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Abstract - Combined QM/MM calculations of an active-
site of Cytochrome P450cam have been performed, before
and after a binding process of Cytochrome P450cam to
Putidaredoxin. The calculations have been carried out for
two coordination spheres of the heme active-site of
Cytochrome P450cam, namely a 5-coordinated, and a 6-
coordinated system of this protein having a water molecule
as a 6th ligand. An experimentally observed increase of a
Fe-S stretching frequency after the binding process of
Cytochrome P450cam to Putidaredoxin, has been
reproduced in our calculations. The best agreement
between the experiment increase and the theoretical
increase of this vibrational frequency was found in our
calculations for the 6-coordinated heme active-site.

Keywords: QM/MM method, DFT, cytochrome P450cam,
putidaredoxin.

1 Introduction

Cytochrome P450cam catalyses the regio- and
stereo-specific hydroxylation reaction of a substrate (d-
camphor) at physiological conditions [1]. The catalytic
activity of P450cam has been intensively characterized by
experimental [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17] and
theoretical [18,19,20,21,22,23,24,25,26,27,28,29] studies,
therefore P450cam became a model protein for the entire
class of P450 enzymes. The hydroxylation reaction of d-
camphor in P450cam requires a water molecule, molecular
oxygen and two electrons to proceed [30]. Both electrons
are transferred in two distinct steps into a reaction site of
the enzyme, after the binding process of P450cam to an
iron-sulfur  (2Fe-2S) protein  Putidaredoxin  (Pdx)
[31,32,33,34,35,36]. Both experimental [37,38] and
theoretical [39,40] studies suggest that Pdx binds to
P450cam from the proximal side of the heme actie-site of
Cytochrome, forming a grid of hydrogen bonds between
both proteins. In a recent experimental study, the resonance
raman spectroscopy has been used to probe the binding
effect of P450cam to Pdx [37]. In the investigation a
change of the frequency of the heme Fe-S stretching
vibration has been observed, confirming that the binding
process of P450cam to Pdx, takes place from the proximal
side of the P450cam enzyme. Although the perturbation of
the P450cam active-site by the presence of Pdx, was a
subject of extensive investigations, a molecular mechanism
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of the interaction between both proteins remains still
unknown.

A few computational studies have been devoted to
the binding process of P450cam to Pdx [39,40], presenting
its global description. These studies showed an importance
of hydrogen bonds between both proteins and an
importance of an electrostatic interaction between them.
However because of a limitation of the theory used in these
calculations, they were unable to consider electronic
effects, which seem to be the most important factors of the
binding process. Therefore, to elucidate a mechanism of
perturbation of the P450cam active-site after the binding
process of this enzyme to Pdx, we present here a
computational study, which is based on a combined
quantum mechanical — molecular mechanical (QM/MM)
approach. In our calculations the heme active-site of
P450cam and both its axial ligands, namely a distal water
molecule and a proximal cysteine CYS357, were calculated
at a QM level of theory, while the rest of the protein
environment was calculated at a MM level. The results of
our combined QM/MM calculations were compared with
experimental resonance raman spectra of the P450cam
active-site before and after the binding process of this
enzyme to Pdx. In the calculations, both coordination
spheres of P450cam iron were considered, namely the 5-
coordianted system, and the 6-coordinated system having a
water molecule as the 6th ligand. The calculations were
performed for a doublet electronic state, according to
experimental EPR evidence [2] suggesting the low-spin
character of the heme active-site in these protein systems
particularly after the binding process of P450cam to Pdx.

2 Computational Details
2.1 MM Dynamics

We started from the x-ray experimental structure
of cyanide (CN) complex of P450cam [17], as implemented
in the 1076 pdb protein file. We have chosen this
experimental protein structure because it has a relatively
high experimental resolution published so far (1.8 A), and
also it represents the same protein system which has been
used in the resonance raman experiment (escherichia coli
bacteria). Hydrogen atoms, which are missing in the x-ray
structure, have been added to their standard positions
according to the AMBER force field [41]. MM parameters



for the heme active-site have been taken from the literature
[42], however MM parameters of a camphor molecule,
which is a part of the heme poket of P450cam, have been
obtained using the ANTECHAMBER program of the
AMBER-8 programming suite. The protein system having
the active site with 6-coordinated iron has been constructed
in our calculations by replacing the CN ligand of the heme
active-site by a water molecule. To neutralize the entire
protein system, we have used 17 sodium counter-ions
which positions have been obtained from electrostatic
potential calculations using the AMBER program. Next, the
protein system has been placed into a center of a water
sphere, having explicit TIP3P water molecules [43]. The
size of the water sphere was big enough to prevent all
protein atoms to be at least 12 A from the water — gas phase
interface. The MM dynamics consisted of slow 100 ps
heating from 0 to 300 K performed at constant volume,
followed by a long 10 ns equilibration dynamics performed
at constant volume and constant temperature. In the
simulation, we have applied a strong external harmonic
potential of the value of 10 kcal/mol A2 outside the water
sphere, keeping water molecules inside the sphere, and a
week harmonic potential of the value of 1 kcal/mol A2, for
sodium counter-ions. Separately, we have also performed
the MM dynamics of the protein having the heme active-
site with 5-coordinated iron, where the CN ligand has been
completely removed. The MM dynamics for this protein
system has been performed according to the same
procedure, as the MM dynamics of the 6-coordinated
protein system. Next we have performed the MM
simulations of protein systems having P450cam bound to
Pdx. Despite many efforts, Pdx has not been yet
crystallized, therefore the x-ray structure of Pdx has been
taken from its protein mutation [44] as implemented in the
10QQ pdb file. Serins 73 and 85 in this protein mutation
have been replaced back in our calculations by cysteins, to
mimic the original wild type Pdx. MM parameters of the
2Fe-2S component of the protein have been estimated from
quantum mechanical calculations of this molecule bound to
four -SH groups, mimicking binding of the 2Fe-2S
molecule to the protein in the original protein structure of
Pdx. The quantum mechanical calculations of the 2Fe-2S-
4SH complex has been performed at the B3LYP/6-31+G*
level of theory in the gas phase. Hydrogen atoms which are
missing in the original x-ray structures of Pdx have been
placed in standard positions using the AMBER program.
Next Pdx has been placed close to P450cam at the proximal
side of the heme active-site of P450cam keeping the
distance 12 A from the iron atom of P450cam to one of iron
atoms of Pdx. The distance 12 A which was used in our
calculations, is consistent with previous MM simulations of
the P450cam bound to Pdx [39,40]. The protein complex of
P450cam and Pdx created in our study, has been placed into
a center of a TIP3P water sphere, similar as in the MM
simulations of P450cam alone. The size of the water sphere
was large enough to keep all protein atoms inside the
sphere at the distance at least 12 A from the water — gas

phase interface. Similar as in the MM simulations of
P450cam alone, in the MM simulations of the protein
complex we have applied a strong harmonic potential (10
kcal/mol A2) outside the water sphere, and a week
harmonic potential (1 kcal/mol A2) for sodium counter-
ions. The MM dynamics of the protein complex consisted
of a slow 100 ps heating from 0 to 300 K, which was
performed at constant volume keeping the distance between
the iron atom of P450cam and one of the iron atoms of Pdx,
constrained to the value of 12 A. After constrained heating,
we have released the inter-protein constraint between the
iron atoms of P450cam and Pdx, and we have performed
the long MM equilibration dynamics for a period of 10 ns
at constant volume and constant temperature.

2.2 Combined QM/MM Calculations

After the MM simulations, 10 protein shapshots
have been randomly selected from each MM dynamics
between 9.0ns to 10.0ns of a dynamics time. Each selected
protein snapshot has been minimized at the MM level of
theory using the AMBER program. Because of a big size of
the protein system used in the MM dynamics, the MM
energy minimizations have been performed with all water
molecules constrained. Then each selected protein snapshot
has been divided into a QM part and a MM part of the
system. The QM part included the heme molecule and
proximal cysteine CYS357, and the MM part included the
rest of the protein system and the water sphere. For the
systems which involve the 6-coordinated heme active-site,
the QM part included also the water molecule. A chemical
bond between CYS357 and the protein has been cut and
resulting free chemical valences have been filled out by
hydrogen atoms according to the link atom method [45,46].
Then the QM system has been simplified by eliminating
side chains of the heme molecule and side chains of
CYS357, analogous as it has been done by others in similar
calculations of heme proteins [47,48]. The QM models used
in our calculations for the 5-coordinated and 6-coordinated
active-sites are shown in Figures 1. Next the geometry of
the QM part of the system has been optimized without any
constraints inside the fixed MM part of the system. The
geometry optimization of the QM system has been
performed at the B3LYP/6-31+G* level of theory, while
the MM protein environment was represented by the
AMBER force field. In the QM/MM calculations all
external point charges (MM atoms of a protein and a water
sphere) of the MM protein environment have been included
in evaluation of the QM electronic wave function. The
interaction between QM and MM atoms has been
approximated by a classic Lennard-Jones potential, using
newly developed parameters [49]. After geometry
optimization, oscillation Hessian has been calculated of the
same QM system in the same MM fixed protein matrix,
using the same QM/MM procedure. The QM/MM
calculations were carried out using the commercial
software package Q-Chem [50], and the results are
presented Table 1 as average arithmetic values based on 10



protein snapshots obtained from the MM dynamics. Rms
errors of these average values are reported in brackets.

3 Discussion

Table 1 presents the results of the our combined
QM/MM calculations for the doublet electronic state of the
system with the 5-coordinated and 6-coordinated heme
active-sites in the protein, based on the MM dynamics of
P450cam and the protein complex of P450cam and Pdx.
According to our results for the 5-coordinated heme active-
site, the Fe-S stretching frequency increases by 31 c¢cm-1
after the binding process of P450cam to Pdx. Although the
calculated increase of the vibrational frequency is much
bigger than the experimental increase of this frequency (3
cm-1), our results show a correct trend in the frequency
change of this vibration after the binding process of
P450cam to Pdx. Results of our QM/MM calculations
present also that the increase of the Fe-S oscillation
frequency is accompanied with a decrease of the Fe-S bond

Table 1. The properties of the Fe-S and Fe-O bonds obtained from
the QM/MM calculations in Cytochrome P450cam, and in the
protein complex of Cytochrome P450cam and Putidaredoxin
(Pdx), for the 5-coordinated and the 6-coordinated heme active-
site in the doublet electronic state. The “Change in protein”
column presents a difference between results of calculations
performed in the protein complex of Cytochrome P450cam/Pdx,
and in Cytochrome P450cam alone. The atomic charges are
calculated according to the net Mulliken population. The results of
the calculations are average values based on 10 protein snapshots
obtained after MM dynamics. The rms errors of these average
values are given in brackets. The calculated frequencies are scaled
by a factor 0.92, which reflects a common characteristic of the
DFT method [51]. * Experimental data are taken from reference
[37].

doublet electronic PA50cam P450cam/ C:?Rg
state Pdx -
protein
5-coord. heme
Fe Charge (a.u.) -0.47(x0.05) -0.52(x0.12) -0.05
S Charge (a.u.) 0.21(+0.05)  0.36(x0.03) 0.15
Fe-S distance (A) 2.21(£0.01) 2.16(x0.03) -0.05
Fe-S freg. (cm-1) 354(x9) 385(+10) 31
6-coord. heme
Fe Charge (a.u.) -0.75(x0.20) -0.49(x£0.23) 0.26
S Charge (a.u.) 0.16(x0.05)  0.12(x0.04) -0.04
Fe-S distance (A) 2.25(£0.04)  2.22(x0.05) -0.03
Fe-O distance (A) 2.01(£0.02)  2.02(x0.03) 0.01
Fe-S freg. (cm-1) 360(+14) 376(x11) 16
Fe-S experimental 3505 3535 3

Freg. (cm-1) *

length. The average Fe-S bond length obtained in our
calculations is decreased by the value of 0.05 A after the
binding process of P450cam to Pdx. There are also
observed in our calculations changes of electron density,
mainly of the sulfur atom of the heme active-site of
P450cam. According to Mulliken populations obtained in
our QM/MM calculations, there is a decrease of electron
density on the sulfur atom by the value of 0.15 a.u.
However the decrease of electron density on the sulfur
atom is not compensated by the increase of electron density
on the iron atom, which indicates that after the binding
process of P450cam to Pdx, there is an electron density
transfer from the sulfur atom to other atoms of the heme
ring.

Similar as for the protein system having the 5-
coordinated heme active-site, we observe in our
calculations for the system with the 6-coordinated heme
active-site, that the frequency of the Fe-S stretching
vibration becomes bigger by a value of 16 cm-1, after the
binding process of P450cam to Pdx. We observe also in our
calculations that the change of the Fe-S frequency is
accompanied with the change of the Fe-S inter-atomic
distance, which becomes shorter by a value of 0.03 A. In
contrast, the Fe-O bond length becomes systematically
bigger after the binding process of P450cam to Pdx,
however the elongation of the Fe-O bond has the value of
only 0.01A. A different trend in the electron density
distribution is observed in our calculations for the 6-
coordinated active-site than it has been observed for the 5-
coordinated active-site. According to Mulliken populations
of heme iron for the 6-coordinated active-site, there is
observed in our calculations a decrease of the electron
density on iron by the value of 0.26 a.u. The electron
density on the sulfur atom however remains relatively
unchanged, and we do not observe in our calculations a
significant change of electron density on the water ligand of
the heme active-site. Therefore we conclude that binding
process of P450cam to Pdx causes the electron density
transfer from iron to other atoms of the heme ring,
increasing the electron density of the heme ring, similar as
it has been observed for the protein system with the 5-
coordinated center.

We observe in our QM/MM calculations a general
trend in the change of Fe-S bond properties after the
binding process of P450cam to Pdx, namely the frequency
of the Fe-S stretching vibration becomes bigger and the Fe-
S bond length becomes smaller. This effect is observed in
our calculations for both the 5-coordinated and the 6-
coordinated heme active-site. The correlation of both
changes in the Fe-S bond properties, indicates that after the
binding process of P450cam to Pdx, the size of the
proximal side of the heme pocket becomes smaller. In the
smaller heme pocket, there are stronger steric interactions
between atoms of the heme active-site and proximal atoms
of the protein environment, and as a consequence, the Fe-S
bond length becomes smaller and the frequency of the Fe-S
stretching vibration becomes bigger. However, according to



our calculations, the size of the distal side of the heme
pocket remains unchanged or even becomes bigger. This
conclusion is supported in our calculations by an
observation that for the 6-coordinated system the Fe-O
bond becomes longer. The binding process of P450cam to
Pdx changes also the electrostatic potential of the heme
pocket of P450cam, however this effect is more complex.
According to our calculations, there is an electron density
transfer from the sulfur atom to other atoms of the heme
ring, which appears for the 5-coordinated heme active-site,
and a similar electron density transfer is observed from the
iron atom of the 6-coordinated heme active-site. However,
we do not observe significant changes of the electron
density on the water ligand of the 6-coordinated heme
active

Figure 1. Optimal geometries of the 5-coordinated and 6-
coordinated heme active-site obtained in the QM/MM calculations
for the doublet electronic state, based on 10 protein snapshots
after MM dynamics of Cytochrome P450cam.

site. Therefore we assume that after the binding process of
P450cam to Pdx, there is a systematic increase of the
electron density of other atoms in the heme ring. It is also
interesting to compare the results of our calculations of the
5-coordinated active-site with the results of the calculations
of the 6-coordinated system, in order to distinguish which
coordination center is dominate in the proteins. According
to results of our study, we have found very similar results
of the absolute values of the Fe-S oscillation frequencies
obtained in our calculations for both coordination sites of
heme iron. However, the increase of the Fe-S vibrational
frequency obtained in the calculations for the 6-coordinated
system (16 cm-1) is closer to experimental data (3 cm-1)
than the frequency increase of the 5-coordinated heme
active-site (31 cm-1). Therefore, we conclude that the 6-
ccordinated iron center, having the water molecule as the

axial ligand, seems to be dominant in P450cam before and
after the binding process of this enzyme to Pdx.

We observe also in our calculations an interesting
change in the properties of the Fe-O bond of the 6-
coordinated heme active site. The binding process of
P450cam to Pdx changes the electrostatic field of the heme
pocket which decreases the electron density on heme iron.
The decrease of electron density on iron is accompanied in
our calculations with the elongation of the bond between
iron and the water ligand, and as a consequence, it can
increase activity of binding and releasing of any distal
ligand to iron in P450cam. This observation can explain the
experimentally observed activity of the P450cam enzyme,
after the binding process of this enzyme to Pdx. However,
this effect requires additional computational studies of
P450 proteins, and therefore it is a subject of our current
investigation.

4 Conclusions

Combined QM/MM calculations of the P450cam
active-site in the doublet electronic state are presented,
before and after the binding process of P450cam to Pdx.
The calculations are based on MM dynamics of P450cam
and a protein complex of P450cam with Pdx. In the
calculations we have considered two coordination spheres
of heme iron, namely the 5-coordianted and the 6-
coordinated heme active-site having a water molecule as
the 6th ligand. We have reproduced in our calculations an
experimentally observed increase of the Fe-S oscillation
frequency after the binding process of P450cam to Pdx.
According to results of our calculations, there is a better
agreement with experiment for the 6-coordianted heme
active-site than for the 5-coordianted system. Therefore we
conclude that the 6-coordinated heme active-site seems to
be dominant in the investigated protein systems. We have
also observed in our study, that the increase of the Fe-S
oscillation frequency is accompanied with the decrease of
the Fe-S bond length, after the binding process of P450cam
to Pdx. This change of the Fe-S bond properties has been
found in our study for both coordination spheres of heme
iron. We conclude that the change of the Fe-S bond
properties, is related the geometry change of a proximal
side of the heme pocket, which becomes smaller after the
binding process of both proteins. In contrast, we also
observe in our calculations a systematic elongation of the
Fe-O bond for the 6-coordinated heme active-site of
P450cam. The calculated change of the Fe-O bond length
indicates that the size of the distal side of the heme pocket
remains unchanged or even becomes slightly bigger. We
have also found in our calculations that the binding process
of both proteins causes an electron density transfer from
heme sulfur to other atoms of the heme ring for the 5-
coordinated system, and the similar electron density
transfer from heme iron to other atoms of the heme ring for
the 6-coordinated active-site. However, for the 6-
coordianted heme active-site, we do not observe a



significant change of the electron density on the water
ligand after the binding process. Finally, we conclude that
the change of electron density distribution along atoms of
the heme active-site, is related to a change of an
electrostatic potential of the heme pocket. For the 6-
coordinated heme active-site, the electron density on heme
iron becomes smaller and the bond between iron and the
water ligand becomes longer. This observation can explain
a bigger catalytic activity of P450cam in processes
involving ligand bonding or ligand releasing, after the
binding process of this enzyme to Pdx. However this issue
requires additional computational investigations of the
P450 family, and it is a subject of our current studies.
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