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Methane Monooxygenase Catalyzed Oxygenation of 1,l -Dimethylcyclopropane. 
Evidence for Radical and Carbocationic Intermediates? 
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ABSTRACT: Methane monooxygenase catalyzes the oxygenation of 1,l -dimethylcyclopropane in the presence 
of O2 and NADH to  (1-methylcyclopropy1)methanol (81%), 3-methyl-3-buten-1-01 (6%), and l-methyl- 
cyclobutanol (1 3%). Oxygenation by I8O2 using the purified enzyme proceeds with incorporation of l8O 
into the products. Inasmuch as methane monooxygenase catalyzes the insertion of 0 from O2 into a 
carbon-hydrogen bond of alkanes, (1 -methylcyclopropyl)methanol appears to be a conventional oxygenation 
product. 3-Methyl-3-buten-1-01 is a rearrangement product that can be rationalized on the basis that 
enzymatic oxygenation of 1,l -dimethylcyclopropane proceeds via the (1-methylcyclopropy1)carbinyl radical, 
which is expected to undergo rearrangement with ring opening to the homoallylic 3-methyl-3-buten- 1-yl 
radical in competition with conventional oxygenation. Oxygenation of the latter radical gives 3-methyl- 
3-buten- 1-01, 1 -Methylcyclobutanol is a ring-expansion product, whose formation is best explained on the 
basis that the 1 -methylcyclobutyl tertiary carbocation is an oxygenation intermediate. This cation would 
result from rearrangements of carbocations derived by one-electron oxidation of either radical intermediate. 
The fact that both 3-methyl-3-buten- 1-01 and 1-methylcyclobutanol are produced suggests that the oxygenation 
mechanism involves both radical and carbocationic intermediates. Radicals and carbocations can both be 
intermediates if they are connected by an electron-transfer step. A reasonable reaction sequence is one in 
which the cofactor (poxo)diiron reacts with O2 and two electrons to generate a hydrogen atom abstracting 
species and an oxidizing agent. The hydrogen-abstracting species might be the enzymic radical or another 
species generated by the iron complex and 02. Oxygenation then could proceed by abstraction of a hydrogen 
atom from the substrate to form a radical, followed by electron transfer from the radical to the oxidizing 
species to form a carbocation. The carbocation would be quenched by oxygen associated with the oxygenation 
cofactor to generate the product. 

M e t h a n e  monooxygenase catalyzes the oxygenation of 
methane in methanotrophic bacteria according to eq 1 The 

lowing three proteins: (a) An oxygenase designated as com- 
ponent A that contains a (p-oxo)diiron complex and an organic 

H+ + CH, + NADH + o2 - CH,-OH +-H20 + NAD+ ,, , 
iadical. The oxygenase has an overall k, of 220006 and 
comprises three subunits of M ,  54000, 42 000, and 17 000. "' 

enzymes from Methylococcus capsulatus (Bath) and Me- 
thylosinus trichosporium (OB3b) are complexes of the fol- 

respectively, with two copies of each subunit and two (p -  
oxo)diiron complexes in each enzyme particle. (b) A flavo- 

' Abbreviations: NAD+, oxidized nicotinamide adenine dinucleotide; 
NADH, reduced nicotinamide adenine dinucleotide; MOPS, 34N-  
morpho1ino)propanesulfonic acid; NMR, nuclear magnetic resonance; 
GC, gas chromatography; GC-MS, gas chromatographic mass spec- 
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protein of M, of 44000 designated component C that contains 
an iron-sulfur cluster (Fe2S2). (c) A coupling factor desig- 
nated component B of M, of 16000 (Dalton, 1980; Woodland 
& Dalton, 1984; Green & Dalton, 1985; Woodland et al., 
1986; Fox et al., 1988, 1989; Prince et al., 1988). Little is 
known about the oxygenation mechanism, about the nature 
of reaction intermediates, or about the roles of the cofactors 
in this reaction. The overall reaction is analogous to cyto- 
chrome P-450 catalyzed oxygenations. However, methane 
monooxygenase contains no heme cofactor. The (p-oxo)diiron 
complex presumably reacts with O2 to form an oxygenating 
species. The structure of this species is unknown. 

We here report the results of initial experiments designed 
to generate information about the nature of substrate-derived 
reaction intermediates. Methane monooxygenase catalyzed 
oxygenation of 1,1  -dimethylcyclopropane produces (1 - 
methylcyclopropyl)methanol, 3-methyl-3-buten- 1-01, and 1- 
methylcyclobutanol. The latter two products stem from carbon 
skeletal rearrangements of reaction intermediates, which are 
likely to be substrate-derived radicals and carbocations on the 
mechanistic pathway for oxygenation. 

EXPERIMENTAL PROCEDURES 
Methylosinus trichosporium (OB3b) were grown with 

methane as the sole carbon source in a medium containing 
mineral salts. Methane monooxygenase was assayed with 
propene as the oxygenation substrate and by measurement of 
propene oxide formation by gas chromatography (Woodland 
et al., 1986). The components of methane monooxygenase 
were purified essentially as described by Green and Dalton 
(1985) and modified by Fox et al. (1989). 1,l-Dimethyl- 
cyclopropane was purchased from Pfaltz and Bauer, Inc.; 
(1 -methylcyclopropyl)methanol, 3-methyl-3-buten- 1-01, 3- 
methyl-2-buten- 1-01, 2-methyl-3-buten-1-01, and 2-methyl-3- 
buten-2-01 were purchased from Aldrich. All were redistilled 
before use. 1 -Methylcyclobutanol was synthesized by heating 
(1-methylcyclopropy1)methanol with 1 M HCl at 100 OC for 
60 min. The product was isolated by distillation and char- 
acterized by comparison of its mass spectrum and NMR 
spectrum with published spectra for this compound (Diekman 
et al., 1968). 

The enzymatic reactions were conducted in solutions in 
which the enzyme complex was reconstituted by mixing the 
three components together with 1,l-dimethylcyclopropane, 02, 
and NADH in MOPS buffer. The oxygenation reaction 
mixtures contained air as the O2 source, 1.5 mM 1,l-di- 
methylcyclopropane, 0.33 mg/mL component A, 0.028 mg/ 
mL component B, 0.07 mg/mL component C, 5 mM NADH, 
20 mM MOPS buffer, and 0.08 M NaCl at pH 7.5 in a total 
volume of 0.4 mL. In the usual incubation the reaction was 
terminated by extraction with chloroform, and the products 
in the extracts were analyzed by GC and GC-MS and com- 
pared with standards. In a few experiments methylene chlo- 
ride, which emerged earlier than chloroform from the GC 
column, was used in the extraction to determine whether any 
enzymatic products had been masked by the chloroform peak. 
No such product appeared. In the experiment of Figure 1 the 
reactions were terminated by extraction with chloroform at 
times ranging from 30 s to 10 min. GC analysis was carried 
out on a Hewlett-Packard 5840A gas chromatograph equipped 
with a flame ionization detector, a recorder, and a ' / 8  in. X 
30 ft stainless steel column packed with Carbopack c 8O/lOO 
(Supelco) coated with 0.2% Carbowax-1 500. The chroma- 
tograph was operated at 130 "C (160 OC injection) and a flow 
rate of 10 mL/min, with N, as the mobile phase. GC-MS 
analysis was carried out on a Kratos MS25 system in the 
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Department of Chemistry at the University of Wisconsin- 
Madison. 

Characterization of Oxygenation Products. Oxygenation 
products derived from 1,l -dimethylcyclopropane were iden- 
tified by comparison of their GC retention times and mass 
spectra with those of authentic samples. Compound 1 in 
Figure 1 exhibited a GC retention time of 52 min, and the 
mass spectrum by GC-MS analysis consisted of the following 
fragments (Mf, intensity relative to that of the base ion): 71, 
1.0 (base); 59, 1.0; 58, 19.7; 57, 1.5; 43, 9.7; 41, 1.7; 39, 1.0; 
3 1, 0.7; 27, 1 .O. The GC retention time and mass spectrum 
were found to be identical with those of 1 -methylcyclobutanol. 
Compound 2 in Figure 1 exhibited a GC retention time of 65 
min, and the mass spectrum consisted of the following frag- 
ments (M+, intensity relative to that of the base ion): 71, 1.0 
(base); 68, 0.6; 67 < O S ;  59, < O S ;  58, 8.8; 57, 4.5; 56, 4.1; 
55, 2.0; 54, <OS; 53,0.9; 45, < O S ;  44, 0.6; 43, 1.2; 42, <OS; 
41, 2.5; 40,0.7; 39, 1.7; 31, 1.4; 30, 0.7; 29, 2.1; 28, 0.5; 7.0, 
1.4. The GC retention time and mass spectrum were found 
to be identical with those of (1-methylcyclopropy1)methanol. 
Compound 3 in Figure 1 exhibited a GC retention time of 89 
min, and the mass spectrum consisted of the following frag- 
ments (M+, intensity relative to that of the base ion): 71, 1.0 
(base); 69, 0.5; 68, 3.8; 67, 4.5; 57, 1.0; 56, 3.9; 5 5 ,  2.1; 53, 
2.2; 51, 0.9; 50, 0.8; 44, 0.4; 43, 2.7; 42, 0.9; 41, 10; 40, 2.5; 
39,9.7; 38, 1.3. The GC retention time and mass spectrum 
were identical with those of authentic 3-methyl-3-buten- 1-01, 
No other products were observed, and none of the three 
products exhibited the GC retention times of 2-methyl-3-bu- 
ten-2-01, 2-methyl-3-buten- 1-01, or 3-methyl-2-buten-1-01. 

Preparation of I-Methylcyclobutanol in H2I80 and in I8O2. 
1-Methylcyclobutanol was prepared from (1-methylcyclo- 
propy1)methanol in H2I80 by acid-catalyzed isomerization and 
by methane monooxygenase catalyzed oxygenation of 1,l- 
dimethylcyclopropane. In the nonenzymatic isomerization the 
reaction mixture contained 20 pL of (1 -methylcyclopropyl)- 
methanol, 50 pL of H20 ,  100 pL of H2I80 (97% and 
18 pL of concentrated HCl. After heating at 100 OC for 100 
min, the solution was extracted with 0.2 mL of CDCl,. In the 
enzymatic oxygenation the reaction mixture contained 45 pL 
of MOPS buffer (75 mM at pH 7.0 with 0.3 M NaCl), 155 
pL of methane monooxygenase (495 p g  of component A, 28 
pg of component B, and 53 p g  of component C), 20 pL of 
NADH (0.1 M), 200 pL of H2I8O (97% and 4 mL of 
1,l-dimethylcyclopropane gas in a sealed 8-mL reaction vessel. 
After 15 min at 30 OC, the solution was extracted with 0.2 
mL of CDC1,. The CDCl, extracts from the two reactions 
were subjected to analysis by GC-MS to determine the l 8 0  

content of 1 -methylcyclobutanol and (1 -methylcyclopropyl)- 
methanol. 

The enzymatic reaction was repeated inside a glass vial 
containing Ar and 1802 (98% enrichment) under conditions 
otherwise as nearly identical as possible with those of the 
experiment in H2I80. The chloroform extract of products was 
analyzed by GC-MS to determine the I8O contents of 1- 
methylcyclobutanol and (1 -methylcyclopropyl)methanol. 

RESULTS 
1,l -Di- 

methylcyclopropane is an interesting substrate for mono- 
oxygenases because of the propensity for cyclopropylcarbinyl 
radicals to undergo ring opening to homoallylic radicals on 
the nanosecond time scale (Griller & Ingold, 1980). Should 
a cyclopropylcarbinyl radical lie on the catalytic pathway, there 
is a reasonable chance for it to rearrange to a homoallylic 
radical and give a noncyclic product. In the case of 1,l-di- 

Oxygenation of 1 , I  -Dimethylcyclopropane. 
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Scheme I1 
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FIGURE 1: Time course for methane monooxygenase catalyzed for- 
mation of oxygenation products from 1,l-dimethylcyclopropane. The 
reaction mixtures contained methane monooxygenase, 1,1 -di- 
methylcyclopropane, and oxygenation cosubstrates as described under 
Experimental Procedures, except that the enzyme level was increased. 
At the indicated times the reactions were arrested and the oxygenation 
products isolated by extraction of the solutions with chloroform. The 
chloroform extracts were analyzed for compounds 1, 2, and 3 by gas 
chromatography as described under Experimental Procedures. The 
relative amounts of oxygenation products were determined by mea- 
surements of peak height on the chart record and plotted versus time 
in the figure. 

methylcyclopropane, radical formation and isomerization 
should follow the course of Scheme I. If the homoallylic 
radical should be oxygenated, the product would be 3- 
methyl-3-buten- 1-01, Monooxygenation of alkanes by cyto- 
chrome P-450 and other monooxygenases is thought to involve 
radicals as intermediates; however, evidence for radicals is 
limited and difficult to obtain, owing in part to their extreme 
instability and the attendant difficulties in directly detecting 
them. Substrates such as 1,l-dimethylcyclopropane offer a 
means to probe the reaction mechanism when rearrangements 
such as that in Scheme I can be observed. 

Methane monooxygenase acts on hydrocarbons containing 
up to eight carbons (Dalton, 1980). As an oxygenation sub- 
strate 1,l-dimethylcyclopropane reacts at  a rate of about 
one-third that of propene under comparable conditions. 
Propene is an epoxidation substrate that reacts slightly faster 
than methane and is often used as the substrate for assaying 
the enzyme. Monooxygenation of 1,l -dimethylcyclopropane 
gives three products that are characterized by GC retention 
times of 52 (l), 65 (2, major product), and 89 min (3). As 

1 2 3 
1-melhylcyclobutanol (1 -melhylcyclopropyl)methanol 3-methyl-3-bulen-l-ol 

shown by Figure 1 ,  products 1, 2, and 3 are generated in 
constant ratios over a period of 10 min at relative rates of 
1:7.5:0.5, respectively. In 12 trials the product compositions 
averaged 13% 1, 81% 2, and 6% 3. Compounds 1, 2, and 3 
are 1 -methylcyclobutanol, (1-methylcyclopropyl)methanol, and 
3-methyl-3-buten- 1-01, respectively, as determined by com- 
parisons of their GC retention times and mass spectra with 
those of authentic samples of these compounds (see Experi- 
mental Procedures). 

The major product, (1-methylcyc1opropyl)methanol (2), is 
the conventional oxygenation product resulting from insertion 
of an oxygen into a carbon-hydrogen bond of a methyl group, 
as in the oxygenation of methane in eq 1. It is reasonable to 
assume that this product is formed by a mechanism very 
similar to that for the oxygenation of methane. The other two 
compounds are unlike conventional products, in that their 
carbon skeletons have undergone rearrangements. These re- 
arrangements presumably occurred at points on the catalytic 
pathway that lie between the cleavage of a carbon-hydrogen 
bond and the insertion of oxygen. That is, the rearrangement 
products may be derived from one or another reaction inter- 
mediate on the pathway to the formation of (l-methylcyclo- 
propy1)methanol. Isomerization of a reactive intermediate to 
another reactive species, followed by oxygenation of the 
isomerized form, can account for isomeric products. 

3-Methyl-3-buten-1-01 (3) is the expected product derived 
from the intermediate formation and rearrangement of a (4- 
methylcyclopropy1)carbinyl radical to a homoallylic radical 
as in Scheme I. If this radical were generated as an inter- 
mediate, it could be expected to rearrange very rapidly, perhaps 
at a rate that would compete with the oxygenation rate. If 
the rearrangement and oxygenation rates were comparable, 
both 3-methyl-3-buten-1-01 and (1-methylcyclopropy1)- 
methanol would be produced by oxygenation of the homoallylic 
and cyclopropylcarbinyl radicals. Both compounds are pro- 
duced, indicating that the (1-methylcyclopropy1)carbinyl 
radical is an intermediate. 

1-Methylcyclobutanol as an Oxygenation Product. 1 - 
Methylcyclobutanol (1) is not expected as a product of the 
rearrangement of a radical intermediate. Its formation is most 
simply rationalized on the basis of the involvement of a car- 
bocationic intermediate. For example, the (l-methylcyclo- 
propy1)methyl carbocation would undergo a ring expansion 
typical of species of this type to form a methylcyclobutyl 
carbocation, as shown in Scheme I1 (Caserio et al., 1960). The 
latter would then be oxygenated to 1 -methylcyclobutanol. 
Other reaction routes are included in Scheme IV. The basic 
characteristic of all pathways leading from 1,l-dimethyl- 
cyclopropane to 1 -methylcyclobutanol is that all reasonable 
pathways involve carbocations as intermediates. 

The appearance of 1-methylcyclobutanol as a major product 
suggests that the 1-methylcyclobutyl carbocation in Scheme 
I1 may have been generated in the oxygenation reaction. Is 
this cation an oxygenation intermediate? This cation can be 
produced from ( 1-methylcyclopropy1)methanol by acid cata- 
lysis, and it is the intermediate in the isomerization of (1- 
methylcyclopropy1)methanol to 1 -methylcyclobutanol. Since 
(1 -methylcyclopropyl)methanol is the major oxygenation 
product, it is conceivable that I-methylcyclobutanol might have 
been produced by a secondary isomerization of (l-methyl- 
cyc1opropyl)methanol under the conditions of the enzymatic 
reaction. We know, from experiments in which (l-methyl- 
cyclopropy1)methanol was incubated under the enzymatic 
oxygenation conditions, that 1 -methylcyclobutanol is produced 
from (1-methylcyclopropyl)methanol, albeit at a rate that is 
slower than the overall oxygenation rate. Since only 13% of 
the total oxygenation products from 1,l -dimethylcyclopropane 
is 1 -methylcyclobutanol, it is possible that a significant fraction 
of this product arises from isomerization of (l-methylcyclo- 
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Scheme IV Scheme I11 

propyl)methanol, the primary oxygenation product. 
Nonenzymatic isomerization of cyclopropylcarbinols to 

cyclobutanols has been explained on the basis of initial acid- 
catalyzed dehydration to a primary carbocation, such as that 
shown in Scheme 11, followed by ring expansion to the tertiary 
methylcyclobutyl cation and quenching with water (Caserio 
et al., 1960). This would lead to the incorporation of oxygen 
from water into 1 -methylcyclobutanol. We have verified this 
for ( 1 -methylcyclopropyl)methanol by carrying out the isom- 
erization in H2I80 (62% IsO) and analyzing the l-methyl- 
cyclobutanol for I80. The analysis confirmed the incorporation 
of I8O into 1 -methylcyclobutanol. The ratios M / M  + 2 for 
the fragments m / e  58 and 43 were 0.62 and 0.66, respectively, 
corresponding to 6 1 % I8O enrichment. 

To examine the origin of oxygen in 1-methylcyclobutanol 
produced in the oxygenation of 1,l -dimethylcyclopropane, we 
conducted the reaction in H2I80 (48% 180) and analyzed 
1-methylcyclobutanol for leg. In the mass spectroscopic 
analysis, observing the major ion fragments of masses 58 and 
43 for unenriched samples, the ratios M/M + 2 (4/1) revealed 
a 20% enrichment of I8O in 1-methylcyclobutanol. [ ( l -  
Methylcyclopropy1)methanol produced in the same reaction 
contained no I8O above natural abundance. J Therefore, less 
than half of the 1-methylcyclobutanol (42%) was generated 
by nonenzymatic isomerization of (1-methylcyclopropy1)- 
methanol with incorporation of I8O. The remainder (58%) 
must have been produced by another reaction that did not 
allow solvent oxygen to be incorporated. This other reaction 
was presumably enzymatic oxygenation of 1,l-dimethyl- 
cyclopropane by 0,. 

To verify the origin of the balance of the oxygen in 1- 
methylcyclobutane, we carried out the oxygenation of 1,l- 
dimethylcyclopropane in I8O2 (98%) and analyzed both 1- 
methylcyclobutanol and (1 -methylcyclopropyl)methanol for 
I8O. Oxygenation of hydrocarbons in extracts containing 
methane monooxygenase had previously been shown to proceed 
with incorporation of oxygen from O2 into the product (Hig- 
gins & Quayle, 1970). The (1-methylcyclopropy1)methanol 
contained 98% leg, verifying that purified methane mono- 
oxygenase incorporates oxygen from O2 into a conventional 
oxygenation product. The 1 -methylcyclobutanol, analyzed as 
described above, contained 53% I8O. Therefore, 54% of the 
oxygen in this compound was derived from O2 and must have 
been incorporated by enzymatic oxygenation. 

DISCUSSION 
Substrate-Derived Intermediates in Methane Mono- 

oxygenase Catalyzed Oxygenation. The methane mono- 
oxygenase catalyzed oxygenation of 1,l-dimethylcyclopropane 
proceeds with partial ring opening and partial ring expansion. 
These findings indicate that the reaction proceeds by a more 
complex mechanism than that proposed for oxygenation of 
hydrocarbons by cytochrome P-450 (McMurry & Groves, 
1986; Ortiz de Montellano, 1986). The rebound mechanism 
for cytochrome P-450 is briefly outlined in Scheme 111. In 
this mechanism an oxygenating P-450 heme species is for- 
mulated as an oxoiron(1V) cation radical, with an unpaired 
electron and a positive charge delocalized in the porphyrin ring. 
This species is often alternatively formulated as FeV=O, with 
the porphyrin ring in its usual oxidation state. Oxygenation 

FmH 
3 

proceeds by the mechanism in Scheme 111, in which the ox- 
ygenating species first abstracts a hydrogen from the substrate, 
generating a substrate radical and a hydroxoporphyrin. In 
the rebound step the substrate radical abstracts a hydroxyl 
group from the hydroxoporphyrin to form the product. This 
mechanism is consistent with stereochemical evidence (Groves, 
1978). Recent experiments show that bicyclo[2.1 .O]pentane 
reacts as a substrate for cytochrome P-450 to form both 2- 
hydroxybicyclo[2.1 .O]pentane and the radical rearrangement 
product 3-cyclopenten-1-01 (Ortiz de Montellano & Stearns, 
1987). On the basis of the results of product partitioning 
experiments and measurement of the rate constant for the 
radical rearrangement and on the assumption that the rebound 
mechanism is applicable, the calculated rate constant for the 
rebound step in this reaction is 2 X 1O'O s-l (Bowry et al., 
1989). 

The mechanism of the methane monooxygenase reaction 
appears to be more complex than that in Scheme 111. The 
oxygenation products from 1,l -dimethylcyclopropane clearly 
indicate the involvement of both substrate radicals and sub- 
strate carbocations as intermediates. Both radicals and cations 
can be involved if they are connected on the catalytic pathway 
by a redox step. The most probable first step is abstraction 
of a hydrogen atom from a methyl group of 1,l-dimethyl- 
cyclopropane. The (1 -methylcyclopropyl)crbinyl radical then 
can react by several pathways to give the observed products. 
The pathways shown in Scheme IV involve one-electron ox- 
idations of radicals to carbocations. The cations react with 
oxygen, presumably with oxygen bound to the oxygenated 
(p-oxo)diiron cofactor, to form the alcohol products. Scheme 
IV allows for the formation of 1-methylcyclobutanol by either 
of two routes. In one pathway the (1 -methylcyclopropyl) 
carbinyl radical is oxidized to the (1-methylcyclopropy1)methyl 
carbocation, and this cation undergoes ring expansion to the 
more stable 1-methylcyclobutyl cation. In the other route the 
(1 -methylcyclopropyl)carbinyl radical rearranges to the hom- 
oallylic radical, which undergoes oxidation to the homoallylic 
carbocation. The latter cation can undergo either oxygenation 
to 3-methyl-3-buten-1-01 or rearrangement to the more stable 
1 -methylcyclobutyl cation, which by oxygenation produces 
1 -methylcyclobutanol. The chemically favored route should 
be via the (1 -methylcyclopropyl)methyl carbocation, since the 
( 1 -methylcyclopropyl)carbinyl radical should be more easily 
oxidized than the homoallylic radical. 

Scheme IV accounts for the oxygenation of 1,l -dimethyl- 
cyclopropane in terms of the intermediate formation of radical 
and carbocationic intermediates. The generation of these 
intermediates at the enzymic active site is presumably the 
function of the (p-oxo)diiron and the organic radical associated 
with component A of methane monooxygenase. A reduced 
form of the oxygenase, in which both iron ions are Fe(I1) 
[Fe"-O-Fe"], reacts with O2 and methane or propene to 
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produce methanol or propene oxide, respectively (Fox et al., 
1989). 

The transformations in Scheme IV could be brought about 
by the cofactors of methane monooxygenase if the oxygenated 
(p-oxo)diiron and enzymic radical can generate a hydrogen 
atom abstracting species and an oxidizing agent. The hydrogen 
abstractor might be the enzymic radical itself. Alternatively, 
the hydrogen abstractor might be generated by an interaction 
of the enzymic radical with the oxygenated iron cofactor, or 
it might be derived from the oxygenated cofactor itself. The 
oxidizing species could be an oxygenated form of the cofactor 
(poxo)diiron. The oxygenation mechanism utilizing these 
species can reasonably be formulated as follows: (a) An en- 
zyme cofactor radical generates a substrate radical by ab- 
straction of a hydrogen from the substrate. (b) The oxygen- 
ated iron cofactor oxidizes the substrate radical to a carbo- 
cation. (c) The carbocation is oxygenated by reaction with 
oxygen in  the oxygenated iron complex. The last step essen- 
tially entails quenching of the substrate carbocation by the 
oxygenated iron complex, a process that can be expected to 
be facile. The oxidation of a substrate radical by the oxy- 
genated iron complex is an electron transfer from a radical 
to a good oxidizing agent and is also expected to be facile. The 
difficult process is the first step, abstraction of a hydrogen atom 
from the substrate. 

The results presented here suggest but do not directly prove 
that both substrate radicals and substrate carbocations are 
intermediates in methane monooxygenase catalyzed oxygen- 
ation. The rearrangement product 3-methyl-3-buten- 1-01 
observed in this work reflects the propensity of the (1- 
methylcyclopropy1)carbinyl radical to undergo rearrangement 
to the homoallylic radical in Scheme IV. The formation of 
1 -methylcyclobutanol as a major product indicates the in- 
volvement of one or more carbocationic intermediates in the 
reaction mechanism. The (methylcyclopropy1)carbinyl system 
is particularly suited to reveal the involvement of radicals and 
carbocations as intermediates, and for this reason 1,l-di- 
methylcyclopropane and related molecules may prove to be 
useful in  studies of other enzymes. 

While the reaction of 1 ,I-dimethylcyclopropane can reveal 
mechanistic details that are masked in the reactions of simple 
substrates such as methane, it is also conceivable that special 
properties of the (1 -methylcyclopropyl)carbinyl radical, formed 
in the first chemical step, could perturb certain steps of the 
reaction mechanism. This radical is expected to be more easily 
oxidized than a simple alkyl radical, such as the methyl radical 
generated from methane. Given this fact, it is conceivable that 
the formation of carbocationic intermediates in the oxygenation 
of 1 , l  -dimethylcyclopropane may reflect the special redox 
properties of the ( 1 -methylcyclopropyl)carbinyl radical rather 
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than the reaction mechanism for the oxygenation of simple 
alkanes. It will be necessary to examine the reactions of other 
substrates for methane monooxygenase to determine whether 
carbocations are intermediates in the oxygenation of all sub- 
strates. 
ACKNOWLEDGMENTS 

We thank Professor John Lipscomb for hosting F.R. in his 
laboratory to conduct preliminary tests of 1,l -dimethyl- 
cyclopropane as a substrate for methane monooxygenase. We 
acknowledge the skilled technical assistance of Michael Rataj 
and Jane Kauth for purifying the components of some of the 
methane monooxygenase used in these experiments. 
REFERENCES 
Bowry, V. W., Lusztyck, J., & Ingold, K. U. (1989) J .  Am. 

Caserio, M. C., Graham, W. H., & Roberts, J. D. (1960) 

Dalton, H. (1980) Adu. Appl. Microbiol. 26, 71-87. 
Dalton, H., Golding, B. T., Waters, B. W., Higgins, R., & 

Taylor, J. A. (1981) J .  Chem. SOC., Chem. Commun. 189, 

Diekman, J., MacLeod, J. K., Djerassi, C., & Baldeschwieler, 

Fox, B. G., Surerus, K. K., Munck, E., & Lipscomb, J. D. 

Fox, B. G., Froland, W. A., Dege, J. E., & Lipscomb, J. D. 

Green, J., & Dalton, H. (1985) J .  Biol. Chem. 260, 

Griller, D., & Ingold, K.  U. (1980) Acc. Chem. Res. 13, 

Groves, J. T., McClusky, G. A., White, R. E., & Coon, M. 
J. (1978) Biochem. Biophys. Res. Commun. 81, 154-160. 

Higgins, I. J., & Quayle, J. R. (1970) Biochem. J. 118, 

McMurry, T. J., & Groves, J. T. (1986) in Cytochrome P-450 
Structure, Mechanism and Biochemistry (Ortiz de Mon- 
tellano, P. R., Ed.) pp 1-28, Plenum, New York. 

Ortiz de Montellano, P. R. (1986) in Cytochrome P-450: 
Structure, Mechanism and Biochemistry (Ortiz de Mon- 
tellano, P. R.,  Ed.) pp 217-271, Plenum, New York. 

Ortiz de Montellano, P. R.,  & Stearns, R. A. (1 987) J .  Am. 
Chem. SOC. 109, 3415-3420. 

Prince, R. C., George, G. N., Savas, J. C., Cramer, S .  P., & 
Patel, R. N. (1988) Biochim. Biophys. Acta 952,220-229. 

Woodland, M. P., & Dalton, H. (1984) J .  Biol. Chem. 259, 
53-59. 

Woodland, M. P., Daulat, S .  P., Cammack, R., & Dalton, H. 
(1986) Biochim. Biophys. Acta 873, 237-242. 

Chem. SOC. 1 1 1 ,  1927-1928. 

Tetrahedron 11, 171-182. 

482-48 3. 

J. D. (1968) J .  Am. Chem. SOC. 91, 2069-2083. 

(1988) J .  Biol. Chem. 263, 10553-10556. 

(1989) J .  Biol. Chem. 264, 10023-10033. 

15795-1 5801. 

3 17-323. 

20 1-208. 


