
Abstract. Background/Aim: Lactoperoxidase (LPO) is an
antimicrobial protein present in milk, saliva, gastric secretions,
tears and upper respiratory tract secretions. LPO constitutes
an important enzyme of the human immune defense system.
However, LPO has also been suggested to be involved in breast
cancer etiology through production of reactive free radicals
and activation of carcinogenic aromatic compounds. Aromatic
compounds are generally highly lipophilic and thus accumulate
in highly fatty breast tissues. The aromatic compounds 4-
aminobiphenyl (ABP) and 4,4’-diaminobiphenyl (BZ) are
known to have carcinogenic properties. LPO catalyzes their
oxidation and converts them into reactive products which bind
to DNA and form adducts. These DNA adducts subsequently
lead to breast cancer. Materials and methods: The crystal
structure of LPO was obtained from Protein Data Bank.
Structures of ABP and BZ were retrieved from PubChem
database. Induced Fit Docking was performed using glide
module from Schrodinger. Results: The present study reports
the structural binding of ABP and BZ with LPO using in silico
approaches. The amino acid residues of LPO involved in the
binding with the two aromatic ligands were characterized and
binding energy values were calculated. Conclusion: Both ABP
and BZ were placed in the substrate binding site present in the
distal heme cavity of LPO with good affinity. The binding mode
mimicked that of the natural substrate since these compounds
did not disturb the water molecule that plays an important role
in the oxidation reaction. Thus, the water molecule is
potentially available for facilitating the subsequent activation
of the aromatic amines to reactive species which may form
DNA adducts leading to breast cancer.

Breast cancer continues to pose tremendous challenges to the
global health. Worldwide, combined for men and women,
breast cancer prevalence is second only to lung cancer and
is fifth in causing cancer-related deaths (1-4). However, for
women, breast cancer is the most common form of cancer
constituting about 25% of all cancers. With about 1.8 million
new breast cancer cases in 2013, the number is expected to
increase to more than 2 million new cases by the year 2030
(3, 4). According to American Cancer Society (2), breast
cancer is the second highest cause of cancer deaths among
women in the United States. Many factors such as heredity,
exposure to estrogen, exposure to environmental
carcinogens, dietary carcinogens, etc. have been reported to
be associated with breast cancer (5, 6). Environmental
carcinogens constitute many diverse groups of natural and
synthetic chemical compounds including carcinogenic
aromatic amines. Carcinogenic aromatic amines were shown
to act as mammary carcinogens in rats or mice (7). In the
body, aromatic amines undergo metabolic activation forming
reactive mutagenic species. An in vitro study on normal
human mammary epithelial cells has also shown that that
aromatic amines are activated in response to genotoxic
products and induce mammary gland cancers (8). 

Naturally acting peroxidases in the body mainly
lactoperoxidase (LPO) have been shown to activate aromatic
amines in breast ducts resulting into mutagenic products (9).
LPO is a glycoprotein of around 80 kDa containing calcium
and iron (10-12). It is a green color heme-protein present in
exocrine gland secretions such as, milk and exhibits
antimicrobial and antifungal activities (13-15). Thiocyanate
(SCN), present naturally in the human and animal systems,
acts as the most preferred substrate for LPO and is oxidized
to OSCN, which subsequently acts as an oxidizing agent for
bacteria (16). Besides antimicrobial properties, LPO has a
role in breast carcinogenesis through activation of
carcinogenic aromatic amines such as, benzidine, 2-
aminofluorene and others, resulting in the formation of
metabolites which are highly reactive and bind to DNA
covalently (17). Human LPO has also been reported to
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activate estrogen into stable quinine methides which bind to
DNA and initiate breast cancer (18). 

Many studies have suggested the activation of aromatic
amines by LPO (19-20), but the mechanism of interaction of
4-aminobiphenyl (ABP) and 4,4’-diaminobiphenyl (BZ) with
LPO has not been characterized. The current study was
performed to provide insights into the structural binding
characteristics and the binding mode of these two known
carcinogenic aromatic amines, ABP and BZ, with LPO. 

Materials and Methods

The in silico docking simulation studies of LPO with aromatic
amines such as ABP and BZ was performed using the Schrodinger
2015 suite (Schrodinger, LLC, New York, USA) as previously
described in detail (21).

Data retrieval. The molecular structures of ABP and BZ were
obtained from the PubChem compound database (https://
pubchem.ncbi.nlm.nih.gov/). Their two dimensional structures are

shown in Figure 1 and their PubChem compound identities (CIDs)
along with abbreviations are presented in Table I. 

Protein selection and preparation. The three dimensional structure
of goat LPO complex with 3-hydroxymethyl phenol was retrieved
from the Protein Data Bank (PDB) (http://www.rcsb.org) and has
a resolution of 1.98 Å (PDB code: 4MSF). Human LPO has a very
high amino acid sequence identity (over 82%) with goat LPO,
therefore, PDB of the goat LPO complex was used for docking
studies. This PDB complex structure was developed using
preparation wizard workflow of Schrodinger has been described in
detail previously (21).

Ligand preparation. Maestro 10.3 was used for drawing ligand
structures (Maestro, version 10.3; Schrodinger). For further
analysis, ligands were prepared using LigPrep module (LigPrep,
version 3.1; Schrodinger). The methodology has been described
previously (21).

Induced fit docking. Prime module of Schrodinger 2015 suite was
used for the execution of induced fit docking.
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Figure 1. Two dimensional representation of the two aromatic amines, 4-aminobiphenyl (ABP) and 4,4’-diaminobiphenyl (BZ) and ribbon form
representation of their docked complexes with lactopeoxidase (LPO).



Binding energy calculations. For calculating the binding affinity of
ABP and BZ with LPO, MM-GBSA (Molecular Mechanics with
Generalized Born and Surface Area) model present in Prime module
of Schrodinger 2015-3 was used.

Results

Molecular docking. The amino acid residues of LPO
interacting with ABP and BZ are shown in Figure 2. In the
LPO-ABP complexes, 13 residues of LPO were engaged in
interactions with ABP, whereas in LPO-BZ complex, 12
residues of LPO were involved in interactions with BZ.
Additionally, both ABP and BZ exhibited interactions with
heme ring. Eight interacting residues (Gln-105, His-109,
Phe-113, Arg-255, Glu-258, Phe-381, Gln-423, Pro-424)
were common in both the complexes. In addition, both ABP
and BZ exhibited a common pi-pi interaction with Arg-255.
Further, ABP displayed a pi-pi interactions with Phe-113,
whereas, BZ displayed pi-pi interactions with His-109.
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Figure 2. Amino-acid residue interaction of two aromatic amines, 4-aminobiphenyl (ABP) and 4,4’-diaminobiphenyl (BZ) in the binding pocket of
lactopeorxidae (LPO) and their binding pattern in distal heme cavity.

Table I. Nomenclature, commonly used abbreviations, and PubChem
IDs of the two aromatic compounds.

S.No.                      Name                       Abbreviation         PubChem ID

1                    4-Aminobiphenyl                    ABP                      7102
2                4,4’-Diaminobiphenyl                  BZ                        7111



Moreover, one hydrogen bonding interaction between ABP
and Ala-114, and three hydrogen bonding interactions
between BZ and Asp-108, Arg-255 and the heme ring were
also observed. Both ligands bound in the distal heme cavity
of LPO at the substrate binding site, but did not disturb the
important water molecule required for the oxidation reaction
to occur (Figure 2). Binding affinity values, glide score, and
dock score for both the ligands have also been calculated and
are presented in Table II. 

Discussion

Both natural and man-made aromatic amines exist in our
environment and have been associated with cancer (22-25).
Several aromatic amines, such as 3,3’-dimethoxybenzidine
(26), ABP, 2-aminofluorene (27), and 2-amino-l-methyl-6-
phenylimidazo[4,56]pyridine (28) have been reported to
induce mammary tumors in female rats. An exhaustive
review on scientific investigations carried under the
supervision of the National Toxicology Program, USA, on
rodent mammary carcinogens indicated that 16 of 34
carcinogens were aromatic amines or nitro compounds (7).
It has been shown that activation of ABP by LPO in the
presence of hydrogen peroxide (H2O2) resulted in four
different carcinogenic reaction products after 15 minutes,
whereas similar activation of BZ resulted in one reaction
product (20). Additionally, susceptibility to enzymatic
activation was highest for BZ followed by ABP, and BZ also
displayed highest level of binding to DNA. Further, it was
shown that DNA adducts were formed in breast duct
epithelial cells of women exposed to aromatic amines (19).

In the current study, both ABP and BZ were shown to bind
to LPO in the distal heme cavity region without disturbing
the critical water molecule. Previously (16), this water
molecule present in the distal heme cavity of LPO was
shown to be crucial for the oxidation reaction. One of the
important characteristics which distinguish inhibitors from
substrates of LPO is the fate of this crucial water molecule
upon ligand binding in the distal heme cavity. Inhibitors,
upon binding to LPO, disturb this water molecule and
subsequently do not allow oxidation reaction but in case of
substrates, this water molecule in the distal heme cavity is
not perturbed (29). As observed in the present study, this

water molecule is available for oxidation of aromatic amines
ABP and BZ bound in the distal heme cavity of LPO,
therefore, are activated to highly reactive species that bind
to DNA. Binding of these reactive products has been
suggested to lead to alterations in the genetic material of
milk ducts which has been suggested to be one of the causes
of cancer in the mammary tissue (20).

In conclusion, this study showed that aromatic amines
ABP and BZ bind in the distal heme cavity of
lactoperoxidase with great affinity and their mode of binding
is similar to that of LPO substrates as the crucial water
molecule essential for oxidation reaction was not disturbed.
Thus, the water molecule is potentially available for
facilitating the subsequent activation of the aromatic amines
to reactive species which may form DNA adducts leading to
breast cancer.
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