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ABSTRACT: The catalytic effects of perdeuterating the
pyridoxal phosphate-dependent enzyme alanine racemase
from Geobacillus stearothermophilus are reported. The mass
of the heavy perdeuterated form is ∼5.5% greater than that
of the protiated form, causing kinetic isotope effects
(KIEs) of ∼1.3 on kcat and kcat/KM for both L- and D-
alanine. These values increase when Cα-deuterated alanine
is used as the substrate. The heavy-enzyme KIEs of ∼3 on
kcat/KM with deuterated substrates are greater than the
product of the individual heavy-enzyme and primary
substrate KIEs. This breakdown of the rule of the
geometric mean is likely due to coupled motion between
the protein and the proton-transfer reaction coordinate in
the rate-limiting step. These data implicate a direct role for
protein vibrational motions in barrier crossing for proton-
transfer steps in alanine racemase.

The role of protein motions in enzyme catalysis has been
under debate over the past decade or more.1−14 Certainly,

loop and domain motions on the micro- to millisecond time
scale are important in closing off active sites from bulk solvent,
providing catalytically productive environments. The contro-
versial aspect is the role of protein motions in overcoming
barriers to chemical transformations in closed active sites. Once
the productive enzyme−substrate complex is formed, energetic
barriers from 12 to 18 kcal/mol must be traversed to form the
enzyme−product complex.
The catalytic effects of isotopically substituted (i.e., light vs

heavy) enzymes can in principle address the involvement of
protein motions in barrier crossing because of the theoretically
addressable and minimal nature of the catalyst alteration.15

Heavy-enzyme kinetic isotope effects (KIEs) were first
measured over 40 years ago on Escherichia coli alkaline
phosphatase under conditions where hydrolysis of the
phosphoenzyme intermediate is rate-limiting.16,17 The KM
values for the protiated and deuterated enzymes are identical
and show the same temperature dependence. The kcat values,
on the other hand, are greater for the protiated enzyme by a
factor of 1.8, yet the temperature dependence of kcat is the same
for both. These results were not originally interpreted in terms
of protein motions and catalysis.
More recently, Schramm and co-workers measured the

catalytic effects of isotopically substituted enzymes for the
explicit purpose of probing the participation of protein
vibrational motions in chemical barrier crossing.18,19 Their
work on purine nucleoside phosphorylase shows that the rate of

nucleoside phosphorolysis is decreased by 20−27% as a result
of the 10% increase in mass of the heavy enzyme.18 Substrate
KIEs for inosine were unaltered by the increased mass of the
heavy enzyme, as were the steady-state kinetic parameters
because of rate-limiting product release. Their work on HIV
protease under conditions where chemistry is rate-limiting
showed heavy-enzyme KIEs of 1.2 and 1.9 on kcat and kcat/KM,
respectively, due to an approximately 12% increase in enzyme
mass.19 These results imply that protein motions facilitate
chemical barrier crossing in enzyme active sites.
The experiments of Schramm and co-workers employed

enzymes in which the transition states probed primarily involve
motions of heavy atoms, although simple hydrogen transfers
between heteroatoms are involved. This may be the reason that
the substrate KIEs for purine nucleoside phosphorylase are
essentially identical for light and heavy enzymes even though
protein motions facilitate barrier crossing. We hypothesized
that enzyme-catalyzed reactions in which proton transfer is the
central, rate-limiting step may show a coupling between enzyme
vibrational motions and the motion of the hydrogen in the
transition state, leading to nonequivalent substrate KIEs with
the isotopic enzymes.
We chose alanine racemase (AR) to test this hypothesis. AR

catalyzes the reversible interconversion of L- and D-alanine
using pyridoxal 5′-phosphate as a coenzyme. The stepwise
proton-transfer mechanism (delineated using multiple KIEs)20

is shown in Scheme 1. Previously, we reported free energy

profiles for AR at pH 6.9 and 8.9 as well as an isotopic free
energy profile.21−23 At high pH, the two proton-transfer
transition states in the stepwise mechanism are jointly rate-
limiting, and substrate and solvent KIEs are observed in both
directions (see the Supporting Information for details).21

Heavy, perdeuterated AR (DAR) was expressed in minimal
medium in D2O using deuterated glycerol as the carbon source
(see the Supporting Information). Light AR (HAR) was
similarly expressed using protium in place of deuterium. The
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enzymes were purified to near homogeneity by identical
procedures. The measured 5.5% increase in mass is identical to
the theoretical value for perdeuterated enzyme with all
exchangeable deuterons equilibrated with the H2O solvent.
Michaelis−Menten saturation curves for HAR and DAR with

protiated L- and D-alanine are presented in Figure 1. Heavy-
enzyme KIEs on both kcat and kcat/KM were detected (Table 1;
the reported errors are based on the standard errors from
nonlinear regression presented in Table S1 in the Supporting
Information and standard error-propagation techniques24).
They are similar in magnitude (∼30%) to those observed by
Schramm and co-workers on purine nucleoside phosphorylase
and HIV protease.18,19 Figure 2 shows saturation curves for
HAR and DAR with Cα-deuterated L- and D-alanine, which effect
primary substrate KIEs on kcat and kcat/KM.

20,23 The heavy-
enzyme KIEs are significantly larger with deuterated alanines
than with protiated ones. The same kinetic data (Figures 1 and
2 and Table S1) can be alternatively presented as substrate
KIEs (Table 2).
The larger increase in primary substrate KIEs on kcat/KM

versus kcat when comparing HAR and DAR raises concern
regarding a potential change in substrate affinity. This was
addressed by measuring the competitive inhibition constant
(KI) for 2-methylalanine, which binds to AR to form an
unreactive external aldimine intermediate. Under conditions
identical to those used in the KIE measurements, the KI for
HAR was 24 ± 1 mM, while that for DAR was 27 ± 2 mM
(Table S2). These values are identical within experimental error
and support the conclusion that the changes in KM are due to
effects other than simply lower substrate affinity for DAR. The
increase in the heavy-enzyme KM for the deuterated substrate
likely originates in the substrate binding isotope effect of ∼1.26
on external aldimine formation with HAR21 and its enhance-
ment by enzyme deuteration. The binding isotope effect is due
to hyperconjugation of the Cα−H bond with the electrophilic π
system of the coenzyme, and it has been independently
observed with another PLP-dependent enzyme, aspartate
aminotransferase.25

Considering the kinetic results either as heavy-enzyme KIEs
(Table 1) or as substrate KIEs (Table 2) leads to the same
critical conclusion: isotope effects due to enzyme deuteration or
substrate deuteration are not independent of each other. This

violates the rule of the geometric mean, a principle of isotope
effect theory, which holds that isotope effects are independent
of each other.26,27 The parsimonious explanation for the
violation of the rule of the geometric mean observed here is
that the different isotopic species (enzyme and substrate) are
coupled in a rate-limiting event. In the present case, the enzyme
is vibrationally coupled to the motion of the proton undergoing
transfer from Cα of the external aldimine intermediate to an
enzymic base in the rate-limiting step. Another interpretation of
these data, which we consider less viable, is discussed in the
Supporting Information.
The present results are in accord with the concepts

developed by Schwartz and co-workers.1,28−34 They advocate
the idea that protein motions on the femto- to picosecond time
scale can be directly involved in barrier crossing through
transient formation of high-energy active-site structures highly
favorable to reaction (i.e., that allow bond making/breaking to
occur with a low energetic barrier). Slower protein motions are
also important for the formation of these transient active-site
structures via larger-amplitude fluctuations (i.e., conformational
changes) on longer time scales, but the higher-frequency
motions can potentially be more strongly coupled vibrationally
to the reaction coordinate.
This picture is satisfying on many levels and does not

demean the important role of electrostatics. The unimolecular
enzyme−substrate complex is formed from multiple relatively
strong interactions between the two molecules. Hydrogen-
bonding, hydrophobic, and electrostatic interactions would
prevent the active-site-bound substrate from becoming vibra-
tionally hot (as required for barrier crossing if protein motions
are not involved) relative to the protein structure by facilitating
rapid vibrational energy redistribution. The Schwartz ideas
avoid this conundrum since much of the activation energy is
distributed into protein vibrations. These coordinately act to
provide a relatively high energy active-site structure that allows
bond making/breaking to occur with a low barrier (i.e., the
substrate does not have to become vibrationally hot in the
midst of a relatively cold protein). This is analogous to the
picture painted by Hynes and co-workers for SN2 reactions in
water, where a substantial portion of the activation energy goes
into preorganization of the polar solvent shell to a high-energy

Figure 1. Michaelis−Menten kinetics for HAR (□) and DAR (■) with
L-alanine (left) and D-alanine (right) (pH 8.9, 25 °C).

Table 1. Heavy-Enzyme KIEs for Alanine and [2-2H]Alanine
(pH 8.9, 25 °C)

substrate HEkcat
HE(kcat/Km)

L-Ala 1.32 ± 0.04 1.3 ± 0.1
D-Ala 1.21 ± 0.03 1.3 ± 0.1
[2-2H]-L-Ala 1.67 ± 0.05 3.2 ± 0.4
[2-2H]-D-Ala 1.40 ± 0.04 2.9 ± 0.4

Figure 2. Michaelis−Menten kinetics for HAR (□) and DAR (■) with
[2-2H]-L-alanine (left) and [2-2H]-D-alanine (right) (pH 8.9, 25 °C).

Table 2. Primary Substrate KIEs for HAR and DAR (pH 8.9,
25 °C)

substrate enzyme Dkcat
D(kcat/Km)

L-Ala HAR 1.56 ± 0.04 1.6 ± 0.2
DAR 1.98 ± 0.07 3.8 ± 0.4

D-Ala HAR 1.53 ± 0.04 1.6 ± 0.2
DAR 1.77 ± 0.04 3.5 ± 0.3
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structure that allows nucleophilic substitution to occur with a
low intrinsic barrier within it.35−38

In view of the small KIEs and the vibrational coupling
proposed here, the present results must be considered within
the context of hydrogen tunneling.39,40 Quantum mechanics/
molecular mechanics studies have shown that proton transfers
between Cα of alanine and either Lys39 or Tyr265 are very
nearly symmetric, yet the intrinsic KIEs are small (1.66 ± 0.09
in the L → D direction and 1.57 ± 0.05 in the D → L

direction).20,21,23,41 Huskey has discussed the role of coupled
motions and hydrogen tunneling in the breakdown of the rule
of the geometric mean.26 Although the present results are not
conclusive, they suggest that tunneling may occur in the AR-
catalyzed reaction and that protein motions may be involved in
promoting proton tunneling between Cα and either Tyr265 or
Lys39.
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