibrium, the thermo
dynamic driving force, ΔBG, is low (Demirel, 2014). This means that the 
ratio ΔBG/RT is very small. For very small numbers the exponent can be 
turned into a linear function, using the formula ex = 1 + x for small x. 
This means that in equation (9), eΔBG/RT = 1 + ΔBG/RT. Thus, equation 
(9) simplifies into 

rB = req
on

[

1 −
(

1+
ΔBG
RgT

)]

(10a)  

rB = req
on

[

−
ΔBG
RgT

]

(10b)  

rB = −
req

on

RgT
ΔBG (10c) 

The fraction on the right hand side can be simplified, by introducing 
the binding phenomenological coefficient, LB. The binding phenome
nological coefficient is defined as the equilibrium forward reaction rate, 
ron

eq, divided by the universal gas constant Rg (Demirel, 2014). 

LB =
req

on

Rg
(11) 

Thus, equation (10c) simplifies into the binding phenomenological 
equation 

rB = −
LB

T
ΔBG (12)  

where LB is the binding phenomenological coefficient and T is temper
ature (Demirel, 2014; Popovic and Popovic, 2022; Popovic and Minceva, 
2021). Thus, the rate of the antigen-receptor binding reaction, rB, is a 
linear function of Gibbs energy of binding, ΔBG, given by the binding 
phenomenological equation. The binding phenomenological equation 

(11) belongs to the family of linear phenomenological equations 
(Demirel, 2014; Glassman et al., 2014; Kuo, 2005; Annamalai and Puri, 
2007). The binding phenomenological equation will be considered in 
more detail in the Discussion section. 

The value of the binding phenomenological coefficient can be found 
by combining equations (11) and (2), resulting in 

LB =
kon[A]eq

[R]eq

Rg
(13) 

The dissociation equilibrium constant, KD, is given by the equation 

KD =
[A]eq

[R]eq

[AR]eq (14) 

Combining equations (13) and (14) results in 

LB =
konKD[AR]eq

Rg
(15) 

Values for kon and KD values were reported by Laffeber et al., (2021) 
and are given in Table 1. Since the reported KD values are very small, the 
equilibrium is shifted towards antigen-receptor binding (Skoog et al., 
2013). Thus, most virus particles in the body will be bound to host cells, 
implying that the equilibrium antigen-receptor complex concentration is 
approximately equal to the total virion concentration in the organism 
[AR]eq ≈ [V]tot. Thus, equation (15) becomes 

LB =
konKD[V]tot

Rg
(16) 

The value of [V]tot was reported by Sender et al., (2021a; 2021b), to 
be 1 • 107 RNA copies per gram of tissue. It seems reasonable to assume 
that one RNA copy corresponds to one virion. In that case, the concen
tration of virions is 1 • 107 per gram of tissue. The density of tissues is 
1050 g/dm3 (IT’IS Foundation, 2021). Thus, the concentration of virions 
is 1.74• 10− 14 M. 

Table 1 
Binding phenomenological coefficients and Gibbs energies of binding of various SARS-CoV-2 strains. The reference column gives references from which the values of 
on-rate constant, kon, off-rate constant, koff, dissociation constant, KD, and temperature T were taken. In all the references, KD was calculated from kon and koff, using the 
equation KD = koff /kon. The data reported by Laffeber et al., (2021) and Augusto et al., (2021) were collected at 25 ◦C, while the data from Barton et al., (2021) were 
collected at 37 ◦C. These data were used to calculate the binding phenomenological coefficients, LB, binding constant, KB, and standard Gibbs energy of binding, ΔBG⁰, 
using equations (16)–(18), respectively. The LB values have been multiplied by 1018, to make comparison easier. Zhang et al., (2021) reported the dissociation 
equilibrium constant of the Omicron strain to be 8.85 nM. Based on this value, equation (17) was used to determine the binding constant, KB, which was found to be 
1.13 • 10+8 M− 1. The binding constant was used to find standard Gibbs energy of binding, ΔBG⁰, which was found to be − 45.96 kJ/mol for the Omicron strain. 
Moreover, ΔBG⁰ values of all the strains are more negative at 25 ◦C than at 37 ◦C. This is in good agreement with the negative standard entropies of binding in Tables 2 
and 3, which give the temperature dependence of ΔBG⁰, according to the equation (∂G/∂T)p = - S (Atkins and de Paula, 2011, 2014).  

Mutations kon (M− 1s− 1) koff (s− 1) KD (M) T (◦C) Reference LB • 1018 (mol2 K /J s dm3) KB (M− 1) ΔBG⁰ (kJ/mol) 

Wild type (Hu-1) 4.50E+05 7.80E-03 1.70E-08 25 Laffeber et al., 2021 16.05 5.88E+07 − 44.35 
N501Y 5.70E+05 1.30E-03 2.40E-09 25 Laffeber et al., 2021 2.87 4.17E+08 − 49.20 
E484K 8.90E+05 1.10E-02 1.30E-08 25 Laffeber et al., 2021 24.27 7.69E+07 − 45.01 
K417 N 3.50E+05 2.40E-02 7.50E-08 25 Laffeber et al., 2021 55.07 1.33E+07 − 40.67 
E484K/N501Y 1.10E+06 1.50E-03 1.40E-09 25 Laffeber et al., 2021 3.23 7.14E+08 − 50.54 
K417 N/E484K/N501Y 7.60E+05 4.30E-03 5.80E-09 25 Laffeber et al., 2021 9.25 1.72E+08 − 47.01 
Wild type (Hu-1) 1.50E+05 3.20E-03 2.13E-08 25 Augusto et al. (2021) 6.70 4.69E+07 − 43.79 
E484K 1.60E+05 3.10E-03 1.97E-08 25 Augusto et al. (2021) 6.61 5.08E+07 − 43.98 
L452R/E484Q 7.20E+05 3.30E-03 4.60E-09 25 Augusto et al. (2021) 6.95 2.17E+08 − 47.59 
N440K 3.10E+05 3.10E-03 9.90E-09 25 Augusto et al. (2021) 6.44 1.01E+08 − 45.69 
Wild type (Hu-1) 9.00E+05 6.68E-02 6.26E-08 37 Barton et al. (2021) 118.20 1.60E+07 − 42.77 
K417 N 4.90E+05 1.77E-01 3.49E-07 37 Barton et al. (2021) 358.76 2.87E+06 − 38.34 
K417T 5.50E+05 1.26E-01 2.26E-07 37 Barton et al. (2021) 260.77 4.42E+06 − 39.46 
S477 N 8.10E+05 3.48E-02 4.26E-08 37 Barton et al. (2021) 72.39 2.35E+07 − 43.76 
E484K 1.54E+06 8.18E-02 5.26E-08 37 Barton et al. (2021) 169.94 1.90E+07 − 43.22 
N501Y (Alpha) 1.59E+06 1.11E-02 5.50E-09 37 Barton et al. (2021) 18.35 1.82E+08 − 49.04 
K417 N/E484K 1.02E+06 2.51E-01 2.51E-07 37 Barton et al. (2021) 537.10 3.98E+06 − 39.19 
K417T/E484K 1.10E+06 1.68E-01 1.47E-07 37 Barton et al. (2021) 339.23 6.80E+06 − 40.57 
E484K/N501Y (UK2) 2.33E+06 1.18E-02 3.70E-09 37 Barton et al. (2021) 18.09 2.70E+08 − 50.06 
K417 N/E484K/N501Y (Beta) 1.46E+06 2.91E-02 1.74E-08 37 Barton et al. (2021) 53.29 5.75E+07 − 46.07 
K417T/E484K/N501Y (Gamma) 1.56E+06 2.11E-02 1.22E-08 37 Barton et al. (2021) 39.93 8.20E+07 − 46.99  
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2.2. Binding constants and Gibbs energies of binding 

Dissociation constants were used to calculate binding constants, KB, 
using the equation (Du et al., 2016) 

KB =
1

KD
(17) 

The binding constants were used to find Gibbs energy of binding, 
ΔBG⁰, using the equation (Du et al., 2016) 

ΔBG0 = − RgT ln KB (18)  

2.3. Enthalpies and entropies of binding 

Binding constants were used to determine enthalpies of binding, 
using the Van ‘t Hoff equation. Van ‘t Hoff equation states that the 
temperature dependence of the binding constant is proportional to the 
standard enthalpy of binding, ΔBH⁰ 

d
dT

ln KB =
ΔBH0

RgT2 (19)  

where Rg is the universal gas constant and T is temperature (Atkins and 
de Paula, 2011). Binding constants, KB, from Table 1 were used to 
calculate enthalpies of binding, ΔBH, using the Van ‘t Hoff equation. 
First, for every strain, natural logarithms were taken of KB, at 25 and 
37 ◦C. Then, ln(KB) were plotted as a function of temperature for every 
strain, resulting in Van ‘t Hoff plots. Van ‘t Hoff plots for the Wild type 
and E484K strain are shown in Fig. 3. Through the plotted data, linear 
functions were fitted for every strain. The slopes of the fitted functions 
correspond to d[ln(KB)]/dT term in the Van ‘t Hoff equation (19). Thus, 
using equation (19), the slopes of the fitted functions were used to find 
ΔBH at 25 ◦C and 37 ◦C. 

The calculated enthalpies of binding were combined with Gibbs 
energies of binding, to find entropies of binding, ΔBS. Enthalpies of 
binding, ΔBH, have been calculated using the Van ‘t Hoff equation (19), 
at 25 ◦C and 37 ◦C. Gibbs energies of binding, ΔBG, have been calculated 
at 25 ◦C and 37 ◦C, using equations (17) and (18), based on literature KD 
data. The ΔBH and ΔBG data were combined to find ΔBS at 25 ◦C and 
37 ◦C, using the equation (Atkins and de Paula, 2011) 

ΔBG0 =ΔBH0 − TΔBS0 (20) 

The values of ΔBH, ΔBS and ΔBG were calculated at 25 ◦C and 37 ◦C 
(Atkins and de Paula, 2011). 

2.4. Input parameters 

Dissociation constants, on-rate constants and off-rate constants were 
taken from Augusto et al., (2021), Barton et al., (2021) and Laffeber 
et al., (2021). The data reported by Augusto et al., (2021), and Laffeber 
et al., (2021) are at 25 ◦C, while the data by Barton et al., (2021) are at 
37 ◦C. The data by Auguesto et al., (2021) were collected using Biolayer 
Interferometry. Barton et al., (2021) and Laffeber et al., (2021) used 
surface plasmon resonance. Zhang et al., (2021) reported the dissocia
tion constant for the Omicron (B.1.1.529) strain, which was measured 
using surface plasmon resonance. 

3. Results 

Using the described methodology, binding phenomenological co
efficients, LB, binding constants, KB, and standard Gibbs energies of 
binding, ΔBG⁰, were calculated, for various SARS-CoV-2 strains. They 
are given in Table 1. Binding phenomenological coefficients, LB, were 
calculated using equation (16), KB using equation (17) and ΔBG⁰ using 
equation (18). The analyzed strains include Hu-1 (Wild type), B.1.1.7 
(Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617 (Delta) and B.1.36. 

Moreover, standard enthalpies, ΔBH⁰, and entropies, ΔBS⁰, of binding 
were calculated and are given in Tables 2 and 3. The data have been 
calculated at 25 ◦C and 37 ◦C. 

The data in Table 1 shows that every mutation leads to change in the 
binding phenomenological coefficient, binding constant, as well as 
Gibbs energy, enthalpy and entropy of binding. Some mutations lead to 
increase in LB, while other mutations lead to decrease in LB. The LB 
values greatly depend on temperature, because they include the kinetic 
factors, which strongly depend on temperature (Demirel, 2014). The LB 
values at 37 ◦C are an order of magnitude greater than those at 25 ◦C. 

Binding constants of all strains were found to decrease with tem
perature. For all strains, binding constants at 37 ◦C are lower than at 
25 ◦C (Table 1). This is in accordance with the negative enthalpies of 
binding, reported in Table 2. Negative enthalpy of binding, through the 
Van ‘t Hoff equation (19), implies that the binding constant will decrease 
as temperature increases. 

Gibbs energies of binding were found to become less negative at 
higher temperatures, implying less thermodynamically favorable 
antigen-receptor binding. Gibbs energies of binding in Table 1 were 
found to slightly decrease with temperature. This is in good agreement 
with enthalpies and entropies of binding, given in Tables 2 and 3 Ta
bles 2 and 3 give standard enthalpies and entropies of binding of SARS- 
CoV-2 strains, at 25 ◦C and 37 ◦C, respectively. Standard enthalpies of 
binding, ΔBH, were calculated using the Van ‘t Hoff equation (19). The 
calculated ΔBH were then combined with ΔBG values to find ΔBS, using 
equation (20). Entropies of binding are negative, due to the decrease in 
the number of independent particles during receptor-antigen binding. 
The negative entropy of binding implies that Gibbs energy of binding 
will be less negative at higher temperatures. Moreover, this is in good 
agreement with the decrease in binding constants with temperature, 
since Gibbs energy of binding and binding constants are related through 
equation (18). Thus, antigen-receptor binding becomes less thermody
namically favorable as the temperature increases. 

Antigen-receptor binding is a simple process, similar to protein- 
ligand binding (Du et al., 2016; Popovic and Popovic, 2022). It occurs 
in only one step, which can be described using reaction (1) (Du et al., 
2016; Popovic and Popovic, 2022). Thus, analogously to protein-ligand 
binding, antigen-receptor binding is characterized by a set of thermo
dynamic properties of binding, including standard enthalpy of binding, 
ΔBH⁰, standard entropy of binding, ΔBS⁰, and standard Gibbs energy of 
binding, ΔBG⁰ (Gale, 2021, 2020, 2019). A particular set of thermody
namic properties of binding is characteristic of every virus species or 
strain (Popovic and Popovic, 2022). Since the binding process is a simple 
process, it is not coupled to other processes such as ATP hydrolysis 
(Gale, 2021, 2020, 2019). Thus, for the binding process to occur spon
taneously, Gibbs energy of binding must be negative. This is confirmed 
by the data in Table 1. Gibbs energy of binding is negative for all 
considered strains. 

Table 2 
Standard Gibbs energies, ΔBG⁰(37 ◦C), enthalpies, ΔBH⁰(37 ◦C), and entropies, 
ΔBS⁰(37 ◦C), of binding at 37 ◦C of spike protein to the ACE2 receptor, for 
various SARS-CoV-2 strains. ΔBH⁰(37 ◦C) values were calculated using the van’t 
Hoff equation (19), from the experimental KB data (Table 1). ΔBG⁰(37 ◦C) values 
were calculated from KB values in Table 1, using equation (18). Calculated ΔBH⁰ 
(37 ◦C) and ΔBG⁰(37 ◦C) values were combined to find ΔBS⁰(37 ◦C) values, using 
equation (20). All the data are at 37 ◦C.  

Mutations ΔBG⁰(37 ◦C) (kJ/ 
mol) 

ΔBH⁰(37 ◦C) (kJ/ 
mol) 

ΔBS⁰(37 ◦C) (J/ 
mol K) 

Wild type (Hu-1) − 42.77 − 79.34 − 117.90 
E484K − 43.22 − 79.34 − 116.45 
N501Y − 49.04 − 55.27 − 20.08 
E484K/N501Y − 50.06 − 64.77 − 47.42 
K417 N/E484K/ 

N501Y 
− 46.07 − 73.22 − 87.53 

K417 N − 38.34 − 102.47 − 206.79  
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Gibbs energy of binding has an enthalpic and entropic component, as 
can be seen from equation (20) (Gale, 2020). The enthalpic component 
originates from interactions between the active sites of the antigen and 
receptor proteins. Since these interactions are energetically favorable, 
enthalpy of binding is negative (Atkins and de Paula, 2011). On the 
other hand, during binding, the number of free particles decreases, 
implying a decrease in entropy (Atkins and de Paula, 2011). Namely, in 
reaction (1), two reactant molecules (A standing for SGP and R standing 
for ACE2) combine into one product molecule (SGP-ACE2 complex). 
Thus, the total number of molecules decreases during the reaction. A 
reaction decreasing the number of free particles has a negative entropy 
change (Atkins and de Paula, 2011). 

The negative entropy changes are also in agreement with the tem
perature dependence of Gibbs energy. Most biological processes occur at 
constant pressure. Under constant pressure, p, entropy determines the 
temperature dependence of Gibbs energy, according to the well-known 

equation (∂G/∂T)p = - S (Atkins and de Paula, 2011, 2014). Thus, since 
all standard entropies of binding in Tables 2 and 3 are negative, standard 
Gibbs energy of binding should become less negative with temperature. 
This can indeed be observed from the data in Tables 2 and 3 

Figs. 1 and 2 show Gibbs energies of binding and binding phenom
enological coefficients of SARS-CoV-2 strains at 37 ◦C and 25 ◦C, 
respectively. The data in both figures shows the same general trend: 
curves representing Gibbs energies of binding and binding phenome
nological coefficients behave in the same way. Both curves rise and fall 
at the same places. However, Gibbs energy of binding and the binding 
phenomenological coefficient are two independent properties. 

Zhang et al., (2021) reported the dissociation equilibrium constant of 
the SARS-CoV-2 Omicron strain to be 8.85 nM. Based on this value, 
equation (17) was used to determine the binding constant, KB, to be 1.13 
• 10+8 M− 1. The binding constant was used to find standard Gibbs en
ergy of binding, ΔBG⁰, which was found to be − 45.96 kJ/mol, using 
equation (18). 

4. Discussion 

Various SARS-CoV-2 strains were observed epidemiologically to 
fight each other for survival (Nextstrain, 2021; Hadfield et al., 2018). 
This fight is a consequence of competition for resources (Popovic and 
Minceva, 2021a, 2020b). A virus that has a competitive advantage ob
tained through a mutation can suppress its predecessor with less 
favorable mutations or the original strain. The original Hu-1 virus has 
spread very fast and led to a pandemic. Before mutations appeared and 
with them new strains, Hu-1 didn’t have a competitor strain. Unfortu
nately, SARS-CoV-2 has showed a tendency to mutate. This led to 
appearance of multiple strains with a single or multiple mutations, 
mostly on the spike protein gene (Nextstrain, 2021; Hadfield et al., 
2018). Mutations lead to changes in binding kinetics (Augusto et al., 
2021; Barton et al., 2021; Laffeber et al., 2021). To fully utilize the data 
on dissociation constants, kon and koff, it is necessary to know other ki
netic and thermodynamic properties, including binding phenomeno
logical coefficients, enthalpies of binding, entropies of binding and 
Gibbs energies of binding. Antigen-receptor binding represents a 
chemical reaction. Gibbs energy of binding is of particular importance, 
since Gibbs energy is the driving force of all chemical reactions (Demi
rel, 2014; Atkins and de Paula, 2014, 2011). Change in enthalpy is 
important because is shows the temperature dependence of the process 
(Atkins and de Paula, 2014, 2011). However, binding phenomenological 

Table 3 
Standard Gibbs energies, ΔBG⁰(25 ◦C), enthalpies, ΔBH⁰(25 ◦C), and entropies, 
ΔBS⁰(25 ◦C), of binding at 25 ◦C of spike protein to the ACE2 receptor, for 
various SARS-CoV-2 strains. Enthalpies of binding were calculated using the Van 
‘t Hoff equation (19) from the experimental KB data (Table 1). ΔBG⁰(25 ◦C) 
values were calculated from KB values in Table 1, using equation (18). ΔBH⁰ 
(25 ◦C) and ΔBG⁰(25 ◦C) values were combined to find ΔBS⁰(25 ◦C) values, using 
equation (20). The “Reference” column contains sources from which the KB data 
were taken to find ΔBG⁰(25 ◦C) values. All the data are at 25 ◦C.  

Mutation Reference ΔBG⁰(25 ◦C) 
(kJ/mol) 

ΔBH⁰(25 ◦C) 
(kJ/mol) 

ΔBS⁰(25 ◦C) 
(J/mol K) 

Wild type 
(Hu-1) 

Laffeber et al., 
2021 

− 44.35 − 73.31 − 97.16 

Wild type 
(Hu-1) 

Augusto et al. 
(2021) 

− 43.79 − 73.31 − 99.04 

E484K Laffeber et al., 
2021 

− 45.01 − 73.31 − 94.93 

E484K Augusto et al. 
(2021) 

− 43.98 − 73.31 − 98.39 

N501Y Laffeber et al., 
2021 

− 49.20 − 51.07 − 6.29 

E484K/ 
N501Y 

Laffeber et al., 
2021 

− 50.54 − 59.86 − 31.26 

K417 N/ 
E484K/ 
N501Y 

Laffeber et al., 
2021 

− 47.01 − 67.66 − 69.26 

K417 N Laffeber et al., 
2021 

− 40.67 − 94.70 − 181.22  

Fig. 1. Gibbs energies of binding and binding 
phenomenological coefficients, LB, of SARS-CoV-2 
strains and their dates of first isolation. The blue tri
angles ( ) represent Gibbs energies of binding, while 
the orange circles ( ) represent LB coefficients. All 
binding phenomenological coefficient values were 
multiplied by 1018 to make the presentation simpler. 
Both Gibbs energies of binding and binding 
phenomenological coefficients are at 37 ◦C. ΔBG⁰ 
(37◦C) represents standard Gibbs energy of binding at 
37 ◦C, with unit concentrations and at a pressure of 
105 Pa (IUPAC, 1997). ΔBG⁰(37◦C) is the standard 
Gibbs energy change of reaction (1). ΔBG⁰(37◦C) is 
related to the binding equilibrium constant at 37 ◦C, 
through the equation ΔBG⁰(37◦C) = - Rg ⋅ (310.15 K) ⋅ 
ln[KB(37 ◦C)]. (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. Gibbs energies of binding and binding 
phenomenological coefficients, LB, of SARS-CoV-2 
strains and their dates of first isolation. The blue tri
angles ( ) represent Gibbs energies of binding, while 
the orange circles ( ) represent binding phenome
nological coefficients. All binding phenomenological 
coefficient values were multiplied by 1018 to make 
the presentation simpler. Both Gibbs energies of 
binding and binding phenomenological coefficients 
are at 25 ◦C. ΔBG⁰(25◦C) represents standard Gibbs 
energy of binding at 37 ◦C, with unit concentrations 
and at a pressure of 105 Pa (IUPAC, 1997). ΔBG⁰ 
(25◦C) is the standard Gibbs energy change of reac
tion (1). ΔBG⁰(25◦C) is related to the binding equi
librium constant at 37 ◦C, through the equation ΔBG⁰ 
(25◦C) = - Rg ⋅ (298.15 K) ⋅ ln[KB(25 ◦C)]. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 3. Van’t Hoff plots for antigen-receptor binding of SARS-CoV-2 strains: (a) Wild type and (b) E484K. The blue dots ( ) represent experimental data, while the 

blue dotted lines ( ) represent the linear fits. The equations for each fit are given in the top right corner. (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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coefficients also play a significant role in antigen-receptor binding 
(Popovic and Minceva, 2021a). 

In this paper, for the first time, calculated binding phenomenological 
coefficients were presented. This opens an opportunity to calculate the 
rate of binding of the wild type virus and other mutant strains. Greater 
rate of binding and entry into host cells gives an advantage to one of the 
competing strains, allowing it to multiply faster. This results in domi
nation or complete suppression (interference) of one of the competing 
strains (Popovic and Popovic, 2022; Popovic and Minceva, 2021a). 
Thus, knowledge of binding rates can explain the appearance of inter
ference between the strains of a single virus or interference between 
different virus species (Popovic and Popovic, 2022; Popovic and Min
ceva, 2021a). 

Infectivity and infection outcome of SARS-CoV-2 depend on sus
ceptibility and permissiveness (Hou et al., 2017; Kwiatkowski, 2000). 
Susceptibility depends on rate of binding of the viral antigen to the re
ceptor (Kwiatkowski, 2000; Hickson and Roberts, 2014). The rate of 
binding to the receptor is essentially a chemical reaction rate. The rate of 
the chemical reaction depends, according to the phenomenological 
equation (12), on several factors: temperature, Gibbs energy of binding 
and binding phenomenological coefficient (Demirel, 2014). 

The first factor is temperature (Demirel, 2014; Atkins and de Paula, 
2014, 2011). In this paper, properties were determined at two temper
atures: standard 25 ◦C and physiological 37 ◦C. They are presented in 
Tables 1–3 and Figs. 1 and 2. Physiological temperature is important for 
application in life sciences and medicine, while standard temperature is 
important in natural sciences. The temperature dependence of binding 
rate is taken into account by the binding phenomenological coefficient, 
LB (Demirel, 2014). The LB coefficient depends on kon, according to 
equation (16), while kon itself depends on temperature, according to the 
Arrhenius equation (Atkins and de Paula, 2014, 2011). 

The second factor is the Gibbs energy of binding (Demirel, 2014). 
Gibbs energy of binding of various strains of SARS-CoV-2 (every strain 
characterized with its mutations) are also given in Tables 1–3 and Figs. 1 
and 2. Mutations lead to changes in empirical formulas of viruses. 
Changes in virus empirical formulas lead to changes in Gibbs energy. As 
a rule, strains with greater infectivity are characterized by more nega
tive Gibbs energy of binding (Khan et al., 2021a, 2021b). The results of 
this research are in agreement with those of Han et al., (2021), who 
found that the difference in Gibbs energies of binding between Hu-1 and 
501Y (ΔΔBG) is between 10.61 kJ/mol and 19.97 kJ/mol. 

The third factor required to calculate the rate of antigen-receptor 
binding is the binding phenomenological coefficient, LB (Demirel, 
2014). The calculated LB values are given in Table 1, and Figs. 1 and 2. 
To the extent of authors’ knowledge, phenomenological coefficients 
have been published in the literature only for plants (Popovic and 
Minceva, 2021b). Knowing these three parameters, it is relatively simple 
to calculate the binding rate for various strains of viruses. However, to 
accurately find virus binding rates, it is necessary to have data on virus 
and ACE2 concentrations. In this work, the results obtained for the 
binding phenomenological coefficients show that, except for Gibbs en
ergy which was expectable, binding phenomenological coefficients also 
change with mutations. Thus, it is not enough to just know the Gibbs 
energy of binding or the binding constant, to estimate the rate of entry of 
viruses into host cells and infectivity. 

The discussion in this paper uses standard Gibbs energy of binding, 
ΔBG⁰, to approximate Gibbs energy of binding, ΔBG. This approximation 
stems from two assumptions, on which the discussion is based.  

1. Concentration of ACE2 receptors is approximately equal in all host 
organisms.  

2. A minimum inoculation dose exists, required to start an infection. A 
small number of viruses is not able to make an infection. The mini
mum dose is expressed through the concentration of the viruses in 
the inoculum. Since this analysis is theoretical, we will assume that 
the inoculum size is the same for all strains. This means that all 

strains in the inoculum have the same concentration. This assump
tion is supported by (Sender et al., 2021a, 2021b). 

These two assumptions have been introduced to remove the influ
ence of virion and receptor concertation, and enable to use ΔBG⁰ to 
calculate binding rates. Reaction Gibbs energy depends on two proper
ties: the chemical nature of reactants and products, and the conditions in 
the reaction mixture (Atkins and de Paula, 2014, 2011). The chemical 
nature of reactants and products is taken into account by standard re
action Gibbs energy (Atkins and de Paula, 2014, 2011). On the other 
hand, the conditions in the reaction mixture are taken into account by 
the reaction quotient, Q (Atkins and de Paula, 2014, 2011). Thus, the 
reaction Gibbs energy is given by the equation (Atkins and de Paula, 
2014, 2011) 

ΔrG=ΔrG0 + RgT ln Q (21) 

The reaction quotient takes into account the reactant and product 
concentrations, and intermolecular forces between reaction participants 
(Atkins and de Paula, 2014, 2011). The reaction quotient is hence 
defined through concentrations, C, activity coefficients, γ, and stoi
chiometric coefficients, ν, of reactants and products 

Q=
∏

i
(C⋅γ)ν (22)  

where the product is over all reaction participants (Atkins and de Paula, 
2014, 2011). Thus, the reaction quotient, Q, describes conditions in the 
reaction mixture, the influence of which on biological processes has 
been studied in detail by Meurer et al., (2016, 2017), Wangler et al., 
(2018) and Greinert et al., (2020a, 2020b). In this work, strains of 
SARS-CoV-2 are considered, which are very similar and use the same 
receptor. Thus, it is reasonable to make assumptions (1) and (2), which 
simplify equation (21) into ΔBG ≈ ΔBG⁰. This means that the Gibbs 
energies of binding of the viruses are mostly dependent on the nature of 
their spike proteins, quantified by the standard Gibbs energy of binding 
ΔBG⁰. Thus, standard Gibbs energy of binding is required to find the 
influence of mutations on virus entry into host cells and infectivity. 
Similar assumptions, about approximating ΔBG with ΔBG⁰, have been 
applied in the past, when discussing processes involving multiplication 
of viruses (Popovic and Minceva, 2020a, 2020b, 2021a; Popovic and 
Popovic, 2022) and other microorganisms (von Stockar and Liu, 1999; 
Von Stockar et al., 2013), as well as plant growth (Popovic and Minceva, 
2021b). 

Another point that needs to be addressed is application of the linear 
phenomenological equation (12) to the binding process. The linear 
phenomenological equation is applicable in the linear region of 
nonequilibrium thermodynamics, where driving forces of processes are 
small (Demirel, 2014). While this criterion is fulfilled for most processes 
of heat transfer and diffusion, they are not necessarily met in all 
chemical reactions (Demirel, 2014). Thus, the application of the linear 
phenomenological equation (12) needs to be justified. There are four 
reasons that make the linear phenomenological equation a good choice 
for studying antigen-receptor binding. First, antigen-receptor binding 
has already been studied using the linear phenomenological equation 
(Popovic and Minceva, 2021a; Popovic and Popovic, 2022). Second, 
linear phenomenological equations have been used to study other pro
cesses involving viruses, like their multiplication in the host cell cyto
plasm (Popovic and Minceva, 2020a, 2020b; 2021a). Third, linear 
phenomenological equations have been successfully applied to other 
processes involving microorganisms (Westerhoff et al., 1982; Helling
werf et al., 1982; Von Stockar, 2013a; Demirel, 2014) and plant growth 
(Popovic and Minceva, 2021b). Finally, fourth, linear phenomenological 
equation is a simplification of the more complex bridge equation (9) of 
nonequilbrium thermodynamics, which describes the dependence of 
chemical reaction rate on its driving force (Demirel, 2014, Section 3.9). 
The simplification can be used when the driving force is not very high, 
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that is in the linear region (Demirel, 2014). However, both the general 
and simplified equations lead to same conclusions: chemical reaction 
rate is proportional to its driving force (Demirel, 2014). Thus, using the 
more complex bridge equation (9) would yield no fundamentally 
different conclusions, but would make the mathematical treatment 
much more complicated. 

Gibbs energies of binding are negative for all analyzed strains, 
implying spontaneous antigen-receptor binding. In case two virus strains 
appear at the same time and place, the strain characterized by a more 
negative Gibbs energy has an advantage when entering the host cell. 
However, according to equation (12), the rate of entry depends not only 
on Gibbs energy of binding, but also on the binding phenomenological 
coefficient. Thus, at a given temperature, a virus with a more optimal 
combination of Gibbs energy of binding and binding phenomenological 
coefficient will dominate. 

Table 4 gives binding rates of various SARS-CoV-2 strains. The cal
culations were made at room and physiological temperatures, using 
equation (12). The table shows that the rate of binding changes differ
ently with various mutations. Some mutations lead to increase in 
binding rate, while others lead to decrease in binding rate. Moreover, 
the binding rate strongly depends on temperature. A comparison can be 
made between the Wild type and Beta strains. At physiological tem
peratures, the calculated binding rates are 162.99 M/s for the Wild type 
and 443.48 M/s for the Beta strain. Obviously, due to greater binding 
rate, the beta strain has an advantage, enabling it to suppress the orig
inal Hu-1 strain, though interference. A similar situation appears, when 
we consider the binding rates of the original Hu-1 strain and P.1 strain. 
The strain with the mutation K417T/E484K has a binding rate of 443.72 
M/s, while the strain with just the K417T mutation has a binding rate of 
331.77 M/s. Other strains have a lower binding rate. 

The results of this research are in agreement with those of Barton 
et al., (2021), who found that various changes in Gibbs energy of 
binding correspond to different strategies used by viruses. Some muta
tions lead to more negative Gibbs energy of binding and hence increase 
in binding rate. However, other mutations lead to less negative in Gibbs 
energy of binding, but also to decrease in binding rate. The explanation 
of this phenomenon was given by Barton et al., (2021). Some mutations 
lead to increased binding affinity and hence more efficient transmission 
(Barton et al., 2021). Other mutations lead to decreased binding affinity, 

which facilitates immune escape (Barton et al., 2021). The same prin
ciple most likely applies to binding rates. Some viruses bind faster to 
host cells, but also to antibodies. On the other hand, others bind less 
effectively to both, meaning that they transmit slower but also better 
avoid immune response. 

Except for susceptibility, permissiveness influences the size of 
infective reservoir, contributing to greater infectivity. Permissiveness 
depends on the virus multiplication rate. Virus multiplication represents 
a chemical process of polymerisation, including nucleic acid and protein 
synthesis. The rate of polymerisation depends on Gibbs energy of growth 
(Popovic and Minceva, 2020a). Growth rate of microorganisms depends 
on their Gibbs energy of growth (Hellingwerf et al., 1982; Westerhoff 
et al., 1982; Von Stockar et al., 2013; Demirel, 2014). The dependence of 
growth rate, rg, on Gibbs energy of growth, ΔgG, is given by the growth 
phenomenological equation 

rg = −
Lg

T
ΔgG (23)  

where Lg is the growth phenomenological coefficient (Popovic and 
Minceva, 2020a, 2020b, 2021a; Von Stockar, 2013a, 2013b; Demirel, 
2014; Hellingwerf et al., 1982; Westerhoff et al., 1982). Both the growth 
phenomenological equation (23) and binding phenomenological equa
tion (12) belong to the general family of phenomenological equations 
(Demirel, 2014). ΔgG is the Gibbs energy change of growth the growth 
reaction describing the growth of the virus (Popovic and Minceva, 
2020a, 2020b; 2021a). 

Microorganisms grow through multiplication of cells, through 
chemical reactions of polymerisation and biosynthesis. In a similar way, 
viruses also grow through multiplication and reactions of polymerisa
tion. The building blocks and biosynthesis pathways are obtained by 
hijacking their host cell’s metabolism (Popovic and Minceva, 2020a). 
Thus, mechanism of the growth rate and its dependence on Gibbs energy 
is universal for all microorganisms, including viruses (Popovic and 
Minceva, 2020a; Popovic, 2019). In the literature, it was not possible to 
find data on mutations of different strains of SARS-CoV-2, except for the 
spike protein. Thus, for now, it was not possible to determine the po
tential influence of mutations on other parts of the SARS-CoV-2 genome, 
including those encoding other proteins. These mutations would not 
affect binding, but would influence chemical composition and thermo
dynamic properties of growth. 

Under laboratory conditions, at 25 ◦C, similar tendencies have been 
found as at 37 ◦C. The binding rate changes, depending on change in 
Gibbs energy of binding and binding phenomenological coefficients. 
Some mutations lead to increase in binding rate, for example K417 N. 
Notice that at 37 ◦C, K417 N mutation also leads to increase in binding 
rate. However, the mutation N501Y leads to a decrease in binding rate at 
25 ◦C, compared to the wild type, as can be seen from Table 4. The same 
phenomenon can be seen at 37 ◦C. 

The Gibbs energy of binding of the Omicron strain is slightly more 
negative than that of the wild type, both at 25 ◦C and 37 ◦C (Table 1). 
However, the binding rate could not be calculated in this research, 
because no data was available on the LB coefficient of the Omicron 
strain. 

As can be seen from the discussion above, it seems that except for 
knowing the nature and number of mutations, kon, koff and dissociation 
constants, KD, it is necessary to know other parameters, like binding 
constants, KB, enthalpies of binding, ΔBH, entropies of binding ΔBS, 
Gibbs energies of binding, ΔBG, and binding phenomenological co
efficients, LB. Since all parameters change with appearance of new 
mutations, it is necessary to know all parameters that can influence the 
rate of binding. 

5. Conclusions 

Antigen-receptor binding is a complex phenomenon, which depends 

Table 4 
Binding rates, rB, calculated at 25 ◦C and 37 ◦C. An assumption was made that 
the inoculum size is the same for all strains. The rates were calculated using 
equation (12), with the L and ΔBG⁰ values from Table 1.  

Mutations Reference T (◦C) rB • 1019 (M/s) 

At 25◦C 
Wild type (Hu-1) Laffeber et al., 2021 25 22.95 
N501Y Laffeber et al., 2021 25 4.55 
E484K Laffeber et al., 2021 25 35.23 
K417 N Laffeber et al., 2021 25 72.21 
E484K/N501Y Laffeber et al., 2021 25 5.26 
K417 N/E484K/N501Y Laffeber et al., 2021 25 14.02 
Wild type (Hu-1) Augusto et al. (2021) 25 9.46 
E484K Augusto et al. (2021) 25 9.38 
L452R/E484Q Augusto et al. (2021) 25 10.66 
N440K Augusto et al. (2021) 25 9.48 
At 37◦C 
Wild type (Hu-1) Barton et al. (2021) 37 162.99 
K417 N Barton et al. (2021) 37 443.48 
K417T Barton et al. (2021) 37 331.77 
S477 N Barton et al. (2021) 37 102.14 
E484K Barton et al. (2021) 37 236.80 
N501Y (Alpha) Barton et al. (2021) 37 29.01 
K417 N/E484K Barton et al. (2021) 37 678.65 
K417T/E484K Barton et al. (2021) 37 443.72 
E484K/N501Y (UK2) Barton et al. (2021) 37 29.19 
K417 N/E484K/N501Y Barton et al. (2021) 37 79.17 
K417T/E484K/N501Y 

(Gamma) 
Barton et al. (2021) 37 60.49  
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on multiple factors: kon, koff, dissociation constants, KD, binding con
stants, KB, enthalpies of binding, ΔBH, entropies of binding ΔBS, Gibbs 
energies of binding, ΔBG, and binding phenomenological coefficients, 
LB. With appearance of mutations in SARS-CoV-2, all these properties 
change. Thus, to correctly estimate the influence of mutations on 
infectivity and spreading of the pandemic, it is necessary to know all 
these parameters. As a rule, mutations lead to decrease in Gibbs energy 
of binding, making the process more spontaneous. The change in bind
ing phenomenological coefficient is related to change in composition of 
the viral S-protein. It seems that changes in Gibbs energy and binding 
rate correspond to epidemiological observations during the pandemic. 
The results of this research confirm the hypothesis that some mutations 
lead to decrease in Gibbs energy of binding and increase in binding rate, 
while other mutations lead to avoiding immune response. Both mech
anisms contribute to greater infectivity of mutated strains. 
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List of symbols 

A Free virus antigen (spike glycoprotein, SGP) 
[A] Concentration of the free virus antigen 
[A]eq Concentration of the free virus antigen at equilibrium 
AR Antigen-receptor complex (SGP-ACE2 complex) 
[AR] Concentration of the antigen-receptor complex 
[AR]eq Concentration of the antigen-receptor complex at equilibrium 
C Concentration of a substance 
KD Dissociation equilibrium constant 
KB Binding equilibrium constant 
kon Forward rate constant (on-rate constant, association rate 

constant) 
koff Backward rate constant (off-rate constant, dissociation rate 

constant) 
LB Binding phenomenological coefficient 
Lg Growth phenomenological coefficient 
Q Reaction quotient 
R Free host cell receptor (ACE2) 
[R] Concentration of the free host cell receptor 
[R]eq Concentration of the free host cell receptor at equilibrium 
Rg Universal gas constant 
rB Overall binding rate (difference of forward and backward 

binding rates) 
rg Growth (multiplication rate) 
ron Forward binding reaction rate 
ron

eq Forward binding reaction rate at equilibrium 
roff Backward binding reaction rate 
roff

eq Backward binding reaction rate at equilibrium 
T Temperature 
[V]tot Total virus particle concentration in the organism 
γ Activity coefficient 
ΔBG Gibbs energy of binding (dependent on temperature and 

concentrations, at pressure of 105 Pa) 
ΔBG⁰ Standard Gibbs energy of binding (dependent on temperature, 

at pressure of 105 Pa, at unit concentrations) 
ΔgG Gibbs energy of growth (multiplication) 
ΔBH⁰ Standard enthalpy of binding (dependent on temperature, at 

pressure of 105 Pa, at unit concentrations) 
ΔBS⁰ Standard entropy of binding (dependent on temperature, at 

pressure of 105 Pa, at unit concentrations) 
ν Stoichiometric coefficient 
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