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“The scientist understands nothing except the reduction to the least and simplest 
basic laws possible; From them, however, he deduces the phenomena absolutely 
completely as necessary.” 

Carl Fridrich Gauss, Titan of Science 2004 

 

Today, the World Health Organization has declared a global health emergency, 
caused by the Monkeypox outbreak. In the monthly analysis for June, 3500 cases 
have been reported in 50 countries around the world. In the analysis for July, 
more than 30000 cases have been reported in 75 countries. Thus, in the circum-
stances of the continuing COVID-19 pandemic, the appearance and dynamics of 
spreading of Monkeypox is alarming. In this paper, for the first time, elemental 
composition of Poxvirus, Monkeypox virus, and Vaccinia virus have been report-
ed. Additionally, thermodynamic properties have been reported for nucleic acids, 
nucleocapsids, and entire virus particles. The similarity in chemical composition 
and thermodynamic properties of the analyzed viruses has been used to explain 
the crossed immunity to Poxviruses. Finally, binding thermodynamic properties 
have been reported for the Vaccinia virus. 
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Introduction 

Since early May 2022, cases of Monkeypox have been reported from countries 

where the disease is not endemic, and continue to be reported in several endemic countries 

[1]. Since 1 January and as of 22 June 2022, 31000 laboratory confirmed cases and one death 

have been reported to WHO from 50 countries/territories in five WHO Regions [2, 3]. With 

3000 cases in Germany, 9500 in the USA, 2900 in the UK, and 25 in Serbia, it is obvious that 

Monkeypox is beginning to represent a treat for the health system [2]. Thus, it is necessary to 

perform fundamental research on chemical, biological and biothermodynamic nature of the 

Monkeypox virus, as well as interactions of the virus with host cells. 

_____________ 
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Viruses represent biological agents [4, 5]. However, viruses also represent chemical sys-

tems [5-7] and biothermodynamic systems [8-10]. Viruses interact with host cells [11-16]. The 

interaction is performed at the cell membrane (antigen-receptor binding) [11-14, 17]. Virus-host 

interactions also occur in the cytoplasm, when the virus hijacks the host cell metabolism [15]. 

Thermodynamics of virus-host interactions is very important [18]. During its life cy-

cle, a virus performs various chemical processes. Two of them are the most important: bind-

ing of the virus antigen to the host cell receptor and multiplication of the virus inside the cell. 

Binding represents a process similar to the protein-ligand interaction. On the other hand, virus 

multiplication represents a polymerization reaction of nucleotides into nucleic acids and ami-

no acids into proteins [9]. The driving force for the binding reaction is Gibbs energy of bind-

ing [7]. The driving force for growth of microorganisms is Gibbs energy of growth [19-24]. 

The driving force for multiplication of viruses is Gibbs energy of biosynthesis of the virus 

components [9, 15]. The driving force of growth of host cells is Gibbs energy of growth [19, 

20, 25]. Since growth and binding are nonequilibrium processes, in their analysis it is neces-

sary to use nonequilibrium thermodynamics [26, 27]. 

During the last several years, a great effort has been made to chemically and ther-

modynamically describe SARS-CoV-2 and other viruses [6, 11-16, 28-31], as well as the 

biothermodynamic background of their interactions [32]. Until now, Monkeypox and Vaccin-

ia viruses have not yet been thermodynamically characterized. 

The aim of this paper is to determine the elemental composition, empirical formula 

and biothermodynamic properties of binding and biosynthesis for Vaccinia and Monkeypox 

viruses. Moreover, the calculated values will be used to quantitatively describe virus-host 

interactions with the point of entry tissue.  

Methods 

Data sources 

Genetic sequences of the Monkeypox and Vaccinia viruses were obtained from the 

NCBI database [33]. The genetic sequence of the Monkeypox virus was found under the ac-

cession number ON983168. The genetic sequence of the Vaccinia (Buffalopox) virus was 

found under the accession number OK422496. The molecular composition of Poxviridae 

virions was taken from [4]. The molecular composition of the Vaccinia virus was taken from 

[34]. The dissociation constant of the Vaccinia virus was taken from [35]. Standard thermo-

dynamic properties of human host tissues were taken from [25]. 

Elemental composition of viral nucleic acid  

Based on the genetic sequences, elemental compositions of virus nucleic acids were 

calculated, using the atom counting method [10]. The atom counting method calculates the 

number of atoms of each element in a virus particle or its part, based on its genetic sequence, 

protein sequences, protein copy numbers and virus size [10]. The elemental composition of 

viral nucleic acids was determined from genetic sequences. The atom counting method was 

applied, using a custom-made computer program. More details on the atom counting method 

can be found in [10]. 

Elemental composition of entire virions and nucleocapsids 

Elemental composition of entire virions and nucleocapsids was calculated using the 

molecular composition method [10]. Viruses consist of four main kinds of molecules: nucleic 
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acids, proteins, lipids, and carbohydrates [4, 34]. Each of the four kinds of molecules has a 

different chemical composition, which is known [10]. Thus, the elemental composition of the 

virus particle can be found if the amounts of the four kinds of molecules are known [10]. Mo-

lecular composition of viruses is usually reported as mass fractions [4, 34]. Thus, molecular 

composition is first converted from mass fraction into mole fraction through the equation: 

 
   

   
X r

X

Y rY

w VIR / M X
x VIR

w VIR / M Y



    (1) 

where Mr(X) is the molar mass of the empirical formula of molecular component X, xX(VIR) 

and wX(VIR) are the mole fraction and mass fraction of molecular component X in the virion, 

respectively [10]. The summation is over all molecular components. Mole fractions of molec-

ular components are then used to find the empirical formula of viruses using the equation: 

 J X J

X

n x n X             (2) 

where nJ is the number of moles of element J in the virus empirical formula and nJ(X) is the 

number of moles of element J in the empirical formula of molecular component X [10]. The 

sum is over all molecular components of the virus. 

Standard thermodynamic properties of live matter 

Elemental composition of live matter was used to find standard thermodynamic 

properties of the Monkeypox and Vaccinia nucleic acids, as well as Poxviridae and Vaccinia 

entire virus particles (virions) and nucleocapsids. Standard enthalpy of formation of virus live 

matter was calculated using the Patel-Erickson equation, also known as Thornton’s rule. Ele-

mental composition of live matter can be used to find the number of electrons transferred to 

oxygen during its complete combustion, E, using the equation: 

C H O N P S4 2 0  5 6E n n n n n n          (3) 

where nC, nH, nO, nN, nP, and nS represent the number of carbon, hydrogen, oxygen, nitrogen, 

phosphorus, and sulfur atoms in the empirical formula of live matter, respectively [9, 24, 36, 

37]. The number of electrons E can be used to calculate standard enthalpy of combustion of 

live matter, ΔCH
0
(bio), using the Patel-Erickson equation [9, 24, 36-38]: 

 0 111 14C

kJ
H bio . E

C mol
 


     (4) 

where ΔCH
0
(bio) is the enthalpy change of the combustion reaction of live matter: 

 nC nH nO nN nP nS C H P S O 2

C 2 H 2 N 2 P 4 10 S 3

C H O N P S  +  + ¼  + 1¼  + 1½ – ½  O   

 CO  + ½  H O + ½  N  + ¼  P O  +  SO

n n n n n

n n n n n




   (5) 

Thus, Hess’s law can be used to convert standard enthalpy of combustion of live 

matter, ΔCH
0
(bio), into standard enthalpy of formation of live matter, ΔfH

0
(bio) [39, 40]: 
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A similar procedure can be used to find standard molar entropy of virus live matter, 

using the Battley equation. The Battley equation relates elemental composition of live matter 

to its standard molar entropy, Sm
0
(bio): 

 
 0

0 0 187 
m

m JJ
J

S J
S bio . n

a
              (7) 

where 0 ( )mS J  is standard molar entropy of element J, aJ number of atoms of element J in its 

standard state form and nJ is the number of atoms of element J in the empirical formula of the 

virus [9, 24, 41]. The Battley equation can be modified to give standard entropy of formation 

of live matter, ΔfS
0
(bio). This is done by replacing the coefficient +0.187 with -0.813 [41]: 

 
 0

0 0 813 
m

f JJ
J

S J
S bio . n

a
                  (8) 

Finally, ΔfS
0
(bio) can be combined with ΔfH

0
(bio), to find standard Gibbs energy of 

formation of live matter, ΔfG
0
(bio), using the equation [9, 24, 36]: 

     0 0 0 f f fG bio H bio T S bio         (9) 

Biosynthesis reactions 

Elemental composition of virus particles was used to construct biosynthesis reac-

tions of the Monkeypox and Vaccinia nucleic acids, as well as Poxviridae and Vaccinia entire 

virus particles (virions) and nucleocapsids. Biosynthesis reactions are macrochemical equa-

tions that quantify growth of organisms, describing conversion of nutrients into new live mat-

ter and other metabolic products [19, 20, 36, 42]. Biosynthesis reactions have been used to 

study a wide range of organisms, including bacteria [37], fungi [36, 42], algae [43], plants 

[44], and viruses [15-17]. Biosynthesis reactions for the analyzed viruses have the general 

form [9, 15-17]: 

   2 2

2 4 3 4 2 2 3Amino acid   O  HPO  HCO    SO  H O  H CObio                (10) 

Amino acids represent the carbon and energy source, and the nitrogen source [9, 15, 

16, 20]. Oxygen is the electron acceptor [9, 15, 16, 20]. The hydrogenphosphate ion is the 

phosphorus source, while the hydrogencarbonate ion is a part of the bicarbonate buffer that 

takes the produced H
+
 ions [9, 15, 16, 20], and (bio) denotes newly synthetized virus live 

matter [9, 15, 16, 20]. The sulfate ion takes excess sulfur, while H2CO3 takes oxidized carbon 

and excess H
+
 ions, as a part of the bicarbonate buffer [9, 15, 16, 20]. The stoichiometric co-

efficients for the biosynthesis reactions of the analyzed viruses are given in tab. 7. 

Standard thermodynamic properties of biosynthesis 

Standard thermodynamic properties of virus live matter can be combined with bio-

synthesis reactions, to find standard thermodynamic properties of biosynthesis [9, 19, 20]. 

Standard thermodynamic properties of biosynthesis are thermodynamic property changes 

accompanying biosynthesis reactions [9, 19, 20]. They include standard enthalpy of biosyn-

thesis, ΔbsH
0
, standard entropy of biosynthesis, ΔbsS

0
, and standard Gibbs energy of biosyn-

thesis, ΔbsG
0
 [9, 19, 20]. These properties can be found using the Hess’s law: 

0 0 0

products reactants

   bs f fH H H            (11) 
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where  represents a stoichiometric coefficient [39, 40]. Standard Gibbs energy of biosynthe-

sis, ΔbsG
0
 is of particular importance, since it represents the driving force of biosynthesis and 

is related to biosynthesis rate [9, 19, 20]. 

Standard thermodynamic properties of binding 

The dissociation process is the opposite of binding [9, 45]. Thus, dissociation equi-

librium constants are reciprocal of binding equilibrium constants [9, 45]. Thus, dissociation 

equilibrium constants were used to calculate binding equilibrium constants, KB, using the 

equation [9, 45]: 

1
B

D

K
K

             (14) 

The binding constants were used to find standard Gibbs energy of binding, ΔBG
0
, us-

ing the equation [9, 45]: 

0 lnB g BG R T K       (15) 

Results 

Elemental compositions of nucleic acids of the Monkeypox and Vaccinia viruses 

have been determined for the first time and are given in tab. 1. The empirical formula of the 

nucleic acid of the Monkeypox virus is CH1.2542O0.5759N0.3726P0.1017, while that of the Vaccinia 

virus nucleic acid is CH1.2542O0.5763N0.3729P0.1017. 

Elemental compositions of the virus nucleic acids were used to find for the first time 

standard thermodynamic properties of Monkeypox and Vaccinia virus nucleic acids. The 

results are given in tab. 2. Standard enthalpy of formation, ΔfH
0
, of the Monkeypox nucleic 

acid is –136.8 kJ/C-mol, while that of the Vaccinia nucleic acid is –136.9 kJ/C-mol. Standard 

molar entropies, o
mS , of the Monkeypox and Vaccinia nucleic acids are 34.9 J/C-mol K. 

Standard Gibbs energy of formation, ΔfG
0
, of the Monkeypox nucleic acid is –91.6 kJ/C-mol, 

while that of the Vaccinia nucleic acid is –91.7 kJ/C-mol. 

Elemental composition of virus live matter was used to construct biosynthesis reac-

tions for the analyzed viruses. The stoichiometric coefficients for the biosynthesis reactions 

are given in tab. 7.  

Table 1. Elemental composition of nucleic acids of Monkeypox and Vaccinia viruses 

Virus nC nH nO nN nP 

Monkeypox virus - DNA 1 1.2542 0.5759 0.3726 0.1017 

Vaccinia virus (Buffalopox) - DNA 1 1.2542 0.5763 0.3729 0.1017 

Table 2. Standard thermodynamic properties of formation of 
the nucleic acids of Monkeypox and Vaccinia viruses 

Virus ΔfH⁰ [kJ/C-mol] 
o
mS  [J/C-mol K] ΔfG⁰ [kJ/C-mol] 

Monkeypox virus -– DNA –136.8 34.9 –91.6 

Vaccinia virus (Buffalopox) – DNA –136.9 34.9 –91.7 
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Elemental compositions and standard thermodynamic properties of live matter were 

combined to calculate for the first time standard thermodynamic properties of biosynthesis of 

the Monkeypox and Vaccinia virus nucleic acids. Standard enthalpy of biosynthesis, ΔbsH
0
, of 

the Monkeypox nucleic acid was found to be –412.2 kJ/C-mol, while that of the Vaccinia 

nucleic acid is –413.2 kJ/C-mol. Standard entropy of biosynthesis, ΔbsS
0
, of the Monkey-

pox nucleic acid was found to be –78.1 kJ/C-mol, while that of the Vaccinia nucleic acid 

is –78.3 kJ/C-mol. Standard Gibbs energy of biosynthesis ΔbsG
0
 of the Monkeypox nucleic 

acid is –390.2, while that of the Vaccinia nucleic acid is –391.1 kJ/C-mol. The results are 

summarized in tab. 3. 

Similarly, elemental compositions were calculated for the first time, in the form of 

empirical formulas, for the entire Poxviridae family. The calculation was made for the entire 

virus particles (virions), including nucleic acids, proteins, lipids, and carbohydrates. The cal-

culation was also made for the nucleocapsid, consisting of nucleic acids and proteins. The 

results are given in tab. 4. The entire Poxviridae virion has the empirical formula 

CH1.5876O0.3008N0.2537P0.00223S0.00553. The nucleocapsid of a Poxviridae virion has the formula 

CH1.5618O0.3149N0.2733P0.00240S0.00596. The entire Vaccinia virion has the empirical formula 

CH1.5877O0.3232N0.2531P0.00371S0.00540, while its nucleocapsid has the formula 

CH1.5675O0.3357N0.2685P0.00394S0.00573. 

Standard thermodynamic properties of live matter were determined for the first time 

of Poxviridae entire virions and nucleocapsids. Standard enthalpy of formation of a Poxviri-

dae entire virion is –65.2 kJ/C-mol, while that of the nucleocapsid of Poxviridae is –67.4 kJ/ 

C-mol. Standard molar entropy of a Poxviridae entire virion is 30.8 J/C-mol K, while that of 

the nucleocapsid is 31.1 J/C-mol K. Standard Gibbs energy of formation of an entire Poxviri-

dae virion is –25.3 kJ/C-mol, while that of the nucleocapsid is –27.1 kJ/C-mol. The results are 

summarized in tab. 5. 

Standard thermodynamic properties of biosynthesis were calculated for the first time 

of Poxviridae entire virions and nucleocapsids. They are given in tab. 6. Standard enthalpy of 

Table 3. Standard thermodynamic properties of biosynthesis of 
nucleic acids of the Monkeypox and Vaccinia viruses 

Virus ΔbsH⁰ [kJ/C-mol] ΔbsS⁰ [J/C-mol K] ΔbsG⁰ [kJ/C-mol] 

Monkeypox virus - DNA –412.2 –78.1 –390.2 

Vaccinia virus (Buffalopox) - DNA –413.2 –78.3 –391.1 

Table 4. Elemental composition of poxvirus and Vaccinia entire virions and nucleocapsids 

Virus nC nH nO nN nP nS 

Poxviruses - entire virion 1 1.5876 0.3008 0.2538 0.00223 0.00554 

Poxviruses - nucleocapsid 1 1.5618 0.3150 0.2734 0.00241 0.00596 

Vaccinia - entire virion 1 1.5877 0.3232 0.2531 0.00371 0.00540 

Vaccinia - nucleocapsid 1 1.5675 0.3357 0.2685 0.00394 0.00573 

Table 5. Standard thermodynamic properties of formation of 

poxvirus and Vaccinia entire virions and nucleocapsids 

Virus ΔfH⁰ [kJ/C-mol] 
o
mS  [J/C-mol K] ΔfG⁰ [kJ/C-mol] 

Poxviruses - entire virion –65.2 30.8 –25.3 

Poxviruses - nucleocapsid –67.4 31.1 –27.1 

Vaccinia - entire virion –70.5 31.2 –30.0 

Vaccinia - nucleocapsid –72.6 31.5 –31.8 
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biosynthesis of a Poxviridae entire virion is –71.4 kJ/C-mol, while that of its nucleocapsid 

is –127.2 kJ/C-mol. Standard entropy of biosynthesis of a Poxviridae entire virion is –6.7 

J/C-mol K, while that of its nucleocapsid is –17.5 J/C-mol K. Standard Gibbs energy of 

biosynthesis of a Poxviridae entire virion is –69.4 kJ/C-mol, while that of its nucleocap-

sid is –122.0 kJ/C-mol. 

The binding constant, KB, and standard Gibbs energy of binding, ΔBG0, of the Vac-

cinia virus were determined for the first time. The binding constant was found to be KB = 5.56 

∙ 10
8
 M

–1
. The standard Gibbs energy of binding is ΔBG

0
 = –51.92 kJ/mol at 37 °C. 

Discussion 

Four Orthopox viruses cause infections in humans: Variola, Vaccinia, Cowpox, and 

Monkeypox. Variola has been eradicated [4]. Infections with Vaccinia and Monkeypox virus-

es appear in animal and human populations (zoonosis) [3, 46, 47]. Zoonoses have large reser-

voirs of infective agents in nature. Thus, they have a special importance. The morphology of 

Poxviruses is available in the literature [4]. Poxviruses are large complex enveloped viruses, 

which contain a double stranded DNA genome [4, 48]. However, elemental composition, 

empirical formula, thermodynamic properties of formation, biosynthesis and binding, are not 

available in the literature. Having in mind that Gibbs energy is the driving force for all chemi-

cal processes in nature [39, 40, 49], Gibbs energy of biosynthesis is the driving force for mul-

tiplication of viruses [9, 15, 16], while Gibbs energy of binding is the driving force for virus 

attachment and entry into host cells [7-9, 11-14]. 

Until 2020, elemental composition and empirical formulas have been known only 

for one virus – the Poliovirus [5, 50]. The reason for this is that most laboratories lack the 

required biosafety level [10]. During the last years, chemical characterization was made of 

various viruses [6, 9, 10, 15-17, 31]. Thus, in this paper, the atom counting method [10] and 

available sequence data were used to perform chemical characterization of Vaccinia and 

Monkeypox viruses for the first time. The atom counting method has given results that are in 

good agreement with experimental results [5, 10, 50]. The calculated empirical formulas of 

nucleic acids of the analyzed viruses differ on the 3
rd

 or 4
th
 decimal, as can be seen from tab. 

1. This means that elemental compositions of both viruses are very similar. The empirical 

formula of the Monkeypox nucleic acid is CH1.2542O0.5759N0.3726P0.1017, while that of the Vac-

cinia nucleic acid is CH1.2542O0.5763N0.3729P0.1017. Also, the entire Poxviridae virion has the 

empirical formula CH1.5876O0.3008N0.2537P0.00223S0.00553. The nucleocapsid of a Poxviridae virion 

has the formula CH1.5618O0.3149N0.2733P0.00240S0.00596. The entire Vaccinia virion has the empiri-

cal formula CH1.5877O0.3232N0.2531P0.00371S0.00540, while its nucleocapsid has the formula 

CH1.5675O0.3357N0.2685P0.00394S0.00573. Notice that empirical formulas of the entire virions differ 

more (at the 2
nd

 decimal). This leads to the conclusion that the nucleic acids are very similar, 

but that the main difference is in the lipid and polysaccharide components. It is a fact that 

there is a crossed immune response [4]. It seems that it is a consequence of the similarity in 

the chemical structure of the viruses.  

Table 6. Standard thermodynamic properties of biosynthesis of 
poxvirus and Vaccinia entire virions and nucleocapsids 

Virus ΔbsH⁰ [kJ/C-mol] ΔbsS⁰ [J/C-mol K] ΔbsG⁰ [kJ/C-mol] 

Poxviruses - entire virion –71.4 –6.7 –69.4 

Poxviruses - nucleocapsid –127.2 –17.5 –122.0 

Vaccinia - entire virion –73.9 –8.1 –71.5 

Vaccinia - nucleocapsid –117.9 –16.7 –113.0 
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Standard thermodynamic properties of live matter depend on its elemental composi-

tion. Since Monkeypox and Vaccinia viruses have very similar elemental composition, their 

thermodynamic properties are very similar as well, as can be seen from tab. 2. For example, 

standard enthalpy of formation of Monkeypox nucleic acid is –136.8 kJ/C-mol, while that of 

Vaccinia nucleic acid is –136.9 kJ/C-mol. Both enthalpies of formation are negative, meaning 

that the energy content of live matter is lower than that of its constituent elements. Standard 

molar entropy of both Monkeypox and Vaccinia nucleic acids is 34.9 J/C-mol K [39, 40]. 

Entropies of both organisms are positive, due to the Third law of thermodynamics, stating that 

entropy of any substance can only be positive [39, 40]. Standard Gibbs energy of formation of 

Monkeypox nucleic acid is –91.6 kJ/C-mol, while that of Vaccinia nucleic acid is –91.7 kJ/C-

mol. Notice that both are negative, meaning that hypothetical formation of live matter from 

elements is a spontaneous process and that live matter does not possess a higher energy con-

tent than inanimate matter. 

Table 7 shows the stoichiometry of biosynthesis reactions for the analyzed viruses. 

Multiplication of microorganisms can be represented by a chemical equation [19, 20]. Thus, 

for virus multiplication, biosynthesis reactions can also be formulated [9, 15]. In that way, 

biological properties like growth and multiplication can be analyzed through the biosynthesis 

reactions, which represent the chemical background of biological phenomena. 

Replication of nucleic acids represents a chemical and thermodynamic process. The 

driving force for replication of nucleic acids is Gibbs energy of biosynthesis, since replication 

is a reaction of polymerization of nucleotides into the nucleic acid macromolecule. Standard 

thermodynamic properties of the Monkeypox and Vaccinia nucleic acids are very similar, tab. 

3. Standard enthalpy of biosynthesis of the Monkeypox nucleic acid is –412.1 kJ/C-mol, 

while that of the Vaccinia nucleic acid is –413.2 kJ/C-mol. Standard entropy of biosynthesis 

of the Monkeypox nucleic acid is –78.1 J/C-mol K, while for Vaccinia nucleic acid it is –78.3 

J/C-mol K. Standard Gibbs energy of biosynthesis of Monkeypox nucleic acid is –390.2 kJ/C-

mol, while that of Vaccinia nucleic acid is –391.1 kJ/C-mol. Gibbs energy of biosynthesis 

give an approximate assessment of the biosynthesis rate, through the biosynthesis phenome-

nological equation, which belongs to phenomenological equations from nonequilibrium ther-

modynamics [9, 19,  22, 23, 49]: 

bs

bs bs

L
r G

T
        (16) 

where rbs is the biosynthesis rate (rate of formation of new live matter), Lbs – the biosynthesis 

phenomenological coefficient, T – the temperature, and ΔbsG – the Gibbs energy of biosyn-

Table 7. Stoichiometric coefficients of the biosynthesis reactions for the analyzed viruses 

Virus 

Reactants 

 

Products 

Amino 
asid 

O2 
2–

4HPO  –
3HCO  bio 2–

4SO  H2O –
3HCO  H2CO3 

Monkeypox virus – DNA 1.6580 0.9059 0.1017 0.0000  1 0.0373 0.3205 0.1288 0.5292 

Vaccinia virus (buffalopox) – DNA 1.6596 0.9079 0.1017 0.0000  1 0.0373 0.3203 0.1288 0.5307 

Poxviruses – entire virion 1.1292 0.1444 0.0022 0.0352  1 0.0198 0.0755 0.0000 0.1644 

Poxviruses – nucleocapsid 1.2164 0.2653 0.0024 0.0379  1 0.0214 0.0783 0.0000 0.2543 

Vaccinia – entire virion 1.1265 0.1505 0.0037 0.0324  1 0.0199 0.0779 0.0000 0.1589 

Vaccinia – nucleocapsid 1.1948 0.2459 0.0039 0.0344  1 0.0211 0.0802 0.0000 0.2292 
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thesis. The more negative ΔbsG leads to greater rate of biosynthesis of nucleic acid. The Vac-

cinia and Monkeypox viruses have very similar values of ΔbsG and thus according to eq. (16) 

very similar rate of biosynthesis of nucleic acid. Vaccinia virus was, and still is, being used as 

a live-virus vaccine against smallpox. A new smallpox vaccine, Imvanex, is based on the 

modified Vaccinia Ankara strain [51]. Thus, in this paper, the Vaccinia virus has also been 

analyzed, in addition to the Monkeypox. Even though Vaccinia causes only mild infections, 

the rate of its multiplication is, according to tab. 3, equal to that of the Monkeypox virus. 

Even though the Vaccinia and Monkeypox viruses have very similar chemical compositions 

and very similar thermodynamic properties of biosynthesis, the former causes mild symptoms 

and small damage to tissues, while the latter causes much more severe symptoms and greater 

tissue damage. Thus, a live vaccine with Vaccinia or modified Vaccinia virus represents a 

good tool in the fight against Smallpox and Monkeypox. The similar chemical composition 

enables the crossed immune response, while similar multiplication rate allows the efficiency 

of protection. From this, we can conclude that the difference in severity of clinical pictures 

and tissue damage does not arise from virus multiplication rate (permissiveness), but depends 

on susceptibility. It is obvious that the Vaccinia virus lacks the ability to enter all cells that 

can be entered by the Monkeypox virus. Thus, the Monkeypox virus can infect a greater va-

riety of cells and tissues, leading to the more severe clinical picture. 

In the literature, the dissociation constant, KD, was available for the Vaccinia virus. 

Thus, the Gibbs energy of binding was calculated for the Vaccinia virus. The binding con-

stant, KB, and standard Gibbs energy of binding, ΔBG
0
, of the Vaccinia virus were determined 

for the first time. The binding constant was found to be KB = 5.56 ∙ 10
8
 M

–1
. The standard 

Gibbs energy of binding is ΔBG
0
 = –51.92 kJ/mol at 37 °C. Unfortunately, KD, values were 

not published for the Monkeypox virus. It would be interesting to compare the values of ΔBG
0
 

for the Monkeypox and Vaccinia viruses in the future. The value ΔBG
0
 = –51.92 kJ/mol leads 

to the conclusion that the entry rate into host cells of the Vaccinia virus is great, according to 

the binding phenomenological equation: 

B

B B

L
r G

T
        (17) 

where rB is the binding rate, LB – the binding phenomenological coefficient, and ΔBG – the 

Gibbs energy of binding [7-9]. More negative Gibbs energy of binding leads to greater bind-

ing rate [11-14]. Greater binding rate leads to faster entry of the virus into host cells. The 

result of this is greater infectivity [7-9]. To compare, standard Gibbs energy of binding of the 

Hu-1 (wild type) strain of SARS-CoV-2 is –43.43 kJ/mol, that of the Delta strain is −43.38 

kJ/mol, while that of the Omicron BA.1 strain is −42.82 kJ/mol [9]. Thus, the Vaccinia virus 

has a more negative Gibbs energy of binding (–51.92 kJ/mol). However, Vaccinia is transmit-

ted by direct or indirect contact, while SARS-CoV-2 is transmitted through Flügge droplets. 

Thus, it seems that both SARS-CoV-2 and Poxviruses, including Monkeypox, have a similar 

potential for dissemination, even though they use different paths. 

Based on molecular composition published in [4], empirical formulas were calculat-

ed for nucleocapsids and entire virions of Poxviruses, using the molecular composition meth-

od [10]. Similarly, based on molecular composition published in [34], elemental compositions 

were found for the nucleocapsids and entire virions of Vaccinia. They are given in tab. 4. The 

empirical formula of the Poxvirus entire virion is CH1.5876O0.3008N0.2537P0.00223S0.00553. The 

nucleocapsid of a Poxviridae virion has the formula CH1.5618O0.3149N0.2733P0.00240S0.00596. The 

entire Vaccinia virion has the empirical formula CH1.5877O0.3232N0.2531P0.00371S0.00540, while its 
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nucleocapsid has the formula CH1.5675O0.3357N0.2685P0.00394S0.00573. It seems that empirical for-

mulas of entire Poxvirus and Vaccinia virus particles are very similar. Moreover, the nucle-

ocapsid empirical formulas for the Poxvirus and Vaccinia virus are very similar. This indi-

cates that both belong to the same group Poxviridae. Since the Vaccinia virus has a very simi-

lar composition to other Poxviruses and all the viruses in the family have very similar mor-

phology, other Poxviruses should also have a similar elemental composition.  

Table 5 shows the standard thermodynamic properties of live matter, of the Poxvirus 

and Vaccinia virus entire virions and nucleocapsids. Standard enthalpy of formation of Pox-

virus entire virions is –65.2 kJ/C-mol, while that of Vaccinia entire virions is –70.5 kJ/C-mol. 

Standard molar entropy of Poxvirus entire virions is 30.8 J/C-mol K, while that of Vaccinia 

entire virions is 31.2 J/C-mol K. Standard Gibbs energy of formation of Poxviridae entire 

virions is –25.3 kJ/C-mol, while that of Vaccinia entire virions is –30.0 kJ/C-mol. Standard 

enthalpy of formation of Poxvirus nucleocapsids is –67.4 kJ/C-mol, while that of Vaccinia 

nucleocapsids is –72.6 kJ/C-mol. Standard molar entropy of Poxvirus nucleocapsids is 31.1 

J/C-mol K, while that of Vaccinia nucleocapsids is 31.5 kJ/C-mol. Standard Gibbs energy of 

formation of the Poxvirus nucleocapsids is –27.1 kJ/C-mol, while that of Vaccinia nucleocap-

sids is –31.8 kJ/C-mol. The thermodynamic properties of Poxviruses are for the entire Poxvir-

idae family, including Variola, Vaccinia, Cowpox and Monkeypox. Thus, they represent a 

generalization. The small discrepancy of the Vaccinia virus indicates that other group mem-

bers also deviate very little. This means that all four Poxviruses have very similar elemental 

composition and thermodynamic properties.  

Table 6 presents standard thermodynamic properties of biosynthesis for Poxviruses 

(generalized) and the Vaccinia virus. Thermodynamic properties of biosynthesis were deter-

mined for entire virions and nucleocapsids. Standard enthalpy of biosynthesis of Poxvirus 

entire virions is –71.4 kJ/C-mol, while that of Vaccinia entire virions is –73.9 kJ/C-mol. 

Standard entropy of biosynthesis of Poxviridae entire virions is –6.7 J/C-mol K, while that of 

Vaccinia entire virions is –8.1 J/C-mol K. Standard Gibbs energy of biosynthesis of Poxviri-

dae entire virions is –69.4 kJ/C-mol, while that of Vaccinia entire virions is –71.5 kJ/C-mol. 

Standard enthalpy of biosynthesis of Poxvirus nucleocapsids is –127.2 kJ/C-mol, while that of 

Vaccinia nucleocapsids is –117.9 kJ/C-mol. Standard entropy of biosynthesis of Poxvirus 

nucleocapsids is –17.6 J/C-mol K, while that of Vaccinia nucleocapsids is –16.7 J/C-mol K. 

Standard Gibbs energy of biosynthesis of Poxvirus nucleocapsids is –122.0 kJ/C-mol, while 

that of Vaccinia nucleocapsids is –113.0 kJ/C-mol. Notice that there are significant differ-

ences in thermodynamic parameters of biosynthesis of Poxviruses and Vaccinia virus.  

The portal of entry of Monkeypox virus, just like that of Smallpox, is the mucous 

membranes of the upper respiratory tract [4]. Primary multiplication appears in the lymphoid 

tissue draining the site of entry [4]. Thus, at the site of primary infection, the host tissue is the 

mucosa of the upper respiratory system and lymphoid tissues. Thermodynamic properties of 

host cells are given in [10]. Respiratory epithelial tissue is characterized by a Gibbs energy of 

biosynthesis of –49.8 kJ/C-mol [9]. To compare, standard Gibbs energy of biosynthesis of 

Poxvirus nucleocapids is –122.0 kJ/C-mol. Notice that Gibbs energy, as the driving force for 

biosynthesis of viral components, is more than two times more negative than that of host tis-

sues. Thus, permissiveness to Poxviruses is great. This can be measured through permissive-

ness coefficients [16]. The permissiveness coefficient, PC, is given as: 

 

 

 

 

0

0

virus virus

host tissue host tissue

bs bs

bs bs

r G
PC

r G


 


          (18) 
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where rbs is the biosynthesis rate and ΔbsG
0
 standard Gibbs energy of biosynthesis. Thus, the 

permissiveness coefficient for the virus-host interaction is 2.5 for Poxviruses and 2.3 for Vac-

cinia virus. The values of permissiveness coefficients are greater than 1. This means that the 

virus components are synthetized faster than host cells components, allowing the virus to 

hijack the host cell metabolism. Multiplication and accumulation of viruses inside host cells 

and absence of synthesis of host cell components to repair damage lead to damage of cells and 

tissues, as well as the dispersal of newly produced virions onto neighboring cells, first at the 

portal of entry and later throughout the organism.  

Monkeypox virus contains information written in its RNA. This information should 

behave according to laws that parallel the laws of thermodynamics [52]. The difference in 

thermodynamic properties of Monkeypox and Vaccinia viruses appear as a result of different 

chemical composition and information content. 

Conclusions 

Elemental composition of the nucleic acid was determined for the Monkeypox and 

Vaccinia viruses. The empirical formula of the Monkeypox nucleic acid is 

CH1.2542O0.5759N0.3726P0.1017, while that of the Vaccinia nucleic acid is 

CH1.2542O0.5763N0.3729P0.1017. Moreover, elemental composition of the entire virus particle (vi-

rion) and the nucleocapsid was determined for Poxviridae and Vaccinia. The entire Poxviridae 

virion has the empirical formula CH1.5876O0.3008N0.2537P0.00223S0.00553. The nucleocapsid of a 

Poxviridae virion has the formula CH1.5618O0.3149N0.2733P0.00240S0.00596. The entire Vaccinia 

virion has the empirical formula CH1.5877O0.3232N0.2531P0.00371S0.00540, while its nucleocapsid 

has the formula CH1.5675O0.3357N0.2685P0.00394S0.00573. A similarity can be noticed in elemental 

compositions of all the members of Poxviridae family. This can explain the crossed immune 

response between the members of Poxviridae. The Vaccinia virus is thus useful as a vaccine.  

Poxviridae are characterized by standard thermodynamic properties, including 

standard enthalpy of formation, standard molar entropy and standard Gibbs energy of 

formation of nucleic acid. Standard enthalpy of formation of the Monkeypox nucleic acid 

is –136.8 kJ/C-mol, its standard molar entropy is 34.9 J/C-mol K, while its standard Gibbs 

energy of formation is –91.6 kJ/C-mol. Standard enthalpy of formation of the Vaccinia nucle-

ic acid is –136.9 kJ/C-mol, its standard molar entropy is 34.9 J/C-mol K, while its standard 

Gibbs energy of formation is –91.7 kJ/C-mol. Thus, standard thermodynamic properties of 

formation of nucleic acids are very similar for the Monkeypox and Vaccinia viruses, which is 

due to their similar chemical composition.  

Biosynthesis reactions of the analyzed viruses have been formulated and their stoi-

chiometric coefficients determined. The stoichiometric coefficients were combined with the 

thermodynamic properties of live matter, to find standard thermodynamic properties of bio-

synthesis, including standard enthalpies, entropies and Gibbs energies of biosynthesis. Stand-

ard enthalpy of biosynthesis for the Monkeypox nucleic acid is –412.2 kJ/C-mol, while that of 

the Vaccinia nucleic acid is –413.3 kJ/C-mol. Standard entropy of biosynthesis of the Mon-

keypox nucleic acid is –78.1 J/C-mol K, while that of the Vaccinia nucleic acid is –78.3 J/C-

mol K. Standard Gibbs energy of biosynthesis of the Monkeypox nucleic acid is –390.2 kJ/C-

mol, while that of the Vaccinia nucleic acid is –391.1 kJ/C-mol. Standard enthalpy of bio-

synthesis of the Poxvirus entire virion is –71.4 kJ/C-mol, while that of Vaccinia entire 

virion is –73.9 kJ/C-mol. Standard entropy of biosynthesis of the Poxvirus entire virion is 

–6.7 kJ/C-mol, while that of the Vaccinia entire virion is –8.1 kJ/C-mol. Standard Gibbs ener-

gy of biosynthesis of the Poxvirus nucleic acid is –69.4 kJ/C-mol, while that of the Vaccinia 
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entire virion is –71.5 kJ/C-mol. Finally, standard thermodynamic properties of nucleocapsids 

have been determined. Standard enthalpy of biosynthesis of Poxvirus nucleocapsid is –127.2 

kJ/C-mol, while that of the Vaccinia nucleocapsid is –117.9 kJ/C-mol. Standard entropy of 

biosynthesis of the Poxvirus nucleocapsid is –17.5 J/C-mol K, while that of the Vaccinia nu-

cleocapsid is –16.7 J/C-mol K. Standard Gibbs energy of biosynthesis of the Poxvirus nucle-

ocapsid is –122.0 kJ/C-mol, while that of the Vaccinia nucleocapsid is –113.0 kJ/C-mol. 
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