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Abstract. Hypermethylation of cytosine in expanded (CCG)n•(CGG)n trinucleotide
repeats results in Fragile X syndrome, the most common cause of inherited mental
retardation. The (CCG)n•(CGG)n repeats adopt i-motif conformations that are prefer-
entially stabilized by base-pairing interactions of protonated base pairs of cytosine.
Here we investigate the effects of 5-methylation and the sugar moiety on the base-
pairing energies (BPEs) of protonated cytosine base pairs by examining protonated
nucleoside base pairs of 2′-deoxycytidine (dCyd) and 5-methyl-2′-deoxycytidine
(m5dCyd) using threshold collision-induced dissociation techniques. 5-Methylation
of a single or both cytosine residues leads to very small change in the BPE. However,
the accumulated effect may be dramatic in diseased state trinucleotide repeats

where many methylated base pairs may be present. The BPEs of the protonated nucleoside base pairs
examined here significantly exceed those of Watson-Crick dGuo•dCyd and neutral dCyd•dCyd base pairs, such
that these base-pairing interactions provide the major forces responsible for stabilization of DNA i-motif confor-
mations. Compared with isolated protonated nucleobase pairs of cytosine and 1-methylcytosine, the 2′-deoxy-
ribose sugar produces an effect similar to the 1-methyl substituent, and leads to a slight decrease in the BPE.
These results suggest that the base-pairing interactions may be slightly weaker in nucleic acids, but that the
extended backbone is likely to exert a relatively small effect on the total BPE. The proton affinity (PA) of m5dCyd is
also determined by competitive analysis of the primary dissociation pathways that occur in parallel for the
protonated (m5dCyd)H+(dCyd) nucleoside base pair and the absolute PA of dCyd previously reported.
Keywords: Base-pairing energies, Density functional theory, 2′-Deoxycytidine, DNA i-Motif, Methylation, Proton
affinities

Received: 7 January 2015/Revised: 10 March 2015/Accepted: 17 March 2015/Published Online: 22 May 2015

Introduction

The effect of nucleotide modification on DNA is one of the
oldest questions in DNA science, and information is still

rather limited. Modifications of DNA can occur along the
phosphate backbone or to the sugar or nucleobase moieties.
Such modifications not only affect the binding affinity and
specificity of DNA but also possess pharmacokinetic and tox-
icological properties for medicinal chemistry [1]. DNA meth-
ylation, typically cytosine methylation, is the most common
epigenetic modification in eukaryotic genomes that can

regulate chromatin status and directly affect the ability of
transcription factors to access DNA. Roughly 5% of cytosines
in the human genome are methylated, mainly at dinucleotide
CpG sites [2], and there is considerable variation in the pattern
of methylation with cell type and state [3, 4]. Methylation of
cytosine residues can alter the appearance of the major groove
of DNA, where DNA binding proteins generally bind. These
epigenetic Bmarkers^ can be copied after DNA synthesis, lead-
ing to heritable changes in chromatin structure. The majority of
methylated CpG sites are found in repetitive DNA elements,
suggesting that cytosine methylation has evolved as a defense
against transposons and other parasitic elements [5]. In somatic
cells, promoter methylation often shows a correlation with gene
expression: CpG methylation may directly interfere with the
binding of certain transcriptional regulators to their cognate
DNA sequences or may enable recruitment of methyl-CpG
binding proteins that create a repressed chromatin environment
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[6]. DNA methylation patterns are highly dysregulated in can-
cer. Changes in methylation status are required for develop-
ment [4, 7], and have been postulated to inactivate tumor
suppressors and activate oncogenes, thus contributing to tu-
morigenesis [8] and other disease states [9]. Cytosine methyl-
ation is also a major contributor to the generation of disease-
causing germline and somatic mutations that cause cancer [10,
11]. Previous studies have shown that Fragile X syndrome is
caused by methylation at CpG sites, which may involve 5-
methylation of cytosine residues and/or 8-methylation of gua-
nine residues, and may involve CpG sites associated with the
protonated cytosine base pairs or distant from them [12–14].

Fragile X syndrome is the most widespread inherited cause
of mental retardation in humans, and results in intellectual
disabilities and physical deformities [15, 16]. It has previously
been shown that the expansion of (CCG)n•(CGG)n trinucleo-
tide repeats beyond 230 trinucleotides leads to Fragile X syn-
drome [12–14]. The proposed structure of single (CCG)n and
(CCG)n•(CGG)n trinucleotide repeat strands involve nonca-
nonical DNA structures such as the DNA i-motif that may be
the cause of the disease [17–19]. The secondary structure of the
DNA i-motif is a four-stranded structure consisting of parallel-
stranded DNA duplexes zipped together in an anti-parallel
orientation by intercalated protonated nucleobase pairs of cy-
tosine (C+•C) [20]. Recently, studies have shown that the
structure of the i-motif is conserved in the gas phase when
electrospray ionization (ESI) is used as the ionization technique
[21], indicating that under favorable conditions, gas-phase
studies may indeed provide insight into solution-phase struc-
ture and function.

Electronic structure calculations performed at the B3LYP/6-
311+G(2d,2p)// B3LYP/6-31G* level of theory predict that the
base-pairing energy (BPE) of the protonated nucleoside base
pair of 2′-deoxycytidine (dCyd+•dCyd) is 166.8 kJ/mol, where-
as BPEs of the protonated nucleobase pair C+•C and canonical
neutral Watson-Crick dGuo•dCyd base pair are 169.7 and 95.8
kJ/mol, respectively, indicating that the 2′-deoxyribose sugar
very slightly weakens the base-pairing interactions, but that i-
motif conformations are still preferentially stabilized by base-
pairing interactions of noncanonical protonated dCyd+•dCyd
nucleoside base pairs. Given the important biological roles that
DNA i-motif conformations may play in several human dis-
eases and cancer, including lung carcinoma [22], breast carci-
noma [23], and Burkitt’s lymphomas [24], a comprehensive
study is needed to characterize the influence of methylation on
the BPEs. Recently, quantitative determination of the strength
of the BPEs of protonated homo- and hetero-nucleobase pairs
of cytosine (C), 5-methylcytosine (m5C), 1-methylcytosine
(m1C), and 1,5-dimethylcytosine (m15

2C) was reported using
threshold collision-induced dissociation techniques (TCID)
[25–27]. The methyl substituent at the N1 position serves as a
mimic for the sugar moiety such that implications for the
effects of the 2′-deoxyribose moiety on the BPE are elucidated.
In the case of homo-nucleobase pairs, 5-hypermethylation was
found to increase the BPE, whereas 1-hypermethylation was
found to exert almost no effect on the BPE. Hence, 1,5-
dimethylation of both cytosines results in an intermediate

increase in the BPE. These results suggest that DNA i-motif
conformations should be stabilized under 5-hypermethylation
conditions. In the case of the hetero-nucleobase pairs, methyl-
ation of a single cytosine at the N1, C5, or N1 and C5 positions
weakens the BPE, and therefore would tend to destabilize DNA
i-motif conformations. Whether methylation of cytosine resi-
dues will produce similar effects in larger, more biologically
relevant model systems is not clear. Therefore, in the present
work, we extend our studies to include protonated homo- and
hetero-nucleoside base pairs of 2′-deoxycytidine (dCyd) and 5-
methyl-2′-deoxycytidine (m5dCyd) using TCID techniques
such that the effects of the 2′-deoxyribose sugar on the BPEs
is directly determined. Methylation also affects the proton
affinities (PAs) of the nucleosides. Accurate determination of
the PAs of nucleosides can yield valuable information regard-
ing the intrinsic nucleoside reactivity and the role of the local
environment in affecting nucleoside reactivity. However, very
limited thermochemical data has thus far been reported in the
literature. The PA of dCyd has been measured and reported
[28], whereas no PAs of modified dCyd have been reported.
The relative N3 PAs of dCyd and m5dCyd are obtained from
the experimental data via competitive analysis of the two
primary dissociation pathways that occur in parallel for the
(m5dCyd)H+(dCyd) complexes. The absolute N3 PA of
m5dCyd is then obtained using the relative PAs determined
here and the PA of dCyd, 988.3 ± 8.0 kJ/mol, reported in
the literature [28]. The measured values are compared with
theoretical results calculated at the B3LYP level of theory
to evaluate the ability of this level of theory for predicting
accurate energetics for these protonated nucleoside base
pairs.

Experimental and Computation
General Procedures

The energy-dependent CID behavior of three protonated nu-
cleoside base pairs, (dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd),
and (m5dCyd)H+(dCyd), is studied using a guided ion beam
tandem mass spectrometer that has been described in detail
previously [29]. The (xdCyd)H+(ydCyd) protonated nucleoside
base pairs are generated by ESI from solutions containing 0.5–
1 mM of dCyd and/or m5dCyd and 1% (v/v) acetic acid in an
approximately 50%:50% MeOH:H2O mixture. The ions are
desolvated, focused, and thermalized in a radio frequency (rf)
ion funnel and hexapole ion guide collision cell interface. The
thermalized ions emanating from the hexapole ion guide are
extracted, accelerated, and focused into a magnetic sector mo-
mentum analyzer for mass analysis. Mass-selected
(xdCyd)H+(ydCyd) protonated nucleoside base pairs are decel-
erated to a desired kinetic energy and focused into a rf octopole
ion beam guide that radially traps ions [30–32] such that
scattered reactant and products ions are collected efficiently
as they drift toward the exit of the octopole. The octopole
passes through a static gas cell where the reactant
(xdCyd)H+(ydCyd) protonated nucleoside base pairs undergo
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collision-induced dissociation (CID) with Xe [33–35] under
nominally single collision conditions, ~0.05–0.10 mTorr.
Product and unreacted (xdCyd)H+(ydCyd) ions drift to the
end of the octopole, where they are focused into a quadrupole
mass filter for the second stage of mass analysis. The ions are
detected using a secondary electron scintillation detector of the
Daly type and standard pulse counting techniques. The nucle-
osides, dCyd and m5dCyd, were purchased from Alfa Aesar
(Ward Hill, MA, USA).

Theoretical Calculations

The stable low-energy tautomeric conformations of dCyd and
H+(dCyd) have previously been examined by Wu et al. as
described in detail elsewhere [36]. In the present study, geom-
etry optimizations and frequency analyses of the low-energy
tautomeric conformations of m5dCyd and H+(m5dCyd) were
performed using Gaussian 09 [37] at the B3LYP/6-31G* level
of theory. Owing to the structural flexibility of the protonated
nucleoside base pairs of dCyd and m5dCyd, simulated anneal-
ing was first carried out to search for candidate structures using
HyperChem [38] software with the Amber 2 force field. Initial
structures of each protonated nucleoside base pair underwent a
300 cycle simulated annealing procedure, with each cycle
beginning and ending at 0 K, lasting for 0.8 ps, and achieving
a simulation temperature of 1000 K. Heating and cooling times
for each cycle were 0.3 ps each, allowing 0.2 ps for the ions to
sample conformational space at the simulation temperature.
Relative energies were computed using molecular mechanics
methods every 0.001 ps. The most stable conformers accessed
at the end of each annealing cycle were saved and used to
initiate the subsequent cycle. All structures within 30 kJ/mol of
the lowest-energy structure found via the simulated annealing
procedure, as well as others representative and encompassing
the entire range of structures found, were further optimized and
frequency analyzed at the B3LYP/6-31G* level of theory.
Single point energy calculations for xdCyd, H+(xdCyd), and
three (xdCyd)H+(ydCyd) protonated nucleoside base pairs,
where x, y = H and/or m5, were performed at the B3LYP/6-
311+G(2d,2p) level of theory using B3LYP/6-31G* optimized
geometries. Zero-point energy (ZPE) corrections were deter-
mined using vibrational frequencies calculated at the B3LYP
level of theory and scaled by a factor of 0.9804 [39]. To obtain
accurate energetics, basis set superposition error corrections
(BSSEs) are also included in the calculated BPEs using the full
counterpoise approach [40, 41]. The polarizabilities of the
neutral nucleosides, which are required for threshold analyses,
are calculated at the PBE1PBE/6-311+G(2d,2p) level of theo-
ry. This level of theory has been shown to provide polarizabil-
ities that exhibit better agreement with experimental values
than the B3LYP functional employed here for structures and
energetics [42].

Thermochemical Analysis

The threshold regions of the measured CID cross sections are
modeled using procedures developed elsewhere [43–50] that

have been found to reproduce CID cross sections well [25–27,
29, 51–55]. Details regarding data handling and analysis pro-
cedures, which include explicitly accounting for the internal
and translational energy distributions of the (xdCyd)H+(ydCyd)
and Xe reactants, the effects of multiple ion-neutral collisions,
and the lifetime of the dissociating protonated nucleoside base
pairs, are summarized in the Supplementary Information.

Results and Discussion
Cross Sections for Collision-Induced Dissociation

Experimental cross sections were obtained for the interaction of
Xe with three (xdCyd)H+(ydCyd) protonated nucleoside base
pairs, (dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and
(m5dCyd)H+(dCyd) over the range of collision energies ex-
tending from ~0 to 6 eV. The energy-dependent CID cross
sections of all three (xdCyd)H+(ydCyd) protonated nucleoside
base pairs are shown in Figure 1. The primary dissociation
pathway observed for the protonated homo-nucleoside base
pairs corresponds to cleavage of the three hydrogen bonds
responsible for the binding in these species, and resulting in
loss of the neutral nucleoside in the CID reactions 1.

xdCydð ÞHþ xdCydð Þ þ Xe → Hþ xdCydð Þ þ xdCydþ Xe ð1Þ

CID of the (m5dCyd)H+(dCyd) protonated hetero-nucleoside
pair leads to two primary dissociation pathways that occur in
parallel and compete with each other, reactions 2 and 3.

m5dCyd
� �

Hþ dCydð Þ þ Xe → Hþ m5dCyd
� �þ dCydþ Xe ð2Þ

m5dCyd
� �

Hþ dCydð Þþ Xe →Hþ dCydð Þþm5dCydþXe ð3Þ

Production of H+(m5dCyd) is energetically favored over pro-
duction of H+(dCyd), indicating that the N3 PA of m5dCyd
exceeds that of dCyd. Sequential dissociation pathways involv-
ing cleavage of the N-glycosidic bonds of the primary products,
H+(dCyd) and H+(m5dCyd), via CID reactions 1–3, producing
H+(C), H+(m5C), and the protonated 2′-deoxyribityl moiety,
H+(xdCyd – xC), are also observed at elevated collision ener-
gies, reactions 4 and 5.

Hþ xdCydð Þ → Hþ xCð Þ þ xdCyd−xCð Þ ð4Þ

Hþ xdCydð Þ → Hþ xdCyd–xCð Þ þ xC ð5Þ

These dissociation behaviors are consistent with previous
TCID and IRMPD studies of protonated nucleobase pairs and
isolated protonated nucleosides, including H+(dCyd) [25–27,
36].
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Figure 1. Cross sections for CID of the (dCyd)H+(dCyd), (m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) protonated nucleoside base
pairs with Xe as a function of collision energy in the center-of-mass frame (lower x-axis) and laboratory frame (upper x-axis), (a)–(c).
Data are shown for a Xe pressure of ~0.1 mTorr. Zero-pressure-extrapolated cross sections of the (dCyd)H+(dCyd),
(m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) protonated nucleoside base pairs with Xe in the threshold region as a function of
kinetic energy in the center-of-mass frame (lower x-axis) and the laboratory frame (upper x-axis), (d)–(f). The solid lines show the best
fits to the data using the models of Supplementary equations S1 and S2 convoluted over the neutral and ion kinetic and internal
energy distributions. The dotted lines show the model cross sections in the absence of experimental kinetic energy broadening for
protonated nucleoside base pairs with an internal temperature of 0 K
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Theoretical Results

Asmentioned in the Theoretical Calculations section, the stable
tautomeric conformations of the neutral xdCyd and protonated
H+(xdCyd) nucleosides as well as the (xdCyd)H+(ydCyd) pro-
tonated nucleoside base pairs, were examined at the B3LYP/6-
31G* level of theory. The structures of the ground-state tauto-
meric conformations of all three protonated nucleoside base
pairs calculated at the B3LYP/6-31G* are shown in Figure 2.
To differentiate the various stable low-energy tautomeric con-
formations of these species, lower case Roman numerals are
used to describe the tautomeric conformations of the neutral
nucleoside, whereas upper case Roman numerals with a B+^
sign are used to describe the tautomeric conformations of the
protonated nucleoside, and both are ordered based on the
relative Gibbs free energies at 298 K of the low-energy tauto-
meric conformations of dCyd and H+(dCyd). As can be seen in
the figure, the ground-state structures of all three protonated
nucleoside base pairs involve binding via three hydrogen-
bonding interactions and adopt an anti-parallel configuration
of the protonated and neutral nucleosides, corresponding to the
most commonly observed conformation in double-stranded
DNAs. In the ground-state structure of the protonated nucleo-
side base pairs, the excess proton is bound to the N3 atom of the
cytosine residue of the protonated nucleoside, H+(xdCyd),
which corresponds to the ground-state I+ conformer of isolated
H+(xdCyd). The cytosine and/or 5-methylcytosine nucleobases
take on anti-orientations relative to the glycosidic bonds and
the sugars are in C3′-endo configurations. The neutral nucleo-
side, xdCyd, also exists as the ground-state i conformer in the
ground-state structures of the protonated nucleoside base pairs.
The orientation of the nucleobase and sugar puckering are
highly similar to that of the ground-state I+ conformer of the
protonated nucleoside, H+(xdCyd). The ground-state tautomer-
ic conformation of the protonated nucleoside base pairs is thus
designated as I+•••i_3a(AC3, AC3) to indicate that the ground
I+ tautomeric conformation of the protonated nucleoside binds
to the ground i tautomeric conformation of the neutral nucleo-
side. The underscore 3a designation indicates that the binding
occurs via three hydrogen-bonding interactions and the proton-
ated and neutral bases are bound in an anti-parallel configura-
tion. The orientation of the nucleobase relative to the glycosidic
bond and the sugar puckering for the protonated and neutral
nucleosides are indicated in parentheses, respectively. The
upper case letter A indicates that the nucleobase takes on an
anti-orientation, whereas C3 indicates that the sugar moiety is
in a C3′-endo sugar configuration. In the protonated
(m5dCyd)H+(dCyd) nucleoside base pair, the excess proton
preferentially bind to the N3 atom of m5dCyd, indicating that
the N3 proton affinity of m5dCyd exceeds that of dCyd.

Threshold Analysis

The model of Supplementary Equation S1 was used to analyze
the thresholds for reaction 1 for the (dCyd)H+(dCyd) and
(m5dCyd)H+(m5dCyd) nucleoside base pairs, whereas Supple-
mentary Equation S2 was used to analyze the thresholds for

reactions 2 and 3 for the (m5dCyd)H+(dCyd) nucleoside
base pair as described in the Supplementary Information.
Based on the computational results, a loose phase space
limit transition state (PSL TS) model [48] is applied. The
results of these analyses are summarized in Table S3 of the
Supplementary Information and shown in Figure 1. The
thresholds determined are summarized in Table 1. In all
three systems, the experimental cross sections are accurate-
ly reproduced using a loose PSL TS model [48]. The
relative N3 PAs of dCyd and m5dCyd are also obtained
from competitive analyses of the primary dissociation
pathways for the protonated (m5dCyd)H+(dCyd) nucleo-
side base pair. Supplementary Table S3 also includes
threshold values, E0, obtained without inclusion of the
RRKM lifetime analysis. Comparison of these results with
the E0(PSL) values provides a measurement of the kinetic
shift associated with the finite experimental time window.

Previously, the PA of dCyd was measured using the kinetic
method as 988.3 ± 8.0 kJ/mol [28]. Using this value to anchor
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Figure 2. B3LYP/6-31G* optimized geometries of the ground-
state I+•••i_3a(AC3,AC3) conformations of the (dCyd)H+(dCyd),
(m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) protonated nu-
cleoside base pairs
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our measurement of the relative N3 PAs of m5dCyd and dCyd,
the N3 PA of m5dCyd is determined as 994.4 ± 8.4 kJ/mol.

The entropy of activation, ΔS†, is a measure of the looseness
of the TS and also a reflection of the complexity of the system.
ΔS† is largely determined from the molecular constants used to
model the energized complex and the TS, but also depends on
the threshold energy, E0(PSL). The ΔS†(PSL) values at 1000 K
are listed in Supplementary Table S3, and vary between 91 and
96 J•K–1•mol–1 across these systems. The large positive entro-
pies of activation determined result from the fact that while the
two neutral hydrogen bonds contribute to the stability, they also
conformationally constrain the reactant protonated nucleoside
base pairs such that the loose PSL TS is a product-like structure
that occurs at the centrifugal barrier for dissociation.

Discussion
Comparison of Experiment and Theory

BPEs of the protonated nucleoside base pairs at 0 K measured
here by TCID techniques are summarized in Table 1. Also
listed in Table 1 are the BPEs of the protonated nucleoside
base pairs calculated at the B3LYP/6-311+G(2d,2p) level of
theory, including independent ZPE and BSSE corrections.
Excellent agreement is achieved between the measured and
B3LYP/6-311+G(2d,2p) calculated BPEs for all three proton-
ated nucleoside base pairs. The mean absolute deviation
(MAD) between theory and experiment is 2.9 ± 2.2 kJ/mol.
The MAD is smaller than the average experimental uncertainty
(AEU) in these values, 5.6 ± 0.3 kJ/mol, suggesting that the
B3LYP/6-311+G(2d,2p) level of theory accurately describes
the hydrogen-bonding interactions responsible for the binding
in these protonated nucleoside base pairs. This behavior is

consistent with previous TCID studies on similar protonated
nucleobase pairs [25–27].

The absolute N3 PA of dCyd was previously reported as
988.3 ± 8.0 [28], whereas the PA ofm5dCyd is determined here
as 994.4 ± 8.4 kJ/mol. Both values are in excellent agreement
with the B3LYP/6-311+G(2d,2p) calculated values of 991.6
and 999.6 kJ/mol, respectively.

Influence of Methylation and Sugar Moiety
on the N3 PA

The absolute N3 PA of C is reported as 949.9 ± 8.0 kJ/mol in
the NISTWebbook [56, 57].More recently, Lee and coworkers
re-measured the PA of C along with that of m1C as 950 ± 13
and 962 ± 13 kJ/mol, respectively [58]. Using these literature
values along with relative PAs determined from TCID studies
of protonated nucleobase pairs of C, m1C, m5C, and m15

2C and
a comprehensive maximum likelihood estimation procedure,
we recently reported absolute N3 PAs for these nucleobases,
and with improved precision for C and m1C [25]. The N3 PAs
of C, m1C, m5C, m15

2C [25], and dCyd [28] thus determined,
and m5dCyd determined here, follow the order: m5dCyd (994.4
± 8.4 kJ/mol) > dCyd (988.3 ± 8.0 kJ/mol) > m15

2C (979.9 ± 2.9
kJ/mol) > m1C (964.7 ± 2.9 kJ/mol) > m5C (963.2 ± 2.9 kJ/
mol) > C (949.9 ± 2.8 kJ/mol). Clearly, 1-methylation, 5-
methylation, and the sugar moiety all lead to an increase in
the N3 PA of cytosine. The electron-donating properties of the
methyl and sugar moieties increase the electron density within
the aromatic ring, leading to stabilization of the positive charge
associated with the excess proton, consistent with the observed
trend in the N3 PAs. The sugar moiety produces a larger effect
on the N3 PA than methylation and even dimethylation of
cytosine attributable to its much larger polarizability and, there-
fore, results in more significant stabilization of the positive
charge associated with the excess proton. The correlations
between the polarizabilities and TCID measured absolute N3
PAs of these systems are shown in Figure 3a. The TCID
measured absolute N3 PAs of C, m1C, m5C, and m15

2C [25]
are also included for comparison. Linear regression fits through
the data for C, m1C, and dCyd as well as the analogous 5-
methylated series, m5C, m15

2C, and m5dCyd are also shown.
The absolute N3 PAs of the cytosine nucleobases and nucleo-
sides increase as the polarizabilities of these species increase.

Influence of Methylation and the Sugar Moiety
on the BPEs

The measured and calculated BPEs at 0 K of the three proton-
ated (xdCyd)H+(ydCyd) nucleoside base pairs measured here
are listed in Table 1. Experimentally, the BPEs of all three
protonated nucleoside base pairs are equal within experimental
uncertainties. In agreement with measured values, theory sug-
gests that 5-methylation of a single cytosine residue exerts
almost no effect on the BPE, whereas 5-permethylation leads
to a slight increase in the BPE. This behavior is consistent with
observations made in previous TCID studies for the analogous

Table 1. Base-Pairing Energies of Protonated Nucleobase and Nucleoside
Base Pairs at 0 K in kJ/mola

System TCID B3LYPb

D0 D0, BSSE
c

(dCyd)H+(dCyd) 159.8 (5.2) 166.8 163.7
(m5dCyd)H+(m5dCyd) 162.0 (5.7) 169.5 166.4
(m5dCyd)H+(dCyd) 162.6 (5.8) 165.3 162.2
(C)H+(C) 169.9 (4.6)d 171.7d 168.9d

(m5C)H+(m5C) 177.4 (5.3)d 176.3d 173.3d

(m1C)H+(m1C) 170.7 (5.3)e 169.7e 166.8e

(m2
15C)H+(m2

15C) 172.3 (5.8)e 169.7e 166.8e

(m5C)H+(C) 163.6 (5.1)f 169.7f 166.8f

(m2
15C)H+(m1C) 160.9 (4.7)e 166.9e 164.0e

AEU/MADg 5.6 (0.3) 5.7 (2.6) 2.9 (2.2)

aPresent results, uncertainties are listed in parentheses.
bCalculated at the B3LYP/6-311+G(2d,2p) level of theory including ZPE
corrections.
cAlso includes BSSE corrections.
dValues taken from reference [27]
eValues taken from reference [25].
fValues taken from reference [26].
gAverage experimental uncertainty (AEU). Mean absolute deviation (MAD)
between the measured and computed values.
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protonated nucleobase pairs of cytosine and 5-methylcytosine
[26, 27].

The correlation between the BPEs of the (xdCyd)H+(xdCyd)
nucleoside base pairs measured here and polarizabilities of
xdCyd is illustrated in Figure 3b. The BPEs of the (C)H+(C),

(m5C)H+(m5C) [27], (m1C)H+(m1C), and (m15
2C)H

+(m15
2C)

[25] protonated nucleobase pairs measured previously are also
included in Table 1 and Figure 3b for comparison. As can be
seen in the figure, 5-permethylation of the cytosine residues
leads to an increase in the BPEs, but the magnitude of the
increase becomes smaller as the polarizability of the
nucleobase or nucleoside increases. The BPEs of the protonat-
ed nucleoside base pairs also decrease as the polarizabilities of
xdCyd increase. The BPEs of the (dCyd)H+(dCyd),
(m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd) nucleoside
base pairs are smaller than those of the corresponding proton-
ated nucleobase pairs, (C)H+(C), (m5C)H+(m5C), and
(m5C)H+(C), respectively, indicating that the 2′-deoxyribose
sugar leads to a slight decrease in the BPE for of all these
protonated nucleoside base pairs. The BPEs of the three pro-
tonated nucleoside base pairs are also slightly smaller than
those of the corresponding 1-methylated protonated
nucleobase pairs, (m1C)H+(m1C), (m15

2C)H
+(m15

2C), and
(m15

2C)H
+(m1C), indicating that the effect of the 2′-deoxyri-

bose sugar on the BPE is parallel, but slightly greater than that
of the 1-methyl substituent.

Implications for the Stability of DNA i-Motif
Conformations

The base-pairing interactions in the protonated nucleobase
pairs of cytosine are the major forces responsible for stabiliza-
tion of DNA i-motif conformations. Previous TCID studies of
protonated nucleobase pairs of cytosine and methylated cyto-
sines found that 5-hypermethylation increases the BPE, where-
as 1-hypermethylation exerts almost no effect on the BPE.
Hence, 1,5-dimethylation of both cytosines results in an inter-
mediate increase in the BPE [25, 27]. These results suggest that
DNA i-motif conformations should be stabilized under 5-
hypermethylation conditions. As mentioned in the Introduc-
tion, methylation may also occur at cytosine residues associat-
ed with the protonated cytosine base pairs or distant from them
as well as at guanine residues of the CpG sites of the trinucle-
otide repeats. As for 1-methylation of cytosine residues, 5-
methylation of cytosine residues not involved in the protonated
cytosine base pairs or 8-methylation of guanine residues being
distant from the protonated cytosine base pairs should exert an
even smaller, and probably a negligible, effect on the BPEs.
These results also suggest that hypermethylation of CCG
repeats, which is the cause of Fragile-X syndrome, likely
occurs to both further stabilize i-motif conformations (5-
methylation of cytosine residues involved in the protonated
cytosine base pairs) and to alter the appearance of the
major and minor grooves (5-methylation of cytosine and
8-methylation of guanine residues) and thus alter interac-
tions with DNA binding proteins [12–14]. In the case of
the hetero-nucleobase pairs, methylation of a single cyto-
sine at the N1, C5, or N1 and C5 positions very slightly
weakens the BPE and, therefore, would tend to very slight-
ly destabilize DNA i-motif conformations, but such isolated
modifications should produce a negligible effect on the
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Figure 3. TCID measured absolute N3 PAs of xB at 298 K (in
kJ/mol) versus calculated polarizability volumes of xB, where xB
= C, m5C, m1C, m15

2 C, dCyd, and m5dCyd. The N3 PAs of C,
m5C,m1C, andm15

2 C are taken from reference [25], whereas the
N3 PA of dCyd is taken from reference [28]. The lines are linear
regressions fits to the data for the C,m1C, and dCyd series, and
independently the analogous 5-methylated species, respec-
tively (a). TCID measured BPEs of (xB)H+(xB) at 0 K (in kJ/mol)
versus polarizability volumes of xB, where xB = C, m5C, m1C,
m15

2 C, dCyd, and m5dCyd. The BPEs of (C)H+(C) and
(m5C)H+(m5C) are taken from reference [27], whereas the BPEs
of (m1C)H+(m1C) and (m15

2 C)H
+(m15

2 C) are taken from reference
[25]. The lines are linear regressions fits to the data for the C,
m1C, and dCyd series, and independently the analogous 5-
methylated species, respectively (b)
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overall stability [25, 26]. In the present TCID studies of
protonated nucleoside base pairs, 5-methylation of a sin-
gle or both cytosine residues exerts almost no effect on
the BPE and, thus, should produce a very minor effect on
the stability of DNA i-motif conformations. In agreement
with experimental observations, theory also suggests that
the effects of methylation on the BPE are small. Theoret-
ically, 5-permethylation of cytosine residues slightly in-
creases the BPEs, whereas 5-methylation of a single cy-
tosine residue leads to a small decrease in the BPE.
However, the BPEs of all of the (xdCyd)H+(ydCyd) pro-
tonated nucleoside pairs are still much greater than those
of canonical Watson-Crick G•C and dGuo•dCyd and neu-
tral C•C and dCyd•dCyd base pairs, suggesting that DNA
i-motif conformations are still favored over conventional
base pairing. Thus, although theory suggests that 5-
methylation of a single cytosine residue tends to weaken
the base-pairing interactions in the nucleoside pairs, the
effects are sufficiently small that i-motif conformations
should be stable to such modifications. Even though the
change in the BPE induced by methylation is not large for
a single nucleoside pair, the accumulated effect can be
dramatic in diseased state trinucleotide repeats associated
with the Fragile X syndrome where more than 230 trinu-
cleotides and hundreds of 5-methylated cytosine base
pairs may be present. Because methylation at different
positions may lead to an increase or decrease in the
BPE, the overall influence of methylation will be seen
in the number of trinucleotide repeats required to cause
structural conversion from canonical Watson-Crick base-
pairing to DNA i-motif conformations.

To further probe the influence of modifications on the
stability of DNA i-motif conformations, other factors that play
roles in stabilizing/destabilizing these noncanonical structures
such as nucleobase-stacking interactions and the folding of the
nucleic acid strands must also be considered. Follow-up work
to examine how these base-pairing interactions evolve in in-
creasingly larger model systems including the analogous pro-
tonated pairs of the 2′-deoxycytidine nucleotides and extending
to (CCG)n trinucleotide repeats that are associated with the
formation of i-motif conformations and Fragile X syndrome
are being pursued. The present results show that the B3LYP
level of theory provides accurate estimates for the energetics of
binding in protonated nucleoside base pairs and, therefore, may
be suitable for investigating larger and increasingly biological-
ly relevant model systems. The present studies also show that
epigenetic 5-methylation of cytosine exerts a stabilizing influ-
ence in the presence of the 2′-deoxyribose sugar moiety and
would tend to stabilize DNA i-motif conformations, thereby
requiring fewer trinucleotide repeats for structural conversion
of Watson-Crick base paired DNA to i-motif conformations.
Information provided by this work, including structures, the
energy-dependent dissociation behavior, and relative stabilities
of these protonated nucleoside base pairs should also facilitate
experiments and data interpretation for studies of larger and
increasingly biologically relevant model systems.

Conclusions
In order to elucidate the effects of the 2′-deoxyribose sugar on
the base-pairing interactions in protonated cytosine base pairs as
well as the effects of 5-methylation in the presence of the sugar
moiety, the threshold collision-induced dissociation behavior of
three protonated nucleoside base pairs, (dCyd)H+(dCyd),
(m5dCyd)H+(m5dCyd), and (m5dCyd)H+(dCyd), are examined
in a guided ion beam tandem mass spectrometer. The primary
dissociation pathway observed for the protonated nucleoside
base pairs corresponds to cleavage of the three hydrogen bonds
responsible for the binding in these complexes, resulting in loss
of the neutral nucleoside. For CID of the hetero-nucleoside base
pairs, both protonated nucleosides are observed in competition.
Thresholds corresponding to BPEs are determined after careful
consideration of the effects of the kinetic and internal energy
distributions of the (xdCyd)H+(ydCyd) and Xe reactants, mul-
tiple collisions with Xe, and the lifetime of the activated
(xdCyd)H+(ydCyd) complexes using a loose PSL TS model.
Competitive threshold analysis of the two dissociation path-
ways that occur in parallel for the hetero-nucleoside base pair
provides the relative N3 PA of 2′-deoxycytidine and 5-methyl-
2′-deoxycytidine, which are put on an absolute scale using the
PA of dCyd previously reported. Theoretical estimates for the
BPEs of the (xdCyd)H+(ydCyd) complexes and the N3 PA of
m5dCyd are also determined from calculations performed at the
B3LYP/6-311+G(2d,2p) level of theory. Excellent agreement
between experimental and theoretical BPEs and absolute and
relative N3 PAs of dCyd and m5dCyd is found for the B3LYP
level of theory. 5-Methylation of cytosine residues produces a
very minor effect on the strength of the base-pairing interactions
in the protonated nucleoside base pairs and, thus, should exert a
very minor effect on the stability of DNA i-motif conforma-
tions. The BPEs of the protonated nucleoside base pairs are
slightly smaller than those of the corresponding protonated
nucleobase pairs, indicating that the 2′-deoxyribose sugar very
slightly weakens the base-pairing interactions. The BPEs of the
three protonated nucleoside pairs are also slightly smaller than
those of the corresponding 1-methylated protonated nucleobase
pairs, indicating that the effect of the 2′-deoxyribose sugar on
the BPE slightly exceeds that of the 1-methyl substituent. Even
though the change in the BPE induced by 5-methylation is
rather small for a single nucleoside base pair, the accumulated
effect can be dramatic in diseased state trinucleotide repeats
where more than 230 trinucleotides and hundreds of protonated
5-methylcytosine base pairs may be present. The BPEs of the
protonated nucleoside base pairs examined here significantly
exceed those of canonical G•C and dGuo•dCyd and neutral C•C
and dCyd•dCyd base pairs, suggesting that the effects of 5-
methylation are not sufficient to significantly alter the stability
of DNA i-motif conformations, but may alter the number of
trinucleotide repeats required to induce structural conversion
from canonical Watson-Crick base-pairing in double-stranded
DNA to DNA i-motif conformations. Methylation also affects
the N3 PA of cytosine. The N3 PAs of cytosine, methylated
cytosines, dCyd, and m5dCyd follow the order: m5dCyd >
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dCyd > m15
2C > m1C > m5C > C, indicating that methylation

and the sugar moiety increase the N3 PA in proportion to their
effect on the polarizability. The effect of 5-methylation of dCyd
is consistent with previous observations for the methylated
cytosines, indicating that conclusions of these model studies
are robust and should also hold for individual trinucleotides and
large nucleic acids relevant to the diseased states of interest [25].
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