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In catalytic cycles of mono-oxygenase heme enzymes, one-
electron reduction of the ferrous oxy complex generates ferric
peroxo (FeIII-OO-).1 This process is often coupled with protonation
of the distal peroxo oxygen through a distal pocket proton delivery
system connected by a hydrogen bond to the ferrous oxy heme,
resulting in formation of ferric hydroperoxo (FeIII -OOH).1,2 The
second proton delivery to the hydroperoxo intermediate either yields
an oxo ferryl porphyrin coupled with a porphyrin radical (compound
I), a putative active form in P450 enzymes, or initiates hydroxylation
of the hememeso-carbon in heme oxygenase (HO) without
compound I formation.1-3 Due to their very short life time and
instability, characterization of peroxo and hydroperoxo intermediates
of Mb, HO, P450, and peroxidase enzymes is proven difficult at
ambient temperatures. This instability problem has been circum-
vented by radiolytic reduction of their respective ferrous oxy forms
at cryogenic temperatures.4 This method not only affords these
unstable intermediates but also uncouples the reduction and
protonation processes; that is, formations of ferric peroxo and
hydroperoxo processes in some cases have been successfully
attained. Proton delivery to the distal oxygen of the peroxo group
depends on both temperature and the protein under study. For
example, ferric peroxo Mb is stable near 100 K, and upon annealing
>170 K, proton delivery takes place to yield ferric hydroperoxo
Mb, while the peroxo group is readily protonated at substantially
lower temperatures for HO (<6 K) and P450CAM (>55 K).4,5

Despite these accumulating spectroscopic results, only crystal
structures of hydroperoxo chloroperoxidase cryo-reduced by syn-
chrotron radiation have been reported recently,6 while that of ferric
peroxo species has not been reported to date. We describe here the
crystal structures of the ferrous oxy and ferric peroxo Mb, the latter
of which has been generated by synchrotron radiation of the oxy
form at 100 K. Optical absorption spectra of the crystals and hybrid
QM/MM calculations have confirmed not only the formation of
the peroxo species but also the integrities of the oxy and peroxo
species during the diffraction data collection.

The crystal structure of the heme vicinity of the oxy Mb is shown
in Figure 1 (left panel). Our initial attempt to collect diffraction
data sets of oxy Mb by 1 Å synchrotron radiation at beamline NW12
of Photon Factory (Tsukuba, Japan) through a 0.6 mm aluminum
attenuator for 1 s per 1° oscillation (total exposure time of 180 s)
resulted in partial generation of ferric peroxo species as judged by
the single-crystal absorption spectra.7 We have successfully avoided
this adverse problem caused by photoreduction due to the incident
synchrotron beam by using 0.6 Å synchrotron radiation.8 The shorter
wavelength (higher energy) radiation has an advantage of lower

absorption;9 consequently, it can avoid generation of excess
electrons. The optical absorption spectra of the oxy Mb crystal taken
before and after the diffraction data collection affirm that the initial
ferrous oxy state is well maintained during the diffraction data
collection under the experimental conditions (Figure S1).8 The oxy
Mb structure refined to 1.25 Å resolution shows that the bound O2

assumes a geometry summarized in Table 1, and that the imidazole
side chain of His64 takes multiple conformation as reported in early
high-resolution studies (PDB code 1A6M)10 conducted using 1 Å
synchrotron radiation. In the early work, spectroscopic examination
of the crystal was not apparently conducted,10 leaving some
ambiguity in integrity of the ferrous oxy form. The apparent similar
Fe-O2 geometry (Table 1) might be regarded as an accidental
coincidence because the structures of the ferrous oxy and ferric
peroxo are virtually indistinguishable at the present level of
resolutions as described below.

Irradiation with 1.0 Å synchrotron radiation for 1080 s at 100 K
of the oxy crystal after the diffraction data collection converts the
optical spectrum of the oxy form to the one very similar to the
ferric peroxo species (Figure S1). Diffraction data collection of the
irradiated crystal by 0.6 Å synchrotron radiation have not altered
the optical absorption spectrum, indicating that the integrity of ferric
peroxo appears to be maintained during the diffraction data
collection. The crystal structure of the heme environment of the
irradiated oxy Mb is shown in Figure 1 (right panel). The structure
of the irradiated oxy form is similar to that of the ferrous oxy form
including the axial ligand geometries (Table 1). Formation of
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Figure 1. Crystal structures of heme vicinity of oxy (left) and irradiated
oxy (right) Mb; 2Fo-Fc electron density maps are at the 2σ level.

Table 1. Fe Ligand Geometries in P21 Crystals of Sperm Whale
Mb

distance (Å) angle (°)

species Fe−O O−O Fe−Prox‚‚‚Nε Fe−O−O

ferrous oxy 1.83 1.25 2.08 124
ferrous oxya 1.81 1.24 2.06 122
ferric peroxo 1.85 1.33 2.09 120

a From ref 10.
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hydroperoxo Mb cannot take place at 100 K, and the O-O bond
length observed in the crystal structure is shorter than that of ferric
hydroperoxo of chloroperoxidase (1.5 Å).6 These points strongly
support the crystal structure of the irradiated oxy Mb as the peroxo
Mb structure. However, because the visible region optical spectrum
of the ferric peroxo species might not be able to readily discern
from that of the ferric hydroperoxo form7 and because the structure
of the irradiated species is similar to that of the oxy form, theoretical
studies have been conducted to ascertain the formation of ferric
peroxo Mb.

Further support for the close geometric features of the oxy and
peroxo Mb complexes is provided by the QM/MM calculations that
were performed following common procedures used by the group
in similar heme projects11 and described in the Supporting Informa-
tion (S5-S14). The active species of Mb was modeled with the
QM system shown in Figure 2 along with the QM/MM optimized
geometric parameters obtained with an all-electron basis set
augmented with polarization and diffuse functions on iron and its
immediate coordination shell (B2 on page S6). The optimized
parameters agree reasonably well with the crystal structures and
demonstrate that indeed the oxy and peroxo Mb complexes have
very similar geometries (see more data in Table S2). The small
differences between the two sets of data are expected, and a better
convergence can be obtained using the theoretical values.12 The
existence of a strong hydrogen bonding interaction between NεH
of His 64 and distal oxygen atom in both the oxy and the peroxo
Mb was also confirmed by the QM/MM calculations. The positional
disorder of His64 does not contradict the strong hydrogen bond
since hydrogen bonds are not fixed structural elements and they
exchange partners rather quickly even if strong.13 In addition, QM/
MM calculations of the HNδ form oxy Mb, proposed before to be
possibly involved in the oxy Mb,10 have revealed that this tautomer
is 27.5 kcal/mol higher in energy than the HNε form oxy Mb. This
energy difference is completely dominated by the QM part of the
QM/MM energy (Table S3), and as such, the involvement of the
HNδ oxy Mb tautomer does not seem likely here.

The ground state of the peroxo Mb was calculated to be the
doublet state, with a second lowest quartet state being 11.1 kcal/
mol higher in energy at the QM/MM with a basis set that involves
polarization and diffuse functions on all atoms in Figure 2 (see B3
on page S3). The unpaired electron of the doublet state resides in
a π*OO orbital, and this is apparent also from both the dismal spin
density on iron (<0.2, Table S4) and the longish O-O bond
distance (1.34 Å), which agrees well with crystal structure (1.33
Å). These features provide strong evidence for the X-ray assignment
of the peroxo Mb. Further support is provided by the short hydrogen
bond distance between NεH of His64 and distal oxygen atom (1.63
Å) in peroxo Mb, which is even shorter than that (1.77 Å) in oxy

Mb. The ground state electronic structure of oxy Mb is an open-
shell singlet in which the two unpairedR andâ electrons are mainly
distributed on iron and the O2 moiety;14 a low lying triplet state is
just 3.6 kcal/mol higher (excited states are described in Table S3).

In conclusion, the agreement between experiment and theory
shows that the peroxo heme complex has been genuinely character-
ized in this work for the first time.
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Figure 2. The QM region in the QM/MM calculations for ground states
of oxy and peroxo Mb (bond distances in angstroms and angles in degrees).
The numbers for the peroxo Mb are in parentheses.

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 44, 2007 13395


