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Mixed quantum mechanics/molecular mechanics methods offer a valuable computational tool for under-
standing biochemical events. When combined with conformational sampling techniques, they allow for an
exhaustive exploration of the enzymatic mechanism. Heme proteins are ubiquitous and essential for every
organism. In this review we summarize our efforts towards the understanding of heme biochemistry. We
present: 1) results on ligand migration on globins coupled to the ligand binding event, 2) results on the
localization of the spin density in compound I of cytochromes and peroxidases, 3) novel methodologies for
mapping the electron transfer pathways and 4) novel data on Tryptophan 2,3-dioxygenase. For this enzyme
our results strongly indicate that the distal oxygen will end up on the C3 indole carbon, whereas the proximal
oxygen will end up in the C2 position. Interestingly, the process involves the formation of an epoxide and a
heme ferryl intermediate. The overall energy profile indicates an energy barrier of approximately 18 kcal/mol
and an exothermic driving force of almost 80 kcal/mol.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The computational modeling, both at the software (methods) and
hardware development, has evolved considerably since the early
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work in the 70s and 80s. Computational predictions are becoming
significantly more accurate in predicting enzymatic mechanisms and
rates, binding energies, docked structures, complex network path-
ways, gene annotation, etc. As a consequence, the level of confidence
towards computational modeling is growing among scientists, and
many experimental laboratories work in close collaboration with
computational modelers. Furthermore, some experimentalists rou-
tinely use a computational modeling software themselves to analyze
their results and obtain a detailed view of the mechanism in atomic
resolution. In the near future one could expect that computational
techniques would determine, at the initial stages of research projects,
many aspects of the experimental work. Simulations will give a level
of confidence to certain experiments, reducing cost and labor.

Understanding biochemical mechanisms at atomic and electronic
detail is of crucial importance in industrial catalysis, in biomedical
research, etc. Theoretical modeling can involve three main steps from
a general point of view: 1) building the model, 2) projecting the
conformational sampling and 3) mapping the enzymatic chemical
process.

The first step involves the construction of a 3‐dimensional
structure including all atoms needed to properly characterize the
biological system. In enzymatic systems this often requires modeling
the entire protein or catalytic domain. An alternative is to use a
reduced model of the active site, including only dozens of atoms held
together by means of harmonic constraints. The small size of the
reduced system allows for a full quantummechanical (QM) treatment
of the model. While this has been shown to be a valid approach in
many systems [1], the development of mixed quantummechanics and
classical mechanics (QM/MM) techniques has driven many theoreti-
cians towards the description of the entire enzymatic system [2–6].
The computational cost of QM/MM techniques is similar to that of QM
methods alone. Furthermore, by using the correct protein constraints,
QM/MM methods might reduce significantly the number of theoret-
ical assays. QM methods based on reduced models, however, are still
quite useful to track the protein effects and perform comparison
studies. When X‐ray or NMR 3‐dimensional coordinates are not
available, it is also possible to use closely related structures to produce
a model using comparative techniques, generally called homology
modeling. However, when studying a chemical process, small
differences in the active site model may produce significant changes
in the potential energy surface. Thus, homology modeling in
biochemistry should be restricted to systems with a very high level
of sequence identity in the active site. Finally, the initial structure will
often require extensive manual editing, as a comprehensive check on
protonation states, hydrogen bond network, possible crystal contact
artifacts, etc. is mandatory.

Once themodel is chosen, it is generally not enough to perform the
study on a single set of atomic coordinates. The crystal structure
(respectively the homology model) may describe an intermediate of
and enzymatic reaction with no specific interest for the researcher.
Therefore, it might be needed to add some cofactor, protons or
electrons to model the active state properly. As a consequence, these
additions might result in conformational changes that need to be
described. Furthermore, it is also possible that the enzymatic
mechanism is enhanced by means of some low frequency collective
motion of the system. To account for this conformational sampling
effectively, one should discard the electronic degrees of freedom (due
to computational expense) and model the system by means of
molecular mechanics (MM), using a classical force field. There exist
several common techniques such as molecular dynamics [7–10],
Monte Carlo [11–13], protein structure prediction algorithms [14,15],
robotic algorithms [16], etc. It is possible to speed up the sampling by
using models with lesser atomic resolution. Several of these so-called
coarse grained models have been introduced, where an entire residue
is described by a reduced number of beads [17,18]. Additionally,
normal modes from a reduced system, where only the alpha carbon
from each protein residue is included in a connectivity network
matrix, have also been applied to obtain the low frequency
conformational motion of the system [19]. However, performing
conformational sampling different from an all atom representation
may introduce too many changes in the active site.

The last step is to study the electronic states involved in the chemical
process. Although it is possible to model a bond breaking event by
parameterization of the classical force fields introducing, for example,
coupling between different harmonic or Morse potentials [20], an
accurate calculation will require the use of quantum chemistry
calculations. Asmentioned above, QM/MMmethods allow the adequate
description of large biological units, such as an enzyme. They join
together a quantum and a classical representation of different sectors of
a complex condensedphase system.The reactive regionof theactive site
can be treated with a robust ab initio QM methodology, whereas the
remainder of the protein can bemodeled at theMM level, providing the
appropriate structural constraints and electrostatic and van der Waals
interactions with the reactive core.

The methodology used in the analysis of the chemical process
would depend on the QMHamiltonian chosen to describe the process.
When using less expensive semiempirical QM methods (or small QM
regions and basis sets), we can perform short molecular dynamic
trajectories, build potential of mean force or free energy profiles for
the chemical process [21–23]. If a more expensive Hamiltonian is
used, for example at the Hartree–Fock (HF) or density functional
(DFT) level of theory, the study will usually narrow down to one or
several reaction coordinates. Recently, Thiel et al. applied QM/MM
methods in studies on NMR chemical shifts [24] as well as on the
stability of redox eliectronmers [25]. Further recent applications
include excitation energies of rhodopsin [26] and on the reactive
geometry of the HIV-1 protease [27]. Next to the QM/MM method,
there exist approaches of utilizing divide-and-conquer algorithms
within the QM calculations, firstly introduced by Yang et al [28], these
approaches are able to compute large QM regions by iteratively
calculating only fragments until convergence [29–32]. Application of
these methods are MP2 calculations of a synthetic protein [33] or
structural refinement of the photosystem II [31], for example. Very
interesting is the combination of accelerated dynamical sampling
with DFT based methods, which has started to be used in mapping
biochemical events with high accuracy [34]. These methods, however,
involve large computational costs and it should be referred to only
when necessary. Many times a simpler reaction coordinate will allow
for a sufficient qualitative description of the process [2].

Of particular interest are heme proteins. These proteins are
ubiquitous and essential for every organism [35–40]. The complexity
of the iron containing porphyrin, together with the different active
site environments, gives to this group of metalloproteins multiple
functions such as oxygen transport, oxidative catalysis, electron
transport, etc. Theoretical methods offer a very valuable tool to study
the electronic state of the metal center, to map the electronic
delocalization and the energy barriers for the catalytic chemical
reaction. Recent QM/MM studies focus on the structural and
electronic state of compound I of cytochrome P450cam [41–45], of
nitric oxide synthase[46], as well as cytochrome c peroxidase and
ascorbate peroxidase [42,47], for example. Godfrey et al. published a
study on specifying the electronic state of taurine/α-ketoglutarate
dioxygenase and predicting the presence of low reaction barriers
within the catalytic cycle [48]. Furthermore, Crespo et al. applied QM/
MMon identifying the NO detoxificationmechanism of oxy-truncated
hemoglobin N [49].

Within this context we would like to present recent results
discovered by our group. We have studied multiple heme systems
including globins, cytochromes and peroxidases, and pioneered the
combination of protein structure prediction techniques with QM/MM
methods. In this review we summarize some of our results and
introduce some novel data on tryptophan 2,3-dioxygenase (TDO).



3V. Guallar, F.H. Wallrapp / Biophysical Chemistry 149 (2010) 1–11
2. Methods

In the following section we summarize the methods employed for
the studies reviewed below. We only give a general description of the
most commonmethods used in the different systems, as it is possible to
find more details on particular implementations in the corresponding
publications.

2.1. Ligand and protein dynamic exploration

To couple ligand and protein dynamics and to perform the protein
conformational sampling we have developed our own method. The
protein energy landscape exploration (PELE) algorithm combines a
steered stochastic approach with protein structure predictionmethods,
capable of projecting the migration dynamics of ligands in proteins.
PELE's heuristic algorithm is based on consecutive iteration of three
main steps:

1) Ligand and protein perturbation. Ligand perturbation involves a
translation and rotation of the center of mass of the ligand. Protein
perturbation involves alpha carbon displacement following an
anisotropic network model approach (ANM) [18].

2) Side chain sampling. The algorithm proceeds by placing all side
chains within a given distance from the ligand (user defined) using
the algorithms designed by Prof. Jacobson at UCSF [14].

3) Energy minimization. The last step in every move involves the
minimization of a region including, at least, all residues local to the
atoms involved in steps 1 and 2.

These three steps compose of a move, which is accepted (defining
a newminima) or rejected based on a Metropolis criterion for a given
temperature. Typically, a simulation involves several processors
running multiple steps and sharing information towards addressing
a common task. The task might include minimization of global energy
or ligand binding energy, driving the ligand far from a present or fixed
point, etc. The method and initial tests have been published showing
the capabilities for millisecond landscape exploration [13,50].

2.2. QM/MM

All QM/MM calculations were performed with the Qsite program
[51]. Most applications used the DFT B3LYP functional [52,53] and 6-
31G* basis set (including a lacv3p pseudopotential for metals) [54].
Starting conformations for QM/MM analysis were obtained after a
short MD equilibration of the system, aiming mostly for the explicit
water equilibration, and by removing all watermolecules beyond 10 Å
from the protein surface. All geometry optimizations were then
performed by constraining the outermost 5 Å of the water layer. We
should emphasize here that in most calculations we aim only for a
qualitative view. Recent QM/MM studies indicate that in order to
obtain quantitative results it is necessary to use large QM regions
[55,56]. Additionally, when dealing with iron spin states, the basis set
and DFT functional used do not allow for a quantitative analysis
neither. Thus, care must be taken when applying QM/MM techniques.
When multiple close electronic states may exist, some basis set and
DFT analysis should be conducted even to reach a qualitative view.

QM/MMmethods add also an additional level of complexity when
compared with QM calculations. The addition of the MM atom elec-
trostatic terms in the one electron Hamiltonianmakes it more difficult
to obtain converged energy profiles, requiring often multiple runs
of the reaction coordinate back and forth. They also require a
preliminary study in order to properly position the QM/MMboundary
region. Another shortcoming, when compared with QM techniques, is
the necessity of a proper description of the enzymatic environment.
Small changes in the vicinity of the QM region can have a large
effect on the energy profiles for the chemical reaction. These changes
might be the result of an inaccurate initial crystal structure, from the
wrong interpolation of missing atoms, from the incorrect assignment
of protonation states, etc.

2.3. QM

DFT QM calculations on model systems were performed with the
Jaguar program [57], and the same functionals and basis sets as in the
QM/MM analysis. Gas phase second-order Moller Plesset (MP2) QM
calculations were performed using the Gaussian03 program [58].

2.4. MD

MD analysis was performed for model equilibration and, in some
systems, for analysis of conformational states. MD was obtained with
NAMD version 2.6 [8]. Proteins were usually solvated in a 0.5 M NaCl
solution in periodic boxes. Systems were then equilibrated by a
minimization followed by 10 ps of MD in the NVT ensemble followed
by 0.5 ns each in the NPT and NVT ensembles with a step size of 1 fs. If
necessary, production runs usually consisted of ∼5 ns with a 2 fs step
size in the NVT ensemble using the particle mesh Ewald method to
treat long-range electrostatics [59].

2.5. Model setup

Model setup routinely includes the crystal (or NMR structure)
inspection followed by water soaking and system equilibration. We
first protonate the system, correct the prosthetic group and manually
inspect all histidines, glutamines and asparagines, aiming for a correct
hydrogen bond network. Next we check ionic groups for possible
obvious changes in protonation states. All water molecules present in
the crystal structures are always included in the models. Furthermore,
if some water molecule may act in the chemical process it is included
in the quantum region. We proceed by inspecting possible crystal
contact artifacts (in X-ray structures). This step involves mainly
surface side chains and protruding loops. The system is then placed in
a box of pre-equilibratedwaters including ions.We further equilibrate
the waters constraining all C-alpha positions (unless some crystal
contact artifact was detected) and reduce the final system by
removing all water molecules beyond 10 Å from the protein surface.

3. Review of previous results

3.1. Globin studies

We have performed various biophysical and biochemical studies
on globin proteins, including myoglobin, hemoglobin and truncated
hemoglobins, results of which we are showing in the following
section.

3.1.1. Myoglobin carbon monoxide binding and migration
By means of QM/MM methods we first studied the carbon

monoxide (CO) deligation event in myoglobin (Mb) [60]. We found
that there is a transition from a six coordinated singlet ligated species
into a quintet five coordinated heme. In a previous work, using time
dependent DFT and a diatomic in molecules semiempirical approach,
we observed multiple crossing of quintet and triplet excited states
along the carbon monoxide deligation coordinate [61]. The QM/MM
energy profiles also indicate a very close proximity of these two spin
states. The quintet species highly correlates with the high-resolution
crystallographic deligated structure.We also applied protein structure
prediction methods along the deligation reaction coordinate aiming
to reproduce and understand the overall conformational changes
associated with the ligand bond breaking. Our results solved an
apparent disagreement between two sets of high-resolution crystal
structures for MbCO and deoxyMb. The main effect observed after
CO dissociation is a concerted rotation of the E and F helices, which



Fig. 1. Multiple exit pathways found in Mb with PELE. Carbon monoxide migration
pathways are shown with small spheres in different colors. Big blue spheres depict the
xenon cavities. The heme group and proximal histidine are shown in grey (stick
representation). Phenylalanines are shown in red (stick representation).
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hold the heme like a clamshell. The rotation, a response to deligation
forces, pushes the F helix away from the heme because of the iron spin
conversion, allowing the E helix to collapse toward the heme as
nonbonded contacts on the distal side are relieved. Additional helix
and loop conformational changes stem from these primary events. In
particular the tight packing around the active site is used to propagate
motion ∼25 away from the active site center.

Myoglobin has also been studied in our group with PELE, the
algorithmwedeveloped for studying ligandmigration in proteins [13].
In our early studies, where protein flexibilitywas reduced to geometry
optimization following the initial perturbation step, minimization (in
current versions normal modes are used), most of the protein exit
pathways involved the crossing of the CD loop. In this path we find
a cavity containing three of the six Phe residues present in Mb. This
result was consistent with mutation studies by Scott et al. where
mutation of these Phe residues largely affected the entry and escape
kinetics of the ligand [62]. Mutation of all residues in the vicinity of the
other cavities (Xe1, Xe4, etc.) did not showany significant effect on the
ligand kinetics (see, for example, Fig. 5 in [62]). Our results indicate
that the Phe residues participate actively in the migration path.
Performing quantum chemical (MP2 with cc-pvqz basis set) calcula-
tions on a CO molecule placed on top of a benzene ring, we obtained
∼1.5 kcal/mol energy stabilization. Furthermore, mutational studies
by Schotte et al. have shown a direct crystallographic evidence of a CO
molecule being stacked with a Phe residue, the L29F mutated residue
[63]. Thus, it appears as the Phe residues can guide and stabilize
diatomic molecules with π electronic density next to the most flexible
region (CD loop) in the system. Additionally, the different stacking
energies might differentiate the migration dynamics of different
ligands. The importance of the CD region on the globin heme-binding
family has been corroborated by Alberti et al. [64]. Using Gaussian
network model analysis the authors showed the existence of con-
served low frequency collective modes involving the CD helixes and
the loop connecting them.

The current PELE version is able to explicitly add a backbone
perturbation by means of an alpha carbon displacement. We have
performed additional runs with this new perturbation scheme, which
has been shown to give good results in other globin systems (see
below TrHbO, for example). Fig. 1 indicates the escape pathways
observed when running 40 trajectories (each trajectory consisting of
48 CPU hours in 12 processors). Here, half of the pathways still prefer
the CD loop area as an escape path. However, further pathways appear
involving a larger ligand migration, which can be seen in Fig. 1. These
pathways are in good agreement with molecular dynamics studies
[65].

3.1.2. Hemoglobin T/R states binding energies
By combining protein structure prediction algorithms with QM/

MM methods we were able to obtain an atomic description for the
carbon monoxide binding mechanism in both the deoxy T and the
oxy R states of human Hemoglobin [66]. To prepare the system, we
performed ligand migration in the T state and ligand dissociation in
the R state. Conformational sampling in the active site unbound
models was produced by means of PELE. After the conformational
clustering, QM/MM methods were used to obtain carbon monoxide
binding energies. The results clearly indicate the decrease of affinity
by ∼7 kcal/mol in the T state, the first ab initio theoretical prediction
of the dependence of binding affinity on allostery. By mixing quantum
mechanical methods and molecular mechanics, the simulation allows
for a description of the atomic mechanism responsible for the change
in binding energy. Approximately 30–40% of this difference between
the relaxed and tense protein quaternary structures result from the
protein strain induced in the heme and its ligands, especially in one of
the porphyrine pyrrole rings. As expected from the Perutz models
[67], significant energy differences come from the proximal histidine
strain. Interestingly, about half of the energy difference arises from
protein contacts, involving mainly those residues responsible for
locking the quaternary changes at the “hinge” region of the α1β2
quaternary interface, for example contacts involving the FG corner.
Small fluctuations in these contact regions are propagated by means
of the highly evolved packing in the quaternary system.
3.1.3. Truncated hemoglobin
TrHbO is a globin protein from Mycobacterium tuberculosis with

unclear physiological functions and antibacterial target interest. The
G8Trp residue (a triptophan residue in the 8th position of the G helix),
which is highly conserved, is believed to play a critical role in ligand
binding and stabilization [68,69]. The mechanism by which this residue
tunes the protein-ligand interactions was modeled with PELE and QM/
MM methods [50]. The study was complemented with mutational
experimental studies by Prof. Syun Ru Yeh, at Albert Einstein School of
Medicine.

Applying QM/MM methods we studied the carbon monoxide
deligation from the heme group for the WT and the G8WF mutant
species. The energy profiles clearly indicated the importance of the G8
Trp in the active site binding energies. We observed that the
tryptophan sterically hinders the ligand deligation. Furthermore, we
found that the G8 Trp is important in anchoring the CD1 Tyr and E11
Leu side chain groups, allowing the stabilization of the heme-bound
ligand via H-bonds donated from the G8 Trp and the CD1 Tyr.

After deligation, the ligand dynamics in the protein frame was
studied with PELE. As illustrated in Fig. 2 top panel, the dissociated
ligand immediately migrates to an active site cavity above the heme
iron center, denoted as docking site A. Subsequently, the CO finds a
quick transition to an additional active site cavity, denoted as docking
site B, which is located at 5.2 Å away from the heme iron center. The
ligand escapes the active site populating the C cavity and bypassing
the G8 Trp. This mechanism is shared by both theWT and the mutant.
The two bottom panels indicate the energy profile for this ligand



Fig. 2. Top panel: representative snapshots following CO dissociation. The heme, E11
Leu and G8 Trp are shown in a stick presentation. Energy landscape associated with CO
migration in the wild type (middle panel) and G8WF mutant (bottom panel).
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migration. Each point with different color represents a minimum
found by a different processor in PELE. It is clearly seen how the G8F
mutation largely facilitates the escape of the ligand from the active
site, by reducing the energy barrier for the A to C transition. The
energy profiles are almost quantitatively equal to the kinetic
observations by our coworkers [50].
Fig. 3. Camphor migration in cytochrome P450cam obtained with PELE.
3.2. Cytochrome and peroxidase studies

In addition to the research on globin proteins, we have performed
several studies on cytochromes and peroxidases. Besides ligand
migration in Cytochrome P450, these involve mainly QM/MM studies
of the distribution of the spin density on different reactive compounds
and onmutants.Wehave also performed electron transfer calculations
by means of a new algorithm, the QM/MM e-Pathway [70].
3.2.1. Camphor migration in cytochrome P450
The camphor binding pathway in cytochrome P450 has been the

subject of intensive study and therefore itwas chosen as oneof our initial
benchmark studies for PELE. Recent crystallographic structures trapped
two different synthetic molecular wires, indicating the importance of
themotion of the F and G helix in the substrate entry pathway [71]. We
performed 10 different exploration paths with different Metropolis
temperatures ranging from 300–2000 K. All paths, even at 2000 K,
resulted in camphor leaving the active site closely following the
crystallographic wire ligand [13]. The right panel in Fig. 3 indicates the
superposition of several camphor snapshots (green) along the exit
pathway with one of the crystallographic carbon wires (red stick
presentation). On the left panel in the same figure. we can observe the
motion of helixes F and G along the camphor exit pathway. It
demonstrates that the ligand diffusion is mainly gated by the move-
ments of several phenylalanine residues (Phe87, Phe98 and Phe193,
shown in yellow). The important role of these Phe residues agrees with
recentobservations usingmolecular dynamics techniques byWade et al.
[72] and Shaik et al. [73].
3.2.2. Compound I
Of particular interest in hemebiochemistry is Compound I (Cpd I), a

highly reactive oxyferril intermediate species known to be a major
player in oxidative catalysis in cytochromes and peroxidases [74–76].
Cpd I is an iron(IV) oxyferryl species with two unpaired electrons in
the iron-oxomoiety and a third unpaired electron found in a porphyrin
or protein radical. Here, small differences in the active site can
introduce significant changes in the spin localization. Cytochrome c
peroxidase (CcP), ascorbate peroxidase (APX) and the bifunctional
catalase–peroxidase (mKatG) enzymes constitute a good example of
this diversity. These enzymes have similar active sites but the third
unpaired electron locates into a proximal tryptophan residue in CcP
(Trp191), into the porphyrin ring inAPX and into a distal tryptophan in
mKatG (Trp107) [77]. Due to its high reactive properties, character-
ization of Cpd I has been particularly elusive [78]. Computational
modeling allows the study of the electron delocalization by means of
solving the time independent Schrödinger equation.

Modeling of Cpd I spin density for the three enzymes is shown in
Fig. 4. For each system, the quantum region included the heme group,
the axial histidine (covalent link of the heme group to the protein),
and the distal and axial tryptophan residues. As expected, two
unpaired electrons are located in the d and p orbitals of the iron-oxo
moiety. The main difference between the systems is the localization



Fig. 4. Spin densities obtained for the CcP, APX and mKatG active sites.
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nature of the third unpaired electron. Within the CcP system the
unpaired electron is localized at the proximal Trp. In mKatG the third
unpaired electron is mostly localized in the porphyrin group but with
a notable contribution in the distal tryptophan. In the APX enzyme the
unpaired electron is more delocalized, with a main contribution in the
porphyrin ring but with a small component in the proximal Trp and a
minimal one in the distal Trp. The theoretical spin densities obtained
largely agree with the experimental knowledge of the spin distribu-
tion for these three systems [77,79].

Interestingly, for all systems the third unpaired electron shows
some delocalization of spin density into the heme propionate lone
pair orbitals. In previous studies, motivated by the experimental work
of Barrows et al. [79], we could transfer almost 0.4 electron units from
the porphyrin moiety into the tryptophan by altering the electrostatic
screening of the APX's propionates [80]. Further analysis of the role of
the propionates in peroxidases indicated that this carboxylic group
could play an active role in the transport of electrons in/out the heme
group. We named this mechanism “the propionate e-pathway”.

Another example of spin density plasticity was obtained in our
collaborativework with Prof. Emma Raven on cytochrome c peroxidase
[81]. We studied the evolution of spin densities on cytochrome c
peroxidase wild type and the W191F mutant. The theoretical results
indicate a shift in spin density from Trp191 to the porphyrin center and
a distal tryptophan, Trp51 upon mutation. The radical component
in Trp51 agrees nicely with the partial formation of a covalent link
between Trp51 and heme observed by our coworkers.

3.2.3. Tracking electron migration pathways
In order to track electron migration, we have proposed a new

algorithm called the QM/MM e-Pathway [70]. The underlying idea
is that regions contained in the MM part cannot allocate electrons.
Hence, if an unpaired electron is present in the system it must
necessarily occupy the quantum region. Thus, the method strategy is
based on modifying the QM region following the evolution of the spin
density. For example, if an electron transfer pathway between two
distant redox centers is studied, the methodology consists of the
following procedure. As the initial setup, the parameters for the donor
and the acceptor in the neutral state are derived, meaning both sites
are either oxidized in the case of excess electron transfer or reduced in
the case of hole transfer. In both cases the electron (hole) has left one
site but has not yet arrived at the other. The parameterization consists
of a QM/MM energy minimization of the donor and acceptor (both in
their respective oxidation state) from which we extract the geometry
and atomic charges from the electrostatic potential. This parameter-
ization is important because in the next step of the procedure both
residues are going to be included only in the classical region. Thus,
there is going to be no electronic description of the donor and
acceptor. Instead, the focus is on the “transfer region” in-between,
the region that now contains the electron (hole). After this setup
an iterative process is started where initially the entire transfer
region is included in the QM region of the QM/MM calculation. The
first acceptor of the electron is found by performing a single point
calculation of the systemwhere one electron is added (or subtracted if
a hole transfer process is studied) to the QM region; now in a doublet
spin state. Proceeding to the next iteration, the previously identified
residue is turned into a classical residue by excluding it from the
quantum region. In doing so, the method does not allow for an
electronic description of it and thus, the electron (hole) needs to find
its next host. The procedure is repeated until the identified residues
connect to a direct pathway between the donor and acceptor.

3.2.4. P450cam–Pdx electron transfer
Although the mechanism of interaction and electron transfer for

the redox couple of cytochrome P450 camphor with putidaredoxin
(P450cam–Pdx) has been under investigation for over 30 years, the
exact mechanism and electron transfer pathway has not been fully
understood, yet [82–84]. Applying the above-explained procedure, we
reported the first ab initio quantum chemistry description of the
electronmigration between the two active sites [85]. Starting from the
two separate crystal structures of P450cam and Pdx, we used the
docking programpyDock [86] aswell as the proteinmodeling program
PELE [13] to generate a few complex structures having iron–iron
distances between 12.7 and 15.7 Å and being very similar to the
structures proposed in the literature [87–89]. The results of mapping
the excess electron transfer pathway between the Fe2S2 cluster of Pdx
and the heme of P450cam clearly identify residue Asp38 of Pdx and
Arg112 of P450cam as the key residues within the electron transfer
pathway. Here, the electron is believed tomigrate from the iron–sulfur
cluster to the carbonyl group of Asp38, then jump onto P450cam into
the side chain of Arg112 and continue by moving to Cys357, being six
coordinated to the iron of the heme. A further possible pathway goes
through Asp38 before directly jumping from Arg112 onto the heme
throughone of the propionate being in very close vicinity of 2.8 to 5.1 Å
in the four examined complex conformations.

3.2.5. CcP–Cyt c electron transfer
We also investigated the electron transfer pathway of another

heme electron transfer, namely cytochrome c peroxidase with
cytochrome c (CcP–Cyt c), based on the crystal structure of the cross
linked complex provided by Guo et al. [90]. Here, an electron is known
to travel from the heme in Cyt c to the heme in CcP being more than
25 Å away from each other. The study also applies the QM/MM e-
Pathway approach by having both hemes parameterized in their
oxidized states and only having the transfer region under the QM
description [70]. When studying the electron injection, the method
iteratively identifies residues Phe82 and Cys81 of Cyt c and residues



Fig. 5. Main ET pathway obtained with the QM/MM e-Pathway method in CcP–Cyt c.
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Asn196, Ala176 and His175 of CcP as the key amino acids involved in
the electron transfer. The electron hole procedure, which is expected
to be active in this system after Cpd I formation in CcP, identifies
Trp191, Gly192 and Ala194 on CcP as the main pathway, Fig. 5, in
agreement with a previously proposed pathway [91].

3.2.6. Ascorbate peroxidase
A similar approach, involving switching on/off residues in the

quantum region, was applied to study the electron transfer pathway
between the ascorbate peroxidase and its substrate ascorbate [92]. In
Fig. 6 it is possible to observe how adding/removing the ascorbate
ligand to the quantum region points to the heme propionate groups as
the active components of electron transfer pathway between the
ligand and the iron center. An analogous approach and results were
obtained for the cytochrome c peroxidase from Pseudomonas
aeruginosa [92]. This is one of the simplest di-heme systems with a
high potential electron transfer heme and a low potential catalytic
heme.

Shown above, the results of applying QM/MM e-Pathway identify
several residues which define one electron transfer pathway, which
can be extended to various pathways if we proceed with further
iterations. The method provides a robust electron affinity ranking
of the residues (respectively molecular orbitals) at the ab initio level
of theory in the transfer region. Once these residues are found,
however, it is necessary to address whether they will act as true
intermediates, known as sequential hopping mechanism, or will only
assist the direct electron transfer pathway between the donor and
acceptor, known as bridge-mediated superexchange mechanism.
To address this issue it is necessary to perform electron transfer rate
calculations.

We have already started working in the computation of the
electronic coupling elements and rate constants in small peptides
[93]. Working with Trp-(Pro)n-Trp (n=1 to 6) polypeptides, we have
Fig. 6. Spin density for putative active species, compound I, in ascorbate peroxidase. In pa
histidine. In panel B the quantum region also includes the substrate ascorbate. Main pictures
shows the doublet spin state.
applied semiempirical INDO/S and ab initio Hartree–Fock together
with the generalized Mulliken–Hush method (GMH) [94,95]. We
demonstrated that the coupling values strongly fluctuate throughout
the peptide dynamics and the mechanism of electron transfer is
affected by the presence of solvent through restriction of the
conformational space. Our results emphasized the impact of structural
fluctuations on the electronic coupling and hence also on protein
electron transfer, being well established in the literature [96–102].
Future studies will combine QM/MM e-Pathway with electronic
coupling calculations in the protein complexes studied above.

4. Novel results on tryptophan 2,3-dioxygenase

QM/MM reaction mechanism in tryptophan 2,3-dioxygenase
Heme. Tryptophan 2,3-dioxygenase (TDO) is a heme enzyme that
catalyses oxidation of L-tryptophan to N-formyl-kynurenine,1-3, in a
mechanism that involves binding of dioxygen to ferrous iron, shown
in Fig. 7 [103]. Following recent studies by Raven et al. we have
focused on the direct electrophilic addition to dioxygen [104]. The
possibility of the indole proton abstraction using an active site base
has also been investigated.

Starting with the crystal structure 1NGK (chain L), protons were
added and all Asp, Glu, Lys and Arg residues were modeled in their
ionic state. After visual inspection, histidines 75, 181 and 196 were
protonated at both epsilon and delta positions, and histidine 45 only
at the epsilon position (the remainder adopting the default delta
protonation). The water molecule (HOH 2) at the axial heme position
was used to model the dioxygen molecule. The system was solvated
and equilibrated at 300 K by means of a 2 ns molecular dynamics
using the Desmond package [105]. A layer of 10 Å water molecules
was kept for the QM/MM simulations, following the procedure
described earlier [106]. All QM/MM calculations were performed
with the Qsite program [51], using the unrestricted DFT B3LYP level
nel A the quantum region includes the heme group, the oxo ligand and the proximal
in each panel show the quartet spin state; the inset on the right bottom corner in panel A



Fig. 7. L-tryptophan to N-formyl-kynurenine biochemical process in TDO.

8 V. Guallar, F.H. Wallrapp / Biophysical Chemistry 149 (2010) 1–11
of theory and 6-31G* basis set (including the lacv3p pseudo potential
for the iron center). Unless noted otherwise, the quantum region
included the heme group, the axial histidine and dioxygen, and the
tryptophan ligand.

The QM/MM geometry optimization of the reactants, namely the
ferrous dioxygen species, was first carried out in the singlet and in the
triplet spin states. As observed previously by Morokuma et al., the
singlet state is ∼9 kcal/mol more stable than triplet state [107].
Furthermore, the Mulliken population analysis reflects a ferric-
superoxide nature, where one spin resides on the Fe atom and the
other one delocalizes over the dioxygen axial ligand. Based on
previous studies on this enzyme we first modeled the Trp proton
abstraction by His55 [104,108]. In the initial crystal structure, this
histidine is in close contact with the tryptophan ligand. Moreover
the orientation for a hydrogen abstraction is quite favorable, with a
hydrogen–nitrogen distance of only 3.2 Å. We built several reaction
coordinates for the proton abstraction with different quantum
regions, including and excluding the heme group. All our attempts,
however, did not produce any stable product for the abstraction.
For all different quantum regions the energy profile increases mono-
tonically to ∼30 kcal/mol. Thus, the active site does not seem to be
optimized for the indole proton abstraction. This is in agreement with
the chemistry of indoles, being well documented and not favorable to
the loss of the indole proton. Recent studies by Raven et al, mutating
His55 and also using a methyl substitution on N1 of tryptophan,
also ruled out the possibility of the hydrogen abstraction mechanism
[104].

We proceeded by studying the direct electrophile attack of the
indole by the dioxygen axial ligand. In indoles the electrophile
Fig. 8. Panel A: Reaction energy profile for the C2–O1 (blue) and C3–O1 (red) att
becomes preferentially attached at the third position. Thus, we first
studied the addition of the distal oxygen to C3 (see Fig. 7). The blue
squares in Fig. 8 indicate the energy profile for this bond formation
reaction coordinate. The potential is quite repulsive, with an
associated barrier of ∼39 kcal/mol and an endothermicity of
∼37.5 kcal/mol. A free geometry optimization produces a stable
product. The addition of the zero point energy along the C–O reaction
coordinate, however, might turn the potential energy into a mono-
tonically increasing energy profile. The distortions in the Trp and in
the porphyrin rings in this product species indicate that the steric
repulsion is a major component of this large endothermic profile.
The red rhombus in Fig. 8 indicate the energy profile for the addition
of the distal oxygen into C2. Contrary to the attack to C3, we observed
a more stable product and reduced energy barrier of ∼13.5 kcal/mol.
The inset in Fig. 8 shows the geometry for the oxygen addition
products after the attack in C2. The new C2–O distance is 1.46 Å, the
O–O distance 1.45 Å and the Fe–O distance is 1.81 Å. We name this
intermediate as Int1 in the following.

Int1 is equivalent to the first intermediate shown by Morokuma
et al. in a recent gas phase reduced model [107]. The gas phase
study, however, did not allow to model correctly the protein
constraints and could not distinguish properly between C2 and C3.
The addition reaction takes place as a radical, and a diradical ferric
intermediate is obtained. Starting from this intermediate, we proceed
by enlarging the Fe–O and the O–O distances shown in Fig. 8.
Enlarging the Fe–O distances quickly increases the energy by
∼25 kcal/mol. Increasing the O–O distance, however, produces a
very stable intermediate, Int2, where the oxygen forms an epoxide
cyclic ether with C2 and C3. Interestingly, we obtain a heme ferryl
intermediate in a dioxygenase enzyme. When writing this report, it
has appeared an experimental and computational study confirming
the existence of this intermediate [109]. The energy barrier for this
epoxide formation is∼8 kcal/mol starting from Int1 and ∼15/kcal/mol
starting from the reactants. Interestingly, Int2 is ∼13 kcal/mol more
stable than Int1, which translates in being ∼6 kcal/mol more stable
than the reactants. The B panel in Fig. 8 shows the nature of this
epoxide intermediate. The C2–O and C3–O distances are 1.46 and 1.49,
respectively.

Proceeding from Int2, we built a reaction coordinate for the attack
of the proximal oxygen, O2, on the C2, the closest tryptophan carbon
at 2.75 Å, as seen in panel B in Fig. 8. The energy profile for this
reaction coordinate indicates a barrier of ∼16 kcal/mol with an
exothermicity of ∼33 kcal/mol to give a new intermediate, Int3. As
ack. Inset in panel A shows the Int1 intermediate. Panel B: Int2 intermediate.



Fig. 9. Int3 (left) and Int4 (right) intermediates. Main distances shown in angstroms.
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seen in Fig. 9, in Int3 the epoxide ring “opens” into a 6 member hetero
ring with a 1.85 Å Fe–O2 bond. O1 is now forming a stronger bond
with C3 than with C2, having bond lengths of 1.37 Å respectively
1.46 Å. Although Int3 is significantly more stable than any previous
minimum, it only constitutes a weak intermediate. It sits in a very
shallow valley and small vibrations on the C2–O1modewould bring it
spontaneously to a much deeper minimum. When enlarging this
distance by only 0.1 Å, associated with a ∼1.5 kcal/mol energy
increase, the system proceeds to Int4, an intermediate which is
∼75 kcal/mol more stable than the reactants. Thus, at this level of
theory, the addition of zero point energy along the C2–O1 coordinate
might turn Int3 into a non-stationary species in the potential energy.
As seen in Fig. 9, Int4 clearly shows the breakage of the C2–O1 bond,
the elongation of the Fe–O1 bond and a strengthening of both C2–O1
and C3–O2 bonds to ∼1.22 Å.

The final step in the biochemical cycle is now the deligation of the
N-formyl-kynurenine product. This step involves now only ∼6 kcal/
mol and produces an exothermic reaction of ∼85 kcal/mol in total.
The overall energy profile for the process is shown in Fig. 10. This final
step involves a singlet to triplet (or quintet) transition, as seen, for
example, in carbon monoxide deligation in myoglobin [60].

These results strongly indicate the initial attack of the distal
oxygen (O1) on C2. However O1 will end up in C3 after the epoxide
formation and opening, whereas the proximal oxygen (O2) will then
end up in C2. Interestingly, the process involves the formation of a
heme ferryl intermediate. The overall energy profile indicates an
energy barrier of approximately 18 kcal/mol and an exothermic
driving force of almost 80 kcal/mol.
Fig. 10. Overall energy profile for the oxidation of L-tryptophan to N-formyl-
kynurenine,1-3. RE and PR indicate reactants and products.
5. Conclusions

We underlined here the possibilities of mixed quantummechanics
and molecular mechanics methods in addressing the enzymatic
mechanisms in heme proteins. When combined with protein
structure prediction techniques (or other sampling techniques), the
coupling of the biochemical and biophysical processes in the enzyme
can be studied.

The studies presented here include a wide diversity of enzymes
with multiple specific findings. However we can draw some overall
conclusions:

1. Distal residues regulating the ligand binding and biochemical
process are of great importance. Small changes in these residues
introduce large changes in specificity and in the energy barriers
associated with the biochemical event or the ligand migration.

2. The importance of these distal residues is mostly based on steric
packing. This tight and highly specific packing is also used to
propagate information across the enzyme.

3. Phenylalanine residues appear as one of the main gate control in
ligand diffusion. Interestingly, they use their electronic properties
to attract diatomic molecules with a π bond.

4. DFT methods offer a very valuable tool for mapping differences in
spin density and electron transfer processes in heme proteins.

Points 1 and 4 are in line with previous QM/MM studies, many of
them summarized in this review. The combination of protein
structure prediction techniques with QM/MM methods, however,
has allowed the atomic and electronic detailed observation of new
mechanisms like the ones described in points 2 and 3.
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