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Abstract 
The results of semiempirical quantum chemical calculations performed on the tautomeric forms 
of four modified anionic nucleic acid bases, i.e. the anions of the 1-methyl-5-hydroxyuracil, 1-
methyl-5-hydroxycytosine, 9-methyl-8-hydroxyadenine, and 9-methyl-8-hydroxyguanine, allow 
prediction of the mutagenically most active forms of these compounds. Preliminary calculations 
on base pairs between modified and normal bases indicate strong bonding to the most stable 
anionic tautomers of modified bases. 
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Introduction 
 
It has been shown by us that the quantum chemical self-consistent reaction field (SCRF) method, in 
combination with AM1 (Austin Model 1)1 and PM3 (Parametric Model 3)2 semiempirical 
parameterization, gives confident predictions of the tautomeric equilibrium constants of different 
classes of heterocyclic compounds in aqueous solutions.3-7 Other investigators using different levels of 
quantum theory8-10 have later confirmed the applicability of the SCRF method for the description of 
tautomeric equilibria in solutions. It has been also demonstrated that the relative stability of nucleic 
acid pyrimidine and purine bases and their 1-methyl analogues in solutions is correctly predicted using 
the AM1 and PM3 SCRF method.7 This has encouraged us to use the same approach for prediction of 
the tautomeric constitution of chemically modified nucleic acid bases in aqueous solutions. It has been 
known for some time that the 8-hydroxy- or 8-oxo-substituted purines exhibit substantial mutagenic 
activity.11-14 The 5-hydroxyuracil and, in particular, 5-hydroxycytosine are predicted to be some of the 
most efficient mutagenic agents.15, 16 It has been also suggested that the active form would be the anion 
of the modified bases. Therefore, in order to study the possible mutagenic mechanism of these 
compounds, it would be important to estimate their tautomeric constitution in different media, 
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especially in aqueous solutions. In the present paper, we report the results of the semiempirical 
quantum-chemical modeling of the tautomers of anions of four modified nucleic acid bases, i.e. the 
anions of the 1-methyl-5-hydroxyuracil (1), 1-methyl-5-hydroxycytosine (2), 9-methyl-8-
hydroxyadenine (3), and 9-methyl-8-hydroxyguanine (4) (Scheme 1). In addition, the structure and 
energetics of mixed normal base – modified base pairs was investigated quantum-chemically. 
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Scheme 1. The anions of modified nucleic acid bases. 
 

The calculations were carried out using the AM1 and PM3 semiempirical methods. The 
comparative calculations of the anion of the 1-methyl-5-hydroxycytosine were made using the ab 
initio SCF and DFT methods.  
 
Method 
The self-consistent reaction field (SCRF) method proceeds from the classical Kirkwood-Onsager 
theory17 of the electrostatic solute-solvent interactions in condensed dielectric media. The quantum 
mechanical extension of this theory has been described elsewhere18-20 and therefore we will give only 
its essentials here. According to Kirkwood and Onsager, the solvent is described as a polarizable 
dielectric continuum, characterized by its static dielectric constant, ε. The solute molecule is 
represented by M point charges (ei), situated at fixed points (ri) inside of sphere of radius a0. By 
solving the appropriate electrostatic equations inside and outside the sphere and applying proper 
boundary conditions, one can find the potential at any point inside the cavity and the total electrostatic 
energy due to the molecular charge distribution interaction with the polarizable medium. In the 
quantum chemical application of this theory, this interaction energy is represented by the additional 
terms in the molecular Hamiltonian, which correspond nuclear-nuclear, nuclear-electronic and 
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electron-electron contributions.20,21 For electroneutral dipolar solute molecules, the electronic 
Schrödinger equation to be solved using the self-consistent field method has the following form: 
 

Ψ=Ψ+ elE)ˆˆ VHo(     (Eqn. 1) 
 

where 
$Ho is the total electronic Hamiltonian for the isolated molecule, Ψ denotes the electronic 

wavefunction and is the solvent reaction field perturbation operator. In the last equation, µ̂ denotes the 

dipole moment operator and ϕµϕ ˆ  - the expectation value of total dipole moment of the solute 
molecule. 

µϕµϕ
ε

ε ˆˆ
)(

)(ˆ
312

12

oa+

−
=V

  (Eqn. 2) 
 
In the case of ionic compounds with the ionic charge Q, the classical Born term has to be added to the 
quantum-chemical energy, EQM , to obtain the total energy of the molecule in solution: 
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  (Eqn. 3) 

 
The use of the SCRF model in quantum-chemical theory requires that the shape and volume of the 

solute molecule must be defined uniquely for any set of compounds. A number of approaches to 
calculate these characteristics are known, but no non-empirical methods for their estimation have been 
developed. However, from the results of model calculations it may be concluded that the simple model 
assuming a spherical or an ellipsoidal shape of the cavity for the solute molecule is probably 
satisfactory for comparatively small and rigid molecules.21 Therefore, this method was selected in the 
present calculations. The calculations of base pairs were performed using the multi-cavity SCRF 
method (MCa SCRF) 22. In all cases, the full optimization of the molecular structure was carried out. 
 
 
Results and Discussion 
 
AM1 and PM3 self-consistent field (SCF) and SCRF calculations were carried out for individual 
tautomeric forms of the anions of 1-methyl-5-hydroxyuracil (1), 1-methyl-5-hydroxycytosine (2), 9-
methyl-8-hydroxyadenine (3), and 9-methyl-8-hydroxyguanine (4). The notations of tautomeric forms 
are defined on Schemes 2-5.  
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Scheme 2. The tautomeric forms of the 1-methyl-5-hydroxyuracil anion (1). 
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Scheme 3. The tautomeric forms of the 1-methyl-5-hydroxycytosine (2) anion. 
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Scheme 4. The tautomeric forms of the 9-methyl-8-hydroxyadenine (3) anion. 
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Scheme 5. The tautomeric forms of the 9-methyl-8-hydroxyguanine (3) anion. 
 
All tautomeric forms were studied in two media, the first of which corresponds to the isolated 
molecule in the gas phase (ε = 1) and the second to a condensed polarizable medium with the 
dielectric constant of water at the 20°C (ε = 80). The following cavity radii, obtained from the 
estimated mass densities of compounds, were used throughout the calculations: 3.598 Å for 1, 3.887 Å 
for 2, 4.246 Å for 3, and 4.285 Å for 4. The mass densities of all compounds were taken as d = 1 
g/cm3, based on the densities of similar liquid heterocyclic compounds (pyridine, pyrimidine etc.). The 
calculated heats of formation of different tautomeric species of compounds 1 - 4, the corresponding 
tautomeric equilibrium energies and tautomeric equilibrium constants are given in Tables 1 - 4, 
respectively. The pKT  values were estimated proceeding from the assumption that the entropy change 
during the tautomerization process is small. Accordingly, where ∆GT is the free energy of the 
tautomeric equilibrium and δ∆H is the difference between the calculated heats of formation of the two 
tautomeric species participating in this equilibrium.  
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    (Eqn. 4) 
 

The results of calculations indicate that the most stable tautomer of the anion of 1-methyl-5-
hydroxyuracil in the solution is the form with the intact OH-group at the 5-position (1b). With the 
small exception for the PM3 calculation in the gas phase, this tautomer seems also to be the most 
stable form in low dielectric constant media (gas phase). The calculations using quantum theory at the 
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ab initio level of theory confirm these results. Thus, the HF/6-31G(d) theory in combination with the 
above-described Onsager solvation model23 predicts the tautomer 1b to be by 3.22 kcal/mol more 
stable in the solution as compared to the next most stable tautomer 1a. The use of density functional 
theory at BLYP/6-31+G(d) level23 gives a similar result (∆pKT = 0.9). 24 Consequently, because of the 
lack of the hydrogen atom at N3 position, the normal pairing of the 1-methyl-5-hydroxyuracil anion 
tautomer 1b with adenine is incapacitated. However, this tautomeric form of 1-methyl-5-
hydroxyuracil anion (1b) produces a strongly bonded complex with guanine as the reverse Watson-
Crick pair (Scheme 6). 
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Scheme 6. The reverse Watson-Crick pair between guanine and 1-methyl-5-hydroxyuracil (1b). 
 

Because of the substantial negative charge on the C4 carbonyl (close to the oxy-anion) of the 1-
methyl-5-hydroxyuracil anion 1b, this pair will be strongly bonded and may cause the termination of 
the DNA replication. The AM1 and PM3 SCF calculations reveal that the reverse Watson-Crick pair 
between guanine and 1-methyl-5-hydroxyuracil anion is by 2.05 kcal/mol (AM1) to 4.17 kcal/mol 
(PM3) more stable than the normal guanine-cytosine pair.  

In the case of the 1-methyl-5-hydroxycytosine anion, both AM1 and PM3 SCRF methods predict 
the structure 2b as the most stable tautomeric form in the solution. This N-H form of the anion has 
substantial negative charge on the C2 carbonyl oxygen atom. In result, the respective pair with the 
guanine (Scheme 7) is significantly more strongly bonded than the normal guanine-cytosine pair. 
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Scheme 7. The Watson-Crick pair between guanine and 1-methyl-5-hydroxycytosine anion (2b). 
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The AM1 SCF calculations predict that the abnormal guanine – 2b pair is by 5.42 kcal/mol more 
stable than the normal guanine – cytosine Watson-Crick pair. The respective calculated difference 
using PM3 parameterization is even larger, i.e. 10.21 kcal/mol. Consequently, such strong bonding 
may substantially affect the normal DNA replication process and lead to the mutations or even cell 
termination. 

In the case of anions of 9-methyl-8-hydroxyadenine and 9-methyl-8-hydroxyguanine, the most 
stable tautomeric forms, both in the gas phase and in the solution, are the ionized 8-hydroxyl forms 3a 
and 4a, respectively. In both cases, the normal bonding with uracil and adenine is only slightly 
affected. However, our preliminary calculations indicate that the most stable tautomers in the solution 
of the neutral 9-methyl-8-hydroxyadenine and 9-methyl-8-hydroxyguanine are the zwitterionic forms 
5 and 6, respectively, presented on Scheme 8. 
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Scheme 8. The predicted most stable tautomeric forms of the neutral 9-methyl-8-hydroxyadenine and 
9-methyl-8-hydroxyguanine in the solution. 
 

According to the AM1 SCRF calculations, the form 5 is by 13.50 kcal/mol more stable as the 
neutral 8-hydroxy-4-amino-form of the 9-methyl-8-hydroxyadenine. The tautomeric form 6 is 
predicted by the same method to be by 10.33 kcal/mol more stable as the neutral 8-hydroxy-2-amino-

form of the 9-methyl-8-hydroxyguanine. The participation of charged groupNH3 −+
in the pair 

hydrogen bonding of 5 and 6 with uracil and cytosine, respectively, should significantly increase the 
stability of the respective base pairs (Scheme 9). 
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Scheme 9. The predicted most stable nucleic acid base pairs between the 9-methyl-8-hydroxyadenine 
and 9-methyl-8-hydroxyguanine zwitterions and uracil and cytosine, respectively. 

 
Indeed, the results obtained using the AM1 SCF method confirm this hypothesis. The 9-methyl-8-

hydroxyadenine zwitterionic tautomer 5 pair with uracil was estimated to be by 5.16 kcal/mol (AM1 
MCa SCRF) to 8.41 kcal/mol (PM3 MCa SCRF) more stable than the normal adenine-uracil pair. The 
9-methyl-8-hydroxyguanine zwitterionic tautomer 6 pair with cytosine was predicted to be more stable 
than the normal guanine-cytosine pair by 7.22 kcal/mol (AM1 MCa SCRF) to 8.17 kcal/mol (PM3 
MCa SCRF). 
 
 
Conclusions 
 
The results of the semiempirical quantum-chemical modeling of the tautomeric constitution of 
oxidatively modified DNA bases and their pairing with normal nucleic acid bases are indicative 
regarding the possible mutagenic mechanism of these compounds. The most stable tautomeric forms 
of the 9-methyl-8-hydroxyadenine and 9-methyl-8-hydroxyguanine in solution are zwitterionic and 
give abnormally strong bonding with the respective pyrimidine bases. As a result, the strongly bonded 
DNA chains may affect the process of replication with the subsequent mutations or cell termination. 
An analogous mechanism is expected in the case of the 1-methyl-5-hydroxycytosine anion (2b) that 
should be strongly bonded with guanine. In the case of 1-methyl-5-hydroxyuracil anion, the possible 
mechanism of the mutagenic activity may be related to the strong reverse Watson-Crick bonding of 
this compound with the wrong purine base (guanine).  
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Table 1. The AM1 and PM3 SCF (ε = 1) and SCRF (ε = 80) calculated heats of formation ∆Hf
0
, and 

the relative tautomeric equilibrium constants ∆pKT of the different tautomeric species of the anion 1-
methyl-5-hydroxyuracil (1). The definition of tautomeric forms is given on Scheme 2 

Tautomer Method ε 0
fH∆ (kcal/mol) ∆pKT 

1a AM1 1 -117.70 0.25 
  80 -170.04 2.37 
 PM3 1 -144.06 (0) 
  80 -195.07 4.40 

1b AM1 1 -118.05 (0) 
  80 -173.31 (0) 
 PM3 1 -143.84 0.16 
  80 -201.13 (0) 

1c AM1 1 -94.99 16.72 
  80 -160.90 9.00 
 PM3 1 -126.54 12.71 
  80 -191.74 6.81 

1d AM1 1 -108.11 7.21 
  80 -155.49 12.92 
 PM3 1 -136.67 5.36 
  80 -183.60 12.71 

 

Table 2. The AM1 and PM3 SCF (ε = 1) and SCRF (ε = 80) calculated heats of formation ∆Hf
0
, 

and the relative tautomeric equilibrium constants ∆pKT of the different tautomeric species of the 
anion 1-methyl-5-hydroxycytosine (2). The definition of tautomeric forms is given on Scheme 3 

Tautomer Method ε 0
fH∆ (kcal/mol) ∆pKT 

2a AM1 1 -62.13 (0) 
  80 -104.41 1.02 
 PM3 1 -88.55 0.46 
  80 -131.53 3.88 

2b AM1 1 -58.83 2.39 
  80 -105.82 (0) 
 PM3 1 -87.87 0.96 
  80 -136.19 (0) 

2c AM1 1 -60.87 0.91 
  80 -105.38 0.32 
 PM3 1 -89.19 (0) 
  80 -133.53 1.93 

2d AM1 1 -40.80 15.47 
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Table 2. Continued 

  80 -92.93 9.35 
 PM3 1 -72.06 12.42 
  80 -123.55 9.17 

 

Table 3. The AM1 and PM3 SCF (ε = 1) and SCRF (ε = 80) calculated heats of formation ∆Hf
0
, 

and the relative tautomeric equilibrium constants ∆pKT of the different tautomeric species of the 
anion 9-methyl-8-hydroxyadenine (3). The definition of tautomeric forms is given on Scheme 4 

Tautomer Method ε 0
fH∆ (kcal/mol) ∆pKT 

3a AM1 1 11.97 (0) 
  80 -26.96 (0) 
 PM3 1 -17.38 (0) 
  80 -56.20 (0) 

3b AM1 1 28.18 11.76 
  80 -13.98 9.42 
 PM3 1 -1.61 11.44 
  80 -42.19 10.61 

3c AM1 1 30.42 13.38 
  80 -14.09 9.33 
 PM3 1 3.05 10.16 
  80 -38.19 13.06 

 

Table 4. The AM1 and PM3 SCF (ε = 1) and SCRF (ε = 80) calculated heats of formation ∆Hf
0
, 

and the relative tautomeric equilibrium constants ∆pKT of the different tautomeric species of the 
anion 9-methyl-8-hydroxyguanine (4). The definition of tautomeric forms is given on Scheme 5 

Tautomer Method ε 0
fH∆ (kcal/mol) ∆pKT 

4a AM1 1 -28.78 (0) 
  80 -74.99 (0) 
 PM3 1 -64.28 (0) 
  80 -109.91 (0) 

4b AM1 1 -3.52 18.32 
  80 -42.92 23.26 
 PM3 1 -49.96 10.39 
  80 -89.05 14.71 

4c AM1 1 2.12 22.41 
  80 -39.18 25.97 
 PM3 1 -39.02 18.32 
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Table 4. Continued 
  80 -79.45 22.09 

4d AM1 1 -22.45 4.59 
  80 -71.76 2.34 
 PM3 1 -106.24 3.82 
  80 -59.01 2.66 
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