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Abstract: Cytochrome P450 1A (CYP1A) is a subclass of enzymes involved in the biotransformation of heterocyclic
amines present in cooked red meat to carcinogenic compounds. Anti-cancer properties have long been associated with
flavonoids, and some compounds of this class have been shown to interact directly with CYP1A2. The understanding of
this interaction is the purpose of this work. As the number of experimentally tested molecules is limited, two
complementary methods in terms of information provided, are proposed for the study of protein-inhibitor interaction as
alternatives to a QSAR analysis, using quantum mechanics as well as molecular mechanics.
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INTRODUCTION

Cytochrome P450 (CYP) is a large class of enzymes
which represents 12% of all the human cytochrome. These
enzymes are responsible for transforming xenobiotic
substances into products easier to remove from the body.
Other important roles of CYPs are the synthesis of steroid
hormones thromboxane, cholesterol and bile acid and the
degradation of endogenous compounds such as fatty acids,
retinoic acids and steroids [1].

Despite the benefits of their actions, CYPs also produce
toxins and mutagenic compounds. For example, some
heterocyclic amines (HAs), which can be found in
significant amounts in meat cooked at high temperatures, are
N-hydroxylated by CYP class 1A enzymes (CYP1A) to toxic
mutagens. These compounds can cause DNA damage, which
results in the formation of tumors in a variety of tissues in
several species [2-4]. Flavonoids reduce the risk of DNA
damage by competing with the HAs for binding to the
CYP1A active site [5-10], and therefore inhibiting its
damaging catalytic activity.

CYPs are involved in interactions with flavonoid
compounds in at least three ways: (i) flavonoids induce the
biosynthesis of several CYPs; (ii) enzymatic activities of
CYPs are modulated (inhibited or stimulated) by these
compounds; and (iii) flavonoids are metabolized by several
CYPs [9].

In humans, the CYP1A inhibition mechanism by
flavonoids is very complex, involving a large number of
chemical and biological aspects. For a detailed description of
such mechanism, it is essential to understand the molecular
recognition of flavonoids by CYP1A at molecular level.
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We have carried out a theoretical study of the anti-
mutagenic properties of 8–Prenylnaringenin (8-PN), Iso-
xanthohumol (IX) and Xanthohumol (XN) (see Fig. (1)).
These compounds occur naturally in hops and beer and their
inhibitory power towards human CYP1A2 (hCYP1A2)
metabolism has been tested experimentally [11]. Using this
data, it is possible to make both a qualitative and semi-
quantitative evaluation of the ligands inhibitory potency
based on structural data. By analyzing the electrostatic
potential of all the ligands, we can indicate which features
are most likely to be related to a higher inhibitory power,
either because these are involved in molecular recognition
processes or in stabilization at the active site.

Fig. (1). Flavonoids used in this study.
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This last characteristic can be further explored by the
assessment of the interaction energy between specific
residues in the active site and the ligand obtained by means
of enzyme-ligand complex calculations [12,13]. Actually, it
is possible to compare the affinities of different ligands
towards the same enzyme by calculating appropriated
thermodynamic quantities. In this work, two approaches
have been used to correlate the inhibitory power determined
experimentally with calculated properties, using both explicit
and continuum descriptions of the solvent.

MATERIALS AND METHODS

The ligands’ structures were modeled using InsightII
[14]. The S diastereoisomer conformation on carbon 2 was
used for 8-PN and IX; this is the diastereoisomer naturally
occurring in hops [15].

Molecular Electrostatic Potentials

The ligands were then minimized at the B3LYP/6-31G*
level, using Gaussian98 [16]. The molecular electrostatic
potentials for the optimized geometries have been generated
using the CUBEGEN utility available in Gaussian98 [16].
The molecular electrostatic potential (values ranging from
–56 kcal/mol to 56 kcal/mol) was mapped onto 0.002 e/bohr3

electron density surface with Molekel 4.2 [17].

Dockings

The ligands were docked onto the active site of
hCYP1A2 [12], using GOLD [18]. GOLD provides two
scoring functions for analyzing the results of a search for the
best binding of a ligand (allowing its total conformational
flexibility) in an active site cavity by using a genetic
algorithm: GoldScore, the original scoring function, optimized
for predicting ligand binding positions, and ChemScore,
derived from regression against ligand-receptor binding free
energies [18]. We have used both of these scoring functions
and the standard default settings, to get the best 5 results of
50 docking runs for each ligand. In order to get a reliable
orientation, we have used a distance constraint of 5 Å
between the heme’s iron and the oxygen on carbon C4’ in 8-
PN and IX, and the correspondent carbon C4 in XN, as this
seems to be the potential site of oxidation of flavonoid type
structures by members of the cytochrome P450 family
[19,20]. Visualization of docking results was performed with
DS ViewerLite from Accelrys [14].

Stabilization Energies of Complexes

The best results of the docking were then energy
minimized using CHARMM27 [21]. We have used the
complete model solvated with a 9 Å layer of TIP3P explicit
water molecules. Several steps of minimization have been
done. First, the docking position of the ligand has been
optimized together with the side-chains of the aminoacids.
Next, the backbone of the enzyme was relaxed, with
harmonic constrains of 2 kcal.mol-1 on the residues located
more than 20 Å away from the ligand. In all steps, harmonic
constraints have been applied to the water molecules, which
are located between 6 and 9 Å away from the enzyme, to

prevent the solvent from evaporating. The ligands were also
geometrially optimized inside a 20 Å sphere of TIP3P
explicit water molecules. Harmonic constraints have been
applied to the water molecules, which are located more than
15 Å away from the centroid of the system, resulting in the
same number of constrained molecules for the three ligand-
water complexes.

Using the structures solvated with water molecules, the
hCYP1A2/flavonoids complexes stabilization energy,
∆Eaq

stab(E : L) , has been calculated as follows:

∆Eaq
stab(E : L) = Eaq (E : L)− Eaq (E) −Eaq (L)  (1)

Eaq (E)  is the energy of the isolated solvated enzyme,
and Eaq (L)  is the energy of the isolated solvated flavonoid.
Within a molecular mechanics formalism, the stabilization
energy can be partitioned as

∆Eaq
stab(E : L) = ∆Eint (E : L) + ∆Econf (E : L) + ∆Esolv(E : L)

(2)

where is ∆Eint(E : L)  interaction energy between the enzyme
and the flavonoid within the hCYP1A2:flavonoid complex,
and ∆Econf (E : L) corresponds to the energy needed to
change the conformation of the enzyme and ligand from the
free to the complexed form. ∆Esolv(E : L)  is the difference in
energy correspondent to the interactions with the solvent
between the free and the complexed form of both enzyme
and ligands.

In this work, the most significant specific interfragment
interactions responsible for the stabilization for the
hCYP1A2/flavonoid complexes have been evaluated using
the INTER utility available in CHARMM27 [21].

Binding Free Energies of the Complexes

The binding free energy of the same complexes
calculated, combining the use of molecular mechanics and a
classical continuum solvation approach. The binding free
energy can be defined as [22]:

∆Gbind = Gaq (E : L)− Gaq (E) +Gaq (L)[ ]  (3)

where Gaq (E : L) , Gaq (E)  and Gaq (L)  correspond to Gibbs
free energies. The Gibbs free energy of a generic species is
[22]:

Gaq = Ggas + Gsolv  (4)

In equation [4], Ggas  is the binding free energy of the

species in gas phase and Gsolv  is its solvation free energy.
Ggas  corresponds to the sum of the energy of the species in
gas phase ( Egas = ∆Eint (E : L) +∆Econf (E : L)) with the
correspondent entropic contribution. The latter can be
regarded as non-differential when comparing two complexes,
as it refers to the process of association of similar ligands to
the same protein [22,23] and will not be considered. The
solvation entropic effects are included in the continuum
method used to solvate our systems.
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Gsolv  can be partitioned into polar and non-polar terms:

Gsolv = Gsolv
polar + Gsolv

nonpolar  (5)

The polar solvation free energy was calculated by solving
the Poisson-Boltzmann equation with the Delphi program
[24]. The nonpolar component was calculated using the
solvent accessible surface area as follows [25]:

∆Gsolv
nonpolar =γA + b  (6)

where A is the solvent accessible surface area of the species
calculated in InsightII [14] using a 1.4 Å radius probe. γ and
b are 0.00542 kcal.mol-1 and 0.92 kcal.mol-1, respectively
[25].

All the energy values will be presented as normalized
with respect to the weakest ligand, XN.

RESULTS AND DISCUSSION

In this study, we present different approaches to the
ligand binding efficiency prediction, when the number of
molecules tested experimentally is too small for a QSAR
type of study.

The experimental inhibitory activity data available
measures the degree of inhibition of the mutagenesis of 2-
amino-3-methylimidazo-[4,5-f]quinoline (IQ) in a Salmonella
Assay induced by a concentration of 10µM of flavonoid. The
experimental data was obtained by in vitro analysis with
human DNA recombinant CYP1A2, guaranteeing the
absence of interference of other enzymes in the process [11].

A first step towards the understanding at molecular level
of the experimental results was the characterization of the
molecular electrostatic recognition pattern of the flavonoids.
These represent the electrostatic potential profile of the
ligand, which allows the identification of enzyme-ligand
interaction sites based on the concept of electrostatic

complementarity. These interactions may be important as
molecular recognition features when the ligand approaches
the enzyme, and for electrostatic complementarities between
the docked ligand and the active site.

The optimized geometries of the ligands obtained at
B3LYP/6-31G* level are presented in Fig. (2), together with
the respective molecular electrostatic potentials mapped onto
an electron density surface. It can be observed that all the
flavonoids present common patterns in the electrostatic
potential surface. In fact, the most negative potentials are
located on the oxygen atoms of carbonyl, hydroxyl and
methoxy groups. These will be hydrogen bonding spots, as
can be seen in Fig. (3), which will stabilize the ligands in the
complex (see Table 1). One marked difference between the
two best inhibitors and XN is the presence of strong negative
potential spots all around the molecule in the latter, while for
the first two, these spots are located only in one side, which
is the upper side in Fig. (2). This will be important because
the lower side will be facing Phe125, which shows a highly
stabilizing van der Waals interaction with the ligands (the
van der Waals term represents over 90% of the total
interaction energy for this residue).

Next, an appropriate docking of the inhibitors into the
active site using an automated approach was done, followed
by a geometry optimization of the complexes using
molecular mechanics. The results of this procedure were
used in two ways with the aim of relating the experimentally
determined inhibitory power of the flavonoids with an
appropriate thermodynamic quantity. One of them implies
the use of explicit water molecules to solvate ligand and
enzyme. This procedure enables the description of inter-
actions for individual atoms or sets of atoms. A detailed
description of the specific interactions responsible for the
stability of the enzyme-inhibitor complexes has been carried
out with the aim of designing possible anti-mutagenic
compounds in future works. Using this approach, the
stabilization energy of the complexes was calculated, based
on the molecular mechanics energy obtained for the solvated

Fig. (2). 8-PN, IX and XN after geometry optimization with DTF using B3LYP with the 6-31G* basis set and their MEPs mapped onto a
0.002e/borh3 electron density surface.
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complexes and ligands. This quantity was well correlated
with the experimentally determined inhibitory power of the
flavonoids. The main interactions of the complexes can be
analyzed using the decomposition of Eint E : L( )  into the
appropriate components (Table 1).

Considering the interactions between the flavonoids and
the residues of hCYP1A2, it can be observed that all three
flavonoids share a large number of specific interactions
(Tyr112, Thr124, Phe125, Asp313, Asn234 and Thr498, see Table
1). These interactions represent 50% of the total interaction
energy between the flavonoids and the rest of the system
( Eint (E : L) ). Additionally, the interactions involving Val227,
Ala230, Ser231, Ile386, Leu497 have Met499 have a significant
role in the stabilization of the complexes, representing
around 20% of the total Eint E : L( ) . A very strong
interaction common to the three ligands corresponds to a
hydrogen bond between the side chain of Thr124, deeply
buried in the active site and the hydroxyl substituent in
carbon C4 for 8-PN and IX or carbon C4’ in XN (see Fig.
(3)). This substituent is further stabilized with an interaction
with the oxo group from the backbone of Asp313 in 8-PN and
IX. This interaction is not present for the complex with XN,
and instead, this compound presents the highest single
aminoacid interaction energy contribution to Eint (E : L) ,

with a residue located at the entrance of the active site,
Thr498.

Moreover, XN is disfavored in relation to the other two,
for an already mentioned strong stabilizing interaction with
Phe125, common to all the ligands. The ligands structure is
wrapped around the side-chain of this residue, with the
prenyl substituent almost parallel to one side of the aromatic
ring and the phenyl substituent coming down to the other
face of the ring (see Fig. (3)), towards the interaction with
Thr124 and Asp313. Although the fit of XN in the active site
leads to a higher total Eint (E : L)  (see Table 2), this does not
necessarily imply a higher stabilization of this ligand inside
the enzyme. Stabilizing interactions that are related to a
higher residence time such as those with the residues buried
in the cavity Thr124 and Asp313, or the anchor-like effect of
the interaction with Phe125, are less important to the total
Eint (E : L)  when compared to the other two ligands.

Another disadvantageous property of the complex
between hCYP1A2 and XN is the high energy cost of the
conformational changes that both ligand and enzyme
undergo to form the complex when compared to the other
two (see Table 2). This component of the stabilization
energy of the hCYP1A2/flavonoid complexes is correlated

Fig. (3). Active site of the hCYP1A2/flavonoid complexes (a) with 8-PN, (b) IX and (c) XN after geometry optimization. The residues which
present the most significant interaction energies with the ligands (see Table 1) are shown. Hydrogen bonding is indicated by grey lines.
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with the experimentally determined inhibitory activities, and
will be determinant for the overall stabilization of the complex.
The large methoxy group that distinguishes structure IX
from the best inhibitor’s will be responsible for its lower
inhibitory power because of the enzyme’s conformational
rearrangement term, although it actually contributes to a
docking position that provides an extra stabilizing hydrogen
bond interaction when compared to 8-PN (see Fig. (3)). XN
is disfavored in all stabilization energy components.

The second method described here deals with the solvent
as a continuum. In this case, it is possible to calculate the
binding free-energy of the complexes, and this was also
correlated with the inhibitory power of the flavonoids. There
was a full agreement between the relative ∆Gbind(E : L)  and
the experimental inhibition results (see Table 3).

These values were strongly dependent on the gas phase
energy component. In fact, ∆Gsolv(E : L)  actually favored
XN in relation to the other ligands, but ∆Egas (E : L) was
decisive for the final ∆∆Gbind (E : L) value.

CONCLUSION

We have presented two different approaches comple-

mentary in terms of information provided, to study the ligand
binding problem. One used an atomistic description of the
solvent, and allowed us to calculate the stabilization energy
of the complexes. The other includes the use of continuum
methods in a classical approach, allowing us to calculate the
correspondent binding free-energies. Both correlated with
the experimental results for inhibition of hCYP1A2. The
inhibitory power is strongly correlated with the conform-
ational rearrangement energies. There are also some specific
structural features of the ligands contributing to a higher
binding energy. One is the presence of small electronegative
groups bound to the atoms that sit between C8 and the oxo
group of flavanone-like structures which participate in
stabilizing hydrogen bond type interactions with Tyr112,
Asn234 and Thr498. The prenyl tail in the compounds helped
stabilizing the complex through non-polar interactions with
Phe125, which seems to be an important residue in the fitting
of the ligands in the active site. The hydroxyl substituent in
C4 in 8-PN and IX, or carbon C4’ in XN should contribute
for a longer residence time, as it is involved in hydrogen
bonding with residues which are buried in the active site,
Thr124 and Asp313.

It is a noteworthy fact that the flavonoids studied
establish strong stabilizing interactions with both Thr124 and

Table 1. Most Significant Interaction Energies (in Bold, >5kcal.mol-1) Between Individual Residues of the Human CYP1A2 Active
Site and 8-PN, IX and XN

8-PN IX XN

Aminoacid residue Eint

(kcal.mol-1)

Interaction intE
(kcal.mol-1) Interaction

intE
(kcal.mol-1)

Interaction

Tyr 112 -5.0 3,5A electrostatic
interaction

-5.4 3A electrostatic
interaction

-6.3 H-bond

Thr 124 -6.3 H-bond -10.0 H-bond -10.5
H-bond

Phe 125 -5.0 Ligand folds around
its side-chain

-5.8 Ligand folds around
its side-chain

-3.1 Ligand folds around
its side-chain

Asn 234 -10.5 H-bond -5.5 H-bond -2.2

Asp 313 -8.5 H-bond -7.4 H-bond -3.8

Thr 498 -1.4 -7.8 H-bond -14.6 H-bond

Table 2. Stabilization Energy of the Complexes Between Human CYP1A2 and 8-PN, IX and XN. All the Values are Normalized
with Respect to the Weakest Ligand, XN

hCYP1A2
complex

%inhibition ):(int LEE∆∆
(kcal.mol-1)

):( LEEconf∆∆
(kcal.mol-1)

):( LEE solv∆∆
(kcal.mol-1)

):( LEEstab∆∆
(kcal.mol-1)

8-PN 94 6.6 -132.1 -416.4 -541.9

IX 84 1.1 -110.2 -211.3 -320.3

XN 48 0 0 0 0
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Val227, which have been shown to be important for the
maintenance of the catalytic activity of hCYP1A2 [26,27].
This constitutes an extra validation of the results obtained in
the present work.
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Table 3. Binding Free Energies of the Complexes Between Human CYP1A2 and 8-PN, IX and XN. All the Values are Normalized
with Respect to the Weakest Ligand, XN

hCYP1A2 complex %inhibition ):( LEE gas∆∆
(kcal.mol-1)

):( LEGsolv∆∆
(kcal.mol-1)

):( LEGbind∆∆
(kcal.mol-1)

8-PN 94 -125.6 69.4 -56.1

IX 84 -109.0 96.8 -12.2

XN 48 0 0 0


