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1,8-Naphthyridine-2,7-diamine: a potential universal reader of Watson–Crick
base pairs for DNA sequencing by electron tunneling†
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With the aid of Density Functional Theory (DFT), we designed 1,8-naphthyridine-2,7-diamine as a
recognition molecule to read DNA base pairs for genomic sequencing by electron tunneling. NMR
studies show that it can form stable triplets with both A : T and G : C base pairs through hydrogen
bonding. Our results suggest that the naphthyridine molecule should be able to function as a universal
base pair reader in a tunneling gap, generating distinguishable signatures under electrical bias for each of
DNA base pairs.

Introduction

Next generation DNA sequencing (NGS) has revolutionized
many aspects of biological science, ranging from human disease
analyses1–5 to drug discovery6 to environmental monitoring.7

Today, sequencing a human genome can be completed in a week
and with several thousand dollars. Despite these great advances,
the NGS technologies are limited by their notorious short read
length and low accuracy in comparison to the conventional
Sanger sequencing.8,9 In addition, the NGS sequencers rely on
delicate biochemical reagents for sequencing reactions and
require sophisticated optical instruments for signal readouts
(apart from the Ion PGM™ from Life Technologies which elec-
tronically measures protons10). All of these can be roadblocks in
further reducing the cost for their use in clinics. In parallel with
NGS, nanopore-based devices have being developed as a disrup-
tive platform to sequence single DNA molecules electronically,
reagent-free, with long read lengths.11,12 Although steady pro-
gress has been made,13,14 the nanopore sequencing has yet to
achieve a single base resolution. To address this issue, we have
recently demonstrated that a STM tip functionalized with benz-
amide can sense individual DNA bases in a short oligonucleotide
on a gold substrate functionalized with a benzamide mono-
layer.15 This sub-nanometer spatial resolution opens a door to
sequencing DNA by electron tunneling. In order to sequence
single DNA molecules with high accuracy, we devised a recog-
nition scheme in a tunneling gap that is incorporated into a nano-
pore, as shown in Fig. 1. When single stranded DNA

translocates through the nanopore, each of its bases is sequen-
tially trapped in a tunneling gap by forming a triplet complex
with two electrodes that are functionalized with a base reader
and a base pair reader respectively. This complicated recognition
system in a nanogap is challenging to construct. However, we
were able to demonstrate that the naturally occurring nucleosides
can be recognized by nucleobases in the tunneling nanogap fol-
lowing the Watson–Crick base pairing rule.16 In this present
study, we have identified a naphthyridine molecule that can inter-
act with Watson–Crick base pairs through hydrogen bonding,
laying down the foundation for us to investigate triplexation
through electron tunneling.

Fig. 1 The concept of DNA sequencing by trans-base electron tunnel-
ing. The nanoelectrodes can be embedded in or laid on a nanopore using
semiconductor nanotechnologies.
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Results and discussion

We chose 1,8-naphthyridine-2,7-diamine (designated as N) as a
candidate to read the base pairs. There are varied structures that
have been investigated as motifs of triplex forming oligonucleo-
tides (TFO) to recognize the Watson–Crick base pairs in double
stranded DNA.17 Two typical examples are shown in Fig. 2a,
which exhibit fair affinity and selectivity to the DNA base pairs
when incorporated into TFO.18,19 One common feature of these
structures is that they are configured either by connecting two
aromatic rings together through a free rotating sigma bond or by
modifying the DNA base with a functional tail to match the
hydrogen bonding patterns of the Watson–Crick base pairs in the
major groove side. However, such flexibility results in a loss of
entropy when a hydrogen bonded complex is formed because
the freely rotating bonds become fixed. This would not be suit-
able for our recognition scheme in which the hydrogen bonding
may be a dominating force for formation of a stable triplet and
the important base stacking interactions may be not as effective
as that in the double stranded DNA. We postulate that a rigid and
planar scaffold with the right geometry will have an advantage
in this regard. Furthermore, if a tandem hydrogen bonding site
array is constructed along one edge of the scaffold without any
C–H interruption, it should increase the hydrogen bonding coope-
rativity. 1,8-Naphthyridine-2,7-diamine is a molecule that con-
tains an aromatic plane composed of two fused pyridyl rings and
two amines aligned with the ring nitrogen atoms to form an
array of four hydrogen bonding sites (see Fig. 1). It has been
exploited as a moiety to create new base pairs in DNA.20,21 In
addition, the amine derivatives of naphthyridine form stable
complexes with guanine22,23 and deaza guanine,24 and have
been used as a fluorescent dye to stain nucleoli in the nucleus of
MDCK-cells.25 However, the interactions of 1,8-naphthyridine-
2,7-diamine with the DNA base pairs have not been explored.
With the aid of Density Functional Theory (DFT), we first

scrutinized the structural fitness through computer modeling. As
illustrated in Fig. 2b, 1,8-naphthyridine-2,7-diamine can form
hydrogen bonded complexes of N–T : A and N–C : G with the
Watson–Crick base pairs from the major groove sides. In the
computer simulation, a methyl group was placed at the 3-posi-
tion of N as a prospective site for attachment, and all the sugars
connected to DNA bases were substituted with methyl groups in
order to reduce the computing time. Note that the methyl substi-
tution would not exert a game changing influence on our com-
puting results since the hydrogen bonding interactions take place
on the opposite sides of the sugars. The DFT calculations show
that there is a gain of ∼15 kcal mol−1 in energy when N hydrogen-
bonds to either T : A or C : G base pairs in a vacuum, which
is slightly higher than the hydrogen-bonding energy of the T : A
Watson–Crick base pair (Table S1 in ESI†). The distance
between the two amino nitrogen atoms (∼6.86 Å) of N is fairly
matched to that from N-7 of adenine to O-4 of thymine
(∼6.26 Å) in the T : A base pair, resulting in formation of a good
fit N–T : A triplet. In the N–C : G triplet, N is twisted out of the
C : G base pair plane due to a steric hindrance between the
2-position amine of N and the 5-position hydrogen of cytosine.
The DFT solvation calculation indicates that the triplets are
slightly less stable in DMSO, a solvent that has a dielectric con-
stant (ε = 46.7 D) comparable to one in the major groove of
DNA (ε = 55 D).26 We believe that the hydrogen bonding inter-
actions should prevail in the nanogap, which has a local environ-
ment less hydrophilic than the bulk aqueous solution especially
when it is functionalized with organic molecules.

Following the computer modeling studies, we investigated the
hydrogen bonding interactions of N with the DNA base pairs
formed by individual nucleosides in solutions using NMR tech-
niques. To adequately dissolve these entities into chloroform (a
commonly used solvent for hydrogen bonding studies), N was
converted to an amine-acetylated derivative (Nac), and the
hydroxyl groups of the naturally occurring nucleosides were sily-
lated with tert-butyldimethylsilyl chloride (designated as dA,
dC, dG, dT, and dU). Our primary focus was on the hydrogen
bonding of Nac with the A : T base pair because the computer
modeling showed a good fit between these two entities. First, an
NMR spectrum of a mixture of dA and dT in deuterated chloro-
form (in a 1 : 1 molar ratio) was recorded to confirm the base
pairing (upper spectrum in Fig. 3a). It shows that the imino
proton peak of dT has not only shifted downfield but also split
into two with an integration ratio of 1 : 2, compared to that (δH =
9.8 ppm) in a dT only solution. This indicates that there were
two different hydrogen-bonding interactions involved between
dA and dT. By means of 1H–1H NOESY NMR (Fig. S1 in
ESI†), we found that the peak at 11.8 ppm cross-talks to the HA2

peak of dA, and the one at 11.5 ppm cross-talks to the HA8 peak
of dA. The NMR data can be best explained by coexistence of
both Hoogsteen (HG) and Watson–Crick (WC) base pairs in
equilibrium as delineated in Scheme 1. The HG base pair has
been observed in crystals of alkylated nucleobase complexes by
X-ray diffraction,27,28 and in a dA : dU (silylated 2′-deoxyuri-
dine) solution by NMR.29 It could even exist with a 1% prob-
ability in DNA.30,31 The early calculations predicted that the HG
base pair would be slightly more stable than the WC base
pair.32,33 Our data show that the HG base pair is a preferred form
in the chloroform solution. Thus, we believe that the HG base

Fig. 2 (a) DNA base pair recognition molecules for TFO and their
hydrogen bonding interactions with DNA base pairs; (b) DFT models of
the complexes of 1,8-naphthyridine-2,7-diamine with the T : A and C : G
base pairs.
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pairing is intrinsic at least to A and T bases. This may be one of
reasons why it can occur even in DNA double helices where the
geometry is constrained to favor the WC base pairing. Compared
to the WC base pair, the HG base pair has a shorter distance
from N9 of dA to N1 of dT.34 As a result, the HG base pair may
not fit well with N to form a stable triplex.

When mixing Nac with dA and dT in a 1 : 1 : 1 ratio, a single
imino proton peak was only observed in the NMR spectrum
(lower spectrum in Fig. 3a). The variable concentration NMR
showed that amide protons of Nac and amino protons of the
adenine were also involved in the hydrogen-bonding interactions
(Fig. S2 in ESI†). Formation of a Nac

–dA : dT triplet was
confirmed by 1H–1H NOESY NMR. In the 2D NOESY spec-
trum (Fig. 3b), we only observed the cross peaks from the dT
imino proton (HT3) correlating with HA6 and HA2 of dA (see
Fig. 3c for designation of each proton), implying that only the
WC base pair was formed in the complex. Furthermore, both Hi

and He of N
ac are correlated to HA8 of dA, and the Hi is corre-

lated to HT6 of dT as well. These NMR data allow us to sketch a
connection among the three molecules shown in Fig. 3c. Due to

crowding in the region of the methyl groups at the dT end of the
complex, we cannot unambiguously assign the HT5–Hi cross
peak. The DFT modelling shows that the amide ends of Nac are
pushed out of the dA : dT base pair plane in the triplet because
of the steric hindrance between the acetyl groups of Nac and the
methyl group of thymine and the HA8 of dA (see Fig. 4 for the
triplet conformation from computer modeling). This may explain
why Hi is correlated with HT6 in the NOESY NMR. We noticed
that the two amide protons of Nac appeared as a single peak in
the NMR spectrum of the complex. They were split into two
broad peaks when the temperature was lowered to −55 °C in an
800 MHz NMR spectrometer (Fig. S3 in ESI†), indicating that
these two protons were in a fast exchange within the NMR time-
frame at room temperature. In contrast, guanine and cytosine
only form a stable WC base pair under the same conditions for
the A : T base pair. The formation of a triplet between Nac and
the dG : dC base pair was confirmed by 2D NOESY NMR
(Fig. S4 in ESI†).

Based on the principle of complexation-induced chemical
shifts (CIS),35–38 we have determined association constants of
Nac with DNA bases and base pairs by NMR titration (see
Table 1). The silylated nucleosides (dA, dC, dG, dT, and dU)
were used as either titrants or substrates, and Nac was only used
as a substrate due to its limited solubility in chloroform. In a
typical NMR titration experiment, a titrant was incrementally
added to a substrate solution, and a proton NMR spectrum was
recorded following each addition. In general, protons directly
involved in hydrogen bonding exhibited downfield chemical
shifts, resulting in positive CIS values. The proton we closely
monitored in the NMR titration is listed in parentheses under the

Fig. 3 (a) 1H NMR spectra of a mixture of dA and dT in a ratio of 1 : 1 and a mixture of dA, dT and Nac in a ratio of 1 : 1 : 1 at room temperature;
(b) 2D 1H–1H NOESY NMR spectra of a mixture of dA, dT and Nac in a 1 : 1 : 1 ratio and proton correlation assignments. (c) A schematic of molecu-
lar connections in the dA, dT and Nac complex.

Scheme 1
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substrate in Table 1. First, the complexing stoichiometries
between titrants and substrates were determined using the mole
ratio plot.39,40 We found that all of these complexes were fairly
close to a 1 : 1 binding mode (Fig. S5 in ESI†). The association
constants (Kass) were then derived from curve fitting datasets of
chemical shift vs. concentration in HypNMR 2008, a program to
analyze NMR titration data. All of our NMR data were best fit to
a 1 : 1 binding isotherm. We tested the reproducibility of our
experimental process by performing the reverse titration. For
example, titrating dA with dT yielded a virtually identical result
as that from titrating dT with dA. The Kass value (∼40 M−1) of
the dA : dT base pairing we determined is close to that reported
in the literature.41,42 As shown in Table 1, Nac was titrated with a
series of individual nucleosides and their mixtures. Clearly, it
formed a more stable complex with dC : dG than with dA : dT.
Nonetheless, Kass of N

ac complexing to dA : dT is comparable to
that for the dA : dT base pairing. This Kass value, may underesti-
mate the actual stability of Nac complexing to dA : dT because
the dA and dT mixture mainly exists in a HG base pairing form
in chloroform so that there is a free energy penalty to convert the
HG base pair to the WC base pair for formation of the Nac

–

dA : dT triplet. When titrating a mixture of Nac and dT with dA
or a mixture of Nac and dAwith dT, the Kass values (∼120 M−1)
derived from monitoring HA6 and HT3 in these two mixed sub-
strates are about three times higher than that of the dA : dT base
pairing. This indicates that Nac could stabilize the dA : dT base
pair. It has been known that the G–C base pair is very stable in a

nonpolar solvent, such as chloroform (Kass = ∼104–5 M−1).41,43

A 1 : 1 mixture of dG and dC is often treated as a single com-
ponent in NMR titration experiments.44–47 Titrating Nac with
dG : dC yielded a relatively stable complex with an association
constant of Kass ∼ 467 M−1. However, Nac prevents dG from
base pairing with dC because it forms a very stable complex
with dG (Kass ∼ 3990 M−1). As a result, when titrating a Nac and
dG mixture with dC, a positive CIS on the imino proton of dG
was obtained, indicating that there was a hydrogen bonding
interaction between dG and dC, but the resultant Kass value
(∼710 M−1) is significantly smaller than one of the normal
dG : dC base pairing. Thus, we have to follow an appropriate
route to assemble a Nac

–dG : dC triplet. We also notice that the
5-methyl group of dT did not cause any significant steric hin-
drance to the formation of an Nac–dT : dA triplet because there is
a negligible difference in Kass between Nac–dT : dA and Nac–

dU : dA.
To interpret the NMR data, we constructed molecular models

for the complexes of Nac with the nucleoside pairs (Fig. 4),
which were optimized by DFT calculations using B3LYP in
combination with 6-31G* basis sets. As shown in Fig. 4, Nac

forms the hydrogen bonded triplets with the Watson–Crick base
pairs from the major groove side. The DFT calculation indicates
that Nac–dC : dG is more stable than Nac–dT : dA and Nac–

dU : dA in terms of their complexing energies (ΔETot in Table 2).
This matches the results from the NMR titrations. The higher
stability of the Nac

–dC : dG triplet may be attributed to the

Fig. 4 DFT models of hydrogen bonded triplets of Nac with dT : dA (A), dU : dA (B), and dC : dG (C) calculated by B3LYP in combination with
6-31G* basis sets in a vacuum.

Table 1 Complexation induced chemical shift (CIS, ppm) and association constants (Kass, M
−1) of Nac with individual nucleosides and nucleoside

pairs derived from curve fitting of NMR titration data

Substrate

Titrant

dA dC dG dT dU dA : dT dA : dU dG : dC

Nac (He) CISa 2.1 ± 0.4 0.9 ± 0.1 1.1 ± 0.0 3.5 ± 0.4 2.0 ± 0.1 1.5 ± 0.0 1.5 ± 0.1 0.7 ± 0.0
Kass 6.3 ± 1.4 53 ± 9 3889 ± 833 18 ± 3 31 ± 3 59 ± 1 62 ± 11 525 ± 166

dG-Nac (HG1) CIS 1.2 ± 0.0
Kass 710 ± 151

dA-Nac (HA6) CIS 0.8 ± 0.0
Kass 115 ± 11

dT-Nac (HT3) CIS 0.4 ± 0.0
Kass 126 ± 4

aCIS = δmax − δinitial in ppm, which was determined from the fit titration curve.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 8654–8659 | 8657

D
ow

nl
oa

de
d 

by
 A

ri
zo

na
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
04

 M
ar

ch
 2

01
3

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
26

52
9J

View Article Online

http://dx.doi.org/10.1039/c2ob26529j


strong dG : dC base pair since the calculated hydrogen bonding
energy of Nac with the dG : dC pair is close to those of Nac with
the dU : dA and dT : dA pairs.

Conclusions

Our DFT calculations and NMR studies reveal that 1,8-naphthy-
ridine-2,7-diamine can form hydrogen bonded triplets with both
A : T and G : C Watson–Crick base pairs, which are as stable as
the A : T base pair or more so. We have found that the naphthy-
ridine molecule has a number of unique features: it tends to
stabilize the A : T Watson–Crick base pair, block the A : T
Hoogsteen base pairing, and form a stable complex with guanine
to prevent the G : C base pairing. Due to differences in their
structures, these triplet complexes should create different path-
ways for electron tunneling, resulting in distinguishable electrical
signals for readout of the DNA base pairs in the tunneling gap,
which makes it a universal base pair reader. We are developing
chemistry to attach the naphthyridine molecules to the metal
electrodes for the tunneling measurements.

Experimental section

General information

Proton NMR (1H) spectra were recorded at 400 MHz on a Varian
400 MHz spectrometer, and carbon NMR (13C) spectra were
recorded at 100 MHz on a Varian 400 MHz spectrometer.
HRMS spectra were recorded using the atmospheric pressure
chemical ionization (APCI) technique. Flash chromatography
was performed using automated flash chromatography (Teledyne
Isco, Inc. CombiFlash Rf). All reagents were obtained from
commercial suppliers unless otherwise stated. Where necessary,
organic solvents were routinely dried and/or distilled prior to use
and stored over molecular sieves under nitrogen. All reactions
requiring anhydrous conditions were performed under a nitrogen
atmosphere.

Synthesis of N,N′-(1,8-naphthyridine-2,7-diyl)diacetamide (Nac)

A mixture of 1,8-naphthyridine-2,7-diamine48 (280 mg,
1.75 mmol) in acetic anhydride (3 mL) was heated at reflux for
2.5 h. After cooling, the excess solvent was removed, and the
residue was purified by flash chromatography (on silica gel with
a gradient of dichloromethane–methanol from 100 : 0 to
100 : 10) to give 180 mg (42%) of the product as a yellow

powder. 1H NMR (400 MHz, DMSO-d6): δ 2.16 (s, 6H), 8.21
(d, J = 9.2 Hz, 2H), 8.26 (d, J = 9.2 Hz, 2H), 10.77 (s, 2H);
13C NMR (100 MHz, DMSO-d6): δ 24.7, 113.3, 117.7, 139.2,
154.3, 154.8, 170.5. HRMS (APCI+): found, 245.1038 (calcd
for C12H13N4O2, 245.1043).

Silylation of nucleosides

All the nucleosides were silylated with tert-butyldimethylsilyl
chloride following our reported method.49

Computation

DFT calculations were performed using the program Spartan’10
for Windows, Wavefunction Inc. Individual 2D chemical struc-
tures were drawn in ChemBioDraw Ultra 11 and exported to
Spartan’10 to generate the respective 3D structures, from which
hydrogen bonded complexes were constructed. The geometry of
each complex was first subjected to energy minimization using
the built-in MMFF94s molecular mechanics, and then calculated
using B3LYP/6-311++G (2df, 2p) in a vacuum. All of the calcu-
lations were successfully converged and no BSSE corrections
were carried out for such a large basis set. Following completion
of the calculation in a vacuum, the complex was solvated with
DMSO using B3LYP/6-31G** based on a SM8 model.50

1H NMR binding studies

Proton NMR (1H) spectra were recorded at 400 MHz on a Varian
400 MHz, 500 MHz on a Varian 500 MHz or 800 MHz on a
Varian 800 MHz spectrometer. All 1H NMR chemical shifts
were referenced to the residual non-deuterated solvent peak as
7.26 ppm in chloroform-d (CDCl3). 2D NOE spectra were
recorded at 400 MHz on a Bruker 400 MHz spectrometer. For
VT NMR, temperature was calibrated with a standard of 100%
CH3OH and regulated to an accuracy of ±0.1 °C by a Eurotherm
Variable Temperature Unit on the Bruker NMR or a Highland
Technologies Temperature unit on the Varian NMR System.
Temperatures below zero Celsius were achieved with a Liquid
Nitrogen Heat Exchanger on the Bruker and FTS Cooling
System (Stone Ridge, New York) on the Varian. CDCl3 was pur-
chased from Sigma-Aldrich, used as received without further
purification. Volumetric flasks and syringes for preparing the
stock solutions were rinsed with CDCl3 and dried under vacuum
prior to use. For NMR titration, samples were prepared from
stock solutions, transferred to NMR tubes using a syringe, and
diluted following the method in the previous report.51 Associ-
ation constants reported were averages of two or more repeats
and were derived from fitting NMR titration data to a 1 : 1
binding isotherm using the HypNMR program.
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Table 2 DFT energies (kcal mol−1) of the Nac triplets

ΔETot ΔE(Nac)

Nac–dT : dA −39.3 −22.4
Nac–dU : dA −40.6 −22.8
Nac–dC : dG −54.5 −20.7

ΔETot: complexing energy calculated from energy of (complex −
individual monomers constituting the complex). ΔE (Nac): hydrogen
bonding energy of Nac calculated from energy of (complex − Nac −
nucleoside pair).
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