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ABSTRACT 

Objective: Nitroaromatic compounds are important industrial chemicals widely used in the synthesis of many diverse products including drugs, 
dyes, polymers, pesticides and explosives. However, the mutagenicity associated with nitroaromatic compounds is a toxicological feature which 
poses great concern. On the other hand, there are successful examples of non-mutagenic nitroaromatic molecules; indicating that safer 
nitroaromatic compounds can be developed. In this light the aim of the present work was to predict the mutagenicity of nitroaromatic compounds 
using an atom based QSTR model.  

Methods: An atom based QSTR model was developed using PHASE. In addition, molecules were studied by complete geometry optimization using 
DFT at B3LYP/3-21G* level of theory.  

Results: An atom based QSTR model was generated for prediction of mutagenicity of the compounds. 

Conclusion: The visualization of different properties highlighted key inferences. These include the likelihood of mutagenicity for the molecules with 
more fused planar hydrophobic rings having hydrogen bond acceptor and electron donating substitutions. Also, all highly mutagenic compounds 
have two or more negative potential regions. Specific electronic properties such as HOMO and LUMO indicate that most of the mutagenic molecules 
are very reactive in nature. The results of this study would be useful as a predictive tool to screen out mutagenic nitroarenes and design safer non-
mutagenic nitro compounds. 

Keywords: Nitroaromatic, Mutagenicity, Molecular electrostatic profile (MESP), lowest unoccupied molecular orbital (LUMO), Quantitative 
Structure Toxicity Relationship (QSTR). 

 

INTRODUCTION 

Nitroaromatic compounds are widely used in a variety of chemical 
industries as intermediates, and are amongst major environmental 
pollutants released from automobile exhausts and industrial areas. 
These industry effluents have proved to be potent mutagens or 
carcinogens [1]. Also, many drugs in the market (e.g. tolcapone, 
nimesulide, nilutamide, flutamide, nitrofurantoin) and some under 
clinical studies (e.g. PA-824 and OPC-67683) have nitro substituents 
[2-5]. However the toxicities of such nitroaromatic compounds limit 
their development and use. In the past few decades, the 
pharmacological and toxicological properties of nitroarenes have 
been extensively studied [6]. Nitroarenes possess genotoxic 
properties as they can form various electrophilic intermediates and 
adducts with DNA, tissue proteins, blood proteins albumin and 
hemoglobin [7]. Nitroaromatic compounds are linked to 
mutagenicity and carcinogenicity [8,9]. Analysis of 224 chemicals 
performed by Zeiger et al. revealed that all nitro carcinogens were 
mutagenic in behavior [10]. Recently, Benigni et al. reviewed 
theoretical models on the relationship between chemical structure 
and the molecular mechanisms of toxic activity of nitroaromatic 
compounds [11]. 

There is an increasing public concern over the toxicity of chemicals, 
including nitroaromatics, which has generated great interest in the 
field of predictive toxicology. The goal of predictive toxicology is to 
develop models that can predict the toxicities of the compounds on 
the basis of prior knowledge of the structure of a chemical 
compound. For many years, various QSAR techniques have been 
efficiently used to develop relationship between the structure of a 
molecule and the toxicity mechanisms, for a variety of reactive 
chemical classes [12]. One such method to judge the toxicity of 
molecules is to develop quantitative structure toxicity relationship 
(QSTR) models for toxic end-points such as mutagenicity. The QSTR 
modeling is encouraging for screening new compounds and helps to 
overcome the time and cost associated with the animal studies. 
QSTR modeling for toxicity has several difficulties, including 
diversity of molecules, multiple mechanisms involved in 

toxicological effects and different methods used for determination of 
toxicity. To correlate the mutagenicity with free energy change the 
revertants data from Ames test of mutagenicity is used for building 
QSTR models of mutagenic compounds [13-17]. Ames test 
(Salmonella typhimurium his reversion assay) is a simple and 
economical method for finding out mutagenic potential of the 
compounds. It is performed on different strains of S. typhimurium 
depending on the mechanism and metabolic activation of different 
classes of carcinogens [18-21]. S. typhimurium TA98 strain 
undergoes mutations in presence of nitro compounds; hence several 
attempts have been made for in-silico prediction of mutagenicity on 
the data generated from TA98 strain [22,23]. 

Very little success has been achieved in modeling of mechanistically 
complex side effects such as hepatotoxicity, carcinogenicity and 
reproductive effects. However, there are reported QSTR models for 
predicting toxicity for individual chemical classes such as quinolones 
[24-26], nitroarenes [1,27], aromatic amines [28,29], triazines [30], 
polycyclic aromatic hydrocarbons [31,32] and lactones [33,34] 
which cause toxicity by similar mechanisms. 

In the present work, the individual atom based QASR module of 
Pharmacophore Alignment and Scoring Engine (PHASE) in 
Schrödinger suite, was used to develop an atom based 3DQSAR 
model for predicting the mutagenicity of nitroaromatic compounds. 
In addition, several quantum chemical descriptors including the 
lowest unoccupied molecular orbital (LUMO), highest occupied 
molecular orbital (HOMO), locations of three dimensional molecular 
electrostatic potentials were calculated, which are expected to 
provide an insight into mechanistic details of mutagenicity. The 
models thus developed can be used for mutagenicity prediction of 
various nitroaromatic compounds. 

MATERIALS AND METHODS 

A set of 197 nitroaromatic compounds (Table 1) with diverse 
structural variation ranging from a single benzene ring to coronene 
which consists of six fused benzene rings was collected from the 
publications of Goldring et al. [35], Rosenkranz et al. [36], Zielinska 
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et al. [37] and was used to derive QSTR model. The mutagenicity of 
the above compounds has been reported on S. typhimurium TA98 
strain. To minimize the experimental errors, due to variation in 
assay techniques or laboratory conditions, the average of log 
revertants/nmol values of mutagenicity data was used as the 
dependent variable in QSTR modeling. Compounds were divided 
into a training set (148 compounds) and a test set (49 compounds) 
using randomization as well as chemical and biological diversity 
(Table 1a and 1b). This dataset has been used for QSTR modeling by 
Hansch et al. [1] and more recently by Nair et al. [27]. 

QSTR model generation 

The 3D-QSAR model generation was carried out using PHASE, [38] 
version 3.0, Schrödinger, LLC, New York, NY, 2008 installed on Intel 
Pentium 4 computer. A unique low-energy 3D structure was 
generated for each ligand with the help of Ligprep, where 
appropriate hydrogens were added to all structures and were 
subsequently subjected to energy minimization using the OPLS-
2005 force field with a constant dielectric of 1.0. The structures 
were imported to “individual QSAR model” panel in the PHASE.  The 
dataset was divided into a training set of one hundred and forty 
eight molecules and a test set of forty nine molecules, randomly, 
incorporating biological and chemical diversity. A rectangular grid 
with spacing of 1.0 Ǻ was defined to encompass the space occupied 
by the aligned training set molecules. Based on the occupation of a 
cube by a ligand atom of training set molecules, total number of 
volume bits were assigned to a given cube. Thus, molecules were 
represented by a string of zeros and ones, according to the cubes it 
occupies and the different types of atoms/sites that reside in those 
cubes. QSAR models were generated by applying partial least 
squares (PLS) regression to this pool of binary-valued independent 
variables and using mutagenicity as dependent variable. Models 
were generated for one to ten PLS factors. Each of these models was 
validated using a test set of forty nine molecules which were not 
considered during model generation. 

Density functional theory calculations 

All compounds were used for density functional theory (DFT) 
calculations using Jaguar, version 7.5, Schrödinger, LLC, New York, 
NY, 2008 installed on Intel Pentium 4 computer. Complete geometry 
optimization was carried out using hybrid density functional theory 
with Becke’s three-parameter exchange potential and the Lee-Yang-

Parr correlation functional (B3LYP) [39-41], using basis set 3-21G* 
level [42-44]. To simulate physiological conditions, energy 
calculations were performed in aqueous environment using the 
Poisson-Boltzmann solver. In the present work, MESP V(r) at a point 
r due to a molecular system with nuclear charges {ZA} located at 
{RA} and the electron density ρ(r) were derived using following 
equation. 
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In Eq. (1) N denotes the total number of nuclei in the molecule and 
the two terms refer to the bare nuclear potential and the electronic 
contributions, respectively. The balance of these two terms brings 
about the effective localization of electron-rich regions in the 
molecular system.  Molecular electrostatic properties including 3D-
molecular electrostatic potentials (MESP), dipole moment, LUMO, 
HOMO and aqueous solvation energy were computed using Jaguar. 
MESP maps and their electrostatic potential energy isopotential 
profiles were generated using Maestro 8.0. 

The MESP isoenergy contours were generated at -30.0 kcal/mol. The 
electrostatic potentials were sampled over the entire accessible 
surface of a molecule (corresponding roughly to van der Waals 
contact surface) and over the space extending beyond the molecular 
surface, providing a measure of charge distribution from the point of 
view of an approaching reagent.  

The regions of positive electrostatic potential indicate excess 
positive charge, i.e., repulsion for the positively charged test probe; 
while regions of negative potential indicate areas of excess negative 
charge, i.e., attraction of the positively charged test probe. Three-
dimensional isosurfaces of the MESPs at the van der Waals contact 
surface represent electrostatic potentials superimposed onto a 
surface of constant electron density (0.01 e/au3

These color coded isosurface values provide an indication of overall 
molecular size and of the location of negative or positive 
electrostatic potentials. The most negative electrostatic potential is 
colored deepest red (the most nucleophilic site) and the most 
positive electrostatic potential is colored deepest blue (the most 
electrophilic site). The intermediate shades (orange, yellow, green) 
indicate intermediate ranges of reactivity. 

).  

 

Table 1a:The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

1 1,8-dinitropyrene 4.44 5.39 4.02 -0.24 -0.13 
2 1,6-dinitropyrene 4.44 5.06 4.00 -0.24 -0.13 
3 3,9-dinitrofluoranthene 4.44 5.02 5.02 -0.25 -0.12 
4 1,3,6-trinitropyrene 4.18 4.99 5.71 -0.25 -0.14 
5 1,3,6,8-tetranitropyrene 3.92 4.99 4.96 -0.26 -0.16 
6 2,7-dinitrophenazine 2.29 4.34 4.02 -0.26 -0.14 
7 5,8-dinitrobenzo[ghi] 

perylene 
6.07 4.33 4.24 -0.22 -0.13 

8 2,7-dinitro-4,5-dihydro 
pyrene 

4.73 4.25 4.30 -0.24 -0.12 

9 1-nitro-3-acetoxypyrene 4.42 4.22 4.30 -0.22 -0.11 
10 2-nitrotriphenylene 5.41 4.09 1.90 -0.24 -0.11 
11 8-nitrofluoranthene 4.69 4.05 2.44 -0.24 -0.11 
12 2,4-dinitrofluoranthene 4.44 3.78 3.26 -0.25 -0.13 
13 3,4-dinitrofluoranthene 4.44 3.62 3.89 -0.25 -0.12 
14 5,10-dinitrobenzo[ghi] 

perylene 
6.07 3.60 3.18 -0.23 -0.13 

15 2,7-dinitro-4,5,9,10-tetrahydropyrene 5.02 3.50 3.38 -0.24 -0.12 
16 2,3,5-trinitrofluoranthene 4.18 3.44 3.22 -0.25 -0.14 
17 2,4,7-trinitro-9-fluorenone 2.42 3.41 3.67 -0.28 -0.14 
18 2-nitropyrene 4.69 3.35 2.35 -0.22 -0.10 
19 2-nitro-4,5-dihydropyrene 4.99 3.27 3.33 -0.23 -0.10 
20 2,7-dinitrofluorene 3.35 3.22 3.05 -0.25 -0.12 
21 2,7-dinitro-9-fluorenone 2.84 3.19 2.43 -0.27 -0.13 

 



 

 

RESULTS AND DISCUSSION 

To build a QSTR model for the prediction of mutagenicity of 
nitroaromatic compounds, atom-based QSAR model studies were 
carried out using “individual QSAR model” option in PHASE using 
PLS method. The summary of statistical data for models generated 
using 1 to 10 PLS factors is listed in Table 2. Considering the overall 
performance of various QSAR models with respect to different 

statistical parameters such as r2, Q2, Pearson-R, SD, RMSE and F-
value used for the selection of best QSAR model, the model 
associated with 5 PLS factors, showed excellent internal and 
external predictive power, hence this model was used for further 
studies. Figure 1 shows the linearity trend in the graphs of actual vs. 
predicted activity for training and test set molecules.The actual and 
predicted values of mutagenicity are listed in Table 1a and 1b, for 
training and test set respectively. 

 

Table 1a:The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

22 1,2,5-trinitrofluoranthene 4.18 3.16 3.79 -0.25 -0.13 
23 2-chloro-7-nitrofluorene 4.68 3.11 2.82 -0.24 -0.10 
24 1,2-dinitrofluoranthene 4.44 3.11 3.26 -0.24 -0.12 
25 trans-7,8-dihydro-3-nitrobenzo[a] 

pyrene-7,8-diol 
3.01 3.08 2.66 -0.22 -0.11 

26 2-nitrofluoranthene 4.69 3.01 2.94 -0.24 -0.11 
27 2-iodo-7-nitrofluorene 5.09 2.97 3.13 -0.23 -0.10 
28 3-nitrobenzo[e]pyrene 5.87 2.95 2.42 -0.23 -0.11 
29 2,4,5,7-tetranitro-9- 

fluorenone 
2.40 2.93 2.32 -0.29 -0.16 

30 3,4,3',4'-tetranitrobiphenyl 3.00 2.85 2.36 -0.28 -0.14 
31 3-nitro-benzo[a]pyrene 5.87 2.82 2.79 -0.21 -0.11 
32 2-[(trifluoroacetyl)amino]-7- 

nitrofluorene 
4.23 2.81 2.00 -0.23 -0.10 

33 trans-9,10-dihydro-3-nitrobenzo[a] 
pyrene-9,10-diol 

3.01 2.80 2.56 -0.22 -0.11 

34 2-methoxy-7-nitrofluorene 3.95 2.79 3.13 -0.22 -0.10 
35 1-nitropyrene 4.69 2.78 2.94 -0.22 -0.11 
36 3-nitrobenzo[k]fluor 

anthene 
5.87 2.76 2.70 -0.22 -0.11 

37 2-fluoro-7-nitrofluorene 4.11 2.68 3.36 -0.24 -0.10 
38 2,4,2',4'-tetranitrobiphenyl 3.00 2.66 2.57 -0.29 -0.13 
39 1-nitrobenzo[a]pyrene 5.87 2.63 2.00 -0.21 -0.11 
40 2,3-dinitrofluoranthene 4.44 2.62 3.44 -0.24 -0.13 
41 3,4,4'-trinitrobiphenyl 3.26 2.60 3.10 -0.27 -0.13 

 

Table 1a: The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

42 1-methyl-2-nitrobenz 
imidazole 

1.58 2.54 1.03 -0.25 -0.11 

43 N'(5nitro2furfuryliden) 
5nitro2furanacrylohydrazide 

2.79 2.45 2.72 -0.24 -0.12 

44 1,3-dinitro-9,10,11,12-tetrahydrobenzo[e]pyrene 6.01 2.41 3.57 -0.23 -0.12 
45 1,6-dinitro-9,10,11,12-tetrahydrobenzo[e]pyrene 6.01 2.41 2.65 -0.23 -0.13 
46 2,5-dinitrofluoranthene 4.44 2.32 2.12 -0.25 -0.12 
47 2-hydroxy-1-nitrofluor 

Anthene 
4.66 2.26 1.85 -0.23 -0.11 

48 9-nitrophenanthrene 4.23 2.25 0.73 -0.24 -0.11 
49 3-nitro-9-fluorenone 3.06 2.13 2.05 -0.25 -0.12 
50 2-nitrophenanthrene 4.23 2.11 2.32 -0.23 -0.11 
51 2-nitrophenazine 2.52 2.06 2.47 -0.25 -0.12 
52 1,7-dinitrophenazine 2.29 2.02 1.64 -0.26 -0.13 
53 1,6-dinitrobenzo[e]pyrene 5.61 1.99 2.71 -0.24 -0.12 
54 3,4,3'-trinitrobiphenyl 3.26 1.92 2.02 -0.27 -0.13 
55 10-hydroxy-1-nitropyrene 4.34 1.89 1.92 -0.21 -0.08 
56 7-nitrofluoranthene 4.69 1.87 2.01 -0.24 -0.11 
57 2-acetoxy-7-nitrofluorene 3.46 1.86 2.08 -0.23 -0.10 
58 2-nitrodibenzo-1,4-dioxin 4.73 1.79 2.34 -0.22 -0.10 
59 1-nitroacenaphthylene 2.72 1.77 1.96 -0.25 -0.12 
60 3-nitroacenaphthylene 3.36 1.77 1.32 -0.24 -0.12 
61 7-nitro-2,3-dichlorodibenzo 

-1,4-dioxin 
6.24 1.73 1.29 -0.23 -0.11 

62 2-nitrodibenzofuran 3.83 1.64 1.36 -0.25 -0.10 
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Table 1a:The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

63 1-nitrobenzo[e]pyrene 5.87 1.59 2.26 -0.22 -0.11 
64 2-nitro-4,5,9,10-tetrahydropyrene 5.28 1.58 1.07 -0.23 -0.10 
65 2-amino-7-nitrofluorene 3.06 1.56 1.45 -0.19 -0.10 
66 2,3,5-trinitronaphthalene 2.55 1.51 1.62 -0.27 -0.13 
67 2-nitrofluorene 3.37 1.43 0.49 -0.24 -0.10 
68 6-hydroxy-1-nitropyrene 4.19 1.34 2.84 -0.21 -0.11 
69 1,9-dinitrophenazine 2.29 1.26 1.40 -0.24 -0.13 
70 2,4-dinitro-1-fluorobenzene 1.49 1.20 0.88 -0.30 -0.12 
71 4,4'-dinitrobiphenyl 3.52 1.17 0.40 -0.26 -0.11 
72 3-nitroacenaphthene 3.81 1.00 1.37 -0.23 -0.10 
73 5-nitrobenz[k]acephen 

anthrylene 
5.07 0.92 1.38 -0.22 -0.12 

74 1,8-dinitronaphthalene 2.52 0.90 2.36 -0.26 -0.11 
75 1-nitro-7,8,9,10-tetrahydro 

benzo[a]pyrene 
6.57 0.90 0.45 -0.22 -0.11 

76 1-nitrophenazine 2.52 0.87 -0.12 -0.25 -0.12 
77 2-nitrobenz[j]aceanthrylene 5.07 0.86 1.07 -0.23 -0.12 
78 4-nitrocyclopenta[cd]pyrene 4.35 0.77 1.27 -0.23 -0.12 
79 1-nitro-9,10,11,12-tetrahydrobenzo[e]pyrene 6.26 0.70 1.16 -0.22 -0.11 
80 4-nitrobenz[k]acephen 

anthrylene 
5.07 0.67 1.35 -0.22 -0.12 

81 6-nitroindazole 2.06 0.66 -0.07 -0.24 -0.11 
82 2,4,4'-trinitrobiphenyl 3.26 0.66 -0.29 -0.27 -0.12 
83 4-nitro-o-phenylenediamine 0.88 0.63 -0.52 -0.19 -0.08 
84 5-nitroacenaphthene 3.85 0.58 0.63 -0.23 -0.10 
 

Table 1a: The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

85 1,5-dinitronaphtalene 2.58 0.52 -0.09 -0.26 -0.12 
86 1-nitrocoronene 6.79 0.45 1.13 -0.22 -0.11 
87 1,3,8-trinitronaphthalene 2.30 0.35 0.06 -0.27 -0.13 
88 1-chloro-2,4-dinitrobenzene 2.17 0.30 0.63 -0.29 -0.12 
89 3-nitro-7,8,9,10-tetrahydro 

benzo[a]pyrene 
6.57 0.30 1.46 -0.22 -0.11 

90 3-amino-4'-nitrobiphenyl 2.68 0.25 -0.38 -0.20 -0.10 
91 4,3'-dinitrobiphenyl 3.52 0.23 1.23 -0.26 -0.11 
92 4-amino-4'-nitrobiphenyl 2.68 0.19 0.09 -0.20 -0.10 
93 1,4-dinitrobenzene 1.46 0.15 -0.51 -0.29 -0.13 
94 5-nitroindene 2.74 0.08 -0.22 -0.24 -0.10 
95 6-nitrobenz[e]aceanthrylene 5.07 0.04 -0.14 -0.22 -0.12 
96 1,3-dinitrobenzene 1.49 0.03 -0.02 -0.30 -0.12 
97 2,4,3'-trinitrobiphenyl 3.26 0.03 -0.20 -0.27 -0.12 
98 3-methyl-2-nitronaphthalene 3.43 0.00 -0.11 -0.23 -0.10 
99 1,3-dinitronaphthalene 2.83 -0.05 0.13 -0.26 -0.12 
100 2,4-dinitrophenylhydrazine 1.46 -0.07 -0.63 -0.23 -0.11 
101 2,4,2',6'-tetranitrobiphenyl 3.00 -0.07 0.48 -0.28 -0.13 
102 3-methyl-4-nitrobiphenyl 3.99 -0.10 -0.45 -0.25 -0.10 
103 2-nitrochrysene 5.41 -0.22 -0.18 -0.22 -0.11 
104 5-nitrochrysene 5.41 -0.22 0.24 -0.22 -0.11 
105 4-fluoronitrobenzene 1.80 -0.23 0.45 -0.27 -0.10 
106 2'-methyl-4-nitrobiphenyl 4.27 -0.23 -0.60 -0.25 -0.10 

 

 

Fig.1: Scatter plots for the predicted and experimental mutagenicity values for the QSTR model applied to the training set and the test set; 
r2 = 0.90, Q2 = 0.64 and Pearson-R = 0.81. 
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Table 1a:The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

107 4-nitrobiphenyl 3.77 -0.30 -1.08 -0.25 -0.10 
108 3-nitro-1,2,4,7,8-pentachloro 

dibenzo-1,4-dioxin 
7.84 -0.33 -0.60 -0.24 -0.12 

109 2-methyl-6-nitroindazole 1.77 -0.41 -0.47 -0.23 -0.10 
110 6-nitroindoline 1.92 -0.48 -0.78 -0.20 -0.09 
111 2-methyl-5-nitrobenz 

imidazole 
1.94 -0.51 -1.00 -0.25 -0.10 

112 1-nitronaphthalene 3.19 -0.61 -0.31 -0.24 -0.11 
113 3-nitrocarbazole 3.51 -0.70 1.04 -0.24 -0.10 
114 1-methyl-2-nitronaphthalene 3.43 -0.70 -0.55 -0.24 -0.10 
115 2,5-difluoronitrobenzene 1.89 -0.79 -1.49 -0.27 -0.11 
116 3,2'-dimethyl-4-nitro 

biphenyl 
4.49 -0.84 -0.34 -0.25 -0.10 

117 5-nitroisatin 0.47 -0.94 -1.02 -0.26 -0.12 
118 5-nitroquinoline 1.86 -0.96 -1.22 -0.26 -0.11 
119 1-methyl-7-nitroindazole 1.77 -1.00 -1.54 -0.24 -0.10 
120 2-methyl-5-nitroindazole 1.77 -1.10 -0.48 -0.23 -0.10 
121 1-methyl-6-nitroindazole 1.77 -1.10 -1.31 -0.24 -0.11 
122 2-nitro-p-phenylenediamine 0.53 -1.11 -1.49 -0.18 -0.08 
123 4-nitrochalcone 2.83 -1.15 -0.94 -0.24 -0.12 
124 6-methoxy-8-nitroquinoline 1.87 -1.21 -0.65 -0.24 -0.11 
125 8-nitroquinoline 1.44 -1.24 -1.15 -0.25 -0.10 
126 4-nitrostyrene 2.61 -1.30 -0.61 -0.25 -0.10 
127 2-nitro-1,3,7,8-tetrachloro 

dibenzo-1,4-dioxin 
7.13 -1.40 -1.24 -0.23 -0.11 

 

Table 1a:The actual and predicted mutagenicity values training set of compounds with their logP (taken from reference 30) and 
calculated HOMO and LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE predicted activity HOMO 
(eV) 

LUMO 
(eV) 

128 4,4'-dinitrochalcone 2.73 -1.42 -2.03 -0.26 -0.12 
129 2-amino-3'-nitrobiphenyl 2.68 -1.52 -1.44 -0.20 -0.10 
130 4-nitroacetophenone 1.53 -1.54 -0.88 -0.27 -0.11 
131 2,5-dichloronitrobenzene 2.90 -1.54 -1.42 -0.27 -0.11 
132 5-nitroisoquinoline 1.65 -1.55 -1.11 -0.26 -0.11 
133 metronidazole -0.02 -1.61 -1.01 -0.26 -0.10 
134 1-nitro-2,4-difluorobenzene 1.89 -1.66 -1.36 -0.28 -0.10 
135 3-amino-3'-nitrobiphenyl 2.68 -1.70 -1.26 -0.20 -0.10 
136 2-amino-4'-nitrobiphenyl 2.68 -1.70 -1.60 -0.20 -0.10 
137 2-chloronitrobenzene 2.24 -1.72 -1.53 -0.27 -0.11 
138 2,4-dinitroaniline 1.84 -1.74 -0.67 -0.24 -0.11 
139 3,4-dinitro-1-fluorobenzene 1.89 -1.84 -1.42 -0.28 -0.13 
140 2,4-dinitroanisole 1.72 -1.89 -2.21 -0.26 -0.11 
141 4-nitrocarbazole 3.51 -2.00 -1.07 -0.24 -0.13 
142 3-amino-2'-nitrobiphenyl 2.68 -2.00 -0.90 -0.19 -0.10 
143 2-nitrophenetole 2.35 -2.22 -2.54 -0.24 -0.09 
144 2-amino-5-nitrophenol 1.36 -2.40 -0.78 -0.20 -0.08 
145 2-nitroanisole 1.73 -2.70 -2.80 -0.24 -0.09 
146 8-nitroquinaldine 1.99 -2.70 -1.85 -0.25 -0.10 
147 1,2,3-trichloro-4- nitrobenzene 3.61 -2.94 -1.38 -0.28 -0.12 
148 2-nitro-m-phenylenediamine 0.87 -3.00 -3.07 -0.19 -0.08 

 

Table 1b:The actual and predicted mutagenicity values test set of compounds with their logP (taken from reference 30) and calculated 
salvation, LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE 
predicted activity 

HOMO 
(eV) 

LUMO 
(eV) 

1 3,7-dinitrofluoranthene 4.44 5.09 1.84 -0.25 -0.12 
2 1,3-dinitropyrene 4.44 5.04 3.97 -0.24 -0.13 
3 2,7-dinitropyrene 4.44 4.58 3.23 -0.23 -0.12 
4 1-hydroxy-3-nitropyrene 4.66 3.87 2.70 -0.21 -0.11 
5 3-nitrofluoranthene 4.69 3.67 1.82 -0.24 -0.12 
6 1,2,4-trinitrofluoranthene 4.18 3.56 1.60 -0.26 -0.14 
7 4-nitropyrene 4.69 3.39 2.38 -0.22 -0.11 
8 2,5-dinitrofluorene 3.71 3.20 1.68 -0.25 -0.12 
9 2-bromo-7-nitrofluorene 4.83 3.06 0.96 -0.24 -0.10 
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10 2-nitroanthracene 4.23 2.95 2.57 -0.22 -0.11 
11 2-(acetylamino)-7-nitrofluorene 3.08 2.85 3.08 -0.22 -0.10 
12 2,8-dinitrophenazine 2.29 2.75 2.33 -0.26 -0.14 
13 1-nitrofluoranthene 4.69 2.74 1.74 -0.24 -0.12 
14 2-cyano-7-nitrofluorene 3.40 2.51 3.50 -0.25 -0.11 
15 1-amino-8-nitropyrene 3.63 2.43 2.62 -0.19 -0.10 
16 2-methyl-7-nitrofluorene 4.62 2.36 0.06 -0.23 -0.10 
17 1,8-dinitro-9,10,11,12-tetrahydrobenzo[e]pyrene 6.01 2.19 2.61 -0.22 -0.13 
18 2-nitro-9,10-dihydrophenanthrene 4.53 1.99 1.19 -0.24 -0.10 
19 5-nitroacenaphthylene 3.36 1.91 0.40 -0.24 -0.12 
20 6-nitrochrysene 5.41 1.75 1.79 -0.23 -0.11 
21 2-hydroxy-7-nitrofluorene 3.43 1.68 1.46 -0.22 -0.10 
22 2,4,3',4'-tetranitrobiphenyl 3.00 1.54 1.53 -0.28 -0.13 
 

Table 1b:The actual and predicted mutagenicity values test set of compounds with their logP (taken from reference 30) and calculated 
salvation, LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE 
predicted activity 

HOMO 
(eV) 

LUMO 
(eV) 

23 8-hydroxy-1-nitropyrene 4.19 1.49 2.93 -0.21 -0.11 
24 2-nitrocarbazole 3.51 1.01 0.24 -0.24 -0.12 
25 6-nitroindene 2.74 0.96 -0.44 -0.24 -0.10 
26 3-nitro-9,10,11,12-tetrahydrobenzo[e]pyrene 6.26 0.78 2.36 -0.22 -0.11 
27 4-nitrostilbene 4.18 0.69 -1.08 -0.22 -0.11 
28 5-nitro-1,10-phenanthroline 1.84 0.59 0.22 -0.26 -0.12 
29 5-nitroindole 2.13 0.57 -0.82 -0.23 -0.09 
30 2-nitrobenz[l]aceanthrylene 5.07 0.26 2.50 -0.23 -0.12 
31 2-methyl-7-nitroindazole 1.77 0.23 -0.65 -0.23 -0.10 
32 7-nitroindazole 1.75 0.11 -0.47 -0.25 -0.11 
33 2-nitrobenzimidazole 1.59 0.00 -0.49 -0.25 -0.12 
34 5-nitroindoline 2.07 -0.17 -0.80 -0.20 -0.08 
35 2,4,2'-trinitrobiphenyl 3.26 -0.19 0.81 -0.27 -0.12 
36 2-nitronaphthalene 3.24 -0.30 -0.50 -0.24 -0.10 
37 8-nitro-2,3,7-trichlorodibenzo-1,4-dioxin 6.68 -0.53 0.44 -0.23 -0.11 
38 1,3,6,8-tetranitronaphthalene 2.29 -0.70 0.59 -0.29 -0.14 
39 1-methyl-5-nitroindazole 1.77 -0.82 0.39 -0.24 -0.10 
40 6-nitroquinoline 1.84 -1.08 -0.29 -0.26 -0.11 
41 3-chloro-4-fluoronitrobenzene 2.74 -1.21 -0.87 -0.28 -0.11 
42 2-bromo-4,6-dinitroaniline 2.78 -1.32 -0.62 -0.24 -0.11 
43 2,3-dichloronitrobenzene 3.05 -1.51 -0.44 -0.27 -0.11 
 

Table 1b:The actual and predicted mutagenicity values test set of compounds with their logP (taken from reference 30) and calculated 
salvation, LUMO energy at B3LYP/3-21G* level of theory. 

S. No. Compound Name LogP Activity 30 PHASE 
predicted activity 

HOMO 
(eV) 

LUMO 
(eV) 

44 4-amino-3'-nitrobiphenyl 2.68 -1.52 -0.67 -0.19 -0.10 
45 4-nitrobenzaldehyde 1.56 -1.64 -0.76 -0.27 -0.12 
46 5-nitrobenzimidazole 1.64 -1.83 -1.11 -0.25 -0.10 
47 2-nitrobenzaldehyde 1.74 -1.92 -1.60 -0.26 -0.12 
48 4-chloro-2-nitroaniline 2.72 -2.00 -1.85 -0.22 -0.10 
49 4-nitroanisole 2.03 -2.70 -1.66 -0.24 -0.10 
 

Interpretation of QSAR model: 

The major advantage of 3D-QSAR techniques like PHASE is the cubes 
generated using PLS regression, which could be visualized in 3D 
space with respect to various properties and can guide the various 
key determinants responsible for observed activity. Figure 2 shows 
cubes generated for hydrophobic, electron withdrawing and 
hydrogen bond donor properties using QSAR model. Most mutagenic 
ligand, 1,8-dinitropyrene is included for better visualization. In 
Figure 2a, green cubes represent the sterically favored spatial 
regions for mutagenicity, while magenta cubes represent the 
sterically disfavored regions for mutagenicity. Clear predominance 
of green cubes in the vicinity of fused pyrene moiety indicates that 
larger fused hydrophobic groups contribute positively towards 
mutagenicity. This observation is in accordance with literature 
reports where it was found that, planarity of the molecules plays a 
key role in forming stable mutagen-DNA, making them potential 
mutagens [45, 46]. The bulkier groups like phenyl, which may alter 
the planarity of the molecule, making the intercalation with DNA 
difficult may turn out to be less mutagenic. The QSAR models 

generated by Hansch et al. [1] also highlighted the importance of 
hydrophobic parameter, logP for mutagenicity. 

 

Fig. 2a: Pictorial representation of the contours generated for 
various properties, a) hydrophobic property; the green cubes 

indicate favorable regions while violet cube indicates 
unfavorable hydrophobic regions for the activity. 
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The model showed that, compounds with higher logP values are 
likely to be mutagenic [1]. Nonetheless, the logP does not give idea 
of three-dimensional arrangement, shape and size of hydrophobic 
groups, which appear to be critical in determining the mutagenicity 
of a molecule. For instance, the activity of a non-mutagenic 
compound, 1,2,3-trichloro-4-nitrobenzene, (actual log mutagenicity: 
-2.94) was highly overestimated (predicted log mutagenicity: 0.18) 
by the Hansch model [1], due to the high logP value 3.61, owing to 
presence of three chloro atom substitutions. On the other hand, the 
model generated here predicted reasonably low mutagenicity for 
this compound. Furthermore, the visualization of green cubes clearly 
predicts this compound as non-mutagenic. Thus, the three-
dimensional representation of hydrophobic property has clear 
advantage over the simple logP for mutagenicity prediction.  

 

Fig. 2b: Electron withdrawing groups, the red cubes indicate 
favorable regions while light green cube indicates unfavorable 

region for the activity. 
 

In Figure 2b, red color cubes represents electron withdrawing group 
favored regions for mutagenicity, while light green color cubes 
represents electron withdrawing group disfavored the regions for 
mutagenicity. The presence of more red cubes points the fact that 
nitroaromatic compounds with electron withdrawing group 
substitutions are likely to be more mutagenic. All most mutagenic 
compounds have two or more nitro group substitutions. Vance et al. 
[47] also noted the negative effect of electron donating substituents 
on the mutagenicity pointing out that p-dinitrobenzene is mutagenic 
while p-nitrophenol is not. In Figure 2c, orange cubes represent the 
hydrogen bond donor group regions disfavored for mutagenicity, 
while light blue cubes represents the hydrogen bond group donor 
favored regions for mutagenicity. Thus, substitution of hydrogen 
bond donor group in the vicinity of nitro group should decrease the 
mutagenicity. In this regard, 2-nitro-m-phenylenediamine with two 
hydrogen bond donor amino groups in the vicinity of nitrogroup was 
found to be non-mutagenic.  

 

Fig. 2c: Hydrogen bond donor property; the blue cubes indicate 
favorable regions while orange cube indicates unfavorable 

region for the activity. 
 

Thus, planar hydrophobic molecules with hydrogen bond acceptor 
and electron donating substitutions are likely to be mutagenic. 

Density functional theory calculations: 

All compounds were optimized at B3LYP/3-21G* level using PBF 
salvation model. The corresponding bond lengths (distances) and 
bond angles were in good agreement. 

Molecular electrostatic potential (MESP) profiles: 

The results show that most of the mutagenic nitroaromatic 
compounds share specific electronic properties and are different 
from non-mutagenic compounds. For comparative purpose, the 
MESP of eight most mutagenic compounds viz. 1,8-dinitropyrene, 
3,7-dinitrofluoranthene, 1,6-dinitropyrene, 1,3-dinitropyrene, 3,9-
dinitrofluoranthene, 1,3,6-trinitropyrene, 1,3,6,8-tetranitropyrene 
and 2,7-dinitropyrene; and eight non-mutagenic compounds viz. 2-
nitro-m-phenylenediamine, 1,2,3-trichloro-4-nitrobenzene, 8-
nitroquinalidine, 2-nitroanisole, 4-nitroanisole, 2-aminoanisole, 2-
nitrophenetole and 3-amino-2’-nitrobiphenyl; are discussed here, 
but the trend of MESP remains similar for rest of compounds based 
on their mutagenicity value. MESP plotted onto constant electron 
density surface of 0.01 e/au3

 

 for all compounds showed the 
presence of localized most electronegative potential region (red 
color) near the oxygen atoms of the nitro group, the most mutagenic 
compounds have two or more localized most electronegative potential 
regions owing to presence of two to more nitro groups, while non-
mutagenic compounds have only one localized most electronegative 
potential region in the vicinity of nitro group (Figure 3). 

 
Fig. 3: MESP superimposed onto a surface of constant electron 

density (0.01 e/au3

 

) showing the most positive potential region 
(deepest blue color) and the most negative potential region 
(deepestred color). Each compound was color-coded using a 

range of MESP from -60 to 120 kcal/mol. 

The 3D electrostatic potential profiles beyond the van der Waals 
surface of the molecules at -25.0 kcal/mol (Figure 4) clearly support 
this observation, where two or more distinct negative blue-shaped 
potential regions were visible in the vicinity of nitro group in most 
active compounds while only one negative potential region is 
present in the vicinity of nitro group.  

This implies the direct correlation of more nitro groups in molecule 
to their mutagenicity potential. In few non-mutagenic compounds 
like 2-nitrophenetole, 2-nitroanisole, 8-nitroquinalidine, the 
localized negative potential of oxygen atoms of nitro group extends 
laterally over the oxygen or nitrogen atom of substitution in the 
vicinity. This observation is peculiar for non-mutagenic compounds, 
thus compound with an electronegative atom substitution in the 
vicinity of nitrogroup are likely to be nonmutagenic. 
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Fig. 4: Three-dimensional isopotential contours of MESP at -25 
kcal/mol showing negative potential regions (blue colored 

counters) around the oxygen atoms of the nitro group. 
 

Lowest unoccupied and highest occupied molecular orbitals 
(LUMOs and HOMOs) 

The orbital energies of frontier orbitals, which are quantum 
chemical descriptors, were calculated for the whole dataset. Both the 
HOMO and LUMO energies are small, ranging between -0.29 to -0.17 
and -0.15 to -0.08 eV respectively, indicating the fragile nature of 
bound electrons (Table 1a-b). Due to small values of HOMO and 
LUMO, both rapid electron transfer and exchange are equally 
possible, making these molecules very reactive. In particular, a small 
HOMO and LUMO gap signifies less stability. Such molecules are 
likely to undergo changes in the charge distribution through rapid 
electron transfer between HOMO and LUMO. Mechanistically LUMO 
plays important role than the HOMO. LUMO sites are scattered over 
the nitro group and to small extent over the aromatic ring plane, 
implying the nucleophilic susceptibility of this part of molecule 
(Figure 5). 

 

Fig. 5: Distribution of LUMO energies for some of the mutagenic 
and non-mutagenic compounds. 

CONCLUSION 

An atom based QSTR model was generated for prediction of 
mutagenicity of the compounds. The visualization of different 
properties highlighted several important points such as the 
molecules with more fused planar hydrophobic rings having 
hydrogen bond acceptor and electron donating substitutions are 
likely to be mutagenic. Specific calculated quantum chemical 
properties provide additional mechanistic details about the 
mutagenicity of these compounds. This study shows that most of the 
mutagenic compounds have two or more negative potential regions 
owing to presence of more than one nitro group. Also, the aromatic 
ring plane in case of highly mutagenic compounds is less 
electronegative compared to non-mutagenic compounds. Specific 
electronic properties such as HOMO and LUMO indicate that the 
molecules are very reactive in nature. Moreover, the LUMO energies 
calculated at higher level of theory can be used to refine existing 
models. The findings of this study would be useful to understand the 
mutagenicity of nitroaromatic compounds and to design non-
mutagenic compounds. 
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