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Cleavage of dioxygen bound to the iron atom of heme enzymes
creates reactive monooxygenated heme species, denoted compounds
I and II, having formal Fe(V) and Fe(IV) oxidation states. These
are key intermediates in the reactive cycles of numerous enzymes
including heme-copper oxidases, peroxidases, catalases, and cyto-
chromes P-450.1 Ferryl species of myoglobin (Mb) are formed
during reperfusion of muscle tissue following ischemia, and their
role in oxidative tissue damage is under active discussion.2

The protonation state of the oxo ligand in compound II has
implications for the reactivity of this intermediate.3 Standard
methods lack direct sensitivity to the presence of the proton, and
previous structural investigations have therefore used the length of
the Fe-O bond as an indirect indication of the protonation state,
which should affect the Fe-O bond order. Crystallographic
investigations on ferryl intermediates of several heme proteins have
identified Fe-O distances near 190 pm, suggesting a single bond
to a protonated oxygen.3a,4On the other hand, EXAFS results have
identified 170 pm Fe-O distances in proteins that have histidine
bound trans to the oxygen, consistent with the traditional formula-
tion as a double bond between the Fe and an unprotonated oxo
group.5 EXAFS investigations find a “long” Fe-O bond only for
compound II of chloroperoxidase, which has a trans cysteine thiolate
ligand.5b

In order to address this issue, we seek more direct vibrational
signatures for protonation of the monooxygen ligand. Figure 1
compares the vibrational dynamics of the heme Fe in Mb compound
II [Mb(IV) dO] with those observed for hydroxymetMb [Mb(III)-
OH], which is well established to have a hydroxyl ion bound to
the ferric heme iron. Both spectra are recorded using nuclear
resonance vibrational spectroscopy (NRVS),6 which reveals Fe-
ligand vibrations as sidebands on the 14.4 keV nuclear resonance
of 57Fe. The flux density (approximately 109 photons/s dispersed
over a 5× 0.5 mm2 area) is significantly lower than in other X-ray-
based structural methods, and we observe no time-dependent
structural changes attributable to radiation damage at the 20-30
K temperatures of our measurements.

The Fe-O stretching vibrations appear at 805 and 556 cm-1.
Both are spectrally isolated from other vibrations, in contrast with
resonance Raman measurements, where16O/18O difference spectra
distinguish these vibrations from neighboring vibrations of the heme
macrocycle.3c,7 The 250 cm-1 frequency increase indicates a
substantially stronger Fe-O bond in Mb(IV)dO than in Mb(III)-
OH, consistent with an unprotonated oxygen for the former
complex. Comparison with DFT predictions of the vibrational
densities of states (VDOS), presented in Figure 2, confirms the
identification of these vibrations and further associates a 250 cm-1

frequency increase for Mb(IV)dO with a 17 pm decrease in bond

length. Absolute values of the predicted frequencies and bond
lengths are somewhat larger and smaller, respectively, than the
observed values, possibly due in part to the absence of hydrogen
bonds to the oxygen ligand in the calculated structures.

The calculations further identify the dominant spectral features
observed near 360 cm-1 in both complexes with tilting of the Fe-O
bond with respect to the heme plane, coupled with stretching of
the Fe-N bonds to the heme. Protonation lifts the degeneracy of
these vibrations in either oxidation state, with Fe-O tilting parallel
to the FeOH plane predicted at higher frequency than tilting
perpendicular to this plane. These frequencies are unresolved in
Mb(IV)dO but are separated by 30 cm-1 in both protonated
complexes. Interestingly, calculations predict that oxidation of Mb-
(III) -OH creates spin density on the porphyrin and one propionate,
with minimal influence on the immediate Fe environment. As a
result, vibrational (Figure 2, center panel) and structural predictions
for Mb(IV)-OH strongly resemble those for Mb(III)-OH, sug-
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Figure 1. Vibrational dynamics of the heme Fe reveal an unprotonated
oxo ligand in Mb(IV)dO, in contrast with the bound hydroxyl group in
Mb(III) -OH. Protonation of the oxo ligand results in a downshift of the
Fe-O stretching frequency from 805 cm-1 to 556 cm-1, and splits the Fe-O
tilting vibrations, which are degenerate near 362 cm-1 in Mb(IV)dO, but
are separated by 33 cm-1 in the asymmetrically protonated heme Mb(III)-
OH complex. Error bars represent the normalized experimental signal,
multiplied by frequency to facilitate comparison with the extracted
vibrational density of states, presented as a solid curve. Normal mode
representations show only the heme core.
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gesting that Mb(III)-OH provides a reliable vibrational model for
the putative protonated Mb(IV)-OH.

The Fe-His vibration predicted to appear at 119 cm-1 may
correspond to the feature resolved near 147 cm-1 in Mb(IV)dO.
Imidazole ring translation dominates the predicted mode character,
accounting for the modest Fe signal. The reduced frequency in
comparison with the 220-230 cm-1 frequency observed for
deoxyMb6a,8 is consistent with the increased Fe-His bond length
observed for low spin hemes, and suggests that this frequency may
be a sensitive probe of the Fe-His bond in future studies. Fe-His
and Fe-pyrrole bond stretching may both contribute to the
congested 250-300 cm-1 region.

Structural models derived from X-ray crystallography have long
Fe-O bonds that have been attributed to a protonated oxo ligand.3a,4

However, contributions from multiple spectroscopically distinct
species9 complicate the structural interpretation of X-ray diffraction
data. Absorption measurements recorded on Mb crystals before
exposure to peroxide reveal evidence for low-spin contributions,9

which might result in part from displacement of the heme water
ligand by ammonia present in the concentrated ammonium sulfate
crystallization solutions.10 Additional spectroscopic changes are
observed following reaction with peroxide and exposure to the
X-ray doses used for structural determination.9 Although some of
the resulting species remain to be identified, our calculations (Figure
2) suggest that the Mb(III)-OH likely to result from reduction of
Mb(IV)dO under sustained intense X-irradiation would be indis-
tinguishable from Mb(IV)-OH. Moreover, possible contributing
species have heme ligands nearly isoelectronic with the oxo group,
but with Fe-ligand bonds ranging up to 213 pm in length, if some
heme sites are reduced to the ferrous state.11 As a result, the 190
pm Fe-O bond length in the structural model has limited value as
an indicator of the protonation state of the heme-bound oxo group.

In contrast, the frequency separation of the Fe-O tilting modes
in Mb(III) -OH directly reflects the asymmetric protonation of the
oxygen ligand, and the observed degeneracy of these modes in Mb-
(IV)dO confirms the ligation of an unprotonated oxo group to the
Fe. We believe that this spectroscopic approach will extend to
analogous states of other histidine-ligated heme proteins. Our
experimental and computational results establish the high sensitivity
of the Fe-O stretching frequency, commonly observed with
conventional techniques, to the decreased Fe-O bond order upon
protonation and support interpretation of the 565 cm-1 Fe-O
frequency observed for compound II of the thiolate-ligated heme
in chloroperoxidase as indicative of a protonated oxo group.12

Together, Fe-O stretching and FeO tilting will provide distinctive
vibrational signatures for the protonation state in continuing
structural investigations of ferryl heme protein intermediates.
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Figure 2. Predicted vibrational densities of states for models of the Mb-
(IV)dO, Mb(IV)-OH, and Mb(III)-OH active sites reveal a 35-40 cm-1

splitting of the major feature due to Fe-O tilting in the two protonated
species. The predicted 250 cm-1 downshift of the Fe-O stretching frequency
reflects the reduced Fe-O bond order upon protonation of the oxygen. Black
bars indicate the areas contributed by individual modes, and colors represent
the direction of Fe motion in an orthogonal coordinate system with the
z-axis oriented normal to the mean plane of the four pyrrole nitrogen atoms
and thex-axis connecting two opposite pyrrole nitrogens, nearly parallel to
the imidazole and FeOH planes. DFT calculations usedGaussian0313awith
the B3LYP functional13b,con a model including the full protoporphyrin IX,
the monooxygen ligand, and the Ser 92 and His 93 amino acids. The basis
was Ahlrich’s VTZ13d for Fe and 6-31G* for all other atoms.
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