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Abstract

Recent data from studies of enzyme catalyzed hydrogen transfer reactions implicate a new theoretical context in which to understand C–H
activation. This is much closer to the Marcus theory of electron transfer, in that environmental factors influence the probability of effective wave
function overlap from donor to acceptor atoms. The larger size of hydrogen and the availability of three isotopes (H, D and T) introduce a
dimension to the kinetic analysis that is not available for electron transfer. This concerns the role of gating between donor and acceptor atoms, in
particular whether the system in question is able to tune distance between reactants to achieve maximal tunneling efficiency. Analysis of enzyme
systems is providing increasing evidence of a role for active site residues in optimizing the inter-nuclear distance for nuclear tunneling. The ease
with which this optimization can be perturbed, through site-specific mutagenesis or an alteration in reaction conditions, is also readily apparent
from an analysis of the changes in the temperature dependence of hydrogen isotope effects.
© 2005 Elsevier B.V. All rights reserved.
1. Introduction

Decades of research on the origins of catalysis in enzyme
reactions have shown us that these biological catalysts
incorporate simple physical chemical principles to effect
enormous rate accelerations. One of the most fundamental
reactions carried out by enzymes involves the transfer of
hydrogen, either as a proton between an acidic and a basic site
comprised of heteroatoms such as oxygen, nitrogen and sulfur
or via the direct abstraction of hydrogen from relatively inert
carbon centers. The latter reactions, which may occur as a
proton, hydride or hydrogen atom transfer, generally involve
substrates characterized by large bond dissociation energies
and, hence, large inherent barriers for reaction. This feature,
when coupled with the capacity of enzymes to create relatively
short distances between the hydrogen donor and acceptor that
exclude solvent, introduces the possibility of the hydrogen
moving through rather than over the reaction barrier. Movement
through the barrier (referred to as hydrogen tunneling), though
known to occur for solution reactions, had been generally
assumed to contribute to a significant degree only at very low
⁎ Tel.: +1 510 642 2668; fax: +1 510 643 6232.
E-mail address: klinman@berkeley.edu.

0005-2728/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2005.12.004
temperatures, i.e., below the temperature niche of ca. 0 to 100
°C occupied by living organisms.

2. Early evidence for hydrogen tunneling in enzyme
reactions

Beginning in the 1980s, experimental observations began to
challenge the semi-classical, transition state view of enzyme
catalyzed C–H cleavages. The first inkling that “something was
amiss” came from measurements of secondary isotope effects
for hydride abstraction from carbon, e.g., Eq. (1):

(1)

The secondary isotope effect is a measure of the extent to
which the reaction rate is reduced when protium is substituted
by deuterium or tritium at the non-transferred position and can
reflect either a kinetic value, i.e., Dk(2°) or an equilibrium
value DK(2°). In the context of transition state theory, Dk(2°) is
expected to be less than or equal to DK(2°) and independent of
the isotope in the primary position, i.e., Dk(2°) for C–H
transfer=Dk(2°) for C–D transfer. In fact, both of these
predictions were found to break down in several independent
systems [1,2], leading to the proposal of a coupling of motion
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Fig. 2. Illustration of the impact of a tunneling correction on experimentally
observed Arrhenius plots. Within a given temperature range, greater curvature of
the curve for the lighter isotope gives rise to a smaller value for both the energy
of activation and the Arrhenius pre-factor.
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at the 1° and 2° positions during the H-transfer process that
was accompanied by a tunneling contribution for the hydrogen
undergoing transfer, H(1°) [3].

Direct evidence for this behavior emerged in a subsequent
study designed to use the isotope tritium (amu of 3) as a frame
of reference against which the relative behaviors of H and D
could be evaluated [4]. The measurements were, thus, H vs. T at
the secondary position during transfer of H, Eq. (2), and D vs. T
at the secondary position during transfer of D, Eq. (3):

(2)

(3)

In the event that the behavior of this system had been
contained within the tenets of transition state theory, the
secondary kinetic isotope effects measured according to Eqs. (2)
and (3) would have been expected to be related by the reduced
mass of the respective C–H, C–D and C–T bonds. The
experimental data indicated otherwise, with the magnitude of
the secondary H/T isotope effect far exceeding that predicted
from the measured D/T isotope effect [5]. These studies
confirmed the non-classical properties of the enzymatic hydride
transfer reaction, inaugurating a subsequent decade and a half of
efforts both to detect hydrogen tunneling in enzyme systems
and to provide structural and theoretical contexts in which to
explain this behavior.

3. The tunnel correction

The simplest understanding of the deviant secondary isotope
effects outlined above comes from the idea of a tunneling
correction. This was introduced quite early in the treatise “The
Tunnel in Chemistry” by R. Bell and developed within the
Fig. 1. A cartoon of the Bell tunneling model, emphasizing that a tunneling
correction is more pronounced for lighter particles (HNDNT). Reactants have a
probability of forming products via tunneling, even when their energy is less
than that of the transition-state (‡).
framework of a Bell correction [6]. The subsequent emergence of
variational transition state theory led to a similar picture, though
with considerably more sophisticated theoretical underpinnings
[7,8]. The basic aspect of a tunnel correction is visualized in Fig.
1, where the three isotopes of hydrogen are shown moving from
reactant to product beneath the barrier, which is expected to
become progressively more narrow near its top, leading to a
degree of “corner cutting” that is isotope dependent.

The type of behavior shown in Fig. 1 can also explain
deuterium kinetic isotope effects that exceed the semi-classical
range (kH/kD ∼ 7) [9], as well as the deviant Arrhenius behavior
often seenwhen the transfer of protium and its isotopes is studied
as a function of temperature (cf. [10]). The most common
observation with regard to the latter is that the degree of
curvature in Arrhenius plots is isotope dependent. This leads to
differences in the energies of activation for H, D and T, obtained
from tangents to experimental Arrhenius curves measured
within an accessible temperature range, that deviate from the
values expected from the isotopic differences in zero point
energy, with Ea(H)≪Ea(D)bEa(T), Fig. 2. A second conse-
quence of such behavior is that intercept values for the Arrhenius
pre-factors,AH, AD andAT, fail to converge toward a single point,
as predicted from transition state theory, such that AH/ADb1 and
AH/AT≪1.

Several investigators have questioned whether the ob-
served deviations, especially those seen in the behavior of
secondary isotope effects, could be explained by phenomena
that still conform to a semi-classical state view of H-transfer.
Table 1
Enzymatic examples of non-classical Swain–Schaad relationships for secondary
isotope effects

Enzyme (kD/kT)
EXP=kH/kT Reference no.

YADHa EXP=10 [5]
HLADHb, L57F mutant EXP=8.5 [34]
B. stearothermophilus ADHc EXP=15 [32]

a Yeast alcohol dehydrogenase.
b Horse liver alcohol dehydrogenase.
c Alcohol dehydrogenase from B. stearothermophilus.



Fig. 3. A multi-dimensional representation of tunneling showing the hydrogen
coordinate for the reactant on the left and the product on the right. For wave
function overlap to occur, environmental sampling is necessary to achieve
transient degeneracy of the reactant and product ground states, together with the
optimal distance between the donor and acceptor atoms, Δr (middle drawing).
The value of Δr is r0−rx, cf. Eq. (8).

1 Though illustrated for the lowest vibrational level of both reactant and
product, wave function overlap may also occur from, for example, an excited
vibrational mode of reactant into the zero point vibrational mode of product.
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For example, using a term “EXP” to relate a measured
secondary H/T to D/T isotope effect, Eq. (4):

fkD=kTð2oÞgEXP ¼ fkH=kTð2oÞg ð4Þ

the experimental range for this value can be compared to
theoretical upper limits in the absence of tunneling. Though
several important investigations have shown that specific
conditions can inflate the value of EXP beyond its semi-
classical value of 3.36 in the absence of tunneling [11,12],
in no instance has it been possible to reproduce the large
enzymatically measured values for both kH/kT (ca. 1.3) and
EXP (Table 1) without the inclusion of tunneling properties.

4. An alternate view of hydrogen transfer: A model for full
tunneling by all isotopes in the bovine serum amine oxidase
reaction

Early investigations of the temperature dependences of kH/kT
and kD/kT in an enzyme catalyzed reaction were carried out with
bovine serum amine oxidase [13], a topa quinone (TPQ)-
containing protein that catalyzes the formation of a Schiff base
complex between an amine substrate and a protein derived
quino-cofactor, followed by proton transfer from this covalent
adduct to an active site base (aspartate) [14], Eq. (5):

(5)

A major challenge in using Arrhenius parameters to infer that
deviations from classical predictions are due to tunneling is to
establish conditions under which the C–H bond cleavage is fully
rate determining across the experimental temperature range. In the
case of bovine serum amine oxidase, the very large size of the kH/
kD isotope effect (13.5) at 35 °C indicated both non-classical
behavior and a dominance of the measured kinetic parameter by
C–H cleavage at this temperature. The further finding that the
interrelationship of the primary kH/kT and kD/kT values stayed
constant with temperature supported the view that hydrogen
transfer was the dominant step under all conditions. Finally, the
analysis of the temperature dependence of kD/kT, in which the rate
for hydrogen abstraction had been reduced on average by 13.5-
fold relative to kH/kT, removed any ambiguity regarding the non-
classical behavior of the hydrogen transfer in this reaction [13].

One of the dominant characteristics of the bovine serum
amine oxidase reaction is the large inverse value of AH/AT and
AD/AT, originally discussed in the context of a significant
tunneling correction. However, these experimental findings
caught the attention of several biophysicists at UC Berkeley,
who pursued an alternate model for the observed behavior.
Taking a lead from electron transfer theory, Bruno and Bialek
embarked on an analysis that had the following features [15]: (i)
all isotopes of hydrogen were assumed to move by a full
tunneling mechanism; (ii) the energy barrier to the reaction was
attributed to the motions of the heavier atoms in the
environment; and (iii) the change in distance between the
hydrogen donor and acceptor that was required for wave
function overlap was isotope dependent, with deuterium being
transferred from a shorter distance due to its larger mass (amu of
2). In order to simplify their model, the assumption of an
isoenergetic reaction was assumed, so that energy terms to
transiently achieve this state could be neglected [16]. Remark-
ably, the experimental data could be very well fit, ushering in a
different conceptual basis for our understanding and interpre-
tation of enzyme catalyzed hydrogen transfer reactions.

5. A general approach to C–H activation involving full
tunneling of all isotopes

Over the years a fairly extensive literature, emanating initially
from a Russian school of theoreticians [16], has addressed the
issue of the correct theoretical context for hydrogen transfer.
This work has been markedly influenced by the Marcus theories
of electron transfer in that barriers to reaction are focused on the
environmental reorganizations that are necessary to achieve
movement of an electron or hydrogen from the donor to acceptor
site.(e.g., [17,18]). In the context of enzyme catalyzed C–H
abstraction reactions, the conceptual frameworks of Borgis and
Hynes [19,20] and Kuznetsov and Ullstrup [21] are particularly
notable. In the work of these authors, the multi-dimensional
nature of H-transfer is paramount, with separate reaction
coordinates being used to represent the physical processes that
control tunneling. As illustrated in the left hand profile of Fig. 3,
a hydrogen coordinate can be drawn that incorporates the zero
point energy for protium and deuterium. In a Marcus type
picture, efficient wave function overlap between the donor and
acceptor requires degeneracy in the energy levels of reactant and
product. Illustrating this property using a reaction that is
thermodynamically uphill, the middle profile in Fig. 3 shows
the transiently degenerate state that can lead to delocalization of
the reactant wave function into the product well.1 When reaction
occurs from the ground state vibrational state for the C–H bond,



Fig. 4. An illustration of the possible trends in the isotope effect (kH/kD) and the
temperature dependence of the isotope effect (AH/AD), according to the model
for tunneling in Eq. (9). The experimental variables will depend on the initial
distance between donor and acceptor atoms, together with the contribution of a
gating mode. The latter increases as the potential for gating “softens”, i.e., when
ℏωx/kbTb1.
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the barrier for this process, ΔG‡, is dependent on two
parameters, the reaction driving force ΔG° and the reorganiza-
tion energy, λ, Eq. (6):

DG‡ ¼ ðkþ DGoÞ2=4k ð6Þ

while Eq. (6) derives from electron transfer theory, several
important features distinguish electron and hydrogen transfer
processes. First, there is the issue of drastically different
wavelengths between these particles, such that electron
tunneling can occur over very long distances (10–30 Å),
whereas hydrogen tunneling is expected to occur over the short
distance of 0.6–0.7 Å. This implies a much greater dependence
on small changes in distance between the donor and acceptor
atoms for hydrogen transfer, such that even small perturbations
in distance can impact the probability of hydrogen tunneling
very substantially. This is illustrated in the middle profile of Fig.
3 by the term Δr, which introduces a second heavy atom barrier
for reaction that derives from the increased van der Waals
repulsions that arise as the donor to acceptor distance is reduced.
In a simple but physically illuminating picture, the probability of
tunneling, is represented by a Franck Condon term, Eq. (7):

F: C: term ¼ exp�mHxHr2H=2ℏ ð7Þ
where mH, ωH and rH refer to the mass, frequency and distance
traveled for the hydrogen and ℏ is Planck's constant over 2π.
Integration of the wave function overlap over a range of possible
distances between donor and acceptor, leads to the expression in
Eq. (8):

ðF: C: termÞgating ¼
Z r0

r1

exp�mHxHr2H=2ℏ exp�ðEx=kBTÞdX ð8Þ

whereEx=½ℏωxX
2 andX ¼ rx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mxxx=ℏ

p
. In this equation,mx,

ωx, and rx reflect the mass, frequency and distance traversed by
the fluctuating barrier; kB is the Boltzman constant. The final
probability for tunneling reflects the terms that describe the
sampling of different energy states for reactant vs. product and
the different distances between reactant and product, Eq. (9)
[22,23]:

ktunaðexp�ðkþDG+Þ2=4kRT ÞðF: C: termÞgating ð9Þ
A second critical difference between a formulation of tunneling
for hydrogen in relation to the electron is the existence of
isotopes of the former, H, D and T. This allows us to deconstruct
Eq. (9) into components that are temperature dependent from
those that are mass dependent, providing unique physical insight
into the environmental factors that control the H-tunneling
process. First, if we examine the simple F. C. term (without
gating) in Eq. (7), we see that this is mass dependent but
temperature independent, i.e., it represents a static model of
tunneling that is independent of temperature. The F. C. term
determines the size of the isotope effects, arising from the
differences in the mass of the transferred particles and the initial
distance between the donor and acceptor atoms. When the donor
and acceptor undergo a close approach, the efficiency of both H
and D transfer is high and the measured kinetic isotope effect can
be quite small. Alternatively when the distance between the
donor and acceptor becomes large, the smaller wavelength of D
(resulting from its larger mass) leads to a reduced wave function
overlap for the heavier isotope and the measured kinetic isotope
effect can become enormous.

The temperature dependence of Eq. (9) derives from two
terms: the Marcus expression, Eq. (6), and the integral that
reflects the change in tunneling probability as the distance
between the donor and acceptor varies, Eq. (8). Once again,
these two terms have different properties, with the Marcus term
being largely independent of isotope (as long as the majority of
reaction occurs from the ground state vibrational level of the C–
H bond), while the integral of tunneling probability with
distance is substantially isotope dependent. This latter property
comes from the fact that deuterium transfer requires a closer
approach between the donor and acceptor atoms, with an
attendant increase in its energy of activation.

Thus, there are, fundamentally, three exponentials that
contribute to Eq. (9): a mass dependent, temperature indepen-
dent term, Eq. (7); a temperature dependent and largely mass
independent term, Eq. (6); and a term that is both temperature
and mass dependent, Eq. (8). The remarkable feature of Eq. (9)
is that it allows us to assess which features dominate the
measured reaction barrier [21,22]. For example, if the approach
between the donor and acceptor atoms can be optimized, very
little distance sampling may be required, such that the
probability of H and D transfer as a function of temperature is
quite similar; this property leads to the prediction of temperature
independent isotope effects. Conversely, if the initial distance



Table 2
EnzymaticexampleswhereA(light)/A(heavy)b1, fromthe temperaturedependencies
of the kinetic isotope effects

Enzyme k(light /k(heavy) A(light) /A(heavy) Reference no.

BSAOa (H/T) 35 (H/T) 0.12 [13]
MAOb (H/T) 22 (H/T) 0.13 [35]
GOc (D/T) 2.2 (D/T) 0.57 [36]
GALOd (H/D) 16 (H/D) 0.25 [37]
MMCoMutase e (H/D) 36 (H/D) 0.08 [38]

a Bovine serum amine oxidase.
b Monoamine oxidase.
c Glucose oxidase.
d Galactose oxidase.
e Methylmalonyl CoA mutase.
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between the donor and acceptor is large, there may be a
significant need for distance sampling, leading to the prediction
of a temperature dependence of the kinetic isotope effect. In
fact, Eq. (9) provides an “umbrella” picture of the origin of
kinetic isotope effects for H-transfer reactions, leading to the
prediction of a wide range of kinetic isotope effects as well as
temperature dependences for these isotope effects, illustrated in
Fig. 4. This is compatible with the wide ranges of behavior
observed for enzyme-catalyzed reactions, Tables 2 and 3.

It is important to point out that there are a number of
limitations to Eq. (9), which include, first, the treatment of the
H-transfer as a non-adiabatic process; this may be reasonably
correct for hydrogen atom transfer reactions but is certainly
less correct for the charge transfer that occurs when moving a
hydride ion or a proton from donor to acceptor. The model is
very simple in that it does not allow for a change in the shape
of the hydrogen barrier as a function of distance variation.
Further, the distance variation has been treated by assigning a
classic harmonic oscillator function to the environment. A
number of these features have been addressed in the model of
Hammes-Schiffer and co-workers [23], which allows for
changes in the barrier shape with changes in distance as
well as quantum behavior for the oscillator that controls donor
and acceptor distance. In the context of the soybean
Table 3
Enzymatic examples where A(light)/A(heavy) N1, from temperature dependence of
the kinetic isotope effects

Enzyme k(light)/k(heavy) A(light)/A(heavy) Reference no.

SLOa (H/D) 81 (H/D) 18 [21]
Ht-ADHb (H/D) 3.2 (H/D) 2.2 [32]
PHMc (H/D) 10 (H/D) 5.9 [39]
MADHd (H/D) 17 (H/D) 13 [40]
TMADHe (H/D) 4.6 (H/D) 7.8 [41]
SADHf (H/D) 7.3 (H/D) 5.8 [42]
AcCoA Desat. g (H/D) 23 (H/D) 2.2 [43]
DHFRh (H/D) 3.5 (H/D) 4.0 [44]
a Soybean lipoxygenase.
b High temperature alcohol dehydrogenase.
c Peptidylglycine-α-hydroxylating monooxygenase.
d Methylamine dehydrogenase.
e Trimethylamine dehydrogenase.
f Sarcosine dehydrogenase.
g Acyl CoA desaturase.
h Dihydrofolate reductase.
lipoxygenase reaction (see below), recent work from this
laboratory has addressed the impact of anharmonicity in the
C–H well on the predictions of Eq. (9).

6. Insight into the role of the environmental reorganization
in the reaction catalyzed by soybean lipoxygenase

Though aberrant behavior has been observed in a large number
of H-transfer enzyme reactions, the properties of lipoxygenase
place this enzyme in a class by itself. The very large size of the
experimental isotope effect with wild type enzyme, kH/kD ≅ 80,
has been verified under a range of conditions [24–27]; further, it
has been shown to arise almost exclusively from the transferred
(1°) hydrogen and without possible complications of interpreta-
tion arising from reaction branching or magnetic interactions with
the active site iron atom. As illustrated in Eq. (10), the activation
of substrate involves a net transfer of a proton and electron to an
active site ferric-hydroxide to produce a delocalized radical center
and ferrous-water:

(10)

Though this system is formally a proton coupled electron
transfer, with the proton going to the oxygen and the electron
going to the iron center, it is best formalized as a “concerted”
Fig. 5. A picture of the active site of soybean lipoxygenase, from the protein X-
ray structure [45], showing a position for linoleic acid derived from an energy
minimization [21]. Note the proximity of the reactive C–H of substrate (shown
in black) to the residues Leu 754, 546 and Ile 553.
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hydrogen atom reaction given the steep uphill energetics for
moving either the electron or the proton in the absence of its
partner [23].

In addition to the sheer size of the observed deuterium
isotope effect, the temperature dependence of protium transfer
indicates a very small enthalpy of activation that is only slightly
increased upon deuteration. This latter feature produces a
weakly temperature dependent isotope effect such that AH/
AD=18, i.e., an isotopic Arrhenius pre-factor that is very
significantly greater than unity [21].

This can be understood in the context of an active site that is
highly optimized with regard to the geometrical placement of
the donor and acceptor atoms, such that relatively little distance
sampling is needed to achieve efficient wavelength overlap for
both deuterium and protium. However, this situation appears to
be highly dependent on the protein environment with single
point mutations at three separate positions, Leu 546, Leu 754
and Ile 553, increasing the temperature dependence of the
isotope effect. Mutations to Ala have been made at positions
546 and 754 (Fig. 5), residues on either side of the reactive
carbon of substrate [21], leading to a significant decrease in rate
and a reduction in AH/AD to close to unity. In the case of position
553 (Fig. 5), which is a turn away from 754, the side chain has
been studied in greater detail via substitution with Val, Ala and
Gly [21,28,29]. In each instance, a decrease in the size of the
side chain increases the temperature dependence of the isotope
effect, with AH/AD becoming as small as 0.027 in the case of Ile
553Gly [28, 29]. X-ray crystallographic studies of the Ile 553
mutant series indicate virtually identical structures at near
atomic resolution with the exception of minor differences in
side chain rotation of one of the ligands to the active site iron
and Ile 754 [29]. These data argue that the origin of the change
in the temperature dependence of the isotope effect is not
structural. Our interpretation is that alterations in packing
density near position 553 impact the configurations available
for the C–H of substrate in relation to the ferric-hydroxide. As
the bulk of the side chain is decreased and the size of the active
site cavity increased, it becomes more and more difficult to
achieve the “ideal” configuration of WT-enzyme. Remarkably,
the size of the kinetic isotope effect at room temperature
remains fairly constant throughout the series of site specific
mutants, implying a fairly similar final distance for hydrogen
transfer within the wild-type and mutant proteins. The impact of
the mutations is, thus, to make it harder for deuterium to reach
the critical configuration, leading to the increased Ea(D) in
relation to Ea(H) and the decreased magnitude of AH/AD.

One very interesting aspect of the mutagenesis studies at
position 553 is that the rates of protium transfer are not reduced
to a very large extent by the side chain alterations (ca. 5-fold for
Ile553Gly [28,29]). This shows how, in some instances, the
major contributor to the free energy barrier for protium may
come from the Marcus term, Eq. (6) above, providing a possible
explanation for the observation of linear relationships between
the log of the rate constant and ΔG° in selected hydrogen
transfer reactions (cf. [30,31]). Importantly, the temperature
dependence of the isotope effect adds a totally different
dimension to the analysis, giving an estimate of the degree to
which the initial distance between the donor and acceptor must
be altered prior to H-transfer. This type of analysis is most
critical in enzyme reactions, where the protein environment is
expected to evolve for optimal function. In fact there is a
growing list of native enzymes that display nearly temperature
independent kinetic isotope effects (cf. Table 3). Additionally,
analogous to SLO, alterations to either the protein (by site
specific mutagenesis) or the substrate/reaction conditions which
compromise active site configurations have been shown to
introduce a temperature dependence to the isotope effects (e.g.,
[21,32,33]). Results of this nature may present some of the most
convincing and clear evidence that enzyme active sites have
evolved to enhance the hydrogen tunneling process.

Acknowledgments

This work is supported by grants from the NSF (MCB
0446395) and NIH (GM25765).

References

[1] L.C. Kurz, C. Frieden, Anomalous equilibrium and kinetic alpha-
deuterium secondary isotope effects accompanying hydride transfer from
reduced nicotinamide adenine dinucleotide, J. Am. Chem. Soc. 102 (1980)
4198–4203.

[2] P.F. Cook, N.J. Oppenheimer, W.W. Cleland, Secondary deuterium and
nitrogen-15 isotope effects in enzyme-catalyzed reactions. Chemical
mechanism of liver alcohol dehydrogenase, Biochemistry 20 (1981)
1817–1825.

[3] W.P. Husky, R.L. Schowen, Reaction-coordinate tunneling in hydride-
transfer reactions, J. Am. Chem. Soc. 105 (1983) 5704–5706.

[4] W.H. Saunders Jr., Calculations of isotope effects in elimination reactions.
New experimental criteria for tunneling in slow proton transfers, J. Am.
Chem. Soc. 107 (1985) 164–169.

[5] Y. Cha, C.J. Murray, J.P. Klinman, Hydrogen tunneling in enzyme
reactions, Science 243 (1989) 1325–1330.

[6] R.P. Bell, The Tunneling Effect in Chemistry, Chapman and Hall, New
York, NY, 1980.

[7] D.G. Truhlar, A.D. Isaacson, B.C. Garrett, in: M. Baer (Ed.), Theory of
Chemical Reaction Dynamics, vol. 4, CRC Press, Boca Raton, FL, 1985,
pp. 65–137.

[8] M. Garcia-Viloca, J. Gao, M. Karplus, D.G. Truhlar, How enzymes work:
analysis by modern rate theory and computer simulations, Science 303
(2004) 186–195.

[9] F.H. Westheimer, The magnitude of the primary kinetic isotope effect
for compounds of hydrogen and deuterium, Chem. Rev. 61 (1961)
265–273.

[10] A. Kohen, J.P. Klinman, Enzyme catalysis: beyond classical paradigms,
Accts. Chem. Res. 31 (1998) 397–404.

[11] A. Kohen, J.H. Jensen, Boundary conditions for the Swain–Schaad
relationship as a criterion for hydrogen tunneling, J. Am. Chem. Soc. 124
(2002) 3858–3864.

[12] J. Hirschi, D.A. Singleton, The normal range of secondary Swain–Schaad
exponents without tunneling or kinetic complexity, J. Am. Chem. Soc. 127
(2005) 3294–3295.

[13] K.L. Grant, J.P. Klinman, Evidence that both protium and deuterium
undergo significant tunneling in the reaction catalyzed by bovine serum
amine oxidase, Biochemistry 28 (1989) 6597–6605.

[14] M. Mure, S.A. Mills, J.P. Klinman, Catalytic mechanism of the topa
quinone containing copper amine oxidase, Biochemistry 41 (2002)
9269–9278.

[15] W.J. Bruno, W. Bialek, Vibrationally enhanced tunneling as a mechanism
for enzymatic hydrogen transfer, Biophys. J. 63 (1992) 689–699.

[16] V.G. Levich, R.R. Dogonadze, E.D. German, A.M. Kuznetsov, Y.I.



987J.P. Klinman / Biochimica et Biophysica Acta 1757 (2006) 981–987
Kharkats, Theory of homogenous reactions involving proton transfer,
Electrochim. Acta 15 (1970) 353–367.

[17] R.A. Marcus, N. Sutin, Electron transfers in chemistry and biology,
Biochim. Biophys. Acta 811 (1985) 265–322.

[18] N. Sutin, Theory of electron transfer reactions: insights and hindsights,
Prog. Inorg. Chem. 30 (1983) 441–498.

[19] D. Borgis, J.T. Hynes, Dynamical theory of proton tunneling transfer sites
in solution: general information, Chem. Phys. 170 (1993) 315–346.

[20] A.M. Kuznetsov, J. Ulstrup, Proton and hydrogen atom tunneling in
hydrolytic and redox enzyme catalysis, Can. J. Chem. 77 (1999)
1085–1096.

[21] M.J. Knapp, K. Rickert, J.P. Klinman, Temperature-dependent isotope
effects in soybean lipoxygenase-1: correlating hydrogen tunneling with
protein dynamics, J. Am. Chem. Soc. 124 (2002) 3865–3874.

[22] M.J. Knapp, J.P. Klinman, Environmentally-coupled hydrogen tunneling:
linking catalysis to dynamics, Eur. J. Biochem. 269 (2002) 3113–3121.

[23] E. Hatcher, A.V. Soudackov, S. Hammes-Schiffer, Proton-coupled electron
transfer in soybean lipoxygenase, J. Am. Chem. Soc. 126 (2004)
5763–5775.

[24] M.H. Glickman, J.S. Wiseman, J.P. Klinman, Extremely large isotope
effects in the soybean lipoxygenase-linoleic acid reaction, J. Am. Chem.
Soc. 116 (1994) 793–794.

[25] C.C. Hwang, C.B. Grissom, Unusually large deuterium isotope effects in
soybean lipoxygenase are not caused by a magnetic isotope effect, J. Am.
Chem. Soc. 116 (1994) 795–796.

[26] K.W. Rickert, J.P. Klinman, The nature of hydrogen transfer in soybean
lipoxygenase-1: separation of primary and secondary isotope effects,
Biochemistry 38 (1999) 12218–12228.

[27] E.N. Segraves, T.R. Holman, Kinetic investigations of the rate-limiting step
in human 12- and 15-lipoxygenase, Biochemistry 42 (2003) 5236–5243.

[28] M. Meyer, J.P. Klinman, Modeling temperature-dependent kinetic isotope
effects for hydrogen transfer in a series of soybean lipoxygenase mutants.
The effect of anharmonicity upon transfer distance, Chem. Phys. 319
(2005) 283–296.

[29] M. Meyer, D. Tomchick, J.P. Klinman, Structure and dynamics among
mutants of soybean lipoxygenase at position 553, (in preparation).

[30] J.P. Roth, J.C. Yoder, T.-J. Won, J.M. Mayer, Application of the Marcus
cross reaction to hydrogen transfer reactions, Science 294 (2001)
2524–2526.

[31] D.N. Silverman, C. Tu, X. Chen, S.M. Tanhauser, A.J. Kresage, P.J.
Laipus, Rate–equilibria relationships in intramolecular proton transfer in
human carbonic anhydrase 111, Biochemistry 32 (1993) 10757–10762.

[32] A. Kohen, R. Cannio, S. Bartolucci, J.P. Klinman, Enzyme dynamics and
hydrogen tunneling in a thermophilic alcohol dehydrogenase, Nature 399
(1999) 496–499.
[33] J. Basran, S. Patel, M. Sutcliffe, N.S. Scrutton, Importance of barrier shape
in enzyme-catalyzed reactions. Vibrationally assisted hydrogen tunneling
in tryptophan tryptophylquinone-dependent amine dehydrogenases, J.
Biol. Chem. 276 (2001) 6234–6242.

[34] B.J. Bahnson, T.D. Colby, J.K. Chin, B.M. Goldstein, J.P. Klinman, A link
between protein structure and enzyme catalyzed hydrogen tunneling, Proc.
Natl. Acad. Sci. U. S. A. 94 (1997) 12797–12802.

[35] T. Jonsson, D.E. Edmondson, J.P. Klinman, Hydrogen tunneling in the
flavoenzyme monoamine oxidase, Biochemistry 33 (1994) 14871–14878.

[36] S.L. Seymour, J.P. Klinman, Comparison of rates and kinetic isotope
effects using PEG modified variants and glycoforms of glucose oxidases:
the relationship of modification of the protein envelope to C–H activation
in tunneling, Biochemistry 41 (2002) 8744–8758.

[37] M.M. Whittaker, D.P. Ballou, J.W. Whittaker, Kinetic isotope effects as
probes of the mechanism of glucose oxidase, Biochemistry 37 (1998)
8426–8436.

[38] S. Chowdhury, R. Banerjee, Evidence for quantum mechanical tunneling
in the coupled cobalt-carbon bond homolysis substrate radical generation
reaction catalyzed by methylmalonyl-CoA mutase, J. Am. Chem. Soc. 122
(2000) 5417–5418.

[39] W. Francisco, M.J. Knapp, N.J. Blackburn, J.P. Klinman, Hydrogen
tunneling in peptidylglycine-alpha hydroxylating monooxygenase, J. Am.
Chem. Soc. 124 (2002) 8194–8195.

[40] J. Basran, M.J. Sutcliffe, N.S. Scrutton, Enzymatic H-transfer requires
vibration-driven extreme tunneling, Biochemistry 38 (1999) 3218–3222.

[41] J. Basran, M.J. Sutcliffe, N.S. Scrutton, Deuterium isotope effects during
carbon-hydrogen bond cleavage by trimethylamine dehydrogenase.
Implications for mechanism and vibrationally assisted hydrogen
tunneling in wild type and mutant enzymes, J. Biol. Chem. 276 (2001)
24581–24587.

[42] R.J. Harris, R. Meskys, M.J. Sutcliffe, N.S. Scrutton, Kinetic studies of the
mechanism of carbon-hydrogen bond breakage by the heterotetrameric
sarcosine oxidase of Arthrobacter sp. 1-IN, Biochemistry 39 (2000)
1189–1198.

[43] J.L. Abad, F. Camps, G. Fabrias, Is hydrogen tunneling involved in acyl-
CoA desaturase reactions? The case of Δ9 desaturase that transforms (E)-
11-tetradecenoic acid into (Z,E)-9-11 tetradecenoic acid, Angew. Chem.,
Int. Ed. 39 (2000) 3279–3281.

[44] R.S. Sikorski, L. Wang, K.A. Markham, P.T. Ravi Rajagopalan, S.J.
Benkovic, A. Kohen, Tunneling and coupled motion in the Escherichia
coli dihydrofolate reduction catalysis, J. Am. Chem. Soc. 126 (2004)
4778–4779.

[45] W. Minor, J. Steczko, B. Stec, Z. Otwinowski, J.T. Bolin, R. Walter, B.
Axelrod, Crystal structure of soybean lipoxygenase L-1 at 1.4 Å
resolution, Biochemistry 35 (1996) 10687–10701.


	The role of tunneling in enzyme catalysis of C–H activation
	Introduction
	Early evidence for hydrogen tunneling in enzyme reactions
	The tunnel correction
	An alternate view of hydrogen transfer: A model for full tunneling by all isotopes in the bovin.....
	A general approach to C–H activation involving full tunneling of all isotopes
	Insight into the role of the environmental reorganization in the reaction catalyzed by soybean .....
	Acknowledgments
	References


