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Base-pairing selectivity of a ureido-linked
phenyl-2’-deoxycytidine derivative†

Shu-ichi Nakano,*a,b Hirohito Oka,c Daisuke Yamaguchi,a Masayuki Fujiid,e and
Naoki Sugimoto*a,b

Incorporation of modified nucleotides into nucleic acid strands often produces conformational con-

straints and steric hindrances that may change the property of base pairing. In this study, we investigated

a 2’-deoxycytidine derivative that tethers a phenyl moiety to the exocyclic amino group of cytosine

linked through a ureido group. This derivative compound is structurally similar to the carbamoylated

DNA base lesions produced in cells. The thermodynamic and structural studies showed that the modified

dC formed the base pair with dG in the complementary strand, but the base-pairing selectivity toward

dG was decreased under poly(ethylene glycol)-mediated osmotic stress. The phenyl group and the ureido

linker attached to dC provided selectivity for the formation of base pairing exclusively with dG in a wide

range of pH conditions, whereas unmodified dC stabilized the pairings with dA or dC in acidic solutions.

Moreover, this modified base could not form self-pairing through intermolecular hydrogen bonds. We

suggest that formation of weak pairing and protonation of the cytosine base are hindered due to the

base modification. These data provide insights into the pairing selectivity of carbamoylated cytosine

lesions produced in cells, and suggest applications of the 2’-deoxycytidine derivatives in medical

technologies, molecular biology experiments, and synthesis of a supramolecular network of DNA strands.

Introduction

Single-stranded DNA can selectively recognize complementary
sequences through the formation of hydrogen bonds and base
pairs. This base-pairing selectivity is changed or lost by modifi-
cations by chemical or radiation damage, which often cause
genetic toxicity in living cells. Many reports show naturally
occurring and non-naturally occurring modified nucleotides,
including those with additional hydrogen bonding sites,
tethered aromatic rings to pyrimidine bases, and modified
sugar-phosphate backbones.1–3 These modified nucleotides
are promising for medical applications, molecular biology

experiments, and preparation of supramolecular networks
of DNA strands.4,5 Incorporation of modified nucleotides in
nucleic acid strands often produces conformational con-
straints and steric hindrances for base pairing. Therefore, it is
crucial to understand the base-pairing selectivity of modified
nucleotides incorporated into nucleic acid strands.

We have examined nucleotide derivatives that are modified
by attaching stacking moieties to the exocyclic amino groups
of DNA bases through a ureido linker.6–9 These modified
nucleotides retain the hydrogen bonding sites for Watson–
Crick base pairing. However, it was previously found that a
2′-deoxyadenosine derivative with a phenyl group tethered to
N6 of 2′-deoxyadenosine (N6-(N′-phenylcarbamoyl)-2′-deoxy-
adenosine dAphe) lacked the base-pairing selectivity for dT, but
caused flipping of the complimentary strand bases located in
the opposite position by intercalating the phenyl group into
DNA double helix.6 In this study, we investigated the base-
pairing selectivity of the 2′-deoxycytidine derivative N6-(N′-phe-
nylcarbamoyl)-2′-deoxycytidine dCphe (Fig. 1A) incorporated in
DNA duplexes. Our previous measurements of the alkaline
hydrolysis rate of complementary RNA strands suggested that
dCphe in RNA/DNA duplexes formed the base pair with guano-
sine (Fig. 1B) and formed the base flipping conformation with
mismatched bases by intercalating the phenyl group (Fig. 1C).7

Base pairing between dCphe and dG has also been suggested in
an earlier study employing melting temperature analysis of
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DNA duplexes.10 It is important to note that this 2′-deoxycyti-
dine derivative is structurally similar to the DNA base adducts,
produced by isocyanate exposure and in reactions with isothio-
cyanate compounds that are abundant in plants and vege-
tables.11,12 The carbamoylated DNA bases cause genetic
toxicity,13,14 but pairing selectivity of the adduct lesions is not
well understood. It is remarkable that cytosine has the poten-
tial to form different types of base pairing through multiple
hydrogen bonds that do or do not involve a protonated base.15

In addition, the ureido linker is rotatable and provides extra
hydrogen bonding sites. Therefore, dCphe may possess altered
selectivity toward DNA bases. Herein, we describe the base-
pairing selectivity and self-pairing potential of dCphe for DNA
bases in neutral and acidic solutions. To test base-pairing
ability under the osmotic stress in the cytoplasm of living
cells, we also investigated the selectivity in the presence of a
high concentration of poly(ethylene glycol) (PEG).16–18 These
data provide insights into the pairing selectivity of carbamoy-
lated adduct lesions in cells, and the properties of the 2′-deoxy-
cytidine derivative are found to be useful in medical
technologies, molecular biology experiments, and synthesis of
a supramolecular network of DNA strands.

Results and discussion
Helical conformation of DNA duplexes

The DNA duplexes used in this study are 5′-GTGTCXCTGTC-3′/
5′-GACAGNGACAC-3′, which forms the X/N pair in the middle.
The nucleotide at position X is dC or dCphe and that at pos-
ition N is dG, dA, dC, dT, or the tetrahydrofuran abasic analog
dF. In principle, dC forms the base pair with dG through three
hydrogen bonds, and forms mismatched pairs with dA, dC, or
dT by adopting non-canonical conformations. The mismatch
structures and stability are largely context dependent, relating
to different stacking and hydrogen bonding interactions.
In most cases, introducing mismatched bases destabilizes
DNA duplexes,19–22 and the presence of an abasic site also
decreases the stability of duplex structures.23 For the modified
residue dCphe, different hydrogen bonding patterns are possi-
ble because the rotatable ureido linker possesses hydrogen
bonding sites and different resonance structures or tautomers
of cytosine and ureido linker are possible.

Fig. 2 shows CD spectra of the 11-mer duplexes obtained at
pH 7.0. All the duplexes exhibited a typical B-form signal with
a positive peak around 280 nm and a negative peak around
240 nm. The spectra data indicate that dCphe is accommodated
in the DNA duplexes with minimum disruption of the double
helical conformation. The spectra of duplexes with dC at posi-
tion X distinctly differed depending on N, due to disruption of
the double helical structure around the mismatched pair of
dC/N (N = dA, dC, dT, or dF). After dC at position X was
replaced by dCphe, the differences in the CD spectra among
duplexes became less pronounced. This observation suggests
similar geometry of the interaction of mismatched dCphe/N
bases regardless of the type of N.

Thermodynamic parameters for DNA duplex formations

Table 1 shows the thermodynamic parameters for the duplex
formations at pH 7.0. As expected, the duplex with dC/dG was
the most stable with the stabilization energy ΔG°37 of
−12.9 kcal mol−1 (1 kcal = 4.18 kJ). Duplexes with mismatched
dC/N (N = dA, dC, dT, or dF) pairs showed less stability (from
−7.6 to −8.4 kcal mol−1) due to loss of hydrogen bonding and
base stacking at the mismatched sites. It is remarkable that
the introduction of dCphe in place of dC at position X signifi-
cantly increased the Tm of duplexes with dCphe/dA, dCphe/dC,
or dCphe/dT (Fig. S1†). These mismatched duplexes had ΔG°37
values ranging from −9.4 to −10.4 kcal mol−1, which were
similar to that of the duplex with dCphe located opposite the
abasic site (dCphe/dF; −10.2 kcal mol−1). The large stabilization
energies increased due to dCphe (1.3–2.8 kcal mol−1) are

Fig. 1 (A) Structure of the deoxycytidine derivative dCphe used in this study. (B)
Base pairing of dCphe with dG through hydrogen bonds. C1’ represents the
anomeric carbon of the sugar moiety of a nucleotide. (C) Illustration of DNA
duplexes containing dCphe, which pairs with a complementary base (upper) or
induces the flipping of an opposite base (lower).

Fig. 2 CD spectra of 11-mer DNA duplexes containing (A) dC/N or (B) dCphe/
N, where N is dG; black line, dA; purple, dC; orange, dT; green, or dF; red.

Table 1 Thermodynamic parameters of the DNA duplexes 5’-
GTGTCXCTGTC-3’/5’-GACAGNGACAC-3’ forming the X/N pair at pH 7.0

X/N pair
ΔH°
(kcal mol−1)

ΔS°
(cal mol−1 K−1)

ΔG°37
(kcal mol−1)

dC/dG −85.7 ± 3.5 −235 ± 10 −12.9 ± 0.3
dC/dA −66.8 ± 5.2 −189 ± 2 −8.1 ± 0.1
dC/dC −61.6 ± 3.8 −174 ± 12 −7.6 ± 0.1
dC/dT −70.4 ± 3.2 −200 ± 10 −8.4 ± 0.1
dC/dF −64.3 ± 3.9 −180 ± 12 −7.8 ± 0.2
dCphe/dG −79.4 ± 6.2 −218 ± 19 −12.0 ± 0.4
dCphe/dA −63.9 ± 3.8 −176 ± 12 −9.4 ± 0.3
dCphe/dC −71.2 ± 2.0 −196 ± 6 −10.4 ± 0.2
dCphe/dT −68.2 ± 5.8 −189 ± 18 −9.8 ± 0.2
dCphe/dF −67.5 ± 5.9 −185 ± 18 −10.2 ± 0.2
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consistent with the model of phenyl group intercalation and
induction of N base flipping (Fig. 1C), which has been pro-
posed for dCphe in RNA/DNA duplexes in the previous study.7

The replacement of the dC/dG pair with dCphe/dG
decreased the duplex stability, but the resulting duplex had
the more negative enthalpy change (−79.4 kcal mol−1) and the
greater stability (−12.0 kcal mol−1) than the duplexes with mis-
matched pairs of dCphe/dA, dCphe/dC, dCphe/dT, or dCphe/dF.
The conformation of 2′-deoxyguanosine bases was studied
using 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-
p-toluenesulfonate (CMCT), which can modify N1 of dG in an
unpaired conformation. Polyacrylamide gel electrophoresis
can detect the DNA bands corresponding to an increase in
molecular weight due to the reaction with CMCT. However,
we found no modification of dG opposite dC or dCphe in the
duplexes, as shown in Fig. 3. The chemical modification data
represent the intrahelical conformation of dG opposite dCphe,
agreed with the base pair formation as suggested from the
thermodynamic data in Table 1. Further data for delineating
structural and conformational changes could be gained, for
example from NMR studies, which might be addressed in
forthcoming studies.

Base pairing selectivity under decreased water activity

We conducted the experiments using PEG that acts as an
osmolyte, reducing the amount of free water and water activity.
The experiment provides insights into base-pairing selectivity
under conditions of osmotic stress that mimic those of the
cytoplasm of living cells.17 It has been reported that the
thermal stability of short oligonucleotide duplexes decreases
in PEG-containing aqueous solutions because duplex for-
mations are the water association reactions that are unfavor-
able in decreased water activity.24,25 It was also previously
found that the extent of duplex destabilization caused by
adding PEG was relatively small when a duplex possessed
unpaired sites.26 Consistent with this, the fully matched
11-mer duplex showed greater destabilization than the mis-
matched duplexes when 20 wt% PEG solution was used: The
PEG-induced decrease in Tm at the strand concentration of
2 μM was 6.4 °C for the duplex containing the dCphe/dG pair
and 3.2–4.7 °C for mismatched duplexes. Fig. 4 shows the
differences in Tm between the mismatched duplexes and the
duplex containing the dCphe/dG pair in the absence and pres-
ence of PEG. The ΔTm data indicate less effective discrimi-
nation between dG and mismatched bases in the presence of

PEG. On the other hand, for the duplexes containing dC
instead of dCphe, the differences in Tm between mismatched
duplexes and the duplex containing the dC/dG pair were much
greater (around 20 °C) even in the presence of PEG (Fig. S2†).

In nature, the dCphe residue is found as a carbamoylated
product of the reaction of dC with phenyl isocyanate. It is
known that isocyanate groups can react with the exocyclic
amino groups of DNA bases and produce carbamoylated pro-
ducts, most of the dC adducts and few dA adducts.11,14 The
methyl isocyanate adduct has been found to affect chromo-
some structures but not to induce gene mutations.13 However,
the effects of aromatic isocyanate adduct on gene mutation fre-
quency and base pairing properties are not well understood.
Our results suggest that the phenylcarbamoylated cytosine
dCphe forms the base pair with dG, but the selectivity against
dA, dC, and dT is reduced compared with unmodified dC.
This tendency is more pronounced under osmotic stress by
PEG. These data would partly explain the genetic toxicity of
carbamoylated DNA bases.

Base pairing selectivity in acidic solutions

Since protonation of nucleotide bases changes hydrogen
bonding patterns, base-pairing selectivity can be altered in
acidic solutions. Several possible pairings formed with and
without protonation are illustrated in Fig. 5, and other
different hydrogen bonding patterns are also possible with
different resonance structures or tautomers of cytosine and
ureido linker. Thus, we investigated the pairing of dCphe with
dA, dC, or dT in acidic solutions. At neutral pH, a mismatched
pair of dC/dA can form one hydrogen bond between N3 of dC
and the proton on N6 of dA, but the interaction is not stable.
However, this pyrimidine–purine pair is capable of forming a
stable wobble base pair in acidic solution, which is formed
through two hydrogen bonds, one from protonated N1 of dA.20

This property increases the probability of dA forming a base
pair with dC and decreases the selectivity of dC for dG in
acidic solutions. In addition, a mismatched pair of dC/dT is
capable of forming hydrogen bonds with or without protona-
tion of cytosine N3, but the conformations of the pyrimidine–
pyrimidine pairs are usually unstable.19

The pH dependencies on Tm of the duplexes containing
dC/dG, dC/dA, or dC/dT are compared in Fig. 6A. The Tm of
the duplexes with dC/dG or dC/dT gradually decreased at pH

Fig. 4 Differences in Tm between mismatched duplexes and the duplex con-
taining dCphe/dG (ΔTm = Tm,dC

phe
/dG − Tm,mismatch), in the absence (black bars) or

presence (gray bars) of 20 wt% PEG.

Fig. 3 Polyacrylamide gel electrophoresis of the DNA duplexes with dC/dG or
dCphe/dG and the corresponding single-stranded DNA (ssDNA) after the reac-
tion with CMCT. Arrow indicates the DNA band corresponding to an increase in
molecular weight after the reaction with CMCT.
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below ∼5.5, due to the partial protonation of DNA bases that is
unfavorable for Watson–Crick base pairing. The thermodyna-
mic parameters of the duplex with dC/dG shown in Table 2
indicate that the 0.7 kcal mol−1 destabilization (in −ΔG°37)

due to lowering of pH from 7.0 to 5.0 is attributable to the
ΔH° term. In contrast, the Tm of the duplex with dC/dA was
increased with decreasing pH but decreased below pH 5. Due
to the ΔH° term, the thermodynamic stability of this duplex at
pH 5.0 was 0.8 kcal mol−1 higher in −ΔG°37 than that obtained
at pH 7.0 (Table 2). Fig. 6B compares the CD spectra of the
duplex with dC/dA at pH 7.0 and 5.0. The overall shape of the
spectra changes with pH. The thermodynamic parameters
and the CD spectra are consistent with conformational
changes of the mismatched pair of dC/dA, depending on pH.

In contrast, the duplex with dCphe/dA as well as those
having the pair of dCphe/dG or dCphe/dT had decreased Tm in
acidic solutions (Fig. 6C). There were only small changes in
the CD spectra of the duplex containing dCphe/dA (Fig. 6D),
indicating no significant pH dependent changes in the confor-
mation of dCphe and dA. The data disagree with the formation
of the wobble-type base pair between dCphe and a protonated
adenine (illustrated in Fig. 5A). Stable base pairs between
dCphe and dT (Fig. 5B and 5C) also appear to be absent.

Self-pairing in a DNA duplex

The modified dCphe was examined further to study the for-
mation of self-pairing in neutral and acidic solutions. Since
the ureido linker is rotatable and possesses several hydrogen
bonding sites, there is a possibility that two dCphe bases
associate through quadruple hydrogen bonds, as illustrated in
Fig. 5D. In a report of a ureido-substituted cytosine module,
which is structurally identical to the base of dCphe, the module
compound spontaneously polymerizes through intermolecular
quadruple hydrogen bonds and is considered as a promising
hydrogen-bonding module for preparing supramolecular struc-
tures and networks.27

The mismatched pair of dC/dC in DNA duplex is unstable
because the pyrimidine–pyrimidine pair does not fit well
within the double helix, or may form only one hydrogen bond
between dC bases.21,28 As demonstrated in Table 1, the 11-mer
duplex containing the dC/dC pair was least stable (−7.6 kcal
mol−1 in ΔG°37) at pH 7.0, and the replacement of one dC
with dCphe increased −ΔG°37 by 2.8 kcal mol−1 and −ΔH°
by 9.6 kcal mol−1. The stability of the duplex containing
the dCphe/dCphe pair (see Table 2) was only 0.5 kcal mol−1

higher than that for the duplex with dCphe/dC. Furthermore,
the −ΔH° for dCphe/dCphe was similar to that of dCphe/dC
and was much smaller than those for the duplexes containing

Fig. 6 (A) Dependence of pH on Tm of duplexes containing dC/dA (circles),
dC/dG (squares), or dC/dT (triangles). Tm was measured at the oligonucleotide
concentration of 2 μM. (B) CD spectra of the DNA duplex containing dC/dA at
pH 7.0 (gray) or 5.0 (black). (C) pH dependence of Tm of duplexes containing
dCphe/dA (circles), dCphe/dG (squares), or dCphe/dT (triangles) at 2 μM. (D) CD
spectra of duplex containing dCphe/dA at pH 7.0 (gray) or 5.0 (black).

Table 2 Thermodynamic parameters for the DNA duplex formations at pH 5.0 or 7.0a

X/N pair pH ΔH° (kcal mol−1) ΔS° (cal mol−1 K−1) ΔG°37 (kcal mol−1)

dC/dG 5.0 −81.1 ± 3.6 (4.6) −220 ± 11 (15) −12.2 ± 0.2 (0.7)
dC/dA 5.0 −71.1 ± 3.0 (−4.2) −201 ± 10 (−12) −8.9 ± 0.2 (−0.8)
dCphe/dA 5.0 −68.6 ± 3.7 (−4.7) −191 ± 11 (−15) −9.3 ± 0.2 (0.1)
dC/dC 5.0 −72.7 ± 4.3 (−11.1) −207 ± 14 (−33) −8.7 ± 0.1 (−1.1)
dCphe/dC 5.0 −66.3 ± 1.7 (4.9) −183 ± 5 (13) −9.5 ± 0.2 (0.9)
dCphe/dCphe 7.0 −70.1 ± 3.6 −192 ± 11 −10.9 ± 0.2
dCphe/dCphe 5.0 −70.5 ± 4.9 (−0.4) −198 ± 16 (−6) −9.7 ± 0.3 (1.2)

a Values in parentheses represent the difference between the parameters obtained at pH 7.0 and 5.0.

Fig. 5 Possible base pairs through multiple hydrogen bonds involving dCphe:
(A) the wobble base pair of dCphe and a protonated dA, (B) dCphe and dT paired
without protonation, (C) a protonated dCphe and dT, (D) two dCphe bases paired
through quadruple hydrogen bonds, (E) dCphe and a protonated dCphe, and (F)
the wobble-type base pair of two dCphe bases.
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dC/dG forming three hydrogen bonds. These observations dis-
agree with the quadruple hydrogen bonding model for dCphe/
dCphe, possibly because of the steric hindrances and con-
formational constraints imposed by incorporation into the
double helix.

There are also possibilities of self-pairing of dCphe through
hydrogen bonds involving protonated N3 of 2′-deoxycytidine
base. Fig. 5E shows the interaction model of dCphe/dCphe

pair, based on the pairing between dC bases in a hexameric
complex of C-rich DNA strands formed in acidic solution.29,30

Fig. 5F shows another model constructed based on the inter-
action suggested for the dC/dC mismatch in a DNA duplex
formed at acidic pH.28 The Tm of the 11-mer duplex containing
the dC/dC pair was increased by lowering the solution pH to
5.0 (Fig. 7A), indicating involvement of protonated dC bases in
the pairing interaction in acidic solutions. In contrast, lower-
ing the pH decreased Tm and −ΔG°37 of duplexes containing
dCphe/dC or dCphe/dCphe (Fig. 7A and Table 2). Moreover, pH
affected CD spectra of the duplex containing dC/dC (Fig. 7B)
but less so for the duplexes with dCphe/dC or dCphe/dCphe

(Fig. 7C and 7D). The thermodynamic properties and the CD
spectra suggest that dCphe and dC or two dCphe bases do not
associate through intermolecular hydrogen bonds.

The above results indicate no significant change in
the interaction of dCphe in acidic solutions. Thus, the ability
of protonation of dCphe was analyzed by the titration with
sodium hydroxide and the measurement of absorbance
changes depending on pH. Because of the limited solubility,
the pKa (Ka, acid dissociation constant) of dCphe could not
be accurately determined from the NaOH titration curve.
However, the titration curve ranging from pH 3 to 5 was dis-
tinctly different from the natural dC that has the pKa of 4.2,

15

as shown in Fig. 8A. Moreover, the UV absorbance spectra of
dC changed as the solution pH changed, responsible for the
protonation of N3 with the pKa of 4.2. In contrast, the spectra
of dCphe did not change when the pH changed, ranging from
2.5 to 9.0 (Fig. 8B). These results suggest that the pKa value of

dCphe could be lower than 2.5 and the protonation is severely
hindered by the presence of the ureido linker that may interact
with the N3 nitrogen atom. This property explains the ob-
servations that dCphe incorporated into a DNA duplex did not
form stable pairings with dA, dC, dT, or dCphe in acidic
solutions.

Conclusions

The thermodynamic parameters together with CD spectra and
CMCT modification data lead to the structural conclusion that
dCphe forms the hydrogen bonded base pair with dG in the
complementary strand. The mismatched duplexes with dCphe

located opposite dA, dC, or dT were relatively stable, and the
base-pairing selectivity of dCphe toward dG became lower than
that of unmodified dC. Using PEG that decreases water
activity, the selectivity for dG against other bases was further
decreased. These findings provide insights into the genetic
toxicity of carbamoylated adduct lesions produced in cells.
Further information could be obtained from the forthcoming
studies that examine DNA replication using the carbamoylated
residues. It is remarkable that dCphe does not form stable pair-
ings with dA, dC, or dT. The self-pairing between dCphe bases
is also unlikely to be formed both in neutral and acidic solu-
tions. It is mentioned that the inability to form relatively weak
pairings through two hydrogen bonds is consistent with our
previous results showing that the 2′-deoxyadenosine derivative
dAphe does not form a two hydrogen-bonded base pair with
dT.6 It is possible that the intercalation energy for phenyl
group stacking is greater than that for base pairing through
two hydrogen bonds but lower than that for the pairing with
dG through three hydrogen bonds. Our data also suggest that
the protonation of dCphe is hindered. As a consequence of
these properties, dCphe possesses high selectivity for base
pairing with only dG in a wide range of pH conditions. Since
the phenyl group can be modified for desired functions, such

Fig. 7 (A) Dependence of pH on Tm of duplexes containing dC/dC (circles),
dCphe/dC (triangles), or dCphe/dCphe (squares) at the concentration of 2 μM.
(B–D) CD spectra of the DNA duplexes containing dC/dC (B), dCphe/dC (C), or
dCphe/dCphe (D) at pH 7.0 (gray) or 5.0 (black).

Fig. 8 (A) The pH titration curves for the solutions of dC (black) or dCphe (red).
(B) Plots of the UV absorbance intensity of the solutions of dC (black) or dCphe

(red) against pH.
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as increased stacking, cross-linking, and fluorescently active
groups, molecular designs with further modifications of this
nucleotide derivative would expand the applications to
medical technologies, molecular biology experiments, and
preparation of supramolecular networks of DNA strands.

Experimental section
Materials

Synthesis of the phosphoramidite of dCphe was initiated from
2′-deoxycytidine, as previously reported.7 The phosphoramidite
compound and each of the intermediate compounds in the
synthesis of the phosphoramidite were identified using
1H NMR spectra (Varian INOVA 400 NMR) and electrospray
ionization (ESI) mass spectra (Finnigan Mat LCQ). Phosphor-
amidite chemistry was used to synthesize DNA oligonucleo-
tides containing dCphe on a solid support using an automated
DNA synthesizer (Applied Biosystems Model 391). The molecu-
lar weights of DNA strands containing dCphe were identified
by matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) mass spectra (PE Biosystems Voyager DE).
Unmodified DNA oligonucleotides of known molecular weight
(identified by MALDI-TOF) were purchased from Hokkaido
System Science. All chemicals were purchased either from
Wako Pure Chemicals, Dojindo, or Sigma-Aldrich.

CD measurements

A spectropolarimeter (JASCO J-820) equipped with a temp-
erature controller was used to obtain CD spectra. All spectra
were measured at 4 °C with an oligonucleotide concentration
of 20 μM. The DNA samples were heated to 90 °C and cooled
down at a rate of 2 °C min−1 prior to use. Buffer solutions
used for the measurements were 10 mM Na2HPO4 (pH 7.0)
or 2-(N-morpholino)ethanesulfonic acid (MES, pH 5.0), con-
taining 1 M NaCl and 1 mM Na2EDTA.

Thermal melting curves and thermodynamic parameters

UV absorbance was measured with a spectrophotometer
(Shimadzu UV1700) equipped with a temperature controller.
The thermal melting curve was monitored at 260 nm with a
heating rate of 0.5 or 1.0 °C min−1 in a buffer of 10 mM phos-
phate (pH 7.0 or 6.5), MES (pH 6.0, 5.5, or 5.0), or sodium
acetate (pH 4.5), containing 1 M NaCl and 1 mM Na2EDTA.
For osmotic stress experiments, buffer solutions containing
PEG with an average molecular weight of 200 at 20 wt% were
used, and the solution pH was adjusted after the addition of
PEG.

The melting temperature (Tm), at which half of the nucleo-
tide strands are in a duplex state and half are in a single-
stranded state, was estimated from the melting curve. The
thermodynamic parameters ΔH°, ΔS°, and ΔG° at 37 °C for
DNA duplex formations were calculated from Tm data obtained
at different total strand concentrations (Cts) using the Tm

−1 vs.
log(Ct/4) plot and from the fit of the melting curves with a
theoretical equation, as described previously.6

Chemical modification by CMCT

The conformation of 2′-deoxyguanosine bases was studied
using CMCT, which modifies N1 of dG in an unpaired
conformation. Cyanine dye (Cy3)-labeled DNA strand
5′-GACAGGGACAC-3′ were used for the CMCT modification
experiments. The DNA sample was incubated with 100 mM
CMCT in a buffer containing 50 mM Tris-HCl (pH 7.5) and
10 mM MgCl2 at 20 °C. After 24 h, a 5-fold volume of an acidic
solution containing 0.3 M sodium acetate (pH 5.2) and 4 μg of
tRNA was added. The DNA was precipitated with ethanol at
−84 °C overnight. The precipitated DNA was dissolved in 0.3 M
sodium acetate at pH 5.2 and applied to gel electrophoresis
using 20% polyacrylamide gel and 7 M urea. We have con-
firmed that this condition allows the reaction of CMCT with
unpaired dG bases in DNA duplexes, and DNA bands corres-
ponding to an increase in molecular weight due to the reaction
with CMCT can be detected by the polyacrylamide gel
electrophoresis.

Determination of pKa

The pKa of the monomers of dC and dCphe was analyzed by pH
titration and UV absorbance measurements. The pH titration
curves for dC and dCphe were obtained using sodium hydrox-
ide solution. The pH of solutions containing dC or dCphe at
the concentration of 1 mM was measured with a pH meter
(Horiba F-51). The absorbance spectra (from 320 to 240 nm) of
dC and dCphe at the concentration of 20 μM were measured
with a spectrophotometer (Shimadzu UV1700), using a buffer
of sodium phosphate and citric acid (pH 2.5–9.0). The inten-
sity at the wavelength of maximum absorbance (280 nm for dC
and 295 nm for dCphe) was used for the calculation of pKa.
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