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ABSTRACT: This brief review analyzes the underlying
physical principles of enzyme catalysis, with an emphasis on
the role of equilibrium enzyme motions and conformational
sampling. The concepts are developed in the context of three
representative systems, namely, dihydrofolate reductase,
ketosteroid isomerase, and soybean lipoxygenase. All of these
reactions involve hydrogen transfer, but many of the concepts
discussed are more generally applicable. The factors that are
analyzed in this review include hydrogen tunneling, proton
donor—acceptor motion, hydrogen bonding, pK, shifting,
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electrostatics, preorganization, reorganization, and conformational motions. The rate constant for the chemical step is
determined primarily by the free energy barrier, which is related to the probability of sampling configurations conducive to the
chemical reaction. According to this perspective, stochastic thermal motions lead to equilibrium conformational changes in the
enzyme and ligands that result in configurations favorable for the breaking and forming of chemical bonds. For proton, hydride,
and proton-coupled electron transfer reactions, typically the donor and acceptor become closer to facilitate the transfer. The
impact of mutations on the catalytic rate constants can be explained in terms of the factors enumerated above. In particular, distal
mutations can alter the conformational motions of the enzyme and therefore the probability of sampling configurations
conducive to the chemical reaction. Methods such as vibrational Stark spectroscopy, in which environmentally sensitive probes
are introduced site-specifically into the enzyme, provide further insight into these aspects of enzyme catalysis through a

combination of experiments and theoretical calculations.

Enzymes are complex biological molecules that catalyze a
wide range of chemical transformations. Although enzymes
achieve these chemical transformations through many different
types of mechanisms, they exhibit a common set of underlying
physical principles. Identifying these underlying physical
principles is a challenge for both experiment and theory. This
review does not attempt to cover the entire field of enzyme
catalysis. Instead, it focuses on the role that computation has
played and will continue to play in helping to unravel the
complexities of enzyme catalysis. Even within this more focused
goal, we are able to cover only a small sampling of the
theoretical contributions to this field and concentrate on the
work from our own group to illustrate the fundamental
concepts underlying enzyme catalysis.

The emphasis of this review is the role of enzyme motions
and conformational sampling, particularly with respect to the
catalyzed chemical reaction.' "' We start with a brief overview
of computational methods that have been utilized to investigate
these aspects of enzyme reactions. Then we introduce three
representative systems, namely, dihydrofolate reductase
(DHFR), ketosteroid isomerase (KSI), and soybean lip-
oxygenase (SLO), that are used to illustrate the concepts
discussed in this review. Although all three of these reactions
involve hydrogen transfer, many of the concepts discussed are
more generally applicable to any enzymatic reaction. The
following topics are covered in this review: hydrogen tunneling,
proton donor—acceptor motion, hydrogen bonding and pK,
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shifting, electrostatics, conformational motions, preorganization
and reorganization, the impact of mutations, and the vibrational
Stark effect. Each topic is covered only briefly with references
given to more comprehensive treatments.

B COMPUTATIONAL METHODS

A variety of computational methods have been used to shed
light on the factors influencing enzyme catalysis. Typically, the
entire enzyme, which is solvated in a bath of explicit water
molecules, must be considered to obtain meaningful results,
and a crystal structure is required to provide the initial
coordinates. Classical molecular dynamics (MD) simulations of
such systems provide information about the equilibrium
properties, such as the stability of specific hydrogen-bonding
interactions and the relative flexibility of different parts of the
enzyme. Classical MD simulations of different states of the
enzyme along the reaction pathway can provide this type of
equilibrium information for each state, but these types of
simulations do not provide any information about the process
of converting from one state to another. For this purpose,
quantum mechanical methods may be utilized to allow bonds
to break and form.
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Because of the large size of enzymatic systems, mixed
quantum mechanical/molecular mechanical (QM/MM) meth-
ods are often used to study the chemical reactions catalyzed by
enzymes. In some cases, the active site is treated with a QM
method such as density functional theory, and the remainder of
the system is treated with a standard MM force field. In the
alternative empirical valence bond (EVB) method,'* the
reaction is described as a linear combination of resonance
states corresponding to the different bonding patterns of the
relevant states in the chemical reaction. In the simplest case
involving a single hydrogen transfer reaction, two resonance
states corresponding to the proton bonded to its donor and
acceptor are defined. In many implementations, the matrix
elements of the EVB Hamiltonian in the basis of resonance
states are represented by MM force field terms.

For hydrogen transfer reactions, nuclear quantum effects,
such as zero-point energy and hydrogen tunneling, may be
important. Hybrid quantum/classical molecular dynamics
methods have been developed to incorporate the nuclear
quantum effects of the transferring hydrogen nucleus and, in
some cases, the other vibrational modes of the active site.'*'*
In the simplest case, only the transferring hydrogen nucleus is
treated quantum mechanically. The hydrogen vibrational wave
function may be calculated on a three-dimensional grid at each
molecular dynamics time step, with the appropriate feedback
between the quantum hydrogen nucleus and the classical
nuclei. Alternatively, Feynman path integral methods, where
the nucleus is represented by a set of beads, may be utilized to
describe nuclear quantum effects.'>'® Another viable option is
variational transition state theory with semiclassical tunneling
calculations.'*

Many proton and hydride transfer reactions catalyzed by
enzymes are adiabatic, where the reaction occurs in the ground
electronic and vibrational states. (The differentiation between
adiabatic and nonadiabatic proton transfer reactions is
discussed in ref 17.) For adiabatic reactions, the rate constant
can be expressed as the product of a transmission coeflicient, ,
and a transition state theory rate constant, krgr, which is often
expressed in terms of the free energy barrier AG*:

k = kkpgr = K(kB—T)e_AG*/(kBT)
TST P (1)

where kg is the Boltzmann constant. The free energy barrier can
be calculated by generating the free energy profile along a
collective reaction coordinate, as depicted in Figure 1. When
the free energy barrier is much greater than the thermal energy,
an approach such as umbrella sampling may be used to sample
the entire range of the reaction coordinate.'® In this
approach, a series of independent trajectories with different
biasing potentials is propagated to generate segments of the
free energy curve. Subsequently, the results are unbiased using a
statistical procedure to produce the free energy curve for the
original potential.*>*" To fully investigate equilibrium motions
occurring on relatively long time scales, enhanced sampling
techniques may be required.

In the context of an EVB potential for proton or hydride
transfer, the collective reaction coordinate is often chosen to be
an energy gap reaction coordinate, defined as the difference in
energy between the two EVB states.”>'® In this case, the
“transition state” corresponds to configurations for which the
energy gap reaction coordinate is approximately zero, namely
configurations at which the proton or hydride is moving in a

2013

H quantum effects

Free energy

DA

DA

Collective reaction coordinate

Figure 1. Schematic depiction of an adiabatic hydrogen transfer
reaction. The free energy is plotted along the collective reaction
coordinate, with the free energy barrier denoted by AG¥. The dashed
red curve and red arrow indicate the decrease in the free energy barrier
when the nuclear quantum effects of the transferring hydrogen are
included. DA denotes the hydrogen donor—acceptor distance, which is
typically larger at the reactant and product (i.e., minima) and smaller
at the transition state (i.e., top of the barrier) because the donor and
acceptor must move closer to each other for the hydrogen to transfer.

nearly symmetric environment. In the remainder of this paper,
the transition state will refer to these types of configurations
rather than to saddle points on a potential energy surface. Note
that the top of the barrier may not occur at exactly zero energy
gap reaction coordinate for asymmetric systems. Moreover,
alternative reaction coordinates could also be utilized.

The transmission coeflicient k accounts for dynamical
recrossings of the dividing surface, which is typically chosen
to pass through the top of the free energy barrier. This factor
can be calculated using a reactive flux approach,ls’16 in which a
large ensemble of trajectories is initiated at the dividing surface
and propa§ated backward and forward in time."> A standard
algorithm2 is used to calculate the transmission coefficient,
where k is unity if there are no recrossings of the dividing
surface and decreases as the number of recrossings increases.
Note that the overall rate constant, defined as the product of
the transition state theory rate constant and the transmission
coefficient, is independent of the position of the dividing
surface.

A variety of other methods have also been used to calculate
the rate constants of enzyme reactions. For example, the
variational transition state theory method with semiclassical
tunneling calculations has also been applied to numerous
enzymatic reactions.'* Furthermore, to avoid the imposition of
a specific reaction coordinate, methods such as transition path
sampling™ can be used. Other reviews have discussed these
types of approaches.”* ¢

Proton-coupled electron transfer (PCET) reactions are
defined as the simultaneous transfer of an electron and a
proton, often between different donors and acceptors.”’ > In
general, PCET reactions may be sequential or concerted, where
sequential reactions are defined to have a stable intermediate.
The subtleties of these differences are discussed elsewhere,'”
but here we will consider only concerted PCET reactions,
which are often nonadiabatic and involve excited electronic and
vibrational states.'” In this case, the rate constant can be
expressed as the product of the square of the vibronic coupling,
which is the product of the electronic coupling and the overlap
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between the reactant and product proton vibrational wave
functions, and a term that depends exponentially on the free
energy barrier. The overlap and free energy barrier relevant to
nonadiabatic reactions are depicted schematically in Figure 2.
Details of this nonadiabatic treatment are provided elsewhere.*”
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Figure 2. Schematic depiction of a nonadiabatic PCET reaction. The
free energies of the two diabatic states corresponding to the electron
on its donor (D, A,, blue) and acceptor (DA, ", red) are plotted along
the collective reaction coordinate, and the free energy barrier is
denoted by AG?. In the top figures surrounded by dotted lines, the
proton potential energy curves for the two diabatic states at the
crossing point are plotted as functions of the hydrogen coordinate
using the same color scheme that was used to distinguish the two
diabatic states. The ground state reactant and product proton
vibrational wave functions are depicted, and the overlap is shaded in
purple. When the proton donor—acceptor distance, D,A,, is large, the
overlap is small, and when this distance decreases, the overlap
increases. Only one of the top figures pertains to the crossing point for
a given system.

B THREE REPRESENTATIVE ENZYMES

DHFR catalyzes the conversion of dihydrofolate (DHF) to
tetrahydrofolate (THF). The mechanism involves transfer of a
hydride from NADPH to protonated DHF, producing NADP*
and THE,? as depicted in Figure 3A. Crystal structures have
been solved for intermediates along the entire catalytic reaction
pathway, indicating significant conformational changes, partic-
ularly in the Met20 loop region prior to ligand binding.*’
Nuclear magnetic resonance (NMR) has also been used to
identify dynamic re§ions of the protein that change along the
reaction pathway.s’ ! Burthermore, mutations far from the
active site have been shown to significantly impact the hydride
transfer rate constant, and double and triple mutants have
exhibited nonadditivity effects.*>**

KSI catalyzes the isomerization of certain steroids via two
sequential proton transfer reactions,** as depicted in Figure 3B.
The reaction is thought to proceed through a dienolate
intermediate that is stabilized by hydrogen-bonding interactions
with Tyrl6 and Aspl03. (Throughout this review, the KSI
residues are numbered according to Pseudomonas putida KSI,
although some of the results were obtained for Commamonas
testosteroni KSL.) As for DHFR, crystal structures have been
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solved for wild-type (WT) KSI** and a wide range of
mutants.>® In addition, NMR experiments have been used to
characterize the hydrogen-bonding interactions with a variety of
bound inhibitors.>” More recently, vibrational Stark spectros-
copy has been used to investigate the role of electrostatics in
KSI, particularly upon binding of equilenin, which is viewed as
an analogue of the dienolate intermediate.>®

SLO catalyzes the oxidation of unsaturated fatty acids, as
depicted in Figure 3C with the substrate linoleic acid.** This
reaction is thought to occur by a PCET mechanism, in which
the electron is transferred from the 7-system of the substrate to
the iron of the cofactor, while the proton is transferred from
C11 of the substrate to the hydroxyl ligand of the cofactor.*’
The kinetic isotope effect (KIE), defined as the ratio of the rate
constants for hydrogen and deuterium transfer, was found to be
unusually high, with a value of 81 at room temperature, while
the temperature dependences of the rate constants and KIEs
were found to be relatively weak.*>*' The impact of mutations
on the magnitude and temperature dependence of the KIE has
also been examined.*

B GENERAL CONCEPTS

Hydrogen Tunneling. Theoretical studies suggest that
hydrogen tunneling is prevalent in enzymes, but it is also
expected to occur to a similar extent in solution.*> The proton
and hydride transfer reactions catalyzed by KSI and DHFR are
predominantly adiabatic and hence can be described in terms of
the rate constant expression given in eq 1. Typically, the
transmission coeflicient k is nearly unity for these types of
reactions, and the main impact of nuclear quantum effects such
as zero-point energy and hydrogen tunneling is to lower the
free energy barrier by 2—3 kcal/mol, as depicted in Figure 1.
Our calculations of the hydride transfer reaction catalyzed by
DHEFR indicated that this enzyme reaction exhibits these
general characteristics.* In particular, we generated the free
energy curve along the collective reaction coordinate including
nuclear quantum effects, which resulted in a free energy barrier
decrease of ~2 kcal/mol relative to classical MD simulations,
and performed reactive flux calculations to determine the
transmission coefficient, which was nearly unity. Moreover, the
calculations reproduced the experimentally measured KIE of
~3 for DHFR.** This enzymatic reaction was also studied using
other methods that include nuclear quantum effects.**

In contrast, the PCET reaction catalyzed by SLO is
nonadiabatic and is described by a rate constant expression
with a prefactor including the square of the overlap between the
reactant and product proton vibrational wave functions (see
Figure 2).”” In this case, the nuclear quantum effects of the
transferring hydrogen impact the prefactor as well as the free
energy barrier. The overlap factor can lead to significant
deuterium KIEs in these types of reactions. For example, the
KIE for SLO has been found to be ~80 at room temperature.*!
Our nonadiabatic treatment qualitatively reproduced the
experimentally measured magnitude and temperature depend-
ence of the KIE for this enzyme.***® On the other hand,
nonadiabatic PCET reactions can also exhibit more moderate
KIEs of ~3.””?® Thus, typically, a large KIE indicates that the
reaction is nonadiabatic, but a moderate KIE cannot be used to
distinguish between an adiabatic and nonadiabatic reaction.
Note that other methods have also been used to simulate the
large KIEs of this enzymatic reaction.*’

Proton Donor—Acceptor Motion. The motion of the
hydrogen donor and acceptor plays a critical role in hydrogen
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Figure 3. Chemical reactions catalyzed by each of the three representative enzymes. (A) DHFR catalyzes a process involving transfer of a hydride
from NADPH to protonated DHF. (B) KSI catalyzes a process involving two sequential proton transfer steps: (1) transfer of a proton from a carbon
of the steroid to Asp40, resulting in a dienolate intermediate, and (2) transfer of a proton from Asp40 to another carbon of the substrate, leading to
an overall isomerization reaction. (C) SLO catalyzes the abstraction of hydrogen from the linoleic acid substrate to the iron cofactor. This process is
thought to occur by a PCET mechanism. Panel C reproduced with permission from ref 46. Copyright 2007 American Chemical Society.

transfer reactions. In general, the barrier to proton transfer
decreases as the proton donor—acceptor distance decreases and
vanishes completely at extremely short distances.* In the
context of adiabatic proton and hydride transfer reactions, the
average proton donor—acceptor distance decreases as the
reaction evolves along the collective reaction coordinate from
reactant to transition state configurations, as depicted in Figure
1. We calculated the thermally averaged hydride donor—
acceptor distance along the energy gap reaction coordinate for
DHFR and found that it decreased from ~3.3 A in the reactant
to ~2.7 A at the transition state.** We observed a similar
decrease in the proton donor—acceptor distances for the two
sequential proton transfer reactions catalyzed by KSL.**

In the context of nonadiabatic PCET reactions, the proton
donor—acceptor distance significantly influences the overlap
between the reactant and product proton vibrational wave
functions, as depicted in Figure 2. We have derived rate
constant expressions that include the effects of this proton
donor—acceptor motion.””** The rate constant tends to
increase as the proton donor—acceptor distance decreases
because of the larger overlap between the reactant and product
proton vibrational wave functions, which contributes to the
prefactor in the nonadiabatic rate constant expression. On the
other hand, the probability of sampling these relatively short
distances is smaller compared to that of sampling distances near
the equilibrium value based on the Boltzmann distribution for
the proton donor—acceptor vibrational motion. Because of the
competition between these two effects, typically the dominant
proton donor—acceptor distance (i.e., the distance that
contributes the most to the overall rate constant) is
substantially smaller than the equilibrium proton donor—
acceptor distance. Our calculations on SLO indicated that the
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equilibrium proton donor—acceptor distance is ~2.9 A, whereas
the dominant distance is ~2.7 A.**

Hydrogen Bonding and pK, Shifting. The roles of
hydrogen bonding and pK, shifting have been explored
extensively in enzyme catalysis with various computational
methods. For example, hybrid quantum/classical molecular
dynamics simulations have been used to examine hydrogen
bonding along the collective reaction coordinate in KSL***° As
mentioned above, this enzymatic reaction is thought to proceed
through a dienolate intermediate that is stabilized by hydrogen-
bonding interactions with Tyr16 and Asp103. Our calculations
illustrated that the Aspl103 hydrogen bond remains predom-
inantly constant during both proton transfer reactions, while
the Tyrl6 hydrogen bond is strengthened during the first
proton transfer reaction.*® These calculations also indicated
that the hydrogen bond interaction energies were significantly
greater for the intermediate state than for the reactant and
product states. Thus, minor structural changes must occur
during the chemical reactions to accommodate these changes in
the hydrogen-bonding interactions. To better understand these
interactions, a series of substituted phenolate inhibitors bound
in the active site of KSI was investigated with NMR and
electronic absorption experiments,®” as well as with QM/MM
calculations.”"

In many enzymes, the local protein environment shifts the
pK, of specific residues in a manner that influences
catalysis.>>>> For example, this type of pK, shifting has been
shown to be significant in the active site of KSL In aqueous
solution, aspartic acid (pK, ~ 4) is more acidic than tyrosine
(pK, ~ 10).>* However, QM/MM calculations on the series of
substituted phenolate inhibitors bound in the active site of
KSI*' suggested that electronic inductive effects along a
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hydrogen-bonding network of tyrosine residues, including
Tyrl6, TyrS7, and Tyr32 (see Figure 3B), cause the Tyrl6
hydroxyl to be more acidic than the Asp103 carboxylic acid
moiety, which is immersed in a relatively nonpolar local
environment. The catalytic importance of these distal tyrosine
residues is illustrated by the experimental observation®® that the
double mutant Y32F/YS7F reduces the catalytic rate constant
by a factor of ~2, a relatively small yet non-negligible effect.
The strength of the hydrogen-bonding interactions between the
dienolate intermediate and the enzyme residues strongly
influences the free energy barriers for the proton transfer
reactions.****

Electrostatics. Electrostatic interactions play a vital role in
enzyme reactions. Electrostatics can be studied using a variety
of computational methods, and many theoretical studies have
illuminated the importance of electrostatics in enzymes.>> >’
For example, we examined the electrostatic potential along the
collective reaction coordinate by solution of the linearized
Poisson—Boltzmann equation for DHFR*® Our calculations
indicated significant changes in the electrostatic potential
throughout the entire enzyme as the reaction evolves from
reactant to product. We also utilized a charge deletion scheme
to determine the electrostatic contributions of each residue
along the collective reaction coordinate and to identify the key
residues that influence the changes in the electrostatic energy
during the chemical reaction.”® These analyses implied that
changes in the electrostatic charge distribution significantly
impact the energetics of the hydride transfer reaction.
Moreover, in our studies of the proton transfer reactions
catalyzed by KSL* we found that the electrostatic interaction
between the ligand and the enzyme is substantially more
favorable at the intermediate than at the reactant or product,
again signifying changes in the electrostatics during the
chemical reaction. Such electrostatic changes are accompanied
by minor conformational changes throughout the enzyme, but
the degree of cause and effect is difficult to determine.

Conformational Motions. Both experiments and simu-
lations have implicated the importance of equilibrium
conformational sampling in enzyme catalysis. As mentioned
above, the rate constant is determined predominantly by the
free energy barrier. From a thermodynamic perspective, the free
energy barrier is related to the relative probabilities of sampling
transition state configurations (i.e, those at the top of the
barrier) and reactant configurations (i.e., those at the reactant
minimum). Thus, the millisecond time scale of the chemical
step for most enzyme reactions is determined by the amount of
time required for the enzyme to sample phase space to obtain
configurations that are conducive to the chemical reaction.” For
the case of proton and hydride transfer reactions, the
conformational sampling brings the donor and acceptor closer
to each other, orients them properly, and provides an
appropriate electrostatic environment. Once a favorable
configuration has been achieved, the breaking and forming of
chemical bonds, as well as hydrogen tunneling for hydrogen
transfer reactions, occur virtually instantaneously relative to the
millisecond time scale of the overall reaction. Note that these
concepts apply to any enzymatic reaction, not just to hydrogen
transfer reactions. In general, the chemical bond rearrangement
may be viewed as a rare event that occurs only when the
enzymatic system is in a favorable configuration. These
concepts are depicted schematically in Figure 4.

We emphasize that these conformational motions are
stochastic and are simply the typical equilibrium thermal
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Figure 4. Schematic depiction of the role of conformational sampling
in the chemical step of an enzyme reaction. The free energy is plotted
along the collective reaction coordinate. The evolution from reactant
(left minimum, blue) to transition state (top of barrier, red) is caused
by stochastic thermal motions, which lead to equilibrium conforma-
tional changes (purple arrow) to produce configurations that are
conducive to the chemical reaction. The bond rearrangement (i.e., the
breaking and forming of chemical bonds) occurs near the top of the
barrier (red arrow). For hydrogen transfer reactions, hydrogen
tunneling also occurs near the top of the barrier. The reacting entities
(i.e, donor and acceptor) are depicted by a triangle and a square,
which are further apart in the reactant and product but closer at the
transition state. The changes in orientation of the shapes represent
changes in orientation of the reacting entities, as well as changes in
hydrogen bonding interactions and electrostatics along the collective
reaction coordinate. The effects of breaking and forming chemical
bonds are not explicitly shown in these shapes.

motions that occur in any condensed phase system, except that
they occur in the confines of the protein structure.” Enzymatic
motions occur on a wide range of time scales, spannin
femtoseconds to milliseconds. According to this perspective,
the fast thermal fluctuations result in slower, conformational
changes of the enzymatic system that eventually lead to
configurations that are conducive to the chemical reaction (see
the purple arrow and the resulting red configuration in Figure
4). All of these equilibrium motions contribute to the free
energy barrier, which can be viewed in terms of the relative
probability of achieving the favorable configurations.”” The
conformational changes depicted in Figure 4 correspond to the
relatively small, typically subangstrom changes occurring during
the chemical reaction step. Global conformational changes of
the protein that occur before or after this chemical step are not
considered here. Note that these concepts have been well-
accepted in statistical mechanics in the context of electron
transfer and other chemical reactions in solution for many
years, $00-63

We point out that these equilibrium conformational motions
are distinct from the fast “promoting modes” that have been
proposed to be dynamically coupled to the chemical reaction.®*
We have seen no convincing evidence of the catalytic relevance
of such promoting modes. These modes apparently occur on
the femtosecond time scale and influence the dynamics at the
top of the barrier. Typically, the experimentally measured rate
constant for the chemical step in enzymatic reactions is on the
millisecond time scale.® Thus, these promoting modes could be
slowed down by more than 10 orders of magnitude and still
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would not influence the rate of the enzyme-catalyzed chemical
reaction. Often, the chemical step is not rate-limiting in the
enzyme turnover cycle (i.e, product release may be rate-
limiting), but here we focus only on the rate constant measured
for the chemical step. For example, in DHFR, the hydride
transfer reaction occurring after the substrate and cofactor are
bound, and before either the cofactor or product is released, has
been measured to be on the millisecond time scale.>* As
discussed above, the rate constant of the chemical step is
determined mainly by the free energy barrier, which in turn is
influenced by equilibrium conformational sampling.

A more complete view of enzyme catalysis, including the
substrate binding and product release steps, as well as the
intervening chemical step, is illustrated in Figure S. In this

Figure 5. Schematic representation of the standard free energy
landscape for the catalytic network of an enzyme reaction. Conforma-
tional changes occur along both axes. The conformational changes
occurring along the reaction coordinate axis correspond to the
environmental reorganization that facilitates the chemical reaction. In
contrast, the conformational changes occurring along the ensemble
conformations axis represent the ensembles of configurations existing
at all stages along the reaction coordinate, leading to a large number of
parallel catalytic pathways. The reaction paths can slide along and
between both coordinates. For real enzymes, the number of maxima
and minima along the coordinates is expected to be greater than what
is shown. The free energy landscape and dominant catalytic pathways
will be altered by external conditions and protein mutations. Figure
and portions of the caption reproduced from ref 74. Copyright 2008
American Chemical Society.

depiction of the multidimensional free energy landscape for an
enzyme reaction, stochastic thermal motions lead to conforma-
tional changes along both axes. The conformational changes
occurring along the reaction coordinate axis facilitate the
catalytic reaction. Figure 4 focuses on only the chemical
reaction step (ie., the middle free energy barrier in Figure S)
along the collective reaction coordinate, averaging over all other
thermal motions.

This discussion of conformational motions is applicable to
both adiabatic and nonadiabatic reactions. In both cases,
equilibrium conformational sampling is required to reach
configurations that are conducive to the chemical reaction
(ie, to the top of the barrier in Figure 1 and the crossing point
in Figure 2). As discussed earlier in this paper, the hydrogen
donor—acceptor motion is also important for proton, hydride,
and PCET reactions. In the context of adiabatic reactions, the
thermally averaged donor—acceptor distance is found to
decrease along the collective reaction coordinate as the system
evolves from the reactant to the transition state (see Figure 1).
This decrease can be viewed as an overall conformational
change that occurs on the slower time scale. In the context of
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nonadiabatic PCET reactions, the proton donor—acceptor
motion also influences the overlap between the proton
vibrational wave functions in the prefactor of the rate constant
(see Figure 2). Even in this case, however, the proton donor—
acceptor motion can still be viewed as an equilibrium thermal
fluctuation. For SLO, a comparison between calculations that
included the dynamical effects of this mode and calculations
that treated this mode as an equilibrium distribution indicated
that the dynamical effects are negligible.*

Preorganization and Reorganization. Preorganization
and reor§anization represent important components of enzyme
catalysis.” Both of these processes involve conformational
motions to some extent during the catalytic cycle. Typically, the
active site of the enzyme is preorganized so that the
reorganization of the environment required to facilitate the
chemical reaction is lower in the enzyme than in solution.
Achieving a preorganized active site may require rate-limiting
conformational changes, such as the opening or closing of a
loop, within the overall turnover cycle. In contrast, reorganiza-
tion usually involves relatively small conformational changes
during the chemical step.

The perspective discussed in this review is consistent with
the significance of preorganization. We emphasize, however,
that even preorganized active sites require small conformational
changes to allow the chemical reaction. Thus, preorganization
does not eliminate the need for motion completely: the degree
of reorganization may be decreased by preorganization, but
reorganization of the environment is still necessary. For
example, KSI has been shown to form a preorganized active
site,>>%® but our calculations provided evidence of relatively
small conformational changes that facilitate the proton transfer
reactions by bringing the donor and acceptor closer to each
other with the proper orientation for proton transfer and
strengthening the hydrogen bonds between the substrate and
active site residues.* If the proton donor and acceptor
remained at a distance of ~3.2 A in the reactant state, proton
transfer would not occur. Clearly, the decrease to ~2.7 A is
required to allow the proton to transfer, and this decrease in
distance requires conformational changes.

Impact of Mutations. In principle, mutations can influence
all of the factors discussed above, particularly hydrogen
bonding, electrostatics, and conformational sampling. In our
studies of various DHFR mutants, we found that these
mutations do not significantly alter the nuclear quantum effects
(i.e., the associated decrease in the free energy barrier) or the
transmission coefficient.’”*® Note that this situation could be
different for other enzymes or even for other mutants of
DHEFR, but we have not seen any evidence supporting this
possibility. Thus, we have focused on the impact of mutations
on other factors.

We studied several different mutants of DHFR, focusin:
particularly on mutations distal to the active site.>”*
Consistent with experiments, we found that the G121V
mutation in Escherichia coli DHFR decreased the rate of
hydride transfer by a factor of 163, even thou;h the mutation
site was ~12 A from the transferring hydride.®” We found that
the decrease in the hydride transfer rate constant is due to an
increase in the free energy barrier, which in turn results from
alterations in the equilibrium conformational motions of the
entire enzyme upon mutation. We identified specific differences
in thermally averaged distances and angles evolving along the
collective reaction coordinate for the G121V mutant compared
to WT' DHFR. Similar behavior was observed for other distal
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mutations.®® Within this conceptual framework, distal muta-
tions can impact the catalytic rate constant by changing the
equilibrium conformational sampling and therefore the
probability of sampling configurations conducive to the
chemical reaction. Altering this probability leads to changes
in the free energy barrier and the associated rate constant.
Other computational methods have also been used to study
mutants of DHFR.®*"°

In KSI, we studied the impact of mutations that disrupt
hydrogen bonding between the dienolate intermediate and
Tyr16 and Asp103.>* Consistent with experimental measure-
ments, the calculated rate constants for the mutants in which
Tyrl6 was replaced with Leu and Aspl103 was replaced with
Phe, as well as the associated double mutant, were significantly
reduced relative to that of WT KSI. Our calculations indicated
that the electrostatic stabilization of the dienolate intermediate
relative to the reactant was greater for WT KSI than for the
mutants, providing a qualitative explanation for the reduced
rate constants of the mutants. In addition, these calculations
suggested that the mutations alter the structure of the
preorganized active site of KSI somewhat, possibly necessitating
a greater degree of reorganization during the chemical step. As
discussed above, this reorganization is manifested by small
conformational changes caused by stochastic thermal motions
occurring within this preorganized active site to facilitate the
two proton transfer reactions. Thus, these KSI mutants
exemplify changes in hydrogen bonding, electrostatics, and
possibly conformational motions.

We also investigated the impact of mutations on the
nonadiabatic PCET reaction catalyzed by SLO. Specifically,
we modeled experimental data* indicating that mutation of
IleS553 to less bulky residues increases the magnitude and
temperature dependence of the KIE for this reaction.”* This
residue borders the linoleic acid substrate but is ~15 A from the
active site iron. Our nonadiabatic PCET theory,””* indicates
that the proton donor—acceptor equilibrium distance and
effective frequency strongly influence the rate constants and
KIEs. For these types of nonadiabatic reactions, the proton
donor—acceptor distance significantly impacts the proton
vibrational wave function overlap prefactor in the rate constant
expression (see Figure 2). Our calculations on SLO illustrated
that the equilibrium proton donor—acceptor distance increases
and the associated frequency decreases as residue 553 becomes
less bulky,”" thereby leading to the experimentally observed
trends in the magnitude and temperature dependence of the
KIE.

Vibrational Stark Effect. The vibrational Stark effect can
provide additional insights into the roles of electrostatics,
hydrogen bonding, and conformational motions in enzyme
catalysis. In recent experiments, thiocyanate (~SCN) probes
were introduced at site-specific positions in the active site of
KSI, and changes to the CN frequency were measured under
various conditions.*® We developed computational methods to
calculate the vibrational frequency shifts of nitrile probes in KSI
for comparison to the experimental data and to elucidate the
molecular basis for the observed shifts.”” Starting with crystal
structures of the enzyme containing the nitrile probe, classical
MD trajectories were propagated to sample conformational
space. For each configuration, a series of QM/MM calculations
was performed to generate the potential energy curve
associated with the CN mode. In these QM/MM calculations,
the probe and nearby residues were included in the QM region,
which was described by a reparameterized semiempirical QM
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method.”””* The CN frequency was obtained from the energy
splitting between the ground and first excited vibrational states.
The spectral line shapes were computed from these calculated
frequencies using the fluctuating frequency approximation.

In our initial application, we examined the frequency shifts
upon binding of equilenin to the active site of KSI for nitrile
probes positioned at residues Met116 and Phe86. Our
simulations provided atomic-level insight into the roles that
key residues play in determining the electrostatic environment
and hydrogen-bonding interactions experienced by the nitrile
probe. For both systems, our calculations indicated that
equilenin binding reorients an active site water molecule or a
residue that is specifically hydrogen bonded to the nitrile probe.
This reorientation alters the angle and distance at the
hydrogen-bonding interface, thereby increasing the CN
frequency. In these cases, the vibrational frequency shift is
not due to a “classical” Stark effect, where the changes in
vibrational frequency arise only from classical electrostatics and
are linearly related to changes in the local electrostatic field, but
rather is due to changes in specific hydrogen-bonding
interactions. Moreover, this initial application focused on the
effects of ligand binding on the CN frequency and therefore
was not directly relevant to catalysis.

Future work will center on nitrile probes inserted at various
positions within the active site of DHFR for the five well-
defined intermediates along the catalytic reaction pathway.
These studies should provide information about hydrogen
bonding, electrostatics, and conformational changes along the
catalytic pathway. Time-resolved Stark effect experiments may
even provide information along the collective reaction
coordinate for the hydride transfer reaction itself. These types
of vibrational Stark effect studies will allow a direct comparison
between a calculated quantity and an experimental observable
along the reaction pathway. Moreover, the simulations should
provide atomic-level insight into significant aspects of enzyme
catalysis.

B CONCLUDING REMARKS

This review summarized the important factors that contribute
to enzyme catalysis. The connection of each of these factors to
enzyme motions and conformational sampling was emphasized.
Overall, a combination of factors, including hydrogen bonding,
pK, shifting, electrostatics, preorganization, reorganization, and
conformational motions, contribute to enzyme catalysis. The
impact of mutations on the catalytic rate constants can be
explained in terms of these various factors. Vibrational Stark
spectroscopy and Stokes shift measurements will provide
further insights into these aspects of enzyme catalysis. The
methods discussed will allow a direct comparison between
theoretical calculations and experimental data. The interplay
between theory and experiment will lead to a deeper and
broader understanding of enzyme catalysis.
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