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Double proton transfer in nucleobase pairs leads to point mutations in nucleic acids. A series of
constrained nuclear-electronic orbital calculations combined with natural bond orbital and non-covalent
Received 21st February 2025, interaction analyses, and kinetic studies have quantitatively revealed the importance of nuclear quantum
Accepted 31st March 2025 effects (NQESs) in the reaction. Compared with the classical treatment of the nuclei, the probability of forming
DOI: 10.1039/d5cp00698h the tautomeric isomers of Cytosine—Guanine, when explicitly accounting for NQEs, increased by a factor of

8.0. This outcome can be attributed to enhancing the interaction between the orbitals at the reactive site due
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1. Introduction

The double proton transfer (DPT) reaction in DNA produces
“biologically undesirable”” tautomeric isomers that can lead to
cancer and other diseases, as proposed in Lowdin’s point mutation
model." Elucidating the reaction mechanism is therefore a bio-
chemically critical issue. Previous biological experimental research
has examined the mutation probability in various organisms.>®
Some studies have shown a bias towards the Cytosine-Guanine
(C...G) base pair being more prone to mutation than the Thymine-
Adenine (T. . .A) base pair.”'° In contrast, theoretical studies using
QM calculations under the Born-Oppenheimer (BO) approxi-
mation, QM/MM calculations, and molecular dynamics simula-
tions have revealed that the T...A base pair tautomer (T*...A¥) is
unstable, with a low reverse reaction barrier, leading to a rare
occurrence of tautomerization. On the other hand, the C...G base
pair tautomer (C*...G*) can remain relatively stable, providing
valuable insights into mutation probabilities in base pairs (Fig. 1).

To quantitatively evaluate the DPT and hydrogen bonding
interactions, it is crucial to consider nuclear quantum effects
(NQEs), which arise from the quantum wave nature of protons
and coupled proton-electron motions."" " Recently, Angiolari
et al. demonstrated that NQEs lower the DPT reaction Gibbs
free energy in C...G by 2 to 3 kcal mol ™, accelerating the reaction
rate by approximately 30 times at 300 K using density functional
tight bindingring polymer molecular dynamics (DFTB-RPMD)
simulations.' Applying the Wigner-Moyal-Caldeira-Leggett
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to NQEs, which increased the number of electrons occupying the antibonding orbitals.

c..G

C..G

Fig. 1 Structures of the cytosine—guanine base pair (C...G) and its
tautomer (C*...G*).

equation under the same temperature conditions, Slocombe
et al. also showed that the probability of tautomer formation
increases to 1.73 x 10™* due to NQEs.'” These results indicate
that quantum mechanical acceleration in the tautomeric isomer-
ization of C...G is much more significant than previously
thought. This highlights the importance of proton-electron cou-
pling in the electronic structure and underscores the need for
treatments beyond the BO theory for biomolecular reactions.

This study aims to elucidate how NQEs affect the electronic
structure of C...G. Additionally, we investigate the underlying
reasons for promoting the DPT reaction. The influence of the
surrounding environment on the DPT reaction is well-
established."*™" To assess the impact of NQEs on the reaction,
we have conducted both BO and beyond-BO calculations.

2. Methods

2.1. Constrained nuclear-electronic orbital

We focused on the constrained nuclear-electronic orbital (cNEO)
method,**>* which has been developed in recent years, to take

This journal is © the Owner Societies 2025


https://orcid.org/0000-0002-7662-9636
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp00698h&domain=pdf&date_stamp=2025-04-10
https://doi.org/10.1039/d5cp00698h
https://doi.org/10.1039/d5cp00698h
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp00698h
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027017

Open Access Article. Published on 31 March 2025. Downloaded on 4/2/2026 5:05:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

NQE:s into account in quantum chemical calculations. The cNEO
is a theory that has been developed by Yang et al** and is an
extended theory of the NEO method developed by Hammes-
Schiffer et al.>* In the NEO method, to account for the quantum
nature of the nucleus (in particular, the hydrogen nucleus), the
total wave function of the system is expressed as the product of

the electron wave function and the nucleus wave function.

W) = 1Y) [¥P) (1)
In this context, e and p represent electrons and protons,
respectively. In NEO-DFT, which combines the NEO method

and DFT, the total energy is expressed as a functional that
depends on the density of electrons and protons.

E[p®, pP] = (Ts[p°] + Ts[p"])
ST+ I I )
|+ ER[p"]) + EC[p°, "]
)

Tp°] and TpP] are Kkinetic energies. j°[p°], JPP[pP?] and
JP[pC,pP] are mean-field Coulomb interaction energies. Ex[p°]
and E%[pP] are exchange-correlation energies. EcP[p€,pP] are
electron-proton correlation energies. Eg[p°] and ER[pP] are
external potential energies. The electron and proton densities
are, respectively, derived from the orbitals:

2
| @)

+( xl[p

o= |6l (3)
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where 7 and I represent electrons and quantum nuclei, and ¢f
and ¢f are 1-particle orbitals. In the NEO-DFT method, the
Kohn-Sham equations for electrons and protons are expressed
as follows:

(%Vz + ve) o7 = &5 (5)

( 2]‘1/[ V2 + vp)qbl =& ¢h (6)

where & and &} are 1-particle orbital energies, and v° and VP are
the effective potentials for the particles given as follows:

e _ ce e (< (& (<
V€ =07+ WP+ vl + Vepe + Vexe (7)
— (S
W= V})p + VJP + V)[()c + Vgpc + vEXt (8)

The NEO-DFT method has been employed in several studies,
yet a discrepancy exists between the coordinates yielded
through structural optimization and the expected values. This
discrepancy can be attributed to the fact that the potential
energy surface of NEO-DFT is contingent upon the coordinates
of the classical nucleus alone. The cNEO method offers a solu-
tion to this issue. Consequently, the Kohn-Sham equations for
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electrons and protons in the cNEO-DFT method are expressed
as follows:

(_%vz + ve) 9 = 502 ©)

) ] =y

where f;r is the positional constraint of each proton. As &°
depends on the Coulomb potential of the proton, the potential
is affected by the constraint indirectly. The coordinate expecta-
tion of each quantum proton can be defined as follows:

R; = (¢7|r|¢F) (11)

With the constraint, the electronic/protonic orbitals must be
normalized. The Lagrangian is defined by

L :E+szf1-(<

(——vz + VP 1 (10)

2M

oYrl¢h) — Ry)
(12)
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2.2. Non-covalent interaction analysis

Non-covalent interaction (NCI) analysis is a tool used to visua-
lize non-covalent interactions,”*” including hydrogen bond-
ing, van der Waals, and steric repulsion interaction, through
the use of electron density (p) and its derivatives. NCI is based
on a two-dimensional representation of the reduced density
gradient (s) and electron density.

1 |Vpl
= 14
2(3n2)3 p3

(13)

The reduced density gradient is close to zero in the case of
non-covalent interactions between atoms or molecules. The
specific nature of the interaction is determined by the sign of
the second eigenvalue of VZp (= Ay + A, + A3 [4 < An < Z3)),
which can be classified as follows: (1, < 0 corresponds to an
attractive interaction, 1, & 0 indicates a van der Waals-type
weak interaction, and 4, > 0 signifies a repulsive interaction).

2.3. Computational details

Focusing on the DPT reaction of C...G as a case study, electro-
nic structures in the BO approximation (CAM-B3LYP/aug-
cc-pVDZ) and the beyond-BO constrained nuclear-electronic
orbital method (cNEO-CAM-B3LYP/aug-cc-pVDZ;PB4-F1) were
evaluated.?*>*?*

First, structural optimization and frequency analysis of
C...G and C*...G* were performed in PySCF (version 2.4.0),> >
which implements the ctNEO as reported by Yang et al.>* The
effective potential energy surface obtained using the cNEO
includes NQEs such as zero-point vibrational energy. Structural
optimizations were performed using the geomeTRIC (version
1.0.2) optimizer.>® No imaginary vibrational mode was found
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for the optimized structures for both BO and cNEO. The
chemical reaction paths at the BO and cNEO levels were also
traced using the climbing image nudged elastic band (CI-NEB)
method** by linking PySCF and ASE (version 3.22.1).>>2° In the
CI-NEB calculations, the number of intermediate images, the
spring constant (k), and the force threshold (f.x) for conver-
gence were set to 18,%” 0.1 eV A™*, and 0.05 eV A™*, respectively,
following previous research. Then, the differences in the char-
acteristics and reactivity of each chemical bond were evaluated
using natural bond orbital (NBO)***° and NCI analyses.>> %’

The DFT grid was set to (99, 974) in all the calculations. The
SCF convergence was set to 10~ ™" a.u. In the cNEO calculation,
all hydrogen atoms were treated as quantized particles. Electro-
nic structure analyses by NBO and NCI were carried out using
NBO?7 (version 7.0.10),*" and NCIPLOT (version 4.2).**

3. Results and discussion

It has been reported that double counting of zero-point energy
(zPE) must be avoided when calculating activation barriers
using the ¢NEO method and applying transition state theory.*’
Therefore, we carried out a reaction analysis based on total energy.
BO and c¢NEO differ in whether the total energy includes ZPE.
Thus, comparing the results of BO and cNEO corresponds to
examining the NQEs on hydrogen, the most critical element in
DPT, in the reaction.

The DPT path from the cNEO calculation is shorter than that
of BO (Fig. 2). This is because NQEs strengthen the hydrogen
bonding interactions of the reactants. The reaction path of
c¢NEO is more linear than that of BO, which means the two
proton transfers become synchronous due to the tunneling
effect caused by NQEs. This result is consistent with a previous
DFTB-RPMD study."* For NQEs, the activation barrier decreases
by 5.7 kcal mol .

Assuming that the DPT of C...G is a first-order reversible
reaction and that there are no products at ¢ = 0, then from the
Eyring equation (eqn (14)), the reaction rate constant and the

1.900 20.0
17.5
15.0 "
_ 1.600 125 8
oL
= 100 5
= g
1.300 - 7o =
50 g
2.5
1.000 - : :
1.000 1.300 1.600 1.900
ri [A]

Fig. 2 DPT reaction profiles. The color density of each point represents
the relative energy. The energy values of the BO/cNEQ theory are depicted
in blue/red for the representative structures.
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probability of formation of tautomeric isomers (eqn (15)) are as

follows:**
ki = kBTTexp (7?:7?"[) (14)
C-G, ke (0 krko
N A UL (5)

Here, i (= f,r), kg, A, R, T, AE,, t, and [X]; represent the reaction
direction (forward or reverse), Boltzmann constant, Planck
constant, gas constant, absolute temperature, activation barrier,
reaction time, and the concentration of X at time ¢, respectively.
The time to reach equilibrium was approximately 6.00 x 10° ps
and 5.75 ps under the BO approximation and with NQEs, respec-
tively (Fig. S1, ESIY).

At physiological temperature (300 K), NQEs accelerated the
forward/reverse reaction rate by a factor of 10° to 10* and
increased the probability of isomer formation by 8.0 times
(Table 1). A study on the mutation rate across the entire
genome of 78 trios of Icelandic parents and children by
Kong et al. showed that the average de novo mutation rate per
nucleotide per generation was 1.20 x 10~ ® in the samples.® Our
results theoretically explain this probability. The results also
align with previous studies showing that NQEs increase the
probability of tautomeric isomer formation."” Of course, the
generation of tautomerism is not limited to those derived from
DPT, and the probability varies depending on the species.
However, the overall probability of this order is 8.0 times the
probability increase due to NQEs, which is not negligible.

BO and cNEO electron topological analyses help explain why
NQEs lower the activation barrier and increase the probability
of tautomer formation (Fig. 3 and Table 2). The interaction
between the lone pair NBO (LP) and the N-H antibonding NBO
(BD*), which drives DPT, is enhanced by 5 to 15 kcal mol™" by
NQEs, with the most significant enhancement occurring at the
DPT reaction site (Table 2: LP/BD* interaction).

The electron occupancy of BD* indicates that the two
remaining N-H bonds are made more reactive by NQEs com-
pared to the unreactive N-H bond. The absolute value of
the BD* electron occupancy increases due to NQEs, and the
difference between N-H...O and N...H-N becomes smaller
(Table 2: BD* occupancy). This is consistent with the fact that
the reactivity of the N-H bond is enhanced when NQEs are
considered, and the transfer reaction of the two protons
becomes synchronous (Fig. 2).**

The results of the NCI analysis also support this. According
to the NCI analysis results (Fig. 4), the van der Waals repulsion
caused by the formation of a pseudo-ring structure at the

Table 1 Rate constants [s™Y of the DPT forward/reverse reactions and
tautomerization probability [x 107> %] at equilibrium (300 K)

BO c¢NEO
ke 1.12 x 10? 1.48 x 10°
ke 1.09 x 10° 1.80 x 102
Tautomerization probability 1.03 8.24

This journal is © the Owner Societies 2025
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Fig. 3 Antibonding (BD*) and lone pair (LP) NBOs.

Table 2 Donor (LP)-acceptor (BD*) NBO interaction [kcal mol™] and
electron occupancy of BD* in C...G

LP-BD* interaction BD* occupancy

Site” BO c¢NEO AnqEs BO c¢NEO AnqEs
N-H...O 33.5 48.7 +15.2 0.06 0.09 +0.03
N...H-N 26.4 35.5 +9.1 0.07 0.09 +0.02
O...H-N 19.0 24.7 +5.7 0.04 0.05 +0.01
“ See Fig. 3.
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Fig. 4 NCI 2D and 3D plots (isovalue = 0.50). The blue, green, and red
surfaces in the 3D plots represent hydrogen bonding (1, < 0), van der
Waals (1, = 0), and steric repulsion interactions (1, > 0).

hydrogen bonding site and the steric repulsion of the nucleo-
base’s ring structure remain primarily unchanged when NQEs
are considered.

Conversely, it can be observed that NQEs reinforce hydrogen
bonding interactions. Upon examining the 3D plot, it becomes
evident that the hydrogen bonding site that does not undergo a
reaction, O...H-N (Fig. 3), exhibits the lightest blue coloration
and minimal alteration even when NQEs are incorporated.
In contrast, the hydrogen bonding sites (N-H...O and N...H-N
in Fig. 3), where the reaction progresses, exhibit a darker blue
hue, indicating that NQEs strengthen the hydrogen bonding

This journal is © the Owner Societies 2025

View Article Online

PCCP

interaction. This result is consistent with the NBO findings.
The comparison of BO and ¢NEO theories explains why NQEs
accelerate the reaction from the electronic structure perspective.

4. Conclusion

This study performed a series of reaction analyses of DPT
involved in C...G point mutations through multicomponent
quantum chemical calculations, NBO, NCI, and kinetic analyses.
The activation barrier for the C...G DPT reaction is lowered by
5.7 keal mol™" due to NQEs, and the probability of tautomeric
isomer formation increases by 8.0. In other words, although NQEs
have a relatively weak effect, they significantly impact the physical
properties of nucleobase pairs. According to NBO analysis, the
decrease in the activation barrier due to NQEs is explained by the
increased electron occupancy of the N-H antibonding orbital at
the reaction site and the enhancement of the interaction between
the LP/BD* orbitals. The results have significant practical implica-
tions for understanding point mutations in nucleobase pairs. For
example, they may inform the development of new mutation
prevention and treatment strategies. The next stage of the inves-
tigation will focus on elucidating the impact of the explicit
environment on electron-proton coupling.
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