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Abstract

As an important member of CYP1 sub-family, CYP1A2 mediates the metabolisms of approximately 5-10% of the
currently clinical medicines, and plays a predominant role in the activation of precarcinogens. F186L mutation in this
CYP enzyme is found to have ability to reduce the enzymatic activity. As this mutation is far away from the active
site and has no influence on the protein expression, the detailed mechanism for F186L-induced the decrease of the
enzymatic activity of CYP1A2 is still unknown. In the current study, we employed molecular dynamics simulation and
free energy calculation to study the wild-type and F186L mutant CYP1A2 with a a-naphthoflavone (ANF) bound in the
active site. Our simulations showed that instead of changing the backbone structure, the F186L mutation has significant
impact on the side-chain conformations, resulting in a smaller active site and larger solvent accessible surface. The
former could weaken the binding affinity of ANF in the active site, making the substrate far away from the active site so
as to reduce the enzymatic activity. The latter could keep the substrate access channel in a closed state in most case,
which was not propitious for the substrate entering into the active site by the substrate access channel. Our findings
can reveal an in-depth understanding for the mechanism of the mutation-induced decrease of the enzymatic activity of

human CYP1A2, providing useful information on the structure-function relationships of human CYP enzymes.
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Introduction

Cytochrome P450 (officially abbreviated as CYP) is a large and
diverse group of enzymes belonged to the super-family of mono-
oxygenases and heme-containing proteins [1,2]. These CYP enzymes
are distributed in almost all kinds of organisms, i.e., animals, plants,
fungi, bacteria, and even viruses [3,4]. CYP enzymes are so named by
reason that the heme pigment contained therein absorbs a light at a
wavelength of 450 nm after forming a complex with carbon monoxide.
In mammalians, these CYP enzymes are primarily membrane-
associated proteins located in either the endoplasmic reticulum or
the inner membrane of the mitochondria of cells [5]. Mammalian
CYP enzymes are able to oxidize both xenobiotics and endogenous
compounds, which is believed to be significant for the detoxification of
exogenous substances and the control of the endogenous compounds
levels. In humans, CYP enzymes act as major metabolic enzymes with
responsibility for phase I drug metabolism, accounting for ~ 90% of the
clinical medicines [6]. CYP enzymes are also notable for their single
nucleotide polymorphisms, which is estimated to affect nearly 20% of
the clinical drug therapies [7,8].

Human cytochrome P450 1A2 (CYP1A2) is an important member
of the CYP1 family in the CYP superfamily [9], and is predominantly
expressed in the liver cells and at low levels in intestine, pancreas, lung
as well as brain. In humans and most mammalians, family only contains
3 well characterized CYP enzymes: CYP1A1l, CYP1A2 and CYPI1BI.
Although constituting nearly 13% of the total CYP content in hepatic
tissues, CYP1A2 can mediate the metabolisms of approximately 5-10%
of the currently clinical medicines [10]. Notably, CYP1A2 functions to

mediate the metabolic reactions of caffeine, melatonin and marketed
drugs, i.e., flutamide, lidocaine, tacrine and triamterene. Additionally,
this CYP enzyme plays a predominant role in the activation of
precarcinogens, including aromatic and heterocyclic amines as well
as polycyclic aromatic hydrocarbons [11,12]. According to the recent
evidences, the activation, overexpression and dysfunction of human
CYP1A2 can lead to comparatively high risks of cancers [13-15].

By now, 16 defined alleles or single nucleotide polymorphisms
(SNPs) of human CYP1A2 have been identified, as summarized in
Table 1. From Table 1, it is found that 8 alleles or SNPs can significant
decrease the enzymatic activity of human CYP1A2, among which
CYP1A2*11 shows the most profound and statistically significant
reduction in O-deethylation of phenacetin and 7-ethoxyresorufin [16].
As reported, the O-deethylation reaction rates mediated by this allele
of phenacetin and 7-ethoxyresorufin reduce to 13% and 28% of the
wild-type, respectively [16]. The CYP1A2*11 allele exhibits a clinically-
relevant SNP in exon 2, resulting in a substitution on the amino acid
sequence from phenylalanine to leucine at position 186 (F186L). This
mutation (F186L) is located on the flexible loop between D and E
helices far away from the catalytic center, and has no influence on the
protein expression. Additionally, Phel86 in the wild-type CYP1A2 is
found to be conserved among the CYP enzymes of the CYP1 family,
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Allele Nucleotide Changes AA Mutations Location
CYP1A2*2 63C>A F21L Exon 2
CYP1A2*3 2385G>A, 5347T>C D348N Exon 4
CYP1A2*4 2499A>T 1386F Exon 5
CYP1A2*5 3497G>A C406Y Exon 6
CYP1A2*6 5090C>T R431W Exon 7
CYP1A2*7 3533G>A — Intron 6
CYP1A2*8 5166G>A, 5347T>C R456H Exon 7
CYP1A2*9 248C>T T83M Exon 2

CYP1A2*10 502G>C E168Q Exon 2
CYP1A2*11 558C>A F186L Exon 2
CYP1A2*12 634A>T S212C Exon 2
CYP1A2*13 1514G>A G299s Exon 3
CYP1A2*14 5112C>T T438l Exon 7
CYP1A2*15 125C>G, 5347T>C P42R Exon 2
CYP1A2*16 2473G>A, 5347T>C R377Q Exon 5

Enzymatic Activity Changes Population References

— Chinese [33]
Decreased French [34]
Decreased French [34]
— French [35]
Decreased French [34]
Decreased Caucasian [36]
Decreased Japanese [37]
- Japanese [16]

— Japanese [16]
Decreased Japanese [16]
— Japanese [16]

— Japanese [16]
Normal Japanese [16]
Decrease Japanese [37]
Decrease Japanese [37]

Table 1: The alleles or single nucleotide polymorphisms (SNPs) of human CYP1A2.

and believed to play an essential role to maintain the normal catalytic
functions of human CYP1A2.

In the current study, we focused on the problem why F186L mutation
in human CYP1A2 can significantly reduce the enzymatic activity.
To achieve this goal, we employed molecular dynamics simulations
and free energy calculations to study the dynamic behaviors of both
wild-type and F186L mutated CYP1A2, as well as their complexes
with a-naphthoflavone (ANF). Molecular dynamics simulation can
provide useful information for characterizing the internal motions of
proteins or enzymes, as well as the interactions with ligands, giving
structural insights for both basic research and drug development in the
relevant area [17-20]. In comparison with the crystal studies, molecular
dynamics simulation and free energy calculation have the advantages of
analyzing the conformational fluctuations of CYP1A2 and the dynamic
interactions with ANF.

Materials and Computational Methods

Starting structures of the wild-type and F186L mutated
CYP1A2

The starting structure of the wild-type CYP1A2 was derived from
the crystal structure 2hi4.pdb from the RCSB Protein Data Bank,
which was released in February 20, 2007 with a resolution of 1.95 A
[21]. The F186L mutation structure was then constructed based on the
wild-type structure using the coordinate reconstruction approach [22].
Except for the polar hydrogen and heavy atoms, all the other atoms in
the simulation systems were removed. The pKa values for each residue
were calculated by using Delphi as a Poisson-Boltzmann solver with a
dielectric constant of 4.0 [23]. The removed hydrogen atoms were then
added to the wild-type and F186L mutation structures with the t-Leap
procedure packaged in Amber 11 [24] based on the computational pKa
values mentioned above, to give a total charge of +6. Subsequently, all
the simulation systems were solvated in a rectangular simulation box
with explicit TIP3P water molecules. To neutralize the simulation
systems, 6 chloride ions were added to random replace equal numbers
of water molecules in the simulation box. The atoms of the wild-type
and F186L mutation structures were parameterized by Amber force
field parameters and the ones in the heme group were treated by the
parameters obtained from previous QM/MM studies [25].

Docking procedure to get the ANF-bound wild-type and
F186L mutated CYP1A2

Before the docking procedure, 10 configurations of the wild-typeand

F186L mutated CYP1A2 were randomly selected from the simulation
trajectories of the corresponding substrate-free systems. ANF was
subsequently docked into the active site of all these configurations
mentioned above using AutoDock 4.0 [26]. For each configuration,
1,000 independent runs were performed using genetic algorithms on
a 55-A cubic grid, centered on the geometrical center of the active site
with a grid spacing of 0.375 A. The binding modes with the lowest
binding energy and favorably positioned ANF for O-deethylation
among all the configurations were selected as the starting structures of
the ANF-bound states of the wild-type and F186L mutated CYP1A2 for
the further molecular dynamics simulation and free energy calculation.

Molecular dynamics simulation

For the ANF-bound simulation systems, the ANF molecules were
parameterized by Amber force field parameters using the antechamber
module in Amber 11.28 After solvation, all the simulation systems
were subjected to steepest descent energy minimization for about
3,000 steps, followed by conjugate gradient for the next 3,000 steps.
Subsequently, all the simulation systems were equilibrated with the
protein, heme group and ANF atoms fixed by a short-time molecular
dynamics simulation to reduce the van der Waals conflicts. Finally,
14-ns molecular dynamics simulations were performed with the
normal temperature (310 K), periodic boundary conditions and
NPT ensemble. The SHAKE algorithm [27,28] with a tolerance of
10 was applied to constrain all the bonds in the simulation systems
involving hydrogen atoms, and atom velocities for the start-up runs
were derived according to the Maxwell distribution at 310 K [29,30].
For each simulation system, 10 independent simulations were carried
out with different start-up velocities. The isothermal compressibility
was set to 4.5x10%/bar for the solvent simulations. The electrostatic
interactions were treated by particle mesh Ewald (PME) algorithm with
interpolation order of 4.0 and a grid spacing of 0.12 nm. The van der
Waals interactions were calculated by using a cut-off of 12 A. All the
molecular dynamics simulations were performed with a time step of 2
fs, and the coordinates for all the simulation systems were saved every

1 ps.
Free energy calculation

The molecular mechanics Poisson-Boltzmann surface area (MM-
PB/SA) [31] and molecular mechanics Generalized-Born surface area
(MM-GB/SA) [32] methods implemented in Amber 11 was applied to
calculate the binding free energy for the ANF-bound wild-type and
F186L mutated CYP1A2. The principles of the MM-PB/SA and MM-
GB/SA methods can be summarized as following:
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In equation 1, the binding free energy change (AG) is calculated as
the difference between the free energies of the complex (Gwmpkx), the
protein (Gprmem) as well as the ligand (thm »)- These free energies are
computed through equation 2 by summing up its internal energy in the
gas phase (Egas), the solvation free energy (G_ ), and a vibrational entropy
term (TS). As the systems involved in our study have similar entropy,
the entropy contributions are neglected with an aim of comparisons
of the free energy differences for the active substrate between single-
ligand binding and cooperative binding systems. E_ is a standard
force field energy calculated from equation 3 by the strain energies
from covalent bonds (E, . and E and torsion angles (E,__ ), non-

o ngle)

covalent van der Waalbs ?EV ) aid electrostatic energies (E_ ). As
described in equation 4, the solvation free energy (G_)) is computed by
both an electrostatic term (G, ) and a non-polar component (Gnon_PolaI).
The former can be obtained from either the Possion-Boltzman method
(PB) or the Generalized Born (GB) method. The latter is considered
to be proportional to the molecular solvent accessible surface area
(SASA). In the current study, a total 200 snapshots retrieved from the
last 1-ns segment on the simulation trajectories with an interval of 5 ps

were used for the binding free energy calculations [33-37].

torsion

ele

Results and Discussion
Molecular dynamics trajectory analysis

There are totally 4 simulation systems involved in the current
study, denoted as the substrate-free wild-type, the substrate-free F186L
mutation, the ANF-bound wild-type and ANF-bound F186L mutation,
respectively. As the root-mean-square (RMS) deviation is thought to
be a crucial criterion to evaluate the convergence of the simulation
systems, we first calculated the RMS deviation values for the backbone
structures of all the simulation systems. As shown in Figure 1A, the
RMS deviation values for all the simulation systems employed minor
changes from the starting structures, and no significant RMS deviation
fluctuations were detected. The final RMS deviation values for all the
simulation systems were not more than 2.5 A from the corresponding
starting structures, giving an indication that these simulation systems
were equilibrated. This observation also supported that the F186L
mutation did not lead to remarkably large-scale structural motions for
the entire protein.

Addition to the RMS deviation analysis, we also calculated the RMS
fluctuation values for each residue in the wild-type and F186L mutant
structures. As shown in Figures 1B and 1C, in general the F186L mutant
structure was more flexible than the wild-type. Significant fluctuations
on the F186L mutant structure with respect to the wild-type structure
were detected to be located on D helix and the loops between D and E
helices, E and F helices as well as G and H helices. The F186L mutation
was located on the loop between D and E helices near the protein surface
(Figure 2), and the substitution from the aromatic side-chain to the
aliphatic one could lead to some kind of instability in aqueous solution.
Thus, it was expected that the mutant structure employed structural
fluctuations or more flexibility in the nearby regions. However, these
structural fluctuations did not change the overall structure of the
protein, or at least the backbone structure.

A 5 T T T T T T T T T T
substrate-free wild-type
substrate-free F186L

44 ANF-bound wild-type
- ANF-bound F186L
< .
[ ) M M N
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=
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Figure 1: RMS deviations and fluctuations of the backbone structure of
human CYP1A2. (A) Time-dependent RMS deviations values for both wild-
type and F186L mutant structures along molecular dynamics trajectories. (B)
lllustratively showing the highlight regions with significant RMS fluctuations
(>1 A, colored in red) on the wild-type structure. (C) lllustratively showing the
highlight regions with significant RMS fluctuations (>1 A, colored in red; <-1
A, colored in blue) on the F186L mutant structure with respect to the wild-type
structure.

Mutation Site

Figure 2: The overall three-dimensional structure of human CYP1A2. The
F186L mutation was located on the loop between D and E helices on the protein
surface. This mutation had little impacted on the entire protein structure, and

could increase the flexibility of CYP1A2.

Conformational changes between the wild-type and F186L
mutant CYP1A2

According to the molecular dynamics trajectory analysis mentioned
above, the major distinctions between the wild-type and mutant
structures were found only around the mutation (F186L), indicating
that the mutation did not change the backbone structure of the entire
protein. Instead, F186L mutation probably had significant influences
on the side-chain conformation, especially for some key residues. To
support this view, we firstly calculated the solvent accessible surface
area (SASA) for both the wild-type and F186L mutation based on
100 snapshots retrieved from the last 1-ns segment on the molecular
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dynamics trajectories with an interval of 10 ps. The total SASA value
for the wild-type was ~ 22955.0 + 101.7 nm’, significantly smaller than
that of the F186L mutation (23235.8 + 103.4 nm?, T-test P value <0.05).
Besides, it was also found that the hydrophobic SASA value contributed
most to the total SASA, which for the wild-type (11478.5 + 99.4 nm?)
was also significantly smaller than that of the mutant structure (11619.3
+ 98.1 nm?, T-test P value <0.05). This observation indicated that the
side-chain conformation of the mutant structure was quite different
from that of the wild-type.

Additionally structural analyses showed that the SASA variances
between the wild-type and F186L mutation might be caused by the
notably structural motions around D and E helices. In the wild-type
structure, the aromatic side-chain of Phel86 (located on the loop
between D and E helices) could form a n-mt stacking interaction with
Phe481 (located on the loop after L helix in the C-terminal region). This
n-1t stacking interaction was able to position the flexible loop region
in the C-terminal, which was also a key component for the substrate
access channel (Figure 3). The substitution from phenylalanine to
leucine at position 186 would break the significant m-n stacking
interaction mentioned above, resulting in the unlocking the C-terminal
loop regions, which would be more flexible. The flexible loop in the
C-terminal region would further impact on the substrate access
channel. In the wild-type structure, the diameter in the narrowest part
of the substrate access channel was 3.41 + 0.60 A, much larger than that
in the mutant structure (2.86 + 0.68 A). This observation showed that
the substrate access channel in the mutant structure were in a closed
state in most cases, which was not propitious for the substrate entering
into the active site by the substrate access channel.

Free energy calculations

To further study the influence of F186L mutation on the substrate
binding, we also estimated the binding free energies using both MM-
PB/SA and MM-GB/SA methods. The computational results were
summarized in Table 2. The binding free energies for ANF in the wild-
type structure were -8.52 + 3.22 kcal/mol (obtained from MM-PB/
SA approach) and -10.67 + 1.89 kcal/mol (obtained from MM-GB/SA
approach), which were much lower than those in the F186L mutant

Figure 3: lllustratively showing the -1 stacking interaction between side-
chains of Phe186 and Phe481. This m-1 stacking interaction could lock the
loop region after L helix in the C-terminal region. The F186L mutation could
break this -1 stacking interaction, making the loop region mentioned above
more flexible.

structure (-6.27 + 3.17 kcal/mol obtained from MM-PB/SA approach
and -8.41 + 1.65 kcal/mol obtained from MM-GB/SA approach). Based
on the energy term analysis, the variations of the binding free energies
for the wild-type and F186L mutant structures were mainly focused on
the electrostatic energies (AE ) and van der Waals interactions (AE , ).
The former for the wild-type and F186L mutant structures were -3.86 +
1.81 kcal/mol and -3.32 + 1.92 kcal/mol, respectively. The latter for the
wild-type and F186L mutant structures were -15.37 + 1.79 kcal/mol and
-13.50 + 1.41 kcal/mol, respectively.

After observing the molecular dynamics trajectories, we found that
the ANF binding site in the wild-type and F186L mutant structures were
quite different (Figure 4). In the wild-type structure, the ANF binding
site was close to the heme group, which was propitious to the further
metabolic reactions of ANE In the F186L mutant structure, the ANF
binding site was comparatively far away from the heme group. This was
mainly because that the active site pocket in the F186L mutant structure
became smaller. So, we used 100 snapshots retrieved from the last 1-ns
segment on the molecular dynamics trajectories with an interval of 5 ps
to calculate the active site volume of the wild-type and F186L mutant
CYP1A2. The active site volume for the wild-type structure was 178 +
29 A3, much larger than that of the F186L mutant structure (93 + 30
A3). As mentioned above, the smaller active site volume in the F186L
mutant structure was mainly caused by the conformational changes of
the side-chains.

Energies terms Wild-type F186L mutation
AE,, -3.86 + 1.81 332+1.92
AE,q, -15.37 £ 1.79 -13.50 + 1.41
AE,,, 19.23 £ 3.64 16.82 £ 3.02
AG, poiares -1.84 £ 0.09 -1.80 + 0.10
AG, s 12.55+2.74 12.35 +2.44
AG, s 10.71 £ 2.65 10.55 + 2.38
AGygps -8.52 +3.22 627 +3.17
AG,, poiarics -2.48 £0.10 -2.56+0.15
AG, s 11.04 £ 1.94 10.97 + 1.96
AG, e 8.56 +2.09 841+ 1.85
AGygcs -10.67 + 1.89 -8.41+1.65
NOte AEQHSZAEG|E+AEVdW; AGSOl/PBzAGe\e/PB+AG"0"'DO\ar/pB; AGbind/PE:AEQES-‘—AGSOVPB_TAS;
AGynyee™ AE935+AGSOIIGB_

Table 2: Binding free energies (kcal/mol) calculated by the MM-PB/SA and MM-
GB/SA methods for ANF bound in the wild-type and F186L mutated CYP1A2.

G'
oG

ANFF186L

D ‘ 'ANFwild-type

. HEME

Figure 4: ANF binding modes in the wild-type and F186L mutant structures. In
the wild-type structure, the ANF binding site (colored in red) was close to the
heme group, which was propitious to the further metabolic reactions of ANF.
In the F186L mutant structure, the ANF binding site (colored in green) was
comparatively far away from the heme group due to the much smaller active
site volume.
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Conclusion

In the current study, we focused on human CYP1A2, which have 8
alleles that can significant decrease its enzymatic activity. Among the
8 alleles, CYP1A2*11 allele (F186L) was selected for further studies.
This is because that this mutation is located on the flexible loop
between D and E helices far away from the catalytic center, and has no
influence on the protein expression. To understand why this mutation
can significant decrease the enzymatic activity of human CYP1A2, we
performed molecular dynamics simulation and free energy calculation
on both wild-type and F186L mutant CYP1A2 with a ANF bound in
the active site. Our molecular dynamics trajectories showed that this
mutation had little influence on the entire protein structure. Instead,
this mutation impacted on the side-chain conformations. As a result,
the F186L mutant structure employed a smaller active site and larger
solvent accessible surface. The former could weaken the binding
affinity of ANF in the active site, while the latter made the substrate
access channel in a closed state. Our findings can reveal an in-depth
understanding for the mechanism of the mutation-induced decrease of
the enzymatic activity of human CYP1A2, providing useful information
on the structure-function relationships of human CYP enzymes.
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