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ABSTRACT
Proton transfer mechanism between DNA nucleobases in biological system is a well-established natural 
phenomenon. Again it is experimentally established that the anticancer drugs directly bind with DNA nucleobases 
with different types of interactions. During these interactions, the proton transfer mechanism between nucleobases 
of DNA (adenine-thymine [AT] and guanine-cytosine [GC]) may be slightly changed. The proton transfer 
mechanism within DNA nucleobases, GC, and AT base pairs had been studied for normal base pairs and drug-
base pair stacked models. Theoretically, it was observed that the stacking interactions of drugs with base pair 
of DNA results change in the proton transfer energies. The mechanism of proton transfer may also change the 
acid-base characteristics of nucleobase during proton transfer. Due to the stacking interaction between drug 
chromophore and nucleobase, the barrier of proton transfer energies might have changed, and it also indicates 
the shifting of equilibrium proton transfer between counter nucleobases.
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1. INTRODUCTION
The continuous proton transfer mechanism within 
hydrogen bonds of Watson-Crick base pairs in DNA 
is a well-established phenomenon. The formations 
of tautomeric forms of nucleobase during proton 
transfer processes are also found [1-7]. The 
tautomers of nucleobase may be important species in 
mutagenesis [5]. It might be related to the generation 
of other mismatch base pairs in double helix DNA. 
The mechanism of proton transfer is a very critical 
chemical aspect that is related to the change of acid-
base characteristics of the nucleobases in Watson-
Crick base pair. Subsequent adjustment of acidic 
and basic characteristics of nucleobases with the 
surrounding water molecules or ions during proton 
transfer may be an essential process [6-14]. In such 
situation, the energetic and dynamical behavior of the 
proton may be depicted from the change of the acid-
base characteristics of Watson-Crick base pairs [9-12]. 
On the contrary, the ions and water molecules present 
in solution should participate to neutralize the 
variation of acid-base behavior during proton transfer. 
The nucleobase may exist in different forms such as 
tautomers, radicals, and cations intermediate during 
proton transfer processes. However, all these species 
may not be easy to consider simultaneously during 

proton transfer. Initially, it is necessary to analyze 
the subsequent effect in base pair due to the change 
of acid-base characteristics within the base pair or the 
surrounding.

In the previous studies, we have preformed several 
calculations on the stacking interaction between 
aromatic chromophore with base pairs [11-14,16,17]. 
Such interactions may affect the proton transfer 
processes in normal double helix DNA. The topic is 
quite relevant to the understanding of other important 
biological processes. So, it is rather necessary to 
understand how the interactions of the drug within DNA 
sequences affect the proton transfer phenomena [15]. 
The energy barrier of proton transfer within base pair 
may be drastically affected due to the intercalation of 
drug molecules, and thereby disturb the equilibrium 
proton transfer reaction in normal double helix DNA. 
It may, in turn, play a central role in DNA replication, 
and in fact, the outcome of mismatched base pairs is 
possible [16-23].

2. METHODOLOGY
2.1. Models of Proton Transfer
Two different mechanisms of proton transfer 
(H-shifting) between counter nucleobases have been 

*Corresponding Author: 
E-mail: bipulbezbaruah@gmail.com 
Phone: +91-9854634789

Indian  
Journal of Advances in 

Chemical Science
Available online at 
www.ijacskros.com

Indian Journal of Advances in Chemical Science 4(3) (2016) 314-320



Indian Journal of Advances in Chemical Science 4(3) (2016) 314-320

315

modeled, where the possibility of Ha transfer toward 
guanine, and Hb or Hc toward cytosine in GC is depicted 
in Figures 1, 2a and c. The two counter H-atoms, Ha 
and Hb, or Ha and Hc may be shifted between guanine 
and cytosine as shown in Figure 1. Likewise, the model 
for proton transfer between adenine and thymine in AT 
has been constructed (Figure 3). In these models, the 
pairwise proton transfer is examined independently. 
As we know that the basic concept of proton transfer 
in Watson-Crick base pair lies on the adjustment of 
acidic and basic sites within AT and GC during proton 
shifting [21-25,31]. Here, one of the hydrogen atoms 
is kept at a particular position say DÅ, which in fact 
represents the characteristic of acidic H atom, and the 
energetic of H transfer of the other H atom is monitored 
from the potential energy surface (Figures 2a-d, 4a 
and b). The changes in potential energy for various 
distances of H-shifting have been analyzed. The 
typical model study depicts the inter-nucleobase proton 
transfer under acidic or basic solvent environment[26]. 
At the moment, the generation of radicals and 
tautomerization of nucleobases are not considered, 
but the possible proton transfer pathways as a result 
of stacking interaction between aromatic drug and the 
base pair have been particularly examined.

2.2. Theory
All calculations are carried out with Gaussian 03 
program code [32]. Complete geometry optimization 
of the base pairs and nucleobases (A, T, G, and C) has 
been performed with HF/6-31G** calculations. Single 
point calculations (MP2/6-31+G(d,p)) of the models 
used in depicting the proton transfer mechanism are 
performed. We have used JoinMolecules8 program [21] 
for constructing the geometries of base pair and the 
stacked drug with the base pair. The position of each 
stacked drug has been kept fixed during proton shifting 
within counter nucleobases.

3. RESULTS AND DISCUSSIONS
The proton transfer mechanisms within GC and AT 
base pairs are analyzed separately. The potential 
energy surface for the proton transfer (PT1) of the first 
two hydrogen atoms and the second two hydrogen 
atoms (PT2) in GC are shown in Figure 5a-d. We 
have examined only one model of proton transfer 
(PT3) for AT base pair. As indicated in Figure 5a-d, 
the two energy minima in the potential energy 
surface of PT1 represent the existence of base pair, 
(GHa)C, and G(HaC). Similarly, the formation of 

Figure 1: Optimized structure of guanine-cytosine 
base pair.

Figure 3: Optimized structure of adenine-thymine 
base pair.

Figure 2: (a) Transition state structure of unstacked 
guanine-cytosine (GC) base pair for proton (Ha) 
transfer type PT1. (b) Transition state structure of 
stacked GC base pair for proton (Ha) transfer type PT1. 
(c) Transition state structure of unstacked GC base 
pair for proton (Hc) transfer type PT2. (d) Transition 
state structure of stacked GC base pair for proton (Hc) 
transfer type PT2.
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Figure 4: (a) Transition state structure of unstacked 
adenine-thymine (AT) base pair for proton (Ha) 
transfer type PT3. (b) Transition state structure of 
stacked AT base pair for proton (Ha) transfer type PT3.
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(GHc)C and G(HcC) is found in the potential energy 
surface of PT2. The maxima in the potential energy 
surfaces indicate the transit point (TS) during the 
proton transfer. In these plots, the difference between 
the energy minima for the proton transfer in PT1 and 
PT2 becomes smaller as the proton shifts from G to C 
(Figure 5b and d). It is possible to locate the position 
of optimum energy level for the proton transfer 
reaction. In the sense, the existence of (GHa)C and 
G(HaC) at almost equal energy level can be identified 
at a particular distance, D (2.1Å). It indicates that 
under certain condition, the formation of both (GHa)
C and G(HaC) is possible (Figure 2a and b). It may 
be the necessary condition for the feasibility of 
proton transfer (PT1) within GC base pair. Similarly, 
the formation of (GHc)C and G(HcC) is found from 
the energy minima in the plot of PT2 (Figure 2c 
and d). Based on these, energy minima (GHa)C and 

G(HaC) are considered as reactant and product for 
PT1 and (GHc)C and G(HcC) are found for PT2. We 
have estimated the energy barriers of proton transfer 
in PT1 and PT2, and the values are shown in Table 1. 
The corresponding energy barriers for AT base pair 
(PT3) are shown in Table 2. Moreover, the hydrogen 
bond distances for the transition state structure as well 
as for the reactant and products are shown in Table 3. 
In all these calculations, we have considered only the 
rigid monomer of the base pair and the relaxation of 
other geometrical parameters during proton transfer 
is not considered. However, there observed the 
significant variation of energy barriers for PT1 and 
PT2, and PT2 occurs at slightly higher energy level 
than PT1. The energies of formation of (GH)C and 
G(HC) obtained from the energy minima of PT1 are 
10.541 kcal/mol and for PT2 are 17.234 kcal/mol, 
respectively.

Figure 5: (a) Potential energy surface during proton transfer for unstacked guanine-cytosine (GC) base pair at 
different distances in angstrom, where A = 1.0Å, B = 1.3Å, C = 1.5Å, D = 1.9Å, and E = 2.1Å (Proton transfer 
type PT1). (b) Potential energy surface during proton transfer for unstacked GC base pair at different distances in 
angstrom, where A = 1.0Å, B = 1.3Å, C = 1.5Å, D = 1.9Å, and E = 2.1Å (Proton transfer type PT2). (c) Potential 
energy surface during proton transfer for unstacked GC base pair at different distances in angstrom, where 
A = 1.0Å, B = 1.3Å, C = 1.5Å, D = 1.9Å, and E = 2.1Å (Proton transfer type PT2). (d) Potential energy surface 
during proton transfer for stacked GC base pair at different distances in angstrom, where A = 1.0Å, B =1.3Å, 
C = 1.5Å, D = 1.9Å, and E = 2.1Å (Proton transfer type PT2).
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Similarly, to investigate the proton transfer mechanism 
in AT base pair (PT3), we have followed the same 

model calculations used in GC base pair. The acidic 
nature of one of the counter bases has been adjusted 
by shifting the Hb atom at various distances (DÅ), the 
potential energy surfaces at each distance is explored 
(Figure 6a and b). Such model calculation could 
predict the equilibration between (AHa)T and A(HaT) 
for maintaining continuous proton transfer reaction 
within AT base pair.

The minima in the potential energy plot show the 
formation of (AHa)T and A(HaT) base pair, which are 
found significantly dependent on the acidic nature of 
one of the hydrogen bonds (Figure 4a and b). However, 
at highly acidic condition as designated by the closer 
approach of Hb from A to T, the difference of energy 
level of (AHa)T and A(HaT) becomes small. The 
situation is very essential for maintaining continuous 
proton transfer reaction within AT base pair. As we 
can see that the increase of acidic behavior of Hb (as 
depicted by the distance D = 2.1Å), the concomitant 
reduction of the difference of these two energy minima 
(Figure 6a and b). The model calculations are unique 
for maintaining proton transfer reaction within AT 
base pair.

Furthermore, we have analyzed the hydrogen bond 
distances of the base pair at the energy minima as 
well as at the transition state from the potential energy 
surface of equilibrium proton transfer (Table 3). The 
model study on proton transfer at this equilibrium 
potential energy surface may indirectly demonstrate the 
effect of solvent molecules, proton, and other cations 
that could participate in the proton transfer reaction. 
In this case study, we assume that the instantaneous 
effect of solvent molecules or ion could manifest 
the continuous proton transfer reaction. At a certain 
surrounding solvent environment, the estimation of 
equilibrium proton transfer potential within base pair 
is an essential measure to understand the H shifting 
ability within two equilibrium structures of AT, 
and also for GC, if the solvent environments truly 
contribute in this process. Figures 5a-d, 6a and b show 
the energetic of the two energy minima in the potential 
energy surface, which are significantly different except 

Table 1: Computed energy barriers (kcal/mol) at 
minimum and equilibrium distance of different 
proton transfer for GC and stacked GC.

Proton transfer (Ha) 
From C to G

Energy barriers, ΔE 
(kcal/mol)

GC Stacked GC
A (Hc=1.0Å) 29.707 30.495
B (Hc=1.3Å) 26.433 27.300
C (Hc=1.5Å) 25.228 26.413
D (Hc=1.9Å) 13.679 18.258
E (Hc=2.1Å) 10.542 10.541
Proton transfer (Hc) 
From G to C

GC Stacked GC

A (Ha=1.0Å) 45.072 43.451
B (Ha=1.3Å) 41.249 39.742
C (Ha=1.5Å) 38.230 36.681
D (Ha=1.9Å) 28.193 20.370
E (Ha=2.1Å) 19.912 17.234
When Ha is transferred then Hc is kept constant and when 
Hc is transferred then Ha is placed at a constant distance. 
GC: Guanine-cytosine

Table 2: Computed energy barriers (kcal/mol) at 
minimum and equilibrium distance of different 
proton transfer for AT and stacked AT.

Proton transfer (Ha)  
From A to T

Energy barriers, ΔE 
(kcal/mol)

AT Stacked AT
A (Hc=1.0Å) 47.154 45.531
B (Hc=1.3Å) 40.497 39.044
C (Hc=1.5Å) 39.810 38.854
D (Hc=1.9Å) 25.203 23.798
E (Hc=2.1Å) 14.717 16.401
When Ha is transferred then Hc is kept at a constant 
distance. AT: Adenine-thymine

Table 3: Hydrogen bond distances for proton during proton transfer within DNA base pair sequences (both for 
stacked and unstacked base pairs).

Types of proton transfer Base pairs Hydrogen bond distances of transferable proton (Å)
Reactant Transition state Product

PT1 (Ha) GC 1.830 - -
Stacked GC 1.922 - -

PT2 (Hc) GC 1.922 - -
Stacked GC 1.830 - -

PT3 (Ha) AT 2.018 - -
Stacked AT 2.017 - -

AT: Adenine-thymine, GC: Guanine-cytosine
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at the equilibrium situation of proton transfer (i.e., at 
D = 2.1Å for GC and D = 2.1 Å for AT). The energy 
differences as observed in other distances are not the 
feasible condition for undergoing equilibrium proton 
transfer reaction between two structures because the 
proton may be localized within certain region leading 
to the stabilization of a structure. In general, it is clear 
that lengthening of a hydrogen bond length results 
increase of acidic properties of the counter nucleobase, 
which can be used as model studies to rationalize 
the proton transfer in AT and GC. However, such 
changes in acidity can profoundly happen due to the 
influence of surrounding ions and molecules in the real 
solvent environment. The proton transfer reactions are 
usually assisted by surrounding ions or molecules to 
compromise the acidic or basic properties of counter 
nucleobases. However, the information obtained from 
gas phase calculation is also useful for explaining the 
equilibration of two structures for both AT and GC 
during proton transfer reaction.

The existence of proton transfer within base pair 
sequences of DNA has been explained in the many 

gas phase calculations, which is not a perfect 
model because such reactions are not completely 
independent of the surrounding water and ions 
present in solution [25,27-30]. In this regard, water 
assisted proton transfer is also highlighted in some 
studies [28]. Hence, the certain emphasis has been 
given on the metal or proton catalyzed proton transfer 
mechanism occurred due to the interaction with lone 
pair electrons present on the various atomic sites 
from the exterior region of the base pair [29-30]. It is 
worth mentioning that such effect cannot be neglected 
in the proton transfer reaction within AT or GC base 
pair. In real condition, the proton transfer reaction is 
catalyzed by various hydrogen bonding molecules of 
the surrounding solvent. So, in the present study, the 
important implication is to demonstrate the situations 
how the equilibrium proton transfer (EQ) could occur 
in base pair. It may be noted that the transient of a 
proton from G to C or A to T, and vice versa is possible 
at a particular distance (Figures 5a-d, 6a and b). As 
mentioned before, such model can indirectly reflect 
the adjustment of acidic and basic behavior of counter 
nucleobases (as taken by the position of H) of WC 
base pair as a result of the catalytic effect of ions or 
hydrogen bond effect from the surrounding solvent 
molecule.

Furthermore, we have analyzed that the deviation of 
equilibrium energy levels as well as the transition state 
energies of stacked base pair from those of non-stacked 
structures. The shift of potential energy surface due to 
the stacking interaction of drug and base pair is found 
quite significant. There observed differences of the 
transition state energies of PT1 and PT2. However, 
the similarity of proton transfer mechanism is well 
maintained in the stacked base pair with drug. We note 
that the proton transfer reactions for PT1 and PT2 in the 
stacked structures pass through higher energy barriers 
compared to the non-stacked structures (Table 1 and 
Figure 5a-d). The results naturally manifest that the 
presence of aromatic molecules stacked with base pair 
would inhibit the proton transfer phenomena within 
GC base pair. The details of the potential energy 
surfaces to predict preferable condition for proton 
transfer reaction for both the free and non-stacked 
base pair have been analyzed (Figure 5a-d). As we can 
see in Tables 1 and 2 and Figures 2a-d, 4a and b, a 
small shift of transition state is found. The increase 
of energy barrier for the shifting of proton within GC 
and AT due to stacking interaction between aromatic 
rings cannot be neglected. The results indicate that 
the proton transfer kinetics may be slowed down 
compared to that of non-stacked situation. During 
the dynamical proton transfer reaction, the relaxation 
of the geometrical parameters usually takes place to 
compensate the acid-base characteristics within WC 
hydrogen bonding region, and also as a result of various 
solvent polarities and other hydrogen bond formation 
capacity around DNA. However, the geometric 

Figure 6: (a) Potential energy surface during proton 
transfer for unstacked adenine-thymine base pair 
at different distances in angstrom, where A = 1.0Å, 
B = 1.3Å, C = 1.5Å, D=1.9Å, and E = 2.1Å (Proton 
transfer type PT3). (b) Potential energy surface during 
proton transfer for stacked AT base pair at different 
distances in angstrom, where A = 1.0Å, B = 1.3Å, C = 
1.5Å, D = 1.9Å, and E = 2.1Å (Proton transfer type PT3).
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relaxation is not considered in the present study, and 
such relaxation might lead to other molecular species 
such as tautomers and radicals of nucleobases. Hence, 
the proton shifting within base pairs has been analyzed 
only for the rigid conformation.

4. CONCLUSION
It has been found that there is a significant variation of 
the energy barrier for proton shifting in GC base pair. 
PT2 occurs at slightly higher energy level than PT1. 
Such model calculation could predict the equilibration 
between (AHa)T and A(HaT) for maintaining 
continuous proton transfer reaction within AT base 
pair. Similarly, the model study for GC base pair 
shows the existence of (GH)C and G(HC) at almost 
equal energy level. The proton transfer reactions for 
PT1, PT2, and PT3 in the stacked structures are found 
at higher energy barriers compared to the non-stacked 
structures. Hence, the stacked aromatic molecules with 
base pair would inhibit the proton transfer phenomena 
within base pair.
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