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It is known that small changes in the amino acid sequence can change the catalytic activity of cyto-
chromes towards substrates dramatically. With the aim to broaden our knowledge about the structural
properties of cytochromes and their relation with substrate specificity a model of CYP2A5 was built by
homology modelling based on the crystal structure of CYP2C5. Model stability was evaluated by sub-
jection of the model to a free molecular dynamics simulation in a waterbox under almost physiological
conditions using the GROMACS program. The protein folding remains stable over 1.5 ns under these
conditions. The modelling procedure was repeated for two mutated forms of CYP2A5 with known
differing substrate selectivities towards corticosterone and desoxycorticosterone. A detailed analysis of
the models and their behaviour in long running molecular dynamics simulations allows an understand-
ing of the requirements for enzyme activity as well as an explanation of respective experimental data
on the molecular level.

1. Introduction

Cytochromes P450 can be found in almost any living or-
ganism. They play key roles in synthesis and degradation
of endogenous and exogenous substances. Synthetic cyto-
chromes are highly specific and selective. Metabolic cyto-
chromes however, are not highly selective and therefore
able to transform a large number of different substrates.
The general molecular function of the cytochromes P450s
is activation of molecular oxygen. During the catalytic cy-
cle one of the oxygen atoms is inserted into a carbon-hy-
drogen bond forming an hydroxyl group. The second oxy-
gen leaves the reaction trapped in a water molecule. This
requires two reduction equivalents (i.e. two electrons and
two protons). The electrons are delivered by a specific
electron transport system and a chain of water molecules,
tunnelling from the periphery to the active site, delivers
the protons.
The CYP2A5 cytochrome investigated in this study origi-
nates from the rabbit but is very homologue with the hu-
man CYP2A6. We have investigated CYP2A5 because ex-
perimental data on hydroxylation rates for this enzyme as
well two of its mutants are known and can be used to vali-
date the modelling process. CYP2A5 is active in metabo-
lism and until now no endogenous substrate is known. So
the main task probably is the degradation of xenobiotics.
All therapeutic drugs are xenobiotics by definition and
many of them are metabolised via the cytochrome P450
system. Since inter-individual differences in combination
and activities of cytochromes can influence the metabolism

of all kind of drugs it is very desirable to know more about
the structural differences in cytochromes in order to ex-
plain their different behaviour towards substrates.

2. Investigations, results and discussion

2.1. Homology and sequence alignment

The publication of the first crystal structure of a mamma-
lian cytochrome P450, CYP2C5, by Williams et al. (2000)
improved the basis for homology modelling of cyto-
chromes significantly. Especially modelling of cyto-
chromes of the family 2 is now based on considerably
higher sequence identities (40–70% compared to the
rather low similarity with the previously known prokaryo-
tic cytochromes. The identity between CYP2C5 and
CYP2A5 is above 50% (sequence homology: >76%). It
is well known that the 3-dimensional fold of cytochromes
is conserved throughout the whole cytochrome P450
family (Nelson and Strobel 1987; Hofmann et al. 1999;
Nebert and Gonzales 1987; Gotoh 1997; Hasemann et al.
1995), therefore modelling of CYP enzymes in principle
is possible also in case of less marked homology.
The crystal structure of CYP2C5 does not contain coordi-
nates for two segments of the protein. First, the N-term-
inal end, that in common opinion serves as a membrane
anchor and prohibited the crystallization of the mamma-
lian cytochromes for a long time, was not expressed in the
protein used for crystallization. Therefore the membrane-
spanning N-terminal region in the CYP2A5 model is omitted
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as well. The second region where coordinates are missing
is a highly flexible loop between the F- and G-helix. Co-
ordinates for the 11 amino acids in this region had to be
generated employing a special loop search procedure.

2.2. Model building and relaxation

2.2.1. Static model building

For model construction the coordinates of all backbone
atoms of structurally conserved regions were transferred
from the 2C5 crystal structure to the model structure.
Identical amino acid side chain coordinates were trans-
ferred as well (Fig. 1). For all other side chains occurring
in the CYP2A5 sequence the coordinates were taken from
a set of frequently occurring conformations listed in the
Ponder and Richards tables (Ponder and Richards 1987).
The choice of the best fitting conformation was based on
the backbone angles in the model.
Coordinates for the structurally variable regions were gener-
ated using the loop search routine in the HOMOLOGYmod-
ule of INSIGHT II (Molecular Simulations Inc. 2000).
Further refinement of the rough model was performed in
consecutive energy minimization steps (CVFF forcefield).
Firstly the areas around splice points between different
structural segments was minimized. Only a few amino
acids before and after the splice points were allowed to
move freely. All other parts of the structure were fixed.
In the next step steric overlaps between any of the modi-
fied amino acids and the rest of the protein which arose
during the replacement of the non-identical side chains as
well as by insertion of loop structures were corrected.
With the help of the program SCWRL (Bower et al. 1997)
a further improvement of the model was achieved. SCWRL
checks all mutated side chains for steric interactions with
any other part of the protein. After recognition of interde-
pendent clusters of unfavourable side chains SCWRL tries
to smoothen the interactions by optimisation of the whole
cluster instead of single side chains. In the following mini-
mizations subsequently growing parts of the protein were
allowed to move freely (loop side chains ) all loop atoms
) mutated side chains in the conserved regions ) all side
chains). In order to protect the overall fold of the protein
all backbone atoms in the conserved regions were fixed
during this first refinement. Superimposition of the con-

served backbone onto the crystal structure and copying the
cofactor atoms (heme) into the model structure completed
constructions of the first preliminary CYP2A5 model. All
of the before mentioned calculations were performed on
Silicon Graphics workstations (Indigo2, R10000).

2.2.2. Dynamic model relaxation

After preliminary static minimization the protein was
further relaxed by performing extensive molecular dy-
namics simulations (mds). All mds were performed using
the GROMACS package with the GROMOS96 forcefield
at physiological temperature of 310 K (Berendsen et al.
1995; Torda et al. 1989; Berendsen et al. 1984; Miyamoto
and Kollman 1992; Hess et al. 1997; van Gunsteren et al.
1996). The model was embedded in a box with 0.5 nm add
on edge length on each side of the maximum diameter of
the protein and the box was filled with spc (single point
charge) water molecules. In order to approach physiologi-
cal conditions and to fulfil the calculational requirements of
the GROMACS package for overall electrostatic neutrality
ions were added to the waterbox (20 hydrogen phosphate
ions as well as 37 sodium ions). Parameters for the heme
moiety were chosen analogous to the work published by
Wade and Schappach (Helms and Wade 1995; Schappach
and Höltje 2001). The resulting system consisted of 34621
atoms (4857 protein, 157 ions, 29607 water molecules).
By inclusion of water molecules into the simulations we
were able to gradually waive any artificial forces restrain-
ing the protein. In the first step all non-hydrogen atoms of
the protein were restraint to their respective starting posi-
tion with 1000 kJ � mol�1 � nm�2 for 100 ps. In the follow-
ing steps the restraining forces were reduced to 500, 200
and 100 kJ � mol�1 � nm�2 in successive dynamics runs of
100 ps each. This was followed by a 1500 ps dynamics
run free of any tethering forces. All relevant parameters
used in the dynamics simulations are listed in Table 1.

2.3. Evaluation of protein geometry

The model was stable over a simulation period of 1.5 ns.
For judging the quality of the homology model the crystal
structure of cytochrome CYPeryF (pdb code: 1OXA) was
subjected to identical mds conditions and the root mean
square deviation (rmsd) observed were analyzed. The CYP-
eryF model shows slightly less movement in the back-
bone during dynamic treatment (� 0.12 nm) compared to
0.2 nm measured for the CYP2A5 model (Fig. 2). When
only the backbone atoms of the active site regions in the
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Fig. 1: Sequence alignment of CYP2A5 and crystallized CYP2C5. Boxes
indicate areas of coordinate transfer. Small letters in the CYP2C5
sequence indicate that these amino acids were missing in the crys-
tal structure. The N-terminal part of the protein was not included in
the model. For the two other regions where coordinates were not
transferred a loop was modelled

Table 1: Parameters used in dynamics simulations

Length of integration step 1 fs
Temperature 310 K
Output frequency (velocity) 1000 fs (1 ps)
Output frequency (energy) 500 ps
Electrostatics calculation method PME
Electrostatics interaction radius 0.9 nm
Fourier grid spacing 0.12 nm
PME interpolation Cubic
FFT optimisation Yes
VdW interaction calculation method Cut-Off
VdW interaction radius 0.9 nm
Temperature coupling Yes
Pressure coupling Isotropic
Constraints H-bonds only
Calculation (H-bond constraints) LINCS



CYP2A5 model are used for the rmsd comparison the de-
viation from the starting coordinates is slightly better than
was found for the CYPeryF. Naturally the largest amount
of flexibility is observed in the inserted loop regions,
which are located at the outer bounds of the protein and
show no direct interaction with the active site. The active
site region in contrast does not show flexibility at all.
During the calculations the protein geometry was con-
stantly analyzed employing PROCHECK (Laskowski et al.
1993). This program checks all important parameters char-
acterising the quality of a protein (bond-length, bond-angle,
F/Y-angle-distribution (Ramachandran-plot), c1/c2-angle-
distribution, bad contacts, h-bonding energy, folding-qual-
ity) and compares the data with X-ray structures at a de-
fined resolution level. According to PROCHECK the mini-
mized model structure shows a good overall geometry, with
most of the quality parameters being better than average or
within the range of allowed tolerance. Only the values for
the w-angles are worse than average. In crystal structures
these angles are found in almost all cases at perfect 180

degrees. The GROMACS force field, however, allows lar-
ger variability. So good values for this parameter could not
be expected and were not found in any of the models.
All models show a comparably good overall G-factor,
which represents the sum of all individual bonding- and
folding-parameters. The F/Y-angle-distribution (Rama-
chandran plot) is reasonable with more than 95% of the
residues in the two favoured regions (Fig. 3). Only four
amino acids (1%) are found in “disallowed” regions, but
these amino acids were either already located in the
“generously accepted” regions also in the crystal structure
template and moved only slightly to the “disallowed” re-
gions or were found to be in a beta-hairpin-turn that often
shows energetically unfavourable conformations.
In all cytochromes known so far there are sets of con-
served sequence motifs that result in particular 3-dimen-
sional arrangements of the involved amino acids and salt
bridges (e.g. ER/(R/H) motif, a salt bridge between G-
and H-helix important for fixation of the heme). All these
motifs are maintained in the model structure after the
1.5 ns dynamics. Furthermore it is known that during the
substrate-free, inactive state of the cytochrome reaction cy-
cle a water molecule is coordinated to the sixth open va-
lence of the central iron. This water molecule was found
in this position during the whole dynamics simulation of
the CYP2A5 model (Fig. 4). In summary the analysis de-
monstrates that the generated CYP2A5 model structure
shows equivalent stability and protein quality when com-
pared to the CYPeryF and CYP2C5 crystal structures.

2.4. Validation of the model

In order to further validate the model it was used to ex-
plain the variation of activities of two closely related sub-
strates. The transformation rates of the rather similar sub-
strates corticosterone and deoxycorticosterone in the
CYP2A5-wildtype, as well as in a F209N- and a F209L-
mutant have been determined experimentally (Iwasaki
et al. 1993; Juvonen et al. 1991; Iwasaki et al. 1990).
Deoxycorticosterone is a substrate for CYP2A5. It is
transformed by hydroxylation to the 15-alpha-product. For
corticosterone this transformation occurs only in the
F209N-mutant. As a test for the meaning of the models an
attempt to find structural explanations for the variance in
the measured activities was started.
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Fig. 2: RMS deviation of all backbone atoms in the CYP2A5 (black) and
CYPeryF (green) models. Only backbone atoms of the active site
of the CYP2A5 model are used for comparison (red). The first
400 ps were calculated with stepwise reduced position restraints
followed by 500 ps of free dynamics simulation

Fig. 3: Ramachandran plot of the minimized CYP2A5 model after 1500 ps
of molecular dynamics

Ala481Phe209

Val117

Met365

I-Helix

Fig. 4: Active site of the CYP2A5 model after 1400 ps of free dynamics
simulation. During the whole simulation period a water molecule
was found as sixth ligand to the heme iron (magenta). Only some
side chains of active site amino acids are shown



2.4.1 Oxygen in the active site

The conditions in the active site prior to the hydroxylation
of the substrates should be imitated as closely as possible,
therefore an oxygen molecule bound to the heme had to
be considered. Supposedly the increase of lipophilicity in
the active site above the heme system by binding of the
substrate facilitates the process of replacing the water mo-
lecule acting as the sixth heme ligand by an oxygen mole-
cule, that is needed in the following hydroxylation reac-
tion. The rate-limiting step in the reaction cycle of
cytochromes is the then following heterolytic cleavage of
the oxygen molecule leading to formation of water and an
active oxygen species. This reactive oxygen species then
attacks the closest hydrogen of the ligand and abstracts it.
The next step is a very fast “rebound mechanism” in
which the hydroxyl group is attached to the open valence
of the substrate (Yoshizawa et al. 2001; Hata et al.
2001).
In 2000 Schlichting et al. published crystal structures
showing the described path for cytochrome P450cam. We
have used this information to position an oxygen molecule
above the heme iron replacing the bound water molecule
in order to prepare the model for substrate transformation.
Since there are no parameters for an oxygen-iron bond in
the GROMOS96 forcefield weak distance constraints had
to be employed in order to fix the position of the oxygen
above the heme plane. The distance between the iron and
the closer oxygen atom was constraint to 0.15–0.3 nm
with 50000 kJ/nm2 � mol. Additionally in order to ensure
the perpendicular position of the oxygen above the iron a

distance of 0.2–0.4 nm between the oxygen atom and
each of the nitrogens surrounding the iron was constrained
with 25000 kJ/nm2 � mol.
The structures published by Schlichting et al. also re-
vealed an explanation for the observed widening of the
I-helix of cytochromes close to the heme moiety. A
water molecule bound in the helix was found and it was
proposed that this water molecule is the last one in a
chain of water molecules used to transport protons very
efficiently from the environmental solvent to the buried
active site of the cytochromes. Protons are an essential
part of the reaction mechanism because they are needed
for formation of a water molecule after cleavage of the
dioxide bond.
Applying the mentioned constraints a mds was performed
for the CYP2A5 model. Shortly after starting the simula-
tion a water molecule occupied a stable position within
the I-helix and stayed in this position throughout the
whole dynamics run. It forms stable hydrogen bonds to
Phe 300, Ala301 and Thr305, which are conserved
throughout almost the whole cytochrome P450 family
(Fig. 5). This result gives an encouraging evidence for the
reliability of the model building procedure.

2.4.2. Docking into the CYP2A5 wildtype

A representative protein geometry of CYP2A5 which is
needed for the docking of corticosterone and deoxycorti-
costerone into the active site was chosen by extracting
snapshots every 10 ps during the last 100 ps of the dy-
namics simulation. The individual frames were subjected
to a minimization protocol (100 steps of steepest-descent
minimization) to receive comparable low energy struc-
tures. The resulting frames were compared with the help
of the program PROCHECK to evaluate the overall pro-
tein geometry and also by a visual inspection of the ami-
no acids surrounding the active site. Since all structures
had comparable quality the structure with fewest amino
acids in the disallowed region of the Ramachandran plot
was chosen as docking template.
Subsequently both ligands were docked manually into the
active site furnished with an oxygen molecule bound at
the heme (see 3.1). The manual docking was guided by
the published cytochrome structures co-crystallized with
their respective substrates. In these crystal structures it is
found that the distance between heme iron and the carbon
that is hydroxylized in the reaction ranges from 0.4 to
0.5 nm. Also it can be observed that the particular C––H
bond which accepts the oxygen atom points directly to the
activated oxygen.
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Table 2: Transformation rates for corticosterone and deoxycorticosterone in different CYP2A5 mutants

Transformation rate in nmol/(min � nmol [enzyme])

Corticosterone Deoxycorticosterone

Wildtype n.d.1 0.1
F209N 16 8
F209L n.d.1 16

1 n.d.: not detectable

Fig. 5: Active site view with the I helix in the background (grey). Bound
inside the cleft is a water molecule responsible for the delivery of
protons to the active site to cleave the oxygen molecule. The oxy-
gen molecule replaced the water molecule as sixth ligand in the
docking simulations



2.4.3. Dynamics of wildtype and point mutants of
CYP2A5

The point mutations of CYP2A5 were done by mutating
the wildtype structure. In the F209N mutant the phenylala-
nine side chain was replaced with an asparagine whereas
in the F209L it was replaced with a leucine. The mutated
forms then were energy minimized and subsequently sub-
jected to a molecular dynamics simulation for 700 ps
each. Next the ligands corticosteron and deoxycorticoster-
on were docked into the active sites of both mutants and
then the behaviour of all six generated ligand-enzyme-
complexes during mds were analyzed.
In course of the simulations three parameters with known
importance for the hydroxylation reaction were monitored.
� The distance between the heme iron and the carbon to
be oxidized (range 4–5 �A)

� The position of the particular water molecule in the
I-helix

� The direction of the C––H bond towards the activated
oxygen atom (C––H––O angle between 170–180�,
Yoshizawa et al. 2001; Hat et al. 2001). The deviation
from the ideal linear geometry was measured by angles
a (perpendicular to the heme plane) and u (parallel to
the heme plane). Fig. 6 illustrates the meaning and the
sign of the angles.

The variation of these parameters can be utilized for illus-
trating the influence of mutated active site amino acids on
the hydroxylation reaction.

2.4.3.1. Corticosterone and deoxycorticosterone in the
wildtype

Experimental data: The measured activity of CYP2A5
against deoxycorticosterone is very low (0.1 nmol/min/
nmol(P450)). Corticosterone is not a substrate at all.
Carbon iron distance: For both ligands the distance be-
tween the carbon and the heme iron increases from ap-
prox. 4.5 �A at the beginning to around 5 �A.
Water in the I helix: An important difference between the
two simulations with corticosterone and deoxycorticoster-
one, respectively, is that for deoxycorticosterone the water
molecule bound in the I helix at the beginning of the run
remains in this position during the whole 300 ps of simu-
lation time.
For corticosterone, however, this water molecule moved
away from its position in the helix shortly after starting

the mds. This behaviour can be explained by the fact that
corticosterone forms a hydrogen bond to the nearby
Thr212. The stabilisation of the ligand in an almost per-
pendicular position to the heme pushes the voluminous
phenylalanine side chain towards the I-helix thereby dis-
placing the water (Fig. 7).
CHO angle: The angle between carbon, hydrogen and
oxygen in the mds with corticosterone was found to be
around 0� for both a and u. Deoxycorticosterone which
cannot form an additional hydrogen bond is displaced
from the optimal perpendicular position above the heme
so that the values for both, a and u move into slightly
negative regions (Fig. 8).
Summary: The well-positioned corticosterone can not be
transformed by CYP2A5 because of displacement of the
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Fig. 6: Schematic view of the angles used for the analysis of the dynamics
with substrate. C15 represents the carbon atom of the substrate, O1
and O2 represent the oxygen molecule bound to the heme iron
(FE). Both figures show two possible positions of the hydrogen-
carbon bond in which the oxygen is inserted during hydroxylation.
Deviations are shown in magenta (u) and green (a), respectively

Thr212
Phe209

Corticosterone

Water

Fig. 7: Last frame of the wildtype dynamics with corticosterone. View par-
allel to the I-helix (left). The water molecule in the I-helix moved
away from its original position. The additional hydrogen bridge
between corticosterone and threonine 212 is marked

Fig. 8: Direction of the substrate CH-bond according to Fig. 6. After 50 ps
of equilibration a free dynamic of 300 ps of deoxycorticosterone in
the wildtype (F209) of CYP2A5 was monitored



essential water molecule in the I-helix. The position of
deoxycorticosterone in the active site is not optimal but it
still fulfils all prerequisites for hydroxylation.

2.4.3.2. Corticosterone and deoxycorticosterone in the
F209N mutant

Experimental data: In the F209N mutant both substrates
are hydrolized efficiently. The transformation rates are 16
and 8 nmol/min/nmol (P450) for corticosterone and deox-
ycorticosteron, respectively.
Carbon iron distance: In both simulations the distance be-
tween carbon and iron stayed well between 4 and 5 �A
(0.46 � 0.026 �A for corticosterone and 0.45 � 0.019 �A for
deoxycorticosterone).
Water in the I-helix: Due to the Phe209Asn mutation a
new hydrogen bond to the water in the I-helix is formed
thus stabilizing the water molecule in its important posi-
tion (Fig. 9).
CHO angle: A different behaviour is observed for the two
substrates. Whereas for corticosteron both angles often
are found to be in optimal position for hydroxylation
(a ¼ u ¼ 0�), in the deoxycorticosterone complex a varies
around 0� but u oscillates between 10� and 20�

(Fig. 10).
Summary: Both substrates are hydroxylized. The higher
hydroxylation rate of corticosterone nicely can be ex-
plained by its more stable directionality (a- and u-angle)
towards the heme and the active oxygen species

2.4.3.3. Corticosterone and deoxycorticosterone in the
F209L mutant

Experimental data: The F209L mutant shows no activity
towards corticosterone whereas deoxycorticosterone was
transformed well with 16 nmol/min/nmol (P450).
Carbon iron distance: In both simulations the distance re-
mains below 5 �A for most of the 300 ps (0.46 � 0.026 �A
and 0.45 � 0.019 �A for corticosterone and deoxycorticos-
terone, respectively).
Water in the I-helix: The water molecule in the I-helix
keeps its position in both mds runs. The observed dis-
tance, however, is larger than in the F209N mutant be-
cause leucine is not able to form a stabilizing H-bond
with the water molecule.
CHO angle: The u angle in both runs is around 0�. Flex-
ibility of the leucine opens space in the active site so that
corticosterone can form a hydrogen bond with Thr212.
This contact, however, forces the molecule in a position
relative to the activated oxygen which prohibits the hydro-
xylation of corticosterone (a around 40�). Deoxycorticos-
terone in contrast shows values of angle a closer to 0�

Fig. 11).
Summary: The rather large movement of the leucine side
chain opens room for the formation of an H-bond between
corticosterone and Thr212. The geometry in this complex
does not allow the hydroxylation reaction. Deoxycorticos-
terone, unable to build this hydrogen bond, remains in
closer vicinity and in better position towards the active
oxygen species in the active site. The transformation of
deoxycorticosterone in the F209L mutant is greater by a
factor two than in the F209N mutant. This can be ex-
plained by the more favourable behaviour of the u angle
which shows average values of þ5� for the F209L and
�10� to �15� for the F209N mutant, respectively.

2.5. Conclusions

Currently, cytochrome P450 enzymes are one of the most
interesting research areas because of their broad impor-
tance in nature in the synthesis of important endogenous
structures (e.g. steroid hormones) and the metabolism of
all kinds of endogenous and exogenous substrates and as
a consequence their pronounced influence on pharmacoki-
netics of drugs. In this study we offer explanations on the
molecular level for substrate selectivity and the reaction
mechanism of cytochromes P450 in general.
Based on extensive molecular dynamics simulations we
were able to determine criteria which need to be fulfilled
for hydroxylation of substrates. These are in addition to
the existence of a particular water molecule in the I-helix,
the correct distance between the heme iron and the carbon
atom, that is going to be hydroxylized, as well as the
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Asn209

5.13

Fig. 9: Hydrogen bonding pattern in the I-helix of the F209N mutant. An
additional bond to ASN 209 binds the essential water molecule

Fig. 10: Direction of the substrate CH-bond (according to Fig. 6). After 50
ps of equilibration a free dynamic of 300 ps was monitored for
the N209 mutant of CYP2A5

Fig. 11: Direction of the substrate CH-bond (according to Fig. 6). After 50
ps of equilibration a free dynamic of 300 ps was monitored for
the L209 mutant of CYP2A5



directionality of the C––H bond that is going to be re-
placed by the hydroxyl group. Whereas the importance of
the first two criteria already was suggested the latter one
has not been described before. Also, mds of cytochrome
substrate complexes including oxygen bound to heme
never have been performed so far. As already demon-
strated by Stahl (2002) for the human isoform of CYP2A5
(CYP2A6) the results of the work can be transferred to
other cytochrome isoforms with particular importance for
biotransformation in humans thereby allowing in a predic-
tive fashion to study the potential metabolic fate of newly
designed drug molecules.
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Mark AE, Scott WRP, Tironi IG (1996) Biomolecular simulation: The
GROMOS96 manual and user guide. Hochschulverlag AG an der ETH
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