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ABSTRACT: The sulfoxidation of dimethyl sulfide (DMS), by two different heme-type enzyme models
(without the protein), namely, horseradish peroxidase (HRP) and cytochrome P450 (P450), was studied
using density functional theory. The models differ from each other by the axial ligand of the iron, which
is imidazole in the case of HRP and thiolate in the case of P450. The computational results reveala
concerted oxygen atom transfer to sulfur, with spin-state selection dependent upon the identity of the
proximal ligand. In the case of thiolate, the mechanism prefers the high-spin quartet pathway; whereas in
the case of imidazole, the mechanism involves two-state reactivity (TSR), with competing quartet and
doublet spin states. Furthermore, with thiolate the high-spin transition state,4TSP450, has an upright
conformation with a large Fe-O-SDMS angle of 147°, whereas the low-spin species,2TSP450, has a small
angle and its Fe-O moiety makes an O-NPor bond with one of the nitrogen atoms of the porphine
macrocycle. By contrast, when the proximal ligand is imidazole, both transition states possess a bent
Fe-O bond and an O-NPor bond. These spin-state selection patternsobey simple orbital-selection rules,
which are manifestations of the electronic nature of the ligand, i.e., the electron-releasing effect of the
thiolate vis-à-vis the electron-withdrawal effect of imidazole. Other possible reactivity expressions of the
spin-selection patterns are discussed [Dowers, T. S., Rock, D. A., Rock, D. A., Jones, J. P. (2004)J. Am.
Chem. Soc. 126, 8868-8869]. Theory shows thatintrinsically, HRP should be as reactive as P450 toward
sulfoxidation.

Heme-enzymes share the same active-species type, but
nevertheless they tend to exhibit a great many differences
in electronic properties and reactivity (1-8). Two of these
heme-enzymes are cytochrome P450 (P4501) and horseradish
peroxidase (HRP); both utilize as the active species a high-
valent oxo-iron heme species, called compound I (Cpd I).
As illustrated in Scheme 1, using the crystal structures of
Schlichting et al. (9) and Berglund et al. (10), an essential
difference of these two enzymes is the axial ligand (so-called
proximal ligand) bound to the iron; P450 has a thiolate
proximal ligand of a cysteinate side chain, whereas HRP
binds an imidazole group of a histidine side chain. Since
cysteinate is an anionic ligand while histidine is neutral, the
different interactions of the ligands with the metal are likely
to tune the electronic properties of the active species. In

particular, the electron-donating power of cysteinate makes
the heme a poorer electron acceptor (11-13), compared with
the histidine heme in HRP. Thus, HRP generally functions
as an electron sink and participates in electron-transfer
mechanisms. Indeed, a recent theoretical estimate (14)
showed that the electron affinity of Cpd I (HRP) is 6.41 eV,
well over 3 eV higher than Cpd I (P450). Still, though, the
ground state of the active species, Cpd I, in both cases is
the same state type, being a triradicaloid with unpaired
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Scheme 1: The Active Sites and Differences in Active-Site
Structure of HRP (PDB code 1HCH (10), Left) and the
Putative Species of P450 (PDB code 1DZ9 (9), Right) with
Critical Amino Acid Residues and Water Molecules Labeled
as W
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electrons in twoπ* orbitals along the Fe-O bond and one
in a porphyrin-based orbital (14-24). One would therefore
like to understand and predict the differentintrinsic reactivity
patterns elicited by the two ligand types, without the
influence of the protein. This is the main goal of the present
paper.

Although HRP functions predominantly as an electron sink
(4, 8, 25), it is also known to perform oxygen-transfer
reactions (26-32). Generally, however, the reactivity of HRP
enzymes is sluggish compared with P450 enzymes; sulfoxi-
dation is the most efficient while C-H hydroxylation is
rather inefficient. This sluggishness is thought to originate
mainly in the much smaller substrate-binding pocket in HRP
(4, 25, 28-30). As can be seen from Scheme 1, bulky amino
acid residues such as Arg38, Phe41, and His42 occupy the
active pocket, thereby preventing large substrates from
entering the active site. HRP mutants, like the Phe41Leu
mutant, with a larger substrate binding pocket exhibited
indeed enhanced reactivity toward sulfoxidation and in some
cases even gave enantioselective products (28a,b). Other
histidine-linked heme enzymes, such as myoglobin (Mb), also
perform oxygen-transfer reactions, although native Mb is
actually an oxygen transport heme-protein (33). Myoglobin
mutants with either peroxidase-like or P450-like active sites
exhibit enhanced reactivity toward sulfoxidation (33-35).
Studies of model compounds (36-38) showed that synthetic
imidazole- and thiolate-ligated iron porphyrins are capable
of acting as monooxygenating catalysts, but the relative
reactivity toward hydroxylation and epoxidation is different
and depends on the axial ligand. Since this is generally the
case also for the enzymes themselves (28, 29, 39, 40), it
seems that while both Cpd I types may be intrinsically
capable of oxygenating organic compounds, one might expect
different chemoselectivity depending on the axial ligand.
Accordingly, the key question of the present paper concerns
the issue of the different intrinsic reactivity of the two
species. To treat this issue on equal footing, for P450 vs
HRP, we decided to focus on the mechanism of sulfur
oxidation, i.e., sulfoxidation, and use density functional
theory (DFT) to delineate the mechanism of this process for
the two Cpd I models.

Two hypotheses have been proposed for the reaction
mechanism of sulfoxidation by HRP (31). The first one
involves direct oxygen transfer from Cpd I to the RSR′
substrate. An alternative mechanism suggests initial electron
transfer from the substrate to Cpd I followed by oxygen atom
transfer from the reduced species of Cpd I, so-called Cpd
II, to form the products. Oxygen transfer from the solvent
was ruled out since18O labeling showed that one of the
oxygen atoms of H218O2, i.e., the oxygen atom of Cpd I, is
transferred to the substrate (27, 41). Since the substrate
binding pocket of HRP is fairly small (29), it was generally
concluded that the reaction proceeds via an initial electron
transfer from the substrate (alkyl sulfide) to Cpd I. Goto et
al. (31) estimated the efficiency of the rebound of the
electron-transferred substrate to be ca. 25%; the remainder
of the alkyl sulfide cation radicals is expected to diffuse from
the cage without oxygen uptake. These mechanistic hypoth-
eses will be tested in the present theoretical study, which to
the best of our knowledge constitutes one of the first
theoretical comparisons of the reactivity of the two “bare”
species (42).

COMPUTATIONAL METHODS

The calculations presented here follow procedures similar
to those employed by the group before (14, 43, 44). The
Cpd I species were modeled using an oxo-iron porphine
without side chains, and a thiolate (SH-) axial ligand in the
case of P450 and an imidazole (ImH) ligand in the case of
HRP (14, 45). Our recent investigation of Cpd I (HRP) (14),
which included imidazole and aspartate as well as the side
chain of Phe (Scheme 1), showed that while there is a
hydrogen bond between imidazole and aspartate, the resulting
imidazolate character and the extent of 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, an imidazole ligand is deemed a better
representation of the proximal ligand than imidazolate. As
such, since ImH is a neutral ligand, whereas SH- is an
anionic ligand, the total charge of the Cpd I (HRP) species
is +1 while that of Cpd I (P450) is zero. Following our
previous communication on the sulfoxidation by P450 model
Cpd I, we used dimethyl sulfide (DMS) as a substrate (46).

All calculations used the unrestricted hybrid density
functional method UB3LYP (47). The calculations with Cpd
I (P450) were performed before (43, 44) with the Gaussian
98 (48) and Jaguar 4.2 (49) program packages for both
geometry optimizations and frequency calculations and used
the LACVP** basis set on iron and the 6-31G** basis set
on the remaining atoms, in a brief notation LACVP** (50).
The same basis set was used here for the reaction of Cpd I
(HRP) with DMS. The relative energies of the transi-
tion states were improved with larger basis sets up to
LACV3P++**, which is a triple-ú basis set with polarization
and diffuse functions on all atoms. Quite a few of these
results are relegated to the Supporting Information, along
with other data produced during the study.

All local minima presented here had real frequencies, while
the transition states were characterized with a single imagi-
nary frequency of the correct reaction eigenmode. The effect
of the environment was studied using the self-consistent
reaction field (SCRF) method as implemented in Jaguar 4.2
(49) with a dielectric constant ofε ) 5.708 and a probe
radius of 2.72 Å.

RESULTS

Key Orbitals in HRP and P450 Cpd I.Scheme 2 displays
the high-lying occupied and low-lying virtual orbitals of Cpd
I (HRP). Alongside each other are shown the “a2u” orbitals
of Cpd I (HRP) and Cpd I (P450), which are the main
distinguishing orbitals between the two species. The two
species share a set of d-type orbitals, which include the
nonbondingδ-orbital, the antibonding FedO orbitals,π* xz,yz,
the antibonding Fe-NPor interactions (σ* xy), and the anti-
bonding proximal ligand-Fe-O (σ* z2). The remaining
orbital, “a2u”, is considerably different. In Cpd I (HRP) it is
virtually a pure porphyrin orbital with little or no mixing
from the ligand. By contrast, in Cpd I (P450), a2u mixes
strongly with the lower-lyingσS orbital of the thiolate ligand
and becomes the corresponding antibonding combination (a2u

- σS), shown as “a2u (P450)” in Scheme 2 (the bonding
combination, (a2u + σS), is low lying and doubly occupied).
Since the “a2u (P450)” orbital is raised in energy by the
mixing with the sulfur orbital, the electron affinity of Cpd I
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(P450) is 3.06 eV, while the one calculated for Cpd I (HRP)
is 6.41 eV (14, 42). We shall henceforth simply use the
generic label a2u to denote this orbital for the two species.

The set of orbitals in Scheme 2 is filled with 5 electrons
in the electronic configurationδ2 π* xz

1 π* yz
1 a2u

1, which
results in nearly degenerate quartet and doublet spin states.
In the quartet state, the three unpaired electrons (π* xz

1 π* yz
1

a2u
1) are ferromagnetically coupled, whereas in the doublet

state they are antiferromagnetically coupled with a downspin
electron in the a2u orbital. The energy difference between
these spin states may depend, however, on external factors

such as hydrogen bonding or a polarized environment. Still,
the aforementioned differences in electron affinities of the
two species may change the reactivity pattern drastically.

Sulfoxidation by Cpd I (P450).Figure 1 shows the
previously communicated (46) potential energy profile of
direct oxygen transfer from Cpd I (P450),4,21P450, to DMS
and optimized geometries of the critical points along the
reaction path. Initially, a cluster complex (4,22P450) is formed
in which the hydrogen atoms of the methyl groups of DMS
interact weakly with the negatively charged oxygen atom of
the iron-oxo moiety. These clusters lead to a pair of

Scheme 2: Key Orbitals of Cpd I of HRPa

a The “a2u” orbitals of Cpd I (HRP) and Cpd I (P450) are drawn alongside each other for comparison. The orbital occupancy corresponds to the
quartet spin state. In the doublet state, the a2u electron spin is opposite to the two spins of theπ* electrons on the FeO moiety.

FIGURE 1: UB3LYP/LACVP** optimized geometries and relative energies (in kcal mol-1) for the reaction of4,2Cpd I (P450) with DMS.
Bond lengths are in Å. In parentheses the relative energies include medium correction, using a dielectric constant ofε ) 5.7. The superscripts
to the left of the species designate the spin state. With the larger basis set, LACV3P+*, the energy difference between the TSs increases
to 5.5 kcal mol-1; zero point energy and medium (usingε ) 5.7) corrections further increase this difference.
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transition states (4,2TSP450) and subsequently to the sulfoxide
product complexes (4,23P450). A 63P450 sextet-spin species is
higher in energy as shown in the figure; the structure of the
corresponding species is not depicted (46). As can be seen
from Figure 1, the lowest-lying pathway occurs on the high-
spin surface (the quartet spin), which has a 2.4 kcal mol-1

lower reaction barrier than the low-spin (the doublet spin)
pathway. This difference increases when the effect of a
dielectric medium (with a dielectric constant ofε ) 5.7) is
used; the inclusion of hydrogen-bonding effect to the thiolate
(12) does not change this difference (46). However, it
increases to 5.5 kcal mol-1 when the basis set is further
upgraded (46) (to the triple-ú polarized basis set with diffuse
functions on the heavy atoms, LACV3P+*), and further to
6.9 kcal mol-1 when ZPE and medium effects are added to
the results of the larger basis set. Thus, the computational
data show a clear trend that the low-spin pathway is
significantly higher than the high-spin one. This state
ordering, i.e.,4TSP450versus2TSP450, is opposite to the state
ordering that we obtained for the C-H hydrogen-abstraction
reactions of Cpd I, for eleven different substrates, where the
low-spin pathways were on average lower lying by 0.7 kcal
mol-1 with ZPE correction (43, 44, 51).

Geometrically,4TSP450and2TSP450are very different. First,
the Fe-S distance is elongated in the4TSP450 due to the
occupation of theσ* z2 orbital with one electron. Second, the
Fe-O-S angle is larger in the high-spin (HS) species
(146.9°) compared with the much smaller angle in the low-
spin (LS) species (114.8°). Moreover, in2TSP450 the Fe-O
bond is bent toward the porphine macrocycle, generating a

relatively short O-NPor distance, which looks like a bond.
These types of O-bridged complexes have been experimen-
tally detected and characterized, and it is believed that they
are extremely stable entities (52, 53). However, here this
geometric feature is restricted to the transition state and is
absent in the sulfoxide product complexes, which exhibit a
normal Fe-O bond between the heme and the dimethyl
sulfoxide.

An Electron Transfer Mediated Sulfoxidation Mechanism
by Cpd I (HRP).On the basis of the results by Goto et al.
(31), we tested a mechanism with an initial electron transfer
from the substrate to Cpd I. We started with the clusters
between DMS and Cpd I (HRP),4,22HRP, and swapped the
orbitals to yield a cluster of Cpd II and DMS+•. This state,
however, was energetically high lying, and its wave function
did not converge, falling back to Cpd I and DMS. This is
reasonable since the ionization energy of DMS) 8.73 eV
(B3LYP/6-31G) or 8.69( 0.02 eV (NIST) (54), whereas
the electron affinity of Cpd I (HRP) is calculated to be
significantly smaller, 6.41 eV (14). However, with other
substrates, which have much lower ionization energy than
DMS, an initial electron transfer may be entirely possible.
This issue was not tested any further, and the sulfoxidation
mechanism was henceforth followed as described below.

Sulfoxidation by Cpd I (HRP).Figure 2 displays the
potential energy profile and critical species for the sulfoxi-
dation of DMS by the model Cpd I (HRP) species. The
formation of long-range complexes (4,22HRP), from the isolated
reactants, is accompanied by considerable shortening of the
Fe-NImH bond, by 0.072 Å, and elongation of the Fe-O

FIGURE 2: UB3LYP/LACVP** optimized geometries and relative energies for the reaction of4,2Cpd I (HRP) with DMS. All energies are
in kcal mol-1, and bond lengths are in Å. The superscripts to the left of the species correspond to the spin states. The geometries of4,21
are taken from de Visser et al. (14). In parentheses the relative energies correspond to a dielectric environment with a dielectric constant
of ε ) 5.7. The energy datum, shown in between the4,2TSHRP species, corresponds to the best estimate at the LACV3P++**//LACVP**
level with ZPE and correction for a medium with a dielectric constant ofε ) 5.7.
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bond, by 0.040-0.042 Å. This is in contrast to P450, where
only minor geometric differences were obtained between
4,21P450 and4,22P450 (see Figure 1).

Still in contrast with the P450 case, where the high-spin
path dominates the mechanism, here the situation is different.
At the LACVP** level, 2TSHRP lies 3.0 kcal mol-1 lower
than4TSHRP (2.2 kcal mol-1 with ZPE correction); a dielectric
medium increases the energy difference by ca. 1.2 kcal
mol-1. However, unlike the P450 case, here a single-point
calculation with the larger basis set, LACV3P+*, decreases
this difference to 0.68 kcal mol-1 (in favor of the HS species).
Shifting to a still larger basis set, LACV3P++** maintains
the small energy difference of 0.63 kcal mol-1 (in favor of
the LS species). Inclusion of ZPE correction further reduces
the gap to 0.21 kcal mol-1 in favor of the HS species. Our
best estimate at the level of LACV3P++**//LACVP** with
ZPE correction and medium effect is 0.63 kcal mol-1 in favor
of the LS transition state,2TSHRP. Thus, theory shows
conVergence of the computational data on a small energy
difference between the two transition states. This closeness
in energy makes also a chemical sense in view of the very
similar geometry of the two species (see below). This small
energy difference is very similar to the findings in C-H
hydroxylation (51). As such, much like in C-H hydroxy-
lation, here too in sulfoxidation by HRP Cpd I, we expect
the reactions to proceed by two-state reactivity (TSR) and
to involve the two spin states. By contrast, in sulfoxidation
by Cpd I (P450) there is a clear preference for reaction
through the high-spin state.

Another pronounced difference compared with the P450
mechanism is in the geometry of the respective transition
states. While4TSP450has an upright geometry and2TSP450a

bent one, here4TSHRP and2TSHRP are similar with a strongly
bent Fe-O bond that forms an O-N bond with the porphine.
These O-N bonds vanish in the corresponding sulfoxide
complexes,4,23HRP.

Electronic Structural Changes during Sulfoxidation.Some
insight into the changes of electronic structure during
sulfoxidation can be gained by inspection of the evolution
of spin density (F) distribution along the four pathways, in
Figure 3. Comparison of the reactant clusters,2, shows that
with Cpd I (HRP) there is an early development of charge
transfer from DMS to Cpd I, as indicated by the significant
spin densities on the DMS moiety in4,22HRP, compared with
almost zero in4,22P450. The same information is provided by
the charge distribution, which shows that the amount of
charge transfer, theQCT quantity, is significant for4,22HRP

and zero for4,22P450. Furthermore, theQCT quantities gradually
increase in both mechanisms and converge to approximately
one unit of charge that is transferred from DMS to the oxo-
heme moiety at the product stage.

A closer inspection of the products,3, reveals that the iron
atoms in the low-spin product complexes for P450 and HRP
possess approximately one net spin, while the high-spin
products have large densities on the iron atom,F > 2.5,
namely, close to three electrons. In all the transition states
and product complexes, the porphine macrocycle has virtu-
ally no spin density. Figure 3 further demonstrates that
2TSP450has spin distribution similar to that of the respective
product complex,23P450, and the same applies to2TSHRP and
4TSHRP, which share the spin density patterns of their
respective products,23HRP and43HRP. However, the high-spin
species4TSP450 is different; it has a significant spin density
on the thiolate ligand and a significant spin on DMS, in

FIGURE 3: Group spin densities (F) in 4,22, 4,2TS, and2,43; the upper series correspond to the species in the P450 reaction, the lower series
to the reaction of HRP. The superscript to the left of the species indicates the corresponding spin state. The order of theF data, from the
top to the bottom moieties, is indicated for the first species in each series. The charge-transfer quantityQCT below the structures corresponds
to the degree of charge transfer from dimethyl sulfide (DMS) to the oxo-heme moiety.
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addition to its upright geometry. Generally, in most species,
the spin density on the thiolate in the P450 reaction is always
significant, in contrast to the dismal density on the imidazole
in the HRP reaction.

This evolution of the spin density corresponds to the
electronic structure changes, which are outlined in Scheme
3 using orbital energy diagrams for reactants and products.
Thus, it is seen that the lone-pair orbitals,ηDMS, initially
localized on DMS, andπxz initially localized more on oxygen,
combine and form theσS-O bond orbital in the dimethyl
sulfoxide product. Theπ* xz andπ* yz orbitals of the FedO
moiety of Cpd I become more localized on the iron of the
heme and are labeled as such, as dxz and dyz orbitals.

In each spin manifold in Scheme 3, the “iron configura-
tion” is seen to change from d4 (δ2π*2) to d5 (δ2π*3 or
δ2π*2σ* z21), thereby gaining one electron, and the a2u orbital
of the porphine-proximal ligand moiety gets filled. Thus,
during the oxidation, in the LS manifold, theπ* xz orbital of
the FeO changes to dxzand gains one electron, whereas during
the oxidation on the HS manifold it is theσ* z2 orbital that
gains an electron; in both manifolds the a2u orbital gains one
electron. As such, the main orbitals that participate in the
electronic reorganization areηDMS, a2u, π* xz, andσ* z2.

A major difference between Cpd I (P450) and Cpd I (HRP)
is the “involvement” of the thiolate in the electronic structure.
This involvement is reflected in the high contribution of the
thiolate to the key orbitals, as exemplified in Scheme 4, using
the a2u andσ* z2 orbitals of the respective Cpd I species. Thus,
it is seen that the a2u andσ* z2 orbitals, especially the former,
are more delocalized onto the proximal ligand in the P450

species compared with the HRP species, where these orbitals
are quite localized and contain dismal imidazole contribution.
This difference between the two ligands reflects their relative
electron-donation and iron-binding capabilities (13a).

The electronic structures and orbital shapes in the transition
states are more complex than in Cpd I, but basically the
above features carry over to these species too; there is a
greater participation of thiolate ligand in the TS orbitals that
are derived from a2u andσ* z2, compared with the imidazole
ligand (see Supporting Information). For example, the
contribution of iron to theσ* z2 orbital, given by the fractional
weight ω(Fe), is much smaller for the case of P450 due to
the participation of the thiolate ligand in this orbital.
Furthermore, theσ* z2 (4TSP450) orbital is especially striking
since it exhibitsa continuous delocalization oVer the S-Fe-
O-SDMS moiety. As can be seen from Scheme 4, this
continuity is disrupted (no contribution on the DMS moiety)
in 4TSHRP where the proximal ligand is imidazole.

DISCUSSION

The computational results, on the “bare” Cpd I species,
demonstrate thatthere is a ligand-dependent spin selection
of the preferred pathways as well as of the geometry of the
respectiVe transition states.In the P450 reaction (Figure 1),
the HS process is preferred and the corresponding4TSP450

species has an upright geometry, while the LS2TSP450species
has a highly distorted geometry with a bent Fe-O moiety
having incipient O-NPor bonding. By contrast, in the HRP
reaction (Figure 3) the two transition states have the same
geometry type and are therefore virtually degenerate in
energy. Thus, sulfoxidation by HRP Cpd I is expected to
proceed by two-state reactivity (TSR), while the reaction by

Scheme 3: Orbital Evolution Diagrams, from Reactants to
Products, during Sulfoxidation of DMS by Cpd I (P450) and
Cpd I (HRP)

Scheme 4: Key Orbital Differences for Cpd I (P450) and
Cpd I (HRP) and for the Respective Transition States for
Sulfoxidation,4TSP450 and4TSHRP

a

a The size of the sulfur and imidazole lobes reflects the relative
contributions of the ligand to the respective orbitals. Similarly, theω(Fe)
quantity denotes the fractional weight of the Fe contribution to theσ* z2

orbitals of the two4TS species.
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P450 Cpd I will prefer single-state reactivity on the HS
manifold (55, 56). We aim to comprehend this intriguing
spin-state selectivity induced by the proximal ligand of the
“bare” Cpd I species without the interference of the protein.

The electronic structures summarized above, in Scheme
3, reveal that the ferric complexes of the products, involve
two oxidation equivalents lower than the respective reactant
complexes. This is true as well for other oxidative processes
of Cpd I, e.g., C-H hydroxylation where the electron filling
of the heme orbitals occurs in two distinct steps correspond-
ing to stepwise or nonsynchronous mechanisms (56). How-
ever, since the sulfoxidation reaction occurs in a single step
(Figures 1 and 2), the two electrons that will fill the heme
orbitals (Scheme 3) must be shifted also in a single step.
Scheme 5a shows by the arrows the direction of the electron
“flow”, and indicates in the box the key orbitals that must
be involved to effect this one-step reorganization. On the
LS surface, these are theηDMS, π* xz (in combination with
πxz), and a2u orbitals, whereas on the HS surface the
interaction ofηDMS with theσ* z2 and a2u orbitals is involved.
Other orbitals will necessarily be affected, but for the sake
of relative simplicity, we disregard them and use the minimal
set of orbitals in Scheme 5. A more detailed picture using
orbital interaction diagrams is given in the Appendix.

At the outset, it is clear that the structures and hence also
the energies of the respective transition states must reflect
in each case the most efficient overlaps of these orbitals;
some sort of “oVerlap continuity” would be the desirable
situation that optimizes the bonding in the TS. Scheme 5b,c
show these orbital interactions using simple overlap cartoons.
In the low-spin mechanisms of both HRP and P450, in
Scheme 5b, the key interacting orbitals areηDMS, π* xz, and
a2u; to save space, the latter orbital is commonly depicted
for the HRP and P4502TS species. TheηDMS-π* xz interac-
tion is a three-electron interaction that is maximized in a

sideways attack of DMS on the FeO moiety; two electrons
will be stabilized in the bonding-combination orbital, and
the third that has to populate the antibonding-combination
orbital will be relayed to the a2u orbital, which in Cpd I is
singly occupied. This requires some overlap between the 2pz

lobe on the oxygen of the oxo-iron moiety and the a2u

orbital. Since the latter orbital is largely located on the
nitrogen atoms of the porphine, the Fe-O moiety has to bend
toward one of the porphine nitrogen atoms to achieve some
O-N overlap. This is the reason why the low-spin2TSP450

and 2TSHRP have a bent Fe-O moiety (Figures 1 and 2),
and why the porphine loses its spin density in the two
transition states (Figure 3).

In the high-spin transition state,4TSP450, in Scheme 5c,
the key orbital interactions involveηDMS, σ* z2, and a2u. The
ηDMS-σ* z2 orbital oVerlap requires an almost upright con-
formation(Figure 1). This is a two-electron interaction, and
only one of these electrons will remain inσ* z2; the other
will have to be relayed to a2u. In fact, theσ* z2 and a2u orbitals
can maintain an efficient coupling since they share a
significant contribution from the thiolate hybrid orbital (see
Scheme 5c and also the corresponding orbitals in Scheme
4). Thus, the electron relay to the a2u orbital can efficiently
occur in this upright conformation without a need for
bending. This is the reason why4TSP450 is more stable than
its LS counterpart species,2TSP450, and having an almost
upright conformation as opposed to the bent and sideways
conformation of2TSP450 (Figure 1).

The situation in the4TSHRP species is very different; here
the imidazole orbitals do not mix with the a2u orbital and
have only small mixing withσ* z2 (Scheme 4). As a result,
the a2u andσ* z2 orbitals remain disjointed, andthe adVantage
of the upright conformation is lost. Consequently, the4TSHRP

species resorts to theηDMS-π* xz three-electron interaction
to relay the electrons to a2u and toσ* z2. This is the reason

Scheme 5: Electron Filling of the Heme Orbitals and Overlap Cartoonsa

a (a) The electron filling of the heme orbitals during the sulfoxidation pathway, and the orbitals involved in the “electron flow”. (b) An overlap
cartoon for the three-electronηDMS-π* xz interaction. Note that, in order to relay one electron from these orbitals to a2u, the 2pz(O) lobe has to bend
to overlap efficiently with the a2u lobe orbitals on the nitrogens of the porphine. The requisite efficient overlap is achieved by Fe-O bending toward
the porphine. (c) An overlap cartoon for the two-electronηDMS-σ* z2 interaction in the4TSP450 species. Note that for this species theσ* z2 and a2u

orbitals share a significant thiolate (SH-) contribution. The corresponding a2u orbital of the4TSHRP species is devoid of proximal ligand contribution.
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why now the structure of4TSHRP involves a bent Fe-O bond
and O-NPor bonding, much like the low-spin counterpart,
2TSHRP, species. Since the two transition states are isostruc-
tural, the significant energy advantage encountered on the
HS path in the P450 reaction is lost here, and the2TSHRP

and 4TSHRP species attain similar energies as in a TSR
scenario (55, 56).

Thus, in a nutshell, the sulfoxidation mechanisms follow
simpleorbital-selection rules, which are strongly dependent
upon the identity of the proximal ligand. In the case of
thiolate, the mechanism prefers the HS pathway, and the
corresponding4TSP450 species has a strong charge-transfer
character (Figure 3). By contrast, in the case of imidazole,
the preferred mechanism is TSR, where both HS and LS
pathways contribute. Furthermore, with thiolate, the HS
transition state,4TSP450, has an upright conformation with a
large Fe-O-SDMS angle of 147°, whereas the LS species,
2TSP450, has a small angle and its Fe-O bond makes an O-N
bond with the porphine. However, when the proximal ligand
is imidazole, both transition states possess a bent Fe-O bond
and an O-NPor bond.These intriguing results indicate that
there is a ligand-dependent spin selection of the pathway as
well as of the structure of the respectiVe transition states.
This is a beautiful example how the electronic properties of
the ligand (e.g., “push effect” of the thiolate (4, 11), vis-à-
vis electron withdrawal by the imidazole (4, 12)) are
translated into a mechanistic selection. In contrast to these
differences, the relative barrier heights do not seem to be
dependent greatly on the axial ligand; as such, sulfoxidation
by HRP should be intrinsically as facile as by P450, had it
not been for the steric constraints of the protein pocket.
Experimentally, HRP is known to be a reasonably good
effector of sulfoxidation (28, 29).

In the general situation, the sulfoxidation reaction catalyzed
by heme-enzymes will be expected to depend on the HS/LS
ratio and/or interconversion rate of the spin states of Cpd I,
and on the possibility of spin crossover during the reaction
process. However, the spin selection may have other intrigu-
ing experimental consequences in cases where a substrate
has two oxidizable moieties, one proceeding via TSR where
the two spin pathways are close and competitive, the other
by one of the spin states. As was argued by Jones et al. (57),
reiterated by us (46, 58), and reinforced again by the Jones
group (59), the competition of N-dealkylation and sulfoxi-
dation by P450 enzymes may belong to these cases where
the different moieties are oxidized via different spin mani-
folds, which disguise as two different oxidants.

Conclusions and Summary.The sulfoxidation mechanisms
of dimethyl sulfide (DMS) by the HRP and P450 enzymes
differ intrinsically in the identity of the axial ligand: thiolate
in P450 and imidazole in HRP. Models of these two enzymes
show that the respective active species, compound I (Cpd
I), exhibit spin-selective reactivity that is dependent on the
axial ligand. Cpd I of P450 exhibits preference for a high-
spin (HS) reactivity, whereas Cpd I of HRP exhibits no clear
preference and, hence, is likely to proceed by two-state
reactivity (TSR). The HS transition state in the P450
mechanism,4TSP450, involves an upright orientation of the
dimethyl sulfide (DMS) with respect to the S-Fe-O axis
of Cpd I, whereas the low-spin (LS) transition state,2TSP450,
has a small Fe-O-SDMS angle and its Fe-O bond is bent
toward the porphyrin, as though there is an O-NPor bond.

By contrast, in the HRP mechanism both HS and LS
transition states have a small Fe-O-SDMS angle and a bent
Fe-O bond. Otherwise, in both enzymes the sulfoxidation
processes from either spin state are concerted single-step
reactions. The relative barriers show thatintrinsically,
without the effect of the protein pocket constraints, HRP is
as reactive as P450 toward hydroxylation.

The differentmechanistic features of the two enzymes
follow orbital-selection rules, due to the interaction of the
DMS orbital (ηDMS) with the a2u, σ* z2, andπ* xz orbitals of
the oxo-iron porphyrin (oxo-heme) reagent. The geometry
and spin selection derive from the different involvement of
the ligand orbitals in the key oxo-heme orbitals; the oxo-
heme orbitals involve significant mixing with the thiolate
ligand but not with imidazole. The preferred orbital interac-
tion in the HS species,4TS, is the one betweenηDMS and
σ* z2 and a2u, which favors an upright conformation as long
as there is overlap continuity between the interacting orbitals.
Thus, the mixing of the thiolate ligand of P450 into both
the a2u andσ* z2 orbitals creates overlap continuity and, hence,
a preference for the HS pathway and for an upright
orientation in the corresponding transition-state species,
4TSP450. The preferred orbital interaction in the LS transition
state is the one betweenηDMS andπ* xz and a2u, which forces
a sideways attack and a bending of the Fe-O bond toward
the porphine. The poor mixing of the imidazole orbitals into
the oxo-heme orbitals cancels the HS advantage in the upright
orientation, enforces mixing with theπ* xz orbital, and creates
similar geometry for the two transition-state species,4TSHRP

and2TSHRP; both species now have a bent Fe-O bond with
O-NPor bonding. These orbital-mixing patterns (see Ap-
pendix) are manifestations of the fact that thiolate is a
powerful electron donor and a good iron binder compared
with imidazole.

Of course, the above trends do not involve the effect of
the protein, which may or may not alter the structural
characteristics of the transition state species reported in this
study. This will have to be examined by hybrid QM/MM
calculations. In case it is found that the protein alters the
intrinsic trends, one may then attempt to design appropriate
mutants that can accommodate the intrinsic preferences of
these species. If, however, the protein retains the intrinsic
characteristics, then the work described here forms a predic-
tive basis for mechanistic research.

APPENDIX

Scheme 6 complements Scheme 5 and shows schematic
and simplified orbital interaction diagrams of DMS with Cpd
I, for two different modes of attack. Part a corresponds to a
sideways attack of DMS and shows the three-electron
interaction of the DMS lone pair (ηDMS) with theπ* xz orbital
of Cpd I. Two of the electrons end up in theσS-O orbital of
the sulfoxide, while the third electron is relayed to the a2u

orbital. Note that the three-orbital interactionsηDMS, π* xz,
andπxzscauses localization of the 2p lone pair on oxygen,
and a dxz orbital on Fe. In turn, the 2p(O) orbital overlaps
with the DMS orbital and forms theσS-O bond orbital. Part
b corresponds to an upright attack, and shows the two-
electron interaction ofηDMS with the σ* z2 orbital and the
filling of the a2u orbital. In both cases the electron pair in
the a2u orbital of the TS is shown in parentheses.

HRP and P450 in Sulfur Oxidation Biochemistry, Vol. 44, No. 22, 20058155



SUPPORTING INFORMATION AVAILABLE

Eleven tables and 8 figures with computational data such
as absolute energies, charges, and spin densities of all
optimized structures under different environmental condi-
tions. This material is available free of charge via the Internet
at http://pubs.acs.org.
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