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Abstract: The mechanisms for O-O bond breaking in heme peroxidases have been studied using hybrid density
functional theory (DFT-B3LYP). The chemical model used to study the reaction includes both the distal and
the proximal imidazole. The reaction starts with the transfer of a proton from the peroxide to the distal imidazole,
which is found to occur without any barrier using the present model. In the next step, the proton is donated
back from the histidine to the other oxygen of the peroxide, with a simultaneous breaking of the O-O bond
of the peroxide. This part of the reaction is found to be quite complicated with involvement of three different
potential surfaces. The transition state is found to be determined by a crossing between two of these surfaces.
The calculated barrier, as determined by the crossing point using a frozen reaction coordinate, is 10.4 kcal/
mol, which is in reasonable agreement with the experimental barrier height of 6.5 kcal/mol. After passage of
the barrier, compound I is formed. This complex was studied in detail using a full representation of the proximal
His-Asp-Trp triad present in cytosolic ascorbate peroxidase and cytochromec peroxidase. In this model the
radical is shared equally between the porphyrin and the tryptophan, which is found to be cationic in agreement
with most experiments. The results are compared to experiments and other calculations.

I. Introduction

Heme-containing peroxidases are enzymes that can oxidize
a variety of substrates by reacting with hydrogen peroxide. For
most peroxidases the typical substrates are small aromatic
molecules. An exception is cytochromec peroxidase (CCP)
found in the mitochondria electron transport chain, which has
a protein, cytochromec, as its redox partner. The first structures
of a peroxidase were determined for yeast cytochromec
peroxidase.1-3 Later, structures for several peroxidases have
been obtained including lignin peroxidase (LIP),4 pea cytosolic
ascorbate peroxidase (APX),5 peanut peroxidase (PNP),6 and
horseradish peroxidase (HRP).7 The region around the active
site of CCP is illustrated in Figure 1. The histidine and aspartic
acid in the proximal heme pocket are present at this position in
all structurally characterized peroxidases, whereas the proximal
tryptophan is only present in CCP and APX. In most peroxidases
this position is occupied by phenylalanine. The histidine,
tryptophan, and arginine in the distal pocket shown in Figure 1
are present in all known heme peroxidases.

In Figure 2 the well-established catalytic cycle of heme
peroxidases is illustrated. The first step of the reaction leads
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Figure 1. Active site of yeast cytochromec peroxidase based on the
X-ray crystal structure.3
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from the resting ferric state to an oxyferryl state with a
simultaneous formation of a radical. For the majority of the
peroxidases, the radical is located on the porphyrin of the heme,
giving the intermediate known as compound I. However, in CCP
the radical center has been determined to be Trp 191, which is
connected to the heme via the hydrogen-bonded His-Asp-Trp
triad as illustrated in Figure 1. The oxyferryl intermediate in
CCP is also often referred to as compound ES. The absence of
a radical on an amino acid residue in PNP and HRP can be
explained by the fact that the position corresponding to the Trp
191 residue in CCP in those enzymes is occupied by phenyla-
lanine, which is harder to oxidize. The reason why it is not
observed in APX, which actually has a tryptophan residue (Trp
179) at this position, has been suggested to be the presence of
a potassium cation located about 8 Å from the proximal
tryptophan in APX but not in CCP.5 This cation has been
suggested to affect the electrostatic environment around the
tryptophan residue, leading to destabilization of the tryptophan
radical in APX relative to CCP. Other residues have also been
suggested to contribute to the destabilization of the radical.8

The role of the alkali cation present in APX has also been
investigated by studies of mutated CCP, which like APX binds
a cation. For the mutant, the electron-transfer rate from
cytochromec to CCP was less than 1% of the rate measured
for the wild-type enzyme. On the other hand, the activity toward
typical APX substrates was shown to increase.9 CCP is designed
to oxidize ferrous cytochromec and therefore requires an
electron-transfer (ET) pathway out to the protein surface. Trp
191 has been suggested to be involved in the ET via a pathway
leading from the heme of cytochromec to the backbone of Trp
191.10 However, mutation experiments have shown that Trp 191
is not essential for ET,11,12 which indicates that there are
alternative pathways.

The large similarities between the active sites of different
heme peroxidases indicate a common reaction mechanism for
O-O bond cleavage in these enzymes. The roles of the different
amino acids around the heme have been studied by use of site-
directed mutagenesis. For both CCP13 and HRP14 it has been

shown that replacement of His 52 by a leucine residue decreases
the rate for compound I formation by 5 orders of magnitude.
The effect of replacing the distal arginine is less significant,
giving only a 2-fold decrease of the reaction rate. These results
indicate that the distal His 52 is the most essential amino acid
for catalytic activity. On the basis of the X-ray crystal structure
of CCP it has been proposed that His 52 functions as an acid-
base catalyst as indicated in Figure 3.15 In this mechanism His
52 first abstracts a proton from one of the oxygens of HOOH
as a base and in the next step protonates the other oxygen as an
acid, which in turn leads to formation of water and compound
I. The roles of the distal tryptophan and arginine residues are
somewhat uncertain although it has been suggested that their
function could be to stabilize the transition state for formation
of compound I.

In the present study the electronic structure of compound I
and the mechanism of compound I formation are investigated
by use of density functional theory (DFT). Several theoretical
studies contributing to the understanding of peroxidases have
been performed earlier.8,16-19 However, this is the first quantum
chemical study of the mechanism aimed at locating a transition
state for the O-O bond splitting and also the first one where a
reasonably realistic model of the region around the heme has
been used. This means a model including both the distal and
the proximal imidazole. The transition state was located by
performing geometry optimizations where the critical O-O and
O-H bond lengths were frozen and varied independently. The
transition state was found to be determined by a crossing
between two different potential energy surfaces. Furthermore,
full DFT geometry optimizations have for the first time been
performed on models including the entire His-Asp-Trp triad of
CCP and APX to determine the position of the protons in the
hydrogen bonds in compound I and also to analyze the charge
and spin distribution in the cluster.

II. Computational Details

The calculations were performed in two steps. First, an optimization
of the geometry was performed using the B3LYP method.20,21Double-ú
basis sets were used in this step. In the second step the energy was
evaluated for the optimized geometry using large basis sets including
diffuse functions and with a single set of polarization functions on each
atom. The final energy evaluation was also performed at the B3LYP
level. All the calculations were carried out using the GAUSSIAN
programs.22,23

In the B3LYP geometry optimizations, the LANL2DZ set of the
GAUSSIAN program was used. For iron this means that a nonrelativ-
istic effective core potential (ECP) according to Hay and Wadt24 was
used. The valence basis set used in connection with this ECP is
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Figure 2. Fundamental steps of the catalytic cycle of heme peroxidases.
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essentially of double-ú quality. The rest of the atoms are described by
standard double-ú basis sets. In the B3LYP energy calculations the
diffuse and polarization functions from the 6-311+G(1d,1p) basis sets
in the GAUSSIAN program were added to the LANL2DZ basis sets.
This basis set has a single set of polarization functions on all atoms
including f-sets on iron, and also diffuse functions.

Usually, solvent effects on the relative energies due to the surround-
ing protein are quite small for reactions where the charge state of the
cluster is constant. In contrast, these effects become important when
energies of differently charged clusters are compared. The relative
energies reported below are therefore gas-phase values except for the
ionization energies and hydrogen bond strengths to charged clusters
where solvent effects have been added to the final energies.

The approach used for treating the solvent effects is the self-
consistent isodensity polarized continuum model (SCI-PCM) as imple-
mented in the GAUSSIAN-94 program.25 The default isodensity value
of 0.0004 e/B3 was used, which has been found to yield volumes very
close to the observed molar volumes. The dielectric constant of the
protein is the main empirical parameter of the model and it was chosen
to be equal to 4 in line with previous suggestions for proteins.

In the text below, different nomenclature is used for discussing spin
states depending on the situation. For example a doublet spin state
means that the multiplicity (2S + 1) is equal to 2, giving the spin (S)
equal to 1/2. When the spin population is discussed, it is expressed in
numbers of unpaired electrons. This means that if a certain group has
one unpaired electron, the spin population on this group is equal to 1.

III. Results and Discussion

The present section on the results of the model calculations
is divided into two subsections. In the first subsection, the
chemical features of compound I are discussed. In particular,
the spin and the charge states of the tryptophan residue are
discussed. For these investigations a model is used where the
entire proximal His-Asp-Trp triad is represented. In the second
subsection, the O-O bond-breaking reaction is discussed in
detail. For this part of the present study, the distal histidine is
included in the model while the proximal triad is modeled by
a single imidazole group. The O-O bond-breaking reaction is

shown to occur in steps where the final step is quite complicated
with a barrier determined by a crossing between two different
potential energy surfaces.

(a) Chemical Features of Compound I.The first question
investigated for compound I of peroxidases (see Figure 2) is
the spin of the ground state. For this investigation a neutral
imidazole ligand is kept in the proximal heme pocket and the
porphyrin is replaced by two (NH)(CH)3(NH) groups which
form two rings that bind to iron. The net charge of this model
is +1. The same model is used to study the mechanism for
formation of compound I, discussed in subsection IIIb below.
Using this model a quartet ground state was obtained. Ap-
proximately two of the unpaired electrons reside in the FedO
group (1.19 on Fe and 1.08 on O) and the remaining one (0.79)
is located on the porphyrin analogue. In an orbital description,
there are two unpaired electrons in the degenerate FedO π*
antibonding orbital that are triplet coupled, coupled to an
unpaired electron on porphyrin.26

A critical question when this rather small heme model is used
is whether the ionization potential of the heme is correctly
reproduced. This is important since in the proposed O-O
splitting mechanism investigated below the heme group is
expected to become cationic. A comparison of computed
ionization potentials of the oxyferryl state (O-Heme[Fe(IV)]),
using the small heme model described above and for a larger
heme model including the porphyrin and also the propionates
of the actual heme, gave a difference of only 2 kcal/mol. This
shows that the smaller heme model is quite adequate, at least
in this respect. For this larger heme model the spin distribution
is only slightly different from the one obtained using the small
Fe-2(NH)(CH)3(NH) model, giving spin populations of 1.15
on Fe, 0.89 on O, and 0.96 on porphyrin. Furthermore,
Kuramochi et al.19 have made single-point nonlocal DFT
calculations using a triple-ú basis set on a model where the
porphyrin was used in the heme model. In that study, also a
quite similar spin distribution was obtained, with values on Fe,
O, and porphyrin of 1.24, 0.99, and 0.78, respectively. The
similarities between the spin distributions obtained for the
different models give additional indications that the simplified
porphyrin model should give reasonable results. In addition to
the quartet state with approximatelyS) 1 on the Fe-O moiety
ferromagnetically coupled to theS ) 1/2 on porphyrin, there
should also be an energetically close-lying doublet state where
the spin on Fe-O is antiferromagnetically coupled to the spin
on porphyrin. Unfortunately, convergence to this doublet state
could not be obtained. However, in the study performed by
Kuramochi et al. the4A2u and the2A2u states were found to be
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Figure 3. The proposed mechanism of compound I formation in heme peroxidases. First, hydrogen peroxide enters the active site (a). In the next
step the distal histidine abstracts a proton from peroxide. Simultaneously, a covalent bond is formed between iron and one of the oxygens (b). The
proton is then donated back to form water and compound I (c,d).
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essentially degenerate. Also, the spin distribution obtained for
the 4A2u state was found to be close to that for the2A2u state
except that the spin on porphyrin in the doublet state is in the
opposite direction. In the following discussion, only the quartet
of these near-degenerate states was therefore considered. The
excitation energy from the quartet to the sextet state was in the
present study found to be 22.2 kcal/mol. This state has a spin
population of 2.92 on Fe, 0.89 on O, and 1.19 on the porphyrin
model.

As discussed in the introduction, for certain peroxidases the
radical in compound I is located on an amino acid residue rather
than on the heme ring. Therefore the second question investi-
gated here concerns the character of the tryptophan radical
formed in compound I of CCP. Although some results could
be interpreted in terms of a formation of a neutral oxidized
indole in CCP,27,28 most studies indicate that it should be
cationic.29 The model of the active sites of CCP and APX used
to study this question is based on the crystal structures,1,5 and
includes a full unsubstituted iron porphyrin and the functional
groups of all three proximal amino acids shown in Figure 1.
His 175 was thus modeled by an imidazole, Asp 235 by a
formate, and Trp 191 by an indole (numbering referring to CCP),
giving a total number of 67 atoms in the quantum chemical
model. Using this model, full geometry optimizations were
performed starting with different locations of the protons
between His 175 and Asp 235 on one hand and between Asp
235 and Trp 191 on the other hand. The lowest energy was
obtained for the structure shown in Figure 4. Since the distal
amino acids should have only a minor influence on the charge
state of the tryptophan these were not included in the model.
The total spin (S) used for the calculation was 3/2 (4A), in line
with the ground state obtained (see above), and the complex
was considered to be neutral.

It should be noted that the accuracy of computed bond
distances and angles is usually higher than what is obtained by
X-ray crystallography.30,31However, some geometrical features

may be incorrectly reproduced due to the choice of a limited
model. For example, during the optimization the tryptophan
moves from its initial position observed in the X-ray structures
due to the lack of a representation of steric effects from parts
of the protein not included in the model. However, it is unlikely
that this deficiency of the model should severely affect the
electronic structure and total energy of the complex.

By only considering the bond distances of the structure in
Figure 4 it is found that the tryptophan clearly is protonated,
with a proton distance of 1.07 Å to the indole nitrogen and
1.51 Å to the carboxylate group. It is furthermore clear that the
proton between the imidazole and the carboxylate is much closer
to the imidazole. In Table 1, the Mulliken charge and spin
distributions for the cluster are shown. The charge distribution
shows that the indole, imidazole, and porphyrin are all positively
charged with values between+0.2 and+0.3. The charge on
carboxylate is, as expected, negative and the value obtained is
-0.68.

It could be argued that the determination of the position of a
proton could be quite uncertain based on the present gas-phase-
type calculations, and that ideally the protein should be included
in a QM-MM procedure. However, in the present case where
the gas-phase model favors the charge-separated system, Asp--
TrpH+, the introduction of the protein is only expected to make
this state even more favored compared to the case without
charge separation. Instead, in this case it is more important to
use a method, like B3LYP with full geometry optimization, so
that all the relevant resonances for the indol cation-radical are
correctly described. These resonances are very important for
the proton affinity, as can be seen on a comparison between
the gas-phase proton affinities of the indol and pyrrol radicals,
which is as much as 8.7 kcal/mol larger for the indol radical. It
is furthermore of interest to note that the gas-phase phenol
radical has a proton affinity that is 23.6 kcal/mol smaller than
that of indol, which is a good explanation for the fact that tyrosyl
radicals are neutral while tryptophan radicals are usually
protonated in enzymes.

The Mulliken population analysis further gives a spin
population on the FedO moiety of 2.05. Most of the remaining
spin population of 0.95 is, interestingly, shared equally between
tryptophan and the porphyrin in spite of the long distance
between the porphyrin and the indole obtained in the optimized
structure. This indicates that the difference in ionization potential
between tryptophan and porphyrin for the oxyferryl form of
APX and CCP must be small. This is in line with the
observations that the location of the radical varies with the
different environments in APX and CCP.9,16,28The largest part
(41%) of the spin population on tryptophan is located on the
carbon that leads out to the backbone. This agrees well with

(27) Krauss, M.; Garmer, D. R.J. Phys. Chem.1993, 97, 831-836.
(28) Menyhárd, D. K.; Náray-Szabo´, G. J. Phys. Chem. B1999, 103,
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Ed.; World Scientific Publishing Company: Singapore, 1997; p 165.

Figure 4. Fully optimized model structure of compound I of APX
and CCP. The amino acid numbering is for CCP. The spin and charge
distribution of different parts of the complex are given in Table 1.

Table 1. Mulliken Spin (S) and Charge (Q) Distributions for the
Modeled Compound I/ES Complex Shown in Figure 4a

group Q S

Fe 0.16 0.95
O -0.19 1.10
porphyrin +0.21 0.48
“His 175” +0.22
“Asp 235” -0.68
“Trp 191” +0.28 0.47

total 0 3

a The amino acid numbering is for CCP. Values less than 0.02 are
omitted.
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electron nuclear double resonance (ENDOR) experiments
performed on CCP32 from which exactly the same percentage
of the spin on Trp 191 was found to be located on that carbon.
However, it should be pointed out that the total spin density on
Trp 191 obtained in these experiments is equal to 1, in contrast
to our results on the model compound with a total spin
population on tryptophan of only 0.47. A radical formed on
this carbon fits nicely into the picture of an ET pathway in CCP
that follows the backbone chain leading from Trp 191 to the
heme of cytochromec.11

During the last years several other theoretical studies have
contributed to the understanding of compound I. The first DFT
calculations of compound I models were performed by Kuramo-
chi et al. for a model that includes the full unsubstituted iron
porphyrin ring modeling the heme and the proximal imidazole.19

In that study the molecular orbitals for the ground state of
compound I of heme peroxidases were analyzed in detail using
the geometry obtained from the X-ray structure. Furthermore,
the energetics of the redox process between compound I and
compound II was also discussed.19 The redox potential for
compound I was computed to be 1.61 V for the gas phase and
0.56 V for the aqueous solution, which can be compared with
the experimentally determined redox potential for compound I
of HRP of 0.95 V. In a study by Menyha´rd et al.28 electrostatic
potential and single-point Hartree-Fock calculations using
minimal basis sets were performed for different protonation
states of the His-Asp-Trp triad and compared to experimental
ENDOR results. In contrast to our results it was found that the
radical could appear on tryptophan only if this residue is
deprotonated by the neighboring aspartate. The conclusion was
that the difference between CCP and APX could be explained
by different locations of the protons in the distal heme region,
which is a consequence of different protein environments of
these enzymes. However, the present results, including fully
optimized structures at a high level of theory, indicate that the
radical appears on a protonated tryptophan in CCP, which
furthermore is in agreement with most experimental studies.29

Finally, the protein environment of CCP and APX has been

studied theoretically using the protein dipoles Langevin dipoles
(PDLD) model combined with molecular dynamics.8 From these
calculations it was concluded that the protein environment of
CCP stabilizes the tryptophan radical relative to that of APX.
The alkali cation and its ligand Asp 187 together destabilize
the tryptophan cation radical of APX by 7.1 kcal/mol. However,
it was also found that there are several other small contributions
to the destabilization of the tryptophan radical of APX relative
to that of CCP.

(b) Mechanism of Compound I Formation.The main part
of the present study concerns the reaction mechanism for the
O-O bond cleavage shown in Figure 3, which was proposed
on the basis of the X-ray structure.15 While the entire heme-
His-Asp-Trp part could be accurately modeled when the
chemical features of compound I were studied, a smaller model
of the active site had to be used when the more complicated
study of the reaction mechanism was performed. For the heme,
the smaller model discussed in subsection IIIa and shown in
Figure 5 was used. To further limit the computational cost, only
the histidine residue was kept in the proximal pocket. At first
sight it may seem that this model could not represent the O-O
bond cleavage process in heme peroxidases like CCP where
the proximal tryptophan, which is not included in the model,
eventually becomes oxidized. However, a strong indication that
the proximal tryptophan does not need to become oxidized in
the actual O-O bond cleavage process is that the reaction rate
for compound I formation in HRP14 was found to be very similar
to the rate obtained for CCP13 in spite of the fact that HRP has
a phenylalanine at the position for Trp 191 of CCP. The results
reported in subsection IIIa indicating similar reaction energies
for formation of a radical on porphyrin and on Trp 191 are also
in line with these findings. Therefore, the investigation of the
mechanism should be representative for all heme peroxidases
even though the proximal tryptophan is not included in this
model. The distal histidine, which was not included in the model
used in the previous subsection, has to be included in the model
when the reaction mechanism of Figure 3 is examined, since it
is known to be essential for catalysis13,14and directly involved
in the proposed reaction mechanism shown in Figure 3. Using
such a complex, there is still a choice of charge state. The

(32) Huyett, J. E.; Doan, P. E.; Gurbiel, R.; Houseman, A. L. P; Sivaraja,
M.; Goodin, D. B.; Hoffman, B. M.J. Am. Chem. Soc.1995, 117, 9033-
9041.

Figure 5. Optimized intermediates of modeled heme peroxidases. The relative energies are shown in Figure 6 and Table 3.
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histidine in the proximal pocket could be considered to be
deprotonated and thus modeled by an imidazolate. This approach
would result in a neutral model complex. Alternatively, a neutral
imidazole could be used to model the proximal pocket, giving
a net charge of+1 for the model complex. The optimized
structure of the entire OdHeme-His-Asp-Trp part, discussed
in the previous subsection, indicates that in compound I, the
proton is clearly closer to the histidine than to the aspartate.
Also for the resting ferric state similar calculations, but using a
smaller heme-model, show that the proton between the histidine
and the aspartate is somewhat closer to histidine, with a distance
of 1.15 Å to the imidazole nitrogen and 1.36 Å to the aspartate
oxygen. These results indicate that the His-Asp-chain may
perhaps be best modeled by a neutral imidazole, and thus with
a charge of+1 for the total complex.

Using a positively charged model as described above, attempts
were first made to optimize a reactant where hydrogen peroxide
coordinates to the iron of the heme and forms a hydrogen bond
to the distal histidine as shown in Figure 3a. However, no stable
structure for such a complex was found. Instead, the proton
moves from the peroxide to the imidazole without passing a
barrier during geometry optimization. Studies of the proton
transfer energy barriers in H5O2

+ 33 indicate that the B3LYP
functional sometimes tends to underestimate barriers for proton
transfers by 0-2.5 kcal/mol compared to results obtained using
CCSD(T). This means that a small barrier for proton transfer
cannot be ruled out. However, a possible small barrier for the
proton transfer should have no effect on the rate for the overall
reaction as long as it is lower than the barrier for breaking the
O-O bond, see further below. The optimized structure for the
product of the proton transfer is shown in Figure 5a. The lowest
energy for this complex is obtained for a doublet spin state.
Mulliken population analysis for the converged structure shows
that all spin is located on iron. As shown by the distances given
in Figure 5a, the proton is not entirely located on imidazole,
but there is also a rather short distance to the OOH- group.
The charge on iron in this state is+0.62, while the charge on
the proximal imidazole is+0.34 and that of the distal OOH--
H+His group is+0.38. The charge obtained for the porphyrin
model is -0.34. These values can be compared to results
obtained for a model of the resting ferric state using a complex
that includes the heme and the proximal imidazole. For this
state the charge on iron is+0.90 and the charges on imidazole
and porphyrin model are+0.27 and-0.17, respectively. Thus,
when hydrogen peroxide reacts with the active site, positive
charge is transferred mainly from iron (0.28) and from the
porphyrin model (0.17) to the distal heme pocket. Since the
charge transfers may be sensitive to the total charge state of
the model chosen, these calculations were also performed using
an overall neutral model in which an imidazolate was used for
His 175. For the neutral model positive charges of 0.34 and
0.10 are transferred from iron and the porphyrin analogue,
compared to 0.28 and 0.17 for the positively charged model,
indicating that these models behave quite similarly.

In the next step of the proposed peroxidase reaction, the
hydrogen bond between histidine and the peroxide should switch
from the proximal to the distal oxygen as shown in the step
b-c of Figure 3. The details of this step have not been
investigated in the present study, which mainly has focused on
the O-O bond-breaking mechanism. The shift of the hydrogen
bond could, for example, be assisted by an arginine residue in
this region or by water molecules that have also been observed

in structural studies of this region. Using a naked Mg2+ ion,
Woon and Loew showed that the barrier for transforming
Mg2+-HOOH into Mg2+-OOH2 was significantly lowered in
the presence of a water molecule that acts as base.34 Using the
present model the energy goes up by 5.3 kcal/mol in this step
(b-c in Figure 3), giving the structure shown in Figure 5b. We
consider this energy increase as a probable artifact of the limited
model, and the energies will hereafter be given relative to the
energy for the structure in Figure 5b. Also for this intermediate
the ground state is a doublet (S) 1/2), which agrees with results
obtained from other theoretical studies.17 The excitation energies
to the quartet and sextet states were found to be 11.0 and 13.9
kcal/mol, respectively. During this reaction step the charge
distribution of the cluster changes somewhat. The positive
charge on iron decreases by 0.07 to a value of+0.55. At the
same time the positive charge of the OOH--H+imidazole group
increases by 0.10 to a value of+0.48. The charges on the
proximal imidazole and porphyrin model are on the other hand
almost unaltered. In summary, the charge and spin populations
change only slightly in the stepb-c of Figure 3.

In the final step of the reaction the proton should be donated
back from the histidine to the distal oxygen of OOH- followed
by cleavage of the O-O bond and formation of the product of
the reaction shown asd of Figure 3. This is by far the most
complicated part of the reaction and a considerable number of
model studies were required for the investigation of this step.
In the present model the barrier is determined by a spin-crossing
between a quartet and a doublet surface. In reality, the reaction
path in this region could instead involve the antiferromagneti-
cally coupled doublet state rather than the quartet state. As
mentioned above, these states are very nearly degenerate and
electronically very similar. Involvement of the antiferromagnetic
doublet would formally avoid a specific spin-crossing, but due
to the large change of electronic structure character there would
still be a sharply avoided crossing at a very similar energy, and
the present model should therefore still yield a qualitatively
correct barrier.

The reaction coordinate betweenc andd of Figure 3 could
reasonably well be described by two structural parameters: the
O-O distance of the OOH- group and the distance between
the distal oxygen of OOH- and the proton on histidine. These
two bond distances were varied independently for both quartet
and doublet states to set up a grid of energy points. In each
point, geometry optimizations were performed where the O-O
and the O-H distances were kept frozen and all other structural
parameters optimized. By performing this two-dimensional
search of the potential surface, it was found that the critical
parameter for this reaction is the O-O bond distance, while
the proton could be moved from histidine to OOH- almost freely
without any barrier for different O-O distances along the
reaction path.

Figure 6 shows the energy changes for different O-O bond
distances along the reaction. The relative energies are further
given in Table 3. Starting from the doublet Heme[Fe(III)]-
OOH-H+His complex (Figure 5b) the energy first increases
with the O-O bond distance on the doublet surface. For O-O
distances less than 1.80 Å, essentially all spin is located on iron,
as in the reactant. In this region, the distance between iron and
the proximal oxygen decreases from 1.92 to 1.85 Å. For O-O
distances larger than 1.80 Å there is a sudden change of
behavior, and the energy increases much slower with the oxygen
distance as shown in Figure 6. Simultaneously, negative spins

(33) Sadhukhan, S.; Mun˜os, D.; Adamo, C.; Scuseria, G. E.Chem. Phys.
Lett. 1999, 306, 83-87.

(34) Woon, D. E.; Loew, G. H.J. Phys. Chem. A1998, 102, 10380-
10384.
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appear on the oxygens. These are strong indications that an
avoided potential surface crossing has occurred and that the
reaction has passed over to another doublet potential surface of
a different character. For an O-O distance of 1.90 Å, spin
populations of 1.09 on iron and-0.23 on the distal oxygen
were obtained. The spin on the porphyrin model is 0.07 and
the spin on the proximal oxygen 0.09. At a distance of 2.10 Å
the spin on iron increases further to 1.59. For this geometry,
the spin population on the distal oxygen is-0.30 and on the
proximal oxygen-0.35. The spin on the porphyrin model is
still small for the doublet state at this O-O distance, with a
value of only 0.08. At this O-O distance of 2.10 Å, the
optimized quartet state has the same energy and a spin-crossing
occurs as shown in Figure 6. In the actual peroxidase system
this point could also correspond to a crossing between a doublet
surface which has one unpaired electron located on iron and
the oxygens and another doublet surface where two unpaired
electrons on the Fe-OOH part is antiferromagnetically coupled
to one unpaired electron on the porphyrin analogue. The energy
for the quartet state was also calculated in the geometry

optimized for the doublet at the O-O distance of 2.10 Å, and
was found to be only 4.8 kcal/mol higher than the doublet
energy. This is quite important for a possible surface crossover,
and shows that the upper limit for reaching a geometrical
crossing point is only 4.8 kcal/mol. Based on previous experi-
ence, this type of estimate leads to a largely exaggerated energy
cost and the actual additional energy required to cross to the
other surface should therefore be only 1-2 kcal/mol. In this
context it is also quite important that at least one of the surfaces
has a very small slope in the crossing region,35 and as can be
seen in Figure 6 the reactant energy on the doublet surface varies
only slowly with the critical O-O distance. When the O-O
distance changes from 1.75 to 2.10 Å the energy only changes
by 2.8 kcal/mol. This allows the reactant to stay in the region
of the crossing for sufficiently long times that the crossing can
occur. For the quartet state the spin on iron is 1.13. The spin
populations on the proximal and distal oxygens are 1.18 and
0.23, respectively, and the spin on the porphyrin model 0.54.
This crossing defines the transition state of the reaction. The
structure of the doublet state in the crossing point is shown in
Figure 5c. The activation energy calculated relative to the
reactant shown in Figure 5b is 10.4 kcal/mol. This can be
compared to the experimentally known rate for compound I
formation in CCP of 3.9× 107 M-1 s-1, which approximately
corresponds to a barrier of 6.5 kcal/mol. The agreement between
theory and experiment must be considered quite satisfactory
considering the complicated nature of the reaction and the
limited model used where the porphyrin of the heme is
represented by two (NH)(CH)3(NH) groups. Following the
reaction coordinate in the forward direction by relaxing the O-O
bond distance and performing a full optimization starting with
this geometry leads directly to the formation of compound I
and a hydrogen-bonded water as the energy goes down. This
compound I-water complex has an energy of-13.3 kcal/mol
relative to the structure in Figure 5b. In the final product the
spin on the distal oxygen disappears and the spin on the
porphyrin model increases to 0.79. It should be noted that it is
only when the quartet surface has been reached, that is after
the passage of the transition state, that the spin on the porphyrin
model starts to build up. In summary, the reaction path along
which the O-O bond is broken is quite complicated, passing
over three potential surfaces with different character.

The energy of the [Heme•]+[Fe(IV)]dO-HOH-His product
is the most uncertain point on the potential energy surface for
the reaction, but this is also a less interesting point since the
reaction has already been completed. Using the present model,
hydrogen bonds are formed between water and the porphyrin
model in the converged structure. Although these precise
interactions are artifacts due to the chemical model used,
hydrogen bonds of similar strength can be formed between water
and some other group, for example, the positive arginine residue.
Calculations showed that the strength of the hydrogen bonds
between water and the porphyrin model, which is cationic at
this stage, is 18.9 kcal/mol, which is exactly the same as was
obtained for the hydrogen bond between a cationic arginine
model and water. Therefore, in spite of the model artifacts, also
the energy for the product should be rather reasonable. The
problem with the erroneous hydrogen bonds in the [Heme•]+-
[Fe(IV)]dO-HOH-His product is the reason why this structure
is not shown in Figure 5.

The ground state of compound I is a quartet (S ) 3/2) or
possibly an antiferromagnetically coupled doublet (S ) 1/2).

(35) Mitchell, S. A. In Gas-Phase Metal Reactions; Fontijn, A., Ed.;
Elsevier Science Publishers: B.V., 1992; Chapter 12, pp 227-252.

Figure 6. The potential energy surface for modeled compound I
formation in heme peroxidases. The labels refer to Table 3 and to the
structures shown in Figure 5.

Table 2. Mulliken Spin (S) and Charge (Q) Distributions in the
Modeled Reactant [HisH-HOO-Hem-His]+ (b of Figure 5) and
Product [His-HOH-O-Hem-His]+ of the HOOH Activation in Heme
Peroxidasesa

group Q(reactant) Q(product) S(reactant) S(product)

Fe +0.55 +0.45 0.94 1.19
O -0.21 1.08
OOH -0.37
“porphyrin” -0.36 +0.32 0.79
“His 52” +0.85 +0.11
“His 175” +0.33 +0.22

total +1.00 +1.00 1.00 3.00

a The amino acid numbering is for CCP. Spin populations less than
0.02 are omitted.

Table 3. Relative Energies (∆E) on the Potential Energy Surface
for HOOH Activation by Heme Peroxidasesa

compound ∆E (kcal/mol)

[HisH-OOH-Hem-His]+ (a) -5.3
[HisH-HOO-Hem-His]+ (b) 0.0
transition state (c) 10.4
[His-HOH-O-Hem-His]+ -13.3

a The letters in parentheses refer to the corresponding letters in Figure
5.
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The spin population obtained can also be compared with the
case where the entire His-Asp-Trp triad of CCP (or APX) was
included in the model. In that case an unpaired electron (0.95)
was shared between the porphyrin and the indole as discussed
in the previous subsection. During the reaction from Heme-
[Fe(III)]-OOH-H+His (Figure 5b) to [Heme•]+[Fe(IV)]dO-
HOH-His the net charge of the distal heme pocket changes
from +0.48 to-0.10 while the positive charge of the proximal
pocket only changes slightly, from+0.22 to+0.33. Also the
changes of the charge on iron are small, decreasing from a value
of +0.55 in the reactant to+0.45 in the product. The negative
charge that appears in the distal heme pocket is donated from
the porphyrin analogue, which changes from a charge of-0.36
to +0.32.

For the calculations described above a positively charged
model cluster was used. However, preliminary calculations have
also been performed on a neutral cluster, modeling His 175 by
an imidazolate. The results indicate that the activation energy
using such a neutral model for the proposed mechanistic
pathway is quite similar to the corresponding energy for the
positively charged model. However, the highest point on the
potential energy surface for the neutral model seems to occur
at a different O-O bond distance and the crossing point between
the doublet and the quartet surface in that case may occur after
the barrier has been passed.

IV. Conclusions

The present energetic results support the mechanism for
compound I formation in heme peroxidases that has been
previously proposed based on the X-ray crystal structure for
CCP.15 Upon addition of a hydrogen peroxide molecule to the
distal heme pocket, the proton on the proximal oxygen of the
peroxide is spontaneously transferred to the distal imidazole
resulting in a doublet Heme[Fe(III)]-OOH-H+His complex.
In the following step of the proposed mechanism, the proton
on histidine is donated to the distal peroxide oxygen followed
by cleavage of the O-O bond. As the O-O bond distance is
elongated the energy increases relative to the Heme[Fe(III)]-
OOH-H+His complex and spin appears initially on both
oxygens of the O-OH-H group. For an O-O distance of 2.10
Å the complex changes state from a doublet having one unpaired
electron to a quartet or an antiferromagnetically coupled doublet

having three unpaired electrons, and spin starts to appear also
on the modeled porphyrin. The activation energy of the reaction
is given by the energy of the crossing between these two states
relative to the Heme[Fe(III)]-OOH-H+His complex (Figure
5b). When the O-O bond is increased in steps while all other
degrees of freedom are fully optimized, the crossing occurs at
an energy of+10.4 kcal/mol. To reach a true geometric crossing
point only a few kilocalories per mole (less than 4.9 kcal/mol
and probably only around 1-2 kcal/mol) has to be added to
this energy. Following the reaction path for longer O-O
distances eventually leads to the final product, which is a model
for compound I. In this compound a cationic radical appears
on the porphyrin model. If the entire His-Asp-Trp triad of APX
and CCP is included in the model the cationic radical is shared
between the porphyrin and the protonated indole group. The
exothermicity for the O-O splitting reaction was found to be
13.3 kcal/mol relative to the structure shown in Figure 5b. The
reasonable values obtained for the activation and reaction
energies of the reaction support the reaction mechanism
previously proposed15 although it does not completely rule out
alternative pathways.

In the present study we have focused on peroxidases.
However, the results obtained should also give valuable insights
into the mechanisms for several other O-O splitting heme-
enzymes, such as P450, cytochromec oxidase, and catalases.
Although the P450 and cytochromec oxidase enzymes catalyze
the activation of the oxygen molecule rather than hydrogen
peroxide, they are likely to function in a similar way since the
same type of intermediates should be involved.36 Catalases,
which like peroxidases catalyze hydrogen peroxide activation,
are different from peroxidases in the sense that the proximal
amino acid binding directly to the heme iron is tyrosine, which
cannot be hydrogen bonded to a carboxylate as the proximal
histidine of peroxidases is. In the present study the histidine
was modeled by a neutral imidazole, while for catalases the
proximal heme ligand has to be modeled by a negatively charged
phenolate. The effects of different proximal amino acids are
currently under investigation and will be discussed in a future
paper.
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