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Human cytochrome P450 1A2 (CYP1A2) plays a critical role in the mechanism of drug metabolism the
understanding of which constitutes a cornerstone in drug design processes. Its relevance has furthered
in view of recent trends in tailor made medicine, since the enzyme's activity differs according to the
mutations or single nucleotide polymorphisms (SNP's) in the respective genetic coding region. Here we
investigate the structural variation induced by selected single mutations that have been reported on the
CYP1A2 enzyme. We applied our graph theory approach and mainly focus on the differences in 3D
structure between the "wild-type" and the mutant structures in terms of the structural flexibility changes
that may arise as consequence of the mutations. Based on this information we have additionally inferred
internal collective motions that may affect the function of the enzyme using molecular dynamics
simulations. Our results show that most of the studied mutations are located in loops and regions of
high flexibility and the simulation of their dynamic behavior sheds light on probable consequences of
these mutations on the function of the enzyme.
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INTRODUCTION

Human cytochorme P450 (CYP450) enzymes catalyze the
metabolism of a wide variety of clinical, physiological, and
toxicologically important compounds (Saito et al., 2005).
CYP1A2 is a principal family 1 enzyme expressed in
human liver, and it significantly contributes to the hepatic
metabolism of drugs (Sansen et al.,, 2007). Liver
drug-metabolizing CYP450-enzymes in general but
CYP1AZ2 type ones in particular play a predominant role in
the metabolic clearance of caffeine and melatonin as well
as of marketed drugs such as flutamide, lidocaine,
olanzapine, tacrine, theophylline, triamterene, and
zolmitriptan (Agundez, 2004). However, several studies
have reported individual variations in the activity of
CYP1A2 amounting to up to 60 fold levels in drug
clearance (Shimada et al., 1994; Saruwatari et al., 2002).
Moreover, approximately 15 to 40 fold inter-individual
variations in CYP1A2 mRNA and protein expression levels

*Corresponding author. E-mail: m.ismaelmohamed@gmail.com.
Tel/Fax: +20-93-460-1159.

have been also observed in the human liver (Ikeya et al.,
1999; Guengerich et al., 1999). These inter-individual
differences are likely to influence the drug metabolism and
to be associated with drug efficacy and safety as well as
cancer susceptibility caused by procarcinogens.
Environmental factors have been thought to influence the
inter-individual differences. Cigarette smoking and intake
of oral contraceptive steroids are well established
modifiers of CYP1A2 activity (Rasmussen et al., 2002).
However, it has been suggested that approximately 35 to
75% of the inter-individual variability in CYP1A2 activity is
due to genetic factors (Kendler and Prescott, 1999). Thus
several researches have focused their efforts on the
identification of CYP1A2 genetic variants.

Large inter-individual differences in CYP1A2 stand for
large differences in drug clearance. The basis for this
variation is only partially understood. Structural
characterization of human CYP1A2 has been reported
recently. On the other hand, several investigators have
reported the critical amino acids affecting CYP1A2 activity.

Murayama et al. (2004) reported six single subsequent
mutations in human CYP1A2, T83M, el68Q, F186L,
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S212C, G299A, and T438l. Among these six CYP1A2
variants, F186L showed the most profound and
statistically significant reduction in CYP1A2 oxidation
reactivity. However all these reported mutations are
located in regions far from the active site; and the majority
is located on the surface.

The elucidation of the effects of these mutations on the
structure of these enzymes and consequently their
function gains in importance as recent trends in drug
design underscore individualized medicine as the next
challenging task in this field. Mapping the effects of single
nucleotide polymorphisms (SNP’s), especially those on
coding regions of chromosomes, in terms of structural and
functional changes in the expressed proteins constitute
the basis to undertake this enterprise.

Under these circumstances, using a recent system
called RIGIX developed in our laboratories we examine
the effects of natural mutations on protein structure and
function in terms of the gain or loss of flexibility of the 3D
structure of the mutant as compared to that of the wild type
(Del Carpio et al., 2005; Abdur Rauf et al., 2009). Based
on this information we identify regions in the protein that
may undergo collective motions important to the function
of the protein, especially those affecting the active site.
These calculations are applied to the six reported mutants
of the CYP1A2 enzyme. Application of our graph theory
approach to the 3D structures of the mutants and the WT
reveals changes in the flexibility of the WT that differ in
maghnitude according to the type of mutation.

Finally, in order to evaluate the effects of these
mutations on the dynamic behavior of the protein the
models were subjected to molecular dynamics (MD)
simulations. The simulation allowed the characterization of
the time of evolution of the structure and averaging the
values of structural properties. Structures to perform the
present work were extracted from the RCSB protein data
bank, and for those mutants whose structures can not be
found in the data bank, we built a model by deletion and
insertion of the mutated amino acid.

Our investigations on the CYP1A2 wild type and (T83M,
el168Q, F186L, S212C, G299A and T438l) mutant
structures reveal that mutant F186L shows the largest
perturbation in terms of the flexibility adopted by the
mutated structure. Analysis of the found structural
differences arisen by the mutation of F186L and
performing the MD simulation of these regions lead us to
postulate that the internal collective motions originated as
consequence of the mutated amino acid inhibit the
expression of the enzymatic properties of the molecule.

METHODS
Modeling the mutant structures

The X-ray structure extracted from RCSB protein data bank
(PDB:2H14) of the human CYP1A2 was used as the wild-type (WT)
model. The WT structure was used as the starting structure to
generate mutant (MT) structures by replacing WT residues with the

mutating residues. Figure 1 shows the WT structure with indication to
the positions of mutations, referring to the names of residue prior
mutation. Overall, six MT structures were generated corresponding
to the six point mutations T83M, E168Q, F186L, S212C, G299A, and
T4381 (Murayama et al., 2004). The residue replacements were
carried out using the MUTATE_MODEL command of
Swiss-PdbViewer (Guex and Peitsch, 1997).

Molecular dynamics simulation

The maestro program package adopting the OPLS-AA force field
parameters was used for energy minimization (EM) and molecular
dynamics (MD) simulations (Jorgensen et al., 1996; Zhang et al.,
2001). The structures were energy minimized using the steepest
descent method, terminating when maximum energy gradient is
found to be smaller than 0.05 KJ/mol. The energy-minimized
structures were subjected to MD simulation for 250 ps. All the
simulations were performed in the NVT ensemble at constant
temperature (300 K) and pressure (1 atm.) with a time step of 1.5 fs.
The cell solvent was represented using cubic cell of water
surrounding each model.

Flexibility analysis of the WT and MT structures (RIGIX
software)

It is a very well known fact that the dynamics of protein folds are
dictated by the intra-molecular inter-atomic interactions energies. A
protein fold is mainly stabilized by covalent bonding and
intra-molecular electrostatic interactions, especially, hydrogen bonds
play a critical role in the stabilization of the secondary structure of a
protein, mainly helices and sheets conformations. A commonly used
index to account for the stability of a molecule is the number of
degrees of freedom (DOF) or the number of floppy modes in the
network of interactions that hold the atoms at fix positions within the
molecule.

Although enumerating the number of DOFs for a molecule
involves computationally expensive procedures, a methodology
based on network rigidity and constraint counting proposed by
Jacobs et al. (2001) has proved a worst case performance of O(n2),
for a network of n sites. We have developed an algorithm based on
Jacobs algorithm to account for flexibility loss and rigidity gain not
only in a protein but also in protein complexes formed by more than
two interacting subunits (Del Carpio et al., 2005). The program
expresses the flexibility of an amino acid calculating the index flex,
the definition of which is expressed by the following equation:

_ Number of independent hinges in the amino acid
Number of constrains for theamino acid @

flex

The difference in flexibility among the wild type and mutants can be
expressed by the sum of the differences in flexibility of the amino
acids at corresponding positions in the mutant and the wild type
(Equation 2) as expressed in Equation 3:

Mlex = flex™™™ — flex"’
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Figure 1. Flexible and rigid regions in CYP1A2 are shown with cyan and red colors respectively.

Where Aflexi is the difference in flexibility at the amino acid level and
AFlex is the total difference in flexibility for the mutant; N being the
total number of amino acids in the WT and mutant structures. While
the former index.

Visualization and analysis

Molecular graphics images were created with UCSF Chimera code
(Pettersen et al., 2004), and interactions between protein and ligand
were analyzed by schematic representation using the LIGPLOT
program (Wallace et al., 1995).

RESULTS AND DISCUSSION
Flexibility of the CYP1A2 WT structure

Figure 1 shows the mapping of the flexible regions on a
ribbon model of the 3D structure of the WT regions of high
flexibility are shown in red. It can be observed that only
G299 belongs to a flexible region while all other mutation
sites are rigid. The rigidity of the substrate binding pocket
comes from the fact that this region is conserved and it
explains why substrate interacting with the heme group in

the protein remains in a perpendicular plane through the
metabolic reaction.

Figure 2 shows the results of applying RIGIX program to
the structure of the CYP1A2 WT which is used as
reference for comparison with MT structures. Analysis of
the residue’s flexibility indicates that most residues are
rigid (flexibility index less than 0.15). Heme moiety is
surrounded by highly rigid residues (118, 122-125,
220-223, 226, 256-260, 313, 317- 321) which is essential
for the substrate binding site pocket.

Flexibility analysis of the CYP1A2 MT structures

Figure 3 summarize schematically the differences in
flexibility (AFlex) for the six mutants studied in the present
work calculated relative to the WT. In these plots, T438lI
shows minor difference because it is located in a high
flexible loop and near the C terminal. Global flexibility
changes for the mutants T83M, E168Q, F186L, S212C
and G299A show increase in the flexibility of the residues
102, 400 and 513, with almost the same value. For the
flexibility change on the MT site itself, F186L and G299A
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Figure 2. Graph of the flexibility index versus the amino acid numbers in the WT of CYP1A2.
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Figure 3. Comparing the rigidity difference between the MT structures.
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Figure 4. The RMSD of the Ca of the WT and F186L mutant versus the simulation time.

show increasing in the flexibility (AFlex are -0.06 and -0.03
respectively). The other MT sites became rigid (AFlex for
T83M, E168Q, F186L, and G299A are 0.15, 0.05, 0.10
respectively. S212C had no changes. Increase in rigidity
will preserve the main skeleton of the protein structure and
thus preserve its activity. While increasing the flexibility will
lead to a distortion in the structure and inhibiting the
activity.

MD simulation studies

The results of applying the structural analysis to the
mutants and wild type molecules are in fact a static
assessment of the rigidity/flexibility of the structures, and
also point out those flappy amino acids present in a
determined structure that may lead to particular motions
within the protein structure. How these motions proceed

and how these movements propagate through the protein
structure leading to a disruption in function however can
only be estimated performing the dynamic simulation of
these motions. Here we have applied molecular dynamic
simulations (MD) to the structure of the MTs as well as the
WT. Hence, the WT and the MT structures were subjected
to MD simulations for 250 ps. The instantaneous
structures saved at every successive 2.5 ps from the
beginning of the simulation.

Overall structural changes

The overall structural deviation between the WT and the
F186L from their initial structures during the entire
simulations was observed by calculating the RMSD of the
C,. Figure 4 shows the RMSD versus the simulation time.
It should be noted that the starting structures were
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Figure 5. Superimposition of the final “pink” and initial “gray” structures of the (a) WT and (b) F186L mutant. 2D
schematic diagram of the Hydrogen bonds in the final structure of the (¢) WT and (d) F186L mutant.

identical except for the side chains of the residues at the
mutation site. Both structures initially evolve rapidly during
the first 50 ps and seem to stabilize at different times. All
analyses were carried out using the data collected after
RMSD stabilization. The average value of the overall
RMSD after stabilization is of 1.06 Ain WT, whereas in the
mutant F186L mutant it is 0.45 A.

Structural changes at the mutation sites

Substitutions of residues at the mutation sites are

expected to bring out certain structural changes at the
mutation sites. To know changes brought out by the F186L
mutation, we calculated the RMSD in the mutation flexible
region recognized by the first graph theoretical procedure
as mentioned above. Furthermore, since these changes
are brought up mainly by disruption of the network of
hydrogen bonds we have compared the hydrogen bond
(Hb) interaction networks in both the WT and the mutant.
Figure 5 shows the superposition between the final and
initial structures of the WT and F186L mutant and the 2D
scheme of the network of Hb of two final structures. From
the Figure it can be seen that the F186L mutation is



characterized by a major conformational change at the
mutation site as compared to WT. The mutation site is
marked by a large RMSD of C, (res. 181 ~res. 191) 1.21 A
compared with that of the WT which is 0.57 A. Similarly,
the Hb interactions present in Phe186 of the WT were not
formed by Leul186 in the mutant model (Figure 5a and d).
The increased flexibility in the structure of the mutant can
thus be attributed to the loss of this interaction and
decreases reactivity of the cytochrome (Murayama et al.,
2004; Rosaert, 2008).

Conclusions

Through this study we have been able to map the effects
of single mutations on the three dimensional structure of
proteins, and by consequence in its function. The key step
in our study is the graph theoretical analysis of the rigidity
of the 3D structures of the wild type and mutant which
leads to the determination of the most flexible regions on
the proteins. We have seen here for example, that while
five out of six mutations have no relevant effect on the
structural stability of the protein, the F186L does, and the
underlying cause for the change in rigidity of this mutant is
the difference in the internal network of hydrogen bonds in
the WT and the mutant. Molecular dynamics simulation of
the structures corroborates these results, and shows that
the loop containing the mutated amino acid changes of
conformation even at small simulation times.

The repercussion of this change in the conformation of
the binding site can thus be expressed in terms of the
rigidity of this loop, which apparently far away from the
receptor region, affects the amino acids surrounding the
heme group. Since several studies, including one of ours,
have found that conformation at the receptor site has to be
rigid so that ligands must approach the heme group at a
perpendicular plane, the imbalance brought up by the
internal motion originated by this mutation can influence
the rigidity of the pocket region in CYP1A2.
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