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Abstract
Four new naphthyridine derivatives (R1-R4) possessing amino acid or boronic acid moieties have been synthesized and char-
acterized using 1H and 13C NMR, FT-IR, and mass spectral techniques. The mechanism of binding of these probes with calf
thymus DNA (CT-DNA) has been delineated through UV-Vis, fluorescence, and circular dichroism (CD) spectral techniques
along with thermodynamic and molecular docking studies. Small hypochromicity in absorption maximum of the probes without
any shift in wavelength of absorption suggests groove binding mode of interaction of these probes with CT-DNA, confirmed by
CD and 1H NMR spectral data competitive binding assay with ethidium bromide (EB). CT-DNA quenches the fluorescence of
these probes via a static quenching mechanism. In the case of R1 and R4, the observedΔHo < 0 and ΔSo > 0suggest that these
probes interact with CT-DNA through H-bonding and hydrophobic interactions, while in the interaction of R2 and R3, van der
Walls and H-boding forces are found to be dominant (ΔHo < 0 and ΔSo < 0). Results of molecular docking investigations
corroborate well with that of spectral studies, and these probes bind in the minor groove of DNA. These probes are found to
be effective fluorescent staining agents for DNA in agarose gel in gel electrophoresis experiment with sensitivity comparable to
that of EB, and DNA amounts as low as 37.5 ng are visually detectable in the gel.
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Introduction

Deoxyribonucleic acid (DNA) is a critical natural molecule
with interpretation and replication capacities and is the prima-
ry target for many biologically active compounds. Such bio-
active compounds bind to DNA and help suppress or depress
the replication and transcription processes. In recent years, a
fair amount of work has been carried out on the binding inter-
action between bioactive molecules and DNA, as it provides
information on the origin of diseases, structural properties of
DNA, etc., and helps in designing newer chemotherapeutic

agents [1, 2]. In a wide variety of biological applications,
detection and quantification of small amounts of DNA are
extremely important. Over the years, various DNA visualiza-
tion methods such as fluorescence, radiolabeling, organic dye,
and silver staining have been reported, with each one has its
advantage [3–9]. Among these methods, fluorescent staining
of DNA is most common, particularly in gel electrophoresis.
Ethidium bromide (EB), I, is the most widely used fluorescent
probe for staining DNA once separated in gels. Though EB is
used in gel electrophoresis to a larger extent, its handling and
safe disposal require considerable attention as it is mutagenic
and carcinogenic [10]. Therefore, to be used in the gel elec-
trophoresis technique, the search for newer fluorescent probes
for DNA staining is on and hence the present study. A litera-
ture review revealed that only very few fluorescent probes
have been reported so far as DNA staining agents in gel elec-
trophoresis, compared to voluminous work on small
molecule-DNA interaction studies [11–13]. Very recently,
we have reported the synthesis, DNA binding profile, and
application of naphthyridine-2-carboxamides (II) as fluores-
cent DNA staining probes. We found that the sensitivity of II
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is comparable with that of EB, and DNA amounts as low as
four nanograms are visually detectable in agarose gel [14].

In continuation of this, here in this work, we report four
new amino/boronic acid appended naphthyridines as fluores-
cent probes for staining DNA in gel electrophoresis. Amino
acid and boronic acid moieties were preferred as they possess
pharmaceutical significance and would provide additional
binding sites [15–20]. Studies on the mechanism of binding
of these staining agents with DNA is a starting point for ratio-
nal designing of newer agents with required properties.
Hence, in the present study, the mechanism of interaction of
the chosen naphthyridine derivatives with CT-DNA has been
investigated using various spectral techniques and molecular
docking studies. The main objectives, therefore, of the present
endeavor are the synthesis, characterization, and DNA bind-
ing and staining studies of four new amino/boronic acid
appended naphthyridines derivatives.

Experimental

Synthesis and Characterization of Probes (R1-R4)

Gen e r a l P r o c e d u r e f o r t h e S y n t h e s i s o f 1 0 -
methoxydibenzo[b,h][1,6]naphthyridine-2-substituted
Amino Acid Derivatives (R1 and R2) The starting material 10-
methoxydibenzo[b,h][1,6]naphthyridine-2-carboxylic acid
(1) was prepared by adopting the procedure reported by us
earlier [14]. To the stirred solution of 1 (200 mg) in DMF
(1.0 mL, 5 v), corresponding amino acid ester (1.05 eq.) was
added, and the reaction mass was cooled to 0–5 °C. Then
HATU (1.15 eq) was added to the above reactionmass follow-
ed by triethylamine (3.0 eq.) at0–5 °C, and the reaction mass
was stirred for 1 h. After completion of the reaction (by TLC),
the reaction mass was quenched with 5.0 mL of water and
stirred for 10 min, filtered and washed with water. The resul-
tant wet solid was treated with NaOH (2.0 eq.) in water
(5.0 mL), and after completion of the reaction (by TLC), the
pH was adjusted to 2–3 by adding HCl to get a light yellow
product (Scheme 1).

The probes R1 and R2 have been characterized using
NMR, FT-IR, andmass spectral techniques and the results are:

Probe R1. Yield: 78%; m.p.: 250–254 °C; 1H NMR
(400 MHz, DMSO-d6, δ ppm): 1.47–1.49 (d, 3H, J =
7.6 Hz), 4.05–4.06 (d, 3H), 4.48–4.55 (m, 1H), 7.44–
7.47(m, 1H), 7.733–7.739(d, 1H, J = 11.6 Hz, aromatic
H), 8.18–8.20 (d, 1H, J = 8.4 Hz, aromatic H), 8.26–8.28
(d, 1H, aromatic H), 8.33–8.36 (m, 1H, aromatic H),
9.10–9.11 (d, 1H, J = 7.2 Hz, aromatic H), 9.29 (s, 1H,
aromatic H), 9.55 (s, 1H, aromatic H), 9.70 (s, 1H, aro-
matic H) (Fig. S1); 13C NMR (300 MHz, DMSO-d6, δ
ppm): 17.0 (CH3), 48.5.3 (C- NH), 55.9 (OCH3), 106.1

(aromatic C), 118.2 (aromatic C), 121.2 (aromatic C),
122.8 (aromatic C), 123.5 (aromatic C), 124.1 (aromatic
C), 130.6 (aromatic C), 132.7(aromatic C), 138.0 (aro-
matic C), 147.1 (aromatic C), 147.3 (aromatic C), 151.8
(aromatic C), 155.9 (aromatic C), 162.9 (aromatic C),
165.9 (CONH) 174.3 (COOH) (Fig. S2); FT-IR (KBr,
υ cm−1): 3416,3267, 2967, 1619, 1595,1416, 1233,
1168, 971, 698 (Fig. S3); LCMS (ESI) m/z found for
C22H21N3O2[M +H]+: 375.6 (Fig. S4).

Probe R2. Yield: 65%; m.p.: 225–228 °C; 1H NMR
(400 MHz, DMSO-d6, δ ppm):): 0.93–97 (d, 6H, 2
CH3’s),1.66–1.70(m,1H), 1.774–1.779(d,1H), 1.85–
1.90(m,1H), 4.07 (s, 3H, OCH3), 4.56–4.60 (m, 1H),
7.46–7.49 (m, 1H, aromatic H), 7.74–7.76 (d, 1H, J =
2.4 Hz, aromatic H), 8.23–8.25 (d, 1H, aromatic H),
8.28–8.31 (d, 1H, aromatic H), 8.38–8.40 (m, 1H, aro-
matic H),9.09–9.11 (d, 1H, J = 7.6 Hz, aromatic H), 9.36
(s, 1H, aromatic H), 9.67 (s, 1H, aromatic H), 9.71–9.72
(d, 1H, aromatic H) (Fig. S5); 13C NMR (300 MHz,
DMSO-d6, δ ppm) δ: 21.2 (CH3),23.0(CH2),24.6(CH),
51.2 (C-NH), 56.1 (OCH3), 105.9 (aromatic C), 117.6
(aromatic C), 121.8 (aromatic C), 122.9 (aromatic C),
123.9 (aromatic C), 124.2 (aromatic C), 127.0(aromatic
C), 129.8 (aromatic C), 131.1 (aromatic C), 133.3(aro-
matic C), 140.0 (aromatic C), 144.2 (aromatic C), 147.0
(aromatic C), 152.3 (aromatic C), 155.4 (aromatic C),
163.94 (aromatic C), 166.09 (CONH), 174.3 (COOH)
(Fig. S6); FT-IR (KBr, υ cm−1): 3287, 2957,
1723,1640, 1597,1416, 1233, 1172, 848, 698 (Fig. S7);
LCMS (ESI) m/z found for C22H21N3O2[M +H]+: 418.3
(Fig. S8).

Gen e r a l P r o c e d u r e f o r t h e S y n t h e s i s o f 1 0 -
methoxydibenzo[b,h][1,6]naphthyridine-2-substituted
Boronic Acid Derivatives (R3 and R4) To the stirred solution of
1 (200 mg) in DMF (1.0 mL, 5 v) (R)-boro(alanine)-(+)-
pinanedioltrifluoroacetate or (R)-boro(Leucine)-(+)-
pinanedioltrifluoroacetate (1.05 eq.) was added and the reac-
tion mass was cooled to 0–5 °C. Then HATU(1.15 eq.) was
added to the above reac t ion mass fo l lowed by
triethylamine(3.0 eq.) at 0–5 °C, and the reaction mass was
stirred for 1 h. After completion of the reaction (by TLC), the
reaction mass was quenched with 5.0 mL of water and stirred
for 10 min, filtered and washed with water. The wet solid
obtained was treated with 2 N HCl (5.0 mL) in methanol
(5.0 mL) at ambient temperature and stirred for 2 h; upon
completion of the reaction (by TLC), the reaction mass was
washed with n-heptane (5.0 mL) and extracted with DCM
(2 × 10.0 mL). Then DCM was dried over anhydrous sodium
sulfate, and the concentration of the organic layer completely
yielded the product as yellow solid (Scheme 2).
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The probes R3 and R4 have been characterized using
NMR, FT-IR, andmass spectral techniques and the results are:

Probe R3. Yield:24%; m.p.: 216–218 °C; 1H NMR
(400 MHz, DMSO-d6, δ ppm)1.20–1.24 (M, 3H, CH3),
4.05–4.07 (d, 3H, OCH3),7.43–7.47 (m, 1H, aromatic H),
7.69–7.74 (d, 1H, J = 16.4 Hz, aromatic H) 8.24–8.32 (m,
2H, aromatic H), 8.48–8.51 (m, 1H, aromatic H), 9.30–
9.33(s, 1H aromatic H), 9.54 (s, 1H, aromatic H), 9.65–
9.67 (d, 1H, aromatic H), 9.75–9.80(m, 2H, aromatic)
(Fig. S9);13C NMR (300 MHz, DMSO-d6, δ ppm)
15.8(CH3), 56.1 (OCH3), 105.6 (aromatic C), 117.1 (ar-
omatic C), 121.6 (aromatic C), 122.5 (aromatic C),
123.05(aromatic C), 124.10 (aromatic C), 127.8(aromatic
C), 129.8 (aromatic C), 130.7 (aromatic C), 139.46 (aro-
matic C), 145.7 (aromatic C), 151.9 (aromatic C), 156.59
(aromatic C), 163.70 (aromatic C), 169.8 (CONH) (Fig.
S10); FT-IR (KBr, υ cm−1): 3401, 2967,1608,
1477,1414, 1235, 1172, 848, 697 (Fig. S11); LCMS

(ESI) m/z found for C22H21N3O2[M + H]+: 376.2
(Fig. S12).

Probe R4: Yield: 20%; m.p.: 210–215 °C;1H NMR
(400 MHz, DMSO-d6, δ ppm) 0.94–0.99 (d, 6H, J =
6.8 Hz, 2 CH3’s), 1.529–1.547(d,2H), 1.63–
1.72(m,1H), 4.06 (s, 3H, OCH3),7.44–7.46 (m, 1H,
aromatic H), 7.721–7.727 (d, 1H, J = 2.4 Hz, aromatic
H), 7.94(s, 1H aromatic H), 8.16–8.18(d, 1H, aromatic
H), 8.27–8.31 (m, 2H, aromatic H), 8.84–8.86 (m, 1H,
aromatic H),9.27 (s, 1H aromatic H), 9.54 (s, 1H, ar-
omatic H), 9.65–9.66 (d, 1H, aromatic H) (Fig. S13);
13C NMR (300 MHz, DMSO-d6, δ ppm)11.0
(CH3),15.0(CH2),25(CH), 56.1 (OCH3), 106.0 (aro-
matic C), 117.8 (aromatic C), 121.7 (aromatic C),
122.9 (aromatic C), 124.1 (aromatic C), 127.5(aromat-
ic C), 129.83 (aromatic C), 131.0 (aromatic C),
132.9(aromatic C), 133.3(aromatic C),139.5 (aromatic
C), 147.0 (aromatic C), 152.1 (aromatic C), 155.6

Scheme 1 Synthesis of probes
R1 and R2

Scheme 2 Synthesis of probes
R3 and R4
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(aromatic C), 163.9 (aromatic C), 166.6 (CONH)
174.1 (C-B) (Fig. S14); FT-IR (KBr, υ cm−1): 3298,
2950,1628, 1526,1416, 1230, 1164, 851,767 (Fig.
S15); LCMS (ESI) m/z found for C22H21N3O2[M +
H]+: 418.3 (Fig. S16).

Results and Discussion

The following four new amino acid or boronic acid appended
naphthyridine derivatives were synthesized and characterized
using NMR, FT-IR, and mass spectral techniques.

The binding behavior of these probes with calf thymus
DNA (CT-DNA) has been investigated using UV-Vis, fluo-
rescence, and circular dichroism spectral studies.
Thermodynamic parameters have been determined to delin-
eate the nature of the attraction forces between the probes and
CT-DNA. Molecular docking studies have also been carried
out to substantiate the results of spectral analyses. To demon-
strate the applicability of these probes, DNA staining studies
were carried out in agarose gel using plasmid DNA.

UV-Vis Spectral Studies

UV-Vis spectroscopy is one of the most effective methods of
investigating the interaction of small molecules with DNA.
The probes’ UV-Vis spectra have been recorded in HEPES
buffer/DMSO (pH 7.4) medium. As seen in Figs. 1 and S17–
S19, free probes exhibited two absorption bands: a strong one

around 285 nm corresponds to the π-π* transition and the
other around 385 nm due to n-π* transition. It is evident from
these figures that upon adding increasing amounts of CT-DNA
to the solution of these probes, the intensity of these two bands
experienced a very slight decrease (hypochromicity) without
any significant shift in wavelength of absorption maximum.
Such an electronic spectral change suggested that these probes
bind to CT-DNA, preferably through a non-intercalative mode
of binding [21].

Fluorescence Spectral Studies

All the four probes (R1-R4), when excited at λex250 nm, give
strong emission around 450 nm in HEPES buffer/DMSO
(pH 7.4) medium (Fig. 2 and S20–S30). Upon adding increas-
ing amounts of CT-DNA to these probes, the fluorescence of
the probes gets quenched with no apparent shift in the wave-
length of emission maximum. Such a fluorescence quenching
indicated that these probes interact with CT-DNA. The
quenching mechanism was established by analyzing the fluo-
rescence data using the Stern-Volmer equation [22, 23].

Fo=F ¼ 1þ Ksv Q½ � ð1Þ

Where Fo and F are the probes’ fluorescence intensities in
the absence and presence of the CT-DNA, respectively, KSV is
the Stern-Volmer quenching constant, which was determined
from the linear plots of Fo/F versus [Q] (Fig. 3 and S31–S33)
at three different temperatures. As seen from the data collected
in Table 1, KSV values were found to decrease with an

Fig. 1 UV-Vis spectra of
R1[100 μM] with incremental
addition of CT-DNA [0–47 nM]
in HEPES buffer/DMSO (pH 7.4)
medium
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increase in temperature, suggesting that CT-DNA quenched
these probes’ fluorescence via a static quenching mechanism
[24, 25].

Thermodynamic Analysis

The nature of the binding forces that hold small molecules
with DNA in their complexes can be identified using
thermodynamic parameters such as enthalpy change
(ΔHo), entropy change (ΔSo), and free energy change

(ΔGo). These thermodynamic parameters can be calcu-
lated from the temperature-dependent binding constants
for the interaction of small molecules with DNA. In
the present study, the binding constants (Kb) for the
interaction of the probes R1–R4 with CT-DNA have
been determined from the fluorescence data using the
following equation at three different temperatures [26,
27].

log Fo−F=Fð Þ ¼ logKb þ n log Q½ � ð2Þ

Fig. 2 Fluorescence spectra of
R1 [25 μM] in HEPES buffer/
DMSO medium (pH 7.4) upon
addition of CT-DNA [0–325 nM]
at 298 K

Fig. 3 Stern-Volmer plots for
quenching of fluorescence of R1
by CT-DNA at three different
temperatures
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Where Fo and F are the fluorescence intensities of the
probes in the absence and presence of the quencher, CT-
DNA, respectively, and Kb is the binding constant. The bind-
ing constant values were computed from the linear plots of log
(Fo-F/F) versus log [Q] (Fig. 4 and S34–S36). The Kb values,
thus obtained, are also summarized in Table 1. The order of
these probes’ Kb values for the interaction with CT-DNA is
observed to be R3 >R1 >R2 >R4. Among the probes
under investigation, the one naphthyridines derivative
possessing boronic acid moiety with relatively less steric
hindrance (R3) binds strongly with the CT-DNA. The
binding of R3 with CT-DNA is much stronger than that
of naphthyridine-2-carboxamides reported by us [14],
and many cyanine-styryl dyes [28, 29] and cyanine dyes
[30] reported earlier. Thus, as spelled in the introduction

section, the introduction of boronic acid moiety substan-
tially enhanced naphthyridine derivatives’ binding ability.
With an increase in temperature, the Kb values’ trends are
following that of the KSV values.

From these Kb values, the thermodynamic parameters were
calculated using van’t Hoff and Gibbs-Helmholtz equa-
tions [31]:

logKb ¼ log ΔH=2:303RTð Þ þ ΔS=2:303Rð Þ ð3Þ
ΔGo ¼ ΔHo−TΔSo ð4Þ

In the present study, plots of log Kb versus 1/T (Fig. S37–
S40) were found to be linear, and the enthalpy (ΔHo) and
entropy (ΔSo) changes were obtained from the slope and in-
tercept, respectively, of the linear plots. The thermodynamic
parameters for the interaction of the probes with CT-DNA are

Fig. 4 Plot of log (Fo-F)/F versus
log [Q] for interaction of R1with
CT-DNA at three different
temperatures

Table 1 Stern-Volmer constants
(KSV), binding constants (Kb) and
the related thermodynamic
parameters for the interaction of
the probes R1-R4 with CT-DNA

Probe Temp. (K) KSV (M−1) Kb(M
−1) ΔHo ΔS ΔGo

kJK−1 mol−1 JK−1 mol−1 kJK−1 mol−1

R1 298 1.8 × 106 11 × 106 0.03 38 −40
308 1.6 × 106 6.6 × 106

318 1.2 × 106 5.3 × 106

R2 298 1.4 × 106 5.5 × 106 −0.09 −165 −38
308 1.0 × 106 2.0 × 106

318 0.95 × 106 0.59 × 106

R3 298 2.5 × 106 1.0 × 108 −0.02 −408 −46
308 1.9 × 106 1.7 × 107

318 1.5 × 106 1.4 × 106

R4 298 3.6 × 106 12 × 105 −0.03 3.1 −35
308 3.3 × 106 7.5 × 105

318 3.1 × 106 5.1 × 105
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also given in Table 1. It is evident from the data that in all the
cases, the free energy change (ΔGo) was found to be negative,
indicating that the binding of the probes with CT-DNA is a
spontaneous process. Further, in the case of R1 and R4, the
values of enthalpy and entropy changes (ΔHo < 0 orΔHo ≈ 0
and ΔSo > 0) were found to be negative and positive, respec-
tively. Wang et al. reported that ΔHo < 0 and ΔSo > 0 could
be recognized due to H-bonding and hydrophobic

interactions, respectively [32]. While in the case of R2 and
R3, the observedΔHo < 0 orΔHo ≈ 0 andΔSo < 0 suggested
that these probes bind with CT-DNA via van derWalls and H-
boding forces [33]. Therefore, in the present study, the bind-
ing of these probes with CT-DNA might be driven by H-
bonding and hydrophobic interactions along with van der
Walls forces. Parallel observations were made by Tian et al.
during the study on the interaction between naphthalimide-

Fig. 5 Fluorescence changes for
the titration of R1 [0–15 μM]
with EB/CT-DNA complex

Fig. 6 Circular dichroism spectra
of CT-DNA in the presence of
probes R1-R4 in HEPES
buffer/DMSO (pH 7.4) medium
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polyamine conjugates and herring sperm DNA. These struc-
turally similar conjugates exhibited a different variety of en-
thalpy and entropy changes [34].

Competitive Binding Assay

The mode of binding of small molecules with DNA is com-
monly determined using ethidium bromide (EB) as the
fluorophore probe, as the EB-DNA complex emits strongly.
It is well recognized that EB binds to the base pairs of DNA
through intercalation mode. Any molecule that competes with
DNA via a similar intercalative mode would displace EB from
the EB-DNA complex and consequently decrease its

fluorescence to a more considerable extent. Therefore, a com-
petitive binding assay has been carried out by adding increas-
ing amounts of these probes R1-R4 to the solution of the EB/
CT-DNA complex. As seen in Figs. 5 and S41–S43, EB/CT-
DNA complex emits at 601 nm when excited at 250 nm. On
adding increasing amounts of R1-R4 to this complex, the
intensity of emission at 601 nm decreased to a lesser extent
suggesting that these probes bind to CT-DNA through a non-
intercalative mode of binding [35, 36]. At the same time, with
the addition of increasing amounts of these probes to the EB/
CT-DNA complex, the intensity of emission around 450 nm,
corresponding to the free probe, increased significantly, sug-
gesting that these probes remains mostly free (or loosely

Fig. 7 Docking results showing
H-bonding and π-π interactions
of R3 with residues of DNA

Fig. 8 DNA staining at different
concentrations of R3
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bound to CT-DNA) and doesn’t intercalate with the base pairs
of CT-DNA by dislodging EB. Thus, these probes might bind
in the groove of the CT-DNA molecule.

1H NMR Spectral Study

A 1H NMR spectral study on the binding of these probes with
CT-DNA was also carried out to validate spectroscopic stud-
ies’ results. In this attempt, guanosine nucleoside was used as
a model for DNA. The 1H NMR spectra of guanosine were
recorded in the absence and presence of these probes in
DMSO-d6 [14, 37]. 1H NMR spectrum of free guanosine
showed signals at 6.461, 7.939, and 10.633 ppm due to –
NH2, imidazole C-H and –NHprotons, respectively (Fig.
S44). As seen in figs. S45-S48, on adding one equivalent of
R1-R4 individually to the solution of guanosine, the signals
corresponding to all these protons exhibited shifts indicating
an interaction of these probes with CT-DNA. Particularly the
strong signal due to –NH proton has presented a noticeable
downfield shift. The probe R3 has brought the maximum
downfield shift in the –NH proton with a Δδ value of
1.065 ppm, and the probe R4 has fetched the minimum shift
in the signal (Δδ 0.016 ppm). The magnitude of theΔδ values
corroborates well the trend binding constant values of the
probe/CT-DNA complexes determined using fluorescence ti-
tration data. That is, probeR3with a relatively higher binding
constant value showed the more considerableΔδ value. These
observations suggested that these probes interact with CT-
DNA through H-bonding, possibly using N-H protons of the
guanosine nucleoside.

Circular Dichroism Spectral Studies

As circular dichroism spectral studies possess high sensitivity
and accuracy, it is frequently used to investigate the confor-
mational changes of DNA upon bindingwith small molecules.
The CD spectra of CT-DNA recorded in the absence and
presence of these probes R1-R4 are depicted in Fig. 6. Free
CT-DNA exhibited a negative band at 245 nm corresponding
to right-handed helicity and a positive band at 277 nm due to
base stacking, which was the characteristic CD spectra of B-
conformation of DNA. With the addition of one equivalent of
these probes to the CT-DNA solution, the intensities of the
two bands showed only a very marginal shift, suggesting that
these probes interact with CT-DNA through groove binding
mode. It is well known that the groove binding of small mol-
ecules doesn’t bring massive structural/conformational chang-
es in DNA [38, 39] (Fig. 7).

Molecular Docking Studies

Molecular docking studies have been carried out to clarify
further the mode of binding of these probes with DNA.

Here, the molecular docking of these probes (keeping them
flexible) and the rigid DNA (PDB id: 1BNA) was carried out,
and the modeling results are illustrated in Figures7 and S49-
S51. As seen in the figure, in the energetically most favorable
conformation, the probes docked into the minor groove of
DNA, and the probes interact with DNA through H-bonding
and hydrophobic interactions, which is in good agreement
with the results of thermodynamic studies. Further, the probe
R3 binds strongly in the A-T base pair with a relatively larger
combination of H-bonding, hydrophobic, and π-π stacking
interactions. The free energy changes (ΔG) for the binding
of these probes with DNA were computed to be −4.58, −4.68,
−4.52, and − 4.71 kcal mol−1, for R1, R2, R3, and R4,

Fig. 9 Staining of DNA fragments with R3 (Top) and EB (Bottom) on a
1% agarose gel
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respectively. These free energy change values are lower than
the experimental value (−9.98, −9.92, −10.39, and
−9.05 kcal mol−1, respectively), and this mismatch could be
due to the exclusion of solvent and/or rigidity of DNA mole-
cule in the docking studies [40]. Furthermore, a competitive
displacement docking was also performed using EB
(Fig. S52). The results clearly showed that these probes
bind to the minor groove of DNA while EB intercalates
into DNA base pairs. Thus, it is evident from the com-
bined results of spectroscopic, thermodynamic, and mo-
lecular docking studies that these probes bind with
DNA in the minor groove, and the dominating interac-
tion forces between them are H-bonding, van der Walls,
and hydrophobic interactions.

DNA Staining Studies

Fluorescent detection of DNA in gel electrophoresis experi-
ments has been done to show these probes’ practical applica-
tion. Electrophoresis experiments were carried out using aga-
rose gel, as reported by us earlier [14]. In a typical experiment,
initially 1% agarose gel was prepared in 1X TAE with differ-
ent concentrations (10, 1, 0.1, and 0.01 mM) of the test com-
pounds to identify the minimal concentration of the test com-
pound that gave fluorescence upon binding to a known con-
centration of DNA (600 ng in 100 μL volume) (Fig. 8 and
S53). Based on the results, 0.1 mM concentration of R1 and
R3 and 1 mM concentration of R2 and R4 were taken for
electrophoresis experiments. The gel was allowed to get so-
lidified for 30–40 min at room temperature. Upon solidifica-
tion, the gel was immersed in the tank containing 1X TAE
buffer. Plasmid DNA (TOPO TA clone with an available in-
sert construct cloned into it) samples were mixed in a 6:1 ratio
with 6X DNA loading dye (New England Biolabs). The aga-
rose gel was allowed to run at 100 V, 100 mA, and 10 W for
30–40 min and visualized under geldoc (Syngene G: Box
model No. Chemi HR-1.4; Software: Genesys). The gel pho-
tographs, thus obtained, are depicted in Figs. 9 and S54–S56.
As seen in the figures, all the probes, except R4, have per-
formed on par with ethidium bromide (10 mg/ml) in the stain-
ing process. In all these cases, the least concentration of
37.5 ng of DNA could be visualized under UV light, while
in probe R4 staining, 37.5 ng of DNA was only faintly visu-
alized. Further, the probes R1 and R3were found to be more
efficient at a concentration of 0.1 mM than the probe R2. The
relatively better performance of the probesR3 andR1may be
due to their relatively higher binding ability with DNA, as
evidenced from the preceding results of optical spectro-
scopic studies. Thus, these probes could well be used as
fluorescent probes for DNA staining in agarose gel and
are efficient and sensitive for DNA analysis comparable
with that of the commonly used fluorescent staining
agent, EB.

Conclusion

To conclude, we have synthesized four new naphthyridine
derivatives possessing amino acid or boronic acid and charac-
terized those using FT-IR, NMR, and mass spectral tech-
niques. UV-Vis, fluorescence, and circular dichroism (CD)
spectral methods have been employed to investigate these
probes’ mode of binding with CT-DNA. These spectral stud-
ies’ results, along with competitive binding with EB and 1H
NMR studies, revealed that these probes bind with CT-DNA
through groove binding mode. Thermodynamic analysis indi-
cated that the main forces operating in the probe-DNA binding
are H-bonding, hydrophobic, and van der Walls forces, which
is strongly supported by molecular docking studies. The bo-
ronic acid appended probe R3 (Kb in the order of 108 M−1 at
298 K) was found to bind with CT-DNA relatively stronger
than its carboxamide derivatives (Kb in the order of 106 &
107 M−1 at 298 K) reported earlier [14]. The applicability of
these probes as effective fluorescent staining agents for DNA
in agarose gel in gel electrophoresis experiment has also been
demonstrated. The results showed that the sensitivity of stain-
ing is comparable with that of EB in agarose gel.
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