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Abstract  
 

Different processes involving the nitrogenous bases of DNA 

were studied through steered molecular dynamic (SMD) 

simulations, in gas and aqueous phases. The processes 
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considered were the tautomerism between bases (or base pairs) 

and their rare forms through proton transfer processes, the 

chemical reactions on canonical bases to alter them and 

transform them into other bases or molecules of biological 

interest, and the transition and transversion processes between 

base pairs. The free energy profile was built with the reaction 

coordinate for each step of the mechanisms and processes 

considered; thus, we will analyze the stationary states throughout 

the course of the reaction, as well as calculating the reaction and 

activation energies. From these barriers, kinetic monitoring of 

the reaction can be carried out, and the lifetime of the species 

formed can be determined. We will also study to what extent the 

presence of the aqueous medium affects the thermodynamics and 

kinetics of the processes and whether the species formed during 

the processes could participate in genetic mutations, according to 

their thermodynamic and kinetic stability. 

 

Introduction  
 

Theoretical studies on systems and processes related to DNA and 

RNA are important, as these nucleic acids are responsible for 

encoding and transmitting genetic information and for 

converting this information into functional products, such as 

proteins [1-11]. In recent years, numerous works have appeared 

showing the latest developments at the computational level in the 

study of processes involving these bases. 

 

The nitrogenous bases of DNA (adenine A, guanine G, thymine 

T, and cytosine C) exist in DNA as base pairs linked with 

hydrogen bonds, as A–T and G–C [6,7]. If one of these bases is 

replaced with another, it may lead to the introduction of the 

wrong genetic code. The capacity of nucleic acids to 

accommodate non-canonical base pairs has been related to 

spontaneous mutations in DNA [8,9]. 

 

Although the formation of rare bases from canonical bases are 

endergonic processes, the presence of rare bases may occur. 

Based on the stability and lifetime of mutated bases, the DNA 

processes could induce genetic error, provided that: (a) the rare 

base is thermodynamically stable (energy not very high 
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compared to the original base), and (b) the energy barrier is high 

in the reverse direction.    

 

Genetic mutations usually occur by tautomerization between the 

bases or base pairs and also by the presence of reactant 

molecules in the surrounding environment, which alter the 

structure of some of the DNA bases. If tautomerism occurs 

between pairs of bases then the DNA chains, when separated, 

will be left with rare bases. When re-linking, these rare bases 

will look for their new associations, thus modifying the genetic 

code. If the alteration is on the non-associated bases, either by an 

intramolecular proton transfer or by the reaction of these bases 

with reactive molecules present in the medium, the rare bases 

will look for their canonical pair, thus producing the mutation. 

These rare associations can be transmitted to the DNA of the 

daughter cell. Later, this rare base becomes connected with its 

suitable nitrogenous base to form the non-canonical pair. In a 

second generation progeny, this wrong pair will be repaired to 

the canonical pair by known modes. 

 

A knowledge of the tautomeric equilibrium between the 

canonical and rare forms of DNA bases is crucial as it is the 

basis for the models of spontaneous mutation [11–30]. An 

important issue to consider is that the presence of the aqueous 

medium is able to modify the stability and the properties of these 

tautomeric processes. Although there are numerous studies 

concerning the structure of the nitrogenous bases, the number of 

studies performed on their rare isomers and on the 

thermodynamics and kinetics of these tautomerization processes 

is considerably less.  

 

The presence of reactive molecules in the medium can produce 

chemical processes (deaminations, oxidations, methylations, ...) 

that modify the bases and the associations present in the DNA. 

Thus, the deamination of adenine and cytosine by the presence 

of a water molecule leads to the rare bases A* and C*, 

respectively, which can then end up in other canonical bases or 

give associations that are different from the starting associations. 

The oxidation of guanine with an oxidant containing oxygen, 

leads to 8-oxoguanine, which may associate with the adenine of 
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another chain and form a mutated pair. The demethylation of 

thymine will lead to the nitrogen base uracil, which will not find 

its canonical pair in DNA replication. However, the processes 

mentioned can occur in a combined way: deamination and 

oxidation converts cytosine into uracil; the deamination, 

oxidation, and methylation of cytosine produces thymine; and 

the deamination, oxidation, and amination of adenine leads to 

guanine. 

 

The conversions between base pairs are also studied. A transition 

mutation occurs when either of the two purine or pyrimidine 

bases is substituted for the other type, such as A  G or C  T. 

As a result of this transition, the mutated residue of the genetic 

sequence (for example, having C instead of T, or G instead of A) 

is capable of modifying the sequence of the genetic code. 

Transitions are much more common than transversions, in which 

one purine is substituted for one pyrimidine base such as A  C 

or G T (Figure 1). Mutations in the base pairs are also 

possible, as the T–A  C–G transition and the transversion C–G 

 A–T.  

 

 
 

Figure 1: Bases nitrogenous of DNA and transition and transversion processes. 
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This work collects some of the experiences carried out by our 

investigation group on processes in the nitrogenous bases of 

DNA, performing steered molecular dynamic (SMD) simulations 

in the gas phase and in aqueous solution [31-38]. We analyze 

which of the processes considered are thermodynamically and 

kinetically favorable by calculating molecular properties, such as 

energies, rate constants and lifetimes. From the result of these 

properties, we can say which species could participate in genetic 

mutations if these processes occurred. 

 

Methodology  
 

The nucleic acids are present in an aqueous medium and it is 

important to keep the surroundings in mind, because this can 

affect structural, thermodynamic, and kinetic properties. 

 

Solvation methods [39-41] are the most practical way of taking 

solvent effects into account when calculating free energies in 

solution using electronic structure methods, although they 

normally describe the solvent as a continuum. An alternative is 

to apply the molecular dynamics method [42] and to describe the 

solvent as a discreet medium. The application of classical 

molecular dynamics to simulations of processes in solution is a 

useful approach for predicting the evolution of biochemical 

processes over time and for visualizing large systems at the 

molecular level. 

 

The SMD technique allows calculation of Gibbs energy changes 

along the course of an elementary process by applying external 

forces in a direction [43-44]. SMD simulations were carried out 

using the QM/MM method with the semi-empirical Hamiltonian 

DFTB method [45-46] implemented in the AMBER12 software 

[47] by Case et al. [48-49]. The system was partitioned during 

simulations, applying quantum calculations to the DNA bases 

and the assistant molecules (QM subsystem), while aqueous 

solvent molecules were described in a classical way (MM 

subsystem). 

 

In these studies, the solute-solvent interaction was represented 

by a Lennard-Jones (12-6-1), where van der Waals parameters 
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( Aij and Bij) taken from the AMBER force field [50]. Initially, 

the net charge on each solute atom (
s

iq ) was assigned using the 

Mulliken procedure [51], but solute charges were recalculated at 

every step of the simulation using the restrained electrostatic 

potential (RESP) method [52] implemented in the simulation 

software. Values of the solvent charges (
w

jq ) were pre-assigned 

as the TIP3P charges [53-55]; that is, (O) = −0.83 and (H) = 

0.415. 

 

More than 2,000 water molecules were included in the 

simulations to represent an aqueous environment around the 

system being considered. All simulations were performed using 

AMBER12 software [47] at 298.15 K. The initial geometries 

were obtained from electronic structure calculations by fully 

optimizing the complete system. Long-range electrostatic 

interactions were treated by the Ewald method [56]. A cut-off of 

7.0 Å was applied to water-water and solute-solvent interactions 

in order simplify calculations, and periodic boundary conditions 

were used to keep the number of solvent molecules constant. 

 

The system was initially minimized with a 1 ps simulation time 

and 1 fs steps. Subsequently, a 100 ps equilibration phase was 

performed before starting the propagation and data storage 

phases. Finally, during the last 100 ps of the simulation, the 

position and velocity of each atom was stored. The force 

constant used for the reaction coordinates was 1,000 kcal mol
-1

 

Å
-2

 for distances, and 10 kcal mol
-1 rad

-2
 for angles.  

 

The free-energy change along the reaction coordinate was 

represented by the potential of mean force (PMF). Jarzynski’s 

equality [57] was used to relate Gibbs energy differences 

between the two equilibrium states, so the free energy change 

(G) related to the average of all possible works of an external 

process that takes the system from equilibrium state A to a new 

state B.  

 

The standard Gibbs energies of activation (G
‡
) and reaction 

(G) were determined by following the time evolution of the 

process from the initial configuration of the reactant to the 

http://en.wikipedia.org/wiki/Thermodynamic_free_energy
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product, in elementary steps focusing on the reaction coordinate, 

as has been shown in several published works [31-38]. The 

structures involved in the reaction mechanism can be visualized 

to show the evolution of the system at each step of the process. 

 

Results  
Tautomerization Block  
 

The first thematic block to be treated was the tautomerization of 

DNA bases as a consequence of an intramolecular (isolated 

bases) or intermolecular proton transfer (associated bases). 

 

In the case of the study of intramolecular tautomerism (amino-

imino for A and C bases, or keto-enol for G and T bases) slightly 

endergonic (7-9 kcal/mol) and slow (k = 10
-30

-10
-20

 s
-1

) processes 

are obtained [31], as observed from the results presented in 

Table 1 and Figure 2 for the tautomerization involving A and T 

bases in gas phase. 

 
Table 1: Thermodynamic and kinetic properties of DNA bases. 

 

PROCESSES Ga (kcal/mol) kb (s-1) c (s) 

Tautomerization    

AA* 7.40d 9,4·10-29 1,7·10+22 

TT* 7.51d 3.81·10-21 7,9·10+14 

A-TA*-T* 14.26e 3.6·10-07 9.5·10-05 

Conversion    

CU 4.11f 1.8·10-41 5.3·10+43 

CT -52.20g 8.1·10-16 2.3·10+53 

AG 4.07h 3.8·10-42 2.7·10+38 

Transition and transversion    

T-AC-G 3.92i 8.1·10-40 1.6·10+36 

G-CT-A -87.81j 1.8·10-21 3.0·10+70 

a) Activation energy (in kcal∙mol-1); 

b) forward rate constant (in s-1) evaluated as RT
ΔG

e
h

TBK





f
k

without 

considering quantum tunneling effects;  

c) lifetime (in s) evaluated from the energy barrier of the reverse process as 

rk

1


;  

d) value obtained in Ref. [31];  

e) value obtained in Ref. [32,33] via concerted mechanism;  
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f) value obtained in Ref. [34];  

g) value obtained in Ref. [35];  

h) value obtained in Ref. [36];  

i) value obtained in Ref. [37];  

j) value obtained in Ref. [38]. 

 

Another issue to highlight in these studies is that the rare bases 

require a significant energy cost to revert to the canonical forms; 

hence, they may participate in genetic mutation processes by 

presenting long lifetimes ( = 10
+12

-10
+22 

s). 

 

 
 

Figure 2: Energy profiles for the tautomerization, in gas (g) and solution (s) 

phases, via concerted (C) and stepwise (S) mechanisms. 

 

The presence of an aqueous medium, where a water molecule 

assists the proton transfer, hardly affects the reaction energy of 

the process, but significantly reduces the activation barrier, by up 

to 50%, considerably increasing the speed of the process. The 

probability of participating in genetic mutation processes is also 

reduced since the lifetimes also decreases ( = 10
+01 

-10
+03

 s).  

 

When the studies are carried out on base pairs [32], in general, 

we can observe that the intermolecular double proton transfer 

processes are more endergonic (G = 15-30 kcal/mol) and faster 

( k = 10
-07

 -10
-07

 4s
-1

) than those of simple intramolecular proton 

transfer that occur in the non-associated bases (see Figure 2 for 

A-T base pair),  with shorter lifetimes between 10
-09

-10
-02

 s. 

 

It is also observed in this intermolecular tautomerism [32, 33] 

that the concerted (C) mechanisms  are less endergonic but faster 
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than the stepwise (S) mechanisms (G = 17.0 kcal/mol, k 

=2.9·10
-04

 s
-1 

for the A-T stepwise process). 

 

Bases Conversion Block  
 

The work continues with a block dedicated to the conversion of 

DNA bases into rare bases by reactions with other chemical 

species causing processes as oxidations, methylations and 

aminations. 

 

The first of these studies was the hydrolytic oxidation of cytosine 

assisted by a water molecule through a stepwise mechanism [34]. 

The result is the formation of a hydroxyl intermediate and, 

finally, the uracil base. The results in Table 1 show a slightly 

endergonic global process with a high activation barrier, which 

becomes even more unfavorable when it occurs in an aqueous 

medium. 

From the reaction profile in gas phase shown in Figure 3 we can 

say that the uracil base obtained follow a slow process (k = 

1.8·10
-41

 s)and requires a very long time to revert to the original 

base ( = 5.3·10
+43

 s); hence its participation in genetic mutations 

is probable in any of the two phases considered. 

 

 
 

Figure 3: Energy profiles for DNA bases conversion in gas phase. 

 

The second case considered was the methylation of the cytosine 

and, later, the protonation and oxidation of methylcytosine to 
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convert it to thymine base through a stepwise mechanism [35]. 

The final result shown in Table 1 is that this conversion is clearly 

spontaneous (G = -52.20 kcal·mol
-1

, mainly due to the attack of 

the hydronium ion on the methylcytosine)  and slow (the energy 

profile presents a very high activation barrier due the 

nucleophilic attack of assistant water molecule on protonated 

methylcytosine). Also noteworthy is the stability of the 

intermediate methylcytosine (see Figure 3). Thymine reversal is 

not probable either, given its energetic stability and the long 

lifetime ( = 2.3·10
+ 53

 s); thus, it is likely that this base may be 

the cause of genetic mutations. 

 

The aqueous medium does not favor the thermodynamics and 

kinetics of the CT conversion, since the step more exergonic 

coming from the attack from H3O
+
 to metylcytosine (both now 

solvated) is more impeded.  

 

The third case studied is the transformation of adenine to 

guanine [36] via a mechanism involving the processes of 

hydrolytic deamination of the base, oxidation of hypoxanthine 

(HX), and amination of xanthine (X) to guanine (G). 

 

Of the processes involved in this conversion, only the 

deamination of adenine was found to be slightly exergonic. 

However, the energy of this deamination process is neutralized 

by that required in the oxidation and amination processes, 

resulting in a slightly non-spontaneous A G conversion ( G = 

4.07 kcal·mol
-1

), as shown in Table 1 and Figure 3. 

 

On the other hand, the A  G conversion is kinetically 

unfavorable, resulting in a very slow conversion in each of the 

processes and in the global conversion (k = 3.8·10
-42

 s
-1

), and 

with a good stability for the guanine formed ( = 2.7·10
+38

 s).  

 

Analyzing the influence of the medium, it is observed that the 

conversion in aqueous medium is more endergonic and that it 

hardly influences kinetically [36].  The species that are formed 

during the conversion process are less stable, decreasing their 

lifetimes and their involvement in DNA mutations. 
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Base Pairs Conversion Block  
 

The last part of this work addresses the SMD study of transitions 

and transversions between canonical base pairs. This type of 

conversion is achieved when one of the canonical bases is 

modified, and the rare base (once the DNA strands have 

separated) seeks its suitable canonical pair to re-associate in the 

DNA. In the next cell division, the canonical base linked to the 

rare base will seek its canonical pair and form the mutated pair, 

as outlined in Figure 4 for the alteration of  a base from the a 

canonical pair to give the mutated pair.  

 

 
 
 Figure 4: Scheme of conversion between base pairs. 

 

The T-A  C-G transition has been studied through the 

deamination of adenine assisted by a water molecule [37]. 

Adenine, once separated from its canonical pair T, will 

simultaneously receive a nucleophilic attack and a proton 

transfer by the H2O molecule to form an intermediate I, which 

will form the hypoxanthine molecule through an intramolecular 

proton transfer and release a molecule of ammonia. 

Hypoxanthine can only associate with cytosine; thus, in the next 

cell division, cytosine will form the mutated C-G pair. 

 

The results in Table 1 and Figure 5 show a slightly non-

spontaneous transition, mainly due to the adenine deamination 

and the base pairs dissociations. Likewise, the three processes 

present a high energy barrier that marks the slowness of the 

transition (k = 8.1·10
-40

 s
-1

) and the stability of species formed ( 

= 1.6·10
+ 36

 s), which favor mutations with any of the species 

formed. 
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The presence of the aqueous medium does not favor the 

transition as it makes it much more endergonic. Likewise, it is 

observed that the C-G mutated pair will remain stable, keeping 

the lifetime obtained in gas phase. 

 

 
 

Figure 5: Energy profiles for base pairs conversion in gas phase. 

 

Finally, the C-G  A-T transversion has been studied through 

the oxidation of guanine assisted by a hydrogen peroxide 

molecule [38]. Guanine, once separated from its canonical pair, 

will receive a nucleophilic from the hydroxyl groups formed in 

the breakdown of H2O2 molecule. The hydroxyl-guanine 

intermediate subsequently performs an intramolecular proton 

transfer to give the 8-oxoguanine molecule, which will associate 

with adenine base and this in a subsequent division will look for 

thymine base to give the A-T mutated pair.  

 

The results in Table 1 and Figure 5 show a very spontaneous 

transversion (G = -87.81 kcal/mol), mainly due to the 

exergonic oxidation processes of guanine, with an important 

activation barrier (G
≠
 = 45.97 kcal/mol, k = 1.8·10

-21
 s

-1
) and 

high stability of the A-T pair ( = 3.0·10
+70

 s). 
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The aqueous medium hardly modifies the spontaneity and speed 

of the process, with long lifetime for the A-T pair where the 

probability of mutation exists. 

 

Conclusions  
 

From all these studies, we can conclude that the tautomerism of 

the canonical bases are slightly endergonic and slow processes, 

increasing their reaction energy and speed if a double 

intermolecular proton transfer occurs. These alterations can 

become exergonic if they come from reactions of the bases with 

molecules present in the medium, as occurs with the hydrolytic 

oxidation of cytosine, although normally the speed of the 

reactive processes becomes slower than that of the tautomeric 

processes. Regarding the conversions between base pairs, we can 

find important energetic variations according to the processes 

considered, highlighting the spontaneity of the C-G  A-T 

transversion and the slowness of the T-A  C-G transition. In 

most of these processes, the mutated species find kinetic stability 

with long lifetimes, hence their participation in genetic mutation 

processes is possible. Finally, it is necessary to highlight the 

important influence of the aqueous medium in these 

mechanisms, making them less favorable, thermodynamically 

and kinetically. 
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