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ABSTRACT: Transition path sampling simulations have
proposed that human heart lactate dehydrogenase (LDH)
employs protein promoting vibrations (PPVs) on the femto-
second (fs) to picosecond (ps) time scale to promote crossing
of the chemical barrier. This chemical barrier involves both
hydride and proton transfers to pyruvate to form L-lactate, using
reduced nicotinamide adenine dinucleotide (NADH) as the
cofactor. Here we report experimental evidence from three types
of isotope effect experiments that support coupling of the
promoting vibrations to barrier crossing and the coincidence of
hydride and proton transfer. We prepared the native (light)
LDH and a heavy LDH labeled with 13C, 15N, and nonexchangeable 2H (D) to perturb the predicted PPVs. Heavy LDH has
slowed chemistry in single turnover experiments, supporting a contribution of PPVs to transition state formation. Both the
[4-2H]NADH (NADD) kinetic isotope effect and the D2O solvent isotope effect were increased in dual-label experiments
combining both NADD and D2O, a pattern maintained with both light and heavy LDHs. These isotope effects support concerted
hydride and proton transfer for both light and heavy LDHs. Although the transition state barrier-crossing probability is reduced
in heavy LDH, the concerted mechanism of the hydride−proton transfer reaction is not altered. This study takes advantage of
triple isotope effects to resolve the chemical mechanism of LDH and establish the coupling of fs-ps protein dynamics to barrier
crossing.

■ INTRODUCTION
Enzyme catalysis involves stochastic and ligand-induced
dynamic motions of protein structure on time scales of
atomic vibrations in femtoseconds (fs) to conformational
changes in milliseconds (ms) or longer. Large enzyme
structural motions linked to catalytic turnover (kcat) are
usually in the ms range and are associated with substrate
binding, product release, and conformational sampling within
the catalytic cycle.1−4 Chemical transition states have lifetimes
corresponding to local atomic vibrational frequencies on the
femtosecond (fs) to picosecond (ps) time scale. Recent
studies with transition path sampling (TPS) computational
methods and experimental approaches support the coupling of
fs-ps time scale protein promoting vibrations (PPVs) to
chemical barrier crossing.5−19 Experimental investigation of
PPVs has relied on measuring “heavy enzyme” kinetic isotope
effects (HE-KIEs) on the reaction rates and the chemical
steps.12−19 In this approach, a heavy enzyme is generated by
labeling all or some of the amino acids with 13C, 15N, and
nonexchangeable 2H (D) to perturb the bond vibrations
without affecting the electrostatics of the protein (based on
the Born−Oppenheimer approximation). Heavy enzymes
typically show a normal HE-KIE, i.e., a slower rate for the
chemical step than the corresponding light (native) enzyme,
interpreted as mass-dependent contributions of PPVs in

crossing the chemical barrier.12−15 As an exception, TPS
simulations found that Escherichia coli dihydrofolate reductase
(ecDHFR), lacks PPVs in catalyzing the hydride transfer
reaction.9 Experimental studies with heavy ecDHFR support
the absence of PPVs as predicted by the TPS simula-
tions.16−19

Lactate dehydrogenase (LDH) has been the subject of
experimental and computational studies of protein dynamics
in enzyme catalysis.6,8,10,20−31 LDH catalyzes the final step of
anaerobic glycolysis, the reduction of pyruvate to L-lactate
using reduced nicotinamide adenine dinucleotide (NADH) as
the hydride donor. This reaction is reversible with an
equilibrium strongly favoring the reduction of pyruvate to L-
lactate. The Michaelis complex of LDH undergoes a stochastic
conformational search to find reactive conformations on the
ms-ns time scale.22,29 Faster fs−ps protein dynamics are
proposed to contribute to the chemical reaction catalyzed by
human heart LDH,6,8,10 but coupling of fast motions to
chemical barrier crossing has not previously been exper-
imentally tested. The reduction of pyruvate to L-lactate
(referred to as the LDH reaction hereafter) involves a hydride
transfer from C4 of the dihydronicotinamide ring of NADH
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to the carbonyl C2 of pyruvate and a proton transfer from a
protonated, conserved His residue (His193 in human heart
LDH) to the carbonyl oxygen of pyruvate (Figure 1B).

Previous quantum mechanics/molecular mechanics (QM/
MM) calculations explored the free energy surfaces of the
hydride and proton transfer reactions to investigate the
reaction mechanism.25−28 Those studies could not resolve
concerted or stepwise hydride and proton transfer mechanism
as both showed similar energetics.25 QM/MM calculations
with the TPS method reported that human heart LDH
employs PPVs to promote crossing of the chemical barrier
(Figure 1A).6,8,10 In both the light and heavy human heart
LDH (l-LDH and h-LDH, respectively), the hydride transfer
preceded the proton transfer in reactive trajectories.10

However, h-LDH displayed greater variation and longer
average time lags (ca. 200 fs instead of 25 fs for l-LDH)
between the hydride and proton transfer.10 There is limited

experimental evidence to support concerted or stepwise
hydride−proton transfer mechanism for LDHs.32 Here we
use multiple isotope effects to determine if the l- and h-LDH
enzymes have concerted or stepwise mechanisms.
Concerted and stepwise reaction mechanisms can be

experimentally distinguished by dual-label KIE experiments.33

In LDH-catalyzed reaction, the hydride transfer can be studied
by measuring the [4R-2H]NADH (NADD) KIE and the
proton transfer can be studied by measuring the solvent
isotope effect (SIE, with D2O). In a concerted mechanism, if
the proton transfer dominates the observed SIE on the kinetic
parameters, the D2O SIE will increase the observed NADD
KIE (and vice versa) in dual-label experiments. Equal or
smaller NADD KIEs in D2O do not necessarily exclude the
concerted mechanism due to possible complication of the
D2O SIEs by other solvent sensitive steps.32,33 Previous SIEs
measured on the steady-state kinetic parameters of a
thermophillic LDH from Bacillus stearothermophilus (bsLDH)
did not support a concerted mechanism.32 However, TPS
simulations predicted that differences in the active sites of
bsLDH and human heart LDH can lead to different reaction
mechanisms.23

Here we report experiments that support concerted
hydride−proton transfer for human heart LDH and
demonstrate that mass-sensitive PPVs are coupled to the
hydride−proton transfer chemistry. As a prelude to these
studies, we optimized expression and purification methods for
the l-LDH and h-LDH needed to perform single turnover
(STO) experiments to examine the chemical step. We
measured triple isotope effects on the STO rates: light vs
heavy LDH (HE-KIEs), NADH vs NADD (cofactor KIEs),
and H2O vs D2O (SIEs). Synergistic triple isotope effects
suggest all three isotope effects arise from the same step (i.e.,
the hydride−proton transfer chemical step) at low pH.
Comparing single KIE/SIE experiments, the dual label
experiments showed larger magnitudes for both NADD
KIEs and SIEs, suggesting concerted hydride−proton transfer
mechanism for both l- and h-LDHs. The normal HE-KIEs
support predictions from previous TPS simulations that LDH
employs PPVs in catalyzing the hydride−proton transfer
reaction.

■ RESULTS AND DISCUSSION
High-Yield Production of LDH. Despite the interest in

studying human LDH for its clinical significance34−41 and
enzyme catalysis−dynamics relationship,6,8,10,23,29 the only
protocol published for preparing recombinant human LDH
required affinity chromatography with oxamate agarose in the
presence of NADH.42,43 We designed an LDH expression
sequence with a cleavable His6 tag at the N-terminus, which
was optimized for expression in Escherichia coli. The His6 tag
is cleaved by a tobacco etch virus (TEV) protease,44 which
leaves only a single Ser to the N-terminus of LDH sequence
(Figure S1 in the Supporting Information). The protocol
described in Material and Methods permitted overexpression
of LDH in both rich and D2O minimal media, providing up
to 130 mg l-LDH or 50 mg h-LDH from 1 L cell culture. The
specific activity of l-LDH is 196 units/mg at pH 7,
comparable to published data for the native human heart
LDH,45,46 suggesting the extra N-terminal Ser does not
significantly affect LDH catalysis. The molecular weights of
purified l- and h-LDH were determined by protein mass-
spectrometry to be 36.7 kDa and 40.8 kDa (11.2% mass

Figure 1. (A) Active site and promoting vibrations of human heart
LDH (one monomer from PDB code 1I0Z). The Thr95-Leu107
loop (magenta) encloses the active site and brings Arg106 (magenta
sphere) into hydrogen bond contact with ligands to assist the
hydride−proton transfer (illustrated in panel B). Transition path
sampling simulations proposed LDH employs promoting vibrations
(black arrows) to catalyze the hydride−proton transfer reaction. The
distances between the hydride donor (NADH in blue) and acceptor
(substrate analogue oxamate in red) are compressed by stochastic
promoting vibrations that span the protein architecture (involving
residues shown as spheres). (B) The chemical reaction catalyzed by
LDH involves a hydride (red) transfer from NADD to the carbonyl
carbon of pyruvate and a proton (blue) transfer from a protonated,
conserved His residue to the carbonyl oxygen of pyruvate. The
present study provides experimental evidence supporting concerted
hydride−proton transfer mechanism in human heart LDH, and
illustrates mass-dependent barrier crossing, consistent with the
presence of promoting vibrations in LDH catalysis.
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increase), respectively, confirming 99.3% heavy isotope
enrichment of 13C, 15N, and nonexchangable 2H in h-LDH
(Figure S2). This high-yield protocol may be useful for
investigating other isozymes of human LDH.
LDH isozyme expression in human tissues provides an

example of specialized function to foster metabolic coopera-
tion between organs.36,47−49 Five LDH isozymes exist at
different concentrations in the major organ systems, making
measurements of extracellular LDH isozymes diagnostic for
organ-specific injuries and diseases.34−41,49 The high-yield
LDH preparation protocols and mechanistic studies described
here add to knowledge of the human heart LDH.
Exposure of Hydride Transfer by Single Turnover

Kinetic Experiments. Although computational studies have
investigated the hydride and proton transfer chemistry in
LDH,6,8,10,21,23,25−28 experimental data is limited. Specific
chemical bond changes within a multistep enzymatic reaction
can be masked by other steps in steady state kinetic
measurements. We measured STO kinetics to reduce steady-
state masking of the chemical step, and varied the pH from 4
to 10 at 25 °C. LDH was incubated with 1/5 equiv of
NADH, and rapidly mixed with 200 equiv of pyruvate on a
stopped-flow instrument. The reaction rates were measured by
the decay of the 340 nm UV absorbance following NADH
consumption upon the rapid mixing. The time traces of the
STO reaction were fit to a single exponential equation (eq 1),
where St and S∞ are the 340 nm UV absorbance at time t and
after the reaction is complete, respectively; A is the amplitude
of the absorbance change due to the reaction; and kSTO is the
observed rate constant of the single turnover reaction.

= +∞
−S S A et

k tSTO (1)

The enzyme was unstable at pH < 4.3 and at pH > 9
(Figure 2A). In the pH range of 4.3−9, kSTO reached a
maximum near pH 5 (Figure 2A). The increase of kSTO with
decreasing pH is likely due to protonation of His193, the
proton donor in the hydride−proton transfer mechanism of
LDH (Figure 1B). Although the normal pKa of a His residue
is around 6, previous LDH studies suggested the enzyme
environment, particularly the negatively charged carboxylate
group of Asp168 in close proximity (Figure 1A), stabilizes the
protonated state of His193 and thus raises its pKa.

50,51 The
maximum kSTO (741 ± 18 s−1) was observed at pH 5.5 for
NADH, similar to the rate of the chemical step previously
estimated for bsLDH (>620 s−1).51

Although the STO rate decreased at pH < 5, NADD KIE
increased monotonically at lower pH. The maximum NADD
KIE (2.64 ± 0.02, Figure 2B and Table 1) was obtained at
pH 4.3. This NADD KIE is similar to the values measured for
native and mutant bsLDHs (2.4 to 2.8),52,53 and within the
range of intrinsic KIEs calculated for a rabbit muscle LDH
(2.44 to 3.38)21 and bsLDH (2.6−5).26,54 The large NADD
KIE at low pH suggests the hydride transfer chemistry
dominates the STO kinetics under those conditions. The
NADD KIE decreased with increasing pH, until it reached a
minimum of ca. 1.6 at pH > 8 (Figure 2B).
Concerted Hydride and Proton Transfer of Human

Heart LDH. We probed the hydride−proton transfer
mechanism of LDH by dual-label STO experiments to
measure the NADD KIEs, D2O SIEs, and their interactions
of l-LDH at 25 °C in the pH range of 4.3−9.5. NADD KIEs
in both H2O and D2O decreased with increasing pH/pD
(Figure 2B). The magnitudes of NADD KIEs in H2O and

D2O are within experimental errors at each pH/pD for pH/
pD > 6. At lower pH/pD values, NADD KIEs are larger in
D2O than in H2O (Figure 2B and Table 1). Similarly, D2O
SIEs with NADD as the cofactor are larger than the SIEs with
NADH as the cofactor for pH < 6 (Figure 2C and Table 1).
The D2O SIE changed from an inverse value at high pH/

pD (0.672 ± 0.009 for NADH at pH/pD = 9.5) to a large
normal SIE at low pH/pD (2.51 ± 0.02 for NADH at pH/pD
= 4.3). The nonmonotonic pH/pD profile of D2O SIE
(Figure 2C) probably involved contributions from other
solvent sensitive steps such as protein conformational changes
and/or desolvation steps,55 in addition to the proton transfer
from His193 to the substrate. However, a large D2O SIE of
2.5 (at pH/pD = 4.3, Figure 2C) indicates the proton transfer

Figure 2. pH profiles of the single-turnover (STO) rate constants,
NADD kinetic isotope effects (KIEs), and D2O solvent isotope
effects (SIEs) of human heart LDH at 25 °C. The kinetic
experiments were conducted in two buffer systems (square,
McIlvaine buffer; round, MTEN buffer; see Materials and Methods)
to cover the full pH range where LDH is active. STO rates and KIEs
measured in both buffer systems are similar within experimental error
at pH/pD = 5.5. (A) The STO rate constants of both NADH (gray)
and NADD (magenta) reached maximal values around pH 5. (B, C)
Both NADD KIE and D2O SIE increased until precipitation of the
enzyme at pH < 4.3. Large NADD KIEs and D2O SIEs at low pH
indicate exposure of the hydride−proton transfer chemical step in
the STO kinetic experiments. The individual KIEs (blue) with either
NADD or D2O labeling are smaller than the NADD and D2O dual-
label KIEs (red), supporting concerted hydride−proton transfer
mechanism for human heart LDH.
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makes important contribution to the intrinsic chemical
transition state(s).32 Furthermore, if the normal SIEs at pH
< 6 were dominated by other solvent sensitive steps, the
increased energy barriers of those steps in D2O would make
the hydride transfer less rate limiting, thus leading to smaller
NADD KIEs in D2O than in H2O. Similarly, the SIEs would
also be smaller when NADD is used as a cofactor instead of
NADH. Our STO experiments showed larger dual-label
isotope effects than the individual NADD KIEs and D2O
SIEs for pH/pD < 6 (Figure 2B and C). These results suggest
the proton transfer step dominates the observed D2O SIEs
and the hydride and proton transfer is concerted under
conditions where His193 is predominately protonated.
Promoting Vibrations Affect the Barrier-Crossing

Probability but Not the Mechanism of Hydride−Proton
Transfer. Previous TPS simulations on LDH were conducted
with His193 fully protonated, and the results predicted that
heavy isotope labeling of LDH will disrupt the PPVs and thus
slow the hydride−proton transfer reaction.10 The simulations
also predicted similar reaction paths but different time lags
between the hydride and proton transfer reactions for l- and
h-LDHs. To test these predictions, we measured the kSTO
values and triple isotope effects including the HE-KIE, NADD
KIE, and D2O SIE at pH < 6, where the His193 is
predominantly protonated and the chemical step is most
exposed in the STO kinetics.
Similar to the NADD KIE and D2O SIE, the HE-KIE also

reached a maximum at pH 4.3. Heavy enzyme isotope effects
are expected to be small, as they are secondary isotope
effects., Experimentally, all the HE-KIEs are small but normal
(>1) for pH < 6 (Figure 3). At pH 4.3, the HE-KIE was
larger with NADD as the cofactor than NADH, and it was
larger in D2O than in H2O (Figure 4A). Due to exchange
with solvent deuterium, the relative mass difference (mass h-
LDH / l-LDH) decreases slightly in D2O relative to H2O.
However, HE-KIE was increased in D2O, where this effect
occurs with both NADH and NADD (Figure 4A). The
observation that triple isotope effects of heavy LDH, NADD,
and D2O are synergistic (Figure 4) suggests all the three
isotope effects arise from the same step, i.e., the hydride−
proton transfer chemical step, at pH 4.3.
Compared with the l-LDH, kSTO of h-LDH is ca. 11%

slower for the hydride transfer reaction with either NADH or
NADD as the cofactor at 25 °C, pH 4.3 (Table 1 and Figure
3). These results support the predictions from previous TPS
simulations. The role of promoting vibrations in LDH is
similar to the heavy enzyme effects reported for PNP, HIV-1
protease, alanine racemase, and pentaerythritol tetranitrate

reductase.10−15 Slower atomic bond vibrations in h-LDH lead
to lower barrier-crossing probability for the hydride−proton
transfer chemical step in hhLDH-catalyzed reaction.
Similar to l-LDH, h-LDH also showed larger dual-label

KIEs than the individual NADD KIEs and D2O SIEs at each
pH/pD < 6 (Table 1). Thus, both l- and h-LDHs have similar
extents of concerted hydride−proton transfer. The longer
time lag between the hydride and proton transfer calculated
for h-LDH than for l-LDH, as predicted by TPS
simulations,10 does not alter the concerted reaction
mechanism, as detected by the dual-label KIE experiments.

Roles of fs−ms Protein Dynamics in LDH Catalysis.
Although QM/MM simulations have extensively studied the
role of LDH dynamics in the hydride−transfer chemis-
try,6,8,10,21,23,25−28 there have been limited experimental data
characterizing the chemical step or testing the coupling of
LDH dynamics to chemistry. Spectroscopic experiments have
demonstrated the Michaelis complex of LDH to exist in
multiple metastable substates that vary in their propensity
toward the chemical step.22 LDH catalysis undergoes ns-μs
conformational searches for the rare conformations that are
chemically competent, allowing the hydride−proton transfer
to occur.56−59 QM/MM simulations suggested slow motions
guides the enzyme toward chemically competent conforma-

Table 1. NADD KIEsa and D2O SIEsb on the STO Rate Constants of l- and h-LDHs at 25 °C in the pH Range 4.3 to 5.8

pH/pD

isotope effect enzyme condition 4.3 4.8 5.1 5.5 5.8

NADD KIEa l-LDH in H2O 2.64 ± 0.02 2.46 ± 0.05 2.34 ± 0.02 2.24 ± 0.02 2.17 ± 0.06
in D2O 2.74 ± 0.04 2.65 ± 0.04 2.49 ± 0.02 2.36 ± 0.07 2.26 ± 0.05

h-LDH in H2O 2.71 ± 0.04 2.42 ± 0.06 2.26 ± 0.06 2.12 ± 0.05 2.05 ± 0.01
in D2O 2.80 ± 0.03 2.63 ± 0.03 2.64 ± 0.01 2.41 ± 0.06 2.18 ± 0.08

D2O SIEb l-LDH with NADH 2.51 ± 0.02 1.64 ± 0.03 1.40 ± 0.02 1.26 ± 0.03 1.24 ± 0.03
with NADD 2.61 ± 0.04 1.77 ± 0.03 1.486 ± 0.008 1.33 ± 0.03 1.30 ± 0.03

h-LDH with NADH 2.75 ± 0.04 1.96 ± 0.06 1.31 ± 0.03 1.20 ± 0.04 1.23 ± 0.04
with NADD 2.84 ± 0.04 2.12 ± 0.02 1.54 ± 0.02 1.368 ± 0.005 1.308 ± 0.009

aNADD KIE is the ratio between the STO rate constants of NADH and NADD (kSTO
NADH/kSTO

NADD), for the same enzyme in the same solvent. bD2O
SIE is the ratio between the STO rate constants in H2O buffer and in D2O buffer (kSTO

H2O/kSTO
D2O), for the same enzyme with the same cofactor.

Figure 3. STO rate constants (upper panel) and heavy enzyme KIEs
(HE-KIEs, lower panel) of human heart LDH at 25 °C. HE-KIEs
(lower panel) were calculated as the ratio between the STO rate
constants of light and heavy LDHs at each pH, with NADH as the
cofactor in H2O solvent. The HE-KIEs measured at each pH are
shown as red numbers. Heavy LDH shows consistently slower STO
rate constants than light LDH in the pH range of 4.3 to 5.8, with the
maximal effect observed at the lowest pH (11% slower) where the
hydride transfer kinetics is maximally exposed (Figure 2).
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tions by favoring specific fast dynamics.29 For example, closure
of the Thr95-Leu107 loop (Figure 1A) on the ms time scale
isolates the active site from bulk solvent, which is assisted by
protein and water rearrangements on the ns time scale.60

Closure of this loop also brings Arg106 into hydrogen bond
contact with the ligands,61 where Arg106 participates in the
promoting vibrations on the fs-ps time scale to promote the
hydride−proton transfer chemistry (Figure 1).10 The present
experimental analysis supports the role of promoting
vibrations in the hydride−proton transfer chemistry, which
provides preliminary but critical evidence toward under-
standing the link between slow (ns−ms) and fast (fs−ps)
dynamics and their overall contribution to LDH catalysis.
Based on the present study and previous data, LDH dynamics
on the ns-ms time scale stochastically search for chemically
competent states within the Michaelis complexes, followed by
fs-ps dynamics that promote passage over the hydride−proton
transfer reaction barrier.

■ CONCLUSIONS
The LDH enzyme demonstrates instructive catalysis−dynam-
ics relationships6,8,10,20−31 and plays an important role in
metabolism.36,47−49 We optimized the expression and
purification methods to produce human heart LDH at a
high yield, which may be adapted to other LDH enzymes to
facilitate research with this enzyme family. Heavy enzyme,
cofactor, and solvent triple isotope effects on the single
turnover rates are synergistic with each other for human heart
LDH. Coupling of promoting vibrations of the protein to the
chemical step of the catalytic process is consistent with this
pattern. The dual-label NADD and D2O isotope effects
support concerted mechanisms for both light and heavy LDH.

The heavy LDH shows slower single turnover rates than light
LDH, demonstrating lower barrier-crossing probability for the
hydride−proton transfer chemical step. However, the longer
time lag between the hydride and proton transfer in heavy
LDH, as predicted by previous TPS simulations, does not
cause the system to switch from concerted to stepwise
reaction mechanism. The current study adds information to
the chemical mechanism of human heart LDH and provides
experimental evidence for the role of fs-ps protein dynamics
in its catalysis, which has been a missing piece in LDH
catalysis−dynamics relationship.

■ MATERIALS AND METHODS
Materials and Software. [U-13C6-1,2,3,4,5,6,6-

2H7]Glucose and
[15N]ammonium chloride (NH4Cl) were purchased from Cambridge
Isotope Laboratories, Inc. Expression and purification of His-tagged
TEV protease followed the published procedure.44 The HisTrap HP
column was from GE Healthcare Life Sciences. All other chemicals
were purchased from Fisher Scientific or Sigma-Aldrich and used
without further purification. All the reagent concentrations refer to
the final concentrations in the reaction mixture, unless otherwise
specified.

Preparation of l- and h-LDH. A His-tag cleavable by a TEV
protease44 was fused to the N-terminal of LDH gene (Figure S1).
The His-tag cleavage by TEV protease leaves only a single Ser
residue at the beginning of the N-terminus of LDH protein. Since
the N-terminus of LDH is unstructured and exposed to solvent
(Figure S1), an extra Ser residue is unlikely to affect the enzyme
catalysis or dynamics, as evidenced by its similar specific activity (196
units/mg) to published data of native LDH.45,46 The His-tagged
LDH gene was optimized for expression in Escherichia coli using
GeneGPS Expression Optimization Technology (service provided by
DNA2.0), which relied on machine learning algorithms for codon
optimization.62 The optimized gene was inserted into a pD451-SR
vector, and expressed in BL21 (DE3) cells with 30 mg/L kanamycin.
The l-LDH was expressed in Terrific Broth.63,64 The h-LDH was
expressed in M63 minimum medium in 2H2O (D2O) supplemented
with [U-13C6-1,2,3,4,5,6,6-

2H7]glucose and [15N]NH4Cl. Both l- and
h-LDH were purified and stored in phosphate buffer in 1H2O to
maintain critical hydrogen (1H) bond interactions.

After harvesting and lysing the cells, the cell lysate was loaded
onto a HisTrap HP column to purify His-tagged LDH, in 50 mM
phosphate buffer with 300 mM sodium chloride (NaCl). His-tagged
LDH eluted from the column in the presence of 300 mM imidazole.
His-tagged TEV protease was added into purified His-tagged LDH in
the ratio of 1:25 (by UV absorbance at 280 nm) to cleave the His-
tag of LDH. Upon cleavage, the tag-free LDH was purified again on
HisTrap HP column to separate from His-tagged TEV protease and
uncleaved LDH. The tag-free LDH eluted from the column without
imidazole, and it showed smaller molecular weight than the His-
tagged LDH based on SDS-PAGE analysis. The molecular weights of
purified tag-free l- and h-LDH were determined to be 36.7 kDa and
40.8 kDa (11.2% increase) by ESI mass-spectrometry, in excellent
agreement with theoretical molecular weights based on the amino
acid sequence. These results demonstrated the His-tag cleavage was
successful, and confirmed 99.3% heavy isotope enrichment of 13C,
15N, and nonexchangable 2H in h-LDH (Figure S2). Both l- and h-
LDH were stored as ammonium sulfate suspension at 4 °C until use.
The ammonium sulfate suspension of enzymes was dialyzed against
100 mM potassium phosphate buffer at 4 °C prior to kinetic
experiments. There was no significant loss of enzyme activity for at
least 48 h at 4 °C after the dialysis.

Synthesis of NADD. NADD was prepared by adapting
Northrop’s method65 in preparing and storing isotopically labeled
NADH. 85 mg of NAD was dissolved in 5 mL of 20 mM
ammonium bicarbonate buffer (pH 9.5) followed by the addition of
115 μL of ethanol-d6, 2 mg of alcohol dehydrogenase (360 units/
mg), and 25 mg of aldehyde dehydrogenase (1.2 units/mg) under

Figure 4. Triple isotope effects measured on the STO rates of
human heart LDH at 25 °C, pH/pD 4.3. The heavy enzyme,
cofactor (NADD), and solvent (D2O) KIEs are synergistic with each
other, suggesting that promoting vibrations, hydride transfer, and
proton transfer occur in the same step. The protein mass-modulated
promoting vibrations affect the barrier crossing probability but not
the concerted mechanism of hydride−proton transfer in human heart
LDH.
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constant stirring at 22 °C. The pH was monitored and adjusted
using aqueous sodium hydroxide to maintain pH between pH 9−9.5
and the absorption profile of the reaction mixture was measured
every 15 min using a UV−vis spectrophotometer. After 1 h, the
temperature of the reaction mixture was raised to 37 °C for an
additional 30 min. Afterward, Amicon-4 centrifugal filters (10K MW
cutoff) were used to filter out the enzymes from the reaction mixture
which was stored briefly at 4 °C prior to purification.
The crude reaction mixture was loaded onto a DE52 anionic

exchange column equilibrated with 20 mM ammonium bicarbonate
buffer (pH 9.5) using FPLC. The crude NADD product was eluted
off the column using a linear gradient of 20 mM ammoninium
bicarbonate buffer containing 100 mM sodium chloride (pH 9.5) and
fractioned manually into 5−10 mL aliquots. Fractions with an
absorption ratio of 260 nm/340 nm <2.3 were collected, pooled
together, and lyophilized. The isotope purity of the NADD was
assessed using NMR and found to be greater than 99.6% relative to
the amount of NADH.
Single-Turnover Experiments. The single turnover experiments

were conducted at 25 °C on an Applied Photophysics model SX20
stopped-flow instrument, with a 20 μL cell, which has a dead time of
2 ms. Each data set is an average of at least 10 measurements under
the same conditions. The single turnover kinetics were measured by
monitoring the decrease in UV absorbance of NADH (or NADD) at
340 nm that follows the hydride transfer. LDH was preincubated
with NADH or NADD before rapid mixing with pyruvate. The final
reaction mixture contained 25 μM LDH, 5 μM NADH or NADD,
and 5 mM pyruvate. Decrease in 340 nm Absorbance upon rapid
mixing was fit to the single exponential equation (eq 1) to obtain the
observed rate constant (kSTO) under different pH conditions.
The kSTO of light LDH with NADH and NADD were conducted

in McIlvaine buffer (citrate-phosphate buffer) for pH ≤ 5.8, and in
50 mM MES, 25 mM Tris, 25 mM ethanolamine, and 100 mM
sodium chloride (“MTEN buffer”66) for pH ≥ 5.5. The pH values
were measured separately by mixing all the reagents, except the
protein, in the same amounts as in the final reaction mixture used for
STO experiments.
Triple Kinetic Isotope Effects. The heavy enzyme, substrate,

and solvent triple kinetic isotope effects were calculated by
comparing the STO rates of light vs heavy LDH, NADH vs
NADD, in H2O vs D2O, respectively. When D2O is used as solvent,
the substrate stock solutions were prepared in D2O, and the enzymes
were dialyzed against 100 mM potassium phosphate buffer in D2O
and incubated in D2O buffer overnight prior to the experiments. The
glass electrode of the pH meter was immersed in D2O for 5 min
prior to pD measurements. The pD value was calculated by adding
0.4 to the pH meter reading to account for the solvent isotope effect
on the electrode response.
The pH/pD dependence of STO rates and KIEs of l-LDH

suggests the hydride transfer chemical step is better exposed at lower
pH values (pH < 6). Thus, the STO kinetics of l-LDH and h-LDH
were compared under those conditions (Table 1).
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