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ABSTRACT. The soluble form of methane monooxygenase (MMO) isolated from methanotrophic bacteria
catalyzes the @dependent conversion of methane to methanol, as well as the adventitious oxidation of
many other hydrocarbons. In past studies, it was reported that the oxidation reaction of methylcubane, a
radical clock substrate, catalyzed by MMO fréiethylococcus capsulatBath) gave only cubylmethanol

as the product rather than methylcubanol(s) or rearranged products characteristic of a radical formed on
the methyl group [Choi, S.-Y., Eaton, P. E., Hollenberg, P. F., Liu, K. E., Lippard, S. J., Newcomb, M.,
Putt, D. A., Upadhyaya, S. P., and Xiong, Y. (1996 Am. Chem. Soc. 11854 7—6555]. Such a substrate
radical intermediate would be expected if the mechanism of MMO involves hydrogen atom abstraction
as indicated by many previous mechanistic studies. Here it is shown that the reaction of methylcubane
with the reconstituted MMO system froMethylosinus trichosporiur®B3b yields both cubylmethanol

and methylcubanols, with methyl hydroxylation favored over cubyl hydroxylation. This unexpected
regioselectivity indicates steric effects on the reaction in agreement with past product distribution studies.
In addition, the apparent majority product of the reaction is tentatively assigned as one of the possible
rearranged products for this radical probe, on the basis of gas chromatography and mass spectrometry
data. This result suggests the formation of a radical intermediate in the reaction, thus supporting a radical-
based mechanism for this form of MMO.

The soluble MMQ system found in methanotrophic spectrum of other hydrocarbons that serve as adventitious
bacteria efficiently catalyzes the oxidation of methane to substrates3—6), a property which has been widely used to
methanol in initiating a pathway that provides carbon and probe the molecular chemistry of-@ oxidation @, 4,

energy for the organisni( 2). 6—14). In recent years, extensive structural and mechanistic
+ MMO studies have been conducted with the soluble MMOs isolated
NADH + CH, + O, + H from Methylosinus trichosporiur®B3b (7, 15) andMethyl-

NAD™" + CH;OH + H,0 ococcus capsulatu@Bath) (1, 8). For both organisms, the

) ) N ) soluble MMO system was found to consist of three protein
This extraordinary ability of MMO to catalyze the fissure components: a hydroxylase termed MMOH, an NADH-
of an unactivated €H bond of methane extends to a wide coupled reductase, and a regulatory component termed

MMOB. MMOH contains a bigt-hydroxo-bridged diiron
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of methane monooxygenase; MMOB, B component of methane the followina maior processes (Figure 25): startin
monooxygenase o, diferric state of MMOH;H ¢4, diferrous state of g jor p (Fig DIE29): g

MMOH: O, P*, P, Q, R, andT, intermediates of the MMO catalytic ~ With the enzyme in its diferric resting statedy), (i) reduction
cycle termed compounds O, P*, P, Q, R, and T, respectively; EXAFS, of the MMOH diiron cluster to the diferrous statél{q),

extended X-ray absorption fine structure; KIE, kinetic isotope effect; (jj) r ion with form ive intermedi p*
MOPS, 3-N-morpholino)propanesulfonic acid; GBS, gas chroma- (i) reactio th Q to form successive intermediates P,
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radical clock substrateRP1, RP2, andRP3, possible hydroxylation Q, (iv) reaction with alkane substrate to yield the alcohol

products of methylcubane resulting from the rearrangements of a product-enzyme complex termed intermediafe and
cubylcarbinyl radical and cationpm/z, mass/charge ratio; relative ’

intensity, percentage intensity of a fragment ion in a mass spectrum finally, (v) release of product and regeneration of the resting
relative to the most abundant fragment ion. state enzyme.
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Ficure 1: MMO catalytic cycle. MMOH is represented by the
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product of the initial step, is supported by the observation
of the partial inversion of stereochemistry in the MMO-
catalyzed oxidation of chiral 14H,°H,3H]ethane 9).

Another approach to the evaluation of substrate radical
intermediates in MMO catalysis has been the use of “radical
clock” substrates. These substrates undergo characteristic
reorganization reactions when a radical is formed in their
structure. Since the reorganization occurs at a distinct rate,
both the existence and the lifetime of a radical intermediate
can be determined3®). Unfortunately, the results with
various clock oxidation experiments for MMO do not support
the same mechanism. An early report showed that the
oxidation of 1,1-dimethylcyclopropane catalyzed bie.
trichosporiumMMO gave rise to rearranged products indica-

active site diiron center. The structures of the cycle reactants thattive of the formation of substrate radical and cationic

are shown reflect our current knowledge based on crystallographic,

spectroscopic, and kinetic studies. For simplicity, not all the

intermediates that were observed are included and not all iron

ligands are shown.
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Ficure 2: Conventional oxygen rebound mechanism for theHC
oxidation step of the MMO reaction. The reaction is postulated to

intermediates during reactiod@). In contrast, more recent
studies with radical clock substrates capable of detecting even
shorter-lived radicals, such as aryl-substituted methylcyclo-
propanes, failed to evoke any evidence of a radical inter-
mediate during oxidation catalyzed M capsulatusMMO

(112). Oxidation of one aryl-substituted methylcyclopropane
catalyzed byMe. trichosporiumMMO gave a small amount

of rearranged product, but the lifetime of the radical
intermediate was predicted to be too short for the rebound
mechanism described above. One potential difficulty with
aryl-substituted radical clocks is that they may be distorted

proceed through hydrogen atom abstraction to form a substratej, the enzyme active site, causing slower reorganization than

radical and intermediat®, the radical complex. The recombination
of the substrate radical with the hydroxyl groupRryields T, the
terminal product complex.

Intermediate$ andQ can be formed and trapped in high
yield in transient kinetic studies, allowing their structures to
be evaluated spectroscopicall?l( 26). The Méssbauer
parameters o show that it is likely to contain a peroxy or
hydroperoxy adduct of a binuclear ferric clust@6,(27).
Mossbauer and EXAFS spectra@fshow that it is a unique

expected. This has been addressed by using methylcubane
as a radical clock. The rigid structure of this molecule
prevents distortion, but a radical formed on the methyl group
has the potential to initiate opening of the cubane structure.
Again, no rearrangement was observed for the reaction
catalyzed by the enzyme isolated frdvh capsulatug14).
Because the results of these radical clock studies appear
to be very sensitive to both the substrate and the enzyme
that are used, we have investigated the hydroxylation reaction

species containing two Fe(lV)s bridged by at least two single oy methylcubane catalyzed by MMO froMe. trichosporium

oxygen atoms22, 27). As such, it is electronically equivalent

OB3b. The results differ significantly from those reported

to the oxidizing species in the cytochrome P450 systems for M. capsulatuMMO despite the similar structures of the

thought to be an oxeFe(IV)—x cation radical 28). Ac-

two enzymes and the occurrence of similar reaction cycle

cordingly, Q appears to be the species that reacts directly intermediates. In light of previous studies, the current results
with hydrocarbons. This view is supported by the observa- sypport a model in which subtle differences in the acces-
tions that the rate of its decay reaction is linearly dependent gjpjjity to the reactive species in the active site mask

on the concentration of substrate present and that the activepnerently similar, radical-based chemical mechanisms of
site-bound product (i) is formed at the same rate g MMO.

decays 21). Unfortunately, the chemical steps that occur

during the conversion of) to T occur too rapidly to be MATERIALS AND METHODS

observed directly. We have proposed that the nature of these

steps has a molecular mechanism similar to that of P450, as Enzyme PreparatianThe components of MMO were
indicated by the overall electronic similarity of the reactive purified to homogeneity fromMe. trichosporium OB3b.
species for P450 and MMQ{, 27—29). In the case of P450,  Details of the growth of the bacterial strains and protein
the hydrocarbon oxidation process is thought to involve purification procedures have been published previouy (
hydrogen atom abstraction from the hydrocarbon substrate34). The specific activities of MMOH preparations used for
by the oxe-Fe(IV)—x cation radical species, yielding an the experiments were in the range of 6a®00 nmol min'*
intermediate substrate radical. Rebound of the hydroxyl group Mg~ when they were determined at 26 using furan as
from the iron to the substrate radical would complete the the substrate as described previousis)(

reaction 80). The equivalent hydrogen abstraction process Chemicals Methylcubane and cubylmethanol were gener-
in the MMO cycle (Figure 2) is evidenced by the observation ously provided by M. Newcomb (Wayne State University,
of an exceptionally large deuterium KIE duriydecay in Detroit, Ml). MOPS was purchased from Sigma (St. Louis,
the presence of deuterated methad® (vhich suggests the  MO), and all other chemicals were from Aldrich (Milwaukee,
occurrence of a discrete €H bond breaking step. In  WI) and were used without further purification. Water was
addition, the formation of a substrate radical (Figure 2), the deionized and glass-distilled.
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Enzymatic OxidatiorA typical experiment was conducted
. ) . [OH] OH
in the following manner. Due to the low solubility of A @—> @A @ @
OH OH OH

methylcubane, a stock substrate-saturated solution was made

prior to use. Approximately 3 mg of substrate was added to cubylmethanol 2-, 3-, and 4-methylcubanols
2 mL of oxygen-saturated 50 mM MOPS buffer (pH 7.5) in

a Teflon-sealed container, in which the mixture was then . OH

stirred for 12 h. The enzyme-catalyzed reaction was con- B @ @/ (OH] @A

ducted in Teflon-sealed reaction vials containing 6 mg of . cubylmethanol

MMOH, 0.7 mg of MMOB, and 1.5 mg of reductase in 0.5 !

mL of the substrate buffer. It was necessary to preincubate @( st g (OH D:l:\(OH
the enzyme in the substrate solution on ice for 15 min to - —

allow equilibration of the reactants. The reaction vial was RP1
then shaken at 30C in a constant-temperature batnd “ .

the reaction was initiated by the addition ofuh of 500 Ig( [OH] | IEEE/\OH

mM ethanol-free NADH to the vial. To check the stability
of cubylmethanol under experimental conditions, the enzyme-

-+
catalyzed reaction of cubylmethanol was conducted in a c @ . g (OH] @/\OH
similar manner.

Product Analysis.To obtain the time course for the
formation of products, the reaction was quenched at ap-

J OH
propriate time points by mixing 0.1 mL of reaction aliquot @7@ @7
RP3

cubylmethanol

with 0.1 mL of chloroform that contained a small amount

of cyclooctane as an internal standard for GC analysis. TheFIGURE 3. Potential products from (A) direct hydroxylation of
mixture was vortexed and ’_[hen Centrlfugeq fng.mm, and methylcubane, (B) t%e formation of a cubylgarbin);/l radical
then 12 uL of the organic extract was injected into the jntermediate that rearranges rapidly, and (C) the formation of a
gas chromatograph without further treatment. An aliquot was cubylcarbinyl cation intermediate that can also rearrange.

also taken before the addition of NADH and treated similarly

to obtain zero time data point. GC analysis was conducted them being hydroxylation products of the substratgHf).

on a Hewlett-Packard model 5890 gas chromatograph The small peaks betweeh and 2 are postulated to be
equipped with an FID detector and a capillary DB-1 column. products from secondary hydroxylation because they give
Relative yields of product were determined by integration parentions ain/z 150 (GH1¢0,) in their mass spectra (data
of GC peak areas. not shown).

For the GG-MS assay, reaction mixtures were extracted _ Production of cubylmethanol is confirmed by comparing
twice with equal volumes of chloroform. The organic extracts GC retention times and MS properties of prodziatith those
were combined and concentrated slowly under argon, andof the authentic standard. Its mass spectral fragmentation
then subjected to GEMS analysis. GEMS was performed ~ Pattern also appeared to be the same as that of cubylmethanol
using a Carlo-Erba gas chromatograph with a capillary DB-5 acetate .(Table 1), which was analyzed as a derivatized
column interfaced with a Kratos MS-25 spectrometer (El, Productin P450- andl. capsulatusMMO-catalyzed meth-

70 eV). ylcubane oxidations1).
At approximately the retention time corresponding to the
RESULTS single peak of producB in the GC trace from a DB-1

column, three overlapping peaks were detected from a DB-5

Methylcubane potentially can be hydroxylated at two types column during GE&MS analysis (shown in the inset of panel
of positions, the €H of the side chain methyl group and  Figure 4A). Mass spectral data revealed that the species in
the C-H of the cubyl group, giving cubylmethanol and each peak had the same fragmentation ions, including the
different methylcubanols as products, respectively (Figure parent ions atz 134, but with slightly different relative
3A). If the hydroxylation reaction involves hydrogen atom intensities (Table 1). We believed that these species are the
abstraction, substrate radical intermediates would be formed.three possible methylcubanols resulting from hydroxylation
Although the cubyl radical retains its integrity in solution, at cubyl G-H positions, which were also produced in P450-
the cubylcarbinyl radical is known to rearrange rapidly, as catalyzed methylcubane oxidatiorisd). Because the three
shown in Figure 3B, at a rate of 2:810°s™* at 30°C (35, putative cubyl alcohols were poorly resolved and had very
36). Consequently, products such &P1 and RP2 are  similar mass spectra, it was impossible to differentiate
expected if radicals live long enough to rearrange. If cationic petween them without authentic standards. Our assignment

intermediates are formed during reaction, productioRB8 of products in3 to cubyl alcohols was further supported by

would be possible, since the cubylcarbinyl cation is also the agreement of their mass spectra with those of methyl-

known to rearrange (Figure 3C39). cubanol acetates observed in the P450 reaction (Table 1),
Upon reaction with the reconstituted MMO froivie. specifically the same overall fragmentation pattern (combina-

trichosporiumOB3b, NADH, and @, methylcubane afforded  tion of m/z 91, 105, and 119) and the highly characteristic
several products as illustrated in the reaction GC trace and(M — 15)" peak (Wz 119) resulting from the loss of the
the product profiles (Figure 4A,B). GEMS analysis re- methyl group. Interestingly, production of methylcubanols
vealed that the species in GC elution peadks3 exhibited was not detected in the reaction of methylcubane with MMO
parent ions ain/z 134 (GH100) (Figure 4C), consistent with ~ from M. capsulatug14).
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FiGure 4: (A) Typical gas chromatogram from a DB-1 column of the chloroform extract of methylcubane hydroxylation catalyzed by
MMO from Me. trichosporiunfOB3b. The peaks with retention times of 9.41 (prodl)¢tl0.91 (produc®), and 11.18 min (produ@) and
the small peaks betweedhand?2 were not present in the control experiment carried out under the same conditions except in the absence
of NADH (zero time data point). The peak at 5.15 min is due to unreacted methylcubane. The inset shows the three peaks detected in place
of product3 from mass spectrometer analysis following separation by a DB-5 GC column and detection as total ion count from the MS (see
Materials and Methods). (B) Time course for the formatiorief3 during the reaction. (C) Mass spectra of spedie8, and3a, one of
three composite species 8f

Productl has GC elution properties quite different from 1 and 2, consistent with them originating from the same
those of2 and 3, suggesting that it is structurally distinct. intermediate. This is the expected result if the common
Nevertheless, it exhibits the same parent ionmét 134, intermediate is the cubylcarbinyl radical or cation.
showing that it is also a hydroxylation product of the =~ Among the three possible rearrangement candidates,
substrate. As indicated in the product profile (Figure 4B), productl was tentatively assigned &P2 on the basis of
productl appeared to be formed at the same rate as productseveral considerations. First, as shown in the reaction GC
2, cubylmethanol, whereas the hydroxylation at cubyl posi- trace (Figure 4A), product (cubylmethanol) an@ (meth-
tions (to form3) occurred at a much slower rate, assuming ylcubanols) have similar GC retention times (10.91 and 11.18
the products have similar GC response factors. In a controlmin, respectively, from the DB-1 column), possibly due to
experiment, the oxidation of cubylmethanol by MMO the fact they share the basic cubane structure. In contrast,
apparently gave a double-hydroxylation product(s) with a productl elutes from the column much earlier (9.41 min)
longer retention time (data not shown). This reaction is very and was separated from its isomeBsand 3, by likely
slow, possibly for the same reason that methylcubanols weresecondary hydroxylation products df? This chromato-
slowly formed. The fact that this control did not give a graphic behavior is indicative of a structure (shape and size)
product eluting at the position of pedkindicated that the
origin of the species in peak is neither enzymatic nor 2 These products with retention times longer than that iy arise
nonenzymatic isomerization of produ2f but rather hy-  from further hydroxylation ofl just as in a control experiment enzyme-
droxylation of methylcubane. Given that the species in peak catalyzed oxidation of cubylmethanol apparently gave double hydroxyl-

; ; ; ; ; ation product(s) with a retention time longer than those @ind 3.
1is neither of the direct hydroxylation products, it seems The double-hydroxylation product(s) @& was not observed in the

likely that 1 is a rearranged product for this radical probe. enzyme-catalyzed oxidation of methylcubane, probably due to the low
This is supported by the nearly identical formation rates of concentration of and its slow turnover rate.
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Table 1: Comparison of Mass Spectral Data

cubylmethanol an@
vz (relative intensity)
34 (30), 115 (39), 103 (70), 91 (100), 77 (81), 65 (23)
cubylmethanol acetate
vz (relative intensity)
133 (9), 115 (100), 103 (16), 91 (18), 77 (18), 65 (4), 51 (8)
3 (methylcubanols)
n/z (relative intensity)
134 (32), 119 (20), 105 (22), 91 (100), 78 (18), 65 (14);
134 (26), 119 (10), 105 (46), 91 (100), 77 (32), 65 (19);
134 (39), 119 (30), 105 (45), 91 (100), 77 (28), 65 (21)
methylcubanol acetatés
n/z (relative intensity)
133 (65), 119 (74), 105 (80), 94 (36), 91 (100), 77 (80), 51 (30);
133 (60), 119 (83), 105 (73), 94 (43), 91 (100), 77 (65), 51 (23);
133 (56), 119 (76), 105 (92), 94 (83), 91 (100), 77 (87),
65 (28), 51 (31)

aMS data of the authentic cubylmethanol and prod@ctof
methylcubane oxidation catalyzed bje. trichosporiumMMO. The
two mass spectra were indistinguishatbl#1S data of the derivatized
methyl hydroxylation product of methylcubane oxidation catalyzed by
P450s andM. capsulatusMMO (14). ¢MS data of products3 of
methylcubane oxidation catalyzed Me. trichosporiumMMO, which
were assigned as methylcubandIsIS data of derivatized cubyl
hydroxylation products of methylcubane oxidation catalyzed by P450s
(14).

that is different from a cubane unit. The distinctive tricyclic
structures oRP1andRP2 are consistent with the observed
chromatographic behavior.

Another rationale for assignment dfasRP2 is derived

Table 2: Product Distributions of Methylcubane Hydroxylations
Catalyzed by Different Enzyme Systems

MMO MMO
(Me. trichosporiun (M. capsulatuy P4508
cubylmethanol cubylmethanol acetate cubylmethanol acetate

40%
methylcubanols

18%

RP2

42%

100% 22%
methylcubanol acetates

78%

a Distribution of products determined by integration of GC peak
areas, assuming the same GC response factor for all products.
b Reported datal@). ¢ The average of values calculated on the basis
of the normalized relative yields in Table 1 of ri4.

during the reaction, which would be consistent with the
proposed radical-based reaction pathway. Given the ap-
proximately equivalent rates of formation band2 shown

in Figure 4B, the hydroxyl rebound reaction is estimated to
occur at about the known solution rearrangement rate of 3
x 109 s ~1, giving an apparent radical relaxation time of 2
x 10 "1ts?

DISCUSSION

The results of this study show that methylcubane, a radical
clock substrate with a rigid structure, is hydroxylated in most,
if not all, of the possible carbon positions when it is used as
a substrate for MMO fromMe. trichosporium OB3b.
Moreover, a substantial yield of what appears to be a

from an examination of the mass fragmentation patterns. rearranged product is also observed. These results suggest
Because of the highly cyclic nature of all the compounds that all C-H bonds in methylcubane are reactive toward the
examined here, their mass spectra give similar fragments.oxidizing species ofQ and that the oxidation mechanism
However, some distinctive mass fragment peaks provide involves formation of a substrate intermediate with radical
information about structure. The mass spectrum of product character. These are the expected results for a P450-like
1has an extremely intense (M 1)* peak (Wz 133, relative ~ mechanism in which the first step in the attack on the
intensity of 97), whereas those of the other products do not substrate is postulated to be hydrogen atom abstraction which
(Figure 4C). The (M— 1)* ion can usually be seen in the yields a substrate radical. However, past studies have shown
mass spectra of primary and secondary alcohols, but it isthat neither MMO isolated fronM. capsulatugBath) nor
generally not very intense. The unsaturated structurBPih  P450 itself gives this product distribution with methylcubane
andRP2 give them potential to have a prominent (M1)" (14) as illustrated in Table 2. The former enzyme was found
fragment by losing H to form a conjugated=C—C=0O to give only the side chain hydroxylation product without
system, which would stabilize the fragment ion, and thus rearrangement, while P450s gave both side chain and cubyl
increase the probability of its appearance. On the other hand hydroxylation products, but also no rearranged products. The
for a tertiary alcohol, the (M- 1)* peak is usually small or  distinct methylcubane oxidation reactions of these three
undetectable, as in the case of prod&tshich have very  enzymes, which catalyze the same or similar oxidation
small (M — 1)" peaks in agreement with their assignments reactions of unactivated hydrocarbons, provide an op-
as cubyl alcohols. One would expeRP3to have an (M- portunity to examine the factors which determine product
1)* peak with an intensity similar to those 8fagain making  distributions in this important enzyme class. These factors
it unlikely to be productl. and the insights they provide into the mechanism of

A third rationale is based on the masses of the massmonooxygenase enzymes are discussed in the following
fragments that are observed. As observed for cubylmethanol,sections.
product 1 gives a prominentwz 115 fragment. This is Basis for Differing Product Distributions for Monooxy-
consistent with the loss of terminal water, suggesting that genase-Catalyzed ReactioMonooxygenases that catalyze
productl is probably a primary alcohol, and thus more likely - the oxidation of unactivated-€H bonds usually also promote
to beRP2. This fragment is not observed from produBts  oxidation of adventitious substrates, but generally at lower
(methylcubanols), because they are tertiary alcohols. Fur-rates. P450 is considered to have an exceptionally wide
thermore, one would expect to observe predominant frag- substrate range37). However, individual P450s from the
ments due to the loss of the side chain RIP1, just as the  |arge P450 family vary widely in their degree of specificity,
intensem/z 119 peak was observed f8r

In summaryRP2 has the structure most consistent with 3The lifetime of the radical intermediate is determined as the

the GC and mass spectral data exhibited by prodiL€his  reciprocal of the rate of its decay reaction which is the sum of the rate
assignment implies the formation of the cubylcarbinyl radical of rearrangement and the rate of rebound.
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and most are fairly selective in their choice of substrate and adventitious substrates are presented to the reactive species,
position of oxidative attack. In contrast, MMO is a single resulting in a shift in the product distribution. These
enzyme with a broad substrate range. It is reasonable thattonsiderations support the proposal that the active site
this difference stems from the fact that the natural substratesstructure might play a role in enhancing methane turnover
for P450 are more complex, and thus more structural featuresby controlling the access of other potential substrates to the
are required in the active site to direct specific catalysis. activated diiron cluster from the active site. Moreover, if the
Nevertheless, methanotrophs utilize only methane as aactive site structure allows the smaller side chain carbon of
principal growth substrate, so selectivity must be achieved methylcubane better access to the activated cluster then
by some mechanism. Two possibilities are that the active it is reasonable that the product distribution will shift toward
site pocket selects methane on the basis of its size or that acubylmethanol and potentially the rearranged products.
mechanism is used that specifically enhances the rate of Comparison of the Product Distributions from Different
methane oxidation. The crystal structures of MMOI8< MMO SystemsMMOs from two different sources have
20) and the fact that substrates much larger than methaneproduced significantly different results with methylcubane
are turned over by MMO suggest that the overall active site (Table 2). If both of these results are correct, it suggests either
pocket is significantly larger than methane and unlikely to that the two enzymes have different mechanisms or that they
selectively exclude many other potential substrates. Likewise, differ subtly in active site structure. Given the similarity in
it is difficult to conceive of a mechanism which would the spectral properties and kinetics of formation and decay
selectively oxidize the stable-€H bond of methane over  of the reactive species in the two enzyme systems, it seems
the weaker bonds of similar hydrocarbons. Nevertheless, itunlikely that they have different mechanisms. Although no
is important to note that methane is not only the saturated major differences in structure are apparent, it is possible that
substrate with the highest turnover number for MMO, but it the two MMOs exhibit minor differences in structure of the
also elicits the highest rate constant @rdecay at 5°C. It type responsible for the substrate steering effects described
is during this decay that the substrate oxidation reaction above. If so, then the bulk of the methylcubane cube, which
actually occursZ1). Thus, methane is oxidized faster and we propose causes a bias against its hydroxylation in the
its product released more quickly than any other saturatedMe. trichosporiumMMO, may make it wholly unreactive
substrate-product pair for MMO. A third possible basis for  with M. capsulatusMMO.
selectivity posits a combination of structural and kinetic  Another possibility for the difference in the results from
influences. Subtle differences in accessibility to the diiron the two systems stems from the facts that methylcubane has
cluster for active site-bound substrates due to steric con-ga very low turnover number and also has very low solubility
straints may have large effects on the effective rate of the jn solution; this causes the product evolution to be relatively
oxidation mechanism. Insight into this possibility can be sjow. Indeed, we experienced difficulty detecting products,
gained from the current study of methylcubane oxidation in especially the cubyl hydroxylation products, before we
the context of previous studies. increased the preincubation time of the substrate in buffer
Evidence for Steering within the MMO Agé Site. with the enzyme to allow complete equilibration. Therefore,
Although methylcubane is apparently hydroxylated in all it is also possible thai. capsulatusMMO, which has a
positions by MMO fromMe. trichosporiumthe distribution lower specific activity tharMe. trichosporiumMMO, did
of products is not statistical. After correction for the relative not yield enough product from the poorly positioned cube
C—H abundance, the side chain product cubylmethanol is for detection. The absolute yield of all products from the
formed approximately 5 times more often than methyl- two enzymes systems was also quite different. The reported
cubanol! despite the fact that cubyl-H is inherently more  yield for theM. capsulatusystem was 0.5%l4), whereas
reactive than side chain methyl-& as indicated in the  our yield from theMe. trichosporiumsystem was at least
reaction of methylcubane witiert-butoxyl radical 4). Thus, 5% and probably significantly greatéithe problem of the
the markedly nonstatistical distribution of products observed low yield from the M. capsulatussystem may have been
for MMO makes it very unlikely that the methyl-€H and exacerbated by the procedure used for analysis in which the
cubyl C—H of methylcubane have equivalent access to the
active site diiron cluster of MMO in th@ _mtermgdlaté. ) 50n the basis of the results of the oxidation of methylcubane by
Similar regioselectivity has been observed in previous studiesthe tert-butoxyl radical, pure hydrogen abstraction chemistry should
of other adventitious MMO substrates. For example, the have favored cubyl hydroxylation products by 40/1 per hydroddh (
product istrbution for the substrate sopentane when tmedf2f TEchariens sher han hycoer son sbaclan, e eeptona
over in the reconstituteMe. trichosporiumMMO system cubyl C—H bonds is proposed to be lost4). If so, they would be
in the absence of MMOB is essentially that expected on the expected to react at a rate determined by their inherent bond dissociation
basis of the bond strength of each type cfibond that is ir(]:g:)%ingryic?hs arEltJr?cf)]rshigrgjiregh?r?atht%te%w ?e\%?tgfgfo%%ggzh of
present. However, in the presence of MMOB'.th.e distribution methylcubanols stemmed from the use of a non-hydrogen abstraction
shifts dramatically to one which is nearly statistical and thus mechanism by both P450 and MMO. This proposal, however, does

favors primary carbon hydroxylatiod§) which cannot be not account for the observation that a much greater degree of cubyl
explained on energetic grounds. It seems likely from this Eydrqulatlon is observed for P450 than for MMO-catalyzed oxidations
. . espite the fact that the reacti@species of MMO is apparently more

and other studies3g) that MMOB causes a conformational  reactive that the equivalent activated species of P450. It also does not
change in MMOH that alters the orientation in which recognize the fact that enzymes commonly control access to the reactive
species so that all carbons of the substrate do not have equal access to
the iron. Favored access to the reactive “FefW)%o species for the

4 Reaction at the methyl group occurred approximately 10 times more side chain methyl group, together with rapid rebound chemistry, could
often than at the cubyl €H bonds, if both cubylmethanol and product  result in the same product distributions that were observed in the
1 are considered to arise from a common intermediate. previous study.
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alcohol products were converted to acetate derivatives. Thissuggesting thak; is not the sole determining factor in
would have demanded more product for detection than our rearrangement. One feature that these two substrates do share

direct analysis method. Finally, the MMO frole. tricho- in common is a bulky structure near the methyl group that
sporiumis maximally active at a temperature that345 is attacked by the enzyme. These results are consistent with
°C lower than that fronM. capsulatusor than was used for  the proposal that steric properties of the substrate play an
the tert-butoxyl radical oxidation studyl1#@). Moreover, important role in the reaction.

significant accumulation of products was possible ina few  past mechanistic studies have provided consistent indica-
minutes using the enzyme system rather than in days as injons of a discrete radical or cationic intermediate in the

the case of theert-butoxyl radical system. Both of these | o5ction mechanism of MMOLE, 29). For instance, large
factors may have allowed the significantly less stable ye,terium KIE values were observed for the reaction of
rearranged productd 4, 35) to be more readily detected in  ethane with intermediat® (31), and partial inversion of
the Me. trichosporiumMMO system. the configuration of chiral ethane was observed to occur
Mechanistic Implications of the Rearrangement of Radical during oxidation to ethanoBj. However, the interpretation
Clocks. The observation of probable rearrangement in of each of these studies was complicated by an unusual aspect
methylcubane oxidation bie. trichosporiumMMO sug- of the reaction. Thus, the KIE for the methane reaction with
gests the formation of a substrate radical along the reactionQ is much larger than the classical limit requiring that a
pathway, thus supporting the “oxygen rebound” mechanism. tunneling or similar complex process be invoked. Similarly,
However, the apparent lack of rearranged products reportedthe observed incomplete racemization of the product from
for theM. capsulatu3VMO was taken to suggest otherwiSe.  chiral ethane requires that the rebound reaction occur on a
Many radical clock substrates have now been used in thetime scale that is thought to be too fast for physical
investigation of the mechanism of MMO. These have translocation of molecules in the active site. The range of
inherent rearrangement ratég €overing a wide range from  results reported for radical clock substrates again provides
that of 1,1-dimethylcyclopropané (= 10°s™) (10) tothat  eyidence both for radical intermediates and for a complex
of phenyl-2-methylcyclopropaneq(= 10 s™) (11). Of process that is not completely understood. As described
these clocks, only two, 1,1-dimethylcyclopropane and meth- apove in the analysis of the unexpected product distributions
ylcubane, have exhibited significant amounts of apparent from methylcubane oxidation, one way to account for all of
rearrangement, and then only wie. trichosporiumvIMO. these results is to invoke a chemical mechanism which can

Mechanistic proposals accounting for the mostly negative pe altered in its outcome by steric factors in the active site.
results of radical clock studies often invoke concerted

processesi(l, 14, 39). These proposals were made under
the assumption that only the reactive properties of the probe,
i.e., the rate of the inherent rearrangement or the relative
bond strengths of potential reactive positions, determines the
outcome of the reaction. However, the fact that 1,1-
dimethylcyclopropane rearranges during MMO-catalyzed
oxidation (LO) whereas the structurally and kinetically similar
molecule 1,2-dimethylcyclopropane does ridt)f points to

the inadequacy of such a consideration. This is further
supported by the fact that the two molecules which apparently
do rearrange have very differelktvalues (18vs 10°s™1),

Mechanisms of this type have been proposed from
advanced quantum chemical computational studies of MMO.
Using density functional calculation methods, Siegbahn and
Crabtree 40) were successful in independently predicting
the same fundamental aspects of the structure of the iron
cluster inQ as those determined directly from spectroscopic
studies 27). Calculations to select the most likely structure
of P as well as the most reasonable routes for theH®ond
breaking and oxygen insertion reactions themselves were also
completed 40) and have since been further refinetlL),
These calculations suggest that & bond cleavage proceeds
by hydrogen atom abstraction to yield a radical intermediate
as proposed for P45@(Q) and by us for MMO 6, 29).

: :hThe yield iS *fJaS%dtontthettlc?taldaTJOLflmtOf PftOf'UC;thS feC%foetd relative However, this intermediate is further proposed to react very
1 he amount ofsubstat Uiz, Unlorinall e substate S ver rapidly efther to form an FeC bond @0 or (o undergo a
of products is based on the assumption that their GC response is thevery rapid recombination reactio@l) due to the highly

same, leading to another potential error. For incremental periods within exothermic nature of this reaction for the specific intermedi-
the time course foMe. trichosporiumMMO-catalyzed oxidation of ates that were formed.

methylcubane, where these errors are minimized, yields were typically ] o ) ) )
greater than 40%. For measurements based on the amount of methyl- Either of these mechanistic scenarios requires the radical

cubane present before the start of the reaction, the yield was alwaysig pe very near the cluster and thus may depend critically

greater than 5%. . .
"The failure to observe rearranged products for MMO frivin on the size and bulk of the substrate. Such a precise

capsulatusand P450s supported an intriguing proposal for monooxy- Orientation might provide an explanation for the apparent
genase chemistry in which the radical character required to explain tunneling process that is unique to methane in the decay

some experimental results develops as a consequence of a nonsyn: : ; _ ;
chronous concerted reactioh4( 39). In this model, differences in bond feaction ofQ. Unlike other proposalslg, 42—44), this model

vibrational rates lead to a species with radical character and a lifetime d0€S not exclude the possibility of a linear-8—0 array
in the 100 fs time range in the transition state ensemble. Becausein the transition state of the hydrogen abstraction process, a

rearrangement of the cubylcarbinyl radical occurs on the comparatively conformation that was strongly favored by KIE values

slow 100 ps time scale, but rearranged products are still apparently - - .
observed in this study, the nonsynchronous concerted mechanism isobserved in MMO-catalyzed reactions. This model would

unlikely in the case oMe. trichosporiumMMO for methylcubane also explain the partial racemization observed in the chiral
oxidation. ethane reaction since either the formation of ar-Eeébond

° 1,1-Dimethylcyclopropane was not tested with Mecapsulatus o axceptionally rapid rebound would limit rotation of the
system. 1,2-Dimethylcyclopropane did not show rearrangement when

reacted with eitheM. capsulatus(11) or Me. trichosporiumMMO ethyl ra_dical_. For this model, the fun_damental reaction
(Y. Jin and J. D. Lipscomb, unpublished results). mechanism is hydrogen atom abstraction for all saturated
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Ficure 5: Hypothesis for the activation of-€H by MMO. The N
model is similar to the hydrogen atom abstraction mechanism RP1

proposed for P450 except that the lifetime of the substrate radical
intermediate is influenced by the ability of the substrate to approach
the diiron cluster inQ. Steric effects would limit access to the ”
cluster by bulky substrates, whereas the small size of methane would
allow it to reach the optimal position for rapid reaction.

substrates, but the lifetime of the radical intermediate would
be quite variable depending upon the placement of the
substrate determined by subtle steering within the active site,
as illustrated in Figure 5. Small substrates would react
similarly to methane with very fast rebound rates, while
bulky substrates, which could not approach the active oxygen
as closely, would react on a much longer time scale, allowing
for rad'.cal rearrangement. .Su_C.h a model WQUId al§o help to FiIGURe 6: Hypothetical model accounting for the production of
reconcile the apparent variability observed in radical clock only RP2as the rearranged product in the reaction of methylcubane
studies. For clocks, such as 1,2-dimethylcyclopropane, whichwith MMO from Me. trichosporiumOB3b.

could approach the cluster closely and thus undergo rapid

oxygen rebound chemistry, electron density would be selectively. This would favor the processes in which one of
prevented from migrating into the cyclic structure as required the Kekuleisomers, apparently the one that has the electron
for opening, re§ult‘|‘ng In no rearrangement. On the other gensity at the original methyl carbon, recombines with the
hand, clocks with *bulky” C-H, e.g., 1,1-dimethylcyclo-  aia hound hydroxyl group to form the hydroxylation

grsopcallgge(l); m\,\?;m/(ljcuy?:\?ee' It(?r?;g?ﬁi?egOtf?e:pepr(r):giZ;Tei r?![L(_fjterproduct,RPZ. In the absence of such steric effects, the other

mediates that would have a chance to rearrange before théms.Sible rearranged product stemming from a cubylcarbinyl

rebound reaction. In this scenario, the bulk of the probe plays radical would be expected, but is not observed.

a more important role than its inherent rate of rearrange- Summary Methylcubane is an excellent probe of the

ment in determining whether the isomerization would take mechanism of MMO because it reveals selectivity where it

place. was not expected. Specifically, it shows that (i) the MMO
Structures for the MMOH active site are only available active site can distinguish between the cubane structure and

for the diferric and diferrous states in the absence of MMOB the side chain in the molecule and (i) the active sites of

(18-20). Thus, the possible origin of substrate steering o very similar MMO hydroxylases can apparently yield

effects is quite speculative. However, the only groups which yigerent product distributions despite apparently similar or

ﬁr(:rzlége Gllnlj(l) 1Te Gﬁggeonglalar?(ljjbglrt?éispov%ﬁ?éhazfam: ':LOen identical chemical mechanisms. Together, these observations
9 ' ' ' suggest that subtle structural features of the active site are

approach to the cluster. These groups may provide some . .
selection against bulky molecules. capable of altering the approach of substrates to the activated

Structural Basis for Methylcubane Rearrangement during ©XY9€n species irQ and that this critically affects the
Oxidation.In the mechanistic scheme for methylcubane side '€action outcome and rate. A mechanism in which a species
chain oxidation illustrated in Figure 6, the cubylcarbinyl With the formal oxidation state of Fe(¥jO initiates the
radical would form and undergo rapid rearrangement. The OXidation reaction by hydrogen atom abstraction would
fairly rigid geometry of the cube structure of methylcubane account for both the apparent rearrangement of one of the
would probably be retained during the rearrangement sincemethylcubane products and the rapid reaction rate of
it happens at such a fast rate. Thus, the subsequent collapseethane, the hydrocarbon least likely to be affected by steric
with the iron-bound hydroxyl moiety would occur regio- considerations in the active site.
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