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An FebVO, 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,(p-0), 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-0 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 Mossbauer 
analysis, provides spectroscopic evidence that the diiron center in Q has an FeLvO, 
diamond core. 

T h e  L4h4O enzvrne system found in  meth- 
anotrophic bacthria i1;itiates the  oxidation 
of methane ( 1 ,  2 ) ,  thereby preventing the  
atrnospheric egress of nearly 1 hillion tons 
of this greenhouse gas annually. M M O  cat- 
alyzes the  difficult oxidation of methane 
( C H 4 )  to inethanol ( C H 3 0 H )  w ~ t h  incor- 
poration of one oxygen ntorn froin 02. T h e  
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soluble M M O  system collsists of three sep- 
arate protein conlponents terined the  hy- 
droxylase ( M M O H ) ,  reductase ( M M O R ) ,  
and conlponent B (MMOB) (3,  4) .  T h e  
crystal structures of M M O H  have revealed 
a ~ l o n h e m e  diiroil active site (5-7) where 
oxygen act ivat~on and substrate oxidation 
occur (4 ) .  Transient kinetic analysis of n 
single-turnover reaction has revealed a t  
least five and probably six intermediates in 
the  catalytic cycle, among which interme- 
diate Q is the  ltey oxidizing species (8-1 1 ). 
T h e  h,losshauer properties of Q indicate a n  
exchange-coupled high-valent Fe"'Fen' 
cluster. T h e  Fen' oxidation state has been 
assigned o n  the  baas of the  large decrease 111 

iso~ner shift from 6 = 0.50 rnln s-' for 
Fe"'FeH' M M O H  to 6 = 0.17 mm s-' for Q 

Table 1. Compos~t~ons of freeze-quenched 
EXAFS samples of MMOH Intermediate Q deter- 
mined by Mossbauer spectroscopy. An optimal 
tme wndow from 100 to 320 ms, determned by 
stopped-flow spectroscopy at 17°C. was used to 
quench a single-turnover reaction and trap nter- 
mediate Q according to the experimental proce- 
dure reported prev~ously (8. 9, 12). Sample 1 was 
trapped at 150 ms and sample 2 was trapped at 
300 ms, allowing us to study two samples w~th 
d~fferent concentrations of Q for comparison of 
their EXAFS feature intensities. 

'Samples 1 and 2 both have a contrbution from FelllFelll 
MMOH The spectrum of sample 2 revealed an addtonal 
speces ~ 1 1 t h  parameters s ! ~ a r  to ti-ose of ti-e oxo- 
brdged F e F e  cluster of r~bonucleot~de reductase. We 
i-ave seen ths  component In varous samples prepared 
to trap ntermedates of the.MMOH cycle. 

(1 2) ;  the  latter value 1s comparable to the  6 
values for well-characterized Fe'" complex- 
es (13,  14). T o  date, n o  high-valent inter- 
mediate of any ~netallooxygenase has been 
structurally characterized. Here, we report 
extended x-ray absorption fine structure 
(EXAFS) studies of Methyloszn~is trzchospo- 
rzum OB3b M M O H  intermediate Q that 
provide spectroscopic evidence that a n  en- 
zyine uses a n  Fe2(p-O),  dlainond core for 
alkane ox ida t~on  (15) .  

A rapid freeze-quench technique al- 
lowed us to trap Q in  the  optimal tlme 
domain after mixing Fel'Fe'' M M O H  with 
100% 02-saturated buffer in the  presence of 
two equivalents of MMOB (8, 9 ,  12) .  T h e  
samples were analyzed by Mcissbauer spec- 
troscopy to provide a n  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 Mossbauer spectrum 
of Q sample 1 and the  corresponding fea- 
tures that make up this spectrum. T h e  pro- 
gresslve decrease in isomer shift 6 upon 
passage through successive reaction cycle 
lnterrnediates FeHFe" M M O H ,  P (16) ,  and 
Q indicates the  increasing oxidation state 
of the  two Fe sites. T h e  Miissbauer-deter- 
mined co~npositions of the  two freeze- 
q ~ ~ e n c h e d  samples I alld 2 are listed in 
Table I. As ind~cated,  intermediate Q rep- 
resented substantial fractions of each sam- 
ple, 61% and 44%, respectively; these per- 
centages were the  same before and after 
irradiation. 

T h e  R-space EXAFS spectra of four 
M M O H  samples (17) have features that 
correspond to the  distances from each Fe 
site to  surroundi~lg atoins (Fig. 2).  For ex- 
ample, the  Fe"FelI M M O H  sa~np le~shows  
one pronlinent feature a t  R - 2.1 A (Fig. 
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2A) that represents the first coordination 
sphere around the iron sites. This peak is beg  
fit by a shell of 0.5 Om a t o q  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  Fe"Fel' M M O H  from Methylococcus 
capszilat~is (Bath)  ( 6 ) .  T h e  feature a t  R - 
3.4 Aocorresponds to a n  Fe-Fe distance of 
3.43 A (Table 21, which is slightly longer 

Fig. 1. Mossbauer spectra 
of MMOH from Methylosi- 
nus trichosporium 0 8 3 b  re- 
corded at 4.2 K. Shown are 
representative spectra of 
Fe1I1Fe MMOH (6 = 0.50 
mm s-I), FeI1Fe1l MMOH 
(6 = 1.30 mm s-I) ,  and 
translent intermed~ates P 
( F e 1 F e ,  6 = 0.67 mm s- l )  
and Q (FeIVFelV, 6 = 0.1 7 
mm s-I) ,  as w e  as the 
spectrum of Q sample 1 
used for EXAFS studies. 
Quadrupole doublets are 
indicated by brackets; iso- 
mer shlfts 6 are marked by 
f l e d  tranges. The solid lne 
drawn through the spectrum 
of sample 1 is a superposi- 
t ~ o n  of computed spectra 
for the Fel1Fel1 and FelFe1I1 
forms, P, and Q using frac- 
tions listed n Table 1. 

t h a n  the  3 .28 A distance deduced from 
x-ray crystallography (6 ) .  This  Fe-Fe In- 
teraction could no t  be  discerned in  t h e  
EXAFS analysis of Fe"FeH M M O H  from 
M, capsulnt~is (Bath)  ( 1  8).  

Figure 2D shorvs the  R-space spectrum of 
a sample labeled "decayed Q" in ~ v h i c h  
Intermediate Q had been formed and then  
allowed to decay completely by standing a t  
room temperature for 10 min, as indicated 
by the  loss of its characteristic yellow color. 
T h e  R-space spectrum resembles that previ- 

-4 -2 0 2 4 
Velocity (mm s-I) 

Table 2. X-ray absorption spectroscopic data analysis for samples in the catalytic pathway of MMOH. 
The diron cluster concentration n Q samples 1 and 2 was -0.5 mM, whereas that for the F e F e  and 
decayed Q samples was -1.5 mM with 25% (v/v) glycerol. The latter sample was bubbled w ~ t h  0, to 
ensure complete reaction. The buffer for all experiments was 100 mM MOPS (pH 7.7). Th? ranges for 
EXAFS data fitting and Fourier transform were as follows: 1.35 to 4.05 and 2 to 12 A-' (FebFel1 
MMOH); 1.25 to 3.1 5 A and 2 to 11 A- l  (Q samples 1 and 2); and 1.35 to 3.55 A and 2 to 14 A-: 
(decayed Q). Values in parentheses represent U" the Debye-Waer factors, which reflect the extent of 
disorder (static and dynamic) within the shells. The negative values for the short Fe-0 shells are typical 
of short iron-0x0 bonds and merely reflect the weaker and longer bonds of the Fe(acac), standard (acac, 
acetylacetonate) (40). 

Sample Fit of EXAFS region Pre-edge area 
(units) 

F e F e  MMOH 

Sample 1 (61 % Q) 

Sample 2 (44% Q) t  

Decaved Q 

'Attempts to f ~ t  this 2.46 A shell w~th ow atomic number atoms gave rise to unacceptable f~ts. -I.The 3.4 Afeature 
in the spectrum (Fit. 2C) ofthis sample was not Included in the wndow used for tthef~t. Wthen the window was extended 
to Include this feature, t represented 0.5 Fe at 3.42 A, which we attrbute to contrbutons from the FeFe and FelllFelll 
forms of MMOH. 

ously reported for Fe"'Fel" M M O H  (19) 
and call be simulated with similar paraine- 
ters (Table 2);  in particular, there are t y o  
different Fe-Fe distances, 3.03 and 3.32 A, 
that correspo~ld to  the  presence of two pop- 
ulations of diiron center with different core 
structures (1 9 ) .  

In contrast to the  Fe"Fel' M M O H  and 
decayed Q samples, the two Q samples show 
threq prolninent peaks a t  R - 1.5, 2, and 
2.5 A in  their e-space spectra (Fig. 2, B 
and C).  T h e  2 A feature corresp;nds to  a 
shell of 4 O / N  atolns a t  -2.05 A (Table 
21, and its large Debye-Waller factor arises 
from the  wide range of Fe-ligand bond 
lengths expected for a sample consisting of 
several different specizs. T h e  new features 
a t  R - 1.5 and 2 .S0A originate from a n  
O / N  :torn a t  1.77 A and a n  Fe a tom a t  
2.46 A (Table 2) .  T h e  intensities of these 
new features in  the  two Q samples and the  
partial occupallcies derived from the  fits 
are in  agreement with the  arnount of Q 
determined by Mossbauer spectroscopy. 

T h e  pre-edge region of a n  x-ray absorp- 
t ion spectruin provides informatio~l that 
co~nplemellts the  EXAFS analysis, as the  
integrated area of the  pre-edge Is + 3d 
transition is sensitive to  the  centrosymmet- 

Fig. 2. Fourier-transformed (FT) EXAFS experi- 
mental data (dotted line) and fits (solid line; see 
Table 2) of (A) F e F e  MMOH, (6) 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 vert~cal 
dashed line drawn through ail the spectra high- 
lights the presence of the 2.5 A feature character- 
istic of lntermed~ate Q. 
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ric nature and the coordination number of 
the metal site (20, 21). The Fe"Fel' 
MMOH and decayed Q sainples have pre- 
edge areas of 10 and 14 ~lnits,  respectively 
(Table 2); these values fall in the reported 
range for five-coordinate iron sites (20, 21). 
In contrast, each FeIV site of interinediate Q 
in sainples 1 and 2 has a pre-edge area of 28 
units (22). This large value implies that the 
Fe"' 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 t b  presence of a short Fe-0 bond 
(1.77 A ) ,  analogous to observations for di- 
iron coinplexes having an 0x0 bridge (20). 

Our EXAFS analysis of intermediate Q 
thus s11on.s a species wit11 tn'o structural 
features not found in either Fe"FelI o~ 
FelIIFe"' MMOH (1 8 ,  19): a single 1.77 4 
Fe-O bond per Fe atom and a 2.46 A 
separation betyeen the two Fel" ions. A 
length of 1.77 A is too long to be associ- 
ated with a terminal FeIV=O bond, as 
found in high-valent iron-0x0 porphyrins 
and heme pero5idase co inpo~~nds  I and I1 
(1.60 to 1.66 A )  (23) ,  hut is consistent 
with an Fe-p-O bynd of a (p-oxo)diiron 
unit (1.74 to 1.82 A)0(24) .  A short Fe-Fe 
separation of -2.5 A has not yet been 
observed for any diiron-0x0 p ~ o t e i n ,  al- 
though Fe-Fe distances of 2.7 A are com- 
inon for Fe-S proteins (25). Such short 
distances can only he enforced by the 
presence of tn'o single-atom bridges form- 
ing a diamond-shaped core. Precedents of 
such a M,(p.-O)2 (M = metal) diamond 
core have been found for synthetic coin- 
plexes (26-30) as well as for the 0,-evolv- 
ing conlplex of photosystem I1 (31.  32) ,  
where the 1net;l-metal distances range 
from 2.5 to 2.9 A. 

The  sole crystallographically character- 
ized example of a synthetic Fe,(p-O), di- 
amond core, [Fey  (p-0) , (6-Me3-TPA)]  
(ClO,), [6-Me3-TPA = tris(6-methylpyri- 
dyl-2-methyl)ainine], has a centrosymmet- 
ric rhoinb- x i t h  Fe-p.-O distances of 1.8% 
and 1.92 A and an Fe-Fe distance of 2.7 A 
(27). Given the EXAFS analysis and the 
Mtjsshauer evidence for nearly identical 
FeIV sites (12), vie propose that MMOH 
intermediate Q has an analogous Fe;\'O2 
diamond core structure (Scheme 1). Con- 
sistent x i t h  its higlier valent state, the short 
Fe-O bonds (1.77 A )  for Q are shorter than 
those of the synthetic compoulld with an 
Fe;" (p -O)?  core (27) hut are comparable to 
those of a complex y j t h  an FelllFel\'(p-O)z 
core (28). The  2.46 A Fe-Fe distance for Q 
is, hoxever, shorter than those foupd in 
these inodel complexes (2.7 to 2.9 A ) .  In 
synthetic M n 2 0 z  complexes, the ?vk~-?vln 
distance can he shortened by -0.1 A wit11 

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 (Glulq4) 
is a coininon feat~lre in all of the Fel'FelI and 
Fe"'Fel" MMOH crystal structures (5-7). 
This carboxylate bridge may serve to hold 
the diiron unit together as it proceeds 
through the catalytic cycle (1).  

lntermediate P 

Intermediate Q 

Scheme 1. Di~ron core structures of key species 
in the catalflc cycle of M M O H .  

Scheine 1 illustrates the proposed struc- 
tural changes in the diiron unit dur~ng  ca- 
talysis. The  Fez(p-0) ,  diainond core has 
been proposed to be the key high-valent 
species in the oxidation of substrate in non- 
heme diiron enzyines on  the basis of struc- 
tural, spectroscopic, and reactivity studies 
of synthetic diiron coinplexes (1 5) .  Our 
combined Mossbauer-EXAFS investigation 
provides experimental evidence that such a 
diamond core particpates in the MMO 
reaction cycle. This core can be readily 
attained by hoinolysis of the 0-0 bond in 
its precursor P (34), which, from a compar- 
ison wit11 model coinplexes (35-37), is like- 
ly to be a (y-1,2-peroxo)diiron(III) species 
(Scheine I ) .  

T h e  Fe\\'(p.-O)z diainond core address- 
es how nonheine diiron active sites store 
the oxidizing equivalents. In cytochroine 
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 FeIV=O porphyrin 
radical species, which is equivalent to 
heme peroxidase co~npound I (39). For 
MMO, the role of the porphyrin is as- 
sumed hy the second iron, and each iron 
site serves to store one oxidizing equiva- 
lent by for~ning an FeIVFe'" species (1 2) .  
The  EXAFS-derived di~nensions of the 
Fe5V(y-O)z core indicat: that each iron 
has one >hart (-1.77 A )  and one long 
(-2.05 A )  Fe-p-0 bond, which suggests 
that this structure may be viewed as a 
head-to-tail dimer of Fel"=O units 
(Scheine 2) .  This diinerization may serve 

to stabilize the high-valent iron-0x0 moi- 
ety, thereby allowing its observation and 
characterization in MMO. Although 
MMOH intermediate Q appears to be 
filnctionally equivalent to the reactive 
species of cytochroine P-450, the structur- 
al divergence of the key reactive species 
revealed here offers the possibility that a 
novel manifestation of the chemistr~. of 

Scheme 2. 

highly activated oxygen in biology will 
emerge froin continuing studies. 

The spectroscopic studies described here 
orovide direct exneriinental evidence for 
the participation of an F e , ( ~ - 0 ) ~  diainond 
core in the catalvtic cvcle of MMO. This 
precedent lends c;edence to the hypothesis 
that such Fe,(p.-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 H2C5 and H2C, 

M. C. McCarthy," M. J. Travers, A. Kovacs, Wei Chen, 
Stewart E. Novick, C. A. Gottlieb, P. Thaddeus 

Two cumulene carbenes, H2C, and H2C,, 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 H2C, and H2C,, 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 inol- 
ecules with two nonbonded electrons local- 
ized o n  a single C atom. They are iinportant 
intermediates in terrestrial chemistry, and 
several have now been detected in  the  in- 
terstellar gas or in circumstellar shells (1  ). 
Of narticular interest in  both coinbustion 
processes and astrochenlistry are the  cu- 
mulene carbene chains H2C=(C=),,C:, 
x h i c h  may be iinportant building blocks in  
the  syntheses of long hydrocarbons and 
pure C chains implicated in the  formation 
of filllerenes (2).  Like organic dyes, cu- 
lnulene carbelles are likely to have intense 
ovtical electronic transitions. which mav 
provide a povierful and convenient way to  
inonitor combustion vrocesses, and thev are 
promising candidates for carriers of the  in- 
terstellar optical diffuse bands, the  identifi- 
cation of x h i c h  constitutes one of the  out- 
standing unsolved problems 111 astrollomical 
spectroscopy (3). Gas phase studies that 

establish the  geometric and electronic " 
structure of such C chain carbenes are es- 
sential if n.e 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 lone hvdrocarbon radicals and closed 

u ,  

shell cyanopolyynes (for example, C l lH 
and H C I 3 N ) ,  the  longest cuinulene carbelle 
kno\vn to date is H2CCCC (5) .  

Bv usin. Fourier transform microwave 
L. 

(FTI\/I) spectroscopy (6)  of a supersonic 1110- 
lecular beam (Fig. I ) ,  we have now detected 
the  next two lnembers of the  cumulene 
carbene sequence, H2C5 (H2C=C=C=C=C:, 
pentatetraenylidene) and H2C, (H2C=C= 
C=C=C=C:, hexape~ltaenylide~le) . Nine a- 
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type R-branch (A] = 1, where J IS the  
rotational ang~llar momentum quantum 
number) transitions of H,C, and 13 transi- 

L ,  

tlons of H2C0 ivere measured in the  fre- 
nuencv range from 8 to 23 GHz. In  both , " 

molecules, the  rotational transitions are 
grouped into fairly tight triplets with a n  
intensity ratio of appioximately 3:2:3 and a 
splitting of about ?@.I% of the  frequency 
(for example, 2 1 7  MHz at  13.4 GHz for 
H,C,). T h e  relative intensities are those - L, 

expected a t  low temperature for a slightly 
asvininetric too with tn.0 eiluivalent H at- 
oms, and theLsplit t ing is L quantitative 
agreement with that  calculated by scaling 
from the  rotational constants of H2C, (7) 
and H2C4 (5) .  Because of ortho-para spin 
statistics. rotational levels where K ( the  
projection of the  rotational angular mo- 
mentuin o n  the  C2 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 tein- " 
perature is only about 3 K. 

W e  determined spectroscopic constants 
by fitting a theoretical spectruin calculated 
from a standard asvinmetric tov Hamiltoni- 
a n  (8) to the  observed freq~iencies. TKO 
rotational constants (B and C )  and tn.o 
centrifugal distortion constants (DJ and 
DJK) were obtained for each carbene (Table 
1 ) .  Transition frequencies (vi,,-,) 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,C, and H,C, (in megahertz). These rotational and centrifugal 
distortion constants are from a least squares fit of Watson's S-reduced Hamton~an. The root mean 
square (3 kHz) of the fits is comparable to the measurement uncertainties. Uncertainties (la) are In units 
of the last signifcant digit. 

M. C. McCarthy, M. J. Travers, P. Thaddeus, Dlvlslon of 
Engineerng and Apped Sciences, Havard University 
29 Oxford Street Cambridge, MA 021 38, USA, and Har- 
vard-Smitthsonan Center for Astropthyscs, 60 Garden 
Street, Cambridge, MA 021 38, USA. 
A. Kovacs and C. A. Gotteb, Divsion of Engneerng and 
Auolied Scences. Havard Universitv. 29 Oxford Street. 
Ckmbrldge, MA 02138, USA 
W. Chen and S. E. Novick. Department of Chem;stv], 
Weseyan Unversty, Mddetown, CT 06459. USA 

H,CZ HzC, 
Constant - - 

Laboratoty Expected" Laboratory Expected* 

A 277,600t 287,600 268.400i 286,100 
B 2,304.7844(3) 2,304(5) 1,348.0891 (1) 1.345(2) 
C 2,285.8053(3) 2,285(5) 1,341.351 9(1) 1,341 (2) 
D", x 1 o3 0.1 04(6) 0.088: 0.0283(12) 0.0353s 
DJK 0.0464(2) 0.01 64(l) 

-To whom correspondence sthoud be addressed 
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-From (70) :Derved assuming a planar structure, that IS, 1/C - IIA - 115 = 0, $From (271. $From (28). 
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