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Paul Hodgkinson c and Martin Drač́ınský *a
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It has been hypothesised that proton tunnelling between paired nucleobases significantly

enhances the formation of rare tautomeric forms and hence leads to errors in DNA

replication. Here, we study nuclear quantum effects (NQEs) using deuterium isotope-

induced changes of nitrogen NMR chemical shifts in a model base pair consisting of two

tautomers of isocytosine, which form hydrogen-bonded dimers in the same way as the

guanine–cytosine base pair. Isotope effects in NMR are consequences of NQEs, because

ro-vibrational averaging of different isotopologues gives rise to different magnetic

shielding of the nuclei. The experimental deuterium-induced chemical shift changes are

compared with those calculated by a combination of path integral molecular dynamics

(PIMD) simulations with DFT calculations of nuclear shielding. These calculations can

directly link the observable isotope-induced shifts with NQEs. A comparison of the

deuterium-induced changes of 15N chemical shifts with those predicted by PIMD

simulations shows that inter-base proton transfer reactions do not take place in this

system. We demonstrate, however, that NMR isotope shifts provide a unique possibility to

study NQEs and to evaluate the accuracy of the computational methods used for

modelling quantum effects in molecules. Calculations based on the PBE functional from

the general-gradient-approximation family provided significantly worse predictions of

deuterium isotope shifts than those with the hybrid B3LYP functional.
Introduction

In their seminal work, Watson and Crick stressed the importance of tautomerism
of nucleic acid (NA) bases for DNA structure. Other than their canonical
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tautomers cannot form hydrogen bond complexes with their natural counter-
parts.1 Soon aer the structural determination of DNA, it was hypothesised that
rare tautomer formationmay result in point mutations during DNA replication.2 A
plausible mechanism for the rare tautomer formation is based on proton trans-
fers within the hydrogen-bonded base pair; single-proton transfer (SPT) leads to
zwitterionic structures, while double-proton transfer (DPT) leads to hydrogen-
bonded pairs of two rare tautomers.

Several computational studies have suggested that, at least for the guanine–
cytosine (G–C) base pair, DPT would lead to structures stable enough to induce
DNA damage by base-pair mismatches.3–8 The G*–C* base pair, resulting aer the
transfer of guanine H1 to cytosine and back transfer of cytosine H4 to guanine
(Fig. 1), was found as a stable product of DPT in these studies. On the other hand,
the G#–C# pair, resulting aer double amino proton transfer, was calculated to be
unstable.3,6,7 Despite considerable experimental effort,9–13 no conclusive conr-
mation or rejection of DPT in DNA base pairs could be made so far.

While the concept of hydrogen bonding is widely accepted and exploited in
chemistry, the small mass of the hydrogen atom means that hydrogen bonds are
intrinsically quantum mechanical and that zero-point energy and tunnelling can
be of critical importance.14,15 It has been suggested that nuclear quantum effects
(NQEs) can change the relative stability of tautomeric forms of base pairs.16 It has
also been hypothesised that proton tunnelling within the hydrogen-bonded base
pair could signicantly enhance the formation of rare tautomers.17 The impor-
tance of NQEs for DPT in the 7-azaindole dimer has been revealed by isotopic
substitutions; an increase of the DPT product lifetime by one order of magnitude
was found upon deuteration.18

The quantum dynamics of A–T and G–C base pairs have been studied by Vil-
lani,6,19–21 and an effective quantal potential including mass-dependent quantum
effects has been constructed by Shigeta et al.22 The inuence of quantum
tunnelling on DPT in the A–T base pair has recently been studied by solving the
time-dependent master equation for the density matrix, and it was found that
tunnelling is unlikely to be a signicant mechanism for DPT in A–T pairs.23 In
contrast, quantum uctuations have been found to be crucial, for example, in
hydrogen bond interactions in excited states of DNA base pairs,18,24,25 in hydrogen-
bonded polypeptide strands,26 and in enzyme reactions.27–31
Fig. 1 Top: canonical G–C base pair and two G–C base pairs resulting after DPT: G*–C*
and G#–C#. Bottom: dimer of isocytosine found in its crystalline phase, consisting of 1,2-I
and 2,3-I tautomers, and the isocytosine dimer after DPT.

332 | Faraday Discuss., 2018, 212, 331–344 This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8fd00070k


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
2 

M
ai

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
5.

02
.2

02
6 

03
:0

8:
55

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A convenient way to incorporate NQEs into quantum chemical calculations is
through path integral molecular dynamics (PIMD). PIMD simulations use an
isomorphism between quantum particles and extended sets of classical particles.
Each quantum particle is represented by a set of “beads” connected with
harmonic springs; the force constant of the oscillator depends on the nuclear
mass and temperature. Light nuclei and low temperatures lead to more delo-
calised nuclei. Car–Parrinello-based PIMD has been employed to investigate the
role of NQEs in the DPT between isolated simplied mimics of DNA base pairs.16

Accounting for NQEs led to a near complete suppression of the reverse barrier
from the rare to the canonical tautomers. It has also been predicted from PIMD
simulations that NQEs increase the interaction strength of G–C and A–T base
pairs by ca. 0.5 kcal mol�1 at room temperature.32 The average N–H bond lengths
have been found to be longer in path integral Monte Carlo (PIMC) simulations of
the isolated G–C base pair using semiempirical electronic structure methods than
in classical simulations.33,34

Here, we study the NQEs by examining deuterium isotope induced changes of
nitrogen chemical shis in model 15N-labelled base pairs. Isotope effects are
a consequence of NQEs, because ro-vibrational averaging of different iso-
topologues gives rise to different magnetic shielding of the nuclei by the elec-
trons. It has been shown recently that deuterium-induced chemical shi changes
can be predicted with excellent agreement with the experiment by combining
path integral molecular dynamics simulations with density functional theory
(DFT) calculations of nuclear shielding.35,36 These calculations thus can directly
link the observable isotope-induced shis with NQEs.

Isocytosine is a structural analogue of cytosine and provides a unique oppor-
tunity to study hydrogen bonding interactions, because the two stable tautomers
of isocytosine (1,2-I and 2,3-I, Fig. 1) can form hydrogen-bonded dimers in the
same way as the guanine and cytosine canonical base pair. The hydrogen-bonded
dimer is found in the crystal structure of isocytosine,37,38 and both stable tauto-
mers are also found in solution.39,40

Results
Solution NMR

NMR spectra of isocytosine in solution at room temperature exhibit broad signals
due to fast interconversion between 1,2-I and 2,3-I tautomers (Fig. 2). Experiments
at lower temperatures are necessary to slow down the exchange. We tested several
solvents and solvent mixtures for their application in low temperature NMR
measurements of isocytosine (Fig. S1 in the ESI†), and deuterated dimethyl
formamide (DMF-d7) was found to be suitable for experiments down to �70 �C.
Mixing dimethylether (DME) with DMF-d7 in a 1 : 1 (w/w) ratio decreased the
freezing point of the mixture to about �130 �C and allowed us to acquire well-
resolved NMR signals down to �120 �C.

Low temperature 1H NMR spectra of isocytosine in DMF-d7 are shown in Fig. 2.
Two isocytosine tautomers are observable already at about �30 �C. The signal
assignment is based on H,H-COSY and H,C-HMBC experiments (Fig. S2 in the
ESI†). For example, a three-bond coupling between H10 and H60 conrmed the
identity of the minor tautomer 1,2-I. Quantication of the two isocytosine
tautomers by integration of H5 and H50 signals revealed measurable changes in
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 331–344 | 333
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Fig. 2 Part of the 1H NMR spectra of isocytosine measured in DMF-d7 (left) and in DME/
DMF-d7 (right) at variable temperatures. Expansion of the violet box is shown in the ESI
(Fig. S4†). Chemical shifts are tabulated in Table S1.†
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the tautomer ratio, from 4 : 3 at �80 �C to almost 1 : 1 at �120 �C. This is
caused by the stabilisation of the minor tautomer by the formation of a dimer
with the major tautomer, similarly to in the solid isocytosine.40 Intermolecular
hydrogen bonding interactions can be inferred from the deshielding of H3
(signal at 14.7 ppm) and one of the two NH2 hydrogens in both tautomers (H2b

and H20b at 9.5 and 9.2 ppm, respectively). A nuclear Overhauser effect (NOE)
experiment measured at �120 �C further conrmed the existence of the iso-
cytosine dimer (Fig. 3); irradiation of the H3 signal revealed spatial proximity of
this hydrogen to both the H2b and H20b hydrogen atoms involved in the
hydrogen bonding interactions. Low-temperature 15N NMR spectra of 15N-
labelled isocytosine are shown in the ESI (Fig. S3†). The nitrogen signals of
the isocytosine monomer (2,3-I) and dimer are well resolved at �130 �C. While
signals of the free major tautomer 2,3-I are clearly visible in the low-
temperature spectra (Fig. 2, S3†), no signals of the free minor tautomer are
observed.

To determine the deuterium-induced changes of nitrogen chemical shis
in the isocytosine dimer, a few drops of CD3OD were added to a 15N-labeled
isocytosine sample in DME/DMF-d7 solvent mixture in order to partially
deuterate isocytosine exchangable protons. The signals of 1H and 2H-
isocytosine (in a ca. 1 : 1 ratio) were clearly observable in the 15N spectrum
measured at �120 �C (Fig. S5†). An H,N-HSQC experiment was used to assign
partially overlapped nitrogen resonances of the amino groups N2 and N20

(Fig. 4). The signals of N2 are still too broad at this temperature to accurately
extract the deuterium isotope shis, but the chemical shi change caused by
both isotope exchanges (H20a and H20b) at N20 could be determined separately
(Table 1).

Solid isocytosine – NMR
15N NMR spectra of crystalline 15N-labelled isocytosine and isocytosine
deuterated at all labile positions are shown in Fig. 5, and the experimental
334 | Faraday Discuss., 2018, 212, 331–344 This journal is © The Royal Society of Chemistry 2018
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Fig. 3 1H NMR spectrum (bottom) and differential 1H NOE spectrum (top, irradiation at
14.7 ppm) of isocytosine in DME/DMF-d7 solution at �120 �C confirming the dimer
formation. The signal indicated by a red dashed line is the exchange signal of H3 in the
isocytosine monomer.
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differences between the nitrogen chemical shis of the H/D forms of iso-
cytosine are summarised in Table 2. The chemical shis are always lower in the
deuterated form.
Calculations

Deuterium isotope shis of nitrogen nuclei in innite crystals of isocytosine were
modelled by a combination of PIMD simulations and shielding calculations using
Fig. 4 H,N-HSQC spectrum of 15N- and partially 2H-labelled isocytosine in DME/DMF-d7
at �120 �C, showing the deuterium-induced isotopic shifts of nitrogen N20 caused by
isotope exchange of the hydrogen atoms involved and not involved in intermolecular
hydrogen bonding (H20b and H20a, respectively).

This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 331–344 | 335
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Table 1 Experimental (DME/DMF-d7 solution at �120 �C) and calculated (PIMD) deute-
rium isotope shifts of 15N in the isocytosine dimer (dH–dD); atom numbering is depicted in
Fig. 2

Method N3 N20a N20b

Ddexp 0.88 0.59 0.58
Ddcalc

a B3LYP/PCM 1.02 0.70 0.70
Ddcalc

a PBE/vacuum 0.91 0.50 1.20

a Calculated from PIMD differences of average N–H/N–D distances involving the particular
nitrogen atom and hydrogen atom.
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the CASTEP program,41 which is a DFT-based code that uses planewaves as basis
sets to model the periodically repeating images of crystal unit cells. A method for
the accurate prediction of the deuterium isotope shis has recently been devel-
oped and has been shown to provide excellent agreement with experiments for
molecular solids and isolated systems with intramolecular hydrogen bonds.35,36,42

The method is based on the convolution of the probability distributions of
selected bond distances obtained from PIMD simulations with the shielding
dependence of a particular nucleus on the bond distance. We use this “func-
tional” approach here instead of direct NMR calculations for geometry snapshots
from the simulation trajectories, because it signicantly reduces the computation
time and avoids the slow convergence of the calculated NMR data with the
number of snapshots.43

The geometry of crystalline isocytosine was optimised prior to the PIMD
simulation. The optimised positions of non-H atoms were almost identical to
those found in the X-ray structure (see Fig. S6 in the ESI†). Selected probability
distributions of N–H and N–D distances obtained from the PIMD simulations are
shown in Fig. 6a. The N–D distance distributions are slightly narrower and
slightly shied to smaller distances. The differences between the N–H and N–D
distance distributions led to the observation of isotope-induced shis. No inter-
molecular proton transfer was observed during the PIMD simulation; all
hydrogen atoms were always closer to the hydrogen bond donor than to the
hydrogen bond acceptor.
Fig. 5 15N CP-MAS spectra of isocytosine recrystallized from H2O (black) and from D2O
(red).
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Table 2 Experimental and calculated (PIMD) deuterium isotope shifts (in ppm) of 15N in
solid isocytosine (all NH and NH2 hydrogens were exchanged for deuterium, dH–dD); atom
numbering is depicted in Fig. 2

N2 N20 N3 N10 N1 N30

Type NH2 NH2 NH NH N N

Ddexp 1.64 1.38 0.95 1.13 0.65 0.16
Ddcalc

a 1.91 1.49 0.90 1.20 �0.03 �0.47
Ddcalc

b 1.68 1.31 0.86 1.19

a Calculated by convoluting all N–H/N–D distance probability distributions obtained from
PIMD simulations with N–H distance dependence of the nitrogen shielding. b Calculated
from the PIMD differences of average NX–H/NX–D distances involving the nitrogen NX atom.
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The contribution of all N–H/N–D distance distributions to all nitrogen
shieldings was calculated, and the sum of these contributions provided the
deuterium isotopic shis of the protonated/deuterated nitrogen atoms (N2, N3,
N10 and N20) in very good agreement with the experiment (Table 2). A worse
agreement was observed for the tertiary nitrogen atoms N1 and N30. These atoms
are not directly attached to a hydrogen atom, but they are involved in intermo-
lecular hydrogen bonds (intra-dimer N30/H3 and inter-dimer N1/H2a), and the
closest hydrogen atoms are ca. 2 Å apart. However, the changes in the distant N–H
distances upon deuteration are probably not the most important geometry
coordinates causing differences in the shielding of tertiary nitrogens; valence and
torsion angle differences probably signicantly contribute to the isotope shis.
On the other hand, the most important contribution to the isotope shis of
nitrogen atoms bearing a hydrogen atom is always the change of the N–H
distance. When only the differences in the average NX–H distances upon
deuteration obtained from the PIMD simulations are used for the isotope shi
calculation of nitrogen NX, the agreement is also excellent for all nitrogens
bearing a hydrogen atom (Table 2). This probably reects the almost linear N–H
distance dependence of the investigated nitrogen shieldings (see Fig. S7 in the
ESI†).
Fig. 6 Selected probability distributions of N–H and N–D distances in (a) solid isocytosine
and (b) the isolated isocytosine dimer obtained from PIMD simulations in CASTEP. Half of
the optimised hydrogen bond donor/acceptor distances are close to 1.4 Å for all three
hydrogen bonds.
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Encouraged by the very good agreement of the calculated deuterium isotope
shis for solid isocytosine, we used the CASTEP program with the PBE functional
for the isolated isocytosine dimer as well, although we noticed signicant
differences between the isocytosine dimer structures optimised with the PBE
functional and those optimised with the hybrid B3LYP functional (see the ESI†).
The B3LYP-optimised structure was much closer to that optimised at the MP2
level. It has already been found previously that hybrid functionals perform better
than GGA functionals when compared toMP2 results (hydrogen bond lengths and
interaction energies).16,44 Other calculations have stressed the importance of the
base-pair environment (surrounding water molecules and stacked base pairs) for
DPT.45

The energy proles of H3/N30 distance scans at different computational levels
are depicted in Fig. 7. The H3/N30 distance was systematically varied and the
geometry of the rest of the dimer was allowed to relax. When the computations are
performed in vacuum, both functionals, PBE and B3LYP, show a clear energy
minimum corresponding to double proton transfer (H3 to N30 and H20b to O4).
The energy barrier is ca. 4 kcal mol�1 higher in the B3LYP calculations. On the
other hand, in the calculations with the B3LYP functional and implicit solvent
simulation, only a single proton transfer (H3 to N30) is observed, but the
minimum of this structure is very shallow (the energy barrier for back isomer-
isation is lower than 0.5 kcal mol�1).

Calculations with hybrid functionals are computationally very demanding for
plane-wave sets. Note also that previous PIMD simulations of nucleic acid base
pairs were performed with the GGA functionals only (BLYP or optB88-vdW).16,32

The most signicant difference in the N–H bond distance probabilities between
the PIMD simulations of solid isocytosine and those of the dimer is the signi-
cantly broader N20–H20b probability distribution, which is also shied to longer
distances and is substantially asymmetric with higher probabilities of large
distances (Fig. 6b). The largest N20–H20b distance found in the simulation (1.63 Å)
is substantially longer than the shortest H20b/O4 distance (1.01 Å). This simu-
lation therefore exhibits features of hydrogen transfer between the N20 donor and
the O4 acceptor. However, hydrogen-to-deuterium exchange leads to large
changes in the N20–H20b probability distribution (Fig. 6b) and a large isotopic shi
of N20 (1.20 ppm), which is more than twice as large as the calculated isotopic
Fig. 7 The energy profiles of H3/N30 distance scans in the isocytosine dimer.
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Fig. 8 N20–H20b distance probability distributions obtained from PIMD simulations at
different computational levels.
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shi for the exchange of hydrogen H20a attached to the same nitrogen N20 but not
involved in the hydrogen bond (Table 1). This calculation is thus in clear
disagreement with the experiment, where the exchange of both hydrogen atoms at
the nitrogen N20 caused almost identical changes in the 15N chemical shi.

The PIMD simulations with the PBE functional indicated that this computa-
tional method is not capable of correctly accounting for NQEs in the isolated
isocytosine dimer. Therefore, we performed new PIMD simulations using the
hybrid B3LYP functional. The N20–H20b distance probability distribution (Fig. 8)
exhibits large dependence on the computational method. The B3LYP functional
provides shorter N20–H20b distances; simulation in a dielectric continuum
mimicking the solvent leads to further shortening of the N20–H20b distance,
narrowing, and loss of the asymmetric tail at large distances. Calculation of the
deuterium-induced isotope shis of N20 using the B3LYP/H2O probability
distributions provides identical values for the exchange of both hydrogen atoms
attached to N20, and their values (0.7 ppm) are close to those from the experiment
(0.6 ppm, Table 1).
Conclusions

The formation of the hydrogen-bonded complex of two tautomers of isocytosine
in solution was conrmed by low-temperature NMR spectroscopy experiments.
Site-selective deuterium isotope-induced changes of nitrogen chemical shis
were determined using partly deuterated 15N-labelled isocytosine dimer in solu-
tion and fully deuterated solid isocytosine.

The experimental isotope-induced changes of nitrogen chemical shis were
compared with those predicted by a combination of PIMD simulations with DFT
calculations of nuclear shielding; N–H or N–D distance probability distributions
obtained from PIMD simulations were convoluted with calculated distance
dependence of nitrogen shielding values to obtain predictions of nitrogen
shieldings that include NQEs.
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Signicant differences in the accuracy of isotope shi predictions were
observed for different theoretical levels of the PIMD simulations. The N–H
distance probability distributions of one amino group are much broader in the
PBE simulation than in the B3LYP simulation and have an asymmetric tail with
non-zero probability of an intermolecular proton transfer from the amino group
donor to oxygen acceptor. However, the PBE probability distributions predict
deuterium isotope shis two times larger than those observed experimentally. On
the other hand, the PIMD simulations with the hybrid B3LYP functional provide
isotope shi predictions in excellent agreement with the experiment and no
proton transfer is observed in these simulations.

The low probability of DPT is also supported by the calculated energy proles
of the H3/N30 distance, which show that the energy minimum corresponding to
DPT disappears when the hybrid functional and simulated solvent are used in the
calculations. A question arises whether the proton transfers observed in previous
PIMD simulations of the guanine–cytosine base pair were consequences of the
use of imprecise GGA functionals.

In summary, comparing the deuterium-induced changes of 15N chemical
shis with those predicted by PIMD simulations shows that inter-base proton
transfer reactions do not take place in the isocytosine dimer. It is demonstrated,
however, that NMR isotope shis provide a unique possibility to study NQEs and
to evaluate the accuracy of computational methods used for modelling quantum
effects in molecules.

Methods
15N-labelled isocytosine was prepared according to a previously published
procedure.39 Guanidine hydrochloride (105 mg, 1.07 mmol) was slowly added in
three portions to a stirred solution of 20% fuming sulphuric acid (0.57 mL) at
0 �C. Then, malic acid (119 mg, 0.89 mmol) was added and the ask was
immersed in an oil bath (100 �C). The reaction mixture was heated for 1.5 h (aer
45 minutes, evolution of carbon monoxide stopped). The reaction mixture was
cooled and poured onto ice, and the pH of the resulting solution was adjusted to
�9 with a solution of NaOH (1 M). The product was isolated on a DOWEX50 (H+)
column (washing with water, elution with aq. ammonia (5%)). Fractions con-
taining the product were evaporated and re-chromatographed on a silica gel
column (mobile phase: ethyl acetate : acetone : ethanol : water, 17 : 3 : 3 : 2) to
afford 41 mg (38%) of 15N3-isocytosine as a crystalline solid. Crystalline deuter-
ated 15N3-isocytosine was then obtained aer co-evaporation of the material with
D2O followed by EtOD.

1H, 13C and 15N NMR spectra were recorded on a 500 MHz NMR spectrometer
(1H at 500 MHz, 13C at 125.7 MHz and 15N at 50.7 MHz) in DMF-d7 (referenced to
the solvent signals d¼ 2.75 (1H), 104.9 (15N) and 163.15 ppm (13C), respectively) or
in a DMF-d7–DME (1 : 1 w/w) solvent mixture. Complete signal assignment is
based on the heteronuclear correlation experiments, HSQC and HMBC. The 15N
chemical shis were determined using a 1D experiment with direct detection of
nitrogens and gated decoupling of the hydrogen nuclei. High-resolution 15N solid
state NMR spectra were obtained using the same spectrometer. Samples were
packed into 3.2 mm magic angle spinning (MAS) rotors and measurements were
taken at aMAS rate of 12 kHz using cross polarization (CP) with 4ms contact time,
340 | Faraday Discuss., 2018, 212, 331–344 This journal is © The Royal Society of Chemistry 2018
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5 s recycle delay and 40 ms acquisition time. The 15N spectra were referenced by
setting the nitrogen signal from a replacement sample of a-glycine to 34.1 ppm.

The studied structures were subjected to geometry optimization at the DFT
level using the B3LYP functional,46,47 a standard 6-31+G* basis set, and the
polarizable continuummodel (PCM) used for implicit DMF or water solvation.48,49

Empirical dispersion correction according to Grimme was used in some calcu-
lations.50 NMR shielding values were calculated for the optimised structures. The
Gaussian09 program package51 was used throughout this study, except for when
CASTEP was used. The vibrational frequencies and free energies were calculated
for all of the optimized structures, and the stationary point character (a minimum
or rst-order saddle point) was thus conrmed.

The dependence of nitrogen shieldings on the N–H bond distances was
calculated by manually adjusting the bond distance d in the range d � 0.1 Å, d Å,
d + 0.1 Å, d + 0.2 Å. The calculated distance dependence of the shielding values
was tted to a quadratic function.

Path integral molecular dynamics (PIMD) simulations of solid isocytosine were
run in the CASTEP program,41 which is a DFT-based code, using an NVT ensemble
maintained at a constant temperature of 300 K using a Langevin thermostat, a 0.5
fs integration time step, a simulation length of 9 ps, ultraso pseudopotentials,52

a planewave cutoff energy of 300 eV, and with integrals taken over the Brillouin
zone using a Monkhorst–Pack53 grid of a minimum k-point sampling of 0.1 Å�1.
Electron-correlation effects were modelled using the generalized gradient
approximation of Perdew, Burke and Ernzerhof.54 The atomic positions were
optimized at the same computational level prior to the PIMD runs. The path
integral was used on top of the DFT-MD simulations, with a Trotter decomposi-
tion of all nuclei into P ¼ 16 beads. For the evaluation of deuterium isotope
effects, new PIMD simulations were performed with the mass of all exchangeable
protons (all N–H protons) adjusted to the mass of deuterium. Probability distri-
butions of the N–H bond distances were plotted with a 0.02 Å step. The PIMD
distance probabilities were determined independently for all 16 replicas and then
averaged.

The isocytosine dimer was modelled in CASTEP using the same parameters as
for the crystalline compound, with the isolated dimer placed in a cubic periodic
box of 15 � 15 � 15 Å3.

The PIMD simulations for the isocytosine dimer were also done on the B3LYP/
6-31+G* potential energy surface. Grimme’s D3 correction was used in all of the
calculations.50 The simulations were performed either in vacuum or in a dielectric
continuum representing a liquid environment. The integral equation variant of
the polarizable continuummethod was used here.55 The combination of the PCM
approach with MD simulations is not straightforward as only a fraction of the
environmental response is immediate.56 As we are interested here only in distri-
butions under thermal equilibrium, this combination is justied.

The B3LYP calculations are computationally relatively expensive and it is
therefore highly desirable to reduce the number of beads needed for a converged
nuclear density. Recently, different methods have been suggested to decrease the
computational cost of the PIMD simulations without compromising the quality of
the calculations.57–59 Here, we employ the PI + GLE method which is based on the
generalized Langevin equation (GLE) thermostat combined with PIMD.59 With
this choice, it is enough to use only 4 beads to get converged nuclear densities in
This journal is © The Royal Society of Chemistry 2018 Faraday Discuss., 2018, 212, 331–344 | 341
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a sufficient quality for electronic spectroscopy.60,61 The parameters for the GLE
thermostat were obtained from ref. 62. The temperature of the simulations was
set to 290 K. The time step was set 0.72 fs and the total simulation time was 72 ps.
All MD simulations were performed using our in-house ABIN63 code interfaced
with the Gaussian09 electronic structure code.51
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17 P. O. Löwdin, Rev. Mod. Phys., 1963, 35, 724–732.
18 A. Douhal, S. K. Kim and A. H. Zewail, Nature, 1995, 378, 260–263.
19 G. Villani, Chem. Phys., 2005, 316, 1–8.
20 G. Villani, J. Chem. Phys., 2008, 128, 114306.
21 G. Villani, Chem. Phys., 2012, 394, 9–16.
22 Y. Shigeta, H. Miyachi, T. Matsui and K. Hirao, Bull. Chem. Soc. Jpn., 2008, 81,

1230–1240.
342 | Faraday Discuss., 2018, 212, 331–344 This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8fd00070k


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 0
2 

M
ai

 2
01

8.
 D

ow
nl

oa
de

d 
on

 1
5.

02
.2

02
6 

03
:0

8:
55

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
23 A. D. Godbeer, J. S. Al-Khalili and P. D. Stevenson, Phys. Chem. Chem. Phys.,
2015, 17, 13034–13044.

24 O. H. Kwon and A. H. Zewail, Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 8703–
8708.

25 T. Fiebig, M. Chachisvilis, M. Manger, A. H. Zewail, A. Douhal, I. Garcia-Ochoa
and A. D. H. Ayuso, J. Phys. Chem. A, 1999, 103, 7419–7431.

26 M. Rossi, W. Fang and A. Michaelides, J. Phys. Chem. Lett., 2015, 6, 4233–4238.
27 J. K. Hwang and A. Warshel, J. Am. Chem. Soc., 1996, 118, 11745–11751.
28 S. R. Billeter, S. P. Webb, P. K. Agarwal, T. Iordanov and S. Hammes-Schiffer, J.

Am. Chem. Soc., 2001, 123, 11262–11272.
29 J. Z. Pu, J. L. Gao and D. G. Truhlar, Chem. Rev., 2006, 106, 3140–3169.
30 D. T. Major, A. Heroux, A. M. Orville, M. P. Valley, P. F. Fitzpatrick and

J. L. Gao, Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 20734–20739.
31 L. Wang, S. D. Fried, S. G. Boxer and T. E. Markland, Proc. Natl. Acad. Sci. U. S.

A., 2014, 111, 18454–18459.
32 W. Fang, J. Chen, M. Rossi, Y. X. Feng, X. Z. Li and A. Michaelides, J. Phys.

Chem. Lett., 2016, 7, 2125–2131.
33 M. Daido, A. Koizumi, M. Shiga and M. Tachikawa, Theor. Chem. Acc., 2011,

130, 385–391.
34 M. Daido, Y. Kawashima and M. Tachikawa, J. Comput. Chem., 2013, 34, 2403–

2411.
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