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Abstract. Eight indole derivatives were studied for their DNA binding ability using fluorescence 
quenching and molecular docking methods. These indole compounds have structural moieties similar as 
in few indole alkaloids. Experimental and theoretical studies have suggested that indole derivatives bind 
in the minor groove of DNA. Thermodynamic profiles of DNA complexes of indole derivatives were  
obtained from computational methods. The complexes were largely stabilized by H-bonding and van der 
Waal’s forces with positive entropy values. Indole derivatives were found to possess some Purine (Pu) – 
Pyrimidine (Py) specificity with DNA sequences. The results obtained from experimental and computa-
tional methods showed good agreement with each other, supported by their correlation constant values. 
 
Keywords. Indole derivatives; DNA binding; DNA interaction; fluorescence; drug-DNA binding;  
indole-DNA binding, Pu–Py specificity; non-specific DNA binding. 

1. Introduction 

Many alkaloids contain indole as one of the impor-
tant component in their structure. Several biologically 
important molecules like tryptophan, tryptamine,  
serotonin, gramine, Hoechst-33258, etc. possess  
indole unit in their structure. Many of these molecules 
have been extensively used1,2 in medicinal prepara-
tions. It becomes obvious that indole ring plays an 
important role in the interaction of these molecules 
with their biological receptors. The binding modes 
of several biologically important indole derivatives 
to DNA have been studied and summarized by  
several workers.3–6 Rich, Dervan, Wemmer, Lown 
and other workers have described Netropsin, Dista-
mycin A, and Hoechst-33258, etc. as DNA minor 
groove binding drugs.7–10 
 It is observed that tryptophan and indole do not 
intercalate with either single-stranded DNA or  
double stranded DNA.3–6 However, the naturally  
occurring amines tryptamine and gramine have been 
shown to intercalate between the DNA base pairs.11 

Transcriptional regulation of abnormal gene expres-
sion by chemical means has become an important area 
in human medicine.12,13 
 There are several ligands derived from pyrrole/ 
imidazole derivatives which are known to bind  
selectively in the minor groove of DNA. Bisbenzi-
midazole compounds are known to bind selectively 
in the DNA minor groove with AT sequence selec-
tivity.14 

1.1 Chemical rationale for selection of  

compounds 

Studies have provided significant insight into the 
minor groove binding of small molecules, which 
possess charged centers.15,16 In addition, drug like 
systems also possess long side chains besides the 
main indole ring in their structures. The knowledge 
about the DNA binding affinity of main indole ring 
and of the simpler analogues of indole is not  
fully understood. We have tried to explore the  
minor groove binding profile of such indole deriva-
tives with the help of experimental and docking 
methods. 
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 In our study, all the indole derivatives possess only 
one indole ring. The objective was not to increase 
the overall stacking forces in the molecule, thereby, 
specifically targeting the minor groove of DNA. 
Based on the above considerations two main types 
of indole derivatives were included, viz. (i) com-
pounds having side chain attached to position 2 of 
the indole ring and (ii) compounds having side chain 
present at position 3 on the indole nucleus. The side 
chains attached in both the cases included 0–3  
methylene (–CH2–) groups present between the ter-
minal –COOH or –CONH2 group and the indole 
ring. It is evident that nitrogen present at position 1 
of indole ring is a potent H-bond donor. Besides, the 
side chain attached to the indole ring also contains 
strong H-bond acceptor (>C=O) and H-bond donor 
(–OH, –NH2) groups. The H-bond donor or acceptor 
groups are not only facilitating in establishing the 
intermolecular contacts between small molecule and 
DNA oligomer, but also determine the DNA  
sequence specificity. 
 The side chain position was important in selecting 
the compounds because side chain attached at posi-
tion 2 of the indole ring brings two potential H-bond 
donor/acceptor atoms near each other (indole NH 
and terminal –COOH/–NH2). On the other hand, the 
side chain attached at position 3 increases the dis-
tance between the two H-bond donor/acceptor groups. 
 Apart from the position, the length of the side 
chain provided two important characteristics, viz. (i) 
flexibility of the indole nucleus with respect to the 
terminal group of the side chain and (ii) increase in 
the distance between indole N1 atom and the terminal 
carboxylic acid group of the side chain (e.g. indole-
3-acetic acid to Indole-3-butanoic acid). The increase 
in methylene linker (–CH2–) length gave the mole-
cules better flexibility and increased distance bet-
ween two electronegative parts (Indole NH and 
terminal –COOH/–NH2 of the side chain). This 
flexibility furnished by methylene linker plays an 
important role in the orientation of the molecule  
inside the DNA minor groove while H-bond donor/ 
acceptor atoms in the side chain provide an anchor 
through H-bonds with the DNA backbone. The  
indole N1H is the main H-bond donor group which 
forms H-bonds with the DNA bases in the DNA  
minor groove. 
 Keeping the above information in mind, a study 
has been designed for assessing the DNA binding 
affinity of indole derivatives to generate a compre-
hensive database of their DNA binding pattern. Such 
structural information profiling of DNA binding be-

haviour of indole derivatives may help us decipher 
the biological properties associated with this class of 
compounds. A group of indole derivatives selected 
for this study includes 4-(1H-indol-3-yl)butanoic 
acid (I) 3-(1H-indol-3-yl)propanonic acid (II), 1H-
indol-3-ylethanoic acid (III), 1H-indol-2-ylcarboxy-
lic acid (IV), 2-(1H-indol-3-yl)ethanamide (V)  
1H-benzimidazol-2-ol (VI), 1H-benzimidazole, 
(VII) and 2,3-dihydro-1H-indole (VIII), as shown 
in figure 1. In these compounds, indole ring has a 
carboxylate group on its position 2 or 3. This was  
intended to furnish the H-bond making ability of 
these indole derivatives so that they may form one 
or two H-bonds during their interaction with DNA 
duplex in its minor groove. Research groups of  
Dervan and Lown have reported the presence of  
H-bond formation augmenting the minor groove 
binding of drug molecules in addition to the electro-
static forces.8,10 
 A number of indole derivatives selected for the 
study have been known for a variety of pharmacol-
ogical activities, like indol-3-ethanoic acid (III) is a 
plant growth hormone and indol-3-propanoic acid 
(II) protects against free radical-mediated injuries.17 
Few derivatives of 1H-indol-3-ethanamide (V) are 
potent and selective inhibitors of human sPLA2.

18 
Benzimidazole (VII) derivatives like albendazole 
are known antihelminthic agents. Among them,  
indole ring is having a carboxylate group present on 
position 2 or 3 of indole. 

2. Materials and methods 

Indole derivatives, sonicated Calf thymus DNA 
(CT-DNA) and four DNA decamer sequences as  
desalted bases were purchased from Sigma-Aldrich 
Co. DNA-1, DNA-2, DNA-3 and DNA-4 were  
designed to have 4 base pair specific central core. 
 
 DNA-1: 5′-(d-GATGGCCATC)2 

 DNA-2: 5′-(d-GATCCGGATC)2 

 DNA-3: 5′-(d-GGCAATTGCC)2 

 DNA-4: 5′-(d-GGCTTAAGCC)2 
 
The stock solutions of indole derivatives (I–VIII) 
and DNA decamers were made in 20 mM Sodium 
phosphate buffer (5 mM Na2HPO4, 5 mM NaH2PO4, 
1 mM (Na)2-EDTA and 3 mM NaCl) at pH 7⋅5. The 
concentration of DNA decamers (DNA-1 to DNA-4)
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Figure 1. Chemical structures of indole derivatives used in the study. 
 

were determined spectrophotometrically using the 
molar extinction coefficients, ε260 = 95,000 for 
DNA-1, ε260 = 96,600 for DNA-2, ε260 = 92,600 for 
DNA-3 and ε260 = 93,200 for DNA-4. Calf thymus 
DNA concentration in terms of nucleotide phosphate 
was estimated using ε260 = 6600 M–1 cm–1. 
 The concentrations of indole drugs (I–VIII) were 
calculated volumetrically. All the solutions were 
freshly prepared and stored below freezing point. 
All the compounds obeyed Beer’s law in the concen-
tration range used in the current study. UV Fluores-
cence technique was selected for evaluating the 
drug-DNA binding. Steady state fluorescence meas-
urements were recorded on a Hitachi model F4010 
spectrofluorimeter (Hitachi Ltd, Tokyo, Japan), where 
compounds (I–VIII) in a fixed concentration were 
titrated with increasing concentration of DNA  
decamers in the fluorescence-free quartz cuvette of 
1 cm path length. The excitation and emission band 
pass were 5 nm each. 
 The fluorescence maximum for I was obtained at 
364 nm upon excitation at 280 nm, for II was  
obtained at 367.4 nm upon excitation at 280 nm and 
that for III at 364 nm upon excitation at 275 nm. 
Compound IV showed fluorescence maximum at 
359 nm upon excitation at 280 nm while V exhibited 
a fluorescence maximum at 356 upon excitation at 
279 nm. Upon excitation at 278 nm, compound VI 
gave fluorescence maximum at 310 nm and VII fur-
nished a maximum at 291⋅8 nm upon excitation at 
243⋅6 nm. The fluorescence maximum for VIII was 
observed at 370 nm upon excitation at 237 nm. A  

series of detailed fluorescence titration experiments 
of the selected eight indole derivatives were per-
formed with four DNA decamer sequences (DNA-1 
to DNA-4). 
 Consistent quenching was observed during all the 
titration experiments, which clearly indicated that 
the compounds employed in the study bind with 
DNA decamer sequences. The quenching data  
obtained from 32 titrations of drug-DNA complexes 
of eight indole compounds with 4 DNA decamer  
sequences was analysed by double reciprocal 
method for the evaluation of binding constants (dou-
ble reciprocal plot between 1/[DNA] versus 1/E0 – E), 
since this method was useful in the case of non-
specific ligand interactions with DNA oligomers. E0 
is the initial emission maximum while E is the emis-
sion maximum after each addition of DNA aliquot. 
The titration of I–VIII with DNA decamers (DNA-1 
to DNA-4) were performed until an apparent quench-
ing of 10% of the initial emission was observed. 
 For the purpose of theoretical calculations,  
the pdb structures of indole derivatives were gene-
rated and other molecular modelling analysis  
was furnished using Discovery Studio® Visualizer 
desktop application program from Accelrys Inc.  
on an IBM computer with Xeon processor.  
Drug structures (pdb files) were uploaded along  
with the DNA base sequence onto the molecular 
docking server for docking calculations. The pro-
gram ‘DNADock’ automatically generates the  
canonical DNA structure from the input base  
sequence.19 
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 The docking method includes 4 steps: (a) identifi-
cation of best possible grid/translational points in 
radius of 3 Å around the reference point (centre of 
mass); (b) generation of grid and preparation of  
energy grid in and around the active site of the DNA 
to pre-calculate the energy of each atom in the can-
didate ligand; (c) Monte Carlo docking and intensive 
configurational search of the ligand inside the active 
site; and (d) identification of the best docked struc-
tures on an energy criterion and prediction of the 
binding free energy of the complex, as reported.20 
 The selected docked complexes were energy 
minimized in vacuum by using AMBER force 
field.21 For vacuum minimization, 1000 steps of 
steepest descent and 1500 steps of conjugate gradi-
ent were carried out. This resulted in some minor 
conformational changes in the DNA duplex. 
 The final drug–DNA complex structures were 
subjected to the binding free energy analysis using 
PreDDICTA software tool.22 The program PreD-
DICTA appropriately gave the free energy of the 
DNA binding, the change in the DNA melting tem-
peratures and various energy terms contributing to 
the overall DNA binding of drug. A total of 32  
energy minimized docked structures of drug-DNA 
complexes were generated and analysed for their 
binding energies and other structural features. 

3. Results  

Fluorescence DNA binding titrations of eight indole 
derivatives (I–VII) were carried out first with calf 
thymus-DNA (CT-DNA). The decrease in the emis-
sion maxima of indole derivatives after each addi-
tion of CT-DNA aliquot indicated the interaction 
between these compounds and CT-DNA. Similar  
titrations were repeated with 4DNA decamer  
sequences. 
 The binding constants obtained from fluorescence 
titrations with DNA decamer sequences revealed the 
binding affinity of all the indole derivatives in the 
range of 104–105 per mole. There were 13 drug–
DNA complexes which showed binding constant 
values of the order of 105 per mole, while 19 com-
plexes showed the binding constant values in the  
order of 104 per mole. The maximum binding affin-
ity with all DNA decamer sequences (DNA-1 to 
DNA-4) was demonstrated by I, IV, while DNA-4 
showed highest affinity with VI. This observation is 
especially significant in the light of theoretical bind-
ing energy calculations, since both of these com-

pounds (IV and VI) showed relatively stronger 
electrostatic contributions in their DNA binding as 
revealed by docking, using PreDDICTA module. 
 Molecular docking of indole derivatives on DNA 
decamer sequences resulted in the formation of 3-D 
docked structures. These structures were studied for 
various inter-molecular interactions and later sub-
jected to energy analysis of the complexes. 
 Veal and Rill (1989) reported that the cleavage of 
DNA restriction fragments by Cu-complex was 
showing sequence preference for Py–Pu–Py trip-
lets.23 Another report on nucleoside transport system 
exhibited specificity for purine and pyrimidine  
nucleosides.24 In these examples, Pu–Py specificity 
has been underlined rather than individual DNA 
base specificity. 
 The pattern for sequence specificity among all  
indole derivatives (I–VIII) was found to be absent 
indicating non-specific DNA binding of these com-
pounds, which was also reflected by the similar val-
ues of Kexp with different DNAs (DNA-1 to DNA-4). 
In the light of non- specific DNA binding of drugs, 
the energy minimized structures of drug–DNA com-
plexes were evaluated for purine-pyrimidine  
(Pu–Py) preferences in their DNA binding profiles. 
Since both purines (G and A) have same structural 
nucleus and both pyrimidines (T and C) have 
pyrimidine ring with similar electron density, thus a 
much broader specificity in terms of purine versus 
pyrimidine (Pu–Py) was considered for this case of 
non-specific drug-DNA binding. All eight com-
pounds (I–VIII) showed Pu–Py specificity which is 
indicated in their preferred binding site on DNA  
decamer sequences (table 1). 
 The present study underscored the good agree-
ment with the results obtained from both experimen-
tal and theoretical methods. For comparing the two 
techniques for the binding intensity of the ligand–
DNA interaction, the theoretical binding constants 
were secured from the theoretically obtained free 
energy values of docked structures by employing 
classical vant Hoff’s equation. 
 

 ΔG = –RT lnk. (1) 
 

where ΔG was the free energy, R is the gas constant, 
T is the temperature in Kelvin (300 K) and K is the 
equilibrium constant. 
 Various sets of ΔG and K values from experimental 
and theoretical techniques were secured. The DNA 
binding constants were obtained from the fluores-
cence titrations henceforth termed as Kexp which
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Table 1. DNA binding pattern of indole derivatives. 

  Binding Pu–Py  Binding Kexp Inter-molecular 
Drug Complex site Specificity pattern (mol–1) H-bonds 
 

Indole-3-butanoic acid (I) DNA-1 5′-C6C7A8 5′-Py–Py–Pu Same 1⋅23 × 105 1 
 DNA-2 5′-C4C5G6 5′-Py–Py–Pu  1⋅96 × 105 1 
 DNA-3 5′-T7G8C9 5′-Py–Pu–Py Same 1⋅33 × 105 1 
 DNA-4 5′-AtG8C9 5′-Py–Pu–Py  1⋅11 × 105 1 
 
Indole-3-propanoic acid (II) DNA-1 5′-C6C7A8 5′-Py–Py–Pu 3-Bases altered 7⋅33 × 104 0 
 DNA-2 5′-G7A8T9 5′-Pu–Pu–Py  7⋅30 × 104 1 
 DNA-3 5′-T6T7G8 5′-Py–Py–Pu Same 1⋅41 × 105 1 
 DNA-4 5′-T4T5A6 5′-Py–Py–Pu  1⋅38 × 105 1 
       
Indol-3-ethanoic acid (III) DNA-1 5′-C7A8T9 5′-Py–Pu–Py 1-Base altered 5⋅81 × 104 1 
 DNA-3 5′-A4A5T6 5′-Pu–Pu–Py  1⋅04 × 105 1 
 DNA-2 5′-G6G7A8 5′-Pu–Pu–Pu Same 1⋅11 × 105 1 
 DNA-4 5′-A6A7G8 5′-Pu–Pu–Pu  6⋅39 × 104 1 
       
Indole-2-carboxylic acid (IV) DNA-2 5′-T3C4C5 5′-Py–Py–Py Same 1⋅19 × 105 2 
 DNA-3 5′-C3T4T5 5′-Py–Py–Py  1⋅48 × 105 1 
 DNA-4 5′-A6A7G8 5′-Pu–Pu–Pu 1-Base altered 9⋅44 × 104 0 
 DNA-1 5′-T3G4G5 5′-Py–Pu–Pu  1⋅00 × 105 2 
 
Indol-3-ethanamide (V) DNA-1 5′-A2T3G4 5′-Pu–Py–Pu Position Altered 5⋅28 × 104 2 
 DNA-2 5′-G7A8T9 5′-Pu-Pu–Py  7⋅64 × 104 1 
 DNA-3 5′-A5T6T7 5′-Pu–Py–Py Reverse Position 5⋅28 × 104 1 
 DNA-4 5′-T4T5A6 5′-Py–Py–Pu  6⋅47 × 104 1 
 
Benzimidazol-2-ol (VI) DNA-1 5′-A2T3G4 5′-Pu–Py–Pu Same 5⋅93 × 104 2 
 DNA-2 5′-A2T3C4 5′-Pu–Py–Pu  7⋅49 × 104 1 
 DNA-3 5′-T6T7G8 5′-Py–Py–Pu Same 5⋅78 × 104 2 
 DNA-4 5′-T6T7G8 5′-Py–Py–Pu  1⋅68 × 105 2 
       
Benzimidazole (VII) DNA-1 5′-A2T3G4 5′-Pu–Py–Pu Position Altered 6⋅27 × 104 1 
 DNA-2 5′-G7A8T9 5′-Pu–Pu–Py  6⋅33 × 104 0 
 DNA-3 5′-T6T7G8 5′-Py–Py–Pu 2-Bases altered 5⋅30 × 104 1 
 DNA-4 5′-A6A7G8 5′-Pu–Pu–Pu  7⋅67 × 104 0 
 
2,3-Dihydro-1H-indole (VIII) DNA-1 5′-T3G4G5 5′-Py–Pu–Pu Reverse Position 5⋅27 × 104 0 
 DNA-3 5′-A5T6T7 5′-Pu–Py–Py  8⋅23 × 104 0 
 DNA-2 5′-T3C4C5 5′-Py–Py–Py 1-Base altered 1⋅05 × 105 0 
 DNA-4 5′-T4T5A6 5′-Py–Py–Pu  1⋅02 × 105 1 

 

 

were used to calculate the ΔG with the help of the 
(1), appropriately called as ΔGcalc. The PreDDICTA 
module gave theoretical ΔGPreDD and other energy 
term values (table 2). These ΔGPreDD values were in 
turn used to calculate K values for docked struc-
tures, which were defined as KPreDD. Therefore, 3 
sets of values were furnished, viz. Kexp, ΔGcalc, 
ΔGPreDD and KPreDD (table 3). 
 Only the representative examples of double recip-
rocal plot of IV with 4 DNA decamer sequences 
(IV: DNA complexes) have been shown in figure 2. 
These plots supplied the Kexp values for a given 
drug–DNA complex which were used to obtain 

ΔGcalc values. Such an exercise furnished the com-
prehensive data sets of ΔG and binding constant K 
values of drugs (I–VIII) individually binding to 4 
DNA duplexes (DNA-1 to DNA-4) summarized in 
tables 2 and 3. It was later used to assess the statisti-
cal agreement of the theoretical and experimental 
values. Correlation plots were drawn between 
ΔGPreDD versus ΔGcalc values, and between Kexp val-
ues versus KPreDD values. Consequently, R

2 values 
were also obtained between Kexp values and ΔGPreDD 
values These values were in the range of 0.82–0.83. 
In addition to the correlation analysis of theoretical 
and experimental values, a detailed structural
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Table 2. Energy values of docked structures of drug-DNA complexes of indole derivatives obtained from PreD-
DICTA. 

     Rotational  
    Total Total translational Hydration Total 
  Complex ΔGpreDD electrostatics van der Waals entropy free energy energy 
Drug with (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 
 

Indole-3-butanoic acid (I) DNA-1 –7⋅0 –0⋅8 –7⋅1 23⋅1 –8⋅5 6⋅6 
 DNA-2 –7⋅3 –1⋅0 –8⋅3 23⋅1 –9⋅1 4⋅7 
 DNA-3 –7⋅2 –1⋅3 –7⋅3 23⋅1 –9⋅3 5⋅1 
 DNA-4 –7⋅2 –1⋅5 –7⋅3 23⋅1 –9⋅3 4⋅9 
 
Indole-3-propanoic acid (II) DNA-1 –6⋅7 –0⋅2 –5⋅9 23⋅0 –7⋅6 9⋅2 
 DNA-2 –6⋅7 –0⋅6 –5⋅1 23⋅0 –7⋅9 9⋅4 
 DNA-3 –7⋅1 –0⋅3 –7⋅4 23⋅0 –8⋅8 6⋅4 
 DNA-4 –6⋅9 –0⋅5 –6⋅2 23⋅0 –8⋅3 7⋅9 
 
Indol-3-ethanoic acid (III) DNA-1 –6⋅5 –0⋅7 –3⋅6 22⋅7 –7⋅2 11⋅2 
 DNA-2 –6⋅9 –0⋅8 –7⋅2 22⋅7 –7⋅1 7⋅5 
 DNA-3 –6⋅9 –0⋅7 –7⋅0 22⋅7 –7⋅5 7⋅4 
 DNA-4 –6⋅6 –0⋅9 –4⋅6 22⋅7 –7⋅3 9⋅8 
 
Indole-2-carboxylic acid (IV) DNA-1 –6⋅9 –1⋅2 –7⋅7 22⋅6 –6⋅3 7⋅4 
 DNA-2 –7⋅0 –1⋅2 –7⋅7 22⋅6 –6⋅6 7⋅1 
 DNA-3 –7⋅2 –2⋅8 –7⋅4 22⋅6 –7⋅0 5⋅4 
 DNA-4 –7⋅1 –1⋅4 –8⋅4 22⋅6 –6⋅8 5⋅9 
 
Indol-3-ethanamide (V) DNA-1 –6⋅5 –0⋅4 –4⋅6 22⋅7 –7⋅0 10⋅8 
 DNA-2 –6⋅7 –0⋅7 –5⋅1 22⋅8 –7⋅7 9⋅3 
 DNA-3 –6⋅5 –0⋅8 –3⋅8 22⋅8 –7⋅5 10⋅7 
 DNA-4 –6⋅6 –0⋅6 –5⋅6 22⋅8 –6⋅8 9⋅7 
 
Benzimidazol-2-ol (VI) DNA-1 –6⋅6 –1⋅5 –5⋅5 22⋅0 –5⋅4 9⋅7 
 DNA-2 –6⋅7 –1⋅3 –5⋅6 22⋅0 –5⋅6 9⋅5 
 DNA-3 –6⋅5 –1⋅8 –5⋅2 22⋅0 –4⋅5 10⋅6 
 DNA-4 –7⋅2 –3⋅5 –8⋅0 22⋅0 –5⋅0 5⋅5 
 
Benzimidazole (VII) DNA-1 –6⋅6 –0⋅8 –4⋅6 21⋅6 –6⋅0 10⋅3 
 DNA-2 –6⋅6 –0⋅5 –5⋅1 21⋅6 –5⋅7 10⋅4 
 DNA-3 –6⋅5 –1⋅1 –4⋅2 21⋅6 –5⋅9 10⋅4 
 DNA-4 –6⋅7 –0⋅7 –6⋅2 21⋅6 –5⋅7 9⋅0 
 
2,3-Dihydro-1H-indole (VIII) DNA-1 –6⋅8 –0⋅4 –4⋅6 21⋅9 –8⋅7 8⋅2 
 DNA-2 –6⋅9 –0⋅5 –5⋅1 21⋅9 –8⋅7 7⋅6 
 DNA-3 –6⋅8 –0⋅3 –4⋅3 21⋅9 –9⋅1 8⋅2 
 DNA-4 –6⋅9 –0⋅3 –5⋅8 21⋅9 –8⋅1 7⋅6 

 

 
 
analysis of docked pdb structures was also furnished 
(figure 3). 
 As reported,25 the minor groove widened at  
the binding site in a drug-conjugated DNA structure 
to accommodate the drug molecule in a sequence 
specific binding in the minor groove of DNA oligo-
mer. Distances between phosphorus atoms of phos-
phates of opposite residues across the strands 
obtained from I-DNA complex as a representative 

example have been summarized in table 4. These 
distances have reflected the DNA base pair width. 
The change in the base-pair width along all the  
residues of DNA oligomer as a result of binding of 
indole derivatives (I–VIII) with four DNA  
sequences were analysed using the 32 drug–DNA 
complex structures. The overall opening of base  
pair was observed across the whole length of DNA 
oligomers in all the 32 cases of drug–DNA



DNA minor groove binding of small molecules 

 

253

Table 3. Kexp and ΔGPreDD values of indole derivatives and DNA complexes. 

 Complex ΔGcalc Kexp ΔGPreDD KPreDD  
Drug with (kcal/mol) (mol–1) (Kcal/mol) (mol–1) 
 

Indol-3-butanoic acid (I) DNA-1 –6⋅9 1⋅23 × 105 –7⋅0 1⋅26 × 105 
 DNA-2 –6⋅9 1⋅96 × 105 –7⋅3 2⋅10 × 105 
 DNA-3 –6⋅8 1⋅33 × 105 –7⋅2 1⋅76 × 105 
 DNA-4 –6⋅9 1⋅11 × 105 –7⋅2 1⋅76 × 105 
 
Indol-3-propionic acid (II) DNA-1 –6⋅7 7⋅33 × 104 –6⋅7 7⋅61 × 104 
 DNA-2 –6⋅7 7⋅30 × 104 –6⋅7 7⋅61 × 104 
 DNA-3 –7⋅1 1⋅41 × 105 –7⋅1 1⋅49 × 105 
 DNA-4 –7⋅1 1⋅38 × 105 –6⋅9 1⋅06 × 105 
 
Indol-3-ethanoic acid (III) DNA-1 –6⋅5 5⋅81 × 104 –6⋅5 5⋅44 × 104 
 DNA-2 –6⋅9 1⋅11 × 105 –6⋅9 1⋅06 × 105 
 DNA-3 –6⋅9 1⋅04 × 105 –6⋅9 1⋅06 × 105 
 DNA-4 –6⋅6 6⋅39 × 104 –6⋅6 6⋅43 × 104 
 
Indol-2-carboxylic acid (IV) DNA-1 –6⋅9 1⋅00 × 105 –6⋅9 1⋅06 × 105 
 DNA-2 –7⋅0 1⋅19 × 105 –7⋅0 1⋅26 × 105 
 DNA-3 –7⋅1 1⋅48 × 105 –7⋅2 1⋅76 × 105 
 DNA-4 –6⋅8 9⋅44 × 104 –7⋅1 1⋅49 × 105 
 
Indol-3-ethanamide (V) DNA-1 –6⋅5 5⋅28 × 104 –6⋅5 5⋅44 × 104 
 DNA-2 –6⋅7 7⋅64 × 104 –6⋅7 7⋅61 × 104 
 DNA-3 –6⋅5 5⋅28 × 104 –6⋅5 5⋅44 × 104 
 DNA-4 –6⋅6 6⋅47 × 104 –6⋅6 6⋅43 × 104 
 
Benzimidazol-2-ol (VI) DNA-1 –6⋅6 5⋅93 × 104 –6⋅6 6⋅43 × 104 
 DNA-2 –6⋅7 7⋅49 × 104 –6⋅7 7⋅61 × 104 
 DNA-3 –6⋅5 5⋅78 × 104 –6⋅5 5⋅44 × 104 
 DNA-4 –7⋅2 1⋅68 × 105 –7⋅2 1⋅76 × 105 
 
Benzimidazole (VII) DNA-1 –6⋅6 6⋅27 × 104 –6⋅6 6⋅43 × 104 
 DNA-2 –6⋅6 6⋅33 × 104 –6⋅6 6⋅43 × 104 
 DNA-3 –6⋅5 5⋅30 × 104 –6⋅5 5⋅44 × 104 
 DNA-4 –6⋅7 7⋅67 × 104 –6⋅7 7⋅61 × 104 
 
2,3-Dihydro-1H-indole (VIII) DNA-1 –6⋅5 5⋅27 × 104 –6⋅8 8⋅99 × 104 
 DNA-2 –6⋅9 1⋅05 × 105 –6⋅9 1⋅06 × 105 
 DNA-3 –6⋅7 8⋅23 × 104 –6⋅8 8⋅99 × 104 
 DNA-4 –6⋅9 1⋅02 × 105 –6⋅9 1⋅06 × 105 

 

 
complexes. This observation plausibly pointed to-
wards non-specific binding of indole derivatives in 
our study. 

4. Discussion 

The DNA binding constant values, Kexp obtained 
from the double reciprocal method (table 1) were in 
the range of 104–105 per mole for all the indole  
derivatives indicated a similar binding affinity for 
these compounds which is relevant to their small 
size. The possibility of intercalation of these indole 

derivatives between the DNA base pairs was little, 
mainly due to less-effective stacking forces between 
the indole nucleus and the DNA bases. The side 
chain associated with indole derivatives (I–VIII) 
provided them with additional H-bond donor/ 
acceptor atoms and thereby enabling the molecule to 
stay in the minor groove with the help of van der 
Waal’s forces and H-bonds. The H-bond distances 
were manually measured keeping in mind the  
H-bond distance between a pair of atoms to be 1⋅5–
3⋅0 Å.26 It can be possibly concluded from table 2 
that these compounds bind to DNA largely because



Prateek Pandya et al 

 

254 

 
 

Figure 2. Double reciprocal plot of indol-2-carboxylic acid (IV) with 4 DNA decamer sequences. 
 
 

 
 

Figure 3. Docked structure of indol-2-carboxylic acid (IV) with DNA decamer. (a) Close-up 
view of Drug–DNA binding with 2 intermolecular H-bonds shown in red. (b) van der Waal’s 
surface view of the same complex. 

 
of van der Waal’s interactions as compared to elec-
trostatic forces. This was the reason why most of the 
complexes showed 1–2 H-bonds while others did 
not have H-bonds. 
 The DNA sequences (DNA-1 to DNA-4) chosen 
in this study were designed to evaluate base se-
quence specificity among chosen compounds. How-

ever, the study revealed that there was no such 
specificity in terms of base sequences of DNA  
duplexes. Nevertheless, all the 8 indole compounds 
exhibited some interesting purine-pyrimidine  
(Pu–Py) sequence preferences as shown in table 1. It 
was noted that compounds I, II, III, IV and VI pos-
sessed very interesting Pu–Py specificity patterns.



DNA minor groove binding of small molecules 

 

255

Table 4. Distances between phosphates of opposite residues across strands obtained from 
indole-3-butanoic acid (I): DNA complexes. 

Distance between Standard 
residues B-DNA DNA-1 DNA-2 DNA-3 DNA-4 
 

R2-R19 18⋅23 19⋅07 19⋅22 19⋅43 18⋅98 
R3-B18 18⋅23 19⋅62 19⋅95 19⋅21 19⋅99 
R4-B17 18⋅23 19⋅40 19⋅67 19⋅39 19⋅37 
R5-B16 18⋅23 19⋅64 19⋅77 19⋅76 19⋅71 
R6-B15 18⋅23 19⋅03 19⋅18 20⋅33 19⋅24 
R7-B14 18⋅23 18⋅80 19⋅52 19⋅39 20⋅10 
R8-B13 18⋅23 19⋅58 19⋅97 19⋅47 18⋅96 
R9-B12 18⋅23 19⋅82 19⋅51 19⋅40 19⋅74 
Binding site – 5′-C6C7A8 5′-C6C7A8 5′-T7G8C9 5′-A7G8C9 

 
Among them, drugs I and VI exhibited same Pu–Py 
specific patterns in the pairs of drug–DNA com-
plexes. Compounds II, III and IV, possessed at least 
one pair of complexes having same Pu–Py specific 
pattern in DNA binding. Whereas in ligands V, VII 
and VIII, there was also some sort of Pu–Py speci-
ficity. In compounds V, VII and VIII, Pu–Py speci-
ficity has revealed similar patterns with 1-base 
altered, 2-bases altered, reverse position or position 
altered in pairs of complexes, as summarized in  
table 1. These Pu–Py specific patterns could be very 
interesting in the light of Pu–Py specificity of DNA 
cleavage.23 This Pu–Py specificity in the view of 
non-specific DNA binding nature of drug (I–VIII) 
presents a broader tool to look into the DNA  
sequence specific binding, where the electron den-
sity patterns would be similar, individually in purine 
and pyrimidine bases on the binding site. Therefore, 
it encompasses such broader sequence preference. 
 Docking experiments were performed in order to 
find out the chosen binding site along with the pre-
ferred orientation of the ligand inside the DNA  
minor groove. Docking experiments resulted in the 
energy minimized docked structures suggesting the 
best possible geometry of the ligand inside the DNA 
minor groove. Although in the case of minor groove 
binding ligands, the possibility of DNA structural per-
turbations was very small. However, all the docked 
structures in this study have shown slight perturbation 
in the DNA structure as a result of drug binding. 
 The structural analysis of docked structures  
divulges significant details about the binding pattern 
of these indole derivatives. It has been observed that 
binding of all the drug molecules was stabilized by 
one or more H-bonds either with the DNA bases or 
with the backbone PO2 group in addition to van der 
Waal’s interactions. Compound I demonstrated 
binding of 1⋅96 × 105 per mole with DNA-2 which 

was highest among all the compounds. Similarly, IV 
gave binding constant of 1⋅48 × 105 per mole and VI 
showed binding constant of 1⋅68 × 105 per mole. 
Additionally, these compounds have shown the for-
mation of intermolecular H-bonds. Thermodynamic 
profile of drug–DNA complexes obtained from 
PreDDICTA analysis shows that the complexation is 
accompanied by large positive values of entropy 
which is normally observed in case of other minor 
groove binding ligands.27 Similar trend was also  
observed in case of drug-tRNA binding.28,29 It can be 
concluded that intermolecular interactions in all the 
32 drug–DNA complexes were also supported by  
intermolecular H-bonds, besides other factors like 
van der Waal’s forces, etc. as revealed by the higher 
values of energy terms for van der Waal’s interac-
tions and electrostatic (table 2). 
 The statistical similarity of these results was esta-
blished by correlation plots. Correlation between 
binding constant Kexp and KPreDD values shown good 
agreement with each other as evident from the R

2 
value of 0⋅83. Similar R

2 value was obtained for 
GPreDD and ΔGcalc values (table 4). It was deduced 
from the correlation constants and values of Kexp, 
KPreDD, GPreDD and ΔGcalc (table 3) that the theoretical 
method for assessing minor groove binding of indole 
derivatives predicted KPreDD and ΔGPreDD quite accu-
rately, which was further confirmed by values  
obtained from the experimental methods. It could be 
emphasized at this point that the theoretical method 
was originally designed for the prediction of crystal 
structures. However, the present study has revealed 
that these molecular modelling approaches were 
adequately capable in assessing the results from  
solution studies like fluorescence, UV-absorbance 
and other similar techniques. 
 The effect of methylene linker length on the overall 
binding affinity of these ligands was also considered
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Figure 4. Docked structure of indol-2-acetamide (III) with four DNA de-
camer sequences showing anchoring mechanism. (a) Docked structure with  
5′-d(GGCAATTGCC)2 (DNA-1), (b) with 5′-d(GATCCGGATC)2 (DNA-2), (c) 
with 5′-d(GGCAATTGCC)2 (DNA-3) and (d) with 5′-d(GGCTTAAGCC)2 
(DNA-4). 

 
 
in selecting the compounds for this DNA binding 
study. Longer methylene chain length in case of I 
facilitates proper alignment of functional groups 
whereas in compounds II and III, fewer methylene 
groups in the linker chain would not as favourably 
allow the proper alignment of drug in the DNA  
minor groove. This could be a plausible  
explanation for an order of magnitude stronger 
DNA-binding affinity of drug I, which was further 
augmented by intermolecular H-bonds with NH 
group of indole ring. It was also observed in the case 
of 2-(1H-indol-3-yl)ethanamide (V), that the me-
thylene linker provides an anchor to the molecule to 
remain within the minor groove of DNA (figure 3). 
The ethanamide derivative V of indole forms two  
intermolecular H-bonds between NH2 group of drug 
and PO2 group of DNA. The presence of rather 
strong intermolecular H-bonds clearly indicates the 
anchoring of the drug molecule with its side chain, 
while the main indole ring remains within the minor 
groove of DNA and reorients itself according to the 
shape of the minor groove. Similar phenomenon 
may also be possible in case of other indole deriva-
tives possessing methylene linker side chain. 

 However, in IV the alignment of carboxylic acid 
terminus with respect to indole NH group facilitated 
as strong DNA binding as in ligand I. From the 
analysis of the drug IV-DNA complex structure, it 
was revealed that DNA interaction of IV was sup-
ported by at least 2 intermolecular H-bonds (figure 
4). Nevertheless, similar pattern of the formation of 
intermolecular H-bond was also observed in the 
ligand VI-DNA complex. However, the extent of 
DNA binding of VI was an order of magnitude 
lower than in ligand I (table 1), as indicated by its 
DNA binding constant K. It was also concluded by 
evaluating the energy terms for drug–DNA com-
plexes (table 2), that electrostatics played an impor-
tant role in the DNA binding of ligands I, IV and VI 
as compared to DNA binding of other compounds. 
 It could be precisely suggested from the observa-
tions that electrostatics was not the only primary 
factor in the DNA binding of these ligands. Conse-
quently, the alignment of carboxylic acid terminus 
with respect to NH group of indole ring was another 
important factor in the DNA binding of indole  
derivatives (I–VIII). Longer the length of methylene 
linker, greater was the facilitation in DNA binding 
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of ligands. It was also reflected by an order of mag-
nitude larger binding constant for ligand I. Here, no 
sequence specificity for individual DNA bases was 
revealed, meaning ligand I was binding to DNA-1 to 
DNA-4 with the same strength. Moreover, similar 
pattern was also seen in ligands II–VIII. This fur-
ther confirmed that DNA binding of these indole de-
rivatives was non-specific. 

5. Conclusions 

This work illustrated the non-specific minor groove 
DNA binding of indole derivatives with a precise 
order of Pu–Py specificity. Uniform opening of the 
minor groove also underscored the non-specific 
DNA binding of these indole molecules. This bind-
ing was supported by intermolecular H-bonding and 
van der Waal’s forces. Experimental values of bind-
ing constants and free energy of drug–DNA binding 
matched adequately with values obtained by 
PreDDCTA module. Such study opens an avenue for 
testing other systems supplemented by both experi-
mental and theoretical approaches. 
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