
Naphthyridine tetramer with a pre-organized
structure for 1:1 binding to a CGG/CGG sequence
Chikara Dohno, Izumi Kohyama, Changfeng Hong and Kazuhiko Nakatani*

Department of Regulatory Bioorganic Chemistry, The Institute of Scientific and Industrial Research (SANKEN),
Osaka University, 8-1 Mihogaoka, Ibaraki 567-0047, Japan

Received September 17, 2011; Revised November 7, 2011; Accepted November 10, 2011

ABSTRACT

A naphthyridine carbamate dimer (NCD) is a syn-
thetic ligand for DNA containing a CGG/CGG
sequence. Although NCD can bind selectively and
tightly to a CGG/CGG sequence, the highly coopera-
tive 2:1 binding mode has hampered precise
analysis of the binding. We describe herein the
synthesis of a series of naphthyridine tetramers
consisting of two NCD molecules connected with
various linkers to seek a ligand that binds to a
CGG/CGG sequence exclusively with a 1:1 stoichi-
ometry. Among the tested ligands, NCTB and
Z-NCTS, which have linker moieties with restricted
conformational flexibility [biphenyl and (Z)-stilbene
linker, respectively], gave the exclusive formation
of a 1:1 ligand–CGG/CGG complex. The (Z)-stilbene
linker in Z-NCTS was designed to have pre-
organized conformation appropriate for the
binding and, in fact, resulted in the highest binding
affinity. Thermodynamic parameters obtained by
isothermal titration calorimetry indicated that the
stronger binding of Z-NCTS was attributed to
its lower entropic cost. The present study provides
not only a novel 1:1 binding ligand, but also valuable
feedback for subsequent molecular design of DNA
and RNA binding ligands.

INTRODUCTION

Small molecular probes that bind specific DNA sequences
and structures are promising molecular tools for a wide
range of DNA-based biotechnology. Pyrrole–imidazole
polyamide is a sequence-specific DNA binder rationally
developed from natural minor groove binders, and has
been studied for the regulation of gene expression and
applied to DNA nanotechnology (1–3). Besides the
sequence-specific ligands for regular double-stranded
DNA, much effort has been devoted to develop artificial

ligands targeting a variety of local DNA and RNA struc-
tures (4–27), such as multistranded helices (4–6), bulges
(12,26), mismatches (9–13), loops (22), and repetitive
motifs (15–17,25). Since these local structures are related
closely to natural and artificial functions of nucleic acids,
ligands binding to the structures are useful molecular tools
for detection and control of the functions. However,
despite the effort, rational design of the ligands remains
complicated.
We have demonstrated that small synthetic ligands can

recognize a specific DNA mismatch through complemen-
tary hydrogen bonding in conjugation with stacking and
electrostatic interactions (11). Based on this rational
design, we have developed a series of synthetic ligands
that bind selectively to characteristic local DNA struc-
tures, such as single nucleotide bulges, mismatched base
pairs and trinucleotide repeats (11–22). Synthetic ligands
for abasic sites and repetitive motifs have also been de-
veloped by other groups (23–26). N-Acyl-2-amino-1-
,8-naphthyridine, which has a hydrogen-bonding surface
fully matched with that of guanine base, is a key com-
ponent of the synthetic ligands (28–30). Dimeric naphthy-
ridine derivatives bind selectively to a GG mismatch,
where each of the two naphthyridine moieties recognizes
two mispaired guanine bases (13,18). While the mismatch
binding ligand (MBL) has been studied as a diagnostic
tool for SNPs (13,14), trinucleotide repeats (15–17),
telomeric repeats (20,21) and as a molecular glue for
controlling DNA hybridization (31–35), MBLs with
enhanced selectivity and affinity are still needed for prac-
tical applications.
A naphthyridine carbamate dimer (NCD) is one of the

highest affinity ligands for a GG mismatch (Figures 1
and 2) (18). In particular, the GG-mismatch 50-adjacent
to guanine, in a 50-XGG-30/50-XGG-30 sequence (XGG/
XGG, where X=A, T, C and G), is the most preferential
binding site for NCD (17,31). NMR analysis of the NCD–
CGG/CGG complex revealed that two NCD molecules
are involved in order to recognize four guanine bases in
the CGG/CGG sequence, and the nucleotide C was
flipped out from the p stack (Figure 1, top, X=C) (19).

*To whom correspondence should be addressed. Email: nakatani@sanken.osaka-u.ac.jp

Published online 29 November 2011 Nucleic Acids Research, 2012, Vol. 40, No. 6 2771–2781
doi:10.1093/nar/gkr1148

� The Author(s) 2011. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Figure 2. (a) Mismatch binding ligand used in this study. (b–d) Energy minimized structures [B3LYP/6-31G(d)] of the linker moieties.
(b) 3,30-dimethylbiphenyl in NCTB; (c) (Z)�4,40-dimethylstilbene in Z-NCTS; (d) (E)�4,40-dimethylstilbene in E-NCTS.

Figure 1. Schematic illustration of the binding of dimeric naphthyridine (top, NCD) and tetrameric naphthyridine derivatives (bottom, NCTXs) to
a XGG/XGG sequence.
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Although the exclusive formation of a 2:1 ligand–DNA
complex is characteristic for MBLs (11), improved
MBLs with a 1:1 binding mode to the CGG/CGG
sequence are desirable for the following reasons. First,
the complex binding behavior of standard MBLs
hampers the quantitative analysis necessary for
improved molecular design. The binding of two NCD
molecules to a XGG/XGG sequence is a highly positively
cooperative process, but the actual binding process
remains unclarified. Second, reducing stoichiometry of
ligands by covalent linking of two ligand molecules has
been used as an effective approach to enhance the binding
selectively and affinity (36,37). Third, a specific MBL–
DNA pair provides a potential platform for noncovalent
functionalization of DNA (38–46). When an NCD bearing
an additional functional unit is used for this purpose, two
functional units are inevitably introduced into the DNA
because of the 2:1 binding mode (45,46). The presence of
two functional units in close proximity may cause unin-
tended interactions leading to impaired functions and de-
stabilization of the complex. MBLs that bind to the target
sequence exclusively with a 1:1 stoichiometry are needed
to address these issues.

In principle, an MBL showing a 1:1 binding stoichiom-
etry can be designed by covalent linking of two MBLs
having a 2:1 binding mode (Figure 1, bottom). Herein,
we report the design and evaluation of novel ligands pos-
sessing two NCD molecules linked by four different units
(NCTXs, Figure 2). Z-NCTS possessing a (Z)-stilbene
unit with a rigid and pre-organized conformation tightly
bound to the CGG/CGG sequence exclusively with 1:1
binding stoichiometry and a dissociation constant (Kd)
of 98 nM. Quantitative thermodynamic analysis revealed
that the strong binding of Z-NCTS was attributed to the
decreased total entropic cost. These findings provide
valuable insights for the development of high-affinity
ligands for various DNA and RNA structures.

MATERIALS AND METHODS

Synthesis of NCTB

To a solution of NCD (170mg, 0.34mmol) in anhydrous
N,N-dimethylformamide (DMF, 4.1ml) were successively
added KI (54mg, 0.33mmol), 3,30-bis(bromomethyl)
biphenyl (48) (55mg, 0.16mmol) and K2CO3 (54mg,
0.39mmol), and stirred at ambient temperature for 3 h.
The reaction mixture was diluted with saturated
NaHCO3 and extracted with AcOEt. The organic layer
was successively washed with water and brine, dried
over MgSO4, filtered, and evaporated in vacuo. The
crude product was purified by column chromatography
on silica gel (CHCl3/MeOH=25:1) to give NCTB
(64mg, 34%) as a white powder: 1H NMR (400MHz,
CDCl3) d 8.22 (d, 4H, J=8.8Hz), 8.04 (d, 4H,
J=8.8Hz), 7.89 (d, 4H, J=8.32Hz), 7.78 (br, 4H),
7.49 (s, 2H), 7.40 (d, 2H, J=7.56Hz), 7.30 (t, 2H,
J=7.56Hz), 7.26 (s, 2H), 7.17 (d, 4H, J=8.08Hz),
4.27 (t, 8H, J=6.5Hz), 3.56 (s, 4H), 2.63 (s, 12H),
2.54 (t, 8H, J=6.6Hz), 1.86 (m, 8H, J=6.46Hz); 13C
NMR (150MHz, CDCl3) d 162.9, 154.7, 153.5, 153.2,

141.0, 139.8, 138.8, 136.3, 128.7, 127.6, 127.4, 125.9,
121.1, 117.9, 112.8, 64.0, 58.9, 50.0, 26.7, 25.5; HRMS
(ESI, positive-ion mode, MeOH) m/e calcd for
C66H68N14NaO8 [M+Na]+ 1207.5242, found 1207.5241.

Synthesis of Z-NCTS

To a solution of NCD (171mg, 0.34mmol) and
(Z)�4,4’-diformylstilbene (47) (35mg, 0.15mmol) in
CHCl3 (1.5ml) and MeOH (9.2ml) was added acetic
acid (27ml, 0.47mmol) to adjust the pH at 6, and the
reaction mixture was stirred at ambient temperature for
10min. To this solution was added NaBH3CN (21mg,
0.33mmol) dissolved in MeOH. After being stirred at
ambient temperature for 46 h, the solvent was evaporated
in vacuo and the residue was diluted with saturated
NaHCO3 and extracted with CHCl3. The organic layer
was washed with brine, dried over anhydrous MgSO4,
filtered and evaporated in vacuo. The crude product
was purified by column chromatography on silica gel
(CHCl3/MeOH=10:1) to give Z-NCTS (34mg, 18%) as
a pale yellow powder: 1H NMR (400MHz, CDCl3) d 8.26
(d, 4H, J=8.56Hz), 8.09 (d, 4H, J=8.76Hz), 7.94
(d, 4H, J=8.08Hz), 7.72 (br, 4H), 7.21 (d, 4H,
J=8.32Hz), 7.13 (d, 4H, J=12.7Hz), 7.11 (d, 4H,
J=12.7Hz), 6.27 (s, 2H), 4.25 (t, 8H, J=6.5Hz), 3.49
(s, 4H), 2.72 (s, 12H), 2.52 (t, 8H, J=6.6Hz), 1.85 (m,
8H, J=6.7Hz); 13C NMR (150MHz, CDCl3) d 163.0,
154.8, 153.5, 153.2, 138.9, 138.2, 136.3, 136.1, 129.7,
128.8, 128.6, 121.1, 118.0, 112.8, 64.1, 58.6, 50.1, 26.7,
25.5; HRMS (ESI, positive-ion mode, MeOH) m/e calcd
for C68H70N14NaO8 [M+Na]+ 1233.5399, found
1233.5399.

Synthesis of E-NCTS

To a solution of NCD (150mg, 0.30mmol) in anhydrous
DMF (4ml) were added (E)�4,40-dibromomethylstilbene
(49) (24mg, 0.065mmol) and stirred at ambient tempera-
ture for 2.5 h. The reaction mixture was diluted with
saturated NaHCO3 and extracted with AcOEt. The
organic phase was successively washed with water and
brine, dried over MgSO4, filtered, and evaporated
in vacuo. The crude product was purified by column chro-
matography on silica gel (CHCl3/methanol=30:1) to give
E-NCTS (14mg, 18%) as a white powder: 1H-NMR
(400MHz, CDCl3) d=8.24 (d, 4H, J=8.68Hz), 8.04
(d, 4H, J=8.72Hz), 7.87 (d, 4H, J=8.24Hz), 7.70
(br, 4H), 7.17 (8H), 7.16 (d, 4H, J=8.28Hz), 6.63 (s,
2H), 4.27 (t, 8H, J=6.4Hz), 3.51 (s, 4H), 2.70 (s, 12H),
2.55 (t, 8H, J=6.6Hz), 1.87 (m, 8H, J=6.4Hz);
13C-NMR (100MHz, CDCl3) d=163.0, 154.7, 153.4,
153.1, 139.0, 138.5, 136.3, 136.1, 128.9, 127.5, 126.3,
121.1, 117.9, 112.6, 63.9, 58.5, 49.9, 26.6, 25.6; HRMS
(ESI) m/e calcd for C68H70N14NaO8 [(M+Na)+]
1233.5399, found 1233.5386.

Melting temperature (Tm) measurements

The sample solutions were prepared by mixing DNA
duplex (4.5 mM) and ligand (9.1 mM) in 10mM sodium
cacodylate buffer (pH 7.0) and 0.1M NaCl containing
0.1% (v/v) Tween-20. Thermal denaturation profiles
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were recorded on a SHIMADZU UV-2550 UV-Vis spec-
trophotometer equipped with SHIMADZU TMSPC�8
temperature controller. The absorbance of the samples
was monitored at 260 nm from 2�C to 80�C with heating
rate of 1�C/min. Tm values were calculated by using the
median method.

CSI-TOF-MS measurements of ligand–DNA complex

Samples were prepared by mixing DNA duplex (20mM)
and ligand (40 mM) in 50% MeOH in water containing 0.1
M ammonium acetate. Mass spectra were obtained with
JEOL AccuTOF JMS-T100N mass spectrometer in the
negative mode (orifice 1 voltage=�60V). Spray tempera-
ture was fixed at �10�C with a sample flow rate of 20 ml/
min. Nitrogen gas was used as a desolvation gas as well as
a nebulizer.

Circular dichroism measurements

Circular dichroism (CD) measurements were carried out
on a J-725 CD spectropolarimeter (JASCO) using a 1.0 cm
path length cell. CD spectra change of DNAs were
measured while titrating with ligand at ambient tempera-
ture in 10mM sodium cacodylate (pH 7.0) containing
0.1M NaCl and 0.1% (v/v) Tween-20.

Isothermal titration calorimetry measurements

Isothermal titration calorimetry (ITC) measurements were
carried out with a VP-ITC calorimeter (MicroCal,
Northampton, MA, USA). Since the solubility of
NCTXs toward aqueous buffered solutions is not high
enough for standard titration experiments, a reverse titra-
tion method was employed. A solution of ODN3,
50-d(CTAA CGG AATGTG TTTT CACATT CGG
TTAG)-30, (58.2 mM, 290 ml) in 10mM sodium cacodylate
(pH 7.0) containing 0.1 M NaCl and 0.1% (v/v) Tween 20
was titrated into a solution of ligand (10 or 20 mM, 1.4ml)
in the same buffer. Titrations typically consisted of
29� 10 ml injections of 24 s duration each, with 3min
spacing between injections. All experiments were per-
formed at 25�C. Prior to fitting analysis, data point
from the first injection was removed, and the reaction
heat data were corrected by subtracting the heat of
dilution obtained from injection of DNA solution into a
buffer solution. Binding isotherms were fitted to the
Origin models by least-squares analysis (Origin 5.0,
MicroCal).

Calculation of structures

Molecular modeling studies were carried out using
the MacroModel 9.1 molecular modeling package.
Initial structures were constructed manually from the
NMR-structure we determined previously (15). The result-
ing ligand–DNA complex was subjected to energy
minimization using the AMBER* force field with the
extended cutoff for non-bonded interactions (cutoff for
van der Waals, electrostatic, and hydrogen bonding were
8, 20 and 4 Å, respectively) (50). Energy minimization was
performed by the Polak–Ribier Conjugate Gradient
(PRCG) method with a convergence threshold of 0.05.

The solvent effects are simulated using the analytical
Generalized-Born/Surface-Area (GB/SA) model with the
constant dielectric treatment.

RESULTS

Synthesis of tetrameric naphthyridine derivatives

We synthesized a series of tetrameric naphthyridine de-
rivatives (NCTXs, Figure 2), which consist of two NCD
molecules connected by different linkers, such as a
five-methylene linker (NCT), a biphenyl linker (NCTB),
and (Z)- and (E)-stilbene (Z-NCTS and E-NCTS,
respectively) linkers. These linkers provide different
orientation and conformational flexibility for the four
naphthyridines, which should be important for the
ligand binding (Figure 2b–d). The (Z)-stilbene linker in
Z-NCTS was designed to place the naphthyridines
in preorganized positions appropriate for the binding.
Synthesis of NCT (22) and Z-NCTS was achieved by
reductive amination of glutaraldehyde and (Z)-4,40-
diformylstilbene (47), respectively, with the secondary
amino group of NCD (Scheme 1). NCTB and E-NCTS
were synthesized from 3,30-bis(bromomethyl)biphenyl (48)
and (E)�4,40-bis(bromomethyl)stilbene (49) using a nu-
cleophilic substitution reaction with two NCD molecules.
NT, where naphthyridines are connected with amide
linkages instead of carbamate linkages in NCD, was
synthesized as reported previously (21). All ligands
contain two sp3 nitrogen atoms that are protonated at
physiological condition. The positively charged amino
group increases not only the binding affinity to negatively
charged DNA and the solubility in water. Because NCTXs
have low solubility in water, they were used as correspond-
ing hydrochlorides in an aqueous buffered solution con-
taining the surfactant Tween 20.

Binding of NCTXs to a CGG/CGG sequence

Binding of the ligands to the GG-mismatch DNA was
evaluated using melting temperatures (Tm) for the target
DNA duplexes, which provides qualitative information
regarding binding affinity and selectivity. Tms of the
11-mer duplex 50-(CTAA CGG AATG)-30/50-(CATT
CGG TTAG)-30 (ODN1/2) containing a CGG/CGG

Scheme 1. Synthesis of NCTXs. (a) NaBH3CN, MeOH, CHCl3,
AcOH, 23%; (b) NaBH3CN, MeOH, CHCl3, AcOH, 18%; (c) KI,
K2CO3, DMF, 34%; (d) DMF, 18%.
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sequence were measured in the presence of NCTXs
(Figure 3). All NCTXs except for E-NCTS selectively
stabilized the GG-mismatch DNA duplex (Table 1).
Among the tested ligands, Z-NCTS provided the highest
Tm (47.6�C, DTm=21.4�C), which was comparable with
the Tm in the presence of a twofold concentration of NCD
(DTm=18.6�C) (18). While NCTXs showed moderate
stabilization of the DNAs containing GA and GT
mismatches, Z-NCTS showed the highest selectivity for
the GG mismatch; i.e. the smaller DTm for the GA and
GT mismatches and the highest DTm for the GG
mismatch. The selectivity was enhanced at higher con-
centrations of NaCl (200 and 400mM, Supplementary
Figure S1), suggesting nonspecific electrostatic inter-
actions were suppressed under the conditions. Notably,
thermal melting profiles for NCTB and Z-NCTS exhibited
a sharp melting transition from double-stranded DNA
(dsDNA) to single-stranded DNA (ssDNA) (Figure 3b).
This observation is in stark contrast to the protracted
transition observed for NT and NCT (Figure 3a), sug-
gesting highly cooperative dissociation of the four
naphthyridine–guanine pairs in the melting of Z-NCTS
and NCTB complexes.

The increased Tm values in the presence of the
NCTXs indicate the formation of a stable complex with

the CGG/CGG sequence. Cold-spray ionization time-of-
flight mass spectrometry (CSI-TOF MS) measurements
revealed the preferred binding stoichiometry of the
stable complex formation (Figure 4). In the absence of
ligands, ions corresponding to 3–ions of the ssDNAs
([ODN1]3�, m/z: found 1120.5, calcd 1120.5; [ODN2]3�,
m/z: found 1114.5, calcd 1114.5), 4-ions ([ODN1/2]4�,
m/z: found 1677.0, calcd 1676.8), and 5-ions ([ODN1/
2]5�, m/z: found 1341.4, calcd 1341.4) of the dsDNA
were observed. In the presence of two molar equivalents
of Z-NCTS, new ion peaks at m/z 1680.0 and 1583.8 cor-
responding to the 4- and 5-ions of the Z-NCTS–ODN1/2
complex with a 1:1 stoichiometry (calcd 1979.3 and
1583.4, respectively) were observed (Figure 4b). No
other ion peaks corresponding to complexes with a differ-
ent stoichiometry and almost complete disappearance of
ions corresponding to free dsDNA under the binding con-
ditions indicated exclusive formation of a 1:1 complex.
NCTB also produced a 1:1 complex (NCTB–ODN1/2),
although a substantial amount of the DNA remained
unbound under the same conditions (Figure 4c). In
contrast, multiple ions with different stoichiometries
were observed in the presence of NCT (Figure 4d). This
is most likely because the flexible methylene linker allowed
NCT to bind to the DNA in different binding modes,
whereas the rigid linkers in Z-NCTS and NCTB
provided an unambiguous 1:1 binding mode. Having dis-
covered the highest affinity of this group of molecules to
the target CGG/CGG with exclusive 1:1 complex forma-
tion, we focused our attention on the binding of Z-NCTS.

Thermodynamic analysis of Z-NCTS binding

CD titration studies were conducted to determine the
binding of Z-NCTS to the CGG/CGG sequence.
The CD spectra of the CGG/CGG-containing DNA
ODN1/2 were measured while titrating with Z-NCTS
(Figure 5a). Upon addition of Z-NCTS, induced CD
bands appeared at wavelengths >300 nm. The intensity
of the bands increased with increasing concentration of
Z-NCTS with isodichroic points at 235, 285 and 335 nm,
indicating that a unique binding equilibrium exists
between the free and bound states of ODN1/2 and
Z-NCTS. The association constant (Ka) of Z-NCTS
for the CGG/CGG sequence was calculated to be
4.4� 106 M�1 using a least-squares curve fitting analysis
of the observed data to a 1:1 binding isotherm (Figure 5b).
CD titration experiments were also conducted with
NCTB, and provided a similar CD spectral change
(Figure 5c). The induced CD bands observed for
Z-NCTS and NCTB corresponding to the absorption of
the 1,8-naphthyridine moieties were almost superimpos-
able, suggesting that the spatial alignment of the four
naphthyridine–guanine pairs are similar for the two
complexes. As expected from the Tm and CSI-TOF MS
data, the Ka value for NCTB (2.8� 106M�1) was smaller
than for Z-NCTS.
To further characterize the binding, isothermal titra-

tion calorimetry (ITC) measurements were conducted
for NCTXs. The ITC profiles obtained by injection of hair-
pin DNA containing a CGG/CGG sequence (ODN3,

Figure 3. Thermal melting profiles of DNA duplex ODN1/2 containing
GG mismatch (4.5 mM) in the presence of NCTXs (9.1 mM). The
absorbance at 260 nm was measured in 10mM Na·cacodylate buffer
(pH 7.0) containing 0.1 M NaCl and 0.1% (v/v) Tween 20. (a) Plots in
the presence of NT (filled diamond), NCT (filled triangle) and NCD
(open triangle). (b) Z-NCTS (filled circle), E-NCTS (open circle) and
NCTB (filled square). The melting curve in the absence of ligand is
shown as a dotted line.
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50-d(CTAA CGG AATGTG TTTT CACATT CGG

TTAG)-30) into a solution of NCTXs are shown in
Figure 6. The 1:1 stoichiometry of the binding of
Z-NCTS and NCTB to the CGG/CGG sequence
enabled us to determine the thermodynamic parameters
of their complexes (Figure 6b and a). Fitting the data
for Z-NCTS and NCTB to a single set of identical

binding sites provided Ka values of 1.0� 107 M�1 and
3.4� 106 M�1, respectively (Table 2). The Ka values
obtained by ITC were roughly consistent with those
obtained using CD titration experiments. The larger Ka

value for Z-NCTS compared with that for NCTB is
attributed to the lower total entropic cost upon the
complex formation. In contrast, the calorimetric isotherms

Table 1. Melting temperature (Tm/
�C) of DNA duplexes in the presence of a series of tetrameric naphthyridine ligands

X-Y Tm0
a NCT NCTB Z-NCTS E-NCTS NT

Tm
b DTm

c Tm
b DTm

c Tm
b DTm

c Tm
b DTm

c Tm
b DTm

c

G-G 26.2 44.5 18.3 39.5 13.3 47.6 21.4 29.8 3.6 39.7 13.5

(0.3) (1.2) (0.6) (0.3) (0.3) (0.3)

A–A ndd 24.7 ndd ndd ndd 23.1 ndd ndd ndd – –
(0.2) (1.1)

A–C 17.9 18.3 0.4 23.4 ndd ndd ndd ndd ndd – –
(1.1) (0.6) (0.6)

C–C 20.4 22.2 1.8 22.1 1.7 22.3 1.9 25.1 4.7 – –
(1.3) (0.9) (1.7) (1.3) (0.9)

G–A 28.3 36.0 7.7 36.1 7.8 34.3 6.0 30.4 2.1 27.7 �0.6
(0.3) (1.0) (1.0) (1.0) (0.7) (0.2)

G–T 29.3 36.9 7.6 37.2 7.9 34.9 5.6 30.3 1.0 26.1 �3.2
(0.2) (0.7) (1.0) (0.3) (1.0) (1.2)

T–C 20.5 23.3 2.8 24.6 4.1 23.5 3.0 ndd ndd – –
(1.1) (0.6) (0.7) (0.7)

T–T 26.4 24.8 �1.5 27.3 0.9 28.6 2.2 28.0 1.6 – –
(0.8) (0.8) (1.1) (0.7) (0.9)

Thermal melting curves were measured for ODNs, d(CTAA CXG AATG)/d(CATT CYG TTAG), (4.5 mM) in 10mM Na·cacodylate buffer (pH 7.0)
containing 0.1 M NaCl and 0.1% (v/v) Tween 20. Tm values (�C) were calculated by median method and mean of at least three experiments.
Values in parentheses represent standard deviations.
aTm values of DNA duplexes in the absence of ligand.
bTm values in the presence of ligand (9.1 mM).
cDTm is calculated as the difference between Tm0 and Tm.
dTm value could not be determined due to the unclear transition.

Figure 4. CSI-TOF MS of DNA duplex ODN1/2 (20 mM) in the presence of Z-NCTS, NCTB and NCT. Sample solutions in 50% aqueous methanol
and 0.1 M ammonium acetate were cooled at �10�C during the injection with a flow rate of 20 ml/min. Key: (a) In the absence of ligand; (b) 40 mM
Z-NCTS; (c) 40 mM NCTB; (d) 40 mM NCT.
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obtained for NCT and NCD were not well fitted to the
binding models available for analysis (Supplementary
Figure S2). This is most likely because of the presence of
multiple binding stoichiometries and the positively co-
operative binding.

DISCUSSION

We have synthesized a series of ligands that have four
naphthyridines as recognition elements connected by
different linkers. The structure of the linker is an
important determinant of the ligand-binding character-
istics. The ligands we discussed here can be classified
into two groups: ligands with a flexible linker (NT and
NCT) and those with a rigid linker (NCTB, E-NCTS
and Z-NCTS).

Ligand with a flexible linker

The first choice of a linker for a ligand design is usually a
flexible linker, because the conformational flexibility may
allow an induced fit upon binding to the target. Although
we have reported that NT and NCT containing flexible
methylene linkers could uniquely interact with human
telomeric repeats d(TTAGGG)n (21) and DNA hairpin
loops (22), respectively, their interactions with DNA GG
mismatches remained to be studied. Thermal melting ex-
periments showed that both NT and NCT increased the
Tm of DNA containing a CGG/CGG sequence by 13.5�C
and 18.7�C, respectively (Figure 3a). A difference in the
linker structure connecting two naphthyridines was found
responsible for the higher DTm for NCT complexes
compared with that for NT complexes. The carbamate
linkage in NCT has expanded p surfaces favorable for

Figure 5. CD titration experiments for the binding of Z-NCTS and NCTB to the CGG/CGG sequence. (a and c) CD spectra of ODN1/2 (4.5 mM)
were measured while titrating with (a) Z-NCTS or (c) NCTB at 0, 1.14, 2.27, 3.41, 4.54, 5.68, 6.81, 9.08 and 11.4mM. (b and d) The ellipicities at
349 nm were plotted against the concentration of (b) Z-NCTS or (d) NCTB. The solid line represents the best fits of the data to a 1:1 binding
isotherm.
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the stacking interaction, and the longer linker may offer a
better opportunity for adopting the spatial arrangement of
naphthyridines in the complex (18,51). Indeed, the DTm

observed for NCT (18.7�C) is comparable with the highest
DTm value (21.4�C) obtained for Z-NCTS. A major
drawback of the flexible linker in NCT is that multiple
binding modes and kinetics are involved in the binding
process because of the large conformational flexibility.

CSI-TOF MS measurements clearly showed that the
NCT–CGG/CGG complex consisted of a mixture of at
least two different binding stoichiometries (Figure 4d).
Another possible drawback is the large entropic cost
because of the loss of degrees of freedom upon binding.
The entropic contribution to the binding affinity, however,
could not be estimated in the NCT binding, because its
multiple binding modes preclude quantitative analysis of
the NCT binding (Figure S2).

Ligand with a rigid linker

NCTB and NCTS have linker moieties with restricted
conformational flexibility (Figure 2b–d). Among the
tested ligands, the highest and lowest DTm values were
obtained for Z-NCTS (21.4�C) and E-NCTS (3.6�C),
respectively, whereas the DTm value for NCTB was
modestly (13.3�C) between those for the two NCTS
ligands (Figure 3b). The ligands with restricted con-
formational freedom provided two extremes of binding
behavior. Z-NCTS was designed to have a preorganized
conformation for binding to the GG mismatch, where the
bent (Z)-stilbene linker can place the four naphthyridines
in a favorable position and orientation for the binding.
On the other hand, location and orientation of
naphthyridines led by the extended conformation of the
(E)-stilbene linker in E-NCTS completely abolished the
binding. A marked preference for the Z configuration in
the binding has been observed for naphthyridines con-
nected with an azobenzene linker, where (Z)-azobenzene
stabilized the mismatch duplex, but (E)-azobenzene
did not (33–35). Quantitative analysis of the binding
of the (Z)-azobenzene derivative is hindered by the diffi-
culty in isolating pure (Z)-azobenzene derivatives be-
cause of their thermal and light sensitivity. Z-NCTS
possessing a stable stilbene linker allowed detailed
analysis of the preorganized linker conformation effects
on the binding.

The thermal melting profile of Z-NCTS showed a sharp
melting transition compared with those observed for
NT and NCT, suggesting a cooperative dissociation of
the four naphthyridine–guanine pairs and the hybridized
DNAs (Figure 3b). CSI-TOF MS measurements revealed
that the binding of Z-NCTS and NCTB resulted in the
exclusive formation of a 1:1 ligand–dsDNA complex
(Figure 4). These data are in contrast to the smooth
melting transition and multiple binding modes observed
for the ligands with flexible linkers, NCT and NT. These

Figure 6. Calorimetric isotherms for NCTX-binding. (a) Titration of
58.2mM ODN3 with 10 mM NCTB at 25�C. Every peak represents the
heat released by an each injection. Inset: the corrected molar heat per
injection with the best fit curve for a single set of identical binding sites
model. (b) Titration with 10 mM Z-NCTS.

Table 2. Thermodynamic parameters for NCTB and Z-NCTS-binding to a CGG/CGG sequence

Ka
a nb Ka

b Kb DHb TDSb DGb

106M�1 106M�1 nM /kcal/mol /kcal/mol /kcal/mol

NCTB 2.8 1.25 3.4 290 �21.3 �12.5 �8.9
(0.14) (2.19) (3.23) (3.28) (0.45)

Z-NCTS 4.4 1.22 10.2 98 �19.6 �10.1 �9.5
(0.13) (3.02) (0.91) (0.97) (0.2)

aKa values determined by CD titration experiments.
bThermodynamic parameters at 298K obtained from ITC data by fitting with a single set of identical sites. Values in parentheses represent standard
deviations of three replicates.
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findings support the hypothesis that Z-NCTS adopts
a preorganized conformation favorable for the 1:1
binding.

The unique 1:1 binding of Z-NCTS and NCTB to the
CGG/CGG sequence enabled us to analyze thermo-
dynamic parameters of the ligand binding (Figure 6).
The quantitative data from ITC measurements indicated
that the stronger binding of Z-NCTS (Ka=1.0� 107M�1)
compared with NCTB (3.4� 106M�1) was mainly
attributed to its lower entropic cost. Since global struc-
tures of Z-NCTS- and NCTB–CGG/CGG complexes
are expected to be very similar from CD spectra (Figure
5) and modeling studies as described below (Figure 7), we
have focused on local entropic changes about the ligand
structures. Biphenyl has a rotational degree of freedom
conferred by the internal phenyl–phenyl linkage, which
will be lost in the bound state. On the other hand, the
rotation about the central double bond is restrained in
the stilbene linker, and the (Z)�4,40-stilbene linkage
in Z-NCTS maintains the four recognition elements in re-
stricted orientations and locations. The preorganized con-
formation of Z-NCTS may contribute to its strong
binding through the reduced entropic loss.

Although the binding affinity of NCTB was lower than
that of Z-NCTS, the NCTB binding provided a more fa-
vorable exothermic enthalpy change, indicating that the
NCTB–CGG/CGG complex is structurally more favor-
able than the Z-NCTS–CGG/CGG complex. To obtain
further insight into the structures of the complexes, we per-
formed computer-modeling studies of the NCTB– and
Z-NCTS–CGG/CGG complexes using a molecular mech-
anics calculation (Figure 7). The overall structures were
quite similar to each other as expected from CD studies.
In both structures, four guanines in the CGG/CGG
sequence were hydrogen bonded to four naphthyridine
moieties in a single ligand molecule. Focusing on the
linker structures, the (Z)�4,40-stilbene linker of Z-NCTS
has a smaller dihedral angle (4�) between its two
phenyl rings than the 3,30-biphenyl linker of NCTB (78�)
(Figure 7d, h). This difference resulted in the different
distances between two NCD moieties and a kink in the
naphthyridine–guanine pseudo-base pair in the Z-NCTS–
CGG/CGG complex, represented by larger buckle angles
(Figure 7c, k=11�) than for NCTB (Figure 7g, k=3�).
Molecular dynamics simulations also support the larger
structural distortion in Z-NCTS–CGG/CGG complex

Figure 7. Molecular modeling of the complex between the CGG/CGG sequence and tetrameric naphthyridine ligands, Z-NCTS (a–d) and NCTB
(e–h). The model structures were optimized by use of the AMBER* force field in water with MacroModel Version 9.1. Overall structures viewed
from the major groove (a and e) and side (b and f). The NCD and linker parts in the ligands are represented in magenta and red, respectively.
Expanded views of the four naphthyridine-guanine (red–blue) pairs from the minor groove (c and g) and side (d and h). Buckle angles of
naphthyridine-guanine base pairs (c and g), dihedral angles between two phenyl rings (d and h), and distance between two nitrogen atoms in the
linkers (d and h) are shown.
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(Supplementary Figure S3). The perturbations of the
binding site agree with the lower enthalpy gain observed
for Z-NCTS binding compared with NCTB. These data
suggested that the molecular structure of Z-NCTS still has
room for further improvement in its binding affinity.
A novel ligand mimicking a preorganized alignment of
four naphthyridine units in the NCTB–CGG/CGG
complex would have both entropically and enthalpically
favorable binding thermodynamics.

CONCLUSION

We synthesized a series of naphthyridine tetramers that
consist of two NCD molecules connected by various
linkers to search for a ligand that binds to a CGG/CGG
sequence exclusively with a 1:1 stoichiometry. The linker
structure had significant effects on the binding properties
of the ligands, and we found that Z-NCTS possessing
a rigid (Z)-stilbene linker bound to the CGG/CGG
sequence with high affinity and exclusive 1:1 binding stoi-
chiometry. This binding mode allowed us to perform a
precise thermodynamic analysis of the Z-NCTS binding,
suggesting that the pre-organized conformation of
Z-NCTS enhanced its binding by lowering the entropic
cost. Compared with NCD having a 2:1 binding stoichi-
ometry, Z-NCTS provides the following benefits resulting
from the 1:1 binding: (i) quantitative analysis based on the
simple 1:1 binding mode; (ii) high binding affinity; and
(iii) facile introduction of a single functional unit per
CGG/CGG site on the DNA scaffold. The present study
provides not only a novel 1:1 binding ligand useful for
DNA-based technologies, but also valuable feedback for
subsequent design of DNA and RNA binding ligands.
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