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Methane monooxygenase (MMO) is a multicomponent
enzymatic system which catalyzes the conversion of methane
to methanol.! The diiron(II) state of the hydroxylase component
(Hieq) of soluble MMO in the presence of protein B activates
dioxygen for substrate hydroxylation.>* Previously, two inter-
mediates were described for the reaction of dioxygen with Hreq
and protein B from Methylococcus capsulatus (Bath)* and
Methylosinus trichosporium OB3b.>6 Kinetic parameters from
optical stopped-flow and rapid freeze-quench Mdssbauer data
revealed that Heq reacts rapidly with dioxygen (k ~ 20—25s71)
to form the first observed intermediate, which is more slowly
(k ~ 0.3—1 s~!) converted to the second.*¢ Decay of the latter
proceeds with concomitant production of alcohol and H,,. The
Mossbauer parameters for both intermediates are unusual and
do not match the values of any structurally characterized car-
boxylate-bridged diiron model compounds.*® The second
intermediate exhibits a low isomer shift in the range 0.14—
0.21 mm/s*5 and has been assigned as an Fe(IV) species.’
Based on an isomer shift of 0.66 mm/s, three possible assign-
ments for the first intermediate were considered:* a diiron(III)
peroxide, a superoxide anion radical coordinated to an Fe(II)-
Fe(IIl) center, and an antiferromagnetically coupled dioxygen
adduct of an intermediate spin diiron(II) unit. In the present
Communication, we present new optical and resonance Raman
spectroscopic data that characterize the first intermediate as a
diiron(IIT) peroxo species.

Native Hy, (diiron(III) form) or Hex enriched in *Fe was
converted to Hg with sodium dithionite in the presence of
protein B.”~!! Sample concentrations ranged from 165 uM in
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H and 330 M in protein B for stopped-flow spectrophotometry
to 600 4M in H and 1.2 mM in protein B for resonance Raman
studies. The protein solution was mixed rapidly at 4 °C with
buffer solutions saturated with €0, or 180, (Cambridge Isotope
Labs, 97% enriched) or with 160—180 (94 mol %).!12 These
solutions were ~1 mM in O, and 25 mM in MOPS, pH 7.0.
Optical data were collected with a HiTech stopped-flow
apparatus outfitted with a photomultiplier tube and fiber optics
for monochromatic detection of absorption spectral changes at
fixed wavelengths. For resonance Raman samples, the protein
was mixed with dioxygen for a fixed time before being sprayed
into an isopentane bath at —140 °C. The resulting snow was
packed into a quartz tube in an apparatus described elsewhere.'?
The quartz tubes were transferred cold to a specially designed
liquid nitrogen Raman dewar.'* Raman spectra were obtained
with excitation at 647 nm by using a Kr* ion laser and detected
with an intensified photodiode array attached to a triple
monochromator. Shifts were calibrated with CCLs and DMF
standards. A laser power of 60 mW was employed and did
not produce any photoreactions.

Stopped-flow optical spectrophotometric traces at individual
wavelengths revealed a broad visible absorption for the first
intermediate with A ~ 600—650 nm (€55 ~ 1500 M~! cm™!
per Fe, site).!S These absorbance maximum and extinction
coefficient values are within the range of values reported for
peroxo-to-iron charge-transfer bands in several diiron(IIT) peroxo
model complexes (Amax = 588—682 nm, € = 1300—3540 M~!
em™1).16-23 A typical kinetic trace for the buildup of the
intermediate, monitored at 625 nm, is given in Figure 1. Fitting
these data to a first-order exponential growth curve yields a
rate constant of 220 s~!. This value is in good agreement with
a kinetic analysis of the rapid freeze-quench Mdssbauer data,
from which a rate constant for both the growth of the
intlel;mediate and the decay of H,4 was determined to be ~25
s™L.

Rapid freeze-quench samples frozen 155 ms after mixing
contained >95% of the first observed intermediate as judged
by kinetic Mdssbauer analysis.'> The resonance Raman spec-
trum of the first intermediate excited at 647 nm (Figure 2)
exhibits an isotope-sensitive feature at 905 cm™! that was absent
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Figure 1. Time dependence of the appearance of the peroxo intermedi-
ate measured at 625 nm under pseudo-first-order conditions in dioxygen
at 4 °C. A fit of the data to a first-order growth curve is superimposed,
which yielded a rate constant of k = 20 s,
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Figure 2. Rapid freeze-quench Raman spectra (647-nm excitation) of
the peroxo intermediate in samples frozen 155 ms after mixing Hreq
with dioxygen (150,, ¥O,, or %0—1%0). The spectrum of isopentane,
present in all samples prepared by the freeze-quench method, has been
subtracted digitally.

in the spectra of Hrg and Hox (not shown). This value falls
within the O—O stretching frequency range reported for sev-
eral metal peroxo model complexes (v(O—0) = 815-918
cm™1)16-2022-26 gnd is accordingly assigned as ¥(O—O) of the
diiron(IlI) peroxo unit. Excitation at 413 nm caused no
enhancement of this feature, supporting the peroxo-to-Fe(III)
charge-transfer assignment for the 625-nm absorption in the
optical spectrum. No sensitivity to iron isotopic substitution
was observed in this band. The spectrum of the sample prepared
with 180, indicates that ¥(O—O0) shifts by 25 cm~! to 880 cm™!
upon 130, substitution. Moreover, the spectrum arising from
reaction with '60—130 displays a single band at 893 cm™!,
halfway between the 160, and 80, peaks. The theoretical 80,
shift assuming a diatomic harmonic oscillator is —52 cm™!. The
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reason for the smaller than expected shift is unclear but could
reflect coupling of the O—O vibration to other modes in the
diiron center. Vibrational coupling was recently invoked to
explain a Av ~ 18 cm™! shift which occurred upon 130,
substitution in a PFe/Cu peroxo model complex for the dioxygen
binding site in cytochrome ¢ oxidase.?’” Similarly, the O—O
vibration in matrix-isolated FeO, shifts by substantially less than
the value calculated for a pure stretching mode, from 946 cm™!
for the 160, adduct to 911 cm™! for the '80, derivative.? The
fact that the present 'O—!80 sample gives rise to a single
Raman band indicates that the peroxo intermediate is a
symmetrically bound species in which the O—O bond is still
intact. The possibility remains, however, that the 893-cm™! peak
is an unresolved doublet, with a difference of <5 cm™!, which
could arise from an asymmetrically bound peroxide.

An oxygen-sensitive vibration between 400 and 600 cm™!
characteristic of ¥(Fe—0,) was not detected in the Raman
spectrum. The intensity of this stretch depends on the degree
to which the metal peroxo polarizability changes in the excited
state. This band was not observed in several metal peroxo
complexes, including oxyhemocyanin, all of which exhibit
detectable ¥(O—O0) stretches.”” In oxyhemocyanin, a peroxo-
dicopper(Il) vibration is seen at 542 cm™!, in resonance with
the higher energy transfer transition in the UV but not with the
lower energy visible transitions.’® Additional bands around 550
cm™! do appear in the spectra of Hox and Hyeq as well as that of
the first intermediate (data not shown). These signals shift up
in the *4Fe-enriched protein and fall within the reported range
for iron—oxygen stretching frequencies.’! We tentatively at-
tribute these Fe—O stretching modes to the coordinated
glutamates.

Additional evidence for the symmetrical binding of the peroxo
ligand to the diiron center is given by the narrow quadrupolar
doublet lines in the Mossbauer spectrum of this intermediate.*
This assignment suggests that the peroxo ligand coordinates in
the u-n':7' or the planar or nonplanar u-7%%? binding mode.
The planar u-1%:7? binding mode displayed in oxyhemocyanin
and a crystallographically characterized dicopper(Il) peroxo
model complex has a much lower ¥(O—O0) stretch, ~750 cm™!,
than observed here, however.?30

In conclusion, time-resolved optical and freeze-quench reso-
nance Raman spectroscopic experiments strongly support as-
signment of the first intermediate, variously designated P® or
L,%32 in the MMO hydroxylase reaction cycle as a symmetrical
diiron(IlI) peroxo species. Additional experiments are in
progress to address both the coordination mode and the reactivity
of the peroxo unit.
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