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Nitric oxide (NO) is an important signaling molecule in
mammals, influencing such diverse functions as immune re-
sponse, vasodilation, and smooth muscle contraction among
others.1 While submicromolar NO concentrations are sufficient
to perform these signaling functions, higher concentrations are
toxic, via inhibition of essential enzymes including metalloen-
zymes from the respiratory chain.2 In aerobic environments,
NO’s cytotoxicity is associated with its near diffusion-limited
reaction rate with superoxide to generate peroxynitrite.3 Myo-
globin and hemoglobin have long been recognized for their role
in O2 storage and delivery, respectively. More recently, oxy-
myoglobin (Mb-O2) and oxyhemoglobin have been shown to
be potent sinks for NO in vivo.4,5 Mb-O2 converts NO to nitrate
(NO3

-) with complete retention of the isotopic constitution of
the O2 and NO reactants. The mechanism is presumed to proceed
via a high-spin ferric peroxynitrite intermediate before homolytic
cleavage of the O-O bond and recombination of the NO2 radical
with the ferryl-oxo to form the nitrate product (Figure 1). The
same reaction mechanism is likely to be the source of the NO
dioxygenase activity reported in bacterial flavohemoglobins.5,6

There are no observable intermediates in this reaction at neutral
pH, but stopped-flow UV-vis experiments at alkaline pH show
the rapid build-up and decay of a high-spin ferric species.7,8 Rapid-
freeze quench (RFQ) samples of the reaction analyzed by EPR
spectroscopy also support the formation of a ferric high-spin
transient species.9 For myoglobin at pH 9.5 and 20 °C, stopped-
flow results indicate that the build-up in high-spin intermediate is
maximal within the dead-time of the instrument (1-3 ms) and
decays fully within 15-20 ms. On the basis of the UV-vis
characteristics of the intermediate, the species was assigned to an
iron(III)-peroxynitrite complex.7,8 Here, we report the first char-
acterization of this millisecond intermediate by resonance Raman
spectroscopy and identify this species as an iron(III)-nitrato
complex rather than an iron(III)-peroxynitrite complex.

Resonance Raman (RR) spectra obtained with Soret excitation
are highly sensitive to the oxidation, spin, and coordination states

of the heme iron.10 This technique is an ideal analytical tool for
studying the NO dioxygenation reaction since both starting Mb-O2

and final metMb are six-coordinate low-spin species at low
temperature and alkaline pH, while the putative intermediate is a
six-coordinate high-spin species. Figure 2 shows the high-frequency

RR spectra of RFQ samples taken at different time points during
the reaction of Mb-O2 with NO at pH 9.5 and 3 °C. The RFQ
sample with the shortest reaction time is trapped within 6 ms (see
Supporting Information for experimental details). Its RR high-
frequency spectrum exhibits strong ν2 and ν3 porphyrin skeletal
modes at 1566 and 1482 cm-1, characteristic of six-coordinate high-
spin vibrations, while their low-spin counterparts11 at 1585 and
1505 cm-1 are weak. In contrast, the RR spectra of RFQ samples
with longer reaction times show weak high-spin features, and the
gradual conversion of high-spin to low-spin species is essentially
complete by 55 ms (Figure 2).

RFQ samples of the reaction of Mb-16O2 and Mb-18O2 with
14NO, 15NO, or 15N18O were used to isolate vibrational modes
involving the exogenous ligand. RR spectra of the 6-ms RFQ
samples of these reactions reveal a mode at 1282 cm-1 that
downshifts with Mb-18O2 and is observed at 1260 cm-1 in
Mb-16O2 + 15NO (Figure 3). This RR band is not observed in the
RR spectra of samples trapped after longer reaction times, and
accordingly, it is assigned to a ligand vibration from the high-spin
ferric millisecond intermediate species (Figure 3). As expected, the
low-frequency RR spectra of Mb-O2 exhibit a ν(Fe-O2) at 577
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Figure 1. Proposed NO dioxygenation by oxyheme (* at alkaline pH, the
iron(III)aqua complex of myoglobin is replaced by an iron(III)hydroxo
complex, which adopts a low-spin configuration at cryogenic temperatures).

Figure 2. High-frequency RR spectra obtained with 413-nm excitation at
105 K on RFQ samples (reaction times: 6, 15, 30, and 55 ms) of Mb-O2

+ NO at pH 9.5. Also shown are the RR spectra of the product and starting
material at pH 9.5, metMb and oxyMb, respectively.
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cm-1 that shifts -26 cm-1 with 18O2, but no isotope sensitive modes
could be detected in the low-frequency RR spectra of the 6-ms
RFQ samples (Figure S1). Additional testing of these samples with
351- and 458-nm laser excitations on either side of the Soret
absorption did not enhance any new isotope sensitive vibrations
(data not shown).

The frequency and isotope sensitivity of the 1282-cm-1 signal
are not readily matched with expectations for peroxynitrite vibra-
tions.12 Instead, the 1282-cm-1 Raman band is consistent with a
νs(NO2) from an iron(III)-nitrato complex. For example, the six-
coordinate high-spin Fe(TPP)(η1-ONO2)(THF) complex shows
FTIR spectra with a strong νs(NO2) at 1280 cm-1 that shifts -22
cm-1 with 15N.13 The assignment of the 1282-cm-1 signal to a
nitrato νs(NO2) in the RR spectra of the 6-ms intermediate is further
supported by the impact of 18O-labeling of Mb-O2 and NO. Indeed,
labeling of all three O-atoms produces the largest downshift of this
mode to 1232 cm-1 (Figure S2 shows the RR spectrum of Mb-18O2

+ 15N18O). In contrast, when Mb-18O2 is reacted with N16O, two
νs(NO2) frequencies are observed (Figure 3): the band with the
largest downshift corresponds to Fe-16ON18O2 and the other to
Fe-18ON(16O)18O. While the FTIR spectra of Fe(TPP)(η1-
ONO2)(THF) show a weak νas(NO2) at 1491 cm-1 and a very weak
ν(N-O) near 1000 cm-1,13 these same modes are also expected to
be weak in RR, and it is not surprising that they are not observed
in the RR spectra of the 6-ms RFQ samples.

Although our results do not support the proposed peroxynitrite
assignment by Herold and co-workers,8 the trapping of an
iron(III)-nitrato complex is not inconsistent with a recent theoreti-
cal study by Blomberg and co-workers.14 Using density functional
theory (DFT), the decay of the peroxynitrite transient via homolytic
cleavage of the O-O bond was predicted to occur with an energy
barrier insufficient for accumulation of this species in the course
of the reaction. Moreover, attempts to model the stabilization of a
high-spin millisecond intermediate at alkaline pH as a peroxynitrite,
via distal or proximal perturbations, were unsuccessful.14 In contrast,
because anionic ligands show decreasing dissociation rate constants
with increasing pH,15 stabilization of the iron(III)-nitrato complex
is expected at alkaline pH, and is supported by our results. The
assignment of the ms-intermediate to an iron(III)-nitrato complex
was rejected by Herold and co-workers on the basis of differences
between the absorption spectrum of the ms-intermediate and resting

metMb with nitrate.8 However, a very large excess of nitrate (ca.
105 equiv) is required to affect the UV-vis spectrum of metMb
and it is unclear whether the spectral changes reflect coordination
of nitrate to the heme iron(III) or less specific conformational
changes. Control RFQ-RR experiments with metMb and high
concentrations of nitrite or nitrate at pH 9.5 did not reveal formation
of any high-spin heme species or vibrations involving exogenous
ligands.

In conclusion, our RR analysis of RFQ samples of the reaction
of oxyMb + NO at pH 9.5 identifies the ms-intermediate as an
iron(III)-nitrato complex. It is important to stress that this species
is not observed under equilibrium conditions, even with a high
excess of nitrate, and thus corresponds to a transient iron(III)
complex. Assigning the ms-intermediate species to a nitrate rather
than a peroxynitrite complex resolves the discrepancy between
theoretical and experimental studies of the NO dioxygenation
reaction in myoglobin. Our results do not invalidate the proposed
reaction mechanism shown in Figure 1. Rather, they indicate that
a greater time resolution will be required to determine whether a
heme-peroxynitrite intermediate forms in the course of this reaction,
and to structurally characterize this species. Such experiments with
a microsecond freeze-quench apparatus16 are underway.
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Figure 3. Midfrequency RR spectra of RFQ samples for the reaction of
14NO (left) and 15NO (right) with Mb-16O2 (black) versus Mb-18O2 (red).
Difference spectra are shown in blue; the differential signals occurring at
the intense ν4 mode (1374 cm-1) vary in independent experiments and
represent less than 10% of the integrated ν4 area.
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