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The hydroxylase enzyme component of soluble methane mono-
oxygenase (MMOH) in methanotrophic bacteria utilizes O2 and a
carboxylate-bridged diiron center to oxidize methane to methanol.
In the course of this reaction with O2, the diiron(II) unit (Hred) forms
a diiron(III) peroxide intermediate (Hperoxo), which evolves into a
diiron(IV) di-µ-oxo species (Q), which in turn reacts with methane.
The enzyme is anR2â2γ2 heterodimer and requires the presence of
a 16-kDa regulatory protein, MMOB, to optimize the hydroxylase
activity.1 Here, we investigate the azido complex of oxidized
MMOH (Hox) by using FTIR spectroscopy. Because the highest
occupiedπnb orbitals of azide are homologous to the filledπ*
orbitals of peroxide, the diiron(III) azido complex can provide
information about the coordination geometry of transient peroxo
species that form in carboxylate-bridged diiron proteins.2

Incubation of MMOH with a 50-fold excess of sodium azide
results in the appearance of an∼440-nm absorbance band in the
UV-vis spectrum, which may be readily assigned to an azide-to-
iron(III) charge-transfer band (Figure S1, Supporting Information).3

Attempts to define the geometry of azide binding by using X-ray
crystallography were unsuccessful (Experimental Details, Support-
ing Information). Although a low-frequency band in the resonance
Raman spectra of MMOH-N3 was tentatively assigned to an Fe-
N3 stretching mode, the internal symmetric and asymmetric azido
stretches could not be detected (Figure S2, Supporting Information).
However, theνas(NNN) mode was extracted from FTIR spectra by
taking advantage of the photolabile character of iron-azido com-
plexes. This approach has often been applied to iron carbonyl
complexes where the dissociated state can be trapped at low
temperature.4,5 For example, a myoglobin-CO “dark” minus “il-
luminated” FTIR difference spectrum shows a positive band at
∼1940 cm-1 corresponding to the heme iron carbonylν(C-O) and
a negative signal at∼2130 cm-1 from the photolyzed CO that docks
within internal cavities of the protein.4 We recently applied this
technique to the characterization of iron nitrosyl complexes in the
R2 protein of ribonucleotide reductase.6 To validate this approach
with non-heme iron-azido complexes, we first present FTIR data
obtained on the structurally well-characterized terminal azido
complex of iron superoxide dismutase fromEcherichia coli.7 Using
RR spectroscopy, theνas(NNN) mode is observed at 2057 cm-1.8

When the complex is formed with15NN2, νas(NNN) splits into two
components at 2039 and 2051 cm-1.8 Accordingly, the FTIR
difference spectrum “dark” minus “illuminated” shows these same
frequencies ((1 cm-1) as positive bands, associated with negative
bands at 2025 and 2014 cm-1 assigned to the dissociated14N3

-

and15NN2
-, respectively (Figure 1A,B). These frequencies are 20

cm-1 lower thanνas(NNN) for azide ion in solution. The 10-cm-1

bandwidth of these negative signals is only a third of that of
νas(NNN) from bulk azide. These results indicate that the photolyzed
azide remains within the protein matrix and experiences a well-
defined environment that favors the [-N)N+)N-] resonance form.

Comparison of the intensity of the 2056 cm-1 band in the FTIR
spectrum of FeSOD-N3 before and after illumination indicates that
the photolyzed state is trapped in 17( 5% of the protein (Figure
S3, Supporting Information). This photolyzed population is obtained
after a few minutes of white light illumination at 15 K, and
subsequent illumination does not produce any further changes.
Because the frequency and spectral envelope of theνas(NNN) mode
before illumination match that of the difference spectrum, the low
apparent yield of the photodissociation process does not appear to
be due to a subpopulation of photolabile azido complex distinct
from nonlabile complexes. Rather, it must reflect differences in
ligand migration and geminate rebinding of the photolyzed ligand.
Different side chain configurations sampled by protein dy-
namics can be trapped at cryogenic temperatures and produce an
inhomogeneous distribution where only a fraction of protein
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Figure 1. FTIR difference spectra (“dark” minus “illuminated”) of the azido
complexes in FeSOD and MMOH at 15 K. FeSOD-N3 (A), FeSOD-15NN2

(B), MMOH-N3 (C), MMOH-15NN2 (D), and MMOH-N3 in D2O (E).
The FeSOD-N3 spectra were divided by 3 to facilitate comparison with
the MMOH-N3 data (Experimental Details, Supporting Information).
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conformers present a migration route for the dissociated ligand. In
the fraction of protein conformers that do not offer an escape route,
the larger size of azide compared to CO and the electrostatic
attraction between the photolyzed azide anion and the iron(III) are
expected to promote geminate rebinding at 15 K.

In the azido complex of MMOH,νas(NNN) occurs at 2077 cm-1

and splits into two bands at 2059 and 2073 cm-1 with 15NN2 (Figure
1C,D). Theνas(NNN) band is 21 cm-1 higher than that in FeSOD-
N3 and 5 cm-1 higher than theη1-terminal azido complex formed
in steroyl-acyl carrier protein∆9 desaturase (∆9D).2 The 14 cm-1

splitting of νas(NNN) with 15NN2 is comparable to that observed
in the FeSOD-N3 and∆9D-N3 complexes and is consistent with
anη1-terminal binding of azide to the diiron(III) cluster in MMOH.
In contrast, alternativeµ-1,1 or µ-1,3 bridging geometries are
expected to give rise to greater and smaller splittings, respectively.2

The vibrational data define an azide binding that favors the [Fe3+-
N2--N+≡N] resonance form relative to the symmetric [Fe3+-
N-)N+)N-] one. Incubation of the MMOH-azide complex in D2O
results in a 6-cm-1 downshift of theνas(NNN) and suggests that
the azido group is engaged in hydrogen bond interaction(s) at the
diiron site (Figure 1E). Such a hydrogen bonding interaction at the
1N atom of the azido group is expected to increase the asymmetry
of the two N-N bonds and to upshiftνas(NNN). Deuterium
exchange at the hydrogen bond donor will diminish the strength of
the hydrogen bond and result in a downshift of theνas(NNN). The
terminal water molecule bound to Fe1 in all MMOH crystal
structures9 is a likely source of the H-bond donor.

The FTIR difference spectra of the14N3 and the 15N14N2

complexes of MMOH also display negative signals at 2136 cm-1

(Figure 1C) and at 2114 and 2132 cm-1 (Figure 1D), respectively.
These frequencies are 6 cm-1 higher thanνas(NNN) from hydrazoic
acid in aqueous solution.10 As in deuterated hydrazoic acid, Fermi
resonance splitting of theνas(NNN) is observed with deuterated
samples (Figure 1E). Thus, the photodissociation of the iron-azido
complex in MMOH is accompanied by a proton transfer that results
in the formation of an N3H molecule that remains trapped within
the substrate pocket.

Analyses of the signal intensities in the FTIR difference spectra
obtained at 15 K suggest that 15( 10% of photolyzed state can
be trapped in MMOH, a yield comparable to that of FeSOD-N3.
In contrast, the temperature dependence for rebinding is different
in the two metalloproteins. Rebinding starts to occur at 50 K in
FeSOD, but the temperature must be raised above 200 K for
rebinding in MMOH. This observation supports the formation of
distinct products of photolysis in FeSOD-N3 and MMOH-N3.
Because the photolysis is associated with transfer of a proton in
MMOH, which does not occur in FeSOD, the rebinding process in
MMOH faces a larger energy barrier that includes reorganization
energy from the proton donor to the azido group. Comparisons of
UV-vis absorption spectra obtained before and after the FTIR
photolysis experiments and of successive FTIR difference spectra
obtained after annealing above 200 K confirm the reversibility of
the photolytic process (Figures S4 and S5). The FTIR experiments
on MMOH-N3 were reproduced with 2 and 4 equiv of MMOB,
but the presence of this regulatory protein had no effect on the
results described above (data not shown). Perturbation upon addition
of MMOB might have been anticipated, since MMOB is believed
to dock at the cleft of theR2â2γ2 dimer interface of MMOH and
strongly influences the O2 reactions of the diiron cluster.11

The vibrational signature of MMOH-N3 indicates that the azide
is bound terminally to one iron(III) and suggests that the azide-1N
atom is engaged in a hydrogen bonding interaction. An aqua ligand

would constitute a good candidate for a hydrogen bond donor to
the azido group and could also act as proton donor during
photolysis. A proton transfer from the aqua ligand to the leaving
azide group would allow the photolysis to occur without a change
in the overall charge of the diiron cluster. This proposal has
mechanistic significance to the O2 activation in MMOH. Recently,
a theoretical study of the MMOH reaction with O2 has predicted
the presence of a hydrogen bond between an aqua ligand to Fe1
and the oxygen atom bound to Fe2 in the superoxo and peroxo
complexes.12 Our interpretation supports these predictions, but
alternative models involving other ionizable groups at the diiron
site are equally reasonable. For example, rather than N3

-, HN3 may
react with the oxidized cluster to from the azido complex, converting
a bridgingµ-hydroxo group to aµ-aqua ligand. The data suggest
an azide binding that differs significantly from what was recently
observed in a crystal structure of the azido complex of toluene/
o-xylene monooxygenase.13 In this related diiron enzyme, the azido
group is bound asymmetrically in anµ-1,1 semibridging geometry
and engages a hydrogen bond interaction at its N3 atom with a
water molecule. A comparative FTIR study of this complex and
further characterization of MMOH-N3 and its diiron center after
photolysis are underway.
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