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Methylmalonyl-CoA mutase catalyzes the coenzyme &
AdoCbH-dependent rearrangement of methylmalonyl-CoA to
succinyl-CoA? In this and other AdoCbl-dependent isomerases,
the role of the cofactor is to serve as a latent radical reservoir
that is mobilized by homolysis of the Caarbon bond during
the catalytic cyclé. Previous stopped-flow studies from our
laboratory on the homolytic cleavage step catalyzed by methyl-
malonlyl-CoA mutase revealed that it is kinetically coupled to

hydrogen atom abstraction from the substrate (Scheme 1) and igg

Scheme 1.Minimal Kinetic Scheme for Substrate-Induced
Homolysis of the Co-C Bond by Methylmalonyl-CoA Mutése
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aThe homolysis step is kinetically coupled to generation of substrate
radical and is shown as one step here for simplicity. The kinetic

measurements reported in this study do not permit distinction between
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Figure 1. Substrate concentration dependencéggf as a function of
temperature. Interpolatekh,s values were obtained from linear least-
squares fits (withr2 ~ 0.999) of the temperature dependence®nf at

each substrate concentration using the Arrhenius equation as described
reviouslyé2 This procedure helps to minimize random errorskigs
erived experimentally’ The lines represent nonlinear least-squares fits
to eq 1 and provide values fétip (Table 1).

squares fits for the plots dins versus substrate concentration
using eq 1, wher&y andk,, are described in Scheme |, is

a macroscopic rate constant describing the formation of cob(ll)-
alamin andk; is a macroscopic rate constant describing reforma-
tion of AdoCbl from cob(ll)alamin.

Kons = Ki.2[SJ(Kq + [S]) + k @)

the concerted and the (more likely) stepwise pathways as discussed

previously®%a

characterized by an anomalously large primary deuterium isotope

effect? These studies were conducted at°Z5where the very

rapid homolysis rate precluded precise determination of its value,

and an isotope effect a£20 was estimated. In this study, the
magnitude of the primary deuterium isotope effect has been
measured by conducting the stopped flow studies at lower
temperatures. The deuterium isotope effect at°@0is 35.6.
Analysis of the temperature dependencé&dky in an Arrhenius
plot provides values foE,, — E,, and theAy/Ap ratio which are
well outside the range for semiclassical behavior for traversing
reaction barrier8.These data provide strong evidence for the
involvement of hydrogen tunneling in the kinetically coupled
homolysis-hydrogen atom abstraction step catalyzed by meth-
ylmalonyl-CoA mutase.

Presteady-state kinetic experiments were carried out under

pseudo first-order conditions in an OLIS stopped-flow YV
visible spectrophotometer as described previofisiese studies
were conducted in the temperature ranges-685°C and 5-20

One of the criteria applied for detection of tunneling is measure-
ment of the temperature dependence of the isotope éffddie
temperature dependence of the coupled Co-carbon bond homolysis
rates in the presence of protiatekl {y) and deuteratedk({,p)
substrates were analyzed in an Arrhenius plot (Figure 2). The
primary deuterium isotope effect increases from 35.6 i@

49.9 at 5°C (Table 1) consistent with the inverse temperature
dependence of isotope effects. The temperature dependence of
the isotope effect (Figure 2, inset) was analyzed to obtain values

(6) (@) Chowdhury, S.; Banerjee, Riochemistry200Q accepted for
publication. RecombinarRropionibacterium shermaninethylmalonyl-CoA
mutase was purified as described previoslijhe expression constréewas
provided by Dr. P. Leadlay at Cambridge. An external water bath was used
to maintain the temperature-Q.5 °C) of the loading syringes in the mixing
chamber. The syringes, tubing, and mixing chamber of the stopped flow
apparatus were deoxygenated as described previbtijomethylmalonyl-

CoA mutase (30 or 4@M before mixing) in anaerobic 50 mM potassium
phosphate buffer, pH 7.5, was mixed with an equal volume of the same reaction
buffer containing variable amounts dR(§-[CDg]-methylmalonyl-CoA (0.3

to 60 mM before mixing) and the change in absorbance at 525 nm was
monitored. To approximate pseudo-first-order conditions, the concentration
of the (R)-isomer was in 5- to 750-fold excess over enzyme. The rapid rate of

°C with the deuterated and protiated substrates respectively toAdoCbl disappearance with the protiated substrate precluded measurements

determine the effect of substrate concentratiorkgg the rate
of decay of AdoCbl (Figure 1). Values fdu;,, the rate constant
for Co—C bond homolysis, were obtained from nonlinear least-
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6 in activation energiess,, — E,,, is 1.15 kcal/moP. Deviations
from these limits such that./Ap is <0.7 andEy, — Eg, is >1.15
51 kcal/mol (i.e., greater than the ground-state zero-point energy

difference) are predicted for tunneling. For the coupled homolysis-
hydrogen atom abstraction reaction catalyzed by methylmalonyl-
CoA mutase, the values faky/Ap andE,, — E,, are 0.078+
0.009 and 3.44 0.07 kcal/mol, respectively. The difference in
the activation enthalpied\H*5-AH%,, is 5.9 kcal/mol, suggesting
a role for protein dynamics in promoting hydrogen tunnefihg.
The first step in the reaction catalyzed by all AdoCbl-dependent
isomerases, that is, homolysis of the-Gmarbon bond, exhibits
an~10'*fold rate enhancement with respect to the uncatalyzed
VT K reaction3*?and its mechanism has been the subject of enduring
1 — . . — debate. In methylmalonyl-CoA mutag)utamate mutas€,and
0.0032 0.0033 0.0034 0.0035 0.0036 ribonucleotide reductasé strong kinetic evidence indicate that
VT (K™ Co—carbon bond cleavage is kinetically coupled to formation of
Figure 2. Arrhenius plot showing the temperature dependende.gf the next radical in the reaction pathway. In both methylmalonlyl-
andk:2p. The values fork:zp (®) were obtained in the present study, ~COA mutaséand glutamate mutaséanomalous primary deu-
those fork, o (a) had been determined previoudiThe lines represent  terium isotope effects have been reported to be associated with
linear least-squares fits to the Arrhenius equation and yielded values for this step. Very large isotope effects have also been observed for
ki2+ andki2p that are reported in Table 1 and were used to determine the hydrogen transfer from deoxyadenosine to the product radical
the primary deuterium isotope effect. (Inset) Arrhenius analysis of the in diol dehydratas€ and ethanolamine ammonia lyade-ow-
temperature dependence of the kinetic isotope effect. The line representever, the basis for these large isotope effects have remained
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a linear least-squares fit to eq 2 and yields valuesAfgA, and €, — unknown although explanations involving branched pathways and
Ea,)/R from the intercept and slope, respectively. protein-based radicals have been offered to account for the
N ) anomalies® The temperature dependence of the kinetic isotope
Table 1. Summary of the Kinetic Parameters for the Reaction effect in the reaction catalyzed by methylmalonlyl-CoA mutase
Catalyzed by Methylmalonyl-CoA Mutase . L . . L
is clearly indicative of nonclassical behavior. The contribution
temp. Kobs Kion Ki2p of hydrogen tunneling to enzymatic reaction rates has been
(°C) (s)? (s (s Kar/K2p demonstrated in a limited number of ca$&%o our knowledge,
5 80+ 4 44.4 0.89 49.9 these data provide the first evidence for the involvement of
10 116+ 6 64.6 1.4 43.1 quantum mechanical tunneling in a reaction catalyzed by an
12 128+ 9 82.8 1.9 42.7 AdoChbl-dependent isomerase, and may be relevant to other
15 180+ 7 119.6 3.0 39.9 AdoChbl-dependent isomerases in which large primary isotope
18 239+ 6 1715 4.6 37.2 effects have been measured.

20 2675 217.0 6.1 35.6

@ kops Values undeVnpax conditions (30 mM R,9-methylmalonyl-
CoA after mixing, see Figure 1) are the average of four experiments.
b These values were obtained from the respective best fit lines shown
in Figure 2. The actual temperature ranges used for the studies with 3a994302G
the protiated and deuterated substrates wer205’C% and 5-37 °C (10) Hay, B. P, Finke, R, GJ. Am. Chem. 504986 108 48204820

f f y, B. P.; Fi , R. G . . .
(this study), respectively. (11) Marsh, E. N. G.; Ballou, D. FBiochemistryl998 37, 1186411872,

) ] ) (12) Licht, S. S.; Booker, S.; Stubbe, Biochemistry1999 38, 1221—
for Aw/Ap andE,, — Eg, using eq 2, with the error analysis on  1233.
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