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Comparison of an enzymatic reaction with the equivalent non-
enzymatic reaction can provide critical insight into the nature of
enzyme catalysis. Given that a fundamental mechanism of enzy-
matic catalysis is transition-state stabilization,1 comparison of the
thermodynamics of transition state formation for the enzymatic and
non-enzymatic reaction provides insight into protein-substrate
interactions in the transition state.2 In the case of reactions in which
a hydrogen is transferred, there is growing evidence for the
importance of quantum mechanical tunneling in enzyme-catalyzed
reactions.3-8 A fundamental and unresolved question is whether
enzymes utilize increased tunneling to increase reaction rates.9,10

Evaluation of the contribution of tunneling to enzymatic catalysis
will require comparison of the contribution of tunneling to both
the enzymatic and non-enzymatic reactions.

The flavoenzyme nitroalkane oxidase (NAO) catalyzes the
oxidation of nitroalkanes to their corresponding aldehyde or ketone
products with release of nitrite.11 As illustrated in Scheme 1, the
reaction is initiated by the abstraction of a proton from the neutral
nitroalkane substrate by Asp402.12-14 The non-enzymatic depro-
tonation of nitroalkanes is a well-studied chemical reaction that
has served as a general model for the ionization of carbon acids.15-17

NAO thus affords an excellent opportunity to compare the
enzymatic and non-enzymatic ionization of a carbon acid and to
gain insight into the nature of catalysis by this flavoenzyme.

For studies of the non-enzymatic ionization of nitroalkanes,
acetate was selected as a base to provide a mimic of Asp402. The
phosphate dianion-catalyzed reaction was also examined to have a
base with a pKa value close to that of Asp402, 7.0.18 The choice of
nitroalkane was restricted by the substrate specificity of the enzyme.
While NAO will utilize a large number of primary and secondary
nitroalkanes as substrates,19 nitroethane is the only substrate
identified to date for which deprotonation is fully rate-limiting in
the reductive half-reaction.13,18,20

The effect of temperature on the second-order rate constants for
deprotonation of nitroethane by acetate and phosphate dianion is
shown in Figure 1, and the thermodynamic and kinetic data are
summarized in Table 1. The effects of temperature on the deuterium
isotope effect with [1,1-2H2]nitroethane for the non-enzymatic
reactions are shown in Figure 2A,B, and the resulting values of
∆Ea and the isotope effect on the Arrhenius prefactor,AH/AD, are
also given in Table 1. The temperature dependence of thekcat/Km

value for nitroethane as a substrate for NAO and of the deuterium
isotope effects on thekcat/Km value are shown in Figures 1 and 2C,
and the data derived from these plots are summarized in Table 1.

The second-order rate constant for deprotonation by NAO at 25
°C is 1.2× 109-fold greater than the rate constant for the acetate
reaction. This rate enhancement places NAO in the mid-to-low
range of rate accelerations that have been reported for enzymes26

and corresponds to a difference in the free energies of activation
of 12.3 kcal/mol for enzymatic and non-enzymatic nitroethane anion

formation. The rate constant for nitroethane anion formation by
NAO at 25°C is 2.5× 107-fold greater than that for the phosphate
reaction and corresponds to a similarly large difference in the free
energies of activation (∆∆Gq ) 9.9 kcal/mol). The energetics of
the enzymatic and non-enzymatic reactions establish that a change
in the enthalpy of activation is the major source of the enzymatic
rate enhancement. These results are in line with the observation of
Wolfenden that the rate accelerations observed for enzymatic
reactions are largely derived from a decrease in∆Hq.2

The observation of tunneling in an increasing number of enzyme-
catalyzed reactions has raised the possibility that enzymes enhance
tunneling to increase reaction rates.27 Evidence for tunneling can
be obtained by measuring the deuterium kinetic isotope effect as a
function of temperature. The semiclassical values of the Arrhenius
parameters for the cleavage of a CH bond relative to a CD bond
are ∆Ea ) 1.4 kcal/mol and 0.7< AH/AD < 1.7.28 Tunneling
produces curvature in the Arrhenius plot and results in linear
tangents for each isotope over the relatively small temperature range
available experimentally and∆Ea andAH/AD values that differ from
the semiclassical limits. A recent comparison of enzymatic and non-

Figure 1. Temperature dependence of the rate constants for nitroethane
anion formation by acetate (O) and phosphate dianion21 (0) and thekcat/
Km values for nitroethane as a substrate for NAO24,25 (]). The lines are
from fits of the data to ln(k/T) ) ln(kB/h) + ∆Sq/R - ∆Hq/RT.

Scheme 1

Table 1. Kinetic and Thermodynamic Parameters for Nitroethane
Anion Formation

acetate phosphate NAO

kH (M-1 s-1)a 4.14( 0.01× 10-6 1.93( 0.02× 10-4 4800( 200b

kH/kD
a 7.8( 0.1 8.8( 0.1 9.2( 0.4b

∆Gqa,c 24.8( 0.2 22.4( 0.2 12.5( 1.0
∆Hqc 21.9( 0.2 22.0( 0.2 3.3( 0.4
-T∆Sqa,c 2.9( 0.1 0.4( 0.1 9.2( 0.9
∆Ea

c 1.38( 0.26 1.20( 0.32 1.35( 0.17
AH/AD 0.81( 0.35 1.22( 0.66 0.89( 0.25

a 25 °C. b 27 °C. c In kilocalories per mole.
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enzymatic hydrogen atom abstraction by adenosylcobalamin found
no change in the extent of tunneling in the enzymatic reaction.9,29

Evidence for tunneling has previously been reported in studies
of the temperature dependence of non-enzymatic nitroalkane
deprotonation. These include ionization of phenylnitromethane by
several bases, including dianionic phosphate, for whichAH/AD <
0.7.30 Unfortunately, phenylnitromethane is a very sticky substrate
for NAO, and the ionization step is masked by kinetic complexity.20

The∆Ea andAH/AD values for the ionization of nitroethane (Table
1) all fall within the semiclassical limits, and the∆Ea andAH/AD

values for nitroethane anion formation by acetate and NAO are
nearly identical.31 Thus, the present results provide no evidence
for a tunneling contribution to either the enzymatic or non-
enzymatic reactions. However, values for these parameters within
the semiclassical limits can arise when there is no tunneling or when
the amount of tunneling is intermediate.31 Thus, the data do not
rule out comparable contributions of tunneling to both reactions.
In either case, the nature of the H-transfer in the enzymatic and
non-enzymatic reactions appears to be similar, suggesting that there
is no unique contribution of tunneling to the NAO-catalyzed reaction
and thus no specific tunneling enhancement by the protein environ-
ment. The possibility remains that tunneling does contribute to
catalysis in the reactions of NAO substrates with significantly larger
kcat/Km values, such as 1-nitrobutane and phenylnitromethane.

In conclusion, the opportunity to compare the enzymatically and
non-enzymatically catalyzed ionization of nitroethane has provided
valuable insight into the mechanism of NAO. The major enthalpic
contribution to the enzymatic rate enhancement suggests that there
are important electrostatic and hydrogen-bonding interactions in
the transition state of the enzymatic reaction. Since the∆Ea and

AH/AD values in the enzymatically and non-enzymatically catalyzed
reactions are identical and within the semiclassical limits, the extent
of quantum mechanical tunneling does not appear to differ in the
enzyme-catalyzed and acetate-catalyzed reactions.

Acknowledgment. This work was funded in part by NIH Grant
GM58698. We thank Dr. Amnon Kohen for helpful comments on
the manuscript.

References

(1) Wolfenden, R.Annu. ReV. Biophys. Bioeng.1976, 5, 271-306.
(2) Wolfenden, R.; Snider, M.; Ridgway, C.; Miller, B.J. Am. Chem. Soc.

1999, 121, 7419-7420.
(3) Cha, Y.; Murray, C. J.; Klinman, J. P.Science1989, 1325, 1325-1330.
(4) Jonsson, T.; Edmondson, D. E.; Klinman, J. P.Biochemistry1994, 33,

14871-14878.
(5) Kohen, A.; Klinman, J. P.Chem. Biol.1999, 6, 191-198.
(6) Chowdhury, S.; Banerjee, R.J. Am. Chem. Soc.2000, 122, 5417-5418.
(7) Francisco, W. A.; Knapp, M. J.; Blackburn, N. J.; Klinman, J. P.J. Am.

Chem. Soc.2002, 124, 8194-8195.
(8) Sutcliffe, M. J.; Scrutton, N. S.Eur. J. Biochem.2002, 269, 3096-3102.
(9) Doll, K. M.; Bender, B. R.; Finke, R. G.J. Am. Chem. Soc.2003, 125,

10877-10884.
(10) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. G.Science2004,

303, 186-195.
(11) Kido, T.; Hashizume, K.; Soda, K.J. Bacteriol.1978, 133, 53-58.
(12) Gadda, G.; Edmondson, R. D.; Russel, D. H.; Fitzpatrick, P. F.J. Biol.

Chem.1997, 272, 5563-5570.
(13) Valley, M. P.; Fitzpatrick, P. F.Biochemistry2003, 42, 5850-5856.
(14) Valley, M. P.; Fitzpatrick, P.J. Am. Chem. Soc.2003, 23, 8738-8739.
(15) Bernasconi, C. F.Acc. Chem. Res.1992, 25, 9-16.
(16) Bernasconi, C. F.AdV. Phys. Org. Chem.1992, 27, 119-238.
(17) Nielsen, A. T. InThe Chemistry of the Nitro and Nitroso Groups; Feuer,

H., Ed.; Interscience: New York, 1969; pp 349-486.
(18) Gadda, G.; Fitzpatrick, P. F.Biochemistry2000, 39, 1406-1410.
(19) Gadda, G.; Fitzpatrick, P. F.Arch. Biochem. Biophys.1999, 363, 309-

313.
(20) Gadda, G.; Choe, D. Y.; Fitzpatrick, P. F.Arch. Biochem. Biophys.2000,

382, 138-144.
(21) Hand, E. S.; Jencks, W. P.J. Am. Chem. Soc.1975, 97, 6221-6230. The

triiodide association constant at different temperatures was determined
from published values.22,23Because the background consumption of iodine
upon extrapolation to zero acetate was negligible, the second-order rate
constants for the acetate reaction were determined at different temperatures
by using a single concentration of acetate. The second-order rate constants
for the phosphate reaction were determined from measurements at three
different concentrations of phosphate to account for the nonzero intercept
at the higher pH used for this reaction.

(22) Jones, G.; Kaplan, B. B.J. Am. Chem. Soc.1928, 50, 1845-1864.
(23) Davies, M.; Gwynne, E.J. Am. Chem. Soc.1952, 74, 2748-2752.
(24) Daubner, S. C.; Gadda, G.; Valley, M. P.; Fitzpatrick, P. F.Proc. Natl.

Acad. Sci. U.S.A.2002, 99, 2702-2707.
(25) Gadda, G.; Fitzpatrick, P. F.Biochemistry1998, 37, 6154-6164. Assays

were carried out using nitroethane concentrations less than one-tenth of
the Km value for protiated or deuterated nitroethane (2.3 and 14 mM,
respectively).

(26) Radzicka, A.; Wolfenden, R.Science1995, 267, 90-93.
(27) Kohen, A.; Klinman, J. P.Acc. Chem. Res.1998, 31, 397-404.
(28) Bell, R. P.Chem. Soc. ReV. 1974, 513-544.
(29) Doll, K. M.; Finke, R. G.Inorg. Chem.2003, 42, 4849-4856.
(30) Keefe, J. R.; Munderloh, N. H. J. C. S.Chem. Commun.1974, 17-18.
(31) The isotope effects in Figure 2C were determined with three different

preparations of enzyme, each of which gave slightly different values for
the isotope effect at any given temperature; the reason for the variation is
not clear. The three data sets were analyzed separately; the values in Table
1 are the averages from the three indvidual preparations, with the errors
from the individual analyses propagated.

(32) Kohen, A.Prog. Kinet. Mech.2003, 28, 119-156.

JA0484606

Figure 2. Deuterium kinetic isotope effects for nitroethane anion formation
as a function of temperature for acetate (A) and phosphate (B) and the
kcat/Km values of NAO with nitroethane as substrate (C). The lines are from
fits of the deuterium kinetic isotope effect at each temperature to ln(KIE)
) ln(AH/AD) - ∆Ea/RT.
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