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ABSTRACT. Experimental and theoretical data imply that enzyme motion plays an important role in
enzymatic reactions. Enzyme motion can influence both the activation free energy barrier and the degree
of barrier recrossing. A hybrid theoretical approach has been developed for the investigation of the relation
between enzyme motion and activity. This approach includes both electronic and nuclear quantum effects.
It distinguishes between thermally averaged promoting motions that influence the activation free energy
barrier and dynamical motions that influence the barrier recrossings. Applications to hydride transfer in
liver alcohol dehydrogenase and dihydrofolate reductase resulted in the identification and characterization
of important enzyme motions. These applications have also led to the proposal of a network of coupled
promoting motions in enzymatic reactions. These concepts have important implications for protein
engineering and drug design.

The relation between enzyme motion and activity has been16). In general, a chemical reaction in the condensed phase
probed with a variety of experimental techniques. High- may be described in terms of a free energy profile as a
resolution crystal structures for intermediates along enzymatic function of a collective reaction coordinate. The overall rate
reaction pathways have provided evidence of substantialmay be expressed as the product of an equilibrium transition
conformational changesl. NMR experiments have been state theory rate, which is directly related to the activation
used to identify dynamic regions both in the active sites and free energy barrier, and the transmission coefficient, which
far from the active sites of enzyme@+4). These dynamic  accounts for dynamical recrossings of the barrier. Within this
regions have been found to change along the enzymaticframework, the enzyme motion can influence the reaction
reaction pathway. In addition, kinetic measurements on jn two distinct ways {7, 18). First, the motion can influence
mutant enzymes have shown significant changes in thehe activation free energy barrier (i.e., the equilibrium
catalytic rate for mutations both in the active site ar_nd far petween the top of the barrier and the reactant). These
from the active site¥-7). Furthermore, double mutations  qtions are thermally averaged, equilibrium properties of
eXh'b'_t nor]addltlve effects3(9) [i.e., the effect of the double the system. Second, the motion can influence the recrossings
mutation IS gre{;\ter than the sum of the'effects qf the of the free energy barrier. These motions are nonequilibrium
corresponding single mutationsq)], suggesting coupling dynamical properties of the system. Figure 1 depicts a
between distal regions of the enzyme. These eXperimentalschematic representation of a free energy profile with a
pbservatioqs imply.that enzyme motion is a significant factor trajectory that exhibits recrossings of the barrier
in enzymatic reactions. '

Theoretical simulations of enzymatic reactions have For clarification, we define the terminology used in this
provided further |ns|ght into the role of enzyme moudn_-(- review. The term “dynamiCS” is reserved for motions that

influence the transmission coefficient (i.e., the barrier re-

" This work was supported by National Institutes of Health Grant Cr0SSings). The term “promoting motions” is defined as
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elucidate the mechanisms by which these structural changes

occur.
G We have developed a hybrid theoretical approach for
D investigating the relation between enzyme motion and

activity (17, 18). This hybrid approach includes both
electronic and nuclear quantum effects. It allows us to
distinguish between thermally averaged promoting motions
that influence the activation free energy barrier and dynami-
cal motions that influence the barrier recrossings. This hybrid
approach has been utilized to investigate hydride transfer in
liver alcohol dehydrogenase (LADH18) and dihydrofolate
reductase (DHFR)16, 19). The hydride transfer reactions
catalyzed by these enzymes are depicted in Figure 2. These
two applications will be used in this review to illustrate the
fundamental principles of promoting and dynamical motions.

FiGURE 1: Schematic illustration of a free energy profile as a Quantum Mechanical Effects
function of a collective reaction coordinate. The dividing surface ] ) ]
is represented by the vertical line passing through the top of the Electronic quantum effects play an important role in

barrier. The trajectory that is shown exhibits two forward recrossings enzymatic reactions. For example, the breaking and forming
of the dividing surface. This type of barrier recrossing is a dynamical of chemical bonds require a substantial rearrangement of
effect and decreases the transmission coefficient. " . . .

electrons. In addition, enzymatic reactions often result in a

redistribution of electronic charge, particularly for charge
erties along the collective reaction coordinate (i.e., as the transfer reactions such as proton or hydride transfer. This
reaction evolves from the reactant to the product). Promoting charge redistribution has a substantial impact on the elec-
motions influence the activation free energy barrier, but they trostatic interactions within the system and often leads to
are not dynamical effects since they do not influence the reorganization of the enzyme during the reaction. Further-
transmission coefficient. Note that this definition does not more, some enzyme reactions are photoexcited and hence
differentiate between motions playing an active role in involve electronically excited states. The applications dis-
catalysis and motions simply responding to alterations causedcussed in this review, however, are electronically adiabatic
by catalysis. and hence remain in the electronic ground state.

A promoting motion is fundamentally different from a In the hybrid approach described in tEf, the electronic
promoting vibration, which has previously been defined as quantum effects are incorporated with an empirical valence
a geometrical change that occurs on a sub-picosecond timebond (EVB) potential. The EVB method describes a reaction
scale (4). Promoting motions are averaged over these fast in terms of a small number of valence bond stag.(For
vibrations of the enzyme and occur on the much longer time example, a simple hydride transfer reaction is described in
scale of the catalyzed chemical reaction. These promotingterms of two valence bond states: state 1 has the hydride
motions reflect the conformational changes that occur during bonded to the donor (BH A), and state 2 has the hydride
the chemical reaction. The structures for the reactants andbonded to the acceptor (D-HA). The Hamiltonian matrix
intermediates provide insight into these conformational elements between these valence bond states are represented
changes. To fully understand the role of motion in enzymatic as molecular mechanical terms fitted to electronic structure
reactions, however, theoretical tools must be developed tocalculations or experimental data.
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FiGure 2: Schematic illustration of the hydride transfer reactions catalyzed by (a) LADH and (b) DHFR.
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Ficure 3: Schematic illustration of the one-dimensional hydride
potential energy curves and the associated energies of the hydrogen
vibrational states for two different hydride transfer reactions. The
curves are functions of the one-dimensional hydride coordinate,
and R, TS, and P correspond to the reactant, transition state, and
product configurations, respectively. Panel a depicts hydride
tunneling (i.e., the two lowest adiabatic vibrational states are below
the barrier in the TS), and panel b depicts hydride transfer without FiIGUrRe 4: Vibrational wave functions of the transferring hydride
tunneling (i.e., the lowest adiabatic vibrational state is above the for snapshots along the collective reaction coordinate of the LADH-
barrier in the TS). Note that the intermediate configurations labeled catalyzed hydride transfer reaction. On the donor side, the alkoxide
TS need not be saddle points of the potential energy surface.  group and one carbon atom of the ring are shown, while on the
acceptor side, the acceptor carbon atom and its first neighbors are
shown. The ground and excited vibrational states are shown on
the left and right, respectively.

Nuclear quantum effects also play an important role in
many enzymatic reactions, particularly those involving
hydrogen transfer. The light mass of the hydrogen nucleusnucleus is represented by a three-dimensional vibrational
leads to nuclear quantum effects such as zero point energywave function, while the remaining nuclei are treated
and hydrogen tunneling. Figure 3 is a schematic illustration classically (7). We have developed the numerical methodol-
of nuclear quantum effects for two different types of hydride ogy to calculate these hydrogen vibrational wave functions
transfer reactions. This figure depicts the one-dimensional directly on a three-dimensional grid placed between the donor
hydride potential energy curves and the associated energyand acceptor 1, 22). These hydrogen vibrational wave
levels for the hydrogen vibrational states along a collective functions are calculated for each configuration of the classical
reaction coordinate. The shape of the hydride potential energynuclei sampled during the molecular dynamics simulation.
curve is determined by the enzyme environment and thusFigure 4 depicts the three-dimensional hydrogen vibrational
changes along the collective reaction coordinate (i.e., as thewave functions calculated for snapshots along the collective
reaction progresses). The donor well is lower in energy for reaction coordinate for the hydride transfer reaction catalyzed
the reactant, while the acceptor well is lower in energy for by LADH (18). Note that the wave functions are localized
the product. The donor and acceptor wells are degeneratenear the donor (or acceptor) for the reactant (or product)
for the transition state. (Note that the intermediate configura- configurations but are delocalized between the donor and
tions denoted as transition states in Figure 3 need not beacceptor for the transition state configuration. This delocal-
saddle points on the potential energy surface but ratherization arises from the symmetry of the hydride potential
correspond to approximately symmetric double-well hydride energy surface, as illustrated in the transition state one-
potential energy curves.) In Figure 3a, the hydride transfer dimensional potential energy curves in Figure 3.
is a tunneling process since the two lowest adiabatic
vibrational states are below the barrier in the transition state. Calculation of Rates

The extent of tunneling is determined by the tunnel splitting As mentioned above the overall rate constant for a

S . . hemical r ion in th nden h m written
vibrational states for the symmetric double-well potential). "themical reaction in the condensed phase may be written as

In contrast, in Figure 3b, the hydride transfer is no longer kdyn: rkyst (1)
tunneling since the lowest adiabatic vibrational state is above

the barrier in the transition state. Nevertheless, even in thisHere kst is the equilibrium transition state theory rate
case, the hydride transfer is still very much quantum constant

mechanical in character.

: . . T —AGT
The nuclear quantum effects can be included with a mixed KrsT = ki exp{ AG ) (2)
guantum/classical method in which the transferring hydrogen h ke T
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where AG' is the activation free energy barrier for the The individual simulations are propagated for only hundreds
reaction kg is Boltzmann’s constanh is Planck’s constant,  of picoseconds or tens of nanoseconds, but a series of such
andT is temperature. The transition state theory rate constantsimulations are connected along the entire collective reaction
is based on the assumption that the rate is determined bycoordinate in a way that provides information about the much
the forward flux through the dividing surfac2d). (Typically, longer time scale of hydride transfer. Note that the vibrations
the dividing surface is chosen to correspond to the top of involving these distances and angles are typically on the sub-
the free energy barrier, as shown in Figure 1.) Thus, transition picosecond time scale, but theeragedistances and angles
state theory assumes that each trajectory passes through thehange on the longer time scale of hydride transfer.
dividing surface only one time. In dynamical systems, the  |n addition, the dynamical motions may be identified and
environment may cause trajectories to recross the dividing characterized by analyzing the real-time dynamical trajec-
surface. These types of barrier recrossings are illustrated intories utilized to calculate the transmission coefficient. As
Figure 1. The prefactok is the transmission coefficient,  discussed above, these trajectories are initiated at the
which accounts for dynamical recrossings of the dividing transition state and propagated backward and forward in time.
surface 24). (The initial configurations at the transition state are obtained
In the hybrid theoretical approachi?), the free energy  from equilibrium simulations with a biasing potential, and
profile is calculated as a function of a collective reaction the trajectories are weighted accordingly.) These calculations
coordinate involving the entire solvated protein. This col- provide nonequilibrium, real-time, dynamical information in
lective reaction coordinate is chosen to be the difference in the region of the transition state, typically on the femtosecond
energy between the two valence bond statgsZ0). Thus, to picosecond time scale. The correlation between geo-
it is negative when the reactant state is lower in energy, metrical properties at the transition state and the degree of
positive when the product state is lower in energy, and zero parrier recrossing may be calculated. Properties exhibiting
when the reactant and product states are virtually degeneratea strong correlation with the barrier recrossing are identified
This reaction coordinate is analogous to the solvent reactionas “dynamical motions”. Note that promoting motions
coordinate used in Marcus theory for electron trans?&).( influence the activation free energy barrier (which is in the
Since the free energy barrier is often much larger than the exponential of the rate expression), while dynamical motions
thermal energy, a mapping (or umbrella) potential is used influence the transmission coefficient (which is the prefactor
to drive the reaction over the barrie2Q). This mapping  of the rate expression). As a result, promoting motions are
potential is a linear combination of the two valence bond expected to have a greater impact on the enzymatic activity
states. Individual pieces of the free energy profile are than dynamical motions.
calculated along the collective reaction coordinate and are Below, we summarize the applications of this hybrid

connected using thermodynamic integration. The nuclear theoretical approach to hydride transfer in the enzymes
quantum effects of the transferring hydrogen are included | ADH and DHFR. Note that these types of simulations are
using an adiabatic perturbative approach. As shown in eq 2,challenging due to issues involving force fields and sampling.
the transition state theory rate constant may be calculatedps a result, only the qualitative results are meaningful. In
fro_m thg—:- activation free energy bar_rier obtained from this thjs review, these specific applications are being used to
adiabatic quantum free energy profile. illustrate fundamental aspects of enzyme motion. These

The transmission coefficient can be calculated with a fyndamental concepts are general and hence do not depend
reactive flux approach26—28), where a large number of  on the details of the specific systems.

trajectories are initiated at the top of the barrier and are
propagated backward and forward in timr), Hydrogen Liver Alcohol Dehydrogenase
transfer reactions may be vibrationally adiabatic or nona- )
diabatic, where adiabatic refers to reactions that remain in Liver alcohol dehydrogenase (LADH) catalyzes the re-
the ground vibrational state and nonadiabatic refers to Versible oxidation of alcohols to the corresponding aldehydes
reactions involving excited vibrational states. The effects of @nd ketones. This enzyme is critical to many steps in
excited vibrational states can be included with a surface Metabolism and is relevant to the medical complications
hopping approach?@, 30), which is based on a probabilistic ~@ssociated with alcoholism. The kinetic isotope effects for
algorithm for including instantaneous nonadiabatic transitions this €énzymatic reaction have been measured by Klinman and
according to the evolution of the time-dependent Sdimger co-workers, who interpret the results as an indication of
equation. hydrogen tunneling3dl, 32). Numerous theoretical studies
This hybrid approach provides information about the Of this reaction have been performegB¢-38).
motions involved in enzymatic reactions. The promoting  This review will focus on the application of the hybrid
motions can be identified and characterized by analyzing theapproach described above to the LADH-catalyzed hydride
equilibrium adiabatic simulations utilized to generate the free transfer reaction depicted in Figure 2s). Both theory and
energy profiles. Thermally averaged properties such asexperiment suggest that the proton transfer from the hydroxyl
distances or angles may be calculated along the collectivegroup of the alcohol substrate occurs prior to the hydride
reaction coordinate. (These properties are weighted in antransfer 89). The resulting alkoxide is stabilized by the
analogous manner as the contributions to the free energycatalytic zinc. As shown in Figure 2a, the hydride is
profile.) The thermally averaged properties that exhibit transferred from benzyl alkoxide to NADto form the
systematic changes along the collective reaction coordinateproducts benzaldehyde and NADH.
are identified as promoting motions. These changes in The classical and adiabatic quantum free energy profiles
average geometrical properties occur on the time scale ofas functions of the collective reaction coordinate are shown
the hydride transfer reaction (i.e., milliseconds for DHFR). in Figure 5. The experimental free energy of reaction and
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Ficure 5: Free energy profiles of the LADH-catalyzed hydride 'S:; sor )
transfer reaction as functions of the collective reaction coordinate. <|3 a8 | i
The solid line indicates the classical profile, and the dashed line o
indicates the adiabatic quantum profile (including zero point motion 46 ]
for the transferring hydride). The minimum free energies of the . )
classical and adiabatic quantum profiles are set to zero, and the §
difference in free energy barriers is indicated. The dotted lines o, 80
denote experimental values. O 60
K]
L " 2 a0
free energy of activation are reproduced as a result of fitting § 20
two EVB parameters. Note that the adiabatic quantum s ”
activation free energy profile is 1.8 kcal/mol lower than the 8 Lan”
classical activation free energy. This difference indicates that 8 2o 1

the nuclear quantum effects significantly influence the rate O et o oo dinat;O[:caI/mo:oo
for this reaction. Analysis of the nuclear wave functions for o ) )
configurations at the top of the free energy barrier (depicted Ficure 6: Equilibrium averages of geometrical properties along

. . the collective reaction coordinate for LADH. (a) Doracceptor
as the transition state in Figure 4) suggests that hydrogendistance’ (b) zineoxygen distance, (c) Val-203 ,g-acceptor

tunneling along the doneracceptor axis is prevalent. The distance, and (d) C (solid) and N (dashed) NARADH out-of-
calculated deuterium and tritium kinetic isotope effects are plane ring angles.

in agreement with the experimental values. The transmission
coefficient is calculated to be 0.95, suggesting that dynamicalties at the transition state and the degree of dynamical barrier
barrier recrossings are not important for this reaction. recrossing for a canonical ensemble of trajectories. The
We investigated the role of motion in the LADH reaction. donoracceptor distance and one of the out-of-plane ring
Our studies focused on four properties: the deremceptor angles of NAD/NADH were found to be correlated to the
distance, the nicotinamide ring puckering angle, the zinc degree of barrier recrossing. Since the transmission coef-
oxygen distance, and the distance betweendt Val-203 ficient is nearly unity, however, these nonequilibrium
and the acceptor carbon atom. The thermally averageddynamical effects are not expected to play an important role
properties along the collective reaction coordinate are for this enzyme.
depicted in Figure 6. As expected, the donacceptor These simulations provide an explanation for the experi-
distance decreases as the reaction evolves from the reactanhental observation that replacing Val-203 with the smaller
to the transition state (defined as zero reaction coordinate).residue alanine decreases the rat6).((Note that these
The out-of-plane angles in the NAINADH ring increase experimental results are not definitive due to the quantities
at the transition state, implying that the boat configuration measured and the complexity of the reaction.) We found that
is energetically more favorable than the chair configuration the distance between Val-203 and the reactive center
at the transition state. The monotonic increase in the-zinc significantly affects the activation free energy but is not
oxygen distance is consistent with the decrease in the levelcorrelated to the degree of barrier recrossing. Thus, the
of electrostatic interaction as the substrate is converted fromimpact of the mutation on the enzyme activity is due to the
an alkoxide to an aldehyde. More surprisingly, the distance alteration of the equilibrium free energy difference between
between Val-203 G and the acceptor carbon increases as the transition state and the reactant rather than nonequilibrium
the reaction evolves from the reactant to the transition state,dynamical factors. Our results indicate that the motion of
suggesting that the relative motion of Val-203 and the the acceptor carbon away from Val-203 and toward the donor
acceptor carbon contributes to the reaction coordinate. All carbon is a critical component of the reaction coordinate.
of these properties are promoting motions and hence influ- These simulations also suggest that the motion of Val-203
ence the activation free energy barrier. directs the acceptor carbon toward the donor carbon through
We also investigated the dynamical effects of these steric interactions involving the,Gitoms of Val-203. When
motions by calculating the correlation between these proper-Val-203 is replaced with alanine, the, Gtloms of Val-203
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are no longer available for these steric interactions, leading
to a decrease in the rate of hydride transfer.

Dihydrofolate Reductase

Dihydrofolate reductase (DHFR) catalyzes the conversion
of dihydrofolate (DHF) to tetrahydrofolate (THF). This
enzyme is essential for the maintenance of tetrahydrofolate
levels needed to support the biosynthesis of purines, pyri-
midines, and amino acids. As a result, DHFR has been
favored as a pharmacological target. The kinetics of this
enzymatic reaction have been studied extensively with
experimental method#i{, 42). The mechanism of DHFR
has also been studied with a variety of theoretical methods
(15, 43, 44).

The hybrid approach described above has been applied to
the DHFR-catalyzed hydride transfer reaction depicted in
Figure 2b (6, 19). N5 of the substrate is assumed to be
protonated prior to the hydride transfer. Thus, the hydride
is transferred from NADPH to the protonated DHF to form
the products NADP and THF. As in the case of LADH,
the classical and adiabatic quantum free energy profiles were
calculated as functions of the collective reaction coordinate,
and the experimental free energy of reaction and free energy
of activation were reproduced by fitting two EVB parameters.
For this system, the adiabatic quantum activation free energy
is 2.4 kcal/mol lower than the classical activation free energy, £ re7: Three-dimensional structure Bf coli DHER. The Met-
indicating the significance of nuclear quantum effects. The 20 andgF—G loops, as well as the DHF substrate and NADPH
transmission coefficient for DHFR-catalyzed hydride transfer coenzyme, are indicated. As in 188, the residues conserved across
was calculated to be 0.80, which is lower than the transmis- humerous species frof colito human are indicated by a gradient
sion coefficient of 0.95 calculated for the LADH-catalyzed °R°|°.r scheme (gray to red, where red is the most conserved).

- . . : . . - esidue numbers are given periodically for reference.
reaction. This difference implies that dynamical barrier
recrossings are more important for the DHFR reaction than (16). Figure 7 summarizes the results of this genomic
for the LAPH regctlon. ) analysis. As illustrated in this figure, many of the conserved

Three-dimensional X-ray crystallographic structures have resjdues are in the active site and hence impact the binding
been determined foEscherichia coliDHFR in numerous  of the substrate and coenzyme. On the other hand, several
substrate, cofactor, and inhibitor complexe. (These  onserved residues are in distal regions of the enzyme (i.e.,
structures illustrate that the surface loop formed by residuesesjques 4343 and 121+-123). Residues 122 and 15, which
9—24 (denoted the Met-20 loop) adopts three different gre hydrogen bonded in the closed conformation of the Met-
conformati_ons (denoted closed, occluded, and open) duringoq loop, are absolutely conserved. Although some of these
the catalytic cycle. When the DHFR substrate and NADPH (ista residues may be conserved for structural purposes,

coenzyme are bound, the closed conformation is adopted.qthers may be conserved to preserve certain types of motion
This closed conformation is stabilized by hydrogen bonding of the enzyme during catalysis.

interactions between the Met-20 loop and fite-5G loop Kinetic measurements of mutant DHFR enzymes suggest
(residues 117131). These structural changes suggest that that distal regions of the enzyme strongly influence the
enzymatic motion plays a role in this reaction. hydride transfer reaction. For example, when Gly-121 was

NMR relaxation experiments provide further insight into  replaced with valine, the rate of hydride transfer was found
the changes in backbone dynamics during the catalytic cycleto decrease by a factor of 163. As shown in Figure 7, Gly-
(2—4). NMR experiments on three different DHFR com- 121 is located on the exterior of the enzyme and-i A
plexes suggest that the binding of the substrate and coenzymérom the active site. Furthermore, double mutations involving
alters the motion of the enzyme in regions far from the Gly-121 and Met-42 (residues that are distal to the active
binding sites (including the Met-20 anfF—fG loops), as  site and separated by19 A) were found to exhibit
well as in the active site. Further support of this premise nonadditivity effects 16). This nonadditivity suggests a
has arisen from classical molecular dynamics simulations on coupling of the3F—G loop to distant regions of the enzyme.
three different DHFR complexed%). In these simulations,  Note that site-specific mutagenesis does not distinguish
strong correlated and anticorrelated side chain motions petween nonadditivity effects resulting from changes in
involving spatially distinct protein regions (again including conformation and those effects resulting from changes in
the Met-20 andfF—pG loops) were observed for the molecular motions.
complex with DHF but not for the complexes with THF. We used our hybrid simulations to further investigate the

A genomic analysis for sequence conservation across 36role of motion in the DHFR reaction. This hybrid approach
diverse species of DHFR fror. coli to human indicates  was used to perform a systematic study of more than 200
that conserved residues are located throughout the enzymaealistances involving conserved residues. We investigated the
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impact of these motions on the free energy of activation and

the degree of barrier recrossing. On the basis of experimental 33 a)
kinetic measurements of hydride transfer in DHFR, the

thermally averaged promoting motions were determined to i

occur on the millisecond time scale. As discussed above,
the overall mechanism and rate of catalysis are expected to
be influenced more by the promoting motions occurring on 27

the millisecond time scale than by the dynamical motions
17 [ (b)
116
115
14

occurring on the femtosecond time scale. Nevertheless, the
113

29 -

C,-C, [A]

et

combination of both types of analyses provides insight into
the detailed mechanism of the enzyme motion.

Figure 8 illustrates selected thermally averaged geometrical
properties along the collective reaction coordinate for the
DHFR-catalyzed reaction. Figure 8a shows that the denor
acceptor distance decreases from 3.4 to 2.7 A as the reaction
evolves from the reactant to the transition state. In addition,
Figure 8b shows that the angle between the acceptor carbon
and the methylene amino linkage in DHF increases front 114
to 117 as the reaction evolves from the reactant to the
transition state. (This angle is indicated by the yellow arc in
Figure 9.) The motions of amino acid residues in the active
site relative to the coenzyme and substrate are also important.
For example, as shown in Figure 8d, the distance between
C: of Phe-31 and C11 of DHF decreasesbg A as the
reaction evolves from the reactant to the transition state. As
Phe-31 moves closer to the substrate, the angle between the
acceptor carbon and the methylene amino linkage in DHF
increases and the doneacceptor distance decreases, sug-
gesting that the Phe-31 motion may direct these changes.
Note that Phe-31 is tightly conserved, and mutations of this
residue have been found to significantly decrease the rate
of hydride transfer. The motion of lle-14 and Tyr-100 shown
in Figure 8f may provide similar direction from the donor
side. A more unexpected result is that the motion of a residue 7N
on the exterior of the enzyme was found to be important for =
catalysis. Specifically, the motion of Asp-122 relative to Gly- ) . . |
15 was found to contribute to the reaction coordinate. Figure
8e illustrates that the hydrogen bond between these two
residues increases by0.4 A as the reaction evolves from
the reactant to the transition state. In contrast, this figure
shows that the hydrogen bond distance between lle-14 and
the NADPH coenzyme is nearly constant2.95 A) as the
reaction evolves from the reactant to the transition state. , ,
(Note that these hydrogen bonding motions are susceptible -200 -100 0 100 200
to sampling difficulties arising from metastable states in these Collective reaction coordinate [kcal/mol]
simulations.) As Gly-15 moves away from Asp-122, the Fgure 8: Equilibrium averages of geometrical properties along
donor-acceptor distance decreases, suggesting that thehe collective reaction coordinate for DHFR. (a) Doracceptor
neighboring residue, lle-14, which is hydrogen-bonded to distance, (b) angle between the acceptor and methylene amino
the NADPH, may direct the donor toward the acceptor. Note linkage in DHF, (c) DHF pterin ring puckering angle, (d) distance

between ¢ of Phe-31 and C11 of DHF, (e) hydrogen bondin
that Asp-122, Gly-15, and lle-14 are all absolutely conserved yistance t?etween an N atom of Asp-122 a(n(% az o) ;ftom of G|y_(‘i5

residues, and mutations of Gly-121 and Asp-122 have been(solid) and between an O atom of lle-14 and a carboxamide N atom
found to significantly decrease the rate of hydride transfer. of NADPH (dashed), and (f) distance betweepn @& lle-14 and

This analysis supports the hypothesis of a network of the side chain oxygen of Tyr-100.
coupled promoting motions in DHFRL§). The residues . _ _ ) )
participating in this network are both in the active site and éaction coordinate representing hydride transfer. This type
distal to the active site. A portion of this network is illustrated Of nétwork has broad implications for protein engineering
in Figure 9. Note that this network is most likely not Pecause of the consequences arising from the interruption
complete or unique. In addition, this analysis is unable to Of coupled motions.
differentiate between motions playing an active role in C :

. : . ; onclusions

catalysis and motions responding to alterations caused by
catalysis. Nevertheless, all of these systematic changes in A wealth of experimental and theoretical data indicates
thermally averaged properties occur along the same collectivethat enzyme motion plays a vital role in enzyme activity.
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NADPH

Ficure 9: Diagram of a portion of the network of coupled
promoting motions in DHFR. The yellow arrows and arc indicate
the coupled promoting motions.
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This review distinguishes between two different types of

motion. Promoting motions are defined as systematic changes 7.

in thermally averaged properties along the collective reaction
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