
Abstract. Background: Lactoperoxidase (LPO) is an
antimicrobial protein secreted from mammary, salivary and
other mucosal glands. It is an important member of heme
peroxidase enzymes and the primary peroxidase enzyme
present in breast tissues. In addition to the antimicrobial
properties, LPO has been shown to be associated with breast
cancer etiology. Heterocyclic amines, an important class of
environmental and dietary carcinogens, have been increasingly
associated with breast cancer etiology. Heterocyclic amines
undergo activation in breast tissue as a result of oxidation by
LPO. The current study includes three important heterocyclic
amines, 2-amino-3-methylimidazo[4,5-f]quinoline (IQ), 2-
amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) and 2-
amino-1-methy-6-phenylimidazo[4,5-b]-pyridine (PhIP), that
have carcinogenic activity. Materials and Methods: The
structural binding characterization of IQ, MeIQx and PhIP
with LPO was done using in silico approaches. Their
binding pattern and interactions with LPO amino acid
residues were analyzed. Results: The three compounds
bound in the distal heme cavity of LPO without replacing
the important water molecule required for oxidation of
substrate compounds. PhIP displayed lesser binding affinity
for LPO in comparison to IQ and MeIQx. The binding mode
of heterocyclic amines in distal heme cavity of LPO
resembled to that of substrate binding pattern. Conclusion:
The three heterocyclic amines are suggested to act as LPO
substrate. The undisturbed water molecule present in distal
heme cavity of the LPO is expected to facilitate the
oxidation and activation of the three heterocyclic amines.
These activated compounds may potentially bind with DNA

in breast tissues forming DNA adducts and may
subsequently lead to breast cancer initiation. 

Lactoperoxidase (LPO) is a heme-containing enzyme
categorized as a member of mammalian peroxidase
superfamily (1). It is a 80-kDa, glycosylated protein (2-4)
consisting of 595 amino acid residues organized into 20 α-
helices and 2 antiparallel β-strands (5). LPO is a green color
protein present in saliva, mucosa, milk etc. and has
antimicrobial activity (6-8).

In addition to the antimicrobial functions, LPO has been
suggested to play a role in the etiology of breast cancer (9).
Breast cancer remains a significant health problem with a
deadly outcome in women despite recent medical
advancements. According to International Agency for Research
on Cancer, breast cancer is the fifth common cause of cancer
worldwide (10). In women, it is the most abundant cancer and
the second highest cause of cancer-related deaths (11). A report
on breast cancer incidence and mortality by Centers for
Disease Control and Prevention, Atlanta, GA, USA (12)
indicated that breast cancer is the most common cancer in
women across all ethnicities in the United States and also the
most common cause of cancer-related deaths in Hispanic
women. In 2013, 2,109 women died due to breast cancer in the
United States (12). Breast cancer is a multifactorial disease and
the important factors increasingly implicated in breast cancer
include environmental and food carcinogens (13). 

Heterocyclic amines constitute an important class of
potential food mammary carcinogens and are produced in
animal origin foods, especially muscle meat, when amino
acids, sugars and creatinine react at high temperatures (14).
Heterocyclic amines, thus formed in hyper-cooked and
charred meat, when ingested become mutagenic in the body
and increase the risk of cancer. In order to become mutagenic,
heterocyclic amines undergo a process of bioactivation in
human and animal systems by specific oxidizing enzymes,
such as oxidases and peroxidases, and are converted into
reactive compounds (9, 15). LPO has been shown to be
involved in oxidation and activation of carcinogenic and
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mutagenic chemical compounds, including heterocyclic
amines in the human mammary gland, converting them into
highly reactive compounds forming DNA adducts (16-18). 

Experimental studies have shown that rats and mice fed
with foods containing heterocyclic amines develop tumors in
many organs, including mammary carcinomas (19, 20). The
human population is exposed to heterocyclic amines on daily
basis and one of the main source is protein-rich food items,
such as meat and fish, which are smoked or cooked for
longer time, especially grilling, broiling and pan-frying
above 300˚C (14-15, 21-22). Epidemiological studies on the
association of exposure to heterocyclic amines in food and
risk of developing various cancers, including breast cancer,
have been reviewed (23). Heterocyclic amine exposure
through consumption of well-done meat was positively
associated with breast cancer in women in Uruguay (24). In
another study, a highly significant dose-response relationship
was found between breast cancer risk and meat doneness
score in postmenopausal women in Iowa, USA (21, 25). A
five-fold higher breast cancer risk was found in women who
regularly consumed fully cooked meat. 

The most abundant heterocyclic amines in cooked meat
are 2-amino-3-methylimidazo[4,5-f]quinoline (IQ), 2-amino-
3,8-dimethylimidazo (4,5-f) quinoxaline (MeIQx) and 2-
amino-1-methyl-6-phenylimidazo (4,5-b) pyridine (PhIP),
(14, 26). LPO has been shown to catalyze the oxidation of
the three mutagenic heterocyclic amines and form DNA
adducts (9, 17). However, studies describing the binding
affinity and binding pattern of these heterocyclic amines into
the distal heme cavity of LPO are apparently not available. 

Herein, we present and discuss the structural binding
characterization of LPO with the above mentioned three
important heterocyclic amines, IQ and MeIQx and PhIP,
using the Schrödinger Induced Fit Docking (IFD) approach.
The structural aspects, amino acid residue interactions,
binding affinity and binding mode of the three heterocyclic
amines are described.

Materials and Methods
Schrödinger 2015 suite (Schrödinger; LLC, New York, NY, USA)
was used for in silico docking studies of the three heterocyclic
amines IQ and MeIQx and PhIP with LPO, with a methodology
being given previously in detail (27).

Data retrieval. PubChem compound database (https://
pubchem.ncbi.nlm.nih.gov/) was used for retrieving the three-
dimensional structures of PhIP, IQ and MeIQx. The two-
dimensional structures of the three heterocyclic amines are
presented (Figure 1) and their PubChem compound identities (CIDs)
along with abbreviations are also provided (Table I). 

Protein selection and preparation. The three-dimensional structure
of bubaline homolog of LPO co-complexed with thiocyanate was
obtained from the Protein Data Bank (PDB) (http://www.rcsb.org)
and has a resolution of 2.4 Å (PDB code: 3ERH). Bubaline LPO
has 76% similarity with human LPO. This PDB complex structure
was developed using preparation wizard workflow of Schrödinger
as described in detail previously (27).

Ligand preparation. Ligands were prepared using LigPrep module
(LigPrep, version 3.1; Schrödinger). The methodology has been
described previously (27).

IFD. Prime module of Schrödinger 2015 suite was used for the
execution of IFD. The methodology has been described previously (27).

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

Results

Molecular docking. The amino acid residues of LPO
interacting with IQ, MeIQx and PhIP are shown (Figure 2).
In the LPO-IQ complex, 12 amino acid residues of LPO
were involved in interactions with IQ. Whereas, in LPO-
MeIQx and LPO-PhIP complexes, 13 and 11 residues of
LPO were engaged in interaction with MeIQx and PhIP,
respectively. Moreover, all three amines, IQ, MeIQx and
PhIP, interacted with the heme ring of LPO. When the
docking complexes of the three amines with LPO were
compared, eight interacting residues (Phe-113, Ala-114, Pro-
115, Glu-116, Arg-255, Glu-258, Phe-381 and Arg-440) were
found to be common. Additionally, in LPO-IQ and LPO-
MeIQx complexes, three residue interactions (Gln-105, His-
109 and Leu-262) were common but absent in LPO-PhIP
complex. Both IQ and MeIQx displayed a common hydrogen
bonding interaction with Ala-114, which, however, was not
present in the PhIP complex.
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Table I. Nomenclature, commonly used abbreviations and PubChem IDs of the three heterocyclic amine compounds.

S.No                                                                    Name                                                                        Abbreviation                                PubChem ID

1                                             2-amino-3-methylimidazo[4,5-f]quinoline                                                   IQ                                              53462
2                                        2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline                                          MeIQx                                          62275
3                                      2-amino-1-methy-6-phenylimidazo[4,5-b]pyridine                                          PhIP                                              1530
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Figure 1. Two-dimensional representation of the three heterocyclic amines 2-amino-3-methylimidazo[4,5-f]quinoline (IQ), 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (MeIQx) and 2-amino-1-methy-6-phenylimidazo[4,5-b]-pyridine (PhIP) and ribbon form representation of their
docked complexes with lactoperoxidase (LPO). 

Figure 2. Amino-acid residue interaction of the three heterocyclic amines 2-amino-3-methylimidazo[4,5f]quinoline (IQ), 2-amino-3,8-
dimethylimidazo[4,5 f]quinoxaline (MeIQx) and 2-amino-1-methy-6-phenylimidazo[4,5-b]-pyridine (PhIP) in the binding pocket of lactoperoxidase
(LPO) and their binding pattern in distal heme cavity.



The docking complex of MeIQx displayed one more
hydrogen bonding interaction with the heme ring. Similarly,
PhIP exhibited two hydrogen bonding interactions, one with
heme and another with Arg-255. In LPO-IQ docking
complex, pi-pi interactions with His-109, Phe-113 and Arg-
255 were also observed. However, only one cation-pi
interaction with Arg-255 was displayed by LPO-MeIQx
docked complex and no pi-pi interaction was seen in LPO-
PhIP complex. All three heterocyclic amines bound in the
distal heme cavity of LPO at the substrate binding site but did
not disturb the important water molecule required for
oxidation reaction to occur (Figure 2). Binding affinity
values, glide score, as well as dock score for all three ligands,
have also been calculated and are presented (Table II).

Discussion 

Heterocyclic amines are generated from protein-rich foods,
such as meat and fish cooked at high temperature for long
time (28-30) and their formation varies with the type of meat
and the kind of approach adopted for cooking (14, 26). In
women, a strong correlation was observed between dietary
heterocyclic amine intake and DNA adducts levels in breast
tissues (22). In another study, in New York, higher
susceptibility for postmenopausal breast cancer was found in
women consuming meat cooked in a manner that promotes
formation of carcinogenic heterocyclic amines (29). 

Heterocyclic amines display lipophilic property and
accumulate in breast adipose tissue, resulting in their
susceptibility to activation by peroxidases present locally in
breast tissue (31). LPO has been reported to be involved in
activation of IQ, MeIQx and PhIP in breast tissue, thus
increasing the risk of breast cancer (9).

In the current investigation, three heterocyclic amines, IQ,
MeIQx and PhIP, bound in the distal heme cavity of LPO
and their binding pattern mimicked the pattern of LPO
substrates. As reported previously (32), LPO substrates bind
in the distal heme cavity without replacing the conserved
water molecule. Conversely, LPO inhibitors replace the
conserved water molecule upon binding in the distal heme
cavity of LPO (33). This striking property of replacement of

conserved water molecule distinguishes LPO substrates from
LPO inhibitors. In our study, binding of IQ, MeIQx and PhIP
in the substrate binding site did not disturb the conserved
water molecule in the distal heme cavity of LPO and,
therefore, confirmed their substrate nature. The conserved
water molecule is believed to facilitate the activation of the
above indicated heterocyclic amines and convert them into
reactive products. These reactive products bind with DNA
forming DNA adducts and may, subsequently, lead to breast
carcinogenesis. 

The binding affinity of PhIP for LPO was lower in
comparison to that of IQ and MeIQx. The lower binding
affinity for PhIP is supported by similar results in an in vitro
study previously carried on human breast tissues (9). The
lesser binding affinity of PhIP for LPO, in comparison to
other two heterocyclic amines, could be attributed to its
different placement in the substrate binding pocket. That is,
PhIP was bound in substrate binding pocket little away from
the heme ring, whereas IQ and MeIQx were bound much
deeper in the distal heme cavity of LPO. Moreover, less
number of interactions was formed by PhIP with LPO in
comparison to those of IQ and MeIQx. The binding affinity
value of IQ for LPO was slightly higher than that of MeIQx
for LPO.

Conclusion

The current investigation showed that the three heterocyclic
amines IQ, MeIQx and PhIP were bound with LPO without
replacing the important water molecule required for substrate
oxidation. The estimated binding affinity of IQ for LPO was
slightly higher than that of MeIQx; however, PhIP exhibited
comparatively lesser binding affinity values than both IQ and
MeIQx. The binding pattern of all three compounds in the
distal heme cavity of LPO mimicked that of LPO substrates.
Therefore, the three heterocyclic amines IQ and MeIQx and
PhIP, acting as LPO substrates, may potentially become
activated into reactive compounds. These compounds may
form mutagenic DNA adducts in mammary tissues and,
eventually, behave as potential carcinogens that may lead to
breast cancer in women.
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Table II. Number of interacting residues, dock score, glide score and binding affinity values (Molecular Mechanics with Generalized Born and
Surface Area (MM-GBSA) values) of 2-amino-3-methylimidazo[4,5f]quinoline (IQ), 2-amino-3,8-dimethylimidazo[4,5 f]quinoxaline (MeIQx) and
2-amino-1-methy-6-phenylimidazo[4,5-b]-pyridine (PhIP) after IFD with lactoperoxidase (LPO).

Target            Ligand          Number of interacting residues          Docking score (Kcal/mol)         Glide score (Kcal/mol)         MM-GBSA (Kcal/mol)

LPO                   IQ                                      12                                                  –6.75                                        –6.78                                     –66.41
LPO               MeIQx                                  13                                                  –7.37                                        –7.37                                     –64.50
LPO                 PhIP                                    11                                                  –6.59                                        –6.70                                     –48.11
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