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The physical basis of the enormous catalytic power of enzymes
is not well understood. While structural studies of enzymes have
significantly influenced our view of catalysis, the static three-
dimensional pictures that these studies provide do not incorporate
the wide range of dynamical motions that occur in proteins. Several
studies have suggested that protein dynamics and enzymatic events
involved in the formation and breakdown of noncovalent complexes
are intimately linked.1-3 Recently a correlation between protein
dynamics and bond cleavage and formation has been proposed for
hydrogen transfer.4-13

Several studies of dihydrofolate reductase (DHFR) have indicated
the importance of its dynamic properties for catalysis. DHFR is a
ubiquitous enzyme necessary for cellular metabolism in prokaryotes
and eukaryotes. It catalyses the reduction of 7,8-dihydrofolate (H2F)
using NADPH as a cofactor. In this reaction the pro-R hydrogen
of NADPH is transferred to C6 of the pterin substrate.14

X-ray crystallographic studies of DHFR fromEscherichia coli
have revealed that the enzyme adopts different conformations along
the reaction pathway, depending on the bound ligand.3 NMR
relaxation measurements indicated that binding of substrate and
cofactor alters the dynamic properties of protein segments far from
the active site, including the M20 and the FG-loops, which are
known to undergo conformational changes during the reaction
cycle.15 The NMR-derived order parameters and molecular dynam-
ics simulations for various DHFR complexes have identified three
main regions of motion within three surface loops. A series of site-
directed mutagenesis studies showed that the identity of the amino
acid residues in these loops are important determinants of the
reaction rate despite their large distance from the active site.16,17

On the basis of genomic analysis, kinetic measurements on multiple
mutations, and hybrid quantum-classical molecular dynamics, a
network of coupled promoting motions was recently proposed to
play an important role in DHFR catalysis.18 Mixed quantum/
classical molecular dynamics simulations of the reaction catalyzed
by DHFR from E. coli have suggested a significant tunneling
contribution to the hydride-transfer rate.19 The kinetics of the
NADPH-dependent reduction of H2F catalyzed by DHFRs from
several organisms have been studied extensively.20,21 To ascertain
the mechanism of hydride transfer, we have investigated the
temperature dependence of the kinetic isotope effect (KIE) for
hydrogen transfer from the cofactor to the pterin ring of H2F for
the reaction catalyzed by DHFR fromThermotoga maritima. The
physiological temperature of this thermophilic bacterium is suf-
ficiently high that it was possible to measure the reaction rates over
a relatively wide temperature range (6-65 °C) by fluorescence
energy transfer from the protein to the reduced nicotinamide moiety
of NADPH.22,23Figure 1 indicates that the temperature dependence
of the KIE over the above temperature range was biphasic with a
break point at approximately 25°C. Below 25°C the KIE increased
with decreasing temperature, while above 25°C the KIE was
temperature independent, at least within the relatively narrow range

of experimentally accessible temperatures.22 A similar biphasic
temperature dependence of the KIE had been observed for the
reaction catalyzed by alcohol dehydrogenase fromBacillus stearo-
thermophilus.9

The ratio of the Arrhenius preexponential factors, which was
obtained from the extrapolation of the temperature dependence of
the KIE, was inverse for the lower temperature range (AH/AD )
0.002( 0.001). Above 25°C it fell within the semiclassical range
(AH/AD ) 1.56 ( 0.47).24,25 For a reaction with no tunneling
contribution, the value forAH/AD is generally accepted to be close
to unity.24 However, the nearly temperature-independent KIEs for
the higher temperature range suggest that the hydride-transfer
reaction would only be described adequately by models based on
transition-state theory, if the activation energies were close to zero.26

To determine the activation energies of hydride and deuteride
transfer the temperature dependence of the reaction rates was fitted
to the empirical Arrhenius equation [lnkH/D ) (ln AH/D) - (EA

H/D/
RT)] for the temperature range from 25 to 65°C (Figure 2). The
similar but relatively high values determined forEA

H andEA
D for

hydride and deuteride transfer (EA
H ) 53.5( 0.4 kJ/mol;EA

D )
56.0( 0.8 kJ/mol) indicated a strong temperature dependence of
the reaction rates, which together with the temperature-independent
KIE suggested that the reaction occurred by vibrationally enhanced
tunneling.9,25 For tunneling through a rigid barrier, the values for
EA

H andEA
D would be expected to be close to zero, and the KIE,

very large.27 However, the large activation energies and the
magnitude of the KIE observed here suggested that a Marcus-like
model28 coupled to the environment best described the reaction
catalyzed by DHFR fromT. maritima in this temperature range.
Many groups have proposed theoretical models for hydrogen

Figure 1. Kinetic isotope effects for the hydride transfer from NADPH/
NADPD to H2F on a logarithmic abscissa versus the inverse temperature
between 6 and 65°C.
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transfer that take environmental fluctuations into account to explain
the kinetic properties of several kinetic systems.5,11,29-33 Within the
context of the environmentally coupled tunneling model of Knapp
et al.,5,33 temperature-independent KIEs as observed here for the
higher temperature range are indicative of tunneling with no (or
only a small) contribution from active dynamics which actively
modulate the tunneling barrier. The absence of such a gating
contribution leads to almost temperature-independent tunneling
distances and therefore temperature-independent KIEs. The tem-
perature dependence of the hydrogen-transfer rates during catalysis
by DHFR might stem from passive dynamics, which influence the
probability of the formation of an active-site configuration from
which tunneling can occur.

The biphasic behavior observed in the plots of the temperature
dependence of the KIEs (Figure 1) was also seen in the Arrhenius
plots (Figure 2). The slopes for deuterated and protonated substrates
appeared to diverge below 25°C due to an increased activation
energy for deuteride transfer (EA

D ) 69.2 ( 3.7 kJ/mol), while
EA

H was decreased slightly (EA
H ) 49.9( 1.7 kJ/mol). Within a

static model, where the environment does not modulate tunneling,
the increased difference between the activation energies for
protonated and deuterated substrates at lower temperatures together
with the inverse value ofAH/AD suggested a reduction in tunneling.
Within the environmentally coupled model for hydrogen tunnel-
ing,5,33 the kinetic parameters observed for the lower temperature
range indicated a greater role for active dynamics that modulate
the hydrogen-transfer distance. It is perhaps not surprising that low-
frequency protein modes become more important for the reaction
at lower temperatures as they may be excited at temperatures well
below the C-H stretching mode, the excitation of which is much
more temperature dependent.

The results reported herein constitute experimental support for
the hypothesis that protein fluctuations during DHFR catalysis are
coupled to hydride transfer via environmentally coupled quantum-

mechanical tunneling.17,19A growing number of enzymatic hydrogen-
transfer reactions are found to rely on quantum tunneling driven
by thermally induced dynamics of the protein, suggesting a firm
link between protein dynamics and enzyme catalysis.
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Figure 2. Arrhenius plots of kinetic data for DHFR fromT. maritima
(circles and triangles represent data for NADPH and NADPD, respectively).
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