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ABSTRACT
Ureido-substituted cytosine derivatives are promising for con-
structing self-assembly structures that can be applied to nan-
otechnology research. However, conventional cytosine mod-
ules achieve assembly in organic solvents. In this study, an
N-phenylcarbamoyl deoxycytidine nucleoside was incorporated
into a C-rich oligonucleotide to achieve self-assembly in aqueous
solution. The results show that the capability of the module to
form DNA assemblies varied depending on the number of mod-
ules incorporated. The deoxycytidine derivative has a potential
application in the development of smart materials based on DNA
assembly.

Introduction

Polymers containing a ureidopyrimidinone derivative, such as 2-ureido-4-
pyrimidinone, can dimerize through four hydrogen bonds and form self-assembled
molecular networks in organic solvents.[1–3] A ureido-substituted cytosine moi-
ety (Figure 1A), which is structurally similar to 2-ureido-4-pyrimidinone but does
not undergo tautomeric changes, has been developed to allow the design of self-
assembled materials to be controlled better.[4] This cytosine module was found
to polymerize via intermolecular four hydrogen bonds and create supramolecular
materials in chloroform.

DNA molecules composed of nucleosides, including 2′-deoxycytidine, possess
the ability to achieve programmed assembly in aqueous media. In DNA, cyto-
sine forms a base pair with guanosine and with another cytosine when it is pro-
tonated. Stacking interactions as well as base pairing are important in the stabiliza-
tion of DNA self-assemblies.[5,6] In this study, the ability of the ureido-substituted
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Figure . (A) Dimer of a ureido-substituted cytosine moiety formed via four hydrogen bonds. (B)
The deoxycytidine module Cphe. (C) The hemiprotonated cytosine–cytosine base pair formed in the
i-motif DNA.

cytosine moiety Cphe [N6-(N′-phenylcarbamoyl)-2′-deoxycytidine] (Figure 1B)
to achieve self-assembly in an aqueous solution was investigated. The phenyl
group in the deoxycytidine derivative has strong stacking interactions,[7,8] and
the module is readily capable of being incorporated into DNA strands using
chemical synthesis techniques and DNA polymerases.[9,10] We prepared short
oligonucleotides containing different number of Cphe modules: TCCCpheCC
(X1), TCCpheCpheCC (X2), TCpheCCCpheC (X2s), TCCpheCpheCpheC (X3), and
TCpheCpheCpheCpheC (X4). These oligonucleotides replaced cytosine residues in
a C-rich DNA sequence TCCCCC (X0) that does not form a self-assembly at
neutral pH values but does form a four-stranded structure, called an i-motif, at
acidic pH. The i-motif structure is held by intercalated hemiprotonated cytosine–
cytosine base pairs via three hydrogen bonds (Figure 1C).[11–13] It has been
suggested that this non-canonical structure is involved in biological processes,
including telomere function and gene regulation, and is thought to be a good
candidate for the target of drugs.[14–16] The pH-responsiveness of i-motif pro-
vides several ways to control the assembly of DNA strands and develop new DNA
nanostructures, such as pH-responsible DNA switches and hybrid nanomateri-
als combined with single-walled carbon nanotubes or hydrogels.[17–21] Accord-
ing to the interaction of i-motif DNA,[22] incorporating a Cphe module negatively
affects the formation of the four-stranded structure because of a steric hin-
drance between the phenyl group and the sugar–phosphate backbone atoms in
other strands. Cphe has greater stacking interactions than C and can form a
hydrogen-bonded base pair via three or four hydrogen bonds with Cphe (Figure S1;
see Supplemental file, available online), although it does not form a base pair
with C.[9] In this study, the ability of oligonucleotides containing Cphe to self-
assemble was investigated. We show that a singly substituted oligonucleotide forms
multimeric structures, and oligonucleotides with more substitutions form sta-
ble and quickly reversible structures even at mildly acidic or neutral pH, unlike
the case of the i-motif structure. The ureido-substituted deoxycytidine derivative
has potential applications in the development of smart materials based on DNA
assembly.
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Materials andmethods

Preparation of Cphe and oligonucleotides

The synthesis of Cphe was started using 2′-deoxycytidine, following the pre-
viously reported synthesis of deoxyadenosine derivatives that started from 2′-
deoxyadenosine.[8,23] All reagents for the synthesis were purchased from Sigma-
Aldrich and Wako, and the solvents were freshly distilled immediately prior to use.
The products were identified by 1H-NMR (INOVA 400 NMR spectrometer, Varian)
and electrospray ionizationmass spectra (LCQmass spectrometer, FinniganMAT).

Oligonucleotides containing Cphe were synthesized on a solid support using
phosphoramidite chemistry via automated DNA synthesis (Model 391 DNA syn-
thesizer, Applied Biosystems). They were subsequently purified by reverse-phase
high-performance liquid chromatography (LC-2000 Plus, JASCO) on a C18 col-
umn (TSK-Gel ODS-80Ts, Tosoh) with water/acetonitrile gradient elution after
the removal of protection groups. All oligonucleotides were confirmed by matrix-
assisted laser desorption ionization time-of-flight mass spectra (Voyager DE, PE
Biosystems) and denaturing polyacrylamide gel electrophoresis (AE-6220, ATTO).
The oligonucleotides were desalted with a C18 cartridge column (Sep-Pak, Waters)
prior to measurement. Note that the X1, X2, X2s, X3, and X4 oligonucleotides were
soluble in aqueous solutions. However, TCpheCpheCpheCpheCphe (X5) could not be
used due to its low solubility in water.

Preparation of buffer solutions

All reagents used to prepare buffer solutions were purchased from Wako, except
the disodium salt of ethylenediamine-N,N,N′,N′-tetraacetic acid (Na2EDTA), which
was purchased from Dojindo. Buffer solutions of 100 mM sodium acetate (pH
4.6–5.6), 50 mM disodium hydrogen phosphate (pH 5.6–8.0), and 50 mM sodium
tetraborate (pH 8.5–9.5) containing 1 mM Na2EDTA were used in this study. The
concentration of Na2EDTA used was relatively high because the chelating ability of
EDTA is reduced in acidic solutions.[24]

Measurements of circular dichroism spectra of oligonucleotides

Circular dichroism (CD) spectraweremeasured at an oligonucleotide concentration
of 45 µMusing a spectropolarimeter (J-820, JASCO). The thermal transition curves
of oligonucleotides were obtained by monitoring the CD intensity at 300 nm with
heating and cooling rates of 0.5°C min−1. The melting and cooling transition tem-
peratures were determined by fitting the transition curves to the theoretical equa-
tion assuming a two-state transition, and the transition temperature at equilibrium
of oligonucleotides that showed hysteresis curves were calculated according to the
method described by Rougée et al.[25] Briefly, the hysteresis of melting and cooling
is caused by the slow kinetics of assembly and disassembly. The rates change by the
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temperature, and the temperature that gives the same rate for assembly and disas-
sembly is the transition temperature at equilibrium, determined using theArrhenius
equation.

The acid dissociation constant (pKa) and cooperativity number (n) were analyzed
by nonlinear curve fitting the plot of CD intensity versus solution pH to the Hill
equation. The rate of oligonucleotide structure formation was measured by moni-
toring theCD intensity at 300 nmafter the solution pHwas instantaneously changed
from 9.0 to 4.6 by adding sodium acetate solution at 4°C.

Gel electrophoresis

Oligonucleotide solutions (3 µL of 200 µM) were loaded on 20 or 10% native poly-
acrylamide gel (acrylamide:bisacrylamide = 19:1). The electrophoresis was per-
formed at 4°C in the running buffer at pH 4.6 (100 mM sodium acetate and 1 mM
Na2EDTA) or pH 7.0 (tris-borate-EDTA (TBE) buffer containing 100mMNaCl) for
4 h at 150 V. Denaturing gel electrophoresis (using a system containing 7 M urea)
was performed at room temperature in the running TBE buffer at pH 8.3 for 2 h
at 250 V. After electrophoresis, oligonucleotides in the gel were visualized using the
Stains-All nucleic acid stain (Sigma-Aldrich).

Results and discussion

The circular dichroism spectra of X0, X1, X2, X3, and X4 at acidic pH are shown
in Figure 2A. The spectrum of X0 had an intense positive peak at 288 nm, which
is a characteristic of i-motif.[26] The spectrum of X1 was similar to that of X0,
suggesting that X1 formed an i-motif-like structure. Increasing the number of
substitutions of Cphe for C led to the emergence and increase of a positive peak
at 308 nm. This observation suggests that the phenyl groups in the structures
have an ordered orientation. The thermal melting and cooling curves at pH 4.6
monitored from the CD intensity at 300 nm are shown in Figure 2B. This wave-
length was chosen because it had similar intensities among oligonucleotides, even
though similar curve shapes were obtained when the intensity was monitored at
288 and 265 nm (data not shown). X0 showed a sharp transition with hystere-
sis cycle at melting and cooling transition temperatures of 52.6°C and 27.1°C,
respectively. The observation indicates that the i-motif in X0 has slow kinetics, as
reported previously,[27] and the transition temperature at equilibrium[25] was cal-
culated to be 40.1°C. Moreover, the singly substituted X1 had a hysteresis effect
at melting and cooling transition temperatures of 38.7°C and 36.5°C, respectively.
In contrast, X2, X3, and X4 had less sharp (less cooperative) transitions without
any significant hysteresis, indicating that the equilibrium between the structured
and unstructured conformations was achieved quickly for these strands, unlike
the case of the i-motif structure. The transition temperatures for X2, X3, and
X4 were 47.5, 60.4, and 60.4°C, respectively. These temperatures are higher than
those for canonical DNA duplexes formed via the Watson–Crick base pairing of
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Figure . (A) CD spectra of X (black), X (blue), X (green), X (orange), andX (red) at °C in a solution
at pH .. The same color scheme is used in other panels. (B) Heating (solid lines) and cooling curves
(dashed lines) of oligonucleotides in the solution at pH ., measured by monitoring CD intensity at
 nm. The curves were normalized with respect to the intensity values at low and high tempera-
tures. (C) The pH dependence of CD intensity at °C. The dashed lines are the curves fitted using the
Hill equation. (D) The time dependence of CD intensity at °C. The pH of the solution was changed
from . to . at time zero.

nucleotides with similar lengths, typically around 30°C in a 100 mM sodium salt
solution.[28]

The CD intensity at 300 nm of X0 decreased as the solution pH increased because
of the dissociation of i-motif in neutral and basic solutions (Figure 2C). The inten-
sity changed within a narrow pH range (within one unit). The curve fitting analysis
revealed the cooperative mechanism with a cooperativity number (n) of 3.3 and
the negative logarithm of the acid dissociation constant (pKa) of 5.8 (errors in the
pKa were within±0.2). Furthermore, X1 exhibits cooperative proton binding with a
pKa shift to 6.6. The doubly substituted oligonucleotide X2 has a pKa of 6.9, with no
cooperativity in proton binding (n= 1.2). X3 and X4 have even higher pKa values of
8.0 and 8.1, respectively, with less cooperativity.Monitoring of the CD intensity after
the solution pH was instantaneously decreased from 9.0 to 4.6 showed a slow phase
for X0 and X1; however, in contrast to X0 and X1, the changes for other oligonu-
cleotides were completed within few seconds (Figure 2D).

The mobility of oligonucleotides when subjected to electrophoresis using 20%
native polyacrylamide gel is shown in Figure 3A. Note that these results were highly
reproducible. Under acidic pH, X0 migrated more slowly than the control sequence
TTTTTT but at a comparable speed with a 20 base-pair size marker fragment. X1
was much less mobile than X0 in the gel, indicating a multimer self-assembly larger
than a tetramer. The electrophoresis using 10% polyacrylamide gel showed that X1
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Figure . (A) Results of % polyacrylamide gel electrophoresis for oligonucleotides and size marker
DNAs (Mt: TTTTTT,M:  base-pair ladder) acquired at pH . or . at a temperature of °C. (B) Results
of % polyacrylamide gel electrophoresis at pH . at a temperature of °C (M:  base-pair ladder).
(C) The postulated model of the assembly of X at acidic pH.

has similar mobility to that of a 200 base-pair DNA fragment without broad distri-
bution (Figure 3B). The assembly of X1 was deformed when denaturing gel elec-
trophoresis was performed or when gel electrophoresis at pH 7.0 was performed
(Figure 3A). Based on the CD data that implied the formation of an i-motif-like
structure at acidic pH, it is probable that the strands of X1 possessing two deoxycy-
tidine stretches separated by a Cphe are intertwined by the inter-strand stacking of
Cphe (Figure 3C) in a similar fashion as that of the proposedmechanism for the asso-
ciation of longer C-rich oligonucleotides C7GC7 mediated by inter-strand stacking
ofG.[29] In contrast, aDNA sequence TCCTCC that replacedCphe in X1 byTdid not
form a self-assembly (data not shown), showing the significance of the Cphe module
for assembly.

The oligonucleotides with more substitutions did not form a multimeric struc-
ture. In particular, X2s has two separated Cphe modules that disrupt the interac-
tions assumed for the assembly of X1. The result for X2s indicates the importance
of the position of substitutions to achieve assembly. This can be partially explained
by the fact that Cphe does not form a pair with C.[9] X2 and X2s were more mobile
in the gel than X0 but were slower than a 10 base-pair size marker fragment, sug-
gesting the formation of an intermolecular assembly, possibly a two-stranded struc-
ture driven by Cphe–Cphe interactions. X3 and X4 were more mobile than the 10
base-pair fragment. The rapid dissociation of oligonucleotide interactions during
electrophoresis[30] might have prevented the detection of assemblies of X3 and X4
by gel electrophoresis. However, it may be more plausible that the strands preferen-
tially form intramolecular stacking of Cphe.

In summary, the capacity of a ureido-substituted deoxycytidine module to form
DNA assemblies varied depending on the number of Cphe modules incorporated in
a DNA strand. The singly substituted X1 forms pH-responsive, multimeric assem-
blies of an i-motif. The oligonucleotides with more substitutions do not produce
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multimeric assemblies; however, they form stable and quickly reversible structures
with a pKa near neutral pH. Although further research is required to achieve a
full understanding of the interaction mechanism, the deoxycytidine derivative has
potential application in the development of new nanostructures, such as molecular
switches driven by pH changes, controlled assembly, and smart materials based on
DNA assembly. Moreover, the characteristics of Cphe interactions provide insights
into the genetic toxicities of Cphe because the ureido-substituted cytosine is theDNA
lesion produced by the exposure of cytosine to phenylisocyanate present in the air
and food. It will be interesting to conduct future studies with physiologically fea-
sible i-motif forming sequences such as those found in telomeric regions and gene
promoters.[14,15]
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