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ABSTRACT. The reduced hydroxylase component (MMOH) of soluble methane monooxygenase (MMO)
from Methylosinus trichosporiur®B3b reacts with @and CH, to produce CHOH and HO in a single-
turnover reaction. Transient kinetic analysis of this reaction has revealed at least five and probably six
intermediates during the turnover [Lee, S.-K., Nesheim, J. C., & Lipscomb, J. D. (1983)|. Chem

268 21569-21577; Liu, Y., Nesheim, J. C., Lee, S.-K., & Lipscomb, J. D. (1995Biol. Chem. 270
24662-24665]. One intermediate, termed compound Q, reacts witht€kield enzyme-bound product.

It is shown here that the deuterium kinetic isotope effect (KIE) for the reaction of compound Q wjth CH

is 50-100, which is one of the largest effects observed to date. The rate constants for the reactions of
the deuterated homologs of methane decrease monotonically as the deuterium content increases, suggesting
that a large primary isotope effect dominates. The KIEs determined by analyzing the products after a
single turnover have the following values: 1:1 €D, (19); CDsH (12); CD:H: (9); and CHD (4).

The KIE values determined by directly observing

the reactive intermediate and by monitoring product

ratios are all large, consistent with complete I€ bond breaking in the oxygenation step of the reaction.
However, the differences in the KIE values determined by these two methods suggest that the reaction is
more complex than currently proposed. A modified mechanism introducing the possibility of hydrogen-
atom reabstraction by an intermediate methyl radical is proposed.

Methane monooxygenase (MMbisolated from meth-
anotrophic bacteria catalyzes the incorporation of one atom
of oxygen from Q into an unactivated €H bond of methane
(bde= 104 kcal/mol, K, = 48) to form methanol (Dalton,
1980; Lipscomb, 1994). The second atom of oxygen is
reduced to water. Many other hydrocarbons serve as
adventitious substrates (Higgins et al., 1980; Green & Dalton,
1989). The oxidation reaction of the soluble form of MMO
occurs in the active site of the hydroxylase component
(MMOH) of this three-protein-component enzyme system
(Fox et al., 1989). The other two components are a NADH-
coupled reductase (MMOR), which contains FAD and
[Fe:S;] cofactors, and a cofactorless protein termed compo-
nent B (MMOB) (Lund & Dalton, 1985; Fox et al., 1989,
1990b; Liu, Y., et al., 1995). MMOH contains a hydroxide-
bridged diiron cluster that cycles between an activated
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Ficure 1: Sequence of reaction cycle intermediates in the single

diferrous state and a resting diferric state during each catalytictyrmover of MMOH in the presence of MMOBThe step labeled

cycle (Ericson et al., 1988; Fox et al., 1988; Rosenzweig et
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1 Abbreviations: bde, bond dissociation energy?B; KIE, kinetic
isotope effect; MMO, methane monooxygenase; MMOB, MMO
component B; MMOH, MMO hydroxylase component; MMOR, MMO
reductase component; MOPS, 3-morpholinopropanesulfonic acid.

2Recently an intermediate that formed with kinetic parameters of

ks represents the first-order autodecay of compound Q, which
occurs in the absence of substrates and may also occur in their
presence.

al., 1993; Woodland et al., 1986). Recently, as illustrated
in Figure 1, we and others have shown that at least five, and
probably six, transient intermediates occur as the diferrous
MMOH cycles back to the diferric state after exposure to
oxygen in the presence of MMOB and substrate (Lee et al.,
1993b; Liu, K. E., et al., 1995a,b; Liu, Y., et al., 1995). One

compound P was trapped and spectroscopically characterized by usingf these intermediates, termed compound Q, absorbs at 330

hydroxylase fromMethylococcus capsulatyBath) (Liu, K. E., et al.,
1994, 1995a). This intermediate was termed compound L or the peroxy
intermediate. The original nomenclature is maintained here for simplic-
ity.

and 430 nm and exhibits an unusual $8bauer spectrum
best characterized as arising from a symmetric [Fe(IV)
Fe(IV)] state of the cluster (Lee et al., 1993a). Although
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the structure of compound Q is not known, comparison of substrate €H bond cleavage, then a substantial primary
the MeGssbauer spectral features with recently developed kinetic isotope effect in the decay of compound Q should
model systems suggests that there are two bridghogo result from deuteration of the methane. In contrast, the
or hydroxo ligands forming a so-called “diamond core” concerted reactions proposed in many of the other postulated
structure (Que & Dong, 1996). The formation rate of mechanisms for MMO would not be expected to exhibit large
compound Q is independent of substrate concentration forprimary KIEs. We demonstrate here that the oxidation of
most substrates. In contrast, its decay rate is linearly methane does show a large primary isotope effect. Indeed,
dependent on substrate concentration, making the reactiorthe KIE is possibly the largest observed for any biological
appear second order overall. The rate constant for compoundsystem reported to date, consistent with the hydrogen-atom
Q decay is strongly dependent on the particular MMO abstraction mechanism for MMO.
substrate added. Methane elicits the largest value amon
the many alkanes, alkenes, and heterocyclic compoundgEXPERlMENTAL PROCEDURES
investigated so far. Chemical quench experiments indicate Enzyme Preparation, Characterization, and AssBacte-
that product is formed in the active site at the same rate asrial growth and purification of MMO fromMethylosinus
compound Q decays. Together these observations suggestichosporiumOB3b, as well as enzyme activity assays, were
that compound Q reacts directly with substrate to form as reported previously (Fox et al., 1989, 1990b). MMOH
product and, thus, represents the form of the enzyme carryingexhibited specific activity in the range of 66800 nmol/
the activated oxygen species capable of attacking unactivatednin/mg for furan turnover. The temperature for assays was
hydrocarbon bonds. 23 °C, except in cases where a direct comparison with
Several potential mechanisms for the intriguing oxygen transient kinetic data was required. In these cases, the
insertion reaction of the soluble MMO have been suggested.temperature was 4C. The buffer for all experiments was
All of the proposals invoke direct coordination of oxygen 100 mM MOPS, pH 7.7.
to the diferrous cluster of MMOH to generate a peroxo  Chemicals and Standard Procedureall reagents were
adduct of some type, which is then cleaved homolytically the highest grade available and were obtained from Sigma,
or heterolytically to generate a radical or oxenoid reactive Aldrich, or EM Scientific. Deuterated gases were purchased
oxygen species, respectively. Barton and co-workers (Bartonfrom Cambridge Isotope Labs or ICON, and each was shown
et al.,, 1992) have suggested that an iron oxenoid speciego be a single isotopic homolog-09%) by mass spectro-
might facilitate the formation of a bond between the iron metric analysis. Water was deionized and glass distilled.
and the substrate carbon to form a species that would allowAnaerobic techniques have been described previously (Fox
direct insertion of oxygen. Feig and Lippard (1994) have et al., 1989).
suggested that an active site cysteine is oxidized by 1 Stopped-Flow Absorption Spectroscopy Experiments.
reducing equiv by an oxenoid species to produce an activeMMOH (60 uM, 120 uM active sites) and methyl viologen
site diradical. In one proposed reaction from this species, (10 uM) were made anaerobic in 100 mM MOPS, pH 7.7.
concerted hydrogen atom abstraction by the cysteinyl radical Sodium dithionite was added stoichiometrically (2 mol of
and insertion by the cluster-associated oxygen radical wouldreducing equivalents/mol of active sites) to reduce MMOH.
lead to product. Shteinman (1995) and Shestakov and ShilovMMOB was added anaerobically to a final concentration of
(1996) have proposed that the diamond core structure of120uM. The enzyme solution was then loaded anaerobically
compound Q allows the redistribution of electron density, into one stopped-flow syringe. The other stopped-flow
such that the irons are predominantly Fe(lll) and each of syringe was loaded with oxygen-saturated buffer, with or
the bridging oxygens has radical character. The coordinatedwithout substrate. GC analysis of Gt+or CD,-saturated
attack of these radicals on substrate, one to carbon and onéuffer or water at 23C showed the same dissolved methane
to hydrogen, is proposed to result in direct oxygen addition concentration in all cases within experimental error. The
to the carbon to form a 5-coordinate methane intermediate concentration of a saturated solution was 1.5 mM (Merck
that facilitates G-H bond breakage to yield product. We Index). Single-turnover reactions by MMOH (€) were
(Fox et al., 1989, 1990a; Froland et al., 1992; Priestley et followed by using a single-wavelength stopped-flow ap-
al., 1992; Lipscomb, 1994) and others (Dalton et al., 1993) paratus (Update Instruments, Inc.) at 430 nm.
have speculated that a metal oxenoid species abstracts a Data Analysis and SimulationThe data were analyzed
hydrogen atom from the substrate to yield an intermediate by using a nonlinear regression fitting program (KFIT,
substrate radical and a metal-bound hydroxyl moiety. Re- obtained from N. Millar, Kings College) to determine the
bound of the hydroxyl would yield product. Considerable formation and decay rates as previously described (Lee et
support for the latter mechanism has derived from experi- al., 1993b). The slope of a plot of the observed rate constant
ments that showed thaR)- or (§-[?H1,°H;]ethane undergoes  versus substrate concentration is the second-order rate
partial inversion of configuration during the course of constant for the reaction. The ratio of the second-order rate
oxidation to ethanol, implying the formation of an unbound constants for the reaction conducted with protiated and
substrate-derived intermediate, probably a substrate radicaldeuterated substrates gives the KIE. The data were analyzed
that can rotate in the active site before the reaction is as a straight line because, for methane and six other substrates
consummated (Priestley et al., 1992). examined, the compound Q decay rate is best fit as a linear
Both the chemistry involved in the decay of compound Q function of substrate concentration. Over a much wider
and the proposed formation of an intermediate substrateconcentration range, the data may conform to the usual
radical can be investigated through the use of isotopically hyperbolic function; however, low solubility of substrates,
labeled methane. If we are correct in our proposals that theand the steady decrease in the maximum amount of
substrate oxidation chemistry of MMO occurs during com- compound Q that can be observed as the decay rate increases,
pound Q decay, and that this chemistry involves complete prevents examination of the kinetics at such high concentra-
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tions. The data shown for compound Q kinetics with each 10
of the five different isotopic homologs were obtained by ~
measuring the rates of formation and decay of compound Q L 8f
with at least five repetitions at each of four different methane S
concentrations. This entire procedure was repeatel 2 goor
times for each isotopic homolog. S
The simulated curves shown in Figure 3 were calculated Y
by assuming the rate of oxidation of a-€&l bond in CH, to g |
be equal to 3.978, which is equal to 25% of the overall S ?
rate of reaction of Ckl The calculated rate for compound ” o o I
Q decay in the presence of intermediately deuterated meth- 00 01 02 03 04 05
anes was determined by summing the contributions of the Substrate (mM)
H-abstraction process and the D-abstraction process to giveFicure 2: Effect of substrate concentration on compound Q decay
the overall rate using the following equation: rate constant. Shown are the pseudo-first-order rate constants of

compound Q decay as a function of concentrations of (@ and
CD, (®) or a 1:1 mixture of CHand CDO (#).

observed rate= (3.9%)/(S") + 3.9(4-x)/(PS)
Steady State Kinetic ExperimentBhe reaction rates were

monitored by measuring the rates of oxygen consumption
using a Clark-type oxygen electrode fitted to a reaction
chamber sealed with a very small boreQ(5 mm) glass
stopcock to minimize the flux into and out of the reaction
chamber. In all cases, the initial oxygen concentration was
250 uM. The methane concentration was varied from 10

wherex is the number of hydrogens of the isotopic homolog,
P is the primary isotope effect, aifis the secondary isotope
effect (Bell, 1973).

Product Yield ExperimentsProducts were recovered from
a single turnover of diferrous MMOH. The enzyme con-
centration, reduction procedures, and reaction conditions

were as described earlier for stopped-flow experiments. Them\/I to 1.2 mM by making appropriate additions of methane-

enzyme solution and a mixture of substrate GiHd CO, saturated buffer to the reaction vessel. The total volume was
640 uM; other isotopic homologs, 1.28 mM) and 0Xygen o4 constant by the addition of nitrogen-saturated buffer.
(200uM) were loaded into separate stopped-flow syringes. The concentrations of MMOH. MMOB. MMOR. and NADH
A_mechanic_al ram was us_ed to.push the solutions through a, ..« 370 nM, 925 nM, 375 n’M, and 254])/| re'spectively.
mixer and into a collection vial. The temperature Was e reaction was initiated by the addition oflL of NADH
maintained at £C. solution and repeated-3 times for each of 10 different

Methanol Dertatization. The alcohol products produced g pqirate concentrations. The buffer and temperature were
by MMOH were first derivatized by the_Schotte_Baumann_ the same as for the transient kinetic experiments, 100 mM
procedure (Loudon, 1988). The reaction solution following MOPS, pH 7.7, at 4C.
the single turnover was added to @H, (50 mL) and then ' '
esterified using 3,5-dinitrobenzoyl chloride (2 mma{)N- RESULTS
dimethylaniline (2 mmol), and NaOH (2 mmol). The
mixture was stirred for 17 h at room temperature. The Rate of Compound Q Decay in the Presence of Deuterated
organic layer was washed with>3 100 mL of HCI (1.0 M) Methanes.Compound Q formation and decay rates are easily
followed by 3x 100 mL of 5% NaHC@-2 M NaCl, dried determined by monitoring a single-turnover reaction at 430
with anhydrous sodium sulfate, and evaporated to dryness,NM using stopped-flow kinetic techniques and analyzing the
and the residue was dissolved in 2.0 mL of . Thin- data as described in Experimental Procedures. The rate of
layer chromatography using silica gel plates and GH@I ~ decay of compound Q is strongly dependent on the type and
the mobile phase allowed separation of the methyl esterconcentration of substrate present. Figure 2 shows the
product at arR; of 0.5-0.7. The area containing the product dependence of the compound Q decay rate constant an CH
was scraped off and eluted with @E&f,. The CHCI, was and CD concentrations. Each substrate caused a linear
evaporated to a minimal amount and the product was increase in the pseudo-first-order rate constant with increas-
analyzed by mass spectrometry. ing methane concentration. The slope of each line shown

Mass Spectrometric AnalysisGC—MS was performed  in Figure 2 gives the second-order rate constant for the
by using a Carlo-Erba gas chromatograph with a capillary reaction. Remarkably, the second-order rate constant for the
DB-5 column, with direct injection into a Kratos MS-25 CHa reaction is~100 times greatérthan that for the Cl
spectrometer. The retention times were determined usingreaction, indicative of an exceptionally large KIE. In
authentic material. The mass spectrometer was set to arfontrast, no significant KIE or substrate concentration
ionization potential of 70 eV and selectively measured the dependence was observed for the compound Q formation
molecular ion. Differential deuteration of the derivatized reaction.
product resulted in partial separation of the two products on The decay reactions were examined for artifacts that could
the GC column, necessitating the summing of multiple mass lead to an apparent large isotope effect. Mixtures of,CH
measurements (approximately 15) as the products eluted offand CD caused compound Q to decay in a single-exponential
the GC column. Each sample was analyzed in this way four
times and the numbers were averaged. The isotope effect 3n assessing the rate constant for the,@Ridation reaction, it is
was calculated from the ratio of the products formed by H unclear whether the plot should be extrapolated to O rate at low substrate
and D abstraction. Statistical factors were used when concentrations orto the autodecay rade)(If the CD, oxidation occurs

. independently of the autodecay rate, then the;:CB, isotope effect
necessary to correct for different amounts of H and D of the js <100, If the autodecay is prevented when substrates are present,
substrate isotopic homologs. then the isotope effect is50.
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Ficure 3: Compound Q second-order decay rate constants for . q d ¢ 40§ . d
differentially deuterated methane. Shown are the second-order rate/GURE 4: Temperature dependence of compound Q formation an
decay rates during reaction with Gend CD,. The reactions were

constants for the reaction between compound Q and methane™”**¢ o
deuterated to various degrees. The second-order rate constant iggrrled out over temperature ranges of-4780 and 2.5-16°C for

obtained from the slope of the plot of compound Q decay rate 831'\/' CH, and CD, respefctively. The CHmedéatr?d formation
constant versus methane concentration (see Figure 2). The solig2nd decay rate constants of compoundiQ4) and the respective

line is drawn to highlight the linear trend with a primary KIE of ~CDsmediated rate constant®(a) are shown. Observed error is
100 and a secondary KIE of 1. Error bars represent one standardVithin the dimensions of the symbol unless otherwise shown.
deviation, data per poirtt30. The broken lines are the results of
simulations as described in Experimental Procedures. The param-Table 1: Mass Spectrometric Analysis of the Derivatized Methanol
eters chosen for each simulation give an apparent KIE-D90: Produced from a Single-Turnover Reaction of Diferrous MMOH
(-++) A primary KIE of 60 and a secondary KIE of 1.2-(—) a

1T X 10° (K

primary KIE of 12 and a secondary KIE of 2. substrate KIE
CH4:CD4 (1:1) 19.3+ 3.9

phase at the rate expected for the &ncentration present CHDs 12+1

(Figure 2). This demonstrates that the £famples used g:zgz g'gi %;GC

did not Contz-iin an inhibitor for the reaction and reinforces a See Experimental Procedures for reaction and derivatization
the observation Fhat COs essentially unreactlve_ cqmpargd conditions.? In the reactions for CEHCD, and CHD, %0, was used
to CH4 Also, it shows that the methane is in rapid instead of'%0; to increase the mass of the product methanol by 2 units
equilibrium between the enzyme and the solvent, so thatto make it distinguishable from trace amounts of contaminant methanol
binding of the methane to (or collision with) the enzyme in the derivatization solutions. A study utilizing the MMO system
does not necessarily commit the reaction to completion. ~ from Methylococcus capsulatyBath) gave a KIE for CkD; turnover
The same experiment was carried out with mono-, di-, and ofﬁ1.29 (Wilkins et al., 1994). We do not know the reason for this
trideuterated methanes with the second-order decay ratedl erence.
constants shown in Figure 3. The observed second-order.
rate constant decreases linearly with the extent of deuteration.Table 2: Isotope Effects for C+and CD Oxidation Determined

Thus, the G-D bonds appear to be nearly inert to oxygen oM Steady State Kinetic Parameters Gt

insertion in comparison with the-€H bonds. Vimax 5 5
Temperature Dependence of Compound Q Decay in the Substrate (nmol/min/mg) Ku (uM) Vimax (Vima/Ki)
Presence of MethaneThe activation energies and Arrhenius ~ CHas 72+6 12+£2 16103 2545
; : CD 45+ 4 184+4 :
preexponential factors were measured for the reactions 4
between compound Q and Gkind CD. Since the reaction @ Reaction conditions were as outlined in Experimental Procedures.

becomes very fast as the temperature is increased, the
temperature range was limited from 1.8 t6@ for CH, and and mixtures of Chland CDO, are summarized in Table 1.
from 2.5 to 16°C for CD,, when each was present at 300 The product ratios clearly reveal a large deuterium isotope
uM (Figure 4). The H and D activation energies are 22.4 effect in all cases. However, the intramolecular deuterium
and 24.5 kcal/mol, respectively, giving a difference of 2.1 isotope effect is in the range of43 rather than 56100,
kcal/mol with an overall error 0f+10%. The apparent as observed for compound Q decay rates. The largest value
Arrhenius preexponential factor ratio (H:D) 180.96 (data observed was 19.3 for the intermolecular isotope effect for
not shown). The formation reactions showed the samea 1:1 mixture of CH and CD.
activation energies (37.3 kcal/mol) and preexponential factors Steady State Kinetics of Methane Turan It has been
within experimental error. reported by Rataj et al. (1991) that initial velocity measure-
Effect of Methane Deuteration on Product Ratio from ments of CH and CDO, oxidation by the multiple-turnover
Compound Q DecayThe methanol produced from a single reconstituted MMO system show that the major isotope effect
turnover of diferrous MMOH was readily analyzed by GC  appears in theVm.xKy ratio rather than inVya. This
MS following derivatization as described in Experimental experiment was repeated under the same conditions used for
Procedures. Analysis of the results was simplified in some the single-turnover studies (Table 2). In the case of methane
cases by the use &%0, in the oxygenation reaction, which  turnover at 4°C, the deuterium isotope effect Wy is 1.6
served to shift the product mass by 2 units, so that it became+ 0.3, while that forVmna/Kwm is 25+ 5. The data are in
distinct from the trace amounts of derivatized methanol accord with the study of Rataj et al. (1991), but different
originating from the extraction solvent. When ¢and*®0, from the data reported for MMOH fronMethylococcus
were used as the substrates the only product wag®OH, capsulatus(Bath) by Wilkins et al. (1994). This study
showing that no exchange of oxygen or methyl hydrogens showed avnax isotope effect of 1.75, but an inverse isotope
occurred. The results for the isotopic methane homologs effect of 0.88 on th&y and aVma/Ky isotope effect of 2.
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DISCUSSION in the presence of methane fulfills three of these criteria, in
. . o . that it has a large KIE, a large difference in activation

MMO presents a unique opportunity to utilize isotopic energies, and an appareAt:AP of slightly less than 1.
substitution to probe the oxygenase catalytic process becausgs ,ature in the Arrhenius plot is not expected to be

it is the(zj_only alrlfane olxy_genasle ;or \ghiChd’Fhe lreactivg observable within the small temperature range that could be
intermediate In the catalytic cycle has been directly moni- 4.cagsed in this study. Although tunneling is consistent with

tored. In general, KIES in monooxygenases such as Cyto-iq qata observed, under the assumption of tunneling both
chrome P450 and dopaminé monooxygenase must be  he anparennAH and AH:AP will depend strongly on the

measured by steady state kinetics or product analysis.imperature range in which the measurements are made.

Consequently, a direct measurement of the intrinsic iSotope 1, s ‘' measurement of these parameters over a single small
effect in the actual oxygen insertion step cannot be aCh'evedtemperature range cannot be used to directly distinguish

and may be masked by slower steps such as product reléasgeeen tunneling and a classical Arrhenius mechanism.
or electron transfer (Gelb et al., 1982; Glickman et al., 1994; Tunneling of the hydrogen atom during the abstraction

Hwang & Grissom, 1994; McMurry & Groves, 1986; o : !
: . process could elicit a large isotope effect, especially for a
SNtﬁghrc\)A?é }1%156 sshu(?\;\ynamztgf[r;rer a:jgeecré l?)???{e Irne:::%grl:rgegfesmall, light molecule such as methane. Molecular orbital
Y, Y YC'€ calculations of the hydrogen-atom abstraction process for

intermediate _compoun_d Q, which appears to encompass themethane have been carried out by Pudzianowski and Loew
product-forming step, is very sensitive to the deuteration of

L ; .~ (1983). An intramolecular deuterium isotope effect for
methane. The mechanistic significance of this observation CHsD of 34 was calculated for the process in the absence
S d|§cyssed in the following sections. of tunneling and was 56 when a tunneling factor was added.
_ Origin of Unusually Large Isotope EffectShe observed — 1pq caiculatedhG was very small—0.2 kcal/mol (298 K).
isotope effect for compound Q decay exceeds by SeveraIfOIdSignificantly, results from this computational experiment

the classical limit for a deuterium isotope effect. Large i, jicate that methane has a uniquely large KIE compared to

isotope effects typically arise in reactions that include () the other hydrocarbons examined. These calculdtions
branched pathways, (ii) multiple steps with cumulative effects pqq;med that the hydrogen-atom abstraction was carried out

of more than one isotope-sensitive step, (iii) a hydrogen- 5 round state triplet oxygen atom and predicted a linear
tunneling process, or (iv) a magnetic isotope effect (Hwang 5 nsition state with complete-€H bond fissure, as we have
& Grissom, 1994). The effects of a branched reaction are proposed for the mechanism of MMO.

usually seen in the product distribution rather than the direct A factor that can elevate the apparent KIE is differential

observation of the decay of a reactive, chromophoric vati f the H- and D h b Pal |
intermediate as reported here. The participation of more than>2 vation of the H- and D-atoms on the su strate (Pa etal,
one isotope-sensitive step is feasible but the possibilities f0r1995)' Due to the highly ordered solvent "cage” surrounding
such a Frjocess are congtrained b ’the fact Ft)hat o loss Ofthe hydrophobic substrate, the deuterium could be less easily
hydro e% other than from the bondywhere oxygen insertion accessed by the reactive oxidant than hydrogen. This type

yaroge . : - of effect is not related to the transition state. We discount
occurs is observed. Thus, it is unlikely that two hydrogen

atoms are removed during the course of the reaction Inthis process as a significant contributor for our reactions
e ) 9 ) because the second-order rate constants for &td CD
preliminary studies, we have not been able to observe

2 . o are essentially independent of the fraction ofCDin the
;nea%r;er;tilc |sg;[0tpt>1ee ef?;;szﬁtitf Egct)gg‘:thd'g:gbgtjogggé"n solvent® The slight decrease observed can be accounted for
q Y, P X ted, nydrog ; 9 entirely by the effects of the increased viscosity 6f0Don
appears to be the most likely origin of the large isotope llisional )
effect® a collisional reaction.

. - N Differences in partitioning of deuterated and protiated
Observations characteristic of tunneling include (1) a large methane between the solvent and the hvdrophobic interior
KIE > 7, (2) curvature in the Arrhenius plot, (RAH > ydrop

1.3 kcal/mol, and (4) an Arrhenius preexponential factor ratio o;fthe enayme mlgh_t also CFUS? an_omalousl;f/fIargef|sot<;pe
of A"-A® < 1 (Brunton et al., 1976: More O'Ferrall, 1975) effects. However, intramolecular isotope effects for the

' N ' ' . __isotopic homologs of methane should not be affected by such
We have shown here that the compound Q decay reactlonbulk partitioning

Comparison of the Isotope Effects Determined from

4Large isotope effects have also been reported for formation of a Compound Q Decay and from Product Distributiohe
metak-hydrogen bond (Whitesides & Neilan, 1975) and H-atom - . . .
abstraction by a peroxide radical (Howard et al., 1968). We currently deuterium isotope effects determined from product ratios,

cannot evaluate these possibilities for MMO. although large, are not as large as those determined directly
°We have looked without success for magnetic isotope effects in from the kinetics of compound Q decay. In a single-turnover

the product ratios of CHD, and CHL} turnover in the range-60.4 T. ; ;
It is reasonable to expect an effect in this field range based on the system, this would not normally be expected if compound

proposal that a diradical pair is generated in the active site. However, Q reacts with substrate directly to form product as we
the observation of a magnetic isotope effect requires that the chemicalpropose. One possible explanation is that the reaction cycle
reaction under study occurs within a time domain similar to or slower
than that required for intersystem spin crossing:f410-1°s (Grissom,
1995). Our previous results have indicated that the rebound rate for 7 These calculations were carried out using the MNDO (modified
the putative radical pair is far faster than this range (Priestley et al., neglect of diatomic overlap) protocol (Dewar & Thiel, 1977). This
1992). protocol is subject to several types of errors, including overestimation
6 Recently, Klinman and co-workers (Glickman et al., 1994) and of the transition state enthalpy. This study warrants reinvestigation using
Grissom and co-workers (Hwang & Grissom, 1994) have reported a more recent molecular orbital calculation strategies.
large isotope effect monitored by steady state kinetic techniques for 8 In ongoing studies, we have shown that the KIE for compound Q
soybean lipoxygenase turnover of linoleic acid. In this case, many decay in the presence of Gldr CD; is insensitive to substitution of
possible hypotheses for the large isotope effect were investigated, butD,O for H,O (J. C. Nesheim and J. D. Lipscomb, unpublished
hydrogen tunneling was selected as the most reasonable. observation).
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_I)__Iz i Ficure 6: Possible structures for intermediate species shown in
2CH; . CHOH 1044 Figure 5.
CmpdQ | |cmpdQ@ || Gro
=CDF> reacts with compound Q. The reaction scheme also requires
kDTl kp that compounds Q and’ Qe discrete species because if this
K were not the case, the isotope effect in the decay rate of
4D b [Cmpd T g :

[Cmpd RP-CDye )" op] compound Q would remain correlated with the product
™ k 2 isotope effect. Moreover, according to the scheme, com-
S 50 Koy =ksp pound Q decay should occur in at least three exponential
k4p phases. However, only one phase is observed, suggesting

. ; . either that all species except compound Q are colorless at
Ficure 5: Hypothetical scheme to account for observed isotope . . - o
effects in MI\)/I/F())H turnover. P€ 430 nm (like the final species, diferric MMOH) and/or that

compound Qreacts with methane much faster than does

branches before compound Q, so that only a small fraction compound Q. In either case, compourid¥@uld necessarily
of the reaction proceeds with an isotope effect approachingbe distinguishable from compound Q.
100. This seems unlikely because it is known fronidgto The structures of the intermediate compounds Q, R, and
bauer spectroscopy that compound Q is formed by at leastthe proposed intermediate’ @re not known. However,
half, and probably significantly more than half, of the studies of high-valent model compounds (Dong et al.,
MMOH sites after reaction with &Lee et al., 1993a). Also,  1995a,b), as well as spectroscopic (Shu et al., 1996) and
the extinction coefficient of compound Q was estimated to crystallographic (Rosenzweig et al., 1993, 1995) studies of
be 7500 M* cm~* at 430 nm on the basis of the assumption  the diferric hydroxylase, are consistent with audoxo (or
that all of the observed product is formed via compound Q hydroxo) diiron cluster for compound Q. One scenario that
(Lee etal., 1993b). Ifthis is not the case, then the extinction could provide a structural basis for the scheme shown in
coefficient of compound Q is much larger than 7500'™M  Figure 5 is illustrated in Figure 6. In this case, the initial
cm, which seems unlikely for a non-heme iron complex hydrogen abstraction by compound Q leads to the formation
containing only two irons. A branch in the reaction pathway of a terminal hydroxo moiety, compound R, which, following
after the decay of compound Q would not alter the observed the reabstraction reaction (compount),@oes not rapidly
isotope effect unless it introduces a reversal of the hydrogen-reform the second oxo bridge. The resulting terminal
atom abstraction. It is this possibility and the frequent oxenoid species would be expected to be at least as reactive
correlation between a large primary KIE and a free energy a5 the dibridged structure, but might have significantly
change within several kilocalories/mole of zero [Bell (1973) gifferent spectroscopic properties as required by the data.
and references cited therein] that leads us to put forth the . .
Although the hydrogen-atom reabstraction process is

scheme illustrated in Figure S. unexpected and has not been proposed for any other
In this scheme, compound Q reacts with methane with a P s Prop y

very large deuterium isotope effect. It is further proposed hydrocarbon-o?<|d|2|ng system to our knowledge, the isotope
that the intermediate methyl radical can react by either ?fiiect\?vdetelr)mtlﬂed from cc:jmgountd ch]igcay agdtther]product
reabstracting the original hydrogen atom or abstracting atio were both measured by straigntiorward techniques,
hydroxyl radical to complete the oxidation reaction. If the suggesting that some process of this type does,_ in fact, occur.
hydrogen atom is reabstracted, a different form of compound It is possible that the formation of a methyl radical presents

' a unique case in that it is expected to be significantly more

Q, designated Qis proposed to form. This scheme would ) . . . .
h : ffect in th i Feactive than qther hydrocarbon radicals in the active site of
decrease the observed isotope effect in the product distribu MO due to either the higher bde of the methareHCbond

tion because the hydrogen-atom reabstraction reaction WOU|OM

also show an isotope effect, while it is reasonable to assume®’ the potentially greater access of the methyl radical to the

a negligible isotope effect for the radical recombination gictive siteffdiiron CIUSte(rj‘. The apparent occurrehnce of an
process involving OH(D). Accordingly, the methane mol- SOtope effect in two discrete steps means that MMO

ecules that had lost deuterium would have a greater tendenc)ﬁumtr"".tes .other than methane may exhibit different isotope
to go on to product than those that had lost hydrogen, effects in either or both steps. Thus, the compound Q decay

resulting in a lowering of the isotope effect as seen in the ISOOPe effect might be larger or smaller than the product

product analysis. Simulations of this scheme show that it ISOtoPe effect for specific substrates.

models both the isotope effects determined from the kinetics Secondary Isotope EffectsBoth the rate constant of

of compound Q decay and from product yield if the compound Q decay and the KIE monitored by product

reabstraction isotope effect is about 10 and the abstractionformation show essentially linear changes with a change in
isotope effect for compound’@s in the range of 16100. deuterium content of the methane. However, the implications
However, there are many other values for these constantsof these changes are different. In the case of compound Q
that also give good fits to the data. The reaction schemedecay, the linear plot suggests that the primary isotope is
requires that the methane generated by hydrogen-atomlarge and the secondary isotope effect is small. This is an
reabstraction in the active site exchange freely with methaneimportant observation because an apparent KIE-@DO

in solution because if this were not the case, no isotope effectwould be observed for a system with a more typical primary

would be observed when a 1:1 mixture of £bnd CDOy isotope effect (e.g., 12) and an exceptionally large secondary
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effect (e.g. 2f. However, if this were the case, the plot suggesting that a substrate intermediate free to rotate in the
shown in Figure 3 would be distinctly nonlinear. A active site, most reasonably a substrate radical, is generated
simulation of the expected plot with a primary isotope effect (Priestley et al., 1992). The studies described here show
of 60 and a secondary effect of 1.2 (apparent KELOO, that the methane oxygen insertion reaction occurs with inter-
Figure 3) is still slightly outside of the uncertainty in the and intramolecular deuterium isotope effects that are greater
data, suggesting that a maximum secondary isotope effectthan 4 and, perhaps, as large as 100 for theHCbond-

of ~1.1 would be allowed. Inthe case of the KIE monitored breaking step itself. These effects seem inconsistent with
by product formation, there is a substantial decrease in theany model that does not propose &l& bond-breaking step
KIE as the deuterium content decreases. If the primary andto form a discrete substrate intermediate prior to oxygen
secondary isotope effects were constant, then each of theaddition.

isotopic homologs would give the same observed intra-

molecular isotope effect (given by the primary to secondary ACKNOWLEDGMENT
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