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An Fe)O, Diamond Core Structure for the Key
Intermediate Q. of Methane Monooxygenase

Lijin Shu, Jeremy C. Nesheim, Karl Kauffmann, Eckard Munck,
John D. Lipscomb, Lawrence Que Jr.*

A new paradigm for oxygen activation is required for enzymes such as methane mono-
oxygenase (MMO), for which catalysis depends on a nonheme diiron center instead of
the more familiar Fe-porphyrin cofactor. On the basis of precedents from synthetic diiron
complexes, a high-valent Fe,(u.-O), diamond core has been proposed as the key oxi-
dizing species for MMO and other nonheme diiron enzymes such as ribonucleotide
reductase and fatty acid desaturase. The presence of a single short Fe-O bond (1.77
angstroms) per Fe atom and an Fe-Fe distance of 2.46 angstroms in MMO reaction
intermediate Q, obtained from extended x-ray absorption fine structure and Mdssbauer
analysis, provides spectroscopic evidence that the diiron center in Q has an FelYO,

diamond core.

The MMO enzyme system found in meth-
anotrophic bacteria initiates the oxidation
of methane (1, 2), thereby preventing the
atmospheric egress of nearly 1 billion tons
of this greenhouse gas annually. MMO cat-
alyzes the difficult oxidation of methane
(CH,) to methanol (CH;OH) with incor-

poration of one oxygen atom from O,. The
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soluble MMO system consists of three sep-
arate protein components termed the hy-
droxylase (MMOH), reductase (MMOR),
and component B (MMOB) (3, 4). The
crystal structures of MMOH have revealed
a nonheme diiron active site (5-7) where
oxygen activation and substrate oxidation
occur (4). Transient kinetic analysis of a
single-turnover reaction has revealed at
least five and probably six intermediates in
the catalytic cycle, among which interme-
diate Q is the key oxidizing species (8—11).
The Méssbauer properties of Q indicate an
exchange-coupled  high-valent Fe!VFe!lV
cluster. The Fe'Y oxidation state has been
assigned on the basis of the large decrease in
isomer shift from & = 0.50 mm s~! for
Fel'Fe MMOH to & = 0.17 mm s~ ! for Q
SCIENCE  »
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Table 1. Compositions of freeze-quenched
EXAFS samples of MMOH intermediate Q deter-
mined by Mossbauer spectroscopy. An optimal
time window from 100 to 320 ms, determined by
stopped-flow spectroscopy at 17°C, was used to
quench a single-turnover reaction and trap inter-
mediate Q according to the experimental proce-
dure reported previously (8, 9, 12). Sample 1 was
trapped at 150 ms and sample 2 was trapped at
300 ms, allowing us to study two samples with
different concentrations of Q for comparison of
their EXAFS feature intensities.

Inter- Inter-

FeIIFelI 7 ’ FelllFelll
Sample form mec'ilate megate ~form
1 27% 5% 61% 7%
2 33% 5% 44% 18%*

*Samples 1 and 2 both have a contribution from FellFe!!
MMOH. The spectrum of sample 2 revealed an additional
species with parameters similar to those of the oxo-
bridged Fe""Fe!" cluster of ribonucleotide reductase. We
have seen this component in various samples prepared
to trap intermediates of the'MMOH cycle.

(12); the latter value is comparable to the 3
values for well-characterized Fe!V complex-
es (13, 14). To date, no high-valent inter-
mediate of any metallooxygenase has been
structurally characterized. Here, we report
extended x-ray absorption fine structure
(EXAFES) studies of Methylosinus trichospo-
rium OB3b MMOH intermediate Q that
provide spectroscopic evidence that an en-
zyme uses an Fe,(n-O), diamond core for
alkane oxidation (15).

A rapid freeze-quench technique al-
lowed us to trap Q in the optimal time
domain after mixing Fel'Fe'! MMOH with
100% O,-saturated buffer in the presence of
two equivalents of MMOB (8, 9, 12). The
samples were analyzed by Md&ssbauer spec-
troscopy to provide -an independent quan-
titation of the reaction cycle intermediates
in the samples before and after the x-irra-
diation inherent in the EXAFS experiment.
Figure 1 shows a 4.2 K Méssbauer spectrum
of Q sample 1 and the corresponding fea-
tures that make up this spectrum. The pro-
gressive decrease in isomer shift 8 upon
passage through successive reaction cycle
intermediates Fe'Fel! MMOH, P (16), and
Q indicates the increasing oxidation state
of the two Fe sites. The Mdssbauer-deter-
mined compositions of the two freeze-
quenched samples 1 and 2 are listed in
Table 1. As indicated, intermediate Q rep-
resented substantial fractions of each sam-
ple, 61% and 44%, respectively; these per-
centages were the same before and after
irradiation.

The R-space EXAFS spectra of four
MMOH samples (17) have features that
correspond to the distances from each Fe
site to surrounding atoms (Fig. 2). For ex-
ample, the Fel'Fe!! MMOH sample_shows
one prominent feature at R ~ 2.1 A (Fig.
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2A) that represents the first coordination
sphere around the iron sites. This peak is best
fit by a shell of 0.5 O/N atom per Fe at 2.02 A
and 4 O/N atoms at 2.20 A (Table 2); this
result is consistent with the presence of
four carboxylates, two histidines, and two
solvent molecules ligated to the diiron
center, as revealed by the crystal structure
of the Fel'TFe! MMOH from Methylococcus
capsulatus (Bath) (6). The feature at R ~

3.4 A _corresponds to an Fe-Fe distance of

than the 3.28 A distance deduced from

~x-ray crystallography (6). This Fe-Fe in-

teraction could not be discerned in the
EXAFS analysis of Fe''Fe!! MMOH from
M. capsulatus (Bath) (18).

Figure 2D shows the R-space spectrum of
a sample labeled “decayed Q” in which
intermediate Q had been formed and then
allowed to decay completely by standing at
room temperature for 10 min, as indicated
by the loss of its characteristic yellow color.

3.43 A (Table 2), which is slightly longer

The R-space spectrum resembles that previ-

Fig. 1. M&ssbauer spectra
of MMOH from Methylosi-
nus trichosporium OB3b re-
corded at 4.2 K. Shown are 6l
representative  spectra  of
FellFe" MMOH (8 = 0.50 or
mm s~'), Fe'Fe' MMOH

& = 1.30 mm s~"), and 2
transient intermediates P
(Fe"Fe", 8 = 0.67 mms~7)
and Q (Fe'VFeV, 8 = 0.17
mm s~"), as well as the
spectrum of Q sample 1
used for EXAFS studies.
Quadrupole doublets are
indicated by brackets; iso-
mer shifts & are marked by 1t
filled triangles. The solid line
drawn through the spectrum [o] ES—————————
of sample 1 is a superposi- Q sample 1

tion of computed spectra
for the Fe'Fe" and Fe''Fe!" 41
forms, P, and Q using frac- )
tions listed in Table 1. ) > 0 > 4

Velocity (mm s1)

| Fellell

FelFell

Absorption (%)
o
w

Table 2. X-ray absorption spectroscopic data analysis for samples in the catalytic pathway of MMOH.
The diiron cluster concentration in Q samples 1 and 2 was ~0.5 mM, whereas that for the Fe''Fe!' and
decayed Q samples was ~1.5 mM with 256% (v/v) glycerol. The latter sample was bubbled with O, to
ensure complete reaction. The buffer for all experiments was 100 mM MOPS (pH 7.7). The ranges for
EXAFS data fitting and Fourier transform were as follows: 1.35 to 4.05 Aand 2 to 12 A~ (Fe'Fe"
MMOH); 1.25 t0 3.15 A and 2 to 11 A~1 (Q samples 1 and 2); and 1.35 t0 3.55 A and 2 to 14 A~
(decayed Q). Values in parentheses represent o2, the Debye-Waller factors, which reflect the extent of
disorder (static and dynamic) within the shells. The negative values for the short Fe-O shells are typical
of short iron-oxo bonds and merely reflect the weaker and longer bonds of the Fe(acac), standard (acac,
acetylacetonate) (40).

Pre-edge area

Sample (units)

Fit of EXAFS region

Fe'Fe" MMOH 4 O/Nat2.20A (0.0067)
0.5 O/N at 2.02 A (0.0039)

1 Fe at 3.43 A (0.0062)

4 O/N at 2.05 A (0.0115)
0.6 O/N at 1.77 A (—0.0003)
0.6 Fe at 2.46 A (0.0086)*

4 O/N at 2.03 A (0.0063)
0.5 O/N at 1.78 A (—=0.0039)
0.5 Fe at 2.47 A (0.0058)*
50O/N at 2.01 A (0.0059)
0.6 Fe at 3.03 A (0.0015)
0.4 Fe at 3.32 A (0.0061)

*Attempts to fit this 2.46 A shell with low atomic number atoms gave rise to unacceptable fits. The 3.4 A feature
in the spectrum (Fig. 2C) of this sample was not included in the window used for the fit. When the window was extended
to include this feature, it represented 0.5 Fe at 3.42 A, which we attribute to contributions from the Fe'lFe! and Fe!lFe!
forms of MMOH.

10 £ 1
Sample 1 (61% Q) 22 + 1

Sample 2 (44% Q)t

Decayed Q
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ously reported for Fell'Fel! MMOH (19)
and can be simulated with similar parame-
ters (Table 2); in particular, there are two
different Fe-Fe distances, 3.03 and 3.32 A,
that correspond to the presence of two pop-
ulations of diiron center with different core
structures (19).

In contrast to the Fe'Fe!! MMOH and
decayed Q samples, the two Q samples show
three prominent peaks at R ~ 1.5, 2, and
2.5 A in their R-space spectra (Fig. 2, B
and C). The 2 A feature corresponds to a
shell of 4 O/N atoms at ~2.05 A (Table
2), and its large Debye-Waller factor arises
from the wide range of Fe-ligand bond
lengths expected for a sample consisting of
several different species. The new features
at R ~ 1.5 and 2.5 A originate from an
O/N atom at 1.77 A and an Fe atom at
2.46 A (Table 2). The intensities of these
new features in the two Q samples and the
partial occupancies derived from the fits
are in agreement with the amount of Q
determined by Mdssbauer spectroscopy.

The pre-edge region of an x-ray absorp-
tion spectrum provides information that
complements the EXAFS analysis, as the
integrated area of the pre-edge 1s — 3d
transition is sensitive to the centrosymmet-

FT magnitude

- - S ¥ S ¥
R(A)

Fig. 2. Fourier-transformed (FT) EXAFS experi-
mental data (dotted line) and-fits (solid line; see
Table 2) of (A) Fe!'Fe' MMOH, (B) Q sample 1 (61%
Q, trapped at.150 ms), (C) Q sample 2 (44% Q,
trapped at 300 ms), and (D) decayed Q. The val-
ues of R on the x axis have been arbitrarily incre-
mented by 0.35 A, a typical phase shift, to provide
a more realistic estimate of the metal—-scatterer
distances. Only shells with R < 3 A were consid-
ered for the fits for Q samples 1 and 2. The vertical
dashed line drawn through all the spectra high-
lights the presence of the 2.5 A feature character-
istic of intermediate Q.



ric nature and the coordination number of
the metal site (20, 21). The FellFell
MMOH and decayed QQ samples have pre-
edge areas of 10 and 14 units, respectively
(Table 2); these values fall in the reported
range for five-coordinate iron sites (20, 21).
In contrast, each Fe' site of intermediate Q
in samples 1 and 2 has a pre-edge area of 28
units (22). This large value implies that the
Fe'V centers in Q have a highly distorted
geometry and are likely to have a coordina-
tion number no greater than 5. The highly
distorted geometry and the consequent
large pre-edge area observed here result
from the presence of a short Fe-O bond
(1.77 A) analogous to observations for di-
iron complexes having an oxo bridge (20).

Our EXAFS analysis of intermediate Q
thus shows a species with two structural
features not found in either Fe'Fe!! or
FellFe!m MMOH (18, 19): a single 1.77 A
Fe-O bond per Fe atom and a 2.46 A
separation between the two Fe'™ ions. A
length of 1.77 A is too long to be associ-
ated with a terminal Fe'V=O bond, as
found in high-valent iron-oxo porphyrins
and heme peroxidase compounds I and II
(1.60 to 1.66 A) (23), but is consistent
with an Fe-p-O bond of a (p-oxo)diiron
unit (1.74 to 1.82 A) .(24). A short Fe-Fe
separation of ~2.5 A has not yet been
observed for any diiron-oxo protein, al-
though Fe-Fe distances of 2.7 A are com-
mon for Fe-S proteins (25). Such short
distances can only be enforced by the
presence of two single-atom bridges form-
ing a diamond-shaped core. Precedents of
such a M,(p-O), (M = metal) diamond
core have been found for synthetic com-
plexes (26-30) as well as for the O,-evolv-
ing complex of photosystem II (31, 32),
where the metal-metal distances range
from 2.5 to 2.9 A.

The sole crystallographically character-
ized example of a synthetic Fe,(pn-O), di-
amond core, [Fell' (n-O),(6-Me;-TPA)]
(ClO,), [6-Me;-TPA = tris(6-methylpyri-
dyl-2-methyl)amine], has a centrosymmet-
ric thomb with Fe-u-O distances of 1.84
and 1.92 A and an Fe-Fe distance of 2.7 A
(27). Given the EXAFS analysis and the
Méssbauer evidence for nearly identical
Fe'v sites (12), we propose that MMOH
intermediate Q has an analogous FelVO,
diamond core structure (Scheme 1). Con-
sistent with its higher valent state, the short
Fe-O bonds (1.77 A) for Q are shorter than
those of the synthetic compound with an

el (u-O), core (27) but are comparable to
those of a complex with an Fe"Fe!V(pn-O),
core (28). The 2.46 A Fe—Fe distance for Q
is, however, shorter than those found in
these model complexes (2.7 to 2.9 A). In
synthetic Mn,0, complexes, the Mn-Mn
distance can be shortened by ~0.1 A with

the introduction of an additional carboxy-
late bridge (33). This observation prompts
us to propose the presence of such a bridge
for Q. Indeed, a carboxylate bridge (Glu'#*)
is a common feature in all of the Fe'Fe!l and
Fel'TFel®™ MMOH crystal structures (5-7).
This carboxylate bridge may serve to hold
the diiron unit together as it proceeds
through the catalytic cycle (I).

Hy

Q
O-/-
Fell/\of Fe"
2¢- MMOHred O
He)
e|||/O\,:e||| Fem ,:em
O H O
\|/

MMOH Intermediate P
CHZOH

CH, _0 v
Fe'{/\o\,Fe'

[ONge}

g
Intermediate Q

Scheme 1. Diiron core structures of key species

in the catalytic cycle of MMOH.

Scheme 1 illustrates the proposed struc-
tural changes in the diiron unit during ca-
talysis. The Fe,(w-O), diamond core has
been proposed to be the key high-valent
species in the oxidation of substrate in non-
heme diiron enzymes on the basis of struc-
tural, spectroscopic, and reactivity studies
of synthetic diiron complexes (15). Our
combined Méssbauer-EXAFS investigation
provides experimental evidence that such a
diamond core participates in the MMO
reaction cycle. This core can be readily
attained by homolysis of the O-O bond in
its precursor P (34), which, from a compar-
ison with model complexes (35-37), is like-
ly to be a (p.-1,2-peroxo)diiron(IIl) species
(Scheme 1)

The Fe V(n-O), diamond core address-
es how nonheme diiron active sites store
the oxidizing equivalents. In cytochrome
P-450 (38), one oxidizing equivalent is
proposed to be stored on the iron center
and another on the porphyrin ligand,
forming a short-lived Fe'V=O porphyrin
radical species, which is equivalent to
heme peroxidase compound I (39). For
MMO, the role of the porphyrin is as-
sumed by the second iron, and each iron
site serves to store one oxidizing equiva-
lent by forming an Fe'VFe!V species (12).
The EXAFS-derived dimensions of the
FelY(p-O), core indicate that each iron
has one short (~1.77 A) and one long
(~2.05 A) Fe—p.-O bond, which suggests
that this structure may be viewed as a
head-to-tail dimer of Fe!V=0O units
(Scheme 2). This dimerization may serve
SCIENCE »
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to stabilize the high-valent iron-oxo moi-
ety, thereby allowing its observation and
characterization in MMO. Although
MMOH intermediate Q appears to be
functionally equivalent to the reactive
species of cytochrome P-450, the structur-
al divergence of the key reactive species
revealed here offers the possibility that a
novel manifestation of the chemistry of

Scheme 2.

highly activated oxygen in biology will
emerge from continuing studies.

The spectroscopic studies described here
provide direct experimental evidence for
the participation of an Fe,(p.-O), diamond
core in the catalytic cycle of MMO. This
precedent lends credence to the hypothesis
that such Fe,(-O), cores participate in the
redox cycles of related nonheme diiron en-
zymes such as ribonucleotide reductase, fat-
ty acid desaturases, and membrane alkane

hydroxylases (1, 15).
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Detection and Characterization of the
Cumulene Carbenes H,C; and H,C,
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Stewart E. Novick, C. A. Gottlieb, P. Thaddeus

Two cumulene carbenes, H,C, and H,C,, were detected in a supersonic molecular beam
by Fourier transform microwave spectroscopy. Their rotational and leading centrifugal
distortion constants were determined with high accuracy, such that the entire radio
spectrum can now be calculated. Like the known carbenes H,C, and H,C,, both
molecules have singlet electronic ground states and linear carbon-chain backbones.
They can be produced in sufficiently high concentrations in the laboratory that their
electronic spectra, expected to lie in the visible, should be readily detectable by laser
spectroscopy. The microwave spectra of other, more exotic isomers may be detectable

as well.

Carbenes are highly reactive organic mol-
ecules with two nonbonded electrons local-
ized on a single C atom. They are important
intermediates in terrestrial chemistry, and
several have now been detected in the in-
terstellar gas or in circumstellar shells (1).
Of particular interest in both combustion
processes and astrochemistry are the cu-
mulene carbene chains H,C=(C=),C:,
which may be important building blocks in
the syntheses of long hydrocarbons and
pure C chains implicated in the formation
of fullerenes (2). Like organic dyes, cu-
mulene carbenes are likely to have intense
optical electronic transitions, which may
provide a powerful and convenient way to
monitor combustion processes, and they are
promising candidates for carriers of the in-
terstellar optical diffuse bands, the identifi-
cation of which constitutes one of the out-
standing unsolved problems in astronomical
spectroscopy (3). Gas phase studies that

establish the geometric and electronic
structure of such C chain carbenes are es-
sential if we are to understand their chem-
ical reactivities (4), but few have been stud-
ied spectroscopically because of their high
reactivity. Although we have recently de-
tected long hydrocarbon radicals and closed
shell cyanopolyynes (for example, C;H
and HC|;N), the longest cumulene carbene
known to date is H,CCCC (5).

By using Fourier transform microwave
(FTM) spectroscopy (6) of a supersonic mo-
lecular beam (Fig. 1), we have now detected
the next two. members of the cumulene
carbene sequence, H,C, (H,C=C=C=C=C;,
pentatetraenylidene) and H,C, (H,C=C=
C=C=C=C:, hexapentaenylidene). Nine a-
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type R-branch (AJ] = 1, where ] is the
rotational angular momentum quantum
number) transitions of H,Cs and 13 transi-
tions of H,C, were measured in the fre-
quency range from 8 to 23 GHz. In both
molecules, the rotational transitions are
grouped into fairly tight triplets with an
intensity ratio of approximately 3:2:3 and a
splitting of about +0.1% of the frequency
(for example, +17 MHz at 13.4 GHz for
H,C;). The relative intensities are those
expected at low temperature for a slightly
asymmetric top with two equivalent H at-
oms, and the splitting is in quantitative
agreement with that calculated by scaling
from the rotational constants of H,C; (7)
and H,C, (5). Because of ortho-para spin
statistics, rotational levels where K (the
projection of the rotational angular mo-
mentum on the C, symmetry axis) is *1,
which lie about 14 K above the K = 0 levels
in both carbenes (Fig. 2), are metastable.
Therefore, they are populated in our molec-
ular beam even though the rotational tem-
perature is only about 3 K.

We determined spectroscopic constants
by fitting a theoretical spectrum calculated
from a standard asymmetric top Hamiltoni-
an (8) to the observed frequencies. Two
rotational constants (B and C) and two
centrifugal distortion constants (D; and
Djx) were obtained for each carbene (Table
1). Transition frequencies (v;_;_,) for the
K = 0 and the two K = *1 ladders of each
can be calculated from the approximate
expression

Table 1. Spectroscopic constants of H,Cg and H,C, (in megahertz). These rotational and centrifugal
distortion constants are from a least squares fit of Watson’s S-reduced Hamiltonian. The root mean
square (3 kHz) of the fits is comparable to the measurement uncertainties. Uncertainties (1a) are in units

of the last significant digit.
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