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ABSTRACT: A significant contemporary question in enzy-
mology involves the role of protein dynamics and hydrogen
tunneling in enhancing enzyme catalyzed reactions. Here, we
report a correlation between the donor−acceptor distance
(DAD) distribution and intrinsic kinetic isotope effects (KIEs)
for the dihydrofolate reductase (DHFR) catalyzed reaction.
This study compares the nature of the hydride-transfer step for
a series of active-site mutants, where the size of a side chain
that modulates the DAD (I14 in E. coli DHFR) is
systematically reduced (I14V, I14A, and I14G). The contributions of the DAD and its dynamics to the hydride-transfer step
were examined by the temperature dependence of intrinsic KIEs, hydride-transfer rates, activation parameters, and classical
molecular dynamics (MD) simulations. Results are interpreted within the framework of the Marcus-like model where the
increase in the temperature dependence of KIEs arises as a direct consequence of the deviation of the DAD from its distribution
in the wild type enzyme. Classical MD simulations suggest new populations with larger average DADs, as well as broader
distributions, and a reduction in the population of the reactive conformers correlated with the decrease in the size of the
hydrophobic residue. The more flexible active site in the mutants required more substantial thermally activated motions for
effective H-tunneling, consistent with the hypothesis that the role of the hydrophobic side chain of I14 is to restrict the
distribution and dynamics of the DAD and thus assist the hydride-transfer. These studies establish relationships between the
distribution of DADs, the hydride-transfer rates, and the DAD’s rearrangement toward tunneling-ready states. This structure−
function correlation shall assist in the interpretation of the temperature dependence of KIEs caused by mutants far from the
active site in this and other enzymes, and may apply generally to C−H→C transfer reactions.

■ INTRODUCTION
Despite intense studies during the past century, many questions
regarding enzyme catalysis still remain unanswered. Specifically,
the physical features of enzyme catalyzed reactions continue to
be part of a vigorous debate. The transition state (TS)
approach introduced by Pauling,1 which suggested that
enzymes work by preferentially binding the activated form of
the substrate(s) at the TS, still remains the generally accepted
description. This static view of enzyme catalysis is likely to be
correct; however, it fails to address the mechanism by which
physical features that contribute to that TS stabilization (e.g.,
electrostatics and steric effects) arise along the reaction
coordinate. An approach that provides a more dynamic view
of the catalytic process suggests that the thermal motions of
both enzyme and substrates are essential for the chemical
transformations catalyzed by an enzyme. A large amount of
experimental and theoretical evidence supports such a view for
certain enzymes, however the relationship between enzyme
dynamics2 and bond activation needs further description.
Analogous issues are of equal importance in solution reactions,
and here we take advantage of the ability to control the
reactants’ relative orientation in an enzyme’s active site to
examine the nature of C−H→C transfer reactions in general.

Several experimental and theoretical approaches provide an
examination of hydrogen tunneling and its environmental
coupling.3−14 Here, we focus on the temperature dependence
of the intrinsic kinetic isotope effect (KIE), and on single
turnover rates, as a means to probe the nature of the hydride-
transfer.3,12,15,16

Experimental data collected by this approach led to the
development of several phenomenological working models,
which are extensions of the Marcus theory for electron
transfer.7,17,18 They are referred to as Marcus-like models
(also addressed in literature as environmentally coupled
tunneling,19 rate-promoting vibrations,20 vibrationally enhanced
tunneling,21 and more). In these models, illustrated in Figure 1,
heavy-atom motions along the reorganization coordinate bring
the system to a point where donor and acceptor wells are
degenerate and where tunneling of the hydride is possible (i.e.,
a tunneling ready state, TRS). Thus, environmental reorganiza-
tion occurs before hydride-transfer takes place.3,4,6,7,12,18,22−24

At that point, the tunneling probability will depend on the
overlap between the donor and acceptor wave functions (the first
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exponential inside the integral of eq 1, referred to as the Franck−
Condon term), which is sensitive to the mass of the tunneling
particle, donor−acceptor distance (DADe)

25 and its fluctuation
along the DHA coordinate (Figure 1). Equation 1 summarizes, in
general terms, the form of the rate equation of various Marcus-
like models,
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where C(T) represents the fraction of reactive complexes. The first
exponential term is referred to as the Marcus-term and gives the
probability of reaching a TRS. This term is a function of λ, the
work associated with reorganization of the heavy-atoms, the
reaction’s exoergicity (ΔG°), and the absolute temperature T.
Importantly, while C and the Marcus-term are mostly isotopically
insensitive, they generate much of the temperature dependence in
the reaction’s rate. The second exponent represents the Franck−
Condon term (FC), an overlap integral that determines the
tunneling probability for each isotope as a function of donor−
acceptor distance. The last exponent has been referred to as the
“gating” term, and it represents the Boltzman distribution of
DADe's at a given temperature. This term is temperature sensitive,
and together with the FC term is the source of the temperature
dependency of the KIEs. The last two exponents are integrated
over all the DADe's sampled by the system.
Several researchers employed these models to rationalize

their experimental results,9,12,13,16,23,26,27 where temperature-
independent KIEs indicate a system wherein the reactants’
relative orientation and electronic states are optimized for
H-tunneling and thermally activated fluctuations of the DADe do
not affect the KIE. On the other hand, temperature-dependent
KIEs indicate a system wherein the reactants’ orientation and
relative dynamics are not optimal and thermally activated gating
motions have a different effect on the transfer of H than that of
D or T. These models have been instrumental in qualitatively
rationalizing trends in both the temperature and pressure
dependence of kinetic data. In recent years, there have been
modest attempts to quantitatively link the experimental data to
the potential energy surface describing the gating coordinate
(to link it to eq 1).13,28−30 However, due to the complexity of

the DADe’s potential surface, and the fact that the DAD’s
fluctuations do not constitute a normal mode, there are certain
limitations in, e.g., determining a precise DADe and its
fluctuations.31 MD simulations may be necessary to visualize
the atomic level structural changes that affect the DADe in these
reactions.
Here, we assess the modulation of the DADe by examining

the relationship between the H-transfer rates and temperature
dependence of KIEs, and the distribution and fluctuations of
the DADc

25 via MD simulations, through the targeted
mutagenesis of an active site residue. Several other recent
studies examined the effects of active site mutations, especially
residues that are in direct contact with the substrates, on
H-transfer reactions. In the study of a ketoglutarate-dependent
dioxygenase, residue F159, which is in a position where the size
of its side chain might affect the DADe, was systematically
mutated to L, V, and A, leading to reduced rates for substrate
binding and C−H bond cleavage.32 For this system where a
hydrogen radical is transferred to Fe(IV)O (probably
through a proton coupled electron transfer), elevated KIEs
were measured at two different temperatures for the F159L and
the F159V mutants which was in accordance with a longer
DADe as analyzed in terms of a Marcus-like model. However,
fluctuations in the DADe were not directly examined. In
another relevant study on horse liver alcohol dehydrogenase,
V203 (a residue analogous to I14 in DHFR) was mutated to
alanine, to lead to a longer DADc.

33,34 The 2° KIEs suggested
reduced tunneling effects in the mutant, and the crystal
structures of mutants implied an increase in the ground-state
DADc's, but no temperature effects or fluctuations/distributions
of the DAD were examined. Most recently, a study on a
thermophilic alcohol dehydrogenase employed a series of active
site mutants which led to enormously elevated Arrhenius
prefactors below the physiological temperature range.14 In this
case, no clear trend was observed between the size of the active
site residue and the size of the Arrhenius prefactors. Moreover,
mutations had little effect on activation parameters at
physiologically optimal temperatures. Recent studies on
morphinone reductase allowed for the examination of DAD
modulation by pressure and temperature dependence through
the two active-site residues that are in direct contact with the
NADH cofactor, N189 and W106.13,35 For both residues, only
the alanine mutant was examined.
In the present work, we build upon these previous studies

through examination of intrinsic KIEs, and we also expand the
study executed by Scrutton and co-workers13 by systematically
examining the correlation between changes in kinetics and the
population distribution along the DAD coordinate through the
gradual reduction of the size of a residue that directly
modulates DADe. Careful selection of the residue of interest
allowed us to minimize any electrostatic changes in the active
site and focus on changes to the DAD. In addition to measuring
KIEs, we used MD simulations to assess the fraction of reactive
complexes and distribution of DADc's. The model system in
this work is dihydrofolate reductase (DHFR) from E. coli, an
enzyme that has been the subject of extensive experimental and
theoretical studies over the years, and is well suited for the
study reported here.36,37 DHFR is a small, flexible, monomeric
protein (18 kDa), that catalyzes the conversion of 7,8-
dihydrofolate (H2F) to 5,6,7,8-tetrahydrofolate (H4F) with
the stereospecific transfer of a hydride from the pro-R C4
position of the nicotinamide ring to the si face of C6 of the
dihydropterin ring. The complex kinetic mechanism of DHFR

Figure 1. Illustration of a Marcus-like model. The reorganization
coordinate represents the heavy-atom motions that carry the system to
the TRS (‡). The blue and green correspond to the reactant and
product states, respectively. The DHA coordinate (donor−hydrogen−
acceptor) represents the fluctuations of the DADe. The red curve
represents the wave functions of the hydrogen nucleus.
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has been determined from equilibrium binding, steady-state,
and pre-steady-state kinetic studies.36,37

Previous measurements of intrinsic KIEs and their temper-
ature dependence implied quantum mechanical tunneling of
the hydride in the wild-type DHFR (WT DHFR) catalyzed
reaction.38 Kinetic studies of several distal mutants of DHFR
indicated an important role of remote residues in modulating
the H-tunneling process.27,39,40 The latter studies supported the
hypothesis that a set of equilibrated conformational changes are
coupled to the chemical transformation (C−H→C transfer), as
predicted by hybrid quantum/classical MD simulations.41,42

Nonetheless, the long distance and complex relations between
these remote residues and the active site prohibited a
microscopic explanation of the effect of the mutants on KIEs
and on the DAD. Reproducing similar observations via active
site mutations, which have more straightforward effects on
DADe and DADc, is critical in rationalizing analogous effects
caused by remote mutants or altered conditions.
The focus of the present study is an active site residue, Ile 14,

a hydrophobic residue situated behind the nicotinamide ring of
the cofactor (NADPH) that keeps the nicotinamide ring, i.e.,
the H-donor, in close proximity to the pterin ring of the
substrate, i.e., the H-acceptor (Figure 2). Importantly, this

hydrophobic side-chain is typical to many nicotinamide
dependent enzymes, which further broadens the application
of the current study. Two-dimensional heteronuclear (1H−15N)
magnetic relaxation studies of DHFR demonstrated that this
residue exists as two rotamers, about the χ1 dihedral angle
(χ1:N-Cα-Cβ-Cγ1), in solution; the more populated +gauche
rotamer and smaller but significantly populated trans rotamer.43

However, in both open and occluded crystal structures of WT
DHFR, I14 residue is observed as only the +gauche rotamer.
Modeling suggested that if this residue occupied the trans
rotameric state, it would clash with the nicotinamide ring. In
order for residue 14 to exist as a trans rotamer, the
nicotinamide ring would be displaced toward the pterin ring.
Brooks and Arora44 computed the free energy surfaces
corresponding to the χ1 dihedral angle of residue 14, along
the reaction coordinate, as part of the conformational change of
the Met20 loop. They found that the trans rotamer population
is observed only in the open state and in high-energy
conformations leading to the occluded state of that loop.

Only the +gauche and small amount of −gauche populations are
present in the closed state, the state in which chemistry takes
place. Moreover, they observed that the free energy barriers
separating the functional important conformational states of the
Met20 loop of DHFR are small and can be populated via
thermal fluctuations.44 These two rotameric populations are of
importance in analyzing our MD simulation (see Results and
Discussion).
In earlier kinetic studies of residue 14, we found an order of

magnitude reduction in the rate of the hydride-transfer for I14A
relative to the WT DHFR.45 In a more recent communication,
we reported the temperature dependence of the intrinsic KIEs
of this mutant.46 Here, we extend these studies to a rigorous
and systematic reduction of the side chain volume of I14
without changing its electrostatic properties. We found that the
mutation leads to an increase in the magnitude of the KIEs as
well as in their temperature dependence, and is also associated
with reduction in hydride-transfer rate. In addition, classical
MD simulations suggest new populations of DADc's, with larger
average DADc and broader distributions, as well as a smaller
population of the active conformers with the similar DADc's to
WT DHFR. The analysis of all findings establishes a benchmark
for the interpretation of KIEs and rates at the molecular level,
and has significant applications to DHFRs and other enzymes.

■ MATERIALS AND METHODS
Detailed experimental and molecular modeling methods are available
in the Supporting Information (SI). A brief description is provided
here.

Expression, Purification, and Kinetic Experiments. WT
DHFR and its mutant I14A have been expressed and purified as
described elsewhere.45 Constructs of the I14V and I14G DHFR
mutants were generated similarly to other DHFR mutants, and this is
detailed in the SI. Synthesis, purification, and storage of the
radioactively labeled materials used in KIE studies are described in
detail elsewhere and the SI.47,48 Briefly, [Ad-14C]-NADPH and (R)-
[4-3H]NADPH were synthesized in order to measure 1° H/T KIEs,
and (R)-[Ad-14C,4-2H]-NADPH and (R)-[4-3H]NADPH were used
to determine 1° D/T KIEs. KIEs were measured competitively, where
the two isotopically labeled cofactors were consumed by an excess of
dihydrofolate in the presence of the enzyme. The reactions were
quenched at different time points, and samples were analyzed as
described in the SI. Intrinsic KIEs were calculated from the observed
values as described in the SI and elsewhere.49 The isotope effects on
the activation parameters for the intrinsic KIEs were calculated by a
nonlinear fit to the Arrhenius equation for KIEs:

= Δ ‐k k A A/ / e E RT
l h l h

/ah l (2)

where kl and kh are the rates for light and heavy isotopes, respectively,
Al/Ah is the isotope effect on the Arrhenius preexponential factor,
ΔEah‑l is the difference in energy of activation between the two
isotopes, R is the gas constant, and T is the absolute temperature. Pre-
steady-state kinetics were measured at 25 °C, pH 7, using a stopped-
flow apparatus (Applied Photophysics Ltd., Leatherhead, U.K.). Each
value is reported with standard deviation and represents at least two
independent experiments.

MD Simulations. MD simulations were performed using the
Amber9 package.50 Details regarding the system setup, ligand
parametrization, MD runs, data fitting, and analysis are presented in
the SI. Briefly, all simulations were run starting from the crystal
structure of WT DHFR in complex with folate and NADP+ (PDB
entry 1RX2).50,51 The folate and NADP+ ligands were replaced by N5
protonated 7,8-dihydrofolate (H2F) and NADPH, respectively. The
protonation state for all ionizable residues was set corresponding to
pH 7, and the final protein structure was solvated with a previously
equilibrated truncated octahedron box of TIP3P water molecules. The

Figure 2. Active site of DHFR from E. coli (PDB ID 1RX2)
emphasizing the role of Ile14 (metallic blue) as a support of the
nicotinamide ring of NADP+. The nicotinamide ring is highlighted in
light blue, and the folate in magenta. Several other residues that form
hydrogen bonding with the amide of NADPH are highlighted as well
as I14 and A7. Three distinct hydrogen bonds, labeled in red, are (a)
NADPH(O-amide)-Ala-7(H); (b) NADPH(H72)-Ala-7(O); and (c)
NADPH(H71)-Ile-14(O). The pterin ring is also immobilized in the
active site via tight van der Waals interactions with F31, and strong
hydrogen bonds to D27 and I5.
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size of the box ensures that all protein atoms are at least 9 Å away from
the edges of the box. Subsequent mutations were performed in silico
by changing the corresponding amino acid in the original structure.
During the simulations, AMBER99 force field52 parameters were used
for all residues. The NADP+ and NADPH parameters were taken from
the Amber parameter database.53 Gaff force field54 parameters
together with RESP55 charges calculated at the HF/6-31G* level
were used to generate the parameter files for H2F. All simulations were
run with the PMEMD module of the AMBER9 package.50,51 An
equilibration protocol was applied that consists of performing an initial
energy minimization, followed by a slow heating to the desired
temperature using a linear temperature ramp from 100 to 300 K
during 80 ps at constant volume and a subsequent pressure
stabilization run at 300 K and 1 bar over 100 ps. Position frames,
which were used for analyzing trajectories, were collected at 2 ps
intervals. The ptraj module of Amber9 was used to analyze the data
extracted from the MD simulations. Data from the DADc distribution
was fitted with a combination of Gaussian and Split Gaussian functions
using the open source software for nonlinear curve fitting, Fityk.56 For
the equations and procedures used for the fitting, please refer to the SI.

■ RESULTS AND DISCUSSION

Competitive KIEs and Their Temperature Depend-
ence. We determined the temperature dependence of the
intrinsic KIEs and hydride-transfer rates for a series of DHFR
isoforms for which the side-chain that holds the hydride donor
(nicotinamide) close to the acceptor (dihydropterin) are
systematically reduced from isoleucine to glycine. Figure 3

shows Arrhenius plots of the intrinsic H/T 1° KIEs for all four
enzymes. The same trend was observed for H/D and D/T KIEs
as presented in the SI. Table 1 summarizes the volume of these

side chains, their hydride-transfer rates, the isotope effect on
the Arrhenius preexponential factors (Al/Ah, where l denotes
light and h heavy isotope), and the difference in the activation
energy between light and heavy isotope (ΔEah‑l = Eah − Eal).
The isotope effects on the preexponential Arrhenius factors

(AH/AT, AH/AD, and AD/AT) for the WT DHFR, I14V DHFR,
and I14A DHFR are larger than unity, and above the
semiclassical limit, whereas the values for the I14G DHFR
are smaller than unity and below the semiclassical limit. The
traditional, semiclassical approach with the Bell correction59

would suggest that hydride-transfer for the first three isozymes
involves “extensive tunneling” for both heavy and light isotopes,
whereas the hydride-transfer for I14G DHFR would be
characterized as a case with “moderate tunneling”.60,61

According to the Marcus-like model, AH/AT is affected by
both the average DADe and its distribution and reveals the
difference in the nature of the hydride-transfer between these
mutants. A longer average DADe leads to an increase in the
Al/Ah, whereas a broader distribution of DADe's increases the
temperature dependence of the KIEs resulting in a decrease in
the Al/Ah. Because of this ambiguity, a better indicator for the
nature of the hydride-transfer is the slope of the Arrhenius plot,
(Figure 3, i.e., the ΔEah‑l, where h and l are the heavy and light
isotopes, respectively) that increases as the distribution of
DADe's broadens. ΔEah‑l close to zero indicates that the KIEs of
WT DHFR exhibits no temperature dependence (within the
experimental error), and the larger ΔEah‑l for the mutants
indicates that temperature dependence of the KIEs increases as
the size of the hydrophobic residue behind the nicotinamide
ring decreases. In terms of the Marcus-like model, this means
that in the case of the WT DHFR the average DADe is optimal
for the hydride-transfer and has a narrow distribution around
the average. The I14V mutant is similar to WT DHFR, but has
a slight (but statistically significant) temperature dependence
on the intrinsic KIEs. The I14A mutant has the largest intrinsic
KIE at 25 °C, but its KIE temperature dependence (ΔEah‑l) falls
between the I14V and I14G DHFR. This interesting
observation supports the earlier examination of distal mutants
of DHFR, which concluded that in order to assess the nature of
the hydride-transfer it is necessary not only to measure the KIE
at a single temperature but for the whole temperature range.27

According to the Marcus-like model, the inflated temperature
dependence of the KIEs in the mutants reflects a broader
distribution of DADe sampling that is not present in the WT.
The average DADe in the mutants is too long for efficient
tunneling at low temperatures, but at higher temperatures more
conformations with a shorter DADe are sampled. This affects
the rate of transfer by heavy isotopes more than that of
protium-transfer because these can only tunnel from the shorter
distances, thus leading to temperature dependent KIEs. These
observations are in accordance with some of the earlier studies,
e.g., a study on the soybean lipoxygenase-1 (SBL-1), which

Figure 3. Arrhenius plot of intrinsic H/T KIEs (on a log scale) for
wild-type (red),38 I14V DHFR mutant (green), I14A DHFR (blue),46

and I14G DHFR (purple). The lines represent the nonlinear
regression to an exponential equation. More details are presented in
the SI.

Table 1. Comparative Kinetic Parameters of the DHFR I14 Mutants

parameters WT I14V I14A I14G

residue volume (Å3)a 124 105 67 48
kH [s−1]b 228 ± 8d 33.3 ± 3.1f 5.7 ± 0.3f 0.22 ± 0.04f

AH/AT
c 7.0 ± 1.5e 4.2 ± 0.4f 4.7 ± 0.5g 0.024 ± 0.003f

ΔEaT‑H [kcal/mol]c −0.1 ± 0.2e 0.27 ± 0.05f 0.39 ± 0.06g 3.31 ± 0.07f

aSide chain volume.57 bPre-steady-state rates of H transfer at 25 °C and pH 7. cSimilar trends were observed for H/D and D/T (data not shown).
dReference 58. eReference 47. fThis work. gReference 46.
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showed that a decrease in the bulk of the active site residue
(residue 553, not analogous to I14, not in direct contact with
the substrate) was correlated with an increase in the
temperature dependence of the 1° KIE.62 Numerical modeling
using a form of eq 1 provided more evidence that these remote
mutations led to longer DADe's. However, in other studies, in
particular the one on morphinone reductase, Pudney et al.13

found an increase in temperature dependence of KIEs with an
increase in the size of the active-site residue. In that particular
study, the residue of interest was V108, which is not in direct
contact with the cofactor NADH; thus, the effect of the size of
the residue on the DADe was hard to assess. The other residue
of interest in the same study was W106, which is in direct
contact with the cofactor; however, only the alanine mutant was
examined and therefore no trends were available. In the
pressure-dependence studies on the same enzyme the authors
suggested that an increase in the force constant of the
compressive mode can lead to an increase in the magnitude of
the 1° KIE even as the DAD decreases,31,63 which became a
source of the extensive debate.64 Our findings are in accordance
with the majority of cases where numerical modeling of the
temperature dependence of the 1° KIEs using eq 1 results in
decreasing temperature dependence with decreasing average
DADe. From these independent studies, it is evident that the
relationship between the size of the side chain and the DADe
might be quite complex, and might go beyond the notion that
the smaller size of the residue leads to longer average DADe.
These results were the driving force in the experimental
approach presented here, where we determined the effect of the
DADs’ distribution on the nature of the catalyzed H-transfer.
In order to assess the effect of the mutations on the hydride-

transfer, we measured the single turnover rates at 25 °C, pH =
7.0, for all mutants and for WT DHFR.36 Fluorescence energy
transfer (FRET) decay traces were fitted to single exponential

functions with slope. These rates indicate that hydride-transfer
for the I14V, I14A, and I14G mutants are about 7, 40, and 1000
times slower than that of WT DHFR, respectively (Table 1).
There is a clear correlation between the decrease in size of the
hydrophobic residue, the rate, and the nature of the hydride-
transfer. We would like to point out that the reduction of the
size of this residue is likely to affect the mobility of the M20
loop and consequently affect the fraction of reactive complexes,
the pKa of H2F,

65 the fraction of different M20 loop
conformations, and other factors that affect the multisteps
reaction’s rate, but not the hydride-transfer step under study.
All these effects are included in the prefactor C(T) in rate eq 1,
but do not affect the terms in the integral, including the DAD,
its dynamics and distribution. The intrinsic KIEs, on the other
hand, probe the hydride-transfer step per se, and not the steps
preceding it (such as protonation of N5 position of H2F and
other isotopically insensitive factors).

MD Simulations on Mutants of DHFR. In order to
provide a detailed microscopic description of the active site
structural change upon mutation of residue 14, we performed
MD simulations. One 15 ns simulation was performed for WT
DHFR and each mutant (see SI and Figures S6−S8), as was
previously done for WT DHFR and I14A DHFR.46 In order to
better sample the conformational space for each mutant, we
also performed 10 independent runs of 3 ns, differing only in initial
velocities for each one of them (see SI and Figures S9−S11).
A comparison of the conformations found for each mutant

is presented in Figure 4, which also describes two parameters
of interest, DADc and Φ. DADc is defined as the distance
between C4 of NADPH and C6 of H2F (see Figure 4 inset).
The relative donor−acceptor orientation was measured as the
angle (Φ) between the planes that fit the nicotinamide moiety
of NADPH and the pterin ring of H2F (see Figure 4 inset).
The distribution of DADc's and the orientation of donor and

Figure 4. Structures comparing WT (red) to the different conformations found for the three mutants (see color code of each mutant on the left)
together with the corresponding DADc and Φ average values (DAD in the figure refers to DADc). (I) WT-like conformation; (II) conformation with
almost the same DADc average distance as the conformation I, but with the nicotinamide almost perpendicular to the H2F pterin ring; (III)
conformation where the nicotinamide is partially twisted to the right toward residue 14; (IV) conformation similar to III but with a broader
distribution of distances; and (V) conformation where the nicotinamide is completely twisted toward residue 14. Inset: definition for DADc distance,
Φ angle, and average values found for WT DHFR. Structures I and II display positive values for Φ, whereas structures III−V (nicotinamide twisted
to the right, toward residue 14) display negative values.
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acceptor (Φ angle) are displayed in Figure 5 (see SI Figures
S14−S16 for each individual mutant). The DADc and Φ

distributions (Figure 5, 1D plots on y- and x-axis) were fitted
to one split Gaussian function or a combination of Gaussian
functions and split Gaussian functions (Table 2 and SI Figures
S17−S20). The correlation is presented as a 2-D plot in
Figure 5.

The results indicate that reduction in the size of the
hydrophobic residue behind the nicotinamide ring leads to an
increase in the flexibility of the nicotinamide ring. As a result,
the nicotinamide ring not only can explore more orientations at
the same DADc's, but also this increase in the flexibility leads to
an increase in the average DADc, broader DADc distributions,

as well as new DADc populations (Table 2 and Figures 4 and
5). The different populations are labeled I−V; the structures
that represent these different populations are presented in
Figure 4 for each mutant and are overlaid with the average WT
DHFR structure.
The DADc distribution for WT DHFR was fitted to one split

Gaussian function, and the residue I14 was only observed as the
+gauche rotamer during the time scale of the simulation. This
result agrees well with Brooks’s work,44 where this rotamer
represents the major population observed for the closed
conformation of WT DHFR. The DADc distribution for the
I14V mutant was fitted to a combination of one split and one
normal Gaussian function, suggesting that there are two
populations present during the simulation time. The average
structure for the major population is very similar to that of the
WT DHFR (structure I in Figure 4), displaying similar DADc
and Φ distributions, but with a slight increase in the average
DADc as well as a deviation of the average Φ value found in the
WT DHFR. The smaller population (structure III in Figures 4
and 5) has a larger average DADc with wider distribution,
where new Φ values are explored, manifesting themselves as a
partial twisting of the nicotinamide ring. In the case of the I14A
mutant, the correlation plot (Figure 4) shows that the
conformational space explored is bigger compared to the
I14V mutant. The simulations in this case suggest three
populations: (i) the WT-like population; (ii) a new population
with similar DADc to I, but a different Φ distribution (structure
II); and (iii) structure III, equivalent to the one found for the
I14V mutant, but with a slightly larger average DADc and Φ,
which also exhibits broader distributions, indicating more
flexibility in the location of the nicotinamide ring (see Figures 4
and 5). Population III is not expected to contribute to a reactive
conformation (average DAD too large), therefore leading to a
smaller constant C(T), from eq 1, which is in accordance with a
reduction in rate of the hydride-transfer (Table 1). On the
other hand the new population (II) exhibits the same average
DADc as population I; however, it is expected to be by far less
reactive due to the substantial deviation of the Φ angle from
30°. As is visible in Figure 4, the nicotinamide ring of NADPH
is almost perpendicular to the pterin ring of H2F, making the
HOMO−LUMO orbital overlap very poor, which has a
deleterious effect on the rate.66 Consequently, population II
is not likely to be reactive, but its exact reactivity (if any) is hard
to determine without high-level QM/MM calculations that are
beyond the scope of this work. Lastly, the hydrogen bonds (two
to residue A7 and one to the backbone of I14) that hold the
NADPH amide moiety (see Figure 2) show a broader
distribution, that is in accord with the elevated flexibility of
nicotinamide ring in the I14A mutant relative to I14V and WT
DHFR.
MD simulations for the mutant with the smallest side chain,

I14G DHFR, suggested all five significant populations. In this
case, the three H-bond interactions mentioned before ((a), (b),
and (c) in Figure 2) are longer and weaker than those in the
WT and I14V/I14A mutants. The last population, V, has one of
the H-bonds, (c), completely broken, while the other two, (a)
and (b), are only weakly established (see Figures S12−S13 in
the SI). Once this H-bond is broken, the structure remains in
conformation V and does not return to WT-like or other
conformations during the time scale of the simulation (the
simulation was extended to 30 ns). The breakage of the
H-bonds, particularly the (c) H-bond, results from the diminish-
ment in the side chain of residue 14, and contributes to the

Figure 5. Correlation plot between the DADc (angstroms) and the
relative orientation of donor and acceptor (Φ, deg) for WT DHFR
(red), I14V (green), I14A (blue), I14G (magenta). I−V indicate the
different populations identified for each DADc and Φ values. Overlaid
WT and mutant DADc and Φ distributions are shown on the y and
x-axis, respectively.

Table 2. Gaussian fitted Distributions of DADc for the
Different Conformations Found along MD Simulation

DHFR active site
conformation

⟨DAD⟩
(Å)

σ
(Å)c

⟨Φ⟩
(deg)d fraction R

WT
Ia 3.58 0.16 29.0 1 0.9979

I14V
Ia 3.61 0.17 23.6 0.86
IIIb 4.02 0.31 −10.8 0.14 0.9984

I14A
Ia 3.61 0.17 21.7 0.68
IIa 3.61 0.17 75.5 0.13 0.9980
IIIb 4.18 0.49 −20.5 0.19

I14G
Ia 3.60 0.19 20.4 0.33
IIa 3.60 0.19 80.8 0.26 0.9943
IIIb 5.27 0.82 −26.2 0.09
IVb 6.05 0.67 −37.2 0.22
Vb 8.10 0.36 −39.9 0.1

aFitted to a split-Gaussian. bFitted to a Gaussian. cFor split-Gaussian,
σ is the average of both parts. dΦ separately from the DADc. See the SI
for the procedure and parameters (Table S3).
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increase in the flexibility over other mutants and the ability to
explore a broader conformational space that leads to a
nonreactive population (DADc's > 6 Å). Finally, Table 2 lists
the fraction of each population found, which appear to correlate
well with the reduced rate of H-transfer. In all the cases, the
WT-like population is the predominant one, although its
relative contribution decreases in proportion to the size of the
side chain, leading to decrease in the C(T) term in eq 1. A
similar effect on rates was obtained in a recent study where
modeling of the conformational sampling that leads to elevated
Arrhenius prefactors (below the physiologically optimal
temperatures) for the thermophilic alcohol dehydrogenase
showed an increase in the fractional occupation of catalytically
inactive regions of conformational space.14 More importantly in
this work, a correlation was observed between the temperature
dependence of the intrinsic KIEs (ΔEaT‑H, Table 1) and the
DADc, its σ values, and the Φ angle (Table 2) for the reactive
population (I). As the ΔEaT‑H increases (Table 1), the average
DADc of population I increases and its distribution widens,
while the average Φ angle decreases (Table 2). This important
correlation is also visualized in Figure 5, where the reactive
population (short DADc and 0° < Φ < 60°) is larger for the
WT (red), smaller and with broader distribution toward longer
DADs for I14V (green), and more so for I14A (blue). The
population I for I14G is too small to be clearly observed in
Figure 5 (for a better view see SI Figure S16) but has the
largest DADc distribution (σ) and smallest Φ (Table 2).
The MD simulations provide molecular insight and support

to the interpretation of the kinetic findings via the Marcus-like
model: the smaller side chain acts to broaden the sampling of
configurations within the reactive ternary complex along the
reaction coordinate. This leads to a steeper temperature
dependence of intrinsic KIEs and reduced hydride-transfer
rates. The MD simulations also revealed the importance of the
donor−acceptor orientation (DADc and Φ), and its relative
distribution, which affects the overlap between the HOMO and
LUMO.25

■ CONCLUSIONS
The relationship between the DAD and its distribution and
dynamics to the rate of hydride-transfer and the temperature
dependence of intrinsic KIEs has been examined. The model
system was DHFR, which like many nicotinamide dependent
enzymes has a hydrophobic amino acid behind this cofactor
that positions the nicotinamide ring close to its counter
substrate. Here we examined the effect of systematic active site
mutations that decrease the size of the side chain of this amino
acid (I14 to V, A, and G) on the enzyme catalyzed hydride-
transfer step. The hydride-transfer rates and the temperature
dependence of intrinsic KIEs were measured, and the ensemble
of ternary complex structures was assessed through MD
simulations. These findings suggested that residue I14
participates in the restrictive active-site motions that modulate
the DAD. The findings confirm the relations predicted by the
Marcus-like model, where longer DADs and broader
distributions of DADs lead to a steeper temperature depend-
ence of intrinsic KIEs (ΔEah‑l, determined mostly by the
integral in eq 1) and the smaller fraction of reactive
conformations (C(T) in eq 1) contributes to the reduction of
the hydride-transfer rate. The correlation that was found
between DAD distributions and the temperature dependence of
the intrinsic KIEs provides a valuable benchmark for under-
standing the active site dynamics and H-tunneling in DHFR

catalyzed reactions, including remote mutations or altered
protein scaffolds, for which it has not been trivial to rationalize
the kinetic findings at a molecular level. It is also likely to be
relevant to C−H→C reactions in other enzymes, as well as
nonenzymatic reactions in general, as the correlation found
here is likely to hold whether the DADe's are imposed by
protein scaffolds or by solvent molecules.
The current findings suggest that this series of DHFR

mutants is suitable for more in-depth examination by a broad
variety of researchers applying a variety of methods. Future
studies of this system may include high-level hybrid classical-
quantum mechanical MD simulations,22,67 structural studies,68

examination of the systems dynamics at millisecond to
nanosecond time scales using NMR relaxation experiments,10

and femtosecond to picosecond time scale motions using two-
dimensional infrared spectroscopy.16 Those experiments will
allow more in depth examination of possible correlations
between structure, dynamics, and the nature of H-transfer in a
well-defined environment imposed by the enzyme, and should
reflect on C−H→C reactions in general.
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