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Abstract The axial ligand effect on reactivity of heme
enzymes is explored by means of density functional
theoretical calculations of the oxidation reactions of
propene by a model compound I species of horseradish
peroxidase (HRP). The results are assessed vis-à-vis
those of cytochrome P450 compound I. It is shown
that the two enzymatic species perform C=C epoxi-
dation and C–H hydroxylation in a multistate reactiv-
ity scenario with FeIII and FeIV electromeric situations
and two different spin states, doublet and quartet.
However, while the HRP species preferentially keeps
the iron in a low oxidation state (FeIII), the cyto-
chrome P450 species prefers the higher oxidation state
(FeIV). It is found that HRP compound I has some-
what lower barriers than those obtained by the cyto-
chrome P450 species. Furthermore, in agreement with
experimental observations and studies on model sys-
tems, HRP prefers C=C epoxidation, whereas cyto-
chrome P450 prefers C–H hydroxylation. Thus, had
the compound I species of HRP been by itself, it would

have been an epoxidizing agent, and at least as reactive
as cytochrome P450. In the enzyme, HRP is much less
reactive than cytochrome P450, presumably because
HRP reactivity is limited by the access of the substrate
to compound I.

Keywords Enzyme models Æ Enzyme catalysis Æ
Cytochrome P450 Æ Peroxidases Æ Density functional
theory Æ Hydroxylation Æ Epoxidation

Introduction

Heme-type enzymes are abundant in nature and con-
stitute roughly one third of all known metalloproteins
[1]. Heme is the iron protoporphyrin IX prosthetic,
FeIIIPor, shown in Scheme 1. This complex performs a
great variety of chemical processes [1–6] depending on
the protein, and as such, heme proteins have provided
opportunities to probe how interactions between the
protein and prosthetic group control function. An
important functional difference in heme enzymes is the
nature of the ligand LP, called the proximal ligand
(Scheme 1). Two of the most common proximal ligands
are thiolate of a cysteinate residue and the imidazole
ligand of a histidine. Cytochromes P450 (P450s) have a
thiolate ligand, while the great majority of peroxidases
include a histidine proximal ligand [1]. The P450s are
very versatile catalysts that activate dioxygen and insert
a single oxygen atom into almost any imaginable or-
ganic compound [2]. For example, P450s can hydroxyl-
ate C–H bonds and epoxidate C=C bonds. Peroxidases,
on the other hand, act mostly as electron sinks [1],
converting H2O2 to water by performing single-electron
oxidation of substrates. For instance, cytochrome c
peroxidase oxidizes cytochrome c, itself an electron
transport protein found in the mitochondria of eukary-
otic organisms, and horseradish peroxidase (HRP) oxi-
dizes phenolic compounds, leading to their coupling, etc.
Interestingly, HRP is able to catalyze monooxygenation
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of thioethers, but it is a poor oxidant for C=C epoxi-
dation and even poorer for C–H hydroxylation [7,8].
One of the more obvious factors that may differentiate
P450 and HRP is the steric access of the substrate to the
active species [7, 9]. However, much less established are
the intrinsic differences between the active species of the
two enzymes, owing to the different proximal ligands.
For example, the use of histidine-based microperoxid-
ases [10] suggests that the histidine (imidazole) ligand
inhibits the reactivity relative to P450, whereas working
with model compounds leads to much less decisive
conclusions regarding the preferred axial ligand for
monooxygenation. Thus, the main goal of the present
paper is to benchmark the intrinsic reactivity differences
between the active species of heme enzymes that are
based on thiolate (P450-like) and those based on histi-
dine (HRP-like). Are there any ligand influences on the
relative reactivity and regiochemistry during monooxy-
genation?

The active species of HRP is the high-valent iron-oxo
porphyrin called compound I (Cpd I). The same species
is believed to be active in P450 [1]. Scheme 1 shows the
X-ray structures of the Cpd I species of HRP and P450,
taken from the protein data bank [11–13]. The amino
acids are labeled in accordance with the labeling of the
X-ray structures.

Since, histidine is a neutral ligand, while cysteinate is
an anionic ligand, the electrostatic effects induced by the
ligands on the catalytic centers are very different for HRP
and P450. Thus, it has been shown that cysteinate pushes

electrons, whereas histidine pulls electrons [3, 14, 15].
One of the results is that in HRP-related systems the iron
atom is located more in the plane of the heme group,
whereas in P450 enzymes it rises above the plane [14].
However, the local environments of the ligands are also
different in the two enzymes [1, 14]. The histidine ligand
in HRP is located at the C-terminal of the proximal helix
which exerts a negative environment, whereas the cyste-
inate ligand in P450 resides at the electropositive N-ter-
minus of the helix. A decrease of the negative charge on
the ligand has been argued to increase the Fe(3+)/
Fe(2+) reduction potential [14]. Another environmental
difference between the cysteinate and the histidine axial
ligands is that histidine donates a hydrogen bond (to
Asp247, Scheme 1), while cysteinate accepts amidic
hydrogen bonds [14]. Mutation of the axial ligand in
myoglobin from histidine to cysteine leads to a mutant
enzyme that possesses nearly identical spectroscopic
features as P450, and its reactivity patterns suggest that it
forms Cpd I during oxidative processes [15]. This sug-
gests that in dealing with the intrinsic reactivities of the
two species, one might be allowed to use similar repre-
sentations of the ‘‘polarity’’ of the environments.

The intrinsic effect of the axial ligand has been tested
using synthetic oxo-iron porphyrin catalysts. Cyclooc-
tene/cyclooctane oxidation by wild-type P450 gives a
hydroxylation/epoxidation product ratio of 4.04. How-
ever, synthetic thiolate ligated oxo-iron porphyrin sys-
tems change the regioselectivity in favor of epoxidation
(product ratio 0.66), whereas synthetic imidazole ligated
catalysts yield dominant epoxidation [16]. In the case of
O-demethylation of alkyl aryl esters, a catalyst with a
thiolate axial ligand even changes the reaction mecha-
nism compared with a catalyst having chloride or
imidazole axial ligands [17]. Studies with various axial
ligands on synthetic oxo-iron porphyrin systems showed
that some catalysts react via FeIII intermediates, while
others react via FeIV intermediates and that therefore,
the reaction mechanism may vary with the nature of the
axial ligand [18–20]. Moreover, the axial ligand may
enhance the oxidative power of Cpd I towards one-
electron reduction and formation of the one-electron
reduced species, compound II. In this sense, the electron
release property of thiolate makes Cpd I of P450 a much
less powerful electron acceptor than HRP Cpd I; the
electron affinities are computed to be 3.06 versus
6.41 eV, respectively [21].

Although many studies have addressed the electronic
properties of P450 and HRP Cpd I species [22–30], at this
point of time no comparative reactivity studies have been
performed theoretically. The present paper describes
density functional theoretical calculations, which gauge
the intrinsic effects of the proximal ligands (thiolate and
imidazole) on the hydroxylation and epoxidation reac-
tions of Cpd I models of P450 and HRP, and assess the
effect of the polar environment on the relative barriers of
the two reactions. As a substrate, which contains the
C=C and C–H functionalities, we use propene, which
was investigated before in combination with a Cpd I
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Scheme 1 Top: The heme species of heme proteins and its
representation. Bottom: X-ray structures of horseradish peroxidase
compound I (HRP Cpd I) (1HCH pdb) [11] and the putative
cytochrome P450 compound I (P450 Cpd I) (1DZ9 pdb) [12] as
taken from the protein data bank [13]
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model of P450, and was found to exhibit tantalizing
regioselectivity crossovers brought about by the polarity
of the environment and its hydrogen-bonding capability
[31, 32]. These latter features of the reaction will be ad-
dressed here too, for HRP Cpd I, and a comparison will
be made between the two Cpd I species.

Methods

There is a question to what extent the hydrogen bonding
between the imidazole and the neighboring aspartate
affects the ‘‘imidazolate character’’ of the proximal li-
gand in HRP Cpd I [25, 26, 29]. Using imidazolate leads
to significant spin density transfer from the porphyrin to
the proximal ligand, whereas the use of imidazole as the
ligand leads to negligible spin density transfer [26]. Our
previous study of HRP Cpd I [21] which included
imidazole and aspartate as well as the side chain of
phenylanaline (Scheme 1) showed that there is indeed a
hydrogen bond between imidazole and aspartate, but the
resulting imidazolate character and the extent of the spin
density on the ligand are small; when the effect of a
dielectric medium is included, most of the spin density
resides on the porphyrin. Following this study [21] the
HRP Cpd I species was modeled as an oxo-iron por-
phine with an imidazole axial ligand. P450 Cpd I was
modeled using thiolate (SH�) as axial ligand; previous
calculations showed that the gas-phase results for this
ligand are closer than other representations of the cy-
steinate ligand to the full quantum mechanical/molecu-
lar mechanical results [33, 34].

All the calculations followed commonly used proce-
dures [31, 32] that are briefly summarized here. We used

the unrestricted hybrid density functional method
UB3LYP [35–38] in combination with a double-f-qual-
ity basis set (LACVP) [39, 40] on iron and a Pople-type
6-31G basis set on the remaining atoms, hence LAC-
VP(iron)/6-31G(rest) [41]. The effect of increasing the
size of the basis set was tested using a single-point cal-
culation with the triple-f polarized basis set, which is
augmented by diffuse functions, LACV3P+*(iron) 6-
311+G*(rest) [39, 40]. Essentially the same trends were
found for the two basis sets. The geometries were fully
optimized using the Jaguar 4.2 program package [42]
followed by an analytic frequency in Gaussian 98, using
the same basis set LACVP(iron)/6-31G(rest) [43].

The connections between intermediates and products,
and between intermediates and reactants, were verified
by running extensive geometry scans between the critical
points. In these scans one degree of freedom was used as
a reaction coordinate, whereas all other degrees of
freedom were fully optimized. Subsequently, the tops of
the scans were refined by full optimizations in a transi-
tion-state search. All transition states and intermediates
were verified by frequency calculations. The effect of the
environment was tested with the polarized continuum
model as implemented in Jaguar 4.2 using a dielectric
constant of e=5.7 and a probe radius of 2.72 Å. The
many pieces of data are summarized in the ‘‘Electronic
supplementary material’’.

Results

HRP Cpd I versus P450 Cpd I

Prior to discussing the reactivity pattern of HRP versus
P450 enzymes, let us start with a brief summary of the
important differences and comparisons of the two active
species [21]. Scheme 2 shows the high-lying occupied
and low-lying virtual orbitals of HRP Cpd I and P450

Scheme 2 High-lying occupied and low-lying virtual orbitals of
HRP Cpd I (left) and P450 Cpd I (right). In both cases we show the
occupancy and spin situation for the quartet A2u state
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Cpd I. Both species have a set of five metal-type
d orbitals, which from bottom to top are labeled as d,
p�xz, p�yz, r�z2 and r�xy . The d orbital is nonbonding and lies
in the plane of the porphyrin ring. Two orbitals
ðp�xz and p�yzÞ represent the antibonding combinations
between the metal 3dxz,yz iron orbitals with the 2px,y
orbitals on oxygen. Two virtual r� orbitals with anti-
bonding interactions of the 3dxy orbital with the nitro-
gen atoms of the porphyrin ring ðr�xyÞ and an
antibonding interaction along the O–Fe–ligand axis (r�z2 )
complete the set of five metal orbitals. Save minor
mixings owing to the low symmetry of the species, the d-
block orbitals are rather similar for the two iron-oxo
models (‘‘Electronic supplementary material’’, Fig. S6).
Another high-lying orbital is a porphyrin-type a2u
orbital, which is singly occupied in the two species. But,
in P450, this orbital mixes strongly with the thiolate rS

sulfur orbital in antibonding fashion, whereas in HRP it
is virtually porphyrin centered [21].

The thiolate ligand is known to exert, on the rest of
the molecule, a so-called ‘‘push effect’’ that is associated
with the electron-releasing property of the ligand and its
strong binding to iron [3]. Indeed, all the orbitals of
HRP Cpd I are significantly lower in energy than the
corresponding ones in P450 Cpd I, and this is especially
so for the a2u orbitals. The relative energy levels of the
orbitals for the two species reflect the ‘‘push effect’’, and
are mainly caused by the different charges of the axial
ligands: thiolate is negative, while imidazole is neutral.
Bonding and antibonding features play a secondary role,
and are nonnegligible in the case of a2u and r�z2 [44].
Thus, the destabilization of the a2u orbital, due to the
negative charge and the antibonding interaction of the
thiolate ligand, is responsible in part for the smaller
electron affinity, 3.06 eV, of the P450 Cpd I species,
compared with 6.41 eV, for HRP Cpd I [21]. Interest-
ingly, the a2u orbital energy difference for the two spe-
cies, approximately 3.4 eV, is very close to the electron
affinity difference (3.35 eV).

Despite these differences, both P450 Cpd I and HRP
Cpd I have ground states with p �1xz p �1yz a12u occupa-
tions that lead to doublet and quartet spin states, which
are virtually degenerate; hereafter these states are des-
ignated as 4,2A2u. The state ordering is dependent on the
model investigated as well as on the environment [21, 29,
30, 33]. However, in any model, the two states are vir-
tually degenerate.

Optimized geometries of the lowest-lying quartet and
doublet spin states (4,2A2u) are shown in Fig. 1. Since, the
thiolate ligand is a better iron binder compared with
imidazole [30, 44], it will exert a trans effect (bond
lengthening) on the oxo ligand or any ligand trans to
thiolate. Indeed, the iron-oxo bond is longer: 1.651 Å in
the 4 A2u state of P450 Cpd I compared with 1.621 Å in
the same state of HRP Cpd I. The trans effect of thiolate
is reflected also in the displacement of the iron atom with
respect to the plane of the porphyrin ring (D), which in the
P450 optimized geometry is larger than in the corre-
sponding HRP species. In fact, the ‘‘push’’ and trans ef-

fects of thiolate are synonymous, both originating from
the negative charge and strong binding of this ligand to
iron (good orbital mixing) [44], compared with imidazole.

Propene epoxidation by HRP Cpd I

Figure 2 displays the potential energy profile as well as
optimized geometries of the transition states and inter-
mediates which were found in the epoxidation of pro-
pene by the HRP model Cpd I; the energy values in
square brackets correspond to the larger basis set
LACV3P+*. The initial phase of the reaction involves
the C=C bond activation, followed by a ring-closure
phase to give the epoxide complex. Four different tran-
sition states were located for the bond-activation phase:
two with the metal in oxidation state FeIV and two with
the metal in oxidation state FeIII. The two FeIV-type
transition states (4,2TS1-IV) are close in energy, within
0.6–1.1 kcal/mol. This is in good agreement with our
previous results with P450 Cpd I. By contrast, the low-
est-energy transition state is 2TS1-III, which involves
FeIII and is 5.33 [8.47] kcal mol�1 above the isolated
reactants. In the P450 case, this latter transition state is
high in energy [31, 32].

After passing the initial bond activation barriers,
the high-spin (HS) pathways generate two electromeric
intermediates (42-IV and 42-III) that have ring-closure
barriers, which are 0.58 (via 4TS2-IV) and 2.87 kcal
mol�1 (via 4TS2-III) above the respective intermedi-
ates. The FeIII-optimized complexes show longer Fe–O
bond distances owing to an additional electron (com-
pared with the FeIV electromer) in the p�xz orbital,
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Fig. 1 Optimized geometries of the 4,2A2u ground states of
horseradish peroxidase (HRP) (left) and cytochrome P450 (P450)
(right) compound I (Cpd I) species. All bond lengths are in
angstroms; D is the displacement of the iron atom with respect to
the plane of the porphyrin ring and �rFeN is the average value of the
four Fe–Npyrrole distances
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which has antibonding character in the Fe–O linkage.
By contrast, on the low-spin (LS) surfaces we did not
manage to locate real intermediates. After passing the
bond activation step on the LS surfaces, the species
directly collapsed to the product complexes in an
effectively concerted fashion. Therefore, the LS path-
way will be effectively concerted (albeit nonsynchro-
nous), while the HS pathway that proceeds via 4TS2-
III will exhibit a stepwise mechanism with a real
intermediate having finite lifetimes. This will become

more pronounced in a polarizing environment, as
shown recently for the P450cam case where the protein
increased the rebound barrier for the Fe(III) state [45].
This may result in stereochemical scrambling or rear-
rangement reactions on the HS surface.

As seen from the energy values in brackets, the trends
in this scenario remain basically invariant with the larger
basis set;hence we shall focus in the rest of the paper on
the LACVP results.

Propene hydroxylation by HRP Cpd I

Figure 3 shows the potential energy profile for the
allylic hydroxylation of the methyl group of propene
by HRP Cpd I. Similarly to the epoxidation mecha-

Fig. 2 Potential energy profile for the epoxidation of propene (P)
using 4,2Cpd I (HRP). All energies are relative to 4Cpd I+propene,
are in kilocalories per mol and contain zero-point-energy (ZPE)
corrections. The energy values in square brackets correspond to
single-point energy calculations with LACV3P+*, including the
ZPE correction from LACVP. Bond lengths are in angstroms. The
asterisk near 4TS2-III means that the energy value of this structure
was estimated from scans, and involves only LACVP data
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nism, here too a multistate scenario is clearly visible.
The initial step involves hydrogen abstraction and
leads to an intermediate of the hydroxo iron complex
with a nearby allyl radical. This allyl radical, there-
after, rebounds onto the iron hydroxo to form the
propenol product complex. As can be seen from
Fig. 3, the lowest-lying pathways for each spin mani-
fold are with the iron in oxidation state FeIII, while
the FeIV states are 2 kcal mol�1 or more higher in
energy. In the P450 case, the FeIII transition states are
very high in energy [32]. As in the case of epoxidation,

here too the two HS intermediates encounter barriers
for the formation of the alcohol complexes. By con-
trast to the epoxidation pathways, the LS pathways
also pass via radical species before collapsing to the
LS product complex. However, these LS species are
shoulders and not true intermediates, they have no
rebound barrier, so their lifetime will be limited.

Environmental effects on barrier heights

To examine the effect of a polarizing environment, the
lowest transition state species were recalculated, using a
medium with a dielectric constant e=5.7. Figure 4
shows these results for the reactions with HRP Cpd I,
compared with those of P450 Cpd I. It is seen that a
dielectric medium stabilizes the hydroxylation transition
states more than the corresponding epoxidation species.
This however is insufficient to make the hydroxylation

Fig. 3 Potential energy profile for the hydroxylation of propene
using 4,2Cpd I (HRP). All energies are relative to 4Cpd I +
propene, are in kilocalories per mole and contain ZPE corrections.
The energy values in square brackets correspond to the results with
the LACV3P+* basis set with ZPE inclusion from LACVP. Bond
lengths are in angstroms. The asterisk near 4TS4-III means that the
energy value of this structure was estimated from scans, and
involves only LACVP data
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pathways favorable over epoxidation; the pathway via
2TS1-III is still the lowest-lying. Using the LACV3P+*
data leads basically to the same trend (‘‘Electronic
supplementary material’’, Table S7). Thus, even though
the differences are small, they seem to persist. We may
therefore conclude that HRP Cpd I would intrinsically
prefer epoxidation to hydroxylation. In the case of P450
(Fig. 4, right), a dielectric constant of e=5.7 creates a
preference for hydroxylation over epoxidation, by
1.4 kcal mol�1, and this further increases to 3.0 kcal
mol�1 when the sulfur is hydrogen-bonded by NH...S
hydrogen bonds. Therefore, a polar environment as
applied by the protein environment will give preferential
epoxidation in HRP enzymes and dominant hydroxyl-
ation in P450 enzymes, in agreement with experimental
observations on model systems [16]. This, of course, is
an intrinsic property of the corresponding Cpd I, and it
does not consider factors such as the access of the sub-
strate to Cpd I and the tightness of the protein pocket.

Discussion

The goal of this paper was to gauge the intrinsic reac-
tivity of HRP and P450, with an aim of understanding
whether the sluggish monooxygenation reactivity of
HRP [7– 9] is an intrinsic property of the system, or
whether is it due to the constraints exerted by the protein
pocket. To facilitate this discussion, we collected the
barriers for epoxidation and hydroxylation for HRP and
P450 Cpd I species in Table 1. The effect of a dielectric
medium can be gleaned from Fig 4.

Intrinsic differences between P450 and HRP

The rate-determining step proceeds via 2,4TS1 (epoxi-
dation) and 2,4TS3 (hydroxylation). Comparing the
lowest-energy species, we see that the corresponding
barriers are 2–5 kcal mol�1 lower in HRP systems than

in P450 systems. The group spin densities and key bond
distances of the lowest-lying transition states 2TS1 and
2TS3 are displayed in Fig. 5. As can be seen, these LS
transition states for the reaction of HRP involve less O–
C and O–H bond making and less C=C and C-H bond
breaking compared with the P450 transition states, and
in the case of the epoxidation mechanism also a smaller
amount of spin density development on the propene
compared with the P450 case. As such, the HRP species
are ‘‘early’’, while the P450 ones are more ‘‘advanced’’
transition states. Based on the Hammond postulate, the
HRP reactions should have smaller barriers than the
P450 reactions. The calculated barrier differences are in
accord with this prediction. Therefore, with due caution,
we may conclude that, intrinsically, the HRP Cpd I
species should be at least as reactive as the corre-
sponding P450 species. The experimental data [7–9]
show that the monooxygenation reactivity of HRP is
sluggish (especially with respect to C-H hydroxylation),
and our results indicate that this sluggishness is not
intrinsic; this may well be a result of the topology of the
protein pocket that restricts substrate access to Cpd I.

Another interesting feature is the regiochemistry of
propene oxidation. HRP Cpd I prefers C=C epoxida-
tion over C–H hydroxylation, and this preference carries
over to a polarizing environment (Fig. 4). By contrast,
P450 Cpd I exhibits in the gas phase a slight intrinsic
preference for C=C epoxidation. This latter trend is
completely reversed when polarization and hydrogen-
bonding effects are taken into account. This is in
agreement with experimental observations regarding the
activity of model systems [16–19]. The fact that the
imidazole group in HRP is located in a negatively
charged region, whereas the cysteinate of P450 is located
in a positively charged region [14], may further enhance
the regioselectivity differences as shown by us recently
using applied electric fields to modulate the regiochem-
istry of P450 oxidation [46].

Finally the product complexes also exhibit a differ-
ence in the spin quantum numbers of the ground states.
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Fig. 4 Relative energies of the
lowest-lying 4,2TS1
(epoxidation) and 4,2TS3
(hydroxylation) transition
states in the oxidation of
propene by HRP Cpd I (left)
and by P450 Cpd I (right) under
different external perturbations;
e is a dielectric constant. The
relative energies include the
ZPE correction in the gas-phase
energies
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In propene oxidation by P450, this state is generally the
LS doublet state [32]. This is also true for other reac-
tions, as well as for the resting state of P450 [31, 32, 46–
50]. In HRP, by contrast, we find here 43 below 23 and 45
below 25. The energy differences increase upon
improvement of the basis set (Figs. 2, 3, ‘‘Electronic
supplementary material’’, Table S7, for LACV3P+*
data), so there is a trend here to be reckoned with.

The energy difference between HS and LS complexes
should reflect as usual a balance of a few factors: (1) the
orbital energy gap ðp�xz and r�z2Þ prefers the doublet state,
(2) the exchange interaction of the identical-spin elec-
trons prefers the quartet state, and (3) the different
geometries of the complexes in the two spin states. Our
search showed that the orbital energy gaps for the
product complexes are virtually the same, and the cor-
responding geometries do not give much of a clue either.
What seems to matter most is that the r�z2 orbitals of the
P450 product complexes are more delocalized, involving
substantial contribution from the sulfur (see the orbitals
in Fig. S7 in the ‘‘Electronic supplementary material’’).
On the other hand, in the HRP product complexes, these
orbitals are more localized on the iron. Consequently,
the exchange interaction energy in the HRP HS complex
will be more stabilizing than in the corresponding P450
complex. As such, once again, the better binding capa-
bility of the thiolate ligand affects the relative stability of
the spin states. This inversion in the relative stability of
the two spin states of the product complex creates an
additional spin crossover junction, thus further
enhancing the entangled reactivity of the two spin states,
and would affect the restart of the catalytic cycle of the
enzyme or of a Cpd I species under turnover conditions.

Conclusion

The results of this study show intrinsic differences be-
tween the reactivity patterns of the Cpd I species of P450
and HRP. The major findings are (1) Cpd I of HRP is
intrinsically more or at least as reactive than P450 Cpd I,
(2) HRP prefers epoxidation, while P450 prefers C–H
hydroxylation, and (3) the most favorable pathway in
HRP is the LS C=C epoxidation, which proceeds to the
epoxide complex without an intermediate; the HS
pathways are significantly higher in energy. As such, one
would expect to find fewer side products during epoxi-
dation, e.g., suicidal complexes and aldehyde complexes
[2–4, 51]. Our results are in good general accord with
experimental trends based on model systems [16, 17].
The higher intrinsic reactivity of the HRP species is,
however, not in accord with the opposite trend suggested
from studies of microperoxidases [10].

These differences identified in our study trace to the
charges of the axial ligands (imidazole versus thiolate)
and the extents of mixing of their orbitals into the d
orbitals of the iron and the a2u orbital of the porphyrin
[44]. Owing to the negative charge of the thiolate and the
better mixing of its orbitals with those of the heme, this
ligand is a better iron binder compared with imidazole [30,
44]. Consequently, the d-block and a2u orbitals are
considerably higher in energy for the thiolate complexes,
and this is the root cause behind most of the intrinsic
differences between the P450 and HRP species. In the
language of the inorganic chemistry community, these
orbital patterns cause a pronounced ‘‘trans effect’’ in the
case of thiolate, and, in the language of bioinorganic

Table 1 Gas-phase barriers for the reactions of propene with
compound I species of horseradish peroxidase (HRP) and cyto-
chrome P450 (P450)

Process Transition
state type

HRP
barriersa

P450
barriersa,b

Epoxidation 4TS1-III 12.76 15.70
2TS1-III 5.33 14.41
2TS1-IV 8.37 10.61
4TS1-IV 7.82 10.29

Hydroxylation 4TS3-III 7.96 –
2TS3-III 7.12 28.59
2TS3-IV 6.83 10.83
4TS3-IV 9.61 10.63

aLACVP data in units of kilocalories per mole and including zero-
point-energy correction
bFrom Ref. [32]
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chemistry community, this translates into the ‘‘push ef-
fect’’ of this ligand [3]. While our study did not consider
the scenario of imidazolate as a proximal ligand [26], our
analysis nevertheless suggests that imidazolate would
have made HRP Cpd I more similar to P450 Cpd I.

The computational findings further suggest that, in
principle, one can design appropriate HRP mutants that
will be selective epoxidation catalysts, which also per-
form stereospecific reactions. Some HRP mutants [7–9]
and microperoxidases [10] that are mildly potent mo-
nooxygenating species are known and may serve as
guides for future theoretical studies focused on the de-
sign of new potent mutants.
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