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Protein dynamics have controversially been proposed to be at
the heart of enzyme catalysis, but identification and analysis of
dynamical effects in enzyme-catalyzed reactions have proved
very challenging. Here, we tackle this question by comparing an
enzyme with its heavy ("°N, '3C, 2H substituted) counterpart,
providing a subtle probe of dynamics. The crucial hydride trans-
fer step of the reaction (the chemical step) occurs more slowly in
the heavy enzyme. A combination of experimental results, quan-
tum mechanics/molecular mechanics simulations, and theoretical
analyses identify the origins of the observed differences in reac-
tivity. The generally slightly slower reaction in the heavy enzyme
reflects differences in environmental coupling to the hydride
transfer step. Importantly, the barrier and contribution of quan-
tum tunneling are not affected, indicating no significant role for
“promoting motions” in driving tunneling or modulating the bar-
rier. The chemical step is slower in the heavy enzyme because
protein motions coupled to the reaction coordinate are slower.
The fact that the heavy enzyme is only slightly less active than
its light counterpart shows that protein dynamics have a small,
but measurable, effect on the chemical reaction rate.
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here is heated debate about the role of protein dynamics in

enzyme catalysis, especially for reactions that involve transfer
of hydrogen (H*, H-, H"), in which quantum tunneling is signif-
icant. It has been suggested that “promoting protein motions”,
i.e., specific fluctuations that might reduce the barrier height or
promote tunneling by reducing donor—acceptor distances, can
drive enzymatic reactions (1, 2). Such models include pro-
moting vibrations (3), environmentally coupled tunneling (1),
and vibrationally enhanced ground-state tunneling (4). Several
of these proposals suggest that the anomalous temperature and
pressure dependences of experimentally observed reaction rates
and kinetic isotope effects are the consequence of protein motions
on the pico- to femtosecond timescale that reduce the width and/
or height of the potential energy barrier along the chemical re-
action coordinate. However, a connection between promoting
motions and potential energy barrier modulation has never been
demonstrated directly, and recent work has shown that the tem-
perature dependence of kinetic isotope effects can be accounted
for by conformational effects for a number of enzymes (5).
Whereas some authors postulate dynamics as a key driving force
in catalysis (1-4), others have performed analyses showing acti-
vation free-energy reduction, which is an equilibrium property, to
be the source of catalysis (6—14). Enzyme reactions, and partic-
ularly their dynamics, present formidable challenges for study,
and progress requires a combination of theoretical, experimental,
and computational approaches (5, 15-18).

Dihydrofolate reductase (DHFR) has been at the heart of the
debates about the relationship between enzyme dynamics and
catalysis. DHFR catalyses the NAPDH-dependent reduction
of 7,8-dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H4F) by
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hydride transfer from C4 of NADPH and protonation of N5 of
H,F. The enzyme from Escherichia coli (EcDHFR) cycles through
five reaction intermediates, namely E-NADPH, E-NADPH-H,F,
E-NADP*H,F, E-H,F, and EENADPH-H4F (19), and adopts two
major conformations, the closed conformation in the reactant
complexes EENADPH and E-NADPH-H,F and the occluded
conformation in the three product complexes E-NADP"H,F,
E-H,F, and ENADPH-H,F (20). The physical steps of ligand
association and dissociation have been shown to depend on
movements between these two conformations (20, 21). The actual
chemical step of hydride transfer from NADPH to H,F occurs
with a reaction-ready configuration of the closed complex (Fig. 1),
where the M20 loop (residues 8-23) closes over the active site to
shield the reactants from solvent and provide an optimal geometry
and electrostatic environment of the active site for the reaction (6,
20). Results for mutants of DHFR (22-25) have been interpreted
as showing a central role for protein dynamics in catalysis. How-
ever, mutations that affect protein dynamics may actually in-
fluence the chemical reaction in other ways (7), such as through
changing conformational preferences of the enzyme (26). Strong
evidence exists against a direct coupling of large-scale millisecond
protein motions to the reaction coordinate during hydride transfer
from NADPH to H,F (6, 7, 27-29), but the coupling of short-
range promoting enzyme motions to the reaction coordinate in
DHFR cannot be excluded experimentally (6, 22, 27). The effects
of protein dynamics on chemical reactions in enzymes have pre-
viously been investigated directly only by simulations. These have
found that the effects of mutation on reaction in DHFR are not
dynamical; rather, the free-energy barrier for reaction is affected
(7, 30, 31). Given the lack of clear evidence of dynamical effects
on the reaction per se, more direct probes are required.
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Fig. 1. Active site of ECDHFR in the reaction-ready configuration. Substrate,
cofactor, and key amino acid residues are shown as sticks. The portion of the
reactants treated quantum mechanically in the QM/MM simulations (S/ Text)
is shown in an overlaid surface representation. The figure was created from
the crystal structure with PDB code 1RX2, using UCSF Chimera (60).

Dynamical effects can be rigorously defined as deviations of
phenomenological rate constants, k(7'), from the predictions of
transition-state theory (TST) (32-34). In a canonical ensemble,
phenomenological rate coefficients are typically represented as

ksT QTS oTS kT AGOS
k(T):F(T)]Z-QQRexp<—RT> =F(T)];l-exp<— RTt>’

1]

where R is the ideal gas constant, kg is the Boltzmann constant, /
is Planck’s constant, O™ and Q® are the respective transition-
state (TS) and reactant (R) partition functions, £'® is the classi-
cal transition-state barrier height, AG2S is the quasiclassical ac-
tivation free energy (for more detail see SI Text) (35), and I'(T) is
the temperature-dependent transmission coefficient, which gen-
erally lumps together the so-called “dynamical” corrections to
the classical TST expression. In the limit of classical TST, I'(T)
in Eq. 1 is equal to unity. In such circumstances, an Arrhenius
plot of In(k(T)) vs. 1/T should be nearly linear, as long as the
temperature range is small enough that the preexponential factor
is approximately constant.

Several enzymes show nonlinear Arrhenius plots for H-transfer
reactions (5, 36-40). However, the microscopic origin of these non-
linearities remains an open question. The most common explanations
invoke recrossing and tunneling, both of which are folded into I'(T),

(T) =y(T)x(T), (2]

where the recrossing transmission coefficient, vy, corrects the rate
coefficient for trajectories that recross the dividing surface back
to the reactant valley, and the tunneling coefficient, k, accounts
for reactive trajectories that do not reach the classical threshold
energy. In general, 0 < y(7T) < 1, with values less than unity
arising from the coupling of the reaction coordinate to other
coordinates (discussed in further detail below). y(T') can be es-
timated from molecular dynamics (MD) trajectories starting
from the TS with a thermal distribution of velocities. Recent
studies on several enzyme-catalyzed reactions (11-14) suggest
that recrossing coefficients tend to be somewhat closer to unity
than the corresponding counterpart reactions in solution. In gen-
eral, k(7)) > 1, with values larger than unity when quantum tun-
neling is important (41, 42).

Isotopic substitution of substrates or cofactors has provided
strong evidence for quantum tunneling in enzyme reactions. The
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temperature and pressure dependences of experimentally ob-
served reaction rates and kinetic isotope effects have been
interpreted to be a consequence of protein motions on the pico-
to femtosecond timescale that reduce the width and/or height of
the potential energy barrier along the chemical reaction co-
ordinate (1-4, 43). Others have postulated that millisecond
conformational fluctuations may also be involved in driving the
chemical step of the reaction (22). To focus more directly on
protein dynamics, rather than dynamics of the reactants, entire
enzymes can be isotopically substituted, with all nonexchange-
able atoms of a particular type (e.g., N, C, H) replaced by
a heavier isotope; the “heavy” enzyme can then be compared
with its natural, lighter counterpart. Within the Born—Oppen-
heimer approximation, the electronic potential energy surface, V,
governing atomic motion is identical in the light and heavy
enzymes. The forces acting on the atoms are also identical, being
the negative gradient of the potential with respect to atomic
coordinates (i.e., —dV/dq = F, where F is the force acting on an
atom and q is a vector of atomic coordinates). Consequently, any
differences in reaction rate between the light and heavy enzymes
must arise from mass-induced differences in atomic motions,
ranging from fast bond vibrations on the femtosecond timescale
to conformational changes on the millisecond timescale.

Isotopic substitution of HIV protease, purine nucleoside phos-
phorylase, alanine racemase, and pentaerythritol tetranitrate re-
ductase has been proposed to affect catalysis by changing ultrafast
vibrations that couple to the reaction coordinate (44-47). However,
the precise manner in which such mass-dependent effects impact
the different terms of the preexponential factor in Eq. 1 remains
uncertain. Exactly how y(T') and «(T) contribute to I'(T), and in
particular how these are affected by protein dynamics, remains
a fundamental and hotly debated question with important con-
sequences for understanding enzyme catalysis. Using a combina-
tion of experiment, theory, and computation, we analyze dynamical
effects by comparing the rate coefficients for hydride transfer
in NADPH catalyzed by both “heavy” (*°N, *C, *H isotopically
substituted) and “light” (natural isotopic abundance) EcDHFR.
We have measured, analyzed, and simulated the temperature
dependence of the EcDHFR-catalyzed hydride transfer from
NADPH to H,F in the heavy and light enzymes. A key compo-
nent of these experiments is the fact that we isotopically modi-
fied only the protein, leaving the substrate unchanged. This
universal isotopic substitution of the protein provides an exqui-
sitely sensitive means of probing dynamical effects.

Results and Discussion

Creation of Heavy EcDHFR. Heavy EcCDHFR was groduced in M9
medium containing exclusively ISNH,Cl, U-3C, H-glucose, and
2H,0. All exchangeable “H atoms were replaced by "H during
enzyme purification and storage in buffers made of 'H,O. The
observed 10.76% increase in molecular mass for purified heavy
EcDHFR (SI Text) showed that 98.6% of the N, ">C, and
nonexchangeable 'H atoms (76% of total 'H atoms) had been
replaced by their heavier isotopes. The circular dichroism spectra
of light and heavy EcDHFR were indistinguishable, indicating
that the isotope substitution did not alter the overall structure of
the protein (Fig. S1).

Experimental Results. The experimentally measured kinetics (Fig. 2
and Tables S1-S3) show intriguing differences in reactivity be-
tween the light and heavy enzymes under otherwise identical
conditions (SI Text). The EcDHFR reaction is strongly de-
pendent on pH; at pH 7, hydride transfer from the reduced
cofactor NADPH to (mostly) protonated dihydrofolate is a fast
step in the overall turnover of H,F. At pH values of 9.5 and
above, hydride transfer to (mostly) unprotonated substrate is
rate limiting (19). At elevated values of pH, the hydride transfer
can therefore be monitored in multiple-turnover steady-state
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Fig. 2. Experimental ECDHFR data for hydride transfer rate constants and corresponding fits using a tunneling model (5) (V™ = 15 kcal-mol~") at pH 7 and pH
9.5 (main text). Upper Left shows the pH 7.0 pre-steady-state kinetic data (In k4"F as red circles and In k"' as blue circles); Upper Right shows the pH 9.5
steady-state kinetic data (In k.F as red circles and In k.,:"'F as blue circles). Fits to the light and heavy enzyme data are shown using red and blue lines,
respectively. Lower Left and Lower Right show the KIE (ratio of light to heavy enzyme rate constants, k*5/k"E), at pH 7.0 and pH 9.5, respectively, with red
circles showing experimental data and the line indicating the fit from the tunneling TST model.

experiments. The steady-state rate constants at pH 9.5 for light
and heavy EcDHFR, k.,"F and k', are similar at low
temperatures, but notably diverge with increasing temperature
because the rate constants of the light enzyme increase more
rapidly (Table S1 and Fig. 2). At 40 °C, ke.("F is 27% larger
than kea 'E (Table S1). Michaelis constants for NADPH and
dihydrofolate are identical within error for the heavy and light
enzymes at both 20 °C and 35 °C (Table S2), suggesting that
binding interactions are unaltered in the heavy enzyme. The
difference between kea " and keal'F therefore reflects a dif-
ference in reactivity between the light and heavy enzymes after
formation of the respective Michaelis complexes.

At pH 7.0, the overall turnover rate is determined by release of
tetrahydrofolate from the EcDHFR-NADPH-H,F mixed ternary
complex (19). Crystal structures and NMR spectroscopy have
revealed that this is accompanied by movement of the M20 and
BFG loops with rates similar to those for product release and
therefore k., (20, 21, 48). The enzyme kinetic isotope effects on &,
(KIEqy = keat- Sk car ) measured here at pH 7 are in agree-
ment with these observations. Whereas the Michaelis constants were
not sensitive to enzyme isotopic substitution, the steady-state rate
constants of the light and heavy enzymes (Table S1) showed KIE,,
of 1.04 £ 0.03 and 1.16 + 0.01 at 20 °C and 35 °C, respectively.

To determine the rates of the fast hydride transfer from re-
duced NADPH to (mostly) protonated dihydrofolate at physio-
logical pH, pre—steady-state stopped-flow experiments that follow
the fluorescence resonance energy transfer from the protein to
reduced NADPH were conducted. We have shown previously
that these are the most physiologically relevant conditions for
hydride transfer measurements (29). The rate constants, ky™"
and k'™, for hydride transfer catalyzed by the light and heavy
enzymes show a similar dependence on temperature to that ob-
served in the steady-state measurements at elevated pH (Table S1
and Fig. 2). The (enzyme) kinetic isotope effect (KIEy = ki"*/
ki''®) increased from 0.93 + 0.02 at 10 °C to 1.18  0.06 at 40 °C
(Fig. 2). Measurements of the pH dependence of the pre-steady-
state rate coefficients for hydride transfer indicated that the ap-
parent pK, value of the reaction was not affected by isotopic
substitutions (Table S3). The apparent pK, values were 6.26 +
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0.15 and 6.67 + 0.31 for the light and heavy EcDHFR-catalyzed
reactions at 20 °C and 6.40 + 0.11 and 6.55 + 0.37 at 35 °C.

Data Fitting. Curvature in the Arrhenius plots (Fig. 2), especially in
the pH 7.0 data, hints at microscopic effects beyond those described
by simple classical TST. Recently, we have shown that the tempera-
ture dependence of rate constants and KIEs in several enzymes can be
described using physically reasonable kinetic models that include
tunneling corrections (5, 49). For some enzymes, such as aromatic
amine dehydrogenase and methylamine dehydrogenase, two con-
formations with different reactivity are required to reproduce ob-
served behavior, whereas for others like soybean lipoxygenase-1,
asingle conformation is sufficient. The experimental data in Fig. 2 can
be fitted well, using a one-conformation tunneling model of the form

KME(T) = ME(T)CHET exp (—eME /RT)

K“E(T) = K“E(T)CLET exp(—&“E/RT), [3]

kHE kLE

where and are the respective temperature-dependent
rate constants for hydride transfer in heavy and light ECDHFR,
k" and «"F are the tunneling transmission coefficients in the
heavy and light enzymes (calculated from an analytical expression
for tunneling through a one-dimensional barrier as discussed in
SI Text), C'ET and C *T are prefactors that fold in the effect
of both recrossing and temperature-dependent contributions of
the reaction entropy to the total rate coefficient, and &= and
&"F are the enthalpic activation barriers for hydride transfer. The
fitting procedure gives excellent agreement with experiment over
the entire temperature range (Table S4, Fig. 2, and Fig. S2).

Molecular Dynamics Simulations. Separately, we carried out quan-
tum mechanics/molecular mechanics (QM/MM) molecular dy-
namics simulations at 300 K with the substrate dihydrofolate
fully protonated, to investigate the intricate molecular details of
the reaction (Fig. S3). QM/MM ensemble-averaged variational
TST (EA-VTST) calculations with multidimensional tunneling
corrections have provided useful insight into many enzyme-
catalyzed reactions (9, 12, 14, 41, 50). For the molecular dy-
namics simulations, the reaction coordinate was defined as the
difference of distances between the transferred hydride and the
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donor and acceptor atoms. Simulations of the heavy enzyme were
performed using the masses of N, *C, and ?H for nitrogen,
carbon, and nonexchangeable hydrogen atoms. Structures from
the QM/MM molecular dynamics simulations were used for EA-
VTST calculations, which work out I'(T’) by calculating both y and
k (Egs. 1 and 2) (further details in SI Text).

The extent of dynamical coupling between the reaction co-
ordinate and other motions within the protein—substrate com-
plex is indicated by the magnitude of the recrossing coefficient, y.
It is important to point out that the calculated value of y is
related to the free-energy profile (51). The free-energy profile in
turn depends on the choice of the reaction coordinate. Here, we
confine our discussion to the difference in the distances between
the transferred hydride and its donor/acceptor. The reasons for
this are twofold: (i) The extent to which our recrossing coefficients
deviate from unity is comparable to that in previous studies (11, 12,
30), suggesting that we have chosen a reasonable reaction co-
ordinate, and (i) a reaction coordinate based on bond distances
conforms to the local mode picture that chemists typically use to
rationalize whether or not a reaction has occurred. In SI Text, we
describe more sophisticated quantized variational transition state
searches carried out on the mass weighted coordinates of larger
atomic subsets surrounding the hydride transfer region. The im-
portant point of these additional tests is that the free-energy
profiles for hydride transfer in both the light and the heavy systems
are statistically identical for the reaction coordinates that we in-
vestigated. As shown in SI Text (e.g., Fig. S4B), changes in
the reaction coordinate significantly affect neither the height nor
the position of the free-energy maximum, in agreement with the
results of the experimental fits described above.

Discussion

The 300-K classical potentials of mean force (PMF), obtained
using the semiempirical Austin Model 1 Hamiltonian with specific
reaction parameters and molecular mechanics (AM1-SRP/MM),
give free-energy barriers that are statistically identical in the heavy
and light enzymes and close to the value of 15 kcal-mol™" obtained
above for the classical barrier height (V) through fits to the ex-
perimental data (SI Text). This value is considerably different from
the activation energy of ~6.3 kcalmol™ obtained using an
Arrhenius-type fit (Table S4), providing an excellent cautionary
example of how Arrhenius-type fits can be misleading when I'(T) is
significant. The quantized vibrational corrections to the reactant
PMF are small and statistically indistinguishable in the heavy and
light enzymes (SI Text). The findings from the QM/MM MD
simulations are consistent with the kinetic fits, which found &
and &' to be very similar at each pH and within 1.2 kcal-mol™" of
IS (Table S4). The magnitude of these corrections is similar to
those found in previous studies on hydride transfer reactions in
other NAD(P)H-dependent enzymes (52-54). The 300-K rate
constants obtained from MD simulations, which result directly
from the simulations without any fitting to the experimental data,
are in excellent agreement with the experimental values (which are
of course themselves subject to some uncertainty) (Table 1). It is
important to note that such good agreement (apparently within the
errors of all of the various methods) is, to some extent, fortuitous

given the complexity of simulating enzyme reactions. Nevertheless,
these results (taken alongside the kinetic modeling) suggest that
the computational approach is reasonable.

The EA-VTST tunneling coefficients, «, are statistically identi-
cal for the heavy and light enzymes (Table 1), with an effective
contribution to the phenomenological barrier less than 1 kcal-mol ™.
Qualitatively, this result is identical to that found from fitting the
kinetic data: The best-fit values for @™* and w"F (Table S4)
suggest a barrier that is rather broad and smooth. The tunneling
coefficients obtained from EA-VTST and independently from
the fitting model agree within errors (Table S4), both methods
suggesting that contributions from tunneling in the heavy and
light enzymes are small and effectively identical. The EA-VTST
values of the barrier reduction due to tunneling are also very
close to those calculated for DHFR from Thermotoga maritima
(ca. 0.7 kcal-mol™", computed for the monomer at 298 K) (16)
and for lactate dehydrogenase (ca. 0.8 kcal-mol™) (55), but
slightly smaller than those found for thymidylate synthase (1.4
kcal-mol™" for hydride transfer at 303 K) (14) or morphinone
reductase (1.5 kcal-mol™ for hydride transfer at 298 K) (56). In
both light and heavy enzymes, the time-dependent flux—flux
correlation functions used to obtain the transmission coefficients
show a fast decay during the first 20 fs and a subsequent plateau
after 40-60 fs (Fig. S4C), giving 0.57 for y"F and 0.49 for y"E.
This corresponds to a y"E:iyHE ratio of 1.16, in good agreement
with the results of the fitting, in which the preexponential factors
C"F and CMF have a ratio of 1.14 at pH 9.5 and 1.08 at pH 7.

The fits and the QM/MM results both point to a scenario in
which the difference in phenomenological rate constants between
the heavy and light enzymes arises in part from the different
participation of protein motions in the reaction coordinate. In the
EA-VTST model, this is captured through differences in the
recrossing coefficients y, whereas in the fitting model differences
in y are folded into differences in C-* and C™F. The origin of the
difference in the recrossing coefficients lies in the coupling be-
tween the reaction coordinate and the environmental motions. In
general, the coupling of environmental modes to motion along
the reaction coordinate depends on the relative values of each
mode’s frequencies. The speed of passage over the TS is largely
determined by the curvature of the energy surface around the TS.
In general, environmental motions characterized by vibrational
frequencies that are greater than or equal to the equivalent
characteristic time for passage through the transition state region
quickly adapt to geometrical changes in the reaction coordinate,
and the fast equilibrium assumption (implicit in TST) holds.
Environmental motions characterized by vibrational frequencies
less than the characteristic time for passage over the reaction
coordinate reaction frequency adapt to geometrical changes
along the reaction coordinate more slowly and the fast equilib-
rium assumption becomes less valid. In ergodic systems, faster
environmental response is therefore often linked to higher-energy
frequency distributions. The friction spectrum (Fig. S4D) shows
the distribution of frequencies that couple to the reaction co-
ordinate in both the heavy and the light enzymes. Qualitatively,
the most significant differences between the friction spectra in
both systems occur below frequencies of ~1,000 cm™ (with many

Table 1. Transmission coefficient components due to recrossing (y) and tunneling (x) for
hydride transfer in light and heavy EcDHFR, determined by QM/MM calculations

EcDHFR Y K AGE, kcal-mol™  AGeg, kcal-mol™  kineor 57 Kexpr S~
Light 0.57 + 0.02 2.61 +0.49 14.59 + 0.41 14.35 + 0.54 219 209.1 £ 5.0
Heavy 0.49 + 0.02 14.46 + 0.54 188 190.1 + 8.5

AGSCE is the quasiclassical (QC) free energy of activation (Eq. 1); AGes is the effective phenomenological free
energy of activation, into which the effects of tunneling and recrossing are folded; kineor is the predicted
hydrogen transfer rate coefficient at 300 K; and k., is the experimentally determined hydrogen transfer rate

coefficient at 303 K.
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of the most intense peaks in the heavy enzymes red-shifted by
~30 cm™' compared with the light enzyme, owing to the greater
masses). The lower frequency distribution in the heavy enzyme
system is consistent with a slower environmental response time in
the heavy protein and a transmission coefficient that has a cor-
respondingly larger departure from unity.

The MD simulations suggest that differences in the environ-
mental response time between the heavy and light proteins
translate to an effective free-energy difference in the barrier
heights for hydride transfer, with the barrier in the light enzyme
0.11 kcal-mol™ lower than that in the heavy enzyme at 300 K
(Table 1). Within the error limits at 300 K, the recrossing factor y
captures most of the difference between the experimentally ob-
served k(T) values in the heavy and light enzymes.

To investigate possible dynamical differences between the light
and heavy enzymes, we examined isolated dynamical observables
either side of the transition state calculated from the QM/MM
simulations of hydride transfer in each enzyme (Table S5). These
reveal that the light and heavy enzymes are very similar, with little
or no significant difference in many dynamical observables. For
example, the donor-acceptor distance (Fig. S4F) and the angle
between the donor, hydride, and acceptor atoms (Fig. S4F) in the
heavy and light systems show very similar time-dependent pro-
files. Other distances between atoms in the substrate and the
active site during reaction also show similar behavior in the heavy
and light enzymes: The approach of Met20 to the substrate and
the amide group of the cofactor nicotinamide ring (Fig. S4G),
which precedes the formation of the TS [and has been suggested
to stabilize the hydride transfer TS (57)], has very similar time
profiles in the light and heavy enzymes. Compelling evidence for
a faster environmental response in the light enzyme is clearly seen
only with a global analysis that accounts for all atomic positions
within both the light and the heavy enzyme. The root mean squared
deviation (RMSD) along reactive trajectories between the average
geometry at time 7 and the average TS geometry (Fig. S4H) shows
that the global environmental response is slightly faster in the light
enzyme, as deduced from the exponential decays of the RMSD on
both enzymes. The relaxation rate constants obtained from a least-
squares fit are 9.0 + 0.1 ps™ and 8.7 + 0.1 ps™" for the light and
heavy enzymes, respectively.

Most significantly, analysis of the RMSD reveals that the light
enzyme environment—taken as a global aggregate—responds
more quickly to motion along the reaction coordinate (Fig. S4H).
It is also interesting to consider the converse: namely, how the
reaction coordinate responds to motions in the environment.
Thermodynamic detailed balance requires that a faster response
in one direction must be linked to a faster response in the re-
verse direction—i.e., the chemical reaction rate in the light en-
zyme must be more responsive to environmental fluctuations and
perturbations than that in the heavy enzyme. For DHFR, protein
motion couples to the reaction coordinate in a rather subtle way
that is apparent only via a global description of all atomic posi-
tions. This makes it difficult to specifically identify any “pro-
moting motions” that couple EEDHFR motions to progress along
the reaction coordinate. Clearly any dynamical effects on the
chemical step are small, subtle, and not localized, but apparently
play a role in making the heavy enzyme less active than its nat-
ural, light counterpart. Unraveling the microscopic mechanisms
responsible for this sort of global dynamical coupling offers in-
teresting and fertile territory for future investigations into the
microscopic mechanisms that underlie enzyme function. Work is
currently underway to investigate the effect of isotopically label-
ing segments of ECDHFR to determine whether certain portions
of the enzyme play a greater role in the dynamical effects.

Conclusions

Our experimental results show that hydride transfer from NADPH
to dihydrofolate is generally somewhat faster in light EEDHFR than

16348 | www.pnas.org/cgi/doi/10.1073/pnas.1312437110

in its heavy counterpart, over the temperature range 280-313 K.
Fitting this temperature-dependence data to a recently developed
model based on TST suggests that both the tunneling con-
tributions and the barrier heights in the heavy and light enzymes
are identical; the fitting indicates that the differences in the rate
coefficients arise from variations in the respective preexponential
factors. This conclusion is supported by QM/MM MD simulations
and EA-VTST calculations carried out at 300 K, which suggest that
(¢) the tunneling probabilities and barrier heights are statistically
indistinguishable in the light and heavy enzymes and (ii) the dif-
ferences in the phenomenological rate coefficients are mostly
accounted for by differences in the recrossing coefficient. Thus, the
difference in reactivity is due neither to differences in quantum
tunneling nor to differences in barrier height, but rather to differ-
ences in the extent to which the protein environment of the light
and heavy enzymes globally couples to the reaction coordinate.
These findings run counter to proposals that invoke enhancement
of tunneling or barrier modulation by specific protein (“pro-
moting”) motions or claims that protein dynamics “drive” tunneling.

Although TST with tunneling corrections broadly accounts
for the observed hydride transfer rate coefficients, more detailed
quantitative analysis requires dynamical recrossing corrections.
Specifically, our simulations and modeling indicate that the main
cause of the difference in the rate constants for the reactions
catalyzed by light and heavy EcDHFR is different coupling of
global motions with the protein environment along the reaction
coordinate. In a TST treatment this can be translated into a slightly
different reaction coordinate (e.g., a more global coordinate
allowing more of the protein to participate directly) or, more
conveniently in this case, into a different value of the recrossing
transmission coefficient. Irrespective of this procedural choice,
our experimental and theoretical results agree that the small
differences in reactivity between the light and heavy enzymes
most probably arise from differences in the extent to which the
protein environment is coupled to the chemical step. In the
light enzyme, where atomic motion is characterized by higher fre-
quencies, the environment responds more rapidly to changes along
the reaction coordinate, resulting in fewer trajectory recrossings.
This study, which compares kinetics in the light and heavy enzymes,
provides important insight into the nature of enzyme reaction dy-
namics. Although protein dynamics have a measurable effect on the
chemical reaction, the effect is relatively small and is not related to
differences in quantum tunneling.

Methods

Experimental Methods. ECDHFR and '°N-, '3C-, ?H-labeled (heavy) EcDHFR
were produced in M9 medium and purified as previously described (58).
Electrospray ionization mass spectrometry was used to determine the de-
gree of isotopic substitution in the heavy enzyme, and structural integrity
was confirmed by circular dichroism spectroscopy. Steady-state and stopped-
flow kinetic measurements were performed as previously described (38, 59).

Fitting Methodology. The temperature-dependent experimental hydride
transfer data at different values of pH were fitted to Eq. 3, using a nonlinear
least-squares minimization algorithm. Fitting the data to a more sophisti-
cated multiconformation model did not give improved nonlinear least-
squares fits compared with single-conformer models.

QM/MM EA-VTST Calculations and Molecular Dynamics Simulations. Protein
Data Bank entry 3QL3 (22) was used as the starting structure for simulations.
Heavy EcDHFR was prepared by modifying the masses of all '*N, '2C, and
nonexchangeable 'H atoms to those of '°N, '*C, and *H. QM/MM EA-VTST
calculations and molecular dynamics simulations were performed to de-
termine reactive trajectories and to extract contributions to the transmission
coefficient (Eq. 2) and activation parameters.

A full description of experimental, fitting, and simulation methods is
provided in S/ Text.
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