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The theoretical model of Löwdin’s mechanism of spontaneous mutation based on 2D Marcus theory of
DPT has been proposed in this work. The equation for the kinetics of DPT during DNA replication has been
established, and the expression for the probability of spontaneous mutation has been received. The prob-
ability of spontaneous mutation formation has been estimated for tautomeric G⁄–C⁄ complexes, which is
in the range of experimental results. The probability of spontaneous mutation as a function of tempera-
ture, replication rate, and solvent effect has been discussed. It increases with temperature and decreases
with replication rate. The solvent and pH effects on the probability of spontaneous mutation can also be
discussed within the framework of the model.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Eukaryotic genomes are transmitted to progeny with an error
rate of less than one mutation per billion base pairs replicated,
thanks to high-fidelity ‘proofreading’ DNA polymerases and a
DNA repair system that detects and corrects mismatches in the
duplex [1–7]. Despite this, by many mechanisms, de novo errors
occur in the structure of DNA, which commonly manifest as
spontaneous point mutations, either from base tautomerization,
chemical mutagenesis, or spontaneous deamination of 5-methyl-
cytosine [2–7]. The molecular study of the tautomer problem
was originally derived from the Watson–Crick hypothesis of point
mutation formation mechanism [2]. In living cells, nucleotide
bases of DNA are mainly in their keto or amino forms, but the enol
or imino tautomer forms can also occur at low rate. Watson and
Crick supposed that point mutations occur when nucleotide
bases were in rare tautomer forms (indicated with an asterisk, ⁄).
Hence during DNA replication instead of normal combinations of
complementary nucleotide bases as A–T and G–C other combina-
tions like A*–C, A–C*, G*–T, G–T* [3,4] are possible. In result, the
sequence of nucleotide bases in recovered DNA will be changed.

Based on the Watson–Crick’s model, Löwdin [3,4] suggested
that spontaneous mutagenesis causing aging and cancer could be
induced by tautomerization of A–T and G–C Watson–Crick base
pairs through double proton transfer (DPT) along neighboring
intermolecular H-bonds joining bases in pairs, which after several
replication cycles can result to the substitution of A–T by G–C and
vice versa (Fig. 1).
Following the pioneering Löwdin‘s work the DNA base pairs
have been extensively studied using a wide range of theoretical
approaches in the gas phase and hydrated forms [8–19]. In Ref.
[14] the tautomerization of the G–C Watson–Crick base pair by
the double proton transfer (DPT) was studied in vacuo and in the
continuum (� = 4) using quantum chemistry methods. It has been
established that in both environments the double proton transfer
was a concerted asynchronous process but in the continuum the
time delay between protons transfer increases with comparison
to the time in the vacuo. The authors concluded that the G*�C*

Löwdin’s base pair satisfies all the requirements necessary to cause
point mutations in DNA except its lifetime, which was much less
than the time of one base pair dissociation during the DNA replica-
tion. The quantum tunneling character of proton transfer between
asymmetric double well potential was correctly declared for the
first time by Löwdin [3], which then have been further studied
by many other authors [8–11,17,20]. In Ref. [17] the quantum
theory of spontaneous mutation formation on the base of
proton–phonon interaction has been proposed without taking into
account two protons coupling in a single nucleotide base. The
dependences of mutation on such factors as temperature and repli-
cation rate have been established. The model was in agreement
with the double-well potential theory [21], that the occupation
probability of each potential well has a tendency to the value of
1/2 with temperature. However, the transfer of concerted double
proton transfer and the dependence on environment properties
such as solvent have not been discussed [17]. The comprehensive
studies on electron coupled proton transfer in DNA resulting to
its damage initiated by radiation or by attachment of electron from
surroundings has been performed in the works [22,23].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphys.2015.09.005&domain=pdf
http://dx.doi.org/10.1016/j.chemphys.2015.09.005
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Fig. 1. (a) Within a hydrogen bond, double proton tunneling (DPT) refers to the transfer of two protons between partners in a base pair. The two transfers during DPT cause
both partners of the same base pair to form two distinct tautomers. (b) Upon DNA replication, each tautomer pairs with a non-complementary base: G*–T and C*–A [3]. In the
next round of DNA replication, two daughter duplexes have tautomers with non-canonical base pairing, and two daughter duplexes have normal base pairing, but harbor G–C
to A–T transition point mutations.

N. Turaeva, V. Brown-Kennerly / Chemical Physics 461 (2015) 106–110 107
Our purpose in this study is to model the Löwdin’s mechanism
of spontaneously arising point mutations by DPT during the repli-
cation of DNA taking into account the impact of system properties
as solvent, temperature, replication rate and others on the sponta-
neous mutation formation.

2. Two-dimensional Marcus theory

The process with single electron transfer (ET) and proton trans-
fer (PT) in solutions has been studied with a variety of theoretical
methods, and many factors affecting on the rate of such processes
are relatively well understood [24–29]. The most applicable theory
of charge transfer to biological processes is the Marcus theory [24],
which enable to discuss the effect of driving force and temperature
on the reaction rate, the effect of molecular parameters and sol-
vents on the rate, effect of driving force on the electrochemical rate
constant and effect of amount of charge transferred.

According to the Marcus theory the rate constant for a single ET
is given by

kET ¼ 2pV2
el

hð4pkkBTÞ1=2
exp �ðkþ DG0Þ2

4kkBT

" #
ð1Þ

Here k is the total reorganization energy of solvent and intramolec-
ular rearrangements, DG0 is the standard Gibbs free energy differ-
ence of reactant and product states, Vel is the coupling between
two electronic states.
This theory has been extended to the proton coupled electron
transfer (PCET) reactions [30–34], which is considered as a
two-dimensional analog of standard Marcus theory for single ET,
in which the free energy surfaces for PCET reactions are calculated
as functions of two collective solvent coordinates, corresponding to
ET and PT. The basic PCET reaction involving the transfer of one
electron and one proton is described in terms of the four diabatic
states, corresponding to the initial state, ET, PT and EPT (where
both the electron and the proton are transferred). Then the rate
constant expression for vibronically non-adiabatic reactions at
fixed proton donor–acceptor distance R is

kPCET ¼
X
l
Pl
X
m

VelSð0Þlm

��� ���2
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

klmkBT

s
exp �

klm þ DG0
lm

� �2
4klmkBT

2
64

3
75 ð2Þ

Here the summations are over reactant and product vibronic states,
Pl is the Boltzmann probability for the reactant state, and Vel is the

electronic coupling, Sð0Þlm is the proton vibrational wave function

overlap, klm is the total reorganization energy and DGð0Þ
lm is the free

energy of reaction for vibronic states l and m. When the proton
donor–acceptor motion is introduced, the overlap is approximated
as

Slm ¼ Sð0Þlm expð�almDRÞ ð3Þ
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Here DR ¼ R� R0, R0 is the equilibrium value of R and Sð0Þlm is the
overlap at R = R0. The rate constant expression in the low-frequency
(high-temperature) R-mode regime is similar to Eq. (2) but includes

the extra temperature dependent prefactor as exp 2kBTa2
lm=MX2

� �
.

Up to now, the exact expression for the rate constant of DPT
based on the Marcus theory has not been established, although
two dimensional free energy surfaces for reagent and product
states of DPT were described in terms of four-state valence bonds
[31]. The expression (2) for PCET is valid for the electronically non-
adiabatic proton transfer, when the vibronic coupling is much less
than thermal energy (kT) and the electronic transfer is much
slower than the proton transfer. In DNA double helix, for the DPT
we can consider the transfer of first proton as an electron transfer
in the opposite direction since it changes the electronic state of the
second proton (oxidized state). So, the electronic coupling in the
expression (2) should be calculated on the basis of first proton
vibronic states, which should lead to the small values of the total
overlap of two proton vibronic states [33]. It allows us to assume
the DPT in the DNA as a non-adiabatic process, which justifies
the application of the theory of PCET. Moreover, the mean H-bond
distance between a proton donor and an acceptor in DNA is about
3.0 Å, which is typical for non-adiabatic PCET/DPT systems.
3. Theoretical model

According to the Lowdin’s mechanism [3,4], the key of sponta-
neous point mutations is the translocation of proton between
two complementary bases (A–T [35] and G–C [14]) during the
separation of DNA strands which concertedly causes the second
proton transfer in the same nucleotide. Both protons can retain
in its deeper potential well 1 or transfer to the metastable potential
well 2 forming the rare tautomer configuration (Fig. 2).

The kinetics of DPT from the potential well 1 to the potential
well 2 resulting to spontaneous mutations is described by the stan-
dard equation for reversible first-order reactions [36]

dn
dt

¼ kDPTf ð1� nÞ � kDPTr n ð4Þ

Here n is the probability of spontaneous mutations (the fraction
of tautomer nucleotides), kf and kr are the rate constants of forward
and reversed DPT reactions, respectfully. Based on the expressions
(2) and (3) for the rate constant of reaction as a function of distance
between donor and acceptor of protons we rewrite the formula (4)
as

dn
dt

¼ kDPTf ðR0Þ expð�2aDRÞð1� nÞ � kDPTr ðR0Þ expð�2aDRÞn ð5Þ

Here kDPTf ðR0Þ is the rate constant at equilibrium proton
donor–acceptor distance, R0. The replication rate of DNA is different
Fig. 2. G–C? G*–C*: DPT between the potential wells (1) and (2).
for organisms and cells [37]. We assume the linear dependence of
the distance between donor and acceptor with the replication rate,
DR ¼ b � m � t, implying that the replication fork moves with a con-
stant speed and b takes into account the geometry of the replication
fork at dissociation of complementary bases. In the case of symmet-
rical dissociation of the bases, b ¼ 2 tana, where a is half the angle
between the forks at time t. Then the solution of the equation with
the initial conditions of n = 0 at t = 0 is given by

n ¼ kDPTf

kDPTf þ kDPTr

1� exp � kDPTf þ kDPTr

c
ð1� expð�ctÞÞ

 !" #
ð6Þ

Here c ¼ 2 � a � b � m. At t ! 1 we receive the following expression
for the probability

n ¼ kDPTf

kDPTf þ kDPTr

1� exp � kDPTf þ kDPTr

c

 !" #
ð7Þ
4. Results and discussion

Let us estimate the probability of spontaneous mutation forma-
tion by the reaction of G–C? G*–C*, using the calculated values of
rate constants of forward (�104 s�1) and reversed (�1011 s�1) reac-
tions for these complexes from Refs. [14,15]. Although these values
have been calculated by the transition rate theory for adiabatic
processes, the special case of an adiabatic reaction with very deep
tunneling when the proton transfer potential profiles have high
barriers and the ground vibrational levels are far below the barrier
[24] can be considered as a non-adiabatic transition leading to very
small prefactors in the rate expression.

Taking into account that the dissociation of one nucleotide dur-
ing the DNA replication occurs for 10�9 s [14,15] and the exponen-
tial decay parameter a is of order 102/nm for proton transfer [38]
(usually ten times the value for electron, which is �10/nm [24]),
we can estimate the value of the parameter c � 1010=s. Then put-
ting these values into the expression (7) we can receive that the
probability of spontaneous mutation formation by Lowdin’s mech-
anism is of order 10�7 which is in the range of experimental values
[5–7]. That the actual prevalence of heritable mutations in daugh-
ter cells is on the order of �10�9 which is explained by the fact that
the tautomeric shifts can be detected by DNA repair, thus corrected
prior to fixation [1]. The kinetics of the probability of spontaneous
mutation event itself is depicted in Fig. 3.
Fig. 3. Kinetics of the probability of spontaneous mutations.
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The temperature dependence of the spontaneous mutation
probability is dictated mainly by the exponential term in the
expression (2), which typically overrides the temperature-depen-
dent prefactor, and the additional temperature-dependent
exponential prefactor to Eq. (2) for the rate in the low-frequency
R-mode regime [33]. We can estimate on the base of Eq. (7) that
the probability of spontaneous point mutations with increasing
temperature (tending to infinity) have a tendency to 1/2, that is
well-known from the double-well potential theory [20]. This result
is qualitatively in agreement with the experiments [39,40], that the
spontaneous mutation probability increases with temperature.

It is well known that the replication rate is varied for different
cells and organisms. [37] The expression (7) shows the tendency
of decreasing the probability of spontaneous mutations with the
replication rate (Fig. 4).

The pH effect on spontaneous mutation formation could be
predicted by the impact of pH on the physical properties of the
proton transfer interface, such as hydrogen bond strength, proton
donor–acceptor equilibrium distance and reorganization energy.
We can suppose that at high pH the attractive interaction
between the partial positive charged proton bonded with its
donor in a nucleotide base and the atom of high electronegativity
in the complementary base will be screened by negatively
charged hydroxide ions in surroundings which results in weaken-
ing the hydrogen bond. This results in decreasing the rate of inter-
molecular DPT and the probability of spontaneous mutations by
Lowdin’s mechanism. Experimental verification of these hypothe-
ses is challenging.

The solvent effect on the rates of DPT (2) and the probability of
mutations (7) can be analyzed in this model based on its depen-
dence on the parameter of total reorganization energy, including
both solute and solvent reorganization energy terms. According
to the dependences, the rate constants decrease as the total
reorganization energy increases, which result in decreasing the
probability of mutations. This solvation effect can play a role in
the kinetics of competing concerted and sequential PCET reaction
pathways.

The effect of time delaying between two protons transfers in
medium in comparison with vacuo, established in Ref. [14] makes
obvious the contributions of solvent reorganization energy into the
activation barrier of DPT and coupling-overlap terms of proton
wavefunctions.
Fig. 4. The probability of spontaneous mutations as a function of replication rate.
5. Conclusion

The theoretical model described in this paper is based on the
two-dimensional Marcus theory for double charge transfer, which
enable to predict the behavior of spontaneous mutation formation
due to the tautomeric shifts during the replication of DNA with
respect to system properties, including reorganization energy (sol-
vent and solute), driving force, proton transfer, temperature, pH
and replication rate. The probability of spontaneous mutations is
proportional to temperature resulting to 1/2 at high temperatures
while increasing the rate of replication of DNA can lead to decreas-
ing the probability of mutation. Such factors as pH and solution
also impact on the spontaneous mutation formation varying the
hydrogen bond profiles and reorganization energy. While some
of these predictions have been shown to be consistent with exper-
imental data, other predictions still await experimental validation.

Within the framework of the proposed theoretical model,
hydration, temperature and stacking effects, chemical and physical
agents influence on the probability of mutations can be discussed
through such parameters as a driving force, temperature, reorgani-
zation energy, a proton donor–acceptor equilibrium distance, elec-
tronic coupling, proton vibrational wave function overlap. We
estimated the probability of mutations based on the rates of tau-
tomeric transitions by Lowdin mechanism for a single G–C base
pair calculated in gas phase [14] and showed that it (10�7) is
within the experimental range. We can also use the value of the
equilibrium constant (�10�7) of the most stable tautomer of a
G–C base pair received by Ceron-Carrasco et al. [12] in gas phase
to calculate the probability of spontaneous mutations which gives
the same estimations. Certainly under physiological conditions and
during the replication process, the rates of forward and reverse
intermolecular DPTs should be different from the ones we use for
estimations. Quantum chemical calculations of the rates for DNA
fragments containing several base pairs under physiological condi-
tions would be very helpful to obtain the results close to the true
ones.

Note that the model can also be applied for an A–T base pair. It
is easily seen from the formula (7) at t ! 1 using the values for
DPT rates from [15] for A–T, A*–T* transitions, the probability is
estimated as 10�9, while basing on the data received by Florian
[20,41] and Ceron-Carrasco [20,12] the probability can be esti-
mated in the order of 10�6 and 10�7–10�9, accordingly. All these
results are in the range of experiments [5–7].
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