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ABSTRACT: Catalysis by dihydrofolate reductase from the
moderately thermophilic bacterium Geobacillus stearothermophilus
(BsDHFR) was investigated by isotope substitution of the
enzyme. The enzyme kinetic isotope effect for hydride transfer
was close to unity at physiological temperatures but increased
with decreasing temperatures to a value of 1.65 at 5 °C. This
behavior is opposite to that observed for DHFR from Escherichia
coli (EcDHFR), where the enzyme kinetic isotope effect increased
slightly with increasing temperature. These experimental results
were reproduced in the framework of variational transition-state
theory that includes a dynamical recrossing coefficient that varies
with the mass of the protein. Our simulations indicate that
BsDHFR has greater flexibility than EcDHFR on the ps−ns time scale, which affects the coupling of the environmental motions
of the protein to the chemical coordinate and consequently to the recrossing trajectories on the reaction barrier. The intensity of
the dynamic coupling in DHFRs is influenced by compensatory temperature-dependent factors, namely the enthalpic barrier
needed to achieve an ideal transition-state configuration with minimal nonproductive trajectories and the protein disorder that
disrupts the electrostatic preorganization required to stabilize the transition state. Together with our previous studies of other
DHFRs, the results presented here provide a general explanation why protein dynamic effects vary between enzymes. Our
theoretical treatment demonstrates that these effects can be satisfactorily reproduced by including a transmission coefficient in
the rate constant calculation, whose dependence on temperature is affected by the protein flexibility.

■ INTRODUCTION

Kinetic investigation of isotopically substituted enzymes has led
to major advances of our understanding of enzyme-catalyzed
reactions.1−9 When nonexchangeable hydrogen, carbon, and
nitrogen atoms in an enzyme are replaced by heavier
counterparts (e.g., 15N, 13C, 2H), mass-dependent protein
motions from bond vibrations to protein loop or domain
movements are slowed.2,5,10 Consequently, the effect(s) of the
protein environmental coordinate can be revealed by the
reactivity difference between the ‘heavy’ (isotopically sub-
stituted) and ‘light’ (natural isotopic abundance) enzymes.
Protein motions have been postulated to be crucial for enzyme
catalysis by coupling to the substrate as a strategy to reduce the
energy of barrier crossing.11 It was hypothesized that enzymes
operate by generating nonstatistical motions to promote
chemical transformations.12−16 These theoretical frameworks
however have been challenged by others who suggested that
most protein motions are already thermally dissipated during
the chemical transformation step.17−19 Numerous experimental

and theoretical approaches have been used to explore the effect
of protein dynamics on enzyme catalysis.18,20−34 Among these,
enzyme isotope substitution is one of the most sensitive in
revealing the role of motions on time scales from femtoseconds
to milliseconds.
Dihydrofolate reductase (DHFR) has become a paradigmatic

model for the study of enzyme catalysis. DHFR catalyzes the
transfer of the pro-R hydride from the C4 position of NADPH
and a proton from water to the C6 and N5 positions of
dihydrofolate (H2F), respectively. While millisecond conforma-
tional changes involved in ligand binding and release are often
essential for progression through the catalytic cycle,32,35 the
actual role of protein dynamics in the step of chemical
transformation remains a subject of debate. Previously, the
dynamic properties of DHFR from Escherichia coli (EcDHFR),
the catalytically compromised mutant EcDHFR-N23PP/S148A

Received: October 6, 2014
Published: November 14, 2014

Article

pubs.acs.org/JACS

© 2014 American Chemical Society 17317 dx.doi.org/10.1021/ja5102536 | J. Am. Chem. Soc. 2014, 136, 17317−17323

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
B

R
IS

T
O

L
 o

n 
A

pr
il 

10
, 2

01
9 

at
 0

8:
24

:5
0 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JACS
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


and DHFR from Thermotoga maritima (TmDHFR) have been
investigated by enzyme isotope substitution.6−9 For EcDHFR a
small, temperature-dependent isotope effect on the step of the
chemical transformation was observed,6,7 but for EcDHFR-
N23PP/S148A this effect was noticeably stronger.8 In contrast,
catalysis by TmDHFR is not sensitive to protein isotope
substitution.9 Quantum mechanical/molecular mechanical
(QM/MM) calculations revealed that the observed dynamic
coupling in EcDHFR originates from protein environmental
motions on the fs−ps time scale, which exert an effect on the
reaction trajectories.7,8 These motions however do not promote
catalysis by reducing the height or width of the barrier to
hydride transfer by means of nonstatistical fluctuations. Indeed,
as demonstrated in the investigation of EcDHFR-N23PP/
S148A, protein dynamic effects due to motions that cannot be
considered in equilibrium with the reaction coordinate have a
larger impact on catalysis in this mutant than in the wild type,
as reflected in the enhanced probability of nonproductive
reaction trajectories.8 These results together suggested that
dynamic effects should be minimized in DHFR because its
active site has been better preorganized for catalysis. Never-
theless, protein isotope effects clearly vary among these
enzymes and additional analysis is needed to fully understand
their role in enzyme catalyzed hydrogen transfer reactions.
During catalytic turnover, EcDHFR alternates between the

closed and occluded conformations through the coordinated
movements of the M20, FG, and GH loops.35 The hyper-
thermphilic TmDHFR however is locked in the open
conformation due to its dimeric structure; the M20 and FG
loops are buried in the interface between the subunits.36 DHFR
from Geobacillus stearothermophilus (BsDHFR) is a moderately
thermophilic monomeric enzyme with an optimal functional
temperature of ∼60 °C (Figure 1).37,38 Thermal adaptation in

BsDHFR is achieved by the removal of ‘thermolabile’ residues
and the extension of secondary structural elements.37,38 In
contrast to many other thermophilic and mesophilic enzyme
pairs, BsDHFR has been suggested to be more flexible than the
mesophilic EcDHFR on the ns time scale.22,39 While the
catalytic properties of BsDHFR are similar to those of
EcDHFR,37,38 there is no experimental evidence indicating
that BsDHFR can adopt an occluded conformation during

catalysis.37 Here we compare the kinetic properties of ‘heavy’
and ‘light’ BsDHFR; at low temperature an enzyme kinetic
isotope effect (KIE) of approximately 60% was observed due to
coupling of environmental motions to the chemical step, while
at elevated temperatures the kinetic properties for both ‘light’
and ‘heavy’ BsDHFR were largely identical.

■ RESULTS AND DISCUSSION

Perdeuterated, 13C, 15N doubly labeled and 13C, 15N, 2H triply
labeled BsDHFRs were produced in M9 minimal media
containing the appropriate isotopically labeled ingredients
(see Supporting Information (SI)). Both perdeuterated and
13C, 15N labeled BsDHFRs showed a molecular weight (MW)
increase of 5.5%, whereas the MW increase of the 13C, 15N, 2H
triply labeled (‘heavy’) BsDHFR is 11.1% (in this article, ‘heavy’
BsDHFR only refers to the triply labeled enzyme). In all cases,
this shows that at least 99.5% of the relevant nonexchangeable
atoms in BsDHFR were replaced by their heavy counterparts
(Figure S1).
At neutral pH, physical steps in the catalytic cycle of

BsDHFR are mostly rate-limiting.37,38 The steady-state turn-
over rate constants for ‘light’ BsDHFR, kcat

LE, are considerably
higher than those measured for the triply labeled, ‘heavy’
BsDHFR, kcat

HE (Figure S2, Tables S1 and S2) and a large and
relatively constant enzyme KIEcat (kcat

LE/kcat
HE) of approx-

imately 2.6 was obtained across the examined temperature
range (7−45 °C). For the perdeuterated and 13C, 15N doubly
labeled BsDHFRs, the corresponding average values for the
enzyme KIEcat are noticeably lower (∼1.6 and 1.9, respectively)
than that observed for ‘heavy’ BsDHFR. Also, the Michaelis
constants, KM, for both NADPH and dihydrofolate were not
affected markedly by isotope substitution at all tested
temperatures (10, 20, and 35 °C, Table S3). Hence, the
observed enzyme isotope effect on kcat is unlikely to be a
consequence of altered ligand binding.
The steady-state enzyme KIEs presented here were

considerably larger than those measured for other DHFR
homologues.7−9 In EcDHFR, the measured enzyme KIE on the
overall turnover (KIEcat) increased from unity at 10 °C to 1.15
at 40 °C and was attributed to the rate-limiting conformational
change necessary for the release of dihydrofolate.7,8,35,40 The
temperature-independent enzyme KIEs on kcat at pH 7.0
observed for the catalytically compromised mutant EcDHFR-
N23PP/S148A (∼1 for all temperatures measured)8 and
TmDHFR (∼1.37 for temperatures above 20 °C)9 agree well
with the fact that large conformational changes are absent in
these enzymes.32,36 Accordingly, the temperature-independent
enzyme KIEcat in BsDHFR is not likely to be caused by a rate-
limiting conformational switch. Instead, the relatively large
enzyme isotope effect may report on the previously observed
inherent flexibility of this enzyme.22,39

Hydride transfer from reduced NADPH to dihydrofolate at
physiological pH was monitored in pre-steady-state stopped-
flow experiments. While isotopic substitution of BsDHFR did
not affect the apparent pKa value of the reaction (Figure S3,
Table S4), the enzyme KIEH (kH

LE/kH
HE) at pH 7 showed an

inverse dependence on temperature (Figure 2A,C, Tables S1
and S2). At temperatures above 20 °C, the enzyme KIEH is
only weakly dependent on temperature, with a value of <1.10,
but it rises sharply with decreasing temperature such that at 5
°C the hydride transfer rate constant for the ‘heavy’ BsDHFR is
only 60% of that of the ‘light’ counterpart.

Figure 1. Conversion of dihydrofolate to tetrahydrofolate through
transfer of the pro-R hydride of NADPH. Overlay of the X-ray
structures of BsDHFR (gold) (PDB 1ZDR)37 and EcDHFR (blue)
(PDB 1RX2).35
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The enzyme isotope effects were also evaluated for the
perdeuterated and 13C, 15N doubly labeled BsDHFRs, the MWs
of which were increased by only half that of the triply labeled
‘heavy’ enzyme. Between 15 and 45 °C the calculated isotope
effects are statistically the same as those measured for ‘heavy’
BsDHFR (Figure S2, Table S1 and S2). These results are in
agreement with a view of enzyme chemistry in which dynamic
coupling under physiological conditions is minimized,7−9

because the values of the enzyme KIEH obtained for the
perdeuterated and doubly (13C, 15N) labeled BsDHFRs are
already close to that of the fully labeled ‘heavy’ enzyme. In
contrast, at 5 °C the enzyme KIEH values for singly (1.42 ±
0.05) and doubly labeled (1.24 ± 0.04) BsDHFRs are lower
than that of the fully labeled enzyme (1.65 ± 0.09). The
observed enzyme KIEH are mainly caused by a change in
protein dynamics, rather than other mass-induced effects such
as a drop in the van der Waals radii on deuterium labeling.
Furthermore, the CD spectra and the thermal melting
temperature curves for ‘light’ and ‘heavy’ BsDHFR were
essentially identical under various buffer concentrations (10,
20, 50 mM KPi at pH 7.0, Figure S4). In a recent study of
EcDHFR, it was proposed that the ground-state conformational
ensemble of the enzyme was altered by heavy isotope labeling,
because there were measurable changes in ligand binding
affinities and thermal melting temperatures.6 Our results show
that while heavy isotope labeling might lead to some changes to
the ground-state conformational ensemble of BsDHFR, altered

dynamics in the triply labeled, ‘heavy’ BsDHFR make a
significant contribution to the observed enzyme kinetic isotope
effects KIEH.
To gain further understanding of the nature of the dynamic

coupling and the unique temperature dependence of the
enzyme KIEs found in BsDHFR, QM/MM ensemble averaged
variational transition state theory (EA-VTST) calculations were
carried out at different temperatures (Figure 3). The theoretical

calculation of the rate constants of the chemical step was based
on TST modified to account for tunneling contributions and
dynamic effects:41−43

= Γ =−
Δ

−
Δ

k T T
k T

h
k T

h
( ) ( ) e e

G T
RT

G T
RTtheor.

B (
( )

) B (
( )

)act
QC

eff

(1)

where R is the ideal gas constant, T is the temperature, kB is the
Boltzmann constant, h is Planck’s constant, ΔGact

QC is the
quasiclassical activation free energy,44 ΔGeff is the effective
activation free energy (for details see SI) and Γ(T) is the
temperature-dependent transmission coefficient. Γ(T) contains
dynamic and tunneling corrections to the classical rate constant
and is therefore equal to one in the limit of classical TST. Γ(T)
can be expressed as

γ κΓ = ·T T T( ) ( ) ( ) (2)

where γ(T) is the recrossing transmission coefficient that
corrects the rate constant for the trajectories that recross the
dividing surface from the product valley back to the reactant
valley, and κ(T) is the tunneling coefficient that accounts for
reactive trajectories that do not reach the classical threshold
energy. All parameters in eqs 1 and 2 can be obtained from
QM/MM simulations (for details see SI), as has been described
previously for the analyses of EcDHFR and its catalytically
compromised variant EcDHFR-N23PP/S148A.7,8

Classical potentials of mean force (PMF) were computed
separately at 278, 298, and 318 K. The PMFs traced as a
function of the selected reaction coordinate (the antisymmetric

Figure 2. Experimental and computational data for the hydride
transfer reaction catalyzed by BsDHFR. (A) Temperature dependence
of the pre-steady-state rate constants for hydride transfer catalyzed by
‘light’ (red) and ‘heavy’ (blue) BsDHFR at pH 7.0, (B) their
corresponding recrossing coefficients (γ(T)) and (C) enzyme KIE
(kLE/kHE) from experiments (red) and calculations (green).

Figure 3. Representation of the active site of BsDHFR. Substrate
DHF, cofactor NADPH, and key amino acid residues are shown as
sticks. The portion of the reactants treated quantum mechanically in
the QM/MM simulations (SI text and Figure S5) is shown with an
overlaid surface representation. The figure was created from PDB file
1ZDR.37
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combination of the distances of the hydride to the donor and to
the acceptor atoms) are shown in Figure S6. The averaged
value of the classical PMFs at each temperature was used to
calculate the quasi-classical activation free energies (Table 1)
after addition of quantum corrections to vibrational motions
(see SI). The transition state (TS) and reactant averaged
geometries were obtained from the windows corresponding to
the maxima and minima of these PMFs. The majority of the
geometric parameters are statistically the same at all examined
temperatures (Table S5), and they are also similar to those
computed previously for EcDHFR at 300 K.7 However, some
subtle temperature-dependent variations in the reactant state of
BsDHFR were found in the distances between the cofactor and
certain residues of the active site. While d(HN2cofac − OALA7)
increases, d(HN1cofac − OILE14) decreases with rising temper-
ature (see Figure S5 for the definition of the atoms).
Furthermore, there is a small systematic displacement of the
TS position along the reaction coordinate (d(C4cofac − Ht) −
d(C6subs − Ht)) as temperature increases. Such a difference is
consistent with the systematic increase in the height of the
PMF maximum (Figure S6 and Table S6) and in the quasi-
classical activation free energy (Table 1). Nevertheless, these
structural differences are generally too small to cause the
dramatic temperature-dependent change found experimentally
for the enzyme KIEs.
Theoretical estimations of the rate constants (ktheor.) and the

transmission coefficients were computed according to eq 1 and
are collected in Table 1. The values for ktheor. are generally
larger than those measured experimentally. This is most likely
due to an underestimation of the free energy barrier during the
PMF computations. However, in terms of the activation free
energy, the difference between the experimental values for ΔG⧧

(Table 2) and the theoretical effective activation free energies
ΔGeff (Table 1) is only approximately 1 kcal·mol−1, which is
well within the theoretical statistical deviations of the free

energy calculations and the experimental errors. Hence, our
computations provide a reasonably accurate illustration of the
TS of the BsDHFR catalyzed reaction.
The tunneling contributions (κ) are identical in the light and

heavy enzymes at all temperatures (Table 1). This observation
is in agreement with our recent computational and
experimental studies of other DHFR homologues, which
indicated that tunneling or barrier modulation is not driven
by compressive “promoting motions”.7−9 The difference in
hydride transfer rate constants between the ‘light’ and ‘heavy’
enzymes arises solely from changes in the recrossing
coefficients γ. To fully characterize the temperature dependence
of the enzyme KIEs, nine pairs of recrossing transmission
coefficients were computed from 278 to 318 K (Figure 2B,
Tables S7 and S8). Although our calculations do not exclude
other possible minor contributions, such as the enzyme isotope
effect on changing the zero point energy of protein modes
going from reactant to the TS, or a minimal structural change
induced by a reduction in the vibrational averaged bond
distances involving isotopically substituted atoms, our results
demonstrate that the experimental enzyme KIE for kH can be
reproduced from the calculated transmission coefficients (Table
1 and Figure 2C). These results are in excellent agreement with
the experimental data, with the computational enzyme KIEH
(kLE/kHE)theor.) also being relatively large at low temperatures
and close to unity in the physiological temperature region. The
recrossing transmission coefficient introduces a quantitatively
minor correction to the calculated rate constant (a factor of
∼1.5), demonstrating the reliability of TST assumptions in the
analysis of this enzymatic reaction. However, this dynamic
correction is essential to explain small effects such as the
enzyme KIEs (see SI and Figure S7). According to this analysis,
it is not necessary to invoke other large nonstatistical motions
of the protein to explain the change in the rate constant
between the light and heavy versions of the enzyme.

Table 1. Temperature Dependence of Transmission Coefficient Components Due to Recrossing (γ) and Tunneling (κ), Quasi-
Classical (QC) Free Energy of Activation (ΔGact

QC), Effective Phenomenological Free Energies of Activation (ΔGeff), and
Hydride Transfer Rate Constants in ‘Light’ And ‘Heavy’ BsDHFR Determined by QM/MM Calculations (ktheor.) and Stopped-
Flow Measurements (kH)

T (K) BsDHFR γ κ ΔGact
QC(kcal mol−1) ΔGeff (kcal mol−1) ktheor. (s

−1) (kLE/kHE)theor. kH (s−1) (kH
LE/kH

HE)exp.

278
light 0.62 ± 0.02 4.2 ± 0.5 13.15 ± 0.58 12.62 ± 0.58 690 1.53 ± 0.09 46.7 ± 3.2 1.65 ± 0.09
heavy 0.40 ± 0.02 12.86 ± 0.58 450 28.3 ± 2.5

298
light 0.61 ± 0.02 3.5 ± 0.3 13.74 ± 0.51 13.29 ± 0.51 1120 1.10 ± 0.04 139.5 ± 2.4 1.14 ± 0.02
heavy 0.56 ± 0.01 13.34 ± 0.51 1020 122.2 ± 4.0

318
light 0.53 ± 0.02 2.9 ± 0.5 14.11 ± 0.57 13.85 ± 0.58 2020 0.98 ± 0.04 256.3 ± 12 1.09 ± 0.06
heavy 0.53 ± 0.01 13.84 ± 0.58 2050 235.3 ± 7.2

Table 2. Kinetic Parameters for the Hydride Transfer Reactions Catalyzed by the ‘Light’ And ‘Heavy’ BsDHFRs at 25 °C and
Comparison to Other DHFRs

ΔS⧧ (cal·mol−1·K−1) ΔH⧧ (kcal·mol−1·K−1) ΔG⧧ (kcal·mol−1·K−1) EA (kcal·mol−1·K−1)

enzyme exp. QM/MM exp. QM/MM exp. exp.

light BsDHFR (5−45 °C) −27 ± 2 −31 ± 12 6.5 ± 0.3 4.1 ± 0.5 14.6 ± 1.6 7.2 ± 0.3
heavy BsDHFR (5−45 °C) −21 ± 2 −25 ± 12 8.4 ± 0.6 6.1 ± 0.5 14.7 ± 1.8 9.0 ± 0.6
light EcDHFR (5−40 °C)a −26 ± 1 NA 6.7 ± 0.3 NA 14.4 ± 1.5 7.3 ± 0.2
heavy EcDHFR (5−40 °C)a −30 ± 2 NA 5.4 ± 0.6 NA 14.4 ± 2.5 6.0 ± 0.3
light EcDHFR-N23PP/S148A (5−40 °C)b −32 ± 2 NA 5.9 ± 0.3 NA 15.3 ± 1.8 6.5 ± 0.1
heavy EcDHFR- N23PP/S148A (5−40 °C)b −33 ± 3 NA 5.5 ± 0.3 NA 15.5 ± 2.8 6.1 ± 0.1
light TmDHFR (5−40 °C)c −23 ± 1 NA 11.7 ± 0.1 NA 18.4 ± 1.3 12.3 ± 0.3
heavy TmDHFR (5−40 °C)c −23 ± 1 NA 11.7 ± 0.1 NA 18.4 ± 1.9 12.3 ± 0.6

aData obtained from ref 7. bData obtained from ref 8. cData obtained from ref 9.
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It should be noted that the reaction coordinate is defined
exclusively in terms of the substrate and cofactor, which are
unaffected by the isotope substitution of the enzyme.
Consequently, the change in the recrossing transmission
coefficient γ reflects the subtle coupling of protein environ-
mental motions to the reaction coordinate at TS. When the
mass of the enzyme increases, protein motions are slower and
less efficient in adapting to the progress of the system along the
reaction coordinate. In other words, progression of the system
along the reaction coordinate is slowed by increased friction in
‘heavy’ BsDHFR. This in turn leads to an increase in the
number of recrossing events, a stronger deviation of γ from
unity, and consequently a drop in the rate constant for the
‘heavy’ enzyme catalyzed hydride transfer reaction.
As the magnitude of the enzyme KIEH for BsDHFR is

noticeably larger than that for EcDHFR at low temperature,7

the coupling of protein environmental motions to the reaction
coordinate must be enhanced in the thermophilic enzyme. This
could be the result of greater flexibility in BsDHFR. To test this
proposal, the root mean square fluctuations (RMSF) of the Cα

atoms in BsDHFR were calculated via 2 ns QM/MM MD
simulations of the reactant state. The RMSF values are plotted
in Figure 4 as a function of the residue number and compared

with those obtained for EcDHFR. The values for BsDHFR are
systematically higher than those for EcDHFR, confirming that
the thermophilic enzyme is more flexible on the ps−ns time
scale, particularly in the M20, FG, and GH loops.
The temperature dependence of the enzyme KIEH can

therefore be explained by a mass-induced effect on the
recrossing coefficient (Figure 2B,C). While the magnitude of
the recrossing coefficient in the ‘light’ enzyme is only mildly
temperature-dependent, the corresponding parameter in ‘heavy’
BsDHFR decreases sharply at low temperatures. We hypothe-
size that the magnitude of the dynamic transmission coefficient
is attributed to three temperature-dependent factors. The first
factor refers to the energy associated with the reaction
coordinate, which increases with temperature and elevates the
recrossing coefficient close to unity. In contrast, the second
factor, the thermal activation of other motions also increases
with temperature but can lead to an increase in the number of
recrossings and thus to a diminution of the transmission
coefficient. Finally, one should also take into account the fact
that the structure of the protein becomes progressively

disordered when temperature increases. This entropic effect
could perturb the process of electrostatic preorganization,
raising the energy barrier for active site reorganization and
causing the resulting transition from reactants to TS to contain
additional protein environmental fluctuations. This leads to a
reduced value of the recrossing transmission coefficient. In the
case of BsDHFR, the slower protein motions caused by heavy
isotope substitution are compensated for when increasing the
temperature, which provides sufficient energy along the
reaction coordinate for the enzyme to reach a transmission
coefficient value close to that of the ‘light’ version. This unique
ability of BsDHFR is probably accounted for by its inherent
flexibility.
Evidence supporting this hypothesis can be found in the

activation parameters (enthalpy and entropy) calculated based
on the experimental hydride transfer rate constants and the
temperature dependence of the computational ΔGeff (Table 2).
In our theoretical treatment (eq 1) these differences are due to
changes in the transmission coefficient. The ‘light’ enzyme is
energetically more capable of providing a configuration
conducive to hydride transfer, as both the experimental and
theoretical activation enthalpies (ΔH⧧) are ∼2 kcal·mol−1

lower than those for hydride transfer by the ‘heavy’ enzyme.
Furthermore, the magnitude of the activation entropy (ΔS⧧) is
also changed upon enzyme isotope substitution. Considering
that the active site provides a complementary charge
distribution for the TS, and such interactions require the
surrounding residues to be ordered, a negative activation
entropy is expected. However, the activation entropy for
hydride transfer by the ‘heavy’ enzyme is significantly lower in
magnitude than that for the ‘light’ version (Table 2). The
differences in the activation parameters between the two
versions of the enzyme can be analyzed in terms of the
contributions due to the recrossing transmission coefficient.
Based on the definition of the effective activation free energy
(see eq 1), the dependency of the activation entropy on the
recrossing coefficient can be expressed in the following manner:

γ
γ

γΔ = · + · ∂
∂γ

⧧ R
RT

S ln( )
T (3)

The first term R·ln(γ) makes a negative contribution to the
activation entropy, particularly for the reaction catalyzed by the
‘heavy’ enzyme, because the corresponding recrossing coef-
ficient is often further deviated from unity (i.e., γHE < γLE < 1).
This effect can be counteracted by the second term (RT/γ)·
(∂γ/∂T), which accounts for the temperature dependence of
dynamic recrossing. It should be noted that the entropy of
activation in eq 3 is not the total entropy of activation given in
Table 2, but only the recrossing-dependent component. Here,
ΔSγ⧧ only refers to the mass-dependent contribution, whereas
ΔS⧧ in Table 2 is composed of both mass-dependent factors
and other contributions that are insensitive to enzyme isotope
substitutions.
As illustrated in Figure 2B, the ‘heavy’ BsDHFR exhibits a

sharper increase of γ with respect to temperature, i.e., (∂γHE/
∂T) ≫ (∂γLE)/(∂T), and a smaller value of γ, thus rendering a
larger (positive) value for the second term of eq 3, which
lowers the absolute value of ΔS⧧ for hydride transfer (making it
less negative). The resulting entropy−enthalpy compensation
(see Table 2) means that the activation free energies for the
reactions catalyzed by the ‘light’ and ‘heavy’ enzymes are very
similar. As the magnitude of γ is sensitive to changes of the
protein environmental motions along the reaction coordinate,

Figure 4. RMSF obtained for the Cα atoms of BsDHFR (red) and
EcDHFR (blue) from 2 ns QM/MM MD simulations of the reactants
state at 298 K. The positions of the M20, FG and GH loops are
indicated.
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the flexibility of BsDHFR likely accounts for the changes of
these activation parameters. At high temperatures, although
mass-dependent vibrational frequencies are lowered by enzyme
isotope substitution, electrostatic preorganization in BsDHFR
remains optimal and merits minimal probability of dynamic
recrossing. At low temperatures, differences due to isotope-
dependent protein motions become more evident between the
‘light’ and ‘heavy’ enzymes. The motion along the reaction
coordinate is reduced at low temperatures, thus the hydride
transfer step experiences more detrimental effects from the
protein motions that reorganize the active site. This analysis
clearly demonstrates that protein motions have distinct effects
at different stages of catalysis: enzyme flexibility is critical
during the process of preorganization, yet too much flexibility
could perturb the stability of the TS.
The current and previous studies7,8 of DHFRs have

demonstrated that a TST framework corrected for dynamic
recrossing can satisfactorily reproduce both the enzyme KIEs
and their temperature dependence. These results demonstrate
the reliability of this approach to characterize the enzyme TS.
In addition, the present work provides a plausible rationale for
why dynamic coupling might differ among homologues,
offering a systematic way to analyze this effect according to
the terms appearing in eq 3. For EcDHFR, the slight
temperature-dependent increase of the enzyme KIE7 likely
implies the dominance of R·ln(γ) in eq 3, which leads to a
slightly larger magnitude of ΔS⧧ for the ‘heavy’ enzyme (Table
2). This would be in agreement with a relatively low flexibility
of the protein environment along the reaction coordinate for
this enzyme. EcDHFR-N23PP/S148A is less well set up for the
hydride transfer reaction and so contains additional fast protein
motions in the TS.8 These factors are reflected in a noticeable
increase in the magnitude of ΔS⧧ relative to wild-type EcDHFR
and a relatively high enzyme KIE (∼1.35). However, ΔS⧧ is the
same in ‘light’ and ‘heavy’ EcDHFR-N23PP/S148A, presum-
ably because, despite the first term of eq 3 being more different
between ‘light’ and ‘heavy’ in this enzyme8 than in the wild-
type,7 there is a stronger temperature-dependent variation in
the recrossing transmission coefficients such that changes to the
two terms in eq 3 partially cancel one another. Finally, the
enzyme KIE for TmDHFR was 1 at all temperatures.9

Following the same arguments, both terms of eq 3 would be
equal for the ‘light’ and ‘heavy’ enzymes, in agreement with the
same value of activation entropy experimentally measured
(Table 2). The structural constraints required for this enzyme
to function at ∼80 °C lead to a significant increase in the
energy barrier for forming an ideal reactive transition-state
configuration, as is evidenced by the higher value of ΔH⧧. This
outweighs the effect of the protein environmental fluctuations.
Together, we conclude that the strength of a dynamic effect is
reflected in the differences observed in the activation
parameters, which in turn rely on the nature of the active
site, the fast protein dynamics that are relevant during the
passage over the chemical barrier (e.g., the difference between
γHE and γLE), and the structural flexibility of the enzyme that
could affect catalysis (e.g., the magnitude of ∂γ/∂T). Never-
theless, regardless of its temperature dependence, dynamic
effects in all the wild-type homologues are small at physiological
temperatures. In our opinion, the current experimental/
theoretical approach is a systematic method to analyze the
nature of protein dynamics in enzyme catalysis. The generality
of this proposal will be verified by examining other systems for
which enzyme KIEs have been reported.2−5
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Gao, J.; Truhlar, D. G. J. Phys. Chem. B 2001, 105, 11326.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja5102536 | J. Am. Chem. Soc. 2014, 136, 17317−1732317323


